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Preface

Following the tradition of the “Taschenbuch fiir den Artilleristen”,
which first appeared in 1936, we published in 1972 a new edition
entitled “Waffentechnisches Taschenbuch"”. Since then this hand-
book has been reprinted five times.

As a result of numerous requests by our partners abroad we
have decided to publish this book also in English as “Handbook
on Weaponry”. The present English edition is a translation of the
fifth German edition of 1980, various passages of which were
revised as compared with the first edition. We have tried to adapt
the translation—in particular with regard to the technical terms—
to the expressions commonly used in the English-speaking
countries.

The progress made in the meantime in military engineering will
be taken into account in any further revised edition.

We hope that the English edition of our handbook will meet with
the same interest as has been found by the German editions.

Disseldorf, February 1982

Rheinmetall GmbH
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RHEINMETALL
A Military Technology Company

Rheinmetall’s tradition in weapons production goes back more
than 85 years. The German Bundeswehr and NATO partners are
tamiliar with the company through a series of innovative weapon
developments; above all, since its establishment, Rheinmetall
has been involved in the technological development of weapons,
many of which have proved pioneering.

Here is a short history of our company and an outline of our
production program.

Rheinmetall was founded in Dusseldorf on 7 May 1889, under the
name of “Rheinische Metallwaaren und Maschinenfabrik Akt-Ges.".
The objective was the re-equipment of the German army with the
jacketed infantry bullet M 88. The organisation and direction of the
company was entrusted to Heinrich Ehrhardt who steered the
company through the following 30 years and, not least through his
own pioneering technological weapon developments, built it into
a world wide recognized armaments company. Some important
steps on the way were: 1892 —Acquisition of a forge in Diisseldorf-
Rath and its development into a steel works producing far in
excess of internal requirements. 1899-—Take over of the “Nikolaus
Dreyse percussion cap and rifle company” in Sémmerda and
development into a fuze factory with later expansion for the
production of sighting systems, infantry weapons and machine
guns. Also in 1899 — Acquisition of the Unterliss shooting range.
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Figure 1.  Thecross section of a square steel ingotin a cylindrical
die became the Rheinmetall symbol.

XiX




The development and success of the company rested largely on
Heinrich Ehrhardt's pressing and drawing process for the pro-
duction of seamless hollow bodies recognized as an important
invention in the history of technology. The process involved
inserting a red-hot steel ingot in a cylindrical die, piercing it with
a circular mandrel and hot-drawing the blanc to give seamless
tubes (shell casings) and steel pipes (see Figure 1).

In 1898 Ehrhardt produced the world’s first serviceable tube recoil
gun, a 75 mm field gun. This invention, after costly experiments
and lengthy discussions with obdurate opponents, was finally
approved and after first orders from foreign countries set the
ball rolling, the whole world’s artillery was equipped within a few
years, the German army starting in 1904.

Figure 2.  Heinrich Ehrhardt, founder of “Rheinische Metall-
waaren und Maschinenfabrik Akt-Ges."”, later “Rhein-
metall”, and inventor of the world'’s first serviceable
tube recoil gun with his 75 mm field gun.

During World War [, Rheinmetall supplied the army, navy and
air force with weapons of all kinds: cannons, howitzers, mortars,
mine throwers, antitank guns, anti-aircraft guns, ship-, submarine-
and aircraft guns, infantry weapons and all the requisite am-
munition. After the dismantling of all plant and equipment used
for military production, broad based civilian production began
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in 1920. The output included locomotives, wagons, steam ploughs
and other agricultural machinery, and mining and steel mill equip-
ment. The Sémmerda factory started producing office machinery
and automotive parts (Cardan-shafts) and continued this success-
fully up to World War II.

Only after 1925 did the Allied Control Commission approve a return
to weapons development. After the construction of a 75 mm field
gun, there followed the development of 150 mm tripie turrets for
the five K class cruisers and also a fire control device, the
forerunner of the later AA fire control mechanisms.

In 1933, the A.Borsig company in Berlin-Tegel, with its wide
ranging machine building program, was taken over, and from
1936 the company used the name of “Rheinmetall-Borsig AG".

Weapon development and production in those days and up to the
end of World War II included weapons of all kinds for the three
armed services, including the required munitions, among other
things tanks, heavy mortars (see Figure 3) and rockets.

Figure 3.  “Karl” 600 mm mortar, still today the world's largest
gun of that caliber, suitable to be transported as a
complete unit. Development began at Rheinmetall in
1937 and it saw service in the attacks on Brest-Litowsk
in 1941 and Sebastopol in 1942.

XXI




e

T e . - pade~—TC TSt

In addition to the development and production of the “Karl” mortar,
(known to the troops as “Thor"”) and its 540 mm and 600 mm shells,
the company undertook the development of a remote controlled
surface-to-surface missile. The “Rheintochter” was a 2-stage
liquid propellant missile with a range of 40 km. The “Rheinbote”
was a 4-stage solid fuel missile with a 250 km range. “Fritz X",
a guided bomb, carried a 350 kg warhead.

The available production facilities were expanded and new
factories acquired: Berlin-Marienfelde, Alkett, Apolda, Guben and
Breslau.

1945 saw the complete destruction and dissolution of all pro-
duction facilities including the Unterluss firing range.

In contrast to many other firms, Rheinmetall could not immediately
consider rebuiiding; for many years a prohibition order prevented
production. Only in autumn 1956 parts of the company were allowed
to resume production, and the revival began in a plant where ali
but two of the buiidings had been reduced to rubble and ashes.
Prior to this, the two major production units of Rheinmetall-Borsig
Holdings, Rheinmetall Disseldorf and Borsig Berlin, were split
off into legally independent companies. In the course of de-
nationalization, the majority shareholding in the Berlin company,
Rheinmetall-Borsig, was acquired by the Rdchling’'sche Eisen-
und Stahlwerke GmbH in Vdiklingen/Saar, and subsequently real
rebuilding in Dusseldorf began. The former parent factory became
once again the heart of the organization. Also in 1956 development
started on weapons and equipment for the German Bundeswehr
and other NATO forces.

The first task was to provide a basis for weapons design and
manufacture. Technicians and specialists were scarce, but slowly
a core of former workers who had come back, was formed, which
provided the necessary base for the resumption of weapons
production. Already in January 1958 the company began prompt
delivery of the MG 1 machine gun, a continually improved version
of the pre-war MG 42 design, now modified to the NATO caliber
of 7.62 mm. Then followed series production of the 20 mm automatic
cannon MK 20-1 (licensed construction of the Hispano Suiza HS 820)
and the G 3 automatic rifle.
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Figure4. The MG 3, successor to the MG 42, is used today by
the German Bundeswehr and some NATO countries.

Today Rheinmetail is one of the Federal Republic’s and NATO's
important partners in the development and production of weapons
systems and ammunition. In the field of military technology which
is represented by “Rheinmetall GmbH", there are its subsidiaries
“Rheinmetall industrietechnik” in Disseldorf, which is involved
in the planning of production facilities, “Nico-Pyrotechnik” in
Trittau, producing amongst other things illuminating and signal
material, maneuver and simulation products, colored smokes,
screening smoke and tear gas makers, and “NWM de Kruithoorn
B.V.” in ‘s-Hertogenbosch (Netherlands).

A forward looking research and deveiopment program is a basic
requirement for working successfully on problems in military
technology, and this is fulfiled by management using modern
methods and planning technigues to controi and supervise a
project.

Weapons today are often complex systems which, because of the
need for cost and technical effectiveness, require system analysis.
Production must incilude complete weapons systems as well as
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series production of components. Not the least requirement is a
trial and testing station such as Rheinmetall has in Unterliss in
the Luneburg Heath. This is the largest company-owned area in
the Federal Republik and provides a firing range 15 km long by
4 km wide, and also allows for a range of 35 km using external
firing stations. Part of the most modern ballistic and technological
equipment there has been developed by the company itself.

Immediately adjacent to the range there is a modern ammunition
factory for assembiing 20 to 203 mm caliber ammunition.

Current Points of Emphasis in the Military
Technology Program

MG 3 Machine Gun

The MG 3 machine gun (Figure 4; caliber 7.62 mm, fire rate
700-1300 rounds/min) is used by all units of the German Bundes-
wehr and is a modernized version of the MG 42 machine gun. it
is also used as coaxial machine gun, anti-aircraft machine gun
and a prow machine gun.

Under the internal designation of MG 3e, Rheinmetall have
developed a lightweight version of the MG 3. Through the choice
of alternative materials and through systematic material savings
the MG 3 has been lightened by 2.2 kg whilst retaining its previous
function, hitting accuracy and handling. The interchangeability
of assemblies and removable components with the corresponding
MG 3 assemblies and parts is guaranteed.

MK 20 Rh 202 Automatic Cannon

The MK 20 Rh 202, an automatic cannon developed and produced
by Rheinmetall, has been introduced into the German Bundeswehr
and, on various mountings, is used for low level air defense and
for ground target combating (Figure 5). The cannon is rigid locking,
gas operated. Its principal advantages are short construction, high
ballistic performance, reliability even under extreme conditions
and its low recoil forces.

Ammunition feed is via a belt feed device which is stored separately
from the cannon in a hinged frame on the carriage. The gun
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Figure5. MK 20 Rh 202 automatic cannon.

ofters a choice of two belt feeders, a two-way feeder with rapid
ammunition change-over, and a three-way feeder.

The variations offered by the belt feeders make the MK 20 Rh 202
similarly suitable against low flying aircraft and ground targets.

Due to its shortness, separation of the belt feeder from the gun
and its minimal recoil forces, the MK 20Rh 202 is suitable for abroad
spectrum of weapon carriers and tactical deployment.

The cannon fires 20 mm x 139 ammunition with an approximate
muzzle velocity of 1100 m/s at a rate of 830 to 1000 rounds/min.
Maximum effective range is 2000 m.
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MK 20 Rh 202 in Field Gun 20 mm FK 20-2

The 20 mm FK 20-2 field gun is equipped with a MK 20 Rh 202 with
a three-way belt feeder and surface target/anti-aircraft sight
(Figure 6).

Figure 6. MK 20 Rh 202 automatic cannon in 20 mm FK 20-2
field gun.

MK 20 Rh 202 on Naval Mount

When used on the Wegmann, Kassel, naval mount, the MK 20 Rh 202
can be used as main or auxiliary weapons on ships or in fixed
positions to defend naval support bases (Figure 7).

MK 20 Rh 202 in 20 mm AA Twin Gun

The 20 mm AA twin gun developed by Rheinmetall is in use in
the German Bundeswehr. The firing control system, all-round
traverse, elevation from —5° to +83° and the ability to fire
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Figure7. MK 20 Rh 202 automatic cannon on naval mount.

2000 rounds/min make this an effective weapon against low
flying aircraft and for surface targets. The single-axle chassis aids
manoeuvrability (Figure 8).

Figure 8. MK 20 Rh 202 in 20 mm AA twin gun.
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MK 20 Rh 202 in the “Marder” Armored Personnel Carrier

The “Marder” armored personnel carrier is equipped with the
MK 20 Rh 202 in a top mounting as its main armament (Figure 9).

RN

Figure 9. MK 20Rh202 automatic cannonona“"Marder” armored
personnel carrier.

MK 20 Rh 202 in the UR 416 Armored Scout Car

The UR 416 armored scout car is equi'pped with the Rheinmetall
TF 20.15 one-man tank turret (Figure 10).

The TF 20.15 is armed with a MK 20 Rh 202; alternatively with
three- or two-way belt feeder. It is intended for wheeled vehicles
and light armored tracked vehicles, which can be used as
armored scout cars for reconnaissance duties and as escorting
vehicles when attacking ground targets and for defense against
low flying aircraft.

MK 20 Rh 202 in the MTW M 113 Personnel Carrier

The Rheinmetall TF 20.15 one-man tank turret with the MK 20 Rh 202,
equipped with changeover belt feed, is also intended for the MTW
M 113 personnel carrier.
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Figure 10. MK 20 Rh 202 in the UR 416 armored scout car with
Rheinmetall TF 20.15 one-man tank turret.

MK 20 Rh 202 in the M 113 C + R Personnel Carrier

For the M 113 C + R personnel carrier, the reconnaissance version
of the MTW M 113, Rheinmetall has developed the 20.11 turret
system, which as a one-man turret with two-way belt feed permits
full all-round vision despite the restricted space.

The MK 20 Rh 202 is also used here as the main weapon against
ground and air targets.

MK 20 Rh 202 in Eight-Wheel Scout Car

For the eight-wheel scout car, Rheinmetall developed the TS 7
two-man turret with the MK 20 Rh 202 as the main armament
(Figure 11).
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Figure 11.  The MK 20 Rh 202 in the TS 7 two-man turret on the
eight-wheel scout car.

MK 20 Rh 202 as Helicopter Armament

For helicopters, Rheinmetall developed a mount for the MK 20
Rh 202 which is attached under the fuselage and remote-con-
trolled by the gunner in the helicopter.

Figure 12.  Automatic cannon MK 20 Rh 202 as helicopter
armament.

Tank Destroyer with Cannon

The complete armament of the tank destroyer with cannon, con-
sisting of a 80 mm gun, a co-axial machine gun in the turret and an
AA machine gun, were developed, produced and installed by
Rheinmetall (Figure 13).
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Figure 13.  Tank destroyer with cannon.

Leopard 1 Battle Tank

Mounts for the 105 mm cannon and two machine guns on the
Leopard 1 battle tank were developed by Rheinmetall. Individual
parts are manufactured in the Rheinmetall plant at Diisseldorf,
and the complete turret is assembled there (Figures 14 and 15).

Rheinmetall also developed the requisite practice and illuminating
ammunition for the 90 mm cannon of the tank destroyer and the
105 mm cannon of the Leopard battle tank.

PRl .-

Figure 14.  Leopard battle tank.
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Figure 15. Leopard 1 battle tank turret assembly in Rhein-
metall's Diisseldorf plant.

M 109 G Armored Self-propelied Howitzer

Because of a new breech assembly developed by Rheinmetall,
the M 109 G self-propelled howitzer, used by the German Bundes-
wehr, can now achieve a considerably higher fire rate, increasing
its performance. In addition, a new sighting device was developed
for this weapon. Rheinmetall assembles the complete weapons
system (Figure 16).

B OlErhnce  SONAOY , ST .\\ -

Figure 16. M 109 G armored self-propelled howitzer.
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155 mm FH 70

The 155 mm field howitzer with its associated family of am-
munition is a trilateral development between the United Kingdom,
Germany and ltaly. Rheinmetall played an important part in
developing the elevating components (gun and recoil system)
and the special ammunition.

155 mm PzH 70

Rheinmetall also had an important partin the trilateral development
of the 155 mm armored self-propelied howitzer 70. The ammunition
developed for the FH 70 can be used in the armored self-propelled
howitzer.

New Generation of 105 mm/120 mm Tank Cannons

For subsequent generations of the Leopard 1 Rheinmetall has
developed 105 and 120 mm guns and ammunition (Figures 17 and
18). The development is noted for its smooth bore and fin
stabilized ammunition. The 105 mm smooth bore is particularly
suited for raising the fire power of tanks in current use.

The 120 mm gun is a very advanced weapon intended as tank
armament for the 80's and beyond').

Figure 17. 120 mm Rheinmetall smooth bore gun.

1) Meller, R.: Die 120-mm-Glattrohrkanone von Rheinmetall (The
120 mm smooth bore Rheinmetall cannon). Internationale Wehr-
revue (9), 1976, No. 4 (August), pp. 619-624.
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Figure 18. 120 mm KE missile (Schlieren photograph).

Rockets

The development team at Rheinmetall is also involved in post
accelerated projectiles and rockets, especially in the anti-tank
sphere.

An example is the anti-tank weapon “Hellebarde”, a jet cannon
of 75 mm caliber which, when built into light armored vehicles,
can fire fin stabilized hollow charged rockets up to 1000 m
(Figure 19). As a result of following the principle of total drag
compensation in this development, the missile is insensitive to
all kinds of crosswinds. The resultant impact diagrams are similar
to those of a good tank cannon,

Figure 19.  Rheinmetall anti-tank weapon “Hellebarde"” mounted
on the “Marder” armored personnel carrier in the
act of being fired.
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Military Technology and Production Design

Turrets and gun systems for battle tanks and armored vehicles
Tank guns

Armored self-propelled howitzers and artillery guns
AA systems

Rockets and rocket launching systems

Automatic cannons

Infantry weapons

Service and practice ammunition

Maneuver and simulator ammunition

Primers

Electrical firing and timing systems

Electronic measurement and control systems
Ballistic measurement systems

Performance of system studies

Planning and sale of production facilities
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1 EXPLOSIVES

141 General

Explosives play a key role in military technology, both as propel-
lants for projectiles, and as agents to damage the target. Since
they are such important chemicals, it is worthwhile to look back at
their history.

Black powder was introduced into Europe in the thirteenth cen-
tury, having been discovered previously in China. Its tirst use is
attributed (without certainty) to one BERTHOLD SCHWARZ, who is
said to have used the powder to fire a shot from a “musket” around
1300. Several centuries passed, and by the middie of the nine-
teenth century other explosive materials were discovered, which
were used aside from black powder and very soon had largely
replaced it.

A certain BERTHOLLET proved to be the first in this development.
In 1788 he undertook a series of experiments, in which he replaced
the saltpeter in the black powder by potassium chlorate, and dis-
covered “black” fulminating silver (AG;N). Other forerunners in-
clude HOWARD, who discovered mercury fulminate in 1799, and
BRUGNATELLI, who discovered fulminating silver (CNOAg) in
1802.

Modern explosives are all basically produced through the nitration
of hydrocarbons of different composition. This method began with
nitrobenzene (1834), nitronaphthalene (1835), and picric acid (tri-
nitrophenol) (1843). The most decisive stage in this development
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took place in 1846, when SOBREROQ discovered nitroglycerine,
and SCHONBEIN discovered guncotton. These discoveries were
followed by significant work on the part of A. NOBEL, who de-
veloped their characteristics towards a practical application. In
1867 he invented guhr-dynamite (75% nitroglycerine/25% dia-
tomite). In 1875 he invented blasting gelatine (32% nitroglycerine/
8% collodion cotton), and in 1888 he invented the first double base
propellant, “Ballistite” {nitroglycerine/nitrocellulose).

REID and JOHNSON (1882), DUTTENHOFER (1884) and VIEILLE
(1885) devised means of gelatinizing nitrocellulose into definite
shapes, through the use of appropriate solvents. VIEILLE's product
was the so-called “Powder B”.

In 1889, ABEL and DEWAR developed the double base “Cordite”,
which proved to be more powerful than NOBEL's “Ballistite”.
Whereas the manufacturing process for both “Cordite” and
“Ballistite” required the use of solvents, a process was discovered
in Germany in 1909, of producing double base propellants without
solvents.

During the Second World War, “cool" propellants containing di-
ethyleneglycol dinitrate, and nitroguanidine were developed. They
are linked with the name of GALLWITZ.

In addition to NOBEL's guhr-dynamite, any discussion on explo-
sives should mention trinitrophenol filled rounds. This process was
developed according to STETTBACHER [1] on the basis of work by
TURPIN (1885), and it led to the beginnings of high explosive
artillery rounds and bombs.

To avoid the disadvantages of trinitrophenol which was poisonous
and also produced salts sensitive to shocks, users turned to trini-
trotoluene (TNT) which had been known since 1863. Only at the start
of this century, did this compound become available in technical
quantities.

MERTENS found tetryl in 1877 and HENNING discovered hexogen
(trimethylene-trinitroamine) in 1898; the patent for the production
of nitropenta (pentaerytrol tetranitrate) dates from 1912,

In addition to the most frequently used explosives (TNT and hex-
ogen), octogen has become increasingly important in recent
years because of its greater energy/volume ratio compared to
hexogen.
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The discovery of the classical explosives, operating on the release
of chemical energy, can be said to have reached a conclusion at the
start of this century.

The beginning of a new “era” in weapons technology, comparable
at least in historic consequences with the first ballistic use of black
powder, can be pinpointed to the summer of 1945, when the first
atomic bomb was detonated in New Mexico, USA. This technical
achievement was made possible by the research work of two
generations of nuclear physicists: especially RUTHERFORD who
carried outthe first synthetic nuclear reaction in 1919; and O. HAHN
and F. STRASSMANN, who proved that uranium could be made to
decay as a result of bombardment with neutrons (1938).

If one considers the development of military equipment since 1845,
then, in the field of explosives, one can perceive:

Atomic and conventional weapons coexist.

Chemical propellants are still used to power the launching vehi-
cles for atomic warheads. Even for large intercontinental mis-
siles, it is still not practical to use an atomic reactor to provide the
propellant needed.

Conventional explosives are studied intensively in all their chem-
ical and physical dimensions and, where possible, they are
improved to provide optimal constructions and to increase the
performance of new weapons.

Having completed this short historical sketch, there are still a few
general comments which should be made.

Explosives are distinguished from common fuels, such as coal, pe-
troleum products or wood, by the fact that they contain as an inte-
gral partthe oxidizing agent. Consequently, the energy released per
unit of mass (heat of explosion) for explosives, about 5x 103 kJ/kg,
is considerably less than that for fuels (43 x 10® kJ/kg for gas-
oline), which combine with oxygen from the atmosphere. On the
other hand, and this is the decisive property of explosives, the
chemical bond and finely dispersed oxygen (included or confined)
causes highly rapid combustion, which creates high energy den-
sities (pressures) in a short period of time.

STETTBACHER [1] gave a very instructive example, which is
shown here in modified form:




2500 kg of an explosive with a heat of explosion Q,,=6700 kJ/kg
explodes in 500 ps. This releases energy equal to 2500 x 6700
= 16.75 x 106 kJ = 4650 kWh. The world’s total energy production
in 1966 was 3.5 x 10'2 kWh. This is equivalent to the energy of the
explosive considered here being produced 7.35 x 108 times in the
year. However, the power of the explosive charge is 4650 x 3600: 5
x 10-4=3.35% 10" kW, while the total capacity of the world's
power plants operating for 24 hours a day for 360 days is 4.05
x 10® kW. Thus, 82.7 times the 1966 production of energy would
be needed to achieve the same output as the explosive charge.

The classification of explosive materials into the two main groups,
propellants and explosives, is less fundamental; it is based on the
ranges of the combustion rate, for which the various combinations
or mixtures are most suitable. Explosives for gun propellant, dis-
integrate, depending on the heat of explosion, with sturdy depend-
ence on the pressure and with a linear burning rate of from 10 to
1000 mm/s (20 bar < p < 4000 bar). The detonation rate for explo-
sives is from 2 to nearly 8 km/s, that is up to 108 times as great.

The exothermic disintegration of explosives and propellants is the
result of a chemical reaction, i.e. changes in the condition of the
electron shell of the atoms involved. This decay/disintegration
reaction continues until atoms, molecular fragments, ions and
radicals form a stable end product.

The maximum heat of combustion for mixtures of chemical fuels
and oxidizing agents used for projectile and rocket propellants is
approximately 25,000 kJ/kg (Be+30,— BeO +23,950 kJ/kg;
$H, +3F, — HF + 13,500 kJ/kg). The maximum thermal output, as
the result of “chemical” action, would be the recombination heat
of two hydrogen atoms to the molecule, 2H—H, releasing
216,000 kJ/kg. This is the theoretical and practical limit for energy
release by a chemical reaction [2], [3], [4], [5].

The energy released by an atomic (or better, a nuclear) explosive
charge is produced by changes in the atomic nucleus. Since the
interaction forces between the nucleons (elementary particles
which form the nucleus of atoms) in the same vicinity are con-
siderably greater than the Coulomb forces between the electron
shell and the nucleus, nuclear reactions can produce enormous
amounts of heat.

4




Exothermal nuclear reactions are produced through the fission of
the nuclei of atoms with high atomic numbers (uranium and pluto-
nium bombs) and through the fusion of the nuclei of atoms with low
atomic number (hydrogen bombs). The fission of uranium releases
7.1 x 109 kJ/kg and the fusion of ,T3+,D2— ,He*+n produces
34.3x 1019 kJ/kg (T = tritium, D = deuterium, He = Helium,n =
neutron) [4].

The energy content of nuclear warheads is given in TNT equiv-
alents. Today intercontinental missiles carry warheads equivalent
to some 50 megatons of TNT.

The following sections deal with some detaifs of chemical explo-
sives as far as possible. This handbook does not discuss nuclear
charges in further detail, since it is limited to the examination of
conventional weapons. For further information on nuclear
weapons, and particularly their effect, the book “The Effects of
Nuclear Weapons” [33] is recommended.

1.2 Classification of Explosives [6], [7]

On the suggestion of the Federal Office for Materials Testing
(BAM), Berlin, explosive matter or materials capable of exploding
are classified as shown in Figure 101.

L Explosive matier ]

ts of the C ds, etc., for
Expiosives industry for non- non-explosive
explosive purpose purpose

|

1 I ] 1
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Figure 101.  Classification of materials capable of exploding.




The individual groups and subgroups include:

Under explosives, homogeneous:

a) nitric acid esters: nitroglycerine, nitropenta,
nitromannit, glycoldinitrate

b) secondary nitro compounds: trinitrophenol, trinitrotoluene

c) nitramine: hexogen (cyclonite), octogen
d) nitrosamine: trimethylentrinitrosamine
e) salts: ammonium picrate

Under explosives, explosive mixtures:
black powder
nitroglycerine explosives
ammonium nitrate explosives
chlorate explosives
liquid air explosives

Under initiating explosives:
mercury fulminate
lead azide
lead trinitroresorcinate
diazodinitrophenol
silver fulminate
chiorate-phosphorous salts

Under gun propellant (smokeless):

a) made with volatile solvents: nitrocellulose powder

b) made without solvents (POL-Pulver): nitroglycerine or diglycol
powder

c) double base propellant with crystalline nitro compounds: ni-
troguanidine powder, guanidinenitrate powder

Under pyrotechnics:
illuminating and signal components
fire crackers
propellants
whistling components
screening smoke and gas components
flash components

The following compounds belong to the group of explosive ma-
terials manufactured by the chemical industry but not intended as
explosives:

6




ammonium nitrate for fertilizers — secondary nitro compounds,
incrganic nitrate and chlorate mixtures used as herbicides and
pesticides — azonitril, sulfohydrazide and dinitrosopentamethy-
lenetetramine in inflating agents for the synthetic and rubber
industries — organic per- and hydroperoxide as a polymerization
catalyst in the synthetics industry — secondary nitro compounds
and nitric acids for the pharmaceutical industry — azo and diazo
compounds in bleaching and washing products — nitrocellulose
for synthetic resin varnishes, synthetic films and synthetic silk —
explosive gases such as acetylene and chlordioxide, etc.

The following materials are manufactured as preparations not
intended for use as explosives:

ammonium bromate — ammonium chlorate — ammonium nitrate
- azidoamine — chromium salts — ether peroxide - ethylene
ozonide — lead bromate — lead acetate — lead tetracetate —
calcium azide — chlorheptoxide — nitrogen chloride — acetylene
dioiodide — halogen azides — halogenated hydrocarbons with
alkali or alkaline earth metals — hydrazine nitrate ~ nitrous
iodine — gold fulminate — platinum fulminate — silver fulminate
Ag;N — manganese heptoxide — metal picrates — metal salts of
the hydrazines — sodium nitromethane — organic chlorates and
perchlorates — 100% perchloric acid — mercury oxalate — mer-
cury oxinide — nitrogen sulfide — silver chlorate — silver oxalate —
silver persulfate — strontium azide — zinc chlorate, etc.

r Explosiv; devices j

. Pyrotechnical
Blasting amsj L Igniting agents 1 l Firing agents l devices
Wniters

Figure 102.  Subdivision of explosive devices.
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Figure 102 depicts the subdivision of explosive devices produced
from explosives. The individual groups include:

Under blasting agents:
a) powder explosives: blasting powder, A-black blasting powder
b) rock blasting explosives: dynamite, B-black blasting powder,
ammonite, donarite, ammonium gelite, cloratite, oxyliquite
c) permitted explosives used in mining: Wetter nobelite, Wetter
wasagite, Wetter detonite, Wetter westfalite, Wetter astraline,
Wetter bicarbite, Wetter salite

d) well drilling cartridges: trinitrotoluol-hexogene (trixogen), am-
monium gelite, triamine, seismo-gelite, seismotolite

Under igniting agents:

a) explosive: blasting caps, electrical fuzes with blasting caps,
fuse cord

b) non-explosive: electrical fuzes without blasting caps, powder
fuses and igniters, igniting cords, percussion caps

In addition tothose listed above, there are: explosive rivets, Flobert
ammunition, igniting sheets, popping cork, and exploding puli-
cords.

Under firing agents:
cartridges for small arms
cartridges for illuminating and signal ammunition
cartridges for firing apparatus used for technical purposes
rockets .

Under pyrotechnical devices:
fireworks
small fireworks
party fireworks
pyrotechnical devices for technical purpose
large fireworks

Under pyrotechnical igniters:
stoppine, igniting cord

Under inflammables:
matches




1.3 Propellants

As indicated in the introduction, chemical propellants are used to
hurl projectiles containing a warhead towards their target. These
projectiles may be shells, which are accelerated inside gun bar-
rels and then-depending on their departure velocity when they
leave the barrel-fly without further propulsion, or rockets which
receive additional thrust through all or a part of their trajectory. For
post accelerated projectiles, there is a combination of acceleration
in the barrel and by rocket propellants.

A distinction is made between gun and rocket propellants on the
basis of differences in chemical composition, in some cases other
phases (solid or liquid), and the manufacturing processes.

1.3.1 Gun Propellants

1.3.1.1 Nitrocellulose Propellants

Single base propellants made from nitrocellulose with traces of
additive are widely used in the ammunition for small arms, auto-
matic cannons, and in large caliber weapons. As a group, they are
called nitrocellulose or Nc propellants.

Nitrocellulose is a nitric acid ester of cellulose. It is produced by
adding nitrating acid (nitric acid and sulphuric acid) to cotton or
wood cellulose. The gross formula with complete nitration is

[CeH;0,(0ONO,);], .

The degree of nitration depends on the nitrogen content. The gross
formula given above would show a nitrogen content of 14.14%; for
practical purposes, the content attained is only 13.4%. In the manu-
facture of the propellant, guncotton (nitrogen content 13.0 to
13.4%) and collodion cotton (12.0 to 12.6% nitrogen), are used.

In the course of the process of propellant manufacture [8], the
nitrocellulose is first gelatinized with a volatile solvent, usually an
ether and alcohol mixture. The gel is then pressed into strands of
the desired shape and size. These strands are cut into uniform
lengths (e. g., as tubes or flakes). The solvent is then volatized and
in the process there is considerable shrinkage. The final thickness
is not apparent until all of the solvent has been driven off. The
strand of propellant has a greater thickness when it leaves the
press than at the conclusion of the manufacturing process, and it is
only the final thickness which is ballistically effective. Here, con-
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siderable experience is required for dimensioning of the molds
used in the press.

Stabilizing agents, such as acardite or centralite, are added to the
nitrocellulose, and this supports simultaneous gelatinization. The
stabilizing agents work by combining with free nitrous gases,
which would otherwise act as an automatic catalyst and cause the
compound to disintegrate.

In order to change the linear burning rate, to attain a progressive
burning, for example, the surface of the Nc propellant is treated.
Treatment of the surface consists in adding substances with low
vapor pressures, such as arcadite, centralite, diphenylamine,
dibutylphthalate or camphor, so that they can diffuse into the inte-
rior of the propellant. These additives reduce the heat of explosion
in the outer layers and thereby reduce the linear burning rate.

In order to prevent the accumulation of static electrical charges,
and to increase the bulk weight, graphite is added to the surface of
the Nc propellant.

13.1.2 Propellants without a Solvent
Solventless propellants (in German: POL-Pulver) are either double
base or triple base.

1.3.1.21 Double Base Propellants

Nitrocellulose can be gelatinized with the slightly volatile liquids
nitroglycerine and diglycoldinitrate.

The structure of these substances is:
CH,-0-NO,
C!—i —0-NO, } Nitroglycerine
CLZ —0-NO,
CH,-0-NO,
o

! 2>0 } Diglycoldinitrate
CH,

|
CH,-0—-NO,
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Nitroglycerine propellants are produced by submerging the nitro-
cellulose in water and adding the nitroglycerine when the solution
is agitated. When this is done, the nitroglycerine is absorbed by the
nitrocellulose. After being separated from the water, the com-
pound is gelatinized and re-worked again by rollers or screw type
presses. (In the USA and in England, the gelatinization is partly
achieved with the use of acetone as a volatile solvent.) Further
transformation of the gel into a propellant grain is accomplished by
putting it in an extrusion press or roller press at a elevated
temperature.

Nitroglycerine propellant containing 25 to 50% nitroglycerine has a
heat of explosion of from 2900 to 5200 kJ/kg. If lesser heats of
explosion are required, nitrocellulose containing a lower nitrogen
content is used.

If nitrocellulose is gelatinized with diglycoldinitrate, the result is
so-called “cool” propeliant, which is characterized by low heat of
explosion and hence low explosion temperatures. This reduces the
amount of tube wear considerably. In addition, since the specific
gas volume of diglycoldinitrate propeilant is greater than that of
nitrocellulose or nitroglycerine propellant, it retains still a suf-
ficient ballistic performance.

1.3.1.2.2 Triple Base Propeliants

If nitroguanidine is added to diglycoldinitrate propellant as a third
component, the result is nitroguanidine propellant which is also a
“cool” propellant.

Nitroguanidine is a crystalline solid with the following structure:

NH,
NH = ¢’

™ NHNO,

The content of nitroguanidine in the propellant varies between 25
and 50%.

Cool propellants were developed in Germany during the Second
World War. Because there is less tube erosion when nitro-
guanidine is used in conjunction with diglycoldinitrate, nitro-
guanidine propellant is used today for both tank and artillery
ammunition.
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Another triple base propellant, ammonium powder, has failed to
achieve practical significance. This is a solventless propellant that
contains up to 55% ammonium nitrate (NH,NO,), but whose main
drawback is its high hygroscopicity.

1.3.2 Rocket Propellants ')

Rocket propellants [3], [4] are divided according to their phase as
follows:

Liquid propellants are those where the homogeneous propellant or
fuel and the oxidizer are deposited in tanks as separate fluids.
From there they are fed into the combustion chamber.

Solid propellants are those where the propellant as a homoge-
neous substance or as a mixture of substances is positioned inside
the combustion chamber in a solid state with definite surface.

Lithergols (hybrid propellants) are those where the fuel (normal
type) or the oxidizer (inverse type) are placed in the combustion
chamber in a solid state, and the oxidizer/fuel is introduced from a
tank into the combustion chamber as a liquid.

1.3.21 Liquid Propellants

The tirst group of liquid propellants is that known as monergoles. A
distinction is made between simple and composite monergoles;
simple monergoles are chemically pure substances while com-
posites are mixtures of propellants containing at least two different
components, capable of being stored. When igniting energy is
applied, the monergoles disintegrate spontaneously releasing
both heat and gas products.

Table 101 contains examples of monergoles; the data are drawn
from DADIEU-DAMM-SCHMIDT [4].

With the exception of nitromethane and mixtures of hydrazine and
hydrazine mononitrate, the monergoles have a relatively small
specific impulse-the criterion of a propellant's ballistic perform-
ance (see Section 2.3.3 on the Internal Ballistics of Rockets, page
130). The values given in Table 101 are theoretical equilibrium
values.

1) See Section 2.3 on the Internal Ballistics of Rockets.
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Table 101. Monergol Propellants.

. Specific
Chemical
Substance "\ impulse
Composition I, (m/s)
Nitromethane CN3NO, 2500
Hydrazine N,H, 1950
Hydrazine/Hydrazine nitrate [ N,H,+30% N,H;NO,| 2160
Ethylene Oxide C,H,0 1950
Tetranitromethane C(NO,), 1780
Hydrogen Peroxide H,0, 1620

Since nitromethane is highly explosive, it cannot be used as a
rocket propellant in its pure form. (The use of a hydrazine/hydra-
zine nitrate system is being examined.) The remaining monergoles

Table 102. Homogeneous Liquid Rocket Fuels.

Fuel Chemical Boiling Point
Composition T, (°C)
Hydrogen H, —252.8
Kerosene (RP-1) Ci1,7 Hais +140 to +250
Methane H, —-161.7
Ethylene C,H, —103.5
Hydrazine oHa +113.5
Monomethylhydrazine CH3;NNH, + 875
(MMH)
Unsymmetrical (CH3),NNH,, + 63
dimethylhydrazine
(UDMH)
Aniline CegHsNH, +184.4
Diethylenetriamine H,NCH,CH,NH +207
(DETA) CH,CH,NH,,
Ammonia NH, — 334
Ethyl alcohol C,H;OH + 784
Diborane B,He — 925
Pentaborane sHg + 60.1




in the list, particularly hydrazine and hydrogen peroxide, are used
for guidance and booster systems.

Diergoles are propellants which require that the fuel and the oxi-
dizer be introduced into the combusion chamber separately.

Mydrogen, hydrocarbons, hydrazine and hydrazine derivatives,
amides, ammonia, alcohols and boranes are all used as fuels.

The most important oxidizers are oxygen, fluorine, nitric acid,
nitrogen oxide, hydrogen peroxide, and oxygen difluoride.

Table 102 gives the chemical composition and the boiling points 7
of homogeneous liguid rocket fuels.

The fuels listed in Table 102 are used singly or in combination with
one another. Important mixtures of liquid fuels are:

Aerozine 50 (50% UDMH +50% hydrazine)
Hydyne (60% UDMH +40% DETA).

The technically significant oxidizers are listed in Table 103.

Table 103. Liquid Oxidizers.

Oxidizer Chemical Boiling Point
Composition T, (°C)
Oxygen o, . —183
Fluorine F, —188
Nitric acid HNO, + 84
Dinitrogentetroxide N,O, + 214
Hydrogen peroxide 20, +150
Oxygen difluoride OF, —145.3

Table 104 gives the specific impulses of various combinations of
fuels and oxidizers.

As shown in Table 104, the greatest specific impulses are attained
when fluorine, oxygen, and oxygen difluoride are used as oxi-
dizers, and the specific impulses with nitric acid and dinitrogen-
tetroxide are considerably lower. The highest specific impulse for
this type of system, reported in the literature, is 4480 m/s for the
system BeH,/0,.
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Table. 104. Specific Impulses of Various Combinations of Fuels
and Oxidizers.

Fuel Specific Impulse /, (m/s)

0O, F, OF, HNO, H,0,
Hydrogen 3830 4020 4020 — —
Kerosene RP-1| 2950 3200 3420 2580 2710
Hydrazine 3070 3570 3380 2730 2850
MMH 3060 3390 3420 (2740)" 2820
UDMH 3040 3360 3440 (2710) 2800
Aerozine 3060 — — (2740) 2820
Hydyne — — 3410 — —
Diborane 3370 3640 — — —
Pentaborane 3140 3530 3530 — 2970
Ammonia 2890 3520 3300 — 2640

Ethyl alcohol 2810 3240 — — —

* Values in brackets are based on red fuming nitric acid
HNO; + 15% NO,.

The A4 (V2), developed at Peenemunde by Wernher von Braun
during the Second World War, used a combination of ethyl alcohol
(75%)/0, (liquid) as the propellant. The propellant pumps were
driven by hydrogen peroxide. The American Saturn 5 moon rocket
used a combination of kerosene/O, (liquid) in the first stage
boos:er and used H, (liquid)/O, (liquid) in the second and third
stages.

These propellant combinations are known as cryogens, because at
least one of the components can only be liquified at very low
temperatures (see Tables 102 and 103). Propellant combinations
which are in the liquid state at room temperature are termed
storable. Storable propellants are important especially for medium
military rockets, because they eliminate the necessity to fuel the
rockets immediately prior to launch. On the contrary, the rocket
can be fueled ahead of time and held ready. This is known as pre-
packaged propellant. in this connection, the mixture of nitric acid
and nitrous oxide is particularly important as an oxidizer.
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For the choice of propellant combinations, ignition behavior is of
great importance. A group of oxidizers and fuels ignite spon-
taneously when brought into contact with one another; this charac-
teristic is known as hypergolity. Some hypergolic combinations
can also be produced by the addition of a catalyst.

Table 105 gives the ignition behavior of various propellant com-
binations.

Table 105. Ignition Behavior of Various Propellant Combinations.

Oxidizer o E
2 2 i
Fuel liquid | tiquia | 202 | HNO3 | N2O4 | CiFy

Ammonia
Aniline
Ethanol
Hydrazine
Kerosene RP-1
H, (liquid)
MMH

UDMH

X X X X X X X X
00000000
x x x x [ x x
OOxx0Ox0O0
OOxx0Ox0Od
00000000

O =hypergolic [J=hypergolic with catalyst x =non-hypergolic

Non-hypergolic combinations are ignited either pyrotechnically or
by addition of a hypergolic fluid during the starting operation.
1.3.2.2 Solid Propellants

A distinction is made between

homogeneous propellants which contain both the oxygen and the
fuel in one compound,

and

heterogeneous propellants (or composite propellants) which
consist of a mixture of at least two compounds, the fuel and the
oxidizer.

Homogeneous propellants are based on nitrocellulose which has
been gelatinized with diglycolnitrate or nitroglycerine (see Section
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1.3.1.2.1 on Double Base Propellants). Nitroglycerine is usually
employed as the second component. Homogeneous propellants
also contain additives to stabilize them, and to make them easier to
work with. The reasons for this are similar to those discussed in the
context of gun propellants. Their final form is arrived at after
pressing into strands in heated extruders, extrusion, final process-
ing and isolating.

In heterogeneous solid propellants, the oxidizer (in fine crystals) is
evenly distributed throughout a synthetic binding agent.

The following nitrates and perchlorates are used as oxidizers:

lithium nitrate LiNO,
sodium nitrate NaNO,
potassium nitrate KNO,
ammonium nitrate NH,NO;
lithium perchlorate LiCIO,
sodium perchlorate NaClO,4

potassium perchlorate  KCIO,
ammonium perchlorate NH,CIO,

The excess oxygen in these compounds ranges between 20% by
weight for ammonium nitrate, and 60% by weight for lithium per-
chlorate. Studies have recently been made on the feasibility of
using nitroniumperchlorate (NO,Cl0,), which contains 66%
excess oxygen by weight.

When used as an oxidizer, ammonium nitrate produces a gas-rich
propellant with a relatively low temperature of combustion. The
linear burning rate is low, as is the specific impulse.

Potassium perchlorate also gives a low specific impulse, but the
linear burning rate is quite high. For this reason, potassium per-
chlorate composites make good propellants for launch motors.

Ammonium perchlorate delivers a relatively high specific impulse
- up to 2450 m/s. The linear burning rate lies in the middle
oftherange, and is less dependent upon pressure and temperature
than the other oxidizers.

The following are used as binding agents:
Asphalt (with KCIO, for launch assisting rockets); asphalt com-
pounds have low performance and are unstable.
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Polyisobutylene (with ammonium perchlorate); high perform-
ance but unstable.

Polyvinyichloride (with ammonium perchlorate); high perform-
ance but the high rate of shrinkage means that it can only attain
case bonding if the dimensions are small.

Cellulose acetate (with ammonium nitrate); produces large
amounts of gas at low temperatures, so it is well suited for use in
gas generators.

Polysulfide (with ammonium perchlorate); since a high degree of
filling is possible (80%), it has a high level of performance. It is
highly elastic. Polysulfide composites are also known as
thiocole.

Polyurethane (with ammonium perchlorate); has a very high
performance.

Polybutadien — Acrylic acid polymers have a very high perform-
ance and good physical characteristics.

Propellants with polyvinylchloride (PVC) and cellulose acetate
are also known as plastisols.

To raise the specific impulse further, powdered light metals (Al,
Mg) or Bor/metal hydrides are added to the solid propellants.

To change the linear burning rate, catalysts, such as copper or
chromium oxide, are added as ballistic’ additives (plateau burning
and mesa burning).

The burning rate of heterogeneous solid propellants is strongly
influenced by the particle size of the oxidizer.

The composites are prepared for use as propellants either by
shaping in molds or by compressing them. They are then placed
in the combustion chamber after partially iso/ating the surface.
However, they can also be poured directly into the combustion
chamber, using a central core in the case of an internal burning
grain. The mold core is then removed, after the propellant is
hardened.

1.3.23 Lithergols

In lithergol propulsion systems, which are also called hybrid sys-
tems, oxygen, hydrogen peroxide, dinitrotetraoxide, nitric acid,
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chlorine trifluoride, and oxygen difluoride are all used as liquid
oxidizers.

The primary solid fuels are hydrocarbons [(CH,),], some of which
use light metal powder as additives.

The particular problem in lithergol systems derives from the fact
that the relative flow rates through the combustion chamber must
be coordinated in such a way, that the oxidizer passing across the
surface of the solid fuel produces the optimal reaction.

133 Thermochemistry

The heat of explosion, explosion temperature, composition of re-
sultant gases and smoke, and the volume of the gases released by
the reaction of a propellant can be calculated rather precisely by
using the principles of thermochemistry. The basic considerations
involved can be summarized briefly as follows:

In reactions involving Nc or solventless propellants having the
general formuia C,H,N_O,. primarily CO,, CO, H,0, H, and N,
are released.

In addition, radicals such as H, OH, NO, and others, show up in
various arrangements. Subsequent reactions in the exhaustgases,
particularly of the “cool” propellants, can produce C, NH, and CH,.

Calculations begin with the five principal reaction products [9].

There is an exchange reaction envolving CO,, CO, H,0 and H,; this
is the water-gas reaction:
CO,+H,5CO+H,0.
The concentration [ ] or the partial pressure of the reaction ele-
ments taking part in the water-gas reaction is controlled by the law
of mass action:
(CO] [H:0]
—— =k(T). (1
(CO,) [H) )
k(T) is a function dependent only on the temperature 7, which is
calculated for the water-gas equilibrium.

In addition, the molar number of the atoms of the propellant of the
general compound C_H,N_O, and that of the reaction products is
.the same:
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(C): [CO]+([CO,)=a, (2
[H): 2[H,0]+2[H,] =b, (3)
[O]: [COJ+2[CO,)+[H,0]=d. (4)
Equations (1) to (4) depict an equation system with the molar
concentration of the four reacting elements. It can be solved with

the temperature dependent function k(T) when T=T,, (the explo-
sion temperature).

The explosion temperature itself is now also dependent on the
solution of the system by means of the four Equations (1) to (4). This
holds that for T,:

Qex=Qesc—Qpp=Cyc Tex—Cup To- (5)
In the above expression, the following values are used:

Q.. =heat of explosion,

Qg =heat of formation of gaseous products of the
explosive,

Qg =heat of formation of the explosive,

c,, =specific heat of the explosive,

To =surrounding temperature of unburned explo-
sive.

¢,q is the mean specific heat of the propellant gases:

Z P Cygi .
évG =- (6)

Zpi

where p, is the partial pressure and c¢,q; is the molar heat of the
reaction products (here CO,, CO, H,0, H, and N,).

The values of ¢, are also temperature dependent; they are also
available in tabular form for a large number of gases.

The heat of formation of the propellant gases can be calculated
from the concentrations of the individual molecules in the gas and
their individual heats of formation. These are also available in
tabular form.

In practice, one can carry out the calculations in such a way that the
equation system is first solved using Equations (1) to (4) with an
estimated temperature and the result is then checked using
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Equation (5). The calculations can then be made again using the
more accurate value, provided that the condition

Qo — Q=0 (7)

is met. The gas volume can be determined immediately from the
total number of moles of the gaseous reaction products.

Since it is known that there are other reaction products, which are
dependent on the temperature of the explosion, the calculations
can be further corrected by considering these compounds.

The reader is referred to the references [4], [9], [10), and [11] given
in the bibliography for further demonstration of the thermochem-
ical calculating procedures for gun or rocket propellants.

1.3.4 Burning Characteristics of Propellants

The burning of propellants is an extremely complex physical and
chemical process; even a less than complete discussion would
exceed the scope of this publication. For a more exhaustive treat-
ment of the problem, the reader is referred to books [4] and [9] in
the bibliography. These references deal with all the most important
experimental and theoretical work that has been done in this field.

As is discussed in Chapter 2, Internal Ballistics, the burning
characteristics of a propellant play a decisive role in determining
the propulsion of a projectile. In rocket propulsion systems which
use liquid propellants or lithergols, the rate at which the injection
pump operates determines the rate at which the hot gases are
produced. This rate can therefore be regulated during the propul-
sion process. By contrast, with propellants used in solid fuel rock-
ets or in guns, the combustion process is determined by the
geometry of the propellant grains and other factors of Internal
Ballistics.

For propellants which are either ahomogeneous or heterogeneous
mixture, the rate of reaction is determined by the total exposed
surface and by the thermodynamic condition of the gas phase in the
combustion chamber.

dz
The rate of reaction P! is derived from the free surface of the
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propellant S{t) at time ¢, its density g, and the linear burning rate
de

d_t.
If the portion of the burned propellant is defined as
_Mea—mc(t)
—m.

8

ca

where m_, is the initial amount of propellant and m_(t) is the
amount of unburned propellant at time t, then

dz_ 1 dmglt) o

dt m,, dt
In addition,
dm (t) de
0 = hapid 1
ar St e (10)

. de . .
since, in unit time the layer »d? is burned over the entire actual

d
surface S(t), giving the volume of burnt propellant as S(t) ET'
This multiplied by the density ¢, of the propellant, gives the mass

d
of burned propellant during each unit time equal to —dr-';ﬁ.
Since, in the burning of a propellant, thé portion of burned propel-
lant z is definitely dependent on the time t, it is possible to substi-
tute the variable z for the independent variable t so that instead of
S(t), S(z) can be used.

By combining Equations (9) and (10), one gets

dz_g.S(t) de. )
dt  m., dt
Equation (11} is the initial equation for the law of combustion used
in internal ballistics. The quotient

2.S(0)
m

ca

presents, except for a generally constant factor, the form function
which is discussed in Chapter 2, Internal Ballistics. In the sections
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which follow, we shall look more closely at linear burning rates.
Greatly oversimplified, the process that occurs during the burning
of the propellant surface can be divided into three parts. These are
illustrated in Figure 103.

Il Gas area, reaction
completed

Il Gaseous zone
of reaction

| Surface of
propellant (solid
or liquid phase)

Figure 103.  Reaction zones of burning propellant.

Thetransition from the solid or liquid state of the propellantinto the
gaseous zone of reaction may be characterized by the reaction
velocity v u: the transition from the gaseous zone of reaction to the
gas area, where the reaction is completed, takes place at the
reaction velocity vy w-

The reaction velocity v; i is determined by the convection patterns
and the transfer of radiant heat on the surface of the propel-
lant. as well as by the energy of stimulation, such as, for example,
thatneeded to achieve pyrolysis of the macromolecules of nitrocel-
lulose or the vaporization/disintegration of the inorganic oxidizer
in composite propellants. In general, destruction of the binder in
composites does not affect the speed of reaction.

The vy i reaction velocity is dependent upon the chemical com-
position of the intermediate products. Reactions in zone il take
place in accordance with complicated radical mechanisms. If the
reaction proceeds according to the first order, then

1
ViLm~p2. (12)

If it is a second order reaction which determines the rate, then it
can be expected that the vy i rate of reaction will be directly
proportional to the pressure in the gas phase:

ViLm~p. (13)
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Theories about linear burning rates can be divided into two groups:
vi n<vy m: surface theories,
viu> v i gas phase theories.
In other words, in surface theories, the starting point is that the
transfer of heat on the surface of the propeliant is the slowest and
therefore most decisive step in controlling the rate of burning.

According to the gas phase theories, it is the reactions in zone |
which determine the burning rate.

The semi-empirical evaluation of MURAOUR-AUNIS [12] is rep-
resentative of the surface theories

- Eo-

d k
with £=conste Te"p+a, (14)

where the stimulation energy of a molecule,
the temperature of the explosion,

the gas pressure,

Boltzmann's constant,

Eo
Tex
P
K
a the contribution of radiation.

The amount a is such that at high pressures (roughly greater than
1000 bar) it can be disregarded when compared to the first term of
the sum in Equation (14) which increases proportionally with the
pressure.

The combustion law of MURAOUR-AUNIS can be shortened to

de .
a—t=a+bp. (15)

MURAOUR and AUNIS found, that, according to Equation (14), for
nitroglycerine powder with centralite, the equation
fogb=c,+¢,T,, (16)

holds for a wide range of nitroglycerine concentrations, within the
range 2000 K < T,, <4000 K. From this it must follow that the stimu-
lation energy E, of this type of propellant is independent of the
nitroglycerine content.

24




The anticipated order of reactions in the gaseous zone of reaction
is predominantly order 1. As a result, the gas phase theories
generally assume that

de 1

4~ P2 (17)
however, the order of the reaction, and thus the transition from gas
phase mechanics to surface mechanics, is highly dependent on the
pressure. For this reason CORNER [9] gives the values shown in
Table 106 for an unspecified rocket propellant. These values show
the pressure dependence of the exponent % in the VIEILLE law of
combustion

T=Bp". (18)

Table 106. Dependence of the VIEILLE Exponent a on Pressure.

p (bar) o
130 0.5
1500 0.96

Here, a varies monotonically for intermediate pressures.

Equations needed for practical calculations of linear burning rates
are given in Chapter 2, Internal Ballistics.

In passing, it should be noted that with the kind of pressures that
are encountered in guns, linear burning rates can be considered
in near approximation as proportional to the pressure. However,
a stable condition is possible in a solid fuel rocket motor only if
the linear burning rate is not directly proportional to the pressure
[13]. In fact, as Table 106 shows, a linear burning rate proportional
to the pressure is not attained at the operating pressures of normal
rocket motors.

135 Methods of Testing Propellants

Tests of gun and rocket propellants, made on random samples
drawn from every lot manufactured, are designed to determine
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chemical composition,
chemical stability,
physical characteristics,
ballistic behavior.

Chemical composition is determined through the normal methods
of analysis [14], including among others, such modern procedures
as thin-layer chromotography.

Technical terms of delivery prescribe that, as regards the chemical
composition, tests must be made to determine the total content
of volatile substances (remaining solvents), the moisture of the
propellant (using the desiccator or distillation method) and the
content of non-volatile and ether soluable substances.

Since nitrocellulose and nitroglycerine as nitric acid esters are
particularly inclined toward autocatalytic acid decomposition,
stability tests are required which speed up the separation by
raising the temperature. One must distinguish between tests at
high temperatures, carried out over a number of hours or even
days, and tests to ascertain the service life of the propellant,
which are carried out at lower temperatures, but over a period of
years. The Holland Test, conducted at +105°C over a period of
150 hours, or at +110°C for 72 hours, with continuously recording
the weight loss of the propellant, is considered as the most reliable
testing method. The most important of the other tests are the Abel
Test, the Bergmann-Junk Test, and the Hansen Test. For details,
see KAST and METZ [14]. :

The hot storage test is used to determine service life. In general,
at +75°C, the time after which yellowish-red or reddish-brown
vapors appear, is determined.

Tests of the physical characteristics of a propellant include checks
of both shape and dimensions, density, bulk weight (in so far as
it is given), compression strength, deflagration point, the heat of
explosion, and hygroscopicity.

The deflagration point of nitrocellulose and nitroglycerine
propellants is determined by placing a sample in a paraffin bath,
and heating it at the rate of 5°C/min, and observing at what
temperature it ignites and explodes.

Heat of explosion is measured in a calorimetric bomb. In this
measurement procedure, the propellant sample is placed in a
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sealed vessel under pressure (up to 2000 bar) and ignited. The
vessel is immersed in the liquid of a calorimeter. When the
propellantreacts, the heat raises the temperature of the liquid of the
calorimeter (water), and the rise in temperature is measured. By
consideringthe water equivalentofthe calorimeter andthe pressure
vessel, itis possibletocalculatethe heat of explosion. Itis important
that the boiling point of water (the calorimeter liquid) should not
be surpassed, so that water produced by combustion will be
condensed. This enables the gross heating value to be measured.

The special problem of determining the heat of explosion in a
calorimetric bomb consists in the fact that at the lower (final)
temperature of the calorimeter measurement there is another
chemical reaction (equilibrium) established in the exhaust gases
than at the temperature of explosion, and which changes the
healing value.

Tests of the ballistic behavior of gun propellants are made usu-
ally by test firing rounds from guns with well defined ammuni-
tion components. The first thing is to determine the charge weight
which produces the required performance levels. Then a large
number of rounds of one propellant specimen are fired to
determine

the mean value of the muzzle velocity of the projectile and its
dispersion,

the mean value of the gas pressure (generally measured with
crusher gauges) and the highest level of gas pressure as
well as

the charge capacity.

In the development of propellants, but also for quality control
during the manufacturing process, considerable use is made of
the manometric bomb to determine ballistic values. This invoives
using a closed pressure vessel in which the propellant can react
at constant chamber volume. Figure 104 presents a schematic
diagram of such a manometric bomb.




! i
s 3b 6 3a .

Figure 104. Manometric bomb.

1 Vessel body; 2a and 2b Front side locks; 3a and 3b Gaskets;
4 Outlet valve; 5 Insulated wire for electric igniter; 6 Piezo-
electric pressure gauge.

When using the manometric bomb, the first thing that is done is
to close valve 4 and to remove lock 2b. The propellant charge
is inserted and lock 2b is screwed in after an electric primer with
an igniter and a lead-in wire 5 has been attached. When the vessel
has been closed, the propellant is ignited, and the pressure in-
crease over time is recorded through the pressure gauge 6.
After the measurements have been taken, the propellant gas is
released through valve 4.

Figure 105 shows a characteristic pressure curve from the mano-
metric bomb. ‘

/
// G
AN

Figure 105.  Characteristic pressure curve from a manometric
bomb.
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One first notices an increasingly sharp rise in the pressure but
this then levels out and becomes a horizontal line. At the point of
transition from rising line to horizontal line, all of the propellant
has been burned. In reality, after the propellant has been com-
pletely burned, the line does not remain horizontal, but, instead,
drops slowly due to the cooling of the gases.

Abel's equation is applicable for determining the maximum gas
pressure p,, inside the manometric bomb after the propellant has
been burned:

fm

= (19)

pm:VB_"mc.

In this equation, f is the propellant constant, m_ is the charge
weight, Vg is the volume of the combustion chamber and p is the
covolume.

With a charge density

m
4=
Ve (20)
this gives
f
Pm=7—"" )]
i

If the maximum gas pressure is measured for at {east two different
charge densities, then the propellant parameters f and n can be
determined. In order to obtain a reliable mean value for f and for
n, the measurements should be made on a large number of
charges with different densities.

The problem can be solved with the transformed Equation (21):

1 11 n
E—T Z——f". (213)
1 1
If the measurements -— and N are plotted against one another,

mi i
the result is a straight line as fitting curve such as is shown in
Figure 106.
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Figure 106.  Analysis of the measurements from the mano-
metric bomb.

The propellant constant f can be determined from the slope of
the line and the covolume » from the negative ordinate intercept.

In addition to f and #, the pressure curve from the manometric

dz
bomb can be used to calculate the rate of reaction af

During burning, the expression
fmoz(t) -

plt)= (22)

Vo— nm, 2(t) 'Z;' me(1—2(t)

holds for the pressure, where z(t) is the portion of the charge
engaged in the reaction and g, is the density of the propellant.

1
If one assumes that n =E-' then Equation (22) can be rewritten as
C

fm,
pl)=y-Zre- 2 (23)

or, using Equation (19),
p{ty=pmzl(t). (24)

if Equation (24) is further differentiated with respect to time, one
obtains
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Pty =pn2(t). (25)
Since the propellant burning can be written in general form, as

. (t)
2(t)=B, 02" (26)

Po
(see Section 2.1.5.3, Propellant Burning), where B, is the burning
coefficient, and ¢ (z) is the form function, then, using Equation (25),

Bao(2)_ PO

Po  PmP(t) (@)

gives the burning behavior of the propellant. The quotient P
m
is referred to as the dynamic activity L.

The calculation of B, ¢(z) can be made for the general case

1
n# , butthe formula will, of course, be more complicated.

C
A final comment should be made in conjunction with the
manometric bomb. According to Equation (26), the integration of
the pressure curve to time t, (all-burnt point)

th 1 Po dz
£ Pl at { B, o(2)
must give a value, which is, due to the right side of Equation (28),
for apropellant characterized by B, ¢(z) independent of the charge
density at which the pressure curve was taken. In this connection,
O.SCHMITZ [15] has carried out a number of experiments involving
the range of pressures of interest to us here. His experiments
confirm the statements made above and the possibility of using
the law of combustion as is done in Equation (26). This is known
as the Krupp-Schmitz Law in the literature on the problem.

(28)

To measure the burning behavior of rocket propellants, one can
use either the Crawford bomb or the standard combustion chamber.
This has been introduced recently also for the testing of propellant
charges which generally burn at high pressure.

In the Crawford bomb, a sample of propellant is burned under
a constant pressure of nitrogen. The sample is 150 to 200 mm
long and 3 to 5 mm in diameter. The cylindrical side surface and
one end face of the sample are insulated with a synthetic film, so
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that the sample will burn as an end-burning grain. Fuse wires are
passed through the sample at two specific points, they break when
the burning zone reaches them and this activates a recording
mechanism. This enables one to determine how long ittakesto burn
a certain distance and thus to calculate the linear burning rate.

The Crawford bomb is constructed in such a way that the adjusted
pressure of the nitrogen is virtually unaffected by the propellant
gases released. One can therefore speak in terms of an isobaric
measurement. in order to determine the relationship between
pressure and the linear burning rate, Crawford measurements
should be made at a variety of different pressures.

1.4 Explosives [8], [16]

As already explained in the first section, there is no fundamental
difference between explosives and propellants. Depending upon
the type of ignition used, it is generally possible to take any
explosive material and have it burn as either a propellant (see
Section 1.3.4, Burning Characteristics of Propellants) or to have it
detonate. During burning the reaction that takes place is
dependent upon the pressure and temperature of the gas phase,
the linear burning rate has values of between 1074 and 1 m/s.
During detonation, the reaction takes place as a steady process
with constant velocity, the detonation rate. The value of this rate
depends on the chemical composition of the explosive material,
and the charge density. For explosivés this is between 2 x 103
and 8 x 103 m/s. Details regarding the physical and chemical
processes that take place during detonation are given under
Section 1.4.5.

The suitability of a material for use as an explosive depends
upon the specific characteristics required for particular appli-
cations. Thus one can list the differences between military, com-
mercial and initiating explosives.

14.1 Military Explosives

The following requirements apply to all military explosives:

high energy density,

firing safety, i.e. resistance to compression which, depending
on the height of the column of explosive, may occur during
accelerations up to several ten-thousand “g’s”,
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safety in handling,

workability by pouring or pressing,

chemical stability even when stored for long periods.
In the pages which follow, the most important chemical com-
positions which meet these requirements are enumerated, and

their special characteristics stated. All of these materials are
solids at the temperatures at which they are used.

2, 4, 6-Trinitrotoluene (TNT, Tri, Tritol, Trilite, Tolit, Tutol, Trinol,
Triton, Trotyl)

CH, Density: 1.64 g/cm3
NO NO Melting point: 80.8°C
2 ? Heat of explosion: 4310 kJ/kg
O (H,0 vaporous)

Detonation velocity: 6900 m/s
NO Deflagration point:  300°C
2

Trinitrotoluene is yellowish and crystalline in form, and is almost
completely insoluble in water. It dissolves slightly in alcohoi and
is quite soluble in benzene, toluene and acetone. It is very stable
chemically and does not react with metals.

Due to its favorable melting point, trinitrotoluene is now one of
the most widely used military explosives. It is used both in the
pure form, and mixed with other explosives to form the explosive
agent for all types of weapons. Since there is a 12% loss of
volume when trinitrotoluene changes from the liquid to the solid
state, special steps must be taken to assure pouring free of
shrinkage cavities. Since TNT has a low level of mechanical
sensitivity, it lends itself to the pressing of charges.

Picric acid (2, 4, 6-Trinitrophenol, Pertite, Picrinite, Melinite,
Ecrasite)

OH Density: 1.75 g/cm3
NO NO Melting point: 122.5°C
? 2 Heat of explosion: 4350 kJ/kg
O (H,O vaporous)

Detonation velocity: 7350 m/s
NO, Deflagration point:  300-310°C

Picric acid is given in the form of yellow sheets; it is poisonous
and soluble in hot water, alcohol, ether, benzene, and acetone.
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In the past, picric acid was used in grenades. However, because
it is an acid, it formes metallic salts (picrates), i.e. highly impact
sensitive materials. As a result picric acid has practically no
significance today.

Nitropenta (Pentaerythritol tetranitrate, PETN, Pentryle, Penta,
Pentaryth)

Density: 1.76 g/cm?3

Melting point: 141.3°C
CH,ONO,~ _~CH,ONO; Heat of explosion: 5860 kJ/kg
CH,0NO,~” ~ ™SCH,0NO, (H,0 vaporous)

Detonation velocity: 8400 m/s
Deflagration point: 202 205°C

Nitropenta consists of colorless crystals. it is very stable chemically
and will not dissolve in water, but it is soluble in acetone and
methylacetate.

It is used for pressed shell and bomb charges, as well as for
booster charges. It is desensitized with a bit of wax.

Tetryl (Trinitrophenylmethylnitramine, Tetranitromethylaniline,
Pyronite, CE, Tetra, Tetralite, Tetralita)

CH NO
J\N/ ‘ Density: 1.73 g/cm?3
Meiting point: 131°C
NO, NO, Heat of explosion: 4900 kJ/kg
O (H,0O vaporous)
Detonation velocity: 7500 m/s
NO. Deflagration point:  185°C
2

Tetryl is a fine yellow powder. It is poisonous, barely soluble in
water, but does dissolve well in benzene.

Because of its good initiation properties, tetryl is used mainly in
pressed booster charges. In addition, it is used together with
trinitrotoluene as the filler in shells and torpedos.
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Hexogen (Cyclotrimethylenetrinitramine, Cyclonite, RDX, T4,
Trimethylenetrinitramine) [17]

H,
| .
NO, NO, Density: 1.802 g/cm3
\N/C\N/ Meiting point: 204°C
' | Heat of explosion: 5141 kJ/kg
| (H,0 vaporous)
H /C\N/C\H Detonation velocity: 8700 m/s

2 | 2 Deflagration point:  230°C

NO,

Hexogen is a colorless, crystalline substance which dissolves
poorly in water but which is readily soluble in cyclohexane. Since
the deflagration point is close to the melting point, Hexogen can
only be processed in the solid state. Today, Hexogen is the most
important component of high explosive charges, e.g. shaped
charges. Hexogen is molded in melted trinitrotoluene (see Com-
position B), and recently it has also been molded in hardened
synthetic bonding agents or, desensitized with wax, pressed into
the desired form, partly with metallic additions (see Hexal).

Hexogen can be transported only after it has been desensitized
(with TNT, wax, and water).

Octogen (Homocyclonite, Tetramethylenetetranitramine, HMX,
Cyclotetramethylene-tetramine)

NO,

H, N H,
\c/ \C/

/ \

NO,—N N—NO;

\

c ¢
R SN N\,

l
NO,

Density: 1.82 g/cm?3 (z-modification)
1.90 g/cm? (ff-modification)




1.76 g/cm3 (;-modification)
1.80 g/cm?3 (d-modification)
Melting point: 280°C
Heat of explosion: 5116 kJ/kg (H,0 vaporous)
Detonation velocity: 9100 m/s
Deflagration point:  287°C

Appearance and solubility are much the same as for hexogen,
and both physical and chemical characteristics are almost
identical to those of hexogen. The one exception is the higher
density of octogen. Since the greater density of octogen also gives
a greater energy density, use of this material in high performance
shaped charges is currently being considered. Though, for the
present, the price of octogen is greater than that of hexogen,
since it must be separated from the hexogen that is formed with it.

As already indicated, the substances described above are also
used in mixtures as explosives.

Composition B (Compound B, Bonite) is a mixture of hexogen
and trinitrotoluene in ratios ranging from 60/40 to 40/60, which
is prepared together with melted TNT at temperatures from 85 to
100°C by using casting procedures. Today, Composition B is used
preponderately in shaped charges and in warheads of other types.
When the ratio between the two components is 60/40, a density
of greater than 1.7 g/cm3 can be attained, if it is poured free of
shrinkage cavities, and if a proper distribution of the grain sizes
of hexogen is obtained. The detonation velocity will then be
approximately 8000 m/s.

Hexotol (Hexolite) is made from hexogen desensitized with TNT
(80% hexogen and 20% TNT by weight). If hexogen is to be con-
verted into Composition B, then it is generally stored and
transported in the form of hexotol.

Hexal consists of a mixture of hexogen and aluminum powder,
which is desensitized with lignite wax and pressed into charges.
Hexal finds particular use in shells used in anti-aircraft defense,
because the aluminum gives a very high incendiary effect. In
addition, the aluminum produces “post heating” reactions in the
fumes of the explosive, which further raise the pressure (gas
impact). It is because of this action that aluminum is also used in
underwater explosives (e.g. hexogen/TNT/Al).
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Trinalite is a mixture made from trinitrotoluene and aluminum
powder with characteristics similar to those of hexal. It is also
used in ways similar to hexal.

Plastic explosives are composed predominantly (80-90%) of
highly explosive materials such as nitropenta or hexogen held
together by a plastic. Wax or soft polymerized synthetics are
used as binding agents. The explosive charge of high-explosive
squash-head (HESH) projectiles frequently contain some plastic
explosive (HEP).

Holtex is similar to the solventless propellants and is made from
nitroglycerine, nitrocellulose, and nitropenta. This mixture is
gelatinized by the addition of metallic soaps. Holtex can be
formed thermoplastically and easily be worked mechanically. With
a detonation velocity of 7800 m/s, it is a highly explosive material.
Variations of this composition are known as Nipolite.

14.2 Commercial Explosives

Naturally military explosives can also be used for various civilian
purposes such as explosive forming and plating. For certain
civilian or industrial purposes, however, the need for special
characteristics, or the requirement to use less expensive sub-
stances than those used in military explosives, means that
materials are used other than those named under Section 1.4.1.

Two important groups in the commercial field are mining ex-
plosives and rock blasting explosives.

Mining explosives (permitted explosives), used in coal mines, must
not ignite mixtures of methane and air (firedamp) or of coal-dust
and air. That is to say, they must produce only very short flames
upon detonation. They are divided into three classes (I, II, and lll)
on the basis of how safe they are. As one moves from Class | to
Class Ill, the substances become more safe, but the explosive
effect declines.

Class | includes gelatinous or powdered ammonium nitrate ex-
plosives containing up to 50% (by weight) inert salts. Trade
names used in Germany are: Wetter-Nobelit B and Wetter-
Wasagit B (both gelatinous), as well as Wetter-Detonit A and
Wetter-Westfalit A (both powdered).
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Class !l includes salt-paired permitted explosives (potassium or
sodium nitrate, ammonium chloride and nitroglycerine) and some
sheathed explosives (explosive core and jacket made of salts, such
as sodium bicarbonate which disintegrate endothermically). In
Germany, the following trade names are used: Wetter-Energit A
and Wetter-Roburit A (salt-paired explosives) as well as Wetter-
Nobelit B (M 1) and Wetter-Wasagit B (M 1) (sheathed explosives).

Explosives in Class lll are similar to those in Class Il except that
they are not as powerful. The difference in strength resuits from
differences in composition. Well-known trade names in Germany
include: Wetter-Carbonit and Wetter-Securit (salt-paired explo-
sives) as well as Wetter-Bikarbit and Wetter-Astralit (sheathed
explosives).

The safety of mining explosives is checked in so-called testing
galleries.

Rock blasting explosives are evaluated primarily on the basis of
handling safety and price. A distinction is made between powdered
rock blasting explosives (based on combinations of ammonium
nitrate and, in part, potassium chlorate) and gelatinous rock
blasting explosives. The last named group includes the blasting
gels, dynamite, and the ammonia gels.

Blasting gels consist of from 92 to 94% nitroglycerine by weight
and from 6 to 8% collodion cotton. When confined, detonation
velocities up to 7700 m/s can be attained.

Dynamites are nitroglycerine based explosives. The first dynamite
is attributed to Alfred NOBEL, who used a mixture of nitro-
glycerine and diatomite (75/25). Today dynamites are manufactured
by admixing sodium nitrate and wood dust or cereal meal to blasting
gelatine.

Ammongelites are distinguished from dynamites in that the nitro-
glycerine is at leastpartially replaced by nitroglycol, and the sodium
nitrate is replaced by ammonium nitrate. In addition, a mixture
of dinitrotoluene and trinitrotoluene is added. Ammongelites
are less inclined to freeze the embodied nitroglycerine than are
dynamites, and for this reason they are considered preferable
today.

Besides the industrial explosives named, mention should be made
of Oxyliquit which is very cheap, but hardly ever used today.
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Here porous carbonic substances such a charcoal or cork meal
are soaked with liquid air, or, even better, liquid oxygen
(~ —180° C) immediately prior to use.

143 Initiating (Detonating) Explosives

The military and commercial explosives described above cannot
normally be made to explode by mechanical means, and they
generally will not explode if subjected to high temperatures; they
will merely burn or smoke.

In order to detonate explosive charges at all and above all at the
proper time, and with the proper geometry, highly sensitive
initiating explosives must be used. When subjected to mechanical
stresses, or upon the introduction of heat, these explosives will
go off and thereby detonate sometimes through an intermediary
charge made from easily detonating explosives such as Tetryl —
the main explosive charge. Because they are so sensitive,
initiating explosives are keptin metal capsules to protect them from
external influences.

Initiation is achieved through a mechanical impact, through the
discharge of electrical energy over a wire resistor (bridgewire
detonator), through a spark discharge, or by means of an ex-
ploding wire. Chapter 13 contains information on the con-
struction of mechanical and electrical igniting and detonating
caps.

The following chemical compositions are used as initiating ex-
plosives').

Mercury fulminate Hg = (ONC),
Density: 4.42 g/cm3
Heat of explosion: 1486 kJ/kg
Detonation velocity: 5400 m/s
Deflagration point:  165-170°C

1) The following compositions are used by the German Bundes-
wehr: High effective: lead azide + lead trinitroresorzinate or
lead azide + tetrazene; low effective: lead trinitroresorzinate
+tetrazene.
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In the chemically pure form, mercury fulminate is colorless and
crystalline, but as a technical product it has a gray color
resulting from traces of the element mercury. It is insoluble in
water. Mercury fulminate is used in pressed form for igniting and
detonating caps (the caps themselves are made of copper).

Lead azide Pb (N,),
Density: 4.8 g/cm3
Detonation velocity: 5100 m/s
Deflagration point:  330°C

Lead azide exists as colorless crystals, is insoluble in water and
quite heat-resistant. Partly, it is made more sensitive by the
addition of lead trinitroresorcinate, and is used in detonating caps
(the caps themselves are made of aluminum).

Silver azide AgN,;

Density: 5.1 g/cm?
Melting point: 251°C
Deflagration point:  273°C

Silver azide is sensitive to light and insoluble in water, but it is
soluble in ammonia. It is difficult to proportionate, because it
takes amorphous forms during the manufacture. Although it has
better initiating properties than lead azide, it is not widely used
because of its difficulty in handling.

Lead trinitroresorcinate (Lead styphnate, Lead tricinate, Tricinate)

0
NO, NO; Sp
0~

NO, (+1H,0)

Density: 3.0 g/cm3

Heat of explosion: 1550 kd/kg (H,O vaporous)
Detonation velocity: 4900-5200 m/s
Deflagration point:  275-280°C

It occurs as yellow crystals, and is only slightly soluble in water.
Mixed with lead azide, it is used as the charge for detonating
capsules. In addition, it is mixed with a small amount of tetrazene
to form a component of the “sinoxide” charges.
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Tetracene (Guanyl-nitrosamino-guanyi-tetrazene)
H,N-- -(If-NH NH—N —N-(lf ~NH NH-—-NO

NH NH

Density: 1.7 g/cm3
Deflagration point:  ca. 140°C

it has the form of fuzzy, colorless to pale yellow crystals, and is
practically insoluble in water or most organic solvents. Its
importance lies in its use in the “sinoxide"” charges.

Diazodinitrophenol (Dinol, D.D.N.P., Diazol)

1
NO: O N Density: 1.63 g/cm3
Detonation velocity: 6600-7100 m/s
ND Deflagration point:  180-200°C
2

Itis a yellow to reddish yellow amorphous powder which is barely
soluble in water. It is used as an initiating explosive in the USA.

144 Testing Methods for Explosives

Explosives are tested to determine their chemical stability,
sensitivity, and level of performance.

The chemical stability of explosives is checked in the same
manner as is the chemical stability of propeliants; the methods
involved are described in Section 1.3.5.

Checks of sensitivity are made with reference to friction, impact
and heat.

In tests of sensitivity to friction, the explosive to be tested is
placed between two rough porcelain surfaces, which move across
one another. The surfaces are pressed against one another with
increasing load until the explosive begins to react. The value of
the load applied at the time a reaction begins, serves as the
measurement of sensitivity to friction.
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To determine sensitivity to impact, the drop hammer method is
used. Here, a hammer of definite weightis dropped on the explosive
to be tested from increasingly greater heights. The height from
which the hammer is dropped when the reaction begins, is
multiplied by the weight of the hammer, to give the value of
sensitivity to impact.

Sensitivity to heat is determined by means of the “steel sleeve test”.
A certain amount of the explosive to be tested is placed in a steel
sleeve. The sleeve is closed with a cover that has a hole in it
When the steel sleeve is heated with a gas burner, the material
explodes, and the exhaust gases escape through the hole in the
cover. The hole is made progressively smaller until the pressure
released by the reaction of the explosive becomes so great that
it destroys the walls of the sleeve. The diameter of the hole is
taken as the sensitivity to heat.

For a detailed description of these sensitivity tests—which were
developed by The Federal Office For Materials Testing, Berlin
the reader is referredtoreferences [18) and [19] in the bibliography.

In terms of performance data, it is the detonation velocity which
is of primary interest. In homogeneous explosives the constant
detonation velocity is attained after a starting distance. The
measurement of velocity involves determining how long it takes
for the “front” of the detonation to travel a specified distance along
a column of the explosive. To avoid having too short a time
interval to measure the velocity with precision, it is necessary to
ensure thatthe measurement distanceis nottoo short(i. e., itshould
be between 100 and 300 mm). The elapsed time is measured with
electronic timers (counters). The counter is started and stopped
by open double wires placed in the explosive at the start and
finish of the measurement distance. The wires are closed when
the explosion wave passes across them.

The classic procedure is that developed by DAUTRICHE. He used
a detonating cord of precisely determined detonation velocity to
measure the time. The DAUTRICHE method is depicted schemati-
cally in Figure 107.

Blasting caps 1 and 2 are placed in the test sample at measuring
points 1 and 2 which are separated by the distance /. These caps
relay the explosion to the two ends of a detonating cord, when
the explosion front of the sample of the explosive passes across
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Figure 107.  Arrangement for measuring the detonation velocity
in the Dautriche method.

them. There is a lead plate under the center of the detonating
cord, where a notch arises at the point at which the two detonation
waves, advancing towards each other, come together. The
distance of this meeting point from the center of the cord is equal
to “a”; this means that the detonation velocity D of the sample
(with D, equal to the detonation velocity of the cord) is equal to
/
D=D, 53

in addition to the method described above, the detonation velocity
can be measured by using the streak camera. In this procedure,
the light trace of the detonation front is recorded as it moves
through the explosive and the results are then analysed. This
method also provides information about the variations of the
detonation velocity caused by inhomogeneity of the explosive.
These variations can also be measured electronically.

Other performance data, concerning the “strength” or the brisance
of an explosive, can be obtained by using the TRAUZL lead-block
test, the ballistic mortar, the sand test, and the upsetting test of
KAST or HESS.

In TRAUZL's lead-block method, the sample explosive and an
electric detonating cap are placed in the hole of a lead cylinder,
covered with sand, and exploded. The increase in the volume of
the hole caused by the explosion is then measured.

The ballistic mortar consists of a pendulum mounted cylinder with
a hole at one end. A sample of the explosive to be tested (10 g) is
placed in the hole. The opening is sealed with a projectile of
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appropriate size. When the explosive is detonated, the impulse
is transferred to the projectile and to the mortar, which causes
the mortar to swing like a pendulum. The pendulum deflection
provides a measure of the performance of the explosive. Blasting
gelantine (=100%) is used for calibration.

In the sand test (USA), the sample explosive is encased in sand
of a specific quantity and with grains of a certain size. After
detonation, a sieve is used to determine the amount of sand
which has been broken into smaller grains by the explosion.

The brisance (shattering power) of an explosive is determined
experimentally by placing an explosive charge against a copper
cylinder (KAST) or a lead cylinder (HESS) and measuring the
amount of compression.

KAST also devised a mathematical formula for determining the
brisance of a substance. He defines brisance as the product of
charge density, specific energy (f=nRT) and the detonation
velocity.

145 Theories of Detonation

The theory of detonation is based on experimental findings. These
findings show that the detonating reaction of an explosive material,
regardless of its physical state, advances at a constant velocity,
the detonation velocity D. In addition, there is a considerable
pressure jump at the front of the detonation (in solid explosives
the magnitude is 1:105). It is therefore obvious to describe
approximately the process that takes place in a detonating column
of explosive, by using the theory of a plane shock wave. This was
done by CHAPMAN and by JOUGUET [20)], [21}. For a summary
and critical analysis of the theories, see BECKER [22].

Detonation front Detonation front

* (pressure jump}
Fumes : Explosive *
p7 Explosi
vy L A% X Fumes xploswe
Py
—-Uu —D

Figure 108.  Description of the process of detonation.
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The shock wave theory of detonation is also known as the
hydrodynamic theory.

The basic equations of the shock wave theory are obtained by
using the laws of conservation for mass, momentum and energy
with regard to the shock wave moving at a constant velocity, and
thenconverting them by speed transformation to the fixed reference
system.

By labelling the variables, p, v and T of the explosive ahead of
the detonation front, with the index 1 (as shown in Figure 108),
and the variables, p, v and T for the fumes directly behind the
detonation front, with the index 2, then, from hydrodynamic theory,
the following relationships are obtained for the detonation veloc-
ity D and the velocity u with which the fumes, being directly behind
the detonation front, make contact with the front:

2_,2P2=P
D2 =v7 v, (29)
W =(py=py)vi—vy). - (30)

For the energy difference E, — E, where Q is the heat of explosion
of the material, and ¢, is the specific heat at a constant volume,
the equation to apply is:

Ey—E1=CoTr—c T —Q=3%(py+py) (vy — v3).
(31)

The potential for condition “2” of the fumes is based on the follow-
ing relationship known as the Rankine-Hugoniot Relationship or
the Dynamic Adiabatic Curve:

e (T-T)=%(p+p)v-V). (32)

If an equation of state is introduced into Equation (32), where
Abel's equation (seé Section 1.3.5) has proved valid regarding
the fumes from solid explosives, it becomes possible to define
the cynamic adiabatic curve in a p-v diagram such as that shown
in Figure 109 as curve 2.

Figure 109 also shows the initial condition (1) of the explosive
which lies below the Hugoniot Curve because of the difference in
energy due to the heat of explosion Q. When the explosive reacts,
there is a transition from point 1 to some point along the curve (2).
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Figure 109. Dynamic adiabatic curve (Hugoniot Curve) for
explosives.

The line connecting condition (1) with a condition (2) forms an
angle a with the v axis. This gives

P2—ps .

t ~ .
an « v v, (33)
Combined with Equation (29), this gives
1
D ~ (tan 2)?. (34)

Since the tan x has negative values in the range A-B, the detona-
tion velocity must be imaginary in this area. It is therefore im-
possible to have any change of condition in the range A-B.

The condition of the fumes at points beyond “A™, at “D", for
example, is such that tan a, and therefore the velocity D, has a
small value. Moreover, dividing Equation (29) by Equation (30), i.e.

b__1 . (35)




one can see that for v, > v,, the flow velocity u is reversed to D.
That is to say, the gases flow away from the reaction zone.
v, > v, holds for the condition of fumes beyond “A”, so it is in
that area that the behavior characteristic of the deflagration can
be found. The reaction advances in a direction opposite to that of
the fumes.

Starting from "B" to smaller values, of v means that v, < v,; that
is, the reaction and the fumes advance in the same direction.
What we have here is the detonation zone where there is a
stationary condition maintained by the flow of the fumes.

There are two fume conditions for every tan %, and hence for every
detonation velocity (provided, of course, that curve “2" is inter-
sected), except for point C, which is the point of tangency for the
straight line drawn from explosive condition “1”.

According to CHAPMAN and JOUGUET, it can therefore be
postulated that a stationary explosion process takes place when
pointC is crossed. That is,

- d
_P2—pP = (_ﬂz) . (36)
Vi— V2 dvy /uug
For “C”, the CHAPMAN-JOUGUET POINT, one can also show that
D=u+a, (37)

where a is the sound velocity in the fumes.

From Equations (36) and (37), the following useful formulas can be
derived for making practical calculations:

To determine the pressure difference between the explosive and
the fumes directly behind the detonation front, the formula below
is applicable:

4p=D?g, <1 —&>. (38)
22
The flow velocity of the fumes can be calculated from
u=D<1 —91>. (39)
Q2

Naturally, it is very easy to determine the density of the explosive
0,: measurement of the detonation velocity D is discussed under
Section 1.4.4, Testing Methods for Explosives. The density of the
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fumes g, can be determined from the darkening of X-ray photos
of the exploding substance. The density of the gaseous fumes is
greater than that of the solid explosive. For trinitrotoluene,
02/0,=1.22 (see KUTTERER [13)).

1.4.6 Military Use of Explosives

Explosives are important militarily for the pressure effects caused
by them, and because they can be used to accelerate pieces of
casing material when detonating. The detonation pressure can be
transferred to an object either directly or through a medium such
as air or water, and then affect the object. The accelerated casing
materials can be, for example, projectile shells which split up into
fragments when the explosive is detonated. These fragments have
a considerable initial velocity. Other casings are metal liners,
which are placed at the front end, in the direction normai to that of
detonation velocity: the detonation accelerating them to an ex-
tremely high velocity (projectile-forming charges, shaped charges).
This type of warhead is used primarily to penetrate armor plate.

In addition to the effects of pressure, fragmentation and pene-
tration, explosives are important as incendiary materials (alu-
minum compositions). This use has already been mentioned in
the section on types of explosives.

1.4.6.1 Pressure Effects of Explosive Charges

When discussing the pressure effects of explosives, it is necessary
to distinguish between what happens in the immediate vicinity
and at a distance.

The long range effects are caused by the shock wave, initiated by
the explosion, moving through a transfer medium such as air or
water. However, the flow of fumes produced by the explosion is
not involved in this process. The behavior of the shock wave over
time is depicted in Figure 110.

A fixed point of reference is provided by the point at which there is
a transition from a zone of excess pressure to a zone of negative
pressure (suction). The maximum value of the excess pressure
can reach as high as several bar while the negative pressure
can, naturally, not have any value greater than 1 bar. From the
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{pdt=0

Pressure
Suction

Figure 110.  Shock wave: Pressure (against time) at a fixed
location.

theory of the conservation of momentum, it follows that j'p dt=0
which means that the negative pressure zone persists consider-
ably longer than the excess pressure zone.

If a shock wave encounters an object, it can cause destruction,
which is intensified, because of the reflection of the wave at the
surface of the object, since there is an increase in pressure.

The following equation holds for the maximum pressure in the
shock wave, when Q. is the heat of explosion and r is the distance
from the point of burst:

A- ng

r2

p= (A = constant) . (40)
Peak pressure decreases quadratically with the distance. Finally,
a point or zone is reached, at which the suction effect is greater
than the pressure effect (as a result of the considerably longer
time). Within this zone, roofs are blown off and windowpanes
shatter outwards.

In the immediate vicinity (short range), the fumes of the detonation
work directly on the objects in the area. In this connection, it is
important to keep the drop in pressure in the fumes as flat as
possible (for examgle, through the addition of aluminum powder).

For aerial mines used as bombs, and HE anti-aircraft projectiles,
it is predominantly the pressure effects of explosives that are
used to destroy the target. In this type of munition, the metal casing
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surrounding the explosive is relatively thin (Mg, i0sive - Morojectite
=0.25 to 0.30), so that as much explosive as possible can be
fitted into a given volume. HE shells with impact fuzes contain
aluminum additives in the explosive mixtures to increase the
impact of the fumes, by facilitating further reactions in the fumes
produced by the original detonation. (Also see Section 1.4.1,
Hexal and Trinalite.)

If an explosive charge is detonated when in direct contact with a
piece of armor plate, a shock wave will travel through the plate and
be reflected at the free surface. This leads to a superimposition
of stresses in the plate and causes to split away of a spall on the
back side (Hopkins or spalling effect). This material spalling with
high velocity causes destruction behind the armor plate.

This effect is utilized in squash head (HESH/HEP) projectiles’),
consisting of a light weight shell casing, a plastic explosive, and
a base fuze with delay. When the squash head projectile strikes
an armor plate, the explosive squashes against the outer surface of
the armor, giving it the optimal form for producing the Hopkins
effect, and then it is initiated.

1.4.6.2 Fragmentation Charges

Fragmentation charges consist of an explosive body, the surface
of which fits against a casing of metat (usually steel). When the
explosive detonates, the metal casing is splitted up and the result-
ing fragments are accelerated at a relatively high velocity. This
charge is used in HE-projectiles, HE-bombs, HE-mines, hand
grenades, etc.

The metal casing is generally homogeneous, but it can be pro-
vided with predetermined fracture points or be composed of
separate elements. Predetermined fracture occurs through varia-
tion in wall thickness at specific points, or through a reduction
in material strength in certain narrow zones, e.g. through electron
beam treatment. Fragments resulting from predetermined fracture
during detonation are referred to as preshaped fragments.

1) See Section 11.2.3.4, Squash Head Projectiles.
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Fragmentation charges work in the following way. The fragments
are hurled outward, and penetrate or perforate objects within a
certain distance from the point of burst. In this way damage to
the object is attained. The effects of a single fragment at a certain
distance from the point of burst are determined by the velocity
of the fragment, its mass, shape and position at the time of impact.
These characteristics are determined, in turn, by the fragmenta-
tion process (mass and shape), acceleration (initial velocity),
and the effects of aerodynamic forces (velocity of the fragment
when it strikes the object). This means that the fragmentation
effects can be divided into four phases, which, taken together,
are known as fragmentation ballistics:

Fragmentation of the casing,

acceleration of the fragments,

loss of speed due to aerodynamic forces (drag),
penetration of the object (damage to the object).

The fragmentation of the homogeneous metal casing or envelope
is dependent upon the type of explosive, the type of initiation, the
caliber, the ratio between the diameters of the explosive charge
and the entire charge (shell, grenade or bomb), and the quality
of the casing material. The fragmentation of the metal casing can
often be improved considerably by selecting the optimal quality
of steel for the task. The relationship between the weight of the
explosive and the total weight of the charge is between 0.1 and
0.2 for fragmentation charges; in HE-incendiary shells with tracer
(small caliber), this ratio can fall to 0.05.

Ignition cable
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Figure 111.  Detonation pit.
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Figure 111 shows how the size (that is the size distribution) of
fragments is determined using the detonation pit.

The fragmentation charge is surrounded by an air space inside a
sand lined pit. The pit is covered and the cover is weighted down
with sand bags to dampen the effects of the explosion. The initiation
is set off either electrically, or by means of a mechanical fuze
with a lanyard.

The air space between the charge and the sand, which is formed
by a cardboard cylinder, affects the amount of fragmentation if it
is too small. According to H. HANSEL [23]. the proper ratio should
be D x 5d.

The fragments produced by the detonation are trapped inside the
pit and can be removed from the sand by using a sieve. A magnet
is used to separate the fragments from non-metallic materials
(from the fuze or other components). The collected fragments are
weighed and sorted according to weight classes.

In order to avoid the sifting required after detonation in a sand
filled pit, LINDEIJER and LEEMANS [24] revived an old idea, which
called for detonating underwater, and collecting the fragments in
a net. Automatic selecting devices are being developed for the
sorting of fragments.

Figures 112, 113, 114 and 115 depict typical examples of the size
distribution of the fragments produced when 30 mm shells are
detonated inside a detonation pit. Figure 112 is a photograph of
the fragments of a HE-incendiary shell (arranged according to
weight classes).

Figure 113 shows the fragments from a thin wali HE-shell (Minen-
geschoss) of the same caliber. Figure 114 and 115 illustrate the
number of fragments in each weight ciass produced by the two
projectiles.

The acceleration of the fragments produced when the shell body
explodes is largely dependent on the weight ratio u=my.q,:
Meyplosver The impulse is transferred firstly by the shock wave
which is transmitted to the body and repeatediy reflected at its
inner surfaces, and then by the exposure of the fragments to the
flow of the expanding fumes. The direction of motion of the
fragments is roughly at right angles to the surface of the charge.
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Figure 112.. Photograph of fragments from 30 mm HE-incendiary
shell.

X-ray photographs make it possible to analyse the acceleration of
individual fragments. According to new values obtained by
M. HELD [25] using a charge with steel balls (pellets), the accelera-
tion process is limited to approximately 6 us for oblique incidence
of the detonation front. The greatest acceleration under the in-
fluence of the shock wave takes place within <1 ps. Figure 116
shows the X-ray photograph of an exploding fragmentation charge.
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Figure 113.  Photograph of fragments from 30 mm thin wall
HE-shell (Minengeschoss).

Atthe end of the acceleration phase, the fragments attain velocities
of between 1000 and 1500 m/s. For rounds detonated in flight, this
velocity must be added (as a vector) to the velocity of the projectile.
Due to the velocity of the projectile at the time of detonation, the
trajectories of most of the fragments form a cone that opens away

from the projectile. The angle of the cone depends on the ratio of
the velocity of the projectile to the velocity of the fragments (deter-
mined when the projectile is at rest).
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Figure 114,

30 mm HE-incendiary
shell, number of fragments
by weight class.

Figure 115.

30 mm thin wall HE-shell
(Minengeschoss), number
of fragments by weight class.
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It is difficult to estimate how much the fragments will be retarded
by air resistance, because the fragments have very complex
geometric shapes, and tumble several times during their flight
(since they do notfly with great stability). In any event, the decelera-
tion is so great, that small fragments (less than 0.5 g) lose their
effectiveness within a few meters, despite the high initial velocity.

The ability to penetrate the target or to damage the object is
characterized by the concept of the “effective fragment”, which is
defined as follows: A fragment is effective if it perforates a steel
sheet, 1.5 mm thick.

The number of effective fragments, dependent on the distance from
the point of burst, can be determined in a fragmentation test area.

Figure 116.  X-ray photograph of an exploding fragmentation
charge.
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This device consists of several sheets of 1.5 mm steel plate ar-
ranged at various distances from a central point (as shown
schematically in Figure 117). The fragmentation charge is detonated
in a lying position at the center.

By counting the number of fragments perforating each of the sheets,
one can derive the number of effective fragments at each of the
different distances, as well as their spatial distribution.

Since most fragmentation charges are symmetrical about their
axis of rotation but are shaped differently front and rear (e.g. an
HE-projectile), it is necessary to carry out two detonation tests.
Inthe second one, the nose and base of the projectile are reversed,
that is to say, the projectile is rotated 180° from the position shown
in Figure 117.

Figure 117.  Fragmentation test area (schematically).
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Figure 118 illustrates as an example the number of etfective
fragments from a 30 mm HE-shell, as a function of the distance
from the burst point.

\
200

g

8

1

b
|

S

Number of effective fragments ———e

0 5 0
Distance from burst point ———=

Figure 118.  Number of effective fragments as a function of the
distance from the burst point for a 30 mm HE-shell.

Of particular importance in the effectiveness tests is the number-
of effective fragments hitting per unit area as a function of the
distance from the point of burst. This number is known as the
fragmentation density.
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The fragmentation density decreases with the distance, because
of the energy loss of the fragments due to air resistance and
because of the simple geometric fact, that the greater the distance
from the point of burst, the greater the area hit by the fragment
spray. The decrease in the fragment density determined geo-
metrically is proportional to r'' for cylindrical charges with no
fragmenting material other than the cylindrical cover, and
proportional to r~2 for spherical charges initiated centrally.

The distance for fragment density “1" is often used as a simple way
for describing a charge effectiveness. The fragment density “1"
means that there is one effective fragment for each m2,

The effectiveness of fragmentation charges such as HE-projectiles
used in anti-aircraft defenses are of particular interest. Today,
tow flying planes are engaged with 20 to 40 mm automatic guns
as well as rockets. These guns fire special projectiles which have
an impact fuze with a delay mechanism. The fuze is activated when
the éhell hits the skin of the plane, but does not initiate the detona-
tion until the shell has penetrated to a depth of some 5 calibers.

The number of hits which are required to knock out a given plane
depends upon the projectiles fired, the type and size of the plane,
and the location of hits. In general, one can add up (accumulate)
the damage caused by individual hits to determine when the plane
will be knocked out; this means that the kill effect of each hit can
be defined by the following expression:

Pin X N =1. (41)

In this expression, p,), stands for the kill probability of an indi-
vidual hit, and N, is the number of hits required to achieve the
kill.

For p,1,. various functions have been stated depending on the
weight of the projectile, the weight of the explosive, and on the
type of aircraft involved. Here we shall use the function suggested
by MOLITZ [26] which takes the weight of the explosive as the
independent variable:

Pun=1—e” ™M, (42)
where m = weight of the explosive,
mq = standardizing factor
and £o> 1
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Figure 119 plots the function described by Equation (42).
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Figure 119.  Relationship between the kill probability of a hit and
the weight of explosive per round.

Figure 119 shows that, according to Equation (42), with increasing
explosive weight, p, |, tends towards the saturation value of “1".
Just when this saturation value is reached, so that an increase in
the explosive weight per projectile would lead to “overkill”, re-
mains a matter of debate. The reason for the lack of reliable
values for py |, can be traced to the extremely high costs involved
in carrying out the necessary trials. In addition, any such values,
as far as they are known, are likely to be regarded as military
secrets.

1.4.63 Shaped Charges ‘

If the energy released by the detonation of an explosive charge is
carried by a shock wave, its destructive effects decrease sharply
as the distance increases. This is because the impulse per unit
of surface area (impulse density) is the important factor in the
destruction of an object, and this falls off as r™2 for spherical
detonations. However, if the explosive energy can be transferred
by a material covering the charge, then, despite the low level of
effectiveness of the transfer over large distances, the impulse
density is considerably higher for the cross sectional area of the
covering material. Quite naturally, this higher impulse density
exists only in a small portion of the total space surrounding the
charge. In the final analysis the fragmentation charge described
above, can best be understood in terms of the description of
shaped charges given below.
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Charges can be divided roughly into three categories, depending
on the manner in which the energy of the explosion is transferred
to the covering material:

Projectiles accelerated by explosives,
flat cone shaped charges, and
pointed cone shaped charges.

In explosive accelerated projectiles (see page 69), the covering
material is accelerated at the time of the explosion without being
pre-shaped. The impulse density is the smallest in this category.

The lining of a flat cone shaped charge is designed so that a long
projectile is formed at the time of detonation; the cross sectional
area is therefore made somewhat smaller and the impuise density
is increased.

Finally, the pointed cone shaped charge has a lining which
“collapses” after the explosion, where a part of the lining gives up
most of its initial impulse to the remainder. The remainder of the
lining then has an extremely high velocity and hence a favorable
impulse density resulting from a small cross sectional area.

The mcst important characteristics of these charges, of which the
pointed cone shaped charge is the most widely used, will be dis-
cussed in the following pages.

Viewed historically, shaped charges can be traced to the discovery
of the so-called Munroe Effect, but this too had forerunners. In
1888, Munroe found that the impression made by a cylindrical
explosive charge, detonated perpendicular to a steel plate, was
considerably deeper if there was a cone shaped recess in the
side of the charge facing the steel plate. In the third decade of this
century, it was discovered, in Germany [27] and the USA [28],
that the surface of the hollow conical space could be lined. If the
recess is lined with a solid material, preferably copper, siiver or
gold some 1 to 2 mm thick, then the depth of the hole produced by
the charge is many times greater than that purely using the Munroe
effect. This discovery led to considerable research and develop-
ment work, resulting in the great number of different armor
piercing projectiles used today.

The following designs are employed in the lining of rotationally
symmetrical shaped charges: calottes, bottle shaped linings and
straight cones. The most important today is the straight cone with
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an included angle of less than 90°. The cone is made of copper,
covered with either zinc or cadmium to reduce the effects of
corrosion.

Figure 120 illustrates the principal components of a pointed cone
shaped charge.

The cone liner is surrounded by the main charge, which is normally
made from TNT/Hexogen or TNT/Octogen. This is attached to the
booster charge and the detonator. To optimize the directing of the
detonation waves, an inert body, having a lower sound velocity
or a good shock absorption, is frequently inserted in the charge.

Booster charge

Detonator

\\\\\\\\ '//‘
2 le—

Inert body
4
Main charge

Liner

Figure 120.  Pointed cone shaped charge: basic design.

The design of the charge has to be matched to the specific require-
ments such as weight and exterior dimensions.

Figure 121 illustrates the operating principle of shaped charges,
by showing a schematic representation of a flash radiograph.

The oblique incident detonation wave accelerates the elements of
the liner, with a pressure of greater than 105 bar, so that they
come together on the charge axis. The area of the liner affected
by the detonation is bent (the lines of the bend being almost
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straight) in such a manner, that the lines from the edges form the
angle 8 with the charge axis. This angle remains almost constant
as it progresses through the charge as was shown by the flash
radiographs taken by TRINKS, among others. The elements of
the liner, which have been crushed together in the center, break
up into the jet, which emerges from the hollow area of the charge
at speeds of up to 105 m/s, and the slug moving in the same direc-
tion, but at a velocity of only several 100 m/s. The armor penetrat-
ing ability of the charge is due to the effects of the jet; the slug
makes no contribution in this respect.

—

Oetonation front

Figure 121.  Mode of action of a shaped charge.

The explanation of the momentum distribution during “collapse”
of the liner element is given by BIRKHOFF, et al. [29], based on
hydrodynamic considerations. A constant propagation velocity of
the point of collapse is assumed, i.e. the process is steady state
with respect to this point. The liner elements then flow into the
point of collapse, and distribute themselves so that the total
momentum is retained.
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The results of this theory agree quite well with experimental
values. However, this should not lead to the incorrect view that
the liner material, in becoming the so-called “jet”, exists in the
fluid or even in the gaseous state.

The important formulas for the shaped charge are given as shown
here below, in terms of plane geometry. For rotationally sym-
metrical geometries, the relationships are analogous, though
more complex.

The velocities are given as

sin(f—a) 1

Viee =D - cosx [sm/} +cotfi + tan - (/1 - 1)] (43)
sin(f—x)| 1

and  Vg,,=D ﬁ [sm 5 —cotf —tan = (/; - 1)], (44)

where D is the detonation velocity of the explosive.

The masses are computed as

jet

m.,, = % m(1—cosf) (45)

and Mgiug = % m(1+cosfi), (46)

where m is the total mass of the liner.

The angle f3 in these formulas can be obtained only by flash radio-
graphs; the difference angle f# —a varies by 10°< ff — x < 20°.
The acceleration process for the lining due to the detonating
explosive is described by f. According to Equatlons (45) and (46),
when f§ = 40°, we have

Mo/ Mgyug = 0.13.

In the case of rotationally symmetrical shaped charges, the mass
ratio is greater, at the expense of the average jet velocity, which
is smaller than calculated using Equation (43).

stug

The hydrodynamic approach has also been applied to the penetra-
tion process of the jet into the target material; see Figure 122.
The shaped charge jet, which impacts on the target material with
the velocity v, displaces this material and is consumed itself
in the process. The base of the hole progresses into the target at
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a velocity u. This velocity of the hole’'s base is again taken as a
constant, thus the penetration process is considered to be steady
state.

////////7

Target material

Base of the hole/¢_
000000

Figure. 122.  The penetration process of the jet.

Jet

Then, to an observer moving with the base of the hole, the target
material flows from the right with a velocity u, and the jet material
from the left at v, — u. Thus, the following equation applies with
respect to the dynamic pressure at the base of the hole:

1 1
3 Qjet (Viee — U2 = 2 Qtargetuz' (47)
where g, is the density of the jet material, and ¢,,,4, that of the
target material. According to Equation (47), using copper as
the liner material, and steel as the target material, results in
hole velocities of 2500 m/s <u <3000 m/s, depending on the
jet velocity. This range of values has also been experimentally
verified. EICHELBERGER (30] has expanded the right side of
Equation (47) by yet another additive term, which takes into
account the strength of the target material.

The overall penetration depth T of the jet is calculated, in accord-
ance with the hydrodynamic model, to be

1
2
T=L ( Qﬁ-) . (48)

Qtarget
where L is the total length of the jet.

With mass produced shaped charges of modern design, more
than six liner diameters of armor steel are penetrated. There are
reports of penetrations of up to 10 liner diameters for precision
made experimental charges.
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it should be pointed out here that the penetrating power of shaped
charges depends to a very great extent on the physical and geo-
metrical quality of the cone liner, the homogeneity of the explosive
charge, and exact centering of all components, including the
booster charge with the detonator.

Conditioned by the geometrical properties of the rotationally sym-
metrical liner - the mass influx to the point of collapse increases
continually a velocity gradient appears here in the jet, which soon
after formation of the jet leads to its break-up into individual
elements. When these penetrate into the target, they plasticize
more material than they displace, in the direction of the hole
propagation. Since the additional plasticization moves away from
the base of the hole at a characteristic velocity, and then decays,
one can expect an optimum in the spacing of the jet elements with
respect to each other. This occurs when the pre-plasticization,
caused by the element on ahead, has gone as far as possible, but
has not yet started to decay.

This consideration explains the experimental evidence which
shows that the maximum penetrating power of a shaped charge is
achieved at a certain standoff distance from the target; see
Figure 123.

10 T
calibers ’ ’ .

Penetration depth T

i —
!

0 2 4 10 calibers
Standoff distance 5 — =

Figure 123.  Pointed cone shaped charge: penetration depth T
as a function of standoff distance s.
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Unforiunately, the shaped charge loses its high penetrating power
if it is rotating. At rotational velocities which are necessary for
projectile stabilization, only insignificant penetration depths are
achieved. The reason for this phenomenon lies in the disturbance
of the collapse process, when the tangential velocity of the rotation
is superimposed on the radial velocity to the charge axis. Efforts
to compensate for the tangential velocity by special shaping of
the liner (“stepped cone”) have, up to now, only been successful
to a limited extent.

Thus, pointed cone shaped charges are fired only with very littie
or no spin. An exception here is the “Gessner” projectile, where
the shaped charge is mounted on ball bearings within a spin
stabilized projectile, so that it does not rotate with the projectile.

To avoid the drawback of the high degree of dependence of the
penetrating power on spin, for pointed cone shaped charges, the
so-called flat cone shaped charge was developed. In recent years,
Rheinmetall has been able to make important contributions in this
field through extensive research [31).

The liner of a flat cone shaped charge consists of a cone with an
opening angle of 130 to 140°. The wall thickness increases over
the radius from the center out (progressive liner), or decreases
in this direction (degressive liner). The progressive liner is of
particular importance, and is shown in Figure 124.

Liner

Explosive

Casing

Figure 124.  The progressive liner of the flat cone shaped charge.
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Under the action of the detonating explosive column, the liner
elements are accelerated. The central regions are struck first by
the detonation front, and gain the greatest velocity, because they
are of the least thickness. Thus they run ahead of the other liner
elements. Because of the angle of the cone, the off-center elements
receive a momentum component towards the center. The velocity
decreases steadily towards the rim. Because of the velocity gra-
dients and the motion of the charge to the center, a longitudinally
extended projectile appears, with the central region of the liner
atthe tip, and the rim section at the rear. Practically the entire mass
of the liner is found again in the projectile. The velocity of the
projectile tip attains values of over 4000 m/s in well dimensioned
charges. Some 1300 to 1700 m/s is measured at the end of the pro-
jectile.

The velocity gradient leads to the breakup of the projectile after
a certain travel, which is disadvantageous for the penetrating
power. On the other hand, an extensive stretching out should be
achieved. Thus, for flat cone shaped charges, as for pointed cone
shaped charges, there is a standoff from the target which is an
optimum for penetration.

Penetration power for flat cone shaped charges, static detonated
without rotation, is about 3.5 liner diameters.

The flat cone shaped charge is substantially less spin dependent
than the pointed cone shaped charge, owing to the different
mechanism for the formation of the effective part of the charge.
For both types of charge, penetration, expressed in calibers, de-
creases with the peripheral velocity U, as shown in Figure 125.

One can see that for U greater than 25 m/s, the flat cone is superior
to the pointed one. Since for spin stabilized projectiles U is greater
than 25 m/s, there is an application for the flat cone shaped
charge.

The velocity of the shell before reaching the target, v,, is super-
imposed on the projectile velocity for static detonation, and
despite being a considerably smaller value, here represents a
noticeable percentage. Thus, for spin stabilized, multipurpose
projectiles (armor piercing and fragmentation), where the greatest
projectile cross-section can easily be taken advantage of for the
liner, reliable penetration of two shell calibers, against steel
armor, can be attained relatively independent of the combat
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Figure 125. The penetration of rotating shaped charges as a
function of the peripheral velocity.

range. The outlet of the pierced hole and the effect behind the plate
are greater than for the pointed cone shaped charge.

In conclusion, two special features should also be mentioned
regarding the flat cone shaped charge. To increase penetration,
particularly with rotating charges, a metallic nozzle is fitted in front
of the liner. Furthermore, the charge should be adequately con-
fined to the side in the area of the liner.

Explosive accelerated (boosted) projectiles consist of sheets of
varioJs metals, which, like the shaped charge liner, are preferably
fitted on the front face of explosive charges. In addition to diverse
military applications, appropriate charges are of importance for
supersonic research. With stable projectiles, velocities between
2000 and 6000 m/s can be reached, with which penetrations of
satellites by meteorites can be simulated, among other things.
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An important aid in investigating shaped charges is high-speed
X-ray photography; shown in Figure 126 are examples of high-
speed flash radiographs depicting a pointed cone shaped charge,
a flat cone shaped charge, and an explosive accelerated projec-
tile.

Flat cone shaped charge

Explosive accelerated projectile

Figure 126.  Flash radiographs of shaped charges.
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1.5 Pyrotechnic Compositions

Pyrotechnic compositions are also numbered among the explo-
sive substances listed under 1.2. The few of these having military
significance are to be described below. A detailed treatment can
be found in the book by ELLERN [32].

1.5.1 Hluminating Compositions

With illuminating compositions, a distinction is drawn between
compositions for tracers, and those for flare shells for battlefield
illumination (stars).

Depending on the color of the flame, tracer elements have the
following composition:

White: Barium nitrate 65% by weight
Al powder 20% by weight
Sulfur 12% by weight
Binder 3% by weight

Red: Potassium chlorate 65% by weight
Strontium oxalate 26% by weight

Binder 9% by weight
Yellow: Potassium nitrate 28% by weight
Sodium oxalate 28% by weight
Magnesium powder 42% by weight
Binder 2% by weight
Green: Barium chlorate 86% by weight
Binder 14% by weight

These recipes are only examples, which can vary quite a bit. The
grain size of the components is important for the light output. The
metallic salts contained are excited, and the metallic ions pro-
duced emit a characteristic light falling within the visible spectrum.

Flare elements are based on the oxidation of aluminum and/or
magnesium powder. Used as oxidizers are peroxides, nitrates,
chlorates or perchlorates of alkali or alkaline earth metals. The
metallic powder and oxidizer are mixed with a binder and pressed.
The criteria for evaluating a flare composition are the specific
surface light output and the burning time.
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Since flare compositions experience considerable mechanical
stress (projectile acceleration and discharge), attention must also
be given to good strength properties.

The following composition, which burns without an illuminating
flame (dark tracer), has proved itself as an igniter charge for tracers
and also flare elements:

Potassium nitrate 59% by weight

Barium nitrate 10% by weight

Sulfur 15% by weight

Charcoal 6% by weight

Ground pyrotechnical aluminum (Pyroschlifffy 6% by weight

Dextrin 4% by weight
1.5.2 Signal and Screening Smoke Generating

Compositions

Smoke generating compositions produce finely divided aerosols
of oxides or chlorides. The addition of dyes is also known. Signal
smoke compositions are used for position marking, and screening
smoke compositions for limiting the visibility in front of one’s own
or the enemy positions.

The following mixtures are often employed as signal smoke com-
positions:

Potassium chlorate 33% by weight
Tylose 3% by weight
Sudan orange 30% by weight
Sudan blue 9% by weight
Milk sugar 22% by weight
Diatomaceous earth 3% by weight
and
Sodium nitrate 52% by weight
Sulfur 11% by weight
Charcoal 7% by weight
Ground zinc 30% by weight

For screening smoke compositions, preferably zinc chloride is
released by the transposition of the chlorine of paraffin chlorine
compounds. The classic “Berger mixture” consists of hexachlor-
ethane, zinc dust and zinc oxide.
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In addition, a so-called cold smoke composition, with the following
mixture, is known:

Red phosphorus 10% by weight
Potassium nitrate 30% by weight
Ammonium chloride  60% by weight

The aerosol produced here consists of phosphorus pentoxide and
vaporized ammonium chloride.

1.5.3 Noise Producing Compositions

These compositions are used to simulate firing or shell bursts,
for instance during maneuvers. A rapid exothermal reaction is
used to produce a shock wave in the air. The following mixture is
one o‘ a wide variety of possible recipes:

Potassium perchlorate 75% by weight
Aluminum powder 25% by weight

1.5.4 Incendiary Compositions

Pyrotechnic compositions in incendiary ammunition are to be
differentiated into two categories, according to their effects: They
can either ignite combustible material in the target, or they can
themselves be the combustible substance.

For igniting fires, it is a matter of generating high temperatures
in a limited space. Suitable for this task are compositions of
aluminum or magnesium, thermite mixtures (iron oxide and Al
powder) or phosphorus, with appropriate oxidizers.

Larger quantities of white phosphorus can also be considered as
afuelin the second role noted above: the effect of this combustible
substance is just as devastating as that of napalm, which often
has teen employed in more recent times. Napalm is benzene
(80 to 95%) gelatinized with aluminum soap.
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1.5.5 Other Compositions

In addition to the compositions mentioned above. studies have
been made in recent years into mixtures of substances which
undergo a conversion free of gas, though developing quite high
temperatures. Such mixtures are, for example,

Magnesium/tellurium
Titanium/antimony/lead
Silicon/red lead (Pb;0,).

These substances are termed coruscatives in the literature. Among
other things, they are suitable as infrared light charges, or for
igniting propellant charges, when gas producing igniters are not
desired.
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2 INTERNAL BALLISTICS

The science of internal ballistics is concerned with the propulsion
of a projectile along the tube of a weapon by the gas pressure
acting on the base of the projectile, or, for rockets, by the back-
ward exhaust of the gas jet.

The kinetic energy transmitted to the projectile, or the work to be
done against external forces such as air resistance in the case of
rockets, is normally produced in the system by an exothermic
reaction of solid or liquid chemical propellants. For this reason,
guns especially can be classed as heat engines.

In addition to chemical propellants, electrical and nuclear power
is also playing an increasing role in providing thrust for space
rockets.

The purpose of internal ballistics is to calculate the course of a
propulsive process in a gun or rocket, and thus, either determine
theoretically the velocity and gas pressure for given conditions,
or establish the parameters of a system, based on stated require-
ments for gas pressure and velocity.

A summary of calculations used in the design of guns is given
below, and following this, some information on the construction
of rocket motors.

21 Internal Ballistics of Guns

The firing process is very complex, as the complicated kinetic
reactions by the conversion of the propellant into hot gases are
linked with gas dynamic and thermodynamic processes. If one can
so compute the internal ballistic system, that the results are in
useable agreement with corresponding experiments, then this is
only possible because in practice the gas dynamic aspects
generally can be simplified, and the kinetics of propellant trans-
formation can be described by empirical formulae.

The first attempts at a mathematical treatment of internal ballistic
phenomena go back to RESAL (1864), SARRAU (1876), SEBERT
and HUGONIOT (1882), LIOUVILLE (1895) and CHARBONNIER
(1908). Semiempirical methods of calculation were produced by
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VALLIER (1899) and HEYDENREICH (1900). Since then, a large
number of publications on internal ballistics have appeared,
centering today on the problems of gas dynamics.

2141 Gun Construction

To understand later sections of this chapter, a brief explanation of
the concepts employed in the internal structure of guns is needed,
though more detailed descriptions are given elsewhere in appro-
priate chapters in this book.

Of interest here are:

The tube and breech,
the projectile, and
the propellant charge with primer and igniter.

A loaded gun tube is pictured schematically in Figure 201. It con-
sists of a rifled or smooth section down which the projectile travels
under the pressure of gas. This is the projectile travel. The inside
diameter along the projectile travel is the caliber of the tube. In
the case of rifled tubes, this is measured over the lands of the
rifling (see Figure 1136). At the rear is the chamber, whose dia-
meter is normally larger than that of the bore. The transition from
the chamber to the rifled section is formed in a cone shape, and
is called the forcing cone.

a4 Lo y

;7)) H 22 7 Z 77
\ AR i
[
|
Lr Chamber fampet- - - - -—  Projectite travel (rifled section) ———-{
r-.—— - —  Length of bore — e |

Figure 201.  Schematic drawing of a loaded gun tube.
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The designer determines the external shape of the tube from the
maximum gas pressures at various points along the tube, and the
strength of the material used (see Chapter 8, Guns).

The tube is sealed at the rear by the breech block, which can be
constructed in different ways to suit the type of ammunition to be
used. It must be designed to withstand the maximum pressure
encountered during firing. With fixed ammunition, having metallic
cartridges, the sealing of the breech is provided by the cartridge
case. Cartridges with combustible cases or separate ammunition
with bag charges, etc., require special seals (ring obturators,
plastic obturators) at the breech block (see Section 8.1.2.5,
Obturators).

Ammuntion loaded into the gun tube consists of the projectile, and
the propellant charge with igniter and detonating element (primer).
With fixed ammunition, the propellant charge is housed inside the
case together with the igniter and primer, and the case is attached
to the projectile by crimping or gluing. With separate ammunition
the propellant and igniter are sewn together into the charge bag,
or held together in some other way, while the primer is loaded
separately into a fixing on the breech block (see Chapter 11,
Ammunition).

In rifled tubes, the seal between projectile and tube is formed by
the rotating band, which also transmits spin to the projectile.
Smooth bores are sealed by rings of various designs, fitted round
the projectile (see Chapter 11, Ammunition).

in Section 11.5, The Stress on the Projectiles During Firing, more
details are to be found about rifling, type of rifling, rifling force
(i.e. the guide force which is transmitted by the rifling to the pro-
jectile on its circumference in the region of the rotating band),
the determination of the dimensions of the grooves and the rotat-
ing band, which governs the surface pressure on the sides of the
grooves, as well as details about the frictional work carried out
by the rotating band.

When loading separate ammunition, it is essential that the com-
bustion chamber length should always be the same, to give
constancy in the internal ballistics. This demands that the tube
and projectiles be accurately manufactured, so that the loaded
projectile always fits into a definite position.
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2.1.2 The Firing Process

The firing process runs as follows: After loading the ammunition
and closing the breech block, the primer is activated, either
mechanically by a blow, or electrically. The stream of hot particles
released by the primer initiates the igniter charge, whose task is
to start ignition over the entire face of the propellant, simultane-
ously as far as possible (see Chapter 13, Fuzes and Propelling
Charge Igniters).

The time required between the impact of the firing pin on the cap,
or from the triggering of the electrical igniter, until the start of
burning of the propellant, is less than 1 millisecond for small caliber
weapons, and reaches several tens of milliseconds for larger
calibers. If the ignition takes more time, this indicates an insuffi-
cient igniter charge, and results in greater ballistic dispersion.

Depending on the choice of the composition of the igniter charge,
ignition of the propellant can be accomplished by hot gases (pres-
sure ignition), or by the emission of hot corpuscles (flame ignition).
Which type of ignition is chosen depends on the nature of the
propellant charge, its structure, and other considerations such
as fouling of the weapon, etc.

When the propellant is ignited, it starts its conversion into gaseous
products, the so-called explosion clouds, which reach temper-
atures of from 2000 to 4000 K, dependipg on the chemical compo-
nents. (This applies to the smokeless propellants which are used
almost exclusively today; with black powder however, the resultant
products consist partially of solid materials. The chemical compo-
sition of the powder, and its burning behaviour are treated in
Chapter 1, Explosives). The pressure generated in the tube by
the hot propellant gases, in the area between the breech block
and the base of the projectile, now drives the projectile, so that
it accelerates until it leaves the muzzle. Up until the point where
the propeliant is all burnt, there is a characteristic pressure curve,
due to the following phenomena, which act counter to one an-
other:

The burning rate of the propellant increases sharply with in-
creasing pressure. This in turn, leads to further pressure in-
crease.
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Under the influence of pressure, the projectile acquires kinetic
energy, which it gains from the propellant gases. At the same
time, the volume available to the propellant gases increases
with the movement of the projectile, and this leads to a pressure
drop.

Thus. normally, as the projectile travels down the tube the pressure
rises to a maximum, and then falls off again, until the propellant
is all burnt (Figure 202a). It is, however, possible that the propel-
lant is all burnt, before the peak of the pressure curve has been
reached (Figure 202b). After all is burnt, the pressure drops off
steadily, corresponding to a polytropic expansion.

Gas pressure

Propeltant
/ all-burnt

Projectile travel

Figure 202a.  Propellant all-burnt after reaching maximum

pressure.
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2 / \
@ — ~Propellant
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{
| [Muzzle
| |
l ha
| Lo
N S B

Projectite travel

Figure 202b.  Propellant all-burnt before reaching maximum
pressure.
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Care must be taken in designing the internal ballistics of a new
tube that the propellant is all burnt as far backward in the tube
as possible, by the appropriate choice of parameters. The actual
propulsion process for the projectile lasts only for a few milli-
seconds, with accelerations of up to 105 g. The muzzle velocity for
military purposes can reach values of over 1500 m/s, with a maxi-
mum gas pressure of over 5000 bar.

To master an internal ballistics system, it is necessary in addition
to theoretical calculations, to make measurements on all phe-
nomena to as great an extent as possible. Details of this can be
found in Chapter 14, Ballistics and Weapons Testing Methods.
As well as measurements of the muzzle velocity, measurements
of gas pressure play an important role. For this, chrusher gauges
can be used, from which a comparative maximum pressure may
be obtained. Because of its simplicity, and low susceptibility to
disturbance, this method is much used in the proof of ammunition,
before delivery is accepted. During development work, pressure
is usually measured with piezo-electric transducers, which allow
the pressure/time curve to be displayed on an oscilloscope.

Figure 203.  Typical pressure/time curve, with definitions of time
intervals during the firing process.

0 =Impact of the firing pin t, = Percussion cap time

1 =Pressure begins in the percussion cap ¢, =Ignition delay time

2a = Region of pressure t; =Transit time
beginning in the main charge t, =Firing time

= 10% of the maximum gas pressure
3 =Projectile exit
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A typical gas pressure curve from a piezo-electric recording is
shown in Figure 203 (triggered by the impact of the firing pin on the
percussion cap). Also shown in this figure are the definitions of
the various time intervals during firing, as proposed by the Ballistic
Section of the Federal Office for Armaments Technology and Pro-
curement.

213 Energy Relationships During Firing

The chemical energy released by the conversion of the propellant
charge during firing is largely divided between the following:

Energy of the translational motion of the projectile,

Energy of projectile rotation,

Energy of the recoiling weapon parts,

Energy for driving automatic weapons (where necessary),

Flow energy of the propellant gases,

Internal energy of the propellant gases,

Heating the tube, projectile and case by friction and heat

transmission,

[0 Work done against the extractor resistance in the case of
cartridge ammunition,

1 Work done in engraving the rotating band in the case of spin-

stabilized projectiles.

O0o0o0oooo

The percentage of the total energy which is used in projectile spin,
and weapon recoil, as well as that sometimes used in driving auto-
matic weapons, is quite small (overall, about 1%). and can thus
be neglected. The work done against the extraction resistance,
and inengravingthe rotating band, is likewise, generally, neglected
in this calculation. However, the extraction and band engraving
force do play a part in maintaining the ballistics specifications of
the ammunition.

The energy lost due to the heating of the tube and the ammunition
parts during the firing process can be accounted for by con-
sidering a polytropic expansion. The flow energy of the propellant
gases can be taken into account in the calculations, by adding a
portion of the charge (weighting factor, Sébert factor) to that of
the projectile mass which is being accelerated (see Section
2.1.5.2, Pressure Distribution in the Tube, for more details). Thus,
calculations are made with an effective mass, which is usual in
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other branches of physics. It is also theoretically possible to in-
corporate the energy losses due to tube heating, particularly the
frictional losses, in the effective mass.

Of special interest for a rough estimation of an interior ballistics
system, is the percentage of the chemical energy of the powder
which is converted into the kinetic energy of the projectile, that is
the thermal efficiency 5,,,. We have

myv2
-— . 1
en 2m, Q. th
where m, is the projectile mass (kg),

m, is the propellant mass (kg),
ve is the muzzle velocity (m/s),
Q., is the specific heat of explosion (J/kg).

The specific heat of explosion of the average propellant ranges
between 3000 and 5000 kJ/kg (see Chapter 1, Explosives).

The thermal efficiency is determined by the internal ballistics
parameters of the system. Values between 0.25 and 0.45 are
achieved for n,,, depending on the maximum gas pressure and
tube length.

Along with the thermal efficiency, the specific charge is calculated
using

mC
m.=—=<, . 2)
Ccs Ee
where
m
Ee = Ep Vg (3)

denotes the muzzie energy (kinetic energy of the projectile at the
muzzle). A rough estimate of the specific charge is
m.s=8x10 7 kg/J for v, =1000 m/s. The relationship between
" and m is found in the equation

NepMeg = b—— (4)
ex

Thus, using for the calculation of the kinetic energy attained on
firing, the previously determined effective mass -

m'=m,+emg, (5)
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where ¢ is the weighting factor (¢ = 0.5), then a characteristic co-
efficient is obtained, subsequently designated ¢,:
. m'v
T 2m Qg
For the automatic 20 mm cannon MK20 Rh202, for instance,
ce=0.44,
The muzzle velocity limit which can be achieved with a conventional

gun is often estimated using Equation (6). When the expression
used above for m* is introduced into this equation, the result is

6

fe="3a Q)
or —_
53
v, =1 /25e Qe (8)
Mo 4o
mC

It can be seen that, other parameters being constant, the muzzle
velocity increases as the ratio m,/m_ decreases. A limiting value
is reached when the projectile mass is arbitrarily small in relation
to the propellant mass.

In Figure 204 the muzzle velocity curve from Equation (8) is plotted
over m./m, with {, and & constant. With {,=0.46, ¢=0.5 and
Q.. = 3475 kJ/kg, a velocity limit of 2500 m/s results.

T 2000
ns

ve 1000

Velocity Imit

0 as 10 15 2
m, / my, ——e

Figure 204.  Muzzle velocity v, as a function of the ratio of the
propeliant weight m, to the projectile weight m.
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A limit consideration for this kind of estimate is, however, not per-
missible for two reasons. Firstly, maximum velocities achievable
cannot be calculated using values for ¢, associated with normal
velocities, and secondly, the simple gas dynamic model, which
uses m* as the effective mass being accelerated, is no longer
valid in limiting conditions.

Based on non-steady gas dynamics H. SCHARDIN [1] has derived

2a
Vemax = :____1- (9)

where a is the sound velocity in the propellant gases. It is assumed
that the projectile acquires the highest velocity of the particles
in the gases, and that the pressure in front of the projectile is equal
to zero (evacuated barrel).

The velocity limit thus computed, v, ,.x. €quals about 8000 m/s,
depending on the type of propeliant used.

The internal energy of the propellant gases, at the point in time
when the projectile leaves the muzzle, depends on the total
volume of the tube, and the gas pressure existing at this time, i.e.
the muzzle gas pressure. For a given tube, the higher the muzzie
gas pressure, the higher is the residual internal energy, at the
expense of the projectile energy. For this reason, a high muzzle
gas pressure is always an indication of poor thermal efficiency.

21.4 Gas Pressure and Tube Design

In the construction of a gun tube, in which a projectile is to achieve
a specified muzzle velocity, the gas pressure curve, and particu-
larly the maximum gas pressure, along the projectile travel must
be known. The precise determination of these quantities is cal-
culated by the methods shown in the following sections. However,
a quick summary of the design of a tube, with a required muzzle
energy, can be gained from the following consideration.
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Py = Maximum gas pressure
p =average gas pressure
pe = muzzle gas pressure
x, = projectile travel

Figure 205. Gas pressure curve over projectile travel.

The work corresponding to the pressure diagram (Figure 205} is
substantially covered by the kinetic energy of the projectile and
the propellant gases:

e m, +em

{ pAdx=""2 5 €v2, (10)
0
where A is the barrel cross section area (bore area). The work
integral is replaced by

Xe
{ pAdx=pAX,. (1)
0

In this. g is the average gas pressure, defined as

p=2— - (12)

The relationship between p and p,,, is introduced as

=P
[

where 1, is designated the pressure ratio.

o (13)

It the weighting factor is taken to be ¢ = 0.5, the requisite length
of the projectile travel x, results:
_Mp+05m,

=T 2, 14
¢ 2A0,Pm ve (14)
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In Equation (14) the values of 5, and m, are undetermined. The
requisite propellant mass m_ can be approximately determined
by reading the m_/m, value required for a specified muzzle
velocity v, from Figure 204. Values for 5, generally fall between
0.4 and 0.6. However, it should not be overlooked that there is a
relationship between the required propellant mass and the pres-
sure ratio. The lower the value of n,, the better the degree of
utilization of the charge, assuming similar gas curves.

From this one can see the limits of this simple approach. If the
relationships between m,/m., n, and v, are determined from
existing guns, and new designs computed from Equation (14), this
would lead to a considerable limitation on possible variations
offered by the internal ballistics. However, rough values are often
wanted quickly, and Equation (14) is helpful in this respect.

To obtain the overall length of the tube, the length of the chamber
is added to the projectile travel.

The values for the quantities appearing in Equation (14), as well
as those for (, for guns of different calibers D, are summarized
in Table 201.

Table 201. internal Ballistic Values for Guns of Different Calibers.

D Xe mg, me Pm Ve Ho Ge

mm m kg kg bar m/s 1

20 1728 0120 0.052 3900 1055 0.38 044
30 2315 0360 0.160 3900 1080 040 046
90 3.062 574 392 4300 1145 060 0.30
105 4.791 583 554 4000 1478 057 045
155 3.004 4309 9.23') 3200

1) Charge 8
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215 Procedures for Internal Ballistics Calculations

A computational procedure for the firing sequence is given
briefly below, together with the formulae required for carrying
out the calculations. This procedure takes account of the propel-
lant combustion; in order to achieve a complete solution, it con-
tains certain simplifications which have proved to be permissible
in practice [2].

The goal of such theoretical investigations is the presentation of
the relationships between all the parameters of an internal bal-
listic system, the prime object being to optimise the design of a
new gun.

A summary of the symbols used and their meaning is found in
Table 202.

21.51 The Résal Equation

The theoretical treatment of the interior ballistics of guns is based
on the energy balance during firing, as first expounded by
H. RESAL [3]:
m*

m.Qez=c,Tm.z + 2 X2, (15)
This equation states that, at each point in time during firing, at
which some percentage z of the charge has been converted, the
chemical energy released is equal to the internal energy of the
propellant gases generated up to that time, plus the kinetic energy
of the effective mass. The following equation of state applies for
the propellant gases:

m.RTz=pV, (16)
where V is the free gas volume.
Considering Equation (16) as well as

R/ic,=K -1, (17)
Equation (15) becomes

-

M. (18)

v
che,z= p ‘1+




Table 202. Symbols Used in Internal Ballistics?).

Symbol Dimension Meaning

A m? Cross section area of the bore

a m/s Sound velocity

B, 1/s Burning coefficient

c, m2/s2 K Specific heat at constant
volume

D m Tube caliber

e m Unilateral burnt propellant layer

f m2/s2? Propellant constant (f value)

M kg/kmol Molecular weight

m kg Mass (general)

m, kg Propellant mass

m, kg Projectile mass

P kg/m s2 Gas pressure at the breech

Pco kg/m s? Pressure measured with
copper crusher gauges

Po kg/m s2 Normal pressure

ox kJ/kg Specific heat of explosion

R=Ry/M | m2/s2K Special gas constant

R, kg m?/s2 kmol K | Universal gas constant

r=de/dt | m/s Linear burning rate

T K Gas temperature

Tex K Explosion temperature

s Time

u m/s Velocity of the propellant gases

Vg m3 Volume of the geometric
combustion chamber

v m/s Projectile velocity

X m Ordinate (general)

z 1 Part of the burnt charge mass

2z 1 Linear combustion law constant

Ji] m/s Linear combustion law constant

A=m Vg | kg/m3 Load density

€ 1 Weighting factor

1) Symbols in accordance with the guidelines of the German
Federal Defense Minister.
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Table 202. Symbols Used in Internal Ballistics (Continued).

Symbol Dimension Meaning

n m3/kg Covolume of propellant gases

K 1 Relationship of specific heats

u=m/m, | 1 Load relationship

0 kg/m3 Density

@(2) 1 Form function

Indices

c Charge

p Projectile

r Gun tube

a Value at start of combustion

m Value at maximum gas pressure

b Value at end of combustion

e Value at instant when the projectile leaves the
muzzle

The free gas volume V has, at the point in time under consideration,
the value:

1
V=VB-Q—mc(1—z)—nmcz+Ax, (19)
c
or converted:
1 1
V=Vg——m,— q———)mcz+Ax. (19a)
QC QC

For mathematical reasons, the following is assumed and gener-
ally justified in practice:

1 1
(;]—E)mcz<VB—Q—mC+Ax. (20)

[~ c

so that

1
V-tVB——Q—mc+Ax=V§+Ax (21)

C




with

Vi=Va- m.. (22)
L4

The Résal equation then reads
m*
che,z=Kp-1(V§+Ax)+ . 23)

Strictly, Equation (23) applies for a time dependent gas pressure,
p (), averaged over the tube length. This is because the pressure,
and consequently the kinetic energy of the gases, varies between
the breech block and the base of the projectile, a factor which
will be considered in more detail in the following Section 2.1.5.2;

MQez= ’:7 (V3 +Ax) + '12 2. (23a)

2.1.5.2 Pressure Distribution in the Tube

During firing, the propellant charge and the gases resulting from
it are also accelerated along with the projectile and the gun tube
(recoil). As a result of the acceleration of the propellant gases,
there is a pressure difference between the base of the tube
(breech) and the base of projectile, because a portion of its inter-
nal energy is transformed into flow energy.

The first theoretical investigations of this problem go back to
LAGRANGE (1783). Since that time, a number of ballistics special-
ists, in particular, the English and French, have treated this
problem, and given solutions for considerably simplified models.
A comprehensive mathematical treatment for a constant velocity
gradient of the propellant gases from the breech block to the
projectile is found in K. OSWATITSCH [4]. However, this solution
applies only to lower projectile velocities, since for velocities
higher in comparison with the sound velocity in the propellant
gases, the velocity gradient in the gases increases towards the
projectile.

The question of the pressure differences, along the tube, up to a
set point in time during firing, is closely related to the question
of the portion of the charge which is also accelerated, as can be
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seen from the following consideration (in this context, see also
R. E. KUTTERER ([5)). According to the theorem of momentum
applied to the gun tube as a closed system, when firing, we have:

(m,+eym)x, ={m,+emg)x, (24)

(m +eym)x. =(m,+em)x, (24a)
in which the subscripts r refer to the gun tube, ¢ to the propeliant
charge and p to the projectile. ¢, is the portion of the charge

accelerated with the gun tube, ¢ that portion of the charge acceler-
ated with the projectile.

Neglecting frictional forces, the following equations are valid:

mrir=Apr' (25)
my% =Ap,. (25a)
By combining Equations (24a), (25) and (25a) with
(m.+em)xm, (26)
the result is
ap= —¢Me (27)
P=p, pp_smppp'
1
4p = - p,- (27a)
mD
—=+ 1
em,

The relationship between the pressure difference in the tube 4p,
and the portion of the propellant charge ¢ accelerated with the
projectile is given by Equation (27) or (27a). By measuring the
pressure at the breech and at the base of the projectile during
firing, the magnitude of ¢ can be determined experimentally. Such
measurements have been reported by KUTTERER (5]). According
to him, values for ¢ around 0.5 result, which have also proved
useful in design calculations. From the simple gas dynamic
models, values result of £=0.5 for the momentum and £¢=0.33
for the energy, where no energy losses due to heat transfer are
taken into account.

In the sections following, the gas pressure at the breech is
always considered, and the pressure difference in the tube is
taken into account by a portion of the charge being accelerated
with the effective mass.
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2.1.5.3 Propeliant Burning

Chapter 1, Explosives, goes into details of the transformation of
propellant charges, called propellant burning for short in ballis-
tics. Here, the following is stressed once again:

The transformation of the propellant occurs over the individual
grain, developing from its exposed surface, at the conversion
rate of the layer nearest the surface, i.e. the linear burning rate
which for the most part depends on the chemical composition of
the propellant, and the pressure of the gas phase.

The percentage of the charge which is transformed in unit time
depends on the linear burning rate, and the geometry of the
propellant.

Various pressure relationships are given in the literature for the
linear burning rate, which are partly derived from empirical
results, and are partly based on theoretical qualitative or quan-
titative hypotheses.

The ones important for gun propellants are:

according to VIEILLE: 28 =g (LY, (28)
dt Po
. de P
according to MURAOUR-AUNIS: ot =a+b ;T (29)
o

and as a special case of Equation (28), where x =1, according
to KRUPP-SCHMITZ:

de _p '

—=f = 30
at=b o (30)
Here de/dt indicates the linear burning rate, %, 3, @ and b being
constants which depend on the temperature of the propellant
gases, and p, indicates the normal pressure.

The linear burning rate also depends to a certain extent on the
initial temperature of the powder (see Chapter 1, Explosives).
This explains the influence of the propellant temperature on
muzzle velocity and gas pressure (the v, correction in firing
tables).

Equation (30) is primarily used in gunnery ballistics for mathe-
matical reasons; its justification arises from extensive measure-
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ments by SCHMITZ, as well as from other practical experience.
J. CORNER (6] specifies a validity range of from 800 to 4000 bar,
for Equation (30).

The relationship between the percentage of the charge which is
transformed in unit time (dz/d¢), and the geometry of the propel-
lant, can be expressed by the equation
dz_ A g.A,de

dt A, m, dt’

@M

Here A, is the initial surface of the propellant and A is the surface
at the point in time under consideration. The fraction A/A, is also
termed the form function ¢(z), since a surface A can be assigned
to each value of z in the possible range of values between zero
and one.

Propellants are now manufactured in a wide variety of geometric
shapes. This is partly for the convenience of the production pro-
cess or the ease of working, but also to achieve a desirable burn-
ing behaviour. Thus bulk powder with cubical or spherical propel-
lant grains, solid cylinders, strip and tubular propellants with one
central or several perforations (seven hole propellants etc.) are
all in use.

The curve for ¢(z) is shown in Figure 206, for various propellant
geometries.

It can be seen from this figure, that tubular propellant burns with
a constant form function; the decline in the external surface of the
tube is compensated by the increase in the surface area of the
hole. In this case it is presupposed that tubular propellant is long
in comparison with its diameter.

Strip propellant behaves just as shown, if the width and length of
the strip are large with respect to its thickness. Cubical and
spherical propellants as well as propellants in the shape of solid
cylinders, show a sharply declining curve for the form function
(propeillant with degressive burning), while with seven hole propel-
lant, the surface area first increases up to the point where the
individual webs of the grain are burned away; then the surface
area of the seven hole propellant also decreases (propellant with
predominantly progressive burning).
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20 a = Cubical or spherical

propeliant
b = Solid cylinder
15 propellant
€ ¢ = Strip propellant
(6 =1/10)")
1 d = Tubular propellant
< e = Seven hole propeliant
9i2) (D =10d,)?)
0s ~

1) & = Thickness/width of
the strip <€ 1/4
2) D, = the outside diameter
0 05 1 of the propellant rod,
— d. =the diameter of the
perforations

Figure 206.  The form function ¢(z) for various powder geome-
tries.

-

Propellants with progressive burning are used when a high muzzle
velocity for the projectile has to be attained with as little gas
pressure as possible.

The progressive aspect can also be achieved with single hole
tubular propellants by surface treating the propellant grain with
suitable inert chemicals. In this way, the caloric value, and thus
the explosion gas cloud temperature of the layers near the sur-
face, are reduced. This leads to a reduction in the linear burning
rate, so that without changing the geometry, the percentage of the

‘ transformed charge is lower initially. With this desensitization of

‘ the propellant at the surface, care has to be taken to provide
good physical stability, i.e. the applied substance must retain its
concentration within the propellant for many years; it must neither
evaporate nor diffuse farther into the propellant grain.
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Using Equation (30), Equation (31) becomes
dz_ A oAb p

d—t- - Aa me  Po (32)
or

dz P

g1 =B.0@) po’ (33)
if the following value is substituted:

0cA.f
== 4
By =" (34)

B, is designated as the burning coefficient of the propeliant.

2154 Pressure and Projectile Velocity in the Tube

In order to transform the internal ballistics energy equation (18)
into a differential equation with one variable, two further equations
are used: the combustion law for the propellant charge as shown
in Equation (33) and the following equation for the motion of a
projectile

m'i=Ap. (39)
Here A stands for the barrel cross section area as in Section 2.1.4.

Using Equation (35), Equation (33) becomes

=2 ()X, (36)

It can be shown that the instances of the form function ¢ (z) given
below lead to closed integration of the energy equation:

plz)=1, (37

e(2)=(01 +az)%. (38)

Equation (37) means that the entire surface of the propeliant re-
mains constant during burning. Depending on whether the constant
a is negative or positive, Equation (38) can represent progressive
or degressive propellant burning.
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The mathematical treatment of the constant burning case (Equa-

tion (37)) is presented below [2], because simpler equations

result than for the general case based on Equation (38) [7].

Thus, we have from Equation (36) with the initial velocity x=0

forz=0: -

B,m" .

= —x, (39
PoA )

so that with Equation (21), (35) and (39), Equation (18) becomes:

during propellant burning:

Bamcoe‘*=(v,;+Ax)ii+)_'(: (40)
PoA Ak —1) 2
after the propellant is completely burned up:
meQe _ (Vs +AX)X 42
m* Ak—1) 2’
since in this case

z=1. (39a)

(41)

Introducing the following expression for X,

., dx dxd dx .

=X 0X0x_dx . (42)
then Equations (40) and (41) represent two differential equations
for the relationship between the projectile travel and velocity.
With the dimensionless variables

E=2x (43)
=73
for the projectile travel, and
—_ PoA__ .
~28,m,Q,, " @4

for the projectile velocity, the following relationship results from
Equation (40) up to the point where the propellant is all burnt:

1

9=1—-—o .
1+ T

(45)
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After the propellant is all burnt, by integrating Equation (41), one
obtains the expression

1

BT B “
where

. m

“=am.a, “n

is the dimensionless variable for the kinetic energy, and J,, is the
dimensioniess velocity variable when the propellant is all burnt.

Thus, it is possible, with the given hypotheses, to compute the
velocity of the projectile at any point in the tube from a universally
valid relationship between two dimensionless quantities. Up to
propellant burnout, the adiabatic exponent of the propellant gases
is the single parameter of the dimensionless relationship between
the travel and velocity of the projectile; after the propellant is
completely burned out, the dimensionless velocity variable 3,
appears in the corresponding Equation (46) as a second para-
meter for the burnout, which has to be computed separately for
each internal ballistic system.

Since the burnout of the propellant is characterized by z =1, the
velocity of the projectile at burnout, x,, can be calculated from
Equation (39) as

_ PoA
o= o (48)
Using Equation (48) one obtains, from Equation (44),
222

®=28Zm'm.Q,,

Equation (49) defines:

a) the limits up to which the firing process is described by Equa-
tion (45).
Thus for

2 A2
9< PGA

=2B2m'm.Q,,




Equation (45) applies, but for
2 A2
2—7£¥L——
2Bam mcoex

Equation (46) applies;

9

b) the constant 3, in Equation (46).

In this way, the projectile velocity at any point in the tube can be
calculated. Here for convenience, numerical tables or curves are
employed for the functions

§=1-— 1 _ (45)

x=1
1+8 2
and
1
Ve

where x appears as a parameter. These functions are shown in
Figures 207 and 208 for various values of x.

(50)

When it is a matter of calculating the course of pressure and
velocity for specified internal ballistic quantities. the projectile
travel is first transformed into the dimensionless location variable
up to ¢, at the muzzle, in accordance wijth Equation (43). Up until
burnout, which is determined from Equation (49), the particular
value of 3 is read from Figure 207 against suitable steps 4¢&, and
employing the k value taken from propellant data, and converted to
the projectile velocity, using Equation (44). The portion of the
charge transformed can be calculated from the velocity using
Equation (39).

Since x, x and z are to be calculated in the manner specified, the
specific pressure can be calculated directly from the Résal equa-
tion in the form of Equation (23).

After burnout, the procedure is similar. First the value of
C=- ! (51)
T1-9,

has to be determined using Equation (49).

100



Taking values of ¥ from Figure 208, and using Equation (46), in
the range &, < <¢,. corresponding values of { can be deter-

mined. From this, and Equation (47), the projectile velocity x can
be found.

The gas pressure over the projectile travel then follows from
Equation (23) with z=1.

It is frequently desirable to have a correlation between the
projectile travel and time, for example, in order to compare the
computed gas pressure curves with the measured p(t) curve.
This correlation is achieved through the integral

X dx

t=1] -,

T 52)
the solution of which is accomplished numerically. The muzzle
is taken as the initial point for the integration, because the
correlation between travel and time at the beginning of the firing
process is uncertain due to additional effects. In the following
Section 2.1.5.5, the method of calculation is presented once more
in detail in an example.

The internal ballistics model used here also leads to a clear
formula for the maximum gas pressure:

2(k = 1) m* (B,m Qq)? (9— 9
= 53
P V3p2AZ T3 E Jomom O

Here 3 and ¢ have the magnitudes assigned in Equation (45) for
the location of the maximum gas pressure. The location of
maximum gas pressure follows therefore from the simple relation-
ship

Kk—1
Yom = T (54)
The appearance of a maximum gas pressure when using Equation
(83) presupposes that the gas pressure goes through a true
maximum, as given in Figure 202a. The condition for this is

Fom < 9. (55)

If the inequality (55) is not met, then there is no real pressure
maximum, and the greatest gas pressure appears at burnout (see
Figure 202b).
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Figure 208.  Curves for the dimensionless value  over the
dimensionless projectile travel ¢ for various values
of k.

103

..




A very useful difference formula for practical internal ballistics
follows from Equation (53): If it is asked how the charge mass must
be changed for a given gun in order to retain the previously
established gas pressure, while varying the projectile mass 4m,,
then an estimate using the following is possible:

m

Am = ———=— Am,,.
Me 2m, +3em, Mo (58)
21.55 Computed Example

The calculation of the projectile velocity and the gas pressure
down the projectile travel. and against time. is carried out on
a calculation form sheet using the MK 20 Rh 202 Automatic Gun
as an example.

This form contains a summary of the internal ballistics data on the
first sheet (page 107) under A. The propellant data are taken from
heat and pressure bomb measurements. There follows in B a
calculation ofthe general quantities which are necessary for further
evaluation. The quantities of interest up to burnout of the propellant
are calculated under C.

The second sheet (page 108) contains relationships in D, E, and F,
which are to be used for the design calculations (Section 2.1.5.6);
at the same time, it is checked in D, whether a true pressure
maximum exists. The constant C in Equation (51) is determined
as described and entered in G.

The third sheet (page 109) is subdivided into 12 columns for the
computation of the pressure and velocity up to burnout. Column 1
contains £, the intervals of which are determined by the
required accuracy. In column 2. x from Equation (43) is entered.
Column 3 contains the J, associated with the ., from Equation (45)
or the diagram of Figure 207. The projectile velocity in column 4,
x, from Equation (44), follows from column 3. The percentage of
the charge consumed, z, (column 5) is computed from Equation
(39). In column 7 the effective kinetic energy is calculated using
column 6, while the propellant energy released is determined in
column 8. The difference between columns 8 and 7 (column 9)
divided by ~— 1, and the gas volume (column 11), calculated
from column 10, gives the gas pressure (column 12).
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The calculation of the pressure and velocity behaviour over the
projectile travel following burnout of the propellant, is carried out
on the fourth sheet (page 110), which is also subdivided into 12
columns. This calculation with the corresponding formulas ({
instead of 3) is carried out in much the same manner as on the
third sheet.

The time associated with the travel is computed from Equation
(52) on the fifth sheet (page 111), by means of numerical integration
(Simpson's rule).

The sixth and seventh sheets (page 112) are used for graphing the
pressure and velocity curves as a function of the projectile travel
or of time.

The calculation form discussed here can be considered a useable
aid if calculations are to be performed without greater effort. In
the case of a larger number of calculations, an electronic computer
is used, with the aid of which complex internal ballistics models
(7] can also be more easily processed.

2.1.5.6 Design Calculations

The dependence of the gas pressure and projectile velocity on the
internal ballistic parameters, for propellants which burn with a
constant surface area, was demonstrated in the preceding
sections. These relationships can be incorporated into one com-
prehensive formula for the most important result of the internal
ballistics, i.e. the muzzle velocity. It can be expressed intwo forms,
one version which contains intrinsic parameters exclusively
(Equation (57)); and in the other version (Equation (58)), the
cons:ant B, for the combustion rate does not explicitly appear,
but instead of this there is the maximum gas pressure p,,:

2m,Q, 1 1
v, = c e 11— R 7
) m* [ __PeA? (T4 ’] e
2B2m*m.Q,,

1+&

v, =, [2MeQex ! 1
. m* § - MeQex(k = 1) <g_: 92) (1+ )T
V&Pm Pm




Contained in these equations are the internal ballistic parameters
m,, m., A, Vg, Xo, Qg,, k, B, and p,,.

For design calculations, the weight and caliber of the projectile
and with it the bore area are generally specified first. Further-
more, the maximum gas pressure results from the projectile
design because of the stress limit.

The composition of the propellant is chosen with respect to the
service life of the tube, and thus Q,, and « are also established.

There thus remains the matching of m.. Vg and x, to attain the
required muzzle velocity of the projectile in the internal ballistics
design calculation.

The projectile travel x, and thereby the tube length are frequently
only variable within narrow limits because of weapon engineering
considerations. The quantities to be determined are in the end
reduced principally to the charge weight and the chamber volume.
The charge weight is in a decisive manner a determining factor
for the muzzle velocity, while the chamber volume influences
the thermal efficiency (the expressions in brackets under the
square root sign in Equations (57) and (58)).

As a rule, the chamber volume is chosen as small as possible in
order to arrive at small cartridge dimensions, something which
is important for automatic guns. The lower limit of the chamber
volume is naturally the loading capacity of the propellant. Load
densities of up to 1050 kg/m3 are achieved.

In the case of a given projectile design (m,, A, p,), a required
muzzle velocity v, and a set propellant composition (Q,,, ), if
the projectile travel x,, the propellant mass m_, and the chamber
volume Vg are established by Equation (58), then the burning
coefficient of the propellant B, can be computed from Equation
(53). If the linear combustion velocity of the type of propellant
selected is known, then the requisite wall thickness of the pro-
pellant is determined using Equation (34) from

A A
B,= 2 &l (34)
A, m.
We thus have for tubular propellant
4
g = AP (59)
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Computation form for the internal ballistics of normal tubes

Sheet 2

D. Calculation of the maximum gas pressure

K,_-1_

0.1154

Pm

Check whether 3, < 3,
k=1
for ——
2x
_2(xn=1)m"(B,m.Q.,)?
Vg pg A?

[¢ 4
>3 is Fp =%

m

(9"_92>
%8 )

~

= 3442 bar

E. Calculation of the muzzle velocity at the
specified maximum gas pressure

. 1 1
e _mcoex("'_”
Vg Pm

1

= 0.4605

=1061 m/s

-1

9-92\ (1+&)~
1+¢& ),

\/2
Ve= |-

mioexSe
m

F. Calculation of the burning coefficient
at the specified maximum gas pressure

1+¢
9-92),

2 Vi p3A? P

2T 2(k— ) m miaz,

B, =0.2620 1/s

G. Calculation of the constant C for the
velocity following burnout

1

c

Computation form for the internal ballistics of normal tubes Sheet 3
H. Determination of the pressure and velocity curves up to burnout
Ml @ 3 (4) {5) {6) ) (8) 9 (10) (1) (12)
. . m" . Ve+Ax| p=
14 X 3 X z x2 > x2 Im.Q.,z|(8)—(7)| Ax =7 l@: (1)
1 m 1 m/s 1 m?2/s2 J J J 107°m3[10"6m3| bar
0.015]0.00107]0.002231| 6.414{0.00754 41.14 299 1340 1337 | 0.354| 79.81 | 167.5
0.05 |0.00357]0.007292| 20.96 |0.02465 439.3 31.92| 4378 | 4346 | 1.179| 82.56 | 526.4
0.10 |0.00715/0.01419 | 40.80 |0.04798{ 1665 121.0 8522 | 8401 | 2.359| 86.50 | 971.2
0.15 ]0.01072|0.02075 | 59.65 |0.07016( 3559 258.6 | 12461 | 12202 | 3.539| 90.43 {1349
0.20 [0.01429(0.02698 | 77.57 [0.09122| 6017 4371 | 16201 | 15764 | 4.717| 94.36 |1671
0.25 [0.01787]0.03292 | 94.64 {0.1113 8957 650.7 | 19768 | 19117 | 5.899| 98.30 {1945
0.30 0.02144/0.03859 [110.9 10.1304 | 12299 893.5 | 23160 | 22267 | 7.077] 102.2 2179
0.60 |0.04288/0.06807 [195.7 ]0.2301 | 38298 2782 40868 | 38086 | 14.15 | 125.8 13028
0.90 10.06431|0.09179 [263.9 [0.3103 | 69643 5060 55112 | 50052 | 21.23 | 149.4 (3350
1.265/0.0904 (0.1154 ([331.8 (0.3902 [110091 7998 69303 | 61305 | 29.84 | 178.1 (3442
1.50 [0.1072 [0.1284 {369.1 |0.4341 |136235 9897 77100 | 67203 | 35.39 | 196.6 (3418
2.00 |0.1429 [0.1519 (436.7 |0.5136 (190707 13855 91220 | 77365 | 47.17 | 235.9 (3280
2.50 10.1787 |0.1713 [492.5 [0.5792 (242556 |17622 102871 | 85249 | 58.99 | 275.3 (3097
3.00 |0.2144 |0.1877 |539.6 [0.6346 |291168 121153 [112710 | 91557 | 70.77 | 3145 |2911
3.50 |0.2501 {0.2020 ([580.7 |0.6829 (337212 24498 (121289 | 96791 | 82.56 | 353.8 {2736
4,00 |0.2858 10.2145 ([616.7 [0.7252 (380319 27630 (128802 [101172 | 94.34 | 393.1 (2574
5.00 |0.3573 [0.2357 (677.6 |0.7968 [459142 33357 (141518 (108161 |117.9 4716 (2293
6.00 |0.4288 |0.2531 |727.6 |[0.8556 [529402 |38461 [151962 |113501 [141.5 550.3 (2063
7.00 |0.5002 [0.2680 [770.5 |0.9061 [593670 43130 160931 |117801 165.1 629.0 (1873
8.00 [0.5717 |0.2808 (807.3 [0.9494 |651733 47348 168622 [121274 |188.7 707.6 (1714
9.36 [0.6689 {0.2958 [850.4 [1.0000 (723180 [52539 [177609 (125070 |220.8 8146 [1535




=] Computation form for the internal ballistics of normal tubes Sheet 4
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Sheet 5

J. Determination of the associated times by means of numerical integration
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where D, is the outside and d. is the inside diameter of the
individual tubes.

The internal ballistics design calculation can be optimized, since
various parameters can be changed with respect to each other.
Goals of optimization would be, for example, the maximum utiliza-
tion of the charge, maximum utilization of the tube for a given
maximum gas pressure, minimum tube weight, less gas pressure
at the muzzle, etc. See CORNER [6] for details in this regard.

21.6 Gun Recoil and the Muzzle Brake

The forces acting on the gun tube during firing of guns are
generally absorbed today by a rearward acceleration of the gun
tube. The kinetic energy of the gun tube is then taken up on the
recoil travel by a hydraulic recoil brake. In order to return the
gun tube to its initial position after firing, a counter-recoil
mechanism is cocked during recoil. This frequently consists of
a gas driven spring (see Chapter 8, Guns).

In the case of rifles and the like, as previously also with guns, the
recoil is coupled directly to the support (shoulder of the infantryman
or spade/ground).
The momentum /, transferred to the free gun tube during firing is
composed of the momentum until the projectile exits /;, and the
after-effect of the outflowing propellant gases, /,:

L=+ (60)

The momentum transferred by the time the projectile exits, I
(equals the momentum of the projectile plus that portion of the
charge accelerated with it) is equivalent to

I;=(m, +05m,) v, (61)

where v, is the initial velocity of the projectile which approximates
to the muzzle velocity v, calculated for a fixed gun tube less the
recoil velocity v,:

Vo=Ve—V,. (62)
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The momentum transferred due to the after-effect of the propellant
gases, the magnitude of which is quite considerable, is computed
from

I, =0.5m(d - vg) +0.5m,d. (63)

Here U is the average outflow velocity of the propellant gases from
the muzzle,

0=V +a2, (64)

and & is the average sound velocity at the muzzle cross section.
For approximations, &8 = 1000 m/s can be assumed.

The recoil energy E,, which results from

12
Er=g (65)

where m, is the gun tube mass, is usually calculated from

i 2
E = @%u v, (66)
where

u
B= ve . (67)

is a factor characterizing the after-effect.

The smallest loading of the recoil brake, and thereby the mount,
during the given recoil, then occurs if the braking force is constant
during the entire recoil. By a suitable design of the recoil brake
a nearly constant braking force can be achieved thoroughly in
practice. Details of this can be found in Section 9.6, Load on the
Carriage During Firing.

To keep recoil travel and braking force to a minimum, muzzle
brakes are used. These are devices fitted to the muzzle, which
direct a part of the exiting gases to the rear, so that a counter
force is exerted on the recoiling gun tube.

Figure 209 illustrates the basic structure of a muzzle brake.
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Figure 209.  Structure of a muzzie brake.

To describe the effect of a muzzle brake three characteristic values
are introduced, the propulsion index, the performance index and
the efficiency factor. Effect and calculations for muzzle brakes
are set out in Section 9.7, Action of a Muzzle Brake.

2.2 Special Internal Ballistic Configurations

in addition to the normal construction of guns described in Section
2.1.1, various configurations with more complex structures have
been developed. Some of these have found applications in military
engineering (the high and low pressure tube, recoilless gun and
tapered bore tube), and some also in basic research (light gas
cannon). There are a large number of experimental and theoretical
investigations of these special designs, which, however, we
cannot go into here; for this reason, only the important features of
these configurations are given below.

2.21 The High and Low Pressure Tube

In striving to achieve the flattest possible gas pressure curve over
the projectile travel, i.e. to achieve a high 5, according to
Equation (13), the high and low pressure tube (HN tube) was
developed in Germany during the Second World War. The purpose
of the flat pressure curve was that projectiles which could stand
up to low acceleration only, could also be fired with the highest
possible velocity.
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The characteristic feature of the HN tube is a nozzle plate between
the chamber and the tube. It ensures the burning of the propellant
under high pressure in the high pressure chamber, but chokes
down the propellant gases escaping from it, when they enter into
the low pressure chamber, i.e. the tube. By suitable co-ordination
of the high pressure chamber, the nozzle plate and the propeiliant,
a pressure curve can be achieved with the HN tube, which is
actually flat in comparison with standard tubes. It is shown
schematically in Figure 210. The idealized curve as it is shown in
Figure 211, is not however achieved. The theory of the HN tube
can be found in J. CORNER [8].

Nozzle plate — Low pressure chamber

“H|gh pressure chamber

Figure 210.  Schematic drawing showing the structure of the

HN tube.
Standard tube
.
R
P
HN tube (idealized)
p2

Xe Xo

Ip1dx - Ipzd;

o <]

X,
x ]

Figure 211.  Comparison of the gas pressure curve as a function
of the projectile travel for the standard tube and the
HN tube.
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Since the gas pressure curves in the higher pressure regions,
achieved with the HN tube, can now be produced in a standard tube,
by suitable choice of internal ballistic parameters, the HN prin-
ciple is only of significance today with respect to another internal
pallistic problem. If very low projectile velocities are to be achieved
by propellant combustion, then the difficulty of incomplete propel-
lant combustion can be overcome by having the propellant burn-
outin a high pressure chamber. This ensures complete transforma-
tion under high pressure.

2.2.2 The Recoilless Gun

The internal ballistic configuration called the jet cannon, or re-
coilless gun, finds application where artillery equipment has to
be as light as possible (for airborne operations, etc.), or where
armor piercing projectiles are to be fired from one-man weapons.

The lower weight of larger weapons with recoilless gun tubes
results from the light design of the carriages, which need only
suppcert the weight of the gun tube and the load associated with
it during transport. Recoil mechanisms, as well as components
for taking up the recoil forces, are omitted.

Infantry antitank weapons with recoilless tubes are fired from the

shoulder or a bipod, employing projectiles of the requisite caliber,
and reaching out to the required combat ranges.

De Laval nozzie  Ruplure Charge
disc

P S e

Figure 212.  Schematic drawing of the recoilless gun tube.
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The principle of the recoilless gun tube (Figure 212) is based on
having an opening also to the rear, to which a De Laval nozzle is
fitted.

After ignition of the propellant charge, a gas pressure builds up
under defined conditions in the chamber. Initially, this is closed
to the rear by a rupture disc, and because of this the projectile
moves forward down the tube. At a certain pressure, the bursting
pressure (about 100 bar), the rupture disc breaks, and a portion
of the propellant gases flows to the rear through the De Laval
nozzle. In this way, a force in the direction of fire acts on the gun
tube, which, in a properly designed system, can compensate the
recoil force developed during firing.

This system can result in a gun tube completely free of recoil force
during firing. But further, and this is quite common in practice, a
gun tube free of recoil travel can also be achieved by means of a
rearward pointing nozzle. In fact, with this type of gun tube, the
forces are not compensated at every point in time during firing,
but the sum of the impulses acting on the gun tube during the
entire firing process is reduced to zero, so that there is no notice-
able gun tube movement.

However, along with these advantages for the recoilless gun, one
must take account of the following drawbacks, which limit its
applications:

Danger area not only in front of, but also behind the gun,
Increased sound nuisance, and
Increased propellant consumption.

On the theory of the recoilless gun, see CORNER [6].

223 The Tapered Bore Tube

Projectiles with which a long range or a high penetrating power
is to be attained based on their kinetic energy, need a high initial
velocity and a low drop in velocity during flight. The high initial
velocity demands a low cross-sectional density (ratio of mass to
cross-sectional area of projectile), while, on the other hand, a
reduced drop in velocity presupposes a large cross-sectional
density along with a low drag coefficient.
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These contradictory requirements can be reconciled by a so-called
discarding sabot projectile. Here, the flight projectile, with its
greater cross-sectional density, has its cross-sectional areas in-
creased during the acceleration phase in the tube, by means of
a very light propelling sabot. The propelling sabot separates from
the projectile in flight, after leaving the tube (see Section 11.2.3.2).

Another approach is the use of a tapered bore tube, as shown in
Figure 213; projectiles such as shown in Figure 214 are fired
from it.

ks |
LAl T 777 A
44— — —5 - - = 5
1~ L ‘
Rear cylindrical . Forward
he— Chamber section Tapered section Tylindrical sectign ™

Figure 213.  Tapered bore tube.
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Figure 214.  Projectile for the tapered bore tube;
above, before firing, below, after firing.

119




The tapered bore consists of a rear cylindrical section of a dia-
meter d, which abuts directly against the chamber; then the
tapered section follows, which represents the transition from the
greater diameter d, to the smaller diameter d, of the forward
cylindrical section of the bore.

The projectile for the tapered bore tube has two deformable flanges
with a diameter d,, which are forced back in the conical section
of the bore, until they have reached the diameter d,.

Figure 1114 shows two projectile designs for tapered bore tubes,
of which one (model b) has thimble-like compressible pieces in
place of the front flange.

Thus, the projectile is primarily accelerated with a large diameter,
then undergoes deformation in the tube, and covers its trajectory
with a smaller diameter, which is more favorable for the external
ballistics.

The internal ballistics of the tapered bore tube deviate from that
of the standard tube, in that, on the one hand, a sharp deformation
of the projectile takes place during firing, and, on the other hand,
as the bore cross-section becomes smaller towards the front,
propellant gases expand more slowly over the projectile travel, at
the same time as there is an increase in the cross-sectional
density. :

The energy loss due to projectile deformation for a taper of about
1:40 has been determined to be extrdordinarily low, and can be
neglected in the calculations. Where the bore area is known as a
function of the projectile travel, the internal ballistics sequence
can then be computed in a manner analogous to that for the
standard tube.

For further data on tapered tubes and their projectiles, see Section
11.2.3.5, Flange Projectiles for Tapered Bore Tubes.

In the first designs of tapered bore tubes, the coupling of the spin
to the projectiles was accomplished by rifling along the entire pro-
jectile travel, which entailed certain manufacturing difficulties.
Later developments provided for a rifling profile only in the rear
cylindrical section, while the conical section and the forward
cylindrical section were smooth (manufactured separately and
fitted on). The rifling angle in the rear cylindrical section was
greater than otherwise usual, but during its passage through the
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conical section, the rotational speed of the projectile increased
further, obeying the laws of angular momentum, as the moment
of inertia decreased about the longitudinal axis.

A detailed summary of the results obtained with tapered bore
tubes is found in H.NEUFELDT [9]; the theoretical hypotheses for
their internal ballistics are also summarized in CORNER [6].

2.24 The Light Gas Cannon

The question of the maximum projectile velocity which can be
achieved with standard tubes was treated in Section 2.1.3. This
limiting velocity arises from the fact that a pressure drop appears
between the base of the projectile and the breech block, as ex-
plained in Section 2.1.5.2.

if the sound velocity in the explosion cloud were now great enough
to equalize the pressure differences between the breech block
and the base of the projectile fast enough, then higher limiting
velocities would be expected.

For the sound velocity a in gases, we have

Ro
a= _(k—T,
K5 (68)
where R, is the universal gas constant, T is the temperature and
M is the molar mass.

At a constant temperature, the sound velocity thus increases with
adecreasing relative molecular mass of the gases. For this reason,
higher limiting velocities can be achieved with hydrogen (H,) or
helium (He) as the propelling gas.

This fact is used in the so-called light gas cannon. In an earlier
method, helium was heated by burning hydrogen with oxygen in
the tube, and the projectile was propelled by the resulting pres-
sure. By this method, velocities around 4000 m/s were reached,
when firing very light projectiles (plastic) in a vacuum.

More recent light gas cannons are constructed as shown sche-
matically in Figure 215. By means of a normal propellant charge,
a piston is driven into the light gas chamber filled with helium or
hydrogen; here, the light propellant gas heats up, generally due
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to the compression waves proceeding from the piston. There is
a pressure increase, by which the projectile is accelerated.
In this way, projectile velocities of around 6000 m/s have been
achieved.

The importance of the light gas cannon is found particularly in its
applications to space research. Problems of flight stability and
the heating of the capsule, when re-entering the earth's atmos-
phere, were cleared up by extensive investigations using models
which were fired from light gas cannons. Details of light gas
cannons can be found in C.L. LECOMTE [10].

Piston He orH, Projectile
)'_' Z 22 v
4 7722772
Chamber
b~ fOr Light gas chamber-s=a——— Projectile travel ———
propellant

Figure 215.  Light gas cannon, basic structure.

2.3 Internal Ballistics of Rockets

Rocket propulsion, i.e. the internal ballistics of the rocket, plays
a major role in space engineering, from which one of the most
modern branches of industry has developed. If success has been
achieved today in propelling space capsules and vehicles
weighing more than 10t above and beyond the earth’s gravita-
tional field, and in giving them high velocities for interplanetary
travel, then this has been made possible by the development of
suitable rocket propulsion units.

The wide field of internal rocket ballistics can, naturally, only be
{reated here in the form of a short summary, aithough solid propel-
lant rockets will be treated in somewhat more detail, because of
their particular importance to military engineering.
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The general design principles of rockets, and the construction of
military rockets are covered in Chapter 12.

2.3.1 General Information

The thrust driving the rocket derives from the fact that a portion
of the rocket mass (the propellant) exits through a rear opening
(the nozzie) at a high velocity.

When a mass dm is ejected in one direction with the velocity U
from a closed system of mass m, such as a rocket, in a gravitation-
less vacuum, then the remaining mass of the system gets an in-
crease in velocity dv, in the opposite direction, according to the
law of momentum:

dmugy=—mdv. (69)

It follows from Equation (69) that

dm dv
'at" Uggs = _mat (70)

i.e., the product of the exhaust velocity and the mass leaving per
unit time is equal to the driving force acting on the rest of the
system. This product is designated the thrust S:

dm
§ =37 Uerr- 71

For the simple case where no external forces act on the rocket,
the rocket velocity, v, at any point in time can be given directly by
integrating Equation (69):
m
V=Ugln ’;(%
where mg is the initial mass and m(t) is the instantaneous mass
of the rocket.

(72)

The final velocity v of the single stage rocket is

m
VE = Ugg IN ;", (73)

r
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where m, is the mass of the rocket which has burned all its fuel, or,
the difference between the initial mass and the mass of the
propellant.

The term

My
= — 74
H . (74)

is the mass ratio for the rocket.

One can see from Equation (73) that the greater the exhaust
velocity U On one hand, or the mass ratio u on the other, the
greater is the final velocity which is reached.

2.3.2 Types of Propulsion

Various methods are possible to generate a mass jet of a rocket
which will exhaust to the rear, some of which have already been
realized technically, while others, particularly in space projects,
are still in the research stage.

The types of propulsion are broken down approximately as follows:

Rockets with chemical propulsion, specmcany
solid propellant rockets,
liquid propellant rockets,
hybrid rockets;
Rockets with thermo-nuclear energy propulsion,
Rockets with ion propulsion, and
Rockets with photon propulsion.

In the case of rockets with chemical propulsion, gas at a temper-
ature of up to around 3000 K is produced in the combustion chamber
by the exothermal conversion of a solid fuel, liquid fuel, or a solid
fuel and a liquid oxidizing agent (hybrid rocket) at a pressure of up
to around 200 bar. This gas expands through a De Laval nozzle
(shockless pressure reduction) and there reaches supersonic
velocity.

Some particulars on solid propellant rockets are given for the
internal ballistics design in Section 2.3.4.
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and nozzle

Figure 216.  Schematic drawing of a liquid propellant rocket
engine.

Figure 216 shows schematically the structure of a liquid propellant
rocket engine.

The supplies of fuel and oxidizer are stored in separate tanks. By
means of delivery pumps, both components are brought into con-
tact in the combustion chamber through injection nozzles, where
they react with each other either spontaneously (hypergolic fuels)
or by means of external ignition. In this way, gaseous products
arise which exit through the throat, and expand in the attached
expansion nozzle. Depending on the chemical composition, the
fuel or the oxidizer is generally used for cooling the combustion
chamber wall prior to entering the injection nozzles.

Delivery Solid fuel Narrowest
cross-section
(throat)

KB

XX

Oxidizer

Expansion nozzie
Injection nozzle  Combustion chamber

Figure 217.  Schematic drawing of a hybrid rocket engine.
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Figure 217 shows the structure of a hybrid rocket engine. The
combustion chamber contains the solid propellant, while the
liquid oxidizer is fed through injection nozzles by means of a
delivery pump. Just as the liquid propellant engine, the hybrid
engine has the advantage over the purely solid propellant engine,
that it can be shut down.

Compressed gas and valves are also employed as a feed system
for the liquids in place of delivery pumps.

Chapter 1, Explosives, deals with the chemical composition of
rocket propellants.

Rockets driven by thermo-nuclear energy have a structure such
as pictured in Figure 218.

Detivery pump Reactor core

Working gas
(liquid) Control rods Expansion nozzle

Figure 218.  Schematic drawing of a rocket drive using thermo-
nuclear energy.

The working gas is fed through a reactor core and there heated up;
it then exits through the expansion ndzzle. Primarily hydrogen
is discussed as a working gas, as it achieves the greatest specific
impulse for a specified reactor operating temperature, having a
low relative molecular mass.

While chemical and also nuclear rocket motors cannot have an
exhaust velocity in excess of approximately 4000 m/s (because of
the permissible reactor temperature), exhaust velocities are pos-
sible with ion propulsion, which are only limited in principle by
effects of relativity.

In an ion propulsion system (Figure 219), the working substance is
pumped into a vaporizer and then ionized, so that it can finally be
accelerated in an electrostatic field. Considered as working sub-
stances are the metals mercury, potassium, rubidium and cesium,
since these elements are characterized by a low ionization poten-
tial with great atomic weight.
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Figure 219.  Schematic drawing of an ion propulsion system.

For space missions of a longer duration, theoretical considerations
of the application of photon drives have been put forward. This
operates on the principie that, with the emission of electro-
magnetic radiation in the form of energy quanta (photons), the
radiator experiences a repulsion. Each photon transmits an im-
pulse h/i, where h is Planck’s constant and 4 is the wavelength
of the radiation.

In order to achieve sufficient thrust using electromagnetic radia-
tion, a density of the photon stream is required which has not been
possible to achieve up to now. Thought has also been given to
generating the photons by pair annihilation radiation of matter.

in addition to the rocket drives briefly mentioned here, ramjet
engines (air breathing engines) also find applications in guided
missiles, where only the fuel is carried along and the oxygen of
the air is used as an oxidizer. For this reason, ramjet engines
can only be used at altitudes of up to around 30 km.

233 Calculation of the Thrust and Design of the Nozzle

The thrust results from Equation (71} if the expansion nozzle is
adapted, i.e. so designed, that the gas pressure at the greatest
cross-section of the nozzle has the same value as the external
pressure.

This design is possible in the case of high altitude rockets only
for the pressure corresponding to a set altitude. For the general
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case, the thrust equation must therefore be increased by one
term, which takes into account the difference between the end
pressure at the nozzle p, and the external pressure p,:

dm
S=E U + Ag (Pe — pa) - (75)

For the calculation of the thrust, knowledge of the temperature T,
and the pressure p, in the combustion chamber, as well as the
throat area A, and the end area A, of the nozzle, is required’).
By means of the equations

dm [ ( 2 TﬁyﬁA -
dt _\/RT, E’ﬁ) tPo. (76)
T x=1
_ 2KRQ pe »
U= _| gt (1 pe , (77)

and

K+1 FETN
1 _<P9) " (78)

the amount of the thrust can then be determined, where R is the
individual gas constant.

If the nozzle and the conditions in the combustion chamber are
specified, then the ratio py/p, is determined from Equation (78).
This can be carried out using the family of curves in Figure
220, in which the relationship between A,/A, and py/p, is re-
presented for various values of k, according to Equation (78).

1) The calculation of the conditions in the combustion chamber of
a solid propellant motor is given in Section 2.3.4.
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Figure 220.  The ratio of the areas A /A, as a function of the
pressure ratio py/p, for various values of k.

The exhaust velocity u, can be computed from Equation (77) with
Po/Pe- Then Equation (76) can be solved directly. For a known out-
side pressure, the second term of the sum in Equation (75) is also
to be calculated with

-1
Pe =Po (?) : (79)

If the nozzle is to be designed for a certain expansion ratio py/p,,
the ratio of the end area to the throat area A, /A, has to be deter-
mined from Equation (75) or Figure 220. The throat area is gener-
ally established by the design of the combustion chamber, so
that A, is also set.
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Figure 221. Conical nozzle. Figure 222. Beli-shaped nozzle.

Classical nozzle shapes are the straight cone (Figure 221) and
the bell (Figure 222). For the straight cone design, half the
opening angle should not exceed a value of 15° (x < 15°), so that
separation of flow does not take place. A broken up flow, resulting
in turbulence, would lead to a reduction in the efficiency of the
nozzle.

The length / of the nozzle is calculated from this requirement
below, where d, is the smallest, and d, is the greatest diameter:

de - dt o
o7 <tan15°. (80)
If a nozzle in the shape of a straight cone is designed for high
altitudes, then considerable lengths result. Bell-shaped nozzles
can be constructed shorter. By starting with a very large opening
angle and tapering down to small values at the exit nozzle, separa-
tion of flow is avoided.

In addition to these classical nozzle shapes, ring nozzles are also
used when this is useful for structural reasons. A special design
of the ring nozzle is the "aerodynamic spike nozzle”, in which
the external flow limiting is accomplished by the ambient atmos-
pheric pressure. In this way, quite good automatic altitude adap-
tion can be achieved.

For estimations in designing a rocket drive, the specific impulse
I is a useful quantity:

S .
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If the propellant weight m_ necessary for a drive withthrust S and a
burn time t is to be computed, one works from

me= St (82)

s

The specific impulse depends on the combustion chamber pres-
sure and the design of the nozzle.

For solid propellants, one can figure on I, = 2000 to 2500 m/s, and
for liquid propellants, I, = 2500 to 4500 m/s.

234 Calculation of the Combustion Chamber Pressure for
Solid Propellant Rockets

Solid propellant propulsion units are of special importance for
short and medium range artillery rockets, as well as for rocket-
assisted projectiles, because -- in contrast to liquid propellant
rockets - they are ready at any time without special preparation.
Liquid propellant rockets can not be fuelled until shortly before
the start because of the nature of their propellants, liquid oxygen,
etc. Exceptions here are certain propellant/oxidant compounds,
which are suitable for “pre-packaging” (see Section 12.1, The
Structure of Rockets).

Propellant grain Combustion chamber

Insulation Expansion nozzle

Figure 223.  Schematic drawing of a solid propellant drive
(end burner).
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The structure of a solid propellant drive is shown in Figure 223.
A propellant grain is placed in the combustion chamber, which
following ignition burns with a set surface area. Surfaces, where
no burning should take place, are insulated by suitable materials.
The pressure in the combustion chamber can be calculated from
the thermodynamic values of the propellant and from the geo-
metric dimensions of the nozzle.

The gas generated by the burning of the propellant leads on one
hand to a pressure build-up in the combustion chamber, and on
the other, to a portion of the gases flowing out through the nozzle,
because of a pressure difference between the internal and ex-
ternal space. The burning of the propellant is pressure dependent.
For this reason, in determining the relationships in the combustion
chamber, one works from a mass balance between the trans-
formed powder, the gas present in the combustion chamber and
the gas flowing out through the nozzle:

?~+'l
E’“’ﬁ_m az K (2 A (83)
dt e dt TNRT\k+1 P

Here p stands for the density, V the volume, T the temperature
and p the pressure of the gases in the combustion chamber; m_ is
the initial weight and z is the transformed portion of the propellant
charge.

The second term of the right side of Equation (83) is more ex-
pediently written in abbreviated form:

+1
K 2 \2=T) f(r)
JRT <;\.—+'1> Ap=-_—Ap (84)

with the sound velocity

a=)«kRT (85)
and the dimensionless quantity
2 \7h=n
f(K) =k <'\——+-1> . (86)
There applies further
0=3p (87)
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and

1
‘ V=V,——(1-2)m,, (88)
c
where V| is the chamber volume and g, is the density of the
propellant.

if Equations (83) to (88) are brought together, with the assumption
that the gas temperature in the combustion chamber, during the
overall propulsion process, is constant (T, = const. — a, = const.),
one obtains:

—{dp[VK—Ql(1—z)mc]+pm—£} m, 92 _ ?Ap. (89)
c 0

dt dt ¢ dt
If the combustion law
dz_ o.0(2) p
at- m, a+b o (90a)
or
d
daz _ QCO(Z)b< ) (90b)
dt m, p

with O(z) as the instantaneous surface of the propellant grain and
p* as the standard pressure, is introduced in Equation (89), the
pressure curve as a function of time in the combustion chamber
can be theoretically calculated. However, the solution, in the
general case, is possible only by numerical methods.

If the propellant grain is converted with a constant surface Og, then
the steady-state pressure pg in the combustion chamber can be
calculated (dp/dt=0). Assuming Equation (90b) and g. > ¢ ap-

plies:
T
e\ g
Po = (,(h)p> KT==. (91)
Here
K = 0y/A, (92)

stands for the constriction ratio. Propellant grains which burn
with a constant surface area are either end burners, or internal
burners with cross-sections as shown in Figure 224,
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Figure 224.  Cross-sections of propellant grains which burn with
a constant surface area.

23.5 Multi-stage Rockets

The ideal terminal velocity of the rocket was considered in Section
2.3.1, and was calculated from

Ve =Ug Inp. (93)

Since u.y < 4000 m/s for chemical engines, and other engines of
a sufficient size have not been available up to now, carrier rockets
for satellites, lunar vehicles or interplanetary probes would re-
quire mass ratios of u=x 12, because of the requisite terminal
velocity of about 10,000 m/s. Such mass ratios can hardly be
realized technically, and apart from this, would be uneconomical
in comparison with rockets based on the multi-stage principle.

For multi-stage rockets, a first stage inifially accelerates the over-
all rocket until burnout, then the empty section of the first stage
is jettisoned, and the second stage ignited, etc. By means of
multi-stage rockets, substantially higher terminal velocities can
be achieved with an initially unfavorable mass ratio. This is be-
cause the components no longer necessary are jettisoned during
the drive phase after each stage burns out, thus, no more trans-
ported energy (propellant) is used for their acceleration.

The terminal velocity of the k-th stage is

K
V= 2 (Ue)i Ingy, (94)
i=1
with
My,
=, 95
I’ m., (99)
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The launch mass of the rocket is my, ; the difference between the
launch mass mgy, and the propellant mass of the first stage m., is

My =Mgy — Mg, . (96)
For the second stage, we have correspondingly
Mo — Mgy

Hy=—"—""—,
Moy = Mgy — Me2

(97)
where mg, is the mass of the empty parts which are jettisoned,
including the burned out propellant mass of the first stage, and
m_, is the propellant mass for the second stage.

This approach can be similarly continued for additional stages.
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3 EXTERNAL BALLISTICS

External ballistics deals with the description and measurement
of the motion of a body, which is projected at an angle 3,, and
with an initial velocity v,. In a narrower sense, external ballistics
is understood to be the following of the trajectory, which a pro-
jectile (unpowered projectile), fired in the earth’s gravitational
field (the attraction of the earth) executes against air resistance
(Section 3.2). If the motion takes place under just the influence of
the acceleration due to gravity, then one speaks of vacuum
ballistics {Section 3.1). However, external ballistics also treats the
trajectories of rocket-assisted projectiles and rockets (Section 3.3)
and, as a special case, the dropping of a projectile in bomb
ballistics (Section 3.4).

Thus, if the whole process is divided up, external ballistics comes
between intermediate ballistics (Chapter 4) and terminal ballistics
(effect at the target).

341 The Trajectory in a Vacuum

If, in the simplest form, the gravitational acceleration g=9.81m/s2 1)
is only considered, and the curvature and the rotation of the earth
are ignored, then results can still be obtained, which in some
cases, come close to reality. This is true, for example, for very
high altitudes, for small projectile velocities, or large projectile
weights. These calculations are particularly useful for rough
approximations. By neglecting air resistance, however, they lead
to overestimation of range.

3141 The Trajectory
The trajectory can be computed from Newton's equation of motion
in the x and y direction

1) More precisely:
g =9.780490 (1+ 0.0052884 sin?f§ —0.0000059 sin22f}), where f§
is the geographical latitude.
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d?y

and m Fre i —mg @
with the initial conditions (t =0)
x=0, (3)
y=0. (4)
dx p
FTa Vo COSJg, (5)
d e
and E)ti= Vo Sindy, (6)
where

x is the horizontal coordinate of the trajectory,

y is the vertical coordinate of the trajectory,

t is the flight time to a point on the trajectory (x, y),
3, is the angle of departure,

m is the mass of the projectile.

By integrating Equations (1) and (2), and using the initial condi-
tions (3) and (4), one obtains the coordinates of any point on the
trajectory at a time ¢:

X =votcos, Q)]
and y= votsinso—-%ﬂ, . (8)
from which, after eliminating the time ¢, the equation for the trajec-
tory becomes:

gx?

=xtandg— —5——+"
Y= X0 52 cos? 9, ®)

This is a parabola which is symmetrical about the ordinates y ¢ of
the apex.

Figure 301 shows a trajectory parabola, indicating the most
important quantities.

The relationships between the quantities in Table 301 can be
obtained from Equations (7) to (9), (12) and (13).
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Figure 301.  Trajectory parabola.

Of these equations, only the relationship between the vertex height
ye and the total flight time T is mentioned here because of its
practical significance:

yo=2r2. (10)
8
This expression, known in the literature as Haupt's equation, is
only exact in a vacuum, but can also be used in the atmosphere
as a good approximation for estimating the vertex height [1].

3.1.2 Parabola of Safety

If, for a given initial velocity v, the angle of departure 9, is varied,
one then obtains a family of parabolic trajectories with the en-
veloping curve symmetrical about the y axis (Figure 302):

vi gx?

Figure 302.  Parabola of safety.




Outside of this so-called parabola of safety, no target can be hit
with the v, specified. Each point on the enveloping curve can be
reached by only one trajectory. However, all points inside the
enveloping parabola can be reached by two trajectories. Targets
lying below the trajectory for 3, =45° can be reached both by low
angle fire (9, < 45° and high angle fire (J, > 45°). For targets on
the horizontal line the sum of departure angles 3, of these two
trajectories is 90°.

3.13 Firing on an Inclined Plane; Lifting the Trajectory

If the line to the target makes an angle y with the horizontal line,
we have for the range

_ 2vd cosYysin(8,—7)

X ,
14 g cosz,y (12)
and for the flight time
2 i —_
r=%% in(so_’l (13)

g cosy

In order to hit the target A (Figure 303), the trajectory must be
lifted, i.e., the superelevation angle 3, must be added to the angle
of site 7. One terms the overall angle J, the elevation.

Figure 303.  Firing on an inclined plane.

If, for sloping ground (uphill or downhill), the same superelevation
angle is used as for level ground, then a round will normally fall
short for positive site angles, and overshoot for negative ones.
However, for small site angles 7, this error is small.
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able 301. Formula for Trajectory Calculations.

In vacuo In air S
Firing altitude Firing altitude y, # target altitude, Site angle + 0 For flat trajectories after d’Antinio3) X AT
=target altitude | (f.i. bomb dropping) gle Mach number M > 1.5 M .w '@ .
x Abscissa of any point vl 4,9 =
on the trajectory Vol COS g volcosd, votcos9, . mm - e
<6~ & |
. . e~
y Ordinate of any point . g g gx? . g 2 T
on the trajectory votsing, ) t2 Yo+ <o~w3wollm.~n xtand, l.mvmogm xtand, — MI 1 —5ax ‘m 1...a
t Flighttimetoa point X X X x W m
f  onthe trajectory (x,y) Vo €089, Vo C083, voC0s9, Veoll—a'x) _m o
L
v, Component of the ve- . o
locity vinthe xdirection voC0sdo vocosdo Viol1~a'x)? 0 2
Q c
€ 9
v, Component of the ve- g g _.9 1 a2 8 ®
— locityvinthe y direction Vosindg —~ gt vosind, - gt v,tan3, v, dlm.x+ (1-a° x) u m
‘s ©
v Velocity at a point on _ Iy Vo -y 2 £ 5
the trajectory (x, y) vs— 29y Vvs-29y Vo(1—a'x) m s
S O
xg Abscissa of the vertex | v . vi X 1-}a'x ©) ]
of the trajectory 29 sin23, Mm@:m.eo 2 oY .A_._u S
; . . o ©
yg Ordinate of the vertex vi . vi g g ., X2 a'X\? a'xg ©
of the trajectory Yot 3g sin?8, 29 sin28, = ¢ T2 s P\ =% -5
tg Flighttime to the Vo . Vo . X
—sind -= 8in _
vertex (xg. ¥g) g 0 g o veoll—a‘xg)
v3 . v2 2v3 cos?3, 1 v
X Range Csin29, L 0%sin28, + ZY0 C95°%0 tangy—tany) 1) | - (1- [V
g 29 g cosy a Vio
v 2 2v3 20 o
+/\Am|nm5m.¢ov +|@-<ooom 9 a5
oo
2vy . 1 ; ) 2v, X 554
T Total flight time 0 sing ([/v3sin23g + 2gy, + vosindy) % cosdyftan9y,—tany) 2) | — T =220
g g (o g 0 ot <2GYo t Vo () g () 0 7 Veo(1—a'X) 5 w.m
oOOG
ve Final velocity Vo V/v3+2gy, vo(1—a'X)? —u —M m u.mv
- o
vZ 1 Ay v3 %% 62
X,, Maximum range ° V/v&+2gy o 880
" 9 g nror e g(1+sin;) 228
¥m Maximum altitude v + ve Boq 2
(vertical) 2g Yo+ 34 caeS
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Using the “fishing rod principle” (Figure 304), the trajectory can
be determined as the resuitant of a uniform motion in direction
of the initial departure elevation, and a uniform vertical accelera-
tion. If Q@ — P is established for a set flight time ¢, so that x* and
x make the angle 9,, then for a muzzle velocity v, and elevation
3o. P gives the position of the projectile after t seconds.

y‘--?—e’ xzx'cos &,
y=x*sindy-y*

e X

Figure 304.  Trajectory determination using the “fishing rod
principle”.

Lifting the trajectory, in accordance with the “fishing rod principle”
(Figure 304), gives valid approximations also under atmospheric
conditions for small angles of elevation and lifting. It is a better
method than that given previously for the lifting of the trajectory.
By changing the angle 3, (Figure 304), which corresponds to the
elevation 9, (Figure 303), i.e. by lifting the “fishing rod” up and
down, any trajectory can be determined.

3.14 The Beaten Zone

The beaten zone (Figure 305) is understood to be that distance
AX in the target area, in which the flight altitude y is less than or
equal to the target height dy.
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The following considerations are interesting because, for a given
target height 4y, they give a clue as to how precise the range
measurement X must be, and how great will be the hit probability
which is dependent on AX.

N\

Lo

Figure 305. The calculation of the beaten zone.

The general trajectory can be represented quite well by parabolic
curves. This is used to advantage for the last section of the curve.
From the trajectory Equation (9) (vacuum), one obtains the follow-
ing relationship:

vZ vZ vZ
AX=?Esinwcosw— ;cosi’(v(—-ggsin%)—zdy). (14)

with the velocity at the target v and the impact angle w. By using
the vertex altitude yg (Equation (10)), this can be considerably
simplified to
4
AX=2chotw(1— 1-24, (15)
Yo
For the case where 4y <y, which frequently occurs in practice,
this becomes

AX = Aycom)<1 +iy—) (16)
4ys
or, with the range X (Table 301),
t
Ax=Aycotw<1+"y°%). (17)

143

ha




These equations can be applied quite well under atmospheric
conditions, if, instead of 4y in Equation (16), one uses the quantity
3ys (DUFRENOIS) [2]; Equations (16) and (17) then become the
Equations

AX=Aycotw<1+—Ay (18)
3yes
4 t
and AX=Aycotw<1 4 4dyco 9’-) (19)
3Xx
or, based on the investigations of W. KRAUS [3],
t
AX = Aycota)<1 +34y°°i'r>. (20)
2X
3.2 The Trajectory in the Atmosphere
3.2.1 Aerodynamics of the Projectile

In addition to gravity, in the atmosphere additional air forces act
on the projectile, which unlike gravity are surface forces. The
projectile is surrounded by the atmosphere, which flows along the
surface of the projectile when in flight. Thus, a pressure force is
exerted perpendicular to each surface element; dueto the adhesion
of air molecules to the surface, frictional forces arise in a tan-
gential direction, as a consequence of the internal friction of the
air.

3.2.1.1 Air Resistance (Drag)
The Prandtl expression for an air resistance law reads
—c & 2T 2
W=c, 2 v dz, (21)

where
W is the air resistance (the drag),
c,, is the dimensionless drag coefticient,
¢ isthe air density,
v is the projectile velocity,
d is the diameter of the projectile.
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One can easily see from the basic structure of this law that the
drag W is proportional to the mass of air which the projectile
must displace per unit of time, thus,

W~ ovF, (22)
where F is the cross-sectional area of the projectile.

Since in accordance with Newton's law of motion, the force is
equal to the rate of change of momentum, the resistance is pro-
portional overall to the product of “air mass times velocity”. With
the proportionality factor ¢,,, one then obtains Equation (21).

The dimensionless drag coefficient ¢, is in no way constant, but
depends on the shape and velocity of the projectile, and the state
of the air through which the projectile must fly; it thus changes
along the trajectory.

From analyses using dimensionless quantities, according to which
Equation (21) can also be derived, one finds that the drag coeffi-
cient ¢, again depends on other dimensionless quantities, the
Mach number

v
M=— (23)

and the Reynolds number
_vie
-
(Section 3.2.1.3), where
I is a characteristic length dependent on the projectile’s geo-
metry (for example, the diameter d or the length /),
a is the sound velocity,

¢ is the air density,
n is the dynamic viscosity of the air.

Re (24)

The Mach number is a measure of how strong the inertial forces
are in comparison with forces which arise from compression of
the air through which the projectile flies. The Reynolds number
indicates the ratio of the inertial to the frictional forces.

If the tangent to the trajectory of a projectile coincides with its
axis, only one air force arises in the case of rotationally symmet-
rical bodies, which is comprised of the pressure or wave resist-
ance, the frictional resistance and the wake behind the base.
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According to this, the drag coefficient is theoretically broken down
as

Cow = Cuw + CwR + Cwe (25)

where
C.w is the contribution of the wave resistance to the c,,,
cwr is the contribution of the frictional resistance to the c,,,
c.s isthe contribution of the wake behind the base to the ¢, .

Estimates of these factors are found in |. SZABO [4], among others.

For subsonic speeds (M < 1), the waves run ahead of the pro-
jectile; there thus exists a certain pressure equalization. For
supersonic speeds (M > 1), this is not possible; shock fronts are
formed. Thus, the pressure or shock wave resistance in the super-
sonic range makes a substantial contribution to the overall drag.
For subsonic velocities, friction and the wake behind the base are
the primary components of the drag.

Within a very thin layer, the Prandtl boundary layer, the air
molecules are carried along; they acquire a greater velocity than
those molecules which are farther away from the projectile. Only
at small Reynolds numbers Re are the flow lines nearly parallel
to the wall (laminar boundary layer), and at large Reynolds
numbers Re, vortices are formed within the boundary layer due to
the internal friction of the air (turbulence), which again break up
at the base of the projectile, and form a vortex path behind the
projectile base (Karman vortex path). They are, to a large extent,
responsible for the size of the wake behind the base. At subsonic
speeds, vortex formation can largely be suppressed by suitable
shaping of the projectile (dirigible shape). The practical realiza-
tion of the dirigible shape, however, is subject to certain diffi-
culties [5].

It proves to be the case that for thin pointed projectiles, the base
wake component can be up to half of the total drag, well up into
the supersonic range, while with increasingly blunter projectiles,
the shock wave resistance outweighs the frictional resistance.

In the normal case, where ¢, corresponds approximately to the
resistance coefficient c,,,, based on the Rheinmetall resistance
law and/or the German resistance law Nr. 2 (Figure 306), at a
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Mach number of 3 the breakdown of the individual coefficients is
as follows:

Cow Cwr: Cwg =0.13 :0.05 :0.11
=45%:17%:38%.

Figure 306 shows the ¢, values for various projectile shapes as
a function of the Mach number M.

In solving the main equation in External Ballistics (Section 3.2.2)
special laws of resistance (SIACCI, d'ANTONIO) are used as well.
For instance, in this form, the equation

- n
W=cn%v§ "vn o d? (26)
makes closed integration of the main equation possible (in d’AN-
TONIO n = 1.5). The coefficients ¢, remain dimensionless because
of the factor v3™".

Numbered among these formulas of the laws of resistance is also
the relationship

W=mcf(v), (27)

where the drag W is determined as a function of the projectile
velocity v, by means of the function f(v). The quantity ¢ is called
the ballistic coefficient.

3.21.2 Aerodynamic Forces in the Case of Non-axial Flow

In contrast to the hypotheses set up in Section 3.2.1.1, in reality,
the axis of the projectile always makes an angle to the direction
of flight (angle of incidence x«, Figure 307). In oblique incident
flow the component of force acting perpendicular to the drag W is
called lift A. The resolving of the aerodynamic force in the direc-
tion of flow (flight direction) and perpendicular to it, i.e. into drag
and lift, can also be replaced by resolving in the direction of the
projectile axis, and perpendicular to it. In this way, one obtains the
tangential force T and the normal force N. Since the center of
pressure D does not normally coincide with the center of gravity
S. one obtains also a turning moment about the center of gravity,
the turning moment M, of the aerodynamic force. By analogy
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Figure 307.  Aerodynamic forces acting on the projectile.
v=incident flow velocity, «=incident flow angle
(angle of incidence), D=center of pressure, S=
center of gravity, d =projectile diameter, /= pro-
jectile length, /s =the spacing between the center
of gravity and the projectile tip, /p =the spacing of
the center of pressure from the projectile tip.

with the Prandtl expression (Equation (21)), using the correspond-
ing coefficients ¢, ,, one can then write:

W = w—g—v"’ Z a2, drag, (21)

A = ca%vz Z a2, lift, (28)
e . )

T =ct-2- % ‘-‘d , tangential force, (29)
g .7

N = cn?vzi-d?, normal force, (30)
Q g .

M =cn 5 v27d3 . turning moment of the (31)

aerodynamic force.

For reasons of symmetry, ¢,, and ¢, must be even functions; c,, ¢,
and ¢,,, must be uneven functions of the angle of incidence a. For

_
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small angles of incidence a, one thus obtains, by series expansion,
the relationships

¢w={Cwlo: (32)
¢, =(Ce)o. (33)
Ca= ((Zc; )O a, (34)
Cp = (:i )oa, (35)
o = (‘%ﬂ)o . (36)

where the quantities marked with the 0 subscript refer to the
incidence angle x=0.

For the sake of simplicity, the following symbols are introduced’):

o = (96

ci= ( = )o (37)

cn E( ) (38)
and s< ) (39)

for which the equations below, based on geometrical relationships
(Figure 307), apply with the same approximation:

Cy =C,, (40)
¢, =Cy+cC, (41)
and chL=cl, ‘IDE—IS- . (42)

On top of this, due to spin and projectile oscillation, the following
forces and moments appear:

Cyve ™ as, Magnus force, (43)

K=o yvar,

1) The asterisk * indicates the particular derivative with respect
to a at the point a=0.
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damping force, (44)

roll braking moment, (45)
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Magnus moment, (46)

n
4 ds, damping moment, (47)

where w is the angular velocity of the shell and & is the time
derivative of the angle of incidence «.

x
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O
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<
Q-
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For practical reasons, R.E. KUTTERER [5] introduces the resist-
ance coefficients ¢, as

b4
J) E.
so that Equation (43) assumes the more convenient form for
numerical calculations

K = cKutterer) oy g3 (49)

e =c., (48)

The coefficients ¢, and c; are uneven functions of the incident flow
angle a. so that the following relationships can be given as above:

dey
Ck—<d7>oa (50)
dc,
d = ) a. ’
an c; <da>oa (51)

Corresponding to Equations (37) to (39), one can also define:

. __ dck
e = (Ta )c, (52)
dc
* — _L
o _< da>o (53)
dM
and M; = (EL> . (Section 3.2.3.3) (54)
(o]
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If I, is the distance of the center of pressure of the Magnus force
from the tip of the projectile, we have further
ci=cy (lk—1s)/d. (55)

In order to get an idea of the order of magnitude of the aerodynamic
coefficients, these are now given for a 20 mm projectile (Figure
308) [5].

—Ja7el— l
le — 254 J
s¢ ‘

Figure 308. 20 mm projectile (drawn schematically).

L
d
Is

=5 Mass of the projectile m =0.1149 kg

= 26.5 (D =rifling length = pitch of the
rifling)

With these dimensions, the following aerodynamic coefficients
result for the Mach number of M= 1.54:

Cy = 0.40 ¢} =084
¢, =235 %:2.091)
ch =275 [—K=3.7')
d
¢, =187
¢y =094 c.x5.1
¢, =20 c;*3x10 3to8x1073

1) Cf. Section 3.2.3.5.2
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3.21.3 Laws of Similarity and Modelling

if, in determining the aerodynamic coefficients, one is forced to
make a model to a scale different than that of the original, the
geometrical similarity of the bodies does not necessarily entail
the similarity of the flow processes around the projectile. Certain
laws of similarity must be observed between the model and the
original:

(1) If geometrical similarity is achieved, therefore, the ratio of
homologous pieces is constant

=4z, (56)
furthermore, the following conditions must be met
@ Re=2_evI (87)
n n
and
v v
3 M = 253 (58)

where 7 is the dynamic viscosity of, and a the sound velocity in
the corresponding gas. Here, the ' index indicates the model. The
quantity A designates the scale ratio.

The geometry of the model should also ensure a similar surface
character as far as possible, in order to attain similar boundary
layer behaviour.

Where the laws of similarity (56) to (58) between the model and
the original are met, the aerodynamic coefficients of the model
and the original are the same, so long as one remains below the
hypersonic range of M =5. For M < 0.5, the laws of incompressible
flow are a good approximation, so that condition (58) can be
neglected (Section 3.2.1.1).

Often, for very large Reynolds numbers Re, only Equation (58)
must be fulfilled. So that similar boundary layers exist, however,
Re and Re’ may not both be around Re,x 108'), since in this
range the boundary layer goes from laminar to turbulent flow.

1) Taken with reference to the projectile length /.
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For flat plates and slender bodies of revolution, we have as the
coefficient of friction for laminar flow

Ct (laminary = 1.328 Rej1/2 (59)
and for turbulent flow

Ct (turbutent) = 0.074 Rey'/5, (60)
corresponding to boundary layer thicknesses of

O (1aminary =5 Rer1/2] (61)
and O (turbutent) = 0.38 Re[ /5[, (62)

Those coefficients, which are for the most part a function of
frictional phenomena, as for example, the Magnus force, depend
primarily on the boundary layer behaviour. When converting
from the model to the original, for instance, in the case of
turbulent flow with Re> 108, the result for these coefficients
using Equations (57) and (60} is

, d\-V/5
CL.o=C.0 (F) . (63)

3.2.1.4 The Atmosphere

The troposphere, which is quite shallow in proportion to the radius
of the earth (6378 km at the equator), and the adjoining lower-
most layers of the stratosphere, are approximately the altitude
levels through which artillery fire will normally pass.

The standard values for the atmosphere have been introduced
into international civil aviation since 1952, and established in the
ICAO standard atmosphere?), which is used for most firing tables.

The established values for temperature, pressure, density and the
sound velocity in dry air, as a function of altitude, are summarized
in Table 302; they are shown in Figure 309, up to an altitude of
20 km. .

1) International Civil Aviation Organisation
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Table 302. Temperature, Air Pressure, Air Density and Sound
Velocity for the ICAO Standard Atmosphere.

Alti- Temper- . Sound

tude H')| Layer |atureT Pressure p | Density ¢ velocity a

km K mbar kg/m3 m/s
Sea

0 level |288.16 1013.25 1.225 340.429
Tropo- T\5.2561 T \4.2561 T

0-11 sphere To-0.0065H po(f.-) %o (To> ao 70
Tropo-

11 pause 216.66 226.32H . 0.364 295.188

- 1_

11 65 |SUal01oi666 | px10T9802 [, 2 205.188

sphere . Py
(Hand H, in m)

The subscript 0 gives the values for zero altitude (sea level),
and the subscript 1 gives the values for 11 km altitude (tropo-
pause).

3.2.2 Trajectory Calculations

3.2.21 The Principal Equation of External Ballistics

To derive the principal equation, one starts again from Newton’s
equation of motion. After leaving the muzzle, the forces acting on
the projectile are the gravity mg and the drag W (Figure 310). To
describe the drag, which should only be effective in a direction
tangential to the trajectory, one works from Equation (27).

The equation of motion for the x direction then reads
m¥x

dt?

and for the y direction
d2y _

md—tz-——WsinS—mg, (65)

= —Wcosd (64)

1) Precisely speaking, we are dealing here with the geopotential
altitude. A geometric altitude of 100 km corresponds to a geo-
potential altitude of 98.454 km [1].
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Figure 310.  Elements of the trajectory.

from which, by replacing W from Equation (27) with

dx

dt = vcos$ (66)

dy .

S = 7
and dt vsind (67)
the following equations result:

d{vcos3)= —cf(v)cosddt (68)
and d(vsind) = —cf(v)sinddt—gdt, (69)

which show the relationships between v, $ and t.
Substituting dt from Equation (68) in Equation (69) leads to
| gd(vcos9) =cvi(v)d9. | (70)

This equation is designated the principal equation of external
ballistics. For a constant ¢, it contains only the variables v and 3.

From Equations (66) to (68) and (70), we have, for the trajectory
coordinates x and y, as well as time ¢, the relationships

V2
dx= ——d3, (71)
g
V2
dy=—~g—tan9d9 (72)
and dt=— " _d8 73)
T gcosd ' (
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which can be integrated, since from Equation (70), the trajectory
velocity v is known as a function of the angular coordinate 9.

According to Equation (21), the drag W is proportional to the
cross-sectional area of the projectile —Z—dz; in accordance with

this, and based on the equation of motion (64), the acceleration
d2x/dt? of the projectile is inversely proportional to the mass
relative to its cross-sectional area, i.e. to the ballistic coefficient
m
Q= it (74)
—d=?
4

For similar projectiles, the ballistic coefficient based on Equa-
tion (74) is generally proportional to the caliber.

3222 Integration of the Principal Equation

Analytical integration of the principal equation is only possible,
either with certain simplifying assumptions, or by basing the work
on a special analytical expression for the drag (Section 3.2.1.1).

The general integration has to be carried out on electronic com-
puter facilities, using approximation methods (1], (5], (7], [8]. (for
example, based on RUNGE-KUTTA [9]), which solve the system
of differential Equations (70) to {73) in-a short time.

3.2.2.21 Calculation of the Trajectory with a Constant
Resistance Coefficient ¢,

For small velocity ranges, and thereby short flight paths, the
assumption

c,, = const. (75)

is permissible. For short flight paths, moreover, the influence of
gravity, and thus the bending of the trajectory path [1] is small.
Generally beyond this, particularly for small caliber projectiles
(Equation (74)), the delay due to drag is considerably greater
than the acceleration due to gravity, or, W/m >g. With these
assumptions, and with the initial condition (x=0),

v=v,, (76)
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the following relationship can be derived for the trajectory veloc-
ity from the principal Equation (70):

2
cwend? s),

8m (77)

v=v°exp<-

where s is the arc length of the almost linear trajectory. Equa-
tion {77) can also be derived directly from Newton's equation of
motion:

mé=—w, (78)

where the drag W, acting in the flight direction, can be computed
from the Prandtl Equation {21):

m§=—cw%s'2%d2. (79)

With the initial condition (76), one again obtains expression (77)
as a solution to this differential equation. It is useful for determin-
ing the drop in velocity

Av=v—y, (80)

over short distances; in particular, for very short ranges 4s
(series expansion!), it simplifies to
¢, ond?
Av=—-"">"— vy, 4s. 81
v 8m 04 (81)

Equation (81) is used for calculating the v, increase.

3.2.2.2.2 Trajectory Calculation According to SIACCI

This trajectory calculation is based on the aerodynamic resist-
ance law

W=mcf(v) (82)
devised by F. SIACCI [10] with the ballistic coefficient
1000 id2g 1
% =1206 m (H) (63)

where the projectile diameter d has to be inserted in meters, and
the density ¢ in kg/m3; j is a shape factor relating to the drag
of the projectile.
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SIACCI gives the following analytical expression for the function
f.(v) [10]:

fs(v) =0.2002v — 48.05 + [/(0.1648 v—47.95)2+9.6
0.0442 v (v — 300) m_2
371+ (v/200)'° '

82
in which the velocity v is recorded in m/s. The method is limited
to smali and medium departure angles (3, < 45°), since it provides
good approximation values only in this range. To solve the prin-
cipal equation of external ballistics with the air resistance law
(82) to (84), approximation assumptions are made. These are
taken into account by a compensating factor f§, where in general,

o=y (85)

84

is introduced. For small departure angles, f=1.

When three of the five quantities v,, 3,5, ¢;, X and T are known,
the tables set up by FASELLA make it possible to determine the
remaining two. Figure 311 shows a graphical representation of
these tables. The following equations apply:

X

fo=" (86)
sin29, .

f=-mc"0

1 X (87)

fy= 192-,5 % (88)

The diagram provides the quantities

fr =1 (vo. ), (89)
fy=1f3{vq.fo). (90)
From additional family of curves,
_AX v
fuvo. fo) = X Ar’o ) (91)

the range variation 4X can be determined as a function of the
change in muzzle velocity 4v,.
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An exampie will illustrate the diagram.
1 1
Given: 7= 0.5 ;; Vo =800 m/s; X = 4000 m;

Av
in addition —% = 1%.
Yo

One finds:
fo, =0.5 x 4000 = 2000,

f; = 0.000025% (from the diagramj.

sin 29, = 4000 x 0.000025 = 0.1,
90 = 2.870,

f; =36 % (from the diagram),

_ 3.6 _ 36
T 0.5xcos287° 0.5 x 0.9987

For a change in v, of 1%, one obtains
f, =1.40 (from the diagram)
and AX =4000 x 0.01 x 1.40 =56 m.

=72s.

(86")
(89)
(87
(90°)

(88")

(91
(91)

3.2.2.23 Calculation of the Trajectory According to d’ANTONIO

(Mach number M > 1.5)

The flight path for flat trajectories can be determined according
to d'ANTONIO from the principal ballistic Equation (70), and ex-
pression (71). Flat trajectories occur with direct fire at a high
velocity v; the angle between the line of sight ard the axis of the
bore is small. Because of the short flight times, the influence of
gravity can be neglected (see 3.2.2.2.1) for an almost flat tra-
jectory, so that the projectile path can be described solely by the

coordinate x (unidimensional function).

162




Using this approximation, we have

cos J = const., (92)
therefore dx =cosdds, (93)
with which the following relationship is produced from Equations
(66) and (68):

dv=—cl(v)qv—s; (94)

with the special assumption of the resistance law (26), with n = 3/2
according to d’ANTONIO, and Equation (27), this leads to

= e a2yt g2 U8
dv Ca2 om Vo2 v 3 a2 S (95)
or following division by dt, with
ds
v= E; f (96)
dv 0 n
to a”t“ = _03,2 5‘,; V01/2 V3/2 Z d2. (97)

If the deceleration of the projectile dv/dt, due to drag according
to Equation (97), is now derived directly from Newton’s equation
of motion, as in Section 3.2.2.2.1, one obtains_expression (79),
assuming a straight line trajectory. If the following relationship
is introduced into this equation for the drag coefficient,

Cw =Cyo VoV, (98)
as well as, in accordance with Equation (96),

dv .

d? =8, (99)

one can also obtain the following relationship for the projectile
deceleration

dv @ 2,27 g2
-= - - d2. 0
o Cwo om Vo' 2V¥2 4 d (100)
A comparison of Equation (97) with Equation (100) shows that
€312 = Cwo (101)
applies.
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Equation (97) can be integrated directly: With the definition

c nd?
A= (102)

we have from Equation (97)
%—:: ~2a V01l2 v3/2 (103)

integrating once, using the initial condition (t = 0)

=Vg, (104)
leads to KV‘!= (1 +aveh?; (105)
from which, by using expression (96), one obtains the projectile

travel s as a function of time {, which, with the initial condition
(t=0)

s=0 (106)
has the form (1 — as) = 1ha v(_,t (107)
or following transformation

$= 1‘+y§t\7¢t ’ (108)
or t =§; - _168. (109)

By combining expressions (105) and (107), one obtains the pro-
jectile velocity v as a function of the projectile travel s:

v=v,(1-as)2. (110)

Additional useful relationships are found in Table 301.

The given relationships are generally valid within a velocity range
of M > 1.5, since the drag coefficient c,, then lies sufficiently out-
side the critical range M~ 1. H. MOLITZ [1] points out that the
approximation n = 3/2 for the resistance law (26) covers a greater
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velocity range, since, in the supersonic regime, the c,, curve can
be approximated over quite a wide interval by a curve

Cy = Cy \/Z:, {c, =const.) (111)

which just corresponds to relationship (98).

If one is limited to integer exponents, then the quadratic resistance
law holds in the subsonic range. However, in the supersonic
range the linear law is a better approximation to reality.

3.22.24 Maximum Range for a Known Ballistic Coefficient
and Muzzle Velocity

The maximum X, in the atmosphere can be determined by means
of Figure 313.

First from Equation (74),
m

=;[—' ¢
—~ g2
4d

the ballistic coefficient Q and its reciprocal value 1/Q must be
calculated with the mass of the projectile m and the projectile
diameter d. From the diagram in Figure 313, one takes the maxi-
mum range X,, under atmospheric conditions, where the ballistic
coefficient Q and muzzle velocity v,, are specified. Furthermore,
the departure angle 3, and the flight time T, which are associated
with X, can also be read. The graph is based on the c,,, values
according to the Rheinmetall resistance law (Figure 306).

The correction factor i (Figure 313) takes into account the divergent
behavior of different projectile shapes, from this resistance law
(Section 3.2.2.2.2),
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3.2.23 Approximation Solutions

3.2.2.3.1 Determination of Trajectory Parameters from the
Range Ratio

Assuming the same muzzle velocity v, tor rounds fired in a
vacuum, the ratio
A= X 112
=y (112)
of the range X(9;), for any departure angle 9, to the maximum
range X.,, when 3, = 45°, is derived in accordance with Table 301 as

/=5sin29;. (113)

This expression is also approximately true under atmospheric
conditions for small muzzle velocities v,, and very large ballistic
coefficients Q (Equation (74)). It is represented in Figure 314 as
the dot-dash curve.

If the departure angle 3, is known, the range X can be determined
approximately, from the maximum range X,,, deduced from Sec-
tion 3.2.2.2.4 (Figure 313), and in accordance with Equation (112)
and this dot-dash curve: vice-versa, where the range is known,
an approximation can be made for the departure angle.

g

2 8

—= Range ratio \

£

A
X

o
1
H

L

o -

0 % 30 % L 45 S0 % of 64
————= Departure angle o(™

Figure 314.  Range ratio 4 as a function of the departure angle 9.

o
S
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The remaining three curves, which apply to 20 mm, 105 mm and
155 mm calibers in the atmosphere, show the exact range ratio,
where the maximum range X,, is again taken from Figure 313; the
ranges X as a function of the departure angle 3, derive from the
firing table (experimentally). The greatest deviations from the
range ratio in vacuo appear with 20 mm caliber rounds.

3.2.23.2 Approximate Graphical Representation of the
Trajectory
(According to R. SCHMIDT)

If the measurable quantities, the departure angle 3,, range X,
and flight time T are known, a good approximation of the trajectory
can easily be constructed (Figure 315) following R. SCHMIDT
{2}, [11}], [12]. The procedure is based on the Haupt Equation (10)
which relates the zenith altitude y  to the flight time 7 and assumes
the form

yo=123T2, (114)

it yg is given in meters and T in seconds. In the point by point
construction of the trajectory curve, one can also make use of the
property of a parabola, that the line joining two tangent midpoints
(tangent midpoints = midpoints of the distances between the inter-
secting point of the tangents and the points of contact) is also a
tangent.

Figure 315.  Approximate graphic representation
of the trajectory.
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A line drawn parallel to AZ, at a distance of y, intersects at B the
ree arm pivoted from AZ upwards about A, to enclose the angle
3. It AB is extended out beyond B twice as far, the point C is
obtained. The line CZ intersects the parallel to AZ at D. D is the cen-
ter of CZ; G is the center of BD. If the center of AB (point F) is
joined to the center of BG (point E), one obtains a tangent to the
trajectory which touches it at G, (the center of FE). The points
G. G,.. .. are points on the trajectory, the straight lines through
BD, FE,... are tangents to the trajectory. The descending branch
of the trajectory can be drawn in a similar fashion.

3.2.24 Perturbation Calculation

The basis for artillery firing is the firing table, which is based on
standard values. Deviations from them are taken into account in
correction tables, for example, the tables of corrections for non-
standard ballistic conditions'), which specify what the gunner has
to do so that the normal values are achieved in the presence of an
irregular condition.

Figure 316 shows an extract from the BWE tables for the firing
table produced by Rheinmetall for the 105 mm howitzer (L). The
air temperature variations refer to the standard 288 K. The different
corrections for increase and decrease result from the fact that they
represent particular compensating values in a range covering
several percent.

The relative variation in the range 4 X/X due to disturbances can
be determined from

Al(_tanso—tanu)<gc,~+@+2zld Am)

X tan w Cw 0 d m
3tan 3, —ta éC\A Vo ) .
+ ana ( cwivo + (cotw —tan Jy) 49,4, (115)

1) In German these are BWE tables (Tafeln der Besonderen und
Witterungs-Einflisse).
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1300 {1.8 |-1.8 | 0.6 |-0.9 | 1.0 |-1.9[-1.4 2.2 (.9 9
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2900 [ 3.1 |-2.9 |33 |-3.6 |7.7 |].8.5/-3.8]3.6 }-12] 12
3060 [ 3.1 [-3.0 |3.5 |-3.8 82 |-891-40738 f-12}13
3100 13.2 |-3.0 | 3.7 [-4.0 | 8.7 |-9.4 [-4.2[4.0 j-12 } 13
3200 | 3.3 |-3.1 3.9 |-4.2 9.2 |-9.8|-4.4 |42 |12} 13
3300 | 3.3 [-3.1 [e1 [-e.a |97 [ra3 a6 [aa ]2 (13
3400 | 3.4 [-3.2 | 4.4 |-4.6 [10.2 |-109]-4.8 14.6 j-12 1 12
3500 |34 |.3.2 [4.6 [-4.8 [10.7 J-1r3]-s0 48 J-12 112

Figure 316. BWE Table (Table of non-standard ballistic condi-
tions) for the firing table of the 105 mm howitzer (L).

The projectiles are broken down into weight classes. The symbol [3 [
in columns 18 and 19 means that the table is valid for a medium pro-
jectile weight within a certain range; these magnitudes as well as the
deviations [ are specially listed in the firing table.
Translation ofthe box-headings:6.Ladung =Charge6; Entfernung =Range;
v-Anderung =Change of v,; Langswind 1 Knoten =Range wind 1 knot;
Lufttemperatur =Air temperature; Luftdichte=Air density; GeschoBge-
wicht=Projectile weight; Abnahme=Decrease; Zunahme =Increase
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where

is the dimensionless drag coefficient,
is the air density,

is the projectile diameter,

is the mass of the projectile,

Vo isthe muzzle velocity,

3o isthe departure angle,

w isthe impact angle.

[2)
2

3 am

For flat trajectories (3, < 5°). the factors by which the coefficients
are multiplied in Equation (115) assume the following values:

tando—tanw . s

3tan 9, —tanw =2...05,
tanw
cotw-tan9,=09...05.

The influence of the mass of the projectile and the propeliant data
on the relative change in the muzzle velocity dvy/vy can be
estimated from the following relationships:

Ao_ o3, —0s4™ (116)
Vo m

Ao _o5. . 074Me (17)
Vo me

{m_ = the propellant mass),

A_V"_o =0.0005...0.002 At, (118)
[¢]

(4t. = the change of the propellant temperature in °C).

Influence of cant:')

If the gun tube of a weapon is canted through the angle 4 8 about
an axis, which makes an angle ¢ with the planned firing plane, as
shown in Figure 317, the elevation $, then changes by the angle

1) Cf. Section 6.2.2, Trunnion Tilt and the Resulting Aiming Error.
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Figure 317.  Cantof a gun tube.
S = point of rotation of the trunnion axis,
M = muzzle of the tube.

49, = —tan9, (1 —cos Af8) +sinosin4f; (119)
the azimuth error —4 ¢ becomes
—Ao=cosagtan$, - 4f. (120)

In Equation (119) the quantities ¢ and 49, are assumed to be
small; in Equation (120), 4 § is also considered smalii.

If the cant axis lies in the firing plane (¢ = 0), and if the quantities
48,49, and Ao are measured in mils (7),

1
- = —— - 2
49; 5055 120 91(487) (121)
and d6™ =tan9, 4f”. (122)

The projectile is also subject to disturbances after it has left the
tube. The most important relationships for the correction of these
influences are given below.

Influence of the head or tailwind:

if there is only a head or tail wind v, (v, >0 is a tailwind,
Vax < 0 is a headwind), the changes in the muzzle velocity dv,
and the departure angle 49, are
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Avo_

—wx
v v cos 9, (123)
and ASO—-— sin 9y; (124)
Vo
from which the resuiting range is
eX dvy X
X=X(vo. 8) + Vo =— av, 04 aso 485 +v,, T, (125)
where the quantities
17 o and X
v, 29,

have to be taken from the correction tables (BWE tables, see
page 170).

Influence of a crosswind:

If there is only a crosswind v,,,, the range X is retained; however,
there will be a lateral deflection in the direction of the wind (see
also Section 3.3.2.1):

X - i
Z=v,, (T— W,}EQ‘O)' (Didion equation) [1].
(126)

Influence of the spin:

In the case of spinning projectiles, the lateral deviation Z (deviation
to the right in the case of right hand spin) can be approximately
defined as

Z=KXtan$,, (127)
where K 2 0.03...0.04.

The rotation of the earth about the north-south axis causes a
centrifugal force to appear (taken into account in the acceleration
of gravity g (page 137)), as well as the coriolis force, and thus a
longitudinal and also a lateral deviation.
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is the range,

is the flight time,

is the departure angle,

is the impact angle,

is the geographical latitude, and

is the deviation of the direction of fire in a clock-
wise direction from north,

T ME X

then the rotational coefficients are given by [13]:
A =0.00002431 x T[346 4 X (35 1o') + 1.8X cotw], (128)

B8 = 0.00003646 x T x X (3 tan 9 “"’,‘E"), (129)
tan 9, + tanw
19tan 3, + tanw
=0.00001215x T x X - tan { (.—. ° _>
c=000 X X-tan 8o 7tan 3, + 3tanw (130)

Here, the fiight time 7 is in seconds. The quantity 4X (8, 41¢/)

corresponds to achange in the range X, for an increase of 10 angle

minutes in the departure angle.

Influence of earth rotation on the longitudinal deviation:
A4X=Acosising. (131)

Thus, the range is increased when the direction of fire is to the
east and decreased when it is to the wést.

Influence of earth rotation on the lateral deviation:
Z=8sinAi—~Ccosicose. (132)

For degrees of latitude where || > 10°, the first term of the sum in
Equation (132) is greater than the second; thus, there is, in general,
a deviation to the right in the northern hemisphere, and to the feft
in the southern hemisphere.

3.23 Stability and Tractability
3.23.1 Oscillation of a Spinning Projectile

The spinning projectile in flight acts like a rotating body (rotation
about the longitudinal axis), and obeys the gyroscopic laws [1],
[4]), [5), [14): The projectile is assumed here, to have its tip above
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the tangent to the trajectory, and to be spinning to the right
(Figure 318). The incident air flowing at a velocity v, which acts
at the center of pressure D, ahead of the center of gravity S, exerts
a moment on the body, and attempts to raise the tip further
(destabilizing moment). A fast running gyroscope though has
the property that it deflects perpendicularly to the direction of
the disturbing force, and here in fact in the sense that the tip of
the projectile does its best to line up parallel with the moment
vector (spin stabilization) [1]. The vector of the aerodynamic force
moment is perpendicular to the plane of the drawing, its head is
in direction to the observer.

Figure 318.  Oscillation of the spinning projectile.

Thus, as a result of the moment, the tip of the projectile moves
perpendicularly out of the plane of the paper. One observes an
“advancing of the axis of the figure”, i.e., the tip of the projectile
describes a circular motion (angle ¥} about the vertical (preces-
sion), which is superimposed on a second more rapid motion
(nutation, angle ).

The spinning projectile is considered to be stable, if the incident
angle x decays with time. At the outset, it is assumed that the angle
of incidence itself remains small; it is important though that an
incident angle produced by a disturbance does disappear [1].

3.2.3.2 The Oscillation Equation

To facilitate the calculation, complex numbers are used to de-
scribe the oscillation of the spinning projectile. If the complex
number plane is placed so that it is vertically intersected by the
trajectory tangent at its origin, then the specific axis position of
the projectile, which is established by the incident angle « and
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the angle of precession ¥, can be characterized by the complex
incident angle

{=asiny +ixcosy. (133)
By neglecting gravitational force, i.e. for almost horizontally

straight trajectories (trajectory coordinate s = x), the differential
equation for oscillatory motion applies

d2
ix ;+(A +iBy) —+(A2+182)g—~ (134)
with the coefficients
. nod? ngd“
=(c3 —Cuw) 57*’% 8J (135)
g, =< (136)
T v’
. mod?
Ay = —Cm-é-—J-q— (137)
d? d4w
and By=cyredf@_ medo (133)

aJ8mv ’8Jv

¢ isthe air density,

d is the projectile diameter,

m is the mass of the projectile,

J1 is the moment of inertia about the longitudinal
axis,

where

J, is the moment of inertia about an axis running
transversely through the center of gravity,
v is the projectile velocity,

w isthe angular velocity of the projectile.

For an explanation of the coefficients ¢,,, ¢y, ¢3, ¢, and c;, refer
to Equations (21), (47), (37), (39) and {53). For standard artillery
shells, which are similar in their geometry and design, the follow-
ing approximation applies:

J

-2x10. 13
Ji (139)

This ratio is considerably smaller for shaped charge projectiles.
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Figure 319.  Representation of the oscillatory motion in the
complex number plane [5];

{o=¢(x=0), Yo=¥(x=0).

With constant coefficients, one obtains as a solution of the differ-
ential Equation (134):

(=K, exp (iy)) exp[(xy +ipy) x] +
+ Ky exp (iy2) exp [(ky + iuy) ] . (140)

The motion of { can thus be represented as the rotation of two
vectors of lengths K, exp (k,x) and K, exp (k,x) in the complex
number plane. The vectors begin with the angles y, and y, and
rotate through the angles u,x and pu,x (geometric addition)
(Figure 319); their lengths change by the factor exp (x,x) and
exp (KpX).

Between the angular rotations per unit length u, and u,, the
damping constants k, and k,, and the coefficients (Equations (135)
to (138)) of differentiai Equation (134), there exist the relationships

Ay = —(ry +K3), (141)
By=—(uy + pa), (142)
Ay = —y pa, (143)
By =k + paky, (144)

where the term of the sum x, k5 in Equation (143) is negligibly
small and therefore omitted. The resuits of Equations (133) and
(140) is that the'incident angle x = 2(x) has a periodically fluctuat-
ing curve at an angular frequency of (u; — u,) v.
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The spacing between two maxima of the incident angle z, the
oscillation length, is thus

2n
Ly=- - (145
N Hy — Ha )

3.233 The MOLITZ Stability Triangle')

In accordance with Section 3.2.3.1, a spinning projectile is con-
sidered stable, when an incident angle produced by a disturbance
disappears again. A gyroscope, whose center of force is above
the point of support, does not tip over if, for the stability factor

Je? 2
S (146)
44 M?
the following condition is met (classic stability factor),
s>1, (147)
where the quantity M| is
e_ @ o7
ML=Cm§V22d3 (148)

in accordance with Equations (31), (36), (39) and (54). Though,
following the requirement (147), only the moment M of the aero-
dynamic force L is taken into account. If friction and other mo-
ments are also included in the considefations, then this leads to
the stricter condition

1

i 14
$> 450775 (149)
* md2 -
where §= Ca—TI‘C. (150)
T, ma?2
Gi—cCwt -0

Q

1) The presentation here is based on the modern treatment by
MOLITZ [1].

Jiw? sina
Precisely: s ="L- -,

2) Precisely: s dJ M,

with the approximation sina = «.

from which Equation (146) follows
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The relationship (149) becomes more apparent if

1
o= /1—g (151)

is introduced. It then transforms into

g>128 1], (152)
which is pictured in Figure 320.

100\

———ea
- e

0 05 1

—_—

Figure 320. The MOLITZ stability triangle.

Figure 320 shows the angular field in which the spinning projec-
tile is stable according to condition (149). Spinning projectiles are
thus stable if s > 1, and ¢ falls within the angular range specified
by condition (152). For fin stabilized projectiles (arrow projectiles),
where the center of pressure falls behind the center of gravity,
s <0, thus ¢ > 1; their image point falls in the upper part of the
angular stability field (Figure 321), and in fact, the smaller the spin,
the higher the point lies. For unspun, fin stabilized projectiles,

= -0, i.e. 0= +0; they are stable for any §. The spin of a
finned projectile limits the stability range, and the greater the
angular velocity w, the greater the limitation [1].

The factors s, § and o are directly related to the coefficients
A,, A, B, and B, (Equations (135) to (138)), and in fact,

B}
s=— v (153)
or with Equations (142) and (143),
2
o=+ ) (154)
4p 1y :
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Figure 321.  Regions of stability (s, s-diagram).

The corresponding result for the quantities ¢ and § are the rela-
tionships

1
o=g- VBl +44, (155)

or PR i Rl (156)
t + Ho
. B,
n 1 Ky — K3
==(1—06-—-). 158
or § 2( 0K1+K2) (158)
3.234 The Tractability Factor

During flight, the stability factor s (Equation (146)) continually
increases. Since M, is basically proportional to v2 (Equation (148)),

and w falls off significantly less than v (in accordance with
w? .
an exponential function), the term 7 becomes greater during

2
the flight.
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if the stability factor s is too great, the axis of the projectile can
no longer follow the tangent to a curved trajectory. With very high
angle firing, this leads to the well known effect where the projectile
strikes base first.

The requirement that the angle between the instantaneous axis
of precession for the gyroscopic projectile and the tangent to the
trajectory should be as small as possible, leads to the condition
that the tractability factor
=M
Jiwgcos 9’

(159)

which is substantially the ratio of the precession velocity dy/dt
and the change in the trajectory inclination —%cos 3, should be

as large as possible.
If the quantity M is replaced by Equation (148), we then have
ncL,ed3v3
= e——— 1
8J,wg cos 3 (160)

In addition, the tractability factor f, using Equation (146}, can also
be given as a function of the stability factor s:

Jvo 1
= ve 1 161
4J,gcosds (167)
The fact that s and f work contrary to each other, means that s
should not be made arbitrarily large in accordance with Equation
(147); in practice, projectiles with s =1.3...1.8 have proved to
be quite satisfactory.

3.23.5 Experimental Determination of the Aerodynamic
Coefficients and the Projectile Stability
3.2.3.5.1 Wind Tunnel Measurements

The usual measurement of three components (multiple component
scales) in the wind tunnel provides the drag, lift and position of
the center of pressure, as a function of the incident angle x and
the Mach number M. With these and using Equations (21), (28),
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(34), (37), (41) and (42), the coefficients c,,, ¢,. ¢}, and c;, can be
calculated, and from these, using Equations (136), (137), (153) and
(155), the stability factors s and ¢ can be computed. This is suffi-
cient in most instances.

The determination of additional coefficients requires considerably
greater efforts as regards equipment; in general, these coefficients .
can be more advantageously determined in a free flight test
facility.

3.23.5.2 Measurement in a Free Flight Test Facility

The trajectory of a projectile, which is excited to oscillations, can
be measured in afree flightfacility [1], [5], and from this the curve of
the incident angle a(x), and the precession angle ¥ (x) and thereby
the position of the projectile as a function of the projectile travel x,
is obtained over at least two maxima of x (Figure 322). Paper discs
have proved to be useful here, 20 to 30 of which are set up, one
after the other (for 30 mm projectiles, for example, packing paper
discs spaced about one meter apart). The separation between
two maxima of the incident angle a (Equation (145)) can be
estimated from
J

Ly=12...15 D, (162)
l rd

where D is the pitch of the rifling (axial spacing of the turns).")

Where a(x) > 0, knowing the geometry of the projectile, a(x) and
Y (x) can be deduced from the ovality of the penetration holes,
and measured as a function of the projectile travel. From this, the
quantities u,, uy, Ky and k5, are determined. It can be shown from
the general theory (Section 3.2.3.2) that

_ Y=y
M=y (163)
2 —
and fp = __%x_*‘ﬁ (164)
1

1) Cf. Section 11.5.1.
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Figure 322.  Oscillatory curve of the incident angle x and the
precession angle y as a function of the projectile
travel x through two maxima of a.

are valid (Figure 322), from which, using Equation (145), the
oscillation length follows:

LN = X2 - Xy. (165)
Based on this theory, if the functions x|cos (Y + 7, + u, x)| and
2|cos (¥ + 7, + py )| are plotted on logarithmic paper, the upper
boundaries prove to be straight lines, with the slopes r, and «,.
It is mostly adequate to assume for these values «, and ¢,, which
are assigned to the abscissas

L

xi=ximaxiTN' (166)
The stability factors s, g, $, as well as the coefficient c;, can be
computed, using the quantities u,, u,, x, and k5, in accordance
with Sections 3.2.3.2 and 3.2.3.3. The stability of the model being
investigated can be checked in the light of the MOLITZ stability
triangle (Figure 320), using s and §.

Other aerodynamic coefficients can be determined from the follow-
ing consideration:

The quantity c;,, as a function of the position of the center of gravity
Is (Figure 307), is determined by carrying out measurements on
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geometrically identical projectiles, having different positions for
the center of gravity /. Because of the linear relationship (Equa-
tion (42))

Ao —1s
Cm=cn %

the point of intersection of the straight lines c;, (/5) with the /g axis
yields the length /y; the coefficient ¢}, can be computed using this
in accordance with Equation (42).

If in the same series of tests the coefficient c,, is measured, then
the coefficient ¢; can be computed from the following relationship,
using Equation (41):

Cy;=Cp—Cy,- (167)
The coefficients ¢,, and ¢} result from a simple calculation using
Equations (135) and (138):

J 8m .
Ch= ”_7?‘;2 [@82 A‘l - (Ca - cw):Iv (168)
J 8J,mv
= - 4B b
G md? [ nd 02w 2 + Ca:l (169)
Because of the linear relationship (Equation (55))
. he=Ts
; =Ci i .

the position of the center of pressure for the Magnus force /., and
the coefficient c; can be determined in the same manner as above.

3.23.6 Fin Stabilized Projectiles

Fin stabilized projectiles differ from spin stabilized, in that their
center of gravity lies between the tip of the projectile and the point
of air attack (center of pressure) (Section 3.2.3.3). This is achieved
both by an appropriate mass distribution (center of gravity) and,
also by tail fins, by means of which the center of pressure is shifted
towards the base of the projectile. Tail fins are more effective when
they extend out beyond the caliber; failing this, the spacing
between the guide fins and the center of gravity of the projectile
should not be too small. Finned projectiles align themselves along

184




all sections of the trajectory, since their high degree of damping
brings any oscillation quickly back into line with the tractory
tangent.

Fin stabilized projectiles do not actually require any spin. However
they should be forced to rotate at a few hundred rpm, by canting
the fins slightly, so that, in this way, errors in the required tra-
jectory, due to small asymmetries in the projectile, are largely
balanced out. In this case, care must be taken that for n guide
tins, the roll frequency v, does not fall in the vicinity of the natural
frequency of the projectile oscillation; using Equations (31), (36),
and (39), the resulting requirement is

(o3 2 3
2nnve % eV IL (170)
Vv 84

The advantages of fin stabilized projectiles over spin stabilized
projectiles:

[0 The possibility of greater projectile length, and thereby greater
cross sectional loading, range and penetrating power,

[ the use of projectiles which are not rotationally symmetrical,

[ the possibility for projectile guidance by means of guidance
assemblies,

O the firing of warheads which are sensitive to spin (shaped
charges).

The disadvantages of fin stabilized projectiles with respect to spin
stabilized projectiles:

[J In general, a higher ¢,, value with respect to the cross section
of the projectile,

O more difficult to design projectile fuzes that will function with
safety,

[ to some extent, more expense to manufacture.

Energy losses due to friction (Section 3.2.1.1) cause a reduction
in the velocity and the static pressure of the flow behind the flying
body. The break-up of the boundary layer, such as primarily
appears in the case of blunt bodies (circular cylinder, sphere),
is always related to greater vortex formation and large energy
losses. A region of sharply suppressed flow forms at the back of
blunt bodies, the so-called dead water. Separated flows exhibit
particularly large amounts of dead water.
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The interaction of the aerodynamic forces on the projectile bocy
and guide assembly, their mutual influence (interference), plays
an important role and generally leads to the fact that the guide
assemblies are only partially effective. This is an additional diffi-
culty in the case of fin stabilized projectiles, as compared with
spin stabilized ones.

3.3 External Ballistics of Rockets

In contrast to the ballistics of projectiles lacking propulsion, which
have been discussed above, in the calculation of the trajectory of
rockets, thrust appears as an important new term in the motion
equations.

3.31 The Rocket Trajectory in Vacuo

The equation of motion for a rocket in vacuo, free of gravity, can

be written as 4
dv m
at Uggs (171)

dt

as was derived in Section 2.3, Internal Ballistics of Rockets (Equa-