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PREFACE

The Engincering Design Handbook Series of the Army Matericl Command isa
coordinated scries of handbooks containing basic information and fundamental
data useful in the design and development of Army muteriel and systems. The
handbooks are authoritative reference hbooks of practical information and quanti-
tative facts helpful in the design and development of Army materiel so that it
will meet the tactical and the technical needs of the Armed IForces. Several of
these handbooks give the theory and experimental data pertaining to interior,
exterior and terminal ballistics. The present handbook deals with the interior
ballistics of guns.

This handbook, Interior Ballistics of Guns, presents fundamental data, fol-
lowed by development of the theory and practice of interior ballistics, with appli-
cation to rifled, smooth-bore and recoilless guns. Included in the presentation are
studies pertaining to heat transfer, temperature distribution and erosion, together
with standard and experimental methods of measurements. Iinally, ignition, flash
and other special topics are explored.

This handbook has been prepared as an aid to scientists and engineers en-
gaged in military rescarch and development programs, and as a guide and ready
reference for military and civilian personnel who have responsibility for the
planning and interpretation of experiments and tests relating to the performance
of military materiel during design, development and production.

The final text is the result of the joint writing cfiorts of R. N. Jones, H. P.
Hitchcock and D. R. Villegas, of the staff of John I. Thompson and Company,
for the Engincering Handbook Officc of Duke University, prime contractor to
the Army Research Office-Durham. Many valuable suggestions were made by the
Interior Ballistics Laboratory and Development and Proof Services at Aberdeen
Proving Ground, Picatinny Arscnal, Frankford Arsenal and Springfield Armory.
During the preparation of this handbook Government establishments were
visited for much of the material used and for helpful discussions with many techni-
cal personnel.

Elements of the U.S. Army Materiel Commmand having need for handbooks may
submit requisitions or official requests directly to Publications and Reproduction
Ageney, Letterkenny Army Depot, Chambersburg, Pennsylvania 17201. Con-
tractors should submit such requisitions or requests to their contracting officers.

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

DISCUSSION OF THE PROBLEM

1-1 INTRODUCTION

The imparting of high velocities to projectiles
requires tremendous foree. The source of the energy
which supplies these forees must be readily manu-
factured, casy to transport, and capable of heing
safely applied. At various times, proposals have
been made for utilization of cnergy provided by
means other than explosives, such as compressed
air, eclectromagnetic foree, and centrifugal force.
Thus far, however, no results have been attained
from any of these sources which approach those
realized from chemical explosives.

Iuterior ballisties of guns (that branch of ballisties
dealing with motion imparted to a projectile by a
gun) comprises a study of a chemieal energy souree,
a working substance, and the accessory apparatus
for controlling the release of energy and for direeting
the activity of the working substance. Of eallied
interest is the mechanieal funetioning of guns and
accessories. General information on the types of guns
and their construetion and functions is given in
Reference 1. Referenees applieable to cach chapter
of this Handbook are given at the end of the chapter.

Since unneeessary weight is an unjustified logistical
extravagance, weapons are designed to operate under
greater extremes of temperature and pressure than
are usually encountered in the use of nonmilitary
engines. Beeause the time eyele involved is quite
small, there is not suflicient time for the consununa-
tion of slow processes such as heat transfer. Con-
sequently, it is necessary that the chemical energy
source also furnish the gascous products which in
themselves constitute the working substance, This
energy source may be a solid propellant, as in most
guns, or a ligaid fuel and oxidizer source, such as
is sonietimes used in rocket propulsion.

Propellants are studied fron several aspeets.
‘Ihermodynamice properties indicate the release of
us much cnergy per unit weight as may be con-
sistent with other demands, Studies of the mech-
anism of decomposition indicate the effeets of uncon-
troliable parameters such as ambient temperatuve,
Dynamies of the gases are necessarily a subject of
investigntion beeause  the kinetie encrgy of the
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propelling gases is an important part of the total
energy of the process, The study of motion of a
projectile inside the gun tube is not a matter of
simply applying Newton’s laws to the motion of
the projectile regarded as a point mass, but a
complicated study of the rate at which the high
temperature gas is evolved from the propellant; the
motion of the gas so produced; and the cffect of
this gas on the motion of the projectiie itself. The
passage of the projectile stresses the tube mechan-
ically and subjects the interior of the barrel to siding
friction. The passage of high temperature gases, in
addition to the high pressures generated, heats the
barrel to the extent that chemical interaction with
the metal itself occurs.

Interior ballistics is defined as the branch of
applied mechanies which deals with the motion and
behavior characteristics of projectiles while under
the influence of the gases produced by the propellant.
As an applied science it is still much of an art
and lurgely empirical. The phenomena with which
it deals are explicable in terms of well established
physical and chemical principles. Unfortunately, the
phenomena are complex and related in subtle and
obscure ways so that considerable experience and
judgment are necessary in the application of the
principles if trustworthy theoretical results are to
be derived. There occur in the formulation of the
theory quantities which are difficult to determine
by independent measurement beeause their proper
values for particular cases depend in obscure ways
on the particular circumstances of the case con-
sidered. They have the nature of empirical correction
factors whose values can frequently be estimated
only from the results of numecrous examples in-
volving comparison of the theory used with the
records of actual firings., The beginner is, therefore,
forewarned to be on his guard. All theoretical results
should be as firmly backed up by comparison with
actual firings as is possible. In this sense the theory
serves as a means of interpolation between, or
extrapolation from, existing designs.

The subjeet of interior ballisties of guns has been
investigated through more than 200 years, starting
with the invention of the ballistic pendulunm in 1743,



A very extensive literature has been built up, and
many  excellent texts are available, For general
background, the texts prepured by Cormev® and
Hunt" are recommended. Move speeifie treatments
have been made by Bennett' and Taylor and Yagi®,
A consolidated NDRC report, written by Curtiss
and Wreneh”, covers the work done during World
War T\ general treatment of the problem with
applications to guns is given in Referenee 7.

1-2 GUNF®
1-2.1 Defit:'tion

The term gun in this handbook, unless otherwise
indicated, may be token in its general sense, that s,
a projectile-throwing deviee consisting essentially
of a projectile-guiding tube, with an incorporute or
conneeted reaction chamber in which the chemieal
cnergy of a propellant is rapidly converted into heat
and the hot gases produced expand to expel the
projectile at a high veloeity,

1-2.2 Classification

For convenience of diseussion guns are classified
according to their salient features, funetions, modes
of operation, ote.' The boundaries of these classifica-
tions are not atways clearly defined, and the elassi-
fiecations and nomenelature are often traditional.
The classifieations are useful, however, and are in
common use, ‘The prineipal one is based roughly
on size and portability and elassifies guns as small
arms and artillery, Small arms are in general less
than 30mm in caliber and are usually portable by
foot soldiers. Artillery consists of the larger weapons
usadly mounted on earviages and moved by other
than human power. Small arms are more variable
in design and function, They inelude sueh weapons
as rifles, machine guns, pistols, ete, Artillery weapons
include guns (speeifie), howitzers and mortars. Guns
(speeifie) inelude those firing usually at lower eleva-
tion and higher veloeity, and howitzers inelude those
which operate in general in a lower velocity range,
The latter ean be ficed at high angles and use

Recoiling Porls

zoned eharges, that is, charges which are Joaded
in separate inerenents and ean be varied within
limits by the gunner. Mortars operate at high angles
like howitzers but operate at still lower veloeitios
and are genevally loaded from the muzzle, They are
simple in design and ean be broken down and trans-
ported by foot soldiers,

1-2.3 Action Inside the Gun

A gun is essentindly a heat engine, s aetion
reseimbles the power stroke of an automobile eagine
with the expansion of hot gases driving the pro-
jeetile instead of a piston (Figure 1-1). When the
charoe is fgnited, gases are evolved from the surface
of cach grain of propellant, and ihe pressure in
the chamber inercases rapidly. Resistanee to initial
motion of the projectile is great and relatively high
chamber presstires are attained before mueh motion
of the projectile takes place. In the solution of the
interior ballisties problem, fictitious starting pres-
stres are asstimed, which work well in practice,

The chaniher volume is inereased by the move-
ment of the projectile, which has the effeet of
deereasing the pressure; however, the rate of burning
of the charge inereases, The net effeet is a rapid
inerease in the propellant pressure until the point
of maximum pressure s reached, This oceurs at a
relatively short distanee from the ovigin of rifling.
Bevond that point, pressure dreops and, at the
muzzle, reaches o value considerably  less than
maximun pressure, probably of the ovder of 109
to 30%, thereof, depending upon the weapon design
and the propellant. This muzzle pressure continues
to act on the projectile for a short distancee bevond
the muzzle, Thus, the projectile continunes to ace-
celerate bevond the muzzle,

A speeial form of this method of propulsion is
represented by the vecoilless sestem (Figure 1-2),
[Tere recoil forees are countered by the discharge
of gases through a nozzle at the breeeh, The mte
ol discharge of gases can be controlled by controlling
propellant. burning, thus permitting a balanee of
the momentum of the gun-propeilant gas-projectite
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system, The interior ballistic probleia here is not
only onc of combustion but of balancing the orifice
diameter againss thrust required to maintain a mean
recoil velocity of the weapon at zero. The propellant
weight in this case exceeds that for a comparable
recoil gun by a factor of 2 to 3. The pressure-travel
curve is designed for minimum muzzle velocity
corsistent wilh satisfactory exterior ballistic per-
formaner, thus permitting the use of a thin gun
tube which is nceessary to maintain the charac-
teristic light weight of this weapon. The subject
of 1ecoilless weapons and other leaking guns is
covered more fully in Chapter 2 of this handbeok.

1-3 PROJECTILES

Projectiles, like guns, exist in a great variety of
designg, depending upon the intended use. Since
most of the design characteristics do not affect the
interior ballistics, we shall consider only a few. The
most important of these factors is the mass of
the projeetile. This must always be taken into
account in the formulation of interior ballistics
theory, as it has a major cffect on acceleration and
veloeity of the projectile, as well as on the propellant
pressure at all points.

Another very important characteristie is the de-
sign of the rotating band on thos2 projectiles which
are to be spin stabilized. The band s slightly
larger than the tube diameter and must be swaged
to the tube diameter and engraved by the rifling.
The result of this process is a high initial resistance
to motion of the projectile, which means that the
enses must build up a relatively large starting pres-
stire before the projectile has moved appreciably.
This has an important effeet on the interior ballistics,
particularly on. the maximum pressure reached and
the time at which it oceurs. This variable is largely
eliminated in recoilless weapons in which the rotating
band of the projeetile is preengraved to fit the rifling,
It is also eliminated in smooth bore weapons which
fire fin-stabilized projeetiles, Tlere an important
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factor is the amount of clearance between the
projectile and the tube, as this determines the
leakage of gas around the projectile. The principal
weapon having this problem is the mortar. Here,
with muzzle loading, the clearance must be suflicient
to permit the escape of air so that the projectile
will slide down the bore and strike the riring pin
with the impact cnergy required to initiate the
primer.

Only onc other characteristic of the projectile need
be mentioned and that is the axial moment of inertia
for spir-stabilized projectites, And here the effect
on interior ballistics is quite small, as the energy
of rotation normally represents only a fractional
percent of the energy of translation of the projectile.

1-4 DISTRIBUTION OF ENERGY

As an indication of the relative magnitude of the
factors involved in utilizing the energy developed
by the burning of the propellant in a medium caliber
recoil gun, the following possible distribution is given:
¢ of Tolal
Translation of projectile - 32,0

Frictional work on projectile
(Due to engraving of rotuating

Energy Absorhed

bands and wall friction) 2.0
Transiation of propellunt gases 3.0
Heat loss to gun and projectile 20,0
Sensible and latent heat losses in

propellant gases 42.0

Raotation of projectile and translation
of recoiling parts (each about 0.1¢,

and residuals in approximations total) 1.0
Propellant potential, ¥ 100,00
Distribution of the available cnergy  of  the

propellant charge is discussed in Chapter 2, as
hasic to the solution of the interior ballisties problem,

1-5 PRESSURE-TRAVEL CURVES

In order that the projectile may acquive the
designated muzzle veloeity, and that the pressures




developed to accomplish this do not damage the
weapon, all tubes are designed in accordance with
a desirable pressure-travel cuive for the proposed
weapon,”

The pressure-travel curves (Figure 1-3) indicate
the pressure (or foree if pressure is multiplied by
the cross-sectional arca of the bore) existing at the
base of the projectile at any point of its motion.
Ilenee, the arca under any of the eurves represents
the work done on the projectile per unit cross-see-
tional arca, by the expanding gascs.

If the arcas under curves .4 and B8 are cqual,
then the work performed in cach of these cases will
be equal, and the muzzle velocities produced by
wich of these propellants will be the same, sinee

WORK = KE = 1117

The fact that curve .1 exceeds the permissible
pressure curve cannot be tolerated.

Should it be desired to increase the muzzle velocity
of a projectile, the work performed, or the arca
under sonme new cirve, must be greater than the
arca under a curve giving a lower muzzle velocity.
Such an inerease i veloeity is indicated by curve
whose maximun pressure is equal to that of curve B,
but whose arca is greater than that under B, It
appears that the idea! pressure-travel curve would
be one which would coincide with the eurve of
permissible pressure; however, if it were possible to
design a propellant capabk- of producing such a
result, many objectionable occurrenees would take

velocity - \"
pressure —+p

Area = Work Per Unit |

AN

Cross Sectional Area
b AN WA ¥
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place. In addition to producing cxcessive crosion
{a factor which would materially decrease the
accuracy life of the gun), brilliant flashes and non-
uniform veloeities due to high muzzle pressure would
result. Morcover, the chamber would have to be
materially increased and this would affect the weight
and henee the mobility of the gun. As a result of
experience, the velocity preseribed for a particular
gun is always somcwhat below the maximum which
it is ryx.sible to obtain; and the propellant grain
most suitable for producing this result is the one
which will give the preseribed veloeity uniformly
from round-to-round without exceeding the permis-
sible pressure at any point in the bore,

1.6 CONTROL OF INTERIOR BALLISTIC:
PERFORMANCE
Consideration of the desired relationships between
gas pressure and projectile velocity necessary to
meet the demands imposed for the achicvement
of desired ballistic performance has been discussed
in a general sense; however, it remains a fundamental
problem of interior ballisties to  determine and
evaluate the influence of all variables of the problem.
The solution may be based on theoretical analysis,
established empirical  relationships, or  detailed,
metieulous experimentation.
The variables basic to the problem inelude the
following:
a. Variation in
propellant,

chemieal  composition of  the

Projectile velocity
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. Varations in rate of reaetion.
c. Variations in ignition characteristies.
d. Variation in grain geometry (surface factors).
c. Variation in charge weight (density of loading).
[ Environmental factors,

1-7 EFFECTS OF PROPELLANT GRAIN
CHARACTERISTICS

Assuming proper ignition of all propellant grains,
the characteristie shaping of pressure-travel or pres-
sure-time relationships for the gun system is depend-
ent on such variables as grain composition (quick-
ness), grain size, grain configuration, and density
of loading. Although in a final design all factors
may be involved, it is of basic importance to note
first the independent effeets of such variables,

Propellant compositions (single-base, double-base,
nitroguanidine, ete.) and definitions of configura-
tions (degressive, neutral and progressive burning
propellants) are discussed in subsequent paragraphs
of this chapter. Performance of gun systems is
usually demonstrated using pressure (£2)-travel (u)
coordinates, although pressure-time relationships are
often used in experimental investigations,

in cach case discussed in this paragraph, initial
burning rates are directly related to area exposed
for the total number of grains per charge; hence,
it is diflicult to consider the influence of single
factors without making allowance for the total arca
initially exposed to kindling temperatures. For any
pressure-travel curve, the shape of the curve is
affeeted by the variables shown in Figure 1-4. For
a given pressurc-teavel curve (Figure 1-4) the slope
of the curve in the region (1) to (2) is dictated
by ignition charneteristies and total area initially
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Pressure-Trarvel Relutionship.

exposed to burning. The region (3) to () will be
governed primarily by the grain configuration. The
methods of manufacturing propellants and determin-
ing and maintaining the desired configuration of
the propellant grains are covered References 7
and 9.

1-7.1 Grain Configuration

Ixposed burning arca as a fdnetion of “pereent
grain consumed” (Iigure 1-10) offers a key to the
cffeets of configuration on pressure-travel relation-
ships. As indicated in Figure 1-5, changing con-
figuration to a more progressive burning design
(employing grains of the same initial surface area,
composition, and total charge weight) results in
lowered peak pressures (with peak pressure oecurring
later in the eyele) and in higher muzzle pressure
when compared with degressive grains, For identical
charge weight, arcas under the curve are approx-
imately equal. In order to meet requirements for
cqual initial surface arceas for the total charge,
the degressive grains must be the smallest of the
designs considered.

1-7.2 Grain Size

For a fixed weight of charge of similar composition
~and configuration, shaping of pressure-travel rela-
tionships may be accomplished by varying the initial
arca exposed to burning by varving grain size.
Similar effeets illustrated in Figure 1-5 vesult as
grain size is increased (IFigure 1-6).

Similarly, comparative results of independently
varying composition (quickness) or web thickness
(0 combination of size and configuration paramecters)
can be demonstiated, Tn adapting such relationships



to specitic gun systems, a compromise of their char-
acteristics must be utilized. Hand and shoulder
weapons require pressure-travel relationships that
minimize muzzle blast at the expense of reaching
high peak pressures and, characteristically, utilize
“quick, degressive, small-grained propellant de-
sign. High peak pressures, avoided in larger guns
because of design problems of the gun tubes, are
minimized by propellant designs based on “slow,”
progressive or neutral burning configurations of
large size.

1-7.3 Density of Loading

The various types of guns, with different calibers
and lengths, and cacii with its own muzzle velocity
requirement, present speeial problems for the pro-
pellant designer. The lengths of travel of the pro-
jeetile in the bore and, consequently, the times of
its travel, differ greatly. In addition, the volume
of the chamber and the weight of the projectile
introduce clements which must enter into the selec-
tion of a propellant for a gun.

Since muzzle energy is directly dependent on
the amount of charge burned, it becomes necessary
to consider feasible means for increasing the total
amount of energy made available to perform useful
work done on the projectile. It is possible, by
choosing inereasingly large charges of slow pro-
pellants, to obtain increased velocity without ex-
ceeding the maximum allowable pressure. Efficiency
will be correspondingly lowered; hence, it is not
advantageous to fire slow propellant in a gun not
designed for it. Irregularity in muzzle velocity is
closcly associated with overall efficiency. If the
burning rate is lowered enough, unburned propellant
is expelled in varying amounts, increasing irreg-
ularity, muzzle blast, and flash. With slower pro-
pellants, the point of maximum pressure occurs
later, thus demanding stronger, and therefore
heavier, construction over the length of the tube.
Conversely, increasing the weight of charge of
propellant of given quickness increases the maximum
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FIGURE 1-3. Effects of Grain Configuration on Pressires
Travel Curees. (Charge weight is equal in each case.)
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FIGURI 1-6. Effects of Independently Varying Grain Size,
(Charge weight is equal in each case.)

pressure attained and causes it to occur soouer in
the travel of the projeetile.

1-8 BLACK POWDER?®*

Black powder, once the only available propellant,
is no longer used for that purpose. It is still of
interest because of other military uses. It is manu-
factured as small, shiny black grains. The ingredients
arc usually finely pulverized potassium or sodium
nitrate, charcoal, and sulfur which are incorporated
into an intimate mechanical mixture. The charge
is pressed into a cake and pressed or extruded to
the desired grain size afid shape. The grains are
glazed with graphite to prevent ccking and ac-
cumulation of static clectricity. The potassium or
sodium nitrate (about 759,) acts as an oxidizing
agent, while charcoal (about 159}) and sulfur (about
10%) are combustibles. Sulfur also lowers the
ignition temperature of the mixture from 340°C
to 300°C.

Black powder is no longer considered suitable as
a propellant because of its many objectionable
features and because of the development of newer
propellants in which the undesirable qualities have
been overcome or improved. It is difficult to control
accurately the burning speed of black pewder, Con-
sequently, the range of a projectile propelled by it
may vary. Black powder is too casily ignited, being
extremely sensitive to heat and friction, and there-
fore, must be handled very carefully. It is hygro-
scopic, which requires that scaling precautions be
taken to retain stability. Its strength is relatively
low and the large amount of solid residue which
it leaves makes smoke reduction difficult. Flash
reduction is also a problem with black powder,

Black powder, in its several grades, is still used
for the following military purposes:

a. Propellant igniters in artillery ammunition.
b. Delay clements in fuzes.

. * Additional information on black powder will be found
in Reference .

.7
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FIGURE 1-7. Typical Shapes of Propellant Grains.

¢. Saluting and blank charges.

d. Spotting charges for practice ammunition.

e. Safety fuse (burning rate, 1 ft in 30-40 sceconds),
J. Quickmatch (burning rate, 9-120 ft per second).

1-9 GUN PROPELLANTS*
1-9.1 Present Gua Propellants

Present gun propellants are forms of nitrocellulose
explosives with various organic and inorganic addi-
tives. They may be divided by composition into
ciasses of which two, the single-base and double-base,
are the most common. Both classes are manufactured
in quantity in a varicty of shapes including flakes,
strips, sheets, pellets, or perforated cylindrical grains
(Figure 1-7). The cylindrical grains arc made in

* Additional information on gun propellants will be
found in Reference 9.
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various diamcters and lengths, depending on the
size of the gun. Figure 1-8 shows, to approximately
% full size, grains for various calibers of guns. The
grains for a caliber .30 cartridge are 6.032 inch in
diameter and 0.085 inch long, while those for a
16-inch round are 0.947 inch in diametor and 2%
inches long. The perforations shown in Figure 1-7
are for the purposc of controlling the rate of gas
liberation as well as burning time.

1-9.2 Burning Time

The burning time ean be controlled by the follow-
ing means:

a. The size and shape of the grains including the
number of perforations (I'igure 1-7).

b. The web thickness or amount of solid propellant
between burning surfaces; the thicker the web, the
longer the burning time (Iigure 1-9),

ISR 105-MM” ' oo

FIGURE 1-8. Sizes of Some Typical Grains,
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FIGURE 10, Web Thickness and Roule of Burning Progress through a Progressively Burning Grain.

¢. The quickness or rate of burning of the pro-
pellant.

d. The percentages of volatile materials, incet
materials, and moisture present. A 19, change in
volatiles in a low volatile content propellant may
cause as much as a 109, change in burning rate.

1-9.3 Burning Action

Unconfined smokeless propellant burns with little
ash or smoke. When confined, its rate of burning
inereases with temperature and pressure. In order
not to exceed the permissible ehamber pressure of
the weapon, the time of burning of the propellant
is controlled. At constant pressure the time of burn-
ing is proportional to the amount of cxposed pro-
peliant surface. Therefore, a propellant charge is
made up of accurately sized grains of specified shape.

Since the grains burn only on exposed surfaces,
" the rate of gas evolution for a given propellant will
depend upon the area of the burning surface. Iror a
given weight of propellant the initial burning surface
will depend upon the form and dimensions of the
grains. As burning continues, the rate of combustion
and of pressure variation will depend upon how the
arca of surface changes, that is, upon the rate of
arca increase or deercase. Iigure 1-10 shows, for
typical grain configurations, the relation between
pereent of grain consumed and area of burning
surface.

The rapidity with which a propellant will burn
depends upon the chemieal composition, pressure,
and arca cxposed to burning, The quickness of a
propellant is a relative term only, expressing its
rate of burning compared with others. A quick
propellant will burn more rapidly and produce a
higher pressure in a given gun than a slow onc.
Propellants of fixed weight, chemieal composition,

and grain geometry may be made quicker by de-
creasing size, thus increasing burning arca.

1-9.4 Degressive Burning

The total surface of a propellant grain changes
with burning, and on cord and strip forms the
surfacc arca of the grain deercases, The burning
action of these grains is classificd as degressive.

1-9.5 Neutral Burning

As a single-perforated grain burns, the outer
surface deercases and the inner surface increascs.
The result of the two actions is that the net burning
surface remains approximately the sarac. The burn-
ing of this typc of grain is known as ncutral,

AREA OF BURNING SURFACE

Il L 1 i I

1
(o] 20 40 60 80 100

PERCENT BY WEIGHT
OF GRAIN CONSUMED

FIGURLS 1410, Relative Areas of Burning As a Function of
Percent of Individual Grain Consumed, for Several Typical
Grain Shapes,
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1-9.6 Progressive Burning

When the multiperforated grain burns, the total
surface arca increases since the perforated grain
burns from the inside and outside at the same time.
This typc of burning is called progressive (Iigure
1-9). When a multiperforated grain is not completely
consumed, as may be the case when a reduced
charge is used, portions of the grain remain in the
form of slivers and may be ejected as such from the
weapon. The rosette grain (IFigure 1-7) was designed
to reduce the formation of slivers.

1-9.7 Single-Base Propellants

Single-base propellants are essentially gelatinized
nitrocellulose to which various organie substances
are added either to produce improved qualitics or
for special purposes. Single-base propellants are
amber, brown, or black in color, depending on the
additives present.

Single-base propellant is rather insensitive. In fact,
it is dillicult to ignite, requiring a powerful primer
and additionallv, in large ammunition, a black
powder jgniter, It ignites at 315°C. In the open,
single-hase propellant burns very much like celluloid.
Seemingly, this explosive is very safe but the fact
should not be overlooked that, although it is used
as a low explosive, it is an organic nitrate and may
detonate if burned in large quantities. It may also
detonate syinpathetically from the detonation of
other explosives, although in actual practice this
rarely oceurs, Stngle-base propellant is more nower-
ful than black powder, giving off 1000 calories and
900 cubie centimeters of gas per gram, compared
with 700 calories and 300 cubice centimeters per grain
of black powder. It has a burning speed of 0.1 to
18 centimmeters per second at pressures up to 60,000
nounds per square inch.

Single-base propeliant is unstable and decomposes
in hot moist storage. It is hygroscopic, although not
as hyzroscopic as black powder. Nitrocellulose in
the presence of moisture hydrolizes to free acid,
which takes the form of oxides of nitrogen. These
oxides aceelerate the decomposition, building up
heat to an ignition temperature, and spontancous
combustion may result. Addition of a chemieal
stabilizer brings the stability to acceptable limits,

To summarize, the characteristies of single-hase
propellants are:

a. Controlled burning, The bhurning time of single-
base propellants can be controlled to a point where
the maximum propelling effeet is obtained.

b, Sensitivity. Inition is diflicalt, and the pro-
pellant is reasonably safe,
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¢. Stability. The propellant is unstable, but this
can be controlled to within acceptable limits by the
addition of stabilizers. ‘

d. Residue. There is some residue and smoke.

e. Manufacture. This is complicated but safe.
Rew materials arc plentiful.

{. Evrosive aclion. Single-base propellant crodes the
bore, but not quite as much as black powder. Its
isochoric adiabatic flame temperature is 2400°K
to 3000°KK.

g. Flash. This is caused by Lot gases which ignite
when they come into contact with oxygen at the
muzzle. It can be controlled by adding cooling
materials to the propellant.

Single-base propellant can be produced in a form
lacking most of the objectionable features.

The propellant grains for small arms are usually
glazed with graphite to facilitate machine loading
and to prevent the accumulation of static clectricity,
and thus present a black, polished apper  ace. Since
the grains are small, they ignite more rcadily and
burn morc freely than cannon propellant. When
moisture i present or abnormal temperatures pre-
vail, they are subjeet to more rapid deterioration
than the larger grains,

1-9.8 Double-Base Propellants

This form of propellant is essentially o combina-
tion of nitroglycerin and nitrocellulose with certain
additives to give special properties, The nitro-
glyeerin inercases the potential and reduecs hygro-
scopicity, the latter improving the stability, The
color of the grains is gray-green to black, and the
forms are the same as for single-base propellant,

Double-base propellant is more sensitive than
single-base propellant, igniting at 150°C to 160°C.
It detonates more readily than single-base propellant
and can be made to yield a higher potential and
liberate more heat, but produee a smaller volume
of gas. The burning rate, generally faster than that
of single-base propellant, can he controlled similarly.

The characteristies of double-base propellants ave,
in summary:

a. Confrolled burning. Burning can be controlled,
as with single-hase propellants.

b. Sensitivity. This is greater than for single-base
propellant, slightly inercasing hazard.

e. Stability. Double-base propellants can be made
stable by the addition of stabilizing ingredients,

d. Residue, Sinee there is not so much inert
materinl, there is little solid residue. Smoke ean
be controlled.

e. Manufacture, Not as safe as single-base pro-



pellant due to presence of nitroglycerin, Raw
materials are readily available,

f- Erosive action. High temperature and heat of
explosion from the higher potential dotible-base
propellants cause more crosion than results from
use of single-base propellants,

g. Flash. As in the case with single-base pro-
pellants, flash can be controlled to a certain extent
by the use of additives. The presence of nitro-
glyeerin aceentuates the tendeney to flash by in-
creasing the flame temperature.

Double-base  propellants  have limited use in
artillery weapons and in small arns in the U. S,
They are widely used in mortars, where crosion is
not an important factor. However, they are used
as the standard propellants in most other countries.
The U, 8. Army and Navy both evaluated single-base
and double-base propellants in guns prior to World
War I and decided in favor of the former due to
their lesser erosive effect.

1-9.9 Nitroguanidine (Triple-Base) Propellants

A propellant containing nitroguanidine in addition
to nitroglycerin and -nitrocellulose as prineipal in-
gredients is commonly referred to as a triple-base
proptllant. This type of propellant was developed
in Great Britain during World War II as a result
of research direeted toward obtaining a propellant
with desirable properties such as cool burning, low
crosion, and flashlessness, without deercase in
stability or potential. The British have designated
their nitroguanidine propellant as Cordite N. The
nitroguanidine propellant, designated M-15, de-
veloped by the United States, represents an interim
solution for sclected rounds of ammunition where
the flash or obscuration problem is critical and
where its speeial properties are particularly needed.

The M-15 propellant has a ballistic potential
comparable to single-base propellants currently in
use but with a lower crosive effect and less tendency

to flash.
1-9.10 Solvent Emulsion Propellant (Ball Powder)

A radically different manufacturing process uses
a volatile solvent to form propellant in small graing
of spherical shape, designated Ball Powder.* The
sizes of the grains arc appropriate for use in small
arms. The propellant is produced by dissolving wet
nitrocellulose in a solvent (ethyl acetate) with
additives. When a protective colloid is added and
the solution is agitated, small globules arc formed.

* Trademark of Olin Muathieson Chemical Corporation,
Referenee 9 contains additional information.

When the volatile sotvent is removed by evaporation
the globules solidify, and when eoated, dried, and
graphited, become balls or spheres, A wide variety
of double-base and single-base compositions may be
produced by this technique, Beeause of the cconomy
and speed with which this powder ean be manu-
factured, this propellant has promise in future
applications not limited to small arms,

1-9.11 Characteristics of Standard Propellants

The compositions of some of the standard and
experimental (M and ‘T designations, respectively)
propellants, and some of the thermodynamie and
calorific values of them are given in Table 1-1.
The practice, as illustrated therein, of specifying
certain additives, coatings and residues as pereent-
ages of the total of the prineipal constituents,
resulting in over 10097 total contents, is standard
in the explosives field.

1-9.12 The Rate of Burnirg

Since the burning of a propellant occurs only on
the exposed surfaces, the smallest dimensions be-
tween the exposed surfaces become the eritical dimen-
sions, as it determines in general when the propellant
will be completely consumed. This critical dimension
is called the web. As wus explained in discussion
of the progressive, multiperforated grain, burning
through of the web is followed, in this case, by
burning of the slivers. A corrected form of multi-
perforated grain is the rosette, illustrated in Figure
1-7. With the exception of multiperforated grains,
all forms of propellant grains are completely con-
sumed when the web is burned through,

In the multiperforated grainy, having seven sym-
metrically located perforations, Iigure 1-9, the web
may be caleulated from the formula

w = 0.25(D — 3d) (1-1)

where
w web thickness

D = outside dianicter of the grain
d = diamcter of the perforations.

cxperimental measurements show that the rate
of burning of a propellant is primarily dependent
on the pressure under which the reaction proceeds
and this dependence may be expressed approxi-
mately by the pressure to some power,

The mass rate at which gas is produced may then
be expressed as

e _ Spp- (1-2)

dl




where

¢ s the mass of propellant burned

t the time

I’ the pressure

I3 the burning rvate cocelflicient

« the burning rate pressure exponent
p the specific mass of the propellant
S the arcea of the burning surface

The dependence of the burning surface area on
the remaining web as the charge is consumed can
be coleulated from the geometry of the grata by
asswming that this geometry does not change during
burning, Le., that the lincar burning rate is the
same at all points on the burning swface. For
propellant in thin sheets, the avea of the edges is
negligible and the surface is constant during burning,
For single perforated eyvlinders, if S, is the initial
surfaee and £ the fraction of the web burned through

l\' = A\'" - :.’.ﬂ'.\'lu)(l)-, + (,") (l-:;

where ¥ is the number of grains in the charge,
The second term on the right avises from the
combined ofivet of the change in the area of the
end surfaees and the reducetion in length of the
grain. Otherwise, the deerease in the outer diameter
i compensated by the izerease in the inner diameter.
If the second term ean be negleeted, the burning
surfuee ix constant, For single perforated grains of
the usual proportions, the negleet of this second
term gives a surface area, at burnout of the charge,
which is approximately ten pereent too high. That is,
the charge is actually somewhat degressive, For
seven perforated grains, the charge 5 progressive
until the web is burned through; after which it is
degressive,

A relation such as Fquation 1-3, which takes
account of the effeet on the rate of gas evolution
of the changing burning surface area, is called the
form function of the granulation. This function is
simple for sheets, cords and long single perforuted
grains or tubes. For seven perforated grains, it is
complex, especially after splintering. For the simple
shapes it is expressed as a polynomial in the remain-
ing web, but for seven perforated grains it is often
given in tabular form. Formulas for the surfaces
for complex shapes are given in Reference 10, For
other formulations of the form function sce Refer-
ences 2, 3 and 6,

In practice the differenee in the interior ballisties
for single and multiple perforated graing is not as
great ay theory indicates. In caleulating the surfaces
from the geometry, the assumption is made that
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the ignition is sunultancous over all suefaces, This
is never the ease in practice. For the seven perforated
charges the degressive burning of the slivers remain-
ing after the web is burned through tends to reduce
the progressive character of the carly burning. Also
the burning rate s influenced not only by the
pressure but also by the flow of the gas over the
grain and within the perforations, The shape of the
grains s not exactly maintained during burning,.
Fixeept, thecefore, for highly degressive grains such
as cords, the assumption of a constant burning
surface is adequate,

With this assumption, the burning surinee of the
charge may be ealenlated by the formula

2!

S = (1-4)

where
(' is the mass of charge

In practice, the rate at which gas is evolved
depends on the detailed  conditions under which
the eharge is burned. A standard ncthod for de-
termining burning rates is to burn the charge in
a closed chamber at constant volume and measure
simultancously the pressure and its time derivative,
Then, if the relation between e and 22 is known,
a value for the burming rate cocflicient, B, ean he
derived by the use of LEquations 1-2 and 1-4, The
cocllicient, B, so determined, iy also called the
closed chaumber burning rate coceflicient, and it is
used mainly for comparative purposes and for
standardizing propellant lots, The details of the
method are given in References 3 and 7.

The closed chamber burning rate coeflicient rarely
yiclds good agreement with obscervation if used in
interior ballistie caleulations for guns., The condi-
tions in the gun are very different, and the burning
rate eocflicient must be determined by adjustment
to the results of actual firings. By obscrving the
results of numerous fivings when fitted to a given
formulation of the theory, the user can estimate
a burning rate cocflicient for a particular case which
then can be adjusted to the actual case in question,

The burning rate pressure index, a, varies for
different propellants, but the latest experiments
indicate that it lies between 0.8 and 0.9, A figure
as low as % has been used by some authors, and
frequently it is assumed to be equal to unity. In the
latter case, the solution of the cquations of the
theory can be given analytically, otherwise this is
not possible and numerical methods must be used,
With the development of high speed computing
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nachines, this is not the disadvantage it once was.

The value of « may be determined from closed
:hamber measurements. The methods are deseribed
n Reference 3.

1-9.13 Energy of Propellants

The propellant gas is a complex mixture of several
sases and for the mixture to have the same propertics
of independence of energy from density) all changes
n equilibrium which occur must be equivoluminar
id independent of the density. This in effect
estricts the theory to “cool” propellants,* that is,
o those for which the temperature is not high
nough to produce significant dissociation of the
nain constituents of the gas mixture. To the approx-
matien of the assumed cequation of state, cach
wopcellant formulation has a definite explosion tem-
werature. Thus, the decomposition of a unit mass
f propellant always liberates the same amount of
nergy which then heats the product gases to the
ame temperature independent of the density. For
nost propellants, the most important equilibrium
3 the water gas equilibrium and sinee this equilib-
ium s equimolar, the assumed cquation of state
s sufficiently accurate for use in the interior ballistie
heory of guns. The use of a more aceurate equation
f state would greatly complicate the theory and
vould not be justified in view of other simplifying
ssumptions and approximations which are always
art of any formulation of the theory. In treating
he thermochemistry of propellants, however, a more
ceurate cquation of state must be used. Extended
reatments of the thermochemistry of propellants
re given in References 1 and 5.

It is standard practice in the formulation of
iterior ballistic theory to assume an equation of
tate of the simple covolume type. This is an equa-
ion of state of the Van der Waals type with the
a’ term omitted but not the ‘0" term and is
nown as the Abel equation of state. lor a gas
beying such an equation of state, the internal
nergy depends only on the temperature and not
n the density. The Abel equation is expressed as

PV — ) = nRT (1-5)

n interior ballisties it is usually writteio in terms
f a unit weight of gas, so that ¥ and 5 have dimen-
ions volume per unit weight and » is the number
f moles per unit weight. Many authors also define
? as the gas constant per unit weight so that »

- * “Cool” propellants may be defined roughly as those
or which the uncooled explosion temperature is not greater
han 3000° K.

docs not appear explicitly in the cquation, Ir so
defined is not constant unless n is also.

If 7y is the adiabatic flame temperature, the
energy released by the decomposition of unit weight
of propellant, called the “foree™ of the propeilant,
although it has the dimensions of encrgy per unit
weight, i.c., length, is defined by

F = nRT,

The foree can be determined experimentally by
burning a charge of propellant in a closed chamber
(i.c., at constant volume) and measuring the maxi-
mum pressure produced and using Equation 1-3,
along with suitable cooling corrections. To do this
requires a knowledge of n which can be determined
simultancously by firing a series of charges of dif-
ferent masses and measuring the corresponding max-
imum pressures.

Table 1-1 includes values of the foree for a
number of standard and experimental gun pro-
pellants. Foree and other thermodynamic parameters
of propellants can be caleulated theoretically if the
neeessary thermochemical data are available, Re-
sults of extended caleulations of this sort are given
in Referenee 11, The subject is also covered briefly
in Reference 9.

During the operation of the gun, the gas is pro-
duced at temperature, 7', and falls to a lower
tewpervature, 7', due to the loss of heat to the tube
and the performance of work during the expansion.
The change in internal energy per unit mass of gas
can be expressed as C,(T, — T) where C, is an
average value of the specific heat of the gas at
constant volume averaged over the temperature
range, (T, — T). This encrgy is used in heating
the gun and in imparting Kinetic energy to the
projectile, the gas, and moving parts of the weapon.
The quantity C,T, is called the specific energy or
potential of the propellant.

It is assumed in interior ballistics that the average
specific heat at constant volume, C, bears the same
relation to p, the gas constant, as the specific heat
at constant volume for a perfect gas does, so that
it may be stated n = C,(y — 1). However, vy is
not now the actual ratio of specific heats, but is
analogous to it, its value being adjusted for best
fit to the theory used. In cffect, C, is replaced by

(1-6)

nkR/y — 1. Then, from Lquation 1-6, if &
denotes the potential, C,T,
' F -
K (1-7)

=-y—l

17 represents cffectively the total energy available
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from unit mass of propellant. It is equal approx-
imately to the internsal energy of unit mass of the
propellant gas at the adiabatic flame temperature,
T,, which is given by [I* C, dT.

The equation of state of the gas in the gun is
written as

P(U, — ¢n) = cnRT (1-8)

where ¢ is the mass of propellant burned, equal
to the mass of gas, and U, is the actual volume
of the gas. Actually the pressure is not uniform
throughout the mass of gas, nor is the temperature,
so both P and T arc unknown average values
consistent with the equation as written, and P, U,, ¢
and T are rapidly varying functions of the time.

n and n are also variable, but less 8o, so that average
values can be used. ‘

If it is assumed that the internal energy, I, of the
gas can be represented by ¢C,T with sufficient
accuracy, then

I = PU, — cn)

and the general cnergy cquation of interior Fallistics
can be written

cF PU, —cn)
y=-1 y-1

where K is the cnergy expended by the gas in the
doing of work and in heat conducted to the gun.

+ K (1-10)
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CHAPTER 2

LIST OF SYMBOLS

Avea of the cross scetion of the bore, in®
Arca of the cross seetion of a nozzle, in®
Leakage area, in®

Acceleration, in/see®

Throat arca of nozzle, in®

Sonic veloeity in gas, in/sce

Burning rate coefticient, in/sec-I*
Momentum index, dimensionless

Weight of the propellant, b

Weight of propellant for ideal rifle, Ib
Thrust cocfficient, dimensionless

Weight of propellant burnt, Ib

Specific heat at constant volume, in-lb/12
slugs-°IX

Caliber of the gun, diameter of the projectile
body, in

Specific energy of the propellant, in-1b/Ib
Standard spccific energy of the propellant,
in-lb/1b

Ballistic efficiency, dimensionless

Specific foree of the solid propellant, in-1b/1b
Engraving force, Ib

Thrust forece, 1b

Similarity factor, dimensionless

Momentum factor, dimensionless

Heat loss ratio, dimensionless

Gravitational acceleration, in/scc®

Internal energy of the gas, in-lb

Axial moment of inertia of the projectile,
Ib-in-sec®

Work done by the gas, in-lb

Axial radius of gyration of the projectile, in
Leakage factor, dimensionless

Reduced chamber length, dimensionless
Effective mass of the projectile, 12 slugs
Modified cffective mass of the projeetile,
12 slugs

Log. 10 (approximately 2.3020)

Momentum of gun, Ib-sec

Angular velocity of the projectile, rad/sec
Proportion of the propellant that is in a
recoilless rifle in gascous form, dimensionless
Lead of rifling, dimensionless

Space average pressure, lb/in®

/=, dimensionless

Reduced pressure, dimensionless

Q
¢
q

0
R
I

Ieat loss, in-lb

Quickness (Bennett), dimensionless

Rate of flow, Ib/in*sce

Impirical quickness factor, (in*/Ib)?

Weight of gun and recoiling parts, Ib

Gas constant, in-lb/lb-°IX

Lincar rate of regression, in/sce

Ratio of actual to tabular velocity, dimen-
sionless

Ballistic parameter, dimensionless

Empirical velocity factor, (Ib/in®)}

Surface arca of the grains, in®

Space ratio (cxpansion), dimensionless
Encrgy of the fraction of the charge burned,
in-lb

Temperature, °IX

Ratio of the gas temperature at any time
after burnt to the mean value during burning,
dimensionless

Adiabatic flame temperature, °IX

Time, sce

Reduced time, dimensionless

Dimensjonless time

Free volume, in®

Volume from nozzle throat to basc of pro-
jectile in recoilless rifles, in®

Chamber volume, in”

Volume of the propellant gas, in®

Specific volume of the solid propellant, in®/Ib
Specific volume of the gas, in’/lb

Specific volume of water: 27.68 in®/Ib
Velocity of the projectile, in/sec

Leakage velocity coefficient, in/scc

Velocity of the recoiling parts of the gun and
carriage, in,'sec

Sonic velocity in air, in/sec

Dimensionless projectile velocity

Average projectile velocity after burnt, in/sce
Velocity of gas, in/see

Weight of the projectile, Ib

Effective projectile weight (Strittmater), 1b
Effective projectile weight, 1b (Mayer and
Hart; and Bennett)

Web thickness, in

Travel of the projectile, in

Axial coordinate of the projeetile, in

- 2-1



2-2

Dimensionless travel
Volume  expansion atio:
sionless

dimen-

- oy
( m/'(‘Uv

Ratio of muzzle pressure to peak pressure:

P, P, dimensionless

Piczometrie efficieney, dimensionless
Burning rate exponent (assumed = 0.8)
Differential coeflicient: (¢917,,) °(17,.0C), di-
mensionless

Iscape speed of gas, in see

Differential coceflicient: (€al’,) "(1°,0C), di-
menstonless

Burning rate cocflicient (lincarlaw), in'/Ib-sce
Differential cocflicient: (.,0V,) '(V,.0U ),
dimensionless

Differential cocflicient: (U.,00°,)/ (1,00 ),
dimensionless

Ratio of speeific heats of the gas (assumed
effective value: 1.30)

Differential cocflicient: (X,,017,), (1 .0X..),
dimensionless

Ratio of specifie heats of the gas, adjusted to
take account of loss of heat to the gun,
dimensionless

Density of loading, specific gravity of loading,
dimensionless

Differential coeflicient: (A917,) (17,.03), di-
mensionless

Pidduck-Kent constant, dimensionless
Differential coefficient: (ad0,)/(P,03), di-
mensionless

Interior ballistic parameter, in-lb

Interior ballistic parameter: yaw/BCN, di-
mensionless

Specific covolume of the gas, in®/Ib
Differential  coefficient:  (11'a17,.)/(17,.0117),
dimensionless

Differential cocefticient: (I°aP,)/ (1,017, di-
mensionless

Iactor accounting for rotational encrgy and
frictional resistance (assumed valuc: 0.05)
Iraction of total energy available to pro-
jectile: Katsanis factor, dimensionless
Differential cocfficient (wdV",) (1 ,.0w), di-
mensionless

Differential cocfticient: (wol’,)/(I,0w), di-

LY
mensionless

A Differential cocfficient: (la17,)/(V,.0F), di-
mensionless

A Differential coeflicient: (Fal°,)/(P,0F), di-
mensionless

p(w)  Pressure function, dimensionless

u Ratio of throat arca to bore arca: .,/.,
dimensionless

v(w)  Travel function, dimensionless

¢ Dependent  variable: o/(dK/d7T), dimen-
sionless

T Pressure factor, Ib/in®

p Specific weight of propellant, Ib/in®

o Ballistic parameter: FpSB/A(y — 1), di-
mensionless

r(w)  Time function, dimensionless

T Time unit, see '

¢ Independent  variable: log (7'/1), dimen-
sionless

¢ Proportion of the propellant burned, dimen-
stonless

¥ Ballistic parameter, function A, dimensionless

w Dependent variable (K /7)Y, dimensionless

Subscitpts

0 Initial value: when ¢ = 0

1 Characteristic of fast propellant in dual
granulation charge

2 Characteristic of slow propellant in dual
granulation charge

« Of atmosphere

b At end of burning: “burnt” value

c Chamber value: at brecch

e At nozzle exit

7 sither 1 or 2

m Muzzie value: when base of projectile is at
muzzle

N Nozzle opening

P At peak or theoretical maximum

r In reservoir

r Space maximum at any instant

8 At base of projectile

{ Tabulated value (Bennett)

{ At nozzie throat




CHAPTER 2

THEORY AND PRACTICE OF INTERIOR BALLISTICS

2-1 INTRODUCTION

There are numerous systems of interior ballistics.
Different ballisticians have formulated the theory
in various ways. Their systems, if they are not
purely empirical, do not differ essentially since they
are treatments of the same thermodynamical and
mechanical phenomenon, They differ in the sim-
plifying assumptions made, that is, mainly in degrec
of complexity and sophistication of treatment and
in the details of the mathematical procedures. For
many practical problems, very simple formulations
are adequate and these are much used. However,
with the widespread and inecreasing availability of
high speed automatic computers the more com-
plicated formulations can be used without too much
expenditure of time and effort.

There are five general equations which are used
in the formulations of interior ballistic theory. They
arc: (1) the equation of state of the propellant
gases; (2) the equation of energy; (3) the equation
of motion; (4) the burning rate equation; and (5)
the equation of the forin function. The first two
of these are related, as the first is involved in the
formulation of the sccond; therefore, only four equa-
tions are basic to any particular forimulation of the
theory.

The form of the equation of state of the propellant
gases generally used in interior ballistics has been
discussed in Chapter 1 and is given in Equation 1-8.
The equation has been shown, by experience, to be
sufficiently accurate for the purpose.

The equation of encrgy has also been discussed
in Chapter 1 and its form is given in Equation 1-10.
‘The equation cof energy is a statement of how the
energy released by the combustion of the propellant
is distributed during the operation of the gun.,

The equation of motion is the formulation of
Newton’s sccond law as applicable to the interior
ballistic problem. It relates the forces due to the
gas pressure to the acceleration of the projectile.

The burning rate equation takes account of the
rate at which new gas is being generated in the gun
by the combustion of the charge. This rate is assumed
to be a function only of the pressure, under which
the combustion takes place, and the arca of the

reacting surface. The form of the cquation used
here is given in Equation 1-2.

If the reacting surface is not constant, it is
neecessary to introduce the form function to account
for the effect of the changing burning surface on
the rate of generation of gas in the gun. Except
for very degressive granulations, the assumption of
constant burning surface is generally sufficiently
accurate and this assumption is made in the explicit
treatments which follow.

2-2 STATEMENT OF THE EQUATIONS
2-2.1 The Energy Equation

There is presented here first the formulation due
to Taylor'. The fundamental units used in the
Taylor system are the inch, pound (weight) and
second. This makes mass a derived unit with dimen-
sions weight over gravitational acccleration. With
the length unit the inch, the unit of mass is cqual
to 12 slugs.

The encrgy cquation may be stated simply as

T=K+1 (2-1)
where

T is the energy released by the amount of charge
which has been burned

K the work done by the gas, plus encrgy lost by
heating the barrel

I the internal energy of the gas

By LEquation 1-10

cF
T = T =1 (2-2)
where F is now defined as the energy per unit
weight of propellant (specific force) and by Equa-
tion 1-9

_P(U, —en)

I Y — 1

(2-3)
where U, is the volume occupied by the gas. K, the
work done by the propellant gas, consists of several
parts.

a. The principal part is the translational kinetic

2.3



energy of the projectile, cqual to 11°/2¢ where
W is the weight of the projectile, ¥ its velocity
and g the gravitational acccleration.

b. Treating the gases and unburned propellant
as a fluid consisting of the gases and burning solid
grains thoroughly mixed, and supposing the tube
to be cylindrical (that is, neglecting chambrage),
an approximation of Lagrange in which the density
of the fluid is assumed independent of position may
be used for ordinary velocities. Then the velocity
of this fluid increases linearly from 0 at the breech
to 17 at the base of the projectile; the average
velocity is 17/2, and the mean square velocity is
1#/3. Henee, the kinetic energy of the unburned
propellant and the gas is CV*/6g, where C is the
weight of the propellant charge.

¢. The projectile, propellant, and recoiling parts
of the gun and carriage may be considered a system
whose initial momentum is zero and remains so
providing there is no recoil mechanism or shoulder
of the user to prevent free recoil. Under this assump-
tion, if 12 is the weight of the recoiling parts and
— 17, their veloeity, the momentum equation is

5(11'1' OV —RV)=0  (24)
whenee
I, o= Q'—%—/—z—)—‘— 2-5)
Therefore, in free recoil, the kinetie energy of the
recoiling parts is
W+ ¢/ (2-52)

29K

For standard weapons, the ratio (1" 4+ C/2)/R is
of the order of 0.02. The cenergy of recoil is, there-
fore, a very small fraction of K. The recoil velocity
is much less than that given by Equation 2-5; as
the energy is absorbed in eannon by the recoil
mechanism. In nonautomatic small arms fire the
cnergy is transferred to the body of the man firing
the weapon. The energy of recoil ean be neglected
without serious cffect.

. The rotational kinctic energy of the projectile is

IN° .

where

I, is the axial monment of inertia and
N is the angular velocity,

2-4

The axial moment of inertia may be expressed as

{z = k2 IY‘ (2"6&)
g
where
k is the axial radius of gyratioil
The angular velocity is
N = 2xV/nd (2-7)

where

n is the lead or twist of rifling in calibers, that is,
the number of calibers in which the land makes
onc complete turn and

d 18 the caliber

By substitution, it is found that

LN _ (z_w@)‘ Wy X
2 \nd/ 2¢ (2-8)

For most guns, n is between 18 and 32 calibers,
say 25. For a solid cylinder, (k/d)* is 0.125; but
for high explosive projectiles, it is about 0.14. There-
fore, the factor (2xk/nd)® is approximately 0.01.

¢. The work done against the frictional resistance
to the motion of the projectile, including the en-
graving of the rotating band, is cqual to a small
proportion of the translational kinetic energy, say

IRAS
29

If 6, is taken to be constant, this is equivalent to
assuming that the resistance i3 proportional to the
pressurc. The value of 8, is usually of the order
of 0.04.

f. The heat transferred from the liot gas to the
gun is denoted by Q. Adding the contributions a. to /.

WY, OV, W+ /Y
K=yt % T 2k
2k WV o WV?
+ (}7:{) 59 t 2 TQ @9

Iiquation 2-9 is complicated but can be simplified
in the following manner, Drop the third term on the

right as negligible, and let
0 = (2xk/nd)* + 6, (2-10)

In the calculations, 8 will be taken cqual to 0.05.
Also, let an “effective’” mass be defined as

AN = (14 6 + /3
g

(2-11)



Then, if Q is neglected or accounted for in some
other manner, K takes the simple form

A

I\=2

(2-12)

It is customary to take account of the heat loss
() by adjusting the value of v upward so that the
estimated total available energy of the gas is reduced.
The effeet of the heat loss is to reduce the kinetic
energy produced by the gas and has an effect similar
to an increase in the effective mass. Assuming that
the effeet can be taken account of by simply in-
creasing the effective mass by a constant factor,

MV
Q=1

(2-13)

Then, omitting the covolume term for simplicity

MY?
1 «F—mm=4}0+m

¥y —1

and if ¥ is the adjusted value of ¥

L s MV
T = PUY = 55

so that

[

— =14

— (2-14)

=2 12

In practice fis about 0.15 but may be considerably
larger than this espeeially ia small arms. To take
account of heat loss then, one simply substitutes
the value of ¥ for ¥ wherever the latter occurs.
Taylor assumed an adjusted value of ¥y equal to
130, In what follows it will be assumed that vy
has been adjusted so that, in the subsequent text,
v represents the adjusted value, unless the heat
loss, (), oceurs explicitly in the cquation. For more
detailed discussion of the heat loss problem, see
References 2 and 6, also Corner”; page 141,

The interna! energy of the propellant gas is then
expressed as

[ = PU, — cn) - ru_ (2-15)
vy —1 ¥y~ 1

where

I’ is an average pressure consistent with the
cquation of state and ‘
(", the voluine occupicd by the gas

The complete expression for the free volume is

U=AX+ U, —Cu+cu—cy (2-16)

where

A is the area of the cross scction of the bore

X the travel of the projectile

U., the chamber volume

1 the specific volume of the solid provpellant and
n the specifie covolume of the gas.

Initially X = 0, the frec volume is then
Us = Ui — Cu + co(u — 7)

where ¢, is the weight of the small amount of charge
burncd before start of projectile motion. Substituting
U from Eq. 2-16 in Eq. 2-15 the equation for the
internal energy of the gas is
P .

I = o [AX + U, — Cu + clu — 9)]

The specific volume of the propellant (u) is about
17.5 in"/lb. The specific covolume () (the volume
apparently occupied by the molecules in a unit
weight of gas) is approximately 27.7 in"/Ib. The
specific covolume of the gas is thus about 1.5 times
the specific volume of the solid propellant. It is
assumed here that they are equal, » = u for the
sake of simplicity. This assumption is often made
in interior ballistics, but its validity becomes ques-
tionable for high ratios of charge to chamber volume.

With this assumption, Equation 2-17 becomes

©2-17)

(2-18)

Us=Un — Cu (2-17a)
and from Iigs. 2-16 and 2-18
U=U,+ AX (2-16a)

I

'7—1—1—1 (AN + U, — Cu)  (2-180)

Substituting from Equations 2-2, 2-12 and 2-18a
in Equation 2-1 the energy equation hbecomes

Fe My?
y—1 2
2-2.2 The Equation of Motion

F L UN 4 UL - ) @19)

The equation of motion expresses the relation
between the acecleration of the projectile and the
pressure on its base, /2,. Since the unburned pro-
pellant and the gas are being aceclerated along with
the projectile and there is also friction at the bore
surface, there is a pressure gradient in the gas,
The result is that the average pressure, I, occurring
in Equation 2-19 is not the same as the base pressure,
P,. Furthermore, it is customary to measure the
pressure in a gun at a location at or near the breeeh,
To solve the equations theoretically and to express
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the result in terms of the measured pressure, I,
some assumption must be made concerning the
relations between the different pressures. An assump-
tion commonly used is that

__¢c __c .
R )

(2-20)

This relation is an approximation based on a
special solution of the Lagrange problem which is
discussed more fully in Chapter 5. Its usc is re-
stricted to artillery weapons firing at moderate
velocities. When applied to treatments of high
velocity weapons or to small ars, it yiclds poor
results. Using Equations 2-11 and 2-20

AW, L+ oW
=dxov+tonl ="y T @2

If the friction of the bore surface is neglected, the
cquation of motion of the projectile is

(L4 OWav

P.:r:rP =1+ 1

r,

AP, = 2-22
AP, Tl (2-22)
Substituting Fq. 2-21 in Eq. 2-22, gives
dV
AP = M —- 2-23
{1 ! d! ( )

which expresses the equation of motion in terms
of the average pressure and the cffective mass, 1/,
given by Lquation 2-11.

Sinee
dX
r= 4 2-24
' di 2-24)
the equation of motion may be written

av -

AP = v 2-2;
AP = M1 X (2-25)

2-2.3 The Burning Rate Equation

The burning has been deseribed in Chapter 1.
The arca of the burning surface, which is here
assumed constant, may be calculated by the formula

S=_"_i.

ow

(2-26)

where

S is the surface arca of the propellant grains

w the web thickness and

p the specific weight of the propellant, that is,
the weight per unit volume.

The rate of regression of the surface is assumed to

2-6

be uniform over the entire surface. Propellant gas
is evolved at a rate

dc

o = pSBP® (2-27)

where

B is the burning rate cocfficient and
« is the burning rate pressure exponent, which is
here assumed to be 0.8.

B should be determined for cach type of propellant
under actual conditions of use; that'is, by adjusting
its value for best fit of the theory to actual firing
records. B is frequently determined from closed
chamber measurements but these values usually
yield poor results when used in gun ealculations
because the conditions in the gun are very different
from those in the closed chamber. The closed
chamber values are, however, of great value in
determining relative burning rates of different types
and lots of propcliant.

2-2.4 Elimination of Variables

The preceding equations involve about a dozen
variables. By straightforward manipulation, they
can be reduced to three cquations involving only
four variables: K, I’, X and T. T will be treated
as the independent variable, Differentiating Equa-
tion 2-12, gives

dK = MV dV (2-28)
By substitution in Eq. 2-25.
dK = AP dX (2-29)

Since AdX = dU by differentiation of Eq; 2-16a

dK = P dU (2-30)
I'inally, since dX = V dt by definition
dK = APV d! (2-31)

The right members of these four equations are all
equal. Furthermore, by differentiating Eq. 2-1,

dT = dK + dI (2-32)
Now, by Eqs. 2-2 and 2-21,

dK APV dt

a Aty art 2.

dT = Fdc/tv = 1) (2-33)
which, by Fq. 2-27, may ke expressed

.(_IL&. = K.'Y__:_l_);'lﬂ (2-34)

dI' ~  FpSBP"




Defining a constant

g I"pSB__
Ay — 1)

and substituting Iq. 2-12, Equation 2-34 becomes

(2-35)

dK /21\’ P
nho_ 2R 9.
dT M o (2-36)
Combining Iigs. 2-32 and 2-36
2K P dl
= — e ‘)'v 7
V=N o tar (2-37)

Substituting I%q. 2-30 in the differential of Eq. 2-15
gives

dK U dP
= 9.
dI -y—l+‘y—1 (2-38)
Combining the last three equations yields
2K P'"*  UdP
] = oy 9.3
Yol oty G
Eliminating I from Egs. 2-1 and 2-15

Substituting this in Iq. 2-39 and rearranging
produces

(_l_I_)_ _ I) [ _ l . gﬁpl—a]
iT ~ v — )T - K) L7 LAV T
(2-41)
Eliminating " from Egs. 2-16a and 2-40 gives
v, + ax = L=BO =D 4

Equations 2-36 and 2-11 form a system of two
first order differential cquations in K and P with
T as independent variable, and Eq. 242 relates X
to these variables.

2-3 SOLUTION OF THE EQUATIONS

2-3.1 Reduction to Normal Form

Let the system of equations that was just derived
be rewritten:

dK _ PRKP-°

(2-36)

ﬁ= M o
TN S - {iy
T ~ v = )T — K) L” ™A o
(2-11)

Uy + 4y = L=K = D
In order to obtain solutions which are compatible
with obscrved results, initial conditions must be
imposed that represent gun conditions as closcly as
fcasible, The resistance to the motion of the pro-
jectile during the engraving of the rotating band
is much greater than it is at any later stage. Closer
agreement between computed and observed results
is frecquently obtained at small cost in added com-
plexity by imposing an added resistance correspond-
ing to engraving resistance, which prevents the
prejectile from moving until the pressure reaches
a certain value, P, called the starting pressure.
This has alrcady been taken into account in that
a resistance proportional to pressure varies some-
what like a combination of engraving resistance and
later bore friction, being large in the carly stage and
small later.,
The initiai conditions are then

V=6 K=0 P=P, X=0,

(2-42)

U=1U, (2-43)

where

U, i3 the initial free volume as given by Equation
2-17a namely,

Uy = U.s — Cuand T, (the adiabatic flame
temperature) is derived from Equation 2-43.

In order to facilitate the solution of this system
by machine methods, three new variables, ¢, w and ¢
are defined by the following relations:

T = ¢10* (2-44)
w= VK/T (2-45)
w dK

g‘ = (2-40)

where ¢ is a constant to be defined later (Eq. 2-61)
and ¢ is the new independent variable.
In accordance with these definitions,

-5
d¢ 2 @

where m = log, 10 (approximately 2.3026).
Eliminating dK/dT from Eqs. 2-36 and 2-46, and
differentiating logarithmically, produces

dP , 1dK
IS

(2-47)

ilg—%f=(l-—a)

w ¢ r

(2-18)
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Using Iigs. 2-41 and 2-45, this may be expressed

__f’_fﬂﬂ'{ ;q[ Y /’1\1" ]}
&g T \‘2+1-—-w" - y—1NA ¢

(2-19)

F unll_',, using Ligs. 2-36, 2-46 and 2-44, this becomes

_1_45_ L S AN 9.~
mEde { IS [1 — s]} (2-50)

I'rom Fgs. 2-46, 2-36 and 2-453, there results
I _1dK P PK \/EK poeoro .
£ wdl'  we \Fl- "NV o \/;\j 2-51)

fet 77— Tyand &£ — & when w — 0; then P2 — Py
and

e
En = V D) 1,1 n_\/lvu

Substituting 7', from Eq. 2-43, this becomes

/Ti aVy—1

(2-52)

® N2 PV, &30

Sinee, by definition,
. = FpSB
Ay =1
this may be written
- 1_ __ pSBE _.1{[_1_]“'“”-' o -
Let
‘s .‘ 2/(3-2a) .
Il = [ f[‘ \/:—] (2-55)

and substitute in Iq. 2-54,

1 I |e o 5p
b= G = 1)[ P,J (2-36)

Next define
r pP,

p=ip that p, = T (2-57)
and let
¢ = logp, = log% 2-58)
From Eqs. 2-44 and 2-43,
T, = €10* = ff“l (2-59)

This gives

2-8

LrﬂI)ll

l)_
ey — 1) (2-60)

b = IOg

Identifying this with Iq, 2-38, produces, from

Eq. 2-55

_ nu, _ (/rn [pSI"B ﬁ]e/(:t—_“) o
cTy=1 y-1l 4 N7, (2-61)

or, from Iiq. 2-35

v (2-2 3-2a) -2
€= Lo a)/(3=2a JII/(K “)(‘Y""l

)(2a—l)/(2—2n)62/(3—-ll)

(2-62)
Also from Ligs. 2-36 and 2-58 it follows that
log¢ = —%log?2 (2-63)

Thus the system of Equations 2-36, 2-41 and 2-42
has been changed into the normal form

do _ m (l — ) 2.47
a6~ 2 \p w 2-47)
e _ 1 1—a | v g]\ P
~db ;)12{2+1 — [1 P f (2->0)
33— 2a
logt, = —3log2(y — 1) = —5— ¢, (2-63)
Here, the independent variable is
¢ = log (T/¢ (2-44n)

where e is defined by Eq. 2-61, and the dependent
variables are

w = VK/T (2-45)
(IT
= 9.
£ “dK (2-46)

The nume.ical solution of the normal form and
its use in computing trajectory data will be dis-
cussed next. After that, some simple methods of
estimating trajectory data will be given, and the
cffects of wvariations in the parameters will be
explained.

2-3.2 Numerical Integration of the Normal Form

The system of equations in normal form represents
a one-parameter family of trajectories. The param-
cter is the initial value ¢, of the independent variable
¢. This system has been integrated numerically by
computer for values of ¢, ranging from —2.5 to +1.8.
It was observed that the set of curves for ¢, less
than —2.5 tends asymptotically to the solution for
the case of zero starting pressure, which may be
called the “limiting trajectory’. Irom the solutions
working charts have been constructed.




2-3.3 Interior Ballistic Trajectories During Burning

The principal problem of ingerior ballistic theory
is to determine the pressure history and the travel
of the projectile in the gun. To obtain this informa-
tion, the pressure, P, and the velocity, V, as func-
tions of the time, ¢, or travel, X, arc nceded, and
also X as a function of {. This may be obtained
. from the trajectories, which are conveniently divided
into two phases: (1) during burning and (2) after
burning. The first phase will now be considered.

Irom Equation 2-12, the work done by the gas
is expressed as

Combining this with the definitions in Igs. 2-44
and 2-45, yiclds

Vie = V/2¢/M10** (2-64)

I'rom Eqs. 2-36, 2-46 and 2-12,
V a o e
- = E_};l: (2-65)

Fquating the right members and simplifying gives

P =2 \/'—[ 107 (2-66)
. £V 2

If the values of P are calculated for a fixed ¢ = ¢,
trajectory, the point at which the peak pressure, 12,
occurs can be located. By taking values from all
the trajectories, I’, ean be obtained as a function
of the normul variables w and ¢.

In Equation 2-10 the free volumie was expressed as

_T-K&x-=-1
= L

Substituting the values of T, K and P’ from Lqua-
tions 2-44, 2-45 and 2-66 makes

(1 — o)y — 1)el0®
P l{ _‘/'z]ll(l-n)
[E V 2 10

As can be seen from Equation 2-16a,

. U - Un
A

U

U= (2-67)

X

Henee,

_ (l _w‘))e(?l—'la)/(2—2n)10(73-‘211)/(7-2!1)6(7 —_ ]) _Ql_!

X = |'o_ N |ame A
A._E 5

(2-68)

Yor « = 0.8 and v = 1.30, this becomes

1.6968(1 — )10 U,
Aa’“ﬂ[""& 1

Equations 2-64 and 2-68 give V and X as functions
of ¢. These quantities can be obtained by routine
calculation. However, the computation of pressurc
and time can be facilitated by the use of a reduced
pressure and a reduced time.

2-3.4 Reduced Variables

The reduced pressure, P, is defined by the formula

XN =

(2-68a)

po= (5106/2)l/(l—a) (2_69)
Then Eq. 2-66 becomes
/AT 7O/ (1=
P = [e v/ D /2¢) (2-70)

p

or, using the definitions of ¢ and ¢, Equations 2-35
and 2-61

21/!2(a—l))(‘y - 1)(!-2u)/l2(l—a)|
Ugp

For « = 0.8 and v == 1.30, Lquations 2-69 and

2-71 become

r= ©2-71)

p = (£10*%)° (2-69a)
and
J . » € P
1 1.076 U (2-71z)
By LEquation 2-2 the released energy is
cl
T = T

and by Equation 2-27 the rate of burning is

de .
dl == pSBP
Substituting the derivative of 7' from Equation 2-2
and using the definition of ¢ from Equation 2-35

leads to

dT = AeP* d! (2-72)
By differentiation of Equation 2-44

dT = mel0* dg (2-73)
where m = log, 10
Equating the right members gives

dt = ﬁl—;}g dé (2-74)



The reduced time is defined by the formula

Z _ oE,./(l—u)lO(z-n)/lz(l—n)lé (]¢ (.)_75)
e
Then, with the help of Iq. 2-66 the integral of
L. 2-74 may be expressed

= 2 a/trl-ad) g(‘-’—'ﬂ)/lﬂl-a)![
ALy i

lor a = 0.8,

(2-76)

¢
[ = f 10™* do (2-75a)

| = _de'm 7

e 976
AW (2-76a)

2-3.5 Pressure Ratio Chart
The ratio of initial pressure, P2, to peak pressure,
I, as a function of

r,

=T

where I is defined by Equation 2-35 is shown in
Chart 2-1. This chart permits a determination of P2,
the theoretical maximum pressure, to be expected
for any choice of starting pressure for any given
gun, propellant and projectile systeiis.

2-3.6 Interior Ballistic Trajectory Charts

OUn Charts 2-2a, -2b and -2¢ several sets of curves
give data from the interior ballistic trajectories.
The abseissa is w and the ordinate is log &.

o.-trajectories are solid curves, starting with the
labeled values of ¢ and showing the coordinates
along cach trajectory. (Chart 2-2a)
¢-curves are dashed curves joining the points of
ronstant ¢ on all trajectorics. The value of ¢ on
bach of these curves is the labeled value. (Chart 2-2a)
- P,-curve crosses all trajectorics at the points
where the pressure is a maximum. (Chart 2-2a)

' Leurves join points of constant reduced time on
fach trajectory, and are so labeled. (Chart 2-2b)

P-curves join poiuts of constant reduced pressure
%m cach trajectory. They are labeled with the values
bf log p. (Chart 2-2c)

. The charts reproduced here are for illustration
purposes only. IFor use in calculations they should
be reproduced on a much larger seale.

The use of the trajectory charts is as follows.
Fstimate a starting pressure, which depends on the
gun and projectile. Bennett' assumed a value of
2500 psi for his tables, but it may be anywhere
from 1000 to 5000 psi. Compute ', M, S, o and

2-10

e from Lquations 2-17a, 2-11, 2-26, 2-35 and 2-62,
respectively. Setting ¥y = 1.30 and « = 0.8 the
latter two cauations become

SBE
R e
and
e = [0.027U: ) "")" (2-62a)
Then compute
>
¢, = log %—'L;—le" (2-60a)

This identifies the o, trajectory (the set of values
of w, t and ¢ along the solid line from ¢ = ¢, on
Chart 2-2a) which is applicable until the end of
burning. If “burnt” values are denoted by the
subscript I, ¢ becomes

¢, = lo.«r—-—: (2-77)
The interseetion of the ¢-curve for ¢ = ¢, (dotted
line on Chart 2-2a) and the ¢,-trajectory indicates
the point on the trajectory at which the charge
was all burned, that is the point (w,, &, ¢.).

The interscetions of the j-curves and the Feurves
with the ¢.-trajectory give the values of the reduced
pressure and reduced time. (To do this using the
three Charts 2-2a, 2-25h and 2-2¢ requires that the
¢, trajectory be transposed from Thart 2-2a to
Chart 2-2b for [, and to Chart 2-2¢ for j5.) (The three
charts have been combined into one so that this
transposition is not necessary. The combined ehart
however, is complicated and hard to read unless
made very large. A combined chart was produeced
on a large scale at Ballistic Research Leboratories
and copics can be obtained. A reduced copy is
published in Reference 1.) Then the pressure and
time can be computed by Equations 2-71a and 2-76a.
In particular, the “burnt” values, p, and 7, can be
found. Also, the peak pressure, /2, can be caleulated
from j,, which is the value of # at the intersection
of the P’,~curve (Chart 2-2a) and the ¢,-trajcctory.
P’, is the theoretical peak pressure which is not
neeessarily the same as the actual maximum pres-
sure. It will be the same only if the charge does not
burn out before P, is reached, that is, the time to
reach the theoretical peak pressure must be less
than the time to burnt. If this is not the case,
the actual maximum pressure is the pressurc at
burnt, I’,,

After ¢, has heen ealeulated from Eq. 2-77, w,
has been obtained from Chart 2-2a, and /2, has been
computed, the free volume, U, the travel, X, and
the veloeity, V7, at “burnt” can be caleulated by
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CHART 2-2a. INTERIOR BALLISTICS
TRAJECTORIES

(Located in the back of this handbook)
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CHART 2-2b. INTERIOR BALLISTICS
TRAJECTORIES

(Located in the back of this handbook)
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CHART 2-2c. INTERIOR BALLISTICS
TRAJECTORIES

(Located in the back of this handbook)
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the formulas

U, = (2-78)

(2-79)

(2-80)

2-3.7 Conditions After Burnt

After all the propellant is burned, ¢ = . With
this substitution, Iiquation 2-2 shows that the
released energy is

re

T = v constant (2-81)
s before, the work done by the gas is, Equation 2-12
Al
and the internal energy is, Lquation 2-15
rv
I = po—
Henee, the energy equation may be expressed
re = pU + 12 (2-82)
Taking differentials produces,
0=PdU+UdP + (v — DUV AV (2-83)
By Ilquations 2-28 and 2-30
MV AV = PdU (2-84)
dP dU 5 o~
so that it (2-85)

Integrating with I’, and U, as initial values, yiclds

PUY = P,U} (2-86)

Since the right member is a constant, the expansion

is adiabatic; actually, the value of v is adjusted to
acccunt for the loss of heat.

From Iiquations 2-40 and 2-45, the encrgy cqua-
tion may also be expressed

PU=( =11 =T  (287)
At burnt, '
PU, = (v = DU = )T, (2-87h)
But after burnt, T = T, so that
1—-o  PU y
T=ui = Pl (2:88)
Then, by Fq. 2-86
1 2 (,' 1-
i = [T}Z] (2-89)

Ienee
— U, 211/ (k=) 9_(
= ey [1 — o] (2-90)

Substituting 1gs. 2-90 and 2-81 in Eq. 2-87a, gives

[1 ]l/(l ¥) l( [l . 2]7/(1"1) (2_91)
By Iigs. 2-82 and ‘.2-8(»,
a 2 . -
T7° = Z‘_y——_ﬁj—i ([’ C - I’,,U}',Ul 7) (2-92)
Using Iiqgs. 2-81, 2-87b and 2-90, produces
, [ orC
= P Ea—e— 2-

The travel is, from Equation 2-16a

- U-=U,

X = 1
I'rom Equation 2-23

a =25 av

With ¢, and 17, as initial values, the integral of
this is

mrav
= ar PR
{ [b + {1 v, 1) (- 94)
Substituting Eqs. 2-91 and 2-63 in Eq. 2-94, gives
_ v | _2x 2]1/(r=1)

t [, + ‘.1 ( I)ch [1 0]

¢ dw -

'-/:“ h - w:']v/(v-n (2-95)

2-3.8 Time, Pressure and Travel Functions

To facilitate the determination of time, pressure
and travel after burnt, Chart 2-3 has curves of the
following functions of w:

rw) = 0"’ (1 — &)™ duw (2-906)
pl) = (1 — )" (2-97)
vw) = (1 — )71 (2-98)

Using these functions with ¥ = 1.30, Equations 2-95,
2-91 and 2-90 may be expressed

U. 2M

{ =1, + 0] 03FC [r(w) — 'r(wb)] (2-99)
p = L&) C(”j(“‘") ule) (2-100)
= v(w v(w) (2-101)

Then X can be caleulated by Eq. 2-16a and 17 by

Iiq. 2-93, with v = 1.30.

219
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These equations apply from the position at burnt,
denoted by the subseript, b, to the muzzle, denoted
by the subscript, m. If X,, is known, ", can be
found,

. =0,+ AX, (2-102)

and then
v(w.) = 77 vla)
b

(2-103)

then w., can be determined from the chart.

Finally, ¢, P, and 1, can be calculated as
explained above. In practice 17, is divided by 12
to obtain the muzzle veloeity in feet per second.

2-3.9 Examples

_a. Determine the maximum pressure; the time,
pressurc and travel at burnt; and the time, pressure
and velocity at the muzzle for the 105mm Howitzer
M4, firing the High Explosive Projectile M1, pro-
pelled by 10 ounces of multiperforated propellant
Mllot . ____*

* A “lot” of propellant, is the product of one set of
manufacturing operations such that its characteristics are
essentially uniform, or a combination of such products ob-
tained by blending so that the grains are thoroughly mixed
and statistical uniformity among charges may be expected,
even though slight variations exist among individual grains.
The manufactu »r furnishes the characteristies of each lot.

Characteristic Symbol YVulue Unit Remarks

Area of bore A 13.4 in? Given
Chamber volume U 153.8 in? Giiven
Travel (to muzzle) X 80.4 in Given
Weight of projectile W 33.0 b .Given
Starting pressure P, 4000 psi Given
Weight of propellant ¢ 0.625 lb Given

. . in/see Give
Burning rate coeflicient B 0.0011 (psios iiven
Foree of propellant F 373 X 108 in-1b/lh Giiven
Specific weightt P 0.0571 Ib/in? (iiven
Web thickness w 0.0140 in Given
Friction factor 6 0.05 Viven
Adjusted ratio of specific heats ¥ 1.30 iiven
Burning surface S 1564 in? Eq. 2-26
Initial free volume Uy 142.9 in3 Eq. 2-17a
Effective mass ) 0.0903 12 slugs Eq. 2-11
Constant 4 9.115 X 10! Eq. 2-35
Constant ¢ 5.384 X 10¢ Iiq. 2-62a
d.~trajectory ' -~0.451 Eq. 2-60a
¢-curve o 0.160 Eq. 2-77
Abscissa of intersection . W 0.323 Chart 2-2u
Ordinate of intersection log ¢, 0.056 Chart 2-2a
Reduced time curve [ 1.87 Chart 2-2h
Reduced pressure curve log js 0.670 Chart 2-2¢
Reduced peak pressure curve log p, 0.660 Charts 2-2q, -2¢
Muximum pressure P, 8870 psi Eq. 2-7in
Pressure at burnt Py 8665 psi Eq. 2-71a
Time at burnt o, 3.91 X 1072 sec Eq. 2-76a
Free volume at burnt Uy 240.9 in® 2q. 2-78
Travel at burnt X, 7.31 in Eq. 2-79
Free volume at muzzle U 1220 in? Eq. 2-102
Travel function v(wsy) 1.435 Chart 2-3
Travel function w(wa) 7.27 Eq. 2-103
Abscissa Wm 0.670 Chart 2-3
Time function 1(wm) 1.970 Chart 2-3
Time function r(ws) 0.380 Chart 2-3
Pressure function p#lwm) 0.075 Chart 2-3
Time at muzzle In 14.02 X 1072 sec Eq. 2-99
Pressure at muzzle ) 1040 psi Eq. 2-100
Velocity at muzzle Vi 8789 in/sec Eq. 2-03
Veiocity at muzzle Vi 732 ft/sec Eq. 2-93

+ The manufacturer customarily gives the apecific gravity of the propellant. To obtain the apecific weight in pounds per cubic inch, this must be divided

by the specific volume of water, which is 27.68 in?,Ib.
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If desived, the foregoing process can be repeated
for scleeted values of ¢ less than ¢, and sclected

values of @ between w, and w,,. Interpolated values

of time, pressure, travel and veloeity corresponding
to the seleeted points can then be determined from
which pressure-time, pressure-travel and veloeity-
travel curves can be drawn, Figure 2-1 is the pres-
sure-time curve for the preeeding exaniple,

b. Determine the weight of the same lot of pro-
pellant that will give a maximum pressure of 10,000
psi in the same gun, firing the same projectile as
in the first example (par. 2-3.9a), and compute the
resulting muzzle veloeity.

For this example, some of the formulas need
revision, First, equate the right members of Liqua-
tion= 2-38 and 2-6G0, and obtain

— L"'nl)u )
€ = 0————.31)” (2-104)
Alzo, Equation 2-62a may be expressed
r ¢ ]l/l’)
= | ——7—3 2-105
° = | oomear (2-10%)

Finally, combining Equations 2-26 and 2-35 yiclds

Since Py = 4,000 psi, P, ', = 0.400. Lntering
Chart 2-1 with this ratio, find p, = 0.2935.

Now, a trial and crror method should be used.
Using an cstimated value of €, compute U, and
M as in the first example then ealculate ¢, ¢ and
C' by the formulas above. If the two values of ¢
are not the <ame, use the caleulated € as the second
estimate, and repeat the caleulations. If necessary,
repeat again. When both values agree, this gives
the desired maximum pressure; the muzzle velocity
can then be found as in the first example.

Sinee 0.625 pound of propellant gave a maximum
pressure of 8,870 psi, (" must be greater in the present
problem. Paragraph 2-9 will explain how this in-
crease can be estimated; however, for the present,
a charge of 0.800 pound will be assumed.

The following tables give the vesults of the
computations.

Thus, a charge of 0.709 pound will give a maximum
pressure of 10,000 psi and a muzzle veloeity of 780 ps.

¢. Determine the weight and web thickness of a
charge of M1 propellant that will give a maximum
pressure of 15,000 psi and a muzzle velocity of
1000 fps in the same gun, firing the same projectile

. 01w 10
( s’ 2-106) as in the preceding examples.
(" (est) 0.800 0.704 0.709
Uy 139.8 141.5 141.5
W 0.09047% 0.09036 0.0640:39)
e 6.351 X 10° 6.428 X 108 6424 X 108
4 1.027 X 10° 1.034 X 10° 1.033 X 105
(" (cule)) 0.704 0.709 0.709
. -0.532
¢, 0.137
wy 0.319
log i 0.69
Py 9980
U, 238.0
Un 1220
(wy) 1.43
v(wm) 7.33
W 0.670
rm/l2 780
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Solving Fquation 2-106 for w gives.

_ s
T 0.15de

Intering Chart 2-1 with the ratio 7,71, = 0.2667,
find p, = 0.170.

Assume a series of values of ') caleulate ¢, o
and w by Equations 2-104, 2-105 and 2-106a; and
compute the muzzle veloeity as in the first example.
The value of €' that will produce a muzzle velocity
of 1000 fps and the corresponding web thickness
can then be found by interpolation. The results of
such a ealculation are tabulated below.,

w (2-1062)

Charge, 1h Web thickness, in Muzzle Velocity, fps

1.000) 0137 927
1.100 0152 969
1.200 0167 1004
V188" 0165* 1000

* [nterpolated.

d. When the HE Projectile M1 was propelled by
1 pound of propellant M1 with a web thickness of
0.0140 inch in the 105mm Howitzer M4, a maximum
pressure of 14,200 pounds per square inch and a
muzzle velocity of 920 feet per second were observed.
Adjust the values of the factor 8 and the burning
rate cocfficient, 3, so»¢hat the calculated results
will agree with the observed ones.

With the known values of P, ard I°,, Chart 2-1
can be used to find p,. With this value of p,, € can
be computed by Equation 2-104. Then w, and log 7,
can be foun¢ with the help of Chart 2-2¢, and w.,
with the help of Chart 2-3. With the known value
of V7., the adjusted value of A/ can he computed

by the formula

w3 FC -
M= 615"-: (2-101)
Solving Fquation 2-11 for 8, gives
A — /¢
o= Mo—CH _ (2-11h)

w
Using the adjusted values of e and M/, o can be
calculated by Iquation 2-105. Finally, solving Ilqua-
tion 2-106 for B, yiclds
0.15Awe
B = FC
Thus the factor 8, which accounts for rotational
cnergy and frictional resistance, is 0.062 instead of

(2-10Gh)
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The results of these computations are given below.

Symbol Value Remarks
A 13.4 Given
U 153.8 Given
X 80.4 Given
|14 33.0 Given
r, 1000 Giiven
« 1.00 Given
r 3.73 X 108 Given

p 0.0571 Given
w 0.0140 Given
r, 14,200 Given
Vi 11,040 Given
P/, 0.2817
Po 0.183 Chart 2-1
. —0.738 Ig. 2-58
Uy 136.3 . 2-17a
€ 0.03 X 10¢ T 2-104
& 0.0975 Eq. 2-77
ws 0.320 Chart 2-2
log &, 0.102 Chart 2-24
log fis 0.547 Chart 2-2¢
log p, 0.737 Charts 2-2q, -2¢
r, 14,360 Y. 2-T1a
P, 14,040 Llq. 2-71a
', 230 Fq. 2-78
U 1214 g, 2-102
v(ws) 1.42 Chart 2-3
W wu) 7.21 Eq. 2-103
W 0.670 Chart 2.3
M 0.0916 Lq. 2-107
0 0.062 Lq. 2-11h
o 1402 X 1P Iq. 2-105
I 0.00106 1. 2-106hH

the assumed vilue 0.050; the burning rate coeflicient,
B, is 0.00106, which is practically the same as the
closed chamber value, 0.00110.

2-3.10 Dual Granulation Charges

In some guns, cspecially howitzers and mortars,
two or more charges are used so as to obtain various
muzzle velocitics and thus vary the angle of fall.
The lowest velocity is obtaiiied with a base charge;
and the higher velocities, by adding increments.

The same velocity ean be obtained with different
types of propellant or different web thicknesses by
adjusting the weight of charge. A charge with a
faster burning rate or a smaller web thickness will
produce a higher pressure along the first part of
the travel, and therefore a higher maximum pres-
sure, and a lower pressure along the latter part
of the travel, including the muzzle. It has been
found that the round-to-round dispersion in muzzle
velocity for a given charge is large when the max-



imum pressure is very low. Therefore, it is desirable
to usc a fast propellant for the low velocities. How-
ever, the use of such a fast propellant at the high
\elomtles is likely to make thic maximum pressure
exceed the pressure that the gun ean stand without
damage.

This difficulty could be solved by using fast
propellant throughout for the low charges and slow
propellant throughout for the high charges. However,
it is more feasible to use fast propellant for the base
charge and low increments, and slow propellait for
the additional increments. For howitzers, it is cus-
tomary to use small, single-perforated grains for the
low charges and add increment charges of large,
multiperforated grains for the high charges. Move
than two granulations could be used, but this is
not customary.

The fundamenta: theory is the same for dual
granulation as for single grauulation, but some of
the equations have to be modified to make them
applicable to dual granulation. It is here assumed
that both kinds of propcllant are ignited at the
same time, but the faster propellaut is burnt sooner
than the slower propellant.

The subsecript 1 will be used to refer to the char-
acteristics of the fast propellant, or to the trajectory
during the simultaneous burning of both propellants.
The subscript 2 will be used to refer to the charac-
teristics of the slow propellant, or to the trajectory
during the burning of the slow propellant alene.
The subseript ¢ will denote cither 1 or 2.

The characteristics of the gun and projectile are
- the same as before: the area of the cross section
of the bore, A ; the chamber volume, U,,; the travel,
X (X, at the muzzle); weight of the projectile,
IV; and starting pressure, P,. The characteristics
of the propellants are: the burning rate coefficient,
B;; the force, F;; the specific weight, p;; and the
web thickness, w;.

Obviously, the total charge is

C=0C +C (2-108)

The surface arca of the grains may be calculated
by the formuia

S; = 2C:/pw; (2-109)
The initial free volume is
L’c) = U:h - (’C—l + _6;2_) (2'1 10)
P P2

As before,
1.05W 4- C/3

386
While both propellants are burning, the constants

M=

- = (FpSB), + (IF'pSB),
! 0.3.4

(2-111a)

and
(0 0_ ry'.‘][: lf))l/‘

The tmjvctory starts at

(2-112a)

P, U.,

At the burnt position of the fast propellant,

F.C\[L + (FpSB)./(FpSB),]
o = log

0 ;Gl
On Chart 2-2a, at the intersection of the ¢,,-trajec-
tory and the ¢,,-curve, the coordinates w,, and
log £,, are found.

While only the slow propellant is burning,
_ (FoSB),
7T 7034

The second phase starts at the coordinates w,, and
log ¢.,; and

(2-114a)

(2-111b)

log £, = log (¢102/0y) (2-115)
On Chart 2-2a, the ¢..-trajectory and the ¢,,-curve
that cross this point are found. Then, since the
weight of burnt propellant and the pressure are the
same at the beginning of the second phase as at
the end of the first phase,

e = (10°*/10°") (2-112b)
At the burnt position of the slow propellant,

Fp|+r202

¢z = log 0.3e, (2-114h)

On Charts 2-2a, -2¢ at the intersection of the
¢.-irajectory and the ¢,,-curve, w,, and log p., are
found. At all burnt, then, the pressure is

1 076C) v
Pu = o (2-116a)
and the free volume is
— NF.C, - PO
Uzb —_ (1 w,h)([’lc‘ [ P,C 2) (2_117)

P?b

If the reduced peak pressure curve crosses the
used part of cither the ¢,,-trajectory or the ¢,,~
trajectory, the intersection indicates the value of
P.p. Then, the maximum pressure can be calculated
by the formula
1.076¢,
Ubiv
If the p,-curve does not cross cither trajectory, P,
is the actual peak pressure.

At the muazzle, the free volume is

Un = AX. + U,

P, = (2-116b)

(2-102)
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After finding v(w.,) from Chart 2-3, compute

o) = T2 (o) (2-118)
; 20

anil find w, from the chart. Then the velocity at
the muzzle is

- /::;0"1(»'1 -+ 1"2('2) w
"N 0.3/ "

*'The modifications of the formulas for time, pres-

(2-119)

sure, velocity, and travel at arbitrary values of w
arc obvious; they will not be given here.

2-3.11 Example for Dual Granulation Charges

Determine the maximum pressure and muzzle
veloeity for the 105mm Howitzer M4, firing the
HE Projectile M1, propelled by 2 ounces of single-
perforated propellant M8 lot ____ and 8 ounces
of multiperforated propellant M1 lot .

Characteristic Symbol Value Unit Remarks
Area of bore 1 13.4 in? Given
Chamber volume [ " 153.8 in? Given
Travel (to muzzle) A 80.4 in Given
Weight of projectile 1% 33.0 b Given
starting pressure %o 4000 psi Given
Charge: M8 o 0.123 b Given

M1 . 0.5 1h CGiven
el A 0.625 1 Fap. 2-108
‘ . - . in/uee Gi
Burning rate cocflicient B, 0.0025 (pei)es riven
B. 0.0011 Given
Foree r, 4.60 X 10¢ ta-lh/1b Given
. F. 3.73 X 10¢ in-1h/1h Given
Specifie weight ot 0.0571 Ih/in? (iiven
” 0.0571 Ih/in® Given
Web thickness 1w, 0.0040) in Given
: w, 0.0140 in Liven
Burning Surfuce S 1095 in? Eq. 2-109
Ss 1251 in? Eq. 2-100
‘ Initial free volume U 1429 in3 Eq. 2-110
Lffective minss M 0.000:31 12 slugs Eq. 2-11a
Constant oy 2518 X 10° Iq. 2-111a
Constant € 2209 X 107 L. 2-112a
du-trajectory ot ~-1.081 LEq. 2-113
Sr-curve S1s —0.930 Eq. 2-1l4a
Abseisan wis 0.023 Chart 2-2a
Ordinate log & 0.782 Chart 2-2a
Constant o 7200 X 10t Lq. 2-111h
Ordinate log £, 0.244 Eq. 2-115
d.-trajectory b2 —-0.225 Chart 2-2u
@smcurve I —0.1% Chart 2-20
Constant e 4.184 X 10* Y. 2-1120
Pap-CUrve P21, 0.2} 1q. 2-114h
Abscissa Wz, 0.366 Chart 2-2a
Reduced Pressure log 75 0.616 Chart 2-2¢
Reduced peak pressure log fia, 0.567 Charts 2-2a, -2¢
‘ Muximum pressure r, 8340 psi . 2-116h
Pressure at burnt Py 7630 psi Eq. 2-116a
Free volume at burnt U 207 in? Eq. 2-117
Free volume at muzzle . 1220 in? Fq. 2-102
Travel function v{wss) 1.60 Chart 2-3
Travel function ¥ wm) 7.05 Eq. 2-118
Abscissa Wm 0.665 Chart 2-3
Veloeity at muzzle Vi 8924 in/scc f2q. 2-119
Velocity at muzzle Vi TH ft /sce Eq. 2-119




2-4 THE HIRSCHFELDER SYSTEM

Tn the Hirschfelder System it is assumed that
the buruing rate is lincarly propertional to the pres-
sure, that is, @ = 1. With this assuniption the
cquations are solvable analytically. Hirschfelder does
not assume 5 = u nor that the burning surface is
constant. If the burning surface is not constant a
fourth equacion, the form function equation, is
introduced iuto the system of equations to be solved
simultancously. The form of this equation depends
on the shape of the grains and in effeet takes account
of the change in the burning surface as the web
burns away. The system also assunes a starting
pressure taken as the pressure produced when one
percent of the charge has been consumed. This
can be obtained from closed chamber data sinec
antil the projeetile moves the burning is at constant
volume. The Hirschfelder System is covered com-
pletely and in detail in Reference 6 of Chapter 1
(Report No. 1) and is presented together with charts
and working tables for use in gun design problems.
There is also included a discussion of the thermo-
dynamic properties of propellants.

2-5 “SIMPLE” INTERIOR BALLISTIC
3YSTEMS

2-5.1 General

By negleeting all, or most, seccondary cffects which
are difficult to evaluate, such as heat and friction
losses and starting pressures, and by making all
or most of the usual sitaplifying assumptions, a very
simple analytical treatment can be given. Examples
of this are the British RD-38 System (Cf. Corner®)
and the Mayer and Hart System®. These systems
result in simple analytic formulas for the variables
and, if the adjustable parameters are adequately
evaluated by numerous comparisons with firing
records, can yield results valid to a few pcreent
for standard guns, especially for the larger calibers.
They are also useful in that the interrelations be-
tween the more important parameters are more
obvious than in the more involved systems, so that
they allow a more direct feeling for the interrelations
to develop.

2-5.2 The Mayer and Hart System

The Mayer and Hart System employs the follow-
ing simplifying assumptions:

(1) the starting pressure and engraving pressure
arc zcro, that is, the projectile starts to move as
soon as the propellant begins to burn;

(2) the covolume of the gas is equal to the original
charge volume, that is, » = u;

(3) the burning rate is llnvally proportional to th(-
pressure, that is, @ = 1;

(1) the bwning surface is constant throughout the
burning;

(5) all terms in the kinetie energy cxpression arve
negligible exeept those for the kinetie energy of the
gas and the projectile; and

(6) energy losses due to friction and heating are
also negligible.

Assumptions (5) and (6) do not affect the form
of the theory, sinee the neglected encergies are taken
account of in practice by adjusting the values of
the weight of the projectile and the specific heat
ratio, v, to some cffective values, Consistent with
the practice of other interior ballistics methods, the
Kinetic energy of the propellant gas is accounted
for by adding one-third of the gharge weight to the
projectile weight, producing an adjusted projectile
weight, 11, equal to projectile weight plus (/3.
The symbol I will be used in the remainder of
this discussion for the adjusted weight. The value
of ¥ may be adjusted according to the judgment
or experience of the user. In the preceding method,
according to Taylor, an adjusted value of v of 1.30
is assumed. This value may not be valid in the
Mayer and Hart method, because of assumption
in the latter method of linear proportionality of the
burning rate to the pressure.

In the following, the original notation of Mayer
and Hart has been changed to conform to that
exhibited in the List of Symbols at the beginning
of Chapter 2. Mayer and Hart also introduced
numerical factors in their. formulas to adjust for
the units used. These have been omitted, leaving
it to the uscr to express the quantitics in a consistent
sct of units.

The three fundamental equations are then

dc _ 2CBP
n= w (2-120)
PU=cF —(y— D2V (@121)
and
wav _,
—ar = P4 (2-122

Mayer and Hart define two ballistic parameters
having the dimensions of pressure

2BCF\* (!
r = (55 G22) (2-123)
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and

, 2 CF o1
r.o= C. (2-124)
where ) is the initial free volume, equal to the
chamber volume minus the volume of the charge.
P, is the pressure which would be developed in
the chiamber if there were no motion of the projectile.
It it is assumed that the pressures occurring in
Equations 2-120 and 2-121 are the same, that is,
that the pressure drop in the gas can be neglected

SUN _ e _a:zi(EQ@Q]
1((1,) - "((')[1 2 Pr.J\c

and also

U x:iggg]WW“
" [' TP, (')

o —(y=1)r2

- [-’ILL (y — 1)][1 - (%’—) ] (2-127

which state the relations between the fraction of
the charge burned and the expansion ratio. Sinee
(" = U, + .1\, Equation 2-126 yiclds also the
relation between the fraction of eharge burred
and the travel.

By Fgs. 2-125 and 2-127

, 2PB !-’,: -9 g-)(’r"l)/'.' ] .
P=5= (U.,) [(( R I

The pressure is, theoretically, a maximum wlien

(2-125)

(2-126;

I=

~

. . 2/{y~-1)
‘ll"‘ = [7%:7] (—-129)
and
o= él;— (2-130)

and has the theoretical value

1"...;.‘ — l’,,[(‘y + l)(v-n_y—zy2-(-,’,1)]|/(7—n (2_131)
This value will be reached only if I2,/P, 2 v,
that is, if the thcorctical maximum pressure is
reached before the charge is all burned. Otherwisce
P... occurs when ¢/C is cqual to unity and the
maximum pressure is then the pressure at burnt.
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The energy of the projectile up to burnout is
given by

Wy B 2P U, [ (U )—(1—1)/2]2

The conditions at burnt can be obtained by setting
¢ C =1 in Eq. 2-126 to derive U at burnt, and
substituting " at burnt in Iigs. 2-128 and 2-132
to derive £* and 17 at burnt. The travel at burnt
ix derived from 7 = Uy + AX.

The corresponding values at burnout are

1) -2/{y=1)
U, = U»[l — i - 1)(7,‘)] (2-132a)
b
I) (y+ 1)/ (y—-D
r, = Pc[l —ir—=1 I—,i] (2-132Dh)
b
r 12
v, = I(Tfij"—l) (2-132¢)
X = Q’i-',{—ﬂ (2-132d)

After burnout the gas expands adiabatically so
that, when the projectile is at the muzzle, the
pressure is given by (C,/U,)" Py, The pressure when
the projectile is at the muzzle is therefore given
from Equations 2-132a and 2-132b by

P, = ,(_U_)[l — = 1) ,ﬂ]

i 2-133)

The muzzle energy is given by

W CF 1&”[ \ &T}
zﬂ‘m*'/*l{l_(u..) l-—j(y_l)l)n

(2-134)

2-6 THE EFFICIENCY OF A GUN-AMMUNI-
TION SYSTEM

There arc two “efficiencies” commonly used to
estimate the effectiveness of a given gun-propellant
system in imparting energy to a projectile. These
arc thermodynamic or ballistic efficicney and the
piczometric efficiency.

The former is defined as the ratio of the transla-
tional energy of the projectile at the muzzle to the
total energy of the charge as defined by Equation
2-2, that is

vy—1WV

Thermodynamic Eificiency = 501y = (2-135)



The piczonmetric eflicieney is defined as the ratio
of the mean base pressure, which acting during the
travel to the muzzle, would produce the muzzle
veloeity, to the maximum pressure. It is related
to the flatness of the pressure-travel relation. A high
piczometric cfficiency means a higher muzzle pres-
sure and the projeetile position at burnt further
toward the muzzle. This will result in inercased
muzzle blast and greater round to round variation
in muzzle veloeity.

A\ high ballistic efficieney results when the charge
i completely burned as carly as possible in the
projectile travel. Thus a high thermodynamic or
ballistic cfficicney corvesponds to a low piezometric
cflicieney,

2-7 COMPARISON_ WITH EXPERIMENT
2-7.1 General Considerations

Whatever system of interior ballisties one makes
use of, when faeed with a practical problem in the
analysis of interior ballistic measurements or in the
desizn of a gun, one must assign values to certain
of the purameters oceurving in the theory which
cannot be determined by independent means, The
most important of these parameters is the burning
rate coetlicient which will oceur in any formulation
of the theory. Others are the heat loss ratio which
determines the adjusted value of vy, the starting
pressure, and the burning rate pressure exponent,
Proper values of these parameters must be de-
tovnined by adjistnient to it the theoiv 1o iceoids
of actual gun fivings. To mateh the theory to
obhservation by simultancous adjustinent of all such
uncertain parameters would be very tedious, and,
in view of the simplifying assumptions made in the
formulation of the theory, unwarrmnted. One must
make a judgment as to the most uneertain param-
cters and those to which the solution is most
sensitive and assign approximate values to the least
important ones and adjust the others for best fit."
By a process of trial and error one arrives at the
best set of values to fit the theory to the experimental
data. It is often possible to estimate approximate
or limiting values of certain parameters theoretically
or by independent measurements. For example, the
thermodynamie value of ¥ can be caleulated and
the effeetive value will be greater than this. The
heat oss could be ealeulated approximately by the
method of Chapter 3. Relative values of the burning
rate constant can be determined for different pro-
pellauts from closed ehamber measurement.

If one has to deal with guns of unconventional

design such as the so ealled light gas guns or other
guns operating outside the usual range of pressure
and velocity a greater dependence on theory be-
comes necessary. A major difficulty in treating high
performance guns such as modern tank guns is the
proper treatment of the pressure gradient in the gas.
This problem is discussed in some detail in Chapter 5.

2-7.2 Experimental Evaluation of the Parameters

a. General Procedures. The interior ballistic quan-
titics that can be measured with modern instru-
mentation are deseribed in Chapter 4. To try to
furnish data on all of these would not be warranted
exeept possibly for fivings carrvied out in conneetion
with rescarch in the subject. Usually the data
supplied will be much less extensive and complete,
This will influence the complexity of the theory
used to analyze the data and the proeedures followed.
If all that is available are erusher gage values of
the peak pressure and the muzzle velocity a very
simple theory such as that of Mayer and Hart may
be adequate.

For a more detailed £ unlysis of the interior ballistic
trajectories, the firing records will furnish breech
pressure and projectile travel as functions of the
time. The records will be provided with a common
time scale and fiducial marks to adjust the time
scales to a common zero time (sce Chapter 4).
These records are read by means of an optical
compurator capable of measuring hoth horizontal
and vertieal displacements on the record. Usually
ihe tavei-time data are derived from an inter-
ferometer record which furnishes values of the time
for cqual intervals of distanee. By interpolation,
these data are converted to intervals of distanee
for equally spaced intervals of time so that one
finally has the breech pressure and projectile travel
presented on a common time seale, The travel data
is then differentiated twice to provide values of the
velocity and acceleration of the projectile also as
functions of the time. This will requive considerable
smoothing and other mathematical manipulation.
For details and referenees to the mathematieal
literature underlying the process sce Reference 7.

To reduce the data in this manner and to make
comparisons with the theoretical formulas in detail
for many records, is a very time consuming process.
To analyze the records from a single firing may take
two or more man weeks if carried out with desk
calculators. Where the necessary automatic record-
measuring and computing cquipment is available,
the procedures ean be automated and coded for
high speed computers so that the data from a gun
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FIGURE, 2-2. Result of the Analysis of a Firing Record for a 165mm Howilzer Iound (Measured Values of Pressure and Dis-
placement. Velocily and Acceleration Determined by Numerical Differentiation of Displacement)

firing ean be processed in a matter of hours.” A plot
of the result of such a record analysis, for a typical
case, i3 shown in Iigure 2-2.

b. The Conditions in the Early Stages of Burning;
‘the Starting Pressure. rom such a record, the pres-
snre at the actual start of motion can be read
directly. I'rom the record shown, it is about 750 psi.
It s“ould be emphasized, however, that the time
of start of motion is difficult to determine accurately
because it is difficult to determine from the record
just where the displacement actually begins. This
would be true even if the graph were precisely
determined. Error of reading and reduction will
increase the uncertainty.

The “starting pressure” used in the formulation
of interior ballistic theories is a quantity quite
different from the actual pressure at the start of
motion. Immediately after the projectile starts to
move, the rotating band engages the rifling and a
large resisting force is developed. After engraving,
the resisting force drops rapidly to a much lower
alue. One might cxpeet this to show as an ir-
regularity in the graph of the acceleration in Figure
2-2. It does not do so beeause the resolutio: of the
apparatus and the data reduction procedures are

2.30

not sufficient to show it. This is usually the case
unless special methods are used to study the motion
during engraving. A description of one such method
is given in paragraph 4-1.3.

If the acceleration is adequately determined, the
cffective pressure, P, on the base of the projectile,
that is the difference between the actual base pres-
sure and the pressure necessary to balance the forces
of engraving and friction, can be determined from
the relation

_ Wa
. Ag

If a measurement of the base pressure, P,, is
available or if it can be calculated by the use of a
formula such as Equation 2-20, an ecstimate of the
engraving and frictional force can be calculated from
the difference P, A — P,A, A graph of this force
for a typical 105mm Howitzer round is shown in
Figure 2-3. The observed maximum foree of about
45000 pounds, divided by the nomimal bore arca of
13.4 square inches gives a starting pressure of 3350
pounds per square inch. This compares reasonably
well with. the value indicated on Figure 2-1 of
4000 psi.

r (2-136)



In assigning starting pressures some average value
of the engraving force should determine the assigned
value. The engraving force will evidently be quite
variable from round to round. It will be sensitive
to manufacturing tolerances in the size of the rotating
band, how closely the band fits the projectile and
possibly in the thickness of the projectile wall.

When comparing their theories with experiment,
most authors assign a starting pressure in an ar-
bitrary manner. It is hardly possible to do it in any
other way. The experimental values of engraving
forces can serve only to set some limits on it. In the
Hirschfelder system, for example, the starting pres-
sure i1s assumed tu be the pressure existing when
one pereent of the charge has been consumed. Since
the projectile has presumably not moved up to this
time, the starting pressure is that which would be

produced in a closed chamber under similar loading
conditicns,

¢. The Rale of Charge Consumption. The amount
of propellant burned up to any specified time can
be determined from the cnergy balance cquation.
This equation, as developed in paragraph 2-2.1, can
be written as

cF P[AX + U., — Cu — ¢(n — w)]

vy —1 vy —1

2
+34 40 @)
where v is the calculated thermodynamic ratio of
specific heats and P is the average pressure consistent
with the equation of state. Q is mainly heat loss
to the tube, but may contain other losses not taken
carc of by the definition of the effective mass, A/.
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I’ can be converted to breeeh pressure by the use
of the Pidduck-Keat solution for the pressure ratios
determined from paragraph 3-1.1 or by the use of
Equation 2-20 for the case of low velocity weapons.
The value of the cffective mass, J/, may also be
determined more accurately by the use of the
Pidduck-Kent solution for the kinetie encrgy of the
unburned propeliant and the gas.

Assuming that P is correctly related to the breech
pressure and that 3/ is determined with sufficient
accuracy, ¢ can be determined from Equation 2-137
provided somne knowledge of the value of Q is
available.

Q is often neglected entively because of the dif-
ficulty of incorporating it in the analysis. This may
lead to error, as the heat loss can be a considerable
fraction of the available energy, especially in smaller
waéapons or when hot propellants are used. The usc
of a nominal value of from 3 to 20 percent of A/ 17%/2
should improve the analysis; the lower value to be
used for standard cannon, and the upper range for
high velocity guins and small arms.

Allowing for Q in this manner and substituting
measured values of I, X and V7 in Equation 2-137
¢ can be caleulated for specified values of ¢ and a
graph of ¢ against ¢ plotted. This graph should
approach a limit whey ¢ = C since the charge does
not burn out discontinuously, as the charge is ot
irnited simultancously over its entire surface and
the burning rate is not the same everywhere. The
burning surface, and therefore de/dt go to zcro at
burnout. This may not be obvious on the graph
depending on the shape of the grains and the
offeetiveness of the ignition as well as the time
resolution of the data.

Because of ervors in the values of I” and in the
assigned value of Q, ¢ will not, in general, cqual €
when de/dt becomes equal to zero. Sinee it should
do so a further adjustment must be made in P or
or both to bring it about. As Q is a correction term
its value does not affect the adjustment as strongly
as docs that of I’ and since the formulas for the
pressure ratios are admittedly uncertain the adjust-
ment should be brought about mainly by changes
in the values of P.

After burnout, the right-hand side of Equation
2-137 should remain constant, cqual to CF/y — 1,
As 7" and X increase, P declines, as the gas continues
to do work and lose heat to the barrel. The graph
for ¢ should, therefore, remain at the value C. This
can be brought about by continuing to make the

necessary adjustments in P,
In the interval before burnt, I can be adjusted
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using the same ratio of I’ to I’, (the adjusted value
of P) as was necessary to make ¢ equal to C at
burnt. This is in accord with the usual formulas
which state that the pressurc ratios are constant
during burning. This, however, is hardly possible
at the start of motion where the ratio ought to be
equal to unity. A procedure which has been used
in practice is to adjust the ratio lincarly with time
from its cxperimental value at burnt to unity at
the start of motion. A graph of ¢ versus ¢ constructed
in this way, for a 37mm gun firing, is shown in
Figure 2-4. ‘

Once the graph of ¢ versus ¢ has been constructed
in this way an cxperimental value of the time to
burnt can be read off immediately and experimental
values of the travel and velocity at burnt will be
known from the associated values of X and V.

The graph can also be differentiated and the rate
of charge consumption determined as a function of
time. The surface area, S, of the burning grains
can be calculated from the geometry of the grains®
and the lincar burning rate, r, at any specified time
determined from the relation

de
ac 92.1°
pT (2-138)

oL
pS
Sinee the pressure, I’, at the same instant is also
known, a graph of the lincar rate of burning versus
P can be constructed. In general this graph will not
be a straight line when plotted on a log-log scale
indicating that the burning rate dependence on the
pressure cannot be represented by a simple power
relation. This is to be expected because the burning
in the gun takes place at different pressures in
different parts of the tube and the average burning
rate will depend on the pressure distribution and
also on how the unburned propellant is distributed.
The rate at any time during the burning depends
also on factors other than the pressure, such as
the velocity of the gas. The graph, however, can be
used to estimate an cffective value of the pressure
exponent. A graph of linear burning rate versus

" pressure contructed in this way for the 105mm

Howitzer is shown in Figure 2-5. The closed chamber
burning rate for the same propellant is also shown,
Above about 1700 psi the pressure exponent for
the gun burning rate is lower than that for the
closed chamber and below 1700 psi the exponent
for the gun is considerably larger than for the closed
chamber. It is also considerably greater than unity.
There is no theoretical reason why this should not
be possible,
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theory such as that of Mayer and Hart and that
their specification does not involve a knowledge of
unknown quantitics such as starting pressures or
burning rates. Charts or nomograms arc then con-
structed showing the relation between the chosen
parameters. The charts or nomograms are adjusted
to their final form by fitting to numecrous firing
reeords. In solving a practical problem the given
data will permit the evaluation of certain of the
parameters and from the charts or nomograms the
proper values of the others can be read off. The
parameters are known functions of the desired var-

iables such as maximum pressure and muzzlc velocity
so that the latter can be determined once the proper
values of the parameters are known.

Such a scheme is that published by Strittmater'
which is presented in a single working chart (Chart
2-1). The theory used is that of Mayer and Hart
supplemented by a further assumption that bore
fricticn is proportional to chamber pressure. This
assumption is used to improve the agrecement be-
tween the chart and experiment by adjusting the

cffective projectile weight.

TABLE 2-2. VALUES OF n B, m, AND 8, FOR STANDARD WEAPONS

The resulting cffective weight is defined as

} Coefficient
Weapon, ‘ Projectile | Propellant Crusher|  Velocity Pressure
Gun : . : - Vel, | Press,
l Model | Type ;\\'t, b, Lot Type (Web, inl Wt Zone| fps psi ) 8 |m 8
L MA2A1 * HL i 12.80 [60103-S | MP, M6 | 0365 | 55.72 oz 2700 [ 37100 | =31 [ —.21 .65 —1.17
Tomm ML | MG2A1  APC-T| 15.40 [ 17636-R | MP, M6 | 0419 | 61.17 oz 2600 | 42300 | —.35| —.22].69 —1.18
! : |
'.\[35‘3 i HE [15.00 [60105-S | MP, M6 | .0365 | 55.01 oz 2400 | 28400 | —38( —.19].69| — .82
T6mm M32 l M330 0 AP-T . 14.50 63848 MP, M17[ 0565 | 85.40 oz 3200 | 44800 | —.30| —.21[.6G6} —1.18
90mm Mt ! M7l , HE | 23,40 117665 MP, M6 | 0496 [115.13 oz 2700 | 36600 | =30 —.2271.68| —~1.01
90mm M:36, |I MTIEL l HE-T i 23.40 163439 MP, ML | 0340 | 85.38 oz 2400 | 35800 [ —.391 —.21].67 | — .90
Mt i'l".)l [ HE-T | 18.00 |38740-8 MP, M1 | 0267 | 7246 oz 2400 | 26500 | —.38 ] —.21 .66 — .78
i.\[:il&-\l; AP-T § 2410 138714-8 | MP, M17] 0784 | 141.58 0z 30001 44000 | —.24| —.231.65] —1.22
’ |
120mm Ml !.\[73 I HE | 50.00 138470-S | MP, M6 | 0674 | 23.381h 3100 | 37200 | —30) —.24[.66 | — 07
, M35 | HE ?50.40 38723-R[SP, MI15 | L0344 | 1224 1b 2500 | 38500 | —30| —.21].57| — .82
120mm M358 M358 I AP-T | 50.85 | 33879-S | MP, M7 1140 | 2943 1b 3500 | 44800 | ~.23 1 —~25].62) —1.2]
! | 20,68 Ih
135mm M2 M101 | HE . 95.00 {30348-5 | MP, M6 | .0559 | Redueed 2100 [ 17300 | —.35( —.21 .64 — .69
: f ! 30.86
I ! ‘ Full 2800 | 38600 | ~.37 [ ~.241.67( — .00
| | - |reevr-s Taipo e | 0830 | so.89 1
i ' Redueced 26001 20300 [ ~31| ~.25].66] — .80
i ! M10 Charge 9227 1b
i | , Normal 2850 | 37600 | — 42| —.26|.88 ] — .86
i i -
Sin Ml I M03 } HE 240 | 8501-S [ MP, M6 | 0691 | 53.00 1b
! Redueed 2100 | 18700 | —.34| —=.22]|.04| — .66
: | M9 Charge 74.50 1h
' | l Normal 2600 | 33500 | —.34 | —.25(.66| — .78
280mm T131 ' Mi2dt HIS 600 39370 MP, M6 | 0688 | 52.831b I 1380 8800 | —.39 .60
60580 100
[ 00151 | 2 11780 15400 | —.39 .60
; 11870 1b | 3 12100 22000 | —.39 04
| 156.921b | 4 2500 33400 | —.38 .65
|
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2-8 SIMILARITY AND SCALING

When the solution of the equations for a theory
of interior ballistics is attained, the solutions for
particular cascs arc found to be characterized by
certain ballistic parameters which are combinations
of the quantities specifying the details of the gun
and charge. What these paramecters are and their
form will depend on the way the theory is formulated.
If the characteristics of two gun-ammunition sys-
tems lead to the same numecrical values for the
ballistic paramcters, the thcorctical solutions for
both will have the same form and the actual solu-
tions can be transformed one into the other by
stmple changes of scale.

If now one starts from a standard gun-ammunition
system which has been well studied experimentally
so that the gun-ammunition parameters occurring
in the theory are properly adjusted to match the
theory to cxperiment and numerical values of the
ballistic parameters are known, the similarity can
be used to predict the trajectories for scaled models
of the standard gun system.

It follows also that in tabulating solutions the
extent of the tables can be much reduced by tabulat-
ing solutions for only certain values of the ballistic
paramecters. Solutions for other values can then be
obtained by interpolation. The tables can be con-
verted also into graphs or nomographs from which
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TABLE 2-2. (Continued)
! Coecflicient
I
Weapon, ! Projectile Propellant Crusher|  Velovity Pressitre
Howitzer ' — \ - Vel, | Press, —_—
, Model | Type |Wt, ll)'l Lot ! Type |Web, in]' Wi Zone| fps psi n g m B
N ‘ | N
i ; i 8550z 1 i 630 G6OO | — 48] —.I181.62| — .47
? ; : 0980z 2 1 Ti0| 8200 | —.8| —.17[.62] — 67
! ; 125102 3 | T80| 9000 | —48] —.18].62] — .60
105mm M2\ ; Ml I HE  133.00 {61080 sp, 0143 16310z | 4 8751 11000 | — 44! —. 14| .57] — .58
| | 61180 MP, ML [ 0262 | 22,080z 5 [ 1020 14300 | — 43 —.15].64] — .60
! : 30830z 6 [1223] 19800 | — 42| ~.16|.66] — .69
: ! 45240z | 7 ] 1550 | 31000 | — 40| —.181.69 1 — .85
| : 63460-S | MP, M1 | 0331 ] 4.161b | 3 | 880] 35500 | —.33| —=.11].50] — 46
i ' 5321 4 10201 T000 | —33( —.15].55]| ~ 40
i | ‘ M+4A1 Charge 7050 | 5 112200 10200 | -84 —.17].60] — .58
f ' 0.821b ] 6 1520 17500 | —.37 | =200 .64 — GO
g i 13.191b | 7 [1850| 31000 | —.38| —.23| 67| — .8i
E55mm MIAL: MIOT DOHE 93.00 0 3T12-S SP, Mi 0165
: ! L93Ib | 1 | 680 4800 | =46 —.12].621 — I8
| ! i 2441b | 2 70 6200 0 — 461 —. 131,62 —~ .50
i ! i M3 Charge 3.001b 3 8801 B400 | — 46| —. 14 .62} — .51
i : i 3.98 1L 4 11020 12000 | — 46 —. 18| .62 — .57
; | { 5501L ) 5 (12200 18900 | — A5 —20§ .61 — .73
‘ ] 8203-8 [SP, M1 | 0161 | 5331 1 | 820 7600 | —A43] —.12].58| — A7
. ) 6281h | 2 900 8600 |~ 4 — 131607 -- 49
; I i 7.521h 1 3 11000] 12400 | — 4| =151 .62 — 55
i i ! M{ Charge 954 | 4 [1150] 7100 | — 441 —.15].60| — .65
i | l 130616 | 5 11380 27000 | =45 =46 [ .56 — .81
Sin M2 | Mo HE  [200.00
‘ ! f | 10567-S | MP, ML | 0411 16.621h | 5 1380 12000 | — 23| —.13] .60} — 70
: I ! 21841b | 6 1640} 19800 | —26| —.16[.66] — .85
i [ i M2 Charge 28.051h | 7 [1930] 32000 | ~.29 —. 18| .G8| — W0
SR L SR M ! — -
! f | 436400 [ 1 [1500] 10400 | =30 | —.16 .60 — 63
210mm M1 l Mitd D HE $360.00 63310 MP, M6 | 0719 | 54000h ] 2 11740 15100 | =31 —18 .64 ] — .65
5 ' ! 66501 | 3 12020] 22000 | —34] —.21].66| — .70
| l i 79951 (2300 34000 | —-35| =.220.70 | — 89
. A N B _
W, =W +5X10"dX,./V.  (2-160) , = W+ OV (2-162)
[} [d Al 20P”U,n - -
The parameters are presented on Chart 2-4. They
arc in reduced form and are the following: U, 2163
X = U, (2-163)
¢ thermodynamic efficieney
z piczometric cfficicney _ Fc. (2-164)
£ volume expansion ratio pU,
r cnergy ratio p
u  pressure ratio y = ﬁﬁ (2-165)
»

They are defined by the following cquations

e = (7.._'." IXW, + (j/g)V::

291°C

2-38

(2-161)

Lquation 2-162 is in accord with the. definition in
paragraph 2-6, when V,, is defined as the product
of the bore arca multiplied by the projectile travel



different  solutions can be obtained  with  little
auxilliary computation.

As an example, the cffeet of incrcasing all lincar
dimensicns of a gun-ammunition system will be
investigated using Bennett's theory and tables.” The
" ballistic parameters and the scaling factors of
Bennett's theory are the quantities ¢, A, r, and ¢
as defined below, and to take account of changes
in propellant type a standard specific energy, L,
is used equal to 15 X 10% in-Ib‘lh. The effective

projectile weight is taken as

W’ =W+ /3 (2-139)

and weight ratio is defined as
_ W
R
where I is the weight of gun and recoiling parts,
The quickness, «, is then defined as

(l':/hv“);/-i —:‘:Z(H-;)l/:
wA(l + )

where 4,, which depends on the type, temperature
and nioisture content of the propellant, is determined
empirically.

J, the density of loading, is defined by

A=U.C/U.,

where U, is the specific volume of water. A, so
defined, is actually a specific gravity of loading and
is dimensionless. It is numerically equal to density
of loading in grams per cubic centimeter. The pro-
jeetile travel, X, is given in terms of the expansion,
s, as defined by

s=14(4/C.)X (2-143)
Three of Bennett’s tables tabulate values of pressure,
P,, velocity, 17, and time, (,, as functions cf ¢, A
and 8. The actual values of P2, 17 and ¢ are related
to the tabulated values by the following relations
| P = (E/E)P, (2-144)

so that if the propellant is not changed the actual
pressure is the tabulated one.

(2-140)

(2-141)

4 =

(2-142)

V=rV, (2-145)
where r = r,(F/ YU/ and r, is again a
factor to be determined empirically.
t = (t/mt, (2-146)
where
( = IZ%—’_;—_—;-)- (2-147)

Now consider the cffects of changing all linear
dimensions of the gun-ammunition system by a
factor, f. The composition of the propellant will
not be changed so that /' is not changed but the
wech and other dimensions of the propellant will
change by a factor, f. A will change by [*. U,,, B, W
and ¢ will all change by f*.

It follows from Equations 2-141 and 2-142 that
¢ and A remain unchanged so that the tabulated
values of pressure, veloeity and time remain un-
changed for the same value of the expansion, s.
The actual value of the pressure is the tabulated
value and since r is also unchanged the velocity is
the same for the same expansion. The displacement,
X, will be changed according to 15q. 2-143, the second
term on the right being divided by f. Sinece ¢ is
changed by a factor, /, the time secxle will be mul-
tiplied by f so that it will take f times as long to
reach the same expansion.

2-9 EFFECTS OF CHANGES IN THE PARAM-
ETERS

To be considered chicfly arve the effects on muzzle
velocity, 17, and maximum pressure, P, due to
changes in ', U, X,, I, wand F. A change in
C and/or ., may be expressed as a change in A,
Fquations 2-26 and 2-27 show that the cffects of
a change in B is cqual to the same proportional
change in w, but in the opposite sense; that is, a
10 percent increase in B produces the same cffect
as & 10 pereent decrease in w.

The cffccts are usually cxpressed as differential
cocfficients, which are defined by the formulas
(Sec: List of Symbols)

T caflypfinyy 8oy, o0
+ x%—" + \91-’— (2-148)
s = 22 (2-149)
R R R T AR
(2-150)
5 = ;‘Tg—} (2-151)

These differential coefficients may be determined
cither experimentally or theorctically by changing
one of the parameters at a time. In testing a new
lot of propellant or a new projectile, it is customary

2-35



TABLE 2-1.

DIFFERENTIAL COEFFICIENTS FOR ARTILLERY WEAPONS

No. of Caliber of Velocity Coefficients Pressure Coefficients
Propellant Values Weapons
Composition Considered  Considered @ 8 ¥ n x ) B/ n K A
Mean 37 —17 21 —36 —~.26 .82 142 — .79 .62 —1.20 250
M1 Single-Base 30 37mm-8-inch  Max 66 =206 33 —47 —5Y 1.19 1.83 —1.62 .78 ~1.58 2.84
Min A7 =05 13 —~20 —.06 .57 .88 — 30 47 - 06 212
Mean .62 —-21 21 —-32 —-30 .85 1.79 — 98 67 —~1.51 2.76
" M6 Single-Base 36 37mm-240mm Max G2 =27 30 —42 --69 1.30 202 -—-128 88 —1.64 291
Min B2 ~15 38 —-1153 —16 .69 123 —-55 .60 —1.20 2,51
Mean 59 —-.18 21 —-33 —-20 81 161 — 91 .63 —1.37 2.60
M2 Double-Base It 3Tmm-%mm  Max 66 —23 25 —~48 —.55 1.14 1.88 —1.22 67 —1.48 2.73
Min B3 —~07 18 =20 —.10 .62 125 — 63 .60 —1.22 242
Mean 67 —-23 23 —24 — 44 1.00 204 ~1.19 61 —1.48 2.73
MIT Triple-Base i Tomm-120mm  Max a3 —.28 27 =29 —60 1.10 233 —~1.40 68 —1.51 2.76
Min GH64 =20 .19 —.16 ~36 92 164 — 90 39 —1.35 2.58
to use a series of charges of increasing weight, plot  where
the observed values of muzzle velocity and maxinum , .
. ] !
pressure, and draw smooth curves to fit the points, D, = == — =7
.. . . 2V R
Although this is done primarily to determine the
charge that will give the required muzzle velocity v = ¥{=x) + 0.5 (2-155)
and te sce whether the maximum pressure exceeds
that for which the gun was designed, the curves a, = Dy(—x) + & (2-156)
also indicate the cffects of changes in weight of B, = 0.5(—x,) — & (2157
charge. The effects of a change in projectile weight ! AR t “-tol
f'an.be determined by compara‘tlve ﬁrmg§ of pro- m = Dy(—x,) (2-158)
jectiles of the same model but different weight.
Taylor's charts have not yet been used to cal- M= 3(—x) +1 (2-159)

culate the differential coefficients. The coeflicients
for single perforated grains have been computed by
means of Roggla’s charts,’ averaging the effects of
a 10 percent increase and a 10 percent decrease in
cach parameter. The coefficients for muitiperforated
grains have been computed by means of Bennett’s
tables, averaging the effects of one tabular interval
increase and decrcase in ¢, A and ¢ to find —x, §,
v, —x, and §,, then calculating the other coefficients
by the formulas®,

a= D(—x)+ 8§ — C/6II” (2-152)
where
D= o
=W+ C/3
Rr=R+W4C/2
B=05-x)—8—v4+05 (2-153)
q = D,(—x) — W/231” (2-154)
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Table 2-1 gives the average values of the dif-
ferential cocfficients for artillery weapons. Table 2-2
gives the values of 5, 8, », and 8, for standard
weapons.

Following are some estimated values for recoilless
rifles:

a =10
7 = —0.65
a, = 2.4
7 = 0.62

2-10 SIMPLE GRAPHICAL METHODS

Numerous schemes have been devised by interior
ballisticians for making rapid approximate calcula-
tions of certain interior ballistic variables especially
of maximum pressure and muzzle velocity. These
schemes are formulated in terms of a set of param-
eters chosen so that their form and interrelations
can be determined by the use of some simplified
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to the muzzle and P, is defined as the space mean
pressure at the time of maximum pressure, The
latter may also be called the space mean peak
pressure.

With Fquation 2-166 substituted in Egs. 2-161
and 2-162 using the numerieal values 1.30 and 388
for ¥ and ¢. the ballistic and piczomietrie efficiencies
may be expressed

O+ C/DVL+ 5 X 10°4X,
rc¢

3.84 X 107

..°
]

(2-161a)

. . e .2 - 5 -
s (WO 5 X 107X, (2-162a)
2P, U,

Solving the former for 172 gives

oo 274FCe — 5 X 10°dX,
" W+ /3

‘It the maximum breeeh pressure, 2, is given,
the space mean peak pressure, P, is caleulated by

(2-166)

the formula

p oW en

PEW 2

The initial free volume is defined by Equation

2-17a as

P, (2-167)

['u = l'.-h - ('“
The free volume at the muzzle is defined by Fqua-
tion 2-102 as

l’,., = (-n + o'l-\’m

Theoretically, if any two of the reduced param-
cters are known, the other three can be evaluated
by means of the chart.

The use of the chart will be illustrated by an
example. The data were taken from the firing record
for a caliber .30 gun, firing a 150.3-grain bullet,
propelled by 50 grains of a certain lot of propellant.
The characteristies of the gun and charge are:

Churaeteriatic Svmbol Value Unit Remarks
Propellant

weight ‘ 000714 I CGiven
Specific foree Ia 4.023 X 10¢ in-lb/lb  Given
Specifie volume " 17.5 in/lb  Given
Chamber volume 17, 0.258 in? Given
Area of bore A 0.073H in? Giiven
Bore diameter d 0.30 in Given
Travel to muzzle N. 21.99 in Given
Projectile weight 1 0.0215 Ih Given

2-40

To caleulate at least two of the parameters one
also needs to know cither the muzzle velocity or
the space mean peak pressure. One or both of these
will normally be specified in any gun design problem.
In the present example the maximum breech pressuie
ni 14+

. .
wil be given and equal te the meas-

L OU assuiidis e &y QUG cquat e e m

ured value 353,890 Ib,'in*, so that the space mean

peak pressure can be ealeulated by Ilguation 2-167.
Now suppose the following are calculated:

Characteristic Symbai Value  Unit Remarks

Initial free volame Uy 0133 in®  Fq.2-17a
Muzzle free volume U 1335 ind Eq.2-102
NSpace mean peak

pressure P, 3,180 Ih/in? liq. 2-167
Volume expansion

ratio x 13.05 Eq. 2-163
Ballistic parameter r 6.32 Lq. 2-164

Then from Chart 2-1 ¢, z and y can be read as:

Ballistic cflicieney, e = 0.352
Piczometrie efficiency, z = 0.506
Pressure ratio, y = 0.316

from which muzzle pressure is calculated as 10,800
Ib in¥, and the muzzle velocity as 2,572 feet per
second. The observed value of the muzzle velocity
was 2,565 feet per second for the firing used.

If the theory represented by the chart were exact,
the lines representing the five different parameters
for any gun-ammunition system would all interseet
at a point. When experimental values for the quan-
tities defining the parameters are substituted in the
corresponding equations the lines so determined do
not cross at a single point but form a polygon. If
the experimental values are not subject to scrious
error, the dimensions of this polygon are a measure
of the discrepancies involved in using the chart.
The triangles shown on the chart are the result
of using experimental values (inserted into Equations
2-161, 2-163 and 2-164), to determine e, x and r
for the weapons indicated. For the eximple, the
predicted value of e, using the values for a and »
in the preeeding table, is 0.352 which the triangle
indicates is too high by about 0.006; the amount
corresponding to the height of the triangle.

A sct of momograms constructed by similar
methods, for the rapid determination of muzzle
velocities for artillery weapons has been constructed
by Kravitz. These are published in usable form with
instructions for their use in Reference 12,



2-11 EMPIRICAL METHODS

For many practical problems of gun design, theory
i3 used as a guide to the seleetion of a set of dimer-
sionless purameters in terms of which the scheme
to be used is formuiated and to define the chosen
paranieters in terms of the interior ballistic variables
themselves, It ther sufficient firing data are avail-
able from a group of weapons, not too dissimilar
from cach other, fitted graphs or charts can be
prepared connecting pertinent variables with the
chosen ballistie parameters which will vary for dif-
ferent members of the referenee group. The most
commonly uscd parameters are propellant weight
per unit projectile weight, expansion ratio and den-
sity of loading. IFrom such a set of graphs the
parameters and ballistic variables of a new but
similar weapon system can be determined by simple
interpolation. Such a set of graphs, prepared at
Frankford Arsenal for use in small arms design,
are presented on Charts 2-5, 2-6, 2-7 and 2-8. These
normalized graphs were obtained by reducing exper-
imental data from firing cleven different small arms
weapon systems, Least squares curves were drawn
to give the best fit to the data. They are used to
relate maximum pressure, propellant weight, pro-
jectile weight, expansion ratio, muzzle velocity and
chamber pressure at a given projectile travel.

Example: Given the Cartridge, Caliber .30, Ball
M2 data as follows:

Projectile weight - 150 grains
Propellant weight - 49.9 grains
Bore arca - 0.0732 in*
Casce volume - 0.25in"
Bullet travel - 21.91In

Maximum pressure - 51.2 Kkpsi

Find the muzzle veloeity.

(Calculation:
¢ 49.9
W= 150 = 0.333
U, 00732 X219+02y .
T—.- = — 0.5 = 7.41
. v, V.
‘ e ‘.‘..'m X ":, X ‘-ﬁu

= 2610 X 1.106 X 0.981 = 2832 ft/scc

where: 2610 is read from Chart 2-3, 1.106 is rcad
from Chart 2-6 and 0.981 is rcad from Chart 2-7,
For comparison, the muzzle velocity was actually
recorded as 2832 ft/scc.
It should be noted that these graphs work well

for a nearly optimum sclection of propellant and
primer. In order to scleet the best propellant for
a given system, use is made of the relation:

ey

13
A

web a

where 117 and (1 have the usual meanings and 17,
is the projectile veloeity at all burnt, This generally
oceurs in small arms systems at an expansion ratio
of about 3.5, For purposes of estimation, the velocity
at burnout may be replaced by muzzle veloeity,
and & new system compared to an existing well
performing one,

2-12 THE ATTAINMENT OF HIGHER VE-
LOCITIES

2-12.1 General

In many tactical situations great advantage is
derived from the use of guns with higher muzzle
veloeities, The use of such guns nicang shorter time
of flight to the target and a flatter trajoctory thus
improving the pro})ubility of hitting the target,
especially 2 moving one. Against an armored target
such as a tank, high veloeity is necessary to penctrate
the armor with a projectile depending on striking
energy for penetration, The using serviees therefore
demand higher veloeity guns.,

2-12.2 The Optimum Gun

a. If the geometry of the gun, the mass and
geometry of the projeetile, the propellant to be used
and the maximum pressure are speeified, the density
of loading is varied there is a density of loading
for which the muzzle veloeity is a maximum, To
avoid exceeding the maximum pressure one must
vary the web, inereasing the web as the density of
loading is increased. Increasing the web will cause
the travel of the projectile at burnout to shift toward
the muzzle and perhaps inerease the variation of
the muzzle velocity, The thermodynamic efficiency
will also decrease because the muzzle pressure and
temperature will be higher, as the gas formed late
in the eycle does less work on the projeetile, As
stated previously, the piezometrie cfficiency  will
increase,

b. If the total volume of the gun, the density
of loading and the maximum pressure are fixed, and
the expansion ratio is varied by changing the chamber
volume, the muzzle veloeity will attain a maximum
value for a certain chamber volume, that is, for a
certain charge.

c. When these two eonditions are simultancously
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satisfied, for a gun of speeitied total volume and
maximum pressure, the gun should give the maxi-
mum muzzle veloeity which can be imparted to the
projectile with the propellant used. That is, the gun
is operating at its maximum eflicieney.
To satisfy these conditions may require a gun
~having unpsatisfactory muzzle veloeity regularity or
other characteristies that would prohibit its use
in practice. I'ew standard gun systems are optimum
in the theoretical sense but employ compromises
among the many factors involved.

2-12.3 The Conventional Procedure to Attain
Higher Velocities

In order to inerease muzzle velocity the available
energy must be inereased. This involves using a
larger charge of hotter propellant with a lower value
of v. The larger charge at optimum density of loading
requires a larger chamber. If the expansion ratio
1s to be near optimum a larger tube volume is
required for the gun. In general, the length of the
gun must be limited for practical reasons, so that
the inercased volume must often be attained by
inereasing the tube diameter, The muzzle velocity
for a given projectile travel can be inercased further
by inereasing the permitted operating pressure of the
gun by using a stronger tube. Then a smaller web
can be used for the optimum density of loading.
This will permit the travel at burnt to be smaller
and increase the efficiency. To attain higher veloe-
itics, therefore, by conventional means, one must
use a larger gun operating at higher pressure.

The optimum solution for a specified operating
pressure may be such that the ealiber of the gun
required to give the muzzle veloeity wanted is larger
than the diameter of the projectile. This means that
the projectile must be provided with some type of
sleeve, ealled a sabot, to fit properly in the bore.
The sabot forms an integral part of the projectile
while in the bore but is designed to be discarded
immediately after exit. I'rom an interior ballistic
point of view the sabot permits the use of a larger
bore which, for a given pressure, inereases the foree
on the projectile and henee the aceeleration, so that
a higher veloeity is reached for the same travel.
The extra mass of the sabot is useless and must
be kept to a minimum. Design of the sabot is, there-
fore, a very important feature,

The inerease in the operating pressure of the gun
is limited by the yicld strength of the steel available
and also by weight considerations which limit the
wall thicknesses which can be used. The strength
of the barrel cannot be inercased indefinitely by
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increasing the wall thickness. There is a limiting
ratio of inside to outside diamecter of the tube
beyond which no increase in the tube strength
results. Tubes can be made stronger however, by
special fabrication methods." The operating pressure
will also be limited by the design of the projectile
and sabot which may wot be able to withstand the
resulting base pressures and set back forees due to
the larger aceelerations. The development of modern
high strength steels have made it possible to design
gun tubes to withstand higher pressures and the
operating pressures of high velocity guns are being
constantly increased with a consequent inerecase in
muzzle veloeity.

The use of hot propellants is limited by the rapid
increase in crosion of the tube that accompanics
increase in the temperature of the propellant gas.
Since high pressure and velocity also increase the
crosion high velocity guns usually have relatively
short lives. Special methods for redueing crosion
have been de. cloped, however, so that the crosion
problem is not as serious as it once was.

2-12.4 Unconventional High Velocity Guns

Several unconventional schemes have been pro-
posed to attain higher muzzle velocities from guns.
None of these, however, shows much promise of
resulting in a practical field weapon and only onc
has been much developed as a laboratory device,
Two such schemes that have been seriously con-
sidered are incorporated in the so called traveling
charge gun and the light gas gun. They are both
designed to circumvent the limitation imposed on
the attainment of high veloeity by the pressure
gradient which must exist in the gas during expan-
sion and to reduce the amount of kinetic energy in
the gas. The more rapidly this expansion must take
place the greater will be the drop in pressure between
the breech and the projectile base. This limits the
acceleration that can be produced and hence the
velocity attained in a given travel.

a. The Traveling Charge Gun. The traveling
charge gun attempts to surmount this difliculty by
having the charge attached to and move with the
projectile and burn at the rear surface at such a
rate as to form gas just fast cnough to maintain
a constant pressure in the gas column. The gas then
is at rest up to exit of the projectile and a larger
fraction of the available energy is transferred to
the projectile. Although this ideal situation cannot
be realized in practice, some increase in gun cfficiency
could possibly be attained by partial application
of the principle, The main difficultics encountered



in attempts to apply the principle are designing
propellants with sufliciently high burning rates and
arranging the charge so that the burning rate is
sufliciently  controllable over the burning period.
Iven if the diflicultics could be overcome, poor
muzzle veloeity uniformity probably would result.
Laboratory studies of the travelling charge principle
are deseribed in Referenee 14 and work on the
development of rapidly burning charges in Ref-
erences 15 and 16,

b The Light €las Gun. The light gas gun is so
designed that the expanding gas which does work
on the projectile hax a low molecular weight and
a high value of y. This assures that for a given
projeetile veloeity the fraction of the energy appear-
ing as kinetie energy of the gas is reduced. The
pressure gradients in the gas will also be reduced
beeatse these depend on the veloeity at which
rarcfaction waves can propagate in the gas; that is,
on the veloeity of sound in the gas. If the projeetile
had zero mass, the gas would expand freely. There
ix a limit to the free rate of expansion determined
by what is ealled the eseape speed of the gas given
by the relation

2a,

o, = (2-168)
vy — 1

whese e, is the escape speed and a, s the veloeity
of =ound. For a perfeet gas a, s given by

a, = (ygltT)'"”*

sinee o large eseape speed means a reduced pressure
gradient for a given expansion rate, the working

~

s of o cun should have a low molecular weight

-

and a high value of v, The working gas most often

(2-16GY)

used in light gas guns is helium for whieh M =
anid Y == .

Light zas guns have undergone mueh development
as laboratory deviees for lnunehing small projectiles
of various shapes to be used in experiments on high
veloeity impact and for launching models for the
study of the acrodynamies of projectiles at very
high veloeities, These developments are continuing
and a momber of sehiemes have heen proposed and
studicd. The most suceeessful have been the combus-
tion heated light gas gun'™ and the piston compressor
tvpe in which the light gax is heated adiabatically
by compression with a propellant driven piston™,

2-12.5 Extension of Interior Ballistic Theory to
High Velocity Weapons

The formulations of the theory of interior hallisties
so far presented are limited in their usefulness if

applied to very high velocity guns mainly beeause
they lack an adequate incorporation into the theory
of the hydrodynamics of the propellant gas. The
use of unrealistic expressions for the pressure ratios
is one of the chief factors which limit their uscfulness
when extended to guns with muzzle velocities above
about 3000 feet per sccond (Cf. par. 5-1.1). The
development of light gas guns particularly has
demanded an extension of interior ballistic theory
to permit its application to high velocity weapons'.
A general discussion of the pressure ratios and their
dependence on projectile velocity and chamber
geometry is given in Reference 10 of Chapter 5.

2-13 THE HIGH-LOW PRESSURE GUN

Under some circumstances it may be desirable
to fire a projectile from a standard gun at much
lower than the standard veloeity. This means that
the gun must operate at 2 much reduced pressure.
The pressure may be so low that it becomes difficult
to ignite the charge effeetively and the charge may
not burn with suflicient uniformity from round to
round. To circumvent this difficulty and maintain
a high pressure in the chamber and a lower pressure
in the bore, a plate pierced by one or more nozzles
or holes can be interposed between the chamber
and the bore, that is, at the mouth of the cartridge
ase, The arca of the nozzles is adjusted to maintain
adequate pressure in the chamber to assure stable
ignition and burning and also to provide sufficient
mass flow of gas through the nozzles to adjust the
pressure in the bore to the required limits. Such
a gun is called a high-low pressure gun, A theory
of the high-low pressure guns is given in Reference 3.
The theory of the burning in the high pressure
chamber of such a gun is given by Vinti and Kravitz,™

An application of the high-low pressure prineiple
appears in the design of mortar cartridges where
part of the charge is ignited and burned inside a
perforated chamber, The prineiple could also have
application in special low pressure cartridge actuated
thrusters and cjectors such as are used to oject
apparatus from aiveralt and rockets™

2-14 RECOILLESS RIFLES'™

2-14.1 Theory of Efflux of Gas Through
Nozzles® % =7

1. Introduetion. In order to climinate the need
for heavy recoil mechanisms, some guns are built
with a nozzle in the bhreech, so that part of the
propellant. gas ean flow hackward and  counter-
halanee the  momentum of the projectile and the
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part of the propellant that moves forward. Such
guns are called reesilless guns or recoilless rifles.
The theory of efflux of gas through nozzles will
first be discussed in simple form and then applied
to the interior ballisties of recoilless vifles. This
presentation is essentially that developed by Corner”.
It is assumed that the gas originates in a large
reservoir; that the eross-seetional area of the nozzle
deercases to a minimum, called the throat; and then
the area inercases to the exit, where the gas flows
iito the atmosphere. It is also assumed that the
condition of the gas is a function of the coordinate X,
measured along the axis of the nezzle, and is uniform
acress cach nornal eross seetion; that loss of heat
to the walls, turbulence, and surface resistance can
be negleeted; and that the fluid does not separate
from the walls. The assumption that the reservoir
1~ large means that the conditions in the reservoir
ito not change appreciably in the time required for
I clement of the gas to pass through the nozzle;
:iho flow is then said to be quasi-steady; that is,

't is asswmed that the equations for steady flow
.':;pply at cach instant of time and may be applied
fo the non-steady flow in the recoilless rvifle. It is
also assumed that the nozzle is so designed and that
the flow conditions are such that the gas undergoes
i continuous expansion through the nozzle so that
the veloeity of the gas increases steadily and the
pressure falls steadily between the reservoir and the
¢xit of the nozzles This will occur if the reservoir
;fn'ossm'v is always considerably higher than the
pressure at the exit and if the flow entering the
vozzle is subsonic and becomes sonic at the throat
of the nozzle. Except at the beginning and possibly
the end of the firing cycle of a recoilless gun the
gx'<~ss111'c's and temperatures of the gas are such as
to satisfy these conditions.

2. Theory. As stated the following equations are
‘ s%rictly true only for a steady state, but they are
approximately true for slowly varying flow. The
expansion is adiabatic. The effects of the covolume
of the gas are neglected, they amount to only a
féw percent theoretically, and can be compensated
fcr by using empirical cocfficients. The discussion,
therefore, is for perfect gases and for adiabatic flow.
The fundamental units are as before the inch, pound
(weight), second.

The rate of gas flow, ¢ (weight per second), at
any section of area, A, is a constant and is given by

q= Apv = A, pur, (2-170)
where p is the weight of the gas per unit volume
and v its veloeity. Sinee the expansion is adiabatic,
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Pp™" =P = Pp;” (2-171)

The subscripts r and ¢ refer to conditions in the

reservoir and at the throat, respeetively. The equa-
tion of state of « perfeet gas is

P/o =RT (2-172)

where 2 is in inch-pounds per pound weight per

degree. The equation of energy may be expressed as

AR, — 1) _ 0 -
Y —1 =3, (2-173)
Since
d.
@iy o 217
((!.r > : 0 (2-174)
by logarithmic differentiation of Equation 2-170
1 gB) (.(_]’_'_) = 2175
(p dv/, + vde/, 0 (2-175)

I'rom LEquations 2-171, 2-172 and 2-175 it can be
shown that

L. 2 2-176
7v' - ¥ +1 ("' { )
> 9 UL
e
P, D) ]1/(1—1) o 1m
LR . 2178
p- [v + 1 (-178)
and from Lquations 2-173 and 2-176
|'.’ — Q’Y.QRTr o1
Uy = v + 1 (_-119)
Let
1/:[ 9 ](vm/mv—m
=y — 2-1
Vo= o (2-180)
Then the rate of flow may be expressed
¢ = ¥p.A,(gRT)" (2-181)
or

¢ = yP,A(RT,) V20" (2-182)

IFor most propellants, v is approximately 1.25, and,
according to Equation 2-180, ¢ is close to 0.G6.
Actually, the covolume correction and other varia-
tions from standard conditions bring the empirical
value of ¥ a few percent below the theoretical value.

For v = 1.25, Equations 2-178 and 2-179 show
that the specific weight and velocity at the throat are

v, = 1.05(gRT,)'”

The pressure at any expansion ratio, .1, 7.1, may
be found from the relation

p: = 0.62p,,



[1) ]2'7 [1) ]w*l"v

el T Lp,
_ ,y — 1 2 :]\)‘I"\)—Il[il-i].' ) .
=3 [7 1 A (2-185)

For ¥y = 1.25, this may be expressed

(1’/'1),)".: — (1)’/1)’)l-\ — 0.04:}3'-)(;1'/‘,1)'.‘

(2-183a)

The pressure ratios that satisfy Lquation 2-183a
may be read from Chart 2-8. If desired, the tem-
perativre may be found from the relation

T TJeriv-n [:T ](1*1)/\7—”
['1',_' - L7

oy = 1 2 ]n»n/(v—n[ih:l: )
R [7 +1 ol B
The corresponding gas veloeity is given by
2 2y . rp Y =1y y -
V=T gRT.[l — (P'P,) ] (2-185)
The ratio
NS [ _ 2 (4»)] 2186
[vl] = =1 Ty, (2-186)

can be solved numerically by sueccessive approx-
imations,

3. Thrust. The thrust on the nozzle is the sum
of the rate of change of momentum and the force
exerted by the excess pressure at the exit:

Fr = gv, + AP, —P)  (2-187)

In applications to recoilless rifles, the atmospheric
pressure, I’,, is negligible compared to the exit
pressure, ..

The thrust coefficient, (', is defined as the ratio

= I;'T
4‘1 ‘Pr

It there were no expansion, the exit would be
at the throat, and the thrust would be

(2-188)

Cr

(Fr), = gv, + 4,P, (2-1872)

By substituting Equations 2-177, 2-179 and 2-182
in Eq. 2-187a, it is found that the thrust coefficient

for this case is
[ ¢) ]7/(1—1)
= 1 =
v+ 1 o

(Cr), = 1.248

(2-180)

(Cr)e

Ior

y = 1.25, (2-189a)

This formula can be used only if the throat arca
15 small compared to the cross section of the res-
crvoir; for, if the system were a pipe of uniform
sceetion, closed at one end, the momentum term in,
Equation 2-187a would vanish, and (C,), would be
cqual to 1.

In the usual case of an expanding nozzle, the
formula for the thrust coefficient hecomes

[T+
Cr = [7 + IJ [7(1', + A, r,
(2-190)

which can be solved with the help of Iiquation 2-186.
Table 2-3 gives the values of (', as a function of v
and A,’4,. Lincar interpolation can be used in this
table. The effect of covolume on thrust is small and
in the foregoing discussion it has been entirely
neglected,

TABLE 2-3. THRUST COEFFICIENT, C,*
RV vy =120 vy =130
1.0 1.242 1.255
1.2 1.318 1.327
14 1.369 1.374
1.6 1.408 1.409
1.8 1.439 1.438
2.0 1.466 1.461
25 1.516 1.505
3.0 1.554 1.537
3.5 1.583 1.562
4.0 1.607 1.582
5 1.644 1.612
6 1.673 1.635
8 1.713 1.667
10 1742 1.68%

* Table 2.3 Las been veprinted in part from J. Corner, Theory of the
Interior Boallisties of Guns, Copyright 1950, with permission from John
Wiley and =ons, Inc.

2-14.2 Application to Recoilless Rifles

1. Assumptions. It is assumed that no unburned
propellant is lost through the nozzle, and that the
flow out of the gun can be represented by the equa-
tions for quasi-stecady flow through nozzles, which
have been derived in paragraph 2-14.1, beginning
instantancously with a nozzle-start pressure. The
nozzle or cartridge case is originally scaled with a
rupture closure which ruptures at the nozzle start
pressure. It is also assumed that the burning law is

de

&~ psBP*

T (2-191)
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"bhut the surface
constant,

2. Eyuations of Mation. The cquation of state for
unit weight of the uneooled products of explosion
ix expressed as

of the grains is not necessarily

PG, —n) = RT, (2-192)

The specifie foree is
' = RT,

The relations conneeting the space mean pressure,
I’, the breeeh pressure, £2,, and the projectile pres-
sure, I’,, discussed in paragraph 2-2.2, are affected
by the flow through the nozzle, beeause this changes
the veloeity distribution. At any ipstant, there is
a maximum pressure at soine place in the gun; this
is identified with the “reservoir pressure”, I2,. The
propellant weight, ¢, must here be replaced by
LN, where N is the proportion of the charge that
has burned bBut venins in the gun, and I is an
cupirical Tactor (taken as a constant, although it
actually varies during the motion of the projectile).
When there is no backward flow, L = 1; but with
backward flow, I is appreciably less than 1. The
pressure relations now become (Cf. Fquation 2-20)

(2-193)

- 1+ i’ , .
b= a1+ w4+ I\'C.V/(;I' (2-194)
b= L P, (2-195)

(I 4+ O 4+ kCN/2

On the basis of Equation 2-195, the modified effee-
tive mass of the projectile is (Cf, Fquation 2-11)

_ {4+ 0l 4+ kN2
- g

The speeifie volume of the gas, wu,, is assumed

to be uniform along the gun. Then the volume
oceupicd by the gas in the gun is

M, (2-196)

CNu,=U+ AN — Cu+cu (2-197)

From Equation 2-194, the cquation of state at
the reservoir temperature, 7°,, may be written

__kCN

o0 + o)"’] (2-198)

P, — 19 = RT,[[
Multiplying by CN and substituting Fq. 2-197
makes this

PU.,+ AN — Cu+cu— CNp)
kCN

50 + g 0)”.] (2-199)

= CNRT, [l +

During burning, this cquation may be approximated
by

N ]
6(1 + oI
(2-1992)

After burning, this approximation is inadequate, and
Fquation 2-199 must be used.
The equations of motion of the projectile are now
R )
AP, =M, dt’ V= dt
with 1/, defined by Fquation 2-196,

3. Nozzle Flow and Energy. In order to solve these
cquations, M, which involves CN (weight of gas
remaining in the gun), must be cvaluated. If (¢
denotes the weight of propellant burned, the rate
of flow through the nozzle is

P(U., 4+ AX — Cu) = CNRT, [l +

(2-200)

e _ AN 2.0
‘ q=( 0 C i (2-201)
Substituting Iiq. 2-182 in Iq. 2-201
¢ d‘y = 28— P ARTY (2202)

So the reservoir temperature, 7', must be de-
termined. To do this, divide the temperature dif-
ferential into three parts:

dT’, = dT, 4+ dT, + dT, (2-203)

First, in providing the kinetie energy, 177,dX, the
gas loses temperature by the amount

gll
TN,

where ¢, is the specific heat at constant volume,
that is, energy per unit mass per degree. But

T, = d\ (2-204)

c, = ;”:R—Y (2-205)
80
v __(’Y - 1)-'11,r - 03
dTy = —mi== dX (2-206)

Sceond, if £ is the specific internal energy, the gas
acquires energy at the rate

CE(T,) d¢ = CET,) dp + — Nc dT, (2-207)
If ¢, is constant from T, to T,
ar, = Lo = LA (2-208)
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‘Third, since the gas that escapes through the nozzle
at the rate, ¢, expands adiabatically

ary _ (y = Dds

= 2.
T P (2-209)
acgleceting the eovolume, Also
dp _ AN — d¢ (2-210)

p N
Henee
ATy = (v — 1} d—N—A_:—@ T, (2-211)

Adding Equations 2-206, 2-208 and 2-211, mul-
tiplyine by N, and substituting in Iq. 2-203 gives

NAT, = ~ty — DAL dX + (1, — T.) dd
+ (v — DT, (IN — d¢) (2-212)
“ycee
dNT)) = NdT, + T, dN (2-213)
Lquations 2-202 and 2-212 yiceld
INT) _ oy AP X
T CiR Ol

7 1¢ ‘Y'// A lr (Ve D1 4
‘ + Ty i Cle (gRT) (2-214)
where 7 denotes the ratio of specific heats adjusted
to take account of the loss of heat to the gun, as
explained in paragraph 2-2.1.f.
In terms of ¢ and P, Fquation 2-191 may be
expressed

d¢ _ pSBP;

: dt —  C

' The differential Fquations 2-200, 2-202, 2-214 and
‘.Ll‘.)la can be solved numerically with the help of
l}lquations 2-196 and 2-199 or 2-199a. Before P, is
Hizh cnough to open the nozzle, [, = 0. Before it
is high cnough to start the projectile, X = 0. Before
the propellant is all burned, ¢ is less than 1, and
Equation 2-199a may be used; after it is all burned,
¢ = 1 and Equation 2-199 must be used.

4. Recoil Momentwmn. While the projectile is mov-
ing in the bore, there is a force, AP, tending to
nmove the rifle backward. While the gas is flowing
tfn'ough the nozzle, there is a thrust, Fy, tending
to move the rifle forward. Their difference is the
rate of change of momentum:

(2-191a)

41m AP, — F,

2215
ar (2-215)
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if AP, > Fp the momentum, i, is positive to the
rear. Using the definition of the thrust cocflicient,
Cr (Eq. 2-188), and letting

= 4‘1(/"1

Equation 2-2135 may be written

(2-216)

dm = (1 — 4C)AD,

D917
dt (2-217)

Note that A denotes the eross-scetional arca of the
bore, not the nozzle.

If the nozzle flow starts at the same time as the
projectile begins to move, it is theoretically possible
to find a throat arca that makes the resultant force
vanish at all times, including the post-cjection
period. The rifle would then be truly recoilless. Iow-
ever, this condition is difficult to achieve. Iurther-
more, if the nozzle start time, ¢, is different from
the projectile start time, ¢,, it is thcorctically im-
possible. Thercfore, there is no alternative but to
make the total integrated momentum zero. Since
the force acts for only a short time, the rifle will
recoil only a short distance and return to its original
position.

Before the projectile is cjected, at time, ¢, the
pressure, 12, is cvaluated in solving the interior
ballistic equations. Thereafter, according to Iugo-
niot’s theory of cfflux of gases from a rescrvoir

( v -2y/ty~-1)
N [1 et ] (2-218)
where

2 ( U, >[ 1 (.Y+1)(74l)/(7—|):||/e
R TT yolT., \ 2

(2-219)

ro=

By integrating Ilquation 2-217 it is found that
the monmentum at piojectile ejection is
I»m tm
= A f P,dt — peCrA f P, dt (2-220)
[ [
Similarly, by substituting Iiquation 2-218 in Lq.
2-217, the additional momentum after projectile
cjection is found

N, RT,, —
Am = (1 — uCyp)A Numn (‘:', T })'r (2-221)

Approximately, if v is about 1,25

1 — }1(;'7 , (qum)ll‘.'
N, 2-22
1+ g9 (2-221)

Am = 1.34



The total momentum, then, is

m = m, + Am (2-222)

It is thcorctically possible to determine a ratio, g,
of throat arca to bore arca that will make m = 0.

J. Ballistic Ffficiency. The ballistic efficiency of a
conventional weapon is defined as the ratio of the
lincar kinctic energy of the projectile at the muzzle
to the energy of the solid propellant

_ Wi
€= 290K

(2-223)

The specific energy of the propellant E, defined as
F/y—1, is discussed in paragraph 1-8.13. The
modification of the projectile weight, considered in
paragraph 2-2.1, is negleeted here.

In a recoilless rifle, part of the energy is used
in preventing recoil. Katsanis has proposed a new
definition of its ballistic efficiency®®

e = C,/C (2-224)

where €, is the propellant weight for an ideal
recoilless rifle. If C, is the weight of propcllant gas
that leaves the nozzle, the total energy for the ideal
recoilless rifle is

cv: WV

Cl = 7‘0—-}-—;2‘9-*

(2-225)
where ¢, is an cffective exit veloeity. If « is the
fraction of the total energy available to the projectile,
wv?

29
Then the weight of the propeliant gas that balances
the recoil in the ideal rifle is

«C I = (2-226)

Wy,

9.9
2g17 (2-227)

C, = (l - K)('u = (J'O -

The actual recoilless rifle may have a small mo-
mentum, which is designated fIVV,/g. The factor,
/, is positive if the rifle moves backward; negative
if it moves forward. Then the momentum equation is

Cv, + [WV,= WV, (2-228)
The exit veloeity is then
v, = g_l:_/_)ﬂ': (2-229)

C,
Squaring and multiplying by C,/2¢g with the help
of Ilquation 2-227 produces

Co: (L= EWV?

- . 2.2!
29 = 290ui — WV (2-230)

Substituting this in Equation 2-225 and rearranging
yields

B WVf,[ - p'w ] ot
Co= e L' Yo —wyige] Y

Solving as a quadratic cquation in C, gives, as the
positive solution

WVs,
Co="ogl

[1 4+ VA = N2gE/VE] (2232
Therefore, according to the definition, IBq. 2-224,

the ballistic cflicieney of a recoilless rifle is

wvi

29CE

[t + VU= 2E/VE]  (2-233)

e =

The ballistic cfficiences of the 57mm M18, 75mm
M20, 105mm M27, and 106mm M40 Rifles, firing
High Explosive, High Explosive Antitank and White
Phosphorus Projectiles, vary from 0.44 to 0.54.

2-14.3 Graphical Methods for Recoilless Rifles

To avoid the large amount of computation neces-
sary if a general theory such as that given above is
used in the design of conventional recoilless guns,
Katsanis has developed a simplified semiempirical
trcatment and presented it in the form of graphs
and noniograms that can be used to determine the
interior ballistic trajectories for recoilless rifles -of
standard characteristics. The method is explained
and the graphs and nomograms arc presented in
usable form in Reference 23.

2-15 SMOOTH BORE MORTARS AND WORN
GUNS

Smooth bore mortars are loaded by dropping the
fin-stabilized projectile into the muzzle, Therefore,
there has to be an appreciable clearance between
the bore and the projectile body with the result that
some of the propellant gas escapes past the projectile.
Thus, the space between the bore and the projectile
is itke a nozzle, and the thcory of cfflux through
nozzles can be applied to smooth bore mortars.
Since the flow is forward, the leakage factor k is
cqual to unity, (Cf. par. 2-14.2).

In rifled guns, there is no appreciable leakago
when they are new; but after they are badly worn,
there is considerable leakage between the rotating
band and the bottom of the grooves. Thercfore,
the same theory can be applied to a worn rifled gun
as to a smooth bore mortar.

For simplicity, the lincar law of burning will be
used.
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= = ]pP DD
wa = @-234)
Let
v = ;’4\'&” (2-235)
where

¢ is the function of v defined in Equation 2-180
Ay is the leakage arca

3
.

«
Corner” shows that a leaking gun behaves almost
like an orthodox gun with the cffective charge
(" =1 —-¥) (2-2306)

Also, the muzzle veloeity, 17, and maximum pres-
sure, I?,. vary approximately according to the
relations

(2-237)
(2-238)

'.al — ¥
P,al —2¥

The cocflicient, e, depends on the details of the gun
and charge, but is qsuully about 0.7.
Faguation 2-237 may also be expressed

9‘1 "= -V (2-239)
or
—"—‘—!~* = —E{;“;—'f;’;._—. A4 (2-2392)

With some further approximations, Corner finds that
the variation in muzzle veloeity is

Al",,, = - "1.41/"1

where A s the cross-sectional arca of the bore,
and the cocfficient, 17, is about 24,000 in,'scc
2,000 ft'sce). If d is the caliber of the mortar,

(2-240)

2-54

Ad the diametral clearance between mortar and
projectile
AV, = =21, — (2-241)
It is thus seen that the elearance should be small,
not only to increase the cfficiency of the mortar,
but also to deerease the dispersion in muzzle veloceity,
and hence in range. Besides, a small clearance makes
the projectile fly nearly straight after cjection, so
that the air resistance is minimized.

2-16 THE USE OF HIGH SPEED COMPUT-
ING MACHINES

Large high speed automatic computing machines
arc becoming inereasingly available. Their use will
greatly facilitate the solution of the cquations of
interior ballistics and the reduction of experimental
data so that more sophisticated treatments of the
theory and more claborate instrumentation for ex-
periment and testing can be used without too great
an expenditure of time and labor. Once a formula-
tion of the theory has been properly prepared for
machine computation, the cffect of changes in the
parameters can be determined very rapidly. The
parameters to which the solution is most sensitive
can be readily selected and the adjustment for best
fit to firing records made with relatively little ex-
penditure of time and labor. These machines will
not, however, entirely supercede the use of the
simple analytical formulas or the usc of charts or
tables of solutions as exemplified carlier. For many
problems, especially of preliminary design, the
simple methods are sufficiently accurate and are
rapid and casy to use and do not involve a large
computing group.

For treatment of interior ballistic theory devised
especially for solution by high speed digital com-
puters the reader is referred to References 24 and 235,
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CHAPTER 3

LIST OF SYMBOLS

(‘ross-sectional arca ~ hore

Burning rate cocfficw

Quantity of heat nccessary to raisc a unit
volume of the metal to the melting point
and melt it

Weight of propelant

Specifie heat of propellant gas at constant
temperature

Npecifie heat of steel

Speeifie heat of gas at constant volume
Weight of burnt propellant

Diameter of the bare: the ealiber

Speeifie energy of the propellant

Burning parameter

Iquivalent full charge factor

speeifie foree of the propellant

FFunetion of time

Maximum value of F(1)

Heat transfer function

Giravitational acecleration

Dimensionless heat transfer coceflicient
Instantancous rate of heat input to the hot
spots per unit arca

Time rate of heat flow

Heat transfer cocflicient

Heat transfer integral, defined by Equa-
tion 3-52

Weight ratio: 17,C

Iompirical constant

Thermal conductivity of steel

Heating parameter

Ieat of fusion of the steel tube

Number of moles of gas formed by burning
once gram of propellant

Pressure

Maximum chamber pressure

Heat input

Molar gas constant

I-xpansion ratio

Temperature of the gas

Temperature of the gas

Adiabatic flame temperature

Initial temperature of the tube

Average temperature of the gas when the
projectile is at the muzzle

Melting temperature of the tube

WQ![)-Q"Q,QNN

=3

<

b T -
N

¢

Time

Time after cjection: ¢ — 1,

Iree volume

Chamber volume

Velocity of projectile

Muzzle veloeity

Speed of surface regression

Veloeity of the gas

Velocity factor

Wear per round

LIiffective weight of projectile

Web thiekness

Travel of projectile

Coordinate along the axis of the bore
Fravel of projectile plus reduced chamber
longth

fleduced coordinate along the axis of the
hore: U7 .

Empirical constant

Coordinate normal to surface

Time factor

Distance factor

Ratio of specific heats

Density of loading: ¢/,

Density of solid propellant
Dimensionless distanee from the inner sur-
face of the barrel

Specific covolume of the gas
Temperature rise

Temperature of the gas

Temperature of the metal surface
Friction factor

Density of the gas

Density of the steel tube
Dimensionless time

Factor: BCyF /w.A

Subscripts

Initial value: at time of projectile start
Pertaining to ammunition for which KF(' =1
Beginning of crosion interval

End of erosion interval

At time when propellant is all burnt
Property of the gas

At time when the projeetile is ut the muzzle
At time of peak pressure

31



CHAPTER 3

HEAT TRANSFER, TEMPERATURE DISTRIBUTION
AND EROSION OF GUN TUBES

3-1 HEAT TRANSFER
3-1.1 General Discussion

The transformation of the propellant from the
solid to the gascous state produces a large amount
of heat and the difference in temperature between
the gas and the surface of the gun bore is always
very large. This, combined with the faet that the
boundary layer is very thin, leads to a large tem-
perature gradient to the surface. This results in a
high rate of heat transfer to the surface and appre-
citble heating of the barrel, in spite of the short
titie during which the hot gas is in contact with
the wall, The heating effeet is most marked in
rapid-fire weapons, such as machine guns, where the
temperature attained limits the number of rounds
that may be fired continuously. In the larger caliber
slower-fired weapons the heating of the bore surface
is:n major cause of the crosion of the bore which
difits the useful life of the barrel.

The flow of the gas in a gun is highly turbulent
and the heat transfer is by forced convection. In
treating the problem theoretieally, it has been the
uriversal practice to assume that the equations of
hent transfer for steady, fully developed flows in
pipes or over flat plates can be taken over into the
thi-ory for guns, despite the existenee of a highly
unsteady state, and the laeck of a fully developed
floxw, Due to these conditions the heat transfer varies
rapidly with time and the boundary layer has not
redched its final form, sinee the theory must be
applicd at positions too close to the entrance of
the bore. The boundary layer is always very thin
anil has not reached its final form for steady flow
anvwhere in the barrel.

The theory starts by assuming the well known
heat transfer equation

= hie, — 6) G-1)

where

f’!' is the time rate of heat flow
#, the temperature of the fluid in the flow beyond
the boundary laver

"

3.5

6, the temperature of the surface and
h  the heat transfer coeflicient

3-1.2 Heat Transfer Coefficient

Nordheim, Soodak and Nordheim made an exten-
sive study of thermal cffects of propellant gases.'
They assumed that Fquation 3-1 is valid, in the
sense that it is valid at cach instant of time. Although
this assumption is doubtful, the results appear to
be reasonable. The following discussion is based on
their work.

There exists an extensive literature on the spee-
ification of h. A very simple formula for & which
is adequate for the heat transfer problem in guns
was adopted by the investigators, namely:

h = 0.5\, p0 (3-2)

where (°, is the speeific heat of the gas at constant
pressure, and p and ¢ its density and veloeity,
respectively. The dimensionless factor, A, is called
the friction factor. Tt is related to the frictional foree
on the surface due to the flow of the gas and henee
on the momentum transfer to the surface. Iiquation
3-2 expresses the analogy between the momentum
transfer and the heat transfer and is called the
Reynolds analogy. X depends on the surface condi-
tion, particularly on the roughness. It is not possible
to specify the roughness, or its effeet upon A, in
any simple way so that X must be determined by
compatrison with experiment.

The only experimental data on guns available at
thie time were data derived from ecalorimetric meas-
urements made, just beyond the foreing cone on a
caliber .50 machine gun, by Machler.® Based on
these measurements a value of X for this weapon,
cqual approximately to 5 X 107", was derived. Two
assumptions were made coneerning the distribution
of the unburnt propellant; (a) that it was uniformly
distributed in the gas, and (b) that it remaiaed in
the chamber, so that the value of X depends on
the assumption used. Assumption (a) is the better
assumption and is assumed in all the systems pre-
sented in this handbook.

To evaluate A for other calibers a formula based




on heat transfer in pipes was modified and stated
in the form
N=(Z+ tlog,, ) (3-3)

where d is the ealiber and 7 is an empirieal constant.
When f is expressed in eentimeters, Z has the value
13.2. This formula asserts that X depends only on d.
Later experiment has shown that this is not so,
as X ix also a function of position along the tube.
It will also depend on the condition of the bore
surface. The validity of Fquation 3-3 is doubtful,
but it will be used heve,
3-1.3 Calculation of the Rate of Heat Input

a. Heal Transfer Coeflicient. Consider the example
of paragraph 2-39a, pertaining to the 105mm
Howitzer fiving a High Explosive Projectile M1
propelled by propellant M1, To caleulate the rate
of heat input, /I’, the heat transfer cocflicient, h,
must be determined by Equation 3-2,

By Fquation 3-3, with

Z = 13.2

d = 10.0 em

the frietion factor is

A= 1300
The effeetive chamber .
length s 1, .= 1150
The total travel is N. =80.4in
Distanee from the breeeh
to the muzzle = 919 in
The muzzle veloeity is I°,, = 8789 in/sce

Therefore, assuming the gas veloeity to vary linearly
from the breeeh to the projectile when the projectile
is at the muzzle, the estimated gas veloeity at the
front end of the chamber is

' L. 8789 = 1100 in seq

o= = YR = See

o1o !

Using a value of (', equal to 199 cal Ib-°IK and
substituting these values in Equation 3-2 gives

h = 0.187 cal in'-sce-°IX at the front
cnd of the chamber
h = 1.493 cal ‘ir’-see-° K at the muzzle

b. Temperature Before Ejection, The temperature
of the propellant gas uceds also to be known, With
substitution of Fqua‘ion 2-14 in Llquation 9 of
Reference 3 and the assumption that the specific
covolume of the gas is cqual to the specific volume
of the solid propellant, the cquation of state may
he written

K Cy N

"

-1

where

I is the specific foree of the propellant
T, the absolute temperature of the gas
T, the adiabatic flame temperature

U the free volume

P’ the pressure and

¢ the weight of burnt propellant

It was shown in Chapter 1 that

’I‘II = Ty

(3-5)

where €, is an appropriate average value of the
spectfie heat at constant volume, Henee,

-

In the example chosen,
P =71, = 1040 psi
U=, =120 in
y -1 =020
(', = 384 in-Ih/Ih- KX
e =0 =062 1h

By substitution in Fqguation 3-6 when the projectile
is at the muzzle, the absolute temperature is
T, =T, = 1336°K
If the inner surface of the gun is taken as 300°K then
0, — 6. =T, — 300 = 1036°K and hy . 3-1

the heat input rate

I’ = 0.187 (1036) = 194 cal/in"-sce at
the front end of the chamber and
I = 1493 (1036) = 1547 cal/in-scee

at the muzzle

c. Density, Veloctly and Temperature After Ejee-
tion. After the projectile is cjected, the hot gas
remaining in the bore continues to transmit heat
to the barrel. The density, velocity and towperature
can be determined during this phase by the following.

Let

r=X4+ 0,74
The density, p, pressure, 17, and temperature, 77,
should be nearly independent of .&; but the veloeity,
¢, may be assumed to be a linear functiou of v:

37

(3-8)
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where the factor, ¢/, is a function of the time, ¢, only.

Since the motion of the gas is assumed to be
one-dimensional, the cquations of continuity, mo-
tion, and encrgy may be expressed

9p , O _ 3
Lt = 0 (3-9)
dr o o .
TR T 0 (3-10)
(' 01/ + 1) == () (;-11)
Under the above assumptions, these cquations
become
’/’3 R — D)
! + o’ =0 (3-12)
o’ oo “
=0 (3-13)
Cp ‘“—~+ P =0 (3-14)

Let the subseript m denote values at cjection,
and let

=1-1, (3-15)

Then integration of Lguation™-13 leds to

I"
o= I—+—I,,, (3-16

Henee, by Equation 3-8, the veloeity is

1l . 2 1=
1= 1 + .’1"[/ (-) 17

It is evident that
re = V.. rlo= 1 .. (3-18)

where 17, 1s the muzzle veloeity of the projectile.

Integration of Equation 3-12 gives

p o =11, (3-19)

ilence, by substituting Iquation 3-16G, the density
15 found

= —Le o 3-20)
p g )

The cequation of state is

P(1/p — n) = nRkT,

(3-21)
where

7 s the spectlic eovolume of the gas

r the number of moles of gas formed by burning
one gram of propellant and

I? the molar gas constant

3-4

Substituting this in Equation 3-14 gives

(- dTo _ 1T’

= 99
"ot 1 — np (3-2
Assuming
nt=Cfy — 1) (3-23)
and with the help of Equations 3-16 and 3-20,
/ — N4
1 Jdr l (y = Des, (3-24)

T, dt ~ 1+l = ypu

The integral of this is

1 — np ! -
T, = T, [———-—~—"’ — 3-250)
¢ I+ vt — np, ( '

[4 Al ' " ’-]
T, = /,,[ P ”J
1'p = q

which is the adiabatie relation for an imperfeet gas
that obeys the equation of state (I2g. 3-21). Here,
the ratio of speeifie Brats, v, should be adjusted
to take account of the loss of heat; as in paragraph

or

(3-25b)

2-2.1. Let us assume vy = 1.30.
By Iquations 3-20, 3-21 and 3-25, the pressure is
Vp, — 0| "
P = I’.~[~—’f———ﬂ] (3-26n)
I/p — 9
or

T — npn ]’ .
P=2r, [————- e 3-26}
1 4.t — 9p (3-26b)

This example can be continued by ealeulating the
rate of heat input at the muzzle 0.1 sccond after the
projectile is (\j(-ctod.

Symbol Value Unit Remarks
v 0.1 S0 Assumed
r =1, 1.9 in Given
V. 8789 in/sce Given
P 512 X 1078 Ih/in3 Given
1 1336 °K Given
r, 1040 1 /in? Given
o, 199 cal/Ih-°KK Given
A 1/300 Giiven
» A ind/lh Par. 2-2.1
> 1.30 Given
Yt 095.6 see=! Iq. 3-18
1 47 10.56
v 832 in/see Eq. 3-17
P 4.85 X 10-3 1L /in3 Eq. 3-20
h 0.0134 eal/in%see-°K Eq. 32
T, G537 °K Fiq. 3-25a
0, — 0. 357 °K
14 4.78 cul/in?-sce Eq. 8-1
r 48.1 1b/in? q. 3-26h




3-14 N ondimensional Heat Transfer Coefficient

In order to apply the caleulation of heat input
to all calibers, it is convenient to define a non-
dimensional heat transfer cocflicient.

A simple interior ballistic theory similar to that
of Mayer and Hart (paragraph 2-5.2) is used. The
notion in the following has been changed where
neeessary from that used in Reference 1 to conform
to the notation used in Chapter 2,

The burning rate coefficient, B, is defined by the
weight burning rate law

de  BCP

dl w

The position of the projectile is defined by the
coordinate
(3-27)
Its initial position is then y, = U,,/.1. The relation
Letween the position of the projectile and its velocity
is given, up to the time the charge burns out, by

y=U"A

v 2 (y=1
S !*-—'———1———— (3-28)
.'/" { ] — -Y - _1_
3 2
where ¢ has the dimensions of veloeity and is given by
Cr
= BCE (3-29)
w.d

Lquation :3-28 holds up to y = y,, the position of
the projectile at the time of charge burnout, when
it becomes

(3-30)

where I is given by

I = v 1 ﬂ—

2 g

and j is cqual to N7,C. F is called the burning
parameter. Tt is dimensionless and specifies the
gun-ammunition system. Systems with the same I9
have similar ballisties. IFrom Fquation 3-28 17 is

.o L 'l_)] -
‘ = 'y . ] [(l !/ (v; ')_)

before the charge burns out. After burnout it is

(3-31)

given by

agiven by

) 10T

3-320)

The pressures before and after burnout are given
respeetively, by

A 1 <'/”>(1 H1) /2 ,’/")(y—-n/z
D LI ( LA — I a.99
P=y=35E y (l y (3-35)

and

P - ra (&)(7—1»/2(@>1
L — 458 \y, ]

The maximum pressure comes at

Yo mur - ( 27 >'-'/(1-||
Yo v+ 1

unless ¥, ... is not greater than y,, when it comes
at y,. The value of the maxiinum pressure is given by

(3-34)

N (y+D)/(y=1)
I)"”u — ___JA/__/_ ¢? .!‘. (.Y_j____]_>
I — A/67 v\ 2v
for K= (v + 1)/2y (3-35)
— __]_é_lf_ R ANC IS VAC S Bl
Pmu: - l _ .’.\‘/'5 (1 ]4)

for 1< (y+ 1)/2y

The gas temperatures are given by

3-30)

) (y=1)72
T = ’1',,(;—") before burnout

(y=1)/2 y=1
T = T,,(ﬂi‘) (L/—'1> after burnout
Yo Yy

(:3-362)

In using the system, the values of ¢ and, henee,
E arc determined from Equations 3-33 and 3-35a
from the observed maximum pressure. The ballistics
can then be cross checked by comparing the muzzle
velocity calculated from Equation 3-32a with the
obscrved value. The calculation of ¢ from Iiquation
3-29 leads to poor results hecause the value of B is
not well known,

It is to be noted that in IEquations 3-32 to 3-36
the dimensions of the gun do not appear. Also
since V/y, = d/dt(y/y.), an examination of Iqua-
tions 3-32 and 3-32a shows that if a reduced time
defined by

2¢
.'/u('Y - 1) f= ol

(3-37)

is introduccd, the velocity-time curves for all guns
are the same on the reduced seale. The result is that
for a given gun class defined by £, a change in the
size of the gun means simply a change in the time
scale. All ballistic curves are the same exeept for
multiplicative factors when expressed as functions

3-5



of the reduced time, This result is true, of course,
only to the approximation of the simple theory.

It follows from the above discussion that, to this
approximation, the heat transfer cocflicient, h, is
a universal function of the reduced time variable,
7, exeept for the multiplicative factor, N, so that

h = N, (:3-18)

where B, applies to all eases it expressed in the

r seale,
3-2 TEMPERATURE DISTRIBUTION

3-2.1 The Equations of Temperature Distribution
in Reduced Variables

To ealeulate the temperature distribution in the
gun one must solve the Fourier equation of heat
conduetion subject to the proper boundary condi-
tion. The curvature of the bore surface is negleceted
and the equation is restricted to one dimension,
This approximation is also used by Corner (Refer-
enee 1 of Chapter 1) and is probably sufficient in
view of the other approximations in the theory.
Variations in the thermal properties of the barrel
material ave also negleeted and constant average
values are assumed.

The Fourier cquation in one dimension is

a0 L o'

bt — NI
ot~ C.p, 37 (330

where L, €', and p, are the thermal conductivity,
the specifie heat and the density, respeetively, of
the material in which the heat is being conducted;
in the case of the gun, the steel of the bharrel wall,
The boundary condition at the wall expressing the
conservation of heat flux is

W, — 0. + k2

i

0 (3-40)

where 2 is a coordinate normal to the surface in
the direetion of heat flow. The initial condition is

60, 2) = 0 (-41)

=0 that 8 represents temperature above the initial
tempernture of the barrel.
substituting the vedueed varables ¢ = af and

P

firy 7 o
[, - w-], KA S
Pt /',Ii A

36

(1= ('

¢ = g where g7 == (,p,a,"2l Lquations 3-39, 3-40
and 3-41 become, respectively,

a9 149°

== 5 g-a0
ar ) og__ ( 3=y l)

0
= = () (33-402)
¢ '

60,0 =10

1, — 6,) + 3

(3-1412)

where

~ \/5/1» o \/.;A_/l.

Vel p, \/a/.‘(',p,

is the redueed heat transtfer coeflicient.
It it is assumed that the unburnt propellant is

uniformly distributed in the gas the mass flow of
the gas is given by

I = (3-12)

e

pr == - S (3-433)
. ,«_'.,:__cz]

R L B o '

where o is the axial coordinate of position along
the barrel defined by

J£00

oo=0,"1

(3-41)

where (7, is the volume hetween the position, &,
and the hreceh. w, is the position at which pr is
determined, a is the position of the projectile and
e /dt its veloeity., p, is the density of the propellant.,
The cocflicient 1T can be expressed as a function
of the redueed distance down the bore &, vy (where

ro o= 07, 1), and the reduced time, 7, in the form
I = (v, w)LI(7). (3-45)

L, which is called the heating parameter, is given by

L= M [L] 1 [A,_ ) ¢]
T Ve, Lt KL =apy =1

(3-16)

where A s here defined as ¢ 0. I is a function
only of speeifie quantities related to the gun system,
The time dependence is given by f(r) which is
expressed as

Y21y re]e
I o (A7)

(T S
{l (.'/> }‘ wt -2

i [



hefore burnout, and

e | , ~ L
g _[' 3 :7<__>__] |

o) = : .
[ _ _-}J v Al f
l -+
Pl Yo | — A
. Po-
after burnout,
f(7) is tabulated in Tables 3-1 and 3-2.
The theory so far developed holds up to the time
of exit of the projectile. After exit the hot gases
continue to flow from the tube and so continue to
transfer heat by turbulent foread eonvection. l'or
location near the muzzle most of the heat is so
transferred. If the gases in the barrel undergo a
uniform adiabatie expausion, from Equations 3-16,
3-17 and 3-26a,

! 9 1Q
U T (3-18)
"oy I = »C/Aw, __]’_l D¢
= l"'[l — (" A+ b — 1) (-4

where the subseript mr indicates values when the
projectile is at the muzzle and b = 17, ar,,. The
problem is now completely spectfied.

Iiquations 3-39a, 3-40a and 3-11a eannot be solved
analytically. They have been solved numerically for
a limited range of the parameters and tables of the
solutions are published in Reference 1. The theory
has been coded for machine ecomputation at the
Ballistie Researeh Laboratories,

3-2.2 Heat Input

After the temperature distribution for any spee-
ificd time has been computed, the heat input, Q,
up to the speeified time ecan be found by means

TABLE 3-1. HEAT TRANSFER FUNCTION, (),
FOR GUNS DURING BURNING

1000 f(r)

0 f(=)  r

T 1000 f(r) T
}} 0.068 12 1.51 2 3.9
| 0.100 3 1.78 25 3.88
2 0132 | 2.06 26 3.88
3 (1NN 1H 2.8 27 3.88
4 0.230 16 RED 28 3.81
) 0.310 17 2.849 29 3.78
£ 0.-10+ 18 3.5 30 3.72
7 0.524 19 3.35 31 3.64
by 0.661 20 3.54 32 3.54
¢ 0.810 21 3.68 33 343
10 0,004 22 3.79 RE 331

11 1.24 28 $.86 35 3.20

TABLE 3-2, HEAT TRANSFER FUNCTION, f(r),
FOR GUNS AFTER ALL BURNT FOR 7, = 24 AND 28

sy = 24 Ty = 28
r 1000/(r) + JO00S(=) = 1000/(x) = 1000 f(r)
25 3.80 53 0675 29 3.80 62 952

26 3.60 57 550 30 3.60 66 A6
27 240 61 456 3t 339 70 67
28 3.20 65 386 32 3.18 T4 08

20 3.00 69 322 33 2,499 8 262
30 281 8 285 31 2.80 R2 226
31 2.63 ' 8 35 2.62 86 A97
32 2,46 81 219 36 2.46 102 122
33 2.30 8H A04 37 2.30 118 L0835
34 RN 8 17 38 RATH] 134 0605
35 201 105 RE Y 39 2.00 150 0468
30 1.88 121 (844 40 1.88 166G L0358
37 1.76 137 0632 1t 1.70 182 L0284
38 1.65 153 04494 42 1.64 1098 0237
39 1.54 169 0306 16 1.31 214 0109
40 1.45 185 0325 50 1.04 230 0168
41 1.36 201 L0270 54 0.850 246 KVIREY
42 1.28 217 0230 58 0.6
43 1.21 2343 0197 PProjectile
4 1.14 2490 017L leaves muzzle
-5 1.07
46 1.01
47 0.961
48 0910
44 0.860
Projectile
leaves muzzle
“of the integral
0 = f ooz, ) dz (3-50)
1]

o

In terms of the nondimensional distanee, §

Q = 2kC.p. /)" " I(x, /1), (3-51)
where
I(r, u/ys) = / o(¢, ) dt. (3-52)

Two values of Q@ are of speecinl interest: at the
time when the projectile leaves the muzzle, and
at an infinite time. Therefore, the heat transfer
integral, 1, is tabulated in Table 3-3 as a funcetion
of y/y, and the heating parameter, I, for two values
of the burning time, =, at muzzle time corvesponding
to two values of y,./y, and aulso at r-= o,

3-2.3 The “Thermal Analyzer”

The solution of the IFourier cquation is quite
complicated, even for a single round, and even more

3.7



o for a series in rapid succession sinee the solution
must be repeated for cach round using as initial
conditions the temperature distribution resulting
frony the previous rounds, Ior points a short dis-
tance below the surface, however, the temperature
history is insensitive to the details of the heat
transfer and the problem ean be simplified by assum-

TABLE 3-3. HEAT TRANSFER INTEGRAL, I

L

rewome ume 2840 404 865 148
2 8.0 1O 1830 27300 3880 4010
121070 2880 3010 4910

L6 2000 2810 3770 4500

20 1SI0 2600 3510 4140
271620 23200 3050 3710

Iy a0 1330 1840 2330

S5 (})] 0 0 0

10.3 1O 1830 28200 3080 5030
1202030 2060 020 3030

G 2070 2000 3850 4740

2.1 I 270 3570 4330

27 ATA0 24500 320 3040

AT 1080 1590 2200 2760

heY 10 Hnt) 920 1230

e O 2000 3000 2600 A330
12 20 3200 43100 53530

LG 23100 3100 42100 5120

20 20 3080 010 4840

2.7 2060 20100 3810 4630

LT 1300 23000 3090 3870
R3O0 1980 27H00 3450

N 8.0 1O 2030 2080 4330 3270
LG 2200 31200 4090 4920

25 MK 27800 35800 4240

3 OO 2300 30200 3650
55010 LSO 1000 20

8.3 0 0 0 0

1. O 2000 3070 280 5330
LG 2200 8200 420 5070

25 21200 2000 BTS00 M50

4 ISTO 23600 3330 3060

55 12100 18300 240 2050

8 580 S0 00 1530

r=a O 200 83200 4330 5380
LG 25700 33100 4330 S0

95 2200 310 4200 4950

A 200 300 B8TO 630

55 IS0 20000 3380 4050

S8 HB0 20700 28000 360

[2: SEGNRE.

ing that the heat is transferred in a series of in-
stantancous pulses. This assumption is usually made
in treating the problem of heating in machine guns,
Purdue University has built an cleetrical analog
computer or “thermal analyzer” to determine the
temperature distribution in machine guns.*

3-2.4 Comparison With Experiment

A detailed and extensive comparison of the results
of the theory of Reference 1 with the experimental
measurements available at the time is given in
Reference 3. A more recent comparison with meas-
urcnments made in a 37mm gun can be found in
Reference 6. The general conclusion from  these
studies is that the theory yields results which are
fairly reliable, perhaps better than one might expect
in view of the drastic assumptions underlying it.
In most ecases the agreement is within 20 pereent
using values of A for different calibers derived from
Lquation 3-3. If A is fitted to the experimental
data, it turns out that X is a fiinction not only
of caliber but of position in the bore as well as
propellant type and probably other factors. It would
be expeeted to depend on position in the bore
beeause when a gun is used the bore always becomes
roughened preferentially near the breech and near
the muzzle. In general the fitted values of A scem
to follow a corresponding pattern.

Iixeept on the outer surface accurate measurc-
ments ¢f barrel temperatuve are diflicult to make.
This is espeeially true of the bore surface temperature
(sce paragraph -4-0.1). In fact it is doubtful that a
uniform bore surface temperature actually exists.
The measurements usually show large round to
round variations so that the fitted value of X depends
on the particular firing. The total heat input, Q,
is mueh less variable and it is better to fit X to Q.
When this is done and the resulting values of A
used to caleulate the temperatures, the agreement
with the measured values is usually within the un-
certainty in the measured values, For further details
the reader should consult the original papers,

3-3 EROSION
3-3.1 General Discussion

The phenomenon deseribed  as erosion is the
progressive wearing away of the bore surface as the
eun is used. Tt is greatest on the surface of the
lands and near the orvigin of the rifling so that the
hore tends to become enlarged preferentially in this
region, The effect is to lower the engraving forees
and to shift the foreing cone somewhat toward the



muzzle. This is equivalent to increasing the effective
chamber volume and te lowering the engraving
resistance and the starting pressure. The result on
the interior ballisties is to lower the maximum
pressure and the muzzle velocity, an cffect ealled
pressure and velocity drop. These cffeets were
studied by Nobel’.

The details of the crosion process are not under-
stood. The process is extremely complex and in-
volves mechanieal, chemical and thermal effeets
which are interrelated in unknown ways and no
doubt interrelated differently depending on the par-
ticular eircumstances. It is a fact of observation,
however, that erosion is very sensitive to the heating
of the barrel. Low cnergy weapons using cool pro-
pellants erade very slowly. As the muzzle velocity
is increased the crosion per round increases rapidly
so that a high veloeity tank gun erodes at a rate
many times that of a howitzer of similar ealiber.
The crosion is particularly severe if hot propellants
are used. As the flame temperature is increased,
for constant ballistics, the erosion rate increases
much more rapidly than the rate of increase of the
flame temperature, so much so that the thermal
effeets beecome dominant, That the crosion is inti-
mately related to the heating is indieated by Figure
3-1 which is a plot of the obscrved crosion per
round versus the heat inpnt ¢ calculated by the
method of Reference 1.

There are other forms of damage to the tube
due to firing, some of them due to thermal cffects.
When a gun is fired, the firing eycle is very short,
of the order of millisceonds. During this interval,
the tube is subjected to very large thermal and
mechanical stresses. The most characteristic result
of this is heat checking. The bore surface develops
a characteristic pattern of cracks which lead to a
developing roughness which inercases the heat trans-
fer. These ceracks erode locally so that the surface
eventually becomes quite rough and gas tends to
leak past the rotating band which causes large local
crosion. I"or more details on erosion and other types
of damage of gun tubes and methods of dealing with
them, reference should be made to another handbook
in this series, Reference 8.

3-3.2 Estimation of the Erosion of Gun Tubes

A general theory of erosion of guns has not been
formulated. The crosion rate deereases as the gun
is used duc to changes in the interior ballistics
resulting from the erosion. It does not seem possible
to formulate a complete theory from first principles
in any general way. Jones and Breitbart® developed

a semi-empirical thermal theary anplicab!, to the
crosion uear the commencement of riviine i a pew
gun for slow rates of fire. In discussing crosion by
propellant gases, it is usually assumed that the
surface is first brought to the melting point and
then removed in the molten form by the frictional
forces of the gas flowing over the surface. A math-
ematical treatment of this problem has been given
by Landau.' Jones and Breitbart could not fit this
picture to the observed data for guns and were led
to assume that, due to the roughness, the surface
reaches the melting point only locally so that crosion
occurs at “hot spots’”. The heat involved in the
crosion is only a small fraction of the total input.
The hot spots occur for short times and shift about
on the surface. The instantancous rate at which
material is being removed can be averaged over
the surface and will define an instantancous average
rate of surface regression, 17,. The surface will move
back on the average in one round an amount

W= f Vde

where ¢, and ¢, specify the beginning and end of
the crosion interval, respectively. If
I is the instantancous rate of heat input to the
hot spots per unit area and
B is the quantity of heat neecessary to raise a
unit volume of the metal to the meltin~ point
and melt it,

(3-33)

V', =H/B (3-54)

Evidently,
B =pC(T, —T)+ L] (3-55
where
p, s the density of the tube material
C, the specific heat of the tube material
T, the melting temperature of the tube material
T; theinitial temperature of the tube material and
L the heat of fusion of the tube material
Taking
= 7.8 gm/em’
C. = 0.13 cal/gm-°K
7. = 1400°C
L = 60 cal/gm
onc finds that B = 1.9 X 10" cal ‘em”, Using Equa-

tions 3-1 and 3-2 it is assumed that an crosion
function, -1, can be defined by the equation

I = AC,00(T, = T.)

>
!

(3-506)
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where 7', = temiperature of the propellant gas. This
effectively determines the fraction of the heat input
responsible for the crosion. Based on general argu-
ments regarding the behavior of hot spots it is
further assumed that

A= K-, (3-57)
where £, is the maximum value of the funetion

re = po(T, = 7T.)

and A is an empirical constant.
Fquation 3-33 then beecomes
[,

— K_(_"[ L,_"_":
The values of ¢, and £, the times at which erosion

= 3-58
B (3-38)
and ends, are taken as the times at which

Iy P di

starts

F() for the weapon in question, rises above and
falls below the value of the maximum value of F(l)
for a low velocity gun like a howitzer for which
the crosion is negligible. A standard value, based
on a study of such low velocity weapons, of 200 X 10°
cgs units was chosen. The interval during which the
valuc of F(f) for the weapons under consideration
was above the standard value was taken as the
interval over which the integral in Equation 3-38
was to be evaluated.

The function F(t) was cvaluated using the formulas
of Reference 1 and then plotted and the integral
determined from the graph, K was then evaluated
by fitting to the observed rate of wear at the origin
of rifling for 29 guns of various types, and an average
value of K determined. The value of K so determined
was cqual to 3.28 X 107" em*/gm°K/rd. The wear

TABLE 3-4. WEAR OF GUNS

Nomi-
Pro- nal IW(eale) — W (ubs)
Pro-  jeetile MLV, 1 (ubs), Weale), , o
Gun pellant - Type  fps em X 1673 A X 10% em X 1073 11 (eale) — 1 (obs) W (ohs)

Army
37mm M3 M2 AP 2000 A1 3.74 007 -.013 —~12
A0mm M1 Ml HE 2870 043 2.79 030 007 18
S7mm Ml M6 APC 2700 .28 3.85 239 —-.04 —13
H7mm Ml M6 HI: 2700 13 1.71 2250 120 02
Tomm T22 Ml HE 2300 049 3.33 048 -.001 -1
T6mm Tol Mo AD 4000 .38 3.96 315 — .5 —17
3-inch M7 M6 APC 2600 19 3.24 192 N2 1
O90mm M3 M6 HE 2700 30 4.04 244 —.050 -1
Yomm T M2 APC 2650 1.10 3.18 1.137 037 3
Ymm 15 Mo APC 3300 1.90 4.27 1.462 —.438 —-23
O0mm 154 Ti2 APC 3300 2.00 3.41 1.920 080 4
Ynun TH2 M6 APC 3200 1.206 8.10 469 —.731 —~
120mm M Mo HI: 3100 1.00 2.99 1.100 100 10
G-inch M6 TP 2800 1.20 3.28 1.202 002 A
1535mm M2 Mo HE 2800 36 1.57 528 168 47
155mm M1 How. Ml HI 1850 .058 3.07 062 004 7
8-inch M1 Mo HE 2800 2.00 3.44 1.911 —.08Y -4
240mm M1 How, Ml HL 2300 44 3.50 382 -.058 -13
Navy

3-inch /50 Mk2 NH 2700 15 1.97 279 129 86

a-inch /38 Mk12-1 NC 2600 34 1.61 H98 -.138 —46

S-inch 51 Mk7&8 NC 3150 .86 3.84 735 —~.125 14

5-inch/54 Mk16 NC 2650 51 2.87 583 073 14

G-inch/47 Mk16 NC 2500 .83 225 1.212 382 16

8-inch/55 Mkl NC 2500 1.27 2.60 1.605 345 26
12-inch /50 Mk8 NC 2500 2.2] 2.58 2815 .GOD 27
14-inch/45 Mk12 NC 2600 3.95 3.37 3.852 —.0498 2
14-inch /50 Mkl1 NC 2700 3.55 3.55 3.287 —.263 -7
16-inch /45 Mk6 NC 2300 3.25 3.12 3.424 A7 b
16-inch /50 MK7 2500 5.13 3.84 4.390 -.740 -1

NC
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per round as caleulated using this average value is
presented in Table 3-4 along with other pertinent
data and compared with the measured values, It is
shown that the theory correlates the data with the
interior ballisties fairly well over a wide range of
different guns and ammunition. The measured values
themselves are subject to considerable uncertainty,
because they vary for different tubes of the same
model and with the amount of use the particular
tube has undergone (CF. Figures 3-2 and 3-3). The
agreement is also, at least in part, a reflection of
the faet that the guns studied are approximately
scale models of cach other, The crosion rate depends
on minor differences in the guns such as the design

- taken account of in the theory. Some of the scatter

may, therefore, be due to such factors,

The theory applics only to crosion at the origin
of rifling since the specification of .1 by Iquation
3-57 is not possible ut other locations.

The evaluation of 11" from Equation 3-38 is time
consunming. By making a number of quite drastic
approximations, Breitbart'' recast the procedure in
analytical form and derived a simple algebraic ex-
pression for 117 which yiclds results in almost as
good agreement with observed values as Fquation
3-8, namely:

W = _]l—é__'\:" I:]):'_—‘_]_(IME:' 3-50)
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where A is dimensionless and is equal to 27.68 ¢'( .
Numerically it corresponds to the density of loading
in gm'ee. X, is the travel to the muzzle (in),
S the expansion ratio and P, the maximum pres-
sure (psi).

Jreitbart evaluated the empirical constant, K, by
fitting the formule to the measured wear per round
at the commencement of rifling in the 8-inch gun M1,
If 17 represents the inerease in the diameter per
round in inches and the units of the other quantitices
arce as indieated above, A has the value 4.29 X 107°.

The formula as written applies to standard guns.
Breithart showed that it can be applied to howitzers
by introducing an empirical correction factor equal
to X, 487¢"" so that Lq. 3-39 becomes for
howitzers

. _ KCXXL | Pl = 160007 e
W= “\-‘g&";ri“‘ [”“ = 1 (3-30a)

where €' s the charge, d the ealiber and K7 =
K 187 = 881 X 107,

3-3.3 Life of Gun Tubes

a. Fstimation of Gun Life. Paragraph 3-3.2 gives
formulas for the rate of wear of gun tubes, derived
by Jones and Breitbart. Iventually, a tube wears
so much that it cannot be used, cither beecause the
muzzle veloeity is so low that it eannot be properly
allowed for in firing, or because the spin of the
projectile is too low to stabilize it properly. The
instability of the projectile can usually be traced
to shearing of the engraved part of the rotating
band while it is still in the tube. Examination of
the bands of recovered projectiles will usually in-
dicate the expected remaining aceuraey life.

After studying data pertaining to cannon from
37mm to 203mm (8-inch) ealiber, Jones and Breit-
bart found that the uscful life can be correlated
rather well with the wear at the commencement
of rifling."”” The commencement of rifling is defined
as the point at which the full height of the land is
first encountered, in contrast to the origin of rifling,
which is the point at which the land starts to rise.
At the end of the useful life of these guns, the wear
at the commencement of rifling was between 3.5
and 5 pereent of the original diameter between the
lands. Therefore, a wear of 5 percent of the original
bore diameter may be taken as the tolerable limit
and having calculated the rate of wear, the life of
the gun can be estimated.

b. Fquiralent Full Charge Factors. In order to
estimate the useful life of guns that fire different
kinds of projectiles with different charges, it is

3-14

necessary to determine a factor that represents the
relative crosiveness of the ammunition. Such a factor
is called the equivalent full charge (KFC) factor.

After studying all available data, Riel found an
empirieal formula that satisfies the experimental
results quite well."™ This formula is

Ere = (1’_;"'1’,)"' O C)OV VI ED (3-6G0)

where
EFC is the equivalent full eharge factor
I’ the maximum chamber pressure
¢ the weight of propellant
17 the muzzle velocity
I£ the speeifie energy of the propellant

and the subscript 1 denotes the value pertaining
to the ammunition for which the FFC is chosen
to be unity. Of ecourse, the data for both types
of ammunition must be expressed in the sanie units;
if two types of propellant are used in a mixed charge,
their average speeific energies may be substituted
for I,

Ricl has tabulated the estimated life and EFC
for most of the present artillery ammunition.'!

3-3.4 Erosion in Vents

Many experiments, going back over many years
have been conducted to study the crosion of mate-
rials by propellant gases. These experiments have
been condueted to study the basic processes involved
as well as to develop materials more resistant to
gas crosion. The technique most often used is to
burn the propellant in a combustion chamber and
allow the gases to flow out through a nozzle or vent
and to study the effect upon the nozzle surface.
There is an extensive literature.on the subject some
of which will be reviewed here.

a. Greaves, Abram and Rees used three chambers
of different volumes and tested several different
propellants with different adiabatic flame temper-
atures.'® They measured only peak pressures, using
copper crusher gages. They rated their materials
on a relative scale of “crodability’”: the slope of
the lincar part of the grarh of weight loss versus
peak pressure.

They established a strong dependence of weight
loss on the “calorific value” of the propellant. In
their cxperiments, for a given maximum pressure,
the weight loss per unit charge is independent of
the chamber volume. Their data confirm the ex-
neeted result that the weight loss tends to go up
as the melting point of the vent material goes down.,
In the case of steels, the milder the steel, the less
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the erosion, They conclude that the principal factor
of erosion in both guns and vents is generally the
heating of the surface with its consequent melting,.
They are convineed that direet chemieal reaction
of the gases with the surface material plays a minor
role, if any, under the conditions of their experiments,

b. Evans, Torn, Shapiro and Wagner studied the
crosion by the gases produced by the explosion of
carbon monoxide and oxygen.'” Their apparatus was
fitted with a blowout seal. Several blowont pressures
and chamber volumes were used. The weight loss
of the vents was measured and correlated with the
number of moles of the produet gases, the explosion
temperatore, and the ratio of CO to CO, in the
product.

For an cequal number of moles, the weight loss
increased with the gas temperature, but in a non-
linear manner: the plots were coneave upwards with
a curvature that was quite sharp initially, but
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(Nozzles represented by ©, @ were fired logether and were subjecled lo the swme
pressure-time gas flow as the single nozzle represented by X.)

deercased almost to linearity. At a given caleulated
temperature, the weight loss increased rapidly as
the ratio of CO to CO, decreased. The addition
of small amounts of sulfur, nitrogen, and hydrogen-
bearing compounds to the gas mixtures as well as
hydrogen itself usually caused a large inerease in
crosion. This was interpreted as a catalytic effect
upon the reaction of CO with the iron of the steel
vent to form ivon pentacarbonyl. Fvans et al sug-
gested that two fundamental phenomena underlie
the crosion of the vents: at low temperatures and
large CO/CO, ratios, material is removed by con-
verting iron to volatile iron carbonyl; as the tem-
perature inereases, direct melting of the surface sets
in and increases until it becomes predominant.

¢. The Ballistic Research Laboratories have con-
ducted several experiments on vent ecrosion. Wie-

gand'” found that their carly data and also thosc
of Greaves, Abram and Rees produced better cor-
relation when the weight loss was plotted against
charge weight rather than against peak pressure.
A representative curve is shown in Iligure 3-4.
This indicaces a region of low severity, where the
removal of material is related to somie chemical
reaction of one or more constituents of the gas with
the material of the channel wall, followed by a
region of high severity, wherein the material is
removed predominantly by melting of the surface.
In the latter region, the points can be fitted closcly
with a straight line, whose intercept with the axis
of abscissas roughly divides the two regions. The
slope of the curve at any point depends upon the
experimental arrangement; that is, upon chamber
volume, vent diameter, material and shape of the
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vent, type and granulation of the propellant, method
of ignition, and any other factor that affects the
rate of heat transfer.

The apparatus consists of the breech and chamber
of a 37mm gun with the barrel cut off just before
the foreing cone, and an adapter to hold the vent
in plare. In the carly experiments' vents like that
of Pigure 3-3, with various throat diameters and
an expanding cone bevond the throat, were used.
It was found that the crosion varied along the vent
=0 s to change its shape. The result was that the
croston per round was not constant but depended
o the round number. That is, the plot of the

integrated crosion, as measured by total weight loss,
against round number was not a straight line and
no valid erosion rate per round could be determined.
To eircumvent this difficulty the shape of the vent
was changed to conform to Iigure 3-6 and "also
steps were taken to adjust the charge to maintain
constant maximum chamber pressure. It was found
that this could be done over a considerable change
in vent diameter by simply keeping the ratio of
charge to vent diameter constant. This would ensure
that the characteristics of the gas flow were nearly
constant from round to round. The type of data
obtained is illustrat>d i IMigare 3-7. The results

T 1
/
0.6
14
o VAR
0.4 ; 0//

»

0.3 /

WEIGHT L0SS, GMS
N

0.2

0 2 L

6 8 10 12

14 16 18 20 22 24 26 28

NUMBER OF ROUNDS

FIGURE 39,

Weiyht Loss versus Nunher of Rounds

Nozzle Type: K1
Material-— ARMCO) 1ron
Charge: 70 GMS. of M2 Propellunt

O @Nozzle Diameter 0,358 —-Tolul Throal Areu
X Nozzle Diameter 0.500"—Total Throal Areu

20127 in?

14983 int

[}

(Noz:les represented by ©, @ were fired logether amld were subjected (o the sanie
pressure-time yas flowe as the single nozzle represented by X.)

3-18



1.3
1.2 /’/
1.1
1.0 /

s )4

.8 ,‘/ ,

o7 /

6 /

5

WEIGHT LOSS, GRAMS (@ @)

“ e
3 i

xéﬂ/é/ .01

DIAMETER INCREASE, INCHES (A A)

N

7 =3

b 5 6

7 8 9 10 11 12

NUMBER OF ROUNDS

FIGURE 3-10.

Welyht Loss and Diameler Increase versus Nwmber of Rounds.

Nozzle Type—E1
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also show that when these procedures are used, the
weight loss per round is proportional to the diameter
increase per round so that either may be used as a
measure of crosion.

I'igure 3-8 shows the inercase in throat diameter
versus round number for three different venus of
the later type. The two small ones were fired
simultancously, using a manifold attached to the
chamber. Their combined throat arca was approx-
imately the same as that of the larger one, which
~was fired alone from the same chamber with the

same charge so as to produce the same flow condi-
tions. With all vents tested, the rate of diametral
increase was independent of the diameter.,

Iigure 3-9 shows the weight loss versus round
number for the same series of firings. The fact that
the weight losses of the two small vents are nearly
the same proves the reproducibility of the data.
With vents of different sizes, the ratio of tiie weight
losses is larger than the ratio of diameters IMigure
3-10. Since the weight loss is a measnre of the
integrated crosion over the entire inner surface of
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the vent, its relatively greater variation indicates
that, at upsteam locations, the thickness croded in
the larger vent inereases relative to that in the
smaller one. This may be partly ~aused by the fact
that, as one proceeds upstream, the relative inerease
in cross section is smaller for the larger vent, so
that the gas velocity will not decrease as rapidly
from its sonic veloeity at the exit and consequently
will be higher in the larger vent than at the cor-
responding location in the smaller vent. Experiments
indicate that the crosion rate is very sensitive to
the gas velocity and increases rapidly with it.'

The temperature of the vent before firing also
affects the rate of evosion. To determine the tem-
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perature, the thermocouple was imbedded in the
vent so that the junction was about f:th inch from
the surface. The vent was well insulated from the
nmount and heated by means of an clectiical resist-
ance heater inserted into the opening. The heater
was withdrawn immediately before firing. The re-
sults for a 70-gram charge of M2 propellant are
shown in Figure 3-11.

It should be noted that, in both vents and guns,
the rate of crosion is affected by the roughness of
the surface.” With a given propellant, a particular
combination of the gas velocity and heat transfer
rate can be duplicated only under conditions where
the nature of the swrface roughness is similar.
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CHAPTER 4

EXPERIMENTAL METHODS

4-1 INTRODUCTION

The preceding chapters have been, in the main,
concerned with the theoretical aspeets of interior
ballisties. FFrom the carliest days of the use of fire-
arins, attempts have been made to measure ballistic
quantities. Because the quantities to be measuved
have values outside the range normally experienced
in other fields, the apparatus necessary to measure
them is rather speeialized. Because the values are
extreme, exist for very short times and vary with
great rapidity, they are diflicult to mecasure by
mechanical means, The tendeney in reeent times is
to depend more and more on sophisticated cleetrieal
and optieal deviees. Fiving ranges are often clab-
orately instrumented, and for work in the ficld much
of the apparatus is installed permanently in vehieles
which ean be transported to the site.

A great deal of interior ballistic measurement,
that related to routine testing of guns and ammuni-
tion and also a considerable amount of development
work, does not reguire more than the measurement
of the maximum pressure and the muzzle velocity,
but these must often be made repeatedly to derive
a statistical result., Simple deviees which will make
these measurements quickly, without requiring in-
strumentation .attached to the gun, arce essentials,
Ixperimental work of this kind has been called by
Corner “practical ballisties.”

Rescarch in the subject and more sophisticated
development procedures, however, require a nwore
claborate instrumentation. The maximum pressure
and muzzle velocity are the results of complex
phenomena going on inside the tube which the
ballistician would like to relate to the theoretical
approach. To make measurements within the thick-
walled tube often requires that openings be made
in the tube wall to accommmodate the measuring
deviees. This makes the tube uscless for any other
serviee and such instrumentation eannot be used
for routine testing. Some measurements ean bhe made
by apparatus designed to look down the tube from
the muzzle and others by placing instruments in
tne projectile and bringing the signal out on wires
or by telemetering; that is, by modulating an electro-
magnetie wave with the signal from the deviee in
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the projeetile and transmitting the modulated wave
to an external detecting apparatus.

In recent years there has been a rapid development
of apparatus suitable for interior ballistic measure-
ment and much of it is available commereially. The
ballistician needs only to fit it to his special problems.
xamples of such apparatus are high speed motion
picture cameras, rotating deum and mirror cameras,
athode ray oscilloscopes, cleetronie chronographs,
ete. It will be assumed that the reader is familiae
in general with most standard deviees which are
in wide use and generally available,

Details of experimental studies of the interior
hallisties of certain guns covering a preat many of
the measurable parameters have been published. '
Since these general experiments were done, develop-
ment has continued  to improve apparatus and
methods and to develop devices to measure divectly
quantities previously not possible to measure; such
as for example, the motion of the propellant grains.
In what follows, measuring deviees and associated
apparatus will be deseribed mainly in prineiple,
There are usually several models extant of the
dilferent measuring deviees and the associated equip-
ment and procedures vary at different places and
at differeut times. The referenees should be consulted
for details and for further references to pertinent
literature. It should be pointed out also that rapid
development of instrumentation of all sorts is taking
place and the tendeney is teward more and more
automation of methods and procedures,

4-2 PRESSURE MEASUREMENTS

4-2.1 General Principles

Pressure gages are of two classes, (a) those which
measure maximum  pressure only, called  erusher
gages, and (b) those which measure the pressure
as a function of time. Gages of elass (b) are of two
types, those which make use of the mechanical
strain produced by the pressure, and those which
depend on the piczocleetyic effeet. The carliest gages
of class (b) were of the mechanical type. The strain
clement was usually a diaphragm subjeet to the
gas pressure on the inside, and having the ontside
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<coupled mechanically to a small mirror to form an
optical lever to defieet a spot of light onto 2 moving
film. These gages are quite accurate and reliable
but eannot be used an guns beeause of the recoil.
They have been much used on closed chambers.

IFor use o guns, strain type gages have a resistance’

strain wire coupled to the strain clement so that
the strain appears as an eleetrical signal which ean
be displayed on a cathode ray oscilloscope.

The piczocleetric gages depend on the fact that
certain erystals develop a surface charge when sub-
jeeted to an external pressure. Quartz crystals have
been used most frequently. Gages have also been

. made using tourmaline. Tourmaline has the advan-
tage that it responds to hydrostatic pressures so
that the erystal need only be immersed in a medium
such as a grease to protect it from the hot gases,
and the pressure applied direetly to the surface
of the grease. The response of quartz, on tae other
hand, depends on the direction of the stress with
respeet to the erystal structure. For optimum effect,
the crystal plates must he cut with their faces
properly oriented with respect to the erystal axes

and the forces must be applied to the crystal by
means of a piston or anvil. Tourmaline crystals of
sufficiently high quality are not readily available,
however, and, as they are considerably more fragile
than quartz, they have been infrequently used in the
United States. Quartz is readily available and has
the highest breaking stress of all the more commonly
used piczoclectrie erystals. The use of the piston
complicates the gage but it has the advantage that
the range of the gage can be adjusted by varying
the ratio of the piston arca to the area of the erystal
plates.

4-2.2 The Quartz Piezoelectric Gage

Tie piczoeleetrie element of one model of this
gage is a stack of X cut* cerystal plates in the form
of dises. The plates are stacked so that contiguous
faces will generate charges of the same sign when
pressure is applied. Metal foil charge-collectors are

*An ' cut erystal plate has the normal to its face
parallel to the eleetrie axis of the erystal and the optie axis

parallel to its face. For o given pressure on its faee, such a
plate produces @ maximun charge,
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placed between the plates and so connected that
the total charge of cach sign appears at the electrodes
at opposite ends of the stack. The end surfaces ave
in contact with cleetrodes of hemispherical shape.
This shape, which fits into corresponding sockets
on the element through which the pressure is applied,
tends to assure that the pressure will be unifornily
distributed over the surface of the crystals to
minimize the possibility of cracking. To further
assure that the pressure will be uniformly dis-
iributed the surfaces of the crystal plates and metal
parts in contaet with them must be optically ground
and lapped. The details of the construction and
mounting of the gage clement are shown in Figure
4-1 for-a model much used at Ballistic Rescarch
Laboratories,

The recording circuit and apparatus are illustrated
in Figure 4-2. The charge developed by the gage
is shared with a ballast capacitor in parallel with
the gage and the voltage developed across the gage
and capacitor fed through a high gain direet current
amplifier to a cathode ray oscilloscope. The cathode
spot is then photographed by a running film or
rotating dvum camera. .\ time scale is simultancously
placed on the record by photographing an inter-
mittent light source. This can also be done by block-
ing the cathode spot intermittently to make breaks
in the record. A typical record is shown in Figure 4-3.

To determine the pressure from the record requires
that the gage and recording apparatus be calibrated.
The gage is calibrated separately in the laboratory
beeause it is not practicable to calibrate the gage
when mounted in the gunr. This is done using a
dead weight hydraulic pressure apparatus, Figure
4-4. The gage is mounted in a hydraulic chamber
provided with a piston which is attached through
a mechanical linkage to a scale platform carrying
a series of weights. Oil is then pumped into the
hydraulic chamber until the weights are lifted and
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the pressure in the chamber determined from the
piston arvca and the weight lifted. The hydraulic
chambey is provided with a quick release valve which
releases the pressure very rapidly. To make a
calibration, the charge developed by the gage under
pressure is first removed by shorting the gage and
then the pressure is suddenly released. An equal
charge of opposite sign is generated by the gage.
This charge is immediately sent through a ballistic
galvanometer and its magnitude determined from
the defleetion of the galvanometer. The recording
apparatus is calibrated by applying a known charge
across the ballast capacitor and observing the deflee-
tion of the cathode ray spot. '

Quartz piczo gages are rugged and tend to hold
their calibration well. By varying the number of
plates in the stack the sensitivity can be adjusted.
The erystals will not withstand stresses much above
15000 psi but the working stress on the crystals can
be varied by adjusting the piston arca. The piston
size has a practical lower limit, below which it will
deform and bind. This imposes an upper limit on
the pressures that can be measured. Practical gages
can be made to measure. pressures between 15,000
and 70,000 psi. The gage has a high impedance
and problems of grounding and shielding have to be
dealt with, espeeially in field use where the leads
from the gage to the recording equipment may be

é ,
Time —» -
~ - one millizecond
QOOD IGNITION

POOR IGNITION

FIGURIS 4-3. Typical Pressure-Time Records from Quarts
Piezoelectric Gage (155mm Gun),



long, even with mobile cquipment. Piezoclectric  large to generate sufficient charge for case of mcas-
gages are not suitable for measuring low pressures  urement.
of long duration such as exist in rocket motors

beeause the gage discharges too rapidly, mainly
through the input impedance of the amplifier. Also, The sensitive element in these gages is a short
for use at low pressures, the gage would have to be tube or ferrule closed at onc end and so mecunted as

4-2.3 Strain Type Pressure Gages

FIGURE 4-1. Dead Weight Apparatus for Calibration of Pressure Gages.
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to be subjected to the gas pressure cither on the
inside or outside surface. In the carlier models the
pressure is exerted on the inner surface, the ferrule
being filled with a hydraulic medium such as grease
or oil. A strain wire is wound on the outside of the
ferrule and cemented to the surface or applied in
the form of a commercial strein patch cemented
to the surface in the usual way. The strain wire orv
patch forms one arm of a Wheatstone bridge cireuit.
When the pressure is applied, the bridge is un-
balanced; the degree of unbalance being a measure
of the pressure. The emf developed across the bridge
by the unbalance is fed to a suitable amplifier and
then to a cathode ray oscilloscope. The deflection
of the cathode spot is then photograpned with a
running film or drum camera.

One model in which the pressure is applied to the

ONE MIL DIA.
~ ADVANCE WIRE

. _— FERRULE

CAVITY FILLED WITH GREASE

o

outside of the ferrule has been referred to as a
“hat” gage because of the shape of the ferrule.
In this model the strain wire or patch is on the
inner surface. The operation of the gage is the same
as for the other models. Some typical models are
shown in Figures 4-3, 4-6, 4-7, and 4-8, which are
self-explanatory.

A typical recording circuit is shown in Figure 4-9.
The circuit is calibrated by a suitable variable
resistor in the gage arm of the bridge which estab-
lishes the relation between bridge output and resist-
ance change in the gage. The gage itself is calibrated
in the laboratory on the dead weight calibrator to
establish the relation between the resistance change
in the gage and the applied pressure.

Strain type gages can be used to measure lower
pressures of long duratien. The pressure range of the
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FIGURIE -5, The C-AN Strain Type Pressure Gage Using a Wire-Wrapped Ferrule,
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gage can be adjusted by design of the ferrule. They
can also be made smaller than piczoclectric gages
of the same pressure range and can be used in
locations where space is restricted.

All pressure gages possess natural frequencies of
oscillation. They will, therefore, overshoot and os-
cillate when subjected to rapid pressure changes.
These oscillations will damp oyt more or less rapidly
depending on the design of the gage and its mount.
If too much damping is designed into the gage,
however, it will be sluggish in response and will not
accurately  follow rapid pressure changes. Com-

Almplifler
WHEATSTONE BRIDGE

FIGURIS 4-0. Typical Input Circuil of Strain Type
Pressure Gages,

Balancinl
Resistorr

promises must therefore be introduced. A high
natural frequency is desirable for rapid responsec.
The gage should be small and rigid. The hat gage
shows up well in this respect. Iigure 4-10 shows
the response of the different types of gages when
subjected to an almost instantancous rise in pressure
duc to the impact on the gages of a shock wave
generated in a high pressure shock tube.

Tor further information on pressure-time recording
gages and their use the reader is referred to Ref-
crences 3, 4, 5 and 6. Reference 4 gives a brief
review of pressure gage development at Ballistic
Research Laboratories and is the source of the
figures used in paragraphs 4-2.2 and 4-2.3.

4-2.4 Crusher Gage’

I'or routine proof firing and most developmental
firing, the pressure-time relation is not needed, but
the maximum pressure is desired. For this purpose,
crusher gages are used. A crusher gage consists of
a steel cap, a copper gas-check cap, and a stecl
housing that contains a steel piston and a copper
or lead cylinder. For recording very low pressures,
the lead cylinder is required. An illustration of the
crusher gage is given by Figure 4-11.

The copper gages are made in three sizes; their
uses and the mean dimensions of their cylinders
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arc tabulated below. The medium and major caliber
gapges use the same copper eylinders but have dif-
ferent size housings.

Size Cruns Diameter Length
Minor caliber small arms 226 00
Medium caliber Small and

medium cannon 2525 500
Mzajor ealiber Muajor eannon 2525 500

FFor work on small arms, one minor caliber gage
is inserted in the wall of a gun that is sct aside for
this purpose. IFor medium calibers, two medium
caliber gages are placed in the chamber. 1'wo major
caliber gages are placed in depressions on the inner
side of the breechblock for recording pressures in
separate loading, major caliber, weapons.

The propellant gas pressure is exerted against the
gas-cheek cap and transmitted to the piston, which
compresses the eylinder against the cap. The length
of the eylinder is measured in ten thousandths of
an inch with micrometer calipers, both before and
after firing. A table, which relates the compression
to the static pressure that produces it, is based
on values obtained by subjeeting representative
samples of eylinders from a lot to various pressures
in a hydraulic press for 15 scconds. The pressurves

taken from the table are recorded and corrected,
since they are less than the dynamic pressures cor-
responding to the same compression. Comparisons
with piczoclectric gage pressures show that copper
crusher gage pressures, when determined from copper
crushers calibrated statically, should be multiplied
by 1.20 to obtain the true chamber pressure, which
is used in interior ballistic calculations. I'or the lead
crusher gages, used for low pressures, the static pres-
sure obtained is less than half the dynamic pressure.

Recent developments in dynamnie calibration tech-
niques have made it possible to reduce the difference
between the maximum pressure as determined by
a crusher gage and by a piczoclectric or strain type
gage. The crusher clements are calibrated under
pressures applied at rates approximating those occur-
ring in guns. These techniques have been developed
to the point where, for the larger caliber guns,
crusher gages can be made to yield maximum pres-
sures equivalent to those given by the pressure time
measuring gages.

4-3 MEASUREMENT OF MUZZLE VELOC-
ITY

4-3.1 General Princigles

Before the invention of chronographs capable of
recording very short iniervals of time and of camerns
capable of photographing projeetiles in flight, there
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was no way of making dircet measurements of muzzle
velocity by the simple method of measuring the time
it took a projectile to {raverse a previously measured
distance or the distance traversed in a previously
determined time,

After the imvention of modern chronographs,
muzzle veloeity determination no longer posed a
difticulty. In the method now commonly used, the
projectile is timed over a measured distance by
recording its passage as it enters and leaves the
measured course, A\ deviee which determines the
time between these two events is called a chrone-
oraph.

In the other method, the projectile is photo-
araphed against a distance scale by means of a high
speed motion picture camera whose frame rate is
known or by taking two or more photographs of
the projeetile against a distance scale using a series
of fixed film cameras and a set of flash lamps with
fixed time delays between them. PPhotographic
methods are usually used when observations on the
behavior of the projectile are desived, as well as
determining its veloeity. They cannot be classed
as standard methods of muzzle velocity measure-

ment. A\ diseussion of these methods and the details
of some applications are given in Reference 8.

4-3.2 Chronographs

There ave two types of chronographs in general
use; those which display the time interval direetly,
known as counter chronographs, and those which
record the passage of the projectile as it enters
and leaves the measured distance, known as camera
chronographs. The former type makes use of clee-
tronic cycle counters which are started and stopped
by the passage of the projectile and arranged to
display the clapsed time on an indicating panel
which is read diveetly. In the camera type of chrono-
graphs the output of the deteeting device is fed to
an oscilloscope and the face of the scope photo-
graphed with o drum or running film camera. The
ctapsed time, therefore, is determined from the
distance on the film between the indications of the
passage of the projectile by the detecting devices.
This requires that a time scale be simultancously
recorded on the film. Iigure 4-12 is a photograph
of a standard modecl of camera chronograph using’
a drum camera.

Closing
Cap

Obturating
Washer

Copper Crusher
Cylinder

Obturating

Rubber or

/Neoprene Washer

Housing

Cup

Pressure

TIGURLE 411, Cross Seetion of Inlernal Copper Crasher Pressure Gage Using Cylindrical Copper Crusher,
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The camera chronograph provides a permanent
photographic record, which ean be cheeked at any
times but about 20 minutes is required to develop,
fix, and drey the film before it ean be read. With
the counter clironograph, about one minute is re-
quired to compute the veloeity and rveport it: but
the reading is erased after the time interval is noted.
A permanent record ean be provided by photograph-
g the display panel or the process ean be simplitied
by having the elapsed time printed out automatieally.

Some of the carlier models of counter chronographs
were rather eritical in operation and difficulty arose
heeause they could be activated by noise on the
fines. In newer models, the operating conditions are
less eritical and these difficulties have been largely
climinated. The present tendeney is to inereasing
use of the counter chronograph beeause of its speed
and portability. 'or field use it has the great ad-
antage that it does not require photographic
processing facilities,

4-3.3 Detecting Devices

Commonly used deviees to deteet the passage
of the projectile are of two types. Oue depends on
the induetive ceffeet as the projectile, which has
been previously magnetized, passes through a coil
of wire, and the other by the variation in the
intensity of the light falling on a photocleetric cell
caused by the passage of the projectile. The eoil
ix the simpler deviee.” It requires little care and
an be used in the open without special protection
or attention., Two coils can be casily mounted at
opposite ends of a frame and the assembly clevated
on a tower at an angle so that the gun can be fired
at its normal operating elevation, This is more
ditficult to do with the more claborate and fragile
photocleetrie deviees. The coils, however, cannot be
used with nonmagnetizable projeetiles, such as small
arms bullets and the other devices must be used.
Nonmagnetizable, developmental projeetiles used in
intertor ballistic rescarch have been provided with
small imbedded permanent magnets to permit the
use of coil deteetors,

The design of the coil detector is important.” As
the projectile approaches the coil the inercasing
magnetic flux through the ecoil induces an emf in it
which inereases and reaches o maximum value when
the projectile is in such a position that the rate
of change of flux is a maximum, The emf then begins
to deeline as the rate of change of flux deelines and
becomes equal to zero, at which time the emf iy
zevo, The flux then tends to decrease as the pro-
jeetile stavts to leave the coil and the emf reverses
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FIGURE =13, Dewm Camera Chronograph Record
of Signal from Velocity Coils,

sign and follows a course similar to the approach
but reversed in direction. The eoil should be so
designed that the signal reversal is sharp so that
the record erosses the axis steeply. The film distanee
between the crossing points is then accurately de-
termined and serves to determine the time accurately.
Figure 4-13 shows a drum camera chronograph re-
cord from coil detectors,

There are two types of photoclectric detectors,
lumiline sereens and sky sereens. Lumiline sereens
use a light source incorporated in the apparatus
and sky sereens use the light from the sky. In the
latter the photocell is sereened so that it is il-
luminated by the light from a narrow region of the
sky transverse to the trajectory. When the pro-
jectile crosses this region of the sky, the illumination
of the cell is reduced sufticiently to induce a voltage
change in the cell cireuit which defleets a eathode
ray oscilloscope and the deflection is photographed
oit a moving film camera or the signal can start
or stop a counter chronograph. Sky screens have
been developed for field use and ave fully deseribed
together with the associated counter chronograph
in Reference 10.

The light source in the lumiline sereen is a long
filament cleetric lamp mounted in a metal frame
behind a narrow slit transverse to the trajectory.
A\ photoeell is mounted behind another slit on the
opposite side of the frame. A projectile passing
through the frame reduces the illumination on the
cell in a manner similar to that of the sky sereen.
Lumiline sereens are used mainly in indoor ranges
for measuring the velocity of small caliber pro-
jectiles such as bullets from small arms. Sereens
in use are shown in Figure 4-14.

4-3.4 The Calculation of the Muzzle Velocity

Once the time of passage, (, of the projectile over
the measured distance, D, is known, the ratio, Dt
gives the average velocity over the distance, D.
This average veloeity will occur at the midpoint
of D provided the acecleration of the projectile is
constant, The Iatter condition will hold if the air



resistance to the motion of the projectile does not
change appreciably over the distance D. This is
closely the case so that the velocity furnished by
the instrumentation can bhe assumed to occur at
the midpoint of D.

On account of the air resistance, the velocity

decreases between the muzzle and the midpoint of
the detecting devices. The small correction required
to give the velocity at the muazzle is proportional
to the ratio

Z=X/C (4-1)

e
. !"
i i
B
o

FIGURE 4-14, Lumiline Sereens in Use in an Indoor Range,
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where

X is the distancee from the muzzle to the midpoint
and
(! is the ballistic cocflicient

C is a funetion of the weight, caliber and shape
of the projectile, the density of the atmosphere,
and the range wind. The correction factor, which
depends on the velocity and the drag function, has
heen tabulated by the Instrument Laboratory of
the Development and Proof Serviees at Abevdeen
Proving Ground.""'

For a short distance in front of the muzzle, the
projectile is surrounded by propellant gas. Sinee the
muzzle blast inereases the projectile veloeity, another
correction must be subtracted from the apparent
muzzle velocity to obtain the true one. From the
measurements of the spin of several projectiles by
a radiosonde, extrapolated to the muzzle, Hitchcock
iound that the inerease in velocity due to the muzzle
blast is about 1.2 pereent of the apparent muzzle
veloeity for guns having a normal expansion ratio."

4-4 TRAVEL-TIME MEASUREMENTS
4-4.1 Barrel Contacts .

The position of the projectile in the barrel as a
function of time can be determined by inserting
insulated probes through holes bored in the barrel
wall which make contact with the projectile as it
passes. Iiach probe is part of an clectrical circuit
which is ecompleted through the projectile and the
barrel. The projectile acts as a switch which closes
the circuits momentarily. The current in the circuits
can be deteeted and displayed on a cathode ray
oscilloscope and the face of the oscilloscope photo-
graphed on a moving film or drum camera in the
ustal way and related to a time scale on the film.
The zero of time is usually indicated on the film
by detecting the initiation of the primer or by 2
contact at the muzzle.

Barrel contaets have to be designed and used with
care if the signal is to oceur when the projectile
has the same position with respect to the contact
at cach location. This can be assured in part by
machining a notch in the forward part of the pro-
jeetile. The shape of the notch is such that a vertical
surface is presented to the contact. If care is taken
to insert the contacts ouly in the rifling grooves
of the gun, they will then establish contact with
the rotating band only.' For smooth bore weapons
and when firing jacketed bullets, the notch in the
projectile becomes neeessary.” If the eleetrical poten-
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tial of the contacts is too high the current may start
before mechanical contact is made. This is especially
likely if the gas ahcad of the projectile becomes
ionized. This can happen if hot gas leaks past the
projectile or if the air in the tube is compressed by
the motion of the projeetile itself,

Barrel contacts are extensively used in interior
ballistic rescareh, the exact form varying with the
user, often as check points against other methods
of measuring projectile displacement.™

When it is desived to derive from the measure-
ments an accurate travel-time relation, a rather
large number of contacts must be used. This involves
considerable damage to the barrel thus making it
uscless for other purposes. Considerable time and
expense is involved in doing the necessary machine
work.

4-4.2 Microwave Interferometer

The microwave interferometer is the microwave
analog of the well known Michelson moving mirror
interferometer which is used to measure small dis-
tances using light of optical wave lengths. In both
instruments a beam of radiation is divided into two
beams. One beam is sent to a reflector at a fixed
distance and the other beam to a reflector which
can be moved. The refleetors return the radiation
to the point of separation where the beams are
superimposed and combine to form a beam of radia-
tion whose intensity depends on the amplitudes of
the refleeted beams and their phase difference. The
phase difference depends on the difference in the
distance traveled by the two beams from the point
of scparation and back again according to the
relation

5 == (4-2)

where 8 is the phase difference, € the difference in
distance and X the wave length of the radiation.
Now, if the movable reflector is displaced parallel
to the direction of the refleeted beam, ¢ will be
changed and & will be different. This will change
the intensity of the combined beam. If £ is changed
cortinuously § changes continuously and by onc
cycle (2r radians) every time ¢ changes by one wave
length. The intensity of the combined beam changes
cyclically, going through one eycle every time & doces.
Since ¢ changes by onc wave length when the
movable reflector moves onc-half wave length, one
cycle of intensity change indicates a displacement
of the reflector of one-half the wave length of the
radiation.
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FIGURE 4-15. Typical Microwave Inlerferometer Record of Projectile Travel versus Time (Caliber 50)

I'or the wave length range used in the microwave
interferometer, the radiation is propagated in a
wave guide. The source of the radiation is a Klystron
oscillator. The radiation is divided at a “magic tee”.
One part is led by wave guide and directed down
the barrel of the gun to the projectile which con-
stitutes the moving reflector. The other part is led
to the fixed reflector and in this arm of the circuit
there is provided an attenuator and a phase shifter
so that the intensity of the output signal can be
adjusted to a convenient value initially and the
phase diffcrence adjusted to zero.

The combined output is detected by a crystal
detector and fed to a cathode ray oscilloscope

FLAMTIC NNOCK-CFP MOAN
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through suitable amplifiers. The face of the oscillo~
scope is then photographed on moving film along
with a time scale. A typical record is shown in
Figure 4-15 and a block diagram of the apparatus
in Figure 4-16. For further details of the construction
and use of the interfecrometer the reader is referred
to References 14 and 15.

The microwave interferometer has obvious ad-
vantages over the barrel contacts. It requires no
modification of the tube and yields a continuous
record of the travel of the projectiic so that a more
accurate travel-time curve can be derived. The
relative accuracy for the two methods is discussed
in Reference 13 where it is shown that even with
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FIGURE A7 Typical Trared-Time Record al Start of Travel Using Back-Lighted Stits in Cutofl Tube (Caliber 50),
Back-Lighting fntermittent, 108 Erposures per Second.
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FIGURE 4-18. Foil Conlactor Assembly for Measuring T'ravel During the Engraving Process, 106mm Howilzer,

great carc in the design and placement of the
contacts they exhibited some erratic behavior al-
though there was no systematic error in the results
derived from their use. There were no systematic
errors in the results for cither system, however.

4-4.3 Measurement of Projectile Travel Near the
Start of Motion

Neither the barrel contacts nor the interferometer
gives a sufficiently detailed and accurate account
of the motion of the projectile at the start of motion
and during engraving to permit entirely satisfactory
conclusions to be drawn about engraving forces and
starting pressures. _

If extra tubes are available, for research purposcs
it is often permissible to cut the tube off so that the
nose of the projectile is visible and then take a
high speed motion picture of the projectile as it
moves. Another method® is to machine two slits on
opposite sides of the tube so located that the nose
of the projectile projects slightly beyond the breech
end of the slits. The slits are then backlighted and
an image of the illuminated slits formed on the
film of a moving film camera so that the film runs
perpendicular to the image. As the projectile moves
the slits are progressively covered and the boundary
between the illuminated and unilluminated part of
the film is the locus of the travel-time curve, I'igure
4-17. The tube must be cut off just beyond the end
of the slits since the slits relieve the pressure when
the projectile base passes and the projectile may
stop in the tube.

If damage to the tube is not permissible other
methods must be used. One of these which has been
used for measurements on a 105mm Howitzer is
desceribed in Reference 16, In this method, a rod
is inserted down the barrel and fixed at the muzzle.
At the other end, the rod holds a set of foil contactors
inside the hollowed out projectile. An internal con-

tact is provided in the projectile, arranged so that
the projectile movement causes the internal contact
to touch the foil contactors in succession. The
arrangement is shown in Figure 4-18. The rod and
contactor assembly are insulated from the barrei
electrically and an clectrical circuit is completed
through the projectile and the barrel when contact
is made with the foils. After a travel of about four
inches the base of the projectile comes in contact
with the end of the rod and forces it out of the
barrel. In the 105mm Howitzer the rod comes out
smoothly. It may not do this if used in higher
velocity weapons where the accelerations are larger
and the force on the rod greater.

The results of the measurements were differ-
entiated twice to yield the acceleration, and from
a simultancous measure of the pressure the resistance
to the motion is determined from the relation

PA — f= Ma (4-3)
where { is the resistance to the motion. A typical
result is shown in the consolidated plot, Iigurc 4-19.

4-5 IN-BORE VELOCITY AND ACCELERA-
TION MEASUREMENT

4-5.1 Differentiation of the Travel-Time Data

The velocity and acceleration in the bore can be
determined by differentiating the travel-time data
provided by the interferometer or barrel contacts.
To do this requires a complicated data reduction
process and if the differentiations are to yield ac-
curate results, not only must the records be read
with great accuracy but the records must be very
precise to begin with. In no case is the original
data obtained from the records sufficiently accurate
to be used directly. It must be first smoothed and
the smoothed data differentiated. The result of the
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FIGURE 4-19. Consolidated Plot of the Data and Results for the First Four Inches of Travel in the 105mm Howilzer.

first differentiation must also be smoothed before
the sccond differentiation, and the final result will
usually require some final smoothing. The amount
of work required to reduce the data and make the
caleulations for a single round is considerable*'” and
the results may be subject to unknown errors. It is
desirable to measure the velocity and acceleration

lireetly.

4-5.2 The Measurement of Velocity

© A\ standard method of measuring the velocity of
projectiles makes use of the Doppler cffect; that is,
the change in frequency which occurs when a radar
beam is reflected from the projectile. There are a
aumber of ways, differing in detail, which the-
oretically can be used to measure the Doppler shift.
~ One method is to use two stabilized Klystrons
differing in frequency by a few megacyceles. The
Fadiation from one is led down the barrel of the
f;un and reflected from the projectile. The sccond
Klystron is provided with a contrel system which
Jocks its frequency to the signal from the first after
reflection, which serves as a reference signal. When
{he projectile is not moving, the conirol voltage
required to lock the second Klystron to the radiation
of the first is constant. Another method of providing
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the reference signal, using only one Klystron, is to
lead part of the signal from the Klystron out and
shift its ficquency, thus taking the place of the
signal from the second Klystron. If now the pro-
jectile starts to move, the referenee signal will be
increased in frequency and the control voltage will
increase or decrease depending upon whether the
difference in frequency between the two Kiystrons
is incressed or deereased. The change in the control
voltage iz proportivnal to the frequency change and
henee to the change in velocity. The control voltage
is recorded as a measurce of the velocity. It has
been found that the controlled Klystron has a
locking range of about 200 ke which corresponds
to projectile velocitics of about 5000 feet per second.

These methods for measuring the veloeity divectly
simplify the determination of displacement and ac-
celeration. Not only will the tedious smoothing and
differentiating processes be reduced but the accuracy
of the final results skould be improved. The direct
measurement of the veloeity by the Doppler effect
i3 simple in principle and from an accurate measure-
ment, the displacement ean be determined by integra-
tion, which is a more accurate process than dif-
ferentiation, and the acceleration determined by a
single differentiation which will eliminate the crrors
due to the second differentiation.
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FIGURE 4-20. Diagram of Quartz Piezoelectric Acceleration Gage Assembled in the Projectile.

4-5.3 The Measurement of Acceleration

To measure the acceleration directly requires in-
strumentation in the projectile. The carliest accelera-
tion gages for mounting in projectiles depended upon
the pressure developed on a quartz crystal plate
by the inertial reaction to the acceleration of a
weight bearing against the erystal plate. One model
is shown in Figure 4-20.""

To record the signal from the gage one must
transmit the signal out of the barrel. This is done
by leading a wire down the barrel and connecting
it to one terminal of the gage, the circuit being

ALUMINIZED SURFACE PYREX DISK

STEEL CAB-SAESIS0
AlR SPACE

3
STEEL BASE-SAESIS0 ¢
:
Eg INSULATION
‘;: (SCOTCH CAST

1/16" BRASS ROO POTTING COMPOUND)

FIGURE 4-21. Diagram of the Variable (‘apacitance
Accelerotion Gage )

completed by grounding the other terminal to the
projectile wall which makes contact with the barrel
through the rotating band. As the projectile moves
the wire is gathered up in a cup-shaped receptacle
at the forward end of the projectile.

Considerable difficulty is usually encountered with
this system of measurement. It requires direct car-
rent operation and it is difficult to eliminate the
noise generated by the sliding contact at the rotating
band. In the process of gathering up the wire, it
may shatter at the higher velocities which will
generate noise as will leakage of ionized gases past
the projectile.

In an attempt to circumvent these difficulties,
apparatus has been developed'® using an acceleration
gage depending on the change in capacitance when
subjected to acceleration. The design of one model
of the gage is shown in Figure 4-21. When the pro-
jectile is accelerated, the body of the gage is slightly
flattened which decreases the scparation between
the metal plated surfaces and hence increases the
capacitance. In use the gage is part of an oscillator
circuit. If the capacitance of the gage is changed
the frequency of the oscillator is shifted; the fre-
quency shift being a measure of the acceleration.

This scheme permits the use of alternating current
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operation so that much of the unwanted noise can
be blocked out of the recording cireuits by proper
filteving. It introduces other difficultics, however,
in that the instrumentation in the projectile is much
more complicated, and as it must function while
under large aceeleration, the design requirements
are very stringent. One is also never quite certain
that the frequency of the oscillator will be stable
under the conditions of firing. Models have been
used suceessfully in the 105mm Howitzer where the
conditions are not too drastic. There seems to be
no difficulty in designing apparatus rugged enough
ta withstand high velocity gun accelerations. The
question of stability will remain.

Trouble also arises with the uncertainty of the
calibration of the capacitance gage. It is obviously
not possible to subject the gage to a known accelera-
tion of the required magnitude. Recourse has, there-
fore, been made to subjecting the gage to a mechan-
ical force applied externally with a press. Under
acccleration, however, the force system acting on
the gage is not the same as that used in the calibra-
tion. The gage has a complex shape and any distor-
tion due to acceleration cannot be predicted ac-
curately by thcory so that it could be allowed for.
The piczoclectric crystal gages, discussed in para-
graph 4-2.2) could be calibrated much more con-
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fidently as the effect of the acecleration in the
crystal itself was considered negligible, the charge
developed therefore being entirely due to the inertial
pressure of the weight.

4-6 THE MEASUREMENT OF BASE PRES-
SURE

The methods deseribed to measure aceeleration
can be used to measure base pressure.'™ All that is
needed is to modify the gages and their installation
in the projectile to withstand and be subjected to
the pressure of the gases and to make the coffeets
of the acccleration negligible with respeet to those
duc to the gas pressure. The design of a piczocleetric
base pressure gage is shown in Figure 4-22. It is
similar to the acccleration gage except that the
crystal is now compressed by a piston subject to
the gas pressure through an opening in the base
of the projectile. Because the piston also has inertia,
the pressure on the gage, 2, is not equa! to the hase
pressure, /7, but is given by

ma
r,—-==

1)
A1, v

(4-4)
where m is the mass of the piston and A, its area.

A variable capacitance base pressure gage de-
signed for alternating current operation in o manner



.3 2
T[T 4
L K) : | : - o8 — 2
{ U I ! ‘
© i
TO FIT
/ % 1.200
' WRENCH ‘]
N\ 2l
N "
[}
THD il *
i\ LH TOJ ol -8
Y FIT { gll ‘
'RH ‘1o AIT i %
4 PROJECTILE I\
1716 HOLE
8150 STEEL 6150 STEE!

% MAKE WRENCH TO FIT.

FIGURE 4-23. Varwable Capacitance Base-Pressure Gaye Diaygram of Parts and Assembly.

similar to the variable capacitance acceleration gage  4-7 THE MEASUREMENT OF BORE FRIC-
is illustrated in Figure 4-23. It does not make use TION

of a piston ; the gas pressure being appll,(-‘fl ‘d"'L‘CtIY If the acceleration and the base pressure are known
to the outside of the pressure clement which serves can derive the bore friction, f, from the relation,
also as the outer clectrode. The pressure reduces
the inner diameter of the pressure element and hence [=DPA — Ma (4-3)
reduces the clearance from the inner electrode. This  where 7', is the basc pressure, a the acecleration,
increases the capacitance of the gage. A7 the mass of the projectile, and A the bore area.

FIGURLE 4-24. Record Produced by the Awlomatic-Recording Bore Gage.
Three Complete Scans in Both Directions to Test Repeatabilily.
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FIGURE 4-25. Diagram of One Model of the Antomatic-Recording Bore Gage

An examination of Fquations 4-4 and 4-)5 shows
that if the mass of the piston, m, is so chosen that
moA, = M A, then f = P, so that under these
circumstances the output of the gage is proportional
to the bore friction. By use of this property, a base
pressure gage can be designed to yield a simultancous
measure of the bore friction,

4-8 THE MEASUREMENT OF BARREL ERO-
SION

4-8.1 General

The standard deviees used to measure changes
in bore diameter are the star gage and the pullover
gaee. They are both miechanical micrometers de-
signed especially to measure both the diameter of
the tube at a eertain location and the distance to
the point of measurement. The measuring head is
attached to a long staff. The staff serves to manip-
ulate the head to nake the diameter measurement
and is also provided with a seale to measure the
distance to the point of measurement. Both gages
arc made in a number of sizes for use with the
vari us calibers, The details of their construction
and use are given in Reference 20.

4-8.2 The Star Gage

There are several types of star gages but the
principal ones arve the lever and small bore gages
used for large and small ealibers, They do not differ
in principle, the difference being only in the mech-
anism used to manipulate the measuring head. In
both tvpes, the head is provided with contactors
which are foreed out radially to make contact with
the surface of the bore by advancing a cone shaped
picce upon which the inner ends of the contactors
ride. When the cone is retracted the contactors
disengage from the surface. The position of the cone
when contaet is made with the bore surface is an
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indication of the diamcter, and is read on 2 scale
at the operating end of the staff.

4-8.3 The Pullover Gage

This gage functions in a manner similar te a
telescoping inside micromcter. The head which is
constructed so that it will telescope and retain its
minimum size is initially set larger than the bore
diameter and inserted with its staff into the barrel
to the distance at which the measurement is to
be made. This requires that it be set at an angle
with respeet to the staff. It is then “pulled over”
whicl: forees it to telescope until its length is equal
to the inner diameter of the tube. A vernier scale
is provided on the head so that the diameter can
be read off when the gage is withdrawn.
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4-8.4 The Automatic Recording Bore Gage

Bore gages have been constructed which depend
on the strain produced at the surface of a cantilever
beam. The beam is mounted in a frame which fits
into the barrel and carries one or more contactors
which bear on the bore surface. When the frame
is forced into the bore, the beam is bent from its
initial position by the force on the contactors. The
strain produced in the beam is recorded by a system
of two strain gages cemented to opposite surfaces
of the beam and forming two arms of a Wheatstone
bridge so arranged as to maximize the bridge output.
When calibrated by applying known deflections to
the beam the imbalance of the bridge is a measure
of the bore diameter.

A gage of this type was developed®' to record
automatically a continuous measurement of the bore
diameter (or radius, depending on the model) when
it was pulled through the barrel by a motor driven
mechanism. The gage is provided with supports
which engage the rifling so that the contact stays
 on the same land throughout the travel. The output
of the gage is fed to an automatic recorder which
traces on a moving paper a record of the bore
diameter as a function of distance. A calibration is

placed on the record by pulling the gage through
a calibration tube provided with stepwise diameter
changes or by a micrometer calibrator which can
be varied continuously by a micrometer screw.
These gages have been found to he consistent
in operation and to give reproducible results. The
records can be read to .0005 inch and the precision
is about of this order. By reducing the vadius of
curvature of the tip of the contactor they can be
made to record the major roughnesses of the surface
and yield knowledge of the condition of the surface.
The type of record produced is shown in Iigure 4-24
and a diagram of one model of the gage in Figure 4-25.

4-9 BARREL TEMPERATURE MEASURE-
MENTS

4-9.1 Thermocouples

A variety of thermocouples have been used for
barrel temperature measurement. On the outside
surface where the temperature variations arc low,
no special difficulty is encountered; all that is nee-
essary is & good bond to the surface which can be
obtained by soldering or welding.

To make measurements within the wall, holes must
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be bored to the desired depth and an insulated
thermocouple wire inserted to make good thermal
and clectrical contact with the bottom of the hole.
This usually requires weldirg although mechanical
pressure can be made to work. Such contact may be
unrclinble, however, in a gun during firing. Electric
welding of the contact requires care. If too much
meetal is melted, the exact Jocation of the contact
is uncertain. Just enough and no more should be

melted. This usually requires an automatically con-
trolled switching mechanism and the time to just
make the weld is determined by trial in & scparate
test sample.

The hole and wire should be small and the thermal
diffusivity of the wire and weld should be as close
to that of the barrel material as possible. This is
to minimize the disturbance to the heat distribution
brought about by the presence of the hole and
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FIGURIS 4-28. Photograph of Apparatus for the Study of Propellant Motion During Firing Using
ladioaetive Tracer Technique, 3¥mm Gun with Four Scintillation Counters on Each Side of the Barrel,
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thermocouple wire. The thermojunction formed by
a single wire inserted in this manner in a steel
barrel is that between iron and the material of the
wire. Nickel is a good material for the wire since
its thermal properties ave similar to those of iron.
Two wire thermocouples can be used for in-wall
temperatures but these require a larger hole and
would be expected, in general, to disturb the tem-
perature distribution more than the single wire.
For very rapidly varying temperatures they would
also be expeeted to follow the temperature changes
loss aceurately then the welded single wire.
Thermocouples have been developed especially for
bore surface temperature measurements, The orvig-
inal model was developed in Germany®™, Various
other models have been developed in different lab-
oratories but they do not differ in principle from
the oviginal, Figure 4-26 is a diagram of one model®

10

The thermceouple consists cssentially of an in-
sulated nickel wire inserted through a hole in the
gun steel mounting plug. The wire and plug are
then faced off and ground and polished. A thin
layer of known thickness (2-5u4) of nickel is then
deposited on the polished surface. The deposited
nickel bridges the thin layer of insulation on the
wire and a thermojunction is formed between the
nickel and the steel. The emf generated is that for
nickel and iron. In the original model the nickel
wire was insulated by heating in air to form a layer
of nickel oxide. Later models use aluminum oxide
(ALOy) as an insulating material because it stands
up better at higher temperatures. These thermo-
couples require care in fabrication. They are fragile
and last only a few rounds in high performance gans.

In use the thermocouple is so mounted that the
surface of the nickel plate forms part of the bore
surface. It has been found not to be necessary to
match the surface of the nickel layer exactly to
the surfuce. It is an advantage to withdraw the
thermocouple surface somewhat to protect it and
this can be done up to a millimeter or so without
apparcnily reducing the indicated temperature. The
temperatures indicated by these thermocouples show
large round to round variations®™. This may be
partly due to the deposition of variable layers of
contamination from the propellant which is ob-
sorved to oceur. Much of the variation is, however,
real. The temperature of the propellant gases is not
uniform. Gas produced carly in the cycle has ex-
panded more than gas produced later and is cooler.
The reading of the thermocouple will record this
fact by random round-to-round variations in re-
sponsc. It has been shown experimentally™ that if
rounds are fired with charges of mixed hot and cool
propellants the responses of the thermocouples are
much more variable. In a gun, the fiving eyvele is so
brief that there is not time for parts of the gas
at different temperatures to mix and come to a
uniform average temperature,

4-9.2 Resistance
Gages

Type Temperature Measuring

These gages measure surface temperature changes
by noting the change in clecetrieal resistance of a
fine wire in contact with the surface. One wmodel,
which is available commercially, resembles in ap-
pearance an ordinary cemented-on strain gage. They
arce very convenient for measuring external bareel
temperatures, They are mounted in a manner
similar to a strain gage and form an arm of a Wheat-
stone bridge circuit. When the gage is heated the
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cemf appearing across the bridge is an indication
of the temperature vise if multiplied by the proper
calibration factor,

4-10 MOTION OF THE PROPELLANT DUR-
IMG BURNING

In any theory of interior ballistics some assump-
tion must be made about the distribution of the
unburnt propellant. It is usual to assume cither one
of two limiting situations, namely; that the pro-
pellant remains in the chamber during burning and
burns at the chamber pressure; or is uniformly dis-
tributed in the gas column behind the projeetile and
burns, on the average, at the average pressure in
the gas. The actual situation is neither of these
extremes but until recently there was no way of
measuring even approximately the actual motion
of the grains of propellant. This difficulty has been
overcome, at least to a large extent, by the avail-
ability of radioactive tracer teehniques.®

The method is to incorporate in one of the grains
of the eharge a gamma radioactive source of suffi-
cient strength that a measurable amount of the
gamma radiation from the source will penctrate the
barrel wall and activate gamma ray detectors placed
along the outside of the barrel. The detectors are
shiclded with lead shielding cxcept for a narrow
opening on the side toward the barrel. When the
source passes in front of the opening the detector
is activated and the fact recorded as a displacement
of the spot on the sereen of a cathode ray oscillo-
scope. The motion of the spot is recorded with a
moving film camera and related to a time scale so
that one derives from the observations a displace-
ment-time curve for the activated grain. By repeated
firings, with the activated grain initially at different
distances from the breech end of the chamber, a
composite picture of the motion of the charge can
be derived.

The sources used were cither Ta'™ or Co™, 50-100
millicuries in strength. They were sheathed in stain-

Millisecond tixe markers
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FIGURIS 430, Typical Record of Source Position and Pressure vevsus Time,
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less steel and imbedded ina small hole dritled in
the center of the grain. The activated grain was
about 3C pereent heavier than the normal grain
beeause of the higher density of the source.

The motion of the grain was followed by cight
collimated scintillation counters placed along the
barrel. The individual scintillation pulses from the
scintillation counters have a time duration of ap-
proximately 0.1 microsceond. The possible counting
rate is, therefore, several million per second. The
counting rate must be high to obtain the necessary
statistical accuracy beecause the time interval over
which the measurements are made is of the order
of a few milliseconds. The individual pulses are
amplified and fed to pulse height discriminator
circuits. The uniform output pulses of these circuits
are then fed to integrator circuits with time con-
stants small compared to the time intervals to be
measured and large compared to the individual
pulse widths. A block diagram of the apparatus is
shown in Figure 4-27 and a photograph of the
apparatus and the gun in Figure $-28.

The apparatus was checked by firing a metal
pellet containing the source through the barrel with
an air gun. Sercen contacts were placed at the breech
and muzzle to deteet the passage of the pellet. Data
from the sercens and the counters are shown in
Figure 4-29 which shows that the counters record
faithfully the position of the source.

Figure 4-30 is a typical record. The upper and
lower parts were recorded on different oscilloscopes
on a common time scale. The numbers 1-6 indicate
the times of the maxima of the detector pulses,
starting at the breech. The ietter a indicates firing
pin contact, b the time when the projectile had
.~ moved onc-half an inch, ¢ the time when the pro-
jectile had moved 9} inches and d the time when
the projectile was at the muzzle. The trace D in-
dicates the pressure.

I'igure 4-31 is a consolidated plot of the data
for four different initial positions of the activated
grain. The carly motion of the source could not
be followed because of the cxcessive thickness of
the walls of the chamber.

Figures 4-32, 4-33 and 4-34 derived from Iigure
4-31 exhibit the relation between the motion of the
activated grain as compared with the motion of the
gas as predicted by the Lagrange approximation.
The grains will always lag behind the gas because
of the higher density of the grain. The activated
grain will lag even more because of its still higher
density and this cffect will be enhanced as the grain
burns away leaving the source itself. A great deal
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of the lag probably occurs carly when the velocity
of the gas is low and the gas density also low. The
Lagrange approximation does not hold in the carly
stages when the charge is still burning. The results
show in general that the propellant grains follow
the gas motion as predicted by the Lagrange ap-
proximation more closely the farther forward they
arc initially and tend to approach it more closcly
in the later stages of the burning.

4-11 ROTATING MIRROR CAMERA

When using the microwave interferometer to meas-
ure projectile displacement, a long continuous record
is usually desired, and for higher projectile velocities
the film speed must be large to resolve the oscilla-
tions sufficiently. This can be done with the com-
mercially available running film cameras up to about
2000 fps at which velocity the oscillation frequency
is 100 ke per second.

For use at higher velocities a specially designed



rotating mirror camera was built.*® Rotating mirror
cameras sweep the image over a stationary film by
means of a rotating mirror. They are available
commercially but the design is not advantageous
for use with the interferometer. In most models
 the image is on the film for only a fraction of the
time of one revolution of the mirror and the length
of the filin is too short for a long record.

In the Ballistic Research Laboratories model use
is made of a four-sided mirror which, as it rotates,
divides the incident beam of light from the lens
of the eamera so as to form two images, at least one
of which is always on the film. The record, therefore,
is continuous.

Figure 4-35 shows the design of the basic optieal
system. The two images are always 180° apart, and
as the film is carried around the foeal surface more
than 180° onc¢ image always comes on the film
before the other leaves it. When photographing the
spot of a cathode ray oscilloscope the spot can be
stepped across the sereen and a record several times
the length of the film can be recorded. Sinee the
axis of rotation of the mirror is not at the reflecting

surfaces, the focal curve is not a circle. Also the
image of an extenced objeet is not everywhere in
exact focus on the film so that as the spot changes
position on the screen the sharpness of focus of the
spot image on the film will change. These cffects
are not large in the present model where the distance
from the lens to the film is about 40 inches. The
mstrument works at approximately one to onc
magnification so that the image of the spot is the
same size as the spot itself and any fuzziness is
reproduced in the image. The instrument uses an
ordinary ballopticon projection lens. The mirror is
made of stainless steel and is driven by a onc-half
horse power motor. The faces of the mirror are 3 by
4 inches. The film is held on the foeal curve by being
wrapped on a plexiglass surface, emulsion side to-
ward the mirror, the plexiglass surface being formed
to the focal curve. The film is loaded in daylight
from a built-in film supply and loading arrangement.
A photograph of the camera with the cover removed
is shown in Iigure 4-36. This is a prototype modcl
in which no attempt was made to optimize the
design cither mechanically or optically.
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FIGURE 4-36. Pholograph of BRI, Four-Surface Rotating Mirror Camera for Recording Inlerior Ballistic Trajectories
(Cover Removed).

The intensity of the image changes with position
on the film because of the way the mirror divides
the light between the two images but this has been
found not to be serious. Under the best of conditions
of spot intensity, color and focus, and using the most

sensitive film, interferometer frequencies up to 1200
ke per sccond have been resolved and recorded.
Projectile velocity for this frequency would be about
20,000 fps for the wave length used in the present
interferometer. ‘
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CHAPTER 5

LIST OF SYMBOLS

Parameter characteristic of the Pidduck-Kent
solution

Mass of charge

A function of € and n

Heat capacity of the propellant per unit
volume

Activation energy for the reaction

Base of natural logarithm

Frequeney factor

Heat transfer coefficient

Thermal conductivity of the propellant
Kinctic energy of the gas and unburnt
propellant

Kinetic energy of the projectile

Effective mass of the projectile

Polytropic index: 1/(y — 1)

Average pressure

Breech pressure

Base pressure

Heat evolution per unit volume

Heat of reaction per unit volume

Universal gas constant

Temperature at any point in the propellant
Gas temperature

Tune

l Ieating time

U Redueed temperature variable

I Velocity of the projectile

X Distance from gas-solid interface

a Initial slope of (2n 4 3)/6 versus n

B Ratio (final slope/initial slope) of (2n + 3)/6
versus n

¥ Lffective ratio of speeific heats

) I’idduck-Kent constant

€ Ratio: C/ M

© Dunmimy variable

3 Redueed distance variable

T Reduceed time variable

Subscripts

g Gas phasce

i Ignition

ta Adiabatic ignition

im Minimum ignition

0 Shut-off or end of heating

Oc Critical heating

Superscripts

(0)  Inmitial value

() A\ subscquent value
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CHAPTER 5§

SPECIAL TOPICS

5-1 THE HYDRODYNAMIC PROBLEMS OF
INTERIOR BALLISTICS

5-1.1 Pressure Distribution and Kinetic Energy of
the Propeilant Gases

In most formulations of the theory of intervior
ballisties, it is customary to account for the cffects
of the motion of the gas and the unburnt propellant
by means of certain simple formulas. These pruport
to define (a) the relations between the different
pressures occurring in the basic equations of the
theory; namely, the breech pressure, I’,, the pressure
on the base of the projectile, 7, and the average
space pressure, I’, consistent with the equation of
state of the gas, and (b) the amount of kinetic energy
to be attributed to the gas and unburnt propellant,
(Cf. paragraphs 2-2.2 and 2-2.3). If ¢ denotes the
ratio of the mass of the charge, C, to that of the
projectile, M/, where J/ may be an effeetive mass
as in Chapter 2, these relations ean be stated as:

P = 1’,(1 + —;‘) (5-1)
P = 1',(1 + -:-) (5-2)
K, = : A1) = §1\ (5-3)

where K, is the kinetie energy of the gas and unburnt
propellant and K, the kinetic energy of the projectile.

These relations are very approximate and relate
rather remotely to the actual situation in a gun.
They can be justified under certain conditions by
appeal to solutions of what is called the Lagrange
Ballistic I’roblem.

This problem was first formulated by Lagrange
in 1793 and is based on the following simpic model.
The propellant is all burnt instantancously so that
one deals only with the gas. For the black powder
used as a propellant in Lagrange'’s day this is not
too bad an assumption. The gas is then initially
at uniform pressure, density, and temperature, and
at rest. It is assumed also that the bore and chamber
are of uniform cross section so that they are parts
of a uniform tube closed at one end. At the origin

5-2

of time the pr(\j('ctilc. is released. The problem then
is to find the distribution of pressure, density and
velocity of the gas between the breech and the pro-
jectile at all subsequent times during the travel of
the projectile to the muzzie.

The problem was first solved completely using
analytical methods by Love and Pidduck.’ The
treatment assumes that the flow is one-dimensional
and adiabatic, that is there is no heat loss to the
wall, and that gas friction at the wall is negligible.

A general discussion of the Love and Pidduck
solution as applied to guns is given in Corner.” The
rigorous solution is characterized by rarefaction
waves traveling back and forth between the breech
and projectile base and the ratios P,/P, and K, /K,
oscillate and approach certain limiting values cor-
responding to a certain special solution of the equa-
tion of motion of the gas. This special solution was
worked out by Pidduck® and by Kent* and is called
the Pidduck-Kent special solution of the Lagrange
problem. It has not been proved that the rigorous
solution approaches the special solution in the limit
of large travel, but it is usually assumed that it does.
The Pidduck-Kent solution does not satisfy the
initial conditions of the Lagrange problem but cor-
responds to an initially nonuniform distribution of
pressure and density.

The Pidduck-Kent solutions for the pressure and
kinetic energy ratios can be expanded in powers of
¢ and are given in Corner. When all the terms in
the expansions heyond those in the first power of
are dropped, Equations 5-1, 5-2 and 3-3 result. These
equations are, therefore, only valid, even as approx-
imations, for small values of ¢; that is, for relatively
low velocity guns.

The complete Pidduck-Kent solutions for the
pressure and kinetic cnergy ratios can be stated in
the form

P, =P —a)"" (5-4)
P = P.(l + é) (3-5)
K, = K,—; (5-6)



vhere §, the Pidduck-Kent constant, is given by

LIS [L - f-f(_'u%_'_)]

6  2n 4 3 La, €
where a, is a2 parameter characteristie of the Pidduck-
Kent solution, n = 1/(y — 1) and ¥ can he an
cffective value of v adjusted as in paragraph 2-2.1
of Chapter 2.

Vinti and Kravitz” prepared tables and graphs

(5-7)

TABLE 5-1.
TABLE FOR THE PIDDUCK-KENT SOLUTION

In the following table o is given as u funetion of ¢ for the
following values: ¢ = 0.05) 1 (.1) 4 (.2) 10, It is fonnd from
the following formula:

a =2V + 2/edin (1 + e + V1 + 2/6)) =2]
The first forward differences of the funetion are given in the
third column marked A, Lincar interpolation is permissible,

¢ o A € @ O e a AN

for calculating nunierical values of 1,8 for different
values of ¢ and n and these are reproduced in
Tables 3-1, 5-2, 5-3 and 5-4 and Figures 3-1 and 5-2,
In these tables 178 is expressed in terms of new
variables «, 8 and ¢, in the form

, ] 1 Y - -
176 = E’T;——; [I + an -‘—-::—%%:I (H-7a)

and the tables and graphs are for a, 8, and ¢, in
terms of e and n. These tables and graphs permit
theoretical values of the ratios to be calculated over
the range of practical values of ¢ and v.

IEquations -4, 5-) and 5-6 assert that the pressure

TABLE 5-2. -
TABLE FOR THE PIDDUCK-KENT SOLUTION
In the following table 8 is given as a funetion of ¢ for the
following values: e = 0(.1)2.6(.2)5(.25)10.
B = 1/al1/k — 2/

where £ = the solution of

00 6667 =66 1.0 5621 =81 4.0 4038 —67 e = 2k [l eket iy
05,6601 -6+ 1.1 5540 —78 1.2 3071 —63 The first forward differences of the funetion are given in the
065387 —62 1.2 5462 =75 44 3906 —62 eolumn marked Ay, Linear interpolation ix permissible.
. l 5 .(;‘.‘.5 —_ _(.’l I.:‘ .5:; 7 _T:; 4-‘; -:!8"4 —5‘-' I T I T TSI I o T T T o T ITTTT T
20 6414 =59 1.4 534 —-50 4.8 3785— =57 € 8 AL e 8 Ay € 8 A
2563554 =57 1.5 0244 —67 5.0 .3728 —506 0.0 1.00C0 67 2.5 1.1680 63 5.0 1.3160 136
306298 =56 1.6 5177 —65 5.2 3672 - 53 0.1 1.0467 69 2,60 11749 125 5.25 1.329 135
35 .6242 —35 1.7 5112 =63 5.4 3619 -=31 0.2 1.0136 64 5.50 1.3431 134
A0 G187 -353 1.8 .5049 —61 5.6 .3568 —49 0.3 1.0205— 6% 2.8 1.1874 124 35.75 535654 132
A5 6134 =52 1.9 4988 —-59 5.8 .3519 —18 0.4 1.0274 70
S L6082 —-51 2.0 4929 -57 6.0 3471 - 46 0.5 1.0344 69 3.0 1.1998 122 6.00 13697 131
.55 6031 -5 2.1 4872 -56 6.2 3425+ —44 0.6 1.0413 70 3.2 1.2120 121 6.25 1.3828 129
.60 5481 —48 22 816 —-53 6.4 .3381 —43 0.7 1.0483 70 3.4 12241 119 6.50 1.3957 128
L .65 .5933 —48 2.3 4763 —-53 6.6 .3338 e 0.8 1.0553 69 3.6 1.2360 118 6.75 1.4085— 126
70 38854+ —46 2.4 4710 ~50 6.8 .3296 -41 0.9 1.0622 6Y 3.8 1.2478 117
7D L5839 —46 2.5 4660 -50 7.0 32554+ -39 1.0 1.0691 69 4.0 12505~ 115 7.00 14211 120
80 5793 —41 2.6 4610 -~48 7.2 3216 —J38 1 10760  GY 4.2 1.2710 114 7.25 14337 124
.85 5749 —44 2.7 4562 ~46 7.4 3178 ~37 2 1.0829 68 4.4 1.2824 13 7.50 1.4461 123
A0 5705+ —42 2.8 4516 —46 7.6 3141 —306 3 1.0897 68 4.6 1.2937 112 7.5 1.4584 121
95,5663 —42 2.9 4470 —44 7.8 31054+ -35 4 10965+ (8 4.8 13040 11
3.0 4426 —43 8.0 .3070 ~34 1.5 1.1033 67 8.00 14705+ 121
3.1 4383 —-42 8.2 .3036 —33 1.6 11100 67 8.25 1.4826 i20
3.2 4341 —41 8.4 .3003 —-32 1.7 1.1167 66 8.50 1.4946 118
3.3 4300 —40 8.6 .2971 -31 1.8 1.1233 66 8.75 1.50064 118
3.4 4260 -39 8.8 .2940 ~31 1.9 1.1299 65
3.5 4221 -39 9.0 .2909 --30 2.0 1.1364 66 0.00 1.5182 116
3.6 4182 —37 9.2 .2879 -29 2.1 1.1430 64 9.25 1.5208 116
3.7 4145+ =36 9.4 28504 —28 2.2 1.1494 65 C49.50 1.5414 115
3.8 4109 —36 9.6 .2822 —27 2.3 1.1559 64 9.75 1.5529 113
3.9 4078 -35 9.8 2795~ 27 2.4 1.1623 63

10.0 .2768

10.00 1.5642
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TABLE 5-3.
TABLE FOR THE PIDDUCK-KENT SOLUTION

In the following table ¢, is given as a function of ¢ and
n for all combinations of the following values: ¢ = 0(.2)1(1)10;
n =13 1(1)5.

n

¢ 1 1 ) : 4 5
0.0 1000 LOXO  1.000 L0  LO0 1000
21016 LOI6 1016 1016 1016 1.016
A4 L0200 1020 1620 1029 1029 1030
6 LO38 1030 5030 1030 1030 1039
8 L0 L6 L0 1047 LO4T 04T
11051 1051 1032 1052 1033 1.053
o LO5Y  LOGL 106G LOGE  LOGS 1063
3 L33 1057 LOGL 1063 1.0GE 1065
1 L2 14T 1053 1055 1057 1.058
5 L2 LO36 L2 LG 108 104
6 LOIS 102 LO31 1035 1037 1039
TOLOG0 1010 LOIY L0240 LO2T 1020
8 O86.007  LO08  LOI3 1016 1018
9 o730 085 09T 1002 LOOG 1008
10 060 Kirn 806 002 06 08

and kinctie energy ratios are constant for fixed values
of v and ¢ and are independent of the velocity of
the projectile. As was mentioned carlier, the general
solution predicts that the ratios are initially oscilla-
tory but the oscillations tend to dic out. Love and
Pidduck appled their formulas to the case of a gun
for which ¢ = 0.24 having a muzzle velocity of
about 2300 feet per second. These results are repro-
duced in Corner® and show that, for this case, the
theory predicts that the pressure and energy ratios,
apart from the oscillations, are nearly constant
up to cxit of the projectile.

Recent interest in the development of high veloce-
ity guns, especially the so-called light gas guns, has
‘stimulated a revived interest in the hydrodynamic
problems of interior ballistics. The recent practice
is to solve the problems numerically by the method
of characteristics rather than analytically as was
done by Love and Pidduck. With modern com-
puters, it is probably less work to solve the in-
dividual problem numerically from the beginning
than to use the analytieal formulas which are com-
plicated. Recent treatments of the problem by the
method of characteristics for different. assumed forms
of the cquation of state of the gas are given in
References 6, 7 and 8. An experimental investigation
of the problem is deseribed in Reference 9.

A treatment of the problem taking account of
chambrage and chamber geometry is given in
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Reference 10 in conncction with a study of light
gas gun performance,

5-1.2 The Emptying of the Gun

The cemptying of the gun after the projectile
Ieaves is a problem of some interest in interior
ballistics. The gas flowing from the tube continues
to impart recoil momentum to the barrel which can
be estimated by integrating the breech pressure over
the time of emptying. This contribution to the recoil
momentum can be appreciable especially for the
higher veloeity guns.

Theorctical treatments of the flow of the gas from
the gun have been given by several authors. In
general, they assume that the initial conditions for
the problem are those given by the solution of the
Lagrange problem when the projectile is at the
muzzle. Such a treatment is given by Corner,” who
also gives referenees to other work on the subject
as well as a general discussion of the problem.

The gas flowing from the muzzle can be made to
reduce the recoil forees by attaching a system of
baffles just beyond the muzzle. These baffles are
designed so as to defleet the muzzle gases sideways
and to the rear. The gases, therefore, tend to foree
the barrel forward and so reduce the recoil forces.

TABLE 5-4.
TABLE FOR THE PIDDUCK-KENT SOLUTION

Values of e as a function of ¢, and n.

n

N
—
(]
M
—
S

) }w

1.000 0.00  0.00 000 000 000 000
1.010 0.11 0.11 0.1 0.11 0.11 0.1}
1.020 025 025 025 025 025 025
1.030 043 042 042 041 046G 040
1.040 0.65 065 06+ 064 006 0.60
1.050 097 097 094 092 091 0.9%0

1.060 —-—= 1.6%  1.50 144 140 135
1.063 —_— — 198  1L.75 163 1.60
1.065 200 192
1.065 2.5 208
1.063 ——— 245 295 318 336
1.060 — 250 312 343 362 375
1.050 320 0 373 428 465 4TS5 L8T
1.040 406 460 520 5562 573 b5.8Y
1.030 492 544 606 G456 670 6.85

1.020 566 623 6890 737 765 7.8
1.010 634 698 7.80 830 8.0 883

1000 700 775 870 022 958 080
G990 772 85T 0.65
080 845 9.40 .
970 920 SRR -
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A deviee of this type is called a muzzle brake, For
a general discussion of the design features and use
of muzzle brakes, the reader is again referred to
Corner.?

The emptying of the gun is also of importance in
tank applieations and automatic weapons. If the
breech is opened before the breech pressure has
become negligible, gases will flow from the breech.
Thix can be serious especially when the gun is
operated inan enclosed turret, where the gases can
accumulate, The gases ean form a combustible mix-
ture with air and are also initiating as well as toxie
to personnel sinee they contain ammonia fumes and
arbon monoxide,

Even when the breeeh pressure has fallen to
atmospherie pressure, some propellant gas will re-
main in the barrel. This gas can emerge from the
open breeel. To permit carly opening and to present
oas flow from the breeeh, a deviee known as a bore
evacuator has been invented. It consists essentially
of a chamber loeated near the muzzle, surrounding
the tube and opening into it, <o that when the pro-
jeetile passes the openings, gas flows into the chamber
and fills it to a pressure near that in the tube. When
the projectile leaves the muzzle and the pressure
in the tube falls below that in the evacuator chamber,
the eas in the chamber flows baek into the tube.
The openings are so designed that the reverse flow
has a component toward the muzzle. The effect is
to drive the gases in the tube toward the muzzle
and so prevent their emergence from the breech.

5-2 IGNITION OF PROPELLANTS
5-2.1 General Discussion

When a solid propellant is burned, the preponder-
ance of experimental evidenee supports the conclu-
sion that the burning proceeds in two stages.' The
first stage takes place in a thin layer of the solid
at the surface, and is characterized by a chemieal
reaction in the solid material. The reaction converts
the solid propellant into gascous products which
stream awey from the surface in a perpendicular
direction. These products continue to react in the
gas phase which constitutes the second stage of the
process. If the ambient pressure is sufficiently high,
the gas phase reactions continue until the final
products are produced and, under these circum-
stanees, the temperature of the product gases be-
comes higr. enough somewhere along the stream that
the gages eeonme luminous and a flame appears.
The base of the flame is quite sharply defined and
its position with respecet to the surface is dependent

on the ambient pressure; the base of the flame mov-
ing closer to the surface as the ambient pressure
increases. At pressures of about 1000 psi, the separa-
tion of the flame from the surface becomes too small
to be casily observable,

At pressure around an atmosphere or less, it is
possible for the propellant to burn without the
occurrence of the flame. This would indicate that
the gas phase reaction does not go to completion,
leaving combustible produets. This condition ean be
brought about by gentle ignition so that the igniter
itself does not start the flame reaction which then
would be self-sustaining. For pressures below about
100 atimospheres, the presence of the flame does not
appreciably alter the rate of regression of the surface.
The solid phase reaction ean, therefore, proceed with-
out the reeeption of heat from any outside sourvee.
It will be aceelerated, however, by heating from the
cnvironment, and this accounts for the cffeet of
pressure on the burning rate, which forees the hot
flame zone closer to the surface and henee inereases
the rate of heat transfer back to the surface.

When a propellant burns without the presence of
flame it is said to fizz burn. The surface appears
to boil and bubble and a fizzing sound is audible.
The nature of the products produced when a pro-
pellant fizz burns is not completely known. The
absorption speetrum of the dark zone exhibits the
absorption bands of nitrous oxide. The products of
the thermal decomposition of nitrocellulose have
been studied by Wolfram."™ The produets of the fizz
burning of propellants probably contain similar frac-
tions but in greater variety and in different pro-
portions,

5-2.2 Laboratory Investigations of Ignition

Ignition is brought about by the application of
heat to the surface of the propellant. A great deal
of rescarch on a laboratory seale has been done in
attempts to study the process in detail. In most
cases, the procedure has been to apply heat suddenly
to a selected sample of propellant and then to
obscrve by photographic and photo-cleetric means
the behavior of the surface and the initiation of the
flame as a function of the time. Apart from qualita-
tive deseription, the experiments yield quantitative
measurcments of the times necessary to initiate the
solid phase and gas phase reactions, The former is
assumed to begin when evidenee of swrface dis-
integration appears and the latter when the gases
become sufficiently luminous for the huminosity to
be detected by the measuring apparatus, These
limits are obviously somewhat arbitrary as is the
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sharp division of the total combustion reaction into
two phases sharply separated in time and space.
The flame zone will appear where and when the
total reaction has procceded to the point at
which the temperature of the produets is high enough
to stimulate the emission of observable radiation,
In studies of ignition, it is usually assumed that
when observable radiation appears effective ignition
has taken place. In some experiments, thermo-
couplex have been hmbedded in the propellant
sample close to the surface and measurements made
of the way the temperature in the surface layer
changes duwring ignition and carly burning of the
propellant.

To apply the heat several methods have been used.
They differ in detail but can be elassified as (a)
contact with a hot solid such as a heated wire,"
(b) contact with or immersion in a quiescent hot
pas,"t (¢) inmersion in a stream of hot gas'™ and
() rradiation of the surface by a source of heat
radiation.' Methods (b) and (¢) have been most
commonly used, In these eases, it is found that the
observed time delays depend not only on the tem-
perature and veloeity of the igniting gas but also
upon its chemiecal constitution, particularly on the
amount of oxygen it contains, The presence of
oxyvgen shortens the time to ignition as evidenced
by the appearance of luminosity. Gun propellants
are usually oxygen deficient and oxygen in the
igniter gases should promote the combustion reac-
tions. One would expeet differences in ignition time
also when different inert gases are used because the
heat transfer coefficients for both conductive and
convective transfer are functions of the chemieal
constitution.

Much of the recent work on ignition, both the-
oretical and experimental, has been done on com-
posite propellants designed for use in rockets. In
rocket propellants, the fuel and oxidizer are usually
separate substances mixed more or less intimately.
In gun propellants, the constituents cannot be
classified separately as fuel and oxygen supplying
clements, Each constituent carries its own oxygen
which forins part of the molecular structure. The
present discussion is concerned primarily with gun
propellants. Reports of further work on composite
propellants are to be found in the publication cited
in Reference 16.

In most of the laboratory investigations, cor-
relations have been made between the obscrved
ignition delay times and the heat transfer, for dif-
ferent propellant samples, igniter gas composition
and temperature, heating times and other pertinent
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parameters, \lthough these correlations often lead
to quantitative relations between ignition times and
such quantitics as heat input rates or total heat
input, it cannot be said, as yet, that any complete
and generally agreed upon un ‘erstanding of the
ignition process has been arrived at, The quantita-
tive results are specific to the experimental method
and procedures adopted and to the nature of the
propellant sample investigated.

In general, it is observed that if heat is applied
to the surface of a propellant at a fixed rate and
under steady conditions of pressure and other con-
trollable experimental parameters, the propellant
will eventually ignite and the sample will be con-
sumed. If the pressure is low enough and the ignition
is not too vigorous or if the heat is supplied by a
fast moving hot gas, the sample may fizz burn only.
If the pressure 1s an atmosphere or more and the
ignition is not too brief or gentle, the flame will
appear and what is considered to be effective ignition
and normal combustion is obscrved. In many experi-
ments, it is possible to observe the onset of the fizz
reaction and the flame reaction as separate and non-
simultancous events. '

If the time interval over which the heat is supplied
is shortened sufficiently, the ignition may or may not
go to completion. There scems to be a threshold
condition, determined by the manner of heating the
surface, below which the propellant will not ignite
or above which it always ignites. In the threshold
region, the ignition is unstable and cffective ignition
may or may not take place. If it does take place,
it docs so after a variable time delay.

5-2.3 Theories of Ignition

Attempts have been made to formulate general
theories of ignition based on thermal and chemical
considerations. Although the result of these theories
can be brought into rough correlation with certain
aspeets of the ignition process as revealed by observa-
tion, they are by no means complete or adeguate for
quantitative prediction of the ignition characteristies
of a given propellant or as guides for the develop-
ment of ignition systems for guns, In formulating
a theory of ignition, one must of neeessity assume
a much simplified model of the process.

The purely thermal theory due to Hicks' will
serve to illustrate one approach, It is assumed that
the ignition and burning of the propellant is de-
pendent on the flow of heat in it and is a function
only of its temperature. The propellant is assumed
to occupy the half space defined by the coordinate @
for @ > 0. It is heated uniformly over its surface



at &+ = 0 by gas at temperature, 7', and heat is
generated within it by a chemical reaction at a rate
dependent on the temperature,

The partial differential equation deseribing the
heat flow in such a model is

-)(v . Qg
¢ ar_ K (1—1; +60: 20, (>0, (-8
ol or
where

T is the temperature at any point in the propellant

{ the time

v the space coordinate as defined above

¢ the heat capacity of the propellant per unit
volume

K the thermal conduetivity of the propellant and

() the heat evolution per unit volume

The evolution of heat due to the reaction is
assued to be of the form

()= gfe "7 (5-9)

\\'ll(‘]'(‘

¢ is the heat of reaction per unit volume

| the frequencey factor

I the activation energy for the reaction and

R the gas constant

At the surface, the boundary condition is

LoT . o .
- K %I" =T, —=T): =0, >0, (i0)
aur

where Bis the heat transfer coeflicient,

At an infinite distance, it is assumed that the heat
flow vanishes so that the sccond boundary condi-
tion ix

e
=0,

dr (@-11)

&= o >0
Initially, the temperature of the propellant is
asstmed to be a constant and independent of x

so that

,l. — r/vHI!; X g ()' { = 0. (5"]2)

It is assumed also that at [ = 0 the hot igniter
gas at temperature, 7', is suddenly brought in
contact with the propellant surface and continues
to transfer heat to the surface at a constant rate
until { = {, (the heating time) when the heat transfer
offectively ceases. This is taken account of in the
mathematical solution by assuming that 7', has a
constant value 70" until ¢ = {, when it suddenly

drops to a much lower constant value 7'{" or
7‘7 — YV;U):
I, = 7;
The mathematical problem is now defined. The
solution yiclds values of the temperature as a fune-
tion of x and (. The assumption is then made that
if the temperature reaches a certain value, 1';, called
the ignition temperature, the propellant will ignite.
It is further assumed that when the surface reaches
the ignition temperature effective igaition occurs.
Because of the exponential form assumed for the
dependence of Q on 7' (Kquation 5-9), the tempera-
ture in a sample of propellant obeying Iquation
5-8 will always ceventually reach the ignition tem-
perature at some value of x. The time taken for
this to happen when no heat is supplied to the
surface is called by Ilicks the adiabatic ignition
time. This time will, obviously, be dependent on
the initial temperature of the propellant. When heat
is supplied from the outside, the propellant will,
according to the theory, ignite sooner,
The equations are such that the solution can only
be given numerically. Hicks solved the problem in
the ditensionless variables U, r and £, defined by

0<I.—<_-/u
1> |,

(3-133)

o 51
U= ls’l (B-14)
r = 'f’;’ { (5-15)
- b’.i/!.)""'. - 10
£= (1\'/': ! (5-16)

ITe also expressed b in the redueed form
( I’/' )I/.’

I = /\3[\'(/.] h .(.')-ll)

The approximate range of the different parameters
occurring in the theory is given in Table 5-5.

The nature of the solution at the surface (¢ = 0)
is shown in Iigure H-3 for the indicated values of
U, U™ and UL, The graph shows that under
the influence of external heating the temperature
of the surface rises monotonically. If the external
heating is continued long enough, the surface reaches
the ignition temperature (U; = 0.046) at a time
Tim, the minimum ignition time. If the heating is
stopped at a heating time =, which is less than r,,,
the surface temperature will then decline at first
but will reach a minimum and then increase again
and continue to rise until the ignition temperature
is reached at an ignition time r; greater than 7.
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TABLE 5-5. APPROXIMATE RANGE OF VALUES OF THE VARIABLES AND PARAMETERS USED IN

HICKS’ THERMAL THEORY OF IGNIT:iON.*

\.

Dimensionel

Dimensionless

Depth to which reaction penetrates
Time intervals

Heuting time

Temperature

Gias temperature (hot)

Gas temperature (eooled)t
Initial propellant temperature
fgnition temperature

Heut transfer eoefficient

Heat enpaeity Junit volume
Thermal conductivity

Heuat of reaction /unit volumed
Frequeney factor

Aetivation energy

Cins constant

Ar — 1078 — 103 em
At — 107 see
fo — 1078 — 103 see

T — 200° — 600°K
7,9 — 1500° — 3000°K
7,00 — 300° — 600°K
T — 200° — 400°K
T: — 675°
h = 1078 — 3 X 1072 cal/emi®see-°K
¢ — 0.5 — 0.8 cal/em3-°C
K — 1078 — 1072 cal /emesee-°C
q — 102 — 103 e¢al/em3
S — 101 — 1010 see!?
FE — 3.0 — 5.0 X 10¢ eal/mole
1D — 1.989 cul/mole-°K

— 1250°K

AL — 10 — 1010
Ar — 103 — 102

T — 104 — 1018

7 = 0.010 — 0.050
U,m — (.18, 0.20
U,m = 0.021

L — 0,010 — 0.034
['; — 0.045, 0.059

H = 10710 — 2 X 1y ¢

£ 1'he vadues in the second colnnmn are, for the most part, those encountered in practice. The values in the third column are those used in the numerical

work for the present report.
], Chapter 2 for sieniticance of 79,00,

t In onr treatment, 4 and £ do not enter separately and only the product, ¢f appears, which Las the range 101" — 10 cal, cm™sec,

The graph also shows the adiabatic ignition time 7,
and the offeet of the surface heating in deercasing
the jignition time from the adiabatic value is evident.
As 7, is inereased, r, and 7, become equal to one
another and also to r,,,.

I 7, is deercased below 7, 7, incrcases very
rapidly. If 7' £ U(0, 1), 7 > 7, (thatis,at 7 = 7,
the igniter gas temperature falls to or below the
surface temperature) then for a sufliciently short
heating time 7, 7, defined as the time for the
surface to reach the ignition temperature, beecomes
greater than the adiabatie ignition time. Under these
conditions the maximum temperature is not at the
surface and the ignition temperature is reached first
somewhere inside the solid propellant. The heating
time for which 7, = 7., is called by Ilicks the
eritical heating time and designated as 7. It is
shown in Figure 5-3 to be close to 7.

If " =z U, r), 7 > 7. the maximum tem-
perature remains at the surface and there is no
critical heating time, 7, is then less than r,,. This
situation would be most likely to occur in practice
hecause hot gases evolved from the propellant would
tend to be hotter than the surface itself and tend

to maintain the heating after the igniter ceased to

operate. .
It is difficult to cheek a theory, such as that of
Hicks, by detailed quantitative correlation with the
results of experiments. One would not expect any
close agreement, quantitatively, both because numer-
ical values of the pertinent parameters are not known
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for certain and also because the model assumed by
the theory is too simple. The theory, however, does
in a rough way, account for the critical nature of
the ignition process leading to the existence of var-
iable time delays when the ignition is not sufficiently
vigorous and extended in time.

Hicks later extended his theoretical work to in-
clude chemieal effects associated with the production
of nitrous oxide.™

5-2.4 Ignition in Guns

In guns the charge is a2 bed of propellant grains
contained in a tightly scaled chamber, Initially the
spaces between the grains arve filled with air at
atmospheric pressure, As scon as any gas is generated
cither by the igniter itself or by combustion of the
propellant, the pressure will rise. Ignition in guns,
therefore, is always accompanied by an increasing
pressure.

In its usual form the igniter produces hot gas
which possibly contains hot solid particles. The
igniter gas flows more or less freely through the
propellant bed and heats the surface of the grains
by conductive and conveetive heat transfer. The
igniter gases do not reach all parts of the charge
at the same time and may never reach some parts
at all. They also cool as they flow through the charge.
The grains near the igniter will ignite first. These
will produce hot gas which will eombine with the
igniter gas and aid in the ignition of more remote
parts of the charge. The ignition, thercfore, will
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spread through the charge even after the original
igniter has ceased to funetion, The rise in pressure
which accompanies this process tends to promote
combustion and to make the ignition spread more
effectively.

To start the combustion proeess effeetively, the
irniter gases must initiate the solid phase reaction
and remain effective until the combustion process
has been established. This requires that the igniter
should be so destgned as to initiate combustion
simultancously over as much of the surface of the
entire charge as possible. If the initial region of
ignition is too localized, it s possible for the more
remote parts of the charge to be heated but not
effeetively ignited so that the solid phase reaction
proceeds alone generating gases not completely re-
acted. These gases ecan accumulate and be sub-
sequently ignited explosively, leading to sporadie
stirges of high pressire. Ocensionally, the pressures
so generated execed the pressure for which the tube
is designed, and it may be permanently distended
or even ruptured completely. This sort of behavior
is more probable when the amnunition is used at
very low temperature beeause the jgniter gases are
cooled more rapidly in the cold propellant bed and
Lecome less effeetive in fgniting the groins further
away from the igniter.

Poor ignition in guns also results in less uni-
formity in muzzle velocity, pressure waves in the
chamber which generate variations in burning rate
and consequently rough pressure time curves. Poor
ignition also results in variation in the length of
the firing eycle of the gun. In rapid fire automatie
weapons, this can cause diffieulties because the firing
rate of the gun should be uniform and properly
related to the natural vibration rate of the mount."
In the development of any particular gun and am-
munition system, therefore, the development of the
ignition system is a matter of the greatest impor-
tance. Although general design prineiples have been
formulated, the application of these principles is
often complicated by the other aspeets of the com-
plete round under consideration, so that a certain
amount of empiricism  and  experimentation  is
required.

5-2.5 Ignition Systems for Guns

The substance most commonly used to generate
the igniter gas in guns is black powder,” although
other materials have been and are being developed
in an attempt to produce more cffective ignition
systems. The black powder is ignited by gases from
a small charge of high explosive, which is initiated
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clectrically or by percussion. The black powder
charge, called the primer charge, is enclosed in a
metal tube called a primer tube or in one or more
cloth bags. 'The metal tube is used in cased am-
munition and the eloth bags in separately loaded
uncased ammunition. In eased ammunition the gas
cemerges from the primer tube through a systent of
holes or vents distributed along the length of the
tube in various ways, The holes are closed by a
paper liner in the tube, The paper liner ruptures
when sufficient pressure develops inside the tube,
to permit the efflux of the primer gases,

IFactors affecting the design of artillery primers
are diseussed in Reference 21, Mthough a general
guide for desiening a primer can be dedueed from
experienee and laboratory  studies of ignition of
propellants, the details of an effective design for any
particular case are often specifie to the case in ques-
tion. .\ design feature which climinates a certain
difficulty in one case may not do so in another,
The details of the behavior of a primer-propellant
system are usually not known. The only eriterion
is whether satisfactory uniformity in pressure and
muzzle veloeity is obtained. Laboratory investiga-
tions of the functioning of standavd artillery primers
as woll asy experimental models designed to in-
vestigate the effeet of certain speeific design fea-
tures have been conducted. The results of these
experiments ean be found in References 22 and 23,
Further information on the development and evalua-
tion of gun primers and igniters for separate loading
ammunition may be found in References 24, 25, 26,
27 and 28.

5-3 FLASH AND SMOKE
5-3.1 Flash

The gases issuing from the muzzle of a gun are
ustally hot enough to be luminous, The luminosity
is frequently very intense and can be obvious even
in broad daylight, and although it cxists only mo-
mentarily as an intense flash of light, it is very
offective in revealing the location of the weapon.
It also may impair the vision of the gunner,

A study of the phenomenon reveals that there
are three regions of luminosity ;" (a) a rather
small hemispherieal region of low luminosity at the
muzzle sometimes called the muzzle glow, (b) a
region of high intensity, just beyond the muzzle and
separated from the muzzle glow by a dark region,
usually called the primary flash, and (¢) a rather
ill-defined region of high intensity, beyond but us-
ually not ivell separated from the primary flash,



(a) Still Picture of Muz:zle Flash.,

() Motion Picture of Muzzle Flaxh, 1800 Frames/Second.

FIGURE 3-4. Muzzle Flash from 55mm Gun.




FIGURL 3-5. Still Pholograph of Caliber 30 Iifle with Shortened Barrel Fired in \ir and Nitrogen,

5-14




calied the secondary flash.* The three luminous zones
arc most casily observed in small weapons. In
medium and large artillery weapons the scecondary
flash can be very large and extend many feet beyvond
the muzzle and persist for relatively long times of
the order of 0.1 second or more so that the primary
flash is not obvious, ligure 5-4. If a small weapon
such as a caliber .30 rifle is fired into an atmosphere
of an inert gas such as nitrogen the seeondary flash
is suppressed and the appearance of the primary
flash is elearly evident, Figure 5-5. The muzzle glow
and primary flash, for a 37mm gun is shown in
Figure 5-6.

While the phenomenon of muzzle flash is not
understood in detail, the general view is that the
gases as they leave the muzzle are hot enough to
be self-luminous. Immediately after exit, they expand
rapidly and cool so that the luminosity disappears
forming the dark zone. At this point they are over
expanded and subscquently are recompressed ad-
iabatically through a shock. This recompression
raises the temperature again almost to the muzzle
temperature and the gases are again luminous and
form the primary flash. In the meantime the gascs
have entrained air and a combustible mixture has
been formed of the unburned hydrogen and carbon
monoxide in the muzzle gases; and if the recompres-
sion has raised the temperature above the ignition
temperature of this mixture, it will ignite and burn
as a diffusion flame forming the sccondary flash.
Some investigatorsthave also postulated that excited
chemical specics play a part in the ignition of the
sccondary flash. The primary fiash is sma!l ‘and
persists for a very short time (a few milliseconds)
and is not visible at great distances. The secondary
flash because of its extent and longer duration has
a high visibility especially for the larger weapons.
A phenomenon similar to muzzle flash occurs in the
gases issuing from the nozzles of recoilless guns.

An examination of the spectra of muzzle flashes
reveals that most of the luminosity is due to the
presence of metallic impurities in the propellant
gases. The gases produced by pure propellant con-
stituents are mainly H,O, H,, CO and CO, along
with N, and NO. These gases are poor emitters of
visible radiation. Except for a weak background of
continuous radiation, the spectrum of the muzzle
gases in the visible region reveals strong radiation
from sodium, potassium and calcium and the oxides
of calcium and copper. The rediation from sodium

* The nomenclature ix not ptnndurdjzcd. The three re-
gions are also called primary, intermediate and secondary
flnsh. Other nomenclature also exists in the literature.

is the s ouree of the yellow tint of the flash. Sodium,
potassium and celeium will be present as they are
always present in the materials used in propellant
manufacture. Copper comes predominantly from the
rotating bands.

FIGURE 5-6. Primary Flash and Muzzle Glow
From 8¥mm Gun,



5-3.2 Flash Suppression

The tendeney of a weapon to flash depends in a
complicated way on the design of the weapon and
its interior ballisties as well as on the chemistry of
the propellant. One would expeet that anything
which reduced the temperature and probably the
pressure of the gases issuing from the muzzle would
tend to reduce the tendency to flash. This is il-
lustrated by the following example.

After the troops had complained of bright tflashes
accompanied by loud noise and streng blast in the
8-inch Howitzer, the High Explosive Projectile M106
was fired with experimental charges. Single per-
forated M1 propellant with a web thickness of
0.0161 inch was used for Zones 1 to 5, producing
muzzle veloeities from 820 to 1380 feet per second.
Multiperforated M1 propellant with a web thickness
of 0.0414 inch was used for Zones 5 to 7, producing
muzzle velocities from 1380 to 1950 feet per second.
With the single perforated grains, there was little
flash and blast; but with the multiperforated grains,
there was considerably more flash and blast, espec-
ially in Zone 5. Although 2 combination of black
powder and potassium sulfate reduced the flash in
Zones 5 and 6, it produced an intolerable amount
of smoke.

In order to explain these phenomena, interior
ballistic calculations were made for Zones 5 and 6
of the 8-inch Howitzer. The results are summarized
in Table 5-6. The distance to burnout is greatest
and the pressure at burnout lowest for the multi-
perforated propellant in Zone 5. The muzzle pressure
with the multiperforated propellant is 50 percent
higher than with the single perforated prepellant in

TABLE 5-6. INTERIOR BALLISTIC DATA FOR
8-INCH HOWITZER FIRING HE PROJECTILE M106

Zone 5 5 6
Web, in .0161* O414¢ 04144
Charge weight, 1b 13.0 16.6 21.8
Velocity, fps 1380 1380 1640

Length of Travel, in 173.83 173.83 173.83
Approximate Distanee

to Burnout, in 10 120 90

Copper Pressure, psi 27,000 12,900 19,800
Approximate Pressurc

at Point of Burnout,

psi 21,600 6,400 11,600
Muzzle Pressure, psi 2700 4100 5500
Temperature of Gases

at Muzzle, °F 1340 1580 1505

~ * Single perforated,
1 Multipecforated.
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the same zone. The temperature of the gas at the
muzzle is highest with the multiperforated grains in
Zone 5. This combination of high pressure and tem-
perature at the muzzle was probably the cause of
the flash and blast.

Pressure-time traces of the standard  charges
showed that the basc-ignited Zone 7 charge did not
ignite properly, and that the point of burnout was
closer to the muzzle than the caleulations indicate.
To improve the ignition, a long, thin, segmented
igniter bag was inclosed in a tube located longi-
tudinally through the center of the charge and an
igniter pad assembled to the base of the charge.
Also, dual granulation was adopted in order to
increase the maximum pressure in the intermediate
zones and thus reduce the distance to burnout. This
climinated most of the flash.

Although it has been proposed and investigated
experimentally, it does not scem possible to eliminate
flash by climinating the impurities responsible for
the luminosity. It has been diseovered, largely by
trial and crror, that the sccondary flash can be
greatly reduced and often practically climinated by
two methods, namely; by adding certain chemical
substances to the propellant, or by attaching a
mechanical device to the muzzle. It is not known
cxactly in any particular ease why cither of these
methods work.

a. Chemical Flash Suppressors. Numerous chem-
ical compounds when added to the propellant will
tend to reduce the tendency to flash. The most
studied have been salts of the alkali metals. Re-
search done in Japan during World War II showed
that, for the alkali halides, the cffectiveness in terms
of the relative amount of material necessary to
suppress the flash inereased with both the atomic
number of the alkali and the halide so that cesium
iodide was the most cffective compound. The tests
were made in small weapons, a 60mm mortar, a
25mm rifle and a 7.7mm rifle. The results might not
hold in larger or different weapons.

Most commonly used in practice arc the salts of
potassium. The Japanese workers found that some
of the most cffective compounds were:

Potassium iodide (IXI)

Potassium bromide (IKBr)

Potassium oxalate (K,C,0,-H,0)
Potassium acid oxalate (KHC,0,-1,/2H,0)
Potassium sulfate (I<,SO,).

The number of potassium atoms in the molecule
had no appreciable effect on the cffectiveness of the
compound. In American practice the most com-



monly used compound is potassium sulfate. Chem-
el suppressors do not suppress the primary flash:
the primary flash, being due to the adiabatie re-
compression of the gases, is not influenced by rela-
tively small changes in their chemieal constitution,

b, Mechanical Flash  Suppressors. The earliest
mechanieal flash suppressor was in the form of a
cone- or funnel-shaped  deviee attached to the
muzzle. There seets to be some doubt as to whether
this deviee was originally intended to hide the flash
from the enemy or to shicld the eves of the gunner
so that his vision was not impaired. In any case it
appeared to reduce the flash. This is probably be-
ause it reduced the amount of over-expansion of
the gas by eausing it to expand more slowly and
sieoothly and so climinated or redueed the tendeney
for a shoek to form in the flowing gases with a
consequent sudden inerease in luminosity.,

In investigating this form of suppressor slits were
cut in the conie to permit observation of the Iuminos-
ity inside. It was found that these slits not only
permitted observation but also had a favorable cffect
on the flash. Further study revealed that the conical

shape could be eliminated entively and a more effee-
tive suppressor designed by using a system of rods
or bars arranged around the muzzle and parallel to
the tube in such a way that they forimed effectively
a evlinder with wide longitudinal slots cut in it.

It is not known in detail why this deviee is
effeetive but it is believed that the gas expands
through the slots which breaks up the continuity
of the flow and so prevents shocek formation. Me-
chanical suppressors, therefore, suppress the primary
flash as well as the secondary flash,

Mcechanieal flash suppressors are not used on
larger caliber weapons, For the larger weapons de-
pendence is on chemieal methods, Potassium salt,
added to the propellant greatly inereases the amount
of smoke produced. An exeessive amount will reduee
the efficieney of the weapon and change its interior
ballisties. The use of a chemieal suppressor will also
result i changes in the interior ballisties of the
weapon and may require changes in the chemieal
composition of the propellant. An extensive treat-
ment of the problem of gun flash and its suppression
is given in the elassified Reference 31,
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