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Preface

The work described in this report is pertinent to the pro-
jeet designated by the War Department Liaison Officer as OD-52,
to the project designated by the Navy Department Liaison Officer
as NO-23 and to Division A projects PA=230 and PA-2LO.

Part of the work of preparation of this report was perform-
ed- under Contract OEMsr-51 with the Carnegie Institution of
Washington and elsewhere under the auspices of Section A.

Through arrangements made in July, 1941 with Brigadier
General R. H, Somers, then Ordnance Department Liaison Officer
with the National Defensc Research Committeec, the writer was
given access to the confidential reports of the Ordnance Depart-
ment dealing with gun erosion, for the purpose of preparing this
report. The information gained during several months of work in
the Ordnance Department Technical Library was supplemented by
discussions with both officers and civilian personnel of the Yar
and Navy Departments.

This report has been issued in two volumes. The present
volume comprises Part Onc, on the fundamentals of ordnance relat-
ing to gun erosion, The second volume will comprise Part Two, on
the characteristics of gun crosion, A bibliography and an author
index appears in each volume, but the subject index appecars only
at the end of the second volume.
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Mrs. R. E. Gibson, who hclped collect data and who prepared the
manuscripte.
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FOREWORD

By L. H, adams

Shortly after Section 4 of DiVision 4 was constituted for the

purpose of attacking the problem of gun erosion and other aspecis
of hyper-velocity, and the facilities of the Geophysical Labora-
tory of the Carneéio Institutioﬁ of Washington were made avai}-
able for this work, Dr. John S. Burlew of the scicntific‘staff cf
that laboratory was requested to preparc a report on gun erosion.
It was realized that there existed a vast amount of factuél mate-
rial in this field and a large number of conflictiné interprcta=-
ticns and conclusions relating to the cbservaticns, The intention
was to have an outline of the subjcet that would be cémprehensive
but not nscessarily exhaustive, ond to include merely a cross=-
gection of existing data togother ﬁith en explanation of the terms
used and a summery of the conclusions that have been drawn, Col-
lecting and assembling the necessary informeticn was a task of
considerable magnitude, which would have beeﬂ even greater but for
the hearty ccoperation and encouragement of various individuals in
the Army and Navy and in other organizations.,

The purpose of the report has been tc provide the necessary
grcund work for planning investigations on the mechanism of gun
erosion, A& considerablc portiom of 1t has been available for some
time to me and to other persons working on this problem. The pro=-
gram was first presented and discussed ot the Conference on Gun

Erosion held at Watertown srsenal on Cetober 15, 1941, at which




represcntatives of the Hational Defense Rescarch Committee as well
as of various establishments of the irmy and Navy vere present,
Since then the ihvest%gation of the mechanism df gun erosicn has
been going forward actively at the Geophysical Laboratory and elseu
vwhere under the auspices of Section A, The present report, which
in its cbmpletod form provides a convenient background for thesc
investigations, does not include any of the results already obtain-
cd in them, Those rosults arc being presented in a sories of
Division A memorandums and reports, the first few of which have-
already been issued or are in preparztion, as mentioned in foote
notes to the appropriatc parts of the text of the present report.,

Washington, D, G.
dugust 11, 1942,
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THE EROSION OF GUNS

Part One: Fundamentals of Crdnance

Relating to Gun Erosion®

CHAPTER I. INTRODUCTICN

1. The éresen‘b survey of the erosion of guns aims te collate the
principal factual data on the subject and, in addition, to sumarize
the different theories that have been proposed to explain or to cor-
relate these facts. Special care has been exercised to separate the
facts from the various interpretations that may be placed upon them,
since the latter in many instances depend on unverified assumptions.
The sources of all information have been indicated in order that the
. reader may consult them for further details; for, although this sur-
vey attempts to be comprehensive, the treatment of the various items

mentioned is not intended to be exhauétive.

2. Definitions

A gun consists essentially of a hollow metal tube having one
end -~ the breech —- tightly closed and having within it a projectile
that is expelled with a high velocity from the open muzzle by the
rapid expansion of the gases which are formed by the burning of the

propellent powder placed in the chamber behind the projectile before

firing, Erosion of a gun is the gradual removal of metal from the
surface of the bore of the tube as a result of firing. It has been
suggested that it is desirable to distinguish between the Yerosion!

caused by the hot powder gases and the mechanical '"wear" caused by

T —
™

UNCLASSIFIED




-2 -

the movement of the preojectile; but there is not yet enough evidence
to permit this distinction.l/ Hence in the present discussion the
inclusive term erosion will be used to refer to enlargement of the
bore without implication as to the cause,

This enlargement of the bore radically affects the flight of
the projectile. Eroéi&n at the breech end of the tube decreases the
range of the gun, and erosion at both ends decreases its accuracy.
The two effects combine to determine the useful life of the gun.
Some of the methods of estimating the.life of guns from the extent

of erosion are treated in Chap, X1V,

3. High muzzle velocity

Because the rate of crosion increases very rapidly with an in-
crease of muzzle velocity, as will be illustrated in detail later
(Sec.105), a muzzle velocity of about 3000 ft/sec is the upper limit
‘that may be employed at present without decreasing the life of a gun
too much, Actually, even most high-powered guns are rated at some-

what lower muzzle velocities,

1/ Dr. P.R. Kosting, of Watertown Arsenal, in commenting on
this statement pointed out {(private communication, Aug. 22, 1942)
that "the phenomena accompanying the change in bore diameter at the
muzzle end are different from those at the breech end," and in parti-
cular, that "metallographic studies reveal that there is a dif-
ference in the effect of service on the bore metzl between the muzzle
and breech cnd. In discussions of erosion one hears frequently of
referecnces to the wear at the muzzle end and the erosion at the breech
end., The distinction that Kosting makes with respect to the
phenomena is probably valid; but until we are certain that this dif-
ference is anything more than that caused by modification of the
same agent by two differcnt sets of local conditions, it seems un~
necassary to introduce an extra term in referring to it. Conversa-
tions with Navy personnel have shown that they still use the term
muzzie crosion. M
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o Tperﬁepth of penetration of armor plate by a projectile 1n~
creases as a function of the striking velocity of the projectiie.

At relatively low velocities —— up to about 2500 ft/sec -- the depth
of penetration of a projectile is proportional to approximately the
three-halves power of its striking velocity as is indicated by such
empirical formilas as that of de Marre [1§§§Qg/ which is still in
use today [Naval Ordnance, lgégﬂ. Whether this same relation holds
true at velocities exceeding 2500 ft/sec is not known with certainty.
Tt has been claimed that the phenomenon of penetration is different
at hypervelocities -—— greater than, say, 3500 ft/sec -~ and that at
such velocities projectiles made of lead or other soft metal will
penetrate armor as well as steel projectiles. This opinion, which

has not been substantiated as yet, was extravagantly insisted upon

by Gerlich [1930, 1931, 19331, and it has been repeated even by

Hayes [1938, p. 670]. Be that as it may, a gun firing at a muzzle
7 velocity of nearly 5000 ft/sec would be an especially effective weapon

against the armor carried by tanks, boccause in thiszway it would be
possible to deliver a projectils having a striking velocity of over
3000 ft/sec at battle ranges up to 1000 yd, and also because the
decreased time of flight and flat trajectory would reduce the un-
certainty in the estimation of range and positlon.

The probability of hitting an airplane is increased by de-

creasing the time of flight of the projectile, which may be accomplished

o/ The name. of an author followed by an underscored datc refers
to the appended bibliography.
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by increase of muzzle velocity.z/ The experience of the present
war led the Director of Artillery of Great Britain, for instance, -
to suggest that there is need for an antiaireraft gun capable of
sending'a projectile to a height of 10,000 ft in only 3 sec, which
would require a muzzle velocity qf between 5000 and 6000 ft/sec
[0.B.P., 1941]. |

The attainment of such high muzzle velocities is prevented,
not by the impossibility of designing a gun to produce them, but
simply by the realization that such a gun of conventional design
‘would erode so rapidly that its use would not be economically fea-
sible. Therefore, if a means of greatly retarding eroslon could be
discovered, it would not only increagse the life of guns in general,
but also it would permit the development of these special weapons

having high muzzle velocities without bringing in the‘complication

of novelty of design.

L. Outline of the present survey

A discussion of some of the elementary features of the con-
struction and firing of guns has been included in this repoft, 80
that the main discussion may be understood by a2 reader who has had

no previous acquaintance with ordnance. This is especially necessary

3/ In a recent discussion of this subject, Weaver [1942] con-
cluded that "in general the probability of hitting varies with at
least the inverse second power of the time of flight; and with an
inverse power of the time of flight which may be 3, 4, 5 or even
6 in cases progressively complicated by more severe dodging,"
Earlier Kent [1933] had calculated that the probability of hitting .
a maneuvering airplane varies inversely as the fourth power of the
time of flight. '
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because this report is primarily intended for the use of civilian
scientiats. Although these scientists are technically well quali-
fied to investigate the problem of erosion of guns, ordinarily they
have had no more opportunity to become acquainted with the detalls
of ordnance than most ordnance officers have had to learn as much
as they would like to know about the pure sciences underlying the
applied science that is a part of ordnance., Those readers who are
familiar with ordnance, therefore, may well omit Chapters ITI, IIT
and IV and a few sectlons in some of the later chapters:

The design of some parts of a gun affects the rate of erosion,
and therefore a description is given in the present volume of certain
features of gun tubes, projectiles, propellants and the conditions of
firing, so that the necessary information will be at hand for later
application in a discussion of the relation of these factors to
erosion, Other parts of a gun -~ the breech mechanism, the firing
mechanism, the recoil system, the carriage or other mounting, the
aiming and laying devices, and the fire control instruments -- do
not affect the progress of erosion and therefore they are not dis-
cussed, "

In the second volumg -~ Chaps. VIIT to XV -~ erosion is con-
sidered as a resuldl of the interaction of the gﬁn tube with its en-
vironment during the few thousandths of a second that elapse during
firing, The eroded surface is described in detail and then the effect
of varying the different factors of the environment are set forth to
the extent that information concerning them is available, The experi-

mental methods of study of gun erosion are described; formulas for
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the life of guns are summarized; and finally, some of the theories

that have been suggested to explain the erosion of guns are dis-

cussed,
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CHAPTER II.E/ GUNS

5. Classification

Guns are classified first, with respect to purpose, and second,
with respect to size. To a certain extent the two systems are not
mutually exclusive, for the use of the weapon often demands a cerw-
tain size in order that it should be effective. The purpose of the
gun is related to erosion only in sc far as it may be reflected in
the design or in the conditions of firing -~ for instance, the
large projectile and low muzzle velocity of a howitzer or the rapid
fire of an antiaircraft gun,

The size of a pun is measured in terms of the diameter and the
length of the bore, The diameter, which is called the caliber of
the gun, is the principal dimension. The length of the gun from
the muzzle to the face of the breech block is usually expressed in
terms of calibers, that is, it is expressed as the ratic of the
actual length to the diameter. Table I shows the dimensions of a
representative series of guns.

Guns may be broadly classified on the basis of caliber into

small arms and cannon (or artille;z). A ,50-caliber machine gun

is the largest size, standard small arm, and & 20~mm gun is the
smallest size cannon in the U.5, Army. The old classification of

artillery into guns, howitzers and mortars has lost some of its

L/ Most of the information contained in this chapter, for
which no other source is indicated, has been taken from Hayes
[1938) or from Naval Ordnance [1939].
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Notes on the Purposes of the Quns Listed in Table I

The ,30~caliber M1917A1 Browning machine gun is the standard
ground machine gun, and is alsc used as an auxiliary antiaircraft
weapen., It is a recoil-operated and belt-fed automatic gun fir-
Ing at the rate of LOO to 525 shots/min from a tripod mount, It
is water—cooled,

The .50-caliber M2 Browning machine gun is made up in three
types -- water-cooled, heavy barrel (air~cooled) and zircraft
(2ir-cooled) =- by assembly of the proper barrel and jacket on a
basic receiver, The water-cooled gun is the principal antiaire
craft mdchine gun of antizireraft regiments, It fires at the rate
of. 600 rounds/min from 2 *ripod mount,

The 20-mm guns M1 and M2 are automatic aircraft weapons
mounted elther for firing through the hub of the propeller or as
a fixed gun in the wing. The rate of fire is 600~-700 rounds/min.
The only difference between the M1 and M2 guns, the former of
which is a substitute standard, is in the dimensions and shapes
of some of the receiver parts,

The 37-mm gun M3 is the smallest field pun used by the in-
fantry and cavalry in the U. S. Army, It is intended especially
for antitank service, Its carriage ML, which iz designed for
great mobility over any kind of grownd, can be controlled by one
man, The gun is monually operated, Its tube can be easily un-
screwed from the bresch ring for replacement when it becomes over—
heated or worn out. This gun fires both armor-pisrcing (1.92-1b)
and high~explosive (1.63-1b) projectilecs., The 37-mm gun 142,
which is the standard antizircraft weapon of this caliber, 1is an
automatic gun firing a lighter projectils (1.3L 1b) than gun I3
at a rate of 120 rounds/min, with a muzzle velocity of 2600 ft/sec,
This gun is slightly longer, and the twist of rifling is 1/30,

The 75-mm guns M2 and M3, which are the same except for
length, have been designed for mounting on tanks. The former is
a substitute standard, to be used as long as the stock on hand
lasts. They are recent (19L1) adaptations of the original 7S-mm
gun M1897 (French), Ballistically, the new zuns differ .from the
11897 only in length, They use the same amrmnition. The longer
of these guns 1s nearly 20 percent lighter than the 1189742 gun
because it is of monobloc construction,

The 75-rm gun M189742, which is still the standard light
field gun, is 34,5 calibers long and has 2 muzzle velocity of
1950 ft/sec. The 75~mm guns M1916 (U. S.) and Y1917 (British),
which are limited standards for this same service, are only 28,4
calibers long and have a muzzle velocity of 1900 ft/sec, Their
most distinetive feature is that they.employ rifling of increas-
ing twist, These light field guns are to be superseded by the
105-mm howitzer A1,
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The 3-in, A4 gun M3 is now a limited standard, to be super-
seded eventually by the 90-mm gun M1, of which production was
started in 1940, The loose liners for the 3-~in, gun continue to

* be made. These two guns are mobile antiaircraft weapons., Al-
though the 90-rm gun has about one-third greater maximum range -
and fires a much heavier projectile at approximately the same

’ rate of firc (25 rounds/min), the total weight of the gun and
mount is less than 20 porcent greater than that of the 3-in..gun,
becaugse improvements in metallurgy, especially in cold-working,
have madc possible monobloc construction,

The 105-ma AA gun M3 is now (1942} the standard fixed heavy
antiaircraft weapon. The L,7-in, 44 gun T2 is an experimental
heavy mobile model under development, Just as the substitution
of the 90-mm for the 3=in. gun gives increased effectiveness in
light antiaireraft guns, sc the L,7-in. is designed for use against
targets at higher altitudes (50,000 ft) than can be reached with
the 105-mm gun. This greater rangs is cbtained by the use of
greater muzzle velocity and a heavier projectile of radically im-
proved ballistic form,

The 155-mm gun M1A1 is the most powerful of the standard
heavy mobile artillery weapons. (The others are the 155-mm,
8-in, and 2LO0-mm howitzers, all of which have lower velocities
and shorter renges.) It differs from the 155-mm gun M1 only in
the breech ring, but it differs from the old 155-mm gun 141918
G. P. F, ("Crand Puissance Filloux"), which it superssded in
1941, by having greater power, The 1918 gun, which was only 32
calibers long, fired a high-explosive projectile of the same
weight at a muzzle velocity of only 2410 ft/sec, using a charge
of 26 1b,

The B-in, gun Mk. VI, M342 and the 1l~-in, gun M1920L3 are
the principal standard railway artillory. The former gun has
been constructed by rechambering onc designed by the U, 8. Navy.

The 16~in, gun 191943 is a limited standard for the primaxy

armament of harbor defense installations. It is not expected, how-
egver, that any more wire-wound guns will be proeduced, The '
present stondard for new installations is the 16-in, gun Mk, IIM1,
which 1s a built-up gun obtained from the Navy,
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précision ; but these names still denote differences of length that

are implicit in the different purposes of the three types. A gun,

in this special sense of thé'word; is the longest, heaviest typé

of weapon of a given caliber and has thé highest velocity and the

longest range. A howitzer is shorter and lighter and has a lower

velocity and a shorter range. A mortar is a very short weapon that

is fired at a high angle of elevation with a reiatively-short fange

for indirect fire. The terﬁ gun 18 also used in a special sense to

refer to the tube (or tubes and jackets in a built-up gun) and

breech mechanism as a complete unit as distinguished from the mount, /

which includes the recoil mechanism,

6., The tube

.Argun musf have walls strong énough to withstand the internal
pressure of the powder gases., Because this preésure diminishes
- toward the muzzle, the wall thickness of the tube can be tapered in
that direetion. Right at the muzzie, however, the wall thickness
of a large gun is usually inecreased somewhat to form the so=called
bell muzzle, in order to meke up for the loss of strength oc;asioned
by the ending of the tﬁbe. The necessary strength of tube throughout
its length is obtained by using a proper thickness of high-grade alloy
" steel having a high tensile strength. In addition, large guns are
made s£ronger -~ or rather equally strong with thinner walls — by
putting the inner layers of the tube under compression, This is
accomplished by wrapping the tube with several layers of wire under

tension, by shrinking on the tube a jacket and one or more steecl

hoops, or by expanding the bore beyond the elastic limit of the steel
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by hydraulic pressure before it has been machined to final dimen=
sions, Wire-wound guns, although still in service, are no longer
constructed in this country. Built-up guns are frequently made
with two slightly tapered coaxial tubes, the inner one of which
constitutes a liner that can be replaced after it has worn out.

The replacement requires that the tuﬁe be sent to an arsenal, for
it has to be expanded by heating in order to disengage the liﬁer,
which is made with a taper of about 0,003 times the diameter per

- inch., The use of a loose liner that can be screwed into a small-
caliber tube by the gun crew was tried by the U,5. Army in its
3=in, antiailrcraft gun, but it was discontinued because of the
difficulty of replacement under field conditicns. The British Army
has used a loose liner with some success in their 3.7- and L,.5~in 7

antiaircraft guns.

The process of radial expansioné/ -~ called alsc autofrettage

and cold-working -- has been applied to guns up to 8 in. in diameter,

A hydraulic pressure of 110,000 to 150,000 1b/in? is used to produce
a permanent enlargement of the diameter of the bore azmounting to
about 6 percent; then, after the pressure is removed, the outer

layers contract and place the inner layers of the tube in a state

/ This process, which was orlglnated by the French *“auto-
frettage! is French for "self-hooping"), has been developed by the
Navy at the Naval Gun Factory,'Washlngton Navy Yard, and by the Army
at Watertown Arsenal, A number of reports from Watertown Arsenal
dealing with the development of the process are on file in the
Ordnance Library, cataloged under "Cold-working.® In 1941, equip-
ment for cold-working on a production basis was put in operation at
Watervliet Arsenal.
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of permanent compression. A radially expanded monobloc tube instead

of a tube with a replaceablé liner is now preferréd by the Army for

small guns, because the former weighs less and hence can be used on

a lighter mount., Alsc it has Been found- that the cost of an entire ‘
monobloc tube is not much more than that of a liner alone, and much

less than that of a liner and tube {Ord. Dept., 19LOa; II, p. 67].

7. Tapered bore

Although the bore of an ordinary gun is cylindrical, some guns
having a tapered bore have been developed in order to obtain a higher
mzzle veiocity'without a corresponding increasé of erosion. They

have been reviewed separately [Burlew, 15L2].

8. The rifling

An elongated projectile requires a high rate of rotatioen for
stability in flight and for the operation of fuzes of certain
types. This rotation is obtained by the rifling cutting intec a
1ayér of soft metal on the circumference of the projectile as the
latter is propelled down the tube. The rifling consists of a serles
of helical grooves iﬁ the surface of the bore, the depth of which is
of the order of magnitude of 1 percent of the diameter. The raised
portions of the bore between the grooves are called lands. The
twist of the rifling, which is expressed as the number of calibers
of length in one turn, in combination with the muzzle velocity of
the projectile, determines the rotational velocity of the projectile.

The design of the rifling, in terms of the number, width, depth

and form of the lands and grooves and the degree and uniformity of
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the twist, is a complex subject, Although many designs of rifling
‘have been tried, there 1s not complete agreement today as ito the
most suitable one. The currently produced guns of the U.5, Army
have rifling of uniform twist that varies from 1 turn in 25 calibers
to 1 turn in hO calibers. The number of grooves increases with thé
caliber, so that the widths of lands and grooves are approximately
the same for guns of all sizes, The lands are about 0.15 in. wide
and the grooves slightly wider; and the width of each is uniform

throughout the length of a given gun (see Table I).

9, Effect of design of rifling on erosion

The effect of the rifling on erosion is not very well under-
stood, The presence of stress concentrations at the sharp corners
where the lands and grooves join has been mentioned as an important
contributory factor by various writers [Howe, 1918; Justrow, 19231,
but a quantitative evaluation does not seem to have been attempted.
The strength of the lands in shear was calculated by Justrow [1923],
who considered that the reduction of bearing surface as erosion
proceeds tends to increase subsequent erosion.

The twist of rifling may affect erosion résistance. An erosion
test was made at Aberdeen Proving Ground [Lane, 19331 of a 3-in.
antiaircraft gun liner rifled with straight.grooves for the first
231 in. from the origin of rifling (see Sec, 11) and then with a
twist that gradually inercased to 1 turn in 40 calibers during the
next 113% in, For the last 7 in. tc the muzzle the twist was uniform --
1 in LO. This liner was fired 2950 rounds, for comparison with

another having'a uniform twist of 1 in LO over its whole length.
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Both liners had been made of carbon steel of the same chemical come
position and practically the same heat treatment. Both had been
radially expanded, the one with increasing twist slightly more than
the other,

The gun with incfeasing twist of rifling eroded less than the
other, except at the muzzle, throughoﬁt the course of the coﬁparison.
After 2950 rounds, for instance, at the origin of rifling, the in~
crease of diameter of the lands was only 0,182 in. compared with
0.232 in,, and of the grooves 0,112 in. compared with 0.166 in.

At the same time, at 10 in, from the origin, the corresponding in-
creases were 0,088 and 0,113 in, on the lands and 0.0L6 and 0,059 in,
on the grooves. The decrease of mizzle velocity after 2000 rounds
was only 50 ft/sec for the liner with increasing twist, but it was

145 ft/sec for the other one. The deviations in range were the same.

10. The forcing coneé/

The rifling is terminated at the end of the bore toward the
breech by a tapered section along which the diameter across the lands

increases, This so-called forcing cone (called also band slope and

compression slope) continues toward the breech a short distance

behind the point at which the diameter of the lands equals that of
the grooves. Tts rear portion forms the seat for the rotating band
on the projectile (see Sec, 18}, which is machined to a matching cone;

-and the forward portion, along which the tops of the lands are

é/ For a drawing showing the various parts of a gun tube, see
Naval Ordnance (1939), plate t, Chap IV.
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tapered, facilitates the engraving of the rotating band when the
projectile begins to move. The forcing cone is usually about % in,
long. At the rear of it; in a gun firing fixed ammunition (see

Sec, 21) is the centering cylinder, into which the neck of the

cartridge case fits, The dismeter of this cylinder is 0,2 to 0,3
in, greater thon the dismeter ccross the lands, Behind it an-

cther enlargement of the diamcter, called the chamber slope, joins

the centering cylinder with the chamber proper. In guns firing
separate-loading amunition (Sec. 21), the forcing cone is fre-
quently elongated, and sonetimes -- for example, in the 155-mm
gun M1 —= it is combined with the chamber slope, which eliminates

the centering cylinder,

11, QOrigin of rifling

The origin of rifling is the point along the axis of the

bore that corresponds to the place on the forcing cone where the

lands and grooves have the same diameter; the length of rifling

is measured from this point to the muzzle, In U, S, Army reports
on the extent of erosion, however, Yorigin of rifling" refers to
the forward end of the forcing cone, where the grooves have
attained their full depth, In U, S, Navy and also in British
reports, the erosion is commonly measured 1 in. in front of the

true origin of rifling.

12. The chanber

The chamber is properly that portion of the gun between the

centering cylinder and the face of the breech block; frequently,
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however, the term is used to embrace the whele space up to the
origin of riflingg/in which case the total length of the tube is
the sum of the length of the rifling and the length of the chamber.
The rotic of the diameter of the chamber to that of the bore, which
é, is called the chambrage, varies from 1,05 in somé German guns to
1,50 in the new L.7-in, A4 gun M1 of the U. S. irmy. Cun designers
of the U.AS. Navy consider 1.20 o desirsble ratio [Naval Ordnance,
1939, p. 86]. The walls of the chamber in a gun using a cariridee
case are tapered, the diameter at the breech end being o few
hundredths of an inch greater than at the forward end, in order

to facilitate removal of the case. In lorge guns using bag ammuni-

tion, the rear of the chamber is necked down along a conical scce-.

tion, called the. chamber rear slopc, in order to decrease the size

of the breasch block,

13. Effecet of chamboer desipgn on erosion

The greater the chambrage, the greater is supposed to be the

!I" erosion, According to Hugoniot and Sebert [1882], Charbonnier

[1908, 1922] and Tulloch [1921], a bettle-nccked chrmber couses
e¢ddying of the powder gases at the origin of rifling, with the
result that local washing action on the wall is set up., The
gffect of such turbulence was demonstrdted by de Bruin and

de Pauw [12;1] in the case of an erosicn vent plug (see Sec, B86)
by neans of a plug made in three parts. The first and third

parts had holes 1 mn in diameter ond 10 mn long, whercas the

1/ The term is used in this way in Table I.
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internediate section had a hole 7 mm in diameter and 5 mm long.
When such 2 vent plug was fired, using LO-percent NG powder, at
a naximm pressure of 1400 atmos, the third péft of the nlug
arcded more than the first, even though the gas had lost some of
its enargy,

The recosmendation made by Hugoniot, Chorbonnicer and Tulloch
that the chamber shonld not be much greater in diameter than the
bore seems plausible, but no gurntitoative data te support it are
known to exist, The reason for this is thot ordinarily when two
guns of the seme caliber are nmode with chambers of different dia-
neters, all other features of the design =rc not kept constant.
The chamber of larger diamcter, for instance, will have a larger
volume and hence the correspondingly larger charge used in it

nay be the solez couse of the incresasod crosion (see Sec, 105).

. Examination of the bore

The surface of ths bore of a gun is exonined by means of a

boresearcher, which consists of on illuminated nirror and a tele-
scope, For bores of diameter 6 in, or less, the two parts are
conbined in one instrument, called 2 bofoscoga, which may be
quickly focused on any part of the bore surfoce, For measure~
nent bf the dismcter of the bore, on instrument coalled a ster
goge is used, It ccﬁsists of either two or three measuring points
that naoy be extended radially in a plone by the movement of the
handle at the oppositc end of 2 long staff until the pelnts make

contact with the wall of the bore, Then the diameter nay be read

from 2 scale == cither vernicr or nlcrometer — on the handlc,
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All guns are exanined with o boresearcher and necasurcd with o
star gage at the timc of manufrciure, . '

| &/
15. Steels used for gun tubes and linors

The U. S, Havy has used for nony years n plain carbon steol
for its gun liners and a 3-porcent nickel steel for tubes, hoops
and Jackets. Typical compositions of thesc two steels are given
in Table IT. The nickel steel diffors from the carbon stesl only
in its nickel content and in having a slightly smoller ancunt of
carbon, The yicld strongth of the gun stecl must be ot least
53,000 1b/in? and that of the nickel steel at least 65,000 1b/in?
[Naval Ordnance, 1936].

Table IT, Chenical composition, in porcentages, of steels
used in U, 5. Navy guns? A '

‘:’JE
o in Si P S Ni | W, '
Gun stoel 0.42-0.50 | 0,70 | 0.27 | 0.03 | 0.03 0 | 10uo
Nickol stecl | 0,35-0,L2 ! 0,70 | 0,27 0.03 | C.03 | 3,00 2340

¥After Noval Ordnence [19391, pp. 118-119.

The U. S. .rmy uses a variety of diffcerent caonpositions of
leow-alloy steels for gun tubes and lincrs, procurcd on the basis
of a macro-ctch test and tensile properties, The following quota~

tion from Notes on the selection and use of motols in ordasnce

design [Ord, Dept., 1940b, p. 86), propored at Watertown Arsenal,

explains the present policy.

8/ The relotion hotwecn the propoerties of the gun netal
and ¢rosion 1s discussed in Chap. XI.
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#0henical compositions are normally not prescribed becouse
other factors such as proper melting and finishing of the metal
and its final cleanliness play an important part. The method of
pouring, size, relative dimensions and shope of molds, proper
nethod of reduction in hot working, and heat treatment in variocus
stages of the process are also important in securing the quality
of product desired in gun steels, '

"Every manufacturer, depending on his equipment, stoff, con-
ditions of work, ctec., as well as his previous cxperience and
traditions, will have a preference for certain definite compoesi-
tions, It is advisable to let the meonufacturer choose his owm
conposition and assume the responsibility for his werk so long os
the physical ond metallographic prepertics are satisfactory for
gun noterial.

"Tn normal gun steels, the designer is primorily interested
in the physical characteristics obtainable. Specificaticn 57-103
provides for the following physical properties:

Yield strength 65,000 1b/in%
Tensile strength 95,000 1b/in%
Elcrngation 18,0 porcent
Reduction of arca 30.0 percent

The trend, however, is toward the fellowing requirenents which
have been found more practical for Ordnance purpcses:

For tubes and liners (medium strongth) —-
Yield strength (sct, 0.05 percent)  65-80,000 1b/in%
Reduction of area 45,0 percent minirmum;

For 37-rm, 1.1-in,, etc. (high strength) -~
Yicld strength (sct, 0.05 percent)  95-110,000 1b/in?
Reduction of area 15,0 percent nininun.

The above values are recdily cbtaincble in centrifugsl costings,
and the manufacturer of forgings can meet such requircments with
.reasonsbly clsan steel,

HThe procurcment of gun tubes and lincrs produced by the
centrifugal casting prccess is covercd by spscification 57-66,
The high ductility from tronsverse specinens in the case of
centrifugal castings is duc tc the ncthod of menufacture, which
definitely eliminates the dircctionnl properties always present
in forgings, M

The compositions of o number of forgings ond centrifugal

castings used in guns recently completed by the irmy are listed

in Table III. The tensile propertics of these steels exceeded
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Table III. Chemiczl composition, in percentoges, of
steels currently used in .rmy guns¥
Element A B G D
C 0.20~0.2L | 0.31-Q,3L 0.3k-0.35 0.1:3-0,bLh
Mn 0.60~0.90 0,61-0,77 0,71-0.73 0.59-0.67
i 0.15-0.23 | 0.20-0.30 ~ 0,2 0.16-0.26
P 0.006-0,011{ 0,027-0,035 | 0.01~0,02Lh | 0,012-0.02
S 0.016~0,018| 0.029-~0,038 0,019-0,023 0.015-0,018
Mo 0.4k=0.53 | 0.32+0,38 0.30-0,35 0.117-0.59
v 0.06-0.16 | Q.19-0,23 0.00-0,06 0.19-0.21
Cr 0.91-1,08 “—— 0.53-0.97 0.19-0.30
Ni —— —_— 2,26=2 .16 0.18-0.36

%__%_-mm

*From Record of measurements and report of inspection, in
the files of the .rtillery Division, Ordnance Department, U. S,
ATTIY o

ss Ronge of compositions of 1l centrifugsl castings nade
in 19L0=l1 for 37-mnm ond 90-mm gun tubes and 3-in. fa gun lincrs
to be elther heat treated to strength or cold-worked,

B. Renge of compositions of 8 forgings made in 1940-L1 for
155-mn gun tubes, to be cold-worked,

C. Raonge of compositions of 3 forgings made in 1940-4L1 for
75-1m gun tubes, tc be heat treated to strength,

D. Renge of compositicns of 3 fergings nnde in 19L0-L1 for
B~in. gun liners, to be hent ireated to strength.

the requirements just quoted, Tho compositicn of the centrifugal
castings in colurm A represents o development at Watertoem ..rsencl.
Donéld [1937] recommended essentially this sane compositicn exe
cept for carbon content (0,35-0,L0 percent) for noking o centri-
fugzl costing to be heat treated to 2 yicld strength of 125,000

1b/in%, as 2 result of =~ test of 32 cxperimental castings of ;

various compositicns, Bender ond Poppas [1941), after a study

of five slightly different compositions, confirned the choice,
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Their work showed that the variations in chromiunm and nongonese

hnd only mincr cffects on physicnl properties, but "that sube

staﬁtial chonges in physiczl properties may be brought obout 5y

chomges in corbon content," The higher the carbon content, the

highér the yield strength. Bandef cnd Pappas reccrmended 0.3040.35

percent carbon for a yield strength of 121,000 to 125,000 1b/in?
For rifles and nnchine guns the fornerly used mongnnese

steel, W. D, (S.i.E.) 1350, has been superseded by o chrome molyb-

demm steel, We D. (S..0.E,) W10 nedificd, which hos been found

to increase the scervice iife. The compositions of thesc two

steels orc given in Teble IV. For bors up to 2 in, in dimcter

the nininun yield sﬁrungth specified is 110,000 1b/in%, the

minimum clongation is 18 porcent and the nininunm reducticn of

arca is 50 purccnt%/ These tensile propertics repraseﬁt o coensidur-

oble improvement over thess of the 23 nlloy stecls thot had been

tested (sce Scc, 92) in the form of machine-gun brrrels ot

Springficld .rnory in the carly nineteen~tuenties, only cone of

which had containad -ny molybdenun.

Toble IV, Chomieal compositicon, in percentages, of
stecls used in small arns barrels,

Element W,D, 1350 W.D, L4150 Hod.

c 0.45~0.55 0.L5-0.55

Mn 0.60-0.90 0460~0,50

Si — 0.15 n~x.

P 0.0L5 0.025 neox,
0.058 0,025 nax.

Cr —_— 0.80-1,10

Mo — 0,15-0.25

9/ U.S. .rmy Specifiention No. 57-107-25, Oet. 11, 1939.
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16. TYield strength

The yicld strength referrad to in the foregoine seetion is
1= £ £

daternined by the "offsct method" as described in "Federal speci-
fications for raetals.?}g/ In this method the cxtonsometer reading
is plotted as 2 functicn of load =~ by on ~utographic extenso-
meter in many cases -- until the curve is no longer linear. Then
a straight line is drown parallel to the initial straight portion
of the oxtenscmeter curve and cffset from that curve by on smount
equal te o preseribad set -- for cxemple, 0.05 or 0,1 percent of
the gage length, The load corresponding to the point of inter-
section of this line and the extensometer curve, divided by the
criginal cross=sectional arga of the specinen, is the yicld
strength, The value of the set now prescribed —- usuzlly 0,05
percent - was chosen so that the reosulting yield strength
corresponds closely tc that determined by the preportional

11/
nethod, which fermerly was used for inspection.

For a given sample, the yi:ld strength is munerically
11/ ‘
larger than the proportional limit, the elastic limit or the
o 12/
proof stress, .is defined in the same specification,  these three

%%/ Federal Speeification [w~-k-15%a, Nov, 27, 1936, par.
22g(2)]; published in the Federal standard stock catalog, Sce.
IV (part 5), |

11/ The yicld strength deterninad by the proporticnal method,
which should not be confuscd with the proporticnal limit, is de=
fined in Federal Specification QR-11-157, yor, 22g{1) as follows:
Properticnal methed. —— The yield strength shall be calculated at
the reading last preceding the first increnent of load which pro-
ducaes en incrernent of strain which clsariy exceeds twice the
increnent of strain taken from the nodulus line.®

12/ Feotnote 11, pars. 37a, b and ¢,
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liniting stresses correspond, respectively, tc 0, 0,003 and 0,0
percent permencnt elongation. The yield point, on the other hand,
T 13/

cerrasponds to an extension under load of 0.5 percent or greater;

and the tensile strength is the greatest load per squeare inch of

original cruss-secticnal arca carried by the materisl during =

tension test,

13/ Foctnote 11, pars, 22h = 37¢,
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CH.PTER IIT, PROJEGTILES

17. Goeneral description of projectiles

Modern projectiles are elengnted to seccure = large ratio of
mass to cross-sectional aren, and.therchy iong range, The hecd
cf the projectile is Erovided with 2 curﬁed surface in order to
decrzase the wind resistance; and, similarly, the rear ond is
frequently tepered slightly to give a beat~tail.d shape, which
roduces air resistance at velocities in the region of thoe
velocity of sound. The lengitudinal cross scction of the head
is bounded by an ogive, which is an archeshaped curve, the two
branéhes of which are orcs of two larze circles of the sone
radius intersccting at the nose of the projectile. The longi-

.
tudinal oxis of the prejoctile is the perpencdicular biscctor of
the line joiniﬁg the centers of these two cireles, The radius
of the ogive, which is the rodius of the twe circular arcs, is
expressed in.calibgrs, Small arms projectiles, which are called
bullets, hﬁvc n goft outsidec jacket of copper alley of dinrcter
large encugh to be cut by the grooves of the rifling., .t the
rear of = bullet is 2 circumferential groove, called = cannelure,
inte which the nouth of the cartridsc case is crimped,

An artillery projoctile is so long that; in order to keep
it centersd in the bore, it is provided with o bourrclet ~t the
rear of the head, This is a cylindriczl surface that has boen
nachined to have a slight clearance in the bere (sce Table I),

Behind the bourrcelet, which is sbout one-sixth caliber wide, the

renmainder of ‘the body hes o dimmeter slightly less thon that of
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the bdurrelot, sc that it cdocs not touch the londs, Near the

rear of the projectile n rotating band (Sce, 18) is shrunk ond

forcad into on undercut grdove nachined in the body of the pro-

jectile, The dimensions of the cavity of the projoetile and

the leocntion of the center of éraviﬁy are fentures of design

that are important in general but which do not relate to cresion.
The genaral proportions of ortillery projectilos ars éx—

presscd in cpproximote terms in Toble V.

Table V, .pprexinote proportions, in calibers, of
artillery projectiloss*

length , I to 6
Loength of hzad 2-1/3 to 3
Radius of ogive 7 to @
Width of bourrelet | 1/6
Width of rotating band 1/3
Length of gylindrical ,
part of hase 1/h
.nzlc of bont-tail 5% o 9°
Weight (1b) % (ealiber in inches)®

*.fter Hoyes [1938], ». 560.

16, Rotating bond

The rotating bond —- callsd the driving band by the British -

performs two functicns in addition to furnishing a convenient sur-
face for the rifliineg to engnge and thus teo spin the projectile,

g T p p J
It centors the rear of the projectile and it seals the forward end

of the powder chomber, Erosion of the gun adversely affects the
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perfornance of oll thrée of these functions of the rotating oand.
The lack of centering of the rear of the projectile in the bore | ' -
of 2 worn gun has been suggested [Miller, lggg] 2s a major cause
of the increasc of dispersicn. The increcased opportunity for
leakage of gas past the rototing band (see Chap. XIII) in a worn
case gun (defined in See, 21) may account for the increased rate
of crosion gencrally ascribed to such guns as conpared to bag
gquns (Sec. 21),‘in which the projéctile is ramnmed hone regardless
of how mach the forcing come has been advanced (sue Sec. 63).

The baond rust be both soft and strong to serve its several
purposes, Copper, which was formerly used exclusively, is still
the standard nmoterial for the rotating bands of aost projectiles
used in Navy guns and of those of larger cnlibers of scacoast
artillery., Gilding netal -- 90 percent Cu, 10 percent Zn -- is
widaly used for rctating brnds by the army in order to reduce
coppering (sce Scc. 60); but although it was trizd by the Navy,
it 4is now usad by that service only for projectiles for the

1L/

1.,1-in, and 6~in, guns,

The diameter of the rotating Lond, as moy be scen fronm
Table I, is about 0.02 in. greater than that of the grocoves in
2 new gun, so that the grooves arc completely filled when the
rotating band is engraved as the projectilc naﬁes down the bore,

The starting pressure -~ or shot start prcssure, in British usage —-

which is required to engrave the rotating band, is considercd as

4+

art of the friction of the projectile in tho bore (Scc. Lh). 4

n

1&/ Dr, L. T. E. Thoupson, Havel Proving Ground, personal
cormunication, Sopt. 13, 1941,
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recent British investigation [s. C. 1942c] has shovm that engrov-
ing of the rotating band of a 3-in, proof shot occurred partly by
plastic flow and partly by shear, The amcunt of shear increased
with the age of the gun after it:had been two-fifths worn. It
also increased with the degree of filling of the grodves and with
the hardness of the copper,

Many experiments hove been hade with rotating bands for the
purpose of reducing "fringing." Depending upon the design of the
band, excess copper noy be dragged back during engraving by the
rifling to form a fringe at the rear cdge of the band, and then,
as £hc projectile leaves the muzzle, this fringe is flared out
by the powder gases and by ceatrifugal force into a shape like
a hoop skirt, which sericusly affocts the flight of the projee-
tile. A résumé of the modificatioﬁs of rotating bands iried dur-
ing World War I to overcome fringing was given by Veblen and
Alger [1919], Fringing is elimingied by providing some placce for
the displaced cepper to flow into, as, for instance, by cutting

a cannclurc at the roar cf the bang,

19, Effects of the rotating band on crosion

The rotating band nay affect erosion in three different
ways. The fricticnal wear between it and the surface of the
bore (Sec. hhj is“génerally considered important, alihough there
is no mcans of evaluatiné its contribution to the total erosion.
Scme investigators -— for instance, Justrow [1923] -- consider

that the frictional wear per se is insignificant, whercas

others = for instance, Kosting [1939b] —= conceive of it simply
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as the means of removal of portions of the bore surface that had

alrcady becn loosened by previous chemical or physicel action, ‘ "
Tullech [3231] suggested that the frictional wear is increased

at the muzzle by the abrasive action of particles of steel carried
forward from the rear of the bore, At any rate, scme cvidence

that wide rctating bands coused more erosion than narrow bands

was obtained [Lane, 1933] in the firing of 3-in. antiaireraft

liners (see 8zc¢, 92). In the second place, the design of the rotate
ing band helps to determine thc extent tc which gas can leak past
the projectile, which is an &ffect that is considered in detail

in Chap, XIITI. In the third place, the material of which the rotat-
- ing band is made may add ancther facter to these two ﬁﬂchanical

oncs by reason of metal fouling, which is considered bricefly in

See, 68,

20, Cartridge case

Ampmnition is of two generzl types, depending on whether the
powder and primer are, or are not, contained in a cartridge case,
The cartridge case, which is usually made of drawn brass, alsc
serves as an obturator te prevent the cscape of powder gases
through the breech mechandsm, The thin body of the case at the
forward end is expanded by the gas pressurs until it makes a gas-
tight seal with the wall of the chamber. (Obturaticn of the
breecch of a gun that does not us:z a cartridge case is cbtained

by means of an asbestos mushroom pad or cther gas check device

which is part of the breech mechanism,) The case and the chom-

ber into which it fits are tapered slightly, in order to faciliw

tate removal of the empty case after firing, The primer is held
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in a recess in the bottom of the caée, s¢ that it is struck'byl
the firing pin that operates through the brecch mechanism, A
cartridge case is only slightly ﬁffected by firing, and there-
fore can be used 2 nmumber of times, if it is resized to the

proper dincnsions.,

21, Fixed and separate-loading ammunition

A complete round of fixe& amrmnition consists of the pro=-
jeetile and fuze (if any) firnly crimped in the end of a cartridge
case that contains the powdar and primﬁr. Such armunition is used
for small arms and for most guns up to and including the 105-rm
gun in the .Lrmy and the 5-in, 25-caliber Al gun in the Navy, It
is essential for 21l automntic and semiautomatic puns,

Semifixed amrunition, in the ncmenclature of the U. S. irmy,

differs fron fixed armunition only in that the projectile is
loosc in the end of the cartridge case and the powder is in bags,
This type of armmnition is omployed for guns, such as the 105-ma
howitzer, that use charges of different sizes in order to vary
the range, The cartridge case is loaded criginally for the nmaxi-
i range, and then, if o shorter range is desired, onc or nore
bags of powder arc removed. The projectile and cortridge case
are loaded inte the pun as onz unit, In the U. 5. Navy the term

semlfixed ampmunition has a slightly different connctaticn, It

is a- form of separate~loading ammunition in which the powder

charge is packed in 2 cartridge case for convenience in handl-

ing, but in which the projectile and the cartridge case are

loaded sepaorately intc the gun. This manner of loading gives
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opportunity to ram home the projectile against the forecing cone,

The 5-in, 38-caliber AA gun and the latest 6-in. guns of the Navy -
use¢ this forn of semifixed amrmnition, It is alsc used in the

new Army h.7-in, gud M1 withcut being designated by ony special

narc, ‘

Bag amrmuniticn, which is the general form of separate-

loading ammunition, consists of a projectile, onc or nore bags
of powder and a2 primer, The powder bags are nade of silk cloth,
and an ignition charge is contained in the base of cach, The
primer is attached to the end of the mushroom sten. Bag arwmr i

tion is wsed for all large guns, which sometimes are called bag

guis as distinguished from casc guns,
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CHAPIER IV. PROPELL.NTS

22, Classification of explcsives

Propellent pewders are always low, or progressive, explosives,

characterized by propagaticon cf the cxplosicn ~- really a very
rapid burning — only on exposed surfaces, by the huating of succese
sive layers to the igmition temperature (sce Chap. V). In high
oxplosives, on the contrary, a detonoting wave is tronsuitted prac-
tically instantanecusly throughout the mass after initiation of the
explcsion by heat cor shock%i/ Both nitroglycerin and trinitrotol-
uenc (MNT) are high explosives, but vhen cither 1s incorporated ine
te a cclloic with nitrocellulesc, as 1s done in the nanufacture of
scne propellent powders (see Table VI), it lsses its tendency to
detonate and moerely incrcases the rate of burning of the mixturc;

A low explosive, on the cother hond, nay acquire the power £o detm

onatc under special circumstances, such as extrenc shock,

23. Granulaticn

| After Goneral Rodnaon of the U, S. Army discovercd the
principle of the progressive burning of gunpowder in 1860 and
applied this principle by comprassing sunpewder into perforated
grains of different sizes, the term powder as applicd to explo~
sives lost its etymological connctation of a pulvérized material,
Powders today are produced in the form of cylinders, cords, tubes,
flakes and strips. Most propellent powders in the United Statcs

are made in the form of cylindrical grains, the diameters of

15/ A recent discussion of the theory of detonaticn has
been given by Carl [19L0],
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which vary from 0,03 in, for a 30wcaliber rifle to 0,9 in, for

a 16-in, zun, The iongths'vary corrcspondingly from 0.06 to -
2,1 in, For a weapon of a given caliber several different sizes

of powder may be used, depending on the type of projectile,

The smaller cylindrical grains have singlc axial perfora-
tlons, and the larger oncs have seven perforations paralicl to
the axis, Six of these latter perforations arc at the vertices
of a regular hexagon end the seventh is at the conter, the dis-
tances between coenters of all adjscent pairs being nearly egqual,
Such rmltiperforated powders are said to be progressively granu-
lated, becouse the burning surfoce increases as burning procoeds,
and hence the rate of burning increases,

The web thickness, which is the minilium thickness of the

grain between any twe boundary surfaces, cither internal or ex-—
ternal, determines the time required to consume a powder of
given composition, Ths web thickness of o singly-perforated
groin is z(D=d) and thot of n multiporforated grain is taken as
£(D=32), where D is the diometer of the grain and d is the
diameter of the perforation [Novel Ordnence, 1939, p. 37].
Henee, the grain dismeter is about three tinos the web thickness
of 2 singly-perfurated grain, and frqm five to ten times the web
thickness of 5 miltiperforated graoin,

16/

2li. Chemical composition

GuApoWder =— fregquently called black powder — was used as a

propellont until 188k, when Vieille introduced colloidal smokeless

16/ The effect of the chemical compesition of propellants
on erosicn is discussed in Sse, 106,
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Ecwder nade of nitrocellulose, Today the two general types of
propellant used by all naticons are single-basc and double-base

powders, A single-bsss pewder is onc in which the principal in-

gredient is nitreocellulose, A double=basc powder contains a

considerable gquantity of nitroglycerin in addition‘to nitrecellu-
losa. In both types the nitrocellulese is gelatinized by suit-
able solvents. For 2 single=base powdor other and nleohol are
usunlly uscd, The nitroglycerin in double=base powdsr assists
considerably in the gelatinization, so that il encugh nitro-
glycerin is prosoent, no solvent is needoed; otherwise acctone is
use&. Double~basc powders, which give botter ballistic results
than single-basc powders, have been stoandard propollﬁnts in

Great Britain ond scomc other countries for many years.  Beeouse
their erosive effect is greater, howover, doublo-basc powdérs

have not been ussd cxtonsively in the United Statoes.

25. Amcrican propellonts

For nany ycars the standard smokeless propellent powder used
in this country was pyro powder. This is node from foyrocellu-
lose" (a2 nitrocellulosc containing 12.6 percent nitrogen) te which
is added 0,5 to 1,0 percent diphenylamine as o stobilizer. This
is still ths standard powder in the Novy, Huch of it is still on
hand in the Army, cspceeinlly for the larger caliber guns; but NH
posrdar ("nonhygroscopic®) and FNH powder ("flushless and non-
hysroscopic®) are the ones being produced today. The first lot

of FNH powder was made in 1924, but the total zmount produced
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17/

befofe 1930 was very small, . Thersfore, much of the cata on the
eroéioﬁ of gunslin thg U. 8. services apply to puns fireé with
PYTO powﬁer,

Ifhe coﬁposiéicn of the varicus smokeless powdars, other:than
ﬁjrérgcwder, currently used by the U. 3. drmy ars listed in Table
VI, ﬁhich is besed on the confidential specifications of the
Ordnﬁncé Departmeﬁt. The NH and FNH powders keon better than
pyro powder because they sre less hygroscopic, This propoerty
is obtaiﬂed‘b§ the inclusion of dinitrotoluenc (DNT) and dibutjln

]

phthalatc, Double-base powders in gencral ars léss hygroscopié

&)

than éinglq—base ones, and hence rmuch less DHT is noeded in M2-
than in M1-tyﬁe powder., These sane two compounds serve also as
eoclants in tge Mi=type FNH powder, causing the powder gaéés to
emerge from the muzzle at o temperature below their flosh point
when niixed with the cxygen of the air, The‘flash froem FNH, M2
powder 1s repressed by the inclusion of berium and potassiun
nitrates, In scme of the small arms powders it is rEpresséd Ey
potassiun sulfate, and this compound éan be used also as an aid
| 18/
in the Mi-type cannon powder, Flashlessness, which depends, on
granulation and ignition as well as on composition, has been
' achieved only tc a partisl degrec in large-caliber weapons,. The
potassium nitrate used in some of the powders improves thé igni-

tion, The tin end tin oxide were uscd as decoppering apoents

17/ Mr. Bruce E. sanderscn, amunition Division, Industrial
Service, Ordnance Department, personal comsmnication, suz. 29, 1941,

18/ FMi/P powder nlso contains potassium sulfate; sec last
footnote (#) under Table VIB,
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(sez Scc. 69).. The graphite glazing on the HZ cannon‘powdcr,
which is =lsc uscd sometimes on othor powders of smrll granuln-
ticens, is simply o 1ubricant to make the powder flow more rendily
and thercfere pnck better.

Attorpts have buen made from time to time te develop a powder
that would have a high preopellent power without causing a high
temporature in the gun, and that would thorefors be flashless and
presunsbly less sresive. The most successful of such cccl powdors

19/
are thosc bascd on nitroguanidine, alsc called pierite,  The
Du Pent Qompany experimented with nitroguonidine pewders for several
years after World War I, but zbandoned then after the Jovelepment
of the present FNH pewder, They were found execellont as regards
flashlessnoss, but were objectionable becausc of smoke and amncnia
fumes. also the weicht of charge was larger than for pyro powder —-
15 percent larger for a 75-mm gun [Storm, 1925]. Thesc objections
are ccnsidercd by the British to be cutweighed by the advontages
of flashlossnoess nnd raduced crasion (Sce, 108); ond so they arc

using twe plerite powders (sce Table VIB),

26, British powders

Tn 1888 o speeinl committoe adoptod as standord for the
British services o smokeless powder node by golatinizing o aixture
4

of highly nitrated nitreccllulose and nitreglycerin with accetono,

It wns cnlled cordite bacouse it was formed in cords of variocus

19/ Chemical formula, NH,C(:NH)NHNOz. ..ttompls to noke the
dinitre derivative, which weuld presumably have o highcr peten-
tizl, have failed, (Dr. G. B. Kistiakowsky, privete commnicos
tion, apr. 2L, 19L2.)
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Table VI. Nominal composition in parts by weight of smckeless

Ecwders, :

A, American Powders

Cannon Fowders Small Arms Powders
Ingredient vk | IMR (IMR | MR
NH, 11| FNH, I 1| FMH, M2 No,5 {1185 | h676 |L166] W81l | Ec?

NitrocelluloseP 87.0 185.0 |76.L5%199.0i91.0 1100.0 |97.5(100.0 [80.0%

Nitroglycerin - 119.5

Dinitrotoluene 10,0 (10,0 1.0 1.0 6.51 7.5 |10.01 8.5
Diphenylamine 1.0 1.0 | 0,60} 1,0]10.5! 0.70| 0.6] 0.70] 0.7
Dibutylphthalate | 3.0 | 5.0

Potassium sulfate 1.0 1.0 1,0
Barium nitrate 1.h 8,0
Potassium nitrate 0.75 8.0
Tin , 1.93

Tin dioxide 1.5

Graphite glazing 0.30

®Also contains 3.0 parts of starch and 0,25 parts of aurine, a red
coloring agent. .

BContaining 13.15 percent nitrogen.,
®Containing 13.25 percent nitrogen,

dContaining 13,20 percent nitrogen.

3. British Powders (Cordites)s

Ingredient Mk, T M.D, We | WM. | S.C. i, N.G. .
¥itrocellulose® 37 65 55 | 65 Lyt |19 | 21,5
Hitroglycerin 58 30 29 | 29.5 | W1.5 18.5 | 20
Picrite 54.7 | BL.7
Mineral jelly 5 5 6 | 3.5
Carbamite 2 9 7.5 1 3.5
Chalk 0.4 0,2 0.15
Cryoclite . T 0.3 | 0.3

®Containing 13.1 percent nitrogen,

fContaining 12,2 percent nitrogen.

*After Littler (15L2). To save space we have omitted from this
table ¥H, FNH and FNH/P, which are American-made single-base powders
used by the British services, The first two have essentially the
compositions given in Table VIA, The FNH/P contains 1 percent of
potassium sulfate in addition tc the ingredients listed for FNH,M1.
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Notes for Table VIA

(1) Abbreviations. -- NH, nonhygroscopic; FNH, flashless and
nonhygroscopic; IMRE, improved m111tiry rifle; EC, Explosive Company,
the name of the Engllsh manufacturers whe first made this powder aft-
er its invention in 1882 [larshall, 1917, p. u8.]; AP, armor-nicrcing.

(2) Use of small ~rms ammunition, =-

Caliber ,22, no standard composition,
Caliber ,L5, Du Pont Pistol No, 5,

Caliber ,30 (ball ~nd AP}, 1925-=L0, THR1185 principa2lly, but
also several lots of pyro and FNI powders; since the summer of

19L1, INRLGTS.
Caliber .30 (blank}, EC.

Caliber .50 (ball and AP), before 1928, various smokeless
powders to which different metallic compounds had been added;
1926-L1, TiFRL166; since the spring of 1941, m®LEL,

Caliber .50 (blank), EC.

Motes for Table VIR

(1) Gensral notes on British cordites, =

Mark I, the original British cordite (1889); still made for
pistol and "blank® srmunition,

M.D., manufactured on a large scale for small arms ammunitlon,

W., Lond Service propellant of improved stability; largely
replaced ¥,D, after 1932 for major caliber guns.,

Yeile, MEmsrgency" Land Service propellsnt; intreduced April
19403 replaces W,

5.,C., the principal Naval propellant; dsvelopsd by Resesarch
Department, Woolwich irsenal and introduced about 1923; made by
solventless process,

¥., mainly used for antiaircraft guns (3,7 ond L.5-in.), b
flashless charges have been determined for most puns and hcw1tzers.

1.G., mainly used for smaller gpms (for example, G,F, 6-pdr)
and howitzers (for example, Q.F, 25-pdr, B,L. 5.5-in., etc.),

(2) Speeicl notes on nomenclature of flashless propallants, =
The shape of the grain (other then cords) or the source of the
nitrocellulose is denoted by the following additions aftsr the
solidus: “tube =/T; slotted tube =/5; multitube =/M; nitrocellu-
lose from cotton woste =/h; nitrocellulose from wood =/F.

The web thickness in thousandths of an inch is denoted by
2 figure following the letter; thus, "cordite N/M. OLB."
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diameters, The original cordite Mk. I coused so much erosion that
the amount of nitrogljcerin was greatly reducad to give cordite
M.D. (= fmodified”)., The mineral jelly (vaselinc) in it serves the
double purpose of coolant and preservative [Merhs~1l, 1917, I:
BOh—S]; The compositions of thess and other mors recently develwe
oped British powders are listed in Table VIB.

Ballistite was invented by Alfred Nobel in 1888 by gelatin-
izing = nitrocellulose of low nitration with nitroglycerin, Thé
ratio of nitrocellulose to nitroglycerin hes varied from LO/50
to 50/50, and various stabilizers hove been added. Ballistite
or powders of nearly equivalent composition were used Ey the
German and Ttalian governments ot one time [Marshall, 1917, I:

301=2%.

27. Stability

411 smokeless powders deteriorate during storage, Amoﬁg
the products of decomposition are oxides of nitrogen, which pro-
gressively accelerate further decomposition., Staobilizers act
by combining with these oxides znd preventing the acceleration,
without actually stopping thg decomposition. The common
stobilizers cre diphenylamine, vaseline and "centralite."gg/
Powder that is deteriorating produces objectionable fumes even
before its brllistic propertics are impaired, Alr-dried pyro
powdar has been found to last 30 to LO years, but water-dried

pyre powder lasts o somewhat shorter time, depending upon the

- » —

gy Ahocd&ﬁ'%m%mdmﬂ‘TM&&wﬁmﬂnmmis
s=diethyldiphonyl urea [Pike, 19h2], _




sheofgmmﬂﬂﬁm1mdvmdwscmﬁﬁjm5ofmmmﬁmmwa On
the basis of accelerated tests, NH and FNH powders are expected
to last considerobly longer than even air-dried pyro powder,
Because both moisture and high tomperatures accelerate to somc
extoent the detericration of smokeless powder, -consiéicrablo.czre

is taken to protect it during storage.

28. Primers

The initial impulsé raquired for the ignition of o charge
of porder is obtained from o smrll cmount of highly scnsitive
explésive that can be readily set off by percussion, friciion
or heat. Smokelzess powder in all but the finest granulsations
is so difficult to ignite that in additien to the detonoting

element most primers contain an igniter chorge of black powder

which burns very rapidly with ~ hot flame snd ignites the main
powder chorge. The best ballistib results might bo obtained

if the ignition were simultaneous throughout the charge, This
condition is approached in proctice by the mothod of distribue
tion of the igniter chorge, o perforated tube clong the axis

of the chamber being frequenily uscd to contain the bluck powder.
The proportien of black powder tc smokcless powder varies, be-
couse the same primer is often used with cartridec cases of

several different calibers.,
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CHAPTER V., BRURNTVG OF THE POWDER

29, Effect of pressure on rate of burning

A colleidal propellant burns by parallel layers, This law,
first emmciated by Piobert {1839] in the case of gunpowder, has
been verified for colloidal propellants by the observation that
lunburned rieces of powder recovered after having been fired in
a gun retain their original chemical and physical properties be-
low the surface [Crow and Grimshaw, 1931b, p. 392; Muracur and
Aunis, 12§§.] Recent obsefvations, however, show that under
certain conditions the burning takes place below the surface as
weli%l/ The rate of burning increases very rapidly with increase
of pressure of the liberated gases, Thus the rate is increased
about a thouéand—fold,by increase of pressure from 1 to 2500
atmos..

The highest pressure to which smokeless powder can be sub-
jected without having it detonate or burn erraticalily does not
seem to have been determined., During the test cof a certain 37-mm
gun having an extra strong barrel, a series of five rounds were
fired at pressures ranging from 63,L00 to 67,900 lb/in%, as
measured by a piezcelectric gage. The velocities, which varied
from 3355 té 3375 ft/sec, were acceptably uniform., Hence, as

far as the burning of the powder is concernéd, a pressure as high

as this might perhaps be used in a hypervelocity gun,

21/ R. E. Gibson, personal communication, July 1942,
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30, The mechanism of the burning process

The surface of a burning solid propellant remains relatively
cold while a gaseous reaction at a very high temperature (Sec. 36)
takes place at a distance of approximately 10"5 en frem the surface;
The slow step in the complex process is the transfer of heat to the
surface by the molecules of the burning gas that impinge upon it,
for a surface layer of the solid must be kept at the temperature
of spentancous decomposition in order that burning may continue.
Because an increase of pressure means that more hot gas molecules
are available to transfer energy, the rate of burning is increased
by pressurc, This view of the burning proceés has peen elaborated

recently by Boys and Corner [19L41] and by Lennard-Jenes and Corner

[1941), Crow and Grimshaw [1931b] and Muracur [1931] had suggest-

ed essentially the same theory, except that they had postulated a
cruder method of heat transfer,

Earlier investigatorsgg/had derived empirical equations of
the fornm,

r=a+bpc,

where r is.the rate of regression of the burning surface, p is
the pressure, and 2, b and ¢ are empirical constants. Froguently
¢ was considered unity and g was very small or zsro. In such

equations, however, the apparent rate-of-burning constant, b, had

been found to increase undgr conditions giving rise to increased

22/ Sce Crow and Grimshaw [1931b, pp. 387-8 397] for
bibliography. Bennett [1921, p. Vii], in the prbpgratlon of his
Tables for interior ballistics, assumed that the rate of burning
of pyro powder is proportional to the two-third powder of the
pressurc, .
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cooling. This tendency was zxplained by Crow and Grimshaw by
showing that b is in reality a function of the temﬁerature of the
powder gases,

Instead of assuming that the heating of the surface of the
powdéf to the ignition temporature results from molecular impact,
Kent [Jgg;ﬂ suggested that radiation from the powder gases is
tho cause, He argued that the escape of volatiles from smokeless
powder while it is being warmed up prevents contact of hot powder
gas with the surface, whereas radiation could penetrate to the
surface, He explained various experimental phenomena by this
hypothesis,

Tgnition of powder at temperatures below the normal ignie
ticn point by photechemical decomposition caused by the absorp-
ticn of radiation cf saiected frequencies was suggested as a
possibility by Crawford [1221], in his propesal for experiments
invelving the application of spectroscopy and photegraphy to
interior ballistics. He alsc suggested the possibility of the
photosensitization of the ignition of powder by radiation from
cool mercury vapor emitiing rosonance radiation of wave-length
2537A. Later Crawfordgz/;emarked that the efficacy of potassium
in promoting ignition might be explained as the result of cmis-
sion of radiation of just the proper frequency by excited
potassium ions, He suggested that this Jiypothesis ceould bé test-
ad by cxpesing some powder to irradiated potassium vapor in an

evacuatod tube.:

23/ Mej, D. J. Crawford, Jr., Ordnance Department, personal
communication, Aug. 30, 1941,
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31. Quickness of powder

The rate of burning of a powder == cften raferred to as its
quickness —- is one of the most important factors in determining
the effectiveness of the powder for a particular purpose, The
criterion which 1s applicd to the burning of a powder in 2 gun
is that a meximum proporticn of the cncrgy of the powder shall be
transferred to the projectile without allowing the powder pressure
to exceed the limit impesed by the strength of the walls of the
tube. - If the powder burns too fast, = dangerously high pressure
will be set up; whereas if the powdsr burns too slowly, scme of
it will remain unburned when the projectile leaves the muzzle,
and nence its encrgy will be wasted, The rate of burning is con=
trolled by varisticn of the form and the dimensions of the grains,
porticularly the web thickness, The smaller the web, the faster
will a powder burn, because for a given total weight, powder
grains with small web have a larger surface orea,

Direct measurement of the quickness of a powder is now pos-
sible by o method developed at the Burnside Laboratory of the
Du Pont Company. While a sample of the powder is being burncd
in a closed chamber, an automatic oscillograph record is made
of dp/dt, the time-rate of chonge of the pressure, as a function
of the pressure, By compariscon of this result with that obtained
with a standard powder, the ballistic properties of which had been
determined by firings in a particular gun, it is possiblzs to caleu-
late the charge of powder required to achieve a desired velocity

in a similar gun.
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The uniformity of the rate of burning is also important; for
if the rate is irregular, pressure woves may be set up in the bore
of the gun., Such waves arc potentially dangerous, for by rein-
forcement of two of them, a pressure large eénough to burst the gun
may be attained., Uniformity of burning is aided by proper design
of the ignition system, striving toward the ide;l situation of
enveloping the charge of smokeless powder in a hot flame from the
igniter charge so that all the grains are ignited simuitanoouslje

2),/

32. Heat of explosion and heat of combustion

The heat of explosicn of a propellent powder is the gquantity

of heat evolved when the powder burns at constant volume in a
closed chamber without added oxygen. It is less than the true

heat of combustion, which is the heat liberated when the sams

powder is burncd at constant volume in zn excess of oxygen, (Some
writers, as for instance de Bruin and de Pauw_[‘l928], designate the
heat of explosion as the heat of combustion.) The heat of explo-

sion is of more practical interest, because it measures the

25/

potential  of the powder -~ that is, its capacity for doing work,

2L/ A surmary of the heats of formation of the constituents
of propellants has been given by Schaldt [193L] and by Pike [1942].

25/ This definition of powder potential follows Hayes [1938,
p. 50T, J. C. Hirschfelder [perscnal communication, Aug. 29,
191:2) supports an earlier suggestion by R. H, Kent in recommending
that the powder potential be taken 2s the product of T,, the
adiabatlc flame temperature (Sec. 36), and Cy, the high-tempera-
ture molal heat capacity of the gas at constant volume. This
change of definiticn is cquivalent to considering C, in the pro-
duct TGy as the averazge value between, say, 2000°K and the
adiapatic flame temperature instead of as the average value be-
tween 0°C and the adiabatic flame temperature {compare Eq. (V-1)
in Sec, 36]. The potential enlculated in this way is seme 20
percent larger than the heat of explosion,
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26/

In the calorimetric determination of thc heat of explosion
the ceolorimeter is usually at or near rocm temperature, and therc-
forz the water formgd during the reaction is condensed and its
heat of vaporization appears as part of the apparent heat of ex-
plosicn., To obtain the true heat of explosion (water gasceous) the
anount of water mﬁst be determined. The corrcction for the heat
of vaporization ancunts to slightly less then 10 porcent of the.
apparent heat of explosion (water liquid) [Noble 1306, pp. L76-80;
de Bruin ond de Pauw 1928, Tables IIT and IV].

Values for the hents of explosion and of combustion of a
nurioer of powders appear in Table VII, The results of Dunkle
[1935] showed that the ratio of the hent of oxplosion Q to the
heat of combustion H of a2 smokeless pewder is 2 linear function
of the ratio of the number of moles of atomic oxygen per gram of
powder to the sum of the corrosponding numbers for carben and
hydrogen [0/(C +H,)] in tho powder; and also that it is a linear
function of the corresponding ratio [COQ}-IHEO]/ICO]-[HQ] of the
products of zxplosion of the powder., The slight varintien of
the heat of explosion with the density of loadinggl/[Noblc 1906,
Plate 14], which is reloted to the quesiion of change of composié
tion of the products of eXploSicn during cocling, is discussed

in SBC. 39.

26/ Noble [1905, pp. 216-20]; de Bruin and de Pauw [1928,
1929) s Crow and Grimshaw [19312), '

27/ The density of loading is the ratio of the weight of
chargs to the wWelrht of wnter that weuld £ill the chamber at hOC3
hence in the metric system it is nuwierically equal to the weight
of charge in grams divided by tho volurie of the chamber. in
milliliters,
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Table VII. Heat of explosion, hcat of combustion and
temperature of explosion of propellent powders,®

Nitrocellulose Deouble=basc :
Composition® Powders Powders FNH Powder

(percent by wt,) 03 K927 o2 159 3% 13587
Nitroccllulaose

(12.6% N) 9L.80] 95.23
itroglycerin —_— _— 28,67 | 19,80 | —
Dinitrotcoluenc - —_— —_—— —_— - .88
Dibutylphthalate -— — —— — Lo
Diphenylamine 05| 0Ly — 0.99 1.00
Volatile matter L.75] L.28 1.17 1.01 0.22
Total 100,00 | 100,00 100,00 | 100.00 100.01
H(kiloeol/gm)P 831 861 1220 | 1153 754
Q(kilecal/gn)® -— 261L — 2377 2980
Temp. (9¢)4 285 | ~m- 333 | - —
Tenp, cale, (°C)® | 2Looc | 2h2s 3300 | 3075 _—

Sep Tabl: IX feor composition of products of combustion of
thaese samk powders,

Heat of explosion, water ligquid,
c :
Heat of combusticn.

d Celeuloted by Crew and Grimshaw from heat of uxp1081on and
heat copacity of pewder gascs,

Calculftud for this report from cemposition by method of de
Bruin ond de Pouw [1929] (J.5.B.)

*orow and Grinshaw [19310].
Dunkle [1933].
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Table VIII, Products of combustion of gunpowder,”@

Loading® 0.10 0.50 0.90

Pressure® 1.6 10,7 35.6
Compositicn (percentags

Gases W, Vol W, VoI, We. Vol.

co, 25.97 L8.99 | 25,22 L7.21 27.50 | 52.65

co 3,03 §.98 5.63 17.0k 3.56 10.73

N, 12.01 35,60 | 10,22 30.29 | 10.85 | 32.64

H, 0,05 2.07 0.07 3.01 0.03 1.27

CH), 0,06 0.29 0,16 0.8L 0.15 0.81

H,S 0.l1 .06 0.66 1.61 0.77 1.90

Total 11,539 99.99 | U1.96 1C0.00 | k2,86 | 100.00

Sclids Composition (percentage

K005 30.07 35.20 37.55

K25,05 11.66 14,70 L.o1

K,80;, 11,71 2.69 L.87

K,S 2.30 2,06 L,13

KCNS 0.00 0.17 0.21

KNO, 0.32 0.29 0.1

(N, ) 260, 0,03 0,06 0.09

c ‘ 0.72 + 0,00 | 0.00

Free S 0.41 2.87 5.27

Total 57.22 58,0k 57.14

*After Noble snd Abel [1875], Tables 2, 3, L.

dlargo=grain rifle powder, Jaltham - Abbey, Compesition:

KNC,, 7h.55%;

1.,11%.

K280y, 5 0.15%; S, 10.27#; charceal, 13.52%; water,

bProportion of space occupied by the charge; nct Y“density of

loading.”

CLong tons per square inch,

d3hould be U2,78% - error in origincl for one of the individual
percentages,
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33 Products of combustion of gun powder

The composition of the products of corbustipn of propellent
powders after explosion in a closed chamber have been determined
by various investigators. HNoble ond Avel [1875], for instance,

a8 a part of their classic rescarch on Fired gunpowder analyzed

the products of combustion of several kinds of gunpowder at
diffgrent densities of loading, Thelr results for a representa-

- tive gunpowder at three densities of loading are given in Table
VIII.

Over half the weight of the material is sclid, which is
regponsible for the smoke from burning gunpowder, Anong gaseous
products the volume percentages of nitrogen and of ceorbon dicxide
arc much greater than from colleidal powder, whereas the percent-
ages of carbon nonoxlde and of hydrogon are ruch less (coﬁpare
Tables VIIT =nd IX)., These differcences reflect the higher nitro-
gen and oxygen contents of gunpowder as compared with smokeless

powders,

Table IX, Products of combusticn of smokelcss povders, in
neles per kilogroam of powder, Tablc VII, in which
these pewdors are listed in the same order, gives
their conposition,

Nitrocellulese Powderst Double=Basc Powders INH Powder
Product NI* =02 7% Cow 1511°% 135870
CO, 3.200 5.2L2 6.607 §.322 3.292
co 20,24k 16.4h8L 12,771 11.704L 20,543
Hu0 8.827 5.922 | 11,272 7.923 5.001
N, L.269 5.242 5.195 5.60kL 5.094
H, 6.979 8.219 1,676 5.120 9.139
#Crow and Grinshew [1931b].
punkle [1935]. Demsity of loading, 0.12.
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3L, Products of combustiocn of snokeless powder

Because suokeless powder burns withcout leaving any appreciable
solld residue, the deternination of its products of combustion is
Just a specialized applicaticn of the standard technic of gas analy-
sis. The water formed during corbustion, after it has condensed
in the explosien chanber, is cither wiped ocut and weighed as liquid
water [Wobls, 1905, p. 203], or ulse it is distilled cut of the
borb and cbsorbed [de Bruin and de Pouw, 1928, p. 9], which is pre~
ferable. Anaclyses of the products of combusticn obtained fronm
different kinds of smckoless powder have been published by Sarrau
and Vieille {188L}, by Noble [189L], by Macnab and Ristori [1894],
by Noble [1906] and by de Bruin and de Pouw [1928]., A number of
unpublished reports from Picatinny Arsensl [Valente, 1929; Dunkde

Aibrrrrr——

and Velsk, 1932; Volsk and Dunkle, 1932; =nd Dunkle, 1935] contain

analyses for the new FNH powders, and also for sone experimental
powders of special compositions., A selection of results from
Dunkle [1935] at = density of londing of 0.12 is given in Table IX
in the colwms hoadod X-927, 1511 and 1358,

The variaticn in ccmposition of powder gases with chonge of
density cof loading is illustrated by the reosults of Neble, some of
which arc reproducsd in Table X, ‘iherceas the amounts of n{trcgen
and of water show only slight variation with density of loading for
all three powders, the amount of cérbcn nonoxide decrease# while
that of carben dioxide increcases as the density of loading, and

hence the pressure, is increoscd. Similarly the ratic of methane

to hydrogen increasss very greatly with increase of density of
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Table Xi V rlﬂtlon in comp051tlon uf powder gases with chonge of
density of lcading,™

4, Conmposition ¢f powders, in percentages by weight.

Component™™ NC -1 C-M.D,
Nitrocellulose (sol.) 85,5 37.0 65.0
Nitroceliulose (insol.) 14.5
Nitroglycerin : 58.0 30.0
Mineral jelly (vaseling) 5.0 5.0

B. Prusguru and volune of gag,

Density of Pressure Total Gas Permancnt Gas
Loading (atnos) nl/on) (ml/gm
NG | C-RlCM,D. NG | C=T |ci,D,| NG | C-I [C-li.D,
0,05 LS7| k95| L57 |993.1|870.0(555.L | 814.7|670,0{781.8
J0 | 975[1066| 990 | 980.0|878.5|9L8.0 | 810.5]692.5]790.0
.15 1516[1783{ 1600 | $58.5|880,0[931.0 | 795.0{699.0] 766.5
.20 |2103|2591|235L | 93L.0|875.5{913.5 | 776.0{697.0{773.0
.25 (2789[3LE7|3193 | $06.5]865,01893.5 | 751.5|688.0( 754.0
30 13L98)hkLol Loég | 883.0|8L8.0]873.0 | 730.0[671.5{733.5
L0 5228/ 6302{5830 | 841.0]820,0{832.0 | 695.016L1,,9]693.5

.50 7133181251 75LL | 802.0]798.8|789.5 | 659.51623.6/653.5

*After Neble [1901, pp. L5L, L76-7, LBO].

%%NO, nitrocellulose; C-I, cordite Mark I3 C~I1.D,, cordite
M.D.

[Table X continued cn next page.)




TABLE X, (Continued,)}
C. Total compositicn in percentage by volunc,
Density of .
Loading 0,05 0.10| ©.15| .20} ©0.25] 0.30]{ 0.LO| 0.50
(gm/ml) '
I. Hitrceellulose
CO, 1,95 ] 16.19] 17.50| 19.40] 21,50 23.50| 27.60 | 31.60
co 35.361 3L.60| 33.35( 31,90 29.95] 28.251 21,65 | 20.96
20,01 20.67] 19.90} 18.00} 15,80 1,051 11.60 | 10.00
CE), o491 0,71 1.581 2.89| L.Bo| 6.20}| B8.LL | 9.80
N 11.19] 10.75] 10.62| 10.83| 11.0L| 11.16| 11.00 | 11.00
H,0 18,001 17.08[ 17,05 16.98| 16.91] 16.84| 16.71 | 16,6k
Tctal  {100,00§100.00{100.00}100,00 100,00 {100.0C [100.00 100,00
IT. Cordite Llinrk I
co, 21,07 | 21.98] 23.13 24.37] 25,67| 27,64 30.56 | 32.L8
e 26.L61 26,131 25.20] 23.91] 22,31 20,LL}| 17.6 | 15.0L3
H 13.53 | 15.12] 15,60( 15.53( 14,96} 13.93] 11,73 | 9.47
CH, . 0.23) 0.32] 0.54{ 1.00f{ 1.65| 2,u5| 3.98{ 5.5,
R 15,971 15,08 | 11,931 1h.85] 14,901 1h.95] 15,11 | 15.60
Hy0 2.7k 21.37] 20.60] 20.33| 20.31] 20.59] 21.16 | 21.48
Tetal  [100.001100.00{100.00 100,00 |100,00 100,00 {100.00 [100.00
III. Ccrdite ,D.
CO, 1L.85| 16.L51 18.35 20.30 'é2,25 'zu;15 28.15 | 32,35
co 3L.87| 33.95; 32,L0] 30.50| 28,45| 26.L51 22.60 | 19.00
H 18,951 19.204 19.00} 18.00| 16.65| 15,00 11.80 1 8..5
CH,, 0.29] 0.83| 1.60] 2.7C¢{ 3.95] 5.LO| 7.80| 9.95
N 12.89] 12,571 12,45) 12.50} 12.65] 12.85] 13.05{ 13.L5
H,0 18.15} 17.00} 16,20] 16,00 16,05] 16,15 16.60 | 16.80
Total ]100,00[100.0G0|100,0C|100.00{100.00{100,00{100.00 [100,00
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loading, The cause of these variations is considered in Secc, 39
in connection with 2 discussicn of the gaseocus equilibria existe-

ing at the temperature of explosicn,

35, Composition of powder gases from 2 gun

The experiments that have been referred te so far were per-
formed with clesed chambers. A few analyscs have boen made, how
ever, of ths gases formocd in an actual gun. Thus Noble [lggﬁ,
pp. L55~6] cbtained the results shown in the sccond colum of
Table XI by analysis of a sample of gas withdrawm from the breech
end of a 9.2-in, gun just gfter it had fired a charge of 103 1b
of éordite, giving a pressure of 16.1 tens/in? and a mizzle velo-
city of 2600 ft/sce. For compariscn, the last two colurms of this
tablce give Noble'!s analyses of the goscs obtained from firing
charges of cordite at a density of lcading of 0,05 in a c;osed
chembor, which in one case had boen exhausted and in the other had
been initially fitled with air a£ atmospheric pressure. The come
positicn of the gases in the gun agrees closely with those in the
closed chamber. Poppenberg and Stephan [12923] found from an
analysis of gaseous mixtures taken at various parts of the barrcl
thot there is meore carbon menoxide t the noment of explosion than
there is after the gases hove cocled dowm,

Tho ﬁresance of considerable quantitics of iren in the powder
gases was claimed by Siwy [129§], but he published ne supporting:

evidence, Hez did not even describe the nethod of deteetion,



Table XI, Products of combusticn of cordite in 2 gun
cempared with those obtained 1n a closed
chamber, in percentages.,

Product Gun (Mean of Closed Chamber ,
¢ Two Rounds ) With Air Evacuated
GO, 25.6 27.15 26.35
co 35.8 3L.35 35.05
H 19.0 17.50 19.50
CH), 0.5 0.30 0.60
N 19,1 20,70 18.50
Total 100.0 100,00 100,00 :
36, Explosion tenperature
28/

The theoretical cxplosion terperaturc™ refers to the termperas

ture te which the products of an explosion would be raised if the
reaction took placc adia batlcally This tenperature on the centl-
grado scalo is
Ty = Q/Cqs (V1)

where Q islthe mclal heat of explesicn 2t constant volume (referred
to products cocled to OOG), surmed over 2ll the components of the
original explosive, and Cy is the mean molal heat capacity from O
te T°C, swmed cver all the products of the uxplosion., Calcula~
tions of the explusion temperature based on this equétion arc dis-
cusscd in the noxt secticn,

Various attenpts have beon made to moasure the temperature of
explosion dircctly, Noble and Abel [1875; p. 17% in 1906 reprint]

5

28/ Also called adiabatic flamc tenperature,
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showed that the temperaturc of explosiom of gunpowder is higher
than the melting peint of platinun, by firing a very thin shcet

of platinmun and 2 coil of fine platinunm wire with large charges

of gunpowder in a closed charbber. Portions of the wire were weld-
ed to the sheet, and the: sheot itself showed the beginning of
fusion“when oexanined under a nicroscope.

Measurcment of the explosicn temperature of snokeless powders
by meaﬁs of thermocouples was attenpted by Macnab and Ristori |
[1900]. Becausc the heat losg is so great, the maximgmgtemperau
ture rocerded by a platinumsp}atinfhodium thermocouple in a closed
chamber cdepends on the diameter of the wire., Eagh couple of a
sories of ten made of wires ranging in dismeter from 0,010 to 0.0LO
in. was used to measurce the temporature of cexplosion of the sane
charge of powder under the same conditions, The enf of the galva-
nencter was recorded as o function of tine on o fixed phetographic
plate fitted with a moving silit. The maxirmn defleoticon was given
by the couple made of the thinmost wircs; the deflections of the
others were progressively less, It was hoped to extrapolate the
defloctions to a thermocouplc of zero thiciness, and to calibrate
thenm in terms of température; but the attenpt was not cntirely
successful, It was demonstratod that the explosion tomperaturcs
of the thrac eiplosives, guncctton, cordite, ballistite, inercased
in the order named, which is the same order as that obiailncd from

calculated temperaturcs.,

It has been suggested that cxplosicn temperatures night be
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29/
measured by means of the spectra of the burning gas, a method

that has been discussed recently by Brinknan [1940]. The line-
reversal method has been used successfully in nmeasuring the

flanme temperatures in the internal combustion engine., It was
suggoested by Lewis and von Elbe [1338, p. 337] that this methed
night be adapted teo the measurcment of the explosion tomperature

in a cloused chamber M"by suspending highly dispersed scdium salts

in explosion mixturcs and reccrding the reversal point photographi-

cally by pregressive adjustnent of the ccmpirison radiator.m

37. Explosicn pressure

The explosion pressure is the moxinmun pressure that would be

devcloped by the powder gases if the reaction took place adiabati-
cally in a closed chamber, It is related to the temperature of :
rexplosion T, by the equation of state of the powder gases. At the
high temperatures of explosizn, the intermolecular attracticn tern
In the equation of state can be neglocted, and the following simple
forn of equatisn suffices:

P, (v-w) = T (V-2)

o
where v is the specific volume of the powder gascs 2t the pressure

Pe’ o 1s their average covolume and B 1s the gas constant per gram,

29/ Thu temperaturc of the powder gases burning inside a
closad chamber has been determined rocently at the Geuphysical
Laboratory by measuring with photeelectric cells the intensity
of radiaticn -in different parts of the spectrum that is transmit-
ted by a quartz window in the side of the chamber, This techic
will be described by F. C. Kracck, W. Benedict and L. G. Bonner
in & forthcoming NDRC report.
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Since the density of loéding & is the reciprocal  of v, this equa-
tion may be written in the form ’

P, = ART,/(1=xb), (V-3)

&
Since w is approximately 0,001 for the six gases cormonly found as
products of combusticn of powdor [Sarrauw, 1893; Burlot, 192h], the
explosion pressure increascs almost lincarly with an increase 4n
density of loading. Because the number of moles of gas per gram
of powder depends on the gas cemposition, the constant R for a
given charge alsc depends on the composition,

Because of the rapidity with which the powder gases lose their
heat to the walls of the chamber, the pressure mnasuredgl/;n a
clcsed chamber nover guite azttains the thecoretical maximum, For
the samé reason it is doubtful whether the adiabatic explosion
temperature is actually reached. Some of Noble's cxperiments [1905,
p. 227] demenstrated the oxtreme rapidity of cocling., Thus the
pressure of the powder gascs from cordite fired in a closed chamber
decrecased from 39,000 1b/in? to 60 percent of that value in 1 scec.
The less of pressure is greater at a low density of lcading, MNoble,
neverthelzss, did nct corrcet the obscrved pressures, and hence his
measurements —- sorme cof which are reproduced in Table X,B -- show

considerable departure from linearity at low densities of loading

30/ This relation assumes that the weight W of the powder
gases 1s the same as the weight of the original Tharge, Then
v = VA, and in the metric system, A is numerically equal to
W/7, where V is the volume of the chamber (sce footnote 27),
The expansion of the chamber by the pressure 1s negilscted,

31/ See Chap. X for methods of measurement,
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and approach lincarity at high densitics. He had previously come
to the conclusicn [Noble and Abel, 1875] that the pressurc loss
due to the cocling would not exceed 1 percent, However, the spew-
cial experiments of Murcour [1923, 1925a, and 1525b] and of Crow
and Grimshaw [1931b] have shovm that this loss may casily oxceed
10 percent, especially at low densities of leading or in a small
chamber,

In a gun the conditions are much mere complex than in a
closcd chamber, becanse of the expansion of the gases as the pro-
Jectile moves forward, They will be considered in Sce. 50 in cone

Juneticn with a discussicn of the movement of the projectile.

38. Approximate calculaticn of temporature of powder gases

The temperature of the powdér goses ab the time of explosion
-may be c¢aleulated by either of two independent methods, which are
based on Egs, (V-1) and (V-3), respectively. The former is related
to the thermechemical propertivs of the powder and of the evolved
- gases. Equaticn (V-1) scens to have been used first for this pur-
pose by Mallard and Le Chatelier [1883}. Equation (?—3) was devole
oped by Abel as an cmpirical rclation in the forn
P = A8/(1-oh), | (v-L)
where A and o were cmpirical constents, and it is cften referred
to as the Abel, or the Noble and Abel, cquatiom,
The calculaticn of the temperature of oxplesion from the maxi-
mu pressure developed in o clesed chamber, in accordanéc with Fq,.
(V-3), involves two difficnltics. The cquaticn itsclf is only an

approximation, and therc is not at present sufficiont kmowledge of
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the kinetic properties of gascs under the conditions of tenpera=
ture and pressurc concernad for it to be impreved. The covolunc,
in particular, is imperfectly known. An cqually important Aiffi-
culty is that of measuring the truc pressurc of the explosion,

As already mentioncd, the gas is cooled sc quickly by the walls

of the chamber that the meximum pressure measured is somowhat less
than the true pressure., The correction to be added to the observed
pressurc was evaluated by Muracur [1923, p. 3233 1925a, p. L60]
from cxperiments in a closed chamber in which the area of the sure
face cxposed to the gases could be variced, Tt wns calculated by
Crow end Grimshaw [1931a, p. 50] as an cxample of hoat conduction,
from pressures measurcd in twe chambers of widely differcent sure
face arcas,

In the carly applicotions of Eg. (V=1) to the calculation of
the temperature of cxplosion, G was cvaluated on the basis of the
composition of the cooled powder gascs. It was cxprosscd as a
linear function of the temperature; whereupon Eq. (V=1) could be
solvedég/}or T. It was soon realized, however, that the products
of combustion found in a closcd chamber after it has cooled to
roon temperature are not necessarily the samc as thosc prosent
under the conditions of high temperature and hiph prossurce exist-
ing at the time of the explosicn, and also that the heat capaci-
tics of gascs at high tenperatures are net lincar functions of the

temperature,

32/ Sec Hayes [1938, p. 55] for an expositicn of this
solutlon,
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39. Secondary rcactions durine coocling

Experiments intended to elucidate the changes that take
place during cocling of the products of the explosion were cone
ducted by Poppenberg and Stephan, They confirmed Noblet!s ob-
servations (see Tablz X) thet the ratio

k = [H0]«[c0)/[cO ) [H,]
decrcased with increasc of densivy of loading. They explained
this variaticn by the assumpticn that the mixturce cocled norc
slowly at high densitics of loading, a.né hence that the "water
gas" reaction [Eq. (V-6)] had nore time to procecd, This view
mmsmmmﬁﬁﬂmdbyfuhms[RmmmmmgmmsuWMm,lgﬁg
made at the same density of leading with the explesien chamber
coolad to =120°C in one case and heated to 90°C in the other.
lore carbon dioxide was producocd at the high than at the low
température.

The formation of methane was shown te be a secondary re-
action by later experiments made by Poppenberg and Stephan [1910a]
and by Puppenberg [122;]. In some of then the oxplosicn took
place inside a small porcelain bomb contained in an evaevated
chamber, The sudden cxpansion of the gases when the porcelain
bemb burst so cooled them that the eguilibrium was frozen.

Criticism by Kast [1910] of the interpretaticn of these results

was 1ot by o further discussion by Poppenberg and Stephan [léﬂgﬁﬂ.
Their conclusicn with respect to the sccondary formation of methe
ane was confirmed by Muracur {1919a], who quonched the equilibri-
unl mixture by having it expand through a l-mm canal inte an cvace—

uvated vessel, It alsc is in agrcenent with the latest caleula-

tions [Kont, 1938a).
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Lo, Calculation of corrections for composition of powder gases

After it wes realized that the composition of the cooled gascs
reflected secondary reacticns during cooling, mcthods of calcula-
tion were developed to correct for them, Thesc correcticns, come
bined with improved data for heat capocitics of gases at high ten-
peratures and with increasingly precisc measuremonts of cxplosion
pressures, gradually decreased the discrepancy between the values
of explesicn temperatures calculated from the maximum prossure and
those calculated from heat capacities. At first [Neble, 1906, op.
h63—5; Poppenberg, 1909; Muraour, 1919%] the temperatures calcu-
lated from the maximum pressure were much too low, exccpt af“high

densities of loading. In a later comparison [Mnraour; 19242,

1924b, 192he, 1926] the disagreenent was mich less, Finally the
very thorough investigation of Crow and Grimshaw [1931b] resulted
in agreenent within 2 percont for the value of A --.thc ballis=
tic force of the propellant -~ derived frOm the heat capacity and
hzat of cxplosion aﬁd that derived from direct measurcments of the
explosien pressurcs ot different densitieélof'loéding. This func~
tion isithe leading coefficient-in_thé equation of étate adopted.
by Grow-and Grimshaw, u
b= Albraa?rasE®a,,l), ‘(v_s)r'. .

which is mcrely 5 more elaborate forn of the Noble and Abei aQua- -
tion, Eq. (V-L). - -

}The mgthod of cqlculation usad by de Bruin and de Pdﬁw [lggg]
and bnychmidt [lgggﬂAtc correct for the change in gas corposition

by the sccondary reacticns in coeling consisted in calculating the
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corrections to the ceomposition of the cooled gases, by application
33/

of the equilibrium ecnstant for the scecondary water-gas reaction,
CO + Hy0 = 00, + Hao (v=6)
30/

41, Calewlation of temperaturs and compositicn of nowder gases

The method of Hendersen and Hassé [1922], which was later used
by Popponberg [1923] end by Crow and Grimshaw {1931b], is superior
in that it dees not require a kmowladge of tho composiilon of the
cooled gases., By a serics of successive approximeticns the cquie
librium composition of the hot gasces is derived from the following
experimental data: (i} the nolal heat of explosicn at constant
volumey (ii) the chemical composition of the peowder in terns of the
chemical elements present; (iii) the cquilibriun censtant as a funce
tion of the temperature for cach of the reactions in which the pro-
ducts of combustion may be assumed to participate; and (iv) the
mean rolal heat capacity from 0% to the explosion temperatur& for
each of the substances that it is assumed might be present in the
explosion,

The nolal properticns of tho chomical species assumed to

participate in the cgquilibria at the touperature of the explosion

22/ For o discussion of this recaction, particularly in
flarcs, see Bone and Townsend [1927, p, 322].

3L/ Hirschfelder, HMeClure and Curtiss [19L2] have systonaw
tized tne calculaticn of the adiabatic flame tenmperature and the
compesition of the powder gas. Their method is based on the same
data as is the one deseribed in Sce. L1; but instead of carrying
cut the appreximation by assuming successive values for the flame
tenperature, they calculate the cnerzy loss at twe different
assumed flamc temperaturcs, and then, by lincar interpolation be-
tween these values for that flanme teaperature which would corre-
spond to zerc cnergy less, they obtain the true flame temmerature,

.
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ferm the unlnownsd of 2 serics of sirmltancous algebraic equations,
One group of these cguations of cenditicn is based on the known '
chemical compositicn of the powder. The other is Jderived frem the
cquilibrium censtants for the assumed equilibria, ovaluated at a
provisionally assumed temperature. The solution of those simmul-
tancous equations gives the first approximation to the molal cone
position at the time of explosion. (Hoenderson and Hassé con-
sidered only the water-gas reaction in the main caleulation, and
then used the equilibrium constants for varicus other pessible re-
actions to obtzin second-order corrccticns.) From this result and
the assumed temperature, the mean molal heat capacity Gy of the
whole mixturs is calculated, and then the experinental value for

the heat of explesicn is divided by G, to compute the temperature
[Bga. (Vv=-1)1. ﬂﬁswmmofﬂwtmwmmmm,mmmwﬂldﬁmr
somewhat from that originally assumed, is uscd as a basis for a
rcpetition of the caleulaiicn, Finally, after on2 or more repeti-
tions, the computed temperature will agree with the assuned tenpera-
ture. This value and the corresponding melal compeosition are cone
sidercd as thosc of the burning gascs,

This nethod of calculation, which involves the simultancous
ccnsideration of a number of cquilibria, was used by Kent [1938a)
in a recalculation of the corposition of the pases from two of
the powders previously considered by Crow and Grimshaw [1931b].
The egquilibria invelving the formétion of methane and nitric oxide

and those for the disscciaticn, of wailer and nitrogen were included ¢

in addition to the water-gas reaction, which had becn the only onc
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P

consideraed by Orow and Grinshaw, This.rccalculation nadc use

of the latest values for heat capacities of gases at high tempera=-
tures, obtained largely from measurcuents of band spectra [Davia
‘and Leah, 1934; Lewis and von Elbe, 122§,'Chap. XVI}. The results,
which arc reproduced in Table XII, show that the early assumption
of the deminance of the water—gas rcaction was cerrect. Later un=-
published computations [Kent and Lane, lggi] invelving o total of
twelve different equilibria have not changed the results natori-
ally,

The water-gas reaction does not invelve a veolune change if
the gascs are i1deal, and hence the cauilibriuvm is ncot 2ffzcted by
chage of pressure, On this basis it has boon arguod that the
apparcnt change of explosion temperature and of heat of explosion
with veriation in density of lcading ar:e spurious effects. The
existence of reoctions involving volume changes in the powder
gas¢s, however, brings in a2 glight variation of the ocxrlosion

temperature with change of pressure, as showm in Table XIT,

h2. EBEguilibrium cenditions durins burning

Althcugh the caleculaticns Just discussed furnish us with our
bast kncwledge of the composition and termerature of powder pascs
at the time of explosion, there remain two possible sources of
uncertainty, in addition to the uncertaintics of the experimental
data inveclved in the calculation, The variation of the heat ca-

pacity of the gases with pressure [Muracur, 192ha, p. 330) has

35/ Hirschfelder, MeClure and Curtiss (referencc 3L) have
repeated the caleculaticn, using 2 variaticn of this nethod with
the additional refincment of corrceting for the fact that the gas
is nenideal,
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Tablo XII, Partial pressurcs, in atmespheres, of the
censtituents of powder gascs, and tcempera-

ture of oxplosion.™ d
Powder Nitrocellulose Ballistite g
Pressure V
(atmes) 3L0 3400 340 3400
co 138.L8 1386.5 81.0L 756.8
CO, L0.92 h11.0 73.86 827.5
H,0 82.00 827.9 88.89 9611 ,8
N, 36,17 326.6 50.5L 522.5
H, L0.69 LOT.L 12,60 111.2°
O — - 5.08 26,0
N 0.01 — 0.17 1.3
8L 2.9 3.1 16.1
.01 - 1.76 7.2
CH 1.02 3.5 18.99 133.9
NO 0,06 0.2 3.86 3Lh.7
Tenp. (°C) 2663 2689 3398 368

*After Kent [1938].

not been taken intc account, Moesveld [1928, p. 3L] concluded,

however, on the basls of the van der Waals equaticn , that the

veriation is neglisible at hizh teaperaturcs.

The cother source of'uncertainty, namely, the asswiption of

a state of equilibrium among the atons of a gas, is morc irpor-

tant, because this assumpticn underliss all the calculations,

Muracur [192La, p. 335] suggested that during combustion cquilib-

riwl may not be maintained; oxygen, for instance, nay react nore

rapidly with hydrog'en than with carbon. He considered, never-

theiess, that equilibrium would be cstablished as soon as burn-

ing was completed,
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Lewié and ven Elbe [1938, p. 306] pcinted out that in the
abscorption of the cnergy of explosicn by the gas nolecules there
may be a lag in the excitation of the translationdl degrees of
freeden of carbon dicxide, carbon noncxide and nitrogen, Tho
resulting nmomentary cexcess of translational cnerpy causes "a
hicher ﬁressurc which lasts for a period comparable with explo-
sion times,. Ultinately, onergy cquilibrium anons all the deprocs
of fresdenm is established. Thus, the heat capacity of these
gases 1s a time function,Y A somewhat similar possibility of
nonequilibrium cenditions is that supzested by Crawford [1221],
who considered that beeause of the very rapid rate of burning
in a pun, the gas kinetic conergy of the products of combustion
lags behind the radiant energy field of the oxplosion systen.
This would cause a considarable deviation fron the van der
Waals cguation,

An investization of cquilibrium has been made recently ot
Aberdecn Proving Ground in ccllaboraticn with Prefessor H, C;
Urey [Kent and Lene, 1941], A small anocunt of barium carbonate
cpntaining o heavy isotepe cof earben was fired with a charge of
powder, and then the distributicn of the hesavy isotope between
carbon moncxide and carbeon dicoxide was determined in thé Pro=-
ducts of the combusticn after they had been quenched by rapid
expansion, According to a preliminary report of these experi-

36/

monts, the heavy isctopz was feund unifernly distributed

36/ R. H, Kent, persenal commmication to R, E, Gibson,
Jan, 28, 19L2, - '
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between the two gascs. This is considerced as cvidence that

chenical equilibriun had been reached during the combustion .

of the powder,
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CHAPTER VI, MOVELENT OF THE PROJECTILE IN THE BORE

43, The detailed mathenatical descripticn of the rovenont of

- the projectilé in the bere of a sun, which is one of the princi-
31/

pal prcblems of intericr ballisties, 1s tco invelved tc be pre-

sented in this repert, Instead, a few ocutstanding details of

" that deseription will be menticned in their relation to erosion.

L. Rate of increase of prcssure

The ratce at which the pressure increases hchind a projec-
tile in a gun depends én the interaction of several factors,
It is contreliled principally, of ccurse, by thoe rate of burning
of the powder, hut this reciprocally depends on the pressure,
In a closed chanber the pressure riscs at sn ever-inercasing
rate until the powder is nearly all burned., In o cun, however,

! the ratc of increase of pressurc is partly checked by the ine
crease of velunc caused by the moverent of the prejectile, At
first the expansion is slow, because the pressurc is low and also
because the resistance to mevenent of the projectile is hirh until
the rotating band has been cngraved by the rifling (sce Scc. h6).
Later the cxpansion is fast encugh te offsct partially the in-
creased rate of burning of the powder., WNext the anount of burn-—

ing powder becomes so small thot the evoluticn of ras hegins to

3?/ The L2 Duc cquation for the velscity of the projectile
in the bore, which is used in db31~n1n  new guns, is described
. - in Haycs [1938 rp. Th=81] an! in Naval orcnance [1939, pp.

50-85]. A mors refined forn of scnicmnirical calculgtlcn is
afforded by the use of the Tables for interior ballistics pre-
nared by Bennett [1921],
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decrease, This offect combines with the over-increasing cxpan-
sion to cause the rate of increasc of pressurce to become zero,
"After the attainment of o maximun pressure, the renainder of

the powder is burncd within a shert interval of tinme during which
the pressurc deercescs slowly, Finally the pressurc continues to
decrcasc approximately ns in an adiabatic cxpansion, The curves
of pressure versus time for several guns (Fig. 1) clearly show
these varintions of the pressure. They are photogrephic records
made by neans of a cathode-ray osgcillograph attached te a piczo-

clectric gage during thoe firing of actual runs,

L5, Position of projectile ot maximum pressure

Althcush the time required for tho pressurc to build up to
a maximum is a considepable fraction of the total time the projec-
tile is in the bere, up to the noment of noxiiun pressure the prow
Jeetile has noved only a fow caliber lengths from its initial posie
tion. At the tinme of maximwm pressure that part.of the bore of the
gun between the brecch and the base of the projectilc is subject
to the maxiium pressure. After that the pressure deercases slow-
1y as the projectils continues te nove toward the mizzle. The
muzzle pressurc, the exacf value of which depends on fhe spoed of
burning of the powder and on the length of the tube, is of the
order of one-fcurth the naxirum pressure,

38/

U6, Friction of the projectile in the bore
| 39/

Both stetic and dynanic measurcnents . have becn made of

g
o

38/ 8ee Sce, 53 for heat of frictien.

|

o, 29/ Scme of the carliest static neasurcnonts wers made at
Watertown arsenal with the "Unitcd States Testing Machinet and woere

‘ i;ported in Tests of metals publishoed annually by that arsenal.
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the initlal rosistance of the prejectile to movenent, caused by
the work required to engrave the rotating band -= or the soft -
-metal jacket, in the casc of a bullet -- and the subscquent fric-
tion between the borz and the two parts of the projectile that
touch it, nanely, the rotating band (Sce, 18) and the dourrclet
(Sec. 17), In one case, for instance, the resistance in a worn
75~rm gun, M1897 (fired 7755 rounds) was found to be 40,000 1b

at the origin of rifling and about 15,000 1b at the huzzlc {Ord.
Dept., 1922b], The actual resistance tc a moving projectile,
however, is probably mueh less than the result of sﬁch a statie
rmeasurcment. This was indicated Ly the fact that when projec=-
tiles having rotating bands of reduced dianmeter were fired from
a 240-mn howitzer, practically no éffect on pressure or velocity
was found [Ord. Dept,, 1922a]. This conclusion is in agreenment
with the suzgestion of Justrow [1923] that the friction between
the band and the bore corresponds approximately to that of a
piston adjﬁsted for suction.

A summary of several dynsmic methods of measuring bore fric-

tion has heen given by Kutterer [1542]. TIn Cranz!' method a shot

is fired fron a shortened tube from which it initially protrudes

about one=-third its length, The enzraving resistance is taken

equal to the mean pressure corresponding to a series of equal

charges which are just sufficient to eject the projcetile alout

half the time. In several other methods the frietional force

is cvaluated as the difference “oetwoen the forece tending to push .
the projectile forward and the force of recoil, In Sélert's

method the frictional force is ovaluated as the difference he-

tween the force acting on the projectile ond that acting on a
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'£ric£ionless piston inscrted in an axial hele through the shot,
These two forces are measured by differentiation of two space-
time curves obtained by neans cf recording tuning forks on
frictionless slides attached to the shot and the pisteon.,
Licbessart improved 5ébertts nothed by measuring the displace=-
ment optically, '

The nethod of Cranz and Schardin [1932] utilizes a breech
block consisting of o heavy frictionless piston, having the same
arca as the projectile, so that the forces on them arc the samé.
Hence, when the gun is fired from a free recoil carriage, the
tube is pulled forward by the frictional draz. The. frictional
force is the product of the mass of the tube and its accclera-
tion, The latter is obtained by the cdouble differentiation of
the space-timc curve for the twbe. Kutterer [1942] modified
this methed by mcasuring the acecleraticn of the tube cdircctly
by attaching to it 2 frictionless piston which registoered
azainst a piczocloctric qﬁartz Tage.,

The netheds menticned have required a medification of the
operation of the gun or projectile, The fricticn of a standard
projoctile in the vore of a th=in, Navy gun was detormined in-
directly during an investisation of the ballistics of this gun
[Bur. Stond., 132Lal. The pressure on the base of the projec-
tile conputed frem the acceleration of reecil was less than the
gas pressure in- the charler ﬁeasurod with a spring pressurc gage,

& Lo/
This differcnce was censidered a neasure of the friction,

LO/ Preparations are %eing made for application of this
method to measurenent of the friction and also other ballistic
properties of severzl runs of noderate caliber, uncder the super-
visicn of He L. Curtis of the Natlonal Burcau of Standards, for
Section A, Divisicn 4, NDRC,

.
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1/

A directercading gage  has been suggested roecently by Snith
[1942], It consists of a quartsz piezoclectric page mownted in
the base of the projectile and connected to an ¢scillograph by

neans of a wire that comes out the muzzle of the pun,

L7. Relation of friction to erosion

Tha diverggnt viewé concarning; the influcnce of the rotat-
iny band on erosion have already 'sen menticned (Sce,.19). The
maznitude of neither that influence nor that of friction betbween
the bDourrelet and the bore has been cvaluated, Nonsymmetrical
muzzle erosion has been ascribcdgg/to the wear between the
bourrclet and a particular land with which it remains in contact
during most of its path dowﬁ the Lore,

It is generally agrced, however, that the amcunt of erosion ¢
caused by friction between the projectilo and the bore is greater
in small arms than in puns firing projectiles with rotating bands,
The differcnce between the erosion in the two kinds of weapcns,
however, scems to Le merely onc of degree rather than of kind,
This point of view was cmphasized by Greaves, ibram and Rees [1222,
p. 158], who suggested that although the total amount of metal
eroded per round increases with caliber (see Table XVIII), a

smaller proportion is removed by friction in the larper puns. This

41/ This rage is now being used in a series of measurc-
ments with a 3-in, gun at .berdeen Provin; Ground under the
guspices of Scction A, Division .4, NDRC, See Crocker and Smith

[15h2].

42/ Arthur E. Jewcll, Gage Scction, iberdeen Proving Ground,
personal commnication, :
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conclusion is based on the fact that the force applicd to unit
arca of the surface of contact between the rotating band and the
bore is abcut the same for all cuns fired ét the sane pressure,
whoreas the heat input to unit arca of the bore surface increases
very ropidly —— because the ratio of the weisht of charge to bore

surface increases lincarly -- with an increase of caliber.

LB. Velocity of the projectile in the tube

The velocity of the projectile continues to increase as the
gases expand after the time of maxirmm pressure. HNoble invented
the chronoscopé for the determination of the wvelocity at different
points down'thﬂ tube by recording the times when the projectile
passcd thesc points, In the original arrangonent described by
Noble and Abel [1§Z§]: the tube of the pun was drilled at a
series of points along its length, Each hole was fitted with a
plug which carried a wire arranged in such a way that it was cut
when the projectile passed that point, Cutting the wire inter-
rupted the prinmary current of an inducticn ceil, whercupon a
spark reccrded itself 5n a picce of paper attached to a disk,

36 in, in cireumfercnce, that was raotating with a constant speed
of about 1250 rev/min, The instrument was capablc of recording
the nillionth part of a secend, and when it was in ;ood working,
order, the probable errcr of a sinrle observation did not excced
Loor 5 x 1070 sec. .fter the distance of travel of the projec-
tile‘had been cxpressed as a function of the tine, the velocity

and the pressure were computed by two Qifferentiations. A sore-

what sinilar contacting arrangeoment was used at /berdeecn Proving
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Ground [Kent and Hitcheock, 1923] in a study of the internal
ballistics of a 2LO-mm hewitzer. 4 scries of 13 contacting
plugs were connected to an osejllosraph to obtain a dircet timee

travel record,

L9. Muzzle velocity and encrgy

The muzzie velocity of the projectile, which is an impor-
tant characteristic of the gun, is determined by measuring with
w - .

a chronograph  the time required for the projectile to pass be-

tween two velocity frames sct up at measured distances in fronmt

of the gun, and then applying a corrcetion to take carec of the
small change of velocity between the muzzle and the point of
measurement. For the first 10 yd or so the velocity is increascd
by a few feet per second by the rush of the cscaping gases, and
then it decrcases, The muzzle velocities of the puns in use to-
day generally range fron 1500 to 3000 ft/sec at full charge, If
the full range 1s not neaded, some of them, howitzers especially,
arc fired at reduced charge, which yields a lower rmzzle velocity.
‘The muzzlc energy, which is a measure of the power of the
projectile, is determined by the rwuzzle velccity, the velceity of
rotation and the mass of the projectile. The proportion of the
powder energy represented by the ruzzle velocity is the therno-
dynamic officiency of the qun. This efficiency is gbout 30 per-
cent, as is shown in Table XV {See, 52). The mechaniecal effi-

ciency of a gun, considered as the ratio of the muzzle enerpy to

L3/ Sec Ordnance Dept, [1936, No. LO-17] for a deseription
of the procedurs of this measuremoent,
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the work represented by the arca of the ideal indicator diagranm,
was calculated by Henderson and Hassé [1922, p. L73] as 8L to 90
percent for a number of British suns fired with cordite MJD, at

ruzzle velocities of about 2700 ft/scc,

50, Effsct of expoansion of powder pases

Although the pressure in a gun firing a service round is
about the sane as in a closed chamber at a density of loading
of 0.20 to 0.25 (sce Tables I and X), the pases in the two en=
closures arc not subject to the samc conditions up to the
noment of maximum pressure. In the cleosed chamber this pressure
is attaincd withcut the performance of any work by the pas, where-
as in the gun the pas expands at the same time that the pressure
increases. Because the secondary water-gas reaction [Bg, (V-6)]
invelves no volume changé if the gascs are ideal, this expansion
has luss offect ch the gross composition of the powder rascs
than it otherwise night. On the cther hand, 2 possibility which
nay be of special sirnificance in connection with erosion is that
the expansicn qizy promote some reacticn that is affected by the
change of pressure, and thereby cause the formatien in the pas
mixture of a chemical combination that might readily rcact with
the steel bore,

Another possible cause of a local disturbance of the gase-
cus equilibrium is the cocling of the gas. In a 3-in. antiair-
craft gun, for instance, the cocling has been found by calcula-
tion to be about 1000°C by the tinme the gases reach the rmzzle,

which correspends tc a sradient of about 3° per centimeter
P 7 pe
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travel of the projectile, Most of this cooling is caused by the
work performed in pushing the projectile down the bore. BRecause
it aﬁfects the mass of gas as a whole, any change of composition
resulting from this part of the cooling is distributed uniformly.
Part of the cooling, however, is caused by contact of some of the
gas moleculeé with the cold surface of the bore; and this change
is nét uniform, Not only is the cooling confined to the layer of
molecules adjacent to the wall of the bore, but the return of
these molecules to the main mass of gas is hindered because they
are drawn forward by the movement of the projectile, This uni-
directional gas stream may have a different composition from that
of the rest of the gas, since an exothermic reaction would be pro=
moted by cooling, This possibility may be important with respect
to erosion, because this stream of gas adjacent to the surface of

the hore might react with it,

L/ The adiabatic explosion temperature (see Sec., 36) is
independent of the amount of the propellant, The temperature of
the gases at the muzzle, however, is lower the smaller the amount
of charge, For a 3-in. AA gun M3, the muzzle gas temperature was
calculated to be 16L0°C for a charge of 4.8l 1b of pyro powder,
for which the explosion temperature was 2700°C, With a charge of
5.00 1b of NH powder, which had an explosion temperature of 21,00%,
the muzzle gas temperature was calculated to be 1430% [Tolch,
1936b, p. L), ‘ -
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CHAPTER VII, REACTION OF THE TUBE TO FIRING

51. Tempersture of the tube

Direct measurements of the temperature of a gun tube haye
been made by means of thermocouples welded to its outer surfage,
The average results obtained for a number of different guns at
Aberdeen Proving Ground are summarized in Table XII1, which has
been copied from a survey by Lane [1938]. In arriving at this
average rise of temperature per round, allowance was made for
cooling effects when the fire was slow enough to warrant swch a
correction, In the case of the 3~in. AA gun M3, for instance,
the cooling was found to be unimportant at rates of fire of 10
rounds/min and more [Tolch, 1936b]. The larger temperature rise
per round shown in Table XIII for the measurements near the
mizzle comparced with thosc near the breech end of the tube re-
sulted from the heating of a smaller amount of metal rather than
from the presence of a larger quantity of heat. This situation
is demonstrated by the figures in the last colum, which show that
the most heat was absorbed by the part of the tube farthest from
the muzzle.

Translation of these results into terms of the heating of a
gun under service conditions is difficult except in the cases of
very rapid firc or of sustained fire at a steady ratec., The ex-
pected temperature rise = for a single burst fired very rapidly is
practically the product of the number of rounds fired in one burst
and the average rise in temperature per-round. Thus Lane [1935)

calculated that the bore surface of an aircraft machine gun reached
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1370°% after having fired 600 rounds in % min. In this calcula=
tion the cooling effect ﬁas allowed for to the cxtent of L per-
cent of the heat input. In calculating the temperature of the
tube after sustained fire at a steady rate it is necessary to make
allowance for the cooling, which depends materially on the wind
velocity. Cooling rates for the same guns listed in Table XIIT
have been compiled separately by Lanc [193%a).

One importantlway'of expressing the heating of the tube is
in terms of the rate of firoe necessary fo maintain a particular
temperature. For the caliber ,30 machine gun these rates, meas—
ured directly for temperatures of 2009, BOQO and LOO®C above
ambicnt temperature, are given in Table XIV in comparison with
similar rates that had been calculated from the results of temper-
ature measurements with other guns, Such data are of practical
importance in deciding on allowable maximum rates of fire; for if
the temperature at the breech end of the tube Increases too much,
the steel will be weakened to such an extent that the gun may
burst, Tolch [1936a] calculated for the 105-mm AA gun M1 that at
164 in, from the muzzle the maximum allowable temperatufa was
hOSOC; that is, at this temperature the tensile strength of the
steel had decreased to such an extent that the factor of safety
was reduced to unity.

The effect of artificial cooling of the barrel, as by the use
of a sclf-cireculating water cooler, is illustrated by the data in
Tables XIIT and XV for the air-cooled and water-cooled caliber 'Sd.

machine guns, After similor firing of the same ammunition, the
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Table XIV, Temperature of the breech end of the gun tube
23 2 Jusction of the rate of fire; single-base

povier.

! - - « . . -
Lote of Fire Nocgssory to Mointain Temperature

Terpreaturae | oyt ey o

AL v | {“otnuo/m_nj

Amuient | cal. .300Cal. .50 B.G.] 79w [3-in, AA[105-mm A4
(con e, 8 ; siroenoled® | M1897E3¢| gun 39 gun M1©
200 it 8.7 3.3 1.1 0.9
300 17.8 L3 5.5 1.8 1.k
Lon | 22,1 i 20.8 7.7 2.6 2.0

! H
an

Corresponding rwtgs of flrb obtained with double~bsse
powder were: 200°C, 9,1y 300°C, 15.L; hu0%C, 18.8 rnd/min
[Toleh, 12357,

Prolsh [19362]).

°This gun had becn modificd by the removal of the bronze
Jacket from “he regulor gun of this model. It was concluded as
a resuit of “he touperature measurements during firing tests
that "thz incrsase in hooting effect due to the modification is
partially, irf ust whelly, conpensated for by the inerease in
cooling rate” [Pickiasoa, 1936].

droleh [193¢h1,

°Tolch [1936al,

barrel'pf the former had rsachazd an average temperature of nearly
3509C, whereas that of the latter was not much above 100°C. The
quantity of heat absorbed by the waterw-cooled barrel was nearly
L0 percent greater than that absorbed by the air-cooled one;_and
yaet its projuctile derived 1 percent more encrgy from the same
amount of powder., Thus the lowcred toemperature of the barrel,
which tends to incrcase the life of the barrel, was sccured with-

out any loss of cfficicney.

52. Distrimtion of cnorgy in gun

The proportion of the total onergy of the powder that is

abscrbed by the gun tube is shown in Teblc XV in comparison with
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the distributicn of the remainder of the energy of the powder,
The amcunt shown as absorbed by the tube includes that absofbedl
by the bragss cartridge cases., For the caliber ,50 machine guns
this part was found by a calorimetric measurcment to amount to
about 300 cal, which raised the temperature of the casec to about
81°¢. The percentages of encrgy absorbed by the tube, shown in
Table XV, agree re¢asonably well with the figure of 22 perceat
caleulated by Cranz and Rothe [1908] and with that of 15 percent
deduced by Muraour [1925, p. L77] from closed-chamber measure-

rents,

Table XV, Percentage distribution of cnergy of powder,

-

.50 M2 Machine Gun | 3-in. &4 Gun M3°
Distribution RPir-cooled, |Water—cooled,
Pyre Powder®|Pyro Powder®? (Pyro Powder |NH Powder
Velocity and spinf 28 29 29 32
of projectile
Heat of gun 16 22 1 9
Velocity of gase§ 27 27
56 59 60 59
Heat of gases 29 22
00 700 100 100
Energy (cal/rnd) 11,340 11,340 1,035,000 {1,5L0,000

*Muzzle velocity, 2600 ft/sec., Fired 500 rounds in three
groups at different rates [Tolch, 1936c],

thzzle velocity, 2600 ft/sec. Firsd 40O rounds in three
groups at different rates [Tolch, 1937].

Muzzle velocity, 2800 ft/sec. Pyro powder: 15 rounds in
L5 min; NH powder: 25 rounds in 80 min [Tolch, 1936b].

53. Heat of friction

Transfor of some of the energy of the powder to the tube

takes place indirectly by means of the heat of friction of the
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projectilc as it passes down the bore (see Sec. L6) as well as

dirsctly by contact of the hot gases. & mcasurement of the ex— .
tent of this indirect transferwas attempted [Ord. Dept. 1924]
by comparison of the heat abscorbed by tﬁo 37-rmn guns that had
been fired 100 rounds cach under the same conditions, cxcept
that the projectileé for the one gun had standard bands, where-
as those for the other gun had very narrow bands, the cylindri-
cal portion having been 0,03 in. wide instead of 0.5 in, Each
gun was imnersed in the same quantity of water at the end of
firing, The rise in temperature of the water was 5% in both
cases, Hence, as far as this somewhat rough measurement was
concerned, the heat of friction was prebably less than 10 per-

cent of the heat absorbed from the powder gases,

Sk, Tenperature of the surface of the bore

No direct measurement of the tomperature of the surface of
the borc of a gun has been asttempted during firing, Soﬁe measure-
ments have been mads directly after firing by pushing a thermo=-
couple junction into the mnzzlé of the gun and holding it against
the bore surface with an asbestos pad., Such = procedure yields
a result of very questicnable validity, because of cocling before
the measurement can be nade,

The closest approach to a direct measurement of the tempera-
ture of the bore surface was made by Kosting [1935] on a Garand
caliber ,30 automatic rifle. A thermocouple junction was placed

at the bottom of a hole drilled inte the barrel 7 in., from the

breech end (0,06 in. in front of origin of rifling) so that the -
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s/

junction was only 0.077 in. from the bore surface. The maximum
temperature éfter firing 51 rounds in 1,3 min, with the tube
already hot from previcus firing, amounted to 185°¢, At the same
time the temperature at the surface on the same radius was h28°c.
Hence the temperature of the bore surface was cstimated to be
sormewhat in excess of SOOOC. Measurenents at several other points
along the barrel were made simultaneously by means of recording
potentiometers, They indicated that longitudinal heat flow was
much greater than radial heat flow,

The temperature of the bore surface was computed from that
cf the outside surface of the tube of a 105-mm A4 gun M1 by Tolch
[1936a, p. 10], using the Fourier equation for heat flow. The
greatest difference between inside and outside temperatures was
at the measuring point nearest to the breech, There the maximum
outsidc tenperature was 2?9°C, and the corresponding bore témpera—
ture was calculated to be 3h9°c;.but this result depends on several
somewhat doubtful assumptions. |

The calculation of the temperaturc to which the bore surface
is raised by a single reund is even nore uncertain, Laﬁe [122221
develeoped a method suggested by R. H. Kent that is based on a

known rate of heat input. For a 75-mn gun an increasc of 179°C

L5/ In a private communication, dated dug.-22, 1942,
Kosting pointed out “that because of the use of the recording
potentiometer the time lag would be such as to measure average
temperatures and not peak temperatures, and also that the thermo-
couples placed within the hole drilled into the barrel were held
in place by friction and were not spot-welded to the steel. I
now look with disfavor on any experimental werk for cevaluating
temperatures in which the thermocouple is not spot-welded at the
point where the temperature is to be measured.!
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was indicated at the interface, wherecas it was only 2° at a depth
of 0,045 in, below the surface. Kent [19L1] himself criticized
this method, cn the grounds tha£ it assumes that the heat capacity
and ccenductivity of the surface layer of the bore are those of the
steel throughout the tube, whereas he pointed out that possibly
these properties arc considerably different in the altered surface

layer. He recormended that an attonpt be made to measure then,

55, Dilation of the bore

Part of the pressufe of the powder gascs during firing
neutralizes the residual compressional stress that is present in
a nodern gun as a result of the method of manufacture.(SGG Sec, 6),
and then the remainder of the pressure places the tube in a state
of tension. There is no gquantitative information as to how mich
compressive stress is retained by a built-up gun or by a radially
expanded (cold-worked) one, The final machining operations,
especially the rifling, must relicve some of the compressive
stress, and later, when the gun is in service, probably more of
it is gradually dissipated, The calculation of the increase of
diameter of the bore from the pressure is further complicated by
the nonhomegencity of the stress distribvution that is occasioned

by the rifling.. Justrow [1923] rather naively disregarded these

L6/ Dr. P. R. Kosting (private communication, iug. 22, 19L2)
remarks that recent British firings have shown that the engraved
portions of the rotating bands of some recoversd projectiles werc
larger than the diameter of the bore of the gun. Hence the tube
must have expanded ahead of the rotating band; ond therefore the
stress distribution in the tube is more complicated than if the
gun is considered mercly as a cylinder subject to a wiform inter-
nal pressure,
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factors in his elaborate calculations of the dilation of the bore.
The bore diameter is also changed by the rise of temperature.

If the whole tube heats up gradually, the inside diameter increases.

Thus for a 105-mm gun the increase would amount to about 0.00L in.

for each 100°C rise of temperature above ambient [Tolch, 1936a,

p. 6].

56. Contraction of the bore

Contraction of the bore may occur whenever the bore layers
are stressed beyond their yield point, which varies inversely as
some function of the temperature, A sudden increase of 100°C in
the temperature of the bore would correspond to an increase of
30,000 1b/inf in the compressional stress%Z/ Fleming {1918] as~
cribed to this cause the complete elimination of the rifling in
a lewls antiaircraft machine gun that had been fired 2500 rounds
automatically (cyclic rate not known), during which time the barrel

had been observed to have become red hot. He suggested that the

projectile acted as a mandrel in the contracted bore.

57. Elongation of the tube

Compressive stress in the inner layers of the tube may be re-
iieved by elongation of the tube. This action is assisted by the
longitudinal siress caused by friction between the projectile and
the bore, Liners have been known to be caused to protrude in this
mannér, and even 15-in. gun tubes have been reported [Miller, 1920,

p. 53] to have been permanently elongated as much as %-in.

L7/ R. W. Goranson, private commmication.
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S8. Tangential stress

The rotary motion of the projectile during firing imposes a ‘
considerable tangential stress on the tube, For a 2,40-mm howitgzer
this stress was calculated under various assumptions to be as high
as %000 ib/in? It was therefore considered to have been a factor
that contributed to the failure of a number of such guns by burst-

ing or swelling [Ord. Dept., 1931]., Justrow [1923] attributed to

the tangential stress on the sides of the lands considerable in-

fluence as a cause of arosion,
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