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PREFACE

This handbook is the first of a planned series on Guns. It is part of a group
o handbooks covering the engineering principles and fundamental data needed
in the development of Army matericl, which (as a group) constitutes the Engincer-
ing Design Handbook Series. This handbook presents information on the funda-
mental operating principles and design of gun tubes.

This handbook was prepared by The Franklin Institute, Philadelphia, Penn-
sylvania, for the Engineering Handbook Officc of Duke University, prime con-
tractor to the Army Rescarch Office—Durham. The Guns Series is under the
technical guidance and coordination of a special committee with representation
from Frankford Arseiial of the Munitions Command; and Springficld Armory
and Watervliet Arsenal of the Weapons Command. Chairman of this committee
is Mr. Anthony Muzicka of Watervliet Arsenal.

Agencies of the Department of Defense, having need for Handbooks, rnay
submit requisitions or official requests directly to Equipment Manual Field Office
(7), Letterkenny Army Depot, Chambersburg, Pennsylvania. Contractors should
submit such requisitions or requests to their contracting officers.

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

A. SCOPE AND PURPOSE

1. The term gun tube, or =muply tube, is used
throughout thix handbook to designate the prin-
cipal part of a gun; i.e., that part which discharges
the projectile. Tt 1s used in its general application
without limitation as to caliber, and embraces the
terms gun barrel or barrel frequently employed,
espeeially in small arms ferminologv. The material
i this handbook discusses procedures for the design
of the various types of gun tubes. It is intended to
present various problems facing the tube designer
and in thix light diseusses the present approach in
tube design. This handbook should prove helpful
in familiarizing new personnel with the many phases
of tube design and alzo should he a useful reference
for the experienced.

B. FUNCTIONS

2. The tube iz the primary component of a gun.
Basically it 1s a tubular pressure vessel, closed at
the breech and open at the muzzle; except In a
recoilless gun in which the breech also has controlled
openings. The tube determines the initial activities
of the projectile. Before firing, it provides space for

the complete round. During firing, it restrains the
propellant gas i all directions except that of pro-
jectile travel, thus direeling the impetus of the gas
against lhe projectile. In recoilless guns part of the
gas impetus is direeted rearward to counteract recoil.
The azimuth and clevation determine the direetion
d flight. In rifled tubes the rifling imparts the neces-
sary rotation for projectile stability. In brief, the
mission of the tube is to direct the projectile toward
the target with a specified velocity

C. TYPES OF GUNS

3. Generally, the tube bears the label of the
weapon. Tubes arc placed in three general classes,
namely : artillery, small arms, and recoilless. Artillery
ecludes guns of over 30 mm in bore diameter, such
as guns, howitzers and mortars, Small arms include
automatic and semiautomaltie, single fire, guns which
generally do iiot execed 30 mun in caliber. A few
automatic weapons of caliber larger than 30 mm,
such as the 37 mm Vigilante and the 90 mm Sky-
sweeper, make specific classification difficult. Re-
coilless guns arc those of any calihcr n-hose recoil
forees are neutralized by the reactioii of propellalit
gas escaping rearward.



CHAPTER 2
REGIONS OF THE GUN TUBE

4. A gun tube may be divided into four regions:
the front portion or bore through which the pro-
jectile travels when the round is fired; the rear
portion or chamber which houses the round before
firing; the rear opening or breech through which the
ammunition is loaded; aiid the ‘front opening or
muzzle from which the projectile cmerges. In re-
coilless guns the rear opening or iiozzlc provides
for recoillessness. Exceptions do prevail with respect
to the functions of these regions particularly with
breech opening and loading technique. 1ot example,
most mortars arc muzzle loaded and have per-
matiently elosed chambers. Figure 1 is a typieal tube
showing the regions applicable to conventional gun
tubes,

A. CHAMBER

5. After loading but priov to firlng, the part of
the projectile forward of the rotating band or its
equivalent is located in the bore, and in the case of
recoilless ammunition, the pre-engraved band also
rests in the bore. The remainder of the round restix
in the chamber, which, except for revolver type
guns, 1s integral with the bore and consists of the
chamber body, the first shoulder, the centering
eylinder for artillery or the neck for :mall arms,
the sccond shoulder, bullet seat, and the forcing
cone, (Fig. 2a). The foreing cone i¢ a conieal frustum
whose slope extends through the origin of rifling
and interseets the borve surface. Fngraving of the
rotating band occurs here. The seetion inmmediately
to the rear of the bullet seat is called the centering
evlinder or neck. It is just large enough (0 receive
the rotating hand or the neck of the cartridge casc.
This feature i< not always found in heavy artillery

tubes. The main and largest compartment, the
chamber body, houses the propellant and igniter.
Parts b, ¢, d, and e, of Figure 2 show complete
rounds positioned i1 various tube chambers. Artillery
tubes using separate loading ammunition have the
inner chamber wall cylindrieal or conical, the mini-
mum diameter of cither contour being limited to
the maximum diameter of the foreing cone. If
conical, the Inner swrface may be the extension of
the forcing cone. On the other hand, for tubes firing
fixed and semifixed mimmunition, the clearances be-
tween chamber and carridge case and the slopes of
the chamber walls are critical, since the cartridge
case walls, by expanding, scal in the propellant
gases, bul must recover sufficiently after firing o
axsure casv case extraction. This is particularly
true in small arms where small clearances are de-
sired along the tapers ineluding those in which a
definite longitudinal interference is desired at the
first shoulder. During loading, the foree of the
breeehbloek may actually collap=e the case shightly
in this region to obviate the likehhood of axial
fallure of the case. This collapsing action is called
erush-up and contributes to ecasy ease extraction.

B. BREECH RING ATTACHMENT

(6. The chamber is closed by a Dbreechblock or
bolt or, ax in recoilless weapons, by the nozzle unit,
A breech ring supports the breechblock. The breech
ring 15 threaded to the outside of the chamber wall,
[t= counterpart in some =mall arms is the receiver
which houses the bolt. The nozzle unit of a recoilless
tube may be attached directly 1o the rear of the
chamber wall or to a modified breech ring. These
clementx are attached to the tube =0 that the re-

BREECH
"E RIFLED BORE MUZZLE
A AN \ \ = /f\t\’}\_; =
CHAMBER — %/,/,_/» S —
. AN \ Ny N N N . N
AN
FIGURL L. Typical Gun Tube Showiny Regions.



stltant gas foree applied to them may be transmitiee
to the tube. Thus, tube and Dreeeh assembly act
as 4 unit in transmittimg the resultant foree 1w the
structure supportmg the tube.

C. 20RE

-~

7. The bore is formed by the umer surface of a
circular evlinder. It is the accelerating tube for (he
projectile. Farly fircarms were smooth bore and
inherently inaceurate. Eventually, ¢ither by aceident
or design, it was discovered that spiuning the pro-
jeetile about the flight axis inereaxed accuracy.
Several methods have been introdueed 1o achieve
thi~ rotation. One method utilizes the hehavior of
air impinging on canted fins attached 1o projectiles
sieh ax projectiles fired from smooth bore mortars.
Another wethod zes rifling to impart the rotation.
Rifling consistx of splnes which spiral along the
bore surface. The raised portions are called lands.
the spaces hetween them are called grooves, The
spiral may have a constant angle of twist, i.c., a
helix, or 1t may have a variable angle of twist con-
forming to some exponential expression. As the
projectile moves through the hore, it turns with the
rifling at an angular velocity proportional to the
linear velocity and to the tangent of the angle of
twist.

8. Confact with the rifling s assured by having
the diameter of the jacket of a bullet or the rotating
band of a larger projectile at least equal to the groove
diameter. Then, just as the projectile starts to move,
the band or jacket is forced mto the rifling. This
process 1= called engraving and 1akes place at the
beginning, or origin, of rifling. For recoilless guns,
rotating bands are preengraved to chiminate the
large engraving forces which are undesirable in this
type weapon. Some mortar projectiles have a flaired
skirt, or sabot, at the base whicell is pressed into the
rifling by the propellant gas pressure. Rotating

oooreativey soft materiad which
are woelted, tunaes, o mechanically attacned to the
projectde. dackets may be considered asx bands
which cover the bullets completely. Either jacker,
rotating band, or sabot 1% necessary to trausmit 17
the projectile the angular aceelerating force imduced
by the rifling. and 1o serve as a seal to prevent pro-
pellant gases from  escaping pas: the projectile.

ban s oo tur

9. Tapered bores 1xquecze bores) have been used
in the past as a means to inerease muzzle veloeity.
An oversize bore at the chamber was gradually
tapered to a much snraller diameter near the muzzle.
The larger bore diameter exposed a larger pressurce
area 1o the propellant gases therehy inereasing the
projectile aceeleration. The projeetile relied on {wo
rotating bands having oversized diameters to keep
it centered and i ocontact with the rifling. The
bands, spaced far enough apart to Jorm an effective
wheelbase, were squeczed mward toward the base
of the projectile as it traveled along the tapered
bore. Thiz concept was proved impractical and now
has no more than historical significance. A more
logical use of the tapered bore is that practiced in
small arms. In order to decrease its diameter slightly
as the muzzle is approached, the bore is provided
with a shallow taper along itx entire length. This
design concept, better known as choke hore, hasx
been adopted to compensate for the antieipated
erosion. In shotguns, choke hore i~ applied to a
short distance at the muzzle to coutrol the area of
spread, or shot pattern.

D. MUZZLE

10.  The muzzle end of the tube serves as the at-
tachiment for front sights, blast deflectors, and
muzzle brakes. Blaxt deflectors do not apply severe
loads 1o the tube. However, muzzle brakes develop
large forces which wsnadly are transmitted to the
tube by a threaded attachment near the muzzle.
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CHAPTER 3
TYPES OF GUN TUBES

L1, Gum tubes are generally classified accordiiig
to weapon, i.c., artillery tubes, small arms tubes,
and rccoilless tubes. Each is subdivided according
to method of construction although a particular
constriction need not be confined to aiiy oiic weapon
type.

A ARTILLERY TUBES
1. Monobloc Tube

12, Artillery tubes fall iiito two categories, nrono-
bloe and jacketed. The true monobloe tube (Ifigure 1)
is made of one picce of material. A variant is the
liiicd tube which deviates oiily slightly in prineiple
from the true monobloe because the liner is usually
iiot a major coiitributor of strength to the tube wall.
Liners may be axsembled by shriiik fit or they may
be a loose fit. They may extend aloiig the full Iciigth
of the bore or for only a short distance at and beyond
the origin of rifling where erosioiils most =evere.
Liners may prolong tube life by being madc of
niatcrial which is highly resistant to erosion. Loose
fittiiig liners prolong tubc life by being replaceable
in the field. Most of the shriiik fitted type scrve
throughout the life of the tube. The length is de-
termined by the ability to maintain proper clearances
while the liner is being inserted into the tube.

Monobloe tubes are also used for mortars, an
adjunct of artillery. Mortars are nsually emplaced
manually and arc often transported manually, there-
fore low weight is essential. In this respeet, mortar
tube requircments arc similar to those of recoilless
tubes.

2. Jacketed Tubes

13. The jacketed, or built-up, type (Iignre 3) is
constructed of two or more close fitting, concentric
tubes not of the same leiigth. (It may, or may iiot,
have a replaccable liner.) The jackets do not extend
to the muzzle where pressures arc low but are oiily
long ecnough to provide the built-up tube with wall
thicknesses required by the pressure along the bore.
Assembly is iisually by shriiik fit. Although the
jackets arc iiot full-length, the inside tiibc, ineluding
its unreinforeed forward ciid, is still referred to as

the liner. Formerly, jacketed tubes ineluded the
wire-wrapped type. The wire, square in cross sce-
tioii, was wrapped uunder tension on a central tube
thereby inducing an initial compressive siress in
the tube, the same effect realized from shrink fitting.
However, its tendeney to droop and whip excessively,
improvement in manufacturing techniques, and ad-
vanees in inspeetion methods, have all contributed
to the replacement of the wire-wrapped tnbe by the
present jacketed type.

B. SMALL ARMS TUBES

T4, Small arms tubes nay be monobloe or they
may be made of two or more components, as are the
gnasi two-picce and the revolver type tubes.

1. Quasi Two-Piece Tube

The quasi two-picce tube (Fig. 1) is particularly
adapted to a machine giiii. It consists of two units:
a lined {ube and a cap. The cap contains the cham-
ber. The iuiits are assembled permanently by a
combination of threads aiid =hrink fits to bhecome,
virtually, a oiic picce, hned tube.

2. Revolver Type Tube

Another small arms barrel is the revolver type
sketched in Figure 5. It has two primary components,
the barrel and the drum. 1'hc barrel contains the
forcing cone aiid bore and, in this respect, is similar
to other tubes. The drum is the chamber housiug.
It is made of oiic picee so that the chambers which
may number four, five or six, arc integral. These
arc cqually spaced around the axis of the rotating
drum and arc so indexed that each one, in scquence,
becomes aligned with the bore when the drum stops
for tho round to be fired. A seal, earried by each
chamber, precludes the escape of propellant gases
between drum aiid tube.

In contrast, the several tuhes of the Gatling type
zim (Pig. 6), although operating #is a unit similar
to the revolver type, arc complete conventional
tubes, cach with its own chamber and bore. The
advantage of this type lies in its capability of a
high rate of fire while subjecting the individual tubes
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to a relatively low rate. The design criteria differs
only to the the extent that individual tiibcs derive
considerable rigidity from the assembly aiid there-
fore can be made as light as iiiduced stresses, ma-
chining operations, aiid handling abuse will permit.
The ring supporting the tiibcs at the muzzles, one
of the parts furmishing this rigidity, has been omitted
from Iigure 6.

C. RECOILLESS TUBE

15.  If practical, monobloe eonstruction is preferred
for recoilless tubes. A one-picee tube (Fig. 7) is de-
sirable from the viewpoint of low weight aiid sim-
plicity. Ilowever, to minimize manufacturing corn-
plexitics, tubes with integral chambers are eurrently
employed with the iiozzle being a separate ¢om-
ponenl fastened and secaled to the chamber, iisiially
by some typo of thrcadcd joint.

D. EXPENDABLE TUBES

16.  Tixpendable tubes are not a type in the same
sense of the preceding ones but may be considered
a unique type in terms of application or service.
The chief argument for expendability is the saving
of weapon wight, resulting in greater mobility and
easier handling. A truly expendable weapon might

be cousidered as being one which would he fired
only once, aud then discarded. This suggests that
the tube could be designed to, or very close to, the
poiiit of failiirc. It is quickly realized, however,
that such a design criterion would iiot be practicable
because of the nature of mechanieal properties of
materials, inconsistencies of material composition,
and variations in performance. Tlis leads to con-
sideration of another possibility in the eoncept of
expendability, iiamely, a limited-lift. tube.

The real gains accruing to the weapon (reduction
in weight, volume, complexity, cost, etc.) arc made
in ehanging from extended-life usage. There ap-
pears to i~ little or no gain in reducing the use of
the tube from several shots to only one shot. The
reasonableness of going from one to a few shots
in an expeudable system was demonstrated by an
experiment involving caliber .50 aluminum tubes.
The experiment showed that several rounds could
he fired from cach tube belove the rifling was stripped
to the poiiit of iiot providing sufficient spin stability.
It shoiild De recognized that even in these early
experiments, the use of a fin-stablized or possibly
a pre-engraved projectile would have resulted in
improved useful life. It may be concluded, therefore,
that a limited-life, light-weight tube capable of
firing several full ealiber rounds can be developed.



CHAPTER 4
FIRING PHENOMENA AFFECTING GUN TUBES

17.  To be effective, the giui tube must be accurate.
Accuracy is directly affeeted by any e¢hange or
irregularity in the angular or linear velocity of the
projectile as it leaves the muzzle of the giui. Useful
life of the tuhc depends on its ability to withstand
the rigors of firing and still maintain the desired
muzzle velocity. The ballistic c¢yele of a gun is
extremely short, a matter of milliseconds. During
this short period, the tube is subjected to extremely
high tcmpcratiircs, rapidly applicd pressures, and
inertia forces. Sormally a small number of rounds
will cause little measurable dcterioration. But, after
firing a large number of rounds, deterioration be-
comes evident. High rates of fire accelerate the
deterioration. Any phenomenon which reduces ae-
curacy or velocity life, by causing damage or wear
in the tube, must be eonsidered deleterious. The
adverse effects of some are immcdiately apparent.
Others arc Icss pronounced bul are cumulative
nature aiid eventually will prove harmful. Com-
pensatiiig measures taken during the design stage
will minimize many of these ill effeets.

A. MECHANICAL LOADING

18. With the exception of rolating band pressure,
the effects of mechanieal loadings are more pre-
dictable than those of heat and erosion, therefore
compen=ating measures can be incorporated i de-
sign concepls with considerable confidenee.

1. Propellant Gas Pressure

19. From the struetural viewpoint, the propellant
gas presslire is the predominant influence in the
dcsign of the giui tube. Standard procedures for
computing wall thicknesses aiid acconpanying
stresses are available aiid are usually sufficient for
good tube design. However, stress concentrations
due to rifling arid stresses due to other phenomena
such as hcat should iiot be trcatcd lightly.

2. Projectile Effects
a. Rotating Rand Pressure

20. Rotating bands or their equivalent perform
two functions when the round is fired. They transmit

the rifling torque to tho projectile aiid seal or
obturate the propellant gases to minimize leakage
past the projectile. Both functions are performed
effectively aftcr the bands arc engraved into the
rifling. Since engraving is somewhat of a swaging
operation, appreciable resistaiicc is offered by the
rifling to the rotatiiig band. This resistanee is
the nature of a radial force around the periphery
aiid its {rictional counterpart. The radial force when
distributed uniformly over the baud surface be-
comes the rotating band pressiirc. The band pressure
is higher on the rifling lands than on the bottom
o the grooves simply because more material is
displaced by the lands.

21. Band pressures may reach eonsiderable pro-
portions aiid can cause damage to the tube. Un-
fortunately their intensity ean iiot be predicted
accurately . Maximum pressures appear at the origiii
o r1ifling and grow smaller as the projeetile moves
aloiig the bore, mainly because the band is likely
to n-car to reduce the interference aiid because the
tube walls become thinner farther on and offer less
resistance to dilation. Band pressures progress along
the tube with the projeetile and although they may
be very large, the area ol application ix local and
small, and the pressure is present for =uch a short
time that immediate damage is not always apparent.
ITowever, repeated application of such band pres-
sures will ultimately damage the bore. Small, im-
pereeptible eracks will develop first and then steadily
grow larger as firing continues. This progressive
stress damage finally results in tube rupture or in
the spalling of rifling lands. Spalling is the out-
growth of eracks starting in the fillets of the rifling
grooves aiid propagating beneath the land. When
two such cracks from opposite sides join, the land
becomes a floating spline aiid is then cxtremcly
vuhierable to rotating band action. Little effort is
then necded to remove it completely from the bore.

Rotating hand pressure has a tendeney to flatten
rifling lands. This swaging effect will happen only
if the bearing strength of the bore material is ex-
eceded. Althoiigh not as scverc a consequence to



the tube life as spalling, the working depth of the
rifling is decreased aecompanied by a proportionate
decrease in its effectiveness.

b. Rifling Torque

22. Rifling torque is another loading condition
closely associated with gas pressure. It varies di-
rectly as the gas pressurc and as a function o the
rifling curve. Absolute values of this torque can be
large but ordinarily the gun tube is so rigid that the
indueed torsional stress is inconsequential. However,
provision must be made in the mounts for absorbing
the torque.

3. Recoil Forces

23, Recoll forees as such arc almost incidental to
tube desigii. In single recoil systems, their effects
never exceed the axial stresses due to propellant
gas pressures. In double recoil systems, the inertia
forees created by secondary recoil accelerations bend
the tube, but =econdary recoil occurs after the pro-
jectile leaves the tube thus its influence and that
of the propcllant gas presslire cannot combine. Alone,
the stresses due to secondary recoil arc not eritical
but shoiild be computed to complete the design
investigation.

4. Vibration

24,  The rapidly applied and released loads to which
the tiihc is subjected are likely to excite vibrations
which may prove harmful either structurally by
causing failiirc or operationally by reducing ac-
curacy. There are several sources for these vibra-
tions. Propellant gas and rotating band pressures
induee dilative vibrations which produee ringing
sounds and may contributle to muzzle cracking. The
balloting of a projcctilc may be another sowrce.
Tube whip is another. It is the term designating the
motion normal to the longitudinal axis which is
attributed to the moment developed by the col-
lateral but direetly opposite the propcllant gas force
and the induced inertial force of the recoiling mass.
Another contributor to tube whip, at least a theo-
rctical one, is the tendency of the propellant gases
and projectile to straighten the tube of the curva-
tiirc bronght about by bending under its own weight.

25.  Generally, the effects on accuracy caused by
vibrations in the heavy tubes of slow-fire weapons
fall within acceptable limits. These vibrations, affect-
ing only the round being fired, damp out before
the next round is fired. Rapid-fire guns are more
seriously affected. The rate of firc is high enough
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that the vibrations initiated in iirmg each round
arc not damped out sufficiently between rounds,
thus each round may be a resonating influence.
Structurally, the tiibe and mountiiig shoiild be so
designed that vibrations are damped out. This is
particularly true for tubes of the recoilless type
which must be light for mobility and handhng casc.
Low weight requirements demand designs o opti-
mumn structural efficiency thereby rendering the tube
more susceptible to some forces which would othcr-
wise be harmless. A rigorous approach is therefore
needed for optimumn design. This does not mean
that more liberties can be taken with heavy tubes.
They too must be designed for maximun structural
efficiency. However, their bulk may be sufficient to
absotb the disturbances ercated bv vibrations.

B. HEATING
1. Thermal Stresses

26. 'The burning propellant releases a tremendous
ainoutt of heat in the bore. Much of it is absorbed
by the tiihc. The bore surface, heing adjacent to
the source, receives the brunt of it. If the heat were
applied gradiially and a reasonable temperatnre
gradient appears through the tube wall, the induced
thermal stresses, being compressive in the inner
portion, would be analogous to autofrettage and,
therefore, beneficial. This, in effect, is what happens
in the tube of a rapid fire gun. During prolonged
firing, the ttmpcraturc at the bore surface may
reach 2000°F, whereas that at the other surface
will be only 1400°F. The temperatiire distribution
across the wall is logarithmic (sce Fig. S), lending
eredence to the assumption that heat transfer
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the wall is constant aftcr reaching the steady state
condition, the basis for thermal stress caleulations
of gun tubes. Thermal stresses may be considerable
but compensatiiig pressure stresses arc available to
confine them to the nouneritical range. Thermal
stresses still prevail aftcr pressures cease but to a
lesser extent because bore tempcratiircs drop as soon
as hot gases begin to disappear. Since temperatures
vary along the tube Iciigth (Fig. 9), the gradient
too will vary, not only according to the heat input
itself hut also according to variations in wall thick-
ness. Although the heat input is less at the thiii wall
regions, the ratio of heat put to wall mass 1= larger
than at the thicker wall regions, thereby mereasing
the thin wall temperatures. The higher wall tem-
peratures do mnot necessarily niean higher thermal
stresses. The heat follows a shorter path in thin
walls, consequently the temperature distribution will
show lest variation across the wall than for thick
walls.

Although thermal stressex ave reduced by pressire
stressex in a hot gun tube stee the thermal tangential
stress 1s compressive near the bore surface and tensile
near the outside surface, the eonverse of thermal
slresses reducing pressure stressex should not he-
come a design eriterion. The helpful stress pattern
depends upon a large negative temperature gradient
from the bore surface outward which will exist as
long ag firing is continued. However, if firing is
temporarily ceased, the temperatiirc will rapidly
tend to equalize throughout the tube and the whole
tube may be at a high temperature level, thereby
reducing the yield strength of the metal. If firing
is now resnmed, the tangential thermal stress will
be positive for a short time even near the bore
surface, aiid thus will not lower the pressure in-
duced stress. Therefore, thermal stresses should not
be depended upon to help compensate for a reduced
yield strength in the tithc material when at clevated
temperaturcs.”®

* Stated in Conclusions of Referenee 1. References are

listed at the end of this handhook.
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27. TRate of fires as well as total rounds fired play
an important role in the heat transfer across the
tube wall. A steady state condition exists for every
firiiig schedule. Tor instance, the maximum tem-
perature of 1400°F on the outer surface of a cal. .30
machine gim tube is reached after firing 7 bursts
of 1253 rounds each in 14 seconds at a rate of one
burst per minute. Adhering to this schedule, con-
tinued firing will iiot inerease the tube temperature,
Before the steady state condition is reached, rate
of fire hax an appreciable effect on the temperatiirc
gradient. According to Iigure 8, the Dhore surface
temperature inereases with the rate of fire, but
at sonic’ distance removed from the bore surface,
the tempceratiire aftcr 50 rounds is higher for the
slower firiiig rates. This illustrates that time of heat
application is an cssential parameter in thermal
stress considerations.

28. Thermal activity is responsible for another type
stress, one econfined to a thin layer of tube at the
bore surface. No accurate method 1s available for
computing this stress. Its effect is iiot immediately
apparent but eracks will eventually appear on the
surface and grow deeper as firing progresses. Figure
10 shows these thermal cracks. Two theories explain
this phenomena. The first is metallurgical in nature;
the seeond 1s mechanical. Both are based on metal
contracting after cooling.

29, When a gun is fired, propellant gases heat the
bore surface bevond temperatures of 1400° fo
1500°F, the tran=ition temperature range of austen-
ite. After the hot gases leave the bore, the relatively
cool metal adjacent to the surface and air i1 the tube
quickly cool the bore layer to transform it to marten-
site. Austemte and martensite have different crystal-
line strietures and, therefore, have different volimes,
atstenite having the larger. Upon cooling, the ac-
companying shrinking induees high stresses. If these
stresses exceed the tensile strength of the material,
eracks will appear.

30, From the mechanical point of view, if heat at
high temperatures is applied for oiily a short time,
a large temperature gradient develops throiigh the
tube wall and ercates a corresponding compressive
strcss on the bore swrface. When this stress exceeds
the yield strciigth it causes plastic flow. The matcrial
at the bore surface having no othcr eseape, moves
inward. Upon eooling, the compressive stresses arc
relieved and the material attempts to return to its
original positioii. However, only tangential aiid axial



FIGURE 10, Thermal Cracks on Bore Surface.

stresses are avatlable to pull the metal back. The
new radial growth is proportional to Poisson’s ratio,
a displacement considerably less than that of the
compressive activity which displaced it originally.
Fifectively, there is not sufficient material to com-
pensate for the elongations created by the newly
induced tangential and axial tensile stresses. Henee,
when these stresses exceed the tensile strength, sur-
face cracks appear.

2. Dimensional Changes

31, Dimensional changes are alzo a source of con-
cern to the destgner. Solar radiation can cause the
top of the tube to become hotter than the bottom.
The resulting longitudinal differential expansion will
bow the tube downward to be accompanicd by a
slight reduction in angle of clevation and, therefore,
a shortening in range. Conversely, a coelant such
as rain will lower temperatures on top and cause the
hot tube to bend upward with an accompanving
reduetion in accuracy. Dilation of the bore eaused
by elevated temperatures may also reduee accuracy
simply by increasing the clearance between bore
surface and projectile to permit gas leakage and to
create a greater tendency toward baltoting. A likely
cause of malunetion due to unequal dimensioual
changes concerns eartridge cases. The clearance be-
tween unfired case and chamber is large enough to
permit easy loading. On firimg, the propellant gas

pressure expands the case and presses 1t tightly
against the chamber wall. After the pressures ceases,
the ease recovers from the distortion sufficiently to
provide ready extraction. The difference in thermal
cocfficients of expansion of case and chamber wall
must be considered (o avoid cancelation of the re-
covery tendencies of the case by this factor.

3. Cook-Off’:

32, A phenomenon which plagnes gunners during
prolonged firing is cook-off, Cook-oft 1s the deflagra-
tion or detonation of ammunition caused by the
absorption of heat from itx enviromment. Usually
It conxists of the aceidental and spontaneous dis-
charge of, or explosion in, a gun or firearm caused by
an overheated chamber or barrel ignitmg a fuze,
propellant charge, or bursting charge. Cook-off is
confmed mostly to automatic guns and to mortars.
Muzzle-loaded mortars when hot have a tendency
to fire the propelling charge before the round reaches
the breech; =ometimes even before 1t drops eom-
pletely through the muzzle. The danger in auto-
matic weapons stems from the live round left in the
chamber 1o start the next burst.

33, When eook-off occurs, the consequences may
be isastrous. The propellant, its primer, or any of

* Reference 2.
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the explosive compouents 1 a round may ignite.
If it is the propellant within a round in battery, the
projectile passes oiit of the barrel. In this instanee,
primary danger is to personunel and equipment in
line of fire. However, if projectile (wok-off occnrs
in battery, i.c., with round in chamber and all
weapon components in their firing positions, or if
in the ram or loading position in a small arms
weapon, scvere damage is almost certain. The gun
undoubtedly will be rendered moperative. Further-
more, the explosion may damage the carrier or
injure the crew. In contrast, the danger in slow-fire
weapons shoiild he negligible for these need iiot he
kept loaded for aiiy appreciable tine.

34, ARhough cook-off 1= a safety hazard of some
importance, no method has been devised for de-
signing a tube that is safe from this complex heat-
transfer problem. In acceptanee, all high rate-of-fire
weapons must be tested to make certain that the
cook-off threshold of their ammunition is not ex-
ceeded, and attempts made to introduce corrective
measures if needed. Jor example, in the 20 mm
revolver gun, M39, cook-off wax climinated when
the chamber-to-barrel seal was redesigned to re-
move the heat <ink (sce Figure 5). The approach s
necessarily empirieal, after the need for corrective
measures is determined.

C. EROSION

1. Causes

33. FErozion is literally the wearing away of Ihe
bore surface and of all phenomena unfavorable to
long tube life, it is the worst offender. iroxion is
primarily a physical activity although chemical
action can increase its rate. The abrasive ¢ffects of
propellant gases aiid rotating hands arc the most
damaging. The gases impinging at high velocities
on the bore surface sweep away sonic of the metal.

12

‘This phenomenon is called gas wash. The rotating
hands haw two contributory inflilences on erosion;
the first is induced by gas wash, the second by ordi-
nary shding frictioii. Intense hcat also contributes
indireetly To ero<ion, by melting an extremely thin
layer of the bore surface, thus making it easier for
the gases aiid band to carry off the material. Also,
beeause of high hcat, sonic constituents of the pro-
pellant gases may combine with the metal at the
bore surface. The newly formed compound, probably
a iiitride and therefore brittle, may crack and peel
oft': imder the action of rotating hands aiid propel-
lant gaxes.

2. Regions Affected

36, The region at the origin of rifling snffers most
from crosion. Ileve the factors conducive to high
eroston rates are most destruetive. Temperatures are
highest, engraving takes place here, and frictional
forees are highest. Tests have shown that engraving,
friction, and gas wash contribute approximately
one-third ecach to the total wear¥. This proportion
oceurs only when relatively cool-burning propellants
are used. When the charge consists of hot-burning
propellants, the erosion induced by the gases is so
great that wear dne to other causes becomes rela-
tively insignificant. Althongh propellant gases move
faster farther along the tube and should be more
crosive than at the origin of rifling, the other con-
tributing causes diminizh constderably, with a sub-
sequent lower rate of erosion. The rate increases
agaln at the muzzle but not nearly as much ax at
the origin of rifling. The actual cause of the ac-
celerated muzzle erosion has never been determined.
Tlowever, it may be considered seeondary, for the
damaging effects sustained by the projectile at the
origin can never be completely undone by eorrective
nreasures introduced at the mnzzle.

* Reference 3. page 599,



CHAPTER 5
WAYS OF MINIMIZING HARMFUL EFFECTS TO GUN TUBES

There arc a number of measures which may be
imcorporated either inn tube design or in the ammuni-
tion to eliminate completely or reduce the effective-
ness of those firing phenomena which shorten tube
life.

A. MECHANICAL DESIGN

1. High Strength Materials

37. A gun tube shoiild have all the physical prop-
crtics required for efficiency aiid durability. Sinee
some of the ideal physical properties may iiot be
congruous, a compromise niay have to be made,
reducing the resistance against one adverse phe-
nowmenon in ovder to retain the effectivencess agamst
another. It is iiot good design practice to compromise
streiigth in a gun tube. A tube should always be
strong enough 1o support its loads including pressure
and inertia forces. l“ailure attributed to thcse forees
renders the {ube beyvond salvage regardless of its
resistance to heat and erosion. The attractive fea-
tiire of high strength materials, particularly steel,
is the ahility to withstand other destructive agents
to an acceptable degree. Fven if these properties
are less than adequate, correctiac measures dis-
cussed carlier in the chapter arc available to over-
conic the deficiency.

2. Vibration Correction Measures

38, Structural failures due to vibratioiis arc in-
frequent aiid highly unpredictable. I'rom the view-
point of eeonomy, corrective measures arc iisiially
adopled oiily after failiirc oceurs. This is particularly
true for muzzle cracking due to dilative vibrations.
However, onre must be aware that tubes are in-
herently weaker at the muzzle because of the open
end effeets and failiirc here may be due to normally
applied pressures. An overall thicker wall or a
graduul thickening at the muzzle to form a muzzle
bell will inerease tube streiigth. The vibrations which
disturb accuracy are correeted by a change in tithe
mass or shape. A heavier {ube may also absorb the
adverse cffeets of balloting but activity of this iiatiirc
should be eliminated or moderated at the source,

namely, the projectile. Size or shape of tube wall
can contribute nothing toward this end thiis, placing
the burden entirely on the projectile designer.

3. Vibration Calculations

39, Accuracy dispersions due to tube vibrations
have heen measured and correlated with the natural
frequency of the tube and the firing rate of the
gun®. I'igure 11 shows how dispersion varies with the
frequency ratio of the tube which is expressed as

R;, = L (1a)
fr
where
[. = natwral frequeney of the tube, cveles:see
f, = [liring rate, roundsx ‘wee

To avoid large dispersions, the tube is designed
for a natural frequeney so that B, = 3.5 or, if the
size of the tube, hence its stiffness, precludes a fre-
quency ratio of this magnitude, attempts shoiild be
made to direct the frequency ratio toward a value
approaching one of the minima in the curve of
Itigure 11.

10.  Caleulations forthe iiatural frequency are based
on the Stodola Method of Caleulating Critical Speeds
of Multimass Systemst. Generally

_ gz
CEN (Ib)
where
g = acceleration o gravity, 386.1 in sec’
W = dynamic force of each beam iucrement, Ib
y = deflection of beam increment, in.
w = critical speed, rad/sec

The critical speed may be wrilten in terms of
iiatural frequeney,

o= % cycles per sec (Le)

* Reference 4.
t Reference 5, page 156.
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FIGURE 11. Dispersion-Frequency Ratio Curce.
The tube is considered a cantilever beam loadcd . . . T
L. . . . . Vo = W= W,. = 6_ L =2

dyiiamically by vibratory motion. For the first W, Wa = W, 6z 2.0 Iy
approximation, «» is usually selected as unity and
the deflection, y, is obtained for the beam bending W =W, =W, = 51 2 L = 2721
under its own weight. For the analysis, divide the
tube into a convenient number of sections, each _
section representing a uniformly applied load. Then W= Wa=Wus=1087dcL=351b
determine the deflection curve. The example showu
below follows the artla-moment method. where
41. For the example, assume Figure 12 to repre=ent L =4, le’pgath of each merement
a gun tube, 36 in. long, consisting of three cylindrical 6 = 283 Ib/ir’, density of steel

sections of equal length: 4, B, ¢'. Subdivide each
scctioil into lengths of 4 inches and compute the
deflection at the center of cach of the nine inere-
ments. The effect of the bore is assumed negligible,
thus the aiialysis is for a solid bar. Arca moments of
inertia of the scctioiis are

Calculations of A7/] at each station on the beam
as iiidicated in IFigure 13 arc arranged in Table 1.

Now ecalculate the area moment of the AI/7
curve. The moments of the area are found at the mid-
=pan of cach Increment as indicated numerically in
Figure 13. The M /I curve represents a new loadiiig
condition, the load on each increment being tra-

T 3 T I
= — = — 1. = .24 . - . .
a 64 4 64 15 2l pezoidal. The calculations arc arranged i Table 2.
The moments of the simulated beam are taken from
Ip= grdy = (7175 = 46 i’ left to right.
’ ’ Showing the caleulations for Statioii 6,
T ' T 3 e o 4
L= =T 5 = : ! .
I 04 de 64 2.0 785 m S = Za A+ A + Ay
The tube being steel, the weight of cach increment is = 2455 4+ 609 4+ 589 = 3653 Ib/in”
I c B A
_|‘E
T S— N S
H EES e § 0 e g e S
) 8 7 6 5 a 3| 2 ) )
L—a——’-—-a-wl‘—Q-—v—n———a—al—Va 4 e 4 —pe— 4 “l““"’\
t h q f [} d ¢ b a -]

FIGURE 12, Gun Tube Showng Subdivisions,
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FIGURLE 3. M /I Diagram of Gun Tube.

4’1[,;6 = qc;AL.-. + )";;‘1]‘3—; + 8.-‘2,4‘; .\.:llyy| = 4926 X 10_3 lb”iﬂy
= 1.03 X 621 + 2.98 X 0647 + 4 X 3633 SWyl = 182.9 X 107° Ib-in*
= 640 4 1930 + 14610 = 17180 Ib/in I'rom LFquation b, the first approximation for the

W= ZW; + Mas eritical speed 13

20100 4 17180 = 37280 1h/in

The actual defleetion at any station

M
— A v v
iy = ——"1 (2
Y i3 )
where
B — 29 X 10° b 'in®, modulus of clasticity
> )M = the summation of the arca moments at
the =tation
Now compute the items necessary to find the

natural frequency and arrange them in Table 3.

TABLE 1) 7 CALCULATIONS FOR STATIC (CONDITION.

lg=iVy, o
= {2 i -1, 2 — :)2: . /.”
“= S V101, 200 = 323 1ad/sec
where

g = 3864 in see’

Now repeat the caleulations but this time with the
dynamie loading based on f. Thus

= ol 10800 0 gy,
q 386.4
Table 4 will be =imilar to Table 1.

all” AxEy, M Mo

tbin (Ih-in (Ih-in (Ih-in®,
4.00 t) 4.0 16
£.08 S.0 16.0) 18]
1.00 16.0 306.1) 141
214 21.0 651 142
5.14 349 105 228
5.4 45.8 156 338
.16 BURH 220 280
716 7049 208 38
06 85,1 300 e

weight of cach inerement, assiimed concentrated atl center of sccetion
the =hear at the right end of section contributing to the moment at the

13 avE a Ay
=t St (I (1, {in fin)
R i 2.0 0 2 ()
b uh 2.0 2.0 2 4
- he 2.0 4.0 2 4
d cd 2,72 6.0 2 4
S de 272 8.72 2 {
{ of 292 11.44 2 4
. for 356 1116 2 1
h gh 3.56 17.72 2 3
i hi 3.56 21.28 2 |
W —
Ty o=
station being considered
a  — moment arm of distributed weight for cach <cction
Ax = nmwoment arm of total <hear at vight end of scetion
M = S(all 4+ Ax X

). total moment at station.
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TABLE 2. AREA MOMENTS FOR STATIC CONDITION.

Az Ap

-«

oy q r s
Station (ih /in®) (I /in?} (Ih/in?) (in) (in) (in)
9 933 815 0 1.02 0 0
8 707 608 033 1.02 3.02 4
7 589 (647 2455 RIS 3.02 3
6 621 511 3633 1.03 2.98 4
5 413 327 4921 1.04 3.04 4
4 285 287 5845 1.0 3.04 4
3 248 168 6457 1.05 3.0 4
2 104 56 6992 1.07 3.07 4
1 24 — 72064 1.11 3.14 1
q;l I )'4"1(_1 s¥4 .'1]‘4 .‘_:,-'1,‘4
Station (Ih/in) (Ih/in) (Th /in) (Ib/in) (Ib /1
il 450 0 0 950 950
8 720 2460 3730 6910 7860
7 580 1840 0820 12240 20100
6 610 1930 14610 17180 37280
5 130 1550 10680 21660 58040
4 280 900 23380 24650 83540
3 260 860 25830 26950 110540
2 110 520 274970 28600 139140
1 30 180 29060 20270 168410
AL = arcy to the immediate left of the station
A, = arcatothe immediate right of the station
Za = represents the total simulated shear at the preceding statioii
qA, = moment of the area to the immediate left of the station
rd ;. = moment of the avea to the immediate right of the preceding station
s, = moment of the simulated total shear at the preceding station
M, = arca moment

The calculations of the area moments of the 3 /T
curve in Figure [3 are listed in Table 5.

The deflection at each station due to the dynamic
loading is found according to Equation 2. The de-
flection and thc natural frequency parameters arc

listed in Table 6.
TABLE 3. NATURAL FREQUENCY PARAMETERS,
STATIC CONDITION,

Wy X105 Wy X 108

Al n

Station (im) (1hy (Ih-in» (Ih-in®)
1 L0058 2.0 11.60 67.3
2 0048 2.0 9.60 4.1
3 .00382 2.0 A 20.2
4 .00288 2.92 7.84 22.6
5 .00203 2.72 5.52 11.21
6 001287 272 3.50 4.50
7 000694 3.56 247 1.715
8 000273 3.56 07 265
9 000033 3.56 12 004

16

IWy, = 49.3 X 107° b-in;

SWy = 190.0 X 10" ° Ib-in®

From Equation b, the sccoiid approximation of this
critical speed is

\/ g=Wy,
Wy = o117 2

Wyl

= \/EET)O_O = 317 rad/sec

This differs from w; by less than 29 and is thereforc
considered to be a sufficiently close figure for the
iiatural frequency. Tixpressed in terms of natwal
frequeney

Wy

f’n— = 27_ —
I'or a gun firing 1200 rounds per minute

_ 120
)

From ISquation la, the frequeney ratio is

50.5 cyeles/second

= 20 rounds/second

r



TABLLE 4. ) /T CALCULATIONS FOR DYNAMIC CONDITION.

W, =1h It Ar all’, ArxIl, M M/T
Sta Seet {1 (I (in) (in: {(Ib-in (1h-in (Ih-1n) (Ib/in?)
0 on 3.3 0 2 0 6.26 0 6.26 25
b ab 2.59 3.13 4 4 J5.48 12.5 23.0 96
3 be 2.006 5.72 2 4 4.12 228 50.¢ 204
d od 211 7.78 2 1 4.22 319 86,2 187
o de 1.49 9.89 2 A 298 39.6 129 280
i ef 04 11.38 2 +4 1.88 43.5 176 R
I3 fg 67 12.32 2 4 1.31 49.3 227 200
h gh 206 12.94 2 1 0.56 32.0 279 336
i hi 03 13.25 2 1 0.06 33.0 332 422
ro— Lo 505 - performed for cach modification 1iiitil a trend is
YT T g T cstablishcd. With the aid of Figure 11, this trend

Checking this value on the curve (Figure 11) shows
that it falls on a minimum dispersion portion of the
curve and may be acceptable. However, frequency
ratio greater than 3.5 is preferred. This would re-
quire that the tube be made stiffer (and heavier) to
Inerease its natural frequency if the firmg rate of
750 rounds per minute 1s to be retained. Firing tests
eventually determine whether the dispersion caused
by tube vibration ix acceptable. It not, the tube is
modified to change its stiffness and firing tests are

readily predicts the tiibc stiffness necessary for
minimum dispersion.

B. COOLING METHODS
1. Large Tube Masses

42, Heat effeets the tube adversely, and couversely,
cooling effeets are beneficial. The tube can be kept
relatively cool by rapid heat dissipation or by insula-
tion of the bore surface. Most methods are ineffective
during prolonged firing although some do provide

TABLE 5. AREA MOMENTS FOR DYNAMIC CONDITION.

AL Ag o q 7 H
=tution (Ib/in?; {Ib/in®) (Ib/in*) {in» (in) {in
9 811 715 —_ 1.01 0 0
8 679 613 811 1.0" 3.01 1
7 626 Bt 2235 98 3.02 4
6 T13 611 3174 1.02 2.98 1
H 513 420 4905 1.03 3.03 4
4 383 400 6029 RS 3.03 4
3 354 246 (6832 1.05 2.949 4
2 156 85.5 7586 1.07 3.07 +4
1 37.5 —_ 7988 1.11 314 4
q;lL r.d Rl S:A ‘[1 Equ
Station (Ib/in) (Ih/ini {Ib/in) {h/Ins (1h /in)
9 819 0 0 819 819
8 693 2240 3240 6170 6990
7 613 1850 8940 11400 18100
6 728 2140 13900 16770 35%0
D 528 1850 19600 21980 57100
4 379 21T0 24100 25750 82900
3 372 1200 27330 28900 111800
2 167 i56 30340 31260 143000
1 42 268 31950 32260 175300
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TABLE: 6. NATURAL FREQUENCY PARAMETERS,
DYNAMIC CONDITION.
n it Wy, X 103 Wi X 108
Station (in) (lb (1b-in) (1b-in?)

1 .00605 2.0 2.10 73.20

2 00493 2.0 0.86 48.60

3 00386 2.0 7.72 29.75

4 00286 272 7.8 2225

5 00197 272 5.36 10.58

6 00121 2.72 3.29 3.08

T 000635 3.56 2.26 141

8 000241 3.56 .86 21

9 000028  3.56 10

!

some compensating features. One of these involves
large tube masses acting as heat sinks. Heat is
condueted rapidly from the bore surface iiito the
tube mass. Transfer of the heat to the airsurrounding
the tubce is a slower process but, at any given firing
rate, the tuhe eventually reaches a steady state
condition. Heavy tubes or light tubes with cooling
fing will reach steady state later thaii plain light
tiibcs. If the yield strength at steady state {em-
pcratiirc approaches the firiiig stresses, continued
firilig beconmes dangerous. Gun steels begin to lost.
strength above GOO°L. A wall thicker than needed
for a tube in which thermal strcsscs arc iiot present
will he stressed correspondingly lower, to a value
where a lower yield point can be tolerated. But,
regardless of tube wall strength, the hore surface
can not escape the deterioration attributed to other
sources. The solution here then is to seleet a matcrial
not subject to damage by hcat, as well as oiic of
required strength.

2. Coolants

+3. The use of a coolant helps to increase the per-
missible duration of sustained firiiig but arrange-
ments for their applieation arc too awkward to be
practical. One of these, the forced convection pro-
cess, has fluid flowing through a jacket or tank sw-
rounding the barrel. If nueleate boiling, i.c., active
boiling, can be maintained, the rate of hcat transfer
is higher than for film boiling with its insulated film
of vapor between the fluid and outer barrel surface.
The forced convection equipment makes a good
laboratory apparatus but is hardly acceptable for
the field. Weight and bulk of a circulating system
built to sustain the inertia forces of recoil become
more burdensome than the advanlage of cooling
warrants. ITowever, a weapon still finding some favor
in the field is the early concept of a water cooled
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machine gun. Iu this version, the tank forms a
cooling system with no provision for a continuous
incoming flow of cool water. The tank is vented to
prevent high steam pressures. So loug as water is
present, surface temperatures can be held to reason-
able limits.

4. Another application of coolant involves water
spray injected into the bore after each round or
short burst. However, the time lost during spraying
reduces the rate of fire, probably to that of normal
slow fire activity. That]this <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>