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PREFACE

The Engieering Design Handbook Series of the Ay Materiel Command jsa
coordinated series of hondbooks containing basic information and fundamental
datn useful in the design and development of Army mutericl and systems, The
handbooks are authoritative reference books of practieal information and quanti-
tative facts helpful in the design and development of Army materiel so that it
will meet the tactical and the technical needs of the Armed Forees. Several of
these handbooks give the theory and experimental data pertaining to interior,
exterior and terminal ballistics. The present handbook deals with the interior
ballistics of guns,

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

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

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

Elements of the U, 8. Artmy Matericl Command having need for handbooks may
submit requisitions or official requests dircetly to Publications and Reproduction
Ageney, Letterkenny Army Depot, Chambersburg, Pennsylvania 17201. Con-
tractors should submit such requisitions or requests to their contracting officers.

Comments and suggestions on this handbook are welcome and should be
nddressed to Army Rescarch Office-Durham, Box CM, Duke 8tation, Durham,
North Carolinn 27706,

b
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CHAPTER 1|
DISCUSSION OF THE PROBLEM

1-1 INTRODUCTION

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

Interior ballistics of guns (that branch of ballisties
dealing with motion imparted to a projectile by a
gun) comprises a study of a chemical encrgy source,
a working substanee, and the accessory apparatus
for controlling the release of encrgy and for direeting
the activity of the working substanece. Of allied
interest is the mechunieal functioning of guns and
aceessories. General information on the types of guns
and their construction and functions is given in
Referenee 1. References applicable to each chapter
of this Handhook are given at the end of the chapter.

Sinee unnecessary weight is an unjustified logistieal
extravagance, weapons are designed to operate under
greater extremes of temperature and pressure than
are usually encounteved in the use of nonmilitary
engines, Beeanse the time eyele involved is quite
small, there is not sullicient time for the consuniia-
tion of slow processes such as heat transfer. Con-
sequently, it is necessary that the chemical encrgy
source alwo furnish the gascous products which in
themselves eonstitute the working substance, This
cniergy souree may be a solid propellant, as in most
guny, or a ligid fuel and oxidizer source, such ax
ix sometimes used in rocket propulsion.

Propellants are studied from several aspeets.
‘Thermodynamie propertios indieate the release of
as much cnergy per unit weight as may be con-
sistent with other demands. Studies of the mech-
anism of decomposition indieate the effcets of uncon-
trollable parnmeters such as ambient temperature.
Dynamies of the gases are neeessarily a subjeet of
investigntion  beeause the Kinetie encrgy of  the

1.2

propelling gases is an important part of the total
energy of the process, The study of motion of a
projectile inside the gun tube is not a matter of
simply applying Newton’s laws to the motion of
the projectile regarded as a point mass, but a
complicated study of the rate at which the high
temperature ges is evolved from the propellant; the
motion of the gas so produced; and the cffect of
this gas on the wotion of the projectiie itsclf. The
passage of the projectile stresses the tube mechan-
ically and subjoects the interior of the barrel to siding
friction. The passage of high temperature gases, in
addition to the high pressures gencrated, heats the
barrel to the extent that chemical interaction with
the metal itself occurs,

Interior ballistics is defined as the branch of
applicd mechanies which deals with the motion and
hehavior characteristies of projectiles while under
the influence of the gases produced by the propellant.
As an applied scienee it is still much of an art
and largely cimpirical. The phenomena with which
it deals arc cxplicable in terms of well established
physical and chemieal prineiples. Usfortunately, the
phenomena are complex and related in subtle and
obscure ways so that considerable experience and
judgment are necessary in the application of the
principles if trustworthy theoretical results are to
be dervived, There occur in the formulation of the
theory quantitics which are difficult to determine
by independent measurement heeause their proper
values for particular cases depend in obscure ways
on the partiedlar eircumstances of the case con-
sidered. They have the nature of empirical correction
factors whose values can frequently be estimated
only from the results of numerous examples in-
volving comparison of the theory used with the
records of actual firings, The beginner is, therefore,
forewarned to be on his guard. All theoretieal results
should bhe as fimily backed up by comparison with
actual firings as is possible, In this sense the theory
serves as a4 means of interpolation between, or
extrapolation from, existing designs,

The subjeet of interior ballisties of guns has been
investigated through more than 200 years, starting
with the invention of the ballistie pendulum in 1743
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A very extensive literature has been batlt up, and
many exeellent. (exts are available, For general
hackgromed, the texts prepared by Corner® and
Hunt" ave reeormmended. Move specifie treatments
have been made by Bennett' and Taylor and Yagi®,
A consoliduted NDRC report, written by Curtiss
and Wreneh", covers the work done during World
War 1.\ general treatment of the problem with

Capplieations to guns is given in Relerenee 7.

1.2 GUN®T
1-2.1 Defis: tion

The term guen in this handbook, unless otherwise
indicated, ay be taken itk generad sense, that is,
a projectile-throwing deviee consisting  essentially
ol a projeetile-guiding tube, with an inecorporate or
conneeted reaction chamber in which the chemiceal
encrgy of a propellant is rapidly converted into heat
and the hot gases produesd expand to expel the
projeetile at a high veloeity,

1-2.2 Classification

For convenienee of thisenssion guns are clissificd
according to their salient fentures, funetions, motles
of operation, ote.' The boundaries of these elassifien-
tions are not atways clearly defined, and the elassi-
fictions and pomenclature are often traditional,
The elassilications are useful, however, and are in
conumon use, The prineipal one i based rowghly
on size and portability and elassifics guns as siall
arms wed artillery, Small anas aee i general Jess
than 30wy in caliber and wre usuadly portable by
foot sobdiers, Artillery consists of the larger weapons
usvdly ounted on earriages and moved by other
than human power. Small artms aee more variable
in design aned funetion, They include such weapons
axs eifles, machine guns, pistols, cte, Avtidlery weapons
inefude guns (speeilie), howitzers and mortars, Gans
(speeifie) inelude those fiving usually at lower eleva-
tion anel higher veloeity, and howitzers inelude those
which operate in general in a lower veloeity range,
ane be fired at high angles and ase

Recoiling Porls

External Rorce B
Applied fo Gun

zoned eharges, that s, eharges which are Jouded
i separate inerenents and ean be varied within
limits by the gunner, Mortars operste at high angles
like howitzers but operate at still Jowee veloeitios
and ave geonerally lowded from the muzzle, They are
sitnple in design and ean be hroken down and trans-
ported by foot soldiers,

1-2.3 Action Inside the Gun

A gun s essentinlly a heant engine, Its aetion
resembles the power stroke of an antonwohile cogine
with the expansion of hot gases driving the pro-
jeetile instend of o piston (Figare 1-1). When the
charze is froited, gases wee evolved from the sarface
of euch geain of propellant, and ihe pressure i
the chimber irereases rapidly, Resistanee (o initial
motion of the projectite is great . and relatively high
chamber presstives are attamed belore much motion
of the projectile takes place, In the solution of the
interior ballisties problem, fictitious starting pres-
sures are asstined, which work well in practive,

The chamber volume is inereased by the move-
ment of the projectile, which has the offect of
decreaxing the pressive; however, the rate of burning
of the charge inereases. The net effect is a rapid
imerease in the propellunt pressure until the point
of maximum pressure ix reached, "This ocears at a
relatively short distanee from the osigin of villing,
Bevond that point, pressure drops awd, at the
muazzbe,  reaches a0 valae eonsiderably  less than
maxinnun pressure, probuably of the order of 109
to 307, thercol, depending upon the weapon design
and the propellant. This mnzzle pressure continnes
to uct on the prajeetile for noshort distanee bevond
the muzzle, Thus, the projeetile continnes to ace-
celerate beyond the muzzle,

A special Torm of this method ol propulsion s
represented by the recoilless svstem (Fiyguee 1-2),
[Teve vecoil forees are countered by the discharge
of gases through a nozzle at the breeeh, The rate
ol discharge of gases can he controlled by controlling
propellant burning, thus permitting a balanee of
the momentunt of the gan-propeilant gas-projectile

Gases Projechile

FLGUTED -1, Reewdd GFun System,
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system, The interior ballistic probleia here is not
only one of combustion but of balancing the orifice
dinnmcter agains? thrust required to maintain a mean
recoil velocity of the weapon at zero. The propellant
weight in this case exceeds that for a comparable
recoil gun by a factor of 2 to 3. The pressure-travel
curve is designed for miniimum muzzle veloeity
corsistent with satisfactory extevior ballistic per-
formanes, thus permitting the use of a thin gun
tube which is nccessary to maintain the charac-
tertstie light weight of this weapon. The subjeet
of 1ecoilless weapons and other leaking guns is
covercd more fully in Chapter 2 of this handbeook.

1-3 PROJECTILES

Projeetiles, like guns, exist in a great variety of
designg, depending upon the intended use. Since
most of the design characteristies do not affect the
interior ballisties, we shall consider only a few, The
most jmportant of these fagtors is the mass of
the projectile. Thix must always be taken into
account in the formulation of interior ballisties
theory, as it has a major effeet on acecleration and
veloeity of the projectile, as well as on the propellant
pressure at all points,

Anothoer very important characteristie is the de-
sign of the rotating band on thos2 projectiles which
are to be spin stabilized. The band is slightly
larger than the tube diameter and must be swaged
to the tube diameter and engraved by the rifling.
The result of this process is a high initial resistance
to motion of the projectile, which means that the
rmuses must bhuild up a relatively lavge starting pres-
sure before the projectile has moved appreciably.
This has an important effeet on the interior balisties,
patticulavly on. the maxbmunt pressure reached and
the tinee at which it occws, This variable is largely
eliminated in recoilless weapons in which the rotating
hand of the projeetile is preengraved to fit the rifling,
It ix also ehiminated in smooth bore weapons which
five fin-stahilized projectiles. Tlere ane important

1-4

factor is the amount of clearance between the
projectile and the tube, as this determines the
leakage of gas around the projeetile. The principal
weapon having this problemn is the mortar. Here,
with muzzle loading, the clearance must be sufficient
to permit the cscape of air so that the projectile
will slide down the bore and strike the riring pin
with the impact cnergy required to initiate the
primer,

Only one other charaeteristic of the projectile need
be mentioned and that is the axial moment of inertia
for spir-stavilized projectilec. And here the effect
ont interior ballistics is quite small, as the enecrgy
of rotation normally represents only a fractional
percont of the energy of translation of the projectile,

1-4 DISTRIBUTION OF ENERGY

As an indicution of the relative magnitude of the
factors involved in utilizing the energy developed
hy the burning of the propellant in & medium ealiber
reeoil gun, the following possible distribution is given:

“¢ of Totat
Transintion of projectibe 30
Frictiona] work on projeetile

{ Due to engraving of rotating

Enerygy Absorhed

bands and wall Trietion) 2
Transtation of propellant gases 3.0
Heat loss to gun nnd prajectile 2t
Sensible and lntent heat bosses in

propellant guses 42,0

Hotation of projectile und transintion
of recodling parts (ench wbout 0,19

and pesichunls in approximations total} 10
Propellant potentind, & 100,00
Distribution of the available cnergy  of  the

propellant charge is diseussed in Chapter 2, as
basie to the solution of the intevior ballistics problom,

1-5 PRESSURE-TRAVEL CURVES

In order that the projectile may acquire the
designated muzzle veloeity, and that the pressures
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developed to accomplish this do not damage the
weapon, all tubes are designed in aecordance with
a desieable pressurve-travel eurve for the proposed
weapon,”

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

I the arcas under curves 4 and B are equal,
then the work performed in cach of these cases will
be equal, and the muzzle veloeities produeed by
cach of these propellants will be the <ame, sinee

WORK = KiE = 317

The fact that curve .1 exceeds the permissible
pressure curve eannot be tolerated,

Should it be desired to increase the muzzle velocity
ol a projectile, the work performed, or the aren
under some new earve, must be greater than the
arca under a eurve giving a lower muzzle veloeity.
Such an inerease i veloeity is indicated by eurve ¢
whose maxintun pressure is equal to that of curve 52,
but whose arca is greater than that under B It
appears that the ideal pressure-travel curve would
be one which would coineide with the enrve of
permissible pressuve; however, il it were possible to
design a propellant capabl. of producing such a
posult, many objeetionable oceurrences would take

velocity -+ V
pressure —»p

place. In addition to producing excesnive erosion
{a factor which would materially deercase the
accuracy life of the gun), brilliant flashes and non-
uniform velocities due to high mzzle pressure would
result. Moreover, the chamber would have to be
materially inercased and this would affeet the weight
and hence the mobility of the gun. As a result of
experience, the velocity proseribed for a partievlar
gun is always somcwhat below the maxinmum which
it is nyt.sible to obtain; and the propellant grain
most suitable for producing this result is the one
which will give the preseribed velocity uniformly
from round-to-rountd without excceding the permis-
sible pressure at any point in the bore,

1.6 CONTROL OF INTERIOR BALLISTIC-
PERFORMANCE
Consideration of the desived relationships between
gas pressure and projectile velocity necessary to
meet the demands timposed for the achievement
of desired ballistic perfoermance has been diseussed
in a general sense; however, it remains a fundamental
problem of interior ballisties to  determine and
cvaluate the influence of all variables of the problem,
The solution may be based on theoretical analysis,
established  empirical relatiodships, or  detailed,
metieuwlous experimentation,
The variables basie to the problem include the
folowing:
a. Variation in chemieal composition of  the
propellant.

Projectile velocity
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Rapid change in surface area (degressive)
small web thickness {many holes or small
grains)

\-;’--—Less rapid change in surface area,
A Larger web thickness {fewer holes

 or larger grains)

~

More rapid chamber expansion
N {lighter projectile, less resis-
« tance, etc,)
-~

f"(l:.‘ow initial surface ares -

Less rapid chamber expansion

®

0

Travel, u

FIGURY. i-b Pressure-Trarel Relationship,

b, Variations in rate of reaction,

e. Varintions in ignition characteristies.

d. Variation in grain geometry {surface factors).
e. Variation in charge weight {density of loading).
I Enviconmental faetors.

1.7 EFFECTS OF PROPELLANT GRAIN
CHARACTERISTICS

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

Propellant eompositions (single-base, double-base,
nitroguanidine, ete.) and definitions of configura-
tions (degressive, neatral and progressive hurning
propellants) are discussed in subsequent paragraphs
of this chapter. Performance of gun systems is
wsually demonstrated using pressure (£)-travel ()
coordinates, although pressure-time relationships are
often used in experimental invesiigations,

tn cach case discussed in this parggraph, initial
burning rates are directly related to area exposed
for the total munber of grains per chavge;: henee,
it s difficult to eounsider the influence of single
faetors without making allowance for the total arca
initially exposed to kidling temperatures. For any
prossure-travel curve, the shape of the eurve is
alfected by the variables shown in Figure -4, For
a given pressire-travel curve (Figure 1-1) the slope
of the ecurve in the region (1) to (2) is dictated
by ignition charncteristics and total aren initinlly

1.6

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

1-7.1 Grain Configuration

Exposed burning arca as a fduction of “percent
grain consumed” (Figure 1-10) offers a key to the
cffeets of configuration on pressure-travel relation-
ships. As indieated in Figure 1-3, changing con-
figuration to a more progressive burning design
(employing grains of the same initial surface area,
cotposition, and total charge weight) results in
lowered peak pressures (with peak pressure occurring
later in the eycle) and in higher mmzzle pressure
when cotmpared with degressive grains, For identieal
charge weight, areas under the eurve are approx-
imately equal, In order to meet requirements for
equal initial surface aveas for the total charge,
the degressive grains must be the smallest of the
designs considered.

1-7.2 Grain Size

For a fixed weight of charge of similar composition
and configuration, shaping of pressure-travel rela-
tionships may be accomplished by varying the initial
area exposed to burning hy varving grain aize,
Similar effeets illustrated in Figure 1-3 result as
grain size is increased (Figure 1-6),

Similuly, eomparative results of independently
varying composition (quickness) or web thickness
(n combination of size and configuration paramoeters)
cun be demonstrated, ITn adapting sueh relationships
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to specitic gun systems, 8 compromise of their char-
acteristics must be utilized. Hand and shoulder
weapons require pressure-travel relationships that
minimize nmzzle blast at the expense of reaching
high peak pressures and, characteristically, utilize
“guick”, degressive, small-grained propellant de-
sign, High peak pressures, avoided in larger guns
hecause of design problems of the gun tubes, are
mintmized by propellant designs based on “slow,”
progressive or neutral burning counfigurations of
large size.

1-7.3 Density of Loading

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

Since muzzle energy is directly dependent on
the amount of charge burned, it becomes necessary
to consider feasible means for inereasing the total
amount of cnergy made available to perform useful
work done on the projoctile. It is possible, by
choosing inereasingly large charges of slow pro-
pellants, to obtain increased velocity without ex-
ceeding the maximum allowable pressure. Efficiency
will be correspondingly lowered; hence, it is not
advantageous to fire slow propellant in a gun not
designed for it. Irregularity in muzzle veloeity is
closcly associated with overall efficiency. If the
burning rate is lowered enough, unburned propellant
is expelled in varying amounts, increasing irreg-
ularity, muzzle blast, and flash. With slower pro-
pellents, the point of maximum pressure occurs
later, thus demaunding stronger, and therefore
heavier, construction over the length of the tube,
Couversely, mcreasing the weight of charge of
propellant of given quickness inereases the maximum

DEGRESSIVE

EUTRAL %

PROGRESSVE D

FIGURE 1-5. Efects of Grain Configuration on Preasures
Trarvel Curves, (Churge weight s equal fn eneh case)}

Small Crain

.~ &t Medium Grains
.

Y
e Large Cruins
T
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FIGURE 1-6. Efecis of Independently Varying Grain Size,
(Charge weiyhl is equal in cack case,)

pressure attained and eauses it te occur sooncr in
the travel of the projectile,

1-8 BLACK POWDER*

Black powder, once the ouly available propellant,
is no longer used for that purpose. It is still of
interest because of other military uses, It is manu-
factured as small, shiny black grains. The ingredients
arc usually finely pulverized potassium or sodium
nitrate, charcoal, and sulfur which are incorporated
into an intimate mechanical wmixture. The charge
is pressed into a cake and pressed or extruded to
the desired grain size afid shape. The grains are
glazed with graphite to prevent caking and ae-
cumulation of statie electricity. The potassium or
sodium nitrate (about 75%) acts as an oxidizing
agent, while charcoal (about 1395) and sulfur (about
109,) are combustibles. Sulfur also lowers the
ignition temperature of the mixture from 340°C
to 300°C.

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

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

a. Propellant iguiters in artillory ammunition,
b. Delay clements in fuzes.

. * Additional information on black powder will be found
in Referenee 9,

1.7
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FIGURE: 1.7, Typicul Shapes of Propellant Grains,

¢. Saluting and blank charges,

d. Spotting charges for practice ammunition.

e. Safety fuse (burning rate, 1 ft in 3040 scconds),
f. Quickmatch (burning rate, 9-120 ft per sceond),

1.9 GUN PROPELLANTS*
1-9.1 Present Gua Propellants

Present gun propellants arc forms of nitroccllulose
explosives with various organic and inorganic addi-
tives. They may be divided by coniposition into
ci83¢s of which two, the single-base and double-base,
are the most common, Both classes are manufaetured
in quantity in a variety of shapes including flakes,
strips, sheets, peliets, or perforated eylindrical grains
(Figure 1-7). The cylindrical grains are made in

* Additional information on gun propellants will b
found in Reference 9,

———
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various diameters and lengths, depending on the
size of the gun. Figure 1-8 shows, to approximately
# full size, ginins for various calibers of guns. The
grains for a ealiber .30 cartridge are 0.032 inch in
diameter and 0.083 inch long, while those for a
16-inch round are 0.947 inch in diameter and 2d
inches long. The perforations shown in Figure 1-7
ate for the purpose of controlling the rate of gas
liberation as well as burning time,

1-9.2 Burning Time

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

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

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

T Ny

FIGURE 1-8. Sizes of Sonte Typical Grains,

1.8
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A — UNBURNED GRAIN

FIGURE 19, Web Thickness and Route of Burning Progress through a Progressively Burning Grain.

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

d. The percentages of volatile materials, incct
materials, and moisture present, A 1% change in
volatiles in a low volatile content propellant may
cause as much as a 109, change in burning rate,

1-9.3 Burning Action

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

Since the graing burn only on exposed surfaces,

" the rate of gas evolution for a given propellant will

depend upon the arca of the burning surface. I'or a
given weight of propellant the initial burning surface
will depend upon the form and dimensions of the
graing. As burning continues, the rate of combustion
and of pressure variation will depend upon how the
area of surface changes, that is, upon the rate of
area increase or decrease, Figure 1-10 shows, for
typical grain configurations, the relation between
pereent of grain consumed and arca of burning
surface.

The rapidity with which a propellant will burn
depends upon the chemieal composition, pressure,
and area exposed to burning, The quickness of a
propellant i3 a relative term only, expressing its
rate of burning compared with others. A quick
propellant will burn wmore rapidly and produce a
higher pressure in a given gun than a slow one.
Propellants of fixed weight, ehemieal composition,

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

1-9.4 Degressive Burning

The total surface of a propellant grain changes
with burning, and on cord and strip forms the
surface arca of the grain decreases, The burning
action of these graing is elassified as degressive,

1-9.5 Neutral Burning

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

AREA OF BURNING SURFACE

o 20 40 0 80 00

PERCENT BY WEIGHT
OF GRAIN CONSUMED

FIGURE 1-10, Relative Areas of Burning s o Fuaction of
Percent of Individual Grain Consumed, for Several Typical
Grain Shapes,

1.9
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1-9.6 Progressive Burning

When the multiperforated grain burns, the total
surface area inercases since the perforated grain
burns from the inside and autside at the same time.
This type of burning is called progressive (Figure
1-9). When a multiperforated grain is not compietely
consmned, as may be the case when a reduced
charge is used, portions of the grain remain in the
form of slivers and may be cjected as such from the
weapon. The rosette grain (Iigure 1-7) was designed
to reduee the formation of slivers.

1.9.7 Single-Base Propellants

Single-hase propellants are essentially gelatinized
nitvocellulose to which various organic substances
are added cither to produce improved qualities or
for speeial purposes, Single-base propellants are
amber, brown, or black in color, depending on the
additives present.

Single-base propellant is rather insensitive. In fact,
it is difficult to ignite, requiring a powerful primer
and additionally, in large ammunition, a black
powder jeniter, 1t ignites at 313°C. In the open,
single-base propellant burns very much like celinloid,
seemingly, this explosive is very safe but the facet
should not be overlooked that, although it is used
as o low explostve, it is an orgacie nitrate and may
detonate if burned in large quantities. It may also
detonate syinpathetically from the detonation of
other explosives, although in actual practice this
rnrely occurs, Stngle-base propellant is more power-
ful than black powder, giving off 1000 calories and
SO0 cubie contimeters of gas per gram, compared
with 700 calovies and 300 cubie centimeters per gram
of black powder. It has a burning speed of 0.1 to
18 centimeters per seeond at pressures up to 60,000
nowds pee square inch,

Single-base propeliant is unstable and decomposes
in hot moist stornge, It is hymoscopic, although not
as hyeroscopie as blaek powder. Nitocellulose in
the presence of moisture hydrolizes to free acid,
which takes the form of oxides of nitrogen. These
oxides aceclerate the decomposition, building up
heat to an ignition temperatuee, and spontancous
combustion may result. Addition of o chemieal
stubilizer brings the stubility to acceptable limits,

To swwmarize, the charaeteristies of single-base
propelluts we:

a. Controlled burning. The hurning time of single-
base propellants enan be contralled to a point where
the maximunm propelling effect ix obtained,

b, Sensitivity, lgnition is diffienlt, and the pro-
pellant ix reasonably safe,

1-10
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¢. Stability. The propellant is unstable, but this
can be controlled to within acecptable limits by the
addition of stabilizers,

d. Residue. There is some residue and smoke,

¢. Manufacture. This is complicated but safe,
Rew materials are plentifal.

1. Erosive action. Single-base propellant erodes the
bore, but not quite as much as black powder. Its
isochoric adiabatic flame temperature is 2400°K
to 3000°K.

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

Single-base propellant can be produced in a form
lacking tost of the objectionable features,

The propeliant grains for small arms are usually
glazed with graphite to facilitate machine loading
and to prevent the accumulation of statie clectrieity,
aindl thus present a black, polished apper  nce. Since
the graing are small, they ignite more eadily and
burn more frecly than cannon propellant. When
moisture s present or abnormal temperatures pre-
vail, they are subject to more rapid deterioration
than the larger grains.

1-9.8 Double-Base Propellants

This form of propellaut is essentially a combina-
tion of nitroglycerin and nitroecllulose with eertain
additives to give specinl propertics. The  nitro-
glycerin inercases the potential and reduees hygro-
scopicity, the latter improving the stability, The
color of the grains is gray-green to black, and the
forms are the same as Tor single-base propellant,

Double-base propellant s more sensitive than
single-base propellant, igniting at 150°C to 160°C,
1t detonates more readily than singie-base propellant
and can be made to yickl a higher potential and
liberate more heat, but produce a smaller volume
of gas. The burning rate, generally faster than that
of single-base propellant, can be controlled similarly.,

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

a. Controlled burning. Burning can he controlled,
as with single-base propellants,

b. Sensitivity. This is greater than for single-base
propellunt, slightly increasing hazard.

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

. Rexidue, Sinee there is not o much inert
matevind, there s little solid residue. Smoke can
be eontrolled,

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

Tl .
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peliant due to presence of nitroglycerin, Raw
materials are readily available,

[. Erosive action. igh temperature and heat of
explosion from the higher potential double-base
propellanta cause more erosion than results from
use of single-base propellants,

g. Flash, As in the case with single-base pro-
pollants, . Aash ean be controlled to a ecrtain extent
by the usc of additives. The presence of nitre-
glyeorin accentuates the tendency to flash by in-
ereasing the flame temperature,

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

1-9.9 Nitroguanidine (Triple-Base) Propellants

A propellant contsining nitroguanidine in addition
to nitroglycerin and -nitrocellulose as prineipal in-
gredients is conmonly referred to as a triple-base
propétlant, This type of propellant was developed
in Great Britain during World War 1I as a result
of research direeted toward obtaining a propellant
with desirable properties such as cool burning, low
crosion, and flashlessness, without deercase in
stability or potential, The Beitish bhave designated
their nitroguanidine propellant as Cordite N. The
nitroguanidine propellant, designated M-15, de-
veloped by the United States, represents an interim
solution for seleeted rounds of ammunition where
the flash or obscuration problem is critical and
where its speeial propertics are particularly necded,

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

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

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

* Trademark of (in Mathieson Chemieal Corporation,
Roferenee % eontaing additional information,

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

1-9.13 Characteristics of Standard Propellants

The compositions of some of the standard and
experimental (M and T designations, respectively)
propellants, and some of the thermodynamic and
caloriic values of them are given in Table 1-1.
The practice, as illustrated therein, of specifying
certain additives, coatings and residues as pereent-
ages of the total of the prineipal constituents,
resulting in over 10095 total contents, is standard
in the explosives field.

1-9.12 The Rate of Burning

Since the burning of a propellant oceurs only on
the exposed surfaces, the smallest dimensions be-
tween the exposed surfaces become the eritical dimen-
sions, ag it determines in general when the propellant
will be completely consumned. This eritical dimension
is called the web., As wus explained in discussion
of the progressive, multiperforated grain, burning
through of the web is followed, in this case, by
burning of the slivers, A corrected forma of multi-
perforated grain is the rosctte, illustrated in Figure
1-7. With the exeeption of multiperforated grains,
all forms of propellant graing are completely con-
sumed when the web is burted through,

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

w = 0.25(D — 3d) (1-1)

where

w = web thickness
D = outside dianmcter of the grain
d = diameter of the perforations.

]

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

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

% < pSBD" (1-2)




where

e is the mass of propellant burned

{ the time

I’ the pressure

B the barning rate eoellicient

«e the burning rate pressure exponent
o the speeilic mass of the propellant
N the arvez of the burniug surface

The dependenee of the burning surlfaee swea on
the remgining web as the charge is consumed ean
be ealeulated from the geometry of the grain by
assuing that this geometey does not change daring
burning, fe., that the lincgr burning rate is the
sante at all points on the burning swrface, For
propellant in thin sheets, the avea of the edges ix
negligible and the surface is constant during burning.
For single peviorated exlinders, i S, 15 the initial
strfaee aml £ the fraction of the web burtied through

2eN (D, + d.) (-3

where N is the nutaber of grains o the charge,
The seeomd termn an the right anses from the
combined eficet of the change in the area of the
end sarfuecs and the reduction in length of the
grain. Otherwise, the deercase in the outer diameter
I connpensated by the izerease in the inter dismeter,
If the second term ean be negleeted, the burning
surfaee is constant, For single pecforated grains of
the usual proportions, the negleet of this second
term gives a surface area, at burnout of the charge,
which is approximately ten pereent too high, That s,
the charge is actuully sonwewhat degressive, For
seven perforated geains, the charge 5 progressive
until the web is burned through; after which it s
degressive,

A relation sueh as Fquation 13, which takes
acemmt of the effect on the rate of gus evolution
of the changing burning sucface area, 8 ealied the
form Tunetion of the granulation, This function is
simple for sheets, cords and long single perforuted
grains or tubes. For seven perforated grains, it is
complex, especially after splintering, For the simple
shapes it is expressed as a polynomial in the remain-
ing web, bat for seven perforated grains it iy often
given in tabular form, Formulas for the surfaces
for complex shapes arve given in Reference 10, For
other fornutations of the forn funetion see Refer-
eneey 2, 3 wmd 6.

In practice the dilferenee in the interior ballistics
for single and multiple perforated grains i3 not as
great as theory indicates. In caleulating the srfaces
from the geometry, the assumption is made that

ns' = '\;n —_

1-12
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the ignition is simultasconx over all sufaces. This
is never the case in practice, For the seven perforated
charges the degressive burning of the shvers remain-
ing alter the web is burned through tends to reduce
the progressive eharaeter of the early buriing. Also
the burning rate 2 mflueneed not only by the
pressire but also by the flow of the gns over the
grain and within the perforations, The shape of the
grains s ot esactly maintained eduring Buening,.
Fxeopt, therefore, for highly degressive grains such
as cords, the assamption of a constant hurming
sutface is adequate,

With this asstmption, the burning suriaee of the
charge may be ealeulated by the Torula

!

8= (1-4)

where
€' 15 the mass of charge

In practice, the rate at whicihe gas is evolved
depends o the detailed  conditions under whieh
the charge is burned, & standwd method for de-
termining burning rates is to burn the charge in
o closed chamber at eonstant volume and measwre
simultancousty the pressure and its time derivative.
Then, if the velation between ¢ and 22 is known,
a value for the burning rate coctficient, B8, ean be
derived by the use of Bqguations 1-2 and 1-1. The
cocflicient, B, so determined, i also called the
elosed chanmber burning rate cocllicient, and it s
used maily for comparative purposes and for
standardizing propellant lots. The details of the
meothod are given in Relerences 3 and 7,

The closed chamber buring rate cocllicient rarely
yields good agreement with obscrevation if used in
interior hallistie caleulations for guns, The condi-
tions in the gun arve very diffevent, and the buming
rate eocfficicnt must be determined by adjustment
to the results of actual firings, By observing the
results of numerous firings when fitted to a given
formulation of the theory, the user can estimate
a burning rate cocflicient for a particular case which
then can be adjusted to the actual case in question,

The buming rate pressure index, a, varies for
different propellants, but the latest experiments
indicate that it lies between 0.8 and 0.9, A ligure
as low as ¥ has been used by some authors, and
frequently it is assumed to be equal to unity. In the
latter case, the soltion of the cquations of the
theory can be given analytically, otherwise this is
not possible and numerical methods miust be used.
With the development of bhigh speed computing

Pl N
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TABLE 1-1 CALCULATED THERMOCHEMICAL
VALUES FOR STANDARD PROPELLANTS
(INCLUDING RESIDUAL VOLATILES)

(Located in the back of this
handbook)
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nachines, this is not the disadvantage it once was.

The value of « may be determined from elosed
hamber measuvements. The methods are deseribed
u Reference 3,

1-9.13 Energy of Propellants

The propellant gas is a complex iixture of several
rases and for the mixture to have the same properties
of independence of energy from density) all changes
n equilibrium which oceur must be equivoluminar
wd independent of the density. This in cffect
estriets the theoey to “cool” propellants,* that is,
o those for which the temperature is not high
nough to produce siguificant dissociation of the
uain econstituents of the gas mixture, To the approx-
mation of the assumed cquation of state, cach
wopellant formulation has a definite explosion tem-
wrature. Thus, the deecomposition of a unit mass
f propellant always libeeates the same amount of
nergy whieh then heats the produet gases to the
ame temwsperature independent of the density, For
aost propellants, the most important equilibrium
s the water gas equilibrium and since this equilib-
ium s cquimalar, the assumed equation of state
s sufficiently accurate for use in the interior ballistie
heory of guns, The use of a more accurate equation
[ state would greatly complicate the theory and
sould not he justified in view of other simplifying
ssumptions and approxinations which are always
art of any formulation of the theory. In treating
he thermochemistry of propellants, however, a more
ccurate equation of state must be used. Extended
reatments of the thermochewistry of propellants
re given in References 1 and 5.

It iz standard practice in the formulation of
itevior ballistic theory to assume an equation of
tate of the simple covolume type. This is an equa-
ion of state of the Van der Waals type with the
a’ term: omitted but not the ‘D" term and is
nown a3 the Abel cquation of state, lor a gas
beying such an equation of state, the internal
nergy depends only on the temperature and not
n the density. The Abel eguation is expressed as

PV — ) = nRT (1-3)

n interior ballisties it is usually writteis in terms
f a unit weight of gas, so that 1" and ¢ have dimen-
ions volune per unit weight and r is the number
{ moles per unit weight, Many authors also define
! as the gas constant per unit weight so that »

* “Cool” propellants may be defined roughly na thowe
w whirh the uneooled explosion tempeesture is not greater
han 3000° K.
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docs not appear explicitly in the cqnation. & so
defined is not constant unless » is also.

If 7y is the adiabatic flame temperature, the
energy released by the decomposition of anit weight
of propeliant, calied the “forec” of the propeilant,
although it has the dimensions of encrgy per unit
weight, i, length, is defined by

F =nRT, (1-6)

The foree can be determined experimentally by
burning a charge of propellant in o elosed ehamber
(i.c., at constant velume) and measuring the maxi-
mm pressure produced and using Equation 13,
along with suitable cooling corrcetions. To do this
requires a knowledge of 4 which can be determined
simultancously by firing a scries of charges of dif-
ferent masses and measuring the corresponding niax-
o pressires,

Table I-1 includes values of the foree for a
number of standard and experimental gun pro-
pellants. Foree and other thermodynamie parameters
of propellants can be caleulated theorctically if the
neeessary thermochemiceal data are available, Re-
sults of exteuded ealeulations of this sort are given
in Refevenee 11, The subject is also covered briefly
in Reference 9.

During the operation of the gun, the gas is pro-
duced at temperatuve, 7, and falls to a lower
tenrperature, 77, due to the loss of heat to the tube
snd the performance of work during the expansion.
The change it intermal cnergy per unit mass of gas
can be expressed as C.(7 — T) where €, is an
avernge value of the speeific heat of the gas at
constant volume averaged over the temperature
range, (Ty — T). This encrgy is used in heating
the gun and in imparting Kinctic enorgy to the
projectile, the gas, and moving parts of the weapon.
The quantity C,7, is called the specific encrgy or
potential of the propellant.

It is assumned in interior ballistics that the average
specific heat at constant volume, €, bears the same
relation to p, the gas constant, as the specific heat
at constant volume for a perfeet gas does, so that
it may be stated a8 = C,(y ~ 1). However, v is
not now the actual ratio of specific heats, but is
analogous to it, its value being adjusted for best
fit to the theory used. In effect, €, is replaced by

nRR/y ~ 1. Then, from Lquation 1-6, if %
denotes the potential, C, T,
E = ¥y - 1 (l".)

E represents effeetively the total energy available

1-15
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from unit mass of propellant. It is cqual approx-
imately to the mternsl energy of unit mass of the
propellant gas at the adiabatic flame temperature,
T, which is given by [ C, dT.

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

P, ~ c1) = cnRT (1-8)

where ¢ is the mass of propellant burned, equal
to the mass of gas, and U, is the actual volume
of the gas. Actually the pressure is not uniform
throughout the mass of gas, nor is the temperature,
so both I and T are unknown average valucs
consistent with the equation as written, and P, U, ¢
and 7 are rapidly varying functions of the time,

" Downloaded from http://www.everyspec.com

n and n are also variable, but Jess 80, so that average -

values can be used. :

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

P(U, — en)
e (1-9)

and the general cnergy equation of interior F:ullistics

can be written

cF  P(U, — en)
e e RS SN (O 1)

where K is the cnergy expended by the gas in the
doing of work and in heat conducted to the gun.
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CHAPTER 2

LIST OF SYMBOLS

Avea of the cross section of the bore, in®
Area of the cross section of a nozzle, in®
Leakage area, in®

Acceleration, in/sec’

Throat arca of nozzle, ®

Sonic veloeity in gas, in/see

Burning rate cocflicient, in/sce-*
Momentum index, dimensionless

Weight of the propellant, 1b

Weight of propellant for ideal rifle, 1b
Thrust cocflicient, dimensionless

Weight of propellant burnt, 1b

Specific heat at constant velume, in-lb/12
slugs-°K

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

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

Ballistic efficicney, dimensionless

Specific foree of the solid propellant, in-lh/Ib
Engraving foree, Ib

Thrust foree, 1b

Similarvity factor, dimensionless

Momentum factor, dimensionless

Heat loss ratio, dimensionless

Ciravitational aceeleration, in/sce’

Internal encrgy of the gas, in-lb

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

Work doue by the gas, in-lb

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

Redueed ehamber length, dimensioniess
Effective mass of the projectile, 12 slugs
Modified cffective mass of the projectile,
12 slugs

Log, 10 (approximately 2.3026)

Momentum of gun, 1h-see

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

Space average pressure, 1b/in’

P/x, dimensionless

Reduced pressure, dimensionless

Q
q
?

th
I 4

R

Heat loss, in-lb

Quickness (Bennett), dimensionless

Rate of flow, Ib/in"sce

Empirical quickness factor, (in®/Ih)}

Weight of gun and recoiling parts, 1b

Gas coustant, in-lb/1b-°K

Linear vate of regression, in/sce

Ratio of actual to tabular velocity, dimen-
sionless

Ballistic parameter, dimensionless

Empirical velocity factor, (Ib/in®)!

Surface arca of the grains, in’

Space ratio {cxpansion), dimensionless
Lncrgy of the fraction of the charge burned,
in-Ib

Temperature, °K

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

Adiabatic flame temperature, °IC

Time, sce

Redueed time, dimensionless

Dinmecnsionless time

Free volume, in®

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

Chamber volume, in®

Volume of the propellant gas, in®

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

Specific volume of waicr: 27.68 in*/1b
Velocity of the projectile, in/sce

Leakage velocity coefficient, in/sce

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

Sonic velocity in air, in/see

Dimensionless projectile velocity

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

Weight of the projeetile, 1b

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

Web thickness, in

Travel of the projectile, in

Axial coordinate of the projectile, in

-2
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Brimensionless travel
Volume  expansion mtio: {7, dimen-
stonfoess -

latio of muzzle pressure to peak pressure:

PP, dimensionless

Piezometrie efficieney, dimensionless
Burning rate exponent (@ssumed = 0.8)
Differential coeflicient: (Col7,), (17,.00), di-
nensionless

Iseape speed of gas, in see

Differential cocllicient: (€/a0°,) "(1*,0C), di-
menstonless

Burning rate cocflicient (Jinear Jaw), in'; Ib-sec
Differential cocflicient: ((7,0V,) (V,.00.4),
dimensionless

Differential ecoeflicient: ({7.007,)/ (12,00 4),
dimenstonless

atio of speetfic heats of the gas (assumed
elfeetive value: 1.30)

Differential cocfficient: (X,,017,),'(V .9X..),
dimensionless

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

Density of londing, specific gravity of loading,
dimensionless

Differential coelliciont: (3017, (17,04), di-
mehsionless

I"idduck-Tvent coustant, dimensionless
Differential coefficient: (a00,)7(P,84), di-
mensionless

Interior ballistie parameter, in-lb

Interior ballistic parameter: gaw/BCN, di-
mensionless

Speeific covolume of the gas, /I
Differential  coefficient:  {IVal7.)/(17.011),
dimensionless

Differential eocfficient: (0792, /(,011), di-
mensionless

I'actor accounting for rotational energy and
frictional resistance (assumed value: 0.05)
Fraction of total encrgy available to pro-
jectile: Katsanis factor, dimensioniess
Diffeventinl cocflicient (wd¥7,) (17,.91w), di-
mensionless

Downloade-dmf-rorh httb'://'vvww.e-veryspec.cém.

Dilferential coellicient: (woP,)/(P,0w), di-

Ky
mensioltless

A Differential cocfficient: (Fa17,)/(V.9E), di-
nmensionless

A Dilferential cocffietent: (£aP,)/(P,4F), di-
meusioniess

plw)  Pressure Iunction, dimensionless

u Ratio of throat arca to bore area: A,/d,
dimensionless

v(w)  Travel funetion, dimensionless

£ Dependent  variable: «/(dK/dT),  dimen-
sionless

r Pressure factor, Ib/in®

p Specific weight of propellant, Ib/in*

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

r(w) Time function, dimensionless

T Time unit, sce

¢ Independent varviable: log (7'/15), dimen-
sionless

¢ I’roportion of the propellant burned, dimen-
stonless

¥ Baliistic parameter, function X, dimensionless

w Dependent vaviable (K/T), dimensionless

Subseiripts

0 Initial value: whent = 0

1 Characteristic of fast propellant in dual
granulation charge

2 Characteristic of slow propellant in dual
granulation charge

a Of atmosphere

b At end of burning: “burnt” vale

¢ Chamber value: at breceh

e At nozzle exit

{ Lither L or 2

Y Muzzie value: when base of projectile is at
muzzle

n Nozzle opening

P At peak or theoretical maximuni

r In reservoir

r Space maximum at any instant

8 At base of projectile

{ Tabulated value (Bennett)

{ At nozzie throat

P R
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CHAPTER 2
THEORY AND PRACTICE OF INTERIOR BALLISTICS

2-1 INTRODUCTION

There are numerous systems of iuterior ballisties.
Diffevent ballisticians have formulated the theory
in various ways, Their systems, if they are not
purcly empirical, do not differ essentially since they
are treatments of the same thermodynamieal and
mechanical phenomenon, They differ in the sim-
plifying assumptions made, that is, mainly in degree
of complexity and sophistication of treatment and
in the details of the mathematieal procedures, For
many practical probiems, very simple formulations
are adequate and these are much used. However,
with the widespread and incrcasing availability of
high speed automatic computers the more com-
plicated formulations can be used without too much
expenditure of time and efiort,

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

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

The equation of energy has also been discussed
in Chapter 1 and its form is given in Equation 1-10.

‘The equation of energy is a statement of how the

energy released by the combustion of the propeliant
is distributed during the operation of the gun,

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

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

reacting surface. The form of the ecquation used
here is given in Equation -2,

If the reacting swiface is not constant, it Is
neeessary to introduce the form function to aceount
for the cffect of the changing burning surface on
the rate of gencration of gas in the gun, Except
for very degressive granulations, the assumption of
constant burning surface is generally sufficiently
accurate and this assumption is made in the explicit
treatments which follow.

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

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

The encrgy equation may be stated simply as

T=K+1 (2-1)
where

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

K the work done by the gas, plus energy lost by
heatiog the harrel

I the internal energy of the gas

By Iquation 1-10

cF

T = T-1

where F is now defined as the energy per unit

weight of propellant (specific force) and by Equa-
tion 1-9

(2-2)

PU, — ¢en)

I= ~ =1

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

a. The principal part is the translational kinetie

2-3
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energy of the projectile, equal to W17/2¢ where
W is the weight of the projectile, V7 its velocity
and g the gravitational acccleration.

b. Treating the gases and unburned propellant
as a fuid consisting of the gases and burning solid
grains thoroughly mixed, and supposing the tube
to be cylindrical (that is, neglecting chambrage),
an approximation of Lagrange in which the density
of the fluid is assumed independent of position may
be used for ordinary velocities. Then the velocity
of this fluid increases linearly from 0 at the breech
to 17 at the base of the projectile; the average
velocity s 17/2, and the mean square velocity is
1773, Henee, the Kinetic encrgy of the unburncd
propellant and the gas is C17/6g, where € is the
weight of the propellant charge,

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

i(u'r +OV/2 RV, =0 (2-4)

whenee

= LY )

Therefore, in free recoil, the kinctie energy of the
recoiling parts is

(W _}.:,2 ;f'c/?) ¥* (2‘53')

IFor standard weapons, the ratio (V7 -+ C/2)/R is
of the order of 0.02. The energy of recoil is, there-
fore, a very small fraction of K. The recoil velocity
is much less than that given by Equation 2-3; as
the energy is absorbed in cannon by the recoil
mechanism, Iu nonautomatic small arms fire the
energy is transferred to the body of the man firing
the weapon. The encrgy of recoil can be neglected
without serious cffect.

. The rotational kinetic encrgy of the projeetile is

LN? .
o (2-6)

where

I, is the axial moment of incrtia and
X is the angular velocity,

2-4

The axial moment of incrtia may be expressed as

§, =Y (2-6a)
where
k is the axial radius of gyration
The angular velocity is
N =2sV/nd (2-7)

where

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

d is the ealiber

By substitution, it is found that

2 FAEEAT 2
=) @9
g
For most guns, n is between 18 and 32 calibers,
say 25. For a solid cylinder, (k/d)? is 0.125; but
for high explosive projectiles, it is about 0.1:4. There-

fore, the factor (2xk/nd)* is approximately 0.01.

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

awv:
29

If 8, is taken to be constant, this is equivalent to
assuming that the resistance ia proportional to the
pressure, The value of 8, is usually of the order
of 0.04,

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

_ WY OV W+ C/2
K=yt ™ 2

2\ WVE | oWV
+ (28) e+ re @9

Lquation 2-9 is complieated but can be simplified
in the following manner, Drop the third ferm on the
right as negligible, and let

0 = (2nk/nd’ + 6, (2-10)

In the calculations, 8 will be taken cqual to 0,05,
Also, let an “effective” mass be defined as

a =t ")’: +¢/3 @-11)

i




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

My

K = (2-12)
It is customary to take account of the hent loss
(2 by adjusting the value of y upward so that the
estimated total available energy of the gas is reduced.
The coffect of the heat loss is to reduce the kinetie
energy produced by the gas and has an cffect similar
to an increase in the clfective mass. Assuming that
the effeet can be taken account of by simply in-
creasing the effective mass by a constant factor,

M1

Q=15 (2-13)
‘Then, omitting the ecovolume term for simplieity
-2
©F - PUy =L+ p,

¥y -1

and if ¥ s the adjusted value of ¥

L MY = M
5 i (ct - PU) >
=0 that
I- .
y l =14 (2-14)

I practice fis about 0.15 hut ay be considerably
larger than this espeeially i small arms, To take
aceount of fieat loss then, one simply substitutes
the value of ¥ for ¥ wherever the latter oecurs.
Taylor assumed an adjusted value of ¥ equal to
130, In what follows it will be assumed that
has been adjusted so that, in the subsequent text,
v represents the adjusted value, unless the heat
loss, @, oceurs explicitly in the equation. For more
detailed discussion of the heat loss problem, sce
References 2 and 6, also Corner?, page 141,

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

__(!',__p "’?).__"_’g_.. 215

wlhiere

Pois an average pressare consistent with the
canation of state and
{7, the volume occupicd by the gas

I'he eomplete expression for the free volume is

U= 10X+, —Cut+4cu—cy 2.16)
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where

A is the arca of the eross section of the bore
.\' the travel of the projectile
U.x the chamber volume
u  the spectfic volume of the solid prooellant and
n the speceifie covolume of the gas,

Initially X' = 0, the free volume is then
Us = Un — Cu + ¢(u — ) (2-17)

where ¢, i8 the weight of the small amount of charge
burncd before start of projectile motion, Substituting
U from Eq. 2-16 in Eq. 2-15 the cquation for the
internal energy of the gas is
I = 7-—{—-—1- {AX + U — Cu + clu — )]
The specific volume of the propellant () is about
17.5 in"/lb. The specific covolume (3) (the volume
apparently occupied by the molecules in o unit
weight of gas) is approximately 27.7 in’/Ib. The
specific covolume of the gas is thus about 1.5 times
the specific volume of the solid propellant. It is
assumed here that they are equal, = u for the
sake of simplicity. This assumption is often made
in interior ballistics, but its validity becomes ques-
tionable for high ratios of charge to chamber volume,
With this assumption, Equation 2-17 becomes

(2-18)

Ue= U — Cu (2-17a)

and from s, 2«16 and 2-18
U=U,+ AX 2-16a)
I = i (AX + U, — Cu}  (2-18a)

Substituting from Equations 2-2, 2-12 and 2-18a
in Equation 2-1 the encrgy equation becomes

Fe my? r . v
S = T A T AN+ Ua = () (219)

2-2.2 The Equation of Motion

The equation of motion cxpresses the refation
between the aceeleration of the projectile and the
pressuce ot its base, P, Sinee the unburned pro-
pellant and the gas are being aceclerated along with
the projectile and there is also friction at the bore
surface, there is o pressure gradient i the gas,
The result is that the average pressure, 1, occurring
in Equation 2-19 ix not the same as the base pressure,
P,. Furthermore, it is customary to measure the
pressure in a gau at a location at or near the hreeeh,
To solve the equations theoretically and to express

2.5
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the result in tevins of the measured pressure, P,
some assumption must be made conecerning the
relations between the different pressures. An assump-
tion commonly used is that

C

21 + o 1

r..:r:rP, =1+ 14

__¢ .
31+ oW -
(2-20)

This relation is an approxitnation based on a
speeial solution of the Lagrange problem which is
diseussed more fully in Chapter 5. Its use is re-
stricted to artillery weapons firing at moderate
velocitics. When applied to treatments of high
velocity weapons or to small arms, it yiclds poor
results, Using Equations 2-11 and 2-20

oW, L+ oW oo
=dravicnl = g ¢ @2

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

_ L+ away

P,

A 2.99
AP, P T 2-22
Substituting Fa. 2-21 in Faq. 2-22, gives
aVv
AP = —— DN
AP =W o7 (2-271)

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

Since
V="a 2-24)
the equation of motion may be written
av -
AP = MV = 2-2
AP = M1 I\ (2-25)

2-2.3 The Burning Rate Equation

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

a¢r
g == 2-26
(2-26)

where

S is the surface arca of the propellant grains

w the web thickness and

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

‘The rate of regression of the surface is assumed to

2-6

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

- = pSBP®

7 (2-27)

whore

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

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

2-2.4 Elimination of Variables

The preceding equations involve about a dozen
variables. By straightforward manipulation, they
can be reduced to three cquations involving only
four variables: K, P, X and T. T will be treated
as the independent variable, Differentiating Equa-
tion 2-12, gives

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

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

dK = P qdU (2-30)
Finally, since dX = V dt by definition
dK = APV di (2-31)

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

dT = dK + dI (2-32)
Now, by Ilqs. 2-2 and 2-21,
dK APV dt
dT = Fde/ty — 1) (2-:33)
which, by Eq. 2-27, may be expressed
dK _ (y = DAPV (2-34)

dT' = poSBP




Defining a constant

FoSB
Ay - 1)

and substituting Eq. 2-12, Equation 2-34 beeomes
dK /2!\' pte
fin _ f2h 9.!
d7 M o (2-36)
Combining Iqs. 2-32 and 2-36
RE P dl -
L= M ¢ + d? (2-37)

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

(2-33)

g =

" sl
il = dK +Udf

o T oy (2-38)

Combining the last three cquations yields

2K P UdpP
Y- l=mnFr—+t-7 @3

T
Eliminating I from Egs. 2-1 and 2-15

T - K}y - 1)

P (2-10)

U =

Substituting this in I2q. 2-39 and rearranging
produces

g_]._) _ P [ - .:)iggpl-a]
T~ o - DT - K L7 WA s

(2-11)
Eliminating {” from Eqs. 2-16a and 240 gives

Equations 2-36 and 2-41 form a system of two
first order differential cquations in K and P with
T as independent variable, and Eq. 242 relates X
to these variables,

2-3 SOLUTION OF THE EQUATIONS
2-3.1 Reduction to Normal Form

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

dK _ RE P

aF =N (2:30)

gi‘o B P [ 1o g.{\fpt—a]
T - (=T =KL YN o

(2-41)
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In order to obtain solutions which are compatible
with obscrved results, initial conditions must be
imposed that represent gun conditions as closely as
feasible, The resistance to the motion of the pro-
jectile during the engraving of the rotating band
is much greater than it is at any later stage. Closer
agreement hetween eomputed and observed results
is frequently obtained at small cost in added com-
plexity by imposing an added resistance correspond-
ing to cngraving resistance, which prevents the
projectile from moving until the pressure reaches
a certain value, P, called the starting pressure.
This has already been taken .into account in that
a resistance proportional to pressure varies some-
what like a combination of engraving resistance and
later bore friction, being large in the carly stage and
small later. '

The initial conditions arc then

Uu + 444\’ =

(2-42)

V =0, K=0, P=2PpP, X =0,

[/ L | B UI‘II)II r o

P — Iu - ‘r — l' L - Uu (2‘4’3)
where

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

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

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

T = ¢0* (2-44)

w = VK/T (2-45)
d

- (2-46)

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

do _m(l_ w) ©-47)
where m = log, 10 (approximately 2.3026).

Eliminating dK/dT from Eqs. 2-36 and 2-46, and
differentiating logarithmieally, produces

do _dE _ o _ adP 1K
w E = (l a) P 2 K (2‘48)
2.7
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Using Lgs. 2-41 and 2-15, this may be expressed

_d_dr l1—a 37 e ]}
t T {"+l—-wz[l y—1NA &

(2-19)

Finally, using Eqs. 2-36, 2-46 and 2-44, this becomes
ds _ . ¥ 9]} 2.5
mtde { + 1 — o [I y—1¢ (2-50)
From Fs. 2-16, 2-36 and 215, there results

[ 1dK P RK RE P T

t wdl'  we \[: M o NK (2-31)

fet T Toand § — & whenw — 0; then 2 — I,
and

_— Cz ol
wk = P ]}1- ‘\/Fu

Substituting T, from Eq. 243, this becomes

- ltl—f a5
TN P"“\/U..f \ @59

sinee, by delinition,

(2-32)

FpSB
Ay — 1)

g =

thix max be written

+ {1=2
_ L pSBE {T [ ] 2:39)

TV -1 A NG

sre

Lot
and substitute in Lg. 2-54,
Next define
p = ‘:—: 0 that p, = I;I' (2-57)
and let
= log p, = log II—);-' (2-58)
From Fgs. 2-44 and 243,
T, = 10* = ff“l (2-39)

This gives

2-8

U.P,
Py — 1)

2-58, produces, from

¢ = log (2-60)

Identifying this with Iq.

Eq. 253

—_ nUﬂ _ Dfn .,OS!"B i{]a)(:\-gu) .
5_7"1"7—1[4 v, (2-61)

or, from Eq. 2-35
f2=-0 A=2n) B2y Ta=11/{t=2a} 2/{3-2a
€ = {u wlsn .-ulf(l u}(‘y__l){ o« s L a_r’( ¥

(2-62)
Also from Egs. 2-56 and 2-58 it follows that

3 -2
=2y, (269)

logé = —3log2(y — 1) -

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

d m{l 5 (=

i =3 (E — w) : (2-47)

de _ 1 l—a Y A _x
~ds = m.f{:z + T [l po f]} (2-50)
logt = ~4log2ty — 1) =~ > 52, (263)

Here, the independent variable is
é = log (T/¢) (2-44a)
where ¢ is defined by Fe. 2-61, and the dependent

variables are
= VK/T (2-15)

dar

t=ofp (2-46)
The nume:ical solution of the normal form and
s use in computing trajectory data will be dis-
cussed next. After that, some simple methods of
estimating trajectory data will be given, and the
cffects of wvariations in the parameters will be

cxplained.

2-3.2 Numerical Integration of the Normal Form

The system of equations in normal form represents
2 onc-parameter family of trajectories, The param-
cter is the initial value ¢, of the independent variable
¢. This system has been integrated numerieally by
computer for values of ¢, ranging from —2.5 to 4-1.8.
It was observed that the set of curves for ¢, less
than —2.3 tends asymptotieally to the solution for
the casc of zero starting pressure, which may be
called the “limiting trajectory™. From the solutions
working charts have been constructed.

o
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2-3.3 Interior Ballistic Trajectoriec Dyring Burning

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

From Equation 2-12, the work done by the gas
i3 expressed as

L&

—

K='”

[&]

Combining this with the definitions in kgs, 2-44
and 2-43, yiclds

Vie = /2 M10°° (2-64)

From Lgs. 2-36, 2-46 and 2-12,
Vv o o o
= gf;'"_" (2-63)

Fquating the right members and simplifying gives

t~a __ O H_ -#/2
Prr=gNee

If the values of 12 are ealeulated for a fixed ¢ = ¢,

trajectory, the point at which the peak pressure, 2,

occurs can be located. By taking values from all

the trajectorics, ', can be obtained as a function
of the normul variables w and £,

In Equation 2-40 the free volume was expressed as

e T =K = 1)
I)

sSubstituting the values of T, K and P from Liqua-
tions 2-14, 2-15 and 2-66G makes

(1 — o)y — 1)el0*
1/li—a)
[% \ :_15 10“/2]

s can be seon from Jquation 2-16a,

- U - Uu
A

(2-66)

L

(2-67)

U=

X

Hence,

a - wz)er:i-zaJ/u—zu}iot:;—.-zavtz—zale(,r -1 2'2

1/ Wit—a) A
Al-f. ’__]
Legv2

(2-68)

X

Yora = 0.8 and v = 1.30, this becomes
1.6968(1 — o)°10™% U,
Ac®Ar** A

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

2-3.4 Reduced Variables
The reduced pressure, P, is defined by the formula

XN =

(2-681)

o= (&]O“m 1/{1=a) (2-69)
Then Eq. 2-66 becomes
Nns-a
P = [o"V ﬂU;E (2-70)

or, using the definitions of ¢ and ¢, Equations 2-3%
and 2-61-

gVl | pyit-zesad-m,

Usp

For « = 0.8 and ¥ = 1.30, Equations 2-69 and
2-71 become

P = (2-71)

B = (10*% (2-69a)
and
§ R s € O
P = 1.070 Up (2-71r)
By kquation 2-2 the released encrgy is
cF
T = oy

and by Equation 2-27 the rate of burning iv

de «
i pSBP
Substituting the derivative of 7' from Equation 2-2
and using the definition of ¢ from Equation 2-35

leads to

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

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

dt = ;ln—;}‘g—: d¢ (2-74)
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The reduced time is defined by the formula

Z = 'En/ll—n)IO(?-al/l?(l—aJM d¢ (.)_?1”
e
Then, with the help of Eq. 2-66 the integral of
B, 2-74 may be expressed

[ n -g n/i2(leal) Suaa)/l-.-u-uu ; 2.76)
AL PRI ~=f0,
For o = (0.8,

-
[ = f 10" dg (2-75a)

*
L= e g

~ St (2-76a)

2-3.5 Pressure Ratio Chart
The ratio of mitial pressure, 1, to peak pressure,
P, us a function of

P,
P = -l]

where 1L s definesd by Fquation 2-53 is shown in
Chart 2-1. This chart permits a determination of £,
the theoretical waximum pressure, to be expected
for any choiee of starting pressure for any given
gun, propeliant and projectile systeii.,

2-3.6 Interior Ballistic Trajectory Charts

OUn Charts 2-2a, -2b and -2c severnl scts of curves
give data from the interior ballistie trajectories.
The abscissa is w and the ordinate is log &.

~trajectorics are solid curves, starting with the

{abeled values of ¢ and showing the coordinates
along cach trajectory. (Chart 2-2a)
i ¢-curves are dashed curves joining the points of
ronstant ¢ on all trajectorics. The value of ¢ on
rach of these curves is the labeled value, (Chart 2-2a)
- P,-curve crosses all tmjectorics at the points
where the pressure is a maximum, (Chart 2-2a)
t Jeurves join points of constant reduced time on
tach trajectory, and arc so labeled. (Chart 2-21)

p-eurves join poiats of constant reduced pressure
it cach trajectory. They are labeled with the vahies
b log . (Chart 2-2¢)
. The charts reproduced here are for illustration
purposes only. For use in ealculations they should
be reproduced on a much larger scale.

The use of the trajectory charts is as follows,
Fstimate a starting pressure, which depends on the
frun and projectile, Bennett' assumed a value of
2300 psi for his tables, but it may be anywhere
from 1000 to 5000 psi, Compute U7y, M, S, ¢ and

210

¢ from Lquations 2-17a, 2-11, 2-26, 2-33 and 2-62,
respeetively, Setting v = 1,30 and « = 0.8 the
latter two cauations become

 BSBF .
= 034 (2-35n)

and

e = [0.0270211°")° (2-620)

Then compute
U[ll,ll

¢ = & Gae

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

2-60a)

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

"The interseetions of the p-curves and the Feurves
with the ¢.-trajectory give the values of the reduced
pressure and reduced time, (To do this using the
three Charts 2-2a, 2-2% and 2-2¢ requires that the
¢, trajectory be transposed from Chart 2-2a to
Chart 2-2b for 1, and te Chart 2-2¢ for 5.) (The three
charts have been eombined into onc so that this
transposition is not ncecssary., The combined chart
however, is complicated and hard to read unless
made very large. A combined chart was produced
on a large seale at Ballistic Research Leboratories
and copics ean be obtained, A reduced copy is
published in Reference 1.) Then the pressure and
time can be computed by Fquations 2-71a and 2-70a.,
In particular, the “burnt” values, g, and 7, can be
found. Also, the peak pressure, £, can be ealeulated
from J,, which is the valuc of # at the intersection
of the P,curve (Chart 2-2a) and the ¢,-trajcctory.
P, is the theorctical peak pressure which is not
necessarily the same as the actual maximum pres-
sure, It wilt be the same only if the eharge does not
burn out before £2, is reached, that is, the time to
reach the theoretical peak pressure must be less
than the time to burnt, If this is not the case,
the actual maximum presswre is the pressure at
burnt, 1*,.

After ¢, has heen ealeulated from I3, 2-77, o,
has been obtained from Chart 2-2a, and P, has been
computed, the free volume, I, the travel, X, and
the veloeity, 17, at “burnt” ean be caleulated by

'l:‘l.
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CHART 2-2a., INTERIOR BALLISTICS
TRAJECTORIES

{(Located in the back of this handbook)

e
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fi}, | Preceding page blank 2137214
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CHART 2-2b. INTERIOR BALLISTICS
TRAJECTORIES

(Located in the back of this handbook)

preceding page blank
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CHART 2-2c¢. INTERIOR BALLISTICS
TRAJECTORIES

(Located in the back of this handbook)

P.ceding page blank
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e

the formautlas

U, = S (2-78)

X, = IJ‘{—{—'E (2-79)
N

Vo = wiy) g}‘ 10> (2-80)

2-3.7 Conditions After Burnt

After alt the propellant is burned, ¢ = . With
thiz substitution, FKquation 2-2 shows that the
released encrgy is

rc
" = = {* <] 2.
7 o constant (2-81)
As before, the work done by the gas is, Equation 2-12
K= .-l{)l :
and the internal encrgy is, Eguation 2-15
Py
I= o
Henee, the onvrgv cquation may be expressed
e o= PU 4+ 2Ly (2-82)
Taking differentinls producos,
0=PJU+UdP + (v — DUV AT (2-83)
By Fquations 2-28 and 2-30
MV IV = PdU (2-84)
o that (j—,P = —v % (2-83)

Integrating with P, and U/, as initial values, yiclds
PU =P} (2-86)
Sinee the right member is a constant, the expansion
is adiabatic; actually, the value of v is adjusted to
account for the loss of heat,
From Iiquations 2-140 and 2-43, the encrgy equa-
tion may also be expressed

PU=(r— DI =T  (287)
At burnt, '
PU, = (y = DA = DT, (2-87h)
But alter burnt, 77 = T, so that
1 — w Py o,
1 — o} f Uy (2-88)
Then, by Fe, 2-86
l_"_'.._‘?’. U ] 2.80
1 — (IJ,I, [Ug (- 8-)
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ITence
. I
D = (l _wi;lfll—'ll [l

wzlml--f)

(2-90)

Substituting s, 2-90 and 2-81 in K. 2-87a, gives

= [1 — wg]l/(l-'r) ﬂrf:[l — m‘-‘]'l"/(‘!‘-l'l (2-91)
U,
By Ligs, 2-82 and 2-86,
- _ .) T > Yrrl—-«r 0
7= (“l)lf Fe - PUTUY (2-92)
Using Igs. 2-81, 2-87b and 2-90, produces
, [ 2IC
V= mw (2-93)

The travel is, from Lquation 2-16a

- I«r - Ull
X = 1
From Equation 2-23
M
dt = P dV

With 4, and 17, as initial values, the integral of
this is

U’ 1V
(=t +5 i N (2-94)
Substituting Eqs, 2-91 and .‘2-.;3 in I2q. 2-94, gives
_ U, 2” W/ tr=n

a dw ]
.L, (1 — ]'rft-r-n (2-93)

2-3.8 Time, Pressure and Travel Functions

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

rw) = j: ’ (1 — &))" dw (2-96)
o) = (1 - &)™ 2.97)
vw) = (1 — )™ (2-98)

Using these functions with ¢ = 1.30, Equations 2-93,
2-91 and 2-90 may be cxpressed

t =1 + _12:%) 2;1['{(: [7(“’) i 'l"((d;)] (2‘99)
> _ FCvlw,) y

P= U, #lw) 2-100)

[ = ;{;J'Ejv(w) (2-101)

Then X can be caleulated by Fq. 2-16a and T by
2. 2-93, with v = 1.30,

Preceding page piank “

A, A M o ik o
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CHART 2.3, Time, Presaure and Travel Functions
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These cquations apply [rom the position at burnt,
denoted by the subscript, b, to the muzzle, denoted
by the subseript, w. If X, is known, {", can be
found,

U= 0, + AX, 2‘]02)
and then
rw.) = 3+ vlwn) (2-103)
Us

then @, can be determined from the ehart,

Finglly, ¢,, .. and T, can be calculated as
explained above. In practice 17, is divided by 12
to obtain the muzzle velocity in feet per second.
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2-3.9 Examples

~a. Determine the maxinmun pressure; the time,
pressure and travel at burnt; and the time, pressure
and velocity at the muzzle for the 103mm Howitzer
M4, firing the High Explosive Projectile M1, pro-
pelled by 10 ounces of multiperforated propellant
Mtiot . *,

* A “lot” of propellant, is the product of one set of
manufncturing operntions such that its characteristics are
exsentinlly unifortn, or & combination of such products ob-
tained by blending so that the grains are thoroughly mixed
and statistical uniformity among charges may be expeeted,
even though slight variations exist among indivishanl grains,
The manufactu »r furnishes the charneteristies of each lot,

Characteristic Symbol Yulue Unit Remarks
Area of hore A 13.4 in? Cliven
Chamber volume U e 153.8 in? Ciiven
Travel (to muzzle) Xn £0.4 in Given
Weight of projectife W 33.0 1 Given
Starting pressure P, 4000 psi Given
Weight of propellant ¢ 0.625 1 Gitven

n Srope

Burning rate coclfivient B 0.0011 ;:;"%:_, iiven
Foree of propellant F 373 X 1 in-1b/1b Given
Specific weightt 0.0571 th/in? Criven
Web thickness w 0.0140 in Given
Frietion factor ] 0.05 liven
Adjusted rativ of specitic heats T 1.30 Given
Burning surface s 1564 in? Eq. 2-26
Initial free volume s 142.9 in Eq. 2-17a
Effective nuiss M 0.000 12 slugs w2114
Constant o 9113 X W Eq. 2-35
Constant ¢ 5381 X 10¢ Eq. 2-62n
otrujectory ds ~ 0451 Eq. 2-60n
d-curve s 0.160 Eq. 2-77
Abscissa of intersection . ws 0.3 Chart, 2-2y
Ordinate of intersection log & 0,056 Chart 2-2a
Reduced time curve [ 1.87 Chart 2-2b
Reduced pressure curve log jis 0.670 Chart 2-2¢
Reduced peak pressure curve log p, 0.660 Chartn 2-2a, -2¢
Maximum pressure P, 8870 psi Eq. 2-71a
Pressure at burnt Py 8665 psi Eq. 2-7In
Time at burnt [T 3.0 X 10?2 sec Eq. 2-76a
Free volume at burnt I 240.9 in? Eq. 2-78
Travel at burnt X 7.1 in Eq. 2-70
Free volume at muzzle L 1220 in® Eq. 2-102
Travel funetion s{uws} 1.435 Chart 2-3
Truvel function w{we ) .27 Eq. 2-103
Abseisan i 0.670 Chart 2-3
Time function {wn) 1.030 Chart 2-3
Time function r{ws) 0.380 Chart 2-3
Pressure function pam) 0.075 Chart 2-3
Time at muzzle [ 1402 X 10-? gec Eq. 299
Pressure at muzzle Py 1040 psi Eq. 2-100
Velocity at muzzle Vi 8780 in/sec Eq. 2-03
Veiocity at muzzle | 732 ft /sec Eq, 2-93

+ The mannfacturer customsrily gives the specific zravity of the propellant. To obtain the specific weight in pounds per cubic Inch, this muat be dividel

by the specific volume of water, which is 27.08 in?, b,

2.2]
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11 desired, the foregoing proeess can be repeated
for seleeted values of ¢ less than ¢, and selected
vatlues of «w botween w, and @,.. Interpolated values
of time, pressure, travel and veloeity corresponding
to the seleeted points ean then be deterntined from
which pressure-time, pressure-travel and velocity-
travel curves ean be drawn, Figure 2-1 is the pres-
sare-time eurve for the preceding exanple,

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

For this example, some of the formulas need
revision, First, equate the right members of Equa-
tion= 2-58 and 2-60, and obtain

—_ L‘"I)u
0.3p,
M=o, Fuation 2-62a may be expressed

r E: :l:;m
7= |_0.027 ATk

Finaly, combining FEquations 2-26 and 2-33 yiclds

(2-104)

€

(2-105)

http://www.everyspec.com

Sinee Py = 4,000 psi, P,'P, = 0.400. Entering
Chart 2-1 with this ratio, find p, = 0.2033.

Now, a trial and error method should be used.
Using an estimated value of €, eompute U7, and
A as in the first example then ealculate ¢ ¢ and
¢ by the formulas above, If the two values of ¢
are not the ~ame, use the ealeulated € as the second
estimate, and repeat the caleulations, If necessary,
repeat again, When both values agree, this gives
the desired maximum pressure; the muzzle velocity
can then be found as in the first examiple.

Sinee 0.625 pound of propellant gave a maximum
pressure of 8,870 psi, (" must be greater in the present
problem. Paragraph 2-¢ will explain how this in-

crease ean be estimated; however, for the present,

a charge of 0.800 pound will be assumed.

The following tables give the vesults of the
computations,

Thus, 2 charge of 0.709 pound will give a maximum
pressurce of 10,000 psi and a muzzle velocity of 780 [ps.

¢. Determine the weight and web thickness of a
charge of M1 propellant that will give a maximum

pressure of 15,000 psi and a muzzle velocity of

(" 0.15wA (2106 1000 fps in the same guy, firing the same projectile
1 T FB 2106 g in the preceding exaniples,
" (est) 0.800% 0.704 0.700
i 139.8 141.5 141.5
At 0.00047 0.09036 0.3
¢ 351 X 10¢ 6.428 X 1o+ 6424 X W
o 1027 X 108 1.034 X 10° LO33 X 1t
¢ {cale) 0.504 0.700 0.709
b ~0.532
' 1S 0.137
wy 0.310
log jir 0.69
B o 0980
. 248.0
Un 1220
Hwy) 1.43
wwm) 733
Wm 0.670
780

2.22
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FIGURE 2-1. Theoretical Pressure-Time Curve for 105mm Howitzer Usiug Taylor's Theory.
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Solving Fquation 2-106 for w gives.
_ FBC
0.t154e

Entering Chart 2-1 with the ratio ./, = 0.2667,
find p, = 0.170.

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

w (2-106a)

Charge, Ih Web thickness, in Muzzle Velovity, fps

1000 37 27
1,100 D152 M0
1.2¢M) Rtilin 104
t(R8" 01645 1000

* Intrrpolatel.

d. When the 1E Projectile M1 was propelled by
1 pound of propellant M1 with a web thickuess of
0.0110 inch in the 105mm Howitzer M4, a maximum
pressure of 14,200 pounds per square inch and a
muzzle velociiy of 920 feet per second were observed.
Adjust the values of the factor 8 and the burning
rate cocfficient, /3, so»4¢hat the caleulated results
will agree with the observed ones,

With the known values of P, ard [, Chart 2-1
can be used to find p,. With this value of p,, ¢ can
be computed by Equation 2-104. Then w, and log 7,
can be found with the help of Chart 2-2¢, and w,
with the help of Chart 2-3. With the known value
of 1", the adjusted value of M can be computed
hy the formula

U:F(i' —
M RE (2-107)
Solving Equation 2-11 for 8, gives
Va — O/
g Mo —CH_ 2-11h)

W

Using the adjusted values of ¢ and 1/, o can be

calculated by Lquation 2-105. Finally, solving Iqua-
tion 2-106 for K, yiclds

0.15Awe

B="Fc¢
" “Thus the factor 8, which accounts for rotational
energy and frictional resistance, is 0.062 instead of

(2-106h)

2-24

The results of these computations ave given below,

Symbol Value Remarks
A 134 Ciiven
o 153.8 Giiven
X 80.1 Given
W $3.0 Given
P, JNH) Giiven
¢ 1.4 Given
F 394 X 1 Given
s 0571 Cliven
w 0.01-10 Gliven
P, 14,2200 Civen
V. 11,0040 (iiven
y/P, 0.2817
Po 0.184 Chart 2-1
. —0.738 1. 2-58
[ 136.3 Eip. 2-17a
Il 000 X 108 . 2«14
db 00075 1. 2277
ws 0320 Chart 220
log £s 0102 Chart 224
log jis 0797 Chart 22¢
log fi, 0,537 Charls 220, 220
", 41,360 Y. 71a
Py 11,00 . 2-7ta
1, 240 V. 2-7R
[ b2t K. 2-102
wws} 1.42 Chart 223
Keow) 7.21 Fap. 24103
Wy 0.6G70 Chart 2-3
Af 00016 Toq, 2-107
@ 0462 Eq. 2-11h
c LA02 X 1P Eq. 24105
B Q.00106 L. 2-106h

the assumed velue 0.050; the burning rate coefficient,
B, is 0.00106, which is practically the same as the
closed chamber value, 0.00110,

2-3.10 Dual Granulation Charges

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

The same velocity can be obtained with different

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

"

<,
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unuam pressure is very low. Therefore, it is desirable
to usc a fast propellant for the Iow veloeitics. How-
cever, the use of such a fast prepellant at the high
velocities is likely to make the maximum pressure
exceed the pressure that the gun ean stand without
damage.

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

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

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

The characteristics of the gun and projectile are

- the same as before: the area of the eross scetion

of the bose, A ; the chamber volume, U.4; the travel,
X (X. at the muzzle}; weight of the projectile,
IF; and starting pressure, P,. The characteristics
of the propellants are: the burning rate coefficient,
B;; the force, F,; the specific weight, p,; and the
web thickness, w;.

Obviously, the total charge is

C' = Cl +' C: (2"108)

The surface arca of the grains may bhe caleulated
by the formuia

S; = 20./p.w; (2-109)
The initial free volume is
U, =U., — (ﬁ + 9) (2-110)
o] P2

As before,
_ 105W 4-C/3
386

While both propellants are burning, the constants

M

o = FoSB) + (FoSB),
! 0.3.4

(2-111a)

and
& = (00270317
The trajectory starts at

(2-112a)

I ,u !n 3] T
¢, = log m (2-113)

At the burnt position of the fast propellant,

F.C\{1 + (FpSB)./(FpSB)]

¢ = log e (2-114a)

On Chart 2-2a, at the interseetion of the ¢,~trajee-
tory and the ¢,,-curve, the coordinates w,, and
log £, are found.
While only the slow propellant is burning,
o, = (FpSB).
¢ 0.34

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

(2-111b)

log £, = log (tuoa/ay) (2-115)
On Chart 2-2a, the ¢.~trajectory and the ¢,,-curve
that cross this point are found. Then, sinee the
weight of burnt propeliant and the pressure are the
same at the beginning of the second phase as at
the end of the first phase,

& = ¢(10°*/10°") (2-112h)
At the burat position of the slow propellant,

F\C, + F,C,

o = log 0.4e, (2-114b)

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

P, = li})g::’ (2-116a)
and the free volume is
U” = (1 - w:h)(FI'Cl - Fz(-'z) (2_117)

Py,

If the reduced pesk pressure curve crosses the
used part of cither the @¢,-trajectory or the ¢,
trajectory, the interscetion indicates the value of
P, Then, the maximum pressure can be caleulated
by the formula
_ 1.076¢,

P =
o Ui

If the pcurve does not cross cither trajectory, Py,
i3 the actual peak pressure,
At the muzzle, the free volume is

U.,. = AJY,. ‘+‘ Lru

(2-116b)

(2-102)

2-25
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Alter finding #{w.,) from Chart 2-3, compute

r{w,) = E.:"v(w_.,,) {2-118)
' F13

and find w, from the chart. Then the veloeity at
the muzzle is

- /‘:’6"-01 + F':(‘-z)m
N o3 -

~The modifications of the formulas for time, pres-

(2-119)

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

2-3.11 Example for Dual Granulation Charges

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

of multiperfornted propeltlant M1 lot

T B it T T

Characteristic Syvmibol Vidue Unit Remarks
Area of e A 13.4 in? Given
Chamber volune LA 153.8 in? {liven
Teavel (to wuzzle) Na 30.1 int Given
Weight of projectile W F3.0 th {iiven
Mtarting pressure Py 4000 pi Giiven
Charge: M8 i 0.123 i Given
N o, 0.500 h Given
YT & 0.625 1 L), 2-108
| in e
Burping rute cocflicient B, 0.0025 #(p!;i)’-' Ciiven
fi 0.0011 Giiven
Foree F, 4.60 X 10¢ nelh/1h Given
F. 373 X 108 in-th/1h Given
spectiie weight M 0.0571 It /in? {iliven
p: 00571 ih/in? Given
. Web thickness 1 .00H) in Liiven
: w, 00140 in Lliven
Burning Surface S, 1093 in? L. 2-109
3. 1251 in? L. 2-100
[ Initial free volume [ Y 142,40 in? Ey. 2-110
Fifeetive minss M 0.00051 12 <lugs Eq. 2-1In
{onstunt oy 2518 X 10° Y. 2111a
Conatant ' 2,200 X 107 Y. 21420
Sa-trajectory Pt ~1.081 Faq. 2-143
Br-Curve dis -0.930 Fg. 2-il4n
Absueisan win .03 Chart 2-20
Ordinate log &1 0.782 Chart 2-20
Constant oz 7201 X 16 Faq. 2-111b
Orcdinate tog £, 0.244 Kq. 2-115
go=trajoetory B2 —0.225 Chart 2-2,
B CULVE Ban 0.1 Churt 2-20
Conatant [ 4.184 X 18 Fea. 21120
Su-rurve G 1l Eog, 2-114h
Abseissy wzr, 0.366 Chart 2-25
Redueed 'ressure log 3 061G Chart 2-2¢
Reduced peak prossare lug fe, 0.567 Charts 2-2u, -2¢
. Maximum pressure r, 8540 i Y. 2-116h
Pressure bt burnt Py 7630 [ Fiy. 2-1164
¥ree volune at burnt Ua 207 in? Eq. 2-147
Free volume at muzzhe [ 1420 in? Fixp. 2-102
Travel funetion war) 1.60 Chart 2-3
Travel function W i } 7.05 Ly, 2-118
Abscinsn W 0.6065 Chart 2-3
Veloeity at muzzhe Vi 8924 in/see fq. 2-11%
Velocity at mnzzle Vi T4 ftfuee Eq. 2-119

Lo
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2-4 THE HIRSCHFELDER SYSTEM

™n thee Hirschfelder Systern it is assumed that
the burning rate is linearly propertional to the proes-
sure, that is, « = 1. With this assumption the
cquations are solvable analytically. Hirschfclder does
not assume n = u nor that the burning surface is
constant. If the burning surfuce s not constant a
fourth cquation, the form function cquation, is
introduced into the system of cquations to be solved
simultancously. The formm of this equation depends
on the shape of the grains and in effect takes account
of the change in the burning surface as the web
burns away. The systenr also assumes a starting
pressure taken as the pressure produced when one
perceut of the charge has been consumed. This
can he obtained from closed chamber data since
antil the projectile moves the burning is at constant
volume. The Hirschfelder System is covered com-
pletely and in detail in Reference 6 of Chapter 1
(Report No. 1) and is presented together with charts
and working tables for use in gun design problems,
There is also included & discussion of the thermo-
dyvnaniic properties of propellants.

2-5 “SIMPLE” INTERIOR BALLISTIC
SYSTEMS

2-5.1 General

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

2-5.2 The Mayer and Hart System

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

(1) the starting pressure and cngraving pressure
arc zero, that is, the projectile starts to move as
soon as the propellant hegins to burn;

2) the covolume of the gas is equal to the original
charge volume, that ix, 5 = u;

(3) the burning rate is lincarly proportional to the
pressure, that is, @« = 1; '
(1) the burning surface is constant throughout the
burning;

(3) all terms in the kinetic encrgy expression ave
negligible except those for the kinetie energy of the
gas and the projectile; and

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

Assumptions (3) and () do not affect the form
of the theory, sinee the negleeted energics are taken
account of in practice by adjusting the values of
the weight of the projectile and the specific heat
ratio, ¥, to some cffective values, Consistent with
the practice of other interior ballistics methods, the
kinetic encrgy of the propellant gas is accounted
for by adding one-third of the pharge weight to the
projectile weight, producing an adjusted projectile
weight, 1§, equal to projectile weight plus (/3.
The symbol B will be used in the remainder of
this discussion for the adjusted weight. The value
of v may be adjusted according to the judgment
or experience of the user. In the preeeding method,
according to Taylor, an adjusted value of v of 1,30
is assumed. This value may not be valid in the
Mayer and Hart method, beeause of assumption
in the latter method of linear proportionality of the
burning rate to the pressure.

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

The three fundamental equations are then

de _ 2CBP

.19
et w (2-120)

pe , W s
PU=cF -(y—1) 3 ¥ 2.121)

and

wav p 122

Par T P4 (2-122

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

™ 2 t
e (BT o

2.27
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and

. 1

Po= C. (2-124)
where 0, Is the initial free volume, equal to the
chamber volume minus the volume of the charge.
P, 15 the pressure which would be developed in
the chiamber if there were no motion of the projeetile,
It it is assumed that the pressures occurring in
Eequations 2-120 and 2-121 are the same, that is,
that the pressure drop in the gas can be negieeted

ALY = p o)1 =72 (1)(,-__)] o
"(tz,) = f‘((')[l 2~ NG 2.123)

atid alse

. » . =2y =)

T{" = [1 A 1 ({;;)(‘(-)] (2-126
. " DY A B PV

£l [lf_r_ y - ])][1 - (%‘l) ] 2127

wlich state the relations between the fraction of
the charge burned and the expansion ratio, Since
" = {7, + AN, Equation 2-126 yiclds also the
relation between the fraction of charge buried
and the travel,

By Fgs. 2-125 and 2-127

= b St l(l"ll [ (':ll ! (-- —8)

The pressure is, theoretieally, a maximunt wlien

. . HAir=1
= [;,-:2—;] (2-120)
and
-E’; = _—:;.-'l (2-130)

and hax the theoretical value
P = f’;,‘(‘y + l)('r»l)7—212-{y-'11111(7-l1 (2-131)

This value will be reached only if P/, 2 v,
that is, if the theorctical maximum pressurce is
reached before the charge is 2!l burned. Otherwise
... ocemrs when ¢/C is equal to unity and the
maxinmum pressure is then the pressure at burnt.

2-28

The energy of the projectile up to burnout is
given by

“-rr2 ?-PnUn U —{y-1r/2 |2
29 (v = 1) [1 - (E'") ] 2-132)

The conditions at burnt can be obtained by setting
¢ ¢ = 1in Eq. 2-126 to derive U at burnt, and
substituting " at burnt in Eqgs. 2-128 and 2-132
to derive it and 17 ot burnt. The travel at burnt
= derived from 7 = Ty + AX,

The corresponding values at burnout are

P -2y =1}
L'n. = l"u[l - }(‘Y - l)(l_:'):l (2-1321'.)
P (yr ¥ ixy=1>
P, = P,[l — My —1) F,—'] (2-132D)
b
- 3% b'uq vE DR RO
Ve, =P, m (2-1:32¢)
N, = h—"{—’“" (2-132)

After burnout the gos expands adiabatically so
that, when the projeetile is at the mmzzle, the
pressure is given by ({75/07,)" Py, The pressure when
the projectile is at the muzzle is therefore given
from Fquations 2-132a and 2-132b by

y = P .g,'.!)* P —_ &-I_' S DL
P, = “(U, [1 o — D3’ | 2.133)

The muzzle energy is given by

W . CF LAY JA
5= S (@) L0 2]

(2-134)

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

There arc two “eflicicncics” cominonly used to
estinate the effectivencss of a given gun-propellant
system in imparting encrgy to a projectile. These
are thermodynamie or ballistic cfficiency and the
piczometric cfliciency.

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

(y - DWWV

Thermodynamic Eificiency = 2CFg . (2-135)

e



The pivzometric efficieney is defined as the ratio
of the mean base pressure, which acting during the
travel to the muzzle, would produce the muzzle
veioeity, to the maximum pressure. It is related
to the flatness of the pressure-travel relation, A high
piczometrie efficiency means a higher muzzle proes-
sure and the projeetile position at burmt further
toward the muzzle, This will result in inercased
muzzle blast and greater round to round variation
in muzzle veloeity,

.\ high ballistic efficiencey resultz when the charge
= completely bursed as ecarly as possible in the
projectile travel, Thus a high thermodynamic or
ballistic eflicieney corvesponds to & low piczometrie
cfficieney,

2-7 COMPARISON WITH EXPERIMENT
-2-7.1 General Considerations

Whatever system of interior hallisties one makes
use of, when faced with a practical problem s the
analysis of interior ballistic measucements or in the
design of a gun, one must assign values to certain
of the purameters ocewnrring in the theory which
cannot be deteemined by indepeident eans, The
nroxt important of these parameters is the burning
rate eoctheient which will occur in any fornmlation
of the theory., Others are the heat loss ratio which
determines the adjusted value of v, the starting
pressuive, amd the burning rate pressure exponent,
PProper values of these parameters must be de-
tovtatned by adjustuent to it the thiviy W veoids
of actual gun fivings, To mateh the theory to
vhservation by simultancous adjusticent of al! such
uncertain parameters would bhe very tedious, and,
i view of the simplifying assumptions made in the
formulation of the theory, unwarranied. One must
make a jadgment as to the most uneertain param-
cters and those to which the solution is most
=ensitive aud as<ign approximate values to the least
important ones and adjust the others for best fit,"
By a process of trial and error one arrvives at the
hest set of values to it the theory to the experimental
data. It is often possible to estimate approximate
or limiting vulues of certain parameters theoretically
or by independent measurements. For example, the
thermodynamie value of 4 can he ealenlated and
the eficetive value will be greater than this, The
heat loss eould be ealenlated approximately by the
method of Chapter 3. Relative values of the burming
rate constant can be determined for diffevent pro-
pellauts from closed ehamber measurcment.

If one has to deal with guns of unconventional
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design such as the so called light gas guns or other
guus operating outside the usual range of pressure
and veloeity a greater dependence on theory be-
cotes neeessary. A major difficulty in treating high
performance guns such as modern tank gung is the
proper treatment of the pressure gradient in the gas.
This problem is diseussed in some detail i Chaptor 5.

2-7.2 Experimental Evaluation of the Parameters

a, (feneral Procedures, The interior ballistic quan-
titics that can be weasured with modern instru-
mentation are deseribed in Chapter 4, To try to
furnish data on all of these would not be warranted
except possibly for firings earvicd out in conneetion
with research in the subjeet. Usually the data
supplicd will be much less extensive and complete,
This will influcnee the cowplexity of the theory
used to analyze the data and the procedures followed.
If all that s available are crusher gage values of
the peak pressure and the muzzle velocity a very
simple theory such as that of Mayer and Hart may
be adeguate.

For a more detailed # ualyxis of the interior ballistic
trajectories, the firmg vecords will furnish breeeh
pressuee andd projectile travel as functions of the
time. The records will be provided with o comimon
tine seale and fidueial marks to adjust the time
scales to o ecommon zero time (sce Chaptor 4).
These records are read by means of an optical
comparator capable of measwring hoth horizontal
and vertical digplacements on the record. Usually
the iravel-tisne datn are derived from an inter-
ferometer record which fuenishes values of the time
for equal intervals of distance, By interpolation,
these data are converted to intervals of distanee
for equally spaced intervals of time so that one
finally has the beeceeh pressure and projectile travel
presented on a common time seale, The travel data
is then differentiated twice to provide values of the
velocity and acccleration of the projeetile also as
funetions of the time. This will requive considerable
smoothing and other mathematical manipulation.
For details and references to the mathematical
liternture underlying the process sce Referenee 7.

To reduee the data in this manner and to make
comparisons with the theoretical formulas in detail
for many rccords, i3 a very tinie consuming process.
To analyze the records from a single firing may take
two or more man weeka If earricd out with desk
ealeulators, Where the necessary automatice record-
measuring and computing cquipment is available,
the procedures can be automated and coded for
high speed computers so that the data from a gun

2.29
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firing can be processed in a matter of hours.” A plot
of the result of such a record analysis, for a typical
case, i3 shown in Figure 2-2,

b. The Conditions in the Early Stages of Burning;
the Starting Pressure. From such a record, the pres-
siure at the actual start of motion can be read
direetly. From the record shown, it is about 730 psi.
It s“ould be emphasized, however, that the time
of start of motion is difficult to determine accurately
beeause it is difficult to determine from the record
just where the displaccment actually begins. This

‘would be true cven if the graph were precisely

determined. Frror of reading and reduction will
increase the uncertainty.

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

2.30

not sufficient to show it. This is usually the casc
unless special methods are used to study the motion
during engraving. A deseription of one such method
is given in paragraph 4-£.3,

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

, . Wa
P, = Ag (2-136)

If & mecasurement of the base pressure, P,, is
available or if it can be calculated by the use of o
formula such as Equation 2-20, an estimate of the
engraving and frictional force can be caleulated from
the difference P,A — P,A. A graph of this force
for a typical i05mm Howitzer round is shown in
Figure 2-3. The obscrved maximum foree of about
45000 pounds, divided by the nomimal bore arca of
13.4 square inches gives a starting pressure of 3350
pounds per square inch. This compares reasonably
well with- the value indicated on Figure 2-1 of
4000 psi.
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In assigning starting pressures some average value
of the engraving force should determine the assigned
value, The engraving force will evidently be quite
variable from round to round. It will be sensitive
to manufacturing tolerances in the size of the rotating
band, how eclosely the band fits the projeetile and
possibly in the thickness of the projectile wall,

When comparing their theories with experiinent,
most authors assign a starting pressure in an ar-

bitrary manner. It is hardly possible to do it in any

other way. The experimental values of engraving
forces can serve only to set some limits on it. In the
Hirsehfelder system, for example, the starting pres-
sure is assumed to be the pressure existing when
one pereent of the charge has been consumed. Sinee
the projectile has presumably not moved up to this
tine, the starting pressure is that which would be

produced in a closed chamber under similar loading
conditicns.

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

e P{AX + U, — Cu — c(n ~ w)
vy—1 ¥ - 1

2
+4C 0 @)
where v is the caleulated thermodynamic ratio of
specific heats and P is the average pressure consistent
with the equation of state. @ is mainly heat loss
to the tube, but may contain other losses not taken
care of by the definition of the cffective mass, A/,
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I’ can be converted to breech pressure by the use
of the Pidduck-Keat solution for the pressure ratios
determined from paragraph 5-1.1 or by the usc of
Equation 2-20 for the case of low velocity weapons.
The value of the cffcetive mass, 3/, may also be
determined more accurately by the use of the
Pidduck-Kent solution for the Kinetie encrgy of the
unburned propehant and the gos.

Assuming that P is correetly related to the breech
pressure and that 1/ is determined with sufficient
accuracy, ¢ can be determined from Equation 2-137
provided some knowledge of the value of Q is
available.

Q is often negleeted entirely beeause of the dif-
ficulty of incorporating it in the analysis. This may
lead to crror, as the heat loss ¢an be & considerable
fraction of the available energy, especially in smaller
wéapons or when hot propellants are used. The use
of 2 nominal value of from 3 to 20 pereent of A/ 17/2
should improve the analysis; the lower value to be
used for standard cannon, and the upper range for
high velocity guns and small arms.

Allowing for @ in this manner and substituting
measured values of 7, X and ¥ in Equation 2-137
¢ can be caleniated for specified values of ¢ and a
graph of ¢ against ¢ plotted. This graph should
approach a limit wheyp ¢ = € sinee the charge does
not burn out discontinuously, as the charge is rot
trnited simultancously over its entire surface and
the burning rate is not the same everywhere. The
burning surface, and therefore de/dt go to zero at
burnout. This may not be obvious on the graph
depending on the shape of the grains and the
cffectiveness of the ignition as well as the time
resolution of the data.

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

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

In the interval before burnt, > can be adjusted

2-32

using the same ratio of P to 12, (the adjusted value
of P) as was neeessary to make ¢ cqual to ¢ at
burnt. This is in accord with the usual formulas
which state that the pressure ratios are constant
during burning. This, however, is hardly possible
at the start of motion where the ratio ought to be
equal to unity. A procedure which has been used
in practice is to adjust the ratio lincarly with time
from its experimental value at burnt to unity at
the start of motion. A graph of ¢ versus ¢ constructed
in this way, for a 37mm gun firing, is shown in
Figure 2-4. :

Onee the graph of ¢ versus ¢ has been constructed
it this way an experimental value of the time to
buritt can be read off immediately and experimental
values of the travel and velocity at buent will be
known frem the associated values of X and V.

The graph can also be differentiated and the rate
of charge consumption determined as a function of
time. The surface area, 8, of the burning grains
can be caleulated from the geometry of the grains®
and the lincar burming rate, r, at any specified time
determined from the relation

de
oy (2-138)

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

~ pressure contructed in this way for the 105mm

Howitzer is shown in Figure 2-3. The closed chamber
burning rate for the same propeliant is also shown.
Above about 1700 psi the pressure cxponent for
the gun burning rate is lower than that for the
closed chamber and below 1700 psi the exponent
for the gun is considerably larger than for the elosed
chamber. It is also considerably greater than unity.
There is no theoretical reason why this should not
be possible,
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theory such as that of Mayer and Hart and that
their speeification does not involve a knowledge of
unknown quantitics such as starting pressures or
burning rates. Charts or nomograms arc then con-
structed showing the relation between the chosen
parameters. The eharts or nomograms are adjusted
to their final form by fitting to numerous firing
records. In solving a praetical problem the given
data will permit the evaluation of certain of the
parameters and from the charts or nomograms the
proper values of the others can be read off. The
parameters are known functions of the desired var-

iables such as maximum pressure and muzzle velocity
so that the latter can be determined onee the proper
values of the parameters are known,

Such a schewe is that published by Strittmater'!
which is presented i a single working chart (Chart
2-4). The theory used is that of Mayer and Hart
supplemented by a further assumption that bore
friction is proportional to chamber pressure. This
assumption is used to improve the agreement be-
tween the chart and experiment by adjusting the
effective projectiie weight.

The resulting efficetive weight is defined as

b o

TABLE 2-2. VALUES OF 7 8, my, AND g, FOR STANDARD WEAPONS

Coeffivient
Weapon, Projectile ! Propellant Crusher;  Velocity Preasure
Gun e i~ Vel, | Pross,
Model Type I\\t I Lot Tyvpe  [Web, in Wt Zone| fpa psi 3 g |m . 1
'\ll"\ll ML | 12.80 {60105-3 | MP, M6 | 0365 | 5572 02 2700 { 3TI00 | =31 [ ~21].65] ~1.7
Thmm ML 3 ME2A1  APCT ! 15.40 [ 17636-R [ MP, M6 | 0419 | 6117 0z 2000 42300 | -85 —.22].69| —1.18
M52 HE ) 13.00 [60103-S | MP, M6 | 0365 | 55.01 oz 2400 | 28300 [ - 38| —.19].60| — .8
T6mm M2 ]\1:339 CAPST | 1450 {63848 | MP, MI7| 0563 | 85.40 oz 3200 44800 | —.30] —.21].66) —1.18
mm M1 !.\1 I HE [23.40 {17665 | MP, M6 | 0496 [115.13 oz 2700 | 36600 | —.30| —22| .68 | —1.01
domm M36, | MTLEL | 1T E-:.:uo 63430 | MP, M1t | 0340 | 8538 oz 2400 | 35800 [ — 30| —.21 (.67 - 00
Mt Crol | HEST [ 18.00 [38740-8 | MP, M1 | 0207 | 724602 2400 | 26500 | —498| -21].66] = 78
l.\.usul ADP-T | 24.10 [38704-8 | MP, M17} 0784 | 141.58 oz 3000 44000 | —24] — 23} .65 —1.22
: i i
120mam M1 ! ¢ HE | 3000 38470-5 MP, M6 | 0674 | 23.381b 3100} 37200 { —801 =24 66| - 07
_ a6 JIE 15040 48723-I1 ISP, MIS | 0344 | 1224 0D 2500 1 38500 | —39] —.21].57| — .82
$20mm M358 | M358 [ AP | 50.85 B3879-S | MP, M17| 1140 | 20431 3500 | 49800 { 23] —25] 62| —1.21
- i
] ; 20.68 I
135mm M2 AM0L , HE 9300 [30348-5 | MP, M4 | .055% | Nedueed 2100 17300 | =35 =221 | .63 | - 6D
: | | 30.86 |
| ! | Full 2800 | 38600 | .37 [ — 241,67 — .00
| | o |iesers [ vip a6 | 0830 | s0s0 1 |
, ' : Reduced 26001 20300 | =31 ~.28(.66| — .80
i: ! M10 Charge 92,27 Ib
i J | Normal 2850 ( 37600 { ~ 42 —.26 .88 ] ~ .86
i ; :
8 in M) iMI03 | HE | 240 | 85018 [ MP, MG | 0691 | 53.00 b
,f | Redueed 2100 18700 | 34| —.22|.64[ - .60
! : M9 Charge 71.50 1h
i | ! | Normal 2600 | 33500 | — 34| —25[ .60 — .78
1
28wm TI31 | M124 HE | 000 [3o370 {npe, M| o688 | s283m| 1 |1380] sso0 | -0 60
I 60580 100
: 00151 | 2 | 1780 15400 | —.30 50
; 118701 | 3 12100 22000 | —.39 64
f I 156.92 1 | 4 [2500] 33400 | —.38 .65
I

2.37
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2-8 SIMILARITY AND SCALING If now onc starts from a standard gun-ammunition
When the solution of the cquations for a theory  system which has been well studied experimentally
of interior ballistics is attained, the solutions for  so that the gun-ammunition parameters occurring
particular cascs arc found to be characterized by  in the theory are properly adjusted to mateh the
certain ballistic parameters which are combinations  theory to cxperiment and numerical values of the
of the quantities speeifying the details of the gun  ballistic parameters are known, the similarity can
< and charge. What these paramcters are and their  be used to predict the trajectories for scaled models
l form will depend on the way the theory is formulated.  of the standard gun systen.
If the characteristics of two gun-ammunition sys- It follows also that in tabulating solutions the
tems lead 1o the same numerical values for the  extent of the tables can be much reduced by tabulat-
ballistic paramecters, the theorctical solutions for  ing solutions for only certain values of the ballistic
both will have the same form and the actual solu-  parameters. Solutions for other values can then be
tions can be transformed oue into the other by  obtained by interpolation. The tables e¢an be con-
stmple changes of seale, verted also into graphs or nomographs from which
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TABLE 2-2. (Continued) p
! 7 Coollivient
r
Wenpon, ! 'rojectile Propellunt Crusher]  Velorily Pressure
Howitzer \ h . "pl‘ ])r(‘:-l.‘-t, e
! Model | Type |Wt, Ilnir Lot ! Type [Web, in! _/\\’( Zone | Ips psi 7 8 n 81
S | I ' ' —
4 L |
( ] | 8550z ¢ Ga0 P GHOD | =8 ~ IR .G2| — .G7
: : i 0980z) 2 | Ti0| 8200 [ ~48[ -7 62| — 67
: : 1250 02) 3 RO N000 | = 4R — 18| .02 ~ .GD
185 M2A) : M ’ HE | 33.00 {61080 5P, 0143 3.3 oz 4 8751 1100 | — ] — 14|57 ~ .58
i | GLE80 MP, MU 0262 | 22080z] 5 10200 14300 | =43 =151 .64 — .60
! . B30zt G [ L2 10800 | — 42 = 1G] .66 | -~ GO
: ! 1B ox| 7016830 1000 | -0 — 18] 40 ] = 85
’ i G3H60-S [MP, MU | 0331 | 4061 | 3 | 880 3500 [ —33| —11].50] — a0
: i SA2M | 4 (1020 7000 | 33 —A5[.55] — .4
1 i MiAL Charge US| 5 R0 10200 | —M ) —. 07600 - 58
; ! 0821 6 [1EM 7500 a7 —20l.60| - 60
| 1.0 1 7 1IR30 31000 | - 38| —. 231 .67 | — .8i
153mm MIAL; MIO7 CUHE 03000 37828 S, ML D165
: 1950 1 GRO| 4800 | — 46 — 12 621 — I8
! 24| 2 T G200 | = 6] — 13} .62 —~ 50
, b M3 Charge 30800 3 | 880 B0 [ =G = 11|42} —~ 5]
i : i 30800 4 | 10200 12000 | — G| —.I8|.62] = AT
; i j 5501 5 [ 1220 18000 | —45| = 20) 61 ] ~ 73
i i 82055 [SP, MU | 0161 [ 533 | U | 8207 7600 | —. 03] ~921.58) - 7
. H 62810 2 KN BOOD | —~ 44 — 131 60 - A9
: i 921 3 OO0 12400V — | =151 42 = 65
i i ! Mt Charge 95416 | 4 (1150 [ 17500 [ —44| —.05].60] — 63
I i | LG | & 1380 25008 | — 45 =46 50| — .81
Kin M2 MG HE 0
i f I 10567-58 | M1", ML | 0111 16621 5 (1380 120900 { = 23| —. 138|603 = 70
' i ' 23.840h | 6 1640 19800 | —26] —. 16| .66 — 85
i I Il M2 Charge 205 7 11950 32000 | =201 —, I8! .G8| — 1K
LA UIPE SRR SR ' J —_
! ! | 13641 ] 1 [1500] 10500 { = 50| —.16| 60| = 63
2 M i MU OHE  [E60.00 630 MP, MG 071y | SHOLIL D 2 1T 15100 | =31 =186 ) ~ 65
i ‘ 66501 | 3 12020 22000 | — 44 =211.66] — 50
| ! ) FAH b [200 3000 | =35 —22[ .70 — Ry
_ U SR NN S L
W, =W 45 X 10°dX../V3 (2-1640) 2= aw, + ¢/Hv: (2-162)
L) Y 2 P Um g -
The parameters are presented on Chart 2-4. They grstim
are in reduced form and are the foliowing: U, 1
*=7 (2-163)
. .- i
¢ thermodynaniic cfficieney '
RO Fe
z piczotetric (,“I.CILIIC)'. rom ——— (2-164)
£ volume expansion ratio AU,
r cnergy ratio s
- ! L. '] ', -
y  pressure ratio 0= B (2-165)
L

They are defined by the following cquations

o= fr - DO + C/3) vz

I
2g1" )I (-' 161)

2-38

Lquation 2-162 is in accord with the definition in
paragraph 2-6, when Vi3 defined as the product
of the bore area multiplied by the projectile travel



different  solutions can be obtained  with  little
auxilliary computation.

As an example, the effeet of increasing all linear
dimensions of 2 gun-ammunition system will be
uvestigated using Bennett's theory and tables.” The

" ballistic parameters and the sealing factors of

Bennett's theory ave the quantities ¢, A, r, and ¢
as defined below, and to tuke account of changes
in propellant type a standard specific energy, L,
is used equal to 13 X 10° in-lb b, The effective
projectile weight is taken as

W’ = W+ /3
and weight ratio is defined as

W cr >
e = R (2-110)
where It is the weight of gun and reeoiling parts,
The quickness, «, is then defined as

(BB Uy
wA(l + ¢)

wheree 4,, which depends on the type, teniperature
and moisture content of the propetlant, is determined
cmpirieally.

3, the density of loading, is defined by

A=U.0C/U, (2-142)

where &, i3 the specific volume of water. 4, so
defined, i3 actually a specifie gravity of loading and
is dimensionless. It iy numerically equal to density
of loading in grams per cubic centimeter. The pro-
jeetile travel, X, is given in terms of the expansion,
s, as defined by

s=1+(A/U)X 2-143)
Three of Bennett's tables tabulate values of pressure,

P, velocity, 17, and time, {,, as functions of ¢, A
and s. The actual values of /2, 1" and ¢ ace related

(2-139}

2.141)

q = i

to the tabulated values by the following relations

P = (E/E,)P, {2-144)
so that if the propellant is not changed the actual
pressure is the tabulated one.

I =rF, {2-1453)

where r = r(E/EJNU /I and r, is again a
factor to be determined empirically.

= {t/"l, {2-146)
where
U -
(=30¥0 @147)

" Downloaded from hitp://www.everyspec.com

Now consider the cffects of changing all Linear
dimensions of the gun-ammunition system by a
factor, f. The composition of the propellant will
not be changed so that % is not changed but the
webh and other dimensions of the propellant will
change by a factor, f. .4 will change by /*. U, B, 7
and ¢ will ali change by .

It follows fromm Lquations 2-141 and 2-142 that
¢ and A remain unchanged so that the tabulated
values of pressure, veloecity and time remain un-
changed for the same value of the expansion, s.
The actual value of the pressure is the tabulated
value and stuce r is also unchanged the velocity is
the same for the same expansion, The displacement,
X, will be changed according to 3. 2-143, the sccond
termi on the right being divided by f. Sinece ¢ is
changed by a factor, f, the time seude will he mul-
tiplicd by f so that it will take f times as long to
reach the same expansion,

2-9 EFFECTS OF CHANGES IN THE PARAM-
ETERS

To be considered chiefly ave the effects on muzzle
velocity, I, and maximum pressure, P,, duc to
changes in ¢, 'y, X,, I, w and F. A change in
¢ and/or U,y may be expressed as a change in A,
Equations 2-26 and 2-27 show that the cffects of
a change in B i3 cqual to the same proportional
change in w, hut in the opposite sense; that is, a
10 pereent increase in /3 produces the same cffeet
as a 10 percent decrease in w,

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

dav. a 66 ol., 8\'.. afl”
'l'r"-a(.+ﬁ +n"-
+x f—f + A %— (2-148)
3= “‘,"; = (2-149)
dP ¢ al., ar ok
}Tz o o '8 + ﬁl L 2 + L TR “ + ﬁl "' A| E
(2-150)
5 = 2ol ST ET))

P,o4

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

2-35
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DIFFERENTIAL COEFFICIENTS FOR ARTILLERY WEAPONS

Velueity Cocflicients Pressure Cocllicients

8 v n x A B n Xy M

TABLE 2-1.

No. of Caliber of

Propwllant Values Weapons
Compoxition Considderedl Censidered e
Mean 57
M Single-Base kil 3vmm-&inch Max 66
Min A7
Mean 452
* MG Single-Base 36 STom-240mm Max a2
Min 52
Mean .59
M2 Double-Base It ITmm-Meme Max 06
Min 33
Mean 47
MIT Triple-Base ) Temm-120mm Max .73
Min .64

=17 21 =36 —20 B2 142 - 79 062 —1.20 250
—326 33 —47 -89 1.19 183 —1.62 S8 —1.58 284
=05 .13 —~2 —06 .57 88 — 30 AT — 06 232

=21 21 -32 -3 85 .79 — 98 67 -~1.51 276
-27 3 =42 --69 130 202 —-128 88 -—1.64 291
=15 23 —.15F —J26 49 123 -55 .60 —-1.20 2351

-.18 21 —35 —.28 84 161 -~ 91 63 -137 2.60
—-323 23 =48 =55 1.14 1.88 —1.22 467 —148 273
-07 18 —20 -0 42 125 - 63 60 —1.22 242
-2 .23 -2 -4 100 24 ~1.19 61 —1.48 2,73
—-28 27 =20 =460 110 233 —110 68 —1.51 276
=20 1% =16 -J36 .02 164 — 00 30 —1.35 258

to usc a series of charges of increasing weight, plot
the observed values of muzzle veloeity and maximum
pressure, and draw smooth curves to fit the points.
Although this i3 done primarily to determine the
charge that will give the required muzzle velocity
and to see whether the maximun pressure exceeds
that for which the gun was designed, the curves
also indicate the cffects of changes in weight of
charge. The effects of a change in projectile weight
can be determined by eomparative firings of pro-
jeetiles of the same model but different weight.

Taylor's charts have not yet been used to cal-
culate the differential coefficients. The coeflicients
for single perforated grains have been computed by
means of Roggla’s charts,’ averaging the effects of
a 10 percent increase and a 10 percent decrease in
cach parameter. The coefficients for multiperforated
grains have been computed by means of Bennett’s
tables, averaging the offoets of one tabular interval
inerease und deerease in ¢, A and & to find ~x, §,
v, —x, and §,, then caleulating the other coefficients
by the formulas®,

a=D(—x)+ - C/6N0" (2-152)

where
' (‘ C!
D=5 — o
= W4 C/3
Rr=R+W+C/2
B=0i—-x)—8—v+05 (2-153)
g = DJ(—=x) = 1I/211 (2-14)
2.36

where
W W

(2-155)

(2-156)

v = &{(—x) + 0.5
a = Dl(_xl) + &,

B, = 0.5(—x) — & (2-157
m = D‘J(_xl) (2'158)
Moo= () 1 (2-159)

Table 2-1 gives the average values of the dif-
ferential cocfficients for artiliery weapons. Table 2-2
gives the values of 9, 8, 9, and 8, for standard
Weapons,

Following are some estimated values for recoilless
rifles:

a=10
7 = —0.65
a = 2.4
n = 0.62

2-10 SIMPLE GRAPHICAL METHODS

Numerous schemes have been devised by interior
ballisticians for making rapid approximate calcula-
tions of certain interior ballistic variables especially
of maximum pressure and muzzle velocity. These
schemes are formulated in terms of a set of param-
eters chosen 8o that their form and interrelations
can be determined by the use of some simplified

G2
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to the muzzle and £, is detined as the space mean
pressure at the time of maximum pressure, The
latter may also be called the space mean peak
pressire.

With Equation 2-160 substituted in Igs. 2-161
and 2-162 using the nwneiical values 130 and 386
for v and g. the ballistic and piczonictrie elficicneics
may be expressed

O 4 /DY 4+ 5 X 104X,
TR

e =380 X 107
(2-161a)

N+ C /L + 5 X 10°dN,,

. Tt -4 2-162a
TP, ( )
Solving the former for 172 gives
INTARCe — 5N 3 -

W 4+ ¢/3

Iv the maximmm breech pressure, I, is given,

the =pace mean peak pressure, P,, is caleulated hy
the formula

W+ /3

T F)

The iuitiad free volumne is defined by Equation

2-]7a as

P, P.. {2-167)

U, =0, —Cu
The free volume at the muzzle is defined by Fgua-
tion 2-102 ax

i'u = {.n + -'l-\‘m

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

The use of the chart will be llustrated by an
example. The data were taken from the firing record
for o caliber .30 gun, firing 2 150.5-grain bullet,
propetled by 50 grains of a certain lot of propellant.
The characteristics of the gun and charge are:

Churacteriativ Sembol Value Unit  Remarks
Propellant

weight (e D07 14 I Given
Specilic foree ¥ 4,021 X 10¢ indb/AL  Given
Epecifie volune I 17.5 in¥/llh Given
Chamber volame 7, 0,258 in? {liven
Area of bore A 00745 in® Criven
Rore diameter o 0.30 in Ciiven
Travel to muzzle  X.  21.7% in Ciiven
Prajectile weight i 0.0215 b Given

2-40

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

FUCLY L I T T
will bo assuined to be given and equal te the meas-

ured value 33,890 b in®, so that the space mean
peak pressure can be ealeulated by ¥quation 2-167.
Now suppose the following ave ealeulated:

Charieteristic Sfembolb Value  Unit Remarks

Initial free volame [ 0133 ind Fq.2-17a

Muzzle free volume - 1735 ind Eqg 2-102
Spaee mean peak

prossure £ 3LI180 W/int Lg. 24167
Volume expansion

ratin r 14.05 Eq. 2-163

Balliatie parameler r G.32 Vg, 2-164

Then from Chart 2-4 e, z and y can be rend as:

Ballistie cfficieney, ¢ = 0,352
Piczometrie efficiency, z = 0.560
Pressure ratio, y = 0.3106

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

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

A set of nomograms constructed by similay
methods, for the rapid determination of muzzle
velocities for artillery weapons has been eonstrueted
by Kravitz. These are published in usable form with
instructions for theie use in Referenee 12,

-
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2-11 EMPIRICAL METHODS

For many practieal problems of gun design, theory
is used as a guide to the selection of a set of dimen-
sionlexs prrameters in terms of which the scheme
to be used is formuiated and to deline the chosen
paranmeters in tervs of the interior balistie variables
. themselves. IF ther sufficient fiving data are aval-
able from a group of weapons, not too dissimilar
from cach other, fitted graphs or charts can be
preparid connecting  pertinent variables with the
chozen bhallistic purameters which will vary for dif-
ferent tembers of the reference group. The most
commonly used parameters are propellunt weight
per unit projectile weight, expansion ratio and den-
sity of Joading. From such a set of graphs the
parameters and ballistic variables of a new but
similar weapon system can be determined by simple
interpolation. Sueh a set of graphs, prepared at
Frankford Arsenal for wse in small arms design,
are presented on Charts 2-3, 2-6, 2-7 and 2-8. These
normalized graphs were obtained by reducing exper-
imental data from firing eleven different small arms
weapon systems, Least squares curves were drawn
to give the best fit to the data. They are used to
relate maximum pressurve, propellant weight, pro-
jeetile weight, expansion ratio, muzzle velocity and
chamber pressure at a given projeetile travel.

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

- 130 grains
- 49.9 grains
- 0.0732 in®
Case volume - 0.25 "
Bullet travel - 21.9in
Maximum pressure - 31.2 kpsi

Projectile weight
; Propellant weight
Bore area

Find the muzzle velocity.

Caleulation:
¢ 499 ...
Tl 0.333
", 0.0732 X209 +02 .
- = = = ¥.4l
[‘u 0--')
Vv, . ¥V.

"= l;‘,..)("—,j)('i".;

= 2610 X L.106 X 0.981 = 2832 {t/scc

where: 2610 is read from Chart 2-5, 1.106 is read
from Chart 2-6 and 0.981 is read from Chart 2-7.
For comparison, the muzzle velocity was actually
recorded as 2832 ft/sce.
It should be noted that these graphs work well

’r'

for a nearly optimum seleetion of propellant and
primer, In order to seleet the hest propellant for
a given system, use s made of the relation:
Iy,

A
where 7 and L1 have the usual meanings and 17,
i the projectile veloeity at all buent. This generally
oceurs in small arms systems at an expansion ratio
of about 3.5, For purposes of estimation, the velocity
at burnout may be replaced by muzzle veloeity,
and & new system compared to an existing well
pevforming one,

wel a

2-12 THE ATTAINMENT OF HIGHER VE-
LOCITIES

2-12.1 General

In many tactical situations great advantage is
derived from the use of guns with higher muzzle
velocitios. The use of such guns megns shorter time
of flight to the target and a flatter {rajoctory thus
unproving  the pm!)ahility of hitting the target,
especially & moving one, Against an armored target
such as a tank, high veloeity is necessary to penetrate
the armor with a projeetile depending on striking
cnergy for penctration, The using serviees therelore
demand higher veloeity guns,

2-12.2 The Optimum Gun

a. Il the geometry of the gun, the mass and
geometry of the projeetile, the propellant to be used
and the maximum pressure arve speeified, the density
of loading is varied there is a density of loading
for which the muzzle veloeity is a maximum, To
avoid exceeding the maximum pressure one must
vary the web, inereasing the web as the density of
loading is incregsed. Inereasing the web will eause
the travel of the projectile at burnout to shift toward
the muzzle and perhaps inercase the variation of
the muzzle velocity, The thermodynamie cfficiency
will also decrease because the muzzle pressure and
teniperatuce will be higher, as the gas formed late
in the cyele does less work on the projectile, As
stated previously, the piezometrie cfficiency will
increase,

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

e. When these two conditions are simultancously

2-41
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satisfied, for a gun of specified total volume and
maximum presstre, the gun should give the maxi-
mum muzzle veloeity which can be imparted to the
projectile with the propellant used. That is, the gun
is operating at its maximum cfficicney.

To satisfly these conditions may require a gun
having unsatisfactory muzzle veloeity regularity or
other characteristios that would prohibit its use
in practice, Few standard guin systems are optimum
i the theoretical sense but employ compromises
among the many factors involved,

2-12.3 The Conventional Procedure to Attain
Higher Velocities

I order to inerease muzzle veloeity the available
encrgy must be inereased. This involves using a
larger charge of hotter propellant with a lower value
of v. The larger charge at optimum density of loading
requires a larger chamber. If the expansion ratio
is to bhe near optimum a Iarger tube volume is
required for the gun. In general, the length of the
gun mast be limited for practical reasons, so that
the inercased volume must often be attained by
inereasing the tube dinmeter, The muzzle veloeity
for a given projectile travel ein be increased further
by inereasing the permitted operating pressure of the
gun by using a stronger tube. Then a smaller web
can be used for the optimum density of loading.
This will permit the treavel at burat to be smaller
and inerease the eflicieney. To attain higher veloe-
itics, therelore, by eonventional means, one must
use a larger gun operating at higher pressure.

The optimum solation for a specified operating
pressure may be such that the caliber of the gun
required to give the muzzle velocity wanted is larger
than the dinmeter of the projectile. This means that
the projeetile must be provided with some type of
sleeve, called o sabot, to fit properly in the bore.
The sabot forms an integral part of the projectile
while i the Bove but is designed to be disearded
immediately after exit. FFrom an interior ballistic
point of view the sabot permits the use of a larger
hore whieh, for a given pressure, inereases the foree
on the projectile and henee the acecleration, so that
w higher veloeity is reached for the same travel,
The extra mass of the sabot is uscless and must
he kept to a minimum. Design of the sabot is, there-
fore, a very important feature.

The inerease in the operating pressure of the gun
is limited by the yicld strength of the steel available
and also by weight considerations which limi¢ the
wall thicknesses which can be used. The strength
of the barrel eannot be inercased indefinitely by

2-46
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inercasing the wall thickness. There is a limiting
ratio of inside to outside diameter of the tube
beyond which no increase in the tube strength
results, Tubes can be made stronger however, by
speeial fabrieation methods. " The operating pressure
will also be limited by the design of the projectile
and sabot which may vot be able to withstand the
resulting base pressures and scet back forees due to
the larger aceelerations. The development of modern
high strength steels have made it possible to design
gun tubes to withstand higher pressures and the
operating pressures of high velocity guns are being
constantly increased with a consequent inerease in
muzzle velocity,

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

2-12.4 Unconventional High Velocity Guns

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

a. The Trarcling Charge Gun. The traveling
charge gun attempts to surmount this diffieulty by
having the charge attached to and move with the
projectile and burn at the rear surface at such a
rate as to form gas just fast cnough to maintain
a constant pressure in the gas ecolumn. The gas then
is at rest up to exit of the projeetile and a larger
fraction of the available energy is transferred to
the projectile. Although this ideal situation cannot
be realized in practiee, some inerease in gun cfficiency
could possibly be attained by partial application
of the pringiple, The main diflicuitics encountered
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in atiempts to apply the principle are designing
propellants with suflicicatly high burning rates and
avranging the charge so that the burning rate is
sufficiently eontrollable over the burning period.
Fven if the dificulties could be overcome, poor
muzzle veloeity uniformity probably would result.
Laboratory studies of the travelling chavge prineiple
are deseribed in Referenee 14 and work on the
development of rapidly burning charges in Ref-
erenees 15 awd 16,

b, The Light Cas Guu. The light gas gun s so
designed that the expanding gas which does work
on the projeetile has a low molecular weight and
a high value of v, This asswres that for a given
projeetile veloeity the fraetion of the encrgy appear-
ing as kinetie energy of the gas is reduced. The
pressure gradients in the gax will also be redueed
heeatize these depend on the veloeity at which
rarclnetion waves ean propagate in the gas: that is,
on the veloeity of sound in the gas, 1T the projectile
hid zevo s, the gas wanild expand freely, There
i= a dimit to the free rate of expansion determined
by what ix extBled the eseape speed of the gas given
by the relation

2a, T
oy = = (2-168)
¥y — 1
where o, i the eseape speed and a, s the veloetty
of =ound, For o perfeet gas a, is given by

@, = (yyRT)"”

Ninee a large eseape speed means aredaeed pressore
gradient {or p given expansion rate, the working
gus of 1 eun shonld have a low moleeular weight

aned o high valie of 3. 'The working gas most often

(2-1G9)

wsedd in light gas guns is helivm for whieh ) = 4
and ¥ = 3.

Light gas gons have undergone muel development
ax aboratory deviees Tor Inunehing small projoctiles
of various shapes to be used in experitnents on high
veloeity impaet awd for umehing models Tor the
study of the acrodsynamies of projeetiles at very
high veloeitios, These developments are continging
atd o mnber of selices have been proposed and
stuclienl, “The most sueeessful have been the combus-
tion heated lght gas gun®™ and the piston compressor
tvpe tn which the light gas is heated adiabatically
by compression with a propellant driven piston',

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

The formiztions of the theowey of interior halisties
so fr presented are limited in their osefulness if

applied to very high velocity guns mainly because
they lack an adequate incorporation into the theory
of the hydrodynamies of the propeliant gas. The
use of unrealistic expressions for the pressure ratios
i5 one of the chief factors which limit their uscefulness
when extended to guns with muzzle velocities above
about 3000 feet per sccond (Cf. par. 5-1.1). The
development of light gas guns partieunlarly has
demanded an extension of interior ballistic theory
to permit its application to high velocity weapons'.
A general discussion of the pressure ratios and their
dependence on projectile veloeity and chamber
geometry is given in Referenee 10 of Chapter 5.

2-13 THE HIGH-LOW PRESSURE GUN

Under some circumstances it may be desirable
to fire a projectile from o standard gun at much
lower than the standard velocity, This weans that
the gun must operate at a mueh reduced pressure,
The pressure may he so Jow that it becomes difficult
1o ignite the eharge elfectively and the charge may
not burn with suflicient uniformity from round to
round, To eireumvent this difficulty and maintain
a high pressure in the echamber and a lower pressure
in the hore, a plate picreed by one or more nozzles
or holes ean be interposed between the chamber
and the bore, that is, at the mouth of the eartridge
ase, The area of the nozzles is adjusted to maintain
adequate pressure in the chamber to assure stable
ignition and burning and also to provide suflicient
mass flow of gas through the nozzles to adjust the
pressure in the bore to the vequired hmits. Such
@ gun s called a high-low pressure gun, A theory
of the high=low pressure guns is given in Referenee 3.
The theory of the burning in the high pressure
chamber of sueh a gun isgiven by Vinti and Kravitz,™

An applieation of the high-low pressure principle
appears in the design of movtar eartridzes where
part of the charge i ignited and burned inside a
perforated ehamber, The prnciple eould also have
upplication in speeial low pressure eartridge actvated
thrusters and cjectors sueh as are used to cjeet
apparatus from aireraft and rockets™

2-14 RECOILLESS RIFLES™

2-14.1 Theory of Efflux of Gas Through
Nozzles-'“ iy, oy

{. Tutroduction. in order to climinate the need
for heavy recoil mechanisis, some guns e built
with & nozzle in the breeeh, so that part of the
propellant. gus ean flow backward and  counter-
badanee (the momentum of the projoetile and the

2-47
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part of the propellant that moves forward. Such
sans are called reesilless guns or reeoilless rifles,
The theory of efftux of gas through nozzles will
first be discussed in simple form and then applied
to the interior ballisties of rocoilless rifles. This
presentation is essentially that developed by Corner”.
It is asswmed that the gas originates in a large
reservoir; that the cross-seetional area of the nozzle
deereases to a mintmam, called the theoat; and then
the area inereases to the exit, where the gas flows
ite the atimosphere. It is also assumed that the
condition of the gas is a function of the coordinate X,
nmeasured along the axis of the nezzle, and is uniform
across each normal evoss section: that loss of heat
to the walls, turbulence, and surface resistance ean
be negleceted; and that the fluid does not separate
from the walls, The assmmption that the reservoir
r- larpe means that the conditions in the reservoir
to not change appreciably in the time required for
An clement of the gas to pass through the nozzle;

:Hw flow is then said to be quasi-steady; that is,
't is asswmed that the cquations for steady flow
apply at cach instant of time and may be applied
fo the non-steady flow in the recoilless rifle. It is
also assumed that the nozzle is so designed and that
the Aow conditions are such that the gas undergoes
& continuous expansion through the nozzle so that
the velocity of the gas inereases steadily and the
pressure falls steadily between the reservoir and the
¢xit of the uozzles This will oceur if the rescrvoir
* pressure is always considerably higher than the
© pressure at the exit and if the flow entering the
nozzle is subsonic and becomes sonic at the throat
of the nozzle, Ixeept at the beginning and possibly
the end of the firing cycle of a recoilless gun the
prossures and temperatures of the gas are such as
to satisfy these eonditions.

i .2, Theory. As stated the following equations are
' s.‘h'ict]_v true only for a steady state, but they are
ai;proximatoly truc for slowly varying flow. The
cxpansion is adiabatic. The cffects of the covolume
of the gas arc neglected, they amount to only a
fdw percent theoretically, and ean be compensated
for by using empirical cocfficients. The discussion,
therefore, is for perfeet gases and for adiabatic flow,
The fundamental units are as before the inch, pound
(weight}, second,

The rate of gas flow, ¢ (weight per second), at
any section of areg, A, is & constant and is given by
qg= Apr = A pur, (2-170)

where p is the weight of the gas per unit volume
and r its veloeity. Sinee the expansion ix adiabatic,

2.48

Pp™" = Pp" = Pp;? (2-171)

The subseripts r and £ refer-to conditions in the
reservoir and at the throat, respeetively, The equa-
tion of state of # perfeet gas js

P’p = RT (2-172)

where R is in inch-pounds per pound weight per
degree. The equation of energy may be expressed as
RT. - T v -
W =1 _ v (2-175)

y— 1 2¢

1) _
(d.r . 0
by logarithmie differentiation of Equation 2-170

Lds) | (ae)
(p 7 s =0 (2-175

rdr
I'vom Equations 2-171, 2-172 and 2-175 it can be
shrown that

Siuee

(2-174)

i 2

7 =TT (2-176)
P 9 ¥/ =1
L
2, 2 ]un-n o q=
o= | ——— 2-178
. L +1 @178)
and from Equations 2-173 and 2-176
T QTQRTr 1=
r = by + 1 (..-11'9)
Lot
. ]“[ 3 ]tv*l)!l?tv-l)l
=y —= 2.
¥ = _—r (2-180)
Then the rate of flow may be expressed
¢ = ¥o,A (GRT)"* (2-181)
or
q = ¢ A, (RT,)" g (2-182)

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

For ¥ = 1,23, IEquations 2-178 and 2-170 show
that the specific weight and velocity at the throat are

v, = 1.03{gRT,)""*

The pressure at any expansion ratio, .1, 74, may
he found from the relation

pe = 0.62p,,

S
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IJ 27y P vy rL Ty
Lr, 1l TP,
y—=1[ 2 Freeoenlg P .
E [y+ 1] [T] 18

For y = 1.25, this may be expressed
(PP —(LPPY = 0043351, 74)° (2-183a)

The pressure ratios that satisfy Fquation 2-183a
may be read from Chart 2-¢, If desived, the tem=
peratire may be found frem the relation

T Jra-n T ]:14!)/\1-1\
7 -1F

- 9 S AT LN N
R[] T e

‘The corresponding gas veloeity is given by

2 2.{ FEY ALY -11 Sy v -
2= oRT.[L — (P'P)) ] @183

¥+ —1

The ratio

r 2_7+l _ 2 ﬂ'r—l . :
[5:] -7—1[1 7+1(_—l.) ] (2-186)

can be solved numetically by suecessive approx-
imations,

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

m=§n+Aﬂa—n) (2-187)

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

The thrust cocfficient, ("4, is defined as the ratio

- 1 2.
Cr = AP, (2-188)

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

(Fr), = §v» + AP, (2-1872)

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

[ 4-, :I‘h’(‘r-l)
= = 218t
e = (v + 1| -5 (2-189)

For

1.25, (Cy) = 1248 (2-189a)

o3
il

This formula can be used only if the throat area

i3 small eompared to the eross section of the res-
crvoir; for, if the system were a pipe of umiform
seetion, closed at one end, the momentum term in .
Fquation 2-187a would vanish, and (C;), would be
cgqual to 1.

In the usual cise of an expanding nozzle, the
formula for the thrust coeticient hecones

=[] )+ (47
(2-190)

which can be solved with the help of Lquation 2-186.
Table 2-3 gives the values of 'y as a funetion of 4
and A,74,. Linear interpolation ean be used in this
table. The cffect of covolume on thrust is snall and
in the foregoing discussion it has been entirely
neglected,

TABLE 2-3, THRUST COEFFICIENT, C;*

A4, v = 1M v = 1,30
1.0 1.242 1.255
1.2 1.318 1.327
14 1.369 1.374
i.6 1.408 1.409
1.8 1434 1.438
2.0 LAGG 1.4G1
2.5 151G 1.505
3.0 1.554 1.537
3.5 1.583 1.5G2
4.0 1.607 1.582
5 ' 1.644 1612
G 1673 1.635
8 1.713 1L.6GY
] 1.742 1.G84%

* Table 2-1 lias been reprintadd in past from I, Corner. Theory of the
Intevioe B ollistion of fixena, Copyright 1958, with permission from John
Wiley and suns, Ine.

2-14.2 Application to Recoilless Rifles

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

de

o = bSBP" (2-191)

2-49
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"hut the swrface of the grains is not necessarily

constant.

2. Fyuations of Motivn. The cquation of state for
unit weight of the uneooled products of explosion
ix expresscd as

Ple, — n) = RT, (2-192)
The speeitic foree is
F = RT, (2-103)

The relations conneeting the space mean pressure,
I’, the breeeh peessure, 17, and the projectile pres-
sure, 12, diseussed in paragraph 2-2.2, are aifeeted
by the flow through the nozzle, beeause this changes
the veloeity distribution. At any instant, there is
a maximum pressire at soine place in the gun; this
is identificd with the “reservoir pressure”, .. The
propellant weight, ¢, must here be replaced by
N, where .V is the proportion of the charge that
has burned Bt vemains in the gun, and I is an
cuivical factor (taken as a constant, although it
actually varies during the motion of the projectile).
When there is no backward flow, & = 1; but with
backward flow, L is appreciably less than 1. The
pressure relations now beeome (Cf, Lquation 2-20)

1+ v .
T Fon+ieNal 9

(1L+ a1 , o
a+ on + k(-g\-',._gf (2-195)

P=

P, =

On the basis of Fguation 2-195, the modified effec-
tive mass of the projectile is (Cf. Fquation 2-11)

{1+ O)II:Q-{- kON 2 (2-100)

The speeifie volume of the gas, w,, is assumed
to be uniform along the gun. Then the volume
occupicd by the gas in the gun is

CNu, = U, 4+ AN — Cu + cu (2-197)
From Lquation 2-194, the equation of state at
the reservoir temperature, 7', may be written

RCN
6(1 + W

M =

Plu, —n = RT,[! + ] (2-198)

Multiplying by €N and substituting Eq. 2-197
makes this

PUs+ AN = Cu 4 cu — (Ny)

L] 2-100)

= CNRT'[I + 50+ on

Dwring burning, this equation may be approximated
hy

PAUL 4+ AN — (0) = f—"”r[‘ T+ o

(2-199a)

After burning, this approximation is inadequate, and
Faguation 2-199 must be used.
The equations of wmotion of the projectile are now
dy IAY
. » ] T = e 2__
1, I p | T (2-200)
with )/, defined by Fyuation 2-106,

3. Nuzzle Flme and Energy. In order to solve thvst-
cquations, M/, which involves CN (weight of gas
remaining in the gun), must be evaluated. 11 (¢
denotes the weight of propellant burned, the rate
of flow through the nozzle is

¢ ¢ dN

, q = t-jf. - 'J!‘" (2-201)

Substituting Feg. 2-182 in 1. 2-201

dN (, d¢

Car d!

'pglle,' A i(RTr)- e (2'202)

So the reseevoir temperature, 77, must be de-
termined. To do this, divide the temperature dif-
ferential into three parts:

dT’, = dT, 4 dT, + dT, (2-203)

First, in providing the Kinetie cnergy, 1/2,4X, the
gas loses temperature by the amount

_gal,
TCNe,

where e, is the specific heat at constant volume,
that is, energy per uait mass per degree, But

T, = AY (2-204)

= (2:20%)
80
= DAP
T, = ONR dX (2-206)

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

( Nc,

CET,) dp = CET,) do + dar, (2-207)

If ¢, is constant from 7', to T,

i, = DT

; dé (2-208)

2-5]



Third, since the gas that cseapes through the nozzle
at the rate, g, expands adiabatically

dTy _ (= 1)dp

= 9.
T " (2-209)
ineglecting the eovolume, Also
dp _ dN — d¢ (2-210)

r N
flenee
dly = (y — l}d—‘rYE—‘M-’I' (2-211)

Adding  Fguations 2206, 2-208 and 2-211, mul-
tiplyine by N, and substituting in 1q. 2-203 gives

Ydr, = =y = DAL ax + @, — 1) ds
+ @y — DN —d¢) (2212
T Siee
dNT)Y = NJF, + 7, dN (2-213)
Fgnations 2-202 and 2-212 yicld
’I(JYZ') = —(f - 1) f.l.l_).: ff‘_\‘
St T T ekt
+ 1.5 "" W(}cl WP vy (e-218)

"I.rhvrc 4 denotes the ratio of specifie heats adjusted
fo take aecount of the Joss of heat to the gun, as
cxplained in paragraph 2-2.1.f,

in terms of ¢ and P,, Fquation 2-191 may be
expressed

d¢ _ pSBPT

dt ¢

‘ The differential Equations 2-200, 2-202, 2-214 and

#.191a can he solved numerically with the help of
Equations 2-196 and 2-199 or 2-199a. Before P, is
Hizh cnough to open the nozzle, A, = 0. Before it
i5 high enough to start the projectiic, X' = 0. Before
the propellant is all burned, ¢ is less than 1, and
Equation 2-199a may be used; after it is all burned,
¢ = 1 and Equation 2-199 must be used.

4. Recoil Momentwm, While the projectile is mov-
ing in the bore, there is a foree, AP, tending to
move the rifle backward. While the gas is flowing
through the nozzle, there is a thrust, Fy, tending
to move the rifle forward. Their difference is the
rate of change of momentum:

(2-191a)

dm
= ).
' AP, (2-215)

2.52
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if AP, > F; the momentum, m, is positive to the
rear. Using the definition of the thrust cocflicient,
Cr (Eq. 2-188), and letting

s = 4‘1t/“1

Equation 2-215 may be written

(2-216)

D (1~ wepAP, (2-217)
Note that A denotes the cross-sectional area of the
bore, not the nozzle.

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

Before the projectile is cjected, at time, ¢, the
pressure, 7, is cvaluated in solving the interior
ballistic equations, Thercafter, according to Hugo-
niot’s theory of efllux of gases from a reservoir

. , — “2y/ly=1)
P, = f—"%—rﬂ [1 +- f—?—’ﬂ] (2-218)

where

: o O yaniy-0 T2
r (*i»_)[_l_' (Y ]
vy=1\A+ AJSLyghT,, \ 2

(2-219)

By integrating Liquation 2-217 it is found that
the momentum at piojeetile ejection is

=4 f CPLdl— w0 A f TPodt (2-220)

Similarly, by substituting Iquation 2-218 in Iq
2-217, the additional momentum after projectile
cjection is found

_ vy g CNLBT. (v — 1)
Am = {1 — ul'p)A it ( iy

Approximately, il v is about 1,25

_ , 1-— acr , (RT”)L&
Am = 134 TF . N, P

(2-221)

(2-2210)
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The total momentum, then, is

(2-222)

m = m, + Am

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

&. Ballistic Efficiency. The ballistic efficiency of a
conventional weapon is defined as the ratio of the
linear Kinctic energy of the projeetile at the muzzle
to the cnergy of the solid propellant

W
T 2908

¢ (2-223)
The speeific energy of the propellant F, defined as
F/y—1, is discussed in paragraph 1-8.13. The
modification of the projeetile weight, considered in
paragraph 2-2.1, is negleeted here.

In a recoilless rifle, part of the encrgy is used
in preventing recoil. Katsams has proposed a new
definition of its ballistic cflicicney®

e = C,/C (2-224)

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

g G2 WYL ;
Cn!,: = 2g + 29 (2-22-))

where #, is an cffective exit velocity. If « is the
fraction of the total energy available to the projectile,
wv?

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

(2-220)

Ol =

wvi

9.
2gk (2-:227)

C. = (l - l:)('u = /'I: -

The actual recoilless rifle may have 2 small mo-
mentum, which is designated fIVV .. /g. The factor,
f, is positive if the rifle moves backward; negative
if it moves forward, Then the momentum equation is

Co, + WV, =WV, (2-228)
The cxit velocity is then
p, = (_1:_(’4’..% (2-229)

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

(L= PEWVE

= } 2.2
20 20 — WV (2-230)

Substituting this in Equation 2-225 and rearranging
yields

wvi[ (1 — W ] :
= 2 Xn 2.
C=grllta"wyiggl @2
Solving as a quadratic equation in €, gives, as the
positive solution

WV
29l

Co = [1 + VU = n2eE/VE]  (2232)
Thercfore, according to the definition, L5q. 2-224,

the ballistie efficiency of a recoilless rifle is

WV
29CE
The ballistic cfficiences of the 57mm M18, 75mm
M20, 105mun M27, and 106mm M40 Rifles, firing
High Explosive, High Fxplosive Antitank and White
I’hosphorus Projectiles, vary from 0.44 to 0.54,

2-14.3 Graphical Methods for Recoilless Rifles

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

[V + VT =7p2eE/ V] (2-233)

e =

2-15 SMOOTH BORE MORTARS AND WORN
GUNS

Smooth bore mortars are loaded by dropping the
fin-stabilized projectile into the muzzle. Therefore,
there has to be an appreciable elearance between
the bore and the projectile body with the result that
some of the propellant gas cseapes past the projectile.
Thus, the space between the bore and the projectile
is iikc o nozzle, and the theory of efflux through
nozzles can be applied to smooth bore mortars.
Since the flow is forward, the leakage lactor & iy
cqual to unity, (Cf. par. 2-14.2),

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

For simplicity, the lincar law of burning will be
used.,

233
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::_-‘; =ar (2-234)
Let
¥ = gﬁg’_ (2-235)
where

¢ s the function of v defined in Eguation 2-180
Ay is the leakage area
_B
._ o
Corner” shows that a leaking gun behaves almost
like an orthodox gun with the effective charge

¢’ = (1 —¥) (2-236)
Also, the muzzle veloeity, 17, and maximum pres-

sure, £, vary approximately according to the
relations

(2-237)
(2-238)

The cocflicient, ¢, depends on the details of the gun
and charge, but is t:sually about 0.7.
Fouation 2-237 may also be expressed

I.al — &b
Poal — 2%

-'—11—2 Y (2-23!!)
0or
Al v (2-230n)

T
With seme fuviher approximations, Corner finds that
the variation in muzzle veloeity is

AV, = -1 4,/4 (2-240)

where A is the eross-scetional area of the bore,
and the cocflicient, 17, is about 24,000 in,/sec
(2,000 ft/'sce). If # is the caliber of the mortar,

2-54

Ad the diametial elearance between mertar and
projectite
AV, = 21, & 2.241)
d
It is thus seen that the elearanee should be small,
not only to increase the cfliciency of the meortar,
but also to deerease the dispersion in muzzle velocity,
and honee in range. Besides, a small elearance makes
the projectile fly nearly stinight after ejection, so
that the air resistance is mininized.

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

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

For treatment of interior ballistic theory devised
especially for solution by high speed digital com-
puters the reader is referved to References 24 and 25,

&
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CHAPTER 3

LIST OF SYMBOLS

('ross-seetional area ~ bore

Burning rate cocflici.

Quantity of heat neeessary to raise a unit
volume of the metal to the miclting poing
and melt it

Weight of propellant

Speeifie heat of propellant gas at constant
temperature

Specifie heat of steel

Rpeeifie heat of gas at coustant volume
Weight of burnt propellant

Diameter of the bere: the ealiber

Specifie energy of the propelant

Burning parametoer

Fqueivalent full charge factor

speeifie foree of the propellant

Function of time

Maxtimum value of F(8)

Heat transfer function

Ciravitational acecleration

Dimensionless heat trausfer cocflicient
Instantanvous rate of heat input to the hot
Spots per unit area

Time rate of heat flow

Heat transfer cocfhicicnt

Heat transfer integral, defined by Fgua-
tion 3-32

Weight ratio: 17,°C

Empirieal constant

Thermal conduetivity of steel

Heating parameter

ITeat of fusion of the steel tube

Number of moles of gas formed by hurning
one gram of propellant

Pressure

Maximum chamber pressure

Heat input

Molar gas constant

F-xpansion ratio

Temperature of the gas

Temperature of the gas

Adiabatic flame temperature

Initial temperature of the tube

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

Melting temperature of the tube

{ Fime

v Time after ejeetion: ¢ — £,

& IFree volume

U Chanber vohime

I Velocity of projectile

| & Muazzle velocity

¥, Speed of surface regression

v Veloeity of the gas

r Velocity factor

W Wear per round

H Effective weight of projectile

w Web thickness

X Travel of projectile

& Coardinate along the axis of the bore

¥ Trpvel of projectile plus reduced chamber
langrth

" fledueed coordinate along the axis of the
hove; {774

Z Limpirical constant

z Coordinate normal to sinface

a Time factor

3 Distance factor

¥ Ruatio of speeific heats

A Density of loading: /L.,

5 Deusity of solid propellant

t Dimensionless distance from the inner sur-
face of the barrel

7 Specifie covolunie of the gas

] Temperature rise

a, Temperature of the gas

g, Temperature of the metal surface

A I'riction factor

p Density of the gas

2. Density of the steel tube

T Dimecusionless time

¢ IFactor: BCyF /w.d

Subseripts

0 Initial vakue: at time of projectile start

| Pertaining to ammunition for which EF¢' = |

1 Beginning of crosion interval

2 End of eroston interval

b At time when propellant is all burnt

] Property of the gas

n At time when the projectile is ut the muzzle

P At time of peak pressure

3.1
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CHAPTER 3

HEAT TRANSFER, TEMPERATURE DISTRIBUTION
AND EROSION OF GUN TUBES

3-1 HEAT TRANSFER
3-1.1 General Discussion

_The transformation of the propellant from the
solid to the gascous state produces a large amount
of heat and the differcuce in temperature between
the gas and the surface of the gun bore is always
very large. This, combined with the fact that the
hoandary layer is very thin, leads to 3 large tem-
perature gradient to the surface. This results in a
“hizh rate of heat transfer to the surface and appre-
cinhle heating of the barvel, in spite of the short
titue during whieh the hot gas is in contact with
the wall, The heating effeet is most marked in
rapid-fire weapons, sieh as machine guns, wheve the
temperature attained limits the number of rounds
that may be fired eontinnously. In the larger caliber
slower-flired weapons the heating of the bore surface
isin major cause of the crosion of the hore which
lints the useful life of the barrel.

The flow of the gas in a gun is highly turbuient
and the heat transfer is by foreced conveetion. In
tronting the problem theoretieally, it has heen the
ariversal practice to assume that the eqguations of
hent transfer for steady, fully developed flows in
pipes or over flat plates ean be taken over into the
thixory for guns, despite the existence of a highly
wisteady state, and the laek of a fully developed
flowe, Due to these conditions the heat transfer varies
eapidly with time and the boundary layer has not
resched 3ts final form, since ‘the theory must be
apblicd at positions too close to the entranee of
the bore, The boundary layer is always very thin
andl has not reached its final form for steady flow
anywhere in the barrel,

The theory starts by assuming the well known
heat transfer equation

=g, — 8) (3-D

wliere

}!' is the time vate of heat flow
2, the temperature of the fluid in the flow beyond
the boundary laver

Pl

32

8, the temperature of the surface and
k  the heat teansfer coeflicient

3-1.2 Heat Transfer Coefficient

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

There exists an extensive literature on the spee-
ification of h. A very simple formula for 2 which
is adequate for the heat transfer problem in guns
was adopted by the invostigators, namely:

h = 050, p0 (3-2)

where 0, is the speeifie heat of the gas at constant
pressure, and p and ¢ its density and veloeity,
respectively, The dimensionless factor, A, is called
the frietion factor. Tt is related to the frictional force
on the surface due to the flow of the gas and henee
on the momentum transfer to the surface, Equation
3-2 expresses the analogy between the momentum
transfer and the heat transfer and is ealled the
Revnolds analogy. A depends on the surface condi-
tion, particularly on the roughness, It is not possible
to speeify the roughness, or its cffeet upon A, in
any simple way so that A must be determined by
comparison with experinient.

The only experimental data on guns available at
the time were data derived from calorimetrie meas-
urements made, just beyond the foreing cone on a
caliber .50 machine gun, by Machler? Based on
these measurements a value of A for this weapon,
equal approximately to 5 X 1077, was derived, Two
assumptions were made concerning the distribution
of the unburt propeliant; (a) that it was uniformly
distributed in the gas, and (b) that it remsiaed in
the chamber, so that the value of X depends on
the assumption used. Assumption (a) is the better
assumption and is assumed in all the systems pre-
sented in this handbook,

To evaluate X for other ealibers a formula based
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on heat transfer o pipes was modilied and stated
in the form

N=(Z 4+ b log,, G-3)
where o is the caliber and 7 is an empirical constant.
When o is expressed ineentimeters, 2 has the value
13.2. This formula asserts that X depends only on d.
[ater experiment has shown that this is not so,
as A is also a funetion of position along the tube.
It will ako depend on the condition of the bore
surfiee, The validity of Equation 3-3 is doubtful,
but it will be ased heve,

3-1.3 Calculation of the Rate of Heat Input

a. Heat Transfer Cocfliciend. Consider the example
of paragraph 22394, pectaining to the 105nn
[Howitzer fiving o High Fxplosive Projeetile ML
propelled by propellant MI. To ealeanlate the sate
of heat input, 717, the heat transfer coeflicicnt, A,
must he determined by Equation 3-2,
By Fquation -3, with

the fetetion factor is
A= 1 300

The effeetive ehamber

fengtiy is o b= 113 in

The total travel is N. = 804 in
Distanee from the breeeh

to the muzzle = 91.9 in
The mzzle veloeity is 1, = 878V in/sce

Therefore, assuming the gas veloeity to vary lincarly
from the breeeh to the projeetile when the projectile
is at the muzzle, the estimated gas veloeity at the
front end of the chamber is
ro= L5 8780 = (0D in see
== !'I .!’ i = H

Using a value of €, cqual to 199 cal Tb-°K und
sithstituting these values in Fquation 3-2 gives

h = 0.187 eal in-see-°IK at the front
end of the ehamber
h = 1493 cal ‘ir’esee-° I at the muzzle

b. Temperature Before Ejeetion, The temperature
of the propellant gas needs also to be known, With
substitution of Equa‘ion 2-14 in Fquation 9 of
Reference 3 and the assumption that the speeific
covolume of the gas is equal to the speeific volume
of the solid propellant, the equation of state may
he written

T, L (-4

where

F is the specifie foree of the propellant
7', the absolute temperature of the gas
7o the adizbatie flame temperature

U the free volume

I the pressure and

¢ the weight of burnt prepeliant

It was shown tn Chapter 1 that

"“ _— e — ;“ — -
Yoty = 10,
where €7, is an appropoate average vidue of the
specifie heat at constant volume, 1ence,

(3-5)

T, = i {53-()

In the example chosen,

I'= P, = 100 psi

U=10,=1220u

¥y — o= 020

€, = 384 in-Ih/Ih-°K

e = = 0.625 |h
By substitution in BEguation 3-6 when the projeetile
is at the muzzle, the abzolite temperature is

T, =T, = 1336°K
IT the inner sueface of the gun is taken as 300°K then

8, — 8, =T, = 300 = HEG°IC and by Feg, 3-1

L

the heat input rate

H = 0187 (1036) = 194 eal/in*=sce at
the front end of the chamber and
I = 1493 (1306) = 1547 eal/in®-see

at the muzzle

c. Density, Velocity and Temperature After Fjee-
tion. After the projectile is cjeeted, the hot gas
remaining in the bore contintes to transmit heat
to the barrel, The density, veloeity and temperature
can be determined during this phase by the following.

Fot

r=X<+4+ 0,74 7

The density, p, pressure, P, and temperature, 7,
should be nearly independent of & but the velocity,
£, may be assumed to be a linear functiow of »;

v =r'r (:3-S)

3-3



where the factor, ¢/, is a function of the tine, ¢, only.

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

9 ar .

ot Togr=0 (3-9)
o ar a .
at=atra=? (3-10)
4 fl?_t’. > ,0': _— .y
Coi+Pi-=0 (3-11)

Under the above assumptions, these equations
beeone

do . _ o

Syt e =0 (3-12)

o’ o -

‘,“T + " =0 (:3-13)

T, , "
f"pi;’—;* + P =0 (314

fot the subscript m denote values at ejection,
and et
=t t, (3-15)
Then integration of Fguation™-13 leds to

r

e s 3-16
! L+ it (-1t
Henee, by Lquation 3-8, the velocity is
r. R
ro= .l——"l;_l:,," {3-17)
It is evident that
ro = Voo ol o= 10, (3-18)

where 17, is the muzzle veloeity of the projectile.
integration of Fquation 3-12 gives

p P, =07 F, (3-19)

ilence, by substituting Equation 3-16, the density
is found

= —— [ . :)_‘&) ,
ol + 'r;’r ( 1 -0)

The equation of state is
P7p — n) = nRT, (3-2H

where

7 is the speeilic covolume of the gas

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

I’ the molar gas constant

3-4
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Substituting this in Equation 3-14 gives

L dT, _ nRTy

- 3-22
" odt 1 — np ( )
Assuming
nl = Cfy — 1) (3-23
and with the help of Equations 3-16 and 3-20,
Iy —
.,]__ tl_‘L — {? e ..!&“__ (:;_24)

T, dt T+ ef = ..

Tl integral of this is

VO It oo, TN [ O
v L] I + ",,,{ — npm mAN

. — y =t
Tg =T, [_' .'_9'.2'___2]
l-p— 1

which is the adiabatic relation for an imperfeet gas
that obeys the equation of state (Iq. 3-21). Here,
the ratio of speeifie boats, 4, should be adjusted
to take acecount of the loss of heat; as in paragraph
2.2.1. Let us assume ¥ = 1.30.

By Equations 3-20, 3-21 and 3-25, the pressure is

/ _— T
r= Pm[H——*]' £ —ﬂ]
1/p— 1

or
{3-231)

(3-26a)

or

T — 2 Y
P =P T 3-2
! in,[] 7 __ﬂp] (3-26h)

This example can be continued by ealeuliting the
rate of hicat input at the muzzle 0.1 sceond after the
projeetile is cjeeted.

Symbal Value Unit Remarks
I 0.1 st Assumed
I =r. 0.9 in Giiven
1., 8780 infuer CGiven
oo 312 X Nt ih/in? Given
F 1436 K Given
r., 1040 1/fin? Given
£, RL.E] cal/th-°K Given
» 1/300 CGiiven
» privy in?/1h Par, 2-2.1
5 1.30 Given
" 03.6 st Eq. 318
1 + et 10.56
v 842 in/see Eq. 3-17
3 4.83 X 103 1) /in3 Eq. 3-20
h 0.0134 eul/intesee-°Ix Lq. 82
T 657 oK Flp. 3-235a
0, — 0. 357 °K
i 4.78 eal/int-see Eq. 3-1
r 48.1 il /in? . 3-26h

§



Downloaded from http://www.everyspec.com

3-14 N ondimer_lsional Heat Transfer Coefficient

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

A simple interior ballistic theory similar to that
of Mayer and Hart (paragraph 2-3.2) is used. The
notion in the following has been changed where
neeessary (rom that used in Referenee 1 to conform
to the notation used in Chapter 2,

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

The position of the projectile is defined by the
coordinate
y=0U"4 (3-27)
Its initial position is then g, = {7/, The relation
Letween the position of the projectile and its veloeity
is given, up to the time the charge burns out, by

v 2ly=1)
A (3-28)
f)"" | I _ Y — _l l‘
g 2¢
where ¢ has the dimensions of veloeity and is given hy
BCF .
= = 3.2
¢ =" (3-29)

Equation 3-28 holds up to y = y., the position of
the projeetile at the time of charge burnout, when
it hecomes

M. T2

R 3-30
Yo [I - FJ G-50)
wiwere I is given by

. - i gl .
F = .'Y'--;;“— J»';:, (:';-3”
and j is cqual to D7,°C. £ is called the burning
patameter. Tt s dimensionless and speeifies the
gun-ammunition system, Systems with the same
have similar ballisties. From Fquation 3-28 T is

given by
. gﬁ_ 3{2)"7—""31 S ih)
l = vy — I [(l b‘ (-; -)-)

betore the charge burns out. After burnout it is
given by

= (2 ) - ) ]

S3-320)

The pressuwres before and after burnout are given
respectively, by

FA 1 (-’In)h F1)/2 _!’“)t'r-uf:
rmerwrard be — 33
P 1 — A/ K \y (l 7, 3-33)

and

P - Fa (y_”)tw-um(&)w
l - -\,6 yll .’f

The maxithum pressure comes at

) Ty~
Yomnr _ ( =Y ) (-34)
Hh v+ 1

unless ¥, ... 1s not greater than g, when it comes
at y,. The value of the maximwm pressure is given by

S S | (7 + I)"””"‘""“
Imiu‘ ] _ Ar;a ¢ ‘y 2'}’
for £z (+ D2y (333

jar

— Imfrsiy-n
T— 473 a5 (1 - F

P}N Tr =
(3-3551)

for K <y 4+ 1)/2y

The gas temperatures ave given by

[y=Ll)i2
T = ?‘,,({?) hefore burnout. (3-36)

(y =172 v=1
T o= T,,(&) (3‘-"-'3) after burnout
i i

(:3-306n)

In using the system, the values of ¢ and, henee,
E are detertnined from Fquations 3-35 and 3-35a
from the observed maximum pressure. The ballistics
can then he eross checked by comparing the muzzle
veloeity caleulated from Tiquation 3-32a with the
observed value, The caleulation of ¢ from Equation
3-29 leads to poor results heeause the value of B is
not well known.

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

2 L o=
= ——— | = al (3-37)
.’fn(T - 1)

is introduecd, the velocity-thme curves for all guns
are the same on the reduced senle. The result is that
for a given gun class defined by K, a ehange in the
size of the gun means simply a change in the time
seafe. All ballistic curves are the same exeept for
multiplieative factors when expressed ax funetions

3.5
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of the reduced time, This result is teue, of conrse,
only to the approximation of the simple theory.

Tt follows from the ahove discussion that, to this
approximation, the heat transfer cocflicient, 7, is
a universal function of the redueed time variable,
r, exeept for the multiplieative factor, X, so that

h = M\, (3-8}

where A, applies to all eases i expressed in the

r seale.
3-2 TEMPERATURE DISTRIBUTION

3-2.1 The Equations of Temperature Distribution
in Reduced Variables

To ealeulate the temperature disteibution in the
zun one must solve the Fourier equation of heat
conduetion subjeet to the proper boundary condi-
tion, The curvatuee of thie bore sweface is negleeted
and the equation i= restricted to one dimension,
This approximation is also used by Corner (Refer-
ence 1 oof Chapter 13 and is probably sufficient in
view of the other approximations in the theory,
Variations in the thermal properties of the bareel
material are alse neglected and constant average
values are assumed.

The Fourier equation in one dimension is

a0 o8 .

S5 Sy (3-50

o! " p, Oz
wheve £, €7, and p, are the thermal conductivity,
the speeifie heat and the deasity, respeetively, of
the wmaterial in which the heat s being conducted ;
in the case of the gun, the steel of the barrel wall,
The boundary condition at the wall expressing the
conmservation of heat flux is

0o, — o) + 128

[1%4

= {) -4t

where 7 s a conrdinate normzl to the smface in

the direction of heat flow. The itind condition is
8, 2y = 0 (=11

=0 that # represents temperatare ahove the nitial
tenpemture of the bareel,
substituting the redueed variables ¢ = af and

1= tym

34

¢ o= prwhere 87 = Cp,¢, "2 Fquations 3-39, 3-10
arud 3-41 become, respeetively,

L] 14°0
v Ldy ann,
ar 2 a0 (3-530a)

e, — 60y + :')t_? = {) (23-10a)
o ’

g, &) = 0 (3=11n)

where
!! - \/i;;f . "\»/i;h!fn_
" V(' p, Vb, p.
is the reduced heat transtfer coeflicient,
IT it is assumed that the unburnt propellant s

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

3-12)

P
ot

.o L U
g ‘.I_ 1o — ((_,:”:l
L Po |

where & is the axial ecoordinate of position along
the bavrel defined by

-8

o =0, (314

where {7, is the volune between the position, &,
and the hreeeh, r, is the position at which pe is
determined, x is the position of the projectile and
da/dt its velocity, p, is the deasity of the propellant,
The cocllictent I can be expressed as n funetion
of the redueed distance down the bore x, “ay (Where
o= 7, 00), and the reduced thne, 7, in the form

H = (e, e LI (3-15)

L, whieh is ealled the heating parameter, is given hy

A(',. [(t]]’_l | [ A 2¢ :ll 2
I4 A T e - ': - ""'_:-‘_ s .
240 p. LA Ll — Ay -1
(-16)

where 4 is hore defined as €87, L s a function
only of speeifie quantitiex related to the gun system,
The time dependenee is given by f(r) whiel ix
expressed as

Ty a2
Y (347

_ ":'.'-""dl‘..u_ ‘h-_\l'p
{[ (y) }l e + -

pu.

LT,

e
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before burmout, and

¥ s I ' )

) = - “em e Sl 347
T [ -\] 4 Ap [ ()

I — ==
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after burnout,
J(r) 1s tabulated in Tables 3-1 and 3-2,

The theory so far developed holds up to the time
of exit of the projectile, After exit the hot gases
continue to flow from the tube and so coutinue to
transfer heat by turbulent forced convection. Ior
location near the mazzle most of the heat is so
transforved, Tf the gases in the barrel undergo a
wniform adiabatie expansion, from Fquations 3-106,
3-17 amd 3204,

!
LTIy T v
o= ?-m[_ I — ]?.(_.Ql_ii:.'.‘,'.?.__ ,___..:I) ' (340
I — 9" Ar, + bir — 7.}
where the subseript m indicates values when the
projectile is at the muzzle and b = V', /ar,,. The
problens is now completely speeified.

Fquations 3-39a, 3-402 aud 3-41a cannot be solved
analytically, They have been solved numerieally for
a lmuted moge of the parameters and tables of the
solutions are published in Reference 1. The theory
has been coded for machine computation at the
Ballistie Researeh Laboratories,

3-2.2 Heat Input

I = (1-18)

After the temperature distribution for any spee-
ified time has been computed, the heat input, @,
up to the speecified time ean be found hy means

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

100 f(r)

O f(+) r

v 1KY f{r) T
0 0068 12 1.51 pa| 3.04)
| 100 343 1.78 25 188
2 0132 | RA)H 24 488
3 (14 i) 15 2.5 27 1.88
B 13,.2:30 1 2452 3R hE.T
Y 310 1y 2.8 M) 378
H 0,1 18 315 30 3,92
T .52 1 335 31 3.4
b .60 20 $.01 32 354
] 0.810 21 3.68 o 343
1} 10,14 fatd 374 3 1.3
11 1.24 23 3,84 35 3220

TABLE 3.2, HEAT TRANSFER FUNCTION, f(r),
FOR GUNS AFTER ALL BURNT FOR », = 24 AND 28

ry = 24 s = 2R

r 1000/(x) r M000S() 7 1000f(r) 7 1000 f(r)

25 380 53 675 i £.80 62 552
360 57 550 J0 .60 GG L6
EEEERR [+ 61 456 31 3.0 Y0 Tty
28 320 65 386G A 418 Tl 08

20 300 6 322 33 2.0 8 22
30 2181 I 285 B 2,80 a2 oL
3 261 YT 218 RH 2462 86 ANT

2 81 21% 36 246 102 22
33 230 8 LW 3 Z.30 118 L1835
A 200 3V I S I8 216 13 SN
35 2 105 17 Bl 200 1500 A58
36 1.88 4] L8 10 1.88 166 A58
a7 1.76 By o2 4t 1.76 182 AR28D
38 L65 153 04 2 1.64 198 A237
30 1.54 G 0306 46 131 B RERLY
40 1.45 185 0325 50 1.0+ 230 168
41 1.36 201 0270 54 0.850 26 RUEH
42 1.28 207 230 58 0.6uY

43 1.21 23 AH9T Projectilo

I IRE! 249 kil leaves mugzlie
45 1.07

106 1.8

47 0.0
8 [ RN ]
44 (L360
Projectile
leaves muzzle

“of the integral

() = j:m 000, 1) s (1-50)

il

In termis of the nondimensional distance, ¢
Q = (2hC,p.70) 1z, 4/, a1

where
I(r, y/ps) = f oL, ) de. -52

Two values of @ nre of specisl interest: at the
time when the projectile leaves the muzzle, and
at an infinite time. Therefore, the heat tvansfer
integral, 7, is tabulated in Table 3-3 as a funetion
of y/y, and the heating parameter, 7, for two values
of the burning time, r,, at muzzle time corresponding
to two values of y./y., and also at r = e,

3-2.3 The “Thermal Analyzer”

The solution of the Fourier ecquation is quite
compliented, even Tor o single round, and even mare

3.7
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so for a scries in rapid suceession since the solution
must be repeated for each round using as initial
conditions the temperature distvibution resulting
frony the previous rounds, For points a short dis-
tance below the surfaee, however, the temperature
history is insensitive to the details of the heat
transfer and the problem ean be simplified by assum-

TABLE 3-3. HEAT TRANSFER INTEGRAL, L

I

- TR it 281 S0 S5 118

2 s 1.0 1830 270 3880 4010
1,2 1970 PRS0 $950 4910
1.4 20Hm) 2810 et 4500
2 1814 20 4510 H1-10
2y 120 Kasll)] 3050 Ryali)
Ly Q) 1330 1340 S0
L) 0 U { 0

fes 1.8 1830 2820 U89 M0
12 20630 MHH) 20 M0
(RE LY 20 REHY $7-H)
21 (HIN 230 3570 4530
25 Fy50 2470 3240 HO
1.7 T ENT) 1K} 2204} 2760
s -1 H i} m2y 1230

r = 1.4 2900 RILYVA 12060 430

t.2 sl BN} $310 R AT

[.G 230 30 420 H24
| THO RIATH A{HO 1840
n A 20 4810 4630
i 154} 2500 RILITT 3870
3 1:4H) 19580 5 150

P LAY 1 HEM) 20N SEN ANt
1.4 bl H 20 A5 20
o UKD DT80 380 4200
A 15N RASIH RILLE iR H
R 1Lk} 1180 1O4H) AL
L (. th 0 0

[ I 1. 2400 3071 1280 o
[RH A d250 1244 M0

N 2120 R ] $rR0 A4l
A 1550 Al kRS St
3.0 (B 11] 18 240 2050

o
N3 oW} LT 110 153
o= oo 1.0 N S Rl D980

1.6 2570 R30S0 5100
25 D0 A0 J200 19E0
it IR0 B0 3870 N}
a0 INTOO 26100 B380 050
8. LSO 20700 VR0 360

L5 WO,
e

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

3-2.4 Comparison With Experiment

A detailed and extensive comparison of the results
of the theory of Reference 1 with the experimental
measurements available at the time i3 given in
Referenee 5. A more recent comparison with meas-
urements made in a 37nu gun can be found in
Referenee 6. The general conclusion from  these
studies s that the theory yiclds results which are
fairly reltable, perhaps better than one might expect
in view of the drastic assumptions underlying it,
In most eases the agreement is within 20 pereent
using values of A for different calibers derived from
Fguation 3-3. If A is fitted to the experimental
data, it turns out that X is a fhinction not ouly
of ealiber but of position in the bore as well as
propeflant type and probably other factors, Tt would
be expected to depend on position in the bore
beeattse when 2 gun is used the bove always becomes
ronghened preferentially near the breech and nesr
the muzzle, In generval the fitted values of A scem
to follow a corresponding pattern.

Ixcept on the outer surface aceurate wenasure-
mients ¢f barrel temperatare arve diflicult to make.
This ts especially true of the bore surface temperature
{sce paragraph -1-0.1}. In fact it s doubt{ul that a
uniform hore surface temperature actually exists.
The measurements usually show large round to
round variations so that the fitted value of X depends
on the particular firing. The total heat input, Q,
is mueh less variable and it is better to it X to Q.
When this is done and the resulting values of A
used {o caleulate the temperntures, the agreement
with the measured vahues is vsually within the un-
certainty in the measured values, For further details
the reader should consult the original papers,

3-3 EROSION
3-3.1 General Discussion

The phenomenon deseribed ax crosion i the
progressive wearing away of the hore surface as the
gun k= oused, It is greatest on the surface of the
Innds and near the orvigin of the ritling go that the
bore tends to become enlarged preferentinlly in this
region, The effeet is to lower the engraving forees
and to shift the foreing cone somewhat toward the
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muzzle. This is cquivalent to increasing the effective
chamber volume and te lowering the engraving
resistance and the starting pressure. The result on
the interior ballisties is to lower the maxinium
pressure and the muzzle velocity, an effect ealled
pressure and velocity drop. These effects were
studied by Nobel’.

The details of the crosion proeess are not under-
stood. The proecess is extremely complex and in-
volves mechanical, chemical and thermal cffects
which are intevrelated in unknown ways and no
doubt interrelated differently depending on the par-
ticular eircumstances, It is a fact of obscrvation,
however, that erosion is very sensitive to the heating
of the barrel, Low cnergy weapons using cool pro-
pellants erode very slowly. As the muzzle velocity
is increased the erosion per round increases rapidly
so that a high veloeity tank gun credes at 2 rate
many times that of a howitzer of similar ealiber,
The erosion is particulnrly severe if hot propellants
arc used. As the flame temperature is increased,
for constant ballistics, the crosion rate increases
el more rapidly than the rate of increase of the
fune temperature, so much so that the thernnal
offeets become dominant, That the crosion is inti-
mately related to the heating is indicated by Figure
3-1 which is a plot of the obscrved erosion per
round versus the heat input ¢ caleulated by the
method of Reference 1.,

There are other forms of damage to the tube
due to firing, some of them due to thermal effects.
When 2 gun is fired, the firlug eyele is very short,
of the order of milliseeonds, During this interval,
the tube is subjected to very large thermal and
mechanieal stresses. The most charvacteristic result
of this is heat checking. The bore surface develops
a characteristic pattern of eracks which lead to a
developing roughncess which inercases the heat trans-
fer, These eracks erode locally so that the surface
eventually becomes quite rough and gas tends to
leak past the rotating band which eauses large local
crosion. IFor more details on erosion and other types
of damage of gun tubes and methods of dealing with
them, referenee should be made to another handbool:
in this series, Referenee 8.

3.3.2 Estimation of the Erosion of Gun Tubes

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

a semi-empirieal therual thenrs anplieabl, to the
crosion uear the commenceinent of riving i a rew
gun for slow rates of fire. In discussing crosion by
propellant gases, it is usually assumed that the
surface is first brought to the melting point and
then removed in the molten form by the frictional
forces of the gas flowing over the surface, A math-
ematical treatment of this problem has been given
by Landau.'” Jones und Breitbart could not fit this
picture to the observed data for guns and were led
to assutne that, due to the roughness, the suwiface
reaches the melting point only locally so that crosion
oceurs at “hot spots”. The heat involved in the
crosion is only a small fraction of the total input.
The hot spots oceur for short times and shift about
on the surface. The instantancous rate at which
material is being removed ean be averaged over
the surface and will define an instantancous average
rate of swface regression, 1., The swiface will move
back on the average in one round an amount

W= f VL dl (3-33)

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

", = H/B (3-34)
Evidently,
B=p[C(T., —T7)+ L} (3-55
where

p, s the density of the tube material

C, the speeific heat of the tube material

T, the melting temperature of the tube material
T; theinitial temperature of the tube material and
L the heat of fusion of the tube material

Taking
p. = 7.8 gm/em’

5
H

= 0.13 eal/gm-°K
T.~ T = 1400°C
L = 60 cal’gm

one finds that B = 1.9 X 10" cal ‘'em?®, Using Equa-
tions 3-1 and 3-2 it is assumed that an crosion
function, .1, can be defined by the equation

o= AC, (T, -~ T) (3-30)

3-2
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Army Guns Calibers
Yavy Ouns Range from 37 MM
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where 7, = tempetature of the propellant gas. This
cffectively determines the fraction of the heat input
responsible for the crosion. Based on general argu-
ments regarding the hebavior of hot spots it is
further assumed that

.l - Ka".f",.
where F s the maximinn value of the function
Fir = opo(T, - T.)

and A is an empirical constant.

-

Fquation 3-33 then becomes

- _ KCAF, [
W= [ Ft) dt

The values of ¢, and 7., the thnes at which erosion
start< and ends, are taken as the times at which

3-37)

(3-38)

F(t) for the weapon in question, rises above and
falls below the value of the maximum value of F(f)
for a low velocity gun like a howitzer for which
the crosion is negligible. A standard value, based
on a study of such low veloeity weapous, of 200 X 10°
cgs units was chosen. The interval during which the
value of F(f) for the weapons under consideration
was above the standard value was taken as the
interval over which the integral in Fquation 3-58
was to be evaluated.

The function F(t) was evaluated using the formulas
of Reference 1 and then plotted and the integral
determined from the graph. K was then evaluated
by fitting to the obscrved rate of wear at the origin
of rifling for 20 guns of various types, and an average
value of K determined, The value of A so dotermined
was cqual to 3.28 X 107" em®/gm®K/rd. The wear

TABLE 3-4. WEAR OF GUNS
Nomi-
Pro-  mal H{enle) — 1 (obx)
Peo- jeetile MLV, TF(ulhs), Wileale), T
Giun pellant Type Tps e X 1670 K X 1% e X 107 i {eate) — W{obs) Ti{ols)

Army
drmn Mg M2 AP 2000 11 374 07 -3 -2
Snnn M) M1 I 2870 AMS 270 050 AXT 18
Srmm Mt M AP 2700 28 185 230 =041 . —13
Srmum M A6 HI~ 2500 13 1.71 258} 20 {1
Tomm 122 Mi il 23N AHD .33 A48 - {01 -1
Thmm Tl Me AP JOU) A8 3.00 415 — .55 —17
d-inch M7 Mo APC 2600 A9 3.24 102 N2 |
MW M3 Mo HE 270 30 1.04 24 - {5 -1
Bomm TI1% LY APC 2650 1.10 3.18 1137 037 4
Wmm T3 AY(F APC 3300 150 $.27 1.462 —.438 -4
O0mm Tad Ti2 APC 3300 2,00 in 1.020 080 4
Whnm T2 Me APC 3200 1.20 8.40 A6% —.731 —{i
120mm M1 Mo HI% 3100 1.00 2.0 1.104 G0 H
(-inch M6 Tre 2800 1.20 3.28 1.202 02 N1
135mm M2 Mo HI 2800 A6 1.57 Rigs 68 47
153mm M1 How. ML HE 1850 058 3.07 AG2 04 T
S-ineh M1 Mo HIL 2800 2,00 3.44 1.911 — 089 -
240mm M1 How, M1 HI, 2300 A4 3.50 382 —.058 -13
Navy

3-inch /50 Mk2 NH 2500 A5 1.77 270 1249 26

A-inch/38 Mklz2-1 NC¢ 2600 34 1.61 A0R —.138 -~

S-inch 51 MkT&LR NC 3150 86 184 15 —.125 -1

S-inch/34 Mk16 XC 2650 51 2,87 383 073 14

G-inch /47 MkI1s NC 2500 83 2.25 1.212 482 & 1H

8-inch /55 Mkis NC 2500 1.27 2.60 1.605 2335 206
12-inch /50 MkS NC 2500 2,21 2.58 2,815 GO3 o
14-inch /45 Mkl2 NG 2600 3.05 337 3.852 —. 048 2
Hineh /50 Mk NC 2700 3.53 3.55 1287 — 203 -7
16-inch /43 Mk6 NC 2300 3.25 3.2 3424 A5 3
1G-ineh /50 MKT a3 3.8¢4 4,300 —, 740 -1l

NC 2500
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per round as caleulated using this average value is
presented in Table 3-8 along with other pertinent
data and compared with the measured values, It is
shown that the theory correlates the data with the
wterior ballistics fairly well over a wide range of
diffevent guns and ammunition. The measured values
themselves are subjeet to considerable uncertainty,
becanse they vary for different tubes of the same
model and with the amount of use the particular
tube has undergone (Cf. Figures 3-2 and 3-3). The
agreement is also, at least in part, a reflection of
the fact that the guns studied are approximately
seale models of cach other. The erosion rate depends
on minor dilferences in the guns such as the design
of the foreing cone and the rifling which are not

- taken account of in the theory. Some of the seatter
may, therefore, be duc to such factors,

The theory applics only to crosion at the ovigin
of rifling since the speeification of .1 by Equation
3-57 is not possible ut other locations.

The evaluation of 11" from quation 3-38 is time
coisming. By making a number of quite drastic
approximations, Breithart'' recast the procedure in
analytiea! form and devived a siniple algebraie ex-
pression for 17 which yields results in almost as
good agreement with observed values as Fquation
3-38, namely:

_ Ka'x; {!';g - “"0‘"’_'] (330

U e

e -
R r'l’j/'

- /

=<
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IGIN in inches
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@
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BORE ENL
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FIGURY 3-8, Bore Kulargemend ab Origin versus Equivalent Sevvice Rownds. 16-inch 45 Culiber Gung Murks # and 8.
“(Daalee from U, 8. Naval Weapons Lahoratory, Dahlyren, Virginia)
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where A is dimensionless and bs equal to 27.68 ¢/ L,
Numerically it corresponds to the density of loading
in gm’'ce. X, is the teavel to the muzzle (in),
S the expansion ratio and P2, the niaximum pres-
sure (psi).

Jreitbart evaluated the empirieal constant, K, by
fitthig the formol: {o the measured wear por round
at the commencement of rifling in the 8-ineh gun M1,
If 17 vepresents the inerease in the dinmeter per
ronnd in inchex and the units of the other quantities
are as indieated above, & has the value .29 X 1075

The formuly as written applies to standard guns,
Breithart showed that it ean be applied to howitzers
by introdueing an empirical correetion factor equal
to X, 187" so that Fq. 3-38 becomes for
howitzers

3-360)

- BCAN [P_':; - uimgj]

TR

whore € s the charge, d the caliber andd K7 =
K 487 = 881 X 107",

3-3.3 Life of Gun Tubes

a. stimation of &un Life. Paragraph 3-3.2 gives
formulas for the rate of wear of gun tubes, derived
by Jones and Breithart. Fventually, a tube wears
=0 much that it cannot be used, cither because the
muzzle veloeity is so low that it eannot be propevly
allowed for in firing, or beeause the spin of the
projectile is too low to stabilize it properly. The
instability of the projectile can wsually be traeced
to shearing of the engraved part of the rotating
band while it is still in the tube, Examination of
the bands of recovered projectiles will usually in-
dicate the expected remaining aceuracy life.

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

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

3-14

neeessary to determine a factor that represents the
relative erosiveness of the ammunition. Such a factor
is called the equivalent full charge (£FC) factor,

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

EFC = (PPYNC OO T )EED (3-60)

where

EFC is the equivalent full eharge factor

Y the maximum chamber pressure

(' the weight of propellant

1 the muzzle velocity

I the speeifie energy of the propellant

and the subscript 1 denotes the value pertaiming
to the ammunition for which the FFC is chosen
to be unity, Of course, the data for both types
of ammunition must be expressed in the same units;
if two types of propellant arve used in o mixed charge,
their average specific energies may be substituted
for F.

Iticl has tabulated the estimated life and EF(C
for most of the present artillery ammunition.'

3-3.4 Erosion in Vents

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

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

They established a strong dependence of weight
loss on the “ealorific value” of the propellant. In
their cxperiments, for a given maximum pressure,
the weight loss per unit charge is independent of
the chamber volume, Their data confirm the cx-
pected result that the weight loss tends to go up
as the melting point of the vent material goes down,
In the case of stecls, the milder the steel, the less
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FIGURIS 3-1, The General Shape of Vent Erosion versus Charge

the erosion, They conclude that the prineipal factor
of vrosion i both guns and vents is generally the
heating of the surface with its consequent melting.
They are convineed that direet chemieal reaction
of the gases with the surface material plays a minor
role, if any, nisder the conditions of their experiments.

h. Lvans, Torn, Shapiro and Wagner studied the
erosion by the gases produced by the explosion of
carbon monoxide and oxygen.' Their apparatus was
fitted with a blowout seal. Several blowontt pressures
and elamber volumes were used. The weight loss
of the vents was measured and correlated with the
number of moles of the product gases, the explosion
telperatore, and the ratio of CO to CQ, in the
product.

For an equal number of moles, the weight loss
increased with the gas temperature, but in a non-
linear nanner: the plots were concave upwards with
a curvature that was quite sharp initinlly, but
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deerensed almost to lincarity. At a given ealeulated
temperature, the weight loss inercased rapidly as
the ratio of CO to CO, deereased. The addition
of small amounts of sulfur, nitrogen, and hydrogen-
bearing compounds to the gas mixtures as well as
hydrogen itself usually caused a large increase in
erosion, This was interpreted as a catalytic effect
upon the reaction of CO with the iron of the steel
vent to form ivon pentacarbonyl. Fvans et al sug-
gested that two fundamental phenomena underlic
the evosion of the vents: at low temperatures and
large CO/CO, ratios, material is removed by con-
verting iron to volatile iron earbonyl; as the tem-
perature inereases, direet melting of the surface sets
in and increases until it becomes predominant.

¢. The Ballistic Research Taboratories have con-
ducted seveiral experiments on vent crosion, Wie-

gand'’ found that their early data and also those
of Greaves, Abram and Rees produced hotter cor-
relation when the weight loss was plotted against
charge weight rather than against peak pressure,
A representative curve is shown in Figure 3-4.
This indicaces a region of low severity, where the
removal of material is related fo some chemical
reaction of one or more constituents of the gas with
the material of the channel wall, followed by a
region of high scverity, wherein the material is
removed predominantly by melting of the surface,
In the latter region, the points can be fitted closely
with a straight line, whose intercept with the axis
of absecissas roughly divides the two regions. The
slope of the curve at any point depends upon the
cxperimental arrangement; that is, upon chamber
volume, vent diameter, material and shape of the

317
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veat, type and granulation of the propellant, method
of tguition, and any other factor that affeets the
rate of heat transfer,

The apparatus consists of the breech and chamber
of a 37mmm gun with the barvel cut off just before
the foreing cone, and an adapter to hold the vent
in plare. Tn the early experiments' veats like that
of Figure 3-3, with various throat diameterss and
an expanding cone bevond the thioat, were used,
1t was found that the erosion varied along the vent
<00 45 to change s shape. The resonlt was that the
erosion per round was not constant but depended
ot the round number, That a5, the plot of the

integrated evosion, as measured by total weight loss,
against rocand number was not a straight line and
no valid evosion rate per round could be determined.
To eircumvent this difficulty the shape of the vent
was changed to conform to ¥igure 3-6 and "also
steps were taken to adjust the charge to maintain
constant maximum chamber pressure. It was found
that this could he done over a considerable change
it vent diameter by simply keeping the ratio of
charge to vent diameter constant. This would ensure
that the characteristics of the gas flow were nearly
constant from round to round. The type of data
obtained is illustrat»d in Figave 3-7. The results
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also show that when these procedures are used, the
weight loss per round is proportional to the diameter
increase per round so that either may be used as a
measure of crosion,

Iigure 3-8 shows the inerease in throat diameter
versus round number for three different vems of
the hiter type. The two small ones were fired
simultancously, using a manifold attached to the
chamber. Their combined throat area was approx-
iwately the same as that of the larger one, which
was fired alone from the same chamber with the

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

Figure 3-9 shows the weight loss versus round
numbet for the same series of firings. The fact that
the weight losses of the two small veuts are nearly
the same proves the reproducibility of the data.
With vents of different sizes, the ratio of tiic weight
losses is larger than the ratio of diameters Tigure
3-10. Since the weight loss is a wmeasnre of the
integrated erosion over the entire inner surface of

3-1¢
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the vent, its relatively greater variation indicates
that, at upsteam locations, the thickness eroded in
the larger vent ineveases relative to that in the
smaller one. This may be partly ~aused by the fact
that, as one proeecds upstream, the relative inercase
in cross section is smaller for the larger vent, so
that the gas velocity will not decrease as rapidly
from its sonic velocity at the exit and consequently
will be higher in the larger vent than at the cor-
responding location in the smaller veut. Experiments
indicate that the crosion rate Is very scnsttive to
the gas velocity and increases rapidly with it."

The temperature of the vent before firing also
alfects the rate of erosion, To determine the tem-

3-20

perature, the thermocouple was imbedded in the
vent so that the junction was about %th inch from
the surface, The vent was well insulated from the
mount and heated by icans of an clectiieal resist-
ance heater inserted into the opening. The heater
was withdrawn immediately before fiving. The ve-
sults for a 70-gram charge of M2 propellant are
shown in Figure 3-11.

It should be noted that, in both vents and guus,
the rate of erosion is affected by the ronghness of
the surface.'” With a given propellant, & particular
combination of the gas wvelocity and heat transfer
rate can be duplicated only under conditions where
the nature of the surface roughness is similar,
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Area of the bore

Area of the piezocleetric gage piston
Acceeleration of projeetile or piston
Ballistie co.flicient

Pistance between sky sercens

Bore friction

Mass of projectile

Mass of piston

Breech pressure

Base pressure

CHAPTER 4

LIST OF SYMBOLS

(iage prossure

Thue of passage of projectile over measured
distanee,

Distance from the muzzle to the midpoint of
sky screens

Reduced distance: X/€

Phase dilference

Difference in distance traveled by two beams
Wave length of radiation
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CHAPTER 4
EXPERIMENTAL METHODS

4-1 INTRODUCTION

The preceding chapters have been, in the main,
concerned with the theoretical aspeets of interior
ballisties. From the carvliest days of the use of fire-
arms, attempts have bheen made to measure hatlistic
quatntities. Beeause the quantities to be measured
have values outside the range normally experieneed
in other fields, the apparatus neeessary to measure
them is rather speeialized. Beeause the values are
extreme, exist for very short times and vary with
great rapidity, they are diflicult to measure by
mechanieal means, The tendeney in recent times s
to depend inore and more on sophisticated eleetrieal
and optieal deviees, Fiving ranges are often elab-
orately instrumented, and for work in the field mueh
of the apparatus is installed permancntly in vehicles
which ean be transported to the site.

A great deal of interior ballistie measirement,
that related to routine testing of guns and amnnmi-
tion and also 2 considerable amount of development
work, does not reguire more than the megsurement
of the maxinmm pressure and the muzzle veloeity,
but these must often he made repeatedly to devive
a statistical result, Simple deviees which will make
these measirements quickly, without requiring in-
strumentation attached to the gun, are essentinds,
Experimental work of this kind has been ealled by
Corner “pyactical bullisties.™

Research in the subject and more sophisticated
development procedures, however, require a nwore
claborate instrumentation. The maximum presswre
and muzzle veloeity are the results of complex
phenomena going on inside the tube which the
ballistician would like to relate to the theoretical
approach. To make measurements within the thick-
walled tube often reguires that opemings be made
in the tube wall to accommodate the meastring
devices, This makes the tube uscloss for any other
serviee and sach instrumentation eannot be used
for routine testing. Some measurements can he made
by apparatus designed to look down the tube from
the muzzle and others by placing instruments in
tne projectile and bringing the signal out on wires
or by telemetering; that is, by modulating an eleetro-
magnetie wave with the signal from the deviee in

4-2

the projectite and transmitting the modulated wave
to an external detecting apparatus.

In reeent years there has heen a rapid development.
of apparatus suitable for innterior hallistic moeasure-
ment amd much of it is available commereially, The
ballistician needs only to fit it to his speeial problems.
Examples of such apparatus ave high speed motion
picttne cameras, rotating deam and mivror emneras,

athode ray oseilloscopes, clectronie chronographs,

cte. It will be assomed that the reader is familiar
i general with most standard deviees which are
in wide use and generatly available,

Details of experimental studies of the interior
hallistics of certain guns covering a great many of
the measurable parameters have been published. !
Since these generad experiments were done, develop-
ment has continued  to improve apparatus and
methods and to develop devices to measure direetly
quantities previously not possible to measuee; such
as for example, the motion of the propellant grains.
In what follows, measuring devices and associated
apparatus will be deseribed mainly in prineiple.
There are usually several maodels extant of the
different measnring deviees mnd the associated equip-
ment and procedures vary at diffierent places and
at different times, The references shouald be consulted
for details and Tor further references to pertinent
literature, It should he pointed out also that rapid
developiment of instrumentation of all sors is {aking
place and the tendeney is teward more and more
automation of methods and procedures,

4-2 PRESSURE MEASUREMENTS
4-2.1 General Principles

Pressure gages are of two classes, () those which
measure maxinim  pressure only, ealled  erushoer
gages, and (b) those which measure the pressure
as & Function of time. Gages of class () ave of two
types, those which make wse of the mechanieal
stenin produced by the pressure, and those which
depend on the piczocleetrie offeet. The carliest gnges
of class (b) were of the mechanical type. The strain
clement was usually a dinphragm subjeet to the
gas pressire on the nside, and having the outside
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FIGURE d-1. Quarts Piczoclectric Pressure Gage,

coupled mechanically to a small mirror to form an
aptical lever to deficet a spot of light onto 2 moving
film. These gages are quite aceurate and reliable
but eannot be used an guns beeause of the reeoil.
They have been mueh used on elosed chambers,

For wse o guns, strain type gages have o 2 esistance’

strain wire eoupled to the strain elemeant so that
the strain appears as an clectrieal signal which ean
be displayed on a cathode ray oscilloscope.

The piczoclectrie gages depend on the faet that
certain crystals develop a sweface eharge when sub-
jeeted to an external pressure. Quartz erystals have
been used most frequently. Gages have glso been

. made using towrmaline, Tourtnaline has the advan-

tage that it responds to hydrostatic pressures so
that the ervstal need ondy be immersed in a medium
stich as a grease to protect it from the hot gases,
and the presstie applied directly to the surface
of the grease. The response of quartz, on tae other
hand, depends on the direetion of the stress with
respeet to the erystal structure. For optimum effect,
the erystal plates must be cut with their faces
properly ortenterdd with respeet to the erystal axes

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

4-2.2 The Quartz Piezoelectric Gage

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

*An X eut erestal plate has the normal to jts faee
parallel to the electrie axis of the erystal and the optie axis
paradlel ta ity face, For a given pressure on its face, suely o
plade produees @« maximem vargee,

4.3
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FIGURE -2, Mayram of Recording System for Plereclectric Pressure Gaye.

placed between the piates and so conneeted that
the total charge of cach sign appears at the electrodes
at opposite ends of the stack. The end surfaces are
in contaet with cleetrodes of hemispherieal shape.
This shape, which fits into corresponding sockets
on the element through which the pressuve is applied,
tends to assure that the pressure will be unifornily
distributed over the swrface of the erystals to
mininize the possibility of cracking. To further
assure that the pressure will be uniformly dis-
tributed the surfaces of the crystal plates and metal
parts in contaet with them must be optically ground
and lapped. The details of the construction and
mounting of the gage element are shown in Figare
1-1 for a model mnch used at Ballistic Rescarch
Lahoratories.

T'he recording cireuit and apparatus are illustrated
in Figure 4-2. The charge developed by the gage
i+ shared with a ballast capacitor in parallel with
the gage and the voltage developed across the gage
and capacitor fed through a high gain diveet current
amplifier to a cathode ray oscilloscope. The cathode
spot is then photographed by a running film or
rotating dvunt caniern. .\ time seale is simultancously
placed on the record by photographing an inter-
mittent light source, This ean also be done by block-
ing the cathode spot intermittently to make breaks
in the record. A typical record is shown in Figure 4-3.

To determine the pressure from the record requires
that the gage and recording apparatus be calibrated,
The gage is calibrated separately in the laboratory
beeause it is not practicable to calibrate the gage
when mounted in the gur. This is done using a
déad weight hydraulic pressure apparatus, Figure
{-4. The gage is mounted in a hydraulic chamber
provided with a piston which is attached through
a mechanical linkage to a scale platform carrying
a series of weights. Oil is then pumped into the
hydraulic chamber until the weights are lifted and

4-4

the pressure in the chamber determined from the
piston arca and the weight lifted. The hydraulic
chamber is provided with a quick release valve which
releases the pressure very rapidly. To make a
calibration, the charge developed by the gage under
pressure is first removed by shorting the gage and
then the pressure is suddenly released. An equal
charge of opposite sign is generated by the gage.
This charge is immediately sent through a ballistic
galvanometer and its magnitude determined from
the defleetion of the galvanometer. The recording
apparatus is calibrated by applying a known charge
across the ballast eapacitor and observing the deflec-
tion of the cathode ray spot. '

Quartz piczo gages are rugged and tend to hold
their calibration well. By varying the number of
plates in the stack the sensitivity can be adjusted.
The crystals will not withstand stresses much above
15000 psi but the working stress on the crystals can
be varied by adjusting the piston aren. The piston
size has a practical lower limit, below which it will
deform and bind, This imposes an upper linit on
the pressures that can be measured. Practical gages
can be made to measure. pressures between 15,600
and 70,000 psi. The gage has a high impedance
and problems of grounding and shielding have to be
dealt with, especially in field use where the leads
from the gage to the recording equipment may be

! _
L
4 b-one millisacond

POOR IGNITION

FIGURE 4-3. Typical Pressure-Time Kecords from Quaris
Piezoclectric Gage (135mm Gun).
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long, even with mobile c¢quipment. Diezoeleetric  large to gencrate sufficient charge for case of meas-
gages are not suitable for measuring low pressures  urement.

of long duration such as exist in rocket motors
because the gage discharges too rapidly, mainly
through the input impedance of the amplifier. Also, The sensitiva element in these gages is a short
for use at low pressures, the gage would have to be tube or ferrule elosed at onc end and so meounted as

4-2.3 Strain Type .Pressure Gages

FIGURE 4-1. Dead Weight A pparatus for Calibration of Pressure Gages.

4-5
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to be subjected to the gas pressure cither on the
inside or outside surface. In the carlier models the
pressure is exerted on the innev surface, the ferrule
being filled with a hydraulic medium such as grease
or oil. A strain wire is wound on the outside of the
ferrule and eemented to the surface or applied in
the form of a commercial strcin patch eemented
to the surface in the usual way. The strain wire or
patch forms one arm of a Wheatstone bridge circuit,
When the pressure is applied, the bridge is un-
balanced; the degree of unbalance being a measure
of the pressure. The emf developed across the bridge
by the unbalance is fed to a suitable amplifier and
then to a cathode ray oscilloscope. The deflection
of the cathode spot is then photograpned with a
running film or drum camera.

One model in which the pressure is applied to the

ONE MIL DIA.
B~ ADVANGCE WIRE

; FERRULE
_

©

CAVITY FILLED WITH GREASE:

outside of the ferrule has been referred to as a
“hat” gage because of the shape of the ferrule.
In this model che strain wire or patch is on the
inner surface. The operation of the gage i3 the same
as for the other models. Some typical models ave
shown in Figures -3, 4-6, 4-7, and 4-8, which arc
self-explanatory.

A typical recording circuit is shown in Figure 4-9.
The cireuit is calibrated by a suitable variable
resistor in the gage arm of the bridge which estab-
lishes the relation between bridge output and resist-
ance change in the gage. The gage itself is calibrated
in the laboratory on the dead weight calibrator to
establish the relation between the resistance change
in the gage and the applied pressure.

Strain type gages can be used to measure lower
pressures of long dwration. The pressure range of the

ELECTRICAL LEADS

O t 2
Lo v o b e
INCHES

FIGURE 3. The C-.0N Strain T'ype Pressure Guge Using a Wire-Wrapped Ferrule,
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gage can be adjusted by design of the ferrule. They
can also be made smaller than piczocleetrie gages
of the same pressure range and ean be used in
locations where space is restricted.

All pressure gages possess natural frequencies of
oseillation, They wiil, therefore, overshoot and os-
cillate when subjected to rapid pressure changes.
These osecillations will damp oyt more or less rapidly
depending on the design of the gage and its mount.
If too much damping is designed into the gage,
however, it will be sluggish in response and will not
accuarately  follow rapid pressure changes. Com-

Stroin Dummy
Gage Half
Bridge
Balancin) A]mpliﬂer
Resistor *

i [
I

WHEATSTONE BRIDGE

FIGURE 3-9. Typical Input Clrenit of Stratn Type
Pressure Gages,
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prontises must therefore be introduced. A high
natural frequency is desirable for rapid response.
The gage should be smail and rigid. The hat gage
ghows up well in this respect. Figure 4-10 shows
the response of the different types of gages when
subjected to an almost instantancous rise in pressure
due to the impact on the gages of a shock wave
generated in & high pressure shock tube,

Tor further information on pressure-time recording
gages and their use the reader is referred to Ref-
erences 3, 4, 5 and 6. Reference 4 gives a brief
review of pressure gage development at Ballistic
Research Laboratories and is the source of the
figures used in paragraphs 42,2 and 4-2.3.

4-2.4 Crusher Gage’

For routine proof firing and most developmental
firing, the pressure-time relation is not needed, but
the maxitmnm pressure is desired. For this purpose,
crusher gages are used. A crusher gage consists of
a steel cap, a copper gas-check cap, and a steel
housing that contains a steel piston and a copper
or lead cylinder. For recording very low pressures,
the lead cylinder is required. An illustration of the
crusher gage is given by Figure 4-11.

The copper gages are made in three sizes; their
uses and the mean dimensious of their cylinders
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are tabulated below, The medtum and major ealiber
geges use the same copper eylinders but have dif-
ferent size housings.

Sz (runs Diameter Length
Minor ealibor sl arms 226 00
Medinom caliber Small and

medivm cannon 2525 S0
Aljor ealiber Major eannob A2R25 500

For work on small armns, one iminor caliber gage
is mserted in the wall of a gun that is sct aside for
this purpose. Ior medium ealibers, two medium
caliber gages are placed in the chamber. T'wo major
caliber gages are placed in depressions on the inner
side of the breechblock for recording pressures in
separate loading, major caliber, weapons,

The propeliant gas pressure is exerted against the
gas-cheek cap and transmitted to the piston, which
compresses the eylinder agaiust the eap. The length
af the eylinder is measured i ten thousandths of
an inch with micrometer calipers, both before and
after firing. A table, which relates the compression
to the static presswre that produces it, is based
on values obtained by subjecting representative
samples of eylinders from a lot to various pressures
i o hydrauhc press for 135 seconds. The pressures

taken from the table are recorded and corrected,
sinee they are less than the dynamie pressures cor-
responding to the same compression. Comparisons
with piczoclectric gage pressures show that copper
crusher gage pressures, when determined from copper
crushers calibrated statically, should be multiplied
by 1.20 to obtain the true chamber pressure, which
is used in interior ballistic caleulations. For the lead
crusher gages, used for low pressures, the static pres-
sure obtained is less than half the dynamic pressure.

Recent developments in dynamic calibration tech-
niques have made it possible to reduce the difference
between the maximun pressure as determined by
2 crusher gage and by a piczocleetric or strain type
gage. The crusher clements are calibrated under
pressures applied at rates approximating those occur-
ring in guns. These techniques have been developed
to the point where, for the larger caliber guns,
crusher gages ean be made to yield maximum pres-
sures equivalent to those given by the pressure time
measuring gages.

4.3 MEASUREMENT OF MUZZLE VELOC-
ITY
4-3.1 General Principles

Before the invention of chronographs capable of
recording very short inlervals of time and of cameras
capable of photographing projeetiles in fAight, there

4.9



was 1o way of making dircet measurements of muzzle
veloeity by the simple method of measuring the time
it took 2 projectile to traverse a previously measured
distance or the distance traversed in a previously
determined time,

After the mveation of modern  chronographs,
muzzle velocity determination no longer posed a
difficulty. In the method now conunonly used, the

v projectile s timed over a measwred distance by
recording its passage as it enters and leaves the
measured cowrse, A deviee which determines the
time between these two events is called a chrone-
graph.

[n the other method, the projectile is photo-
grapled against 2 distance seale by means of a high

' speed motion picture eamera whose frame rate is
known or by taking two or more photographs of

. the projectile against a distance scale using a series

. of fixed fibu cameras and a sct of flash lamps with

. fixed time delays between them. PPhotographic
methods are usually used when observations on the
hehavior of the projectile are desired, as well as
determining its veloeity. They cannot be classed
ax standard methods of muzzle velocity measure-

Dowhlbé\-ded from http://www.everyspec.com

ment, A discussion of these methods and the details
of some applieations are given in Reference 8,

4-3.2 Chronographs

There are twe types of ehronographs in general
use; those which display the time interval dircetly,
known as counter chronographs, and those which
reecord the passage of the projectile as it enters
and leaves the measuved distance, known as camera
chronographs. The former type makes use of clec-
tronic cycle counters which are started and stopped
by the passage of the projectile and arranged to
display the clapsed time on an indicating panel
which is read direetly. In the camera type of chrono-
graphs the output of the deteeting device is fed to
an oscilloscope and the face of the scope photo-
graphed with o drum or rmming film camera. The
ciapsed time, therefore, is determined from the
distanece on the film between the indications of the
passage of the projectile by the deteeting devices.
This requires that a time scale be simultancously
recorded on the film. Iigure 4-12 is a photograph
of a standard modcl of camera chronograph using'
a drum camera.

: Ciosing
Cap
: Obturating
' Washer
' Copper Crusher Rubber or
Cylinder /’Neoprene Washer
D :\ \:-:“ Housing
"\‘\ \\:\
Obturating \\\ AN
Cup
4
. N /J
Pressure

TIGUIRE a-V1, Crosx Seetion of Lndernal Copper Crusher Pressure Guge Using Cylindrical Copper Crushes,
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The eamera ehronograph provides a permanent
photographie record, which can be cheeked at any
time: but about 20 minutes is required to develop,
fix, and dey the filkm before it can be read. With
the counter chironograph, about one minute is re-
quived to compute the veloeity amd report it: but
the reading is erased after the time interval is noted.
A permanent record ean be provided by photograph-
mg the display panel or the process ean be simplified
by having the elapsed time printed out automatieally.

Soane of the carlier models of counter chronographs
were rather eritical in operation and difficulty arose
heeatse they could be activated by noise on the
fines. Tn newer models, the operating conditions ave
less eritical and these difficultios have been largely
climinated. The present tendeney is to increasing
use of the counter chronograph beeause of its speed
and portability. FFor field use it has the great ad-
vantage that it does not require photographic
processing facilities,

4-3.3 Dctecting Devices

Commonly used deviees to deteet the passage
of the projeetile are of two types. One depends on
the inductive effeet as the projoctile, which has
heen previouslvy magnetized, passes through a coil
of wire, and the other by the variation in the
intensity of the light falling on a photoelectric ecll
caused by the passage of the projectile, The coil
i the simpler deviee.” It requives little eare and
can be used in the open without speeial protection
or attention, T'wo ecoils ean be casily mounted at
opposite ends of & frame and the assembly elevated
on o tower at an angle so that the gun can he fired
at its nornal operating elevation, This is more
ditficult to do with the more elaborate and fragile
photoclectric deviees. The coils, however, cannot be
used with nonmagnetizable projoctiles, such as small
arms bullets and the other devices must he used.
Nonmagnetizable, developmental projeetiles used in
intertor batlistic rescareh have been provided with
small imbedded permanent magnets to permit the
nse of coil deteetors,

The design of the coil deteetor is inportant.” As
the projeetile approaches the coil the inercasing
magnetie flux through the ecoil induees an emf in it
which inercases and reaches a maximum value when
the projectile is in suel a position that the rate
of change of flux is o maximum. The emf then beging
to deeline as the rate of change of flux deelines and
beecomes equal to zero, at which time the emf is
zero, The flux then tends to deerease as the pro-
jeetile stavts to leave the eotl and the emf reverses

4.12
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FIGURE 3-08, Dram Camer Chronograph Revord
of Sigunl fram Velocity Coilx.

sigh and follows a course similar 1o the approach
but reversed in direetion. The eoil should be so
designed that the signal reversal is sharp so that
the record erosses the axis steeply. The film distance
between the cerossing points is then accurately de-
termined and serves to determine the time accurately.
Iigare 4-13 shows a drum camera ehronograph re-
cord from coil detectors,

There are two types of photoclectric detectors,
laniline sereens and sky sercens. Lumiline sereens
use a light source incorporated in the apparatus
and sky sereens use the light from the sky. In the
latter the photocell is sereened so that it s il-
lininated by the light from a narrow region of the
sky transverse to the trajectory, When the pro-
jeetile crosses this region of the sky, the illumination
of the ecll is redueed sulliciently to induce a voltage
change in the ecll circuit which defleets a eathode
ray oxcilloscope and the deflection is photographed
o & moving film camera or the signal ean start
ot stop a counter chronograph. Sky sereens have
heen developed for field use and are fully deseribed
together with the associated counter chronograph
in Reference 10,

The light source in the lumiline sereen s a long
filament cleetrie lamp mounted in a metal frame
behind a narrow slit transverse to the trajectory.
A photoeell is mounted behind another slit on the
opposite side of the frame. A projectile passing
through the rame reduces the itlumination on the
cell in a manner similar to that of the sky sereen.
Lumiline sercens are used mainly in indoor ranges
for measuring the velocity of smmall caliber pro-
jeetiles such as bullets from small arms. Sercens
in use are shown in Figure 4-14,

4-3.4 The Calculation of the Muzzle Velocity

Onee the time of passage, ¢, of the projectile over
the measured distanee, D, is known, the ratio, e,
gives the average velocity over the distance, D,
This average veloeity will oceur at the midpoint
of D provided the aceeleration of the projeetile is
constant, The latter econdition will hokd if the aiv




change appreciably over the distance D. This is
closcly the case so that the veloeity furnished by
the instrumentation can he assumcd to occur at
the midpoint of D.

On account of the air resistance, the velocity

:* resistance to the motion of the projectile does not
n

wlalt
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decieases between the muzzle and the midpoint of
the detecting deviees. The small correetion required
to give the velocity at the muzzle is proportional
to the ratio

Z=X/C (-1

! FIGURE 4-14, Lwmiline Seveens in Use in an Indoor Range,
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where

X is the distanee from the muzzle to the midpoint
and
(' is the ballistic cocflicient

¢ is a function of the weight, caliber and shape
of the projectile, the density of the atmosphere,
and the range wind. The correction factor, which
depends on the velocity and the drag function, has
been tabulated by the Instrument Laboratory of
the Development and Proof Services at Aberdeen
Proving Ground."™ "

FFor a short distance in front of the muzzle, the
projectile is surrounded by propellant gas. Sinee the
muzzle blast inercases the projectile veloeity, another

“correction must be subteacted from the apparent

muzzle velocity to obtain the true one. I'rom the
measurements of the spin of several projectiles by
a radiosonde, extrapolated to the muzzle, Hitehcock
found that the inerease in veloeity due to the muzzle
blast is about 1.2 pereent of the apparent muzzle
veloeity for gans having a normal expansion ratio. '

4-4 TRAVEL-TIME MEASUREMENTS
4-4,1 Barrel Contacts

‘I'he position of the projeetile in the barrel as a
function of thwe ean be determined by inserting
insulated probes through holes bored in the barrel
wall which make contaet with the projectile as it
passes. Fach probe is part of an clectrical cirenit
which is completed through the projectile and the
barrel. The projectile acts as a switch which closes
the civenits momentarily. The eurrent in the civeuits
can be detected and displayed on a cathode ray
oseilloscope and the face of the oscilloscope photo-
graphed on a moving film or drum camera in the
usial way and related to a time scale on the filin,
The zoro of time is usually indicated on the film
by detecting the initiation of the primer or by 2
contact at the muzzle.

Barrel contacts have to be designed and vsed with
care if the signal is to oceur when the projeetile
has the same position with respeet to the eontact
at cach location. This can be assured in part hy
machining a noteh in the forward part of the pro-
jeetile. The shape of the noteh is such that a vertical
surface is presented to the contact, If care is taken
to insert the contacts only in the rifiing grooves
of the gun, they will then cestablish contact with
the rotating band only.'! 'or smooth bore weapons
and when firing jacketed bullets, the noteh in the
projectile heeomes necessary.” I the electrical poten-

4-14

tial of the contacts is too high the eurvent may start
before mechanical contact is made. This is especially
likely if the gas ahead of the projectile becomes
ionized. This can happen if hot gas leaks past the
projectile or if the air in the tube is compressed by
the motion of the projectile itsell.

Bavrel contacts are extensively used in interior
ballistic rescarch, the exaet form varying with the
user, often as check points against other methods
of measuring projectile displacement.”

When it is desired to derive from the measure-
ments an accurate travel-time relation, a rather
large number of contacts must be used. This involves
considerable damage to the barrel thus making it
uscless for other purposes. Considerable time and
expense is involved in doing the necessary machine
work.

4-4.2 Microwave Interferometer

The microwave interferometer is the microwave
analog of the well known Michelson moving mirror
interferometer which is used to measure small dis-
tances using light of optical wave lengths. In hoth
instruments a beam of radiation is divided into two
beams. One beam is sent to a reflector at a fixed
distance and the other beam to a reflector which
can be moved. The refleetors return the radiation
to the point of scparation where the beams are
superimposed and combine to form a beam of radia-
tion whose intensity depends on the amplitudes of
the vefleeted beams and their phase difference. The
phase difference depends on the difference in the
distance traveled by the two beams from the point
of separation and back again according to the
relation

2al ,

s = 5N (4-2)
where § is the phase difiecrence, f the dilference in
distance and X the wave length of the radiation.
Now, if the movable reflector is displaced parallel
to the dircetion of the reflected beam, ¢ will be
changed and & will be different. This will change
the inteusity of the combined beam. If ¢ is changed
continuously & changes continuously and by one
cycle (2r radians) every time £ changes by onc wave
length. The intensity of the combined beam changes
eyclically, going through one eycle every time & docs.
Since ¢ changes by one wave length when the
movable refleetor moves onc-half wave length, one
cycle of intensity change indicates a displacement
of the reflector of one-half the wave length of the
radiation.
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FIGURE 4-15. Typieal Microwave Inlerferomeler Record of Projectile Travel versus Time (Caliber 50)

I'or the wave length range used in the microwave
interferometer, the radiation is propagated in a
wave guide. The source of the radiation is a Klystron
oscillator. The radiation is divided at a “magic tee”.
One part is led by wave guide and directed down
the barrel of the gun to the projectile which con-
stitutes the moving reflector. The other part is led
to the fixed reflector and in this arm of the circuit
there is provided an attenuator and 2 phase shifter
so that the intensity of the output signal can be
adjusted to a convenient value initially and the
phase dificrence adjusted to zero.

The combined output is detected by a crystal
detector and fed to a cathode ray oscilloscope

MABTC NROCH-TFF RO,

through suitable amplifiers. The face of the oscillo~
scope is then photographed on moving film along
with a time scale. A typical record is shown in
Figure 4-15 and a block diagram of the apparatus
in Figure 4-16. For further details of the construction
and use of the interferometer the reader is referred
to References 14 and 15.

The mierowave interferomreter has obvious ad-
vantages over the barrel contacts. It requires no
modification of the tube and yields a continuous
record of the travel of the projectiie so that a more
accurate travel-time curve can be derived. The
relative accuracy for the two methods is discussed
in Reference 13 where it is shown that even with
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FIGURE 4-18. Foil Conlactor Assembly for Measuring Travel During the Engreving Process, 106mm Howitzer.

great care in the design and placement of the
contacts they exhibited some crratic behavior al-
though there was no systematic error in the results
derived from their use. There were no systematic
errors in the results for either system, however.

4-4.3 Measurement of Projectile Travel Near the
Start of Motion

Neither the barrel contacts nor the interferometer
gives a sufficiently detailed and accurate account
of the motion of the projectile at the start of motion
and during engraving to permit entirely satisfactory
conclusions to be drawn about engraving forces and
starting pressures. .

If extra tubes are available, for research purposes
it is often permissible to cut the tube off so that the
nose of the projectile is visible and then take a
high speed motion picture of the projectile as it
moves. Another method® is to machine two slits on
opposite sides of the tube so located that the nose
of the projectile projects shghtly beyond the breech
end of the slits. The slits are then backlighted and
an image of the illuminated slits formed on the
film of a moving film eamera so that the film runs
perpendicular to the image. As the projectile moves
the slits are progressively covered and the boundary
hetween the illuminated and usilluminated part of
the film is the locus of the travel-time curve, Figure
$-17. The tube must be cut off just beyond the end
of the slits sinee the slits relieve the pressure when
the projectile base passes and the projectile may
stop in the tube.

If damage to the tube is not permissible other
methods must be used. One of these which has been
used for measurcments on a 105min Howitzer is
deseribed in Reference 16, In this method, a rod
is inserted down the barrel and fixed at the muzzle,
At the other end, the rod holds a set of foil contactors
inside the hollowed out projectile. An internal con-

tact is provided in the projectile, arranged so that
the projectile movement causes the internal contact
to touch the foil contactors in succession. The
arrangement is shown in Figure 4-18. The rod and
contactor assembly are insulated from the barre]
electrically and an cleetrical circuit is completed
through the projectile and the barrel when contact
is made with the foils, After a travel of about four
inches the base of the projcetile comes in contaet
with the end of the rod and forces it out of the
barrel. In the 105mm Howitzer the rod comes out
amoothly. It may not do this if used in higher
velocity weapons where the accelerations sre larger
and the force on the rod greater.

The results of the measurements were differ-
entiated twice to yicld the acceleration, and from
& simultancous measure of the pressure the resistance
to the motion is determined from the relation

PA ~f=Ma (4-3)

where { is the resistance to the motion. A typical
result 18 shown in the consolidated plot, Figure 4-19.

4.5 IN-BORE VELOCITY AND ACCELERA-
TION MEASUREMENT

4-5,1 Differentiation of the Travel-Time Data

The velocity and acceleration in the bore can be
determined by differentiating the travel-time data
provided by the interferometer or barrel contacts.
To do this requires 2 complicated data reduction
process and if the differentintions are to yield ac-
curate results, not only must the records be read
with great accuracy but the records must be very
precise to begin with. In no case is the original
data obtained from the records sufficiently accurate
to be used directly. It must be first smoothed and
the smoothed data differentiated. The result of the

417
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first differentiation must also be smoothed before
the second differentiation, and the final result will
usually require some final smoothing. The amount
of work required to reduce the data and make the
caleulations for a single round is considerable*'” and
the results may be subjeet to unknown crrvors. It is
desirable to measure the velocity and acecleration

direetly.

4-5.2 The Measurement of Velocity

A standard method of measuring the velocity of
projectiles makes use of the Doppler effeet; that is,
the change in frequency which oceurs when a radar
Lca!n is reflected from the projectile. There arc a
fimmber of ways, differing in detail, which the-
oretically ean be used to measure the Doppler shift.
~ One method is to use two stabilized Klystrons
differing in frequency by a few negacycles. The
indiation from one is led down the barrel of the
iun and reflected from the projectile. The sccond
Kiystron is provided with a contrel system which
locks ity fecyquency to the signal from the first after
rellection, which serves as a reference signal. When
{he projectile is not moving, the conirol voltage
required to lock the second Klystron to the radiation
of the first is constant. Another method of providing

4-18

the referenee signal, using only one Klystron, is to
lead part of the signal from the Klystron out and
shift its frequency, thus taking the place of the
signal from the second Klystron. If now the pro-
jeetile starts to miove, the referenece signal will be
incveased in frequency and the control voltage will
inercase or deercase depending upon whether the
difference in frequency between the two Kiystrons
is inereznsed or decreased. The change in the control
voltage iz proportiuual to the frequency change and
hence to the change in velocity. The control voltage
is recorded as a measure of the velocity. It has
been found that the controlled Klystron has a
locking range of about 200 ke which corresponds
to projectiic velocitics of about 5000 feet per second.

These methods for measuring the velocity divectly
stmplify the determination of displacement and ne-
ecleration. Not only will the tedious smoothing and
differentiating processes be reduced but the accuracy
of the final results should be impraved. The divect
measurement of the velocity by the Doppler effect
13 simple in principle and from an accurnte measure-
ment, the displacement can be determined by integra-
tion, which is a more accurate process than dif-
ferentiation, and the aeceleration determined hy a
single differentiation which will eliminate the ervors
due to the second differentintion,
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4-5.3 The Measurement of Acceleration

To measure the acceleration direetly requires in-
strumentation in the projectile, The carliest accclera-
tion gages for mounting in projectiles depended upon
the pressure developed on a quartz crystal plate
by the inertial reaction to th: acceleration of a
weight bearing against the crystal plate. One model
is shown it Iigure 4-20."

To record the signal from the gage one must
transmit the signal out of the barrel. This is done
by leading a wire down the barrel and connecting
it to one terminal of the gage, the circuit being

ALUMINIZED SURFACE PYREX DISK

STEEL CAB-SAESIS0

Pt AR SR B
i

STEEL BATE-SAESI30

INSULATION
(SCOTCH CAST
POTTING COMPOUND)

R )

1/16* BRASS ROD

FIGURYE 4-21. Diagram of the Variable Capacitance
Mecelerotion Gagel

completed by grounding the other terminal to the
projectile wall which makes contact with the barrel
through the rotating band. As the projectile moves
the wire is gathered up in a cup-shaped receptacle
at tha forward end of the projectile.

Considerable difficulty is usually encountered with
this system of measurement. It requires direct car-
rent operation and it is difficult to eliminate the
noise gencrated by the sliding contact at the rotating
band. In the process of gathering up the wire, it
may shatter at the higher volocities which will
gencrate noise as will leakage of jonized gases past
the projeetile,

In an attempt to circumvent these difficulties,
apparatus has been developed™ using an acceleration
gage depending on the change in capacitance when
subjected to acceleration. The design of one model
of the gage is shown in Figure 4-21. When the pro-
jectile is accelerated, the body of the gage is slightly
flattened which decreases the separation between
the metal plated surfaces and henee increases the
capacitance. In use the gage is part of an oseillator
circuit. If the capacitance of the gage is changed
the frequency of the oscillator is shifted; the fre-
quency shift being a measure of the acceleration.

This scheme permits the use of slternating current
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FIGURD 1-22. Diugrean of Quartz Piezoclectric Base-Presinre Gaye Monnted in the Prajectile,

operation so that niuch of the unwanted noise can

be blocked out of the reeording eireuits by proper

filteving. It introduees other ditliculties, however,
in that the instrumentation in the projectile is mueh
more complicated, and as it must function while
under large aceeleration, the design requirements
are very stringent. One is also never quite certain
that the frequency of the oscillator will be stable
under the conditions of firing. Models have been
used suecessfully in the 105mm Howitzer where the
conditions are not too drastic. There seems to be
no difliculty in designing apparatus rugged enough
te withstand high vcloeity gun accelerations. The
question of stability will remain,

Trouble also arises with the uncertainty of the
calibration of the capacitunce gage. It is obviously
not possible to subjeet the gage to a known aceelera-
tion of the required magnitude. Recourse has, there-
fore, been made to subjecting the gage to a mechan-
ical force applicd externally with a press. Under
aceeleration, however, the force systen acting on
the gage is not the same as that used in the calibra-
tion. The gage has a complex shape and any distor-
tion due to acceleration cannot be predicted ae-
curately by theory so that it could be allowed for.
The piczocleetric erystal gages, discussed in para-
graph 4-2.2, could be calibrated much niore con-

4-20

fidently as the effeet of the acecleration in the
crystal itself was considered negligible, the charge
developed therefore being entively due to the inertial
pressuee of the weight.,

4-6 THE MEASUREMENT OF BASE PRES-
SURE

The methods deseribed to measure acecleration
can be used to measure base pressure.'™ All that is
needed is to modify the gages and their installation
in the projectile to withstand and be subjected to
the pressure of the gases and to make the cffects
of the acceleration negligible with respeet to those
due to the gas pressure. The design of a piczocleetric
base pressure gage is shown in Figure 4-22. It is
similar to the acccleration gage except that the
crystal is now compressed by a piston subject to
the gas pressure through an opening in the base
of the projeetile. Ieeause the piston also has inertia,
the pressure on the gage, 72, is not cqua! to the base
pressure, /2, but is given by

ma

P, - == = r,

A -

»

where m is the mass of the piston and 4, its aren.
A variable capacitance base pressure gage de-

signed for alternating current operation in o manner
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similar to the variable eapacitance acceleration gage
is illustrated in Figure 4-23. It does not make use
of a piston; the gas pressure being applied directly
to the outside of the pressure clement whieh serves
also as the outer clectrode. The pressure reduces
the inner diameter of the pressure element and hence
reduces the elearance feom the inner electrode, This
inercases the capacitance of the gage.

4.7 THE MEASUREMERT OF BORE FRIC-
TION

If the aceeleration and the base pressure are known
one ean derive the bore friction, f, from the relation,
=PA — Ma (4-3)

where 7', is the basc pressure, a the acecleration,
M the mass of the projectile, and A the bore area.
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FIGURLE 424, Iecord Produced by the Nulomatic-Recording Bore Gagr.
Three Complete Srans in Roth Directions to Test Repeatability.
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An examination of Fquations 4-4 and 4-3 shows
that if the mass of the piston, m, is so chosen that
m A, = M . then f = P,A4 so that under these
circumstances the output of the gage is proportional
to the bore friction. By use of this property, a base
pressure gage can be designed to yvield a simultancous
measure of the bhove friction.

48 THE MEASUREMENT OF BARREL ERO-
SION

4-8.1 General

The standard deviees used to measure changes
in bore diameter are the star gage and the pullover
wage. They are both miechanical micrometers de-
signed espeeially to measure both the diameter of
the tube at a eertain location and the distance to
the point of measuvement, The measuring head s
attached to a long staff. The staff serves to manip-
ulate the head to iaake the diameter measurctment
and is ale provided with a scale to measure the
distanee to the point of measurcment. Both gages
ave made inoa number of sizes for use with the
varimus calibers, The details of their constiuction
and use are given in Referenee 20,

4-8.2 The Star Gage

There are sceveral types of star gages but the
principal ones are the iever and small bore gages
used for large and siall ealibers. They do not differ
i principle, the difference being only in the mech-
anism nsed to manipulate the measuring head. In
both types, the head is provided with contactors
which are foreed out radially to make contaet with
the surface of the bore by advaneing a econe shaped
picee upon which the inner ends of the contactors
ride. When the cone is retracted the contactors
disengage from the surface. The position of the cone
when eontiuet is made with the bore surface is an

4-22

indication of the diameter, and is read on a secale
at the operating eand of the staff.

4-8.3 The Pullover Gage

This gage functions in & manncr similar te a
telescoping inside micromcter. The head which is
constructed so that it will telescope and retain its
minimum size i3 initially set larger than the bore
diameter and inserted with its staff into the barrel
to the distance at which the measurement is to
be made. This requires that it be set at an angle
with respeet to the staff. It is then “pulled cver”
whicli forces it to telescope until its length is equal
to the inner diameter of the tube. A vernier secale
is provided on the head so that the diameter can
be read off when the gage is withdrawn.
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FIGURE 126, Diagram of Bore Surface Thermorouple
and Housing, BRI Model,
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4-8.4 The Automatic Recording Bore Gage

Bore gages have been constructed which depend
on the strain produced at the surface of a cantilever
heam. The beam is mounted in a frame which fits
into the barrel and carries one or more contactors
which bear on the bore surface. When the frame
is forced into the bore, the beam is bent from its
initial position by the force on the contuctors. The
strain produced in the heam is recorded by a system
of two strain gages cemented to opposite surfaces
of the beam and forming two arms of a Wheatstone
hridge so arranged as to maximize the bridge output.
When ecalibrated by applying known deflections to
the beam the imbalance of the bridge is a measure
of the hore dianmeter.

A gage of this type was developed® to record
automatically a continuous measurement of the bore
diameter (or radius, depending on the model) when
it was pulled through the barrel by a miotor driven
nmechanism. The gage is provided with supports
which engage the rifling so that the contact stays

© on the same land throughout the travel. The output

of the gage is fed to an automatic recorder which
traces oh a moving paper a record of the bore
diameter ag a function of distanee. A ealibration is

placed on the record by pulling the gage through
a caltbration tube provided with stepwise diameter
changes or by a micrometer calibrator which can
be varied eontinuously by a mierometer serew,
These gages have been found to he consistent
in operation and to give reproducible results. The
records can be read to 0005 inch and the precision
is about of this order. By reducing the vadius of
curvature of the tip of the contactor they can be
made to record the major roughnesses of the surface
and yield knowledge of the condition of the surface,
The type of record produced is shown in Figure 4-24
and a diagram of one model of the gage in Figure 4-23.

49 BARREL TEMPERATURE MEASURE-
MENTS

4-9.1 Thermocouples

A variety of thermocouples have been used for
barrel temperature measurcment. On the outside
surface where the temperature variations are low,
no special difficulty is encountered; all that is nee-
essary is a good bond to the surface which can be
obtained by soldering or welding.

To make measurements within the wall, holes must

4-23
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be bored to the desived depth and an insulated
thermocouple wire inserted to make good thermal
and clectrical contact with the bottom of the hole.
This usually requires welding although mechanical
pressure can be made to work, Sueh contact may be
unrelinble, however, in & gun during firing. Electric
welding of the contact requires care. If too much
metal is melted, the exact location of the contact
is uncertain, Just enough and no more should be

melted. This usually requires an automatically con-
trolled switching mechanism and the time to just
make the weld is determined by trial in & scparate
test sample.

The hole and wire should be small and the thermal
diffusivity of the wire and weld should be as ¢lose
to that of the barrel material as possible. This is
to minimize the disturkance to the heat distribution
brought about by the presence of the hole and

L .
P

) "
g o

FIGURE, 4-28. Photograph of Apparatus for the Study of Propeliant Molion During Firing Using
Radioartive Tracer Technique, 37mm Gun with Four Seintillation Counters on Fack Side of the Burvel,
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thermocouple wire, The thermojunction formed by
a single wire inserted in this manner in a steel
harrel is that hetween iron and the material of the
wire, Nickel is o good material for the wire sinee
its thermal properties ave similar to those of ivon,
Two wire thermocouples can be used for in-wall
temperatures but these requive a larger hole and
would be expected, in general, to disturb the tem-
perature distribution more than the single wire,
For very mpidly vorying temperatuves they would
also be expeeted to follow the temperature changes
loss aceurntely then the welded single wire,
Thermocouples have been developed especially for
bore surfuce temperature measurenients, The ovig-
imal model was developed in Germany®, Various
other models have been developed in different lab-
oratories but they do not differ in principle from
the oviginal. Figure <26 is o diagram of one model,™

The t.lwr?ﬁiﬁtouglp consists cssentinlly of an in-
sulated nickel wire inserted through a hole in the
gun steel mounting plug. The wire and plug are
then faced off and ground and polished, A thin
laycr of known thickness (2-5x) of nickel is then
deposited on the polished surface. The deposited
nickel bridges the thin layer of insulation on the
wire and a thermojunction is formed between the
nickel and the steel. The emf generated is that for
nickel and iron. In the original model the nickel
wire was insulated by heating in air to form a layocr
of nickel oxide. Later models use aluminum oxide
(ALO,) as an insulating material because it stands
up hetter at higher temperatures. These thermo-
couples require care in fabrication. They are fragile
and last only a few rounds in high performanee guns.

In use the thermocouple is so mounted that the
surface of the nickel plate forus part of the bore
surface. It has been found not to he necessary to
match the surface of the nickel layer exactly to
the surfuce, It is an advantage to withdraw the
thermocouple surface somewhat to proteet it and
this can be done up to o millimeter or so without
apparenly reducing the indicated temperature. The
temperatures indicated by these thermocouples show
large round to round variations™. This may be
partly due to the deposition of variable layers of
contamination from the propellant which is ob-
served to oceur. Much of the variation is, however,
real. The temperature of the propeliant gases is not
uniform. Gas produced carly in the eyele has ex-
punded more than gas produced later and is cooler,
The reading of the thermocouple will record this
fact by random round-to-round variations in re-
sponse. 1t has been shown experimentally™ that if
rounds are fired with charges of mixed hot and ccol
propellants the regpenses of the thermocouples are
much more variable, In a gun, the fiving evele is so
brief that there is not time for parts of the gas
at different temperatures to mix and come to a
uniform average tomperature,

4-9.2 Resistance Type Temperature Measuring
Gages

These gages measure surfuce temperature changes
by noting the change in clectrical resistanee of a
fine wire in contact with the surface, One medel,
which is available commercially, resembles in ap-
peatance an ordinary cemented-on strain gage, They
are very convenicnt for measuring external barel
temperatures. They are mounted in & manner
similar to a steain gage and form an amn of a Wheat-
stone bridge eiveuit. When the gage s heated the
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el appearing across the bridge is an indication
of the temperature rise if multiplied by the proper
calibration factor.

4-10 MOTION OF THE PROPELLANT DUR-
ING BURNING

In any theory of interior ballistics some assump-
tion must be made about the distribution of the
unburnt propellant, Tt is usual to assume cither one
of two limiting situations, namely; that the pro-
pellant remains in the ehamber during burning and
burns at the chamber pressure; or is uniformly dis-
tribaited in the gas column behind the projectile and
burns, on the average, at the average pressure in
the gas. The actual situation is neither of these
extrenies but until recently there was no way of
mensuring even approximately the actual motion
of the grains of propellant. This difficulty has been
overcome, at lenst to a large exteat, by the avail-
ability of radioactive trmeer technigues.®'

The wethod is to incorporate in one of the grainx
of the eharge a gamma radioactive source of suffi-
cieut strength that a mecasurable amount of the
gamma radiation from the source will penetrate the
barrel wall and activate gnmma iy detectors placed
along the outside of the barrel. The deteetors are
shiclded with lead shiclding cxeept for a narrow
opening on the side toward the bareel, When the
source passes in front of the opening the detector
is activated and the fact recorded as a displacement
of the spot on the sereen of a eathode ray oscillo-
seope, The motion of the spot is recorded with u
moving film camera and related to a time scale so
that one derives from the observations a displace-
ment-time curve for the activated grain, By repeated
firings, with the activated grain initially at different
distances from the breeeh end of the chamber, a
composite picture of the motion of the charge can
he derived.

The sources used were either Ta'™ or Co™, 50-100
millicuries in strength. They were sheathed in stain-
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less steel and imbedded in a small hole dritled in
the center of the grain., The activated grain was
about 3¢ pereent heavier than the normal grain
heeause of the higher density of the source.

The motion of the grain was followed by cight
collimated scintillation counters placed along the
barrel. The individual seintillation pulses from the
scintillation counters have a time duration of ap-
proximately 0.1 microsccond. The possible counting
rate is, therefore, several million per second. The
counting rate must be high to obtain the necessary
statistical accuracy beeause the time interval over
which the measurements are made is of the order
of a few milliscconds. The iudividual pulses are
amplified and fed to pulse height discriminator
cireuits. The uniform output pulses of these cirenits
are then fed to integrator ciremits with time con-
stants small ecompared to the time intervals to be
measured and large compared to the individual
pulse widths. A block diagram of the apparatus is
shown in Figure 4-27 and a photograph of the
apparatus and the gun in Figure 4-28,

The apparatus was checked by firing a metal
pellet containing the source through the barrel with
an air gun. Screen contacts were placed at the breech
and muzzle to deteet the passage of the pellet. Data
from the screens and the counters are shown in
Figure 4-29 which shows that the counters record
faithfully the position of the source.

Figure 4-30 is a typical record. The upper and
lower parts were recorded on different oscilloscopes
on a common time scale, The numbers 1-6 indicate
the times of the maxima of the detector pulses,
starting at the breech. The letter ¢ indicates firing
pin contact, b the time wiien the projectile had

. moved ouc-half an inch, ¢ the time when the pro-

jectile had moved 93 inches and d the time when
the projectile was at the muzzle. The trace D in-
dicates the pressure.

Figure 4-31 is a consolidated plot of the data
for four different initial positions of the activated
grain. The carly motion of the source could not
be followed because of the cxcessive thickness of
the walls of the ehamber.

Figures 4-32, 4-33 and 4-34 derived from Figure
4-31 exhibit the relation between the motion of the
activated grain as compared with the motion of the
gas as predicted by the Lagrange approximation.
The grains will always lag behind the gas because
of the higher density of the grain. The activated
grain will lag even more because of its still higher
density and this effect will be enhanced as the grain
hurns away leaving the source itself. A great deal

4-28
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of the lag probably occurs carly when the velocity
of the gas is low and the gas density also low, The
Lagrange approximation does not hold in the carly
stages when the charge is still burning, The results
show in general that the propellant grains follow
the gas motion as predicted by the Lagrange ap-
proximation more closely the farther forward they
are initially and tend to approach it more closely
in the later stages of the burning.

4-11 ROTATING MIRROR CAMERA

When using the microwave interferometer to meas-
ure projectile displaceent, a long continuous record
is usually desired, and for higher projectile velocities
the film speed must be large to resolve the oscilla-
tions sufficiently. This ean be done with the com-
mereially available running film cameras up to about
2000 fps at which veloeity the oscillation frequency
is 100 ke per second.

For use at higher velocities a specially designed



'
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rotating mirror camern was built.™ Rotating mirvor
cameras sweep the image over a stationary film by
means of a rotating mirror. They are available
commercially but the design is not advantageous
for wse with the interferomoeter. In most models

 the image is on the fihn for only a fraction of the

time of oue revolution of the mirror and the length
of the film is too short for a long record.

In the Ballistic Research Laboratories model use
is made of a four-sided mirror which, as it rotates,
divides the inecident beam of light from the lens
of the eamera so as to form two images, at least one
of which is always on the film. The record, therefore,
is eontinuous.

Figure 4-35 shows the design of the basie optical
system. The two images are always 180° apart, and
as the film is earried around the focal surface move
than 180° onc image always comes on the filn
hefore the other leaves it. When photographing the
spot of a cathode ray oscilloscope the spot can be
stepped across the sereen and a record several times
the length of the film can be recorded. Sinee the
axis of rotation of the mirror is not at the reflecting

Downloaded from http://www.everyspec.com

surfaces, the focal curve is not a circle. Also the
image of an extencad objeet is not everywhere in
exact focus on the filin so that as the spot changes
position on the sereen the sharpness of focus of the
spot image on the film will change. These cffccts
are not large in the present model where the distance
from the lens to the film is about 40 inches, The
instrument works at approximately one to onc
maghification so that the image of the spot is the
same size as the spot itself and any fuzziness is
reproduced in the image. The instrument uses an
ordinary ballopticon projection lens. The mirror is
made of stainless steel and is driven by a one-half
horse power motor. The faces of the mirror are 3 by
4 inches, The filin is held on the focal curve by being
wrapped on a plexiglass surfaee, emulsion side to-
ward the mirror, the plexiglass surface being formed
to the focal curve. The film is loaded in daylight
from a built-in film supply and loading arangement.
A photograph of the camera with the cover removed
is shown in Figure 4-36. This is a prototype model
in which no attempt was made to optimize the
design either mechanically or optically.
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FIGURE 4-36. Photograph of BRI, Four-Surface Rotating Mirror Camera for Recording Inlerior Ballistic Trajectories
{Cover Remorved).,

The intensity of the image changes with position
on the film because of the way the mirror divides
the light between the two images but this has been
found not to be serious. Under the best of conditions
of spot intensity, color and focus, and using the most

sensitive film, interferometer frequencies up to 1200
ke per second have been resolved and recorded.
Projectile velocity for this frequency would be about
20,000 fps for the wave length used in the present
interferometer.
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CHAPTER §

LIST OF SYMBOLS

Parammcter eharasteristie of the Pidduck-Kent
solution

Mass of charge

A fuuction of ¢ and »

Heat capacity of the propellant per unit
volume

Activation energy for the reaction

Basce of natural logarithm

Frequeney factor

Heat transfer coetlicient

Thermal conductivity of the propellant
Kinetic cnergy of the gas and unburnt
propellant

Iinctic encrgy of the projectile

Effective mass of the projectile

Polytropic index: 1/(y — 1)

Average pressure

Breceh pressure

Basce pressure

Heat evolution per unit volume

Heat of reaction per unit volume

Universal gas constant

Temperature at any point in the propellant
Gas temperature

Tue

1 Ieating time
U Redueed temperature variable
) Veloeity of the projectile
x Distance from gas-solid interface
a Initial slope of (2n 4 3)/6 versus »

B Ratio (final slope/initial slope) of (2n 4 3)/8
vorsus no

¥ Effective ratio of specific heats
E Pidduck-kent constant

¢ Ratio: C/ M

u Dummy variable

3 Reduced distance vaviable

T Redueed time variable
Subscripts

g (ias phase

1 Ignition

ia Adiabatic ignition

im Minimum ignition

0 Shut-off or end of heating
Oc  C(ritical heating

Superscripls

(0)  Initial value
{1) A subscquent value
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CHAPTER §

SPECIAL TOPICS

5-1t THE HYDRODYNAMIC PROBLEMS OF
INTERIOR BALLISTICS

5-1.1 Pressure Distribution and Kinetic Energy of
the Propellant Gases

In most formuiations of the theory of interior
ballisties, it is customary to account for the cfiects
of the motion of the gas and the unburnt propellaut
by means of certain simple formulas, These prupoit
to define (a) the relations between the different
pressures occurring in the basie equations of the
theory; namely, the breech pressure, P, the pressure
on the base of the projectile, P,, and the average
space pressure, I?, consistent with the equation of
state of the gas, and (b) the amount of kinetic energy
to be attributed to the gas and unburt propellant,
(Cf. paragraphs 2-2.2 aund 2-2.3). If ¢ denotes the
ratio of the mass of the charge, C, to that of the
projectile, M/, where MW may be an effcetive mass
ax in Chapter 2, these relations ean be stated as:

P.o= P.(l + 5) (5-1)
perfi+3) (5-2)
K, = : AUV = {A (5-3)

where K, is the Kinetie energy of the gas and unburnt
propellant and K, the kinetie energy of the projectile.
These relations are very approximate and relate
rather vemotely to the actual situation in a gun,
They van be justified under certain conditions by
appeal to solutions of what is called the Lagrange
Ballistic ’roblem.
This problem was first formulated by Lagrange
in 1793 and is based on the following simpie model.
The propellant is all burnt instantancously so that
one deals only with the gas. For the black powder
used as a propellant in Lagrange's day this is not
too bad an assumption. The gas is then initially
at uniform pressure, density, and temperature, and
at rest. It is assumed also that the bore and chamber
are of uniform cross section so that they are parts
of & uniform tube closed at one end. At the origin

5.2

of time the prnj(-ctilt; is released. The problem then
is to find the distribution of pressure, density and
velocity of the gas between the hreeeh and the pro-
jeetile at all subsequent times during the travel of
the projectile to the muzzie.

The problem was first solved completely using
analytical methods by Love and Pidduck.! The
treatment assumes that the flow is one-dimensional
and adiabatic, that is there is no heat loss to the
wall, and that gas friction at the wall is negligible.

A general discussion of the Love and Pidduck
solution as applied to guns is given in Corner.* The
rigorous solution is characterized by rarcfaction
waves traveling back and forth between the breech
and projeetile base and the ratios P,/P, and K, /K,
oscillate and approach certain limiting values cor-
responding to a certain special solution of the equa-
tion of motion of the gas. This speeial solution was
worked out by Pidduck” and by Kent* and is called
the Piddueck-Kent special solution of the Lagrange
problem. It has not becn proved that the rigorous
solution approaches the special solution in the limit
of large travel, but it is usualily assumed that it does.
The Pidduck-Kent solution does not satisfy the
initial conditions of the Lagrange problem but cor-
responds to an initially nonuniform distribution of
pressure and density.

The Pidduck-Kent solutions for the pressure and
kinetic energy ratios can be expanded in powers of
¢« and are given in Corner” When all the terms in
the expansions heyond those in the first power of ¢
are dropped, Equations 3-1, 5-2 and 5-3 result. These
equations are, therefore, only valid, even as approx-
imations, for small values of ¢; that is, for relatively
low velocity guns.

The complete PYidduck-Kent solutions for the
pressure and kinetic cnergy ratios ean be stated in
the form

P.o=PrP —a)"" (3-4)
P= P.(I + §) 55)
K, = K,.§ (5-6)
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here §, the Pidduck-Kent constant, is given by

(5-7)

| [i 2 + n]

& 2n+3Len P

where a, is o parameter characteristic of the Pidduek-

IKent solution, n = 1'(y — 1) and % ean he an

cffective value of v adjusted as in paragraph 2-2.1
of Chapter 2.

Vinti and Kravitz® prepared tables and graphs

TABLE 5-1.

TABLE FOR THE PIDDUCK-KERT SOLUTION

In the following table @ i given as & function of ¢ for the
following vaines: ¢ = 0(.05) 1 (1) 4 (2) 10, T is Tonmld frmm
the following formula:

a = L,:['\/I 2/edin (1 + ¢ + M+ ’/’e}} -2
The frst forward differenees of the funetion are given in tlu-
third eolumn marked A, Linear interpolation is permissilale,

. @ B e o faY] . o Fay

for calculating nunicrieal values of 1,'8 for different
values of ¢ and n and these are reproduced in
Tables 5-1, 5-2, 5-3 and 5-4 and TFigures 3-1 and 5-2.
In these tables 178 is expressed in terms of new
variables o, 8 and ¢, in the form

1 + a,6n .
" em :' (H-7a)

and the tables and graphs arve for a, 8, and ¢, in
terms of ¢ and n, These tables and graphs permit
theoretical values of the ratios 1o be caleulated over
the range of practical values of C and «.

[Zquations -4, 3-) and 56 assert that the pressure

TABLE 5-2.
TABLE FOR THE PIDDUCK-KENT SOLUTION
In the following tubsde 8 is given as a Tunetion of ¢ for the
following values: e = O(132.6(.2)5(.25)1),
8 = Va1 fk — 2/4
where & ix the solution of
P N L

AN) GGY -G 10 521 =Rl 4.0 4048 - 67 )
A GGOI —64 L1 550 =78 LT 071 -6 The first forward differences of thie funetion aere given in the
A0 .6387 —62 12 .62 =75 b4 B008 =132 column marked Ay Linear interpolation is premissible,
A3 6455— =61 13 ABHRY =74 46 U844 —54 S e e s i e S L
20 G5 =5 1.4 5314 -0 4.8 J3785— =h7 ¢ 8 AL e 8 A ¢ 8 Ay
2563354+ —37 LD L52H —4H7 5.0 378 =5 0.0 10000 67 2.5 L1686 63 5.00 13160 136
S0 .6298 a6 16 51T —63 52 3672 ~ 54 0.F 1A GO 260 LTI 123 525 1324 1135
A5 6242 —55 1.7 5112 —63 5.4 3614 -5l 0.2 100 By 5480 13430 134
A G187 -5 1.8 .ho4% -1 5.6 3368 ek 043 1L0H5— 69 2B IS8T 121 &75 1.45654+ 132
43 6134 —52 1Y 4988 -5 5.8 .3519 —48 0.4 10274 it
S8 =51 20 4024 =57 6.0 3471 ~ 3 0.5 §.0344 6 3.0 1.1%98 122 600 L30T 131
545 60381 =50 2.1 4872 =56 6.2 3454 —H 0.6 10413 70 3.2 1.1 121 6.25 1.4828 126
£0 548 —48 2.2 4816 —53 6.4 3181 -4 0.7 1L.0483 70 3.4 12241 119 6.50 13957 128

C B3 5088 —48 2.3 4763 —~53 6.6 23338 —-42 0.8 1.0354 G9 3.6 1.2360 18 675 14085~ 126
.70 58854+ —306 L4 4710 —~50 6.8 3296 —-41 0.4 1.0622 60 3.8 L2478 ny

a0 5839 =46 2.5 Hit) =50 7.0 320554+ =39 1.0 1.0691 G 4.0 125095~ 115 T.00 1410 126
80573 =4 2.6 4610 —~48 V.2 3216 —-38 1.1 10560 6% 4.2 12910 Sl 9725 LY 124
85 574 =44 2.7 4562 —-4G 7.4 3178 =37 1.2 1.U82% 68 4.4 128 13 7.50 §.3461 1
M 57054+ ~42 2.8 4516 —46 7.0 311 —36 13 10897 68 4.6 12937 12 755 14584 1"
A5 5063 =42 2.9 H70 —44 7.8 31054 =35 1.4 109654 G8 LB 13040 11
30 M2 —43 8.0 3070 —~34 ES LIS 6F 800 147054+ 1N
3.1 4383 —~42 8.2 .3036 —133 LG 1LI0G 67 8.256 1.i826 120
3.2 4l —41 8.4 .003 -32 L7 L1168  O6 8.50 1,4040 1i8
3.3 4300 —40 8.6 .2971 —~31 1.8 1.1233 66 8.75 1.5064 118
34 4260 -3 8.8 2940 =1 1.9 L2 65

35 4221 —39 00 2909 30
3.6 4182 —37 02 2870  —29
37 A45+ —36 9.4 28504+ —28

3.8 08 —36 0.6 .2822 =27
3.9 4073 -35 98 .2795- =27
10.0 2768

20 L1364 66 0.00 1.5182 116
21 L1430 64 0.25 1.5208 116
22 L1944 65 S 0.50 1.5414 115
23 11559 64 9.73 1.5529 143

24 11623 63
10.00 1.53642

5.3
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TABLE 5-3.
TABLE FOR THE PIDDUCK-KENT SOLUTION

In the following table ¢, is given as a function of ¢ and
n for all combinations of the following values: « = B{.2)1{1)1(;
no= g 1{1)5.

n

¢ Vi 1 ¥ 3 4 5
o0 1000 1000 1.000 (W10 1.000 1.000
2 1LOlG $.016 1.016 1.016 1.016 1L.OI6G
A 1L 1.029 1.020 1.024 1.0:29 1030
A 148 10449 iA30 1.9 1030 1034
. A 12 H 1.0406 1.0406 L7 1O LAWY
1 1.051 1.051 1.052 1.052 1053 1.053
2 1.4054 1.041 1.6 1064 1.065 1.065
M3 (IR 1% (R157) 1.0431 1063 1.00:4 1.065
1 1.2 1.0:47 1.053 §.000 1.057 1.0568
o 1.4k20 1 43306 1.4042 1046 1.048 1.14Y
i 1LAMS 1623 1.0081 }.085H 14037 10430
T [MLEL 1010 .01 1.4kt 1.027 1.0
b8 486 SR 1.008 1.3 1.016 {.GI8
H AR SRS R1ir 1.Kx2 | XK 1.00R
11 AN RiPH1 Rt A2 S AR

and kinetie energy ratios are constant for fixed values

of v and ¢ and are independent of the veloeity of -

the projectile. As was mentioned carlier, the general
solution prediets that the ratios are initially oscilla-
tory but the oscillations tend to dic out. Love and
Pidduck appled their formulas to the case of a gun
for which ¢ = 0.24 having a muzzle veloeity of
about 2300 feet per second. These results arve repro-
duced in Corner” and show that, for this case, the
theory predicts that the pressure and energy ratios,
apart from the oscillations, are nearly constant
up to exit of the projectile.

Recent interest in the development of high veloc-
ity guns, cspecially the so-called light gas guns, has
‘stimulated o revived interest in the hydrodynanie
problems of interior ballisties. The recent practice
is to solve the problems numerically by the method
of characteristics rather than analytically as was
done by Love and Pidduck. With modern com-
puters, it is probably less work to solve the in-
dividual problem numerically from the beginning
than to use the analytical formulas which are com-
plicated. Recent treatments of the problem by the
method of characteristies for different assumed forms
of the equation of state of the gas are given in
References 6, 7 and 8. An experimental investigation
of the problem is deseribed in Referenee 9.

A treatment of the problem taking account of
chambrage and chamber geometry is given in

5-4

Reference 10 in connection with a study of light
gas gun performance,

5-1.2 The Emptying of the Gun

The emptying of the gun after the projectile
leaves is o problem of some interest in interior
ballistics. The gas flowing from the tube continues
to impart recoil momentum to the barrel which can
be estimated by integrating the breeeh pressure over
the time of cimptying. This contribution to the recoil
momentum ean be apprecisble especially for the
higher veloeity guns.

Theovetical treatments of the flow of the gas from
the gun have been given by several authors. In
general, they assume that the initial conditions for
the problem are those given by the solution of the
Lagrange problem when the projectile is at the
muzzle. Such a treatment is given by Corner,” who
also gives references to other work on the subject
as well as a general diseussion of the probleny.

The gas flowing from the muzzle ean he made to
reduce the recoil forees by attaching a system of
baffies just beyond the muzzle. These bailles arve
designed so as to defleet the muzzle gases sideways
and to the rear. The gases, therefore, tend to foree
the barrel forward and so reduce the recoil forees,

TABLE 5-4.

TABLE FOR THE PIDDUCK-KENT SOLUTION

Yalues of ¢ ax a function of ¢ and n,

H

“ 14 1 2 3 4 5
JO00 000 000 000 000 000 000
100 031 011 031 edl 6l 0N
1020 025 025 025 025 025 028
LO30 043 042 042 041 040 030
L0 065 065 064 064 06 060
1050 007 097 094 092 091 090
1060 —-—- 169 150 144 E40 135
1063  ——v ——— 198 175 163 160
1.065 200 192
1.065 278 208
1063 ———- —— 245 205 318 338
1LOG0 —— 250 312 343 362 RIS
1050 320 374 428 455 475 487
L0 405 460 520 552 573 5.8Y
1030 492 541 606 645 670 6.8
L0200 565 623 GO0 747 Y65 785
1010 634 698 780 B30 860 8.83
1000 F00 775 870 922 058 0.80
M0 772 RST 065

O80  BAS 9.0

070 9.20 ——
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A deviee of this type ix ealled a muzzle brake, For
a general diseussion of the design features and use
of muzzle brakex, the reader is again referred to
Corner.?

The cmiptying of the gun is also of importance in

tank applications and automatic weapons. If the
breeel is opened hefore the breeeh pressure has
hecome negligible, gases will How from the breeeh.
Thix can be serious especially when the gun is
operated inan enclosed tueret, where the gases ean
acctmulate. The gazes ean form a combustible mix-
ture with air and are alzo initinting as well as toxie
to personnel sinee they contain ammonia fumes and
arbon monoxide,
Cven when the breeeh pressure has fallen to
atmospherie pressure, some propellant gas will re-
main in the barrel, This wn= ean emerge frow the
open breeeli, To permit carly opening and to present
aax flow from the breceh, a deviee known as a bore
cvacuator has been invented. It consists cssentindly
of a chamber foeated near the muzzle, =urrounding
the tube and opening into it, =o that when the pro-
jeetile passes the openings, gas flows into the chamber
and fills it to a pressure near that in the tube, When
the projectile leaves the nzzle and the pressure
in the tube falls below that in the evacuator chamber,
the gas in the chamber {lows baek inte the tube.
The openings are so designed that the reverse flow
has a component toward the muzzle. The effeet is
to drive the gases in the tube toward the muzzle
and =0 prevent their emergenee from the breech.

5-2 IGNITION OF PROPELLANTS
5-2.1 General Discussion

When a solid propellant is burned, the preponder-
ance of experimental evidence supports the conclu-
ston that the burning proceeds in two stages."* The
first stage takes place in a thin Iayer of the selid
at the surface, nnd is eharaeterized by a chemieal
reaction in the solid material, The reaction converts
the solid propellant into gaseous produets which
stream awey from the swface in a perpendicular
direetion. These products continue to react in the
gas phase which constitutes the second stage of the
process, If the abient pressure is sufficiently high,
the gas phase veactions continue until the final
products are produced and, under these cireum-
stanees, the temperature of the product gases be-
comes higr. enough somewhere along the stream that
the gases iweome Juminous and a flame appears.
The base of the flame is quite sharply defined and
its position with respeet to the surface is dependent

on the ambient pressuve; the base of the flame movy-
ing closer to the surface as the ambient pressure
increases. At pressures of about 1000 psi, the separa-
tion of the flame from the surface heeomes too small
to be casily observable,

At pressure around an atmosphere or less, it is
possible for the propellant to burn without the
oceurrence of the flame. Thiv would indieate that
the gas phase reaction does not go to completion,
leaving eombustible products. This condition ean be
hrought about by gentle 1gnition so that the jgniter
itsclf does not start the flame reaction which then
would be self-sustaining. For pressures below about
100 atmospheres, the presence of the flame does not
appreciably alter the rate of fegression of the surface.
The solid phase reaetion ean, therefore, proceed with-
out the rveeeption of heat from any outside souvee,
It will be acecterated, however, by heating from the
cnvironment, and this accounts for the cffect of
pressure on the buring rate, which forees the hot
flamie zone eloser to the surface and henee inereases
the rate of heat transfer baek to the surface.

When a propelant burns without the presence of-
flame it is said to fizz burm, The surfaee appears
to hoil and bubble and a fizzing sound is andible.
The nature of the produets produced when o pro-
pellant fizz Burms is not completely kuown. The
absorption spectrum of the dark zone exhibits the
absorption bands of nitrous oxide, The products of
the thermal decomposition of nitrocellulose have
been studied by Wolfram."™ The products of the fizz
burning of propellants probably contaiu similar frac-
tions but in greater variety and in different pro-
portions,

5-2.2 Laboratory Investigations of Ignition

Ignition is Lbrought about by the application of
heat to the surface of the propellant, A great deal
of research on a laboratory scale has been done in
attenipts to study the process in detail. In most
cases, the procedure has been to apply heat suddenly
to a selected sample of propellant and then to
observe by photegraphic and photo-clectric means
the behavior of the surface and the initiation of the
flame as a function of the time. Apart from qualita-
tive deseription, the experiments yield quantitative
measurements of the times necessary to initiate the
solid phase and gas phase reactions. The former is
assumed to begin when evidence of swrface dis-
integration appears and the latter when the gases
become sufficiently luminous for the huminosity to
be detected by the measuring apparatus, These
limits are obviously somewhat arbitrary as is the
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sharp division of the total combustion reaction into
two phases sharply separated in time and space.
The (ke zone will appear where and when the
total reaction has proceeded to the point at
which the temperature of the products is high enough
to stimulaie the emission of observable radiation.
In studies of ignition, it is usually assumed that
when observable radiation appears effective ignition
hax taken place. In some experiments, thermo-
couples  have been imbedded in the propellant
sample close to the surface and measurements made
of the way the temperature in the surface layer
chabges during ignition and carly burning of the
propellant.

To apply the heat several ethods have been used.
They differ i detail but can be elassified as (a)
contact with o hot solid such as a heated wire,"”
(b) contact with or immerston in a quicseent hot
wax,'' (¢) inumersion it a stream of hot gas'™ and
) irradiation of the surface by a souree of heat
radiation.” Methods (b and (¢) have been most
comnonly used, Tn these easex; it s found that the
observed time delays depend not only on the tem-
perature and veloeity of the igiting gas but also
upon its chemical constitution, particularly on the
amount of oxygen it eontains, The presence of
oxygen shortens the time to iguition as evidenced
by the appearance of Juminosity, Gun propellants
are usually oxyvgen deficient and oxygen in the
ieniter gases should promote the combustion reac-
tions, One would expeet differences in ignition time
also when different inert gases are used hecause the
lieat transfer coeflicionts for both conductive and
conveetive transfer are functions of the chemieal
constitution,

Mueh of the recent work on ignition, hoth the-
oretical and experimental, has been done on com-
posite propeliants designed for use in rockets. In
rocket propellants, the fuel and oxidizer ave usually
separate substances mixed more or less intimately.
In gun propeliants, the constituents cannot he
classified separately as fuel and oxygen supplying
clements. Eachl constituent earries its own oxygen
which forms part of the molecular structure, The
present discussion is concerned primarily with gun
propellunts, Reports of further work on compaosite
propellants arve to be found in the publication cited
in Reference 16,

In most of the laboratory investigations, cor-
relations have been made between the observed
ignition delay times and the heat transfer, for dif-
ferent propellant samples, igniter gas composition
and temperature, heating times and other pertinent
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parameters, Athough these correlations often lead
to quantitative relations hetweest ignition times and
sueh quantitics as heat input rates or total heat
input, it cannot he said, as yet, that any complete
and generally agreed upon un ‘erstanding of the
ignition process has been arrived at. The quantita-
tive results are speeific to the experimental method
and procedures adopted and to the nature of the
propellant sample investigated.

In general, it is observed that if heat is applied
to the surfuce of o propellant at a fixed rate and
under steady conditions of pressure and other con-
trollable experimental parameters, the propellant
will eventually ignite and the sample will be con-
sumed, If the pressure is low enough and the ignition
is not too vigorous or il the heat is supplied by a
fast moving hot gas, the sample may fizz burn only,
If the pressure is an atmosphere or more and the
ignition is not too brief or gentle, the flame will
appear and what is considered to be offective ignition
and normal combustion is observed. In many experi-
ments, it is possible to observe the onset of the fizz
reaction and the flame reaction as separate and non-
simultancous events.™

If the time interval over which the heat is supplied
is shortened sufficiently, the ignition may or may not
go to completion. There seems to be a threshold
condition, determined by the manner of heating the
surface, helow which the propellant will not ignite
or above which it always ignites. In the threshold
region, the ignition is unstable and effective ignition
may or may not take place. If it does take place,
it docs so after a variable time delay.

5-2.3 Theories of Ignition

Attempts have been made to formulate general
theories of ignition based on thermal and chemieal
considerations. Although the result of these theories
can be brought into rough corrclation with certain
aspeets of the ignition process as revealed by observa-
tion, they are by no means complete or adequate for
quantitative prediction of the ignition characteristios
of a given propellant or as guides for the develop-
ment of iguition systems for guns, In formulating
& theory of ignition, one must of necessity assume
& much simplified model of the process.

The purely thermal theory due to FhHeks' will
serve to illustrate one approach. It is asswined that
the ignition and burning of the propellant is de-
pendent on the flow of heat in it and is a funetion
only of its temperature, The propellant is assumed
to occupy the half space defined by the eoordinate »
for © > 0, It is heated uniformly over its surface
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at = 0 by gas at temperatwre, 7', and heat is
aenerated within it by a chemieal reaction at a rate
dependent on the temperature,

The partial dilferential equation deseribing the
leat {flow in such a model is

.]_r » . :j‘.’r r .
¢ ‘("f' = K {""-{‘- +€). =0, { >0, (7-8)
af ar
where

T is the temperature at any point in the propellant

{ the time

& the spaee eoordinate as defined above

¢ the heat capacity of the propellant per unit
voltine

K the thermal conduetivity of the propetlant and

) the heat evolution per unit volume

The evolution of heat due 1o the reaetion is
as=timed to be of the form

() = gyfe "7 (3-0)

where

¢ is the heat of veaction per unit volume

| the frequeney factor

£ the activation encrgy for the reaction and
I the gas constant

At the surface, the boundary condition is

kT =

Fo= (),
oo !

>0, (B-10)
wlwere ks the heat transfer cocfficient.

At an infinite distance, it is assumed that the heat
flow vanishes so that the sceond boundary condi-
tion is

. .

dr

X @ t >0 -11)
Initially, the temperature of the propellant s
asstined to be o constant and independent of

x0 that

T=1" w20, =0

(5-12)

It is asswmed also that at § = 0 the hot igniter
pas at temperature, 7', is suddenly brought in
contact with the propellant surface and continucs
to transfer heat to the surface at a constant rate
until { = £, (the heating time) when the heat transfer
effeetively ceases. This is taken account of in the
mathematical solution by assuming that 7', has a
constant valne 70° until ¢ = £, when it suddenly

drops to a much lower constant value 7'} or
r,=1": 0<t=z4
T, =T >

The mathematical problem is now defined. The
solution yields values of the temperature as a fune-
tion of & and ¢, The assumption is then made that
if the temperature reaches a certain value, 7', called
the 1gnition temperature, the propellant will ignite.
It is further assumed that when the surtace reaches
the ignition temperature offective igaition occurs.

Beeause of the exponential form assumed for the
dependence of @ on 7' (Bquation 5-9), the tetapera-
ture in a sample of propellant obeying Kquation
5-8 will always eventually reach the igoition tem-
perature at some value of v, The time taken for
this to happen when no heat is supplicd to the
surface is called by Hicks the adiabatic ignition
time, This time will, obviously, be dependent on
the initial temperature of the propellant, When heat
is supplied from the outside, the propellant will,
according to the theory, ignite sooner,

The equations are such that the solution can only
he given numerically. Hicks solved the problem in
the dinensionless variables U/, 7 and £, defined by

(5-13)

. R, .
U= (5-14)
7= {f‘;{": (5-15)
£ = (‘;‘:5}') r (5-16)
[Te also expressed A in the redueed form
( }‘: 142
If = fl;!\'?—]) h _(.')-[a‘}

The approximate range of the different parameters
occurring in the theory is given in Table 5-5,

The nature of the solution at the surface (& = 0)
is shown in Iigure 5-3 for the indicated values of
U UM and UM, The graph shows that under
the influence of external heating the temperature
of the surface rises monotonically, If the external
heating is continued long enough, the surface renches
the ignition temperature (/; = 0.046) at a time
Timy the minimum ignition time. If the heating is
stopped at o heating tune r, which is less than r;,,
the surfaee temperature will then decline at first
hut will reach a minimum and then increase again
and continue to rise until the ignition temperature
i1 reached at an ignition time r; greater than ...

5-9
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TABLE 5-5. APPROXIMATE RANGE OF VALUES OF THE VARIABLES AND PARAMETERS USED IN
HICKS' THERMAL THEORY OF IGNITiON.*

~

Dimensionel Dinmensionless

Depth to which reaction penetrates
Time inlervals

Heuting time

Temperature T -
Gl temperatore (bhot)

Gias tempueratire (eooled )1
Tnitial propellant temperature
Frnation tenyperatare

Tewt transier eeflicient

Heut enparityunit volume
Thermal eonduetivity

Heat of reaetion 7anit voluine?
Fregqueney Tetor

Aetivation encrgy

Cius constant

Ax — 1078 — 1P e
Af ~ JO7 see

fo — 1078 — (P seg
200° — GGCIK

70— 1500° — 3000°1K
705 — 300° — 600K
Ty — N — JO0°K

T, — G75°
h = 16 -
o =05 — 0.8 eal/em?-°C

K — 1075 = 1072 cal fem-see- (!
g — 10 — 100 eul/em?

£ = 108 — 1018 so¢mt

E - 3.0 = 5.0 X 10 cal/miole
£ = 1089 cal/muole-°IK

— 1250°K

AL — 108 — [0
Ar — 1Y — 102

ro — 10V — J01

7 = 0.010 — 0.050
U, — .18, .20
£, — 0021

e — 0,010 — 0.034
t7; — 0.045, 0,08

3 X 1072 eal femitsee-"K IH— 10710 o 2 1o

&'y vadnes in the secot] eoliienn are, for the nast part, those enestintered in practice. ‘The values in the third colnmn are these naed in the numerical

worh for the present Teporl.
O, Chapter 2 for sisniliennee of F,00,

t L wne trestonent, 4wl oo not enter separately and only the prodact, ¢ f appears, which hoas the ronge 104 — 10" cal, e -aee,

Tl graph albso shows the adiabatic ignition time .,
andd the effcet of the surface heating in deercasing
the jgnition time from the adiabatic value is evident.
As 1 i% inereased, 7, and v, beeome equal to one
anrother and also to .

Ior, it deervased below 7., 7. increases very
rapidly, 1 U £ U0, r), 7 > 7, (thatis,at r = 7,
the igniter gas temperature falls to or helow the
surface temperature) then for a sulficiently short
heating time .. 7, defined as the tbue for the
surface to reach the ignition temperature, becomes
greater than the adiabatie ignition time. Under these
conditions the maximun temperature is not at the
surface and the ignition temperature is reached fivst
somewhere jinside the solid propellant. The heating
time for which r; = r,, is calied by Ilicks the
evitical heating time and designated as . It is
shown in Figure 3<3 1o be close to rp,..

iy 2z U@, r), 7 > 7o the maximum ten-
perature remains at the swface and there is no
critieal heating time, 7, is thew less than 7. This
situation would be most likely to oceur in practice
because hot gases evolved from the propeliant would
tend to be hotter than the sarface itsell and tend

to maintain the heating after the igniter ceased to

operate, .
It ix diffieult to eheck a theory, such as that of
icks, by detailed quantitative correlation with the
results of experiments. One would not expeet any
close agreement, quantitatively, both because numer-
ical values of the pertinent parameters are not known
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for certain and also beeause the model assumed by
the theory is too simple. The theory, however, does
in a rough way, account for the eritical nature of
the ignition process leading to the existence of var-
iable time delays when the ignition is not sufficiently
vigorous and extended in time,

Hicks later extended his theoretical work to in-
clude chemical effects associated with the production
of nitrous oxide.™

5-2.4 Ignition in Guns

In guns the charge is 2 bed of propellant grains
contained in a tightly sealed chamber, Initially the
spaces hetween the grains are filled with air at
atmospheric pressure. As seon as any gas is generated
cither by the igniter itself or hy combustion of the
propellant, the pressure will rise, Ignition in guns,
therefore, is always accompanied by an increasing
pressure.

In its usual form the igniter produces hot gas
which possibly contains hot solid particles. The
igniter gas flows more or less freely through the
propellant bed and heats the surface of the grains
by conductive and conveetive heat transfer, The
initer gases do not reach all parts of the charge
at the same thme and may never reach some parts
at all. They also cool as they flow through the charge,
The graing near the igniter will ignite first. These
will produce hot gas which will combine with the
iiter gas and nid in the ignition of more remote
parts of the charge. The ignition, therelore, will
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spremd through the charge even after the original
igniter has ceased to funetion. The rise in pressure
which accompanies this process tends to promote
combustion and to make the ignition spread more
effectively.

To start the combustion process effectively, the
frniter gases must initiate the solid phase rexetion
and remain effective uatil the combustion progess
has been established. This requires that the igniter
should be so designed as to initiate combustion
simultaneously over as muach of the surface of the
entire charge as possible, IF the initial region of
ignition is too loealized, it s possible for the move
remote parts of the charge to be heated but not
effeetively ignited so that the solid phase reaction
proceeds nlone generating gases not completely res
acted, These gases ean accumulate and be sub-
sequently ignited explosively, leading to sporadie
sttrges of high pressaire. Ocensionally, the pressures
so generated execed the pressure for which the tube
ix designed, and it may be permanently distended
or even ruptured completely. This sort of behavior
is more probable when the amunition is used at
very low tempernture beennse the igniter gases are
cooled more rapidly in the cold propellant bed and
tbeeome less offeetive in igniting the grains further
away from the igniter,

Poor ignition in guns also results in less uni-
formity in muzzle velocity, presswe waves in the
chamber which generate variations in burning rate
and conscquently rough pressure time eurves, Poor
ignition also results in variation in the length of
the firing eyele of the gun. I rapid fire automatic
weapons, this can cause diffienlties because the fiving
rate of the gun should be uniform and properly
velated to the natural vibyation rate of the mount."
In the development of any particular gun and am-
munition system, therefore, the development of the
ignition system is & matter of the greatest impor-
tance. Although general design principles have been
formulated, the application of these principles is
often complicated by the other aspeets of the eom-
plete round under consideration, so that a eertain
amount of empiricism  and  experimentation s
required.

5-2.5 Ignition Systems for Guns

The substance most eoinmonly used to generate
the igniter gas in guns is black powder,” although
other materials have been and are being developed
in an attempt to produce more effective ignition
systems. The black powder is ignited by gases from
a small eharge of high explosive, which is initiated

5.12

cleetrically or by perceussion. The black powder
charge, called the primer charge, is enclosed in a
metal tube ealfed @ primer tube or in one or more
cloth bags. The metal tube 35 used in cased am-
munition and the eloth bags in separately loaded
uneased ammunition, [n eaxzed ammunition the gas
emerges from the primer tube through o system of
hides or vents distributed along the length of the
tube in vartous ways, The holes are elosed by a
paper liner in the tube, The paper liner ruptures
when suflicient pressure <develops inside the tube,
to permit the elflux of the primer gases,

Factors affecting the design of artillery primers
are diseussed in Reference 21 Although a general
guide for designing a primer can be dedueed from
experienee and  laboratory stadies of gnition of
propellants, the details of an elfective design for any
particulir case are often speeifie to the ease in ques-
tion, A design Teature which eliminates o certain
difficulty in one ease may not do so in another,
The details of the hehavior of o primer-propellant
system are usnally not known, The only eriterion
is whethey satisfactory uniformity in pressure and
zzle veloeity is obtained, Labomtory investige-
tions of the functioning of standard artillery primers
as well ns experimental models designed 1o in-
vestignte the effeet of eertain specifie design fea-
tures have been conducted, The results of thess
experiments ean be found in Refereuees 22 and 23,
Further inforination on the development wid evalua-
tion of gun primers and igniters for separate londing
ammunition may be found in Referenees 24, 23, 26,
27 and 28.

5.3 FLASH AND SMOKE
5-3.1 Flash

The gases issuing (vom the muazzle of a gan are
ustally hot enough to be luminous. The haiinosity
is frequently very intense and can be obvious even
in broad daylight, and although it exists only mo-
mentarily as an intense flash of light, it is very
offective in revealing the location of the weapon.
It also may impair the vision of the gunner,

A study of the phenomenon reveals that these
are three regions of huminosity ™ (@) a rather
simall hemispherieal region of low luminosity at the
muzzle sometimes ealled the muzzle glow, (h) a
region of high intensity, just heyond the muzzle and
separated from the muzzle glow by a dark region,
usually ealled the primary flash, and {¢) a rather
ill-defined region of high intensity, beyond but us-
ually not well separated from the primary flash,
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(a) Still Picture of Muzzle Flash.

C by Maotion Pictire of Muazele Flosh, 1800 Frames/Secend.

FIGURE 5-4. Muzzle Flash from 37mm G,
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FIGURE 5-5. 8tilt Pholoyraph of Caliber 30 Rific with Shortened Bervel Fired in \ir and X itrogen,




calicd the secondary flash.* The three luminous zones
are most casily observed in small weapons. In
medium and lavge artillery weapons the secondary
flash can be very large and extend many feet heyond
the muzzle and persist for velatively long times of
the order of 0.1 second or more so that the primary
flash is not obvious, Figure 5-4. If a small weapon
such as a ealiber 30 rifle is fired into an atmosphere
of an inert gas such ax nitrogen the seeondary flash
is suppressed and the appearance of the primary
flash is elearly evident, Figure 5-3. The muzzle glow
aud primary flash, for a 37mm gun is shown in
Figure 5-G.

While the phenomenon of muzzle flash is not
understood in detail, the general view is that the
gases as they leave the muzzle are hot enough to
be self-luminous, Iimmediately after exit, they expand
rapidly and cool so that the luminosity disappears
forming the dark zone. At this point they are over
expanded and subsequently arve recompressed ad-
iabatically through a shock. This recompression
raises the temperature again almost to the muzzle
temperature and the gases are again Jluminous and
form the primary Bash. In the imeantime the gases
have entrained air and a combustible mixture has
been formed of the unburued hydrogen and carbon
monoxide in the muzzle gases; and if the recompres-
sion has raised the temperature above the igaition
temperature of this mixture, it will ignite and bumn
as a diffusion flame forming the secondary flash.
Some investigators-have also postulated that excited
chemieal specics play a part in the ignition of the
sccondary flash, The primary fiash is smail and
persists for a very short time (a few milliscconds)
and is not visible at great distances. The secondary
flash because of its extent and longer duration has
a high visibility especially for the larger weapons.
A phenomenon similar to muzzle flash occurs in the
gascs issuing from the nozzles of recoilless guns.

Ant examination of the spectra of muzzle flashes
reveals that most of the luminosity is due to the
presence of metallic impurities in the propellant
gases, The gases produced by pure propellant con-
stituents are mainly H,0, H,, CO and CO, along
with N; and NO. These gascs are poor emitters of
visible radiation. Except for a weak background of
continuous radiation, the spectrum of the muzzle
gases in the visible region reveals strong radiation
from sodium, potassium and caleium and the oxides
of calcium and copper. The rediation from sodium

* The nomenelature iz not standardized. The three re-
gions are ulso cnlled primary, intermediste and secondnry
finsh. Other nomenclature alse exiats in the literature.
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is the s ouree of the yellow tint of the flash, Sodium,
potassium and czleium will be preseut as they are
always present in the materials used in propellant
manufacture, Copper comes predominantly from the
rotating bands,
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FIGURE 5-0. Primary Flash and Muzzle Glow
From 8>mm Gun,
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5-3.2 Flash Suppression

The tendeney of a weapon to flash depends in a
complicated way on the design of the weapon and
its interior ballistics as well as on the chemistry of
the propellant. One would espeet that anything
which reduced the temperature and probably the
pressure of the gases issuing from the muzzle would
tend to reduce the tendency to flash. This is il-
lustrated by the following example.

After the troops had complained of bright Hashes
accompanied by loud noise and strong blast in the
8-inch Howitzer, the High Explosive Projectile A 106
was fired with experimental charges. Single per-
forated M1 propellant with a web thickness of
0.0161 inch was used for Zones 1 to 3, producing
muzzle velocities from 820 to 1380 fect per second.
Multiperforated M1 propellant with a web thickness
of 0.0414 imch was used for Zones 5 to 7, producing
muzzle velocities from 1380 to 1950 feet per second.
With the single perforated grains, there was little
flash and blast; but with the multiperforated grains,
there was considerably more flash and blast, espec-
ially in Zone 5. Although a combination of black
powder and potassium sulfate reduced the flash in
Zoues 5 and G, it produced an intolerable amount
of smoke,

In order to explain these phenomena, interior
ballistic caleulations were nmade for Zones 5 and 6
of the 8-tneh Howitzer, The results ave summarized
in Table 5-6. The distance to burnout is greatest
and the pressure at burnout lowest for the multi-
perforated propellant in Zone 3. The muzzle pressure
with the multiperforated propellant is 50 percent
higher than with the single perforated prepellant in

TABLE 5-6. INTERIOR BALLISTIC DATA FOR
8-INCH HOWITZER FIRING HE PROJECTILE MI106

Zone 3 5 6

Web, in L0161 o414t O
Charge weight, 1L 13.0 16.6 218
Velovity, Ips 1380 1380 1640
Length of Travel, in 173.83 173.83 173.83
Approximate Distanee

to Burnout, in 10 120 o0
Copper Pressure, psi 27,000 12,900 19,800

Approximate Pressure

at Point of Burnout,

psi 21,600 6,400 1,600
Muzzle Pressure, psi 27 4100 5500
Temperature of Gases

at Muzzle, °F 1340 1580 1505

~ * Single perforated.
1 Multipeeforatel,

5-16
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the same zone. The temperatwre of the gas at the
muzzle is highest with the multiperforated grains in
Zone 5. This combination of high pressure and tem-
perature at the muzzle was probably the cause of
the flash and blast,

Pressure-time traces of the standard charges
showed that the basc-ignited Zone 7 charge did not
ignite properly, and that the point of burnout was
closer to the muzzle than the calculations indicate.
To improve the ignition, a long, thin, scgmented
igniter bag was inclosed in a tube loeated longi-
tudinally through the center of the charge and an
igniter pad asscembled to the base of the charge.
Also, dual granulation was adopted in order to
increase the maximum pressure in the intermediate
zones and thus reduce the distance to burnout. This
eliminated most of the flash,

Although it has been proposed and uwcatlgatod
experimentally, it does not seem possible to eliminate
flash by climinating the impurities responsible for
the luminosity. It has been discovered, largely by
trial and crror, that the sccondary flash can be
greatly reduced and often practically eliminated by
two methods, namely; by sdding eertain chemical
substances to the propellant, or by attaching a
mechanical deviee to the muzzle. It is not known
exactly in any particular ease why cither of these
methods work,

a. Chemical Flash Suppressors. Numerous chem-
ical compounds when added to the propellant will
tend to reduce the tendency to flash, The most
studied have been salts of the alkali metals. Re-
search done in Japan during World War 11 showed
that, for the alkali halides, the cffectiveness in terms
of the relative amount of material nceessary to
suppress the flash inereased with both the atomic
number of the alkali and the halide so that cesium
iodide was the most cffcctive compound. The tests
were made in small weapons, a 60mm mortar, a
25mm rifle and a 7.7mum rifle. The results might not
hold in larger or different weapons,

Most commonly used in practice are the salts of
potassium. The Japancse workers found that some
of the most effective compounds were:

Potassium iodide (IXI)

Potassium bromide (IKBr)

Potassium oxalate (K,C,0,-H.0)
Potassium acid oxalate (KHC,0,-1/2H,0)
’otassium sulfate (K,S0,).

The number of potassium atoms in the moleeule
had no appreciable effect on the effectivencss of the
compound. In American practice the most com-
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monly used compound i= potassivnm subliate. Chem-
ieal suppressors do not suppress the primary flash;
the primary flash, heing due to the adiabatie re-
compression of the gases, ix not influenced by rela-
tively small ehanges in their chemical constitution,

b, Mechanieal Flash  Suppressors. The earliest
mechanieal flash suppressor was in the forny of a
cone- or honel-shaped  deviee attached to the
muzzhe, There seetus to be some doubt as to whether
thiz deviee was originally intended to Bide the flash
from the enemy or to shield the eves of the gunner
so that his vision was not impaired. In any case it
appeared to reduee the flaxh. This is probably be-
ase it reduced the anount of over-expanxion of
the ga= by eausing it to expand more slowly and
sireothly and so eliminated or redueed the tendeney
for 8 shoek to form in the flowing gaxes with a
consequent sudden inerease i laminosity.

Lt investigating this form of suppressor slits were
cut in the cotir to permit observation of the liminos-
ity inside, It was found that these shits not only
permitted observation but also had a favorable effect
oit the flaxh, Farther study revealed that the conieal

shape could be climinated entively and a more effee-
tive suppressor designed by using a system of rods
or bars arranged around the muzzle and patallel to
the tube in such & way that they formed effectively
a evlinder with wide longitudinal slots cut in it,

[t = not known in detail why this deviee is
elicetive but it is believed that the gas expands
through the slots which breaks up the continuity
of the flow and xo prevents shoek formation, Me-
chanieal suppressors, thevefore, suppress the primary
flash as well as the secondary flash.

Mechanical fash suppressors are not used on
larger caliber weapons, For the larger weapons de-
pendencee is on chemieal methods, Potassium salt
added to the propellant greatly increases the amount
of smoke produced. An exeessive amount will reduce
the eflicieney of the weapon and change its interior
ballisties, The use of a ¢chemieal suppressor will also
result in changes in the interiov ballisties of the
weapott and may require changes in the chemieal
composition of the propellant. An extensive treat-
ment of the problen of gun flash and its suppression
is given in the elassified Reference 31,
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ENGINEERING DESIGN HANDBOOK SERIES

Listed below ars the Handbooks which have been published or submitted for publication. H.andbooks with publica~
tion dates prior to | August 1962 were published as 20-series Ordnance Corps pamphlets., AMC Circular 310-38, 19

T IATETRENIZN T

-

706-138). All new, reprinted, or revised Handbooks are being published as 70b-series AMC pamphlets.

General and Miscellaneous Subjects

Number Title
106 Elements of Armament Engineering, Part One,

Sources of Energy 282 Propulaion and Propellants
107 Elemests of Armament Engineering, Part Two, 2B4{C} Trajectories (U}
Ballistics 286 Structures
108 Elements of Armament Engineering, Part Three,
Weapon Systems and Components Ballistics Series
ilo Experimental Statistics, Section 1, Basic Con- 140 Trajectories, Differential Effects, and
cepta and Analysis of Measurement Data Data for Projectiles
111 Experimental Statistics, Section 2, Analysis of 150 Interior Ballistics of Guns
Enumerative and Classificatory Data 160{S) Elements of Terminal Ballistics, Part
1nz Experimental Statistics, Section 3, Planning One, Introduction, Kill Mechanisms,
’ and Analysis of Comparative Experiments and Vulnerability {U) E
113 Experimental Statistics, Section 4, Special 161(5) Elements of Terminal Ballistics, Part !
Topics Two, Collection and Analysis of Data 1
114 Experimental Statistics, Section 5, Tables Concerning Targets {U) p
121 Packaging and Pack Engineering 162{S<RD) Elements of Terminal Ballistics, Part
134 Maintenance Engineering Guide for Ordnance Three, Application to Missile and
Design Space Targets {(U)
135 Inventions, Patents, and Related Matters
{Revised) Carriages and Mounts Series
136 Servomechanisms, Section 1, Theory 340 Carriages and Mounts--General
.37 Servomechanisms, Section 2, Measurement 341 Cradles
and Signal Converters 342 Recoil Systermns
138 Servornechanisms, Section 3, Amplification 343 Top Carriages
135 Servomechaniams, Section 4, Pawer Elements 344 Bottomn Carriages
and Systern Design 345 Equilibrators
1710{C) Armor and Its Application to Vehicles (U} 346 Elevating Mechanismn
250 CGuns--General {Guns Series) 347 Traversing Mechanisms
252 Gun Tubes {Guna Series)
270 Propellant Actuated Devices Matcriala Handbooks
250{C) Warheads-«Cenerai {U) 301 Aluminum and Alummum Alloys
33l Compensating Elementa(Fire Control Series) 302 Copper and Copper Alloye
355 The Automotive Assembly (Automotive Series) 303 Magnesium and Magnesium Alloys
305 Titanium and Titanium Alloys
Amrmunition and Explosives Series 08 Glass
175 Solid Propellants, Part One 309 Plastics
176{C) Solid Propellants, Part Two {U) 310 Rubber and Rubber-Like Materials
177 Properties of Explosives of Military Interest,
Section 1 Military Pyrotechnics Series

Ballistic Missile Series

Number Title

281{5-RD) Weapon System Effectiveness (U)

1 78{C) Properties of Explosives of Military Interest, 186 Part Two, Safety, Procedures and
Section 2 (U) Gloasary
210 Fuzes, General and Mechanical 187 Part Three, Properties of Materials

211{C) Fuzes, Proximity, Electrical, Part One (U)
£12(8) Fuzes, Proximity, Electrical, Parxt Two (U)
“13{S) Fuzes, Proximity, Electrical, Part Three (U}

Used in Pyrotechnic Compositions

Surface-to-Air Missile Series

21 4(5) Fuzes, Proximity, Electrical, Part Four (U} 291 Part One, System Integration
215{C} Fuzes, Proximity, Electrical, Part Five {U) 292 Part Two, Weapon Control
244 Section 1, Artillery Ammunition--General, 293 Part Three, Computers
with Table of Contents, Glossary and 294(S}) Part Four, Missile Armarent {(U)
Index for Series 295(s8) Part Five, Countermeasures (U)
245(C) Section 2, Design for Terminal Effects {U) 296 Part Six, Structures and Power Sources
246 Section 3, Design for Control of Flight 29NS) Part Seven, Sample Problem (U)
Characteristics
247 Section 4, Design for Projection
248 Section 5, Inspection Aspects of Artillery
Ammunition Design
249 Section &, Manufacture of Metallic Components

of Artillery Ammunition

July 1963, redesignated those publications as 706-series AMC pamphlets (i.e., ORDP 20-138 was redesignated AMCP E




