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BALLISTICS.

Ballistice is the soience that treats of the motion of
pProjeotiles, It is divided into imterior amd exterior ballistios,

Interior ballistios treats of the motion of the projsotile
while s$ill in the bore of the gun. It includes a study of the
Beds of combustion of the powder, the pressure developed and
the velooity of the projectile along the bore of the ., Barrau,
an eminent French engimeer, first put the study of interior
ballistios on a solentific basis. He developed formulas dased
on thermo dymamic prineiples conmnecting the velooity, pressure
and travel of the pwmioatila in & gun, MNuch useful information
tending 40 Amprovemsnt in both powder and guns has bLeen obtained
by & etudy of interior dallistios.

By neans of formulas to0 De developed we may, having givea
the dimensions of the » Woight of ohaxrge and projectils and
granulation of the powder, ealoulate the ourves o0f velooity and
pressurs ia the bore of the as funotions of travel of the
projectile or as funotions of the time. We may thus determine
the musszle velooity t0 be expected from a given oharge, or we
na a::cr&&ua the oharge that will produce a required muszle
velocity.

By further application of the formulas we may d:n::n the
gtuunln&lca of the powder for a given gun se ad 10 obiain the

lghest possible muszle velooity with & given weight of prejeoctile
Aile keoping the pressure along the hore within the limits
imposed by She sirength of the walls of the gun and the weight
of oharge low enough for comvenient loasding,

Whon & Bew gun is to0 be designed, the formulas enable us
$0 caloulste the size of powder ehsmber and length of f:ﬁ that
will be Recessary in oxder thas the requizred musszle velocity may
20 ;:t;&a:d wéthia the limit of pressure for whieh the gun is

- L ] ] “‘ . )

After determining the powder presssure curve for the gun we
may, by the prineiples of gun construotion deeign the walls of
the gun to withetand the sxpeoted pressure at ssoh poins,

In 1743 Benjamin Robins desoribed, before the Royal Soclety
of England, experiments that he had made $o determine the
velogities of musket balls when fired with given charges of
pomder. To measurs ths velooities he invented the ballistio
pendulumn, whioh consisted of a largs blosk of wood suspended so
as to move freely. The tmullet was fired into the blook of wood
and the velooity impressed upon tho pendulum was measured. By
squating the expressions for the quantities of motien ia the
bullet before strikimg the pendulum, and ia the pendulum after
reseiving the bullet, the velooity of the bullet was obtained.
Rebins aleo invented the gun pendulum which censieted of a gun
nounted to swing as a pendulum., As a result of these experiments
Rodine announced the following, A%é The temperaturs of explosion
is a% least equal o that of red-hot iron; the maximum pressure




exerted by the powder gases is equal t0 about 1000 atmospheres;

the weight of the permanent gases is adout three-tentha that eof

the powder, and their volume at atmospheric pressure and temperature
about 240 times that accupied by the charge.

Dr., Charles Hutton, Professor in the Royal Military Academy,
Woolwioh, continued Robins's experiments, 1773 teo 1191. improving
and enlarging the ballisetioc pendulum so that it could receive the
impact of one pound balle., He verified Robins's deductions as to
the nature of the gases, but put the temperature of explosion at
double that of Robins, and the maximum pressure at 2000 atmospheres,
Hutteon produced a formula for the velocity of a spherioal projectile
at any point of the bore, upom the mssumption that the combdbustion
of the charge is instantaneous and that the expansion of the gas
follows Mariette's law- no account being taken of the loss of heat
due to work performed - a primoiple which, at that time, was unknown,

In 1760 the Chevalier D'Arcy made the first attempt to determine
dynamically the law of pressure in the bore by successively
shortening the length of the barrel and measuring the velooity of
the bullet for each length. The pressures were determined from the
¢aloulated accelerations. , ‘

In 1792 Count Rumford, borm in the United States, tried to
make direct measurement of the pressure exerted by fired gunpowder
by measuring the maximum weights lifted by different charges fired
in & small but very strong wrought-iren mortar., He determined a
relation edisting bLetween the pressure of the powder gases and
their density. e maximum pressure that would be exerted by the
gases from a charge that completely filled the chamber was as
¢aloulated by Rumford, about 100 tons to the sduare inch. Koble
and Abel, in their later experiments, arrived at 43 tons per sQuare
inch &8 the maximum pressure under these conditions, Their value
is now aoccepted as being about right, The great difference in the
two determinations is prodbably due t0 the fact that Rumford deduced
his value for the maximum pressure from experiments with small
oharges that did not fill the chamber, so that the enexgy of the
gases was greatly incoreased by the high velocity they attained
before aoting on the projectile.

- From 1857 to 1860 General Rodman of the Ordnance Department,
United Btates Army, conducted the experiments that resulted in the
change of form of powder grains and their variation in sise according
to the ocaliber of the gun. He devised the pressure gauge for
direotly measuring the maximuz pressures of powder gases., General
Rodman was also the author of the principle of interior cooling of
cast<iron cannen, by the application of whioh principle the meétal
surrounding the 8ors of a gun was put under a permanent compressive
straia which greatly inoreased the resistance of the gun %o the
interior pressures. :

In 1875 Sarrsu first proposed his mathematical formulas
conneating the travel and veloclity of the projeotile and the
pressure developed in the bore of the gun. These formulas were
based on the use of black powder. When smokeless powder began to
be used it was found that the results of calculstions with these

formulas were not correct.



2

. About 190% Gosset and Licuville published mew formulas of
interior hallistios based on those of Sarrsu, but adapted to
snckeless pewder, o »

In investigating the subject of interior dallistics we will
consider, first, the quantity of energy relesased per pound ef
powder as the charge is burned; second, the linsal rate of burning
of the powder; third, the offecs of Gifferent forme of gramulation
on the relation between the limeal rate of burnigg of the powder
and the rate of burnimg of the oharge; and, fourth, the various
::w’&-m ‘ h the energy resulting from the durning of the oharge
s w sed,

Oug-service amokeless powdler is manufactured from nitro-
cslinloss of an awerage peroeat of nitrogen of about 12,60, by
¢olleiding it with a solvent eof ether-aloohel. &é;nr granulstion
the tulk of this solvent is dried ous, but 2% to 6% may remain
in the powder, the smeunt depending upom the size of the graia.

- The aleshol used in the solvent contains 5; water, which
usually remaims in the powder after drying. Additienal water
may be absorbed from the alr durimg the process of making and
handling., Reoent lots of pewder alse coatain .4% %o .8% of &
;;fhilistx ‘:nd «30 oaliber zifle powders oontain, in addition,

of graphise.

!go enexgy per pound ef pure nmitrocellulose of 12,604
nitregen is 1342000 f4.lbs. per pound, If an imert material ie
mixed with the niirceslilulose the enexgy per pound ef the resulting
saterial will bs lese than that of pure nitrocesllulose. Of she
matarials entering powder water is ocomsidered as hav the same
effeot as the sanms percentage of inexrt matter. Aloohol has a

roater effect than inert matter. Practical tests imdicate that
he effect of 1% aloehel im reducing the enexgy per pound of
Bitrocelliulese is equal te the effect of 2,5% inert matter. The
effeot of 1% etabiliser is equal to the effeos of 44 imers matter.
The effect of 1% graphite in reducing the emergy per peund of
ritzroesllulose is equsl to that of 2.5% imert matter.

The percentage of nitrogen in the anitrecelliulese used is
carefully determined fox ecash let of powder, as is alse the
perosntage of moisturs and volatiles remaining in the finished
powder. MNeoisturs and volatiles gonsist principally of water and
aloohol in equal percentages. '

The specifio rate of combustion of snckeless powder is the
Tate of conbustien ia inches per sesond, messured perpendiculsr
to the buyning surface, when the powder ie burning in i%s owmn
gas at a pressure of ome pound per square inch.

Theoretical considerations lead £0 She belief that the
specific rate of cembustiona is direosly preportionsl %0 the ensrgy
per pound of powder , and that it is inversely proporxtional teo

he sem of the following Quantities:

a) The energy required te heat a pound of powder from the
teaperature it may have at any time %o 356°F., the ignitiom
temparature.

(b). The energy required t¢ evaporate the water and aloohol
from the powder.

I$ 4o assumed that this evaporation from successive layers takes
Plage before they bura.



Modern smokeless powder is granulated in regular geometriocal
formes convenient for manufacture by preesing shrough a die eoxr
rolling between rollers, The primoipal forms in use ave, the
80118 rod of oconsiderable length; shoxt or long oylinder with
axial perforation; short or 1 flat strips, and oyliader with
seven axial perforations. In all these granulations the least
buraing thickness ie called the web of the graian, ,

It 4s known that smokeless powdsr burns faster at high
ressures than at lew pressures. Under constant pressure, as in
he alzr, a grain of modern smokelees powder burns im parallel

layers and wisth uaiferm veleoity in directions perpendicular %o
all the ignited surfaces. Under variable pressure as in a gum,
powder buras with a variable velooity, but under that condition
it still burns in parallel layers im the saze manner as ad
constant pressure. As the grains burn over their entires surface
they will usually be entirely consumed when a thickness equal %0
ons~half their lsast dimension has besn burned from sach of the
bounding surfaces. .

The initial volumes of any of the grains usually used are
oasily figured from their dimensions, dimensions of grains
ars measnred in inches and their volumes are given im oubic inoches.

The initial buxaiag.surruoo of a gr.;n is the area of the
total cutside surface o thnagxn&n inoluding the surfaces ¢f the
snds and the perforatieons , if any. ‘

The volume of one peound of so0lid pewder may be obtained
:Z‘dxvaésng the volume of one pound eof water, 27.68 cu.in., by

¢ density of the powder or representing by V. the volume of
ons pound snd by O the density of the dexr we have V- 27.

The sumder of grains of powder is the volumé of ome poumd
of s0lid powder divided by the imitial volume of onme grainm,
Let np repersent the number of grains gcz pound and Vg She volume
of one grain and we have np_.® ;e = {
¢ &

The initial burn::i surface per peumd?in'th. initial burnir
surface of one grain tiplied by the number of grains per pougs.
Let Sp represent the initial burning surface par pound and By

the iaitial burning surface per grain and we have Bp = npBgz &

For any granulation the volume of a graim aftexr a thickness
T has been burned may be determined by adding er subtraoting 2r,
the teosal thickness burned on opposite sides, to or from the
original grain. Subtrast the new volume from the original velume
and we ebiaia the volume burned, ;

The best form of granulation, from a ballistic poins of view,
is that which, with a given weight of chaxge, will give the
projectile the highess muscle velooity, within the limis of
naximum pressure f£or whiek the gun was designed. To ebsain the
highest musszle velooity 1i$ ie neoessary that all the powder be
barned as secn as possible after the projeotile starts meoving,
$hat is, that the wed thiockness of 3he grains bo as small as

9



possible, z0 a* to allow the full weight of the ga&£f* to sot on
the projectile for the longest possible distance.
Distribution of Powder in the gun.
Let ps the weight of the projectile in pounds;
p,m the weight of the gun and recoiling parte in pounds;
v 2=the velocity of the projectile in feet per eecond;
v, m the velocity of the gun and recoiling parte;
u m the travel of the projectile in feet, with reference to
the gun® whenthe velocity of the projectile is v;
Own the weight of powder burnt in pound* when the velocity of
the projectile is v, and it* travel with reference to
gun IS u;
A ** area of crose''-section of bore in s%uare inches,
¢ m the total weight of charge in pound¥®;
W have represented by n'the energygiven off on the combustion
of one pound of Howder, the energygiven off when o pound* of
powder are burned is n c”.
This energy i# distributed a* follows:
.ag Energy of translation of the projectile,
b) Energy of rotation of the projectile,

¢) Energy of translation of the gun (recoil),
d) Energy of translation ofthe unburnt charge and gases.

The total weight of the unburnt charge end gases is always
that of the original oharge and it is assumed as uniformlif)
distributed between the face of the breech block andtthe base of
the ;])Erojectile.

(e) Energy consumed in overcoming the passive resistance of the

projectile. This resistance arises from the friction of the

projectile against the wallsof the bore and of the rotating band

against the driving edges of the lands. In the first stages it

also arises from the cuttin%1 of grooves in the rotating band by

the lends. In rifling with increasing twist aresistance is

caused by the chanﬁe in form of thegrooves as the projectile

moves through the bore.

It) Energy lost as heat to the gup.

%) Energy that remains in the gas as sensible or latent host.
e energy must at each instant be equal to the sum ef the

above energies. A

The energy of translation of the projectile is PV .

Energy of rotation ©Of the projectile is as follows;
Let” as the mean angle ef twist of the rifling. The velocity of
rogation of the projectile in radians per second is then 2v tan: *
where dtis the diameter of the bore of the gunin feet. Theenergy
of rotation of the projectile la therefore

Key & ULI- A

where k is tke radius of gyration of the proiectile in feet.
The value of (2k )"mav be assumed as follows, though it

varies somewhat for projeotiles of different dimensions:



Fox solid shot .50
For m all cavity shot .55
Fox shell .5S

The energy of translation of the gun is equal to B.iIX*

........ B c

To get a relation between v aad v assume tkat tke gun is reoolling
freely, tkat ie , it ie net retarded by tke carriage. This is
nearly eo for aeet carriages while tke projectile ie in tke bore.
Alee assume tkat tke unburnt oharge and gaeee are unifoxaly
distributed throughout tke bore aad tkat tkelr neaa Telocity in
tke direction ef tke projectile is v,Equating momenta,neglecting
tke aementua due to tke rotation ? of tke projectile, we kare,
SJm ¥ -tia.y ® Vasfisda T
8 g £ 2P,

Tha wnergy ef tramslatioa ef tke gun therefore beeomee —

Energy of Translation of the Unburnt Charge and Gaeee. ~
The total weight of thwaa ie C, and they are aeeuned uniforml
distributed throughout the bore behind the proieotlle. Let C”be
the weight ef oharge aad gaeee between the swollen of 0 velocity,
ooneidered at the hreeeh of the gimf aad a eeotlen forward ef thin
whoee velocity ie v*« The weight ef the latter elementary eeotlen
la dC* and ita energy ie dC*

Since the charge and gaeee are aeeuned as uniformly dletrlbuted
throughout the bore, we have the relation, o benee Cv—Cy,
v v

end dG* £ and the energy of the elementary eeotlen considered

reduces to C El“dv' That la d(eaergy ef motion of weight of oharge
gv
aad gaeee, O s £ J&fav*
gv 2
Integrating between 11mlte v m0 and v*asv, we have, Energy of
motion of CaC *>,
ngcc

A number of experiments made at Watertown Arsenal of forcing
projectiles through the bases of gums of various calibers, and
measuring the resistance encountered indicate:
{a) For most guns, the highest resistance occurs at tke start,
when grooves are being cut in tke rotating band by tke rifling.
The resistance then drops greatly, but generally again increases,
rising to a maximum at a travel of two to four calibers aad then
decreasing rather uniformly te tke aussle.
(b) Tke speeds at which the projectiles were forced through bores
were all very lew, bud aa inoreaee of speed seemed te redoes tke
resletaace.
(¢) Greater width aad diameter of band increased tke resistance.
(d) The starting resistance aad mean passive resletaaee expressed
in pounds per square lack on base of projectile both decrease as

the caliber increases.



When &%un la fired the driving edges of the lands ef the
rifling exert a pressure against the edges of the lands left in
the rotating hand. This pressure produces additional frietion
whieh is net produced in slew notion ofthe projectile through

the bore.

The general of the passive resistance curves obtained from
these experiments leads to the belief that the values of the
passive resistance in pounds per square inch on base of roLectile,
mayfee taken for a given oharge as at each instant equal to the
product of the aeceleritlng pressure in pounds per square inch
on the base of projectile a constant factor. The value of this
constant factor will be different for different charges. Let *
be the pressure per square inch required to overcome the passive
resistance.

The energy lost in foot pounds by passive resistance over a
travel u ie therefore P A du .

Thus far we have considered all ef the energies entering the
problem in which heat has been converted into meohanioal work.
The sum of these energies may be considered as the effect of
the action of the mean total pressure B per square inch, acting
on the cross-section ef the bore for a distance u9 that is we
have the following equation: f
A 3 *

iPAdu . | :
Placing p;x pflf tan;V7+ p£20 we have j PA du ss % v*jlj A du

* %k

P may be called the reduced weight of the projectile.

In the design of a new gun the caliber, weight of projectile
and mussle velocity are determined by the use to which the gun
is to be put.

Having obtained, or assumed, the weight of ?rojectile and
muszle velocity the [f)roblem of determining the else of powder
lc)hailllber and length of gun required becomes purely one of exterior

allistics.

Exterior ballistics treats of the motion of a projectile

after it hae left the piece.
In the discussions the dimensions ef the gun are considered

negligible in comparison Sith the trajectory.



The Trajectory, bdf, is the ourre described by tbe oenter of
gravity of the projectile in fte movement.

The Rang*, bf, la tbe dlstanee froa tbe nussle ef the eu to
tbe target.

tbe Line ef Sight, abf, ie tbe straight liae paseing through
the eigbte and tbe point aimed at.

e bine of Departure, bo, i£ tbe ?rolongation of the axle
of tbe bore at tbe instant the projectile leaves tbe gun.

Tbe Plane of Fire, or Plane of Departure, ie tbe vertical
plane through tbe line of departure.

Tbe Angle of 81ts,£ , la tbe angle node by tbe line of eight
with tbe borleeatal.

The Angle ef Departure, &, ie the ang]
departure with tbe Hue of eight.

Tbe Quadrant Angle eg Departure, py-6., ie tbe angle made by
tbe Unaof departure with tbe herleoatal.

Tbe Angle of Elevation, f Ila tbe eagl
cight aad tbe aide of tba pieee when tbe gun le aimed.

The Jump la tbe angle j through which tbe axle of the pleoe
novae while the projeetile 1e paeaing through tbe bore. The
neveneat ef tbe axie la due to tbe elaatloity of tbe parte of the
carriage, to tbe elearaaoee in tbe trunnion bode and other bearlage
of thbe carriage, and la eoaa eaeee te tbe notion of tbe elevatix”
device an tbe gun reeeile. The jump nuet be determined by
experlaeat for the.individual pleoe la ite particular mounting.

It ueually iaereaeee the angle of elevation ee that tbe angle of
departure le greater than tbat angle.

Tbe Argjbw; of Fall,co, la tbe angle nade by tbe tangent to
tbe trajectory with tbe line ef eight at tbepoint of fall.

Tbe Point of Fall, or, Point of Impact, ie tbe point at which
the projectile etrlkee.

Tbhe Striking Angle,/o’, le tbe angle made by tbe tangent to
tbe trajectory with tbe herlaoatal at tba l[))oint of fall.

anltfhl elocity le tbe velocity of tba projeotlle at the
nusale.

Renaming Velocity le the velocity of tbe projectile at any
point ef tbe trajectory.

Drift, kfJ le tbe detparture of tbe projeotlle froa the ]%lane
ef fire, duo to the reeietanoe of tbe air and tbe rotation o
the projectile.

Ac far as concerns the equations to be ueed la tbe work of
exterior ballletlee, all trajeotoriee may te placed in one of the
following two elaeece:

Diroet Fire, whieb pertains to email aaglee of departure,
usualg not above 15s

urved Fire, which pertains to all aaglee of departure greater
than about 15°. This olase enbracee tbe se-ealled Hlgb-angle Fire.

Curved Fire le generally limited in practice to velocities
lower than these used In direct fire.

For oonvenienee of discussion curved fire is considered as
firings with elevations 15°and hocand bigb-aaglo fire as firings
with elevations above %8
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The projectile as it ccmes fros the mussle of the gun hae
Aupressed upen it a metion of translation and a metien of rotation
about its longer axis. The guns of our servies are rifled with
& right-handed twist, and the rotation of the projestile is,
thore~fore, from lefs to right when regarded froem the reax. After
learing the gun the projectile is a free body seted upen by two
extranecus foreoes, gravily and the resistance of the aixr,

Yhen thao projectile firsi issuse from the gun, its lenger
axis is tangent t0 the trajestory. The resistasce of the air sote
along the tangent, and is at first direetly eppesed to the motien
¢f sxanslstion of the preojestile,

The loagsr axis of the projeotiles tends o yemain parallel
$0 $teelf Guring the passage of thse projectile through the alr,
but She tangent to the trajeotery ohanges its Inelinmstion, owing
e the sotion of gravity. The resiatance of the alr, asting
alwsge in the direotien of the tangent, becemes inolinsd te thse
longer axis of the projevtile, snd in medern projsctiles its
resuliant interssots lenger sxi® ¢t s peint 1w front of the
santer of grawvity, |

The resultant ¢ffeet of the resistzucs 6f the aix on the
Fotating prejectils is & precessioral movemsnt of the peint of the
Projeosile §0 the right of the plans of fire. Afkdr the iInitiel
displesement of the peint to ths right the dizeclion sl the
zesultant reeistance changes elightly e the left with zespsst %o
the axis of the prejestile sad preduces s sorrespending ia
tYhe diresetion of the pracession, whieh diverta Ske point of the
projeetile siighily dcimwarxd.

| If %he flight of the projestile wer: coatinusd long ensugh
the peint would deseribe a cuxve arsund the tangent te the
t:qiistr; but sotually she flight of the projectile, exeept in
oY firings al angles of slevation exaeeding about 667 is never
leng # A to pormit moxe Shan a pari of this metien tov oocur.
, When the point eof %he projeciiie leaves the plane of fire
the side of the prejeotile i3 predsnted obliquely to the aetion
of the rssistance of the alx, and a pressure is produced by whioch
tha projsctile is foroced bodily $o the right out of the plane of
fire, It 1sl%this movament that the greater part of the deviation
of the prejsatile is due.

The departure of the projectile frem the plane of fire, due
%o the causer abovse gonaidered, ie called the 4rift. It may be
analytioally that the drift of the projeciile increases more
Tapidly than thoe range. The trajectorxy is, therefere, a curve of
double ¢urvature, oonvex t¢ the plane of fire.

The trsjectery oxdinarily considersd is the projestien of the
sotual curve upon the vertical plane of fire. This projection se
nearly agrees with the sotusl trajectory that the results obtaimed
axe practicslly correct; and the advantage of oonsidering i,
instead of the astual curve, is that we need comnsider only that
somponent of the resistance of the air which is directly eppesed
to the metion of translationm,

Te determine the ascurasy of a gun 2% any range and under
any conditions a nunber of shots axe fired under the given

_gglgéggxal.zgrg yoixt of fall of each shot is pletted and the mean

8 s&lied the cesnter of impass.
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