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PREFACE. 

THE material of war has undergone greater changes in the 
past thirty years than in the previous hundreds of years since 
the introduction of gunpowder. The weapons of attack and 
defense have become more numerous, more complicated, and 
vastly more efficient. The appurtenances to their use are more 
elaborate. The science of gunnery constantly requires of the 
officer greater know1edge and higher attainments, that he may 
thoroughly understand the powerful and important instruments 
that are put under his control and be prepared to obtain from 
them, in time of need, their full effect. 

I have attempted in this text to set before the Cadets of the 
Military Academy the subjects of Ordnance and Gunnery in such 
manner as to give to the Cadets a thorough appreciation of the 
fundamental principles that underlie the construction and effective 
use of the instruments of wal, and such practical knowledge of 
the material of today as should be possessed by every army 
officer. 

The purpose held in view in the preparation of thi text has 
been to present, in order, the theories that apply in the use of 
explosives and in the construction of Ordnance material, the 
methods pursued in . the construction of the material, descriptions 
of the material, and the principles of its use. 

The applications of the theoretical deductions to the investi
gation of the action of gunpowders and other explosives and to 
the construction and use of Ordnance material, are extensively 
illustrated by problems fully worked out in the text; the idea 
being that these solutions, in addition to making evident to the 
student the practica1 use of the theories, will serve as guides in, 
solutions of similar problems encountered in practice. 

v 



vi PREFACE. 

When the theoretical deductions are applicable to other than 
ordnance constructions other problems inserted in the text indicate 
their more extended field. 

In the chapter on interior ballistics, which is taken princi
pally from the wri~ingG of Colonel James M. Ingalls, United States 
Army, the deduction and application of Colonel Ingalls' latest 
interior ballistic formulas are fully set forth. The determina
tions from these formulas have been found in practice to be more 
closely in accord with the actual results obtained in firings, than 
determinations from any ballistic formulas hitherto in use. 

In the chapter on explosives the theoretical determination of 
the results from explosions, including the quantity of heat, the 
volume of the gases, the temperature, the pressure, etc., is ex
plained and illustrated by examples. This · demonstration has not 
hitherto been available in English. 

A simplification has been introduced, by the author of the 
text, into the gun construction formulas of Clavarino. The sim
plification materially shortens these extended formulas and reduces 
the labor required in their application. 

The graphic system of representing the pressures and shrink
ages in cannon, devised by: Lieut. Commander Louis M. Nulton, -
United States Navy, is also explained in connection with the 
deduction and application of the formulas of gun construction. 
The graphic system is a material help toward a ready understand
ing of the subject. 

In the subject of exterior ballistics sufficient problems are 
introduced and fully worked out to illustrate the processes fol
lowed in the solutions of the principal problems of gunnery. This 
course has been adopted with the purpose of removing to a large 
extent the difficulties usually encountered in the practical appli
,cation of the formulas of exterior ballistics. 

An appendix to tlw chapter on exterior ballistics contains 
the deduction of the author's formulas for double interpolation. 
The formulas are more accurate and more convenient in applica
cation than the interpolation formulas previously in use. Explan
ation of the use of the ballistic tables to which the interpolation 
formulas apply, follows the deduction of the ,formulas. 

The chapter on armor contains information as to the general 
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arrangement and thickness of the armor on ships of war, the 
expected targets of the heavy artillery. 

A chapter on submarine mines, torpedos, and submarine 
torpedo boats concludes the text. 

Acknowledgment is due for much assistance obtained from 
the text-boole on Ordnance and Gunnery, by Captain L. L. Bruff, 
Ordnance Department, that has been in use at the Military 
Academy for the past eleven years. The plan of that work has 
been largely followed, many of its illustrations appear in this 
volume, and assistance has been derived from its text throughout. 

I desire to express my indebtedness to Captain Edward P. 
O'Hern, Ordnance Department, Principal Assistant in the Depart
ment of Ordnance and Gunnery, whose valuable suggestions and 
helpful criticism have been of marked benefit to the text. Lieu
tenants Ennis, Bryant, and Selfridge, Artillery Corps, Assistant 
Instructors of the Department, have also, by their suggestions, 
added to the value of the text. 

I desire, too, to thank Sergeant Carl A. Schopper, of the West 
Point Ordnance Detachment. The illustrations in the text are 
the products of his skill as a draftsman, of his knowledge of the 
illustrative arts, and of his unremitting labor. 

ORMOND M. LISSAK. 
WEST POINT, May 24,.1907. 
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ORDNANOE AND GUNNERY. 

CHAPTER 1. 

GUNPOWDERS. 

I. Definitions.-Explosion, in a general sense, may be defined 
as a sudden and violent increase in the volume of a substance. 
In a chemical sense, explosion is the extremely rapid conversion 
of a solid or a liquid to the gaseous state, or the instantaneous" 
combination of two or more gases accompanied by increase of 
volume. Chemical explosion is always accompanied by great 
heat. 

An explosion due to physical causes alone, as when a gas 
under compression is suddenly released and allowed to expand, 
causes cold. 

The explosion of gunpowder may be divided into three parts: 
ignition, inflammation, and combustion. 

Ignition is the setting on fire of a part of the grain or charge. 
Gunpowder is ignited by heat, which may be produced by 

electricity, by contact with an ignited body, by friction, shock, 
or by chemical reagents. 

An ordinary flame, owing to its slight density, will not ignite 
powder readily. The time necessary for ignition will vary with 
the condition of the powder. Thus damp powder ignites less 
easily than dry; a smooth grain less easily than a rough one; a 
dense grain less easily than a light one. 
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Powder charges in guns are ignited by primers, which are fired 
by electricity, by friction, or by percussion. 

Inflammation is the spread of the ignition from point to point 
. of the grain, or from grain to grain of the charge. 

With small grain powders the spaces between the grains are 
small, and the time of inflammation is large as compared with the 
time of combustion of a grain; but with mo.dern large grain powders 
the facilities for the spread of ignition and the time of burning of 
the grain are so great that the whole charge is supposed to be 
inflamed at the same instant, and the time of inflammation is not 
considered. 

Combustion is the burning of the inflamed grain from the sur
face of ignition inward or outward or both, according to the 
form of the grain. 

Experiment shows that powder burns in the air according to 
the following laws; 

1, In parallel layers, with uniform velocity, the velocity being 
ind~pendent of the cross section burning. 

2. 'J'he velocity of combustion varies inversely with the density 
<;>f the powder. 

When a charge of powder is ignited in a gun inflammation of 
the whole charge is rapidly completed. The gases evolved from 
the burning . grains accumulate behind the projectile until the 
pressure they exert is sufficient to overcome the resistance of the 
projectile to motion, The accumulated gases, augmented by 
those formed by the continued burning of the charge, expand into 
the space left behind the projectile as it moves through the bore, 
exerting a continual pressure on the projectile and increasing its 
velocity until it leaves the muzzle. 

History.-The Chinese are said to have employed an explo
sive mixture, very similar to gunpowder, in rockets and other 
pyrotechny as early as the seventh century. 

The earliest record of the use in actual war of the mixture of 
charcoal, niter, and sulphur called gunpowder, dates bitck to the 
fourteenth century. Its use in war became general at the begin-
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ning of the sixteenth century. Until the end of the sixteenth 
century it was used in the form of fine powder or dust. To over
come the difficulty experienced in loading small arms from the 
muzzle with powder in this form, the powder was at the end of 
the sixteenth century given a granular form. With the same 
end in view attempts at breech loading were made; but without 
success, as no effective gas check, which would prevent the escape 
of the powder gases to the rear, was devised. 

No marked improvement was made in gunpowder until 1860, 
when General Rodman, of the Ordnance Department, U. S. Army, 
discovered the principle of progressive combustion of powder, and 
that the rate of combustion, and consequently the pressure exerted 
in the gun, could be controlled by compressing the fine grained 
powder previously used into larger grains of greater density_ 
The rate or velocity of combustion was found to diminish as the 
density of the powder increased. The increase in size of grain 
diminished the surface inflamed, and the increased density 
diminished the rate of combustion, so that, in the new form, 
the powder evolved less gas in the first instants of combustion, 
and the evolution of gas continued as the projectile moved through 

: the bore. By these means higher muzzle velocities were attained 
with lower maximum pressures. To obtain a progressively 
increasing surface of combustion General Rodman proposed the 
perforated grain, and the prismatic form as the most convenient 
for building into charges. As a result of his investigations powder 
was thereafter made in grains of size suitable to the gun for which 
intended, small grained powder for guns of small caliber, and 
large grained powder for the larger guns. The powders of regu
lar granulation, such as the- cubical, hexagonal, and sphero-hex
agonal, came into use, and finally for larger guns the prismatic 
powder in the form of perforated hexagonal prisms. 

A further control of the velocity of combustion of powder 
. was obtained in 1880 by the substitution of an underburnt char
coal for the black charcoal previously used. The reSUlting powder, 
called brown or cocoa powder from its appearance, burned more 
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slowly than tlle black powder, and wholly replaced that powder 
in the larger guns. 

,A still further advance in the improvement of powder was 
brought about in 1886 by the introduction of smokeless powders. 
These powders are chemical compounds, and not mechanical mix
tures like the charcoal powders; they burn more slowly than the 

Hexagonal. 

Sphero-hengonal. Prismatic. 

charcoal powders, and produce practically no smoke. Smokeless 
powders have now almost wholly replaced black and brown pow
ders for charges in guns. Black powder is used in fuses, primers, 
and igniters, in saluting, charges, and as hexagonal powder m 
the smaller charges for seacoast mortars. 

2. Charcoal Powders.-CoMPOSITION.-Black gunpowder is 
a mechanical mixture 'of niter, charcoal, and sulphur, in the 
proportions of 75 parts niter, 15 charcoal, and 10 sulphur. 

The niter furnishes the oxygen to burn the charcoal and sul
phur. The charcoal furnishes the carbon, and the sulphur gives 
density to the grain and lowers its point of ignition. 

The distinguishing characteristic 'of charcoal is its color, being 
brown when prepared at a temperature up to 280°, from this to 
340° red, and beyond 340° black. 

Brown powder contains a larger percentage of niter than 
black powder, and a smaller percentage of sulphur. A small 
percentage of some carbohydrate, sucn as sugar, is also added. 
Its color is du,e to the underburnt charcoal. 
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MANUFACTURE.-The ingredients, purified and finely pulver
ized, are intimately mixed in a wheel mill under heavy iron rollers. 
The mixture is next subjected to high pressure in a hydraulic 
press. The cake from the press is broken up into grains by rollers, 
and the grains are rumbled in wooden barrels to glaze and give 
uniform density to their surfaces. The powder is then dried in 
a current of. warm dry air, and the dust removed. The powder 
is thoroughly blended to overcome as far as possible irregularities 
in manufacture. 

For powders of regular granulation the mixture from the 
wheel mill was broken up and pressed between die plates con
structed to give the desired shape to the grains. Prismatic 
powder was made by reducing the mill cake to powder and press
ing it into the required form. 

Smokeless Powders.-There are two classes of smokeless 
powders used in our service: nitroglycerine powder in small 
arms, and nitrocellulose powder in cannon. They are both made 
from guncotton, to which is added for the small-arm powd6 
about 30 per cent by weight of nitroglycerine. 

COMPARISON OF NITROGLYCERINE AND NITROCELLULOSE Pow
DERs.-The temperature of explosion of nitroglycerine powder is 
higher than that of nitrocellulose powder. As the erosion of the 
metal of the bore of the gun is found to increase with the tem
perature of the gases, greater erosion follows the use of nitro
glycerine powder. The endurance, or life, of a modern gun is 
dependent on the condition of the bore, and on account of the 
great cost of cannon erosion becomes a more serious defect in 
cannon than in small arms. On this account, therefore, nitro
cellulose powder is more suitable than nitroglycerine powder for 
cannon. 

To produce a given velocity a larger charge of nitrocellulose 
than of nitroglycerine powder is required. This necessitates for 
nitrocellulose powder a larger chamber in the gun, and the increase 
in size of the chamber involves in0reased weight of metal in the 
gun. This is more objectionable in a small arm than in cannon, 
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. for the increased weight of the gun and of the charge adds to 
the burden of the soldier. For this reason nitroglycerine powder 
is more suitable than nitrocellulose powder in the small arm; 

In the manufacture of nitroglycerine powders for cannon, a 
satisfactory degree of stability under all the conditions to which 
cannon powders are exposed was not obtained. In time the 
powder deteriorated, and exudation of free nitroglycerine oc
curred. Detonations and the bursting of guns followed. In the 
small-arm cartridge the powder is hermetically sealed, and as 
now manufactured appears to possess a satisfactory degree of 
stability. 

For these reasons nitroglycerine powder has been selected for 
use in small . arms in our service, and nitrocellulose powder for 
use in cannon. 

A disadvantage attending the use of nitrocellulose powder 
arises from the fact that in the explosion there is not a suffi
cient amount of oxygen liberated to combine with the carbon 
and form CO2• The reaction on explosion is approximately 
represented by the following equation. 

A large quantity of CO, an inflammable gas, is often left in the 
bore. On opening the breech more oxygen is admitted with 
the air, and should a spark be present the co' burna violently, 
uniting with the oxygen and forming CO2• This burning of the 
gas . is called a flareback. An instance of it has occurred with 
disastrous results in a turret gun aboard one of our men-of-war, 
the Missouri. 

3. Guncotton.-Guncotton forms the base of most smoke
less powders. When dry cotton, C6H100S, is immersed in a 
mixture of nitric and sulphuric acids part of the hydrogen of 
the cotton is replaced by N02 from the nitric acid. The sul
phuric acid ~akes up the water formed · during the reaction and 
prevents the dilution of the nitric acid. The nitrated cotton, 
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or nitrocellulose, may be of several orders of nitration; depending 
on the strength and proportions of the acids, and the tempera
ture and duration of immersion; as mononitrocellulosc, di
nitrocellulose, trinitrocellulose, according as one or more atoms 
of hydrogen are replaced. All nitrocellulose is explosive, and 
the order of explosion produced is higher as the nitration is higher. 
Dinitrocellulose and trinitrocellulose are used in the manu
facture of smokeless powders. . The lower orders of nitrocellulose, 
containing less than 12.75 pel' cent of nitrogen, are soluble in 
a mixture of alcohol and ether. Trinit:cocellulose contains a 
higher percentage of nitrogen, and is insoluble in alcohol and 
ether but soluble in acetone. 

MANUFACTURE OF GUNCOTTON FOR SMOKELESS POWDERS.

The process followed is practically the same for all varieties, the 
nitration being stopped at the point desired in each case. 

The cotton used is the waste or clippings from cotton mills. 
It is first finely divided and then freed from grease, dirt, and other 
impurities by boiling with caustic soda. After cleansing it i3 
passed through a centrifugal wringer and then further dried in 
a dry-house. 

The dry cotton is immersed in a mixture of about three parts 
sulphuric acid and two parts nitric acid for about fifteen minutes; 
after which the cotton is run through a wringer to remove as 
much acid as possible. It is then thoroughly washed or drowned. 

After this washing the guncotton is reduced to a pulp and 
further washed to remove any trace of acid which may have been 
freed in pulping, carbonate of soda being added to neutralize 
the acid. 

The water is then partially removed from the pulp by hy
draulic pressure, and the dehydration is completed by forcing 
alcohol under high pressure through the compressed cake. 

4. Nitroglycerine Small-arm Powder.-Lafiin and Rand, 
W. A.-In the manufacture of this powder highly nitrated gun- . 
cotton called insoluble nitrocellulose is used. It is insoluble in 
ether and alcohol but sohlble in acetone. 
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The powder is composed of 

Insoluble nitrocellulose ........... . 
Nitroglycerine ................... . 
Metallic salts. . . . . . . . . . . . . . . . . ... . 

67.25 per cent 
30.00 per cent 
2.75 per cent 

Forty pounds of acetone serve as solvent for 100 pounds of the 
above mixture. 

The nitroglycerine and acetone are first mixed. The acetone 
makes the nitroglycerine less sensitive to pressure or shock, and 
therefore less dangerous to handle in the subsequent operations. 
The dried guncotton is spread in a large copper pan, the finely 
ground metallic salts are sifted over it, and the mixed nitrogly
cerine and acetone are sprinkled over both. The whole is mixed 
by hand by means of a wooden rake for a period of about ten 
minutes, the object of the mixing being to thoroughly moisten 
the guncotton for the purpose of eliminating the danger from 
the presence of dry guncotton in the next operation. The mixed 
mass is put into a mixing machine, where it is mechanically mixed 
for a period of three hours. It comes from the mixing machine 
in the form of a colloid or jelly like paste. It is then stuffed 
and compressed into brass cylinders, from which it is forced by 
hydraulic pressure through dies fitted with mandrels. It comes 
from the die in the form of a long hollow string or tube, and is 
received on a belt which carries it over steam pipes into baskets. 
The drying which it receives while on the belt strengthens the 
tube, and after remaining half an hour in the baskets it becomes 
sufficiently tough to be cut into grains. This is done in a machine 
provided with revolving knives. The resulting grains' are bead
shaped single perforated cylinders and have a length of about 
one twentieth of an inch. The powder is dried for two or three 
weeks at a temperature not to exceed 110° F. It is then thor
oughly mixed twice in the blending barrels and graphited at the 
same time. It is carefully screened to remove large grains, dust. 
and foreign matter, and is packed in muslin bags in metallic 
barrels holding 100 pounds. 
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Cordite.-This is an English nitroglycerine powder, composed 
of 58 per cent of nitroglycerine, 37 per cent of guncotton, and 
5 per cent of vaseline. The vaseline serves to render the powder 
water proof and improves its keeping qualities. For small arms 
the powder is made in the form of slender cylindrical rods, the 
length of the chamber of cartridge. For cannon it is in thicker 
and longer rods, in tubular form, or in the form of perforated 
cylinders. For heavy guns ' a powder called Cordite M. D. 
has lately been introduced. The composition (30 parts nitro
glycerine, 65 parts guncotton, 5 parts vaseline) is very simi
lar to that of our small-arm powder. The reduction in the per
centage of nitroglycerine was made for the purpose of lowering 
the temperature of explosion and reducing the erosion in the 
bore. 

Wetteren Powder.-A nitroglycerine powder manufactured at 
the Royal Belgian Factory at Wetteren. The solvent used is 
amyl acetate. 

5. Manufacture of Nitrocellulose Powder.-The guncotton f' 

used contains 12.65 per cent of nitrogen, and is soluble in the 
ether-alcohol mixture. I t is prepared as previously described, 
the dehydration With alcohol being so conducteq that when com
pleted the proper proportion of alcohol for solution remains in 
the cake. The guncotton cake is broken up and ground until 
it is free from lumps, and is then placed in a mixing machine 

' with the proper amount of ether, two parts of ether to one of 
alcohol. During the mixing the temperature is kept at 5° C. 
to prevent loss of the solvent. 

The powder comes from the mixing machine as a colloid, and 
the remaining processes are similar to those described for nitro
glycerine powder. 

After graining, the solvent is recovered by forcing heated air 
over the powder. The ether and alcohol vapors are collected 
and afterwards condensed for further use. The powder is dried 
for a period varying from six weeks to three. months, depending 
on the size of the grain. The drying is never complete, a small 
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percentage of the solvent always remaining, but care is taken 
that the remaining percentage shall be uniform. 

In the · manufacture of all powders uniformity in the product 
can only be obtained by the strictest uniformity in the quantities 
and quality of the substances used, and in the conduct of the 
various processes. 

Cannon powders are, as a rule, not graphited. 
Other Smokeless Powders.-The length of time required 

for the drying of nitrocellulose powders has led to the develop
ment of other powders that require little or no time to dry. 

Two such powders have been tested. One, stabilite, is com
posed of nitrocellulose with or without nitroglycerine and a sol
vent that is itself an explosive and not volatile. The other is 
similar to the present nitrocellulose powders except that dinitro
cellulose is used in its manufacture instead of trinitrocellulose. 

To make up for the insufficiency of oxygen in nitrocellulose, 
already referred to, a number of smokeless powders are made 
by a combination of nitrocellulose with nitroglycerine or with 
the nitrates of barium, potassium, and sodium. The nitroglyc
erine or the metallic nitrates furnish the oxygen which is deficient 
in the nitrocellu.lose. 

E. C. Powder.-This powder contains both soluble and insolu
ble nitrocellulose and the nitrates of barium, potassium, and 
sodium. It is yellow in color and of nne granulation. It is an 
easily ignited quick burning powder and is used in our service in 
blank small-arm cartridges. 

Schultze Powder, the type of smokeless sporting powders, is of 
constitution similar to that of E. C. powder. 

Troisdorf Powder, used in the German service, and B. N. Pow- . 
der, in the French service, are other powders similarly constituted. 
All these powders differ principally in the proportion of the ingre
dients, and also in the organic substance used as a cementing 
agent. 

Maxim Powder is composed of nitrocellulose, both soluble and 
insoluble, nitroglycerine, and a small percentage of sodium carbonate. 
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Form and Size of Grain.~For most cannon in our service 
the powder is formed into a cylindrical grain with seven longi
tudinal perforations, one central and the other six equally dis
tributed midway between the center of the grain and its circum
ference. A uniform thickness of web is thus obtained. The 
powder is of a brown color and has somewhat the appearance 
of horn. The length and diameter of the grain vary in powders 
for different guns, the size of grain increasing with the caliber 
of the gun. For the 3-inch rifle the grain has a length of about 
i of an inch and a diameter of -(~ of an inch. For the 12-inch 
rifle the length .is 1 t inches and the diameter i of an inch. For 
some of the smaller guns the grains are in the form of thin flat 
squares. 

In other services cannon powders are made into grains of 
various shapes. -Cubes, solid and tubular rods of circular cross 
section, flat strips, and rolled sheets are among the forms that 
have been used. 

6. Proof of Powders.-All powders used by the Army are r 
furnished by private manufacturers. The materials and processes 
employed in the manufacture are prescribed by the Ordnance 
Department in rigid specifications, and the manufacture in all 
its stages is under the inspection of the Department. The proof 
of the powder consists of tests made to determine its ballistic 
qualities, its uniformity, and its stability under various condi
tions. Its ballistic qualities and uniformity are determined from 
proof firings made in the gun for which the powder is intended. 
The required velocity must be obtained without exceeding the 
maximum pressure specified. The mean variation in velocity 

\ 

ina number of rounds must not exceed, in the small arm 12 feet 
per second, in cannon 1 per cent of the required velocity. 

The stability of the powder under various conditions is deter
mined by heat tests, and by a number of special tests. For small,;, 
arms powder the heat test consists in subjecting the powder, 
pulverized, to a temperature of 1500 to 1540 F. for 40 minutes. 
It must not in that time emit acid -vapors, as indicated by the 
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slightest discoloration of a piece of iodide of potassium starch 
paper partially moistened with dilute glycerine. The other tests 
consist in exposing the powder both loose and loaded in car
tridges, to heat, cold, and moisture, for periods varying from six 
hours to one week. When fired the variations in velocities and 
pressures must not exceed specified limits. 

Nitrocellulose cannon powders are subjected to a heat of 
1350 C. (2750 F.) for five hours. Acid fumes, as indicated by 
the reddening of blue litmus paper, must not appear under expo
sure of an hour and a quarter, nor red nitrous fumes under two 
hours. Explosion must not occur under five hours. Other test8 
are made for the determination of the loss of weight when sub
jected to heat, of the moisture and volatile matter in the powder, 
of the quantities of nitrogen in the powder, and of ash in the 
cellulose. 

For the proper regulation of the evolution of gas in the gun 
it is important that the grains of smokeless powder retain their 
general shape while burning. If they break into pieces under the 
pressure to which they are subjected, the inflamed surface is 
increased, gas is more quickly evolved, and the pressure in the 
gun is raised. The powder is therefore subjected to a physical 
test to determine that the grain has sufficient strength and tough
ness. The grains are cut so that the length equals the diameter, 
and are then subjected to slow pressure in a press. The grain 
must shorten 35 per cent of its length before cracking. 

Powder grains incompletely burned, that have been recovered 
after firing, show that the burning proceeds accurately in parallel 
layers. The outer diameter of the grain is reduced and the diam
eter of the perforations increased in exactly equal amounts. 

7. Advantages of Smokeless Powder.-The advantages ob
tained by the use of smokeless powder are due almost wholly 
to the fact that the powder is practically completely converted 
into gas. The experiments of Noble and Abel show that the 
gases evolved by charcoal powders amount to only 43 per cent 
of the weight of the powder, and part of the energy of this quan-
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tity of gas is expended in expelling the residue from the bore. A 
smaller quantity of smokeless powder will therefore produce an 
equal weight of gas, and with smaller charges we may give to 
the projectile equal or higher velocities. The smokelessness of 
the powder and the absence of fouling in the bore are also due 
to the complete conversion of the powder into gas. 

Ignition and Inflammation of Smokeless Powder.-Though 
the temperature at which smokeless powder ignites, about 1800 

C., is much lower than that required for the ignition of black 
powder, 3000 C., the complete inflammation of a charge com
posed only of smokeless powder takes place more slowly than 
the inflammation of a charge of black powder. This is due to 
the slower burning of the smokeless powder and the consequent 
delay in the evolution of a sufficient quantity of the heated gas 
to completely envelop the grains composing the charge. In the 
long chamber of a gun the gases first evolved at the rear of the 
charge may, in expanding, acquire a considerable velocity. The 
pressure due to their energy is added to the static pressure due v 

to their temperature and volume, thus increasing the total pres
sure in the gun. The movement of the gases back and forth 
causes what are called wave pressures, and if the complete ignition 
of the charge is delayed until the projectile has moved some 
distance down the bore, there may result at some point in the 
gun a higher pressure than the metal of the gun at that point 
can resist. 

For this reason and in order to insure the practically ins tan:" 
taneous ignition of the whole charge, small charges of black powder 
are added to every smokeless powder charge. The priming 
charges of black powder insure against hang-fires and misfires, 
and by producing uniformity of inflammation assist toward uni
formity in the ballistic results. 

In addition, in order to prevent as far as possible the pro
duction of wave pressures, the charge of powder, whatever its 
weight, is given when practicable a length equal to the length 
of the chamber. 
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8~ Powder Charges.-The powder for a charge in the gun is 
inserted in one or more bags, depending upon the weight of the 
charge. The bags are made of special raw silk and are sewed 
with silk thread. The ends of each bag are double, and between 
the two pieces at each end is placed a priming charge of black 
powder, quilted in in squares of about two inches and uniformly 
spread over the surface. 

The charge is inserted through an unsewed seam at one end, 
and the seam is then sewed. The bag, purposely made large, 
is then drawn tight around the charge by lacing drawn with a 
needle between two pleats on the exterior. Two priming pro
tector caps are then drawn over the ends of the bag and fastened 
by draw strings. In the bottom of each cap is a disk of felt which 
serves to keep moisture from the priming charge and prevents 
the loss of the priming through wearing of the bottom of the 
bag. For convenience in handling the charge a cloth strap is 
attached to each protector cap. By means of the straps the pro
tector caps may be pulled off without undoing the draw strings 
when the charge is to be inserted in the gun. 

The mustr~tions show a bag filled ready for . lacing, and a 
bag filled and laced and provided with the priming protector 
caps. 

The weight of each portion of the charge should not be 
greater than can be readily carried by one man. Thus the charge 
of 360 pounds for the 12-inch rifle is put up in four bags each hold
ing 90 pounds. 

As previously stated, the charge whatever its weight is made 
up if practicable of a length nearly equal to that of the cham
ber, with a minimum limit of nine tenths of that length. 

Raw silk does not readily hold fire. With powder bags made 
of cotton cloth it occasionally happens that a fragment of the 
bag remains burning in the bore, and to this fact is ascribed the 
flarebacks that have occurred. Powder bags treated with chem
icals to render them non-inflammable have also been tried. Am
monium phosphate is found to be the best agent for this purpose. 



Bag filled ready 
for lacing 

Bag laced and provided 
wi th priming pro

tector caps. 
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A nitrocellulose cloth which will burn up completely and leave 
no residue has been used as a material for powder bags, but 
as the charge. of powder enclosed in this material is much more 
subject to accidental ignition by a chance spark, the nitrocellu
lose cloth is not generally adopted. 

The powder charge in fixed ammunition is placed loose in 
the cartridge caSe. 

In fixed ammunition for cannon one or two wads of felt 
placed on top of the powder fill the space in the case behind the 
projectile. The priming charges of black powder are contained 
in the primer, which is inserted in the head of the cartridge case, 
and between two disks of quilted crinoline at the forward end 
of the charge. 

Blank Charges.-If the same smokeless powder that is pre
scribed for use with the projectile in any piece is used in a blank 
charge, the grains are not subjected to the pressure under which 
they were designed to burn, and consequently they burn very 
slowly and many of them are ejected from the bore only parhially r 
consumed. The report made ' by the explosion under these cir
cumstances is unsatisfactory for saluting purposes. 

To produce a sharper report a more rapid evolution of gas is 
necessary, which requires, if smokeless powder is employed, the 
use of a smaller grain, or one that is porous through imperfect 
colloiding. It has been found that a satisfactory report can be 
obtained from a blank charge of smokeless powder only by the 
use of a grain so small or of such a nature that the rate of evolu
tion of the gas becomes excessive. This has resulted, in several 
instances, in. the bursting of the gun. 

For this reason black powder only has been used in saluting 
charges. A nitrocellulose powder, called the Thorn smokeless 
saluting powder, has recently given satisfactory results in blank 
charges. The powder is in flat cross'-shaped grains, about i of 
an inch in length and breadth. It is of low density and has the 
appearance of blotting-paper. 
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COMBUSTION OF POWDER UNDER CONSTANT 
PRESSURE. 

9. Quantity Burned when any Thickness has Burned.
Under constant pressure, as in the air, a grain of powder burns 
in parallel layers and with uniform velocity, in directions per
pendicular to all the ignited surfaces. 

Under the variable pressure in the gun powder burns with 
a variable velocity, but, as has been previously stated, modern 
smokeless powders burn accurately in parallel layers in the gun. 

. A determination of the volume burned when any thickness of 
layer is burned will therefore be useful when we come to con
sider the burning of the powder in the gun. 

Powders of irregular granulation may be considered as com
posed of practically equivalent grains of regular form. 

Let lo be one half the least dimension of the grain, 
l the thickness of layer burned at the time t, 
So the initial surface of combustion, 
S the surface of combustion at the time t, when a thick-

ness l haS been burned, . 
• S' the surface of combustion when l = Zo, 
Vo the initial volume . of the. grain, 
V the volume burned at the time t, 
F= VIVo the fraction of grain burned at the time t. 

The least dimension of the grain, Zlo, is called the web of the 
grain. As the burning proceeds equally in directions perpen
dicular to all the surfaces, the grain will, in most instances, be 
about to disappear when the thickness of layer burned is nearly 
equal to Zo. The surface S', corresponding to this thickness, is 
therefore called the vanishing surface. 

A general expression may be written for the burning surface 
ofa grain when a thickness l has been burned. Since a surface 
is a quantity of the second degree the expression will be of the 
form, 

(1) 
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in which a and b are numerical coefficients whose values depend 
on the form and dimensions of the grain. 

For grains that burn with a decreasing surface the sign of 
a in this equation will later be found to be negative, and for those 
that burn with an increasing surface the sign of b becomes nega
tive. 

The volume burned when any thickness l has been burned is 

And substituting for S its value from equation (1), 

(2) 

Dividing both members by Vo and introducing lo by multiplica
tion and division we have, for the fraction of the grain burned, 

a=Solo/Vo ).= alo/2So (3) 

we obtain 

l { l l2 } F=a- 1+,l.-+11-
lo lo 102 (4) 

This equation gives the value for the fraction of the grain 
burned when a length l has been burned; and as each grain : ip. 
a charge of powder burns in the same manner, the equation also 
expresses the value for the fraction of the whole charge burned. 

The quantities a, ,l., and p. are called the constants ofJorm 
of the powder grain. Their values depend wholly on the form 
c:l.nd relative dimensions of .the grain. 
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When Z=1o the whole grain is burned, F becomes unity, and 
we have the relation 

(5) 

which may always serve to test the correctness of the values 
of these constants as determined for any grain. 

10. Determination of the Values of the Constants of Form 
for Different Grains.-In the values of a, A, and fl, equations (3), 
the quantities So, 10, and Vo are known for any form of grain. 
We must know in . addition the values of a and b. 

When ·Z = 10 the volume burned is the original volume V 0 

and equation (2) becomes 

·V 8 a b 
0= OZO+'2102 +'3Z03 

The burning surface at this time, designated by 8', is, from 
equation (I), 

S' =So+alo +bZ0
2 

The values of a and b, if desired, may be derived from these 
two equations. 

Combining the two equations with equations (3) we obtain 
t~e following values for a, A, and p.. 

a=Solo/Vo } 
A=3/a-S' /80 -2 
fl=8' /80-2/a+1 

(6) 

The Vanishing Surlace.-The quantity 8', which represents 
the vanishing surface, or surface of combustion when l=1o, re
quires eicplanation. A spherical grain burning equally along all 
the radii becomes a point as l becomes equal to lo. S' for a 
sphere is therefore 0, and similarly for a cube. A cylindrical 
grain, of length greater than its diameter, becomes a line when' 
l = lo. S' is therefore 0 for this ~ylinder. A flat square grain 
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remains flat throughout the burning, its thickness being reduced 
until as l becomes equal to to there are two burning surfaces with 
no powder between them. S', in this case, is the sum of these 
two surfaces. 

PARALLEWPIPEDON.-Let 2lo be the least dimension, and m 
and n the other dimensions of the grain of powder, m being the 
longer. 

So= 4lom+ 4lon+2mn 
S' =2(m-2lo)(n...:...210) 
Vo= 2lomn 

Make x and y the ratios of the least dimension to the other dimen
sions of the grain 

x=2lo/m y=2lo/n 

With these valu~s we get from (3) for a 

Solo . 
a= Vo =2lo/n+ 210/m+l=1+x+y 

Eliminating the common factors in the values of S' and So 
we have, . 

S' mn-2lon-2lom+4l02 
So = 2lom+2lon+mn 

~d dividing each term by mn, 

Si 1-2lo/m-2lo/n+4l02/mn l-x-y+xy 
So = 2lo/n+210/m+l = l+x+y 

Substituting in equations (6), 

A=- x+y+xy 
l+x+y 
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. For the parallelopipedon grain, the general expression for the 
fraction of the grain burned when a thickness l has been burned 
therefore becomes, by equation (4), 

. l {. x+y+xy lxy l2 } 
F=(1+x+ y)yo 1- 1+x+y fo + 1+x+ylo2 (7) 

And by giving various values to x and y this equation may be 
applied to any form of the parallelopiped. . 

II. Cube.-For instance, for the cube m=n;"'2lo, and x and y 
are unity. Therefore 

a=3 p=1/3 
and 

(8) 

Strip.-For strips or ribbons of square cross section n=2lo 
and y=1, 

a=2+x 
x 

P=2+x 

If the strip is very long in comparison with the edge of cross 
section, x is practically zero and 

a=2 A=-1/2 p=o 

Square Flat Grairis.-For square flat grains X=y and 

a=1+2x A= _ x(2+,x) . 
1+2.x 

.' :".:. 1 
", ' r .' ,', , 

If the grains are very thin, x is small compared with unity and 

a=1 p=o 

As the surface and volum~ of a burning sphere of powder vary 
with the diameter in pr~cisely: the same manner that the surlace 
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. and volume of a cube vary with the edge of the cube, the values 
a, A, and p, see equations (6), will be the same for the sphere 
as for the cube. And similarly the values of these constants for 
a cylinder of length greater than its diameter will be the same as 
for the strips of square cross section, and the values for a flat 
cylinder will be the same as for the flat square grain. 

SPHERE.-For the sphere, 

a=3 A=-1 p=1/3 

the same as for the cube. 
12. SOLID CYLINDER.-For the solid cylinder of length greater 

than the diameter, d=21o and x=21o/ml 

a=2+x A=_1+2x 
2+x 

If the diameter is very small compared with the length, as in 
the slender cylinders or threads of cordite, 2lo is small with respect 
to m, x is small compared with unity, and approximately 

a=2 A=-1/2 p=O 

Therefore for cordite 

F=2!:.. {1-!.!:..} =1- (1_!:..)2 
lo 2lo lo 

FLAT CYLINDER.-2lo=thickness, d=diameter, x=2lo/d, 

a=1+2x A=- x(2+x) 
1+2x 

the same as for the flat square grain. 

(9) 

SINGLE PERFORATED CYLINDER.-Let R be the outer radius of 
the grain, r the radius of the perforation, and m the length of the 
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grain. Make x=2lo/m. By proper substitution we find, for the 
tubular grain in general, 

a=l+x 
x 

).=-
l+x p.=o 

If the grain is very long compared with its thickness of wall, 
x is small compared with unity. We then have 

a=l 
and 

).=0 

F=l/lo 

p.=o 

(10) 

This indicates for long tubes with thin walls a constant emis
sion of gas during the burning of the grain, since F now varies 
directly with l. 

13. MULTIPERFORATED CYLINDER.-A section of the service 
multiperforated grain before burning is shown in Fig. 1. The 

• • 
• • • 
• • 
FIG. 1. 

perforations are equal in diameter and symmetrically distributed. 
The web, 2lo, is the thickness between any two adjacent circum
ferences. When this t~ickness has burned the section is as shown 
in Fig. 2. . 

There remain now six interior and six exterior three-cornered 
pieces, called slivers, which burn with a decreasing surface until 
completely consumed. 

The method previously followed cannot be used to find the 
value of F for the multiperforated grain because the law of burn~ 
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ing for this grain changes abruptly when the grain is but partially 
consumed. 

To find the value of F for this grain we proceed as follows. 
Let R be the radius of the grain, r the radius of each perfora

tion, m the length of the grain. 
For the initial volume we have 

VO=7'CmCR2-7r2) 

When a thickness l is burned, R, r, and m become respectively 
R-l, r+l, and m-2l, and the volume remaining is obtained from 
the above equation by making these substitutions. The differ
ence between the two volumes will be the volume burned, and 
dividing this resulting volume by Vo we have the value of F. 
This may be reduced to 

For the service multiperforated grain we therefore have 

a= 
21oIR2-7r2+m(R+7r)1 

mCR2-7r2) 

lo{3m-2(R+7r)1 
R2-7r2+mCR+7r) 

610
2 

(11) 

(12) 

Equation (11) applies only while the web of the grain is burn
ing and does not apply to the slivers. 

The thickness of web bears the following relation to Rand r 
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in our service grains, as may be readily seen by drawing a diam
eter through any three perforations, Fig. 1. 

D-3d R-3r 
2lo = -4- = -2- (13) 

We will take a specific grain for use later to illustrate the 
burning of the multiperforated cylinder. The grains of a lot of 
powder for the 8-inch rifle had the following dimensions, in inches. 

R=0.256 r=0.0255 m=1.029 

Therefore, from (13), 10=0.044875. 
Substituting in (11), we obtain for this grain 

1 r 1 l2 } 
F=0.72667~11+0.19590~-0.02378l02 (14) 

When 1 = lo, that is, when the grain is reduced to slivers, 

F=0.85174 

from which we see that the slivers form about 15 pei' cent of this 
particular grain. 

14. Emission of Gas by Grains of Different Forms.-As 
the velocity of combustion under constant pressure is uniform, 
the time of burning will be proportional to the thickness of layer 
burned. 

We may conveniently show the manner of burning of the 
different grains by dividing the half 'Yeb into five layers of equal 
thickness, that is, by giving to the ratio l/lo, in the value of the 
fraction burned, the values 1/5, 2/5, etc., in succession, and 
then tabulating the resulting values of F. The successive values 
of F obtained will be the fractional parts burned in 1/5, 2/5, 
etc., of the total time of burning; and the differences of the suc
cessive values of F will be the fractions burned in the successive 
intervals of time. 
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The following table is formed from equations (8) , (9), and 
(14). For the multiperforated grain the fractions lj lo are frac
tions of the web only. 

Cube. 

I 
Slender Cylinder. Multiperfora ted Cylinder. 

li z" 
F. Difference. F . Difference. F. Difference. 

- -
0.0 0.000 0 .00 0 .00 

0.49 0 .36 0.15 
0 .2 0.49 0 .36 0 .15 

0 .29 0.28 0.16 
0.4 0.78 0.64 0.31 

0 .16 0 .20 0.17 
0.6 0 .94 0 .84 0.48 

0 .05 0 .12 0 .18 
0 .8 0 .99 0 .96 0 .66 

001 0.04 0.19 
- -- --

1.0 1.00 1.00 1.00 1.00 WebO .85 0.85 
0.15 
-

Whole grain 1.00 1.00 

Regarding the columns of differences in the table we see 
that nearly half of the cubical grain is burned in the first layer, 
and that the volume burned in the successive layers decreases 
continuously. The slender cylinder emits at first a less volume 
of gas than the cube and later a greater volume, that is, its burn
ing is more progressive. We have seen, equation (10), that the 
long tubular grain burns with a constant surface. The quantity 
of gas given off in the burning of each layer is therefore the same, 
and the grain is more progressive than the slender cylinder. The 
multiperforated cylinder burns with a continually increasing 
surface Wltil the web is consumed, and the volume of gas given 
off increases for each layer burned. 

Whether the burning surface of the multiperforated grain 
increases or decreases depends on the relation between the length 
of the grain and the radii of the grain and of the perforations. 
Referring to equation (11) it will be seen that when 

3m=2(R+7r) (15) 

."'" 
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the secolld term within the brackets disappears. m is the length 
of the grain. Giving to the multiperforated grain considered in 
equation (14) the length indicated in the last equation, we get 
m =0.29, and the value of F becomes 

1 { l2 ) 
F=0.94892

Zo 
1-0.08134Zo2 J 

A table formed from this equation will show that this grain 
burns with a continuously decreasing surface; the fractional 
volumes burned in the succc'3Sive intervals being 0.189, 0.186, 
0.178, 0.167, and 0.152. The sum of these, 0.872, is the frac
tion of the grain burned when the web ceases to bUrn. 

It is apparent that since the manner of burning of a multi
perforated grain depends upon the relation expressed in equa
tion (15), a grain may start to burn with an increasing surfacev 

and change, as the .length is· diminished, to burn with a decreas
ing surface. 

The multiperforated grains used in our service are of lengths 
considerably greater than that indicated in equation (15). The 
length of the grain is about 2t times the outer diameter. The 
diameter of the perforations is about 1/10 the exterior diameter 
of the grain. The grains burn with a continuously increasing 
surface until the web is burned, and then with a decreasing sur
face. 

The Weight of Charge Burned.-Assuming instant ignition 
of the whole charge, equation (4) expresses the value of the" frac
tion of the charge burned when any thickness, l, has burned. 

Let w be the weight of the charge, 
y the weight burned at any instant. 

The fraction of the charge burned is therefore y/w, which 
we may write for F in equation (4), and obtain 

(16) 
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15. Consideration as to · Best Form of Grain.- It would 
appear that the most desirable form of powder grain would be 
one that gives off gas slowly at first, starting the projectile before 
a high pressure is reached, and then with an increased burning 
surface and a more rapid evolution of gas maintaining the pres
sure behind the projectile as it moves down the bore. 

It is this consideration that has led to the adoption in our 
service of the multiperforated grain, which in the preceding 
discussion is shown to be the only practicable form of grain that 
burns with an increasing surface emitting successively increasing 
volumes of gas. The facilities for complete inflammation of the 
charge are .not as great in this grain as in some others, as the 
grains assume all positions in the cartridge bag, and do not pre
sent unobstructed channels to the flame from the igniter. We 
have seen, page 13, that when there is delay in the complete 
inflammation of the charge, excessive pressures, called wave pres
sures, may arise, due to the velocity acquired by the gases first 
formed. . . r 

The single perforated cylinder, or tubular grain, offers advan
tages in this respect. This grain when ·its length is great com
pared to the thickness of web, as when cut in lengths to fit the 
chamber, burns with a practically constant surface, as we have 
seen, equation (10). The charge is readily prepared by bind
ing the grains in bundles, and when so prepared offers perfect 
facilities for the prompt spread of ignition through the uniformly 
distributed longitudinal air spaces within and between the grains. 

While larger charges of powder in this form may be required, 
to produce a desired velocity, the advantages of greater uni
for~ity in velocities and pressures, and decreased likelihood of 
excessive pressures, will probably be obtained by its use. 

In the process of drying the tubular grain in manufacture 
the grain will warp excessively if too long with reference to its 
diameters. On this account and in order that the grain may 
serve for convenient building into charges its length is limited. 
The requirement of prompt ignition throughout the length of th& 
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grain also limits its length. Good results have been obtained with 
grains whose length was 85 times the outer diameter. 

VARIOUS DETERMINATIONS. 

16. To Determine the Number of Grains in a Pound.-Let 
n be the number of grains in a pound of powder, 

Vo the volume of each grain in cubic inches, 
(j the density of the powder. 

The volume occupied by the solid powder in one pound is 
evidently nVo; the volume of one pound of water is 27.68 cu. 
in.; and the volumes being inversely proportional to the den
sities, we obtain 

27.68 
n=--avo (17) 

and when the number of grains in a pound is known, we have 
for the density 

a=27.68 
nVo (18) 

To Determine the Dimensions of Irregular Grains.-Irreg
ular grains may be considered as spheres, and the mean radius 
may be determined as follows. Retaining the above significa
tions of nand Yo, let r be the mean radius of the grains in inches. 

Then Vo=4m-3j3. Substituting this in the above equation 
and solving for r we obtain 

1.8766 
r= (an)l 

Comparison of Surfaces.-Let 81 be the total initial surface 
of the grains in a pound of powder. As 8 0 is the initial surface 
of each grain, 
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substituting the value of n from (17) and the value of 8 0 from 
the first of equations (3) we obtain 

8
1 
= 27.68a (19) 

azo 
From which it appears that for two charges of equal weight, . 
made up of grains of the same density and thickness of web, 
the initial surfaces of the two charges are to each other as the 
values of a for the two forms of grain. For charges of equal 
weights composed of grains of the same shape and density the 
initial surfaces will be inversely proportional to the least dimen
sions of the grains. 

17. Density of Gunpowder.-The density, or specific gravity, 
of gunpowder is the ratio of the weight of a. given volume of solid 
powder to the weight of an equal 
volume of water. The density of 
charcoal gunpowders is determined 
by means of an instrument called 
the mercury densimeter, in which is 
obtained the weight of a volume of 
mercury equal to the volume of the 
powder. From the known specific 
gravity of the mercury that of the 
powder is readily determined. Mer
cury is used in the instrument instead 
of water because mercury possesses 
the property of closely enveloping 
the grains of powder without being 
absorbed into their pores, and it 
does not dissolve the constituents of 
~he powder. 

The densimeter is shown in the 
accompanying figure. The glass globe 
a is connected with an air pump by 

··c 

--e 

FIG. ·3. 

the rubber tube c. The lower outlet of the globe is immersed 
in mercury in the dish d. 
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Ai:, the globe is exhausted of air by mea~s of the air pump, the 
mercury is drawn upward until it fills the globe and stands at a 
certain height in the glass tube e. The globe is then detached, 
full of mercury, and weighed. It is then emptied, and a given 
weight of powder placed in it. The globe is then returned to its 

. original position; the air again exhausted, and mercury allowed to 
enter until it stands at the same height as before. The globe, 
now filled with mercury and powder, is again detached and weighed. 
With the difference of the two weights we may arrive at the 
weight of the mercury whose volume is equal to that of the powder, 
in the following manner. 

Let w be the weight of the powder, 
p the weight of the vessel filled with mercury, 
pI the weight of the vessel filled with mercury and powder, 
D the density of the mercury, about 13.56, 
J the density of the powder. 

Then pI - w = the weight of the mercury and vessel when the 
latter is partially filled with powder, 

P-(Pl-w)=the weight of the volume of mercury displaced 
by the powder. 

Since the weights of equal volumes are proportional to the 
densities, we have 

or 

w: p_pl+W:: ~:D 

~= wD 
P-P' +w 

The density of charcoal powders varies between 1.68 and 
1.85. 

SMOKELESS POWDER.-The nitrocellulose smokeless powders 
are affected by mercury; therefore if the densimeter is used in 
the determination of the densities of these powders, water must 
be used in the instrument in place of mercury. The density of 
large grained powders may be determined by weighing a grain 
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of the powder in air and in water. The difference of the weights 
in air and water is the weight of a volume of water equal to the 
volume of the grain. The density is then the weight in air divided 
by the difference of the weights. 

The density of smokeless powders varies from 1.55 to 1.58. 



CHAPTER II. 

MEASUREMENT OF VELOCITIES AND PRESSURES. 

a 

FIG. 4. 

18. Measurement of Velocity.
In measuring the velocity of a pro
jectile the time of passage of the 
projectile between two points, a 
known distance apart, is recorded 
by means of a suitable instrument. 
The calculated velocity is the mean 
velocity between the two points, 
and is considered as the veloc
ity midway between the points. In 
order that this may be done without 
material error, the two points must 
be selected at such a distance apart 
in the path of the projectile that the 
motion of the projectile between the 
points may be considered as uni
formly varying, and the path a right 
line. 

LeBoulenge Chronograph.-The 
instrument generally employed for 
measuring the time interval in the 
determination of velocity was in
vented by Captain Le Boulenge of 
the Belgian Artillery, and .is called 
the Le Boulenge Chronograph. It 
has been modified and improved by 
Captain Breger of the French Artil-

32 
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lery. The brass column, a Fig. 4, supporting two electromagnets, b 
and c, is mounted on the triangular bedplate d which is provided with 
levels and leveling screws. The magnet b supports the long rod CJ 

called the chronometer, which is ,enveloped when in use by a zinc or 
copp'er tube I, called the recorder. A nut above the recorder, shown 
in Fig. 10, holds the recorder fixed in place on the chronometer rod. 
The magnet c which supports the short rod g, called the registrar. 
is mounted on a frame which permits it to be moved vertically 
along the standard. Fastened to the base of the standard ' is the 
flat steel spring h which carries at its outer end the square knife { 
The knife is held retracted or cocked by the trigger j which is 
acted upon by the spring k. The chronometer' e hangs so that one 
element of the enveloping tube or recorder is close to the knife. 
When the knife is released by pressure on the trigger it flieS out 
under the action of the sprin.g h and indents the' recorder. The 
registrar g hangs immediately over the trigger. When the electric 

, circu~t through the registrar magnet is broken the registrar falls 
on the trigger and releases the knife. The tube l supports the 
registrar after it has fallen through it. Adjustable guides are 
provided to limit the swing of the two rods when first suspended. 
The stand or table on which the instrument is mounted is pro-

, vided with a pocket which receives the chronometer when it 
falls, at the breaking of the circuit that actuates its magnet. 
A quantity of beans in the bottom of the pocket arrests the fall 
of the chronometer without shock. 

In the use of the chronograph in measuring the velocity of 
a shot the following accessory apparatus is required: targets, 
rheostats, disjunctor, and measuring rule. 

Targets.-Two wire targets, each made of a continuous wire, 
Fig. 5, are erected in the path of the projectile. The targets 
form parts of electric circuits which include the electromagnets 
of the chronograph. Each magnet has its own target and its 
own circuit independent of the other. The circuit from the nearer 
or first target includes tne chronometer magnet; the circuit from 
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the second target includes the registrar magnet. On the passage 
of the projectile through the first target the circuit 
is broken, the chronometer magnet demagnetized, 
and the long rod, or chronometer, falls. When the 
projectile breaks the circuit through the second tar
get the short rod, or registrar, falls and, striking 
the trigger, releases the knife, which flies out and 

;7 marks the recorder -at the point which has been 
brought opposite the knife by the fall of the chro
nometer. 

FIG. 5. In some instruments the chronQmeter circuit is 
led through a contact piece not shown, carried by the spring h, 
and so arranged that the chronometer circuit cannot be closed 
until the knife is cocked. This arrangement prevents the loss of 
a record through failure to cock the knife when suspending the 
rods before the piece is fired. 

The first target must always be erected at such a distance 
from the gun that it will not be affected by the blast. For small 
arms it is placed three feet from the muzzle and consists of fine 
copper wire wound backward and forward over pins very close 
together. For cannon it is placed from 50 to 150 feet from the 
muzzle, depending upon the size of the gun. For the measure
ment of ordinary velocities the targets are usually placed 100 
feet apart for small arms and 150 feet for cannon. 

The second target for small arms consists of a steel plate to 
stop the bullets, having mounted on its rear face, and insulated 
from it by the block w, Fig. 6, 
a contact spring 8, contact pin p, 
and their binding· screws. When 
the bullet strikes the plate the 
shock causes the end of the spring 
to · leave the pin, and thus breaks 

FIG. 6. 

the circuit, which is immediately reestablished by the reaction of 
the spring. By means of this device constant repairing of the 
target is avoided. 
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19. The Rheostat.-Both circuits are led independently 
through rheostats, by means of which the resistance in the cir
cuits may be regulated, and the 

. strength of the currents through 
the two magnets equalized. One 
form of rheostat is shown in 
Fig. 7. The current passes through 
the contact spring a and through 
a German silver wire wound in 
grooves on the wooden drum b. 
By turning the thumb nut c the 
contact spring is shifted, and more 
or less of the wire is included in 
the circuit. 

Another form of rheostat, 
through which both circuits pass 
independently, is shown in Fig. 8. 

c 

FIG. 7. 

o Each current passes through a strip of graphite, a, and the resist
ance in the circuit may be increased or diminished by sliding the 

FIG. 8. 

contact piece b so as to include a greater or less length of the 
graphite strip in the circuit. 

The Disjunctor.-Both circuits also pass independently through 
an instrument called the disjunctor, by means of which they may 
be broken simultaneously. The disjunctor is shown in elevation 
and part section in Fig. 9; The two halves of the instrument are 
exactly similar. The two contact springs c, weighted at their 
free ends, bear against insulated contact pins e, supported in the 
same metal frame d. The frame is pressed upward against the 
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spring catch h by two other contact springs, I. The electric cir
cuit passes from one binding post through the parts I, e, c, and a 
to the other binding post. 

On the release of the spring catch h the frame d flies upward 
under the action of the springs 1 until stopped by the pin g. 

FIG. 9. 

At the sudden stoppage of the movement the weighted ends of 
the contact springs simultaneously leave the contact pins, thus 
breaki~g both circuits momentarily. Mounted on a shaft ,are two 
hard rubber cams, b, which bear against other springs, a, in the 
two circuits. On turning the cam shaft the connection between 
the parts a and c is broken, breaking both electric circuits, but 
not necessarily simultaneously. The circuits are habitually 
broken in this manner except when taking disjunction or records 
in firing, . 

20. Disjunction.-By means of the disjunctor both circuits 
are broken at the same instant. The mark made by the lmife 
under these circumstances is called the disjunction mark, and its 
height above a zero mark made by the knife when the chronometer 
is suspended from its magnet is evidently the height through which 
a free falling body moves in the time used by the instruIflent in 
making a record. This time includes any difference in the tim~ 
.required for demagnetization of the two magnetf,l, the timE;) occu-
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pied by the registrar in falling, and the time required for the 
knife to act. 

From the height as measured we obtain the corresponding 
time from the law of falling bodies, 

t= (2h/g)<t 

N ow when the circuits are broken by the projectile the chro
nometer begins to fall before the registrar. The mark made by 
the knife will therefore be found above the disjunction mark. If 
we measure the height of this second mark above the zero, the 
corresponding time is the whole time that the chronometer was 
falling before the mark was made, and to obtain the time between 
the breaking of the circuits we must subtract from this time the 
time used by the instrument in making a record, or the time cor
responding to the disjunction. Let hI and h2 represent the heights 
of the disjunction and record marks respectively, tI and t2 the 
corresponding times. Let t be the time between the breaking of 
screens, then 

It will be seen by the equation that the difference of the times, and 
~l[)t the difference of the heights, must be taken. 

FIXED DISJUNCTION.-For the velocity at the middle point 
bl?tween targets we have, representing by s the distance between 
t,Jle targets, 

v=s/t 

8~\bstituting for t its value, we have 

. ~l'om this equation we see that if the value of s, and of (2hdgii, 
the disjunction, pe fixed, the values of v can be calculated for 
all va1ues of h2 within the limits of practice, and tabulated. This 
has been done for the values s = 100 feet and (2hr/g)t =0.15 sec-
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onds. This value of (2hdg)! is called the fixed dis
junction. If such · a table is not at hand, the fixed 
value of the disjunction avoids the labor of calculating 
(2hdg)t for each shot. 

In this case 
t=t2-0.15 sec. = (2h2/g)i-0.15. 

In ordinary practice it is better to take the disjunc
tion at each shot, and to keep the disjunction mark 
near the disjunction circle, but not necessarily on it. 
The times corresponding to the heights of the disjunc
tion and record marks are both read from the table, and 
with the difference of these times the velocity is taken 
from another table. 

Measuring Rule.-For measuring the height of the 
mark on the recorder above the zero mark there is pro
vided with the instrument a rule graduated in milli
meters, and with a sliding index and vernier, the least 
reading being -lo of a millimeter. The swivelled pin at 
the end of the rule, Fig. 10, is inserted in the hole through 
the bob of the chronometer, and the knife edge of the 
index is placed at the lower edge of the mark whose 
height is to be measured. The height is then read from 
the scale. Tables are constructed from which can be 
directly read the time corresponding to any height in 
millimeters within the limits of the scale. The maxi
mum time that can be measured with this chronograph 
is limited by the length of the chronometer rod, and is 
about 0.15 of a second. 

21. Adjustments and Use.~The instrument must 
be properly mounted on a stand at such a distance from 
the gun that it will not be affected by the shock of dis
charge. The electrical connections with the batteries 
and targets, through the rheostats rand disjunctor d, 

FIG. 10: are made as shown in Fig. 11. 
To' adjust the instrument, first level it by the level, 
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ing screws, cock the knife, and suspend the chronometer rod, en
veloped by the recorder, from its magnet. See that the recorder 
hangs close to the knife and that no part of the base of the rod 
touches any part of the instrument. The guides must be close to. 
but not touching, the bob of the chronometer. Depress tl-,e 

C::§@Cl==~'---------- ----------------------+Ittlttlttliit 

F IG. 11. 

trigger. The knife will mark the recorder near the bottom. This 
mark is the zero from which all heights are measured, and the 
knife edge on the measuring rule index must be so adjusted that 
the zero of the vernier shall coincide with the zero of the scale 
when the knife edge is in the mark. The adjustment of the knife 
is made as follows. Place the sliding index so that the zero of the 
vernier is at the zero of the smile on the rule. Clamp the index 
and apply the rule to the chronometer. Loosen the screws that 
hold t~e knife ani adjust the knife edge to the zero mark on the 
recorc1er. Tighten the knife screws. After ihis adjustment, 
slide the index to the mark Disjunction on the rule, and letting 
the knife edge bear against the recorder turn the recorder around 
the chronometer rod. The knife edge will scribe a circle on the 
recorder, and the mark made at disjunction should fall on or near 
this circle. 
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To regulate the strength of the magnets each of the rods is 
provided with a tubular weight, one tenth that of the rod. Place 
the proper weight on each rod and suspend the rods from their 
magnets. Increase the resistance in each circuit by slowly mov~ 
ing the contact piece of the rheostat until the rod falls. Remove 
the weights from the rods and again suspend the rods. Take 
the disjunction. If the bottom of the mark made by the knife 
does not lie on or near the circle previously scribed on the recorder, 
raise or lower the registrar magnet until coincidence is nearly 
obtained. 

Test the disjunctor by shifting the two circuits. The height 
of disjunction should remain the same. 

Test the circuits by suspending the rods and causing the 
circuits to be broken successively at the two targets. Note that 
the proper rod falls as each circuit is broken. 

Always suspend the chronometer rod with the same side of 
the bob to the front, and always, before suspending it, press 
the recorder hard against the bob. After each record turn the 
recorder slightly on the rod to present a new element to the knife. 

Circuits should always be broken at the disjunctor when 
the rods are not actually suspended, and the rods should be 
allowed to remain suspended as short a time as possible. 

Measurement of Very Small Intervals of Time.-For the 
measurement of very small time intervals the registrar mag
net is raised to near the top of the standard and placed in the 
circuit with the first target. The chronometer magnet is put 
.in the circuit with the second target. . Under this arrangement 
the disjunction mark will be made near the top of the recorder 
and the record mark under the disjunction. The interval of 
time measured is obtained by subtracting the time corresponding 
to the height of the record mark, from the time of disjunction. 
The object of this arrangement is to obtain the record when the 
chronometer has acquired a considerable velocity of fall, so. that 
the scale of time will be ·extended, and small errors of reading 
will not produce large errors in time. 
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22. Schultz Chronoscope.-The Le Boulenge chronograph 
measures a single time ' interval only. When it is desired to 
measure the intervals between several successive events an instru~ 
ment that provides a more extensive time scale is required. 

The Schultz Chronoscope is an instrument of this class. An 
electrically sustained tuning fork, c, Fig. 12, whose rate of vibra
tion is known, carries on one tine a. quill point b which bears 
against the blackened surface of the revolving cylinder a and 
marks on it a sinusoidal curve which is the scale of time. By 

FIG. 12. FIG. 13. 

giving motion of translation to the cylinder past the fork the 
time scale may be extended helically over the whole length of 
the cylinder. The records of events, such as the passage of the 
shot through screens, are made by the breaking of successive 
circuits which pass through the Marcel Deprez registers shown 
at e, Fig. 12, and in Fig. 13. When the circuit is broken the 
magnet e, Fig. 13, is demagnetized, and the spring g rotates the 
armature f and the quill h attached to it. This marks a bend 
or offset in the trac,e of the quill on the revolving cylinder, and 
the point of the bend referred to the time scale marks the instant 
of the breaking of the circuit. 

.. ' 
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It will be noted that the tuning fork has a constant lead with 
respect to any register. The point of the time scale that corre
sponds to any point on a register record is found at the length . of 
this lead from the point on the time scale opposite the given point 
on the register record. 

The Sebert Velocimeter.-This instrument is used to record 
the movement of the gun in recoil. A blackened steel ribbon, S" 

FIG. 14. 

:fig. 14, is attached by the wire T to a bolt projecting from the 
trunnion of the gun. As the gun recoils it pulls the ribbon past 

the registers R and the tuning fork A, whose rate 
o of vibration is known. The quill on the tuning 

fork marks the time scale on the blackened rib-

FIG. 15. 

bon as shown by the curve t, Fig. 15. The time 
occupied by the gun in traversing any length is 
obtained by laying off this length on the time 
scale and counting the vibrations and parts of a 
vibration included. The right line through the 
centre of the time scale is made by pulling the 
ribbon past the fork when the fork is not vibrating. 
The line assists in the count of the number of 
double vibrations in any length. 

The time scale is therefore a complete record of the move
ment of the gun; and by measuring from it the length travelled 
by the gun during any vibration of the fork the velocity of · the 
gun at the middle instant of the vibration may be determined. 
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When the gun moves in free recoil, that is, when it is so mounted 
that it recoils horizontally and with very little friction, the ve
locities of the projectile may be determined from the velocities 
of the gun; and the pressures necessary to produce these veloci
ties in the projectile may then be determined. 

The registers have no function in the measurement of the 
reCbil proper, but may be used to record any event happening 
while the recoil record is being made. The instant of the de
parture of the projectile from the bore is usually thus recorded, 
and independent measurement of the velocity of the projectile 
between points in the bore may also be made. 

Two register records are shown by the lines T, Fig. 15, the 
event recorded by each register having occurred when the offset 
at S waS made. The time that elapsed between the beginning 
of movement and the occurrence of the event recorded is obtained 
by laying off on the time scale the length from the origin of the 
register record to the offset. 

Methods of Measuring' Interior Velocities.-Two methodsr 
that have been used in determining the instant of the projec-

FIG. 16. 

tile's passage past selected points in the bore are shown in Figs. 16 
and 17. 

FIG. 17. 

Some circuit breaking device is used at the points selected, 
and the electric wires are led to any suitable velocity instru
ment. 
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23. Measurement of Pressures.-Pressures in cannon are di
rectly measured by means of the pressure gauge shown in Fig. 18. 

In the steel housing h are assembled the steel piston p and the 
copper cylinder c, which is centered by the steel spring or rubber 

FIG. 18. 

washer w.The housing is closed by the screw 
plug s. A small copper obturating cup 0 pre
vents the entrance of gas past the piston, and 
a copper washer performs the same office at 
the joint between the housing and the closing 
plug. A series of grooves a, called air packing, 
is sometimes cut near the bottom of the piston, 
and assists in obturation in the case of a defect 
in the copper cup. Any gas that may pass 

the cup has its tension materially reduced by expansion' into the 
successive grooves. 

In another form of gauge the housing is threaded on the 
exterior and the gauge is screwed into a socket provided in the 
head of the breech block. 

The gauge is placed in the gun behind the powder charge, 
or is inserted in its socket in the breech block. When the gun 
is fired the pressure of the powder gases is exerted against the 
end of the piston and the copper cylinder is compressed. The 
compression is manifestly due to the maximum preS8ure exerted 
in the gun. The length of the cylinder is measured both before 
and after firing, and the compression due to the pressure is deter
mined. With the compression thus obtained the pressure per 
square inch that produced it is read at once from a tarage table 
previously constructed. 

The Tarage Table.-The copper cylinders are cut in half
inch lengths from rods very uniformly rolled and carefully an
nealed. The compression of the cylinders under different loads 
is determined in a static pressure machine. It is assumed that 
the compression obtained in firing is due to a load on the piston 
of the pressure gauge equal to the load that produced the same 
compression in the static machine. The pressure per square 
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inch in the gun may therefore be obtained by dividing the static 
load that corresponds to the observed compression by the area 
of the piston in the pressure gauge. Knowing the area of the 
piston used, the table of compressions and corresponding pres
sures per square inch is readily constructed from the results 
obtained in the machine. 

The area of piston in cannon gauges is l/ 10 of a square 
inch, and in the small-arm pressure barrel, lho of a square 
inch. 

Initial Compression.-When the pressure in the gun is high 
the compression of the copper is considerable, and the piston 
acquires an appreciable velocity during the compression. The 
energy of the piston due to this velocity adds to the compres
sion that would result from the pressure alone, andtonsequently 
the measured compression is greater than the compression that 
corresponds to the true pressure. The energy of the piston 
may be reduced in two ways: by reducing its weight, and by 
limiting its travel and accompanying velocity. The pistoil iSl'· 
made as light as possible consistent with the duty it has to per~ 
form. To limit its travel the copper cylinders are initially com;.. 
pressed before using, by a load corresponding to a pressure 
somewhat less than that expected in the gun. Further com
pression of the copper will not occur until the load applied in the 
gun is close to that used in the initial compression. 

The general practice is to use a copper initially compressed 
by a load corresponding to a pressure about 3000 Ibs. less than 
that expected in the gun. Thus if a pressure of 35,000 Ibs. is 
expected; a copper initially compressed by a load correspond
ing to 32,000 Ibs . . per square inch is used. 

Sma11-arm Pressure Barrel.-In the measurement of pres
sures in smaJl arms a specially constructed barrel whose bore 
is the same as that of the rifle barrel is used. The piston of the 
pressure gauge passes through a hole bored through the barrel 
over the chamber, and a steel housing erected over this part of 
:the barrel servesa.s~n anvil for the copper cylinder. 
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A hole is bored through the metallic cartridge case to per
mit the powder gases to act directly on the end of the 
piston. 

24. The Micrometer Caliper.-The micrometer caliper, Fig. 
19, is used for measuring the lengths of the copper cylinders 
before and after firing. This instrument is used generally for the 
measurement of ehort exterior lengths. 

FIG. 19. 

The movable measuring point p has a screw thread of forty 
turns to the inch cut on its shaft. One turn of the attached 
micrometer head m therefore moves the point one fortieth or 
25 thousandths of an inch. By means of the scale on the 
spindle and the 25 divisions on the micrometer head m the dis
tance that separates the measuring points can be read to the 
one-thousandth of an inch, and by further subdividing the divi
sions on the head by the eye, readings to the ten-thousandth of 
an inch may be made. The figure represents the points as sepa 
rated by 0.2907 inches. 

The Dynamic Method of Measuring Pressures.-This con 
sists in determining the velQcities of the gun in recoil, as by the 
Sebert velocimeter, or of the shot at different points of the bore 
The differences of the velocities divided by the corresponding 
differences of the times give the accelerations, and the corre
sponding pressures are obtained by multiplying the accelera
tions by the mass. A pressure obtained in this manner is 
evidently only the pressure required to produce the observed 
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a~celeration in a body whose mass is that of the gun or of 
the projectile. That part of the pressure expended · in over
coming the friction of the projectile in the bore and in giving 
rotation to the projectile is neglected. The measured pressure 
is consequently less than the true pressure exerted in the 
gun. 

Comparison of the Two Methods.-When the same pressure 
in the bore is measured by the dynamic method and by the pres
sure gauge the result obtained dynamically is usually the greater, 
and this notwithstanding the fact, as just explained, that the 
dynamically measured pressure is less than the true pressure. 
This causes doubt as to the correctness of the pressures recorded 
by the gauge. 

In the gun the compression of the copper is effected in a very 
small fraction of the time required in the static machine that 
produced the tarage, and as the maximum pressure in the gun 
is instantly relieved, it is held that the metal of the copper cylinder 
has not time to flow under this pressure, and consequently that 
the compression is less than it would be under the same load 
in the static machine. The pressure as obtained from the com
pression in the gauge is therefore less than the true pressure in 
the gun. 

On the other hand Sarrau, an eminent French investigator, 
concludes from many experiments that with gunpowder, when 
the pressure gauge is placed in rear of the projectile, the com
pressions will agree with the tarage. The maximum pressure 
in the gun is reached in a very short time, but the time is appre
ciable. Therefore the application of the pressure resembles in 
some degree that of the force producing the tarage. When 
high explosives are used, or when with gunpowder the pressure 
gauge is placed anywhere in front of the base of the projectile so 
that the gas strikes it suddenly upon the passage of the projectile, 
the rate of application of the force is so great that as a general 
rule the true pressure is measured by the tar age corresponding to 
half the actual compression of the cylinder. 
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Though these differences of opinion as to the correctness of the 
pressure gauge exist, the gauge itself is in general use. It affords 
the most convenient method of getting a measure of pressure, and 
serves to compare the measured pressure with what is known 
from experience to be a safe pressure in the gun. 



CHAPTER III. 

INTERIOR BALLISTICS. 

25. Scope.-Ballistics is the science that treats of the motion 
of projectiles. 

Interior ballistics is concerned with the motion of the projectile 
while in the bore of the gun, and includes a study of the condi
tions existing in the bore from the moment of ignition of the 
powder charge to the moment that the projectile leaves themuz
zle. The circumstances attending the combustion of the powder, 
the pressures exerted by the gases at different points of the bore, 

r
and the velocities impressed upon the projectile are the subjects 
of investigation; and the practical results of the study lie in the 
application of the deduced mathematical formulas which connect 
the trav.el of the projectile with the velocities and pressures. By 
means of the formulas we may determine the stresses to which a 
gun is subjected from the pressure of the powder gases, and the 
dimensions of chamber and of bore, and the weight of powder, to 
produce in a given projectile a desired velocity. The action 'of 
different powders may be compared and the most suitable powder 
selected for a particular gun. The interior pressures at all points 
along the bore being made known, the thickness required in the 
walls of the gun to safely withstand these pressures are deter
mined from the principles of gun construction, to be studied 
later. 

Early Investigations.-In 1743 Benjamin Robins described, 
before the Royal Society of England, experiments that · he had 
made to determine the velocities of musket balls when fired with 

49 
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given charges of powder. To measure the velocities he invented 
the ballistic pendulum, which consisted simply of a large block of 
wood suspended so as to moye freely. The bullet was fired ip.to 
the block of wood, and the velocity impressed upon the pendulum 
was measured. By equating the expressions for the quantities . 
of motion in the bullet before striking the pendulum, and in the 
pendulumaiter receiving the bullet, the velocity of the bullet was 
obtained. The gun pendulum, which consisted of a gun mounted 
to swing as a pendulum, was also invented by Robins. Among 
other deductionsinade from his experiments Robins announced 
the following. The temperature of explosion is at least equal to 
that of red-hot iron; the maximum pressure exerted by the powder 
gases is equal to about 1000 atmospheres; the weight of the per
manent gases is about three tenths that of the powder, and their 

. volume at atmospheric temperature and pressure about 240 times 
that occupied by the charge. 

Dr. Charles Hutton, Professor in the Royal Military Academy, 
Woolwich, continued Robins's experiments, 1773· to 1791, improv
ingand enlarging the ballistic pendulum so that it c<?uld receive 
the impact of one-pound balls. He verified Robins's deductions 
as to the nature of the gases, but put the temperature of explosion 
at double that previously deduced, and the maximum pressure at 
2000 atmospheres. Hutton produced a formula for the velocity 
of a spherical projectile at any point of the bore, upon the assump
tion that the combustion of the charge is instantaneous and that 
the expansion of the gas follows Mariotte's law,-no account 
being taken of the loss of heat due to work performed-a principle 
which, at that time, was unknown. 

In 1760 the Chevalier D' Arcy made the first attempt to deter
mine dynamically the law of pressure in the bore by successively 
shortening the length of the barrel and measuring the velocity of 
the bullet for each length. The pressures were determined from 
the calculated accelerations. 

In 1792 Count Rumford, born in the United States, endeavored 
to make direct measurement of the pressure exerted by fired gun-
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powder by measuring the ma,ximum weights lifted by different 
. . charges fired in a small but very strong wrought iron mortar, or 

eprouvette. He determined a relation existing between the pres
sure of the powder gases and their density. The maximum pres- · 
sure that would be exerted by the gases from a charge that com
pletely filled the chamber was, as calculated by Rumford, about 
100 tons to the square inch. Noble and Abel, in their later 
experiments, arrived at 43 tons per square inch as the maximum 
pressure under these conditions. Their value is now accepted as 
being very near the truth. The great difference inthe two deter
minations is probably due to the fact that Rumford deduced his 
value for the maximum pressure from experiments with small 
charges that did not fill the chamber, so that the energy of the 
gases was greatly increased by the high velocity they attained 

. before acting on the projectile. . 
Later Investigations.-In the years 1857 to 1860 General Rod

man of the Ordnance Department, United States Army, conducted 
the experiments that resulted in the change of form of powder 
grains and their variation in size according to the caliber of the 
gun. He devised the pressure gauge for directly measuring the 
maximum pressures of the powder gases. His gauge differed from 
the pressure gauge now in use, only in the method employed to 
record the pressure. The piston of the gauge carried at its inner 
end a V-shaped knife, and the amount of the pressure was read 
from the length of the cut made by the knife in a disk of copper. 
General Rodman was also the author of the principle of interior 
cooling of cast iron cannon, by the application of which principle 
the metal surrounding the bore of a gun was put under a perma
nent compressive strain which greatly increased the resistance of 
the gun to the interior pressures. 
. In 1874 Noble and Abel announced the results of their experi
ments on the explosion of gunpowder in closed vessels. As the 
ballistic formulas now in use are based largely on the results of 
Noble and Abel's experiments, these will later be more fully 
described. 
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26. Gravimetric Density of Powder.-The density of powder 
is, as has been explained on page 29, the ratio of the weight of a 
given volume of powder to the weight of an equal volume of . 
water. In determining density the volume considered, is the; 
volume actually occupied by solid powder . 

. Gravimetric Density is the mean density of the contents of the 
volume that is exactly filled by the powder charge. The air 
spaces between the grains are considered as well as the solid 
powder in the charge. The gravimetric density is obtained by 
dividing the weight of the charge by the weight of water that 
will fill the volume occupied by the charge. It is evident that if 
a solid block of powder of a given density is broken up into grains, 
the volume occupied by the powder will increase and will be , 
dependent on the form and size of the grains. While the actual 
density of the solid powder does not. change, the gravimetric den
sity will depend upon the granulation. 

A cubic foot of powder is usually taken in determining gravi
metric density. A cubic foot of water weighs 62.425, lbs. 

Let r be the gravimetric density of the powder, 
W the weight of a cubic foot of powder. 

Then, by definition, 
r= W/ 62.425 

If the chamber of the gun were filled with a solid cake of 
powder, the value of r would be the density of the powder. In 
practice the value of r usually lies between,O.875 and 1.0, though 
sometimes the value unity is exceeded. ' 

The space actually occupied by the solid powder in a given 
volume is determined as follows-. 

Let V be the total volume occupied by the powder, 
v the volume of the solid powder" 

Since volumes of equal weights are inversely as the densities,· 
we have 

V:v: :a:r 'or r v=-V a 
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It is evident from this equation that when the gravimetric 
density of the powder is unity, the volume of the solid powder is 
equal to the volume of the charge multiplied by the reciprocal 
of the density of the powder. 

If r=1.00 and tJ=1.76 (a mean value for charcoal powders), 
we have 

v=.57V (21) 

• That is, the volume occupied by the solid powder in a charge is 
about .57 of the total volume of the charge. 

27. Density of Loading.-Density of loading is the mean den
sity of the contents of the whole powder chamber. In addition 
to the solid powder and the air spaces between the grains, the 
space in the chamber not occupied by the powder charge is also 
considered. The density of loading is obtained by dividing the 
weight of the charge by th~ weight of water that will fill the 
powder chamber. 

Let J be the density of loading, f' 

w the weight of the charge in pounds, 
C the volume of the chamber in cubic inches. 

Then, since one pound of water occupies 27.68 cubic inches, 
,C/ 27.68 will be the weight of water that will fill the chamber, and 

J = w -+- C / 27.68 =27.68w/ C (22) 

If instead of the cubic inch and pound we use as units the cubic 
decimeter and kilogram; the number of cubic decimeters in the 
volume of the chamber will express at once the weight of water in 
kilograms that will fill the chamber, since one kilogram of water 
occupies a volume of one cubic decimeter. Using metric units 
the above expression therefore becomes 

J =&/C (23) 

The density of loading may also be expressed in terms of the 
density of the powder as follows. 
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Let C' be the volume in cubic inches occupied by the solid 
powder of the charge; iJ the density of the powder. iJC' will 
then be the volume of an equal weight of water, and 

6J = iJC' /27 .68 (24) 

which, substituted in equation (22), gives 

(25) 

The accompanying figure will serve to illustrate the difference 
between density, gravimetric density, and density of loading. The 

figure represents a section of the whole chamber 
of a gun charged with powder to the line A. The 
density of loading is in this case the weight of 
powder below the line A divided by the weight of 
water that will fill the whole chamber. The gravi
metric density is the weight of the powder divided 
by the weight of water that will fill all that part 
of the chamber below the line A. Now consider

ing -the powder charge as compressed into a solid mass at the 
bottom of the chamber, represented by the black portion, the 
density of the powder will be its weight divided by the weight of 
water that will fill this black portion. As the weight of water 
that will fill each volume is equal to the volume in cubic inches 
divided by 27.68, we have: 

27.686J 
Density of Loading, '.::1 = vol. of ohamber 

27.686J 
Gravimetric Density, r = vol. of charge 

Density, iJ- 27.686J 
- voL of solid powder 

Using metric units the factor,27.68 will be omitted. 
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28. Reduced Length of Powder Chamber.-For convenience in 
the mathematical deductions the volume of the powder chamber 
is reduced to an equal volume whose cross section is the same as 
the cross section of the bore. The length of this volume is called 
the reduced length of the powder chamber . 

Let Uo be the reduced length of the chamber, 
w the area of cross section of the bore, 
C the volume of the chamber, 
d the diameter of the bore. 

Then 
C = UoW = uo7td2/4 

: and 

uo=4C/7td2 (26) 

Reduced Length of Initial Air Space.-The air space in the 
' loaded chamber, which includes all the space in the chamber not 
occupied by solid powder, is also reduced to a volume whose r 
cross section is that ~f the bore. The length of this volume is 
called the reduced length of the initial air space, 

Let Zo be the reduced length of the initial air space, in inches. 
Then, since C is the volume of the chamber and C' the volume 

of the solid powder, 

C-C' 
zo=-w-

Substituting for C and C' their values from equations (22) 
and (24) 

ZOW=27.68w(~-- ~) 

Make 
b- t1 

a=--
.de} 

(27) 

Then ZoltJ = 27.68aw (28) 
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and since w=7rd2j 4 

Zo = 35.2441awjd2 = [1.54709]awj d2 (29) 

the number in square brackets being the logarithm of 35.2441. 
Problems.-1. The volume of the chamber of the 3-inch field 

. rifle is 66.5 cu. in. The weight of the charge is 26 oz. Density 
of the powder 1.56. What is the density of loading, and what is 
the reduced length of the initial air space? 

Ans. J =0.6764, 
Zo = 5.33 inches. 

2. If the gravimetric density of the powder in the last example 
is unity, how many pounds will the chamber hold? 

2.4lbs. 
3. The reduced length of the initial air space in the 8-inch 

rifle loaded with 80 lbs .. of powder, density 1.56, is 43.72 incbes. 
What is the capacity of the chamber? 

0=3617 cu. in. 
4. The 5-inch siege gun has a chamber capacity of 402.5 cu . . 

in. What is the density of loading with a charge of 5.37 lbs.? 
J =0.3693. 

5. The 4-inch rifle when loaded with 12 lbs. of sphero-hex
agonal powder has a density of loading of 0.915. What is the 
chamber capacity? 

0=363 cu. in. 
6. The 12-inch rifle has a chamber capacity of 17487 cu. in. 

The density of loading is 0.5936. What is the weight of the 
charge, and what is the volume of the solid powder in the charge? 
cl=1.56. 

w = 375 lbs. 
Solid volume = 6654 cu. in. 

7. What is the reduced ler.gt4 of the initial air space in the 
last example? . 

Zo=95.79 inches. 
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8. The chamber capacity of the 6-inch rifle is 2114 cu. in. 
What is the reduced length of the chamber? 

Uo = 74.77 inches. 

PROPERTIES OF PERFECT GASES. 

29. Mariotte's Law.-At constant temperature the ~nsion, or 
pressure, of a gas is inversely as the volume it occupies. 

As the density of a gas is inversely as its volume, this law may 
also be expressed: At constant temperature the pressure of a gas 
is proportional to its density. 

Let v be the volume of a given mass of gas, 
p its pressure in pounds per unit of area. 

Then if the volume occupied by the gas be changed to Vo, the 
temperature of the gas being kept constant, the pressure will 
change according to the law 

vp = constant 

Let po represent the normal atmospheric pressure, barometer 
30 inches; 

po = 14.6967 pounds per square inch, 
or 103.33 kilograms per square decimeter; 

Vo the volume of unit weight of a gas at 0° C. tmder normal 
atmospheric pressure. 

Then by Mariotte's law, at 0° C., 

VP=VoPo (30) 

Specific Volume.-The sJ(ecific volume of a gas is the volume 
of unit weight of the gas at zero temperature and under normal 
atmospheric pressure. Vo in the above equation is the specific 
volume of the gas. 

In English units the specific ;volume of a gas is the number of 



58 ORDNANCE AND GUNNERY. 

cubic feet occupied by a pound of the gas under the abo'ye condi
tions. 

Specific Weight.-The specific weight of a gas is the weight of . 
a unit volume of the gas at zero temperature and under normal 
atmospheric pressure. It is the reciprocal of the specific volume. 

Gay-Lussac's Law.-The coefficient of expansion of a gas is 
the saine· for all gases; and is sensibly constant for all tempera
tures and pressures. 

Let Vo be the specific volume of a gas, Vt its volume at any 
temperature t, and ex the coefficient of expansion. Then the 
variation of volume under constant pressure by Gay-Lussac's law 
will be expressed by the equation 

or 

Vt- Vo =extvo 

vt=vo(l+ext) 

The value of ex is approximately 1/273 of the specific volume 
for each degree centigrade. The above equation may therefore be 
written 

(31) 

30. Characteristic Equation of the Gaseous State.-The last 
equation, which expresses Gay-Lussac's law, may be combined 
with Mariotte's law, introducing the pressure p. 

Let x be the volume that Vt would become at 0° C., under the 
pressure Pt. Then by Gay-Lussac's law 

Vt=x(l+ext) 

but by Mariotte's law 
PtX=povo 

whence, eliminating x, 

Povo 
p,v, = povo(l + at) = 273 (273 + t) 
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Since Povo/273 is constant for any gas, put 

R=povo/273 (32) 

whence, dropping the subscripts as no longer necessary, 

pv = R(273 + t) 

The temperature (273 + t) is called the absolute temperature 
of the gas. It is the temperature reckoned from a zero placed 273 
degrees below the zero of the centigrade scale. Calling the abso
lute temperature T there results finally 

pv=RT (33) 

which is called the characteristic equation of the gaseous state, and is 
simply another expression of Mariotte's law in which the tem-
perature of the gas is introduced. Y 

Equation (33) expresses the relation that always exists between 
the pressure, volume, and absolute temperature of a unit weight 
of gas. To apply it to any gas, substitute for Vo in the value of 
R, equation (32), the specific volume of the particular gas. 

For any number w units of weight occupying the same volume 
the relation evidently becomes 

pv=wRT (34) 

A gas supposed to obey exactly the law expressed in equation 
(33) is called a perfect gas, or is said to be theoretically in the per
fectly gaseous state. This perfect condition represents an ideal 
state toward which gases approach more nearly as their state of 
rarefaction increases. 

For a temperature T' equation (34) becomes 

p'v'=wRT' 
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Dividing equation (34) by this equation we obtain 

pv T 
p'v'= T' (35) 

from which we readily see that if the pressure of any mass of gas 
is constant the volume of the gas will vary with the absolute tem' 
perature, and if the volume is constant the pressure will vary with 
the absolute temperature. 

Problems.-Equations (30) to (34) are used in solving the 
following problems. 

Specific volumes: Air ................ Vo= 12.391 cu. ft. 
Hydrogen ....... " Vo = 178.891 cu. ft. 
Coal gas .... . ... " Vo = 24.6 cu. ft. 
Water gas.. . . . . . .. Vo = 18.09 cu. ft. 

1. A volume of 3 cubic feet of air, confined at 59° F. (15° C.) 
and 30" barometer, is heated to a temperature of 300° C. What 
pressure does it exert? 

Vol. of lIb. air at 15°, equation (31), vt=vo288/273. 

3/vi=W 

Equation (34), p=wRT/v=29.24Ibs. per sq. in. 
2. Two pounds of air confined in a volume of 1 cubic foot 

exerts a gauge pressure of 679.76 lbs. per square inch. What is 
its temperature by the centigrade and Fahrenheit scales? 

The total pressure p is the gauge pressure plus the atmospheric 
pressure, 

p=679.76+ 14.70=694.46 

Equation (34), T=pv/wR=520.54 

t=247°.54 C. =477°.57 F. 

3. A spherical balloon 20 feet in diameter is to be inflated with 
hydrogen at 60° F., barometer 30.2 inches, so that gas may not 
b~ lost on account of expansion when the balloon has risen until 
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the barometer is at 19.6 inches and tlre temperature 40° F. How 
many cubic feet of gas must be put in the balloon? 

The gas pressure in the balloon is in equilibrium with the atmos
pheric pressure. The weight of gas occupying the balloon must 
be such that at 40° F. the pressure will be in equilibrium with a 
barometric pressure of 19.6 inches. 

p=PoX19.6j30 v = volume of balloon 

Equation (34), w=pvjRT=15.05lbs. 

Volume of w at 60° F. and 30".2 barometer: 

p=Po X 30.2 j 30 
v=wRTj p=2827.4 cubic feet 

4. What is the lifting power at 70° F: (21°.11 C.) and 30 In. 
barometer of 1000 cubic feet of each of the gases whose specific 
volumes are given? ". 

Vol. 1 lb. at 70°. Pounds in Lifting power 
Equation (31). 1000 cu. ft. 1000 cu. ft. 

lbs. 
Air ...... . ... . . 13.35 74.91 
Hydrogen .... . . 192.73 5.19 69.72 
Coal gas ... . ... 26.5 37.73 37.18 
Water gas . . . . .. 19.49 51:31 23.60 

5. The balloon in which Wellman intends to seek the North 
Pole has a capacity of 224,244 cubic feet, and weighs with its car 
and machinery 6600 lbs. What will be its lifti~g capacity when: 
filled with hydrogen at 10° C. and 30 inches barometer? 

Ans. 9647 lbs. 
31. Thermal Unit.-The heat required to raise the tempera

ture of unit weight of water at the freezing point one degree of the 
thermometer is called a thermal unit. . 

Mechanical Equivalent of Heat.-The mechanical equivalent 
of heat is the work equivalent of a thermal unit, that is it is, !vh~ 
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work that can be performed by the amount of heat required to 
raise the temperature of unit weight of water one degree. It will 
be designated by E. The unit weight of water being one pound, 
the value of E for the Fahrenheit scale is 778 foot-pounds; and 
for the centigrade scale, 1400.4 foot-pounds. 

In -metric units the value of E is 425 kilogrammeters. 
Specific Heat.-The quantity of heat, expressed in thermal 

units, which must be imparted to unit weight of a given substance 
in order to raise its temperature one degree of the thermometer 
above the standard temperature is called the specific heat of the 
substance. 

The specific heat of a gas may be determined in two ways: 
under constant pressure, and under ,constant volume. 

Suppose heat to be applied to a unit weight of gas retained in 
a constant volume whose walls are impermeable to heat. The 
whole effect of the heat will be to raise the temperature of the 
gas. If, however, the gas is enclosed in an elastic envelope, sup
posed to maintain a constant pressure on the gas, the gas will 
expand on the application of heat, and part of the heat applied 
will perform the work necessary to expand the envelope. There
fore to raise the temperature of the gas one degree, a greater 
amount of heat must be applied when the gas is under constant 
pressure than when under constant volume; and the difference of 
these quantities, th~t - i~~ the difference between the specific heat 
under constant pressure, Cp , and the specific heat under constant 
volume, c., will be the heat that performs the work of expansion. 
The mechanical equivalent of a heat unit being represented by E, 
we may write • 

Work of expansion = (cp-c.)E 

Actually, part of the work that we have included in the work 
of expansion is internal work, used in overcoming the attractions 
between the mOlecules; but the quantity of work so absorbed i'3 
small and is omitted in the discussions. 

The work of expansion is equal to the constant resistance mul:' 
tiplied by the path. We will assume the constant resistance to 
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be the atmospheric prjOlssure, po. The path is measured by the 
increase of volume of the gas. To determine the path we have 
from Gay-Lussac's law, for the centigrade scale equation (31), 

Vt- Vo = tvo/273 

and therefore for an increase of temperature of one degree there 
is an increase of volume equal to vo/273. The work of expansion 
for one degree is therefore povo/273. Referring to equation (32), 

poVo/273=R 

The quantity R is therefore the external work of expansion 
performed under atmospheric pressure by unit weight of gas when 
its temperature is raised one degree centigrade. But this work of 
expansion has been found above to beequal to (cp-cv)E. There
fore we may write 

(36) ". 

From the definition of specific heat we deduce that the quan
tity of heat necessary to raise the temperature of unit weight of 
gas any number of degrees, as t, will be 

Q=ct (37) 

c representing either Cp orc" . 
.Ratio of Specific Heats.-In the study of interior ballistics the 

particular values of Cp and Cv for the different gases which are 
formed by the explosion of gunpowder are of little importance. 
It suffices to know their ratio, which is constant for perfect gases 
and approximately so for all gases at the high temperature of 
combustion of gunpowder. 

The ratio of the specific heats, cplc", is subsequently designated 
by n. 

32. Relations between Heat and Work in the Expansion of 
Gases.-The relation which exists between the heat in a unit 
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weight of gas and the work performed in the expansion of .the gas 
may now be determined from equation (33), 

pv=RT 

which cortains the three variables p, v and T. If we suppose an 
element of heat, dq, to be applied to the gas, the effect will be 
generally an increase in the temperature, accompanied by an in
crease in the pressure, or in the volume, or in both the pressure 
and the volume. 

Considering p constant, and differentiating, we get 

dT=pdv/ R 

and the quantity of heat communicated to the gas will be, equa
tion (37), 

Considering v constant we obtain similarly 

dq=cvvdp/ R 

If p and v both vary, we obtain from the sum of the partial 
differentials, still representing by dq the element of heat applied 
to the gas, 

(38) 

The differential of equation (33) is 

RdT = pdv + vdp (38') 

Eliminating vdp between the last two equations we have 

(39) 
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The quantity pdv represents the elementary work of the elastic 
force of the gas, while its volume increases by dv. The integral of 
pdv is therefore the total external work between the limits con
sidereu. 

Representing by W the total external work we have 

W=!pdv (40) 

Represent by T. and T the initial and final temperatures . 
. Integrating equation (39) between the limits T and Tl we 

obtain, since c~, Cp , and R aye constant for the same gas, 

(41) 

Isothermal Expansion.-If we suppose the initial temperature 
Tl to remain constant, that is, that just sufficient heat is imparted 
to the gas while it expands to maintain its initial temperature, ~ 
the quantity T- Tl in equation (41) becomes 0, and solving with 
respect to W we obtain 

We see that in this case, since R, Cp , and Cv are constant for the 
same gas, the external work done is proportional to the quantity 
of heat absorbed by the gas. 

Making q equal to one thermal unit, W becomes E, and we 
obtain, as before in equation (36), 

.33. Adiabatic Expansion.-If a gas expands and performs 
work in such a manner that it neither receives heat from any 
extraneous body nor gives out heat to an extraneous body! the 
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transformation is said to be adiabatic. In this case part of the 
heat in the gas is converted into work, the temperature and pressure 
of the gas both diminish, and the work performed will be less than 
for an isothermal expansion. 

Since no heat is gained or lost, q becomes 0 in equation (41) 
and we have 

Make 

Then 
R 

W=-(TI-T) n-l (42) 

This equation gives the value of the external work done by a 
unit weight of gas whose temperature is reduced from Tl to T in 
an adiabatic expansion. It will be seen that the external work 
.done is proportional to the fall of temperature. 

LAW CONNECTING THE VOLUME AND PRESSuRE.-In the adia
batic expansion, as no heat is received from an external source, 
dq in equation (38) becomes 0, and we have 

Dividing through by C~PV we find, since cp/c.=n 

and integrating, 

whence 

or 

vnp = constant = VI npl 

(VI)" P=pI -
V . 

(43) 

This equation expresses the relation between the volUnles and 
pressures of a gas in an adiabatic expansion. 
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NOBLE AND ABEL'S EXPERIMENTS. 

34. In 1874 and again in 1880 Captain Noble of the English Army 
and Sir Frederick Abel published the results of their experiments 
on the explosion of gunpowder in closed vessels. The purpose of 
their experiments was to determine definitely the nature of the 
products of combustion, the volume and temperature of the gases; 
and the pressures with different densities of loading. 

Apparatus.-The steel vessel in which the powder was ex
ploded was of great strength and capable of resisting very high 
pressures. 

The charge of powder was introduced through the opening a 

which was then closed with a taper screw-plug. A pressure gauge 

d was inserted in the plug c and an outlet was provided at e through 
which the gas could be drawn off if desired. The charge was fired 
by electricity. 

The vessels were of two sizes. In the larger one a charge of 
2.2 pounds of powder was fired, and the gases wholly retained. 
Black powder was used in the experiments. 

The gravimetric density of the powder us'cd was unity, so that 
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when the chamber was completely filled the density of loading 
was also unity. 

Results of the Experiments.-Character of the Products.-The 
products of combustion were found to consist of about 43 per cent 
by weight of permanent gases, and about 57per cent of non-gaseous 
products. The non-gaseous products ultimately assume the solid 
form, but are liquid at the moment of the explosion. This was 
determined by tilting the vessel at an angle of 45 degrees, one 
minute after the explosion. Forty five seconds later it was re
turned to its original position. On opening the vessel the solid 
residue was found inclined to the walls at the angle of 45 degrees. 

The permanent gases are principally CO2 , N, and CO, and the 
solids K 2C03 , K 2S, K 2S04, and S. With the exception of the 
K 2S and the free sulphur, the products agree in character with 
those expressed in the formula generally adopted as approximately 
representing the reaction of black powder on explosion. 

The formula, however, gives 35! per cent by weight of per
manent gases and 64~ per cent of solids. 

It was found, as was to be expected, that . in a closed vessel 
variations in the size, form, or density of the grains had practically 
no effect oli the composition of the products of combustion, or on 
the pressures. 

Volume of Gases.-Noble arid Abel found that the gases, when 
brought to a temperature of 0° C. and under atmospheric pressure, 
occupied a volume of about 280 times the volume of the unex
.ploded powder. 

Specific Volume of Gunpowder Gases.-To simplify somewhat 
the discussions concerning the gases of fired gunpowder we will use 
as the specific volume the volume, at 0° C. and under atmospheric 
pressure, of the gases produced by the combustion of . unit weight 
of powder. That is, we will consider this weight of gas as unit 
weight. 
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35. Relation between Pressure and Density of Loading. 
The relation between the pressure, volume, and absolute tem
perature of the gases from 61 units of weight of powder at the 
moment of explosion is given by equation (34). 

Make 

pV=6IRT 

f=RT (44) 

and we obtain from (34), for the pressure exerted by the gases from 
61 pounds of powder, the gases occupying the volume v at the 
temperature of explosion, 

p= f6l/v (45) 

FORCE OF THE POWDER.-If we make both 61 and v unity in this 
equation, p becomes equal to f. f is therefore the pressure per 
unit of surface exerted by the gases from unit weight of powder, 
the gases occupying unit volume at the temperature of explosion. 
I is called the lorce 01 the powder. 

Let a be the volume of the residue from unit weight of powder, 
C the volume of the chamber. 

Then the volume occupied by the gas from 61 units ' of powder will 
be 

v=C-(6) 

We may introduce the density of loading, using metric units 
by substituting for C in this equation its value 6)/ J from equation 
(23), and obtain 

6) 
v=-(l-aJ) 

J 

Substituting this value of v in (45) we obtain 

J 
p=I-

I-aJ 
(46) 

This equation expresses the relation between the pressure of the 
gases Irom 6) units of weight 01 powder and the density of loading. 
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1 
J A =1, that is, when J =-11 
-a~ +a 

f=p 

(46') 

Comparing the value of J in equation (46') with the general 
value, J = wlC, we see that in (46') the weight of powder is unity, 
and the volume of the chamber 1+a. The volume occupied by 
the gas is therefore also unity. The pressure therefore becomes 
in tills case the force of the powder as defined above. 

By substituting in equation (46) two observed values of P cor
responding to different values of J, the values of a and f were 
determined. As the means of many observations Noble and 
Abel finally adopted the values: 

a=O.57; 
! = 18.49 tons eer square inch 
=291200 kilograms per square decimeter 

The pressure for any density of loading is given by the equation 

P = 18.491_ ~.57 J tons per square inch 

When J = 1 the equation gives P = 43 tons per square inch. 
The value of a, 0.57, means that the volume occupied at the 

temperature of explosion by the liquid residue from one kilogr:am 
of powder is 57 /100 of one cubic decimeter. With gravimetric 
density unity one kilogram of powder occupies one cubic decimeter. 
Referring now to equation (21), we see that the solid powder, of 
ordinary density and of gravimetric density unity, occupies 57/100 
of the volume of the charge in granular form. The volume of the 
residue at the temperature of explosion is therefore practically 
equal to the volume of the solid powder in the charge. 

36. Temperature of Explosion.-:-The temperature ofexplosio~ 
may now be determined from equation (44), which with (32) gives 

!=RT=POVOT 
273 

(47) 
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Vo is the volume occupied by the gas from unit weight of pow
der. Since the volume of this quantity of gas is 280 times t4e 
volume of the powder, and one kilogram of powder occupies one 
cubic decimeter, Vo = 280 cubic decimeters. po, the atmospheric 
pressure, is 103.33 kilograms per square decimeter. Substituting 
these with the value of I, 291200 kilograms per square decimeter, 
we find T =2748° C. As this is the absolute temperature, subtract
ing 273 we find the temperature of explosion to be 2475° C. 

Captain Noble later considered the absolute temperature as 
2505° C. 

The approximate correctness of these temperatures was verified 
by the introduction of pieces of fine platinum wire into the explo
sion chamber. The platinum, which melts at about 2000° C., 
was partially fused. 

Mean Specific Heat of Products.-The quantity of heat given 
off by one kilogram of powder was found to be 705 calories, that 
is, the heat necessary to raise 705 kilograms of water one degree 
centigrade. From the, relation Q = ct, equation (37), t being theV 

actual temperature of explosion, not the · absolute, a value was 
found for the mean specific heat of the products: 

705 
c=2505-273 0.316 

'Relations between Volume and Pressure in the Gun.
Noble and Abel found, contrary to their expectations, that the 
pressures in closed vessels did not differ greatly from the pres
sures in guns when the powder in the gun was wholly consumed 
or nearly so. They concluded from this that the expansion of 
the gases in the gun did not take place without the addition of 
heat; but that the gases received during the expansion the heat 
stored in the finely divided liquid residue. 

Let Cl be the specific heat of the residue, assumed to be con
stant, The elementary quantity of heat given up by each unit 
weight of residue will then be cldT. If there are WI units of weight 
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6f residue, Wlc1dT units of heat will be yielded to the gases; and 
if there are W2 units of weight of gas, each unit will receive, in heat 
units, 

[j being the ratio WI/W2, and the negative sign being used be
cause T decreases while q increases. 

Substituting this value of dq in equation (39) it becomes 

Eliminate RdT by means of (38') ; divide through by pv, and 
integrate, considering Cp , C~, Cl and [j constant. We will obtain 

(48) 

When there is no residue [j is 0, and the equation becomes 
identical with equation (43), which was deduced for an adiabatic 
expansion. In both these equations VI and V are the volumes 
actually occupied by the gases, exclusive of the residue. 

Assume the gravimetric · density arid density of loading to be 
unity, that is, the chamber is filled with powder, and that the 
powder is all burned before the projectile moves. Then VI in 
equation (48) will be the volume occupied by the gases in the 
chamber of the gun, and PI the corresponding pressure. If we 
call v' the volume of the chamber, av' will be. the volume of the 
residue, and v' - av' = Vl the volume of the gases; and if we call 
v" the volume behind the projectile at any instant, the vol~e 
v occupied by the gases becomes vI' -av' =v. Equation (48) 
therefore becomes 

_ /Jc,+ct. 
(

V' (1- a») /Jc, +c" 

P-PI V" -av' (48') 

: ,; .. :.. . .. 
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These values for the constants were determined in the experi
ments. 

PI = 13 tons per square inch 
a=0.57 v'=27.68w 
.8=1.2957 Cp = 0.2324 
cI=0.45 cv =0.1762 

. From these values we find the ratio of the specific heats, 
cp! Cv = n = 1.32. The value of the exponent in (48') is 1.074. 

37. Theoretical Work of Gunpowder.-The general expression 
for the work done by a gas expanding from a volume VI to a vol
ume vis 

w = (" pdv JV1 

Substituting for p its value from (43) and integrating, 

w=:~~ {l-(~r-I} 

Assuming that the powder is all burned before the projectile 
moves, and that the gravimetric density and density of loading 
are unity, the values VI and V in this equation may be replaced 
as indicated in equation (48,), and we obtain 

W =PIv'(1-a) {1- (V'(1-a))n-l} 
n-1 v"-av' 

This is the expression for work under the adiabatic expansion 
for which n=1.32, If we substitute for n the value 1.074, which is 
the value of the exponent in equation (48'), the equation will then 
apply to Noble and Abel's hypothesis. 

Work at Infinite Expansion.~ When the length of the bore is 
infinite, v", which is the volume behind the projectile, is infinite, 
and we have 

W =ptV'(1-a) 
. n-l 
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To obtain the work of the gases from one pound of powder 
make v' =27.68 cubic inches, the volume occupied by one pound, 
the gravimetric density being unity. Make n=1.32, and substi
tute for the other constants the values given on page 73. Divide 
by 12 to reduce from inch-tons to foot-tons. 

We find for the work of one pound of powder expanding adi
abatically to infinity 

w = 133.3 foot-tons per pound. 

Substituting for n the value of the exponent in equation (48'), 
1.074, we obtain, under Noble and Abel's hypothesis that the gases 
received heat from the residue, 

W = 576.35 foot-tons per pound. 

FORMULAS FOR VELOCITIES AND PRESSURES IN 
THE GUN. 

38. Elements Considered. Assumptions.-Formulas connect
ing the velocity of the projectile with its travel in the bore may 
be deduced from the relations we have established involving the 
work of the powder; but these formulas, while they include the 
force of the powder, do not include consideration of the individual 
characteristics of different powders, such as form and size of grain, 
density, and velocity of combustion in the air; nor consideration 
of the effect on the combustion of the variable pressure in the gun. 

M. Emile Sarrau, engineer-in-chief of the French powder fac
tories, was the first to include these elements in hallistic formulaS. 
He considers the progressive combustion of the · charge under the 
influence of the varying pressure in the gun, regarding the powder 
as a variable in the formulas. The individual characteristics or 
the powder employed enter the formulas, which thereby become 
applicable to the determination, in advance, of the proper weight 
of charge, the kind of powde~, the best form and size of grain to 
produce desired results in a given gun. 
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Sarrau assumes that the time required for complete inflam
mation of the charge is negligible compared with the time of 
combustion. He also assumes an _ adiabatic expansion of the 
gases. 

This latter assumption, while incorrect according w the ex
periments of Noble and Abel, is now generally made by writers 
on interior ballistics; and whatever error is introduced through 
the assumption is later corrected' in the determination, by experi
ment, of the constants in the formulas. 

Principle of the Covolume.-Another assumption of important 
bearing in the deduction of the ballistic formulas will now be 
explained. 

The characteristic equation for perfect gases, equation (33), 
_combined with equation (47) gives for the pressure from unit 
weight of gas confined in the volume v, 

p=//v 

But it has been found by experiment that for the gases of 
explosion the law expressed by this equation does not hold, and 
that to obtain the true value of the pressure we must diminish the 
volume v, which is the volume of the explosion chamber, The 
true equation must therefore be of the form 

p=-'-v-a (49) 

, We may call the volume v-a the effective volume of the gas. 
Theoretical deductions indicate that the subtractive volume a 

is the ' actual volume of the incompressible molecules in a unit 
weight of powder gas; that is, it is the limiting volume beyond 
which ,a unit weight of gas cannot be compressed. 

The volume a is called the covolume. Sarrau determined 
by experiment with different gases that the mean value of 
the covolume is one one-thousandth of the specific volume of 
the gas. Other writers take, for convenience, the reciprocal 
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of the density of the powder as the covolume, this value 
not differing greatly from the other. We have seen, equation 
(20), that when the gravimetric density is unity the volume of the 
solid powder in unit volume of the charge is the reciprocal of 
the density of the powder. The assumption of the reciprocal of 
the density as the covolume is equivalent therefore to considering 
the covolume as the volume originally occupied by unit weight 
of solid powder. 

Under this assumption the volume v-a, equation (49), which 
is the effective volume of unit weight of the powder gases; becomes 
the volume of the powder chamber minus the volume of the solid 
powder in unit weight of the charge. 

The effective volume of the gases from the whole charge will 
therefore be the volume of the powder chamber minus the volume 
of the solid powder in the whole charge. 

But this is the initial air space in the chamber. Therefore 
the effective volume occupied by the powder gases in the chamber is 
the initial air space. 

If the powder leaves a non-volatile residue, the volume of this 
residue at the temperature of explosion must be added to the 
covolume of the gases formed. a in equation (49) will then 
represent thecovolume of the gases from unit weight of powder 
plus the volume of the residue from unit weight of powder. 

39. Differential Equation of the Motion of a Projectile in a 
Gun.-Let 

y be the weight of powder burned at the time t, 
Tl the absolute temperature of combustion, 
T the absolute temperature of the gas at the time t. 

The work of a unit weight of gas in an adiabatic expansion 
between the temperatures Tl and T is given by equation (42). 
For a weight of gas y we have 

yR 
W=-(T1-T) 

n-l 
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From equation (44), since Tl now represents the temperature 
of explosion, the value for the force of the powder is f= RT 1; 
and from equation (34), pv=yRT. With these substitutions the 
above equation becomes 

(n-1)W =fy-pv (50) 

In this equation v is the volume occupied by the · gases at the 
temperature T and at the time t. 

Let u be the distance traveled by the projectile at the time t, 
w the cross section of the bore, 

Zo the reduced length of the initial air space. 
Under the assumption of the volume originally occupied by 

unit weight of solid powder as the covolume of the gases, the 
initial air space in the chamber becomes the volume occupied by 
the powder gases in the chamber. 

We therefore have, for the volume occupied by the gases at 
the time t, 

v=w(zo+u) 

Substituting this value in equation (50) we have 

(n-1)W =fy- wp(zo+u) (51) 

an equation expressing the relation at each instant between the 
weight of powder burned, the pressure, the travel of the projectile, 
and the external work performed. 

In introducing the velocity of the projectile we will assume that 
the whole work of the gas is expended in giving motion of transla
tion to the projectile. Making w the weight of the projectile, 
and representing now by v the velocity of the projectile, 

p in (51) is the pressure per unit of area; wp the total pressure 
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on the base of the projectile. The acceleration of the projectile is 
d2ujdt2. The total pressure on the base of the projectile is equal 
to the product of the mass by the acceleration. Therefore 

52) 

Substituting these values of Wand wp in (51) we have 

(53) 

which is Sarrau's differential equation of the motion of a projectile 
in the bore of a gun. 

In deducing this equation there were neglected the following 
energies. 

The heat communicated by the gases to the walls of the gun, 
The work expended on the charge, on the gun, and in giving 

rotation to the projectile, 
The work expended in overcoming passive resistances, such as 

the forcing of the band, the friction along the bore, and the resist-
ance of the air . 

. Dissociation of Gases.-The error committed by the omission 
of these energies may not be as great as would at first appear, 
for we have also omitted from consideration the heat supplied by 
the phenomenon called dissociation. Acr.ording to Berthelot the 
composition of the complex gases from fired gunpowder is not 
permanent, and at the high temperature during the first instants 
of explosion these gases decompose into more simple combinations: 
perhaps into their elements. The increase in volume due to the 

,..-displacement of the projectile causes a reduction in the tempera-
ture, which permits the dissociated gases to combine again with a 
consequent development of heat. The theory of dissociation 
forms the basis for the assumption of some writers on ballistics, 
notably Oolonel Mata of the Spanish artillery, that by reason of 
this phenomenon the expansion of the gases in the gun takes place 
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a;s though the gases received heat from the exterior, and not 
adiabatically. 

It will be seen, however, from the form of equation (53) that 
the errors of assumption may be allowed for by giving to f a suit
able value, and this without changing the form of the differential 
equation of motion. The force of the powder as it appears in 
equation (53) can therefore be considered only as a coefficient 
whose value must be determined by experiment. 

Sarrau deduced from the differential equation of motion for
mulas for the velocity and pressure as functions of the travel of 
the projectile. 

40. Ingalls' Formulas.-We will now follow Colonel Ingalls, 
United States Army, in the deduction of his formulas. These 
formulas are considered as giving more accurate results than 
Sarrau's formulas, for the velocity and pressures produced by 
modern powders in the bore of the gun; and the use of ~arrau's 
formulas is generally limited to the determination of muzzle 
velocities and maximum pressures. 

Let v be the velocity of the projectile in the bore at the time t. 
Then 

and 

(54) 

Substituting these values in equation (53) it beoomes , 

d(V2) 2fg 
(zo+u)--+ (n-l)v2=-y 

du w (55) 

The true value of n, the ratio of the specific heats, cplc., is un
certain. For perfect gases its value is 1.41. Regarding the pow
der gases at the high temperature of explosion as perfect gases, 
earlier writers assumed this value for n. Recent investigations 
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have shown that the value of 1.41 is too great. 'Some recent 
writers adopt the value unity for n. As we have seen, equation 
(35), the work of expansion is directly proportional to the differ
ence of the specific heats; and if their ratio is unity and the differ
ence between them zero, there can be no external work performed. 
The assumption of the value unity is made for convenience, and 
the error due to the assumption is compensated for, with the other 
errors, in the experimental determination of the values of the 
constants. 

Ingalls assumes the value n=4/ 3, which is practically the 
value deduced from the experiments of Noble and Abel, see page 
73. 

Making n=4/3 in equation (55) we obtain 

d(v2) 6/g 
3(zo+u)--+v2 =-y 

du w (56) 

Make 
x=u/zo (57) 

Under the assumption made that the covolume of the gases is 
equal to the volume occupied by the solid powder in the charge, 
the initial air space is the volume occupied by the gases in the 
powder chamber. Considering zo,which is the reduced length of 
the initial air space, as the measure of this volume, x in equation 
(57), x=u/zo, becomes the number o/expansions 0/ the volume 
occupied by the powder gases in the chamber, when the projectile has 
traveled the distance u. 

I t is important to bear in mind that x represents a number of 
expansions, and u the distance traveled by the projectile. 

Making x=u/zo, equation (55) becomes 

d(v2) 6/g 
3(1+x)~· -+v2 =-y 

dx w (58) 

y, the weight of powder burned, is a function of the time and 
also of the travel u, and of x. The integration of this equation 
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even when the simplest admissible form of y as a function of x is 
assumed has not yet been possible. 

Considering y constant the equation may be integrated. Re
arranging it, 

And integrating, 

d(v2) dx 
v2- 6fgy + 3(1+x) 0 

w 

When x=O, v=O, and C=-6fgy/w. Therefore 

v2 = 6fgy { 1- 1 l 
w (l+x)t J 

(59) 

Making y constant in equation (58) is equivalent to assuming • 
instantaneous combustion for that part of the charge that has 
burned at the time t. We know this to be in error since the com
bustion of the charge is progressive. If, however, we determine 
the values of the constants in the equations by substituting meas
ured values of v, we obtain an equation that is true for the meas
ured values, and may be true for other values of v at other points 
in the bore. Only by experiment can we determine whether r,e
suIts obtained under this supposition are correct; and experiment, 
as stated by Colonel Ingalls, is the final test of nearly all physical 
formulas. 

41. Velocities in the Bore.~To make equation (59) applicable 
to points in the bore we must determine a relation between the 
quantity of powder burned at any instant and the corresponding 
travel of the projectile, that is, we must determine the value of y 
as a function of u or x. Then substituting for y in the equation 
this value, which for any powder will contain x as the only varia
ble, we will have the desired ' equation expressing the relation 
.between the velocity of the projectile and its travel in the bore. 
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Combustion under Variable Pressure.-We-have previously 
deduced, page 26, an expression for the quantity of the powder 
burned, under constant pressure,as afunction of the thickness of 
layer burned. This relation is given by equation (16) on that 
page. 

1 r 1 12 } 
y=6Ja -i 1+ A -+.u-

10 L lo 102 (60) 

in which y is the weight of the powder burned when a thickness of 
layer 1 has been burned, 6J is the weight of the charge, lo is half the 
least dimension of the powder grain, and a, A, and .u are consta.nts 
of form of the grain. . 

Representing by , the time of combustion in air of the whole 
grain, or charge, the uniform velocity of combustion will be lo/'. 

In the gun the powder burns under variable pressure, and the 
velocity of combustion if? expressed by d1/ dt. Assuming that the 
velocity of combustion varies as some power of the pressure, and 
representing by po the pressure of t~e atmosphere under which the 

. velocity of combustion is lo/', we obtain the equation 

dl =~(E)'" 
dt , po (61) 

in which p represents the pressure on the base of the projectile at 
any instant. 

The exponent 1> is given different values by different writers. 
Sarrau assumes 1> = 1/2. Recent experiments indicate a mean 
value of 0.8. The value unity is assumed by other writers. In
galls assumes the value 1/2 with Sarrau. 

The pressure per unit of area on the base of the projectile is, 
from equation (52), 

(62) 

Substituting this value of p in equation (61) and using equation 
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(54) and the relations 

and 

dx 1 du v 
u=xzo, ,'. dt = zodt = Zo 

equation (61) may be brought to the form 

dl =~( . wZo )i(d(V2))i!.. 
dx 't' 2gwpo dx v 

Integrating and dividing by lo, 

1. =~(~)iJ(d(v2))i ~ 
lo 't' 2gwpo dx v 

Make 

Then l/lo=KXo 

Substituting this value in (60) we have 

(63) 

(64) 

(65) 

(66) 

42. DISCUSSION OF VALuEs.-The value of K in thi!l equation 
is composed wholly of constants. a, A, and p. are the constants of 
form of the powder grain. By the differentiation of equation 
(59) and substitution in (64), see foot-note, page 84, we find for 
the value of X 0 

J dx' 

Xo= v (l+x).j(l+·x)i-ll 
(67) 
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Xo is therefore a function of x only, and x from its value, x=u/zo, 
is itself a function of the travel of the projectile. Equation (66) 
therefore expresses, for powder of any particular granulation, the 
relation between the weight burned at any instant and the corre
sponding travel of the projectile. 

This equation may be put into another form. 
At the instant that the powder is all burned in the gun, y = w 

and l = lo. We will distinguish the particular values of the various 
quantities at the instant that the burning of the powder is com
pleted by putting a dash over the symbol. 

When y=w and l=lo, equations (65) and (66) then become 

KXo=l (68) 

1 =a(l + A+,u) 

This last relation has been previously established in equa
tion (5) . 

. Substituting the value of K from (68) in (66), we obtain 

~ =::. Xo { l+ -~ Xo+ -~ X02 } 
W Xo Xo X02 

(69) 

We have now, in Xo, introduced into the value of y the travel 
of the projectile at the specific instant that the burning of the 
charge is complete. 

(59) 

6!gy!w=A 

From equation (64), X - f dx . 
0- yI(1+:t)\(1+x)LlI 
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Make 

X1=Xo { t- (l~X)t} (70) 

and Xt/XO=X2 (71) 

whence (72) 

From equation (59) we obtain for the velocity at the instant 
that the burning of the charge is complete, 

(73) 

43. Velocity 6f the Projectile while the Powder is Burn
ing.~Substituting in equation (59) the value of 6gf from (73) and 
the value of y from (69), using equation (71), and making 

). 
N==

Xo 

equation (59) reduces to the form 

(74) 

This equation expresses the value of the velocity of the pro
jectile at any instant while the powder is burning, in terms of the 
variable travel of the projectile, and of its velocity and travel at 
the instant of the complete burning of the charge. 

Velocity after the Powder is Burned.-Distinguish with the 
'subscript a the values of v and p after the charge is completely 
b'urned. y is then equal to w, and equation (59) when combined 
with (73) and (72) becomes 

(76) 
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and making (77) 

we have (78) 

which is the formula for the velocity after the-powder is all burned. 
This equation is identical with equation (59), if in the latter 

we make y=w. V12=6fgw/w, see (73) and (77), and X 2 is an 
abbreviation for the quantity in brackets, see (72). 

As explained under equation (59), equation (78) is therefore 
the equation of the velocity under the supposition that the powder 
is all burned before the projectile moves. 

The Velocity V1.-From equation (78) we see that V1 is what 
Va becomes when X 2 is equal to unity; and, equation (72), X 2 is 
unity when x is infinite. V1 is therefore the velocity corresponding 
to an infinite travel of the projectile. .. 

. 44. Relation between the Velocities Before and After the 
Burning of the Charge.-Make 

k = y / w = fraction of charge burned. 

Replacing M, N, and N' in equation (75) by their values, and 
combining with equations (69), (70), and (76) we may establish 
the relation 

(79) 

That is, the velocity of the projectile before the charge is con
sumed is equal to what the velocity would have been at the same 
point if all the charge had been burned before the projectile moved, 
mUltiplied by the square root of the fraction of charge burned. 

Relation ·between the Weight of Powder Burned and the 
Velocity and Travel of the Projectile.-Replacing Va in equation 
(79) by its value from (78) we obtain 

(80) 

equations that will be fOl1nd cQnveni~mt for determining the frac-
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tion of charge or weight of powder burned when the velocity and 
. travel of the projectile are known. 

By reason of the form assumed by the value of kfor certain 
grains very simple relations may be established, for these grains, 
between the fraction of charge burned and the travel of the pro
jectile. 

CUBICAL, SPHERICAL, AND SPHltROIDAL GRAINs.-For cubical 
grains a = 3, A = - 1, and p = 1/3 (see page 20). These values 
apply . also to spherical and spheroidal grains. Substituting them 
in equation (69) we obtain 

( XO)3 k=1- 1-
Xu (81) 

and Xo=Xo\1- (1-k)t} 

From the first ().quation we may obtain the fraction of charge 
burned for any travel of the projectile, and the converse from. the 
second. • 

SLENDER CYLINDRICAL AND PRISMATIC GRAINs.-For long 
slender cylinders 

k=1- (1-~:r (82) 

Xo=Xo{1- (1-k)t} 

which also apply to grains in the form of long slender prisms of 
square cross section. 

For other forms of grain the solution of a complete cubic equa
tion is necessary to determine Xo when k is known. 

45. Pressures.-The general expression for the pressure per 
unit of area on the base of the projectile is given in equation (62). 
Transforming this equation by means of (54) a.nd (57) we obtain 

wd(v2 ) 

P=2gwzo CiX (83) 

By substituting in succession the values of d(v2)/dx obtained 
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from the equations for velocity before and after the complete 
burning of the charge we will obtain the values of p that apply 
before and after the charge is burned. 

Pressure While the Powder is Burning.- Finding the value of 
d(v2)jdx from equation (75), see foot-note, and making 

X3=dXddx 

X1dXo 
X 4 =XO+ -X 3dx 

X -X 2 2X1X odXo 
5- 0 + X

3
dx 

M'= Mw 
2gwzo 

(84) 

(85) 

we obtain for the pressure per unit of area on the base of the pro
jectile while the powder is burning 

p=M'X3!1+NX4 +N'X5 1 (86) 

It will be observed that X 3 , X 4, and X 5 are all functions of x 
only. The logarithms of their values for various values of x will 
be found in Table I at the end of the volume. 

Pressure After the Powder is Burned.- Finding the value of 
d(v2 )jdx from equation (78), V12 being constant, we obtain with 
the aid of (72) 

d(v a
2 ) V 12dX2 

dx dx 

v2=MX,11+NXo+N'Xo2! 

d(v
2
)=MdX, +MN (x dX,+X dXo) +MN'(X 2

dX' +2X X dXo) 
dx dx °dx 'dx 0 dx l°dx 

Make dX,=x. 
dx 

d(v
2
)=MX j l+N (x + X,dXo) + N' (x 2+ 2X,XadXo) ~ 

dx .~ 0 X.dx 0 X 3 dx ) 

(75) 
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Substituting in (83) and ma~ing 

P'= WV1
2 

6gwzo 

89 

(87) 

we obtain for the pressure per unit of area on the base of the pro
jectile after the powder is all burned 

p' 
(88) pa (l+x)! 

46. Maximum Pressure.-The maximum pressure in a gun 
occurs when the projectile has moved but a short distance from 
its seat, or when u and x are small. The position of maximum 
pressure is not fixed, but varies with the resistance encountered. 
As a rule it will be found that the less the resistance to be over
come by the expanding gases the sooner will they exert the maxi
mum pressure and the less · the maximum pressure will be. By 
the differentiation of equation (86) we may obtain the value for 
the maximum, but it is too complicated to be of practical use. 
Examination of the table of the X functions shows that X3 is a 
maximum when x=O.65, nearly, while X4 and X5 increase indefi
nitely. The functions X 3 , X 4 , and X5 are found to vary in such 
a manner that when A, and therefore N, see (74), is negative, that 
is, when the powder burns with a decreasing surface, p will be a 
maximum when x is less than 0.65; and when A and N are positive 
or when the powder burns with an increasing surface, p will be a 
maximum when x is greater than 0.65. 

A function at or near its maximum changes its value slowly. 
Therefore a moderate variation of the position of maximum pres
sure will have no practical effect on the computed value of the 
pressure. It has been found by experiment that if we take x=0.45 
for the position of maximum pressure when ;. .is negative, and 
x = 0.8 when A is positive, no material error results. 

Therefore to obtain the maximum pressure make x=O.l,5, in 
equation (86) when the powder burns with a decreasingsurlace, 
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and 'make x=O.B when the powder bUTnswith, an increasing sur~ 
face. 

The Pressure P'.-Combining equations (87), (77), and (73) we 
obtain 

pl= IiJ 1 
ZoW 

(89) 

Comparing this with equation (45) we see that since ZoW is the 
l,nitial air space in the chamber, p, is the pressure of the gases from 
w pounds of powder occupying the volume behind the projectile before 
the proJectile has moved from its seat. This volume is the initial 
air space. Equation (88) is therefore the equation of the pressure 
curve under the supposition that the powder is all burned before 
thE, projectile moves. 

47. Values of the Constants in the Equations for Velocity, 
Pressure, and Fraction of ~harge Burned.~ We have now these 
equations which express the circumstances of motion of the pro
Jectile, and the fraction of charge burned at any instant. The 
ongmal numbers of the equations are given on the left. 

While the powder burns, 

(75) v2=MX1 Il+NXo+ N'X0
21 (90) 

(86) p=M'Xa{1+ NX4+ N'X 51 ,(91) 

After the powder is burned 
.... 

Va2 ='V1
2X 2 " (78) (92) 

(88) 
p' 

(93) pa= (l+x)* 
" 

l ' The '[ractlOn of charge burned, sUbstituting Nand N' for their 
values, 

. 
(69): ' (94) 
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The quantities M, N, N' , M', VI, pI and Xo in these five equa
tions atc constant for any experiment, and their values must be 
determined before the equations can be used. It will be seen in 
the equations that express the values of these constants, equations 
(74), (77), ' (85), and ' (87), that the quantities entering the values 
are of tWb kinds: the known elements of fire-by which is meant 
the constants of the powder, of the gun, and of the projectile-and 
quantities such as V, Xo, Xl, etc., that involve the velocity and 
travel of the projectile at the instant that the powder is all 
burned. 

When M and N are known all the constants are known . 
. The value of M given in equation (74) may be redueed by 

, means of (77) and (71) to 

(95) 

We have, equation (74), 

N=A/XO (96, 

M and N being known, Xo and V l
2 are determined from these 

equations, and N', M', and P' become known from (74), (85), and 
(87). 

Therefore when M and N are known the five equations, (90) 
to (94), are fully determined, and all the circumstances attending 

-' the movement of the projectile become known from them. For 
any assumed travel of the projectile u, the number of expansions, 
x=u/zo, is obtained, and with-this value of x the functions Xo to 
X5 are obtained from Table 1. These substituted 'with the con
stants in, the equations give t,he values of v, p, and y. Proceeding 
in this manner" for a nUl~ber of points along the bore complete 

. curves may be , Gonstructed showing the values of v, p, and y for 
any point in the bore of the gun. 

, The value of x corresponding to Xo is obtained from the table. 
The value of it, follows from ',the equation it, = xZo. This valu~ u 
is the distance that ·;the projectile has travelled' at the moment 
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that the charge is completely burned. For values of 1.1. less than 
this, . equations (90), (91), and (94) apply; for greater values of 
1.1. equations (92) and (93) apply. 

48. Determination of the Constants by Experiment.-Regarding 
equation (90) and, noting from equations (74) that N' is a function 
of N, it will be seen that if we measure two velocities at known 

. points in the bore of the gun we can determine M and N from 
equation (90). x being known for each of the points the X func
tions are obtained from the table. With the two measured values 
of v we then form two equations in which M and N are the only un
known quantities. Determining M and N the other constants 
become known. 

In using this method care must be exercised that the measured 
velocities are taken at points passed by the projectile before the 
powder has completely burned. If the powder is not wholly 
burned when the projectile leaves the gun one of the measured 
velocities may be taken at the muzzle. 

Since M' is also a function of M, equation (85), we may make 
use of the two equations (90) and (91), or (92) and (91), and with 
a single measured velocity and a measured pressure determine M -

. and N from these equations. But it has been shown in the chapter 
on powders that there is room to believe that the pressures as ordi
narily measured with the crusher gauge are not reliable. There
fore results obtained in this way are not likely to be as satisfactory 
as those obtained from measured velocities, which can be deter
mined with a high degree of accuracy. 

It is found in fact that while the velocities obtained from the 
formulas agree very closely with those actually measured in prac
tice, there is not as satisfactory an agreement between the pres
sures. The pressures are obtained in the formulas by the dynamic 
method and are usually higher than the measured pressures. 
This is in accord with what has already been said in our previous 
consideration of the subject of pressures, and adds to the evidence 
ag!',inst the accuracy of the crusher gauge. 

When 't' and f are known all the constants are known. 
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From equations (63) and (68) we obtain 

't'= ( wZo )iXO 
6gwpo 

From equations (73) and (77) 

f= VI2W/6g6> 

93 

(97) 

(98) 

from which can be determined Xo and V12. M and N follow from 
equations (95) and (96). 

't', the time of burning of the whole grain in air, is constant for 
the same powder: 

The value of f, equation (98), is dependent on the value of VI, 
a quantity determined by experiment in the gun. f for any pow
der is therefore constant, within the limits explained below, in the 
same gun only. It is practically constant for guns that do not 
differ greatly in caliber. Consequently when 't' and f have once 
been determined for a powder and a gun, we may at once form the 
equations of motion and pressure for different conditions of load
ing, involving differences in the form and size of grain of the pow
der, in the weight of the charge, in the weight of the projectile, 
and in the size of the chamber and length of the gun. 

49. The Force Coefficient I.-The quantity I at its first intro
duction, equation (45), was shown to be the pressure exerted by 
the gases from unit weight of powder, the gases occupying unit 
volume at the temperature of explosion. It was called the force 
of the powder. But in the ballistic formulas it has been affected 
by whatever errors there are in the assumptions made in deducing 
the formulas. It can consequently be regarded only as a coeffi
cient, and it may conveniently be called the lorce coefficient. 

Its value, when determined by experiment, may be considered 
constant in the same gun for charges of the same powder not 
differing in weight by more than about 15 per cent from the 
charge used in determining its value. The effective value of the 
foree coefficient is measured in the formulas by projectile energy, 
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and there has been omitted in deducing the formulas all considera~ 
tion of the force necessary to start the projectile. .Ai3 the charge 
decreases the portion of the developed force necessary to start the 
projectile bears a larger relation to the t~tal force exerted; and if 
the charge is sufficiently small the projectile will not start at all. 
The effective force for a small charge must therefore be proportion
ally less than for a large charge, and the value of I determined 
from one charge must be modified for use with another that differs 
greatly in weight. The formula used by Ingalls for this modifica
tion will be found in equation (137), problem 3 of the applications 
which follow . . 

Values of the X Functions.-We may simplify the value of 
Xo by means of circular functions. In equation (67) make 

sec 8=(1+x)i 

we may then deduce, see loot-note, 

X 0 = 6 f sec3 8 d8 

The value of this integral, designated as (8), is given in Table V 
of the book of ballistic tables for every minute of arc up to 87 
degrees. We therefore have, simply 

Xo=6(8) 

Differentiating the equation sec () = (1 + ~)i 
d sec ()=sec () tan () d()=1(1+x)-ldx=dx/6 sec' fJ 

From the second and fourth members, 

dx=6 sec ft () tan fJ d() 

tan ()= (sec' ()-1 )~=[(1 +x)t-lJ~ 

Equation (67) becomes 

X =/6 sec
8 

() tan () d() =6/sec1 fJ dfJ 
o sees () tan () 
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From the equations giving the values of the various X func
tions, (70), (71), and (84), first making 

X= 1 
1 + 1-X 0 cos4 tJ cosec tJ 

we may now deduce the following values: 

Xl =Xo sin2 tJ 
X 2 =sin2 tJ 
X3 = sin tJ cos4 tJ IX 
X4=Xo(1+X) 
X5=Xo2(1+2X) 

The logarithms of the values of the X functions for various 
values of x are found in Table I at the end of the volume. 

The argument in the table is x. The value of x is obtained 
from the equation x = u/ Zo, in which u is the travel of the projectile 
and Zo the reduced length of the initial air space. Knowing Zo 
and assuming the travel we obtain x and from the table find the 
corresponding values of the functions. 

Interpolation, Using Second Differences.-It will often . be 
necessary in determining values of the functions for values of x 
not given in the table to employ second differences in order to get 
the desired accuracy in th.e interpolated values of the functions. 

In a table containing values of a function, the first differences 
are the differences between the successive values of the function. 
The second differences are the differences between the successive 
values of the first differences. Thus if the successive values of 
an increasing function are a, a', and a", the first differences 
are a'-a=11 l , and a"-a'=111'. The second difference is then 
111'- 111 = 11 2• 

The interpolation may be effected by the follo'Ying formula. 
The sign of the last term in this formula is made + so that, in 
this particular table, only the numerical values of the second 
differences need be considered. 
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X X x-xa" X-Xa(1 X-Xa),i = a±-h-"1+-h- --h- "2 (99) 

in which x is the given value of the argument, lying between the 
tabular values Xa and Xb, 

h=Xb-Xa, 
41 and 42 are the first and second differences of the func- . 

tion under consideration, 
X a the tabular value of the function corresponding to 

X a, 

X the interpolated value of the function corresponding 
to x. 

It will be observed that the difference between successive values 
of x varies in different parts of the table. In applying the formula 
we must use the same value of h in getting the two first differences 
from which the second difference is obtained. 

The lower sign of the second term of the second member must 
be used when the fUnction decreases as x increases. This sign will 
only be required for the values of the function Xa when the value 
of x is greater than 0.65. 

EXAMPLES.-1. What is the value of log Xo corresponding to 
x=1.17? . 

xa=1.15 xb=1.20 h=.05 x-xa=.02 

Xa=log Xo(x=1.15) 0.52960 
log Xo(x = 1.20) 0.53752 
logXo(x=1.25) 0.54508 

1st diff. 

792=41 
756 

2d diff. 

36=42 

X = (0.52960)+i 792+! X! X36= (0.52960)+316.8+8.6 

The parentheses around 0.52960 indicate that this number 
is to be treated as a whole number in applying the corrections. 
Therefore 

0.52960 
316.8 

8.6 

X=log X o(x=1.17) =0.53285 
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2. What is the value of log Xl when x=0.563? 

3. Log Xa for x= 0.275. 
4. Log Xa for x=2.18. 
5. Log Xs for x=0.772. 

Ans. Log Xl =9.53337. 
Log Xa=9.82216. 
Log Xa=9.76089. 
Log X s=1.15879. 

50. The Characteristics of a Powder.-The quantities I, -., a, A, 
and p. were called by Sarrau the characteristics of the powder, 
because they determine its physical qualities. Of these factors, I, 
the force coefficient of the powder, depends principally upon the 
composition of the powder. In the same gun it is practically 
constant for all powders having the same temperature of com
bustion. It increases with the caliber of the gun, and for this 
reason its value determined for one caliber cannot be depended 
upon for another. The factor -., the time of combustion of the 
grain in air, depends upon the least dimension of the grain and 
upon the density; also, in smokeless powders, upon the quantity of 
solvent remaining in the powder. The factors a, A, and p. depend 
exclusively upon the form of the grain, and for the carefully p!"e
pared powders now employed their values can be determined with 
precision. They are constant as long as the burning grain retains 
its original form. 

APPLICATION OF THE FORMULAS. 

For convenience of reference the notation employed in the 
deduction of the formulas is here repeated, and the units custom
a.rily employed in our service are assigned to the different quan
tities. For most of these quantities specific units have not here
tofore been designated. 

a defined by equation (101) below. 
C volume of powder chamber, cubic inches. 
d caliber in inches. 
Dl outer diameter of powder grain, inches. 
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d1 diameter of perforation of powder grain, inches. 
j force coefficient of the powder, pounds per square inch. 
F fraction of grain burned. 
g acceleration due to gravity, 32.16 foot-seconds. 
k=y/w, fraction of charge burned. 
I thickness of layer burned at any instant, inches. 
10 one half least dimension of grain, inches. 
L constant logarithms in the ballistic equations. 
m length of powder grain, inches. 
M ballistic velocity constant, foot-seconds. 
M' ballistic pressure constant, pounds per square inch. 
N, N' ballistic constants. 
n number of powder grains in one pound. 
pI ballistic pressure constant, pounds per square inch . 
. p pressure while powder burns, pounds per square inch. 
pa pressure after powder is burned. pounds per square inch. 
pm maximum pressure, pounds per square inch. 
po standard atmospheric pressure, 14.6967 Ibs. per square 

inch. 
S1 initial surface of a pound of powd~r, square inches. 
1./, travel of projectile, inches. 
U total travel of projectile, inches. 
v velocity of projectile while powder burns, foot-seconds. 
Va velocity of projectile after powder is burned, foot-sees. 
V muzzle velocity of projectile, foot-seconds. 
V1 ballistic constant, velocity at infinity, foot-seconds. 
Vc velocity of combustion of powder, foot-seconds. 
Vo specific volume of a gas, cubic feet. 
Vo initial volume of a powder grain, cubic inch!)s. 
w weight of projectile, pounds. 
x number of expansions of volume of initial air space. 
Xo, Xl, X 2, X 3 , X 4 , X 5 , functions of x. 
y weight of powder burned at any instant, pounds. 
Zo reduced length of initial air space, inches. 
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~ 1 constants of form of powder grain. 

./} density of powder. 
J density of loading. 
w weight of powder charge, pounds. 
'r time of burning of whole grain in air, seconds_. 
w cross section of bore, square inches. 

99 

Quantities topped with a bar, as V, X, U, X 2 , etc., designate 
the particular values of the quantities at the instant of com
plete burning of the powder charge. 

With the units assigned above the following working equa
tions are, with the aid of equation (28), derived from the equa
tions whose numbers appear on the left. The numbers in brackets 
are the logarithms of the numerical constants after reduction to 
the proper units. 

(22) J = [1.44217]w /e (100) 

(27) 
/}-J 

(101) a=--
J/J 

(29) Zo = [1.54708]aw/ d2 (102) 

(57) x=u/zo (103) 

(73) v2 =[4.44383] f X2W/W (104) 

(85) M' = [3.82867]Mw/ aw (105) 

(87) P' = [3.35155]V1
2w/aw (106) 

(89) P' = [1. 79538] f / a (107) 

(97) 'r = [2.56006] / ;;;;;QXo/d2 (108) 

(98) t=[5.55617]V12W / w (109) 
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In addition to the above working equations the following 
formulas are needed or are useful in the solution of most problems. 

(74) M =a.1j2 / X 1 N=).. / X o N'=p./ X 02 (110) 

(95) M=aV1
2/ X o (111) 

(75) v2=MXl I1+NXo+N'Xo2} (112) 

(86) p=M'X3 11+NX4+N'Xsl (113) 

(78) va2= V12X2 (114) 

(88) 
p' 

(115) Pa= (l+ x)t 

(80) k=Y/ iiJ = V2/ V12X2 (116) 

vc=~(-1!) it 
.. po (123) 

l=loXo/ Xo (124) 

1=/0(:) t (137) 

(iiJ) \W)f 1 = 10iiJo Wo (138) 

51. Transformation of the Formulas into the Forms (104) 
to (109).-In the deduction of the formulas the quantities 
have been expressed in general terms, no units having been 
assigned. 

In assigning now to the velocity v the foot-second unit and to 
the weights the pound unit, we fix the units in the formulas as 
the foot, the pound, and the second. All dimensional quantities 
in the formulas must then be considered as expressed in feet, 
square feet, or cubic feet; pressures in pounds per square foot, and 
time in seconds. As appears on page 98,we intend now to pre-
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serve the foot-second as the unit of velocity, but to express the 
dimensional quantities, such as d, w, Zo, u, etc., in terms of the inch 
rul the unit, and the pressures in pounds per square inch. We must 
therefore introduce into the formulas such factors as will make 
them applicable to the new units. 

This is accomplished as follows. 
Equation (104). In the value of v2, equation (73), 9 is already 

in feet, ciJ and w in pounds; X 2 is dependent only on x, which is a 
ratio independent of the unit. I, which we now express in pounds 
per square inch, must, before being substituted for I pounds per 
square foot in (73), be converted into pounds per square foot by 
mUltiplying by 144. We therefore get for the numerical factor 
whose logarithm appears in (104) the quantity 6 9 144. 

Equation (105). The quantity ZoW in (28) is expressed in 
cubic inches, and before substituting its value for ZoW cubic feet 
in the formulas we must divide the value by 1728. This sub
stitution is made in equation (85). M' is a pressure in pounds 
per square foot, as may be seen by substituting "for M its value 
from (74) . Equation (85) then becomes M'= (w1j2/ 2g)Xa/ X1wzo, 
work divided by a volume, or pressure, see equation (40). To 
reduce M' to pounds per " square inch in order to convert into 
pounds per square inch the pressures determined from equation 
(86) we must divide it by 144. With these two operations 'we 
obtain, for the numerical factor in (105), 

1728/(144 x2g 27.68) =6/ g 27.68 

Equation (106). Substitute for ZoW in (87) its value from 
(28) divided by 1728, and divide the value of pI by 144 to 
reduce pI to pounds per square inch. The numerical factor is 
2/ g 27.68. 

Equation (107). Substitute for " zow in (89); multiply I 
now in pounds per square inch by 144, and divide by 144 to 
reduce ' pI to pounds per square inch. The numerical factor is 
1728/27.68. 
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Equation (108). From (97), multiplying and dividing b) ai. 
'( 27.68aw) t 

w 1728 _ 
't'= t nd2 /4X o 

(6gPo144) 144 

The numerical factor becomes 

, Equation (109). Reduce (98) to pounds per square inch by 
dividing by 144. The numerical factor is 1/ 6g 144. 

DETERMINATION OF THE BALLISTIC FORMULAS 
FROM MEASURED INTERIOR VELOCITIES. 

52. As a test of the formulas that have been determined, and at 
the same time to illustrate their extensive use, we will follow Colonel 
Ingalls in his application of these formulas to the experiments 
made by Sir Andrew Noble in 1894 with a six-inch gun. The 
normal length of the gun was 40 calibers, but it could be lengthened 
as desired to 50, 75, or 100 calibers. 

The length of a gun when expressed in calibers ordinarily means 
the length measured from the front face of the closed breech block 
to the muzzle of the gun. The travel of the projectile is the distance 
passed over by the base of the projectile, measured from its posi
tion in the gun when loaded. The length of the gun in calibers is 
therefore equal to the travel of the projectile plus the length of the 
powder chamber. 

By means of a chronoscope not differing in principle from the 
Schultz chronoscope that has been described, the velocity of the 
shot could be measured at sixteen points in the bore. Noble gives 
the mean instrumental error of. the chronoscope as three one
millionths of a second. 

Problem I.-A 100-pound projectile was fired from this 6-inch 
gun with a charge of 27t lbs.of cordite. Diameter of grain 0".1, 
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density 1.56. Velocities measured at points corresponding to the 
different positions of the muzzle were as follows. 

u=199.2 inches 
259.2 " 
409.2 " 
559.2 " 

v=2794 f. s. 
2940 " 
3166 " 
3284 " 

The volume of the chamber was 1384 cu. in. 
Determine all the circumstances of motion. 

Constants of the gun. 
C =1384 
d=6 

U =559.2 
w=100 

Constants of the powder. 
w=27.5 
3= 1.56 

a=2 ) 
,). = - ! (see page 21) 
,u=0 
lo=0.2 

From equation (100), J = 0.55 
" " (101), log a = 0.07084 
" " (102), log Zo = 1.50096 

zo=31.693 

METHOD OF PROCEDURE.-With Zo we may determine from equa
tion (103) the value of x corresponding to any travel of the pro
jectile, and with x:we may obtain from Table I the corresponding 
values of the X functions. 

We have now all the necessary data for the solution of the 
problem, and from this data we must determine the values of 
the constants in the five formulas (112) to (116). The pro
cedure is as follows. 

A. 1. Select two of the measured velocities and the corre
sponding values of the travel u, and assume that the velocities 
were reached before the powder was all burned. 

2. Substitute successively in (112) the selected values of v 
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with the values of the X functions obtained with the corresponding 
travels. 

We have thentwo equations in which only the constants are 
unknown. As N' is a function of N, there are but two constants, 
M and N, to be determined from the two equations. 

3. Determine M and N from the two equations. 
4. With the value of N find from the second of equations (110) 

the value of Xo, and with this determine from the table the value 
of x, and from (103) the value of ii. 

5. The powder was all burned at this travel ii, and if the 
values of u corresponding to the selected veiocities are less than 
u, we were right in assuming these two velocities as having been 
reached before the powder was all burned. 

Our determinations of M and N are therefore correct, and, 
as explained on page 91, all the other constants may be deter
mined from these two. 

53. B. If, however, one or both of the selected velocities were 
reached at a travel greater than ii, our assumption that they 
were both reached before the powder was burned was wrQng and 
our values of M, N, -and ii obtained under that assumption are 
wrong. 

We must therefore determine new values of M and N as 
follows. 

Substitute the first of the selected velocities with the corre
sponding values of the X functions in (112) as before. Sub
stitute the second selected velocity in (114) with the value of X 2 

corresponding to the travel. 
Detetmine V 1 • 

. Replace N, N', and M in (112) by their values from (110) 
and (111). Then in (112) Xo is the only unknown quantity, 
and its value can be determined. 

With X'o and V 1 the values of M and N are readily 
found. 

C. The constants cannot be determined if both the selected 
velocities were reached after the powder was wholly burned. 




