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III. The Force of fred Gun~powder, and the initial Velocities
of Cannon Balls, determined by Experiments from wwbich
is alfo deduced the Relation of the initial Velocity to the
Weight of the Shot and tLe Quantity of Powder. By Mr.
Charles Hutton, of #he Military Academy a Woolwich.
Communicated by Samuel Horfley, LL.D. Sec. R. S.

Read Jan. 8, HESE experiments I made at Wool-
1778+ 4

wich in the fummer of the year 1773,
affifted by feveral able officers of the royal artillery at
that place, and other ingentous gentlemen. The objeét
of them was the determination of the atual velocities
with which balls are impelied from given pieces of can-
non, when fired with given charges of powder. Thefe
experiments were made according to the method in-
vented by Mr. roBiNs, and defcribed in his treatife, in-
titled, New Principlesv of Gunnery, of which an account
was printed in the Philofophical Tranfactions for the
year 1743. Before the difcoveries of that ingenious
gentleman very little progrefs had been made in the
true theory of military projectiles. His book, how-

ever, contained {uch important difcoveries, that it was
foon
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foon tranflated into feveral of the languages on the con-
tinent; and the famous Mr. L. EULER honoured it with
a very extenfive commentary in his tranflation of it inte
the German lapguage. That part of it hath always been
particularly admired which relates to the experimental
method of afcertaining the actual velocities of fhot, and
in imitation of which were made the experiments re-
lated in this paper. Experiments in the manner of Mr.
ROBINS were gemerally repeated by his commentators
:and others, with univerfal {atisfaftion, the method being
fo juft in theory, {o fimple in practice, and altogether fo
ingenious, that it immediately gave the fulleft convic-
tion of its excellence, and of the abilities of its author.
The ufe which that gentleman made of this invention
was, to obtain the actual velocities of bullets experi-
mentally, in order to compare them with thofe which he
computed & priori from his new theory, and thereby te
verify the principles on which itis founded. ‘Thef{uc-.
cefs was fully anfwerable to his expeQtations, and left no
doubt of the truth of his theory, when applied to fuch
pieces and bullets as he had afed: but thefe were very
fmall, being only mufket balls of about one ounce
weight; for, on account of the great fize of the ma-
chinery neceffary for fuch experiments; Mr. ROBINS and
other ingenious gentlemen had not ventured to extend

H a2 ~ their
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their practice beyond bullets of that kind, and fatisfied
themf{elves with earneftly wifhing for experiments to be
made in a fimilar manner with balls of a larger fort. By
the experiments in this paper I have endeavoured, in
fome degree, to{fupply this defect, having made them with
fmall cannon balls of above twenty times the fize, or from:
ene pound to near three pounds weight. Thefe are the
only experiments that I know of which have been made
with cannon balls for this purpofe; although the conclu-
fions to be deduced from fuch are of the greateft impor-
tance to thofe parts of natural philofophy which are de-
pendent on the effeéts of fired gunpowder; nor do L
know of any other praétical method of afcertaining the
initial velocities of military projectiles within any tole~
rable degree of the truth. The knowledge of this velo-
city is of the utmoft confequence in gunnery: by means
of it, together with the law of the refiftance of the me-
dium, every thing is determinable relative to that bufi-
nefs; for, befides its being an excellent method of trying:
the ftrength of different forts of powder, it gives us the
Jaw relative to the different quantities of powder; to the
different weights of thot, and to the different lengths-and
fizes of guns. Befides thefe, there does not feem to be
any thing wanting to determine any inquiry that can
‘be made concerning the flight and ranges of thot, except

the effects arifing from the refiftance of the mediums.
of
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Of the nature of the experiment, and of the machinery
' ufed in it

. The intention of the experiment is to difcover the
atual velocity with: which a ball iffues from a piece, in
the ufual pradtice of artillery. This velocity is very
great; from one thoufand to two thoufand feet in. a fe~
eond of time. For conveniently eftimating fo great a
velocity, the firft thing neceflary is.to. reduce it, in fome
known: propertion, to a fmall one. ‘This we may con~
ceive to.-be effected thus: fuppofe the ball, with a:great
velocity, to- firike: feme very heavy body, as a large
block of wood, from which it will. not rebound, fo that
they may proceed forward together after the ftroke. By
this means it is- obvious, that the original velocity of
the ball may be reduced in any proportion, or to any
flow velocity which may conveniently be meafured, by
making the body ftruck to be fufficiently large; for it is
well known, that the common velocity, with which the
ball and block of wood would move forward after
the ftroke, bears to the original velocity of the ball only,
the fame ratio which the weight of the ball hath to
that of the ball'and block together.. Thus then veloci~
ties of one thoufand feet.in a.fecond are eafily reduced to:

thofe:
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thofe of two or three feet only; which {fmall velocity
being meafured by any convenient means, let the num-
her denoting it be increafed in the proportion of the
weight of the ball to the weight of the ball and block
together, and the original velocity -of the ball itfelf will
thereby be obtained. Inthefe experiments, this reduced
velocity is rendered very eafy to be meafured by a very
fimple and curious contrivance, which is this: the block
of wood, which is ftruck by the ball, is not left at li-
berty to move ftraight forward in the direction of the
motion of the ball, but it is fufpended, as the weight or
bob of a pendulum, by a ftrong iron ftem, having a
horizontal axis at top, .on the ends of which it vibrates
freely when flruck by the ball. The confequence of
this fimple contrivance is evident: This large balliftic
pendulum, after being ftruck by the ball, will be pene-
trated by it to a fmall depth, and it will then fwing round
its axis and defcribe an arch, which will be greater or
lefs according to the force of the blow ftruck ; and from
the fize of the -arch defcribed by the vibrating pendu-
lum, the velocity .of any point of the pendulum itfelf
can be eafily computed; for a body acquires the fame
velocity by falling from:the fame height, whether it de-
dcend pe’rpeﬁdicularly down, or otherwife; therefore, the
length of the arch defcribed, and of its radius, being
5 | - given,
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given, its verfed fine becomes known, which is the
height perpendicularly defcended by the correfponding
point of the pendulum. The height defcended being
thus known, the velocity acquired in falling through
that height becomes known from the common rules for
the defcent of bodies by the force of gravity; and this is
the velocity of that point of the pendulum: this velocity
of any known point whatever is then to be reduced to
the velocity at the center of ofcillation, by the propor-
tion of their radii or diftances from the axis of motion;
and the velocity of this center, thus obtained, is to be
efteemed the velocity of the whole pendulum itfelf;
which being now given, that of the ball before the ftroke
becomes known from the given weights of the ball and
pendulum. Thus then the menfuration of the very
great velocity of the ball is reduced to the obfervation of
the magnitude of the arch defcribed by the pendulum,
- in confequence of the blow ftruck. This arch may be
meafured after various ways: in the following experi-
ments it was afcertained by meafuring the length of its
chord by means of a piece of tape or {fmall ribband, the
one end of which was faftened to the bottom of the pen-
dulum, and the reft of it made to flide through a fmall
machine contrived for the purpofe, which will be here-

after defcribed; for thus the length of the tape drawn
out,
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out, was equal to the length of the chord of the arch de=
{cribed by the bottom of the pendulum.

This defcription may convey a general idea of the
nature and principle of the experiment; but befides the
center of ofcillation and the weights of the ball and pen-
dulum, the effe¢t of the blow depends alfo on the place
of the center of gravity and the point of impact: it will,
therefore, be now neceflary to give a more particular de-
fcription of the machine, and of the methods of finding
the abovementioned requifites, and then inveftigate our
general rule for determining the velocity of the ball, in
all cafes, from them and the chord of the arch of vi-

bration.

Of the particular defcription of the machine, and of the
determination of the centers of gravity and ofcillation.

Tab. 1. Fig. 1. is a reprefentation of the machine ufed
in the firft three courfes of experiments; and fig. 2.0f that
which was ufed in the other two. I fhall here defcribe
the former of thefe, and afterwards take notice of the
few particulars in which the other differs from it when I
come to treat of the ufe of the latter.

The firft pendulum confifted of a block of found and
dry elm, being nearly a cube of twenty inches long,

which



Velocities of Cannon Balls, &c. 57

which was faftened to a firong iron ftem on the back
part of it by fcrew-bolts, having a thick iron axis at the
top, whofe ends were turned truly cylindrical, to roll
pretty freely in {ockets made to receive them; the whole
being fupporied by a four-legged ftand of very ftrong
timber, which was firmly fixed in the ground. a isthe
face of the cube into which the balls were fired; by
means of the blow it is made to {wing round the axis
B¢, and the chord of the arci: thereby defcribed is mea-
fured by the tape DEF faftencd to the bottom of the wood
at p, and {liding with fome {light friction through a
little machine of brafs, fixed at £ for that purpofe, the
tape being marked with inches and tenths, for the more
eafily meafuring of the chord or part of it drawn through
by the pendulum. The whole length of this pendulum,
from the middle of the axis to the ribband at b, was
102} inches. The weight and the other dimenfions were
taken each day when the experiments were made, and
then regiftered; and the manner of difcovering the
places of the centers of gravity and ofcillation was as
follows:

To find the center of ofcillation, the pendulum was
hung up, and made to vibrate in fmall arcs, and the time
of making two or three hundred vibrations was obferved
by a half-fecond pendulum. Having thus obtained the

Vou. LXVIIL I time
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time anfwering to a certain number of vibrations, the
finding of the center of ofcillation is eafy: for if v de-
note the number of vibrations made in s feconds, then it
is well known, that as v :6s: 139.2: 39; = the dif~
tance in inches from the axis of motion to the center of
ofcillation; and by this rule the place of that center was

found for each day.
The center of gravity was afcertained by one or bothe

of the two following methods. Firft, A
a triangular prifm of iron as, being m
placed upon the ground with an edge {ﬂ
upwards, the pendulum was laid B

acrofs it, and moved forward or backward on the ftem or.
block. as the cafe required, till the two ends exactly ba-
lanced each other; then, as it lay, the diftance was mea~
fured from the middle of the axis to the part which.
refted on the edge of the prifm, or the center of gravity
of the pendulum. The other method
was as in the latter of the two annexed .
figures, where the ends of the axis bemg
fupported on fixed uprights, and a chord
faftened to the lower end of the pen-
dulum, was pafled over a pulley at P, dif-
ferent weights w were faftened to the
other end of it, till the pendulum was

,

brought
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brought to a horizontal pofition. Then, taking alfo the
whole weight of the pendulum, and its length from the
.axis to the bottom where the chord was fixed, the place
of the center of gravity is found by this proportion, as
2 the weight of the pendulum : 2 the appended weight

::d the whole length from the axis to the bottom:: ?:

the diftance from the axis to the center of gravity.
Either of thefe two methods gave the place of the center
of gravity fufficiently exact; but the coincidence of the
refults of both of them was ftill more fatisfactory.

Of the rule for computing the Velocity of the ball.

Having defcribed the methods of obtaining the necef-
fary dimenfions, I proceed now to the inveftigation of the
theorem by which the velocity of the ball is to be com-
puted. The feveral weights and meafures being found,
let then

5 denote the weight of the ball,

p the whole weight of the pendulum,

g the diftance of the center of gravity below the axis,

4 the diftance to the center of ofcillation,

% the diftance to the point ftruck by the ball,

= the velocity of this point ftruck after the blow,

I2 v the
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o the original velocity of the ball,
¢ the chord of the arch meafured by the tape, and
7 its radius, or the diftance from the axis to the bot-
tom of the pendulum.
Then the effect of the blow ftruck by the ball is as

k’;, or,askk:gh:ip: ——— the weight of a body, which,
being placed at the point ftruck, would acquire the

fame velocity from the blow as the pendulum does
at the fame point. Here then are two bodies, & and

k k , the former of which, with the velocity v, ftrikes the

latter at reft, fo that after the blow they both proceed:
uniformly forward together with the velocity 2; in

which cafe it is well known, that & :5 +%{’ :: o3 and

. . . bbiv
therefore the velocity 2 is= Pl But becaufe of the

acceffion of the ball to the pendulum, the place of the
center of ofcillation will be changed; and from the

known property of that point we find b‘i é':gff =to its dif~

tance from the axis. Call this diftance of the center of
ofcillation, of the mafs compounded of the ball and
pendulum, H. Then, fince z is the velocity of the

point whofe diftance is %, we have this proportion, as

ZH bk . s
k:H::z: 3 = = the velocity of this compound

center of ofcillation.
Again,
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Again, fince 55- is the verfed fine of the defcribed arc c,

cc e bRt gbb
its radius being 7; thereforeas7 : | : v Yoyl

the verfed fine to the radius i, or the verfed fine of thearc
defcribed by the center of ofcillation, which call v; then is
v the perpendicular height defcended by this center, and
the velocity it acquires by the defcent through this fpace

: : _ B.o2¢
is thus eafily found, vz, as V1655 :v/v: 13231 0n %

\/%% =the velocity of the center of 0fc1llauon_ deduced
from the chord of the arc which is actually defcribed.
Having thus obtained two different expreffions for the
velocity of this center, independent of each other, let an
equation be. made of them, and it will exprefs the rela-
tion of the feveral quantities in the queftion; thus then

btv  _ Ro2c [k +ghp
we have. e Bz \/ pErs from which we obtain v=

Sy e

8.02¢

z hvz’\/bk +gp x bRk + gbp the true expreflion for the ori-
ginal velocity of the ball the moment before it ftruck
the pendulum.

COROLLARY. But this theoremr may be reduced to a
form much more fimple and fit for ufe, and yet be fuffi-
ciently near the truth. ‘Thus, let the root of the com-

pound facdtor Vok+gpx bkk+ gbp be extrated, and it will

be equal to v/hx pg+b,éx ® within the 100000th part
of



62 Mpr. HUTTON on the initial

.of the truth in fuch cafes as generally happen. But fince
bEx " is ufually but about the gooth or 4o0oth part of
22, and that 5Z differs from bkx‘%lzf but by about the

8oth or 1ooth part of itfelf, therefore pg+44 is within
h+é

L}

about the 20000th or 30000th part of pPg+okx—;

2 H very nearly. Or,

Confequently v is = 8.02 ¢V b x
farther, if g be written for ,é in the laft term 44, then

finallyvis = 8.02¢0v/2bx 20" M 24 or v = 5.672c0vbx Lt 77&'
which is an eafy theorem to be ufed on all occafions;
and being within about the 3000th part of the truth, it
is fufficiently exaét for all practical purpofes whatever,
Where it muft be obferved, that ¢, g, £, 7, may be taken
in any meafures, either feet or inches, &c. provided they
be but all of the fame kind; but 4 muft be in feet,

becaufe the theorem is adapted to feet.

SCHOLIUM. As the balls remain in the pendulum
during the time of making one whole fet of experi-
- ments, by the addition of their weight to it, both its
weight and the centers of gravity and ofcillation will be
changed by the addition of each ball which is lodged in
the wood, and therefore p, g, and 4, -muft be corrected
after every thot in the theorem for determining the ve-
locity v. Now the fucceeding value of p is always p+4;
or
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or p muft be correted by the continual addition of b

and g is correted by taking always g+ —=p, org +—-— ]

P67
nearly for each 'fucceﬁive value of g; or g 1s~correéted

by adding always —= 5 to the next preceding value of g

and laftly, 5 is corre&ed by taking for its new values

bk
Pi IM y orby adding aIWaysP +Mb7€ ork_b /

nearly, to the preceding value of 5; fo that the three
corrections are made by adding always,
4 to the value of p,

fucceffively

‘;.;é’ x b to the value of g,

5—? x 4 to the value of 4.

Before we proceed to the experiments it may not be
improper to take notice of three feeming caufes of error,
which have not been brought to account in our theorem
for determining the velocity of the fhot; and to examine
here whether their effeéts can fenﬁbly affet the conclu-
fion. Thefe are the penetration of the ball into the
wood of the pendulum, the refiftance of the air to the
back of it, and the fri¢tion on the axis :: by each of thefe
three caufes the motion of the pendulum feems to be
retarded. The principle on which our rule is founded
fuppofes the momentum of the ball to be communicated
%o the pendulum in an inftant; but this is npt accurately
2 the
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the cafe, becaufe that this force is communicated during
the {mall time in which the ball makes the penetration;
but as this is generally effected before thie pendulum has
moved one-terith of an inch out of its vertical pofition,
and ufually amounts to fcarcely more than the 200th
part of a fecond, its effect will be quite imperceptible, and
therefore it may fafely be neglected in thefe experi-
ments. .As to the fecond retarding force, or the refiftance
“of the air to the back of the pendulum, it is manifeft
that it will be quite infenfible, when it is confidered that
Aits velocity is not more than three feet in a fecond, that
its furface is but about twenty iiches fquare, and that its
weight is four or five hundred pounds. Neither can the
effet of the laft caufe, or the friction on the axis, ever
amount to a quantity confiderable enough to be brought
into account in thefe experiments: for, befides that care
was taken to render this friction as fmall as _poﬁible, the
effet of the little part which does remain is nearly ba~
lanced by the effect it has on the diftance of the center of
.dfcillation; for as this center.was deter‘mi‘ne_d from the
-attual vibrations of the pehdulum,~the friction on the axis
would a little retard its motion, and caufe its vibrations to
be flower, and the confequent diftance of this center to
be greater; fo that the other parts of our theorem being
multiplied by v/4, or the root of this diftance, which is
at
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as the time of a vibration, it is evident that the fri¢tion
in the one cafe operates againft that in the other; and
that the difference of the two is the real efficacious caufe
of refiftance, and which therefore is either equal to no-
thing, or very nearly fo.

Thefe general caufes of error in the principles of the

“experiments are therefore fafely omitted in the theorem:

and our only care muft be to guard againft accidental
errors in the actual execution of the bufinefs.

Of the experiments.

The gun, with which the experiments were made,
was of brafs; the diameter of the bore or cylinder at the
muzzle was 2-%,0r 2.16 inches; but its diameter next the
breech was a fmall matter lefs, being there only 2%, or
2.08 inches; fo that the greateft caft-iron ball it would
admit was juft 1 9> ounces avoirdupois, or 13 pound want-

ing half an ounce; but fometimes leaden balls were ufed,
which weighed above 13 pound, and fometimes long or
cylindrical thot which weighed near three pounds; the
length of the bore was 423, or 42.6 inches, fo that it
was nearly 207 calibers long.

The powder ufed was of the fort which is commonly
made for government; the quantity was two, four, or

Vovr. LXVIIL K eight
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eight ounces to a charge, which was always put into a
light flannel bag, and rammed more or lefs, as exprefled
in each day’s experiments, but without ever ufing any
wad before it.

The diftance of the gun from the pendulum was 29
or 30 feet; which diftance was found by firing the piece,
with eight ounces of powder without a ball, at different
diftances, till the force of the elaftic fluid was found not
to move the pendulum.

The penetrations of the balls into the wood were at-
tempted to be taken, but were foon neglected on account
of their uncertainty, becaufe of fo many balls ftriking in
or near the {fame part of the wood. The depth of the
penetration feemed to be near about three inches in folid
wood when two ounces of powder was ufed.

The firft courfe of experiments was on the 13th of
May, 17735, it being a clear, dry day. The weights and
meafures then taken were thus, v/z.

P = 328 pounds, the \veighf of the pendulum,

& = 72 inches, the diftance of the center of gravity,

b = 88 inches = 71 feet, the diftance of the center of

ofcillation,

7 = 1027 inches, the diftance to the bottom or tape.
The value of 4 = 88 was determined from the number
of forty vibrations being made in a minute; for as

4 40°
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40":60%::4:9::39.2:88. The number of fhot was
eight, and the circumftances and refults as cxhibited in
the following table.

g . ey 5 QO e U
"§Q'§ O'E NV &'8'5'“;.‘2::' s Values |Values | Chord | Vel
13 e s 818 o orle o == hord | Veloc.
.é é’ &.g} .%"f_g 8 Eg :%og %o% of p. | of g. |of the | per fe-
2 sAEm Cli- RS es arc, ¢ | cond.
Oz.]| In. | Inches. Inches.| Oz. {Pounds |Pounds|Inches. | Inches)| Feet.
1l 2 |1.98 92.5 [17% | 1.094| 328.0} 72,0 | 13.0 | 458
12 2198 92.5 174 | 1.094| 329.1 72.1 ['17.8 | 631
3| 2 |198] 315 | 91.6 |17 | 1.094| 330.2} 72.2 | 181 | 650
4 2|no7| 315 |or. 17} | 1.078f 331.3] 72.3 17.6 | 646
sl 2 |197] 3.15 | 90.5 |17} | 1.078] 332.3} 72.3 | 16.3 | 604
6| 2 |1.96| 3.15 | 92.4 |17 | 1.063] 333.4| 72.4 | 16.2 | 508
7| 4|197] 45 |92 17} | 1.078]| 334.4] 72:5 | 24.0 | 881
8 4196|455 (905 {17 | 1.063] 335.51 72.5 | 25.0 | 950

By computing the velocities from our theorem invef-
tigated in the corollary, they come out as they are here
regiftered in the laft column of the table, and they are
all pretty regular excepting the firft one, which is about
one-fourth p:irt lefs than the reft with the fame weight
of pawder, and which irregularity muft have been
caufed by fome unperceived accident. The values of p
and g were each correéted by their refpective theorems;
but the value of » was kept the fame (73 feet) through~

X 2 out,
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out, becaufe that its correétion was fo fmall as not to
make a difference of above a foot or two at moft in the
velocity: and for the fame reafon this correftion is
neglected, as quite unneceflary, in the reft of the experi-
ments.of the other days following.

The mean velocity of the fecond, third, fourth, fifth,
and fixth numbers is 626, and of the feventh and eighth
it is g1 53 that is, the velocity with two ounces of pow-
der was 626 feet per fecond, and that with four ounces
was 91 5 feet; and thefe two velocities are in the ratio of
1 to 1.46. But the mean weight of the balls in the
former cafe was 17} ounces, and in the latter it was 171
ounces; and the ratio of the quantities of powder was
that of 1to2. But the dire& fub-duplicate ratio of the
powder, compounded with the inverfe fub-duplicate
ratio of the weights of the fhot, forms the ratio of 1 to
1.42, which is nearly equal to the ratio (1 to 1.46) of
the velocities; that is, in this inftance the velocities are
very nearly as the {quare roots of the quantities of pow-
der directly, and the {quare roots of the weights of the
balls inverfely. The powder was forced up with only
one ftroke of the rammer.

The fecond courfe was performed on the 3d of June,
1775, which was a clear, dry day, but windy. Some of
the
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the experiments of this day are doubtful, as indeed is
evident from their irregularity, on account of the wind
blowing the tape, which was not very properly fecured
by the little brazen machine through which it was made
to {flide.

The powder was taken from the bottom of a barrel,
and the charges rammed a little clofer than thofc of the
former day; and fo tight did the fhots fit towards the
breech, that many ftrokes of the rammer were neceflary
to drive them home.

The fourth and fifth fhots were of a long form, which
may be called {pherico-cylindrical, as they were cylinders
terminated by hemifpherical ends, fo that their {fetion
through the axis was of this form ©, and the length of
the axis was near double the diameter of the fhot.

The fourth thot, or firft of the long fort, ftruck fide-
ways, making a hole of the fhape of the above fection,
only its length or axis was not horizontal but vertical,
thus 0.

The laft fhot lay obliquely in the wood; it appeared
to have ftruck with its end foremoft, or nearly {o, as the
oblique pofition in which it lay feemed to be caufed by
its friking againft a former fhot lodged in the wood,
with the hance of its end, fo as to flatten it in that part.

of
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Of the pendulum, the weight, length, and centers of
gravity and of ofcillation were the fame as when taken
the former day before the experiments were made; the
former balls having been extrated, and the holes filled

up with wood.

ERIEEICEA T AN -
2] Se o By T NSS! 2= | Values [Values | Chord | Veloc,
O jorglaie o 20 L Slene ) oS - - - A
2 Iz g5 ¢2 o= @ gg; 'S :;—i of p. | of g. jof the |per fe-
g if‘; FATIR CiE=SERTI RS are, ¢. | cond.
Oz.| In. %Inches. Inches. | Oz. iPounds Pounds {Inches. ;Iuches. Feet.
1] 2 {2.08] 2.85 881 |195 | 1,219 328.0] 72.0 | 24.3 800
2| 2 |2.08] 2.85 89 X9 | 1219 329 2| 72.1 | 30.5 | 1003
3| 2[2.08] 285 | o3% |19} | 219 330.4| 72.1 | 30.0 043
41 2 (208 335 | 92§ (46F | 2.906] 331.6{ 72.2 | 570 | 967
51 212.08] 3.35 | 93 [40% | 2.906) 334.5] 72.4 | 540 | 731

Here the firft thot is again fo much fmaller than the
two following ones, that fome irregularity muft have
-attended it, on which account we cannot make any ufe
of it. The mean between the fecond and third is 97 3;
and between the fourth and fifth the mean is 749; that
is, the velocity of the 19} ounce ball is 97 3, and that of
the 46; ounce fhot 749 feet per fecond, which two num-
bers are in the ratio of 1.3 to 1. But the reciprocal fub-
duplicate ratio of the weights (19% and 461) is the ratio
of 1.54 to 1: therefore, in this inftance, the velocity of
‘the heavier fhot is a little lefs than would arife from the
inverfe
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inverfe ratio of the fquare roots of the weights of the
thot. But the accurate ratio cannot certainly be drawn
from thefe numbers, on account of the doubtfulnefs of
fome of them, as was before obferved.

It is very remarkable, that in the experiments of this
day, the mean velocity with two ounces of powder is
973, whereas it was no more than 626 in the former
day with the fame quantity of powder, notwithftanding
the balls were heavier with the greater velocity in the
proportion of 19 to 17 nearly. This remarkable dif-
ference muft be chiefly owing to the windage in the firft
courfe: and from hence we may perceive the great ad-
vantage to be gained by the ufe of balls approaching in
proportion nearer to the diameter of the bore of the gun
than what is prefcribed in the prefent eftablifhment.
Poflibly, however, fome part of this difference might be
owing to fome {mall inequality in the powder, as that
which was ufed this day was taken from the bottom of
a barrel. Perhaps alfo fome part of the effe¢t may be
owing to the greater degree of ramming which the pow-

der had in this courfe.

The third courfe was made on the 12th of June,
1775, it being a clear, dry, and calm day. The powder

in the experiments of this day was rammed in the fame
degree
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degree as in the laft one. It was alfo nearly the fame in
the {ucceeding days, as may be perceived by infpecting
the fourth column of each courfe, which, dencting the
height of the charge, fhews the degree of compadinefs
with which the powder was lodged in the piece. The
dimenfions, as taken this day, were thus:

P = 324 pounds, the weight of the pendulum.

o = 7 1.4 inches, the diftance of the center of gravity.

b = 88 inches = 75 feet, the diftance of the center of

ofcillation.
7 = 1025 inches, the whole length to the tape.

i B S ) S e N
SE| °Z |0 s|BEL|S=S 2 Shord | &
g Lfn—g g3 'gn E gn 4 . “:_' 5 ,:EDE Vaflues Vuflues b}loi'ld gg
"T"EO.EE 'GH:EO.;'EE S of p. | of g. otc_as
ER™MAT Iz Ols—~ s[5l = are, 6 |
2 .
Oz. |Inches. [Inches. |Inches. | Oz. {Pounds |Pounds |[nches. [Inches. | Feet
1| 2] 2080} 285 94 |19% | 1219 324.0| 71.4 | 23.0 | 700
2| 212036|285 | 94 [18% | r.xqr| 3252 71.5 | 24.5 | 799
3| 212045 285 | o3% |18% | 1.156| 326.4| 71.6 | 22.0 | 715
4] 4| 20021 4. 92% |19 | 1.188] 327.5| 71.7 | 27.3 | 880
5| 4]2036] 4. 93% [18% | 1.rg1| 328.7( 71.7 | 35.0 |1163
61 41 2.045| 4 93% 1183 | 1.1561 329.9] 71.8 | 33.0 [1087

Here the common mean weight of the ball is 183
ounces, the mean velocity with two ounces of powder is
738, and that with four ounces of powder is 1043 feet

per fecond. The ratio of thefe two velocities is that of
I to
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I to I.414; that is, accurately the ratio of the fquare
roots of the quantities of powder.

Of the experiments made with the other pendulum, which
is reprefented in fig. 2.

The firft pendulum was gradually more and more
rent and fhattered by the firing of fo many balls into it,
till at the end of the laft courfe of experiments it had
become quite ufelefs. Another was then fitted up, and
with it were performed the two following courfes.

This fecond pendulum confifted of a cubical block
of found elm, of near two feet long, fixed to the iron
ftem, but not exactly in the manner of the former; for
in this the ftem was placed vertically over the center of
the top-end, to which point it continued whole, but
there divided in two, each pafling to right and left over
the top down the fides, and returning along the bottom,
and being at proper intervals faftened to the wood with
iron pins. A thick fheet of lead was faftened over each
of the two upright faces into which the fhot were to be
fired, both to guard them from f{plintering very much,
and to add to the weight of the pendulum. The whole
was then firmly fecured by two very thick iron bands or
hoops, paffed horizontally quite around the wood, and

Voi. LXVIIL L firmly
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firmly fixed to it, the one next the upper end, and the
other near the lower, fo as ftrongly to refift the endea-
vours of the fhot to {plit the wood.

The whole weight of the pendulum, thus fitted up,
was 552 pounds; its whole length, from the middle of
the axis to the tape at the bottom, was 101 inches; the
diftance to the center of gravity was 78 inches; and the
diftance to the center of ofcillation was 88 inches equal
to 7+ feet, which was exaétly the fame as that of the
former pendulum, their numbers of vibrations being
alike in the fame time.

Inftead of fufpending this pendulum, after the man~
ner of the former, by the ends of its axis in grooves
turned to fit them, they were only placed on flat, level
pieces of wood, on which this pendulum vibrated much
freer than the other did; but a fmall nail was driven
into the fupporting wood, juft behind each end of the
axis, to prevent the ftroke of the fthot from throwing it
off the ftand.

To this pendulum was adapted a better machine for
the tape to {lide through than the former one was, the
inconvenience of which had often been experienced by
its catching and entangling the tape, {0 as to interrupt its
free motion, and once indeed to break it. This new one,

however, is at once very fimple, and perfeétly free from
every
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every inconvenience, giving juit the neceffary degree of
friction to the tape, without ever ftoppin'g its motion; fo
that of the real quantity drawn out by the vibration of
the pendulum there could not poffibly be the leaft doubt.
This fimple contrivance confifted barely of about fix or
eight inches of the lift of woollen cloth faftened upon
the arch of a {fmall piece of wood, which was fhaped
into the form of the fegment of a circle thus g, the
tape being made to pafs through between the curved fide

“and the lift, which was moderately ftretched and faftened
by its two ends to thofe of the little arch.

Upon the whole, the machinery was all {fo perfeét,
and every circumftance attending the experiments of
the two enfuing days fo carefully obferved, that I can
with great fafety rely on the conclufions refulting from
them. And as thofe of the one day were made with
leaden balls, and thofe of the other with iron ones,
which differ greatly in weight, every other circumftance
being the fame, they afford very good means for difco-
vering the law of the different weights of fhot, while
the variations in the powder from two to four -and
eight ounces furnith us with the rule for the different
quantities of it.

L2 The
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The fourth courfe was on the 2oth of July, a fine
clear day. The powder was a mixture of feveral of the
forts made for government, and the balls were of lead.
The quantities of powder were two, four, and eight
ounces alternately; and the dimenfions at firft were thus:
# = 552 pounds, the whole weight of the pendulum..
7 = 101 inches, its whole length.
£ = 78 inches, the diftance of the center of gravity..
b = 88 inches = 75 feet, that of the center of ofcil~

lation.

f .t°: ol B “5 Jo e, %ﬁ s < £

ERR{RE R SEREESI s arc . 2
“ Oz. |Inches. |Inches. |Inches. |Oz. [Pounds |Pounds |{Inches. [Inches. |Feet
1| 2|2021) 285 [ go. [28% | 1.766| 552.0| 78.0 | 14.8 | 612
2| 4|2021| 44 |87 |85 1766/ 553.8] y8.0 | 20.5 |.879
3| 8] 2.032] 71 87. 283 | 1.797] 555.5| 78.1 | 27.5 [1164)
4| 2| 2026 2.85 | go. [28L ] 1.781] 557.3| 78.1 | 15.0 | 622
5| 4|2026f 44 |88 (281 1.781| 550.1| 78.1 | 20.5 | 871
61 8 2032] 7.1 92. 283 | r.79y| 560.9| 78.2 | 28.5 |1154
7{ 2 {2021| 285 | 89.8 |28 | 1766 562.7 78.2 | 14.3 | 6og
8] 42020} 4.4 | 91.3 |28L 1.781| 564.5] 78.2 | 21.0 | 870
9l 8/ 2.026] 5.1 87. 1285 | 1.7811 566.2] 78.3 [ 26.8 |1169

Let us now colle¢t together the feveral velocities be-
longing to the {fame quantity of powder, in order to take

their means, thus:
Veloc.
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Veloc. with Veloc. with Veloc. with

2 ounces. 4 ounces, 8 ounces.

612 879 1164

622 871 1154

6og 870 1169

3)1839 3)2620 3)3487

The means, 613 873 1162

—— e et et e — [ ———

The uniformity of thefe velocities is very ftriking, and
the means with two, four, and eight ounces of powder
are 613, 873, and 1162, which are in the ratio of 1,
1.424, and 1.9; thefe numbers are nearly in the ratio
of the {quare roots of the quantities (2, 4, and 8) of
powder, the numbers in this latter ratio being 1, 1.414,
and 2, where the {fmall difference lies chiefly in the laft
number. A fmall part of this defe in the greateft velo-
city is to be attributed to the mean weight of the balls
ufed with it being greater than in the others; for the
mean weight of the balls ufed with eight ounces of pow-
der is 28% ounces, while that with the two and four
ounces is only 2823 the reciprocal fub-duplicate ratio of
~thefe is that of 1 to 1.006, in which proportion, in-
creafing 1.9 the number for the greater velocity, it be-
comes 1.91, which ftill falls fhort of 2 by .09, which is
about the ;%d part too {mall for the fub-duplicate ratio of

the
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the powder. This defect of a 22d part is owing to three
evident caufes, viz. 1. The lefs length of cylinder
through which the ball was impelled; for by infpecting
the fourth column, denoting the height of the charge,
it appears, that the balls lay three or four inches ncarer
to the muzzle of the piece with the eight ounce charge
than with the others. 2. The greater quantity of elaf-
tic fluid which efcaped in this cafe than in the others by
the windage; this happens from its moving with a
greater velocity, in confequence of which a greater quan-
tity efcapes by the vent and windage than with the {fmal-
ler vclocities. 3. The third caufe is the greater quan-
tity of powder blown out unfired in this cafe than in
that of the lefs velocities; for the Dball which was im-
pelled with the greater velocity would be fooner out of
the piece than the others, and the more {o as it had a lefs
length of the bore to move through; and if powder fire
in time, which cannot be denied, although indeed that
time is manifeftly very fhort, a greater quantity of it
muft remain unfired when the ball with the greater ve-
locity iffues from the piece, than when that which has
the lefs velocity goes out, and {ftill the more fo as the
bulk of powder which was at firft to be inflamed in the
one cafe fo much exceeded that in the others. The
cffect, however, will arifc chiefly from the firft and laft
of
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of thefe three caufes, as that of the fecond will amount
to very little; becaufe that the effet arifing from the
greater velocity with which the fluid efcapes at the vent
and windage, is partly balanced by the fhorter time in
which it aéts.

From the above refle€tions we may alfo perceive, how
{mall the quantity of powder is which is blown out un-
fired in any of thefe cafes, and the amazing quicknefs
with which it fires in all cafes: for although the time in
which the ball paffed through the barrel, when impelled
by the eight ounces of powder, was not greatly different
from the half only of the time in which it was impelled
by the two ounces, it is evident that in half the time
there was nearly four times the quantity of powder fired.

The fifth or laft courfe was on the 21t of September,
1775, fine clear weather, but a little windy.

The machinery and the balls were of iron, but pow-
der the fame as in the laft courfe, and the dimenfions as
follows:

p = 553 pounds, the weight of the pendulum.

r = 101 inches, its length.

g = 78; inches, the diftance of the center of gravity.

b = 84.77 5 inches = 7.06 5 feet, that of the center of

ofcillation, the pendulum making 68 vibrations in

100 feconds.
Number
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[ Ve S (PRI . w gy
. _‘Z.;‘? NSE _: ° g’,,fﬁ*: _;E }:0‘2' Values |Values —cz; g ?"E
BITE| Gs PR E e T | F o e |5058
Elz A=l Cla—c|B*® |Bs L=
4 Oz. Inches ‘I_nches inches.[)z, Dr.[Pounds [Pounds |Inches. {Inch.] Feet.
1| 2| 2002]3. 88.3 |19 o | 1.188} 553.0| 78.1 |r1.4| 502
2] 4| 2.0062] 4.3 88.3 19 o] 1.188} 554.2| 78.1 |17.3 1068
3| 8| 2062]6.7 |91.0 lsig o 1188 555.5| 78.2 |23.6 11419
4| 2| 2.070] 3. 90.7 |19 3% 1.201} 556.8| 78.2 (11.4{ 682
51 4208043 [go7 {19 8} r.azar] s58«| 78.2 [17.3]|1020
6| 8| 2064) 6.7 |90.7 [19 Oif 1.190] §59.4| 78.2 [22.3|1352]
91 2] 2.060] 3. 9I. 18 15 | 1.184) §60.6| 78.3 [11.4] 695
8| 4205843 |90 |18 14| 1.180] 561.9] 78.3 |15.3| 948
9| 8[2049[ 67 |90 |18 93 1.163] 563 1| 78.3 [22.9!1443
10| 2| 2047] 3. 88.3 18 g | 1.160( §64.3| 78.3 [109| 703
11| 4|2037] 43 88.3 [18 43| 1.142] 565.5( 78.4 [14.8] 973
12 | 8| 2.036f 6.y 88.3 |18 3| 1140 566.6{ 78.4 [20.6 1360
13| 2) 2034|3 192 [18 3| r1.137] 567.8] 78.4 jrr.4| 723
14| 4|2034| 43 [92. [18 3| 1137{569.0f78.4 [150]| 957
151 81 203r]67 |o943 [18 13l r.13rl s70.1] 78,5 |22.511412

Let us now take the means among thofe of the fame
quantity of powder, thus:

Veloc.
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Veloc, with * Veloc. with Veloc., with
2 ounces, 4 ounces, 8 ourices,
702 1068 1419
682 1020 1352
695 948 1443
703 973 1360
725 957 1412
5)3507 5)4966 5)6986
The means, 701 993 1397

And thefe mean velocities with two, four, and eight
ounces of powder, are as the numbers 1, 1.416, and
1.993; but the fub-duplicate ratio of the weights (two,
four, and eight) of powder gives the numbers 1, 1.414,
and 2, to which the others are fufficiently near. It is
obvious, however, that the greateft difference lies in the
laft number which anfwers to the greateft velocity, and
which is again in defect. It will ftill be a little more in
defe& if we make the allowance for the weights of the
balls; for the mean weight of the balls with the two
and four ounces is 182 ounces, but of the eight ounces
it is 18{; diminifhing therefore the number 1.993 in
the reciprocal fub-duplicate ratio of 181 to 18%, it be-
comes 1.985, which falls thort of the number 2 by
»015 or the 133d part of itfelf; which defect is to be

Vor. LXVIIL M attri-
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attributed to the fame caufes as it was in the laft courfe
of experiments before explained.

Let us now compare the correfponding velocities in
this courfe and the laft.

In this courfe they are 701, 993, 1397;
In the laft they were 613, 873, 1162,

Now the ratio of the firft two numbers, or the velocities
with two ounces of powder, is that of 1 to 1.1436; the
ratio of the next two, is that of 1 to 1.1375; and the
ratio of the laft is that of 1 to 1.2022. But the mean
weight of the fhot was, for two and four ounees of
powder 2.8 ounces in the laft courfe, and 182 ounces in
this; and for eight ounces of powder, it-was 28%in the
laft, and 182 in this: taking now the reciprocal fub-
duplicate ratios of thefe weights of thot, we obtain the
ratio of 1 to 1.224 for that of the balls which were
fired with two ounces and four ounces of powder, and
the ratio of 1 to 1.241 for the balls which were fired
with eight ounces. But the real ratios above found are
not greatly different from thefe. And the variation of
the actual velocities from this law of the weights of
fhot incline the fame way in this courfe, as they ap-

peared to do in the fecond courfe of thefe experiments.
2 We
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We may now colleét.into one view the principal in-
ferences that have refulted from thefe experiments.

I. And firft, it is made cvident by them, that powder
fires almoft inftantaneoufly, feeing that almeft the whole
of the charge fires though the time be much dimi-
nifhed.

2. The velocities communicated to balls, or fhot of
the fame weight, with different quantities of powder,
are nearly in the {fub-duplicate ratio of thofe quantities.
A very {mall variation, in defe&t, taking place when the
quantities of powder become great.

3. And when fhot of different weights are fired with
the {fame quantity of powder, the velocities communi-
cated to them are nearly in the reciprocal fub-duplicate
ratio of their weights.

4. So that, univerfally, fhot which are of different
weights, and impelled by the firing of different quanti-
ties of powder, acquire velocities which are directly as
the {quare- roots of the quantities of powder, and in-
verfely as the fquare roots of the weights of the fhot,
nearly:

5. It would therefore be a great improvement in ar-
tillery to make ufe of fhot of a long form, or-of heavier
matter; for thus the momentum of a fhot, when fired

M2 with
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with the fame weight of powder, would be increafed in
the ratio of the fquare root of the weight of the fhot.

6. It would alfo be an improvement to diminith the
windage; for by fo doing, one-third or more of the
quantity of powder might be {aved.

7. When the improvements mentioned in the laft two
articles are confidered as both taking place, it is evident
that about half the quantity of powder might be faved,
which is a very confiderable object. But important
as this faving may be, it feems to be ftill exceeded by that
of the article of the guns; for thus a fmall gun may be
made to have the effe¢t and execution of one of two or
three times its fize in the prefent mode, by difcharging a
fhot of two or three times the weight of its natural ball
or round fhot. And thus a fmall thip might difcharge
fhot as heavy as thofe of the greateft now made ufe of.

Finally, as the above experiments exhibit the regu-
lations with regard to the weights of powder and balls,
when fired from the fame piece of ordnance, &c.; fo
by making fimilar experiments with a gun, varied in its
length, by cutting off from it a certain part before each
courfe of experiments, the effeéts and general rules for
the different lengths of guns may be certainly deter-

mined by them. In fhort, the principles on which thefe
expe~
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experiments were made, are {o fruitful in confequences,
that, in conjunétion with the effects refulting from the
refiftance of the medium, they feem to be fufficient for
anfwering all the enquiries of the {peculative philofo-
pher, as well as thofe of the praétical artillerift.




