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FOREWORD,

This paper, a compilation of the formulae now in use
in the Ordnance Office, United States Army, is intended as
a guide for future calculations, The formulae have previous-
ly been scattered throughout many sets of calculations on
various carriages, They, together with their derivation and
method of application, are here collected for the first time,
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I, VELOCITY OF PROJECTILE IN THE BORE.

The formula used for the caloculation of the curve of
velocity of the projectile in the bore as a function of space
is the binomial formula of Col, Ingalls published in the
Journal of the United States Artillery of November-December,
1903, While these formulae probably do not as accurately
represent the true action of the powder gases as do the
trinomial formulae published by the same author at a later
date, they are sufficiently accurate for caloculating throt-
tling areas in éun carriages and possess the advantages of
giving emooth pressure and velocity curves and of facility in
use,

The following elements must be known in order to cal-
culate the pressure and velocity curves:

gmdx?Normal maximum pressure in bore in pounds per square
ineh.

Imuz.’ Muzzle velocity of projectile in feet per second.

u = Travel of projectile in inches.,

C = Capacity of powder chamber in cubic inches,

J = Specific gravity of powder grains (about 1.56),

w= Weight of projectile in pounds,

w a Weight of charge in pounds,

¢ = Caliber in feet,

From the above the followinz secondarv constants can

be calculated,
weight of charge

weight of water required to fill chamber
~called "density of loading."

a2=l-l= 4 - d
Jd AJd

A= [las22g € -
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= (c - & 1728 1 - B ad &
o = (0 - £ 3728 o [B.30s55) 2% .

reduced length of initial air space in chamber in feet,

My 3w = w
o 144 7T g c° 2o = ] a® @O
u -
6muz. = Sz 7. - number of expansions,

The fundamental formulae for pressure and welocity are

(1) P = M X5(1 - NXg)
(3) Y= ux; (1= NX,)

Col. Ingalle states that the pressure curve has a max-
imum ordinate when & = 0,4534. A large number of calculations
with these formulae have shown that thie is not strictly true
for howitzers and field gune, The average of several calcu-
lations made gives the maximum pressure to occur at € = .65
for field guns and at € = ,6 for howitzers, The method of
arriving at the true position of the maximum pressure is as
follows:

| From the fundamental equations above we may write
v aElt(l-nxc,)amcl(l-mx..,)=ng(1~»11:,)

muz.

zmx. M X, (1 - NXS) au xa(l - mc:5 ) oﬂt8 (1 - Nxs)

X, - TaX NXz= PX, - PNX,X,

PNX,X, - YPoX NX, = PX; - X,

(3) g - E_'J_{l - 1[30(1{2

BX X - faxzxs
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Take out X, and Xl corresponding to emuz. from the
tables of these functioms,

Assume § for maximum pressure in accordance with some
similar gun previously calculated. In the absence of any
indication as to what this should be it should be assumed

at about .6, Take out X, and X, corresponding to this

3
assumed value of € ,
Caloculate N from the formula derived above,
Calculate M from the following formula

(4) M = f
Xl - Nchl

To check: Calculate P from the formula
P = M;X; (1 - NXz), It should agree with the given maximum
pressure,

Now calculate P for the higher and lower tabular values
of & nexf’to that assumed, If this P is less in each case
than zmax., the point assumed is the correct one for the max-
imum P, If either is greater, calculate P for successive
tabular values of € until P passes through a maximum, assume
the value of £ corresponding to this calculated Bm ) as a
new trial value and recalculate N, ¥, Ml’ and P as before,
Proceed in this way until the true position of the maximum
is obtained, The values of N and M thus derived are the true
ones to be used in the equation

!? = MXo = MNXoX; for plotting the velocity curve.

The pressure curve may be calculated by the formula

P a Mlxa - Mleax3 , 1f desired, but this curve is used in

designing guns rather than carriages and is not required

for our purpose,
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To plot the curve of velocity of projectile as a funo~
tion of space, (Fi .

Having obtained M and N, ﬂ?and consequently V may be
obtained for any value of € or u by substitution {n the for-
mula, The points may be taken rather far apart especially
after passing the maximum pressure, The points may be plot-
ted to any convenient scale and a smooth curve should be
drawn through all of them, If any point is off the curve
it should be recalculated,

To caloulate the ocurve of velocity of projectile as a
£ tion of time (F 3

A method of calculating this curve is given by Captain
(now General) Crozier in Ordnance Construction Note No. 57,
It consists in plotting the curve of reciprocales of the
velocity as a function of time[% = f(ti] and of measuring

the areas under successive portions of this curve. This
1 t —
area 18 [Lds = f§lde = fat =1+,

However, it is not necessary to plot the curve of re-
ciprocals, as the curve of velocity as a function of time may
be obtained directly fram the curve of velocity as a function
of space,

The expression for the area under any portion of this
curve is (Fig, 1)

A= axv, = 4x§%=g_§3
_x.g

. a
(5) () Ata—j

The area under successive portions of the curve may be

obtained by planimeter or by any other convenient method,

and the successive times thus be calculated., The accuracy






V=

Fis. 2.
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of this method increases, the smaller the increments of x
becone,

Both of these methods of calculation fail near the origin.
The first method fails because the Y-axis becomes tangent to
the reciprocal curve at infinity and it is impossible to
measure the area correctly or to plot the curve with any
degree of accuracy through points near the Y-axis, The
second method fails because the units of x and A become too
small to be measured with accuracy near the origin,

However, the true time for this portion of the curve
may be approximated to any required degree of accuracy.

Having calculated the time corresponding to a number of
spaces as near the origin of motion ae practicable, plot the
curve of velocity as a function of time to a large scale,
preferably on cross section paper (See Fig, 3). One of the
properties of this curve is that the area beneath any portion
thereof represents the distance traveled over during that time,
Therefore, if the area under the curve up to any point is
unequal to the corresponding space traversed, the curve is
incorrect and should be adjusted accordingly.

In Fig. 3 the dotted line represents the preliminary
or calculated curve while the full line represents the ad-
justed or true curve,

The whole of the curve of velocity of the projectile
a8 a function of time may now be plotted to a convenient

scale, The maximum abscissa of this curve is called t!,
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II, VELOCITY OF FREE RECOIL (Fig. 3).

The velocity of free recoil is the wvelocity which the
recoiling parts would have if they were acted on only by the
powder pressure and not retarded in any way. It attains its
maximum at the time the powder gases cease to act, i, e,,
when the bore pressure becomes atmospheric pressure,

= velocity of projectile in bore (previocusly calculated).

8¢ g

weight of charge.

w = weight of projectile,

wr = weight of recoiling parts,

Ve = velocity of free recoil,

Assuming, as seems rational, that the average welocity
of the powder is one-half that of the projectile.

wt s
(8) V£ = Vp-—————-—wr

The average velocity of the powder gases as they emerge

from the bore after the projectile has left it is generally
taken as 4700 ft,/sec., (Rausenberger gives 3.5 Vb ).

'r V} max, wbvhuz. + 4700w,
wpvmuz + 4700
(7) V. max, = -
T

The curve of velocity of projectile as a function of
time can be used for velocity of free recoil as a function
of time by simply changing the vertical scale in the ratio of

w
w+ 3 . Then draw a horizontal line parallel to the axis

Wy

of ¢t at a distance of Vf max therefrom and connect this line






TOTAL SHADED AREA = & 2
CROSS SHADED AREA = P;%
T2

SINGLE SHADED AREA = E-
UNSHADED AREA = UT

D\\i

1

FlG.- 3,
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with the curve by means of a smooth curve, The exact position
of the point of tangency of the curve and horizontal line can-
not be accurately determined, but it makes very little differ-
ence 80 far as the results of the calculations are concerned,
The time to the point of tangency is termed T . It is equal
approximately to 3t! for gun carriages and to 3t! for howitzer
carriages, It will be generally sufficiently accurate to
take it arbitrarily at some even thousandth of a second. ¢t' is
the time elapsed when the projectile leaves the muzgle and T
is the time elapsed when the powder gases cease to act,

The area under this curve represents the distance tra-

veled over in free recoil up to any time t for:
] g == =2
Area = [Vat =fSX dt =fdx = x

The total area up to time T is the distance traveled
in free recoil up to that time and is called. E « This area
should be measured by any convenient method, preferably by
pPlanimeter, and determined, As a partial check measure the
area under the ocurve up to time t!, This area to the scale
used for velocity of projectile in the bore should give the

length of travel u,



III, STABILITY,
The stability of a carriage is that force which applied

through the center of gravity of the recoiling parts in &

direction parallel to the piston rod pull and having a lever arm

to the bearing point of the spade is just sufficient to over-

turn the carriage.

It is denoted by R when in battery and by r when at full

recoil (Fig. 4).

(8)

(9)

total weight

- ]
ct+
u

¢ = Wweight of recoiling parts

Rz = Wix

rz = Wex - W b cos ¢

Rz - rz =‘y4§ -gygf + W_ b cos g = W, b cos g.

R-r = Wp b coO

For f = 0; cos ¢ =1; and z = h
R xSy

R - r is known as the "loss of stability during recoil,"

It is used in deriving an expression for totzal resistance or

"total pull,"

From figure 4 it is evident that as ¢ inoreases z pasees

through O and becomes negative. R and r therefore, become

very large and after the line of force passes through the

bearing point of the spade no question of 8tability can enter,
Thie increase in R with the increase in ¢ enables us to in-

crease the piston rod pull and to shorten the recoil, as the

gun is elevated, without endangering stability.
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IV, TOTAL PULL (Fig. 5).

We are now prepared to derive an expression for the

total resistance tending to retard the recoiling parts and

to bring then to rest; this is called the "total pull.,"™ For

convenience the characters used are here again set down and

~defined.,

R = stability at beginning of recoil in lbs,

= gtability at end of recoil in 1lbs,

1

length of reccil in feet,
= length of free recoil at time T .

- wm ©O W W H
1

w
mass of recoiling parts = —=

r_;
]

g

total pull at end of recoil in 1lbs,

total pull at beginning of receoil in lbs,

= time elepsed when powder gases cease to act,

For convenience in making the calculations it is

assumed

lset that P is constant up to time T,

2nd that the slope of curve of total pull from P

to p shall be parallel to that from R to r,

This gives the

greatest possible stability consistent with the lst assump-

tion, Very little would be gained by letting the slope of

the curve from P to p extend over the entire length of b,

The retarding effect of P on the velocity of free

recoil is

V= fadt fEat £ fas - EL

for t = T

the retardation is P—%
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The velocity of recoil at this time is therefore
Ve max,” P% =V
The effect of P on the distance traveled is

s=/vdt=[1’ tdt = %ftdt =1§_'°2

2
for t = T the effect is %&—

The distance recoiled at time T is therefore
2
g’ - P T

From the diagran (Fig. 5) we may now write

__,_P__'__P__‘ 8 = R" h o
b - £+ P— b

M

(10) =p-B=ZF (. g+ pL
P 5 +2M)

2
P+p_p_. R=-1 - I
o 2 (0~ EFP )

5 M T,2
Pie(v- g+ B =3 (v, - ET)

E,_ (R-1) (b= 5*‘?2{1

2
e ](b'E+P2M)=g(Vf-P—1)

23
P(b - &) + B~ L)(b-E+PZL-M = (v, - pL )2

2 2
- P7” _(R=-1) (b -F) - 3
P(b -€) +72§ ;b £)" _ (R Bbr) 3(b -8) PE'% -

R-r P3¢ yy.3 2 3
2b TS = _f_.z -PVfT+P <

2r14
The term 2=T P°T 4
5 e containe T and may be neglected
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in comparison with the other terms,

(11) P [b -E+ Vv, T- R_,;_z (b -E) ’52] h’gfa + R = r(b -g)?

This is readily solved for P,
For the condition of theoretical stability at 0°

elevation

P =7 = —Wr - - 'rz
rex, R-Sb=P-—5(b- £+Pop

w W w

R -
(12) P =
. l-i T2
h aM

If therefore P as derived fron equation (11) is greater

than Pmax., stability will not obtain,
P is obtained from the equation

- 2
(100 p=P-B=Z (v - £+ 0]
Check:

(13) B4 2y - g+ 23D = vy _- P2

For uniform pull P is constant and P = p < r
P(o - £+ L% 2 X (v, - ppy?

v
P(b-€+PT) ~Pvf1~+1’_§£{_8

uved 1
14 P = -
(14) 8 b~E+ VT

Thies might have been written by inspection from equation

(11) bj placing R-r = o,

Thie formula is useful in obtaining a preliminary estimate

2
of P; for ng— is easily calculated; b may be assumed and &

and ¥, T estimated from similar carriages,
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Check:
2
(15) P(o - & + P I0) = ¥ (v~ pD)?

For carriages in which variable recoil is used it is
customary to use the formula for long recoil (1l) for elevae-
tions up to about 5°, For elevations above the line where the
over-turning force passes through the bearing point of the
spade, 17° approximately, the formula for short recoil (14)
should be used,

If we attempt to use the formula for long recoil (11)
for all intermediate elevations it is found that R - r and
consequently P - p becomesvery large for the higher elevations,
i. e. as h becones emall in the formula R - r = —=— »

Thq slope of the curve of pull increases very rapidly therefore
with the elevation, As the slope of the curve of pull for
short recoil is O, the transition between the two formulae is
irregular,

S8ince stability at these intermediate elevations is gen-
erally ample it is customary to ignore equation (11) and to
make the slope of the curve of pull vary uniformly with the
elevation from that calculated at 5° (approximately) to zero

at the lst position where the short recoil formula (14) is used,

This slope “(bw)'

b, €, Ta, and Y are known for all elevations,
P can be estimated roughly as being inversely propor-

tional to b, Ve can then meke a table like the following:



Elev,

o°
50
10°
15°
80Q°

let

(16) P(b - E + vf»,_fg)aujﬁ,, - g)
4M 3 2

3.08
1,933
1,600

Slope
117
151
100

50

P

- P
313
380
308
96

Instead of formula (11) we derive the following:

P-p=2¢C!
p=P-C'

24e-s-

(P-$) (v~ g+rf

P-3h

2

=4 I
g (Vg =P M
2
I
(b -&) P3M

from which we get P and therefore p.

(13)P—;—'-2(b-g+p'r_3

Cheock;

3

'% (v¢ =P :%92
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V. HYDRAULIC RESISTANCE (Fig. 5).

The hydraulic resistance ies the net resistance to motion
to be taken up in the hydraulic cylinder after subtracting
all other forme of resistance from the total pull and allowing
for the component of the weight of the recoiling parte parallel
to the piston rod, It is denoted by Ry.

Let S m load on the springs at any length of recoil,

F = friction on recoil guides,
B = stuffing box friction.
Px = total pull at any distance x from origin,
f = coefficient of friction.
(17) Then Ry, =Py + Vp ein, §- 8~ F - B,

In general Ry can be expressed a a linear function of
x for;

Px = f(x) from diagram, It is, of course, a different
function before and after time T , but linear in both cases,

W, sin, ¢ is conetant for any elevation., (Note that this
term is negative when the gun is in depresaion).

8 = £(x) (linear).

F =W, cos ¢ is accurate enough in general, although
the friction due to the pinching action on the recoil guides
is neglected,

f should be taken small, .1, for this calculation,

B = 100 1lbs, per in, of diameter of piston rod, a con-
stant,

Let A = effective area of piston

then %Q = pressure in recoil cylinder,
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VI,VELOCITY OF RETARDED RECOIL (Fige. 3 and 6),
The velocity of retarded recoil is the actual velocity
of the recoiling parts with respect to the carriage,
For times prior to T it is solved for as follows:

3
=V, -p & - —Pt7
V=V -Py x= £ - 3

Draw ordinates of the curve of velocity as a function
of time about ,001 to ,002 sec, apart andé measure the areas
beneath the curve between these successive ordinates, then

construct a table like the following:

t P} Vf Vx %:{E g . X

.001
» 003
. 003
. 005
« 007
+ 009
»013
. 017
o019 =2 T
Slide rule results for Pﬁ-and gﬁi are sufficiently

accurate, Vf and £ are obtained from the curve,

As a check we may plot Vi as a function of X, The result

should be a smooth curve, The point of V will occur

X max,

somewhat before Vi and it is at this point that the maximum
opening of the throttling orifice occurs,

For times after T the following equation holds



V=)

o

—

(xvw)x, |
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P +p
(= x)x-(g-pggy =¥ (2.2

As Px is linear it may be expressed as Py = ¢ - dx

where ¢ and d are nuwerical and known (see page 17),
3
P +c-dx -e+p I LK 2 2
Y2 (x-€ qu)az(vr..vx)
2

(P+c) x-(P+o)( E- P-:g;)-dxzi-dx(E-P—gi):

3 2
M(vr -7 )

P13 -3
E’+c+d(§- Z—Mf-)_’,x-dxa-(P+o) (g'%:?'a

3 2
Mvr - ka
2

PT PT3
2 ——— - 2 e
(18) vxgamr*'(i*".).(_g'e,m_)-[i’*"*d(g T J
i

Check; Place x = b
v,2 must = 0,

The equation is of the form
2
(19) V,° = A = B x + Cy)3

As a large number of pointe are necessary to be found
on the curve it is less laborious to solve it by the method
of differences, On account of the form of the equation, the
second difference ie conetant, We write;

Vxla = A - Bxy + Cxlz
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Let x5 = x; + a where & =Ax

szg = A - Bxl - Ba + Cxlz + BCxla + Cag

<
3}
1}

2
A - Bxl + CXI

Vxg® = Vx1? = Ca® - Ba + 3cax;

Similarly Vyz® - V,5% = Ca” - B. + 3Caxp

Vy3® = Vxo® = Ca® - Ba + 2Cax; + 20a3

<« 3nd difference = 2ca?

at origin x = x, = 0.

. first 3

os last/difference = - (Ba - Ca®)

Having selected "a" and made the other necessary substi-~
tutione prepare a table of lst differences, Subtract these
successively from A, The result is Viz from which we can
obtain Vk.

For the condition of uniform pull Py = P, a constant,

and the formula becones

P(x~- E + LTE =%(v3_v3)

M b o x
Px - P( € - P13 ) =¥ g2 _Ky2
2y ' =3 Vr ~3 '
uv,2 + 2p( pr
e X TETA) LB

Thies is the equation of a simple parabola, in which the
first difference is constant, It may be solved directly

or, more easily, by differences,

Check; for x = b; V;g must = O,



VII.THROTTLING AREAS,

(a) for straight throttling through an orifjice between the

piston and cylinder,

The theoretical velocity of efflux from any orifice is
v(theoretical)y= |/3gh.
Denoting the pressure in pounds per square inch by p

and the weight of a cubic foot of the liquid by I we
nay write p =QI%; or h = ;2%,2

v(theoretical) =¢E§§3 p

For hydroline, J = 53, and substituting this value and
also the numerical value of g we have

...
j288 = 38.2 o 13,23 /5

(21) v(theoretical) = 53

Let v(actual) = ~ theoretical) = C uy.rs ¢ and K are

constants to be determined experimentally,

If & is the area of orifice, V the velocity of the
piston, (the Vy previously calculated) and A the effective

piston area,

VA = va = v(thecretical) a -~ Ca

K
a= KVA - = KVA
v(theoretical) - C 13,3275 - C
..
KVR /2

a =
13,22 VRh- o]

For purposes of analysis we can neglect C, it being

smeall in comparison with the other term of the denoninator,
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Th
°% % = 13,32 (R,

From which we see that "a" varies directly as the welocity
of recoil and inversely as the square root of the hydraulic

pull, If the latter is constantjlet Q:%h

3

v,° = QR (b-x)
%§?= Q(vb~x) .gi = q%/ﬁ:f
a® = constant (b-x)

This is the equation of a parabola and under these con-
ditions "a" is independent of the velocity and depende only
on x, This is very useful property as it means that with
a properly constructed throttling orifice we get substan—~
" tially correct recoil no matter what the initial velocity,
Ae Ry is not quite constant due to springs, piston clearance,
etc,, the actual recoil will vary slightly under certain con-
ditions but the varietion is not sufficient to cause ser-~
ious mechanical difficulty,

For straight throttling through an orifice between
the piston and cylinder the values determined for the con-
stants in the area formules are K = 3,233; C = - 96,

In order to avoid the danger of over cutting the bars,

K should be taken about 907 of 2,32 or = 2, for the initial
trial value, If firings show it to be too emall the area
can Yhen be enlarged.

For convenience in handling, it is sonetimes desirable
to have thie coefficients of contraction expressed directly

in terms of p,
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Place v(actual) = Yitheoretical

C1 + pCp
VA = va = v(theoretical) a
Cl + pCa
(33) a = (C1 + pCz) VA
13,22 [P

By maekins proper substitutions we obtain C; = 1.697;

(33a) a =(L.697 * 0001081 p)VA
13,23 |p

or ueing the safe value of 80% "a" as before

(33v)  _ (1,527 + ,0000973 p) VA
= 13,22 p

From the value of "a" derived from either formula 22 o2

formula 23 it is necessary to subtract the clearance area
between the piston and cylinder, a,. The amount of area to
remove from the throttling bars is therefore a - a,,
(44) For the condition of throttling through an orifice from
the front of the piston into a bypass and from the bypass
through another orifice into the space behind the piston,

Ve will first derive a method for determining the coef-

ficients of contraction under this peculiar condition,

a = KVA as before,

13,22 /p - C

The area of orifice is made up of three parts

™
°
]

clearance, a constant

&, = area in front of piston (toward which it is roving)

)
1

5 = area in rear of piston (opposite to &)

Let K = total coefficient of contraction corresponding to

a,; (c=0)

I
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Let Kl = total coefficient of contraction correspondinz to

&1 and ag .

p = pressure in front of piston,

P, = pressure in bypass,

Pressure in rear of piston = O,
Vo = velocity of oil through a,.
a.
vz = " n " L] a

2.

Rn =pA; Ry = (p - py)a; Ry = p, A
VA = Voa, + V) 2y = V9 a, + Voag
(21) v(theoretical) = 13.23 )T

3,28 13,82
v, o 12422 ;v =B 13,33

171 = "%

J"%.Ze,l m=131 3'2/_5;
ey (p - Pl) = azzpl

s 2] *a": d

a. = KVA_
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C = 13.22 |[p; - Kvg—
- 1

- a
= 13, - v &
€ =13.23 a&;rﬂTEEZ' P aj

In any round for which vtoth the pressures and velocities
have been measured imstrumentallyV, p, a1, and a, are
known at any point., Consequently a straight line represent-
tng the equation C = £(K) can be plotted for any point of the
curve, Plot several such curves, The average of the in-
tersections should give the correct values of K and C, From
a certain round for 3,8-inch Howitzer Carriage so plotted
these values were found to be K = 1,75, C = - 50,

These values have since been tried on a number of car-
riages and have given fairly good results on all,

To calculate the throttlino area knowing the constants
K and C.

On account of the conplexity of the formula we will

neglect the snall anourt of cil which passes through a,
in our calculations, Then when the areas have been computed

we will deduct a_, therefrom,

13,23
Rig— + 50

o

-8 _ 1.75 VA - 50 ap
A 13.32 a,

Ry _ By R

A2 L

A A T A






R T o .3
Ry _ Rn__ (175‘A 50 az )7
A A 13,22 as
0 = 1,75 VA __
1= 13,22 [F17 4 50
‘ A
&1 = K l;?%smA “BD 7!
3.22 h VA= _82y2
. [ LT P+ 50
. 1,75 VA
1= ;3!2 ‘/’ (1.75 VA3/'d - 50 A*ag)z
b da ag + 50
(24)
. 75 v e
1- 13,22 Ry - 1_1_5__A_____ ¥ 50A‘- )2 +
a 3,223 ay  13.2% 50

Check; Substitute a;,x for as, Vpax, and the corresponding Ry.

a; should = a5, At the point of raximum velocity the area
also must e naxinum,

o'. al = ag’ and pl = L. E

(25)

. a 1,75 V
e 8pgx, = 13,.23/2h &+
SA 50

is as follows:

lst; Determine Vy, and Ry for values of x whose distance

apart is ecual to the thickness of the piston, (For points
prior to maximum velocity it is tetter that they should be sep-

arated by only one~half or one-quarter this arount,)

8nd; Sclve for a .y, (formula 25),
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3rd; Cubstitutin: e gy for as in formulae (24) and the
proper values cf Ry and Vi solve for aj, &nd area for the
point next nearest the naxirum

Now (&, .4 =~ this aj) is the area covered b the piston
in novin: fron the 2nd position to the 1lst, . it nust be
added to apgx, to zet tie new ap, Solve for each successive
value of &) in a sinilar nanner,

In formula (24), a; and a5 nay be interchanged and the
sane equation be used for sclvins for as tc zet the pcints
on the curve after the wmaxirun in e similar ranner,

Havinz sclved for area on voth sides of the piston at
all necessary points subtract fron each the clearance area a,.

The greater portion cf the area is generally nade up
of drilled holes throuzh the recoil valve, Havinz deter-

mined the size of hole which is to te used find its area.
& —~ 8o

The numter cf holes at any point of recoil is then I = Trea Lole”
It is customary to drill the hLoles for trial one or two
twist drill sizes smaller than calculated, and tc gradually
enlarge them in orcer tc cet correct recoil and good pres-

sure and velocity curves,

Length of ports in the liner,

If the rows cof holes in the valve are a cert-in number

of degrees apart it would at first appear that to have

row Yo, 2 begir tc open at the sare tire thzt row No, 1
begins tc close, the ports in tke liner should be tle sane
numbter of degrees lonz, and that to cet the correct theoret-
ical openinz at elevations interrediate to those fcr which

the rows cf holes in the valve were calculated tre ports in

the liner should have square ends i. e., the should be this
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‘-—/00—’,
, 1~ R F
shape: 4+, ) Experience has shown, however,
R S

that with porte of this shape too much oil escapes through the
throttling orifices at the intermediate elevafions and too
great recoil and too higzh end pressures are obtained, Con-
sequently it has been found neceesary not only to provide the
ports with circular ends, but also to make them slightly shorter
than 10°, Yo entirely satisfactory explanation of this phenom-
enon has been advanced, The following empirical formula for
length of rpert is based on experinents perforred on 4 differ-
ent calibers, viz: 3", 3.8", 4,7" and 6", and nay te taken

as correct within these limits only,

Length = ,0811¢(Inside dianmeter of liner),



VIII, FORCEQ,

The esterral forces cn a nckile carriaze are:

(a) Pocwder pressure,

(t) Torce cr rifling,

(¢) Teicht,

(d) Vertical reaction under wheels,

(e) Vertical reaction cn float,

(f) Horizontel reactiocn on spade,

Knowing the first 3, it is possible to obtein the re-~
meinder frcr the equations,

2X = 0; 2Y = 0; SPa = O,

It is, however, recessary to obtain also tre forces at all
connections throughout the carriaze in crder to deternine the
strength cf the verious parts. ™e will take as typical the
case of a howitzer ih battery at 0° elevation with powder
geses acting,

Forces on reccilirnz parts,

¢
—_ T = ﬁL ,.-i‘&z‘
| A

We have here as knowns A, Fj, and V..
2 .

Unknowns X %;%—, B, and C,

The unknowns nay readily be deternined from the three

fundamental equations,

SX=0; 3Y=0;, 3Pa=0,
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A, B, and C are transmitted to the cradle,

Forces on tippins parte (except rocker)

Bl B__%‘f#_,

TD' Fe

Knowns Unknowns
A, B, C, W, D', E', F
Transmitted to rocker F,

Transmitted to top carriagze D', E',

Forces on rocker

Knowns Unknowns

F, W Dysi By G

Transnitted to top carriage Dy, Ep, G
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ty — L

1

Knowns Unknowns
D = D; + Dy (algebratc) L
E = E; + E, (algebraic) M
Wy N

Transcitted to trail L, L, N,
Forces on trail

VoW
VA E—
e
T TTTTT 77y r Ty,
Knowns Unknowns

L, ¥, N, Wiy T, P, R



If T <0 the carriage is not stable, i, e., it will jump
on firing, Carriages are generally calculated to be stable with
gun at 0° elevation and powder gases not acting, This should
hold bvoth for the "in battery" and "from battery" conditions,

The najor forces enunerated above should be calculated for
e carriage having wariable recoil for each cf the seven condi-
tions,

(1) In battery C° elevation, powder gases acting,

(3) In battery 0° elevation, powder gases nct acting,

(3) Frou battery 0° elevation.

(4) Start of counterrecoil 0° elevation.

(5) In battery maximun elevation, pcwder gases acting.

(6) In battery maximum elevation, pcwder gases not acting.

(7) From battery maximur elevation,

(1) has been sufficiently explained,

In (3) F{ = 0 and M%%%—is reversed,

In (3) the vase BC is the shortest possible,

(4) is like (3), but piston rod pull drope out of A,

(5), (6), and (7) correspond to (1), (2), and (3) respec-
tively. |

'

Minor forces,
It is not the purpose of this article to lay down general

rules for calculatiig all the individual forces which may cone

upon various components of a carriage, but only to indicate what
forces are nost likely to cause trouble and what should ve cal-
culated, In addition to the rajor forces it is necessary sone-

times to calculate the effect due to riflinr, stability when

fired at maximun traversg, the tendency of the conpcnents of the
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recoiling parts tc separateg the force on travereing gear due
(a) to effect of rifling at maximur elevation, (b) tc the
center of gravity of the recoiling parts lying at a certain dis-
tance, horizontally, from the center of the bore,
In cornection with the calculation of forces on the recoil-

ing parts it nay be noted that the internal force i %zﬁ—

acting through the center of gravity thereof should never be

omitted, All forces tending tc produce rotation of the recoil-

- e o S R e

the center of sravity cf the reccilins zarts, A great advantage

ie gained in reductng the turning nouments on the carriage if the

center of gravity of the recoiling parts can te kept at or near

the axis of the bore., Yo advantage is zained by placing the trun-

nions near this center of gravity. Thev should be located as
nearly as practicable on the center of gtavity of the tipping
parts and should give a breech preponderance loaded and a muzzle

preponderance with the eupty cartridge case in the chamber,
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IX. STRESSES,

Having determined the forces, the strecses are calculated by
the ordinary forrulae of rechanics. The tending norent diagram
for tke trail is a straizht line and can be easily plotted by
calculatins the morent at two points, To the conpressive stress
due to bendin: must be added that due to straight ccmpression,
Fron the tensile stress due tc vending should be subtracted the
compressive stress due to straicsht conpression,

The tancential stress in the recoil cylinder, it being
a cylinder with closed ends should be calculated by the for-
mula of Claverino,

_ 3(038 - D,°) Py

e
4D13 + D2

The tangential stress in the valve and liner, they being
cylinders with open ends, should be calculated bty Eirnie's
fornule
3(Dla - Dog) Po

4D;2 + 30,5

O =

As the netal of both valve and linzsr are cut.away bv
holes and ports it is necessary to nake allovance for this in
claculating stresses,

For instance in case the liner has a row of perts ,16
wide, spaced .333 apart, the stress is that calculated by the

above formula of Birnie divided by ;§§§_§5§;§ or by 527,

The internal pressure P, to be used in all these formulae

ie Bh pax.
A

The cylinderc are tested with twice the working pressure

and the corresponding test stress should not te greater than
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7/8 the elastic limit, Consequently, the workin; stress
should not te greater than 7/16 the elastic lirit,
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X. COUNTER~RFCOIL SPRITGS,

The counter-recoil sprinze must be stronz enough to re-
turn the piece to battervy at all angles of elevation, The
forces to be overcome by the sprinss are the stuffiny box
friction, the corponent of the weight acting parallel to the
axis of the cylinder and the friction on the cuides,

If Pg = load on springs at assenbled heizht

and § = max, anzle of elevation

Py, =Fg + V. 8in f + W, cos § £,

Take Fy (stuffirg box friction) = 100 lbs. per in, of
dianeter

Wr = total load s rings have to return to battery,

f={coefficient of friction) = .2,

For a stirrup spring Pa for the outer column should be
somewhat greater than for the inner column since the outer
column has to 1ift all that the inner one does and in addi-
tion the component of the weight of the inner spring and
stirrup,

Py for carriagee having g max, = 40° should be somswhat

in excess of the total weight of the recoiling parts,

load solid P -
The ratio of Toad assenbled — p;-should te 2/1, for the

confition of minimum weight of springs to dc a given amount
of work, A lesser value is, however, advantageocus in some
instances., Bars cf square or rectanzular section give the

best results for these spraincs as those of rou-d section

have a tendency to deforn wher conpressed solid dynamically

as probably hagpens at the Cezinning of recoil,
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Sprinz formulae.

The formulae in most corxon use for calculatinz springs
are those of Reuleaux and Hlitte, HUtte's formulae have here-
tofore been used in all recent Ordnance C7fice calculations,
These formulae when applied to actual measured data on how-
itzer carriage sprin_s recently purchased, zive values of
torsional modulus of elasticity much lower than thcose given
in any handbook, The handtook values vary from 10,000,000
lbs., cer sq. in. to 14,000,000 lbs, per sq, in,, while those
deterrined from msesurements on springs from the Hitte for-
wulae are sometimes as low as 6,000,000 lbs., per sq. in,

There has recently cone to my attention a third set of
fornulae which should cive somewhat greater values of this
modulus and which are probably more nearly correct., They
were published by C, Bach in a work "Die llachinen Flemente."

Below is ziven the derivation of a set of formulae based
on theory, and in parallel columne the corresponding formulae
of Reuleaux, H#tte, and Rach,

Torsional Soring Formulae

Comperison of the formulae of Fach, Hitte, and Reuleaux

with the theoretical formulae:

ey







= nean radius

Torsional Sprinx Fornulae
nonenclature:
G = torsional :iodulus of elasticity,
P = load,
S = fiter etress due *tc lozd P,
¢ = angular distortion due tc load P
f = deflection due tc load P,
r = arn on vhich ? acts (for helical spring, r
of ccil)
l = length cf tar,
n = nurber cf ccils,
I = goler rorent of inertia of var,
e = distance of rost strained fiter fron neutral axis,
% = gection mcdulus.
V = volure cf sgprinz,
T = werk Jorne con sprirns bty asplication of load P,
Generel (true fcr any form of bar)
G = 8treses S o a8
strain o & we
1
(.5:-.%-.‘5‘. f:-'ruj:-‘r';"%
Pr =s§ P = %r e
5 = Ler = feg f=ﬁl 2
I rl I G
For helical spring 1 =2 T rn
f=2mrPn g | ¢ - 27z®n P
e c '’ I C



—~3G—

Torsional Spring Fornulze
Case I, Cylindrical Ear,

d = dianeter <f rod.

=4
© =32
1 =Tt
32
1_gd
e 16
~ Theoretical; Hfitte, Reuleaux, and Pach,
f = 2rl -§
d G

For helical spring

l_—.gﬂ—m

f < 4t°n ¢
a a

p = L4°
16r

3 _lér P

" = =7 3

¢ - 385°1 P
rat ¢

£ - Bar’n P
a¢ ¢
.3

V:&
=1

v = E£ ;’LS.'B
2 1'%
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Torsional

Case II,

= gide of square

Sorin» Formulae

Zguare tar,

=3 yz=1
/e
_ ht
-8
2
3 72
Theoretical and Reuleaux
JZrls_ 144118 |
h G h G

For helical spring 1 = 2 Trn,

_2/2mn £ _ 2.8387r°n s
==g o g=-c M. §
3 3

= h = .= h_
s—ms—.éssr S
= 3/3r .1;. = 4.242::%

_6r°1 p
¥ ¢

L]
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I
(0]
=

me
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AN

il
[
(o)
]
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i
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B
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—41—

Torsional Spring Forrulae,

Case III. Rectancular Par.

= large dimension ~
= swall dimension | - ” A‘

= %.<:1 | ":fijii .\\\\__JL_
=3)o% + 1 . &

=23 (8 + 1¥)

™ o

~ o

-
—

o —

H
I
o=

H
li
o |
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Torsional Cprinz Formuleae,
Case IV, Cguare Ttar witah rounded corners,
Tue fact that a perfectly sharp corner on a square
bar is undesiravle, especially if it nust work with a com~
paratively snall clearance, has necessitated the derivation
of a set of forumulee for a square tar witi cocrners rounded,
Eelow is given the derivation cf the formulae (a) for theo-
retical polar moment of inertia (b) for tle Ifitte fornulae,
(c) for tie Bach fornulae,

(a) Theoretical forrula
h = side of square,

ch = radius c¢f corner,

= —fﬁ - chf2 + ¢ch

e-'/%(l-Bci'cﬁ) —/ZE-C(Z -V-]

e =,rz (1 - .5858¢c).

Tp = 1) - 415 + 415,
1. = b

3
4y,4 ’
I. - cn 2.2[¢ b _ ch 2
2= S+ MR - )3

4v4 4.4
c*h 2+4 (1l =~ ¢ 23 _ c*n 2n4 2
= + = 2 - c

'_I
li

2.3
Iz = BE% c4nt 4-”9—4—13— (.35 - .5756¢ + .lSlBOB)hZJ

4 4,4 214 4. 4 2.4
I = D _4c®h® _ - + g8) &8¢fh* . 3fc*n 12 ffc®h
5 5 (1 2¢ c®) A . + =feh

(.35 - ,5756¢ + .1513¢%),
4
I =8 (1o 4t - 1203 + 24® - 120% + 3wt + 3G - 6,007M3 +
1.815Mc4)
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4
I = %- (1 - 2.575¢% + 2,301c® - .8750%)

_ 1 \
Let A = ( y——5g580
Let B = (1 - 2.575¢° + 2.301c% ~ .875¢%)
- h 1
e = = =
/S A
h4
I =—p I _n3
6 e 372 AB

(o) HUtte formulae,

As it is known fronm experience that the theoretical values
of monent of inertia and section modulus are not correct for
square and rectancular bars, it is necessary to nodify the
above derived theoretical formulae to suit those cf Hfitte and
of BEach, It is necessary that for tie condition ¢ = .5;

e and I should arree with the formulae for round tar and that
for ¢ = 0, e and I should agree witi: the corresponding formulae
for square bvar,

In the Hlitte formulae e nmust = %~3 for square bar and

h for round.

2
The first condition will te satisfied if we nake e =

h_
l.6 -
theoretical equation, but with different numerical coeffi-

(1 - qe) this equation teing of the same forw as the

cients,
If q = .4, the condition e = % for round var will also
be satiafied,
Therefore we take @ =l%g€l - 40),

4
In the sanme set of formulae I must equal %73 for square

4
bar and hg%£~ for round.

The first oondition will be satisfied if we nake I =

n4

3 (1 = x¢? + ye3 - 204),this equation beingy of the sawe form






-4
as the theoretical, but with different numerical coefficients,
If we assune that x : y ¢ 2 in the sane ratio as the
original theoretical ccefficients, viz:. 2,575 : 2,301 : ,875
we have y = ,885x; z = ,340x
S I= %%3 (1 - xc® + .895¢°%x~ .34ctx)
If x = 1,841, the condition I = h* g% will also be sat-

isfied, Therefore, we take

4
1 =52 (1 - 1.844c% + 1.6503 - ,637¢%)

7.3
let A' = '”“;"E“ ; let B'=1-1,844c% + 1,650¢3 - ,627c%
h 1 4
e = 2= & h I 3
16 & I=2 m; 2.2 30m
? 7.5 07 g —g BTA!B

(¢c) Sach Fornulae,

By a similar method of reasoninz we find,using the Bach
forumulae
k
e:—.—_ —
1.79(1 .21lc)

4
I =B (1. 1.3136% + 1.175¢3 - .447¢%)

8.05
Let T— }533 = A"
1 - 1,313c2 + 1.,17503 - .447¢% = B"
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oW arrance thre Tormulae in parallel colums as before:

Case IV, (Square bvar with roun

(a) Theoretical

_Verl , £ _2 BWrPn | g
=R hg="" " 1%
3 nd
P=_B% oo 235 82 5
3 _
b% =3 Br i P4z fpl
2
= 5211 L P
f="0% 5 ¢
f-12%x%n  a1p
h B G
Vv = nf1(1 - .858¢9)
1. 5% A%
V= V— (e
5V 5% G me?
2
A®B
Let C =
(T ssac%)
Va=er zi
An analysis of the above for sclose that
(1) Fiver stress being equal,f varies as A, A', or A",
(8) Fiber stress being equal, P varies 2s AB, A'B! or A"B"
1 1 1
(3) Load being equal, f varies as S1 50T Ty
(4) Fiver stress being equal, V (. weizht of spring
varies as%,%,’, or%,,.

A, AB, %, and-% are tabulated below for each of the

three sets of formulae given above,







Theoretical HAt te
o A AB i 1
B C Al A'B! %‘! %'t
oo l. l. l' 10 l. 1. l. l‘

.05 1,030 1,024 1,006 ,947| 1,020 1,014 1,003 ,968
.1 1,062 1,036 1,035 ,903 | 1,042 1.035 1,016 ,9238
.15 1,096 1,041 1,053 ,861| 1,084 1,025 1,037 ,900
.2 1,133 1,036 1,094 ,833 (1,086 1,018 1,064 ,873
.25 1,178 1,032 1,147 ,791| 1,111 1,010 1,099 .843
o3 1,313 .,999 1.215 ,762 | 1,137 ,994 1.143 ,.818
.4 1,306 ,931 1,403 ,710]1.191 ,950 1.354 .764
o5 1,414 ,8331,698 ,66711,250 ,.884 1,414 ,713

Bach
c A" ATB" %.. 'é.,
O. l. l. lo l.

.05 1,011 1,007 1,003 ,880
o1 1,021 1.007 1,013 ,966
.15 1,032 1,005 1,028 ,947
) 1.043 .996 1,047 ,931
«25 1,056 ,986 1,071 .11
o3 1,067 ,970 1,099 ,895
4 1,088 ,934 1.178 ,846
S 1.118 ,884 1,26 ,795

These constants are plotted to scale on the following

page L ]
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Upon examining the curves and tables we find that,
irrespective of the formulae used, as the ratio of radius of
corner to side of bar, ¢, increases,the safe load first
increases, tnen diminishes and finally becomes equal tc that
for rourd var, while at the same time the deflection increas-
es and the weight of epring decreases,

For instance, if the H#tte formulae are used, we find
that A'B! has a maximum value of 1,03 at ¢ = ,185, and that
consequently P for this value of ¢ may be 37 greater than
for a square bar,while,at the same time,the deflection per
coil would be 57 greater, since foe A! and the weight would
be only 917 of that for a square bar, At ¢ = ,275, A'B!' =1
and ., P would be the same as for a square bar, the deflectipn
per coil being increased 137 and the weight decreased 177,

From this it is evident that the sharp corners of a square
bar in torsion are a worse than useless burden since they add
~useless weight and metal which is first overstressed, thus
reducing the allowable load,

For Ordnance Office practice it is customary to take

c=o20



~
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XI. GEJERAL PROCETTURE,

In taking up the design of a carriage, it is desirable
to firet lay down a set of specifications which should be
adhered to as closely as possible, The following is a sample
.8et of specifications for a carriage and represents the in-
formation which should be available before proceedins with
the design,

Specifications for 4,7-inch Howitzer Carriage,
(1) Ballistics of howitzer:

Weight of projectile 60 lbe.

Veight of powder charge 1.75 lbs, (for 900 feet/sec.)

luzzle velocity (3rd zone) 900 feet/sec,

Maximum powder pressure 24000 1lbs,/sq. in.
(3) Limits of elevation:

5° depression to 40° elevation,
(3) Lirite of azimuth:

33/?:{?12 of ¢ of carriage,
(4) Weight of carriage with howitzer, tools, etc,, ready
for firing not more than 4800 1lbs,:
(5) Stability to obtain at all elevations from 0° up,
(6) A variable recoil will be obtained by'use of the valve
similar to that on the 3-inch ‘ountain Howitzer carriaze and
the 3,.8-inch Howitzer Carriaze; the method of cperating the
valve to be the same as for tlhe 3.8-inch Howitzer Carriage,
(7) Counter-recoil sprinss to be helical; ti.e cross-section
of the bar to ve square with corners rounded to a radius = 207

of the side, The sprincs to be concentric with the recoil

cylinder, laximum allowable fiver stress at solid height

150,000 1ve, per sq. in, Load at asseunbled heizht to be suf-
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ficient to return howitzer to battery at nmaximum elevation
under adverse conditions,
(8) Tlevatinz gear to be worn and rack (Yindlev systew) of
usual type, I‘andwheel on left side cf carriaze only.
(9) Rocker to be made detachable fram cradle and to have an
arr. tc carry sizht,
(10) A cquick return rechanisen tc te provided to perwit the
return cf the Howitzer frem hizh elevation to zero to permit
loading withcut disturbing the operation of sighting, This
mechanisem to te operated frow the right side of the carriage,
(11) Traversinz to be zccomplished by rotatin: a top carriage
about a pintle bv neans of a screw and nut cperated on the
left side,
(128) Tre sight will have tkree scales to accommodate the
three zonee of fire; a zone shutter and an adjustable level
will te grovided,
(13) An azimuth scale will be provided in a position to be
easily read by the gunner in laying the piece,
(14) For transportation, the carriage will be provided with
a travelinz lock to relieve the traversing and elevating
gears,
(15) A shield .15 inch thick will be provided,
(16) Axle seats for two gunners tc te provided,
(17) Carriage to have a road brake of lever type.,
(1) Carriage to have a hollow steel axle with offset axle
arn, Axle to be removable,
(19) sStandard 58-inch wheels will te used.

(20) Trail seats for two gunners will be provided, one on

eacl. side,
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(21) Track will te 80-inch center to center of tires.
(32) Compartments will be provided in the trail, one for tools
and cne for packing away the sight. The panoramic sizht will
be carried in a spring supported case on the shield., Sponge
and ranmer to be carried in fasteninzs on side of trail,
(33) Area of spade to te sufficient to resist greatest
horizontal corponent of pull at 60 1lts, wer sq. in,
(24) <Spade to be fixed and not to limit turniny angle of
limber, Tloat to extend to rear of spade,
(25) standard lunette toc te used,
(26) Arrangement of parts in cradle will pernit removal of
cylinder withcut removing sprinzs, and removal of springs
without removing cylinder,
(27) A firing mechanism will be provided whick will have the
customary shaft return,
(28) A1l working surfaces tc be protected so far as possible
from dust and rust, and provided with means for proper lu-
brication, All oil holes to be closed with harndy oilers,
(289) Crown nute with split pins to be used in preference to
any other method of locking nuts, Taper pine to be avoided,
(30) All parts tc be desicned with a permissible stress of
1/2 the elastic linit.
(31) Counter recoil to be controlled bv the customary counter—
recoil buffer,
(33) iaxinun permiseable stress in reccil cylinder 2750 lbs,
per sq. in,
(33) No cast steel will be used for pieces havin; thin or

widely varyinc sections,

(34) Stendard meterial to be used throughout the construc-

tion whenever practicabvle.
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Preliminary Calculations,
(1) To get an idea of the piston rod pull, length of recoil,
stabvility, etc,, eatinate the weights of the various portions
of the carriage such as shield, wheels, axle, sizhts, :zun,
trail, tigping parts, ete,
(2) Compute the longitudinal center of zravity from these
figures and calculate stability from equation 8, paze 11,
assuming the location of the center of gravity of the recoil-
ing parts tc be a reasonabtle distance above the ground,
(3) Tstimate V, fromequation 7, page 9.
(4) Estimate totel pull frow equation 14, page 14,
(5) If pull is creater than stakility, calculate by (3)
above, assune a nevw value for length of recoil and recal-
culate pull,
(6) liake a preliminary layout to see if the proposed con-
struction looks feasible,
nal Calculations,
(1) Calculate weicht of recoilinz parts accurately from
detail drawings,
(3) Calculate sprinss .
(3) Calculate total pull at maximun and mininun recoil,
(4) Calculate forces on carriaze and stre:ses on individual
rarts,
(5) Calculate velocity of projectile in bore of gzun,
(8) Calculate and plot curve of velocity of free recoil.
(7) Calculate velocity of retarded recoil,
(8) Calculate hydraulic resistance,

(9) Calculate throttling areas,
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