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THE COAST ARTILLERY JOURNAL

Volume 67 NOVEMBER,1927

The Rotation of the Earth

By. ROGER SHERMAN HOAR, Major Ord. Res.

(Formerly Captain, C. A. C.)

Number 5

THE object of this article is to set down, and justify, a set of
physi-cal explanations of the effects of the rotation of the earth
uponthe flight of a projectile. This paper is the outcome of the
work of

the author as a member of the Ballistics Research Group at
Marquette

t:niversity in the spring of 1927.

It is axiomatic that a mathematical explanation of any
physical

fact should be, if correct, susceptible of a physical
interpretation; and

.conversely that a physical explanation of any physical fact
should be,

if correct, susceptible of expression in rigorous mathematical
terms.

In spite of the obviousness of the foregoing, every ballistics
book

-or article which treats of the rotation of the earth keeps the
physical

-explanation and the mathematical explanation in two water-tight
com-

partments, and makes no attempt at deducing just what terms of
the

mathematical formulas represent each alleged physical effect.
Fur-

thermore, no set of physical explanations which I have yet seen
printedis susceptible of reduction to the universally accepted
Moulton formulas,

which were rigorously and independently derived by several
noted

mathematical physicists and have never h-eendisputed.

Therefore, it becomes the object of this article to evolve a set
of

physical explanations which will reduce to the Moulton formulas,
term

by term.

Dr. R. H. Kent, of Aberdeen Proving Ground, has suggested
that

the rotation of the earth affects the flight of projectiles
through twophysical laws. If these exhaust the Moulton formulas,
this fact will

prO\-e that any other explanations are either alternative, or
partially

alternative, or incorrect.

His suggestion is that the rotation of the earth affects the
flight of

.a projectile through: (A) the conservation of moments of
momentum,

..and (B) the alteration of centrifugal acceleration by the
azimuth of

[317]
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fire. The object of this article is to test the correctness of
that

suggestion.

For purposes of eonsidering either centrifugal acceleration or
the-

conseryation of moments of momentum, we must take into
account

the absolute velocity of the projectile in space, i. e., the
motion im,

parted to the projectile by the combination of the rotation of
the earth

and the explosion of the powder.

The (virtual) translation of the earth on its orbit, and the
corre,

sponding translatory motion of the projectile, can be
disregarded by

the well-known physical law that the translation of a system can
have

no internal effect thereon.If it were p.ossible, by means of
some considerations of relative

motion, to regard the gun as the center of rotation of the earth
(as

appears to have been done on page x of the introduction to the
1924

Ballistic Tables), the path of this assumed center of rotation
would

be a skew-spiral, and hence could not possibly be
disregarded.

THE CONSERVATION OF MOMENTS OF MOMENTUM

The moment of momentum of a rotating system must remain con,

stant, except so far as affected by some outside force. Assuming
a con-

stant mass, the moment of momentum is proportional to the
product

of the square of the radius of gyration (i. e., the mean
distance of all

parts from the axis of rotation) and the angular velocity of
rotation.

This moment of momentum must be conserved. The physical law

involved is strikingly illustrated by a classroom demonstration
fre-

quently given at a certain German university. A student is stood
uponthe center of a turn-table, with his arms extended
horizontally, and is

rapidly rotated. Then he is directed to lower his arms suddenly
tQ

his sides. He does SQ,and thereby decreases to such an extent
the aver-

age distance of the parts of his body from the axis of rotation,
as to

cause an immediate increase in his speed of rotation. This
sudden in-

crease in rate of spin causes him to lose his balance and fall
to the

floor in a most ludicrous manner, to the great delight of his
fellow-

students.

1\ow, what is true of a whole system is true of anyone of
its

parts, to such extent as that part is unable to communicate
motion to,

or derive motion from, the rest of the system. Therefore, a
projectile

in flight must maintain a constant moment of momentum about
the

axis of the earth, except so far as retarded by atmospheric
resistance,

which retardation is a separable effect and hence can be, and
IS,

treated separately.
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During upward flight, the case of a projectile is the
converse

of that of the German student. As the distance of the projectile
from

the axis of the earth (which distance we shall call D)
increases. the

absolute angular velocity (which we shall call e'l of the motion
of

the projectile about the earth's axis decreases proportionally
to the

increase in D~.

The symbol e ' should not be confused with the conventional
ballis-

tics symbol e , which represents the inclination of a trajectory
to thehorizontal.

The law of the conservation of moments of momentum may be

expressed by the formula: D~e'equals a constant. The value of
thatconstant can easily be determined for the instant the
projectile leaves

the gun, and D is known for each instant of flight, thus giving
us e ' for

each point on the trajectory.

e f is thus seen to vary in inverse ratio to the equare of the
distance

that the projectile is from the axis of the earth. Similarly
()'D, repre-

senting the eastward component of the absolute horizontal linear
velo-

city of the projectile, varies in inverse ratio to D.But, in
order to determine the motion of the projectile relative to

the earth, we must remember that the projectile moves through a
coor-

dinate system which rotates with the earth. The absolute
eastward

horizontal linear velocity of this coordinate system varies in
exact

proportion to the distance from the axis of the earth. Thus, we
have

a projectile, the absolute eastward horizontal linear velocity
of which

is inversely proportional to the distance from the earth's axis,
movingrelative to a coordinate system, the absolute eastward
horizontal linear

velocity of which is directly proportional to the distance from
the

earth's axis. The result is that the projectile lags behind the
coordinate

system, and falls to the west of the spot where it would have
fallen

if the earth were motionless.

CE:\TRIFCGAL ACCELERATIO~

Centrifugal acceleration (or "centrifugal force" as it is more
popu-

larly called Iis best' illustrated by tying a stone on the end
of a string,

whirling it around one's head, and obser...-ingthe outward pull
on the

string. The faster the motion, the stronger the outward pull on
the

string. The assumed ...-alueof g Ii. e., gra,-itational
acceleration, or

"attraction of gravity," as it is more popularly called I,used
in ballis-

tics, takes into consideration the average centrifugal
acceleration due

to the earth's rotation.
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Centrifugal acceleration equals the angular velocity squared
times

the radius of curvature. Therefore, the standard centrifugal
accelera-

tion, the average of which goes into the assumed value of g,-i.
e., so

much of the centrifugal acceleration as is independent of the
direction

of fire-is Q:!D,in which expressionQ is the angular velocity of
rotation

of the earth, 0.00007292 radians per second, and D is the
perpendic-

ular distance from the earth's axis to the projectile, the
radius of the

earth (RI having a mean 'value of about 6,367,000 meters.

N

X (direction o f fire)

FIG. I

But a projectile, fired due east, moves in a direction the same
as

that of the rotation of the earth, and thus has more tendency
awayfrom the earth's axis than does a projectile fired north or
south.

When the centrifugal acceleration is greater than normal, the
projec-

tile will go higher, will stay in the air a longer time, and
will attain

a greater range, than under the assumed standard conditions.
Con-

versely, when the centrifugal acceleration is less than normal,
the

projectile will not go so high, will stay in the air a less
time, and

will attain a less range than under the assumed standard
conditions.
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Thus the actual angular velocity of the projectile's motion
with

respect to the axis of the earth, instead of being the P .
assumed in get-

ting the mean value of g, is ()' as defined above, which will be
more

or less than Q, according as the projectile is fired eastwardly
or west-

wardly.

The foregoing completes the ge"neral discussion of the two
physi-

cal effects of rotation of the earth. Let us now test them by
apply-

ing them mathematically to a projectile, fired at a given
latitude (l),

in a given direction (a degrees clockwise from the north).

COMPOUNDING AND RESOLUTION OF ROTATIONS

By the principles of vector analysis, a rotation about any
given

axis can be resolved into rotations about any two or more other
axes

which lie in the same plane as the given axis and which
intersect on

the given axis. In other words, rotation-vectors can be resolved
and

compounded in the same manner as the more familiar
force-vectors.

Thus, the actual rotation of the earth can be resolved into
three

rotations, as follows:1. About a line through the earth's
center, parallel to the Z-line.

The effect of this rotation is as though the gun were firing
east on

the equator of a planet revolving at a rate of Qcos l sin a.

2. About the Y-line. The effect of this rotation is as though
the

gun were on the north pole of a planet revolving at a rate of Q
sin l.

3. About a line through the earth's center, parallel to the
X-line.

The effect of this rotation is as though the gun were firing
north on

the equator of a planet revolving at a rate of Qcos Icos a.

These three rotations are graphically shown in Figure 1,
which

represents the surface of the earth at the gun.

The resolution of the rotation of the earth into components
was

suggested to the author by Dr. Kent.

Let us now consider, on the actual earth, the effect of rotation
in

three analogous cases: (a) firing east at the equator; (b)
firing south

at the north pole; and (c) firing north at the equator.

FIRIl'tG EAST AT THE EQL"ATOR; MOME~T OF MOYE:"iTL"M

Figure 2 illustrates an equatorial section of the earth, viewed
from

the north. During any given time t,from the firing of the gun,
the

line joining the center of the earth and the gun will have
rotated east-

ward through an angle TIt. But, as the projectile itself has
also beentraveling eastward relative to this line during this
interval, the line
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joining the projectile and the center of the earth will have
rotated east-

ward through a greater angle than Qt, namely O .

From that figure, it is clear that:

x'0'= Q + If (I}

(2 )

The coordinate system is that defined on page 35 of A Course in
Ex-

terior Ballistics (W. D. Doc. 1051). Primes indicate
time-derivatives.

The initial moment of momentum (D:lo 0'0) must be conserved,

f

at tim e t

,rini tiol P o s it io tto f 9 u n

rpro je ,tile at time t~'-." " ,

~ \ -position o f g u n

8

\.center ofear thFIC. 2

except so far as diminished by atmospheric retardation, the
effect of

which is set up in the last term of equation 3.

"\Vecan express this principle as follows:

t

D:l ()' =D20 6'11- f eR +~12 Ex' dto

(31

From equation 3, we get. by a number of mathematical steps
which

will not be set out in detail in this article:

R 2x'y'" - 2 0" ---' - --- - E ' '"41x - -- --, R + R x

Y -J-Y

::\ow Prof. W. E. Roth ilst. Lieut., F. A.; Wis. :\at. Gd:l, of
the

Lni,,-ersity of Wisconsin, has demonstrated, at the Marquette
University
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Ballistics Research Group of 1927, that the precise equations of
mo-

tion of a projectile, in the curved coordinate system of modern
bal-

listics, are:

2X' y'x"=-Ex'-R+y

R+yY " = - Ey' - g+ X/~~ If! (5)

See his article in the Field Artillery Journal for Sept.-Oct.
1927.

Therefore, when firing east on the equator, the effect of
conser-

vation of moments of momentum is equal to the difference
obtained

by substracting the first of equations (5) from equation (4), i.
e.:

Rllx"= - 2Qy' ---

R+y(6)

FIRING EAST AT THE EQUATOR; CENTRIFUGAL ACCELERATION

Let us now deduce the centrifugal acceleration effect of
rotation of

the earth upon a projectile fired east at the equator.As we saw
in the preliminary discussion, the centrifugal accelera-

tion, when firing east along the equator, is (}'2 D.

Let g" represent the attraction of gravity, without its
centrifugal

acceleration component. Then the actual vertical acceleration of
the

projectile is:

In the second of equations (5), g is supposed to represent:

g" - Q! D. This assumption is flagrantly disregarded in modern
bal-

listics; hut at least it is the assumption on which trajectories
are sup-

posed to be computed.

The second of equations i51 can accordingly be rewritten:

II E I + -,D' ,., R +vv - _ V -fJ" 0- ~ X - ---'J - .. ~a: ...
I

R : ! :181

Therefore, when firing east on the equator, the effect of the
change

in centrifugal acceleration, due to the direction of fire, is
equal to

the difference obtained by substracting equation 181 from
equation

f.1. i. e.:R-Ly

" ,." - -L2 ()x' __ I-V,! - I -- R 191
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FIRING SOUTH AT THE NORTH POLE. MOMENT OF MOMENTUM

Let us now deduce the moment of momentum effect of rotation

of the earth upon a projectile fired south at the pole. Figure 3
illus-trates the area about the north pole, viewed from above. As
we do

not yet know whether the rotation of the earth will cause a
right. hand

or a left hand deflection, we have drawn the Z.line in
its"positive sense.

i. e., to the left. From this figure we see that:

z'x - x'z8' = 12 + .) (10)

x-

xD = tR + yl sin ~ = x (approximately) Ul)

in it i l l 'd irec tionof fire.

\Chichcan be expressed as sensibly:

8z"= - x'( 212+ ~) {I3}
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The term Ez/ x can be shown to be second-order as compared
with

2 Q and so may be dropped, thus giving us:

8z"= - 2Qx' (14)

If one wishes to be more rigorous, one can use (R + y) sin ~in
place of x throughout from equation (11) on; the result will be

the same, plus utterly negligible terms.

FIRING SOUTH AT THE POLE; CENTRIFUGAL ACCELERATION

At the pole, centrifugal acceleration is negligible, and
therefore anyvariations in centrifugal acceleration, due to the
negligible drift of

the projectile, will be even more negligible.

[

p o s i t io no f9u n

at t im e t.

~

p r o ie c t i le a t t im e tiJin iti a l y~ ......,

p o , i t ; o n ~o fgvn 0

~(enter.ofearth.

FIt;.. j.

FIRING KORTH AT THE EQUATOR; MOMENT OF MOMENTUM

Figure 4 illustrates an equatorial section of the earth, viewed
fromthe south. This figure is very nearly the reverse of figure 3,
hut differs

from it in that - z now takes the place of x, and the Z-line is
drawn

to the left.

The derivation of 8z", in the present situation, follows exactly
the

derivation of 8x" in equations III to 161, except that - z takes
the

place of x throughout. Thus we get finally:

R8z" - ...L 2 ny' ----I -- R+y (151
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FIRING J\ORTH AT THE EQUATOR; CENTRIFUGAL ACCELERATION

Similarly proceeding on the analogy of equations (7) to (9),
hut

suhstituting - z for x throughout, we get:

R+y8 y" = - 2 12z'R-- t16)

But, as the deflection of a projectile is so small compared with
its

motion in the xy plane, that z' is negligihle, this 8y" is
likewise

nE'gligible.

COMPOUNDING THE RESULTS

It is now a simple matter to compound the results of these
three('ases, so as to get the rotation effect on a projectile fired
at any latitude

(II in any direction (a).

Substitute Qcos I sin a for Qin equations (6) and (9).
Substitute

Q sin I for Q in equation (14). Substitute Qcos Icos afor Q in
equa-

tion (15). Add the results, getting:

(l7.l

cos I sin a

cos I sin a

R

R+y

R+yR

R8z" = + 2 Qy' --- cos I cos a - 2 12x' sin I

R+y

8x" = - 2Qy'

8y" = + 2Qx'

8 y" is due to the centrifugal acceleration effect. 8:;e" and
8z" are

due to the moment of momentum effect.To convert to the
tangent-plane coordinate system employed by

Moulton, multiply x', x" and z " by R/ (R +y). The result will
be:8 x" = - 2 Qy' cos I sin a13y"=+2Qx' cos I sin a (18)

8z" = + 2 Q(y' cos I cos a - x' sin I )

These results are identical to those obtained by pure
mathematics

by the Moulton method, and given as equations (90) on page 79
of

A Course in Exterior Ballistics. except for algebraic signs. The
fact

that the origin of azimuths has been officially changed from
south to

north, and that the direction of the Z-axis has been officially
changed

from right to left. since that book was written. accounts for
these

differences in sign_

iherefore it follows that the two physical effects listed at
the

beginning of this paper are (if my mathematics based on them
is
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correct) the means, and the sole means, through which the
rotation

of the earth affects the flight of a projectile.

In the past, whenever a physical explanation of the
rotation-effects

was propounded, if the propounder had tested his proposition by
reduc-

ing it to a mathematical formula and by then comparing this
formula

with Moulton, we should not have been favored with such
divergent

theories as are contained in the popular expositions on this
subject.

The explanations most frequently given are as follows:

1. Centrifugal Acceleration. Rarely cited; but, when cited,
usually

given correctly. This is the case on page 76 of my own book, and
on

page 220 of Capt. Bennett's Introduction to Ballistics; but
centrifugalacceleration is entirely overlooked in the introduction
to the 1924

Ballistic Tables, in the report of the Coast Artillery Board in
the

May, 1923, Coast Artillery Journal, and in the 1925 edition of
Gun-

nery for Heavy Artillery.

2. The Lag Effect. Always given incorrectly. For example,
take

the following from page 76 of my own book:

The higher the projectile goes, the more must its velocity be
altered,in order to maintain the same linear velocity relative to
the earth.

Capt. Bennett, at pages 220-221 of his Introduction to
Ballis~ics,

the Coast Artillery Board in their report in the May, 1923,
Coast Artil-

lery Journal, the 1925 edition of Gunnery for Heavy Artillery,
page 13,

and the 1924 Ballistic Tables, page x, give a similar erroneous
explan-

ation of lag, laying it merely to difference in horizontal
velocity. Such

an explanation reduces to a mathematical expression which is
exactlyone-half of the true expression.

3. Inclination of Axes. So called in Gunnery for Heavy
Artillery.

Capt. Bennett calls this the "geometrical" effect. It stands to
reason

that, as lag and centrifugal acceleration exhaust Moulton's
formulas,

which are universally conceded to be correct, any third effect
must be

either entirely unfounded, or else the equivalent of the whole
or of a

part of one or both of the other two.

This alleged "geometrical" effect is eXplained in detail on page
472

of the May, 1923, Coast Artillery Journal, on page 219 of
Bennett, on

page xi of the 1924 Tables, and on page 14 of Gunnery for
Heavy

Artillery.

The report of the Coast Artillery Board and Gunnery for
Heavy

Artillery both state that the base of the trajectory tips up and
meets a

projectile fired west, thus shortening the range.
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Bennett's explanation is similar but more involved. He uses
a

"mean horizontal plane" for his datum, and speaks of this plane
as

tipping up and meeting the projectile.

But the datum plane of modern ballistics is the curved surface
of

the earth.

Therefore it is clear that the rotation of the earth does not
cause

this datum plane to tip up and meet the projectile. Yet the
introduc-

tion to the 1924 Ballistics Tables attempts to apply the same
explana-

tion even to this curved datum, stating:

The earth comes up and meets the projectile and shortens the
range

.. The rising of the western horizon makes the sun appear to set
andthe lowering of the eastern horizon makes the sun appear to
rise.

This is not on apt analogy, for we are concerned with what
actually

happens to the projectile, rather than with what appears to
happen to it.

This alleged geometrical effect is clearly inconsistent with the
mod-

ern convention of ballistic coordinates. Therefore we may assume
its

nonexistence, even under the tangent-plane cartesian coordinates
of

Ingalls-Siacci; for a mere adoption of some particular sort of
coor-

dinates cannot create a physical condition which would not
other-

wise exist.

4. Change of Azimuth. This is correctly stated on page xi of
the

1924 Ballistic Tables, on page 479 of the May, 1923, Coast
Artillery

Journal, and on page IS of Gunnery for Heavy Artillery. This is
solely

a deflection effect, and was shown in equations (10) to (14) to
be a lag

effect, due to the conservation of moment of momentum.

5. A Term in Deflection Similar to Cant. This appears
nowhere

save on page xi of the 1924 Ballistic Tables. It is merely an
incorrect

attempt to explain what is really the z-component of item 2,
lag.

CONCLUSIONS

Item I (centrifugal acceleration) plus item 2 (lag effect)
contain

all that is necessary to explain the results of the rotation of
the earth.

Of course, item 2 should be correctly stated as due to
conservationof moment of momentum, and should include, as a lag
effect, item 4(change of azimuth). Item 3 (inclination of axes, or
geometrical

effect) and item 5 (a term in deflection similar to cant) are
unfounded.

Conservation of the moment of momentum of the projectile
with

respect to the earth's axis, and the effect of the direction of
fire upon

the centrifugal acceleration of the projectile, can therefore be
consid-

ered as the true and only means through which the rotation of
the

earth sensibly affects the flight of a projectile.
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Campaign Against Forts Henry and

Donelson, February, 1862

By COMMITTEENo.6, C. A. S., 1926-27

I.GENERALSITUATION

FROMthe time war was declared between the North and the
Southuntil September, 1861, Kentucky remained neutral. There
wasconsiderable sentiment within the State for both sides. Both
Confed-

erates and Federals tried to gain support of the State. As time
went

on the sentiment of the State Legislature inclined more and more
to

the side of the North.1

The first violation of the neutrality of Kentucky was a
movement

on September 3, 1861, of a force under General Leonidas Polk
to

occupy Columbus.2 This act was followed on September 5, 1861,
by

a force under General U. S. Grant of two infantry regiments and
a

company of light artillery moving from Cairo to occupy
Paducah.3

Additional troops were added by both sides until, at the end
of

1861, each side had forces as follows:

FEDERALS4-In the Department of Ohio, about 45,000 men under

General Buell. The Department of the Ohio included that part
of

Kentucky east of the Cumberland River.

In the Department of Missouri, about 25,000 men under
General

Halleck. This Department included that part of Kentucky west
of

the Cumberland River.

At Cairo, a fleet of ironclads under Commodore Foote.

CONFEDERATES"-Some 40,000 men under General Albert Sidney

Johnston holding a line from Bowling Green to Columbus as
follows:

At Columbus, 12,000 effectives under General Polk.

At Bowling Green, 22,000 effectives under General Johnston.

At Forts Henry and Donelson, between 5000 and 6000 men under

General Tilghman.

Before the campaign started General Beauregard left Manassas

on January 26, 1862, with 15 regiments, for Bowling Green.6

XOTE: "9;herever American Campai&ns~ Vot I.. by Steele is
used as a reference, it win be re-ferred to as Steele~ American
CampaiKns~ by Tenney., win be referred to .as Tenney ..

Rt!bellWn RecoTds~ Series 1,. YoJ. 7$ Serial ::\0.. 7,. will he
referred to as RR..

1Steele,. ISO; Encyclopedia BritD.nnica., xv,. 74,1. 4 - Steele
.. 151; Tenne .... ~. l:!O..:2 Steele, 150; Tenney .. 94.. S Steele
.. 150; Tenney .. 9 8 , . 120.:1Steele, 150; Tenney .. 94. 3RR ..
121,. 122..
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Topographical Features Which Influenced Operations.7-Running

southeast from the Ohio River are the Tennessee and
Cumberland

Rivers, passing through the Western part of Kentucky. The
Tennessee

is navigable through Kentucky and Tennessee and as far as
Muscle

FIt;.. ]

Shoals in !\"orthern Alabama. The Cumberland IS na\-igable as
far

as I'\ashville.

These rivers are not far apart in Kentucky and ::\orthern
Ten-

nessee. Between Fort Henry and Fort Donelson the distance is
only

.. S::eeIe.. 151: Stee~e.. American Campai~ns~ ii..,3 ..
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eleven miles. It will be noticed that these forts are both in
Tennessee.Further north, in Kentucky, the distance in one place is
only about

four miles between rivers. This place would have been a better
loca-

tion for the forts commanding the rivers, but the forts were
built while

Kentucky was still neutral.

There was at this time quite a complete network of railroads
run-

ning through Tennessee and into the other Southern states. There
were

important railroad centers at Chattanooga, Memphis, Nashville,
Bowling

Green, Paris, Humboldt, and Columbus. All of the points
occupied

by the Confederates were connected to each other by railroad.
The

distance from Bowling Green, the right of the Confederate line,
toColumbus, the left of the line, is about one hundred seventy
miles by rail.

The two rivers, the Tennessee and Cumberland, passed right
through

the heart of this network of railroads.

The roads in Kentucky and Tennessee at this time were for
the

most part ordinary dirt roads, fairly good when they were dry,
but

nearly impassable in winter and spring when they were wet.s

Plans Open to the Federals.9-General Buell wanted General
Hal-

leck to make a holding attack against the Confederate line via
the

rivers while h~, with the main force, made the main effort
around

the Confederate right flank, moving on Bowling Green and
Nashville.

General Halleck proposed moving up the rivers in force to
attack

Bowling Green and penetrate the Confederate line. This
necessitated

the reduction of Forts Henry and Donelson.

Due to the bad terrain over which an enveloping attack on
the-

Confederate right flank would have to operate this plan was
abandonedin favor of the penetration.

Before this plan was put into operation, Commodore Foote
made

a reconnaissance and, inconjunction with General Grant,
recommended

that his fleet of gunboats be allowed to take part in the
campaign.10

Plans Open to the Confederates.H--General Johnston could
either

fall back or hold the line he was occupying. This last was very
impor-

tant, for while he held the line he was on he protected the
network

of railroads inhis rear. He decided to hold.

II. FEDERAL OPERATIONS AGAINST FORTS HENRY AND DONELSON

Operations Against Fort Henry.--General Grant, incompliance
with

instructions from General Halleck,12with an expedition of 17,000
men

and Flag Officer Foote's ironclads, started to ascend the
Tennessee

River on February 2, 186213 to attack Fort Henry.

~ Stee~e_ 152; RR~ 125~

~ S:eele_ 152; Tenney_ ]24.

If"J Tenney ...12-t; RR,. 120-121.

11 S:.eele_ 153; RR .. 13I.

1.2 RR, 121; TenneY7 125.

:l3RR, 126; Tenney, 125.
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The concentration of General Grant's forces, consisting of the
1st

Division, 2d Division, and Flag Officer Foote's fleet, was
completed

during the night of 5-6 February.14 The 1st Division, General
McCler-nand, and the 3d Brigade, 2d Division, were concentrated at
Bailey's

Landing, four miles below Fort Henry, and the 2d Division, less
the

\

PLAN OF

FORT HENR.Y

FIG. 2

3d Brigade, General C. F. Smith commanding, on the west bank
of

the Tennessee opposite Bailey's LandingP

About 11:00 A. M., 6 February, the combined forces of
General

Grant and Flag Officer Foote moved to attack Fort Henry.1n The
1st

Division, General McClernand, moyed to take a position on the
roads

from Fort Henry to Fort Donelson with the special duty of
preventing

HRR .. 128::; Tenney~ 125 .. 15RR, 125, 128. '6 RR, 125,
129.
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reenforcement of Fort Henry, or escape from it, and also to be
held

in readiness to charge and take Fort Henry by storm promptly,
on

orders from General Grant.n

The 3d Brigade, 2d Division, was to advance up the east bank of
theTennessee River as fast as possible, with security, and be in
readiness

10 charge upon Fort Henry or move to the support of the 1st
Division.ls

The 2d Division, less the 3d Brigade, General C. F. Smith
com-

manding, moved by the west bank of the Tennessee River to take
and

occupy the heights commanding Fort Henry from that bank of the
river.19

The fleet moved up the Tennessee under Flag OfficerFoote, with
the

ironclad gunboats Cincinnatti, Essex (Flagship), Carondelet, and
St.

Louis forming the first division, and the old gunboats
Conestago, Tyler,

.and Lexington, the second division.

The armed boats of the first division were placed in the first
order

of steaming, approaching the fort in a parallel line while the
second ~

tlivision took position astern and inshore of the armed
boats.2o

The fleet opened fire on Fort Henry at 12:30 P. M. at a range
of

1700 yards,21 and gradually closed to 600 yards, the fire from
the

fort and gunboats increasing in rapidity and accuracy as the
gunboats

.closed on the fort.22

The action between the fort and the fleet continued until 1:45
P. M.

when the flag on the fort was 10wered,23and shortly afterward
Gen-

.eral Tilghman surrendered Fort Henry to Flag Officer Foote
aboard

his Flagship.24

At 1:25 P. M. the ironclad Essex received a shot in her boilers
which

.entirely disabled her and put her out of the fight.25

The Federal troops were so much delayed in their operations
bythe high water and muddy roads that the Confederates had time
to

make good their retreat to Fort Donelson.26 General Tilghman
and

about eighty prisoners, the fort with twenty heavy guns, a large
amount

of stores, and everything belonging to the Confederate garrison
were

captured.2 Losses to the Federals consisted of the total
disabling of

the ironclad Essex.28 Casualties in the fleet were two men
killed

and nine wounded with twenty-eight injured by the boiler
explosion

ontheEssex.:!.9Confederatescasualties were five killed and
tenwounded.30Operations Against Fort Donelson.-General Grant left
Fort Henry

on 12 February with a force stated by him as "about 15,000
men,"

divided into NO divisions under the command of Generals
McClernand

1.RR. 125. 128-

IS RR~ 125.. 128.

1. RR. 125. 128.20RR~ 122; Tenney .. 127.

'" RR. 1:!2, 134.

"" RR. 122. HI.

"" RR. 122. H2.

" RR. 123. H2.25 RR. 122. 123. 125.

28RR ..129: Geer .. CampaiXRs

of the CirilllaT., 127.

2; RR, 12!: 125; Tenney., 127'.
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and C. F. Smith.3! Six infantry regiments, convoyed by a
gunboat32

moved down the Tennessee and ascended the Cumberland River
arriv-

ing below Fort Donelson with Flag Officer Foote's fleet on the
evening

of 13 February.33 The divisions of Generals McClernand and
Smith

arrived within two miles of Fort Donelson at 12:00 o'clock 12
Febru-

ary34 and during the afternoon the Confederate works were
gradu-

:===:~En~my '~Huh::;:;.~~~~

l>LAN~

FORT DONELSON'AtiO ITS0'!TWO,\t(5

1

F,G. 3

ally approached and surrounded, with occasional skirmishes on
the

line.3:> Active skirmishing took place on the 13th with the
Federal

troops extending their forces around the Confederate flanks and
push-

ing their lines closer to the Confederate works.36

At 3:00 P. M., 14 Fehruary, Flag Officer Foote made an attack
on

Fort Donelson with four ironclads and two wooden gunhoats and
dur-

31 RR~159; TenneY7129.3:! RR., 159; Tenney" 129.

33 RR .. 159; Tenney .. 129.

3! 170; Tenney, 129"" RR. 111; Tenney, 129... RR. 1.2. 19~.
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ing the action closed to within 400 yards of the Confederate
batteries.

Two of the armed boats received injuries, from enemy fire, which
made

them unmanageable in the swift current of the river and they
drifted

down stream followed shortly by the remainder of the fleet, all
of

FIC. 4

which had received serious injury during the action. The
engagement

lasted one hour and thirty minutes.11'i"Flag Officer Foote's
report to

the Secretary of the Navy showed a loss on the fleet of 10
killed and

40 wounded.38

:r. RR, 166, 262,268 .. RR, 166, 167,268.
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During the night of 13.14 February the Federals brought up a
full

division under General L. Wallace, and 2500 additional troops
from

Fort Henry to reenforce the lines.39 General Wallace's Division,
the

3d, was placed in the center of the line, with the 1st Division,
GeneralMcClernand, on his right, and the 2d Division, General C. F.
Smith,

on the left.40

BATTLE

FIe. 5

During the 14th of February only skirmishing took place
between

the opposing land forces with the Federal troops continuing to
extend

their lines further around the Confederate's left flank to the
southeast

of the Charlotte Road and north of the Wynns Ferry Road:H

At 5:00 A. M., 15 February, the Confederates launched an
attack

against the right of the Federal line fMcClernand's 1st
DivisionIand

ro HR. 236: Grant~ JlemoiTs~ i. 29.1.
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by 1:00 P. M. had driven the 1st Division to the northeast in
con-

fusion and secured the road to Nashville.42

General L. Wallace sent Thayer's Brigade to support
McClernand's

1st Division, and by 1:00 P. M. the Confederate advance had
beenstopped, but not until the 1st Division had been driven to the
north-

west about two miles and approximately to the position it
occupied on

the morning of the 13th.43

General Grant, who had been absent from the field consulting
Flag

OfficerFoote aboard his flagship44 arrived on the field about
1:30 P. M.

and gave orders to General Smith with his 2d Division to
attack

the Confederate right and to Generals McClernand and Wallace
with

the 1st and 3d Divisions to attack and regain the ground lost on
theright during the morning.43

General C. F. Smith with the 2d Division attacked the
Confederate

position directly in his front and to the west of the fort at
about 2:00

P. M., and by dark had succeeded in gaining possession of part
of the

entrenchments which he held until the surrender on the morning
of

the 16th.46

General L. Wallace with the 3d Division attacked the
Confederate

left at 3:00 P. M. and supported by five regiments of the 1st
Divisiondrove the Confederates within their works and recaptured
the ground

lost in the morning engagementY The ground captured by the
3d

Division was held by them until the surrender of the fort on
the

morning of the 16th.48

Early on the morning of 16 February, after an exchange of
notes

between General Buckner and General Grant, Fort Donelson was
un-

conditionally surrendered to the Federal forces.49

III. CONFEDERATE OPERATIONS

Fort Henry, in February, 1862, was a bastioned work covering

about ten acres in which were mounted seventeen guns, twelve of
which

were placed to bear on the Tennessee River.50 The fort was
below

water level and was commanded by high ground on both sides of
the

river.51 Fort Heiman, on high ground on the left bank, had
been

recently constructed. On the right bank the fort was protected
fwm

land attack, from the east, by strong infantry works throvm up
oncommanding ground to the east.5:!

The forces occupying Forts Henry and Heiman, under General

Lloyd Tilghman, numbered abont 2500 officers and men, and 75
hea\"y

artillerymen. 53

-
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When the fort was fired on at about noon, 4 February, by the

Federal gunboats, General Tilghman was absent at Fort Donelson
pre-

paring it for defense.54 Upon General Tilghman's return he
found

that the enemy was landing troops in considerable numbers at
Bailey's

Ferry, three miles below, and that Colonel Heiman, who had been
left

in command, had pushed forward scouting parties and had
thrown

forward to the line of outworks two field pieces covering the
route to

Dover.55 Only thirty minutes of fire had been participated in by
the

heavy guns of the fort. 56

On the morning of 5 February, General Tilghman withdrew
prac-

tically all the troops from Fort Heiman.57 Troops were formed
into

two brigades and each brigade assigned its position on the
outworks.58General Tilghman, his staff, and about 70 men, to man
the guns,

remained in the fort.59 Everything was made ready to resist an
enemy

attack.o o Two regiments from Fort Donelson, under Colonel
Head,

were made ready to give assistance on call.01

On the morning of 6 February troops were paraded and marched

to their positions in the outworks, leaving only the me;n
manning the

batteries within the fort.62

The Henry batteries returned the fire of the gunboats a few
mo-ments after the Federals shelled the fort.63 The shelling
continued for

over an hour, during which time the Confederates lost the use of
five

guns and five men killed.64 By this time the troops were
becoming

discouraged and exhausted65 and General Tilghman and other
officers

assisted in manning the guns in an effort to continue
the.fight.66

Upon the urgent request of his officers, General Tilghman
finally

decided to surrender. He directed Colonel Heiman, who had
returned

to the fort for orders, to withdraw the troops in the outworks
and

retreat to Fort Donelson.67 General Tilghman, with his staff and
the

men manning the guns of the fort, remained to do all possible
to

cover the retirement of his main body before he
surrendered.68

The retreat was made in much disorder and, although pursued
for

a short time, the entire force, except a few guns, vehicles,
stores, and

22 men, reached Fort Donelson at 2:00 A. M., 7 February, after
a

march of 22 miles over water soaked roads.69

General Tilghman, his staff, and about 70 men surrendered to
Com-

modore Foote at 1:55 P. M., after a terrific hombardment which
had

lasted over two hours.7o
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Fort Donelson in February, 1862, was a bastioned parapet
irreg-

ular fort, 100 feet above the river and covered about 100 acres.
It

was on the west bank of the Cumberland River just north of
Dover,

Tennessee.71 In addition to the main fort, infantry trenches had
been

constructed on the summit of the hills to the west to protect
the fort

from land attacks.72

On 13 February the entire garrison consisted of about 15,000
men

under command of Brigadier General Pillow and later under
Brigadier

General John B. Floyd.73 The troops were in the trenches and at
the

batteries prepared to meet the advancing enemy.74

General Pillow's Division (under command of Brigadier
General

B. R. Johnson) was assigned the left of the line and Brigadier
General

Buckner's the right.75

On the morning of the 13th the Federal artillery and
infantry

opened fire on the trenches and continued throughout the day.7s
Sev-

eral assaults on the right of Pillow's Division were repulsed
vigor-

ously.77 The artillery did very effective work in assisting the
repulse

of these assaults.78 That night the troops remained in position
along

the lines.79

The 14th was very quiet until about 3:00 P. M., when the
water

batteries became heavily engaged with the Union gunboats and
after

about an hour's engagement drove them off.so All accounts agree
that

this ended the attacks by gunboats.81

That evening it was learned that the enemy had landed a
large

number of reinforcements and had completely surrounded the
Con-

federate forces cutting off all avenues of retreat.~2

Generals Floyd, Pillow, and Buckner met in council and it
was

decided to attack the enemy's extreme right and right center and
drive

him back, in order to gain possession of the road via Charlotte
to

l\ashviIle.83 Lieutenant Colonel Gilmer, who was present at this
coun-

cil of war, states that, "It was hoped even greater advantages
might be

gained, which if followed up on our part, would result in
disaster to

the invaders."84 The plan adopted was: That General Pillow's
forces

were to make the main attack on the right flank of the enemy
position;

that General Buckner's forces, after being relieved on the right
of the

line by two regiments, were to attack the right center and take
up a
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PQsitiQn astride the Wynn's Ferry RQad to. CQver the retreat Qf
the

fQrces and later to. act as the rear guard; and that CQIQnel
Heiman

was to. hQld his PQsitiQn in the center.8~

The mQvement into. PQsitiQnswas made during the night.86

At 5:00 A. M., 15 February General PillQW assaulted, assisted
by

CQIQnel FQrrest's cavalry brigade.87 General Buckner, althQugh
de-

layed, SQQncame up Qn PillQw's right.88 In abQut thirty minutes
bQth

sides were well engaged and CQIQnel Gilmer states that it was
neces-

sary to. send a bQdy Qf trQQPs under General B. R. J QhnsQn to.
the

extreme left to. check a flanking mQvement by the enemy.89 After
abQut

two. hQurs the enemy's right wing was turned slQwly and
stubbQrnly.90

Finally the enemy was in full retreat and FQrrest's cavalry
charged

its right and rear, capturing six ReId pieces.9l

By 12:00 NQQnGeneral PillQWwas in PQssessiQnQf grQund
recently

held by UniQn trQQPs\)2and Buckner's fQrces had CQmeup in
PQsitiQn

astride the Wynn's Ferry RQad to. CQverthe withdrawaJ.93

AbQut this time the enemy received reinfQrcements and checked
his

pursuit.94 General PillQW Qrdered the victo.riQus trQQPs to.
return to.the defensive lines.9~ General Buckner, when he arrived
in his PQsi-

tiQn o.n the right, fQund the enemy advancing but, after a
stubbQrn

fight, drQve him back to. the trenches Qn the extreme right Qf
the CQn-

federate line.96 Even at this time no. effQrt was apparently
made to.

withdraw the trQQPs and save the army, althQugh Qne rQad still
re-

mained Qpen.97

That night anQther cQuncil Qf war was held and it was decided
to.surrender.98 It had been learned, by this time, frQm a
recQnnaissance

made by Fo.rrest, that the UniQn tro.QPs cQmpletely surrQunded
the

fo.rt.99 Generals Flo.yd and PillQWrefused to. surrender
themselves, so.

they turned the cQmmand o.verto. General Buckner fQr him to.
surrender-

and they escaped.lOOCQIQnelFo.rrest and his cQmmand also.
escaped.101

On the mo.rning o.f the 16th General Buckner o.rdered the
trQQPS:

hack into. the trenches and dispatched a no.te to. General Grant
request--

ing an armistice until 12:00 No.o.n,and the appo.intment o.f a
co.mmis-

sio.n to. agree to. terms o.f capitnlatio.n,102

General Grant refused General Buckner's request so General
Buck-

ner surrendered immediately and unco.nditio.nally.103
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IV. COMMENTS

Credit for the plan of the expedition to Forts Henry and
Donelson

has been variously bestowed". Halleck, Buell, and Grant have all
been

awarded the honor by various historians. However, it appears
that

the necessity for control of the C.umberland and Tennessee
Rivers, as

well as the Mississippi and Ohio, was understood by Fremont, who
on

August 24, 1861, ordered the construction of certain gun and
mortar

boats.1oe ! The immediate scheme of an advance on Fort Henry
seems

to have originated with Grant and Foote.10~ Buell's plan was
for

Halleck to ascend the Cumberland and Tennessee Rivers while he
him-

self advanced south toward Bowling Green with Nashville as his
objec-

tive.10G Halleck objected to this arrangement and wanted the
bulk of

Buell's army turned over to him for an advance up the
Cumberland

while Buell with a small force contained Johnston at Bowling
Green.107

McClellan would not approve either plan but kept urging Buell
to

advance into east Tennessee.1us

On January 29, 1862, Halleck got word from Washington that

Beauregard was on his way to Kentucky with fifteen regiments.109
On

the 30th he ordered Grant to take and hold Fort Henry with the
least

possible delay and ordered Foote to support the moveYo

The attack on Fort Henry was made on February 6 and was suc-

cessful due largely to the faulty location of the fort and its
guns, the

powerful bombardment by the Federal gunboats, and the
insufficiency

of the garrison, most of which retreated to Fort Donelson before
the

surrender.111

Mter the fall of Fort Henry, Grant and Foote moved on Fort

Donelson and invested it.H2 On 16 February it surrendered.Hs So
much

for a summary of the main events of the campaign.

At the opening of the campaign, Johnston had the advantage
of

interior lines and could have concentrated more quickly than
either

Halleck or Buell. Mter the fall of Fort Henry, instead of
sending

half his force to Fort Donelson under an incompetent general,
heshould have left the smallest possible containing force in front
of

Buell and marched himself with all the rest of his army against
Grant.

By his action Johnston violated the principle of mass.

General Floyd upon his arrival at Fort Donelson shut himself
and

his troops up inside the works with no line of retreat
secured114and

14K B. I..." 284; Tenney,. 119.105RR, 120, 121.

16CSRR., 451.1
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remained supine during the 13th of February when he should
have

vigorously attacked Grant before the latter concentrated his
command

and completed his investment of the fort . In this instance
Floyd vio-

lated the principle of the offensive.Again on the 15th, after
the Confederate effort against the Federal

right had opened up a line' of retreat, Floyd failed to take
advantage

of the opportunity thus created.1l5 At this point, which was the
crisis

of the campaign, either one of two lines of action would have
been

right: to have gone ahead and marched to Nashville as planned,
or

to have brought his whole strength against the Union right and
thus

have completed the victory so well begun. Instead, Floyd
listened to

both Pillow and Buckner and ended by doing neither, but ordered
his

whole victorious left wing to return to their trenches.n

On the night of the 15th Floyd, accompanied by some of his
troops,

made his escape from Fort Donelson by boat1l7 in which instance
he

violated one of the first principles of soldierly conduct,
although he

observed the first law of nature. A study of this campaign fails
to

reveal that General Floyd did anything right.

General Pillow, who succeded to the command at Fort Donelson

after the fall of Fort Henry, spent February 12 in digging
intrench-

ments during the Federal march from Fort Henry1l8 instead of
strik-

ing Gran't troops in flank while on the march, as a bold and
skillful

commander would have done. This was his first mistake and
violated

the principle of the offensive. Later, on the 15th, after his
successful

effort against the Federal right hefore Donelson, he assumed
unwar.

ranted authority, ordered Buckner back to the right of the line
and

threw away the advantage gained.1l9

Pillow, and later Floyd, failed to observe the principle of
move-

ment. Their proper course was to maneuver so as to draw Grant
away

from the fort; instead they allowed themselves to be beleagured
therein.

It might be said in this connection that if a defense of Fort
Donel-

son from inside its works was the Confederate plan, then the
sortie on

February 15 was an error. The Confederate batteries had
successfully

repulsed Foote on the 14th, and by the accuracy of their fire
had ren-

dered his fleet so unserviceable that further operations by
water hadto he indefinitely postponed.120 It is conceivable that
the rebel force

might have withstood successfully a short siege and thus have
given

Johnston an opportunity to come to their support. At least, they
could

have made shift to have saved a reasonable proportion of their
force.

Moreover, the weather was in their favor and there does not seem
to

115 RR ..269 ..327.. 332. 333.
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have been any real reason for surrendering such an extensive
work

except as a last resort. The passage from the defensive to the
offensive

and again to the defensive all within the space of some twelve
hours

was like trying to change horses not once, but twice, in the
middle ofthe same stream.

On the Federal side Halleck ordered Grant's movement on Fort

Henry without reference to Buell's plans, thus violating the
principle

of cooperation. Grant, in his advance on Fort Henry and also
in

his march to Fort Donelson failed to make full and proper use
of

cavalry, as evidenced by his field orders and those of his
subordinates121

to learn something about his opponent's strength and
dispositions, thus

disregarding the principle of security. The Confederate leaders
were

also guilty of neglecting this same principle, and the laxity of
both

sides in this respect gave rise to extravagant and unwarranted
assump-

tions as to their opponent's strength.

In a study of this campaign it should be remembered that the

weather exercised a tremendous influence on the operations of
both

sides. The miserable condition of the roads in the theater of
opera-

tions precluded any sudden or swift movement of troops.
Doubtlessthis had much to do with Buell's failure to move against
Johnston while

the latter was at Bowling Green and may have actuated Pillow
and

Floyd in their decision to stay shut up in Fort Donelson rather
than

to try to out maneuver Grant.

After the surrender of Fort Donelson, Grant wanted to
advance

against Johnston who had retired to Nashville,122but Halleck
feared

an offensive in Illinois or Missouri by the Confederate force at
Colum-

'bus and he therefore 'kept Grant sitting in idleness at Fort
Donelsonfor ten days and also refused to allow Foote's fleet to go
farther than

Clarksville.123 It seems quite possible''tufit ~ ,vigorous
pursuit of John-

ston's 14,000 men by Grant's 40,000 would have resulted in the
cap-

ture of Johnston's army and have left Chattanhoga and Vicksburg
open

to easy capture by the Union forces. ParticularlY1would this
have

been true if Buell and Grant could have coordinated their
movements,

the former advancing with energy on l\ashville and Chattanooga
while

the latter pushed south to Vicksburg. Unfortunately there was no
one

to demand that this be done.

This campaign illustrates, among many other things, most
forcibly

and strikingly the folly of divided command. If there had been
a

single directing head over Buell's and Halleck's armies,
ordering them

to cooperate constantly against Johnston's army, it is difficult
to see

InRR. 126. 127. lOll. 17l.

=RR.42t."" RR. 6t3. 6:>5.
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how the latter could have saved his army from destruction. The
all-

important lesson of unity of command seems a difficult one for
armies

and nations to learn. In spite of the fact that all the great
captainsof history were supreme in command of their
armies-Alexander, Han-

nibal, Cresar, Napoleon, Frederick, (or example-and although
history

is full of countless examples of military failures due to this
cause

alone, yet in the last major conflict on this globe it took four
years

of more or less constant reverses to bring the allied nations to
a reali-

zation of the absolute necessity for a single command. In our
opinion,

such terms as "cooperation" and "paramount interest" and all
others

which can be interpreted as countenancing divided responsibility
in

a single theater of operations, should be stricken from military
phrase-

ology. We believe that the Forts Henry and Donelson campaign is
an

excellent case in point.

----~lAPHORISME XL. I

The Crocodile is $lain by the Dolphins policie Istriking him in
his $Oft and tender beUy being I

unarmed with~. Experience should teach menmore than nature can
the creamre; for a GeneralJTTm$t strike the enemy where he m a r be
most hurt, 'and such things as reason deems im[HJllIliblearenot to
be attempted, for prudence is of forc~where force cannot prevaile.
Therefore direction illleft to the CA1mmander,execution to the
Souldier,who ill not to question why, but to performe whatis given
him in charge.-Ward's Animadversionsof War (London, 1639).
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The Variable Probable Error

By LIEUT. PHILIP SCHWARTZ, O. D.

A N examination of T. R. 435-280, Gunnery For Heavy
Artillery,shows that 44 of 176 pages, or about 25 percent, are
devoted toSection IX on "Dispersion and Probability of Hitting."
The first few

pages of the section give definitions of important quantities
such as

center of impact, deviation, and error. Thereafter, the section
deals

with what is usually to the student a maze of mathematical
trickery,most of which is absorbed purely for the needs of the
moment. The

student feels that he will be satisfied if he can pass through
this part

of the course without suffering too great a loss in credits.
Both instruc-

tor and student probably believe that the study of this section
is good

medicine for the student and it is prescribed and taken in this
frame

of mind. However, it is doubtful (or, as the instructor might
say,

the probabilities are small) that the instructor himself really
feels

that he has a firm grasp on the subject. Ittakes only a few
questionsto make the instructor admit (if he is frank enough to do
so) that

the "stuff is too much for him." The subjects of dispersion and
prob-

.ability are very confusing to one who does not go into the
study of

them thoroughly. Even at this late date it is possible to find
one or

more statements in Section IX which are probably not justified.
Sec-.

tion IX deals with the theory of such games of chance as dice
throw-

ing and card playing. It would seem that anyone who cared to
study

the theory of probability sufficiently along these lines could
become:

the master of many simple games of chance which are
sometimes

played for high money stakes, and in this way enrich himself.
Such

is not the case as has heen shown repeatedly by the people who
have

not beaten a "bank" by the use of a "system." This seems to be
au

example of the fact that the customary "n" must always be a
finite.

value and not on infinite one, thus making prohahiItiy
computation&

less valuable.Mter a short discussion of such "simple" things as
geometrical

series, integral exponential equations, and areas under curves,
the stu~

dent reaches what is called the "probable error." This is the
piece de

resistance of the section, and he then studies prohable errors
contin~~

ously throughout the section, and continually until the end of
the.

course. When he completes the course he talks probable error
~Iibly

[105]
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and he may use it indirectly during target practice in
attempting to

secure adjustP;lent on a target.

What is thi~ probable error? Section IX, page 90, says the
fol.

lowing:The probable error is the error which is as likely as not
to be exceeded;

a value which in the long run wiII be exceeded one half the time
and not

exceeded one half of the time.

Section IX deals later with problems in which it is assumed
that

.the probable error is known before a firing is begun; the
percentage

mf hit!! 01l a target of given size is then calculated after it
has been

:assumed that an adjustment has been secured. There is no
discussion

in the section of the difficulties involved in predicting the
correct 'value

.of the probable error before the firing is completed.

Iu Section X I, which deals with the adjustment of fire at
fixedtargets, use is made of the probable error to decide when
adjustment

has been secured.

If the fire be adjusted so as to bring the center of impact to
within one

probable error of the target it can be shown that the
probability of obtain-

ing hits on the target is at least 80 percent as great as when
the ,center of

impact is on the target.

Further,

The practical unit of dispersion has been seen to be the
probable error.

In tabnIating firing tables probable errors it is assumed that
the probable

error of all pieces of the same caliber and model are identical.
This is not

true in practice. The firing tables probable error is at best an
average

value. A value of the probable error of any piece can be
determined from

the resnIts of firing. The method of making these determinations
from mea-

sured errors has been given. It is not advisable however to
place dependenceupon a value of the probable error determined from
a series of less than

fifteen rounds. The true probable error can never be known
exactly. It

varies with the lot of projectiles, the lot of powder, the
number of rounds

previously fired with the piece, etc. The variations are not
large in per-

centage and therefore methods of adjustment of fire based
primarily on

the use of values of the probable error give results fairly well
in accord with

the theory on which they are based. The above however should
explain

why any rnIe will fail partially under unusual conditions_ All
methods of

adjustment of fire make use of values of the probable error of
piecesbeing used.

On pages 13 and aT. R. 435-55, Analysis of Drill and Analysisand
Reports oj Target Practice, the following may be read:

In determining the deviation of the center of impact the

purpose is to show whether or not the battery was actually
adjusted when

:firing was completed .... The best probable adjustment wonId
find

the center of impact thus determined to be not further from the
target than

one developed armament probable error.
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T. R. 430-85, Field Artillery Firing, says the following:

Par. 265... A minor change is one which is less than a
probable

error.

Par. 272, Trial Fire.-The object is to bracket the objective
between

two verified elevations differing by one fork (4 field probable
errors) or

to find a verified bracketing range....

Par. 275, ImprovementFire.- Whenthe trial elevationhas been
obtained,

fire for improvement is begun. The object is to find an
elevation giving

substantially as many observationsshort as over. With this trial
elevation

fire 12 rounds per piece. If there is not for each piece an
equality of

shorts and overs, modify the elevation by as many twelfths of a
fork as

there are rounds to be changed in sense to obtain the
equality.

What is the best method of determining the firing tables value
of

the probable error? From considerations of pure theory, only
the

fact that a finite number rounds is fired prevents the
determination of

the "true" probable error. For example, there is at least one
Ordnance

report in which is contained a demonstration of the desirability
of

firing groups of 20 rounds for the purpose of determining the
true

value of the probable error. On page 175, Vol. 61, of the
COAST

ARTILLERYJOURNALthere is a similar demonstration of the
desirabilityof firing not more than 20 rounds for determining the
proving ground

probable error. Such demonstrations would be of considerably
greater

value if the additional factor of variable probable error did
not enter

into its determination. There is no such thing as a true value
of the

probable error, which can be depended upon to repeat itself if
there

is no change in gun, ammunition, gun crew, position of gun, and
posi-

tion of target. As an illustration of how the writer conceives
that the

probable error varies, consider the following. Suppose that a
self-

-contained horizontal base coincidence type of range finder is
used to

measure the distance to a stake on land or out on the water.
Let.the

distance be determined by averaging ten or ten hundred readings.
Let

a trained observer take a set of readings on.a clear day and
then follow

it by a set of readings on a foggy day. The average in one case
will

probably not differ very much from the average in the other case
if

ten hundred readings are taken and the difference in averages
will notbe unduly greater if only ten readings are taken. However,
it is to he

expected that on a clear day the observer's readings will
cluster closely

about the average value because cuincidence will he obtained
easily

and without estimation. On a foggy da ycoincidences will not
he

obtained so easily and the observer will be compelled to
estimate the

condition of coincidence; there will result a series of readings
which

do not duster closely about the average value. The difference in
clus-

tering of observations on a clear and foggy day is similar to
the dif~
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ference in clustering of the points of fall of shots. In firing,
the cause

of the difference in clustering may not be due to difference in
visibility

alone; it may be due to any change in conditions which affects
the

mount, the gun, the ammunition, the gun crew, or the atmosphere.
Thisdifference in clustering corresponds exactly to the difference
in probable

errors which may be expected in firing at different times and
under

different conditions. If weather conditions do not vary
materially, ifthe mount and gun are kept in good condition, if the
ammunition is

held at a uniform temperature during the firing, if the firing
is con-

ducted with care, and if the personnel of the gun crew remains
the

same, the variation in probable error can be kept at a
minimum.

Even at the proving ground where range firing is conducted
underthe equivalent of laboratory conditions, probable errors vary
by as

much as 100% or more. In the field and at harbor defenses
they

can be expected to vary by a greater amount than at the
proving

ground. Figure I shows the developed armament probable
errors

resulting from Coast Artillery target practices held in 1925. At
the

same range probable errors varying from a fraction to several
times

the firing tables probable error were developed. With such
informa-

tion available only a brave battery commander would be willing
touse the firing tables value of the probable error as a unit of
measure

in securing adjustment, for he would have to be willing to pay
the

penalty in poor results which such a choice would probably yield
him.

At some batteries where more than one target practice was fired
in

1925, with little change in materiel or in gun crew, varying
probable

errors were obtained, examples of which follow.

Caliber Range

Probable error

Shoot inches yards inrangeyards

1st 6 9100 262nd 9400 50

1st 6 7600 1852nd 7200 92

1st 6 5900 742nd 5600 42

1st 10 10500 592nd 10100 103

1st 12 8000 482nd 10300 86

1st 12 8600 ll52nd 7300 34

1st 14 13300 442nd 13100 94
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The small differences in range between the first and second
shoots

can account for only a small part of the difference in probable
errors.

Some of these differences may be due to firing only a small
number

of rounds, but not all of them.

In an extensive firing of the 155-mm. howitzer at the
proving

ground the following results were obtained. The firings were
made at

32 elevation, each value of the probable error being based on
a

group of 20 rounds.

PROBABLE ERROR IN RANGE.YARDS

Day

1st

2nd

Zone I II IV

58 22 54

35 37 64

V VI VII57 57 36

60 43 61

Another example of varying probable errors is shown in the
results

of firing a large number of groups of rounds from the 155-mm.
gun

on different days. One set, fired at about 16,000 yards range,
gave

the following results.

Number of rounds

in group

19201610

9

18201620

2020

20

2020

Probable error

in range

yards

8868767296

441 0 0

96

4868

.. 60

8896

52

Another set, fired from the 155-mm. gun at about 15,000 yards
range,

,gave the following results.

Number of roundsin group

816

99

Probable error

in range

yards

721 4 4

8488
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The following examples show the effect on adjustment of not
being

able to predict the proper value of the probable error. Assume
that

the ladder of dispersion may be represented by 8 zones which
are

equally spaced about the center of impact as in the diagram on
page

103 of T. R. 435.280 (Fig. 2). The statement was made in T.
R.

430.85 that if the center of impact is within one probable error
of

the target, the probability of obtaining hits on the target is
at least

80% as great as when the center of impact is on the target.
This

situation can be represented by the following diagram in which
G

represents an ideal grouping with the center of impact at the
target

and Gs represents a grouping with the center of impact one
probableerror distant from the target (Fig. 3). In grouping G with
a dangerzone assumed to be one probable error, or 100 yards, on
each side of

the target, there are 50~ of hits to be expected if the center
of

impact is on the target. If the center of impact is one probable
error

distant from the target as in Group Gs, only 41 per cent of hits
are

to be expected in the danger zone. Therefore group G s will
have

~ = 82:.{ of the ideal number of hits. This seems to prove the
truthof the statement quoted earlier in this paragraph.Suppose that
the probable error assumed before firing is begun is

100 yards, Tvhereasafter firing it is discovered that the
developed

armament error was really only 50 yards. Suppose that the center
of

impact was adjusted at a point one assumed probable error, or
100

yards, distant from the target. Then using the ladders, the
situation

would resemble that shown in Figure 4. There would result the
same

number of hits in the danger zone of group G4 as in the ideal
group

G, a total of 50~. Ifthe battery commander had been able to
predict

that the developed probable error would be 50 yards, and if he
had

attempted to place the center of impact one developed probable
error,.

or 50 yards, from the target the situation would have resembled
that

shown in Figure 5. Seventy-three percent of hits would have.
been

obtained in the assumed danger zone inthis case, whereas only
50%

of hits were obtained due to not knowing that the probable error
was.50 yards instead of 100.

Suppose on the other hand that after firing it is discovered
that

the developed probable error is 200 yards and the firing was
adjusted

at a point one assumed probable error, or 100 yards, from the
target.

In this case the battery commander probably wasted much
ammuni-

tion and time getting adjusted at a point one half of a probable
error

instead of one probable error away from the target. The
situation

would resemble that show-nin Figure 6. Only 25~ of hits
would
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have been obtained in the danger zone, Figure 6, wHereas41%
wereexpected. The battery commander would have spent a great
deal

of time and effort getting the center of impact only one half of
a devel-

oped probable error from the target, an accuracy which according
to

present regulations is not considered necessary. If the battery
com-

mander had realized that the developed probable error was as
much

as 200 yards, and if he had placed the center of impact one
developed

probable error, or 200 yards, away from the.target, the
situation would

have resembled that shown in Figure 7. Twenty-five per cent of
hits

would have been obtained in the assumed danger zone in this
case;

2S~; were obtained in G o due to not realizing that the
probableerror was 200 yards instead of 100 yards. A gain of only
3(;i,

of hits was obtained by going to the trouble of adjusting to a
point

one half of a developed probable error away from the target.
Moving

the center of impact in from 0point one probable error from the
targ=t

to a point one half oi a probable error from the target involves
muchmore trouble than does an equal movement of the center of
impact

at any other part of the area around the target except the area
fromone half of a probable error away from the target to the target
itself.

Contrary to the. opinion concerning the constancy of the
probable

error expressed in T. R. 435-280, it has been shown by the
above

demonstration and experimental results, that variations in the
magni-

tude of the probable error are large, and it is therefore
doubtful if

the methods of adjustment which use the probable error as a unit
of

measure are very efficient. It is probable that adjustment of
fire

would be a very much simpler proposition if the probable error
did

not vary in such an unpredictable manner. Some methods of
adjust-

ment must be adopted and if they are not based on the probable
error

on what can they be based? This is a difficult question to
answer. If

the probable error can be predicted, the methods now in use are
satis-

factory. Practically, the probable error cannot be predicted
with suffi-

cient exactness, and therefore many shoots are unnecessarily
len~~ened

~ ammunition lVtg'tedby adopting a system of adjustment which
usesthe probable error as a unit of measure.

Once a battery gets into action, the principal effort of the
battery

commander is devoted to placing the center of impact of his
shots as

near to the target as possible in a minimum of time and with the
least

expenditure of ammunition. Ordinarily he is not interested in
the

size of dispersion zone if he has satisfied himself previously
that it

is not excessive. His corrections are based on the deviation of
the


	
7/31/2019 Coast Artillery Journal - Nov 1927

40/89

412 THE COASTMTILLERYJOURNAL

center of impact from the target. He may move the center of
impact

closer to the target by making a change in the elevation or
range

setting corresponding to a multiple or factor of the probable
error

or corresonding to a multiple or factor of some other unit which
has

been shown to be convenient and satisfactory. Although multiples
of

the probable error may sometimes be considered satisfactory they
are

seldom convenient to manipulate accurately because of the odd
figures

involved. As soon as the center of impact begins to approach
closely

to the target, the question arises as to when the b.attery
commander

may temporarily cease slowing up the fire because of waiting for
appli-

c-ation of correction data based on results of observation of
fire.'--- ..According to T. R. 435-280, when the center of impact
is within one

probable error of the target, fire for effect should be begun
and the

battery may he considered to be adjusted. As has been shown,
the

time when this occurs is difficult to determine accurately since
little

is known concerning the value of the probable error being
developed

in the shoot.

The following sugestions may be of value in formulating more

satisfactory methods of adjustment. Instead of employing the
prob-

able error as a unit of measure use a unit which is equal to l f
2 7 c ofthe range to the nearest ten yards in range, and a unit of
I mil or

.05 degree in deflection. This suggestion is based on the fact
that the

proving ground probable error averages about l f2 j{ of the
range andI mil in deflection for all except the very shortest
ranges. With this

as a unit of measure, certain arbitrary multiples of these units
may

he adopted for the fork, basing the multiple applied on the
experienceof the artillery branch itself. Heretofore the field
probable error has

been assumed sometimes to he I % times the proving ground
probableerror, at other times twice. This assumption probably has
very little

exact basis and apparently was founded on the idea that
proving

ground uniformity can not be obtained under service conditions.
At

harbor defenses probable errors smaller than the firing tables
values

are occasionally obtained, and enthusiasts have, without due
consid-

eration, or based on a single series of firings, suggested
correcting the

firing tables value of the probable error (see
COASTARTILLERYJOLR-

l'iAL Vol. 60, page 200). An extensive program was recently
fired at

the proving ground for the purpose {it is understoodJ of
investigating

the accuracy of the 155-mm. howitzer firing tables probable
errors.

Whether the probable error chosen from the firing tables should
he

based on the corrected or uncorrected range has even been
questioned.

Examination of Figure I shows that out of ten calibers, 5
average aboutl f 27c of the range for the range probable error.
These 5 inclnde tractor-
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drawn and railway artillery, thus showing that this small value
of the

probable error is not restricted to fixed batteries which may be
expected

to have better accuracy than the mobile batteries.

To decide when adjustment has been completed, that is, when
fire

for effect may be begun, each caliber of gun should have .a
calculated

fixed distance for each type of target. This distance should be
based

on the caliber of gun, type of projectile, size and type of
target, and

experience in firing.

If these changes are made after a sufficient study, it should
be

possible to eliminate most of the probability discussion now
contained

in the training regulations on gunnery. There can be substituted
for

the former discussions a much briefer description of the
fundamentals

of dispersion of fire, plus a discussion of a few arbitrary
rules of adjust-

ment, based on the foregoing considerations. There should then
be no

more reason for artillerymen going into problems involving
probability

and least squares than there is now for his going into
trajectory com-

putation studies. Such studies should be left for ordnance
specialists

or for artillerymen who are especially assigned to and trained
for

such advanced study. Trajectory computation as well as the study
of

probability theory belong to the field of ballistics and
theoretical gun-

nery and not to that of practical gunnery.

It was previously mentioned that the present consensus of
mathe-

matical reasoning has led to the belief that 20 rounds is the
proper

number for the determination of the proving ground probable
error

for insertion in the firing tables. It has been shown by
examples thatit is not sufficient to fire 20 rounds on a single
day, and that firings

should be made on several days. It seems desirable to fire a
smaller

number of rounds, distributing the 20 rounds (if only this
number is

available) in several days' firing. Groups greater than 10
rounds

would seem excessive, and 5 rounds (contrary to present
approved

ideas) should not be too few.

In the foregoing article the writer has endeavored to point
outdifficulties involved in the proving ground determination and
the

service use of the probable error because of its behavior.
Whether or

not the reader believes that changes in methods of adjustment
are

desirable at present, the fact remains, as shown in this
article, that

whenever in service firing the probable error is used as a unit
of

measure, great care must be exercised in order to prevent the
loss

of time and ammunition.
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