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Abstract

\ﬁii Expressions for the errors in the trail, range, deflection and

time of flight resuliing from ignoring either the measured time of
flight or the measured range are deduced, Results of calculations

of the resulting errors in trail, time of flight, renge and deflection
for the bomb M38A2 are presented. The desirability of the introduction
of a ballistic coeffictant G- boced on trai), is mantioned. The
reality and the sources of the discrerancy between the ballistic
coefficients deduced from range and time of flight respectively are

discussed,
"’_\ g

, Two different procedures have been used to determine
the trall of a bomb from ohservations on certaln elemente
of its tralectory, One of these procedures, designated
by Procedure A, uses measurements of the range and ignores
‘the measured tine of flirht. The other procedure,
designuted by B, uses measurements of the time of flight
and ignores the range, In the following we shall not
attempt t2 describe the complicated methods actually used
but for the eake of clarity and brevity shall describe
other procedures theoretically simpler which might be
used for the determination of the trail from observations
on the range or the time of flight.®

® Although the methods to be described are simpler in theory than
those actually used, they are much more laboriouns in practice.

" This document has been approved for public release
and sale; its distribution is unlimited.
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We adopt a coordinate system fixed with respect to

the earth with origin at the vertical projectlion of the
airplane on the ground and with the vector ground epeed

as the X

=

axis., (See Fig, 1).
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adopt symbols as follows,

ballistic coefficlient determined from x .

= ballistic coefficient determined from ¢t
time of flight under ballistic table conditions,

resultant alr speed,

range conponent of alir speed.
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ZA.

deflection component of alr speed,
ground speed,

range under ballistic table conditions,
range under bonbing tuble conditions,

range under bombing table conditions using data
obtained by Procedure A,

range under hombing tables conditions using data
cbtuined by rocedwre B,

altitude of airplane at release,
deflection under bombing table conditions,

deflection under bombing table conditions using
data obtained by Procedure A,

deflectlon urier bombing table conditions using data
obtained by Procedure B,

error in tw .
crirror in X, »
error in Z,b°

-> 0

error inA,
trail under bombing table conditions,

trail under bombing table conditions obtained from
data of Procedure A,

trail under bombing table corditions obtalned from
data of Procedure B,

x component or range component of A ,
z component or deflection component of A ,
x component of AA

L J

gz component of Ape

x component of Ao

2z component of AB'
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Procedure A

The procedure is described in the following, The
range 1s obtalned from direct measurements of the position
of the airplane at the instant of release and the co-
ordinates of the point of fall taken with respect to the
earth, The range obtained in this way is then corrected
to ballistic table conditions, These latter assume no
wind, standard density and temperature structure and no
rotation of the earth., The range corrected to these
ballistic table conditions is designated by x, . The
ballistic coefficlient is determined from x, and 1is

deelgnated by C,, The timc of flight is now computed from

Cx and is designated by t,(Cy). The trall A, is then computed
by the relation '

AA = Vgtw(cx) - xw = utw(cx) - xw . . (1)

Since there is no wind, u = v_ and AA & AxA .

(3
In general, however, t, # t,(Cy)

since the ballistic coefficient determined from range Cx
differs from that determined by the time of flight, Ct-

Let 4t = t,(C.) - t, and let AA= the error in the trail,

Since the correct trail under both bombing table and
ballistic table conditions is glven by

A=utw-xw

it follows that,
8A=X, =X =u t,(C,) -ut, = u at, (2)

Suppose that bombs are esubsequently dropped, under
bombing table conditions with AA &nd t (cx) as determined

by Procedure A. The bombing table condltions assume a
gtandard density and temperature structure and no rotation

" of the earth. The wind 1s constant in intenslty and direction

but not necessarily zero, The alir apeed, u, is assumed to
be equal to that obtalned when the trailXA was determined

and of course the altitude y, 1s the same, The air speed, u,
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makes an angle, ¢, with the ground sneed v _as eshown in

Fig. 2. The angle o is.the azimuth of the trail and under
the stated conditions is equal t> v the drift angle. The
correct range under standard bombing conditions, Xup? is
given by

PROJECTION OF
AIRPLANE AT POINT
OF RLLLEASE.

VA
Figc [+
*wb = vt = Acos o
;Eile the ?ange, Xyps obtaifed by using AA and:tw(cx) will
XA = vgtm(Cx)- Ay COBP = vg(tw + At) - (A + uat)cosy

from (2).
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Hence the error in ¢he range, Ax, from using Procedure A
is

Ax = Xy, = Xyy = "g(tw"' At - t,)-0+ uat - A')cosq:

= v bt - ﬁAt;f:oscp = at(vg - u,) = atw,

where u, 1s the x component of u and w, s the x component

of the constant wind, If the ground speed is equal to the
air speed component, u,,
- Ax = 0,

In other words although Procedure A produces errors
both in ¢, and A, the resultant range will be correct unlees

Vg#u.

The deflection under bombing table conditions, z., , is
given by '

Neln g
while according to Procedure A the deflection would be

Zup = AA sinp = (A+ uAt)sing,
ﬁence the error in the deflection, 4z, is
4z = (A+udt)sing - Asing = uAt Binp = u A% = - w;At

where u, is the z component of u and v, is the z component
of the constant wind,(see Fig. 3).
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The deflection obtained by Procedure A will be in
error vnless At = 0,

Procedure B

Under Procedure B, the o% .,y observationally measured
element emploved in obtaininp Brail 42 the time of flight,
reduced to hallistic table conditions. The ballistic

coefficient, Ct’ 18 calculated directly from the reduced

time of flight, It is then assumed that the range ls the
tabular range x (C,) corresponding to Cy, and the trail, Ay,

18 cbtained by the relation

AB= Vg t'(a) - xw (Ct)

The correct trall under the ballistic table conditions¥*

for which the renge x(C,) is computed, is given by

A'= Vgtu- Xw .

Hence the error in the trail A X is given by

* Of course the magnitude of the trall under standard ballistic con-
ditions is equal to the magnitude under standard borbing conditions
sinco the mognitude of the trail depends upon the air speed not the
ground speed, -
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Und .r bombing table couditions, Ax the error in the range
is given by
v _-w

Ax = [xm(ct) - xw]coam-; [xw(ct)-xu]._gl_‘._x .

The error in deflection obtained by Procedure B is
given by - _

Az = -[xw(Ct) - xw] sing = [xw(ct) - x¥;‘- .

A Correct Procedure

A correct procedure is of course to measure both ty
and Xye The range and time of flight thus obtained can be

reduced to the values rhich would have resulted under ballistie
table conditions by removal of the effects on range and time

of flight due to departures from standerd ballietic table
conditions, The trail under ballistic table conditions is
accurately given by

where the values or X, und t, are the values of the measured
range and time of flight reduced to ballistic table conditions.

The trall, in a pnerfectly general sense, is the perpen-
dicular distance in the horizontsl plane y = O from the point
of iwpact to the vertical through the point vector v tw . The

definition arises from the phenomenon noted by the bombardier
that the bomb in flight "traile" behind the vertical through
the bomd rack.,

In reducing the observations and preparing tables of
the trall as a function of altitude it ic rometimes convenient
to introduce a coordinate system moving with the airplane
as shown in Fig. 4, In this syetem, the trail is simply the
distance from the Y axis to the point of fall., The initial
veloclity of the bomb is zeron, At the airplane and, if
bombing table conditione hold,at other points of the
trujectory there ic a wind in thie coordinate system equal
in magnitude to the airspeed of the airplane but opposite
in direction, If bombing table conditions do not hold, the
wind varies along the trajectory,.
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Trajectories may be computed with such a coordinate
system, the advantages of which will be discusged in a report
to appear shortly. 1In such computations the ballistic
coefficient which with the cbserved atmospheric structure
produces a trail equal in magnitude and direction to the
observed trall might be called the trail ballistic coefficient,
However, 1n general it is impossible with a given C to repro-
duce exactly both the megnitude and direction of the trail.
This resulte either from inaccurate measurements or an in-
adequate theory or a combination of the two, For practical
purposes in the reduction of observations that ballistic
coefficient which oroduces a trail under the observed
meteorological structure and initial conditions equal in
magnitude to the component of the observed trail in a
direction determined by the wind structure is called the
trall ballistic coefficient and is designated by CA .
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A direct inrerence of CA can be made from a measured

trall most conveniently from a table of Aas a function of
u, y, and C, Such a table is being prepared and will be

employed during the bomb test firing program at Aberdeen
Proving Ground during the current year, In lieu of such &
table, several equispaced values of A as & function of

u, y; end C can be constructed from existing tables of

ﬁh and tm from which the value of C, can be determined by

inverse interpolation for any particular observed case,
As a convenient and accurate approximation derivadble from
theory, accurave to within the individual probable error
of one determination of Cy it has been found that
2C_C
= x t .
:x+ct

The trail ballistic coefficient, once determined

' from observetions, can be employed as argument in enter-

ing a .table of trall angles in the construction of bombing
tables, thus obviating the laborious construction of
separate ranges &nd times of flight as functions of the

Cx and Ct inferred from observation, A table of this kind,

as cne of a series of "Bomb Ballistic Auxiliery Tubles® is
beine prepared, and the method ic heinc surrently emnloyed
in the production of hombing tables at Aberdeen Proving
Ground.

A plot of C) vs y for the bomb M38A2 3s shown on
plot 2, :

NUMERICAL EXAMPLES

Table I shows the values of AA , At, 4x end Az the errors

‘under bombing table conditions in the trail, time of flight,

rance and deflection respectively for the bomb M38A2 for
various conditiors when the trail is determined by Procedure A
The values of Ct and Cx on which these results are based

are given in plot 1.

~10-
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Table 1
Errors of ?rocedure A

Bomb M38A2, True Air Speed = 170 mi/hr

Altituée Ground Range Cross A Af ax Az
Speed Wind Wind ft sec, ft. ft.
mi/hr mi/hr mi/nr
; 5000 { 170 0 0 k2 -0,17 0 0
f 193.15 25 25 42 -0.17 6 6
E 170 0 0 57 -0.23 0 0
i 15,000
; 193.15 25 25 57 =0.23 8 8
| 170 0 0 67 -~0.27 O 0
é 15,000
j 193,15 25 25 67 -0.27 10 10
Table II shows the errors under b-mbing table conditions in
trall, A\ , range, Ax, and deflection, Az, resulting from
the sukotitution cf xw(Ct) fon x, ~ocorAing to Procrdvre B,

Table II
Errors of Procedure B

Bomb M38 A2, True Airspeed = 170 mi/hr.

Altitude Ground Range Croes Al ax Az
Speed Wind Wind
rt, mi/hr, mi/hr. mi/hr, 1%, rt, ft.
170 0 0 62 -62 0
5000 ‘
193.15 25 25 62 -61 9
170 0 0 72 -72 "0
10,000
193,15 25 25 72 ~71 11
170 0 0 76 -76 0
15,000
193.15 25 25 76 =75 11

-11-
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Sources of Discrepancy

Disc£epancy betreen Ct and Cx’

It has been found by comparison s5f the experimental
regults for the firing programs of three bombs®* at Aberdeen
Proving Ground, that the difference between Ct and Gx ie in
general several times the experimental error,

In the reduction of the observations care has been
taken to eliminate the important syetematic errore. While
it 18 rerlized that some systematic errore remain, it
apoears that thelr nagnitude should be much too small to
account for the observed discrepancy between Ct and cx.**

The problem of hitting a target can evidently be solved
only if the currently tabulated trail angle, time of

flight and dropping angle correspond to the considsrably
differing tallistic coefficients derived for these elements
from experiment.

It aprears that there are two poscible sources of
the diecrepancy bhetween Ct and Cx‘ In computing bomdb

trajectoriee, the bomb 1s currently assumed to be a particle
ﬁﬂd the drag function of that particle is assumed to be the
Gavre function, Gl. The shapae of hombs differ appreciably

from the flat pased prolectile with an ogive of small radius
on which the Guvre function is based. Furthermore, the ex-
perimental difriculties in determining the drag at velocities
below 900 ft/sec are consideratle, For these reasons, it is
likely that the drag function of the ordinary bomb differs
aprreciably from Gl' The use of an incorrect drag function

would of course cause Ct to differ in general from Cx'

The bomb 1s not a particle., It has not only drag but
also a cross wind force, These depend upon the angle of yaw,
The neglect of this dependence will cause the calculated
traJectories to differ from the observed ones and will
produce in general a Ct different from Cx' In thies connection

mention 1a made of the following Ballistic Research Laboratory
reports..

* Bomb, Practice, 100 lb, M3842,
Bomb, Demolition, 1100 1b, M33,
Bomb, Demolition, 2000 1lb, 34,

** The suggestion has been made that there may be a systematic plotting
error. While there doubtless is one, it should not affect the measure-
ment of the ground speed. The error in the position of the airplane
caused by it is almost certainly far too small to account for the
discrepancy between ct and C,.

-12-
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No. Title

X-45 Considerationa Regarding the Flight of Vaned
Projectiles

82 _ Effect of Yaw on Alrcraft Bombe,

In the renorts listed no account is taken of the initlal
angular velocity of yaw which results from the congiderable
angular velocity of the tangent to the trajectory.* Report
No. 82 ia now heing revised by H. P. Hitchcock to include
this effect,

Acknowledements
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obtaining the trail werc pointed out by Lt, Col, H. H. Zornig.
This paper was written at his suggestlion, ilessra. E, S,
Martin and R, I', Cronin assisted in the preparation of the
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* Soe Darpas, Mem. d., l'Artilleries Franc. Tome. XVI, 4, p. 841, (1937).
However, Durpas neglects the cross wind force entirely.
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