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Conclusions
A simple method based on linear theory has been

developed for the determination of trailing- and leading-edge
flap deflection schedules to obtain minimum lift-dependent
drag (or equivalently maximum lift-to-drag ratio). The resul-
tant lift-dependent drag polar can also be determined. Exten-
sive comparisons with available experimental results have
proved the general validity of the method. It is expected that
this method would be useful in the preliminary design phase
of an aircraft and also in reducing later on the quantum of
wind-tunnel testing needed to determine flap schedules.
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Vg = ground velocity along track
Vgc = ground velocity across track
Vw =wind velocity
Vz = component of airspeed in vertical direction
x,y,z = coordinates
x,y,z = velocities
x,y,z = accelerations
a = factor used to linearize equations of motion
a0 = average value of a during time of flight
d - drift angle
p =air density
Pave = average density during time of flight
6 =dive angle

Introduction

ERRORS in determining the initial conditions at bomb
release, i.e. airspeed, altitude, vertical velocity, drag coef-

ficient and density, can greatly affect the accuracy at which a
bomb reaches the desired impact point. Sensitivity coefficients
determined from the solution of the equations of motion
define how errors in initial conditions propagate in errors in
the downrange and crossrange impact point. Because of the
drag term, the equations of motion are nonlinear and thus are
not amenable to analytic solutions. However, by using a
simplified aerodynamic trajectory (SAT) where the drag term
is linearized the sensitivity coefficients can be determined in
closed form.

Approach
Referring to Figure 1, the downrange and crossrange impact

points respectively can be determined by

and

cos6

-RB) sin5

(1)

(2)

By taking the differentials of Eqs. (1) and (2), the total
downrange and crossrange error in the impact point can be
determined based on the contributions of individual errors in
initial conditions. For the downrange impact point

(AFg-AFacos0)7}

and for the crossrange

(3)
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Nomenclature
drag coefficient of bomb
crossrange impact point
crossrange release point
diameter of bomb
downrange impact point
downrange release point
e-"Tf
altitude at bomb release
gravitational constant
drag factor
mass of bomb
ballistic range
time of fall
airspeed of bomb at release
average velocity during time of flight
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Fig. 1 Coordinate system and geometry for impact prediction.
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For the SAT, the drag term in the equations of motion is
linearized by assuming that

IV- T/- /C\ce = paveA£>Kave (5)

where the values of pave, KD, and Fave are average values over
the extent of the trajectory. The drag factor KD is defined by

Under this assumption, the equations of motion become

Since RB =/( Va cos0, Vz, z, a),

,D MB' ',
•dVa cos0

+—-Z-AZ+
dz

dR,
(8)

After the substitution of Eq. (8), Eqs. (1) and (2) can be writ-
ten as

= A M)

and

cosd + CA Vz

AC7 = GAC7 + //A Fgc + IAd

(9)

(10)

where the coefficients are defined in Table 1 .
Solving the SAT equations of motion subject to the bound-

ary condition at

y= Va cosflsinS;

Table 1 Sensitivity coefficients

c=dRB/dvz
E=Tf
G=l
I=VaTfcos8-RB

B = dRB/dVd cosO-Tf
D = dRB/dz

H=Tf

Table 2 Comparison

Conditions
400a

Ob

3000C

-45
3000

800
0
5000
-45
5000

400
0
10000
-45
10000

800
0
20000
-45
20000

Time of
flight, s

13.74d

13.74e

5.36
5.41

18.32
18.12

5.00
5.00

25.19
25.21
14.35
14.45

37.49
37.14
17.68
17.50

Range,
ft

9121
8978
2540
2531

22020
22221
4607
4604

16555
16237
6733
6680

42866
42323
15329
15308

8RB

dva ' s

13.30
13.47

5.32
5.37

14.60
14.67

4.81
4.88

23.97
24.35
14.06
14.17

27.74
27.99
15.84
16.24

of results

dRB

dvz ' s

20.31
19.88

3.91
3.91

33.11
34.94

4.12
4.16

19.89
19.31

7.16
7.06

29.78
29.99

9.89
9.82

3RB

8h0

1.50
1.47
0.73
0.73

2.03
2.10
0.85
0.85

0.81
0.79
0.50
0.50

0.94
0.95
0.60
0.61

a**-ft

-94
-121

-2
-2.8

-1897
-1246

-16
-11

-275
-375
-33
-44

-5287
-4537

-396
-304

aAirspeed in knots. bDive angle in deg. °Altitude in ft. dData in this row from
True Aerodynamic Trajectory. eData in this row from Simplified Aerodynamic
Trajectory.

and at

t=Tf; z=-h0

the range is given by

*.= (v.c*L)[-

and the time of flight Tf is determined by solving the equation

-/Z0 +gTf/a= ( Va $in0/a + g/a2) (1 -E\ (12)

(Since the expression e~aTf appears frequently, it will be de-
fined as E.)

The range depends on the airspeed at launch according to

(l-E)
cosd

(13)

Likewise, the vertical launch velocity affects the range by

dRB Va cosdE
Wz g-Va*\n&\E/(\-E)\

The range depends on the initial altitude according to

dRB ____Va cosSE
~dz g/oL-(Va si

Finally, the range is affected by p according to

(14)

(15)

(16)

where

dTf _ -
da

-Va sinO(l-E)-TfE(aVa

ag(E-l)+a2Va sindE
(17)

From Eq. (5), the dependencies on errors in p and CD are

dFave/Fave() dp/Po

where CD(), ^ave0> ancl Pave0
 are tne ; ' nominal values used in

determining a0.

Results
Table 2 shows a comparison of results between the SAT

discussed here and the solution of the exact equations of mo-
tion that include the nonlinear drag term.1 As might be ex-
pected, the results are most similar when bombing from low
altitudes but are still quite satisfactory at high altitudes.
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