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SUMMARY

Possible contamination of the upper atmosphere from the by-products
of an industrial society has created the need for regular sampling of
high-altitude atmospheric components. Atmospheric sampling has been
carried out by NASA for a number of years using U2 aircraft. These air-
craft have insufficient flight altitude capability for monitoring the
growth of some potential contaminants which may be generated by aerosol
container usage. This report examines the incredse in sampling altitude
which could be obtained if the U2 flights were supplemented by flights
using an available high-performance supersonic aircraft, the Phantom F4-C.

Altitude potential of an off-the-shelf F4-C aircraft is examined in
this report. It is shown that the standard F4-C has a maximum altitude
capability in the region from 85000 to 95000 ft, depending on the minimum
dynamic pressures deemed acceptable for adequate flight control. By
using engine overspeed capability and by making use of prevailing winds
in the stratosphere, it is suggested that the maximum altitude achievable
by an F4-C should be in the vicinity of 95000 ft for routine flight oper-
ation by NASA personnel. This altitude is well in excess of the minimum
altitudes which must be achieved for monitoring the possible growth of
suspected aerosol contaminants.



NN

.
RS

4
P
f

"

INTRODUCTION

There have been recent suggestions that use of freon powered aerosol
pressure containers can lead to significant modifications in upper
atmospheric constituents over an extended period of time. If this happens
one of the more serious consequences would be degradation in the ultra-
violet radiation shielding properties of the upper atmosphere. It is
thought that aerosol container atmospheric degradation can be detected by
monitoring the relative density of a variety of chemical specie over a
period of several years. A prime candidate for such a monitoring process
is the chlorine radical C,0. Figure 1 prepared by NASA's Ames Research
Center provides a prediction of the anticipated density increase of this
atmospheric component over the next sixty years.

Ames Research Center has now been engaged in upper atmosphere sampling
for several years. Samples are collected by U2 aircraft. This vehicle
has a cruise altitude capability of about 70000 feet. Predicted increases
‘n C,0 concentrations at this altitude during the next sixty years, Figure 1,
:re small. Therefore, if the growth of this upper atmospheric constituent
is to be effectively monitored an aircraft having considerably higher
altitude potential is required. Ideally this aircraft would be an existing
vehicle, easily maintained, and having an altitude potential on the order
ol 90000 feet. Several modern military fighter aircraft have the potential
for this altitude if a zoom climb maneuver is employed. The zoom climb
maneuver concept is based on a kinetic potential energy exchange in which
the vehicle is accelerated to high speed and then exchanges velocity for
altitude. An extreme form of this maneuver is typically employed when
establishing aircraft time-to-climb records. For example, the F4
Phantom fighter has an altitude potential in excess of 100000
feet if the day, location, and vehicle weight are carefully selected. The
Phantom is a prime candidate for use in upper atmospheric sampling. It
has

a) Wide distribution and availability, over 4000 built in
several variants.

b) Demonstrated high altitude capability.

c¢) In certain versions, notably the RF4-C, an equipment bay
large enough to contain the sampling equipment.

This report defines the altitude potential of standard F4-C aircraft
using zoom climb maneuvers. Maximum altitude sensitivity to various para-
meters is presented. The parameter variations considered are

1) Zoom climb initial weight.

2) Minimum flight dynamic pressure.

3) Thrust improvements (available from engine overspéed or
cold day operations).

4) Stratospheric wind distributions.

'




Trajectories are optimized by small perturbation techniques using
the variational calculus procedure described in the following section.
A nominal control history, Figure 2, is used to generate a nominal
flight path. " This path supplies the altitude history, Figure 3. The
control history is then perturbed by a given amount represented by the
shaded area in Figure 2. Of all control perturbations of given magnitude
that producing the largest altitude gain, Ah, is employed to generate
a new trajectory and the process is repeated until further altitude gains
are impossible.

The aircraft and planetary representations and simplifications for
this study are summarized in Figure 3. All trajectory computations in
the present study were performed using the Atmospheric Trajectory
Optimization Program, ATOP. This program has been developed with both
NASA and USAF funding over a period of many years. The program, its
past applications, and its derivatives are discussed in References 1
through 12. Program details are given in a later section. For those
interested in results and not methodology the next two sections should
be passed over.

*




FIGURE 1. EXAMPLE OF ALTITUDE DEPENDENCE - FREON EFFECTS, 1-D MODEL
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FIGURE 2.
SMALL PERTURBATION METHOD OF VARIATIONAL CALCULUS
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FIGURLE 3. AIRCRAFT AND PLANETARY MODELS
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THE STEEPEST DESCENT METHOD

Problem Statement

Point mass motion is governed by three second order
differential equations of pusition together with a first
order differential equation governing the mass. By suit-
ably defining additional state variables, it is possible
to reduce these equations to a set of first order differ-
ential equations. Point mass motion is, therefore, governed
by a set of first order differential equations. The form
of these equations is

3&.«:4 e fae), antt), 9

n-l,a-....-...N
m31,2........M (1)

That is, there are N state variables whose derivatives
X, (t) are defined by N first order differential equations
inveolving the state variables, together with M control vari-
ables, am(t), and t, the independent variable itself.

Constraints may be imposed on a set of functions of the
state variables and time at the end of the trajectory. 1In
this case, a set of constraint functions of the form

b o3 -

pll,2.n..o-aP (2)

can be constructed which the final trajectory must satisfy.
Any one of the constraints may be used as a cut-off function
which, when satisfied, will terminate a particular trajectory.
The cut-off function can, therefcre, be written in the form

n-n(xn('r), cr) -0 (3)

and determines the trajectory termination time T. 1In all,
then, when the cut-off function is included, there are
(P + 1) end constraints.

Finally, it may be that some other function of the state

variables and time at the end of the trajectory is to be
optimized. Hence, a pay-off function

$=d (xn(w), T) (4)

which is to be maximized or minimized, can be constructed.

7
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Now, suppose that a nominal trajectory is available. The
requirements of this trajectory are modest; it must satisfy
the cut-off condition, Egquation (3), but it need not optimize
the pay-off function or satisfy the constraint equations. To
generate this nominal trajectory by integrating Equations (1),
the vehicle characteristics, the initial state variable values,
and a nominal control variable history must be known. Once
this nominal trajectory is available, the steepest descent
process can be applied. To do this, the trajectory showing the
greatest imprcvement in the pay-off function, while at the
same time eliminating a given amount of the end point errors
as measured by Equations (2) for a given size of control vari-
able perturbation, is obtained by application of the Variational
Calculus.

Equations (2) preovide an end point error measure, for they
will only be satisfied if the end points have been achieved.
Therefore, any non-zero yp represents an end point error which
must be corrected. A convenient measure of the control variable
perturbation can be defined by the scalar quantity,

T

o lba(t)J [W(t)]}&a(t)

where W is any arbitrary symmetric matrix. In the case where

all control variables have a similar ability to affect the
trajectory, W is taken equal to the unit matrix, and DP? be-
comes the integrated square of the control variable perturbations
da(t). It might be noted that if Equation 5 is to have meaning,
it is essential that all control variables have the same dimen-
sions. To meet this condition, the control variables can be
expressed in non-dimensional form.

DP2 =S at (5)

The constraint on control variable perturbation size repre-
sented by Equation (5) is an essential element of the steepest
descent process; for the optimum perturbation will be found by
local linearization of the non-linear trajectory equations about
the nominal path. To insure validity of the linearized approx-
imation, the analysis must be limited to small control variable
perturbations by means of Equation (5) which provides an integ-
ral measure of the local perturbation magnitudes.

Single Stage Analysis

The steepest descent process has been outlined above. To
implement this method, an analysis of all perturbations about
the nominal trajectory must be undertaken. In the present
report, all perturbations will be linearized; only first

order perturbations in the control and state variables will be
considered. The objective of the linearized analysis is

8
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determination of the optimum control variable perturbation in
the sense discussed in the previous section.

Denoting variables on the nominal trajectory by a bar

;m(t)z (6)

' iai(t)z pominal =
and )
*xn(t)znominll - ?ih(t); (7)
where there are M control variables and N state variables.
Now consider a small perturbation to the control variable

history,8a(t); this in turn will cause a small perturbation in
the state variable history, &x(t). The new valnes of the vari-

ables become
| 3a(t)§ -2;(t)$ +36a(t)$ (8)

o]

The nominal state variable and perturbed state variable
histories can also be written as

{i(t)} = {x(to)} + S:o {f()-c' (t), & (t), t)} at (10)
“x(t)} = {x(to)} + S:o {r(i + 8%, a +da, t)} dt (11)

Subtracting Equation (10) from Equation (ll) and using
Taylor's expansion to first order,

and

6x(t)$ | (9)

{x(t)} - {i'(t)} =S: {%% LRy O .5am}dt - {5x(t)}
o b ;

(12)

where
T=1 (E(t), a (t), t) (13)

and where the repeated index indicates a summation over all
possible values. Differentiation leads to
%{251(1:)2 T 5P 4 AT sa®

EE; day,

(14a)

L - T R
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where

Here the (i,j)th glement lies in the ith
the matrices; F is an N x N matrix and G

2 1 o alews pawie 0 @V

(14b)

(15)

row and jtP column of
is an N x M matrix.

The effect of these perturbations on pay-off, cut-off, and

constraint functions must now be determined.
for obtaining these effects, known as the

A general method
'‘adjoint method,’

Reference 13,is to define a new set of variables by the equations

[i(t)} -[F(t)] '[x(t)]

(16)

By spec1fy1ng various boundary conditions on the A, the

changes in all functions of interest can

be found in turn. To

show this pre-multiply Equation (14) by A' and Equation (16)
by éx', transpose the second of these equations and sum with

the first giving

3 (5%)

+[3] o

BV« [

which may be written as

ecto] LI

‘'

[}
[ ][F] ’“% (17)

(18)

Integrating Equation (18) over the trajectory

{x'sx}.r - {"'5"}% = S:ix]'[c]{sa dt

Now define three distinct sets of A
the following boundary conditions at t =

J
b} il o
T -
o) [ o

(19)

functions by applying
T:

(20a)

(20b)

(20c)



Equation (16) may now be integrated in the reverse direction
(i.e., from T to t,) to obtain the functions, {A¢(t)}, {Aq(t)},
and {Aw(t)}.

Substituting each of these functions into Equation (19) in
turn and noting that

_xd,('r)_{;#} . L%J{&x}= 86, (21a)
.xﬂ(T).{m} - Lg%_l{sx}- 8 (21b)
o [ - [ 3]} e

v

It follows that

86 m =S:°lx ¢J[c: {aa}dt + LA¢(t°)J {Jx(to )} (22a)
. =S‘: l xQJ[G: {Ja}dt +L)‘9(t°).| {ax( tq )}
° (22b)
{W}t,T =S:o[>,¢][c- { aa}dt + -Aw(to)] '{ ax( t-o)}

(22¢)

- Now, Equaticns (22) give the changes in pay-off function,
cut-off function and constraint functions at the terminal time
of the nominal trajectory; however, on the perturked trajectory,
the cut-off will usually occur at some perturbed time, T + LT.
In this case, the total change in the above quantities becomes

a6 = SZC-X¢J[G:{6a}dt + l_)""(t??.l {a'x(to)} + (1) T (232)
oo | aQ -SZOBXQJ[G:{&:} dt + I'XQ(tQ)J {5)((1‘-0)} +Q(T) AT | (235)
R RN E PEE—

11




Equations (23) supply the change in pay-off, cut-off, and
constraint functions on the perturbed trajectory.

The time perturbation in Equations (23a) and (23c) may be
eliminated by noting that, by definition of the cut-off function,
Equation (23b) must be zero.

st -l S::L)\QJ[G]{M} at + [xﬂ(to)J{ax(to)} . (24)

Substituting Equation Q4) into Equations (23a) and (23c¢)

de 'QJMQJ [G]{Ja }dt + lxm(to)_l {Jx(to)} (252)
{w} 'f:o[km]' [G]{aa} at + [Am(to)]'{ax(to)} (25b)

where

{MQ} ={>‘¢} ) g{%—;—{m} (26a)

! ' .
[x,pg].[w] At ol (26b)
(1)

Equations (25) reveal the significance of the A functions,
originally defined by Equations (16) and (20). At time tor
Ao gives the sensitivity of ¢(T) to small perturbations in the
s%ate variables at tg. Similarly, A¢q(t) measures the sensi-
tivity of ¢(T) to small perturbations in the state variables at
any time t. The sensitivity of the constraints dy to small
state variable perturbations at any time is likewise defined
by each row of the function AwQ(t).

A measure of the sensitivity of a trajectory to control
variable perturbations can be obtained from the quantities Xy'G
and Ay'QG. Consider a pulse contrel variable perturbation a%
time t', that is, §(t-t'), where & is the Dirac delta function.
With this type of control variable perturbation, it can be seen
from Equations (25) that the changes in pay-off and constraint
functions will be Ayq(t')'G(t') and Ayq(t')'G(t'), respectively,
for fixed initial conditions.

In oxder to apply the steepest-descent process, the perfor-
mance function change, Equation (20a), must be maximized; subject
to specified changes in the constraints, Equation (25b); and a

12



given size perturbation to the control variables, Equation (5j.
This can be achieved by constructing an augmented function in
the manner of Lagrange which is to be maximized instead of d¢.
For the present problem, the augmented function is

v io Poalfe] foaf o + l“““(%)J foxtto)}

v Jig: *m 6a} at + [Aw(to)] {ax(to )}i
o { ek

(27)

where the v are P undetermined Lagrangian multipliers, and u
is a single undetermined Lagrangian multiplier. The objective

now is to find that variation of the control variable history
which will maximize U.

Consider a variation of S8a , that is a §(8a). Then,
it is always possible to write any 8a distribution in the form

{60}-{}\(1:)} k, or l&aJ = [A(t)Jk (28)

where A(t) prescribes the perturbation shape;and k, its mag-
nitude. Now that part of Equation (27) which depends on da,
the perturbation in the control variable, can be written in

x S:Lxm_‘[c]{.«(t)} at + kl_uJSriLx wg]'[G]{A(t)} at

+ @“Si LA(t)J[H}{:\(t)} at ; (29)
(o

So that

-, Lol (o] e} e o) S:o[‘“’] [o]{uw}es
2»“8:0[1\(*9)_[ [w] {A(t)} at

15
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or

T
80 = [_xmj [G]{sk . A(t)} +LVJ[A¢9]'[G]{6k . A(t)}
eo . +2ulk . A(t)_, [w] {61: . A(t)} dat
T .
3 = L)\¢Q_| [G] + LyJ[)\wn] [G] + ZyLJaJ[V] {6(60: ): dt
. 5
(31)
where it has been noted from Equation (28) that
§(Sa) = A(t) 6k (32)

Now, since Equation (31) heolds for any A(t), it follows
that it is a general relationship. Further,for U to be an ex-
tremal, §U must be zero.

If U has been_maximized by means of a control variable
perturbation da, &U must be stationary for all small pertur-
bations to the 8a, that is, for all é(éa). The only way in
which Equation (31) can be zero for all §(8a) is for the
coefficient of §(6a) to be identically zero. That this last
statement is true follows from considering the case where, over
some finite time interval between t, and T, the coefficient of
8§ (6a) is, say, positive. If this were the case, we could
choose a 6(8a) distribution that was also positive in this
same interval and zero elsewhere between t5 and T. It would
follow that U was also positive, and, hence, U could not be
maximum. A similar argument holds when §(8a) is negative over
any interval in t, to T. Hence, the coefficient of §(6a) must
be identically zero in the whole interval +t5 < t < T. This
argument is essentially based on that presented by Goldstein,
Reference 1l4. It follows that

ll*«mJ v l"'J[*m]]["'} 2u|sa| [ ] (33)

14
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Transposing, noting that W is symmetric, and solving for 6a,

fiohe - [T Lo Jffoonl Doal -}
Substituting Equation (34) into Equation (25b)

{dp} -- -21-;{{ Iw}*[‘w]{"}} (35a)

where

{da} - {cw} -[xw(to)] '{Jx(to)} (35b)

[z S:o[*wﬂ]'[ o ][ v]* [ ]'[WQ] at (362)
{Iw}‘ S:o[*m]'[a] [w]-l [G ]'{ "m}dt (36b)

For subsequent use define the integral

oo, Dosd (<) [] (o] s (36)

The multipliers Vv can be expressed in terms of the multipliers
¥ by Equation (35a)

{1 1, A-x{a,,l{dg}ﬂ»{xw}} (37)

Substituting Equation (34) into Equation (5)

o - ( “Lref{rh e L el J[Iw]{}> =

Transposing the second term in the right hand side bracket

2+ 2Ll L) B )

Substituting Equation (37) in Equation (39)

and

15




<

and notiné that [I¢érl is symmetrical gives

o2 082 = Toq - | 1y 3] {1y} 4 o] [y {ae} w0

So that

_aufToe- Wys) [Ty {TIgof
2u '\_/m?- Ldgj [II:}'I gagf (41)

Substituting Equation (41) into Equation (37), the remaining
Lagrangian multipliers are obtained in the form

el et R )

(42)

The optimum control perturbation is found by substitgting
Equations (41) and (42) back into Equation (34) and is

fseh 2[5 [T {pock Do [0 {156}

X v pr® - 1ap) (1yy]? Lasl
Tog - Liya) [1pe]™ {1yl

* [w]-l [G] [)"PQ] [IW]”1 {dﬁ} (43)

With this equation the steepest-descent control pertur-
bation has been determined. Perturbing the control variables
according to Eguation (43) gives the optimum change in the
trajectory as discussed in the section entitled, "Problem
Statement," with the added effect of changes in the initial
value of the state variables included through the term in d8.
The appropriate sign to use on the first term of equation (43)
can be determined by evaluating d¢. Substituting the optimum
control perturbation into Equation (25a) results in the
equation shown on the following page.

16




o+ Yloe B ) (7 o]l o)
o [1ve) [vef {8} +[reglto)] { axteo)} (44)

As the guantity in the radical must be positive to assure
the change in ¢ is real, it follows that the negative sign
must be taken when minimizing the payoff function and the
positive sign when maximizing the payoff function.

An Alternative Analysis Using the Independent Variable
for Cut-Off

In the analysis of the previous section, it is implied
that any function of the form

Qxy(T), T) =0 (45)

will suffice to terminate the trajectory. While this is true

in an analytic sense, in practice any function passing through
zero more than once in the cut-off region may be difficult to

employ for cut-off purposes.

.i

Figure 1.-- Double Valued Cut-Off Function

Figure 1 presents a nominal cut-off function history which
decreases monotonically. The perturbed cut-off function
history, shown dotted, behaves in a different manner in that
it passes through zero twice in the cut-off region. As the
trajectory must be integrated numerically, there is a danger
that cut-off will occur the first time Q passes through zero
instead of the second, thereby introducing both errors in
the linearized perturbations and preventing the build-up of
the anticipated cut~-off function history.

17
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a6 - yli0s~ Bva ) (o Tel) (o - oo ™ (o))
+ | ve[zoul {48} +[eqtea)] { oxtiol} (44)

As the quantity in the radical must be positive to assure
the change in ¢ is real, it follows that the negative sign
must be taken when minimizing the payoff function and the
positive sign when maximizing the payoff function.

18




POINT MASS TRAJECTORY EQUATIONS

Basic State Variables

Preceding pocrtions of this report derived a successive
approximation scheme for computation of optimum trajectories
generated by a set of first order differential equations. The
analysis is quite general and holds for trajectories generated
by any set of first order differential equations. The object
of the present section is to specialize the analysis to point
mass vehicle trajectory problems. This will be accomplished
when a suitable set of state variables, together with their
derivatives, the control variables, and the forces associated
with the control variables has been specified. First, a suit-
able coordinate system is selected,and Newton's Laws in this
system are used to define the vehicle's motion.

Several suitable coordinate systems are available for

‘point mass trajectory computations. The basic set of coordi-

nates used in the present analysis is a rectangular set rota-

ting with the earth, (xe, Yo, 2¢). This coordinate system is
illustrated in Figure 4.

Greenwich : Position of vehicle in
Meridian et inertial space at t=t,
mt=% |v -

/ \\
// : 7/ N
| Ve \
i

‘ 6 O ‘ ‘Up(t_to)

Nmmm

Ze, Zinertial

Figure 4.— Basic Coordinate System

19

e At SraaeE




o M 3 et a3 ¢ rat e

—— e e e -

The Xe and Ye axes lie in the equatorial planae, the positive
Xe axis being initially chosen as the inters:ction of thi: plane
with the wehicle longitudinal plane at t = t, . Yo 1: 3° to
the west of Xe, and Ze is positive through the South Pole.
Denoting the radius vector from the center of the earth to the

point mass vehicle by R , its magnitude is given by,

Ve Z + x2 v 7
(45)

-

The angle between R and the North Pole is given by

¢' = 90 - ¢p (46)

where ¢y is the latitude of the vehicle. As a result of the
earth's rotation, an observer in the (Xe, Ye: Ze) system would
detect an apparent motion of the point mass if it were at rest
in inertial space. In time At the apparent displacement of
such a vehicle would be

= R sin ¢'. w_ At ’ (47)

R
s P

apparent
to the west. In vector notation

$Ropparent =Rxwpadt = -wp x RAt (48)

This apparent displacement is independent of the v hicle's
motion and exists whether or not the vehicle is at rest in
inertial space. In general, then, to an observer in the rota-
ting coordinate system,

(3R)e = (3R)inertial + ( & Rapparent (49)
o (3R)ypertia) = (BR)e +wpxRat (50)

Dividing Equation (50) by AT and taking the limit, it
follows that

aR aR o
or (Tt')inertia.l © (3T)e +WpXR (51)
(52)

Vinertia1 = Ve +wp xR

20

i e ! 4 S iman



'i.
NS P e R

The vector R in Equatior (51)/ could equally well be taken

as any vector; the arguments of Equations (45). to (52)" still

hold. Therefore, in general, for any vector quantity the oper-
ational'equality

a _(a .
(E)zmnxn (KE) e TP (53)

can be defined. Applying Equation (142) to Equation (141), the
inertial acceleration is given by

_ \ .
P = | + R
(::)mruu (dt) e T UP¥ @ e T UF

2
'.(2-:%) + upx( ) + Wpxih,x R (54)

Now Newton's Law applies in inertial space so that in the
rotating system

== [d°R + 2w, x + w X
— asdl I{U R 55

Here F 1is the total force acting on the vehicle. This vector

equation can be expressed in component form using the relation-
ships

R.= Xe.li-Yéﬂid-Z'.k

(56)
“p - 'Qp'k , (57)
F=Fy d +Fy j+Fy .k (58)

Here I,}), smk are unit vectors aligned along the X_, Yo, and
2o axes, reSpectxvely. Equating components on eif:her side of
Equation (55) -
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TXe « %o + 203¥, - w? Xe (59)

; = ?
F - * 2
2o = Ye - 2up¥e - up Ve (60)
B Fz a0 |
e =7 (61)
= €

These equations are not yet in a suitable form for the
steepest descent analysis to be applied, for they are not in
first order form. The transformation of Equations (59) to
(61) ~into first order form is immediately accomplished if
the following quantities are defined as state variables:

);e

e

o} ={%

Ua

Ve
Ve (62)

where

Ve = g:g = uefl + ve.l + ve.k (63)

With this set of state variables the following expressions for
the state variable derivatives are obtained from Equations (59)

to '(63):-
e = ve (64)
Yo = v, . (65)
e = v (66),
U, = F 2
¢ e - 2upve + up e (67)
v . Ve 2 (68)
e ™ = + 2uplg +up” Y,
Ve = Za (69)
¢ =%
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These equations are in the same form as Equation (1)
provided the total force is a function of the state variables,
a set of control variables, and time. When the mass is vari-
able, it too must be introduced as a state variable. Any
expression for the rate of change of mass of the form

a-d (xn(t), (£, t) (70)

may be used in the analysis. The above state variables, Xa,
Yos Zgs Ues Vgs We, and m will be referred to as the basic
state variables. In certain problems it becomes necessary to
specify additional state variables; these will be discussed
later in this section of the report.

Control Variables
The total force acting on tne vehicle has three distinct

sources: first, aerodynamic force as a result of interaction
between the vehicle surfaces and the planetary atmosphere;

second, gravitational force as a result of vehicle and planetary

mass interaction; and finally, thrust forces introduced by the
vehicle propulsion system.

Before aerodynamic forces can be computed, the atmospheric
properties, vehicle velocity relative to the atmosphere, and
vehicle attitude must be specified. Atmospheric properties can
usually be specified as a function of altitude which, in turn,
is a function of the state variables Xo, Yg, Vehicle velo-
city relative to the atmosphere is also a funcglon of the state
variables, for ug, ve, and w_, are the vehicle velocity compo-
nents in a rotating system. The first and second factors
determining aerodynamic forces are, therefore, functions of
the basic state variables.,

The remaining factor entering into aerodynamic force
determination, the vehicle attitude, is clearly not a function
of the basic state variables. For, given the vehicle's position
dnd velocity, we are still quite free to specify its angular
orientation in space. The angles which determine vehicle
orientation may, therefore, be utilized as control variables by
which aerodynamic forces may be modulated. Any set of three
independent angles could be utilized for this purpose. Conven-
tion suggests use of the vehicle angle-of-attack and angle-of-
sideslip to orient the vehicle reference axis with respect to
the velocity vector. Angle-of-attack, (a) , is the angle
between the velocity vector and the vehicle reference axis when
viewed in the vehicle side elevation. That is in a rectangular
coordinate system, X, y, z with x along the vehicle reference
axis, positive forward, y perpendicular to the vehicle plane of
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symmetry, positive to starboard, and z completing a right hand
system, a view normal to the x-z plane is considered. If u, v,
w are the components of the vehicle velocity with respect to the
atmosphere in this body axis system

o= tan-l(ﬁ) #71)

Figure 5,—Angle of Attack

Sideslip #ngle (B) is the angle between the velocity
vector and the reference axis when looking down on the vehicle
planform, that is along the z axis. In this case,

= tan"1 (¥
B = tan= (3) (72)

e
Zaat

Y
Figure 6.— Sideslip Angle

SO

Angle of attack and sideslip completely define the attitude
of the vehicle with respect to the wvelocity vector. The third
angle required to establish vehicle orientation in space is a
rotation about the velocity vector. This last angle, bank angle

24




(Bp), will be. taken as zero when the vehicle plane of symmetry
is vertJ.cal and the vehicle uprlght. Positive bank angle will

be taken as a pos;t:.ve rotation about the velocity vector, as
in Fxgure 7.

Vertical plane containing velocity

Vehicle plane of symmetty-\

B By is the angle between the /
' aircraft z axis and the

vertical when viewed along
the velocity vector

Figure 7.— Bank Angle

With the above set of angles to describe vehicle attitude,
the velocity vector known and a given atmosphere, the aerodynamic
forces can be completely specified.

Returning to the second source of vehicle force, gravitation,
from Newton's Laws, this is merely a function of position and
mass. It is, therefore, completely defined in terms of the state
variables and; hence, introduces nO new control variable.

The final source of vehicle force, thrust from the propul-
sion system, involves the atmospheric properties, either due to
the atmospheric back pressure degrading the vacuum thrust or by
virtue of the atmospheric fluid used in the combustion process
which creates thrust. The propulsion unit efficiency may be

25

T

it o A€

By

R

e e e T L

s e ————



affected by Mach number and, hence, velocity so that thrust
forces depend on the basic state variables of position and
velocity in a similar manner to aerodynamic forces. If the
propulsion system has a fixed orientation within the vehicle,
the control variables introduced to describe aerodynamic forces
suffice to describe thrust forces also. It may be, however,
that the propulsion unit has a variable orientation within the
vehicle. In this case, additional control variables to describe
the relative position of the propulsion unit with respect to
the vehicle are required. With vehicle attitude already spec-
ified by a, B and Bp, two additional angles are sufficient
to orient the thrust. These may conveniently be taken as the
cone angle from the reference axis, Ap, and the inclination
about the reference axis, ¢p. This latter angle will be
measured positively about the reference axis and be zero when
the thrust force is perpendicular to the port side of the veh-
icle plane of symmetry, as illustrated in Figure 8.

*

Figure 8.— Thrust Angles

One other control variable for thrust remains to be speci-
fied; this is the throttle setting, N, which serves to determine
the propulsion unit power setting on variable thrust engines.

In all then, to specify the forces ‘acting on a goint mass
vehicle with a single propulsion unit, 8ix control variables,
a, B, Ba, Ar, ¢1, and N,are required. If there is more than
one independently controllable propulsion unit, additional A,
¢, and N must be defined.
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Coordinates and Coordinate Transformations

Local geoceatric-horizon coordinates.— Components of
the planet-referenced acceleration are integrated to obtain
the planet-referenced velocity components (Xe, Ye, 2e). Vehicle
position in this coordinate system is determined by integration
of these velocities. Vehicle position in the planet-referenced

spherical coordinate system will now be determined. The spher-
ical coordinates are longitude, geocentric latitude, and dis-

tance from the center of the planet. Angle "C" represents the
change in vehicle longitude and may be written

- 73
C = 6, = 6 (73)

Angle C is related to the vehicle position by the expression
1l e)

- Y
C = Tan ('}-{—e‘ = (74)

The relationships are illustrated in Figure 9.

. NP
. Local-geocentric “
* horizon coordinates xg
Y!
PRIy Y .
- ~~
P // Zg =~ ~ N
/7 \\
é
Y C
Ye C
X

Figure 9.—Relation between Local-Geocentric, Inertial and
Earth-Referenced Coordinates for Point-Mass Problems

To describe body motion relative to the planet, a local-
geocentric~horizon coordinate system is employed. The Z4-axis
of this system 1is along a radial line passing through thé body
center of gravity and is positive toward the center planet.

The Xg-axis of this system is normal to the 2 ~axis and is posi-

tive northward; Yg forms a right-handed system. Figure 9 shows
i

the relation of this coordinate system to the other systems
employed.
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To locate the X4-Yg-2g axes with respect to the Xe-Yeg-Ze axcs,
first rotate about Ze by an angle (180° + C) and then rotate
about Yg through the angle (90° - ¢1). The first rotation
defines the intermediate coordinate system shown in Figure 10.
The transformation is given by

1y Cos (180° + C) Sin (180° + C) 1y,
Iy, = | -sin (180° + ) cos (180° + C) o\ ly,
ize 0 ize
ox
1! -Cos € -SinC oO| |ix,
iyg =] Sin C -Cos C O EYe
1z, 0 o 1] [ig, 75) f

The second rotation is shown in Figure ll., The transfor-
mation matrix for the second rotation is given by

ixs Cos (90° - ¢;,) 0 -Sin (90° - )| |ix'
1 .0 10 I
ly,| = Yg
123 .sm (90° - ¢;) O Cos (90° - ¢p) 1z,
or
ixg Sin ¢, O -Cos ¢, ix'
iy |=} o 1 o 1y,
_8 o 8 e
'128 Cos ¢y, O Sin ¢p, lze
x'

180°+ C -

% Z,
Figure 10~ Intermediate Coordinate System Transformation Figure 11~ Final Rotation in Transformation from
trom Earth Referenced to Lotal-Geocentric Coordinates ~ Earth-Referenced to Local-Geocentric Coordinates
28
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In this analysis, a positive rotation is defined in the
sense adopted for vector cross products in a right-handed system,
That is, a positive rotation about the z-axis occurs when the
x-axis rotates into the y-axis; positive rotation about the

x-axis when y-axis rotates into the z-axis; and positive rota-
tion about the y-axis when the z-axis rotates into the x-axis.,
The intermediate coordinate system (X',
by the method of successive rotation.

mation is given by

ixg Sin ¢, 0 -Cos ¢y, -Cos C

iy |=1] o 1. 0 Sin C
g

lz6 Cos ¢, 0 Sin ¢f, 0

' Ze) is eliminated
Tﬁ% complete transfor-

a7

This can be reduced to the single transformation matrix

ixg -Sin ¢; Cos C -Sin ¢y, Sin C

ly =| Sin C -Cos C
g

izg ~-Cos ¢1, Cos C -Cos ¢y, Sin C

-Sin C 0 ixe

-Cos C 0 iye

0 1 ize
~Cos ¢y, Ixe
0 iye
Sin ¢p, ]-.ze

(78)

which defines a direction cosine set (i, j, k) by the equation

(79)

Planet referenced velocity in the local-geocentric coordinate

system is given by
X8 iy Ji kl

Yg

i J2  kp

Zg i3 J3 k3

and

g
Flight path angles are computed by

Xg |
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v -Jx2+ye+z‘°'.
g g "8

(80)

(81)

(82)




and y= sin~t (:Eg)
. . Ve (83)

Here o is the heading angle and ) is the flight path angle.

Wind Axis Coordinates.— Aerodynamic and thrust forces
for point-mass problems are conveniently summed in a wind-axis
coordinate system, (Xp, YA, Zp). Since the equations of motion
are solved in (Xe, Ye, Ze) coordinates, the wind-axis components
of force must then be resolved into this basic system.

When winds exist, defined by atmospheric velocity compo-
nents along the local geocentric axes, vehicle velocity rela-
tive to the atmosphere is the vector difference of vehicle
geocentric velocity and wind velocity. The wind axis system
is then determined by the vehicle airspeed, Vp, and the flight
path angles relative to the atmosphere Ap and op. If wind
velocity is zero, Va =Vg, Aa =X and op = o. If there is
a wind, with velocity components (Xgyw, Ygw: Zgw) . then

. - 2 . . 2 ‘ . - 2 :
Vy = - - -
A=Y (R )%+ (Tt )%+ (22 ) o
va= sin [-(kg-igw)/vA] (85)
_l . . . *
oA.-.- tan [(Yg-ng)/(Xg—ng)] (86)

Forces are first resolved from wind axes to the local
geocentric coordinates. The wind axes are defined relative
to the local geocentric axes by three angles: heading, oa;
flight path attitude, )pa, defined above; together with angle,

BA .

Figure 12,—
Relationship between Local-Geocentric Axes and Wind Axes



Appropriate transformations are

‘\ ol

le

Z” ZA

cos g, sin o 0

Y' = -sinaA cos gy O

0 0] 1l
cos y, 0 -sin Yp
0 1 o
sin Y 0 cos vy,
1l o - 0
0 cos By sin By
0 -sin By cos By

g 87

X!
Y
(88)

(89)

The complete transformation from local geocentric horizon coor-
dinates to wind axes then is

cos y,cos o,

-sin opcos By
+ sin yjcos quin By

sin opsin By
+ 8in yjpcos opcos By

which defines a direction

Xa ry
Ya| = |*
Za r3

cos yAsin %

cos 0y cos BA

+ sin v, 8in o, sin By

A
-cos opsin B

+ 8in y,sin opcos By

cosine set

8) ti] | %e
82 t2 Yg
83 t3] | %

31

-sin Ya X

cos ypsin By |Y

cos y,cos By Zg

(50)




The resolution of forces from wind axes to local geocentric then
becomes

A (91)

For the rotating-planet, the local geocentric components must
be resolved into the Xg-Ye-Ze system. The required direction
cosines are given by Equation

e (92)

The combined transformation from wind axes to local geocentric
can be defined as a single matrix transformation

er 0y 05 03 FxA mgx
. (. -~
Fye |7 P2 P2 P3[|Fyy | + | mgy
: e
er Q3 92 a3 FZA mgze (03)
9

Body-axis coordinates.-- Origin of this system is the ve-
hicle center of gravity with x-axis along the geometric longi-
tudinal axis of the body. Positive direction of the x-axis is
from center of gravity to the front of the body. The y-axis is
positive to starboard extending from the center of gravity in
a water-line plane. The z-axis forms a right-handed orthogonal
system. To permit the use of body (x, y, z) axes aerodynamic
data, and to convert the body axes components of thrust to the
wind axes system, a coordinate transformation must be made. The
coordinate transformation shown in Figure 13 involves rotation
first through angle of attack, a, then through an auxiliary
angle, B'. Noting that

tan g' = % cos a = tan Bcosa (94)
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the transformation is

x' cosa O sin a x

y'I|=} 0 1 0 Yy

2! -8ina O cos a z

Xp cos B' sin g' O x'

Yp |= |-8in 8' cos B' O y'

Zp 0 0 1 2!

° = |cos, B' cos a sin 8' cos B' sina

-sin B' cos a cos g' -sin B' sin af
-sin a 0 | cos a

which defines the (u, v, w) direction cosines

XA . u1 v Uy ug x
=M \ V3l y
ZA Vl v2 V3 z

which define the force coefficient transformation

-Cp 14y Wy ug 'CA
CY = Vl uy ug Cy

The relationship between body and wind-axes aerodynamic coef-
ficients is now established. Note the negative directions of

the coefficients relative to the axes.

Inertial coordinates.-- The selected inertial coordinates
coincIde with the earth references (Xe, Yes Ze) System at time
zero. At a later time they differ by the rotation of the earth,
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wpt. The transformation between inertial velocities and planet
referenced velocities is derived as follows. ‘

Let R be the displacement of the point-mass, (See Figure 9).

In inertial coordinates
R= xix + Yiy + Ziz (98)
and

VeR=Kkly+ ¥y + 313 : (99)

In planet-referenced coordinates
R=x.I, + Yel + Zal
e Xg ey, 2y ‘
However, due to the rotation of the Xg, ¥, 24 coordinate system,

the velocity is

VeRm= g—%-&-ﬁpxﬁ . (100)
where

6R | 3 Ty + Yoly, + 2elz,

Tt = Xe xe + Yo Ye + Z¢ Ze (101)

The planet's rotation is about the Z-axis which is also the Zg-
axis. Therefore,

wp = -wply = ~wplz,

and the required cross product is

1xe lYe lZe . s
w, x R=10 0 —wg | = (Yewp)lxe - (Xewp)ly,

If Equations . (99), (101), and (102)'are substituted into
Equation (189), it. follows that

X1y + Y1y + 21 Xo + Wo¥e)Ix + (Yo - wpXe)ly + (Ze)l
X1y Yly g = (Xe Wp e) Xe (Ye Wp e) Yo (Ze) ze
(103)
The relation between the unit vectors in the inertial system

and unit vectors in the planet referenced system are obtained
by a single rotation about the Z-axis.
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. The transformation matrix is

lxe Cos mpt -Sin wpt 0 Ix |

Sin wpt Cos wpt' 0 lY

17 0 0 1| |5,
€ (104)

The transformation from planet-referenced velocities to inertial
velocities is made with the inverse of the matrix of Equation
(104) r and the component relations derived in Equation (103)

X Cos wpt Sin wpt 0 Xe + wae
Y= [-Sin u;t Cos mpt 0 Yo = wpxe
Z 0 0 1 Z
€ (105)

The components of inertial velocities are used to calculate the
inertial speed of the body as

.2 '2 .2
_VI=JX +Y +2 . (106)

Equation (106). is valid regardless of the inertial coordinate
system involved.

Local-geocentric to geodetic coordinates.-- Positions on
the planet are specified in terms of geodetic latitude and
altitude (for a given longitude) while the motion of the body
is computed in a planetocentric system which is independent of
the surface. In the computer program, flight-path angle A
and heading angle o0 are calculated with respect to the local
geocentric coordinates. By definition A and op are angles
measured with respect to the local geodetic. Although the
maximum difference that can exist between the two coordinate
systems is 1l minutes of arc, it may be desirable to know ip
and op more accurately than is obtained when measured from
the local geocentric,

It will be necessary to resolve the geocentric latitude
to geodetic latitude for an accurate determination of position.
Figure 14 presents the geometry required for describing the
position of a point in a meridian plane of a planet shaped in
the form of an oblate spheroid.
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Figure 14.— Planet-Oblateness Effect on Latitude and Altitude

It is apparent from this figure that the most significant
difference between the geocentric referenced position and the
geodetic position is the distance AB on the surface of the
reference spheroid. The distance can be defined by a knowledge
of the angle ¢y5; the geocentric latitude; ¢g, the geodetic
latitude; the corresponding radii; and the distance OC.

The relationship between the geocentric and geodetic lati-
tude of a point on the surface of a planet which is an oblate
spheroid is obtained as follows. The equation for the surface
in a meridian plane is

\ R Ry2 (107)

The tangent of the geodetic latitude can be found by determining
the negative reciprocal of the slope of a tangent to this ellipse.
The expression for this tangent is

2
- 1 - Re Zp
Tan ¢ = - F(2) ~

T T2
X
x| Ry~ Xp

Note that Zp is a negative number in the northern hemisphere.

(108)
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The tangent of the geocentric latitude of point B is

Z
Tan ‘L ® = __B.
o X . (109)
Substituting Equation (109) into Equation (108), gives the
required relation > '

Tan ¢ = "€ Tan oL,

2 (110
Rp (110)

The expression for the radius of the planet at point B in
terms of the geccentric latitude of the point and the equato-
rial and polar radii is obtained by the rectangular to polar
coordinate transformation

-Zp = R¢Lg Sin ¢Lg (111)

X = R Cos %
B ¢Lg Lg . (112)

and, solving for R‘PL by substituting Equations ¢111)/ and (112)°
into Equation (107).-7'9 gives

ReRy
Z sin? o1 T ol
Ro, = V Rp® Sin° é + Re” Cos” op,

(3113)

cos ¢ .
cos 4’? Re/mﬁe/Rp)(tan beg/tan ¢) ]2 sin? ¢ + cos® 4
g |

It may be seen from Figure 14 that

F'F' = 0P - O (114)
or
| h sin ¢, = OP sin ¢ - Rer, 8in ¢y, =(115)
Likewise
T = 0P - 00" (116)
or
h cos ¢; = OF cos ¢1, - R"Lg cos ‘Lg (117)

If Equation. (115) is divided by Equation (117)/ and then the
quotient is divided by tan ¢Lg,there results .
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tan ¢ - 8in
8 QL cos
(335—35; | [P (5 i ) - Ring 1/ [0F (3 ™ ) - Rep, ]

. R (118)
or
41, cos ¢y,
2 i _
(Re/Ryp) (w8 ¢Lg) = (m )+ [(Re? - R2) /R 2] [R¢Lg/QP] (119)

Finally, if Equation (119) is multiplied by (Rp sin ¢1..)/
(Re sin ¢rp), it follows that 9

Ry 5. Re sin ¢L
(ﬁ;) (tan ¢Lg/tan ¢) = (ﬁ;) +{1- (Rp/Re) ] -——;;;;j;——) (R¢LB/)P) (120)

Let
U= (R, tan ¢. /R_ tan ¢ )
e Lg P 4L

= (Rp tan ¢,/Re tan ¢r) (121)
Then it follows from Equations (113) * and (120)# that

R — ‘ z 2
] =“,(§P-) + [R_/0P] [U/ J v? sin® ¢, + cos” ¢ 1 (1 - (Rp/Re) } (122)
e

Equation (122)' is solved by an iterative scheme.

Then R

-1 e v ‘
¢g = tan [(-—;70 tan ¢, ] (123)

The flight-path and heading angles corrected to the local
geodetic latitude are computed by

) Y i
Yr = sin™? [ <&} = gin? Zg *Xg(¢g ¢1)}
P Ve Vg (124)

Since the magnitude of vector Vg is equal to the magnitude of
vector Vgl

and )
Y _ Y
1 > £ = = 8in 1 £ *———“——-—2—_—-_9.
ngl + Ygl J{xg + Zg(og - o)+ ¥,

= Sin~

%

(125)
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Auxiliary Computations

In addition to the computations which can be made from the
problem formulation as presented in preceding sections, several
other quantities are available as optional calculations.
a.' Planet-surface referenced range, Rp
b. Great-circle range, Rg
c. Down- and cross-range, Xp and Y¥Yp
d. Theoretical burnout velocity, Vipeq
e. Velocity losses, Vp, Vgrav' Vp, and VML
f. Orbital variables and satellite target

Planet-surfaced referenced range.-- The total distance
traveled over the surface of the planet is computed as the

integrated surface range. If the distance traveled by the
vehicle over a given portion of the trajectory is

to
RY = f Vg dt - (126)
Y
then the curv;lxnear planet surface referenced range 1s
to
Ry
Rp = L Vg Cos y dt (127)
R
t

The flight~path angle, A, is referenced to local geocentric
coordinates for this computation.

Great-circle range.-- Great-circle distance from the launch
point to the instantaneous vehicle position, R,, may also be
required. Expressions for this distance are dgrived as follows.

By spherical trigonometry, (see Figure js5)
Cos E* = Cos (90-¢)Cos(90-4y, ) + 31n(9o-¢L)s1n(9o-0L°) Cos (8 -6y !

or simplifying (128)
R
‘Cos i’ = Sin ¢, Sin ¢+ Cos ¢ Cos ’Lo Cos (eL-eLo)

(129)
Therefore, '

RG = R! COB-]. [Sin ¢L Sin ’10 + Cos .L Cos ’LO Cos (OL-OLO)] (130)
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Figure 15.—Great-Circle Range

However, since the planets are generally oblate spheroids, R!
is not a constant radius. An approximation may be obtained by
averaging the planet's radius at the launch point and at the
vehicle's position. Therefore, define the average radius, R',
as

R' = R@L + R¢Lo

—_— (131)

2

and the surface-referenced great-circle range from the launch
point to the vehicle is

R = | Mol Cos ¢;  Cos(8; -6 )
g = |——| Cos Sin¢;, Sin ¢L0+Cos ¢L os ¢, Cos{8-8y

2
(132
Down- and cross-range.-- Down- and cross-range from t%e
initial great circle can be determined. The initial great
circle is determined from the input quantities o5, ¢L,, and
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01, (see Figure 16) Then the cross range of a particular
trgjectory point is defined as the perpendicular distance from
the point .to the initial great circle. The downrange is then
the distance along the initial great circle from the initial
point to the point P at which the cross range is measured. From
the spherical triangle, Figure 16, the great circle range LF to
the point F is computed by Equation (132)--

The right spherical triangle LPF is solved for the down-
range, xD, and the cross range, Yp.

Xp = R' c:o:s'1 ( Cos LF ) - (133)

Cos (sin~1(sin LF sin £))
b gl
Yp = R' sin = (sin LF sin §) (134)

whe;re
E=¢ -0, (135)

R' is defined by Equation (131)

Initial
great circle

LF = Great circle range, Rg
from initial point L to
point F.

Figure 16.—Downrange and Crossrange Geometry
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Theoretical burnout velocity and losses.-- For trajectory

and performance optimization studies, it 1s convenient to know
the theoretical burnout velocity possible and the velocity
losses due to gravity, aerodynamic drag, and atmospheric back
pressure upon the engine nozzle. These quantities may be com-~
puted as follows:

Theoretical Velocity

to
T
VAC
Viheo = f dt (136)

m
t)

Speed Loss Due to Gravity

2
Vorav = 8z Sin y dt (137)
1
Speed Loss Due to Aerodynamic
Drag
5 v
VD = 2 at (138)
m
1
Speed Loss Due to Atmosphere
Back Pressure Upon the Engine Nozzle
to
PAe
Vp = - dt (139)
t1

Maneuvering Losses

t2
T - PA
VAC -
VML = f (—-—-—m J) (cos Q - 1) dt. (140)

t

The resultant velocity V'(tz) ig obtained by adding the components
computed to the initial value Vg(tl)

! t .
vg(tz) - vg(tl) + Veheo + Vgrav + Vp + Vp . (141)

The maneuvering losses are valid only if A7 is zero for the

engine,
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Orbital variables and satellite target.-- Certain functions
of use 1n orbital trajectory calculations have been added to the
point mass equations of motion used in the Steepest Descent Opti~
mization Program. These functions permit the spec1f1catlcn of
terminal conditions in inertial space when this is convenient. A
further set of functions will permit rendezvous chlculations with
a satellite in a circular orbit about a central planet.

Orbital variable calculations commence immediately after
the calculation of vehicle inertial velocity. Flight path
angles in inertial space are computed from the expressions

-

_ Y, + IR} cosey,
= tan™! ( e B ) (142)

Z .

-1 g

: ) vy = 8in (—) (143)
. IVI|

o1

The inclination angle, i, is the angle between the plane con-
taining the velocity vector and the center of the earth, and
the 'equatorial plane.

A

Equatorial plane

-

Figure 17.— Orbital Plane Geometry
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Applying spherical trigonometry to Figure 17, we obtain the re-
lationship

cos 1 = cos ‘L sin o (144)

The difference in longitude between the vehicle and the ascending
node, v, is given by

tan v = gin ‘L tan oy (145)

The inertial longitude is given by

O = 6L -t (146)
and the inertial longitude of the ascending node by

Q=67 - Vv (147)

It is convenient to know the central angle, u, in the orbital
plane. Measuring from the ascending node, we obtain

tan u = tan ¢y, (148)

——— ——

cos UI

The orbital variable. calculation introduces positional and
velocity information from a second body. This body is a satel-
lite considered in a circular orbit about the earth. Its orbital
height, hg, is specified and remains constant. Position in the
orbit is computed from an initial central angle, ¢so, by the
expression

¢ = 95, + ugt (149)

The satellite angular velocity is obtaiped from the satellite
irertial velocity, Veg s Where

H ) :
Ve, = Vz—ﬂ-mems _ (150) ,

where ug is the gravitational potential constant and Re the
earth radius. It should be noted that Equation (150) assumes
a spherical earth; for the earth radius is taken as constant,
and nonie 0f the higher order gravitational harmonics are in-~
cluded. Knowing Veg it follows that

w = ' (151)
5 Re+hg

The variables of this section provide sufficient informaiion to
either rendezvous with or terminate the trajectory in a speci-
fied position relative to the satellite.
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VEHICLE CHARACTERISTICS

Methods by which the aerodynamic, propulsive, and physical
characteristics of a vehicle are introduced into the computer
program are presented in this section. Form and preparation of
the input data are discussed, together with methods by which
stages and staging may be used to increase the effective data
storage area allotted to a description of the vehicle's proper-
ties. :

Aerodynamic Coefficients

The primary objective of the aerodynamic data input sub-
program is to provide for a complete accounting of the various
contributions to the aerodynamic forces and moments regardless
of the flight conditions of the vehicle being considered. Two
techniques are available for use in the digital computer pro-
gram: (a) an n-dimensional table look-up and interpolation and
(b) an m-order polynomial function of n variables prepared by
"curve fit" technigques. In the first method, the proper value
for each term is obtained by an interpolation in "n" dimensions
where the number of dimensions is taken to be the number of
parameters to be varied independently plus the dependent vari-
able. This method has the advantage of accurately describing
most non-linear variations with reasonable preparation effort.
The amount of storage space which must be allocated to such a
method, however, can achieve unreasonable proportions and may
require substantial computing time for the interpolation as the
number of dimensions are increased. The second method has essen-
tially the opposite characteristics; that is, a large amount of
data may be represented with a small amount of storage space,
and computation time is held to reasonable limits, but the data
variations which may be represented must be regular. A substan-
tial amount of effort can be required for the preparation of
data by a curve-fit technique. Both these methods are very con-
venient when the amount of data to be handled is moderate, but
tend to become unmanageable when large amounts of data are
required. This usually occurs when the program, having several
degrees of freedom, is committed to one or the other of these
two techniques. Therefore, the computer program incorporates
both of the techniques discussed as a compromise to take advan-
tage of the more desirable features of both. To do this, a
general set of data equations have been programmed which define
each of the aerodynamic forces. In general, the coefficients
for these equations will be obtained from a curve-read inter-
peolation, Several simplifications may be made to the equations
depanding on the flight condition and vehicle to be considered.
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Often the particular application will not require some of
the terms listed in order to describe the flight path and vehicle
under consideration. The subprogram is arranged so that the com-
puter will assign a constant value to any curve for which the
data has not been supplied. For most curves, the constant value
will be zero. This technique may be used to reduce the time
required for the preparation of data. Values intermediate to

those introduced in a tabular listing will be obtained by linear
interpolation.

Aerodynamic Forces

Aerodynamic forces are customarily defined by three mutu-
ally perpendicular forces. These are lift (L), drag (D), and
side force (Y). Lift force is perpendicular to the velocity
vector in a vertical plane; drag force is measured along the
velocity vector but in opposite direction; side force is meas~-
ured in the horizontal plane, positive toward the right, pro-
vided the bank angle is zero. If the bank angle is not zero,

L and Y will be rotated by -Bp about the velocity vector.
Coordinates are shown in Figure 18.

-~
N e e

Figure 18.— Aerodynamic Forces - Wind Axes

These forces may be expressed in the form

L = q(V,h) SC(V,h,a,B8) (152)
D = q(V,h) scp(V,h,a,B) (153)
Y = q(V,h) SCy(V,h,a,B) (154)

where q is the dynamic pressure and S a convenient reference
area. The aerodynamic coefficients Cy, Cp, and Cy may be ex-
pressed in terms of the aerodynamic derivatives.
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CL = CL° + CLa a + CLaz u‘a|+ CLB IB'

+ Cpa282 + CLog als| (155)

Cp, * Cpg |ol+ cp 2 o? + Cp, |e|

Q
O
L]

+ Cpg2 B 2 4 Chyg |a||3| (156)

Q
-
1

= 2
Cy, * Cygfel+ Cy,2 o2 + Cy g8
+ Cyg2 B|B|+ Cy g8 (157)
Alternatively, the aerodynamic derivatives may be expressed

as tabular functions of Mach number (My), o, and B, that is,
functions of the state variables and the control variables.

On occasion, it may be convenient to measure the aerodynamic
forces in the body axis coordinate system introduced in a pre-
ceding section, pages 28 to 30.. In this case, normal force, (ng),
is measured along the -z axis, side force (y) along the y axis,
and axial force (a) along the -x axis, as in Figure 19.

(np)

(ny)

() =tz = = = - ———y

<

N e o o - —
P e o - ——

Figure 19.— Aerodynamic Force in Body Axes

The specification of forces in the body axis system is
similar to that in the wind axis system

a = gsCy , (159)
y = aqSCy : (160)
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where the body axis aerodynamic coefficients are

Cy = Cn,+Cy, *+Cy2 alaf

+ cNBial + Cyg2 82 + Cy g a |8 (161)
Cpr=Capt CAQ|“| +Cp 2 o

+ CAB|B| +cpg2 82+ Ch, Iaal (162)

Cy = Cygy + Cy, fal| + ¢y 242

y
+ Cyg8 + Cy2 88| + cy o Jals (163)

Thrust and Fuel Flow Data

The techniques employed to introduce thrust and fuel-flow
data into the equations of motion are developed in an approach
similar to that employed for aerodynamic data. An n-dimensional
tabular listing and interpolation technique is used with the
independent variables being defined by the type of propulsion
unit being considered. For the present formulation, the propul-
sion units are grouped into the following options: (1) rocket,
(2) air breathing engine.

Propulsion option (1) rocket.-- The thrust of a rocket
motor 1s assumed variable with stage time, altitude,and,if the
rocket is controllable, it will also vary with throttle setting.
The altitude effect is determined by the exit area of the
nozzle, A,, and the ambient pressure, P. If the thrust is
specified for some constant ambient air pressure, the altitude
correction can be calculated within the subprogram. If the
rocket motor is uncontrolled, the vacuum thrust, in pounds, will
be introduced by a tabular listing as a function of time, in
seconds, and corrected as follows:

_ (164)
T = Max {Tvac - PA,, O]

The propellant consumption rate is specified by a tabular

listing in slugs per second as a function of time,in seconds,
for the single engine options, or computed from the thrust and
the engine specific impulse, Igp, for the multiple engine options.

If the rocket is controlled, the propellant mass flow rate Mg
is introduced by a tabular listing as a function of throttle
setting. The thrust is then specmfled by a tabular listing as
a function of mass flow rate.
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Propulsion option (2) air breathing engines.—An air-
breathing engine 1s strongly affected by the environmental
conditions undexr which it is operating. Engines which would
be grouped in this classification are turbojets, ramjets,
pulsejets, turboprops, and reciprocating machines. The param-
eters considered significant in the program are

(a) Altitude (h-ft)

(b) Mach number (MN)

(c) Angle of attack (a-degrees), and

(d) Throttle setting (N-units defined by problem)

Both the thrust and fuel flow are functions of these variables.
In order to accommodate these variables, a five-dimensional
tabular listing and interpolation are used to obtain both thrust
and fuel flow. The thrust has no further correction as the
effects of all parameters are assumed included in the interpo-
lated value.

Engine perturbation factors.—The engine options include
provision for two data scaling factors for use in parametric
studies. These are in the form

T = T + €

€13 “vac 14

Components of the thrust vector.—The equations used to
reduce the thrust vector to its components along the body axes
are

(165)

T, = T cosig . (166)

Ty = =T 51nAT cos¢>T (167)
and »

T, =-T SLnAT 51n¢T (168)

¢ and Ap are defined and explained in the control variable
section.

Reference weight and propellant consumed.—Rate of change
of vehicle mass, m, 1s set equal to the negative of the total
mass flow rate, -mg. m is integrated to give variation of
vehicle mass, m. The instantaneous mass is used in the compu-
_ tation of the body motion. The reference weight is obtained
by an auxiliary calculation

Wy = m(32.174) ‘ (169)
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The propellant consumed is computed as

mg = my, - m (170) .
where m, is a reference mass input equal to the initial vehicle

mass

Stages and Staging

A problem common in missile performance analyses and
encountered frequently in airplane performance work is that
of staging or the release of discrete masses from the contin-
uing airframe. The effect of dropping a booster rocket or
fuel tanks is often great enough to require that the complete
set of aerodynamic data be changed. Configuration changes at
constant weight, such as extending drag brakes or turning on
afterburners, may also require revising the aerodynamic or
physical characteristics of the vehicle. Another use of the
staging technique is possible with the present computer pro-
gram which does not involve physical changes to the configu-
ration; this technique may be used t@ revise the aerodynamic
descriptors as a function of aerodynamic attitude or Mach number.
With this use of the stage concept, accurate descriptions of
the forces acting upon the vehicle may be maintained over wide
attitude ranges, if required.
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VEHICLE ENVIRONMENT

The models for simulating the environment in which a
vehicle will operate are presented in this section. This
environment includes the atmosphere properties, wind velocity,
and the field associated with the planet over which the ve-
hicle is moving. The shape of the planet and the conversion
from geodetic to geocentric latitudes are also considered.

In the discussions which follow, the descriptions of vehicle
environment pertain to the planet Earth. The environmental
simulation may be extended to any planet by replacing appro-
priate constants in the describing equations.

Atmosphere

- The concept of a model atmosphere was introduced many
years ago, and over the years several models have been de-
veloped. Reference 15/ outlines the historical background of
the gradual evolution of the ARDC model. The original (1956)
ARDC model (Reference 15') was revised to reflect the density
variation with altitude that was obtained from an analysis
of artificial satellite orbit data. This revision is the
widely used 1959 ARDC Model Atmosphere and is the basic option
in the present program.

The advantage of a model atmosphere is that it provides
a common reference upon which performance calculations can
be based. The model is not intended to be the "final word"
on the properties of the atmosphere for a particular time
and location. The atmosphere properties are quite variable
and are affected by many parameters other than altitude.
At the present time, the "state-of-the-art" is not advanced
to the point where these parameters can be accounted for;
it may be several years before the effects of some parameters
can be evaluated.

1959 ARDC Model Atmosphere.-- The 1959 ARDC Model Atmos-
phere 1s specified in layers assuming either isothermal or
linear temperature lapse-rate sections. This construction
makes it very convenient to incorporate other atmospheres,
either from specifications for design purposes or for other
planets. The relations which mathematically specify the
1959 ARDC Model Atmosphere are as follows (Reference 16°)

the 1959 ARDC Model Atmosphere is divided into 1l layers as
noted in the table below.
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Layer ’ Hy-Lower Altitude Upper Altitude

. : (Geopotential) {Geopotential)
- . " Meters Meters
1 . 0 11,000
2 11,000 25,000
3 25,000 47,000
4 47,000 53,000
5 53,000 79,000
6 79,000 . * 90,000
7 90,000 105,000
8 105,000 160,000
9 160,000 170,000
. 10 170,000 200,000
i 11 200,000 700,000

For layers 1, 3, 5, 7, 8, 9, 10, and 11, a linear molecular-
scale temperature lapse-rate is assumed and the following
equations are used:

.3048h
Bp = 1 - 30L3n/535578 | Meters (171)

Ty = ('rM)b [1 + Kl(ﬁgp - Hb)] SR (172)
T = m[A - B tan-l (EEED:_) °rR . (173)
Ko ) 2
P = Pb[l + Ky (Hgp - Hb)] Lb. /Ft. (174)
p = pb [l + Ky (Hgp - By) ]'<l+K2) Slugs/Ft.3  (175)
Vg = h9.021175(m)1/2 T4, /Sec. (176)
- 61 < 10-8 3/2 Ft.2/5 (177)
v 2.269681 x 10 [m] .¢/Sec.
For the isothermalllayers 2, 4, and 6, the following changes
are made
P= pyeK3(Hep-Hy) ars)
o= %e°K3(ng'H?’) : (179) .
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Values of the temperature, pressure, density, and altitude at
the base of each altitude layer are listed below along with
the appropriate values Kyr K,y and Kj.

larer
tit: 1 2 3 5 13 6
‘ KL -.225%91) X 107V ) .13846580 X 10°% 0 -.15920187 X 10°% 0
: L,  -5.2561222 0 11.388265 0 7.5%1765 )
K3 0 .15768852 X 103 o .12086887 X 1073 0 .20623442 X 103
n  516.688 204.968 389.968 508.768 508.788 298.188
: n  2m6.270 V72.67599 51,9758 2,5154578 1.2180383 2.1082485 x 10°2
oy 2.376% X 1073 7.0611078 X 207" 7.76438% X 167° 2.8803201 X 107" 1.39k1125 x 207" A.11900k2 % 2077
5 0 11000, 25000, 7000, 53000, 79000,
layer
: Quantity ki 8 ! 9 10 n
f, " -, 2N1k5841 X 2078 .B8628910 X 1070 LT5k34123 X 1073 .35072476 X 1073 .22212914 X 107°
; B 8.5011966 1.7082397 3.816479% 6.8329589 9.7613698
‘ Ky 0 ‘ ) 0 0 0
™ 298,188 ko6, 188 2386.188 2566.188 283%.188
P 2281175k X 103 1.5564912 X 10  7.5604667 X 106 5.89716M x 1076 2.9769746 % 1076
oy §.261M856 X 10°9  2.232LA2k X 10°10  1.B4sB849 X 10712 1.3387990 X 10°}2  £.1150607 X 10713
» 90000, 105000, 160000, 170000. 200000,

Values of the appropriate constants to be applied in the tem-
perature equation, Equation (173), are listed below. )

ng (xm) A B | C D |

0-90 1. 0. - .
90-180 <75951115 174160k 220,000, 25,000.
180-1200 +93578678 27396592 180,000. 140,000,

U. S. Standard Atmosphere, 1962.--The part of the U.S.
Standard Atmosphere, 1962, below 90 kilometers geometric
altitude (295,276 ft. altitude) is defined in the same way
as the 1959 model--by the hydrostatic equation and a piecewise
linear variation of temperature with geopotential altitude.
Equations (171)" to T1179)* are, therefore, applicable with a
different set of constants. These constants, based on the
published tabulation of atmosphere properties (Reference 17)
at the base altitudes, are presented below. The 1962 model
" uses a different set of relationships above 90 kilometers.

& These have not been included. The tables define 1962 model
properties between sea level and 295,800 ft. geometric altitude.
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Values of the temperature, pressure, density, and altitude
at the base ‘of each altitude layer are listed below along with
the appropriate values of STURTY and K.

Quantitx

Within the altitude range considered, T and T
are equal.

Layer
1 2 3 4
-.2255877 x 1074 0 .48012406 x 1075 .12199559 x 10~
-.5255871 x 101 0 .32844801 x 102 .12202470 x 102
0 .1576958 x 103 0 0
518.67‘ ~ 389.97 389.97 413.104
2116.217 472,6812 114.3431 17.22518

.2377002 x 10~ . 7061512 x 1073 .1708202 x 10~3 .2429209 x lO'l‘

0 10999. 47k 19999.191 32354 .854
Layer

5 6 ST . 8

0 -.7383899 x 10-7 -.1572230 x 10~% 0

0 -.1709562 x 10%2 ...86026817 x 10 0

.1262323 x 1073 0 0 .1891214 x 10-3

487.17 487.17 L5k, 668 325.170
2.302550 1.2263k46 .3766873 .2106440

2753526 x 10~° .1466537 x 10~2 .LB26665 x 10=6 .3773977 x 10-7
47051.501 i 52042.023 61077.348 79192.936

u (Equation (173) 7)

Atmosphere limitations.-- The validity of the 1959 ARDC

model 1s limited to altitudes below 700 km; although the pro-
gram 1s arranged to extrapolate the relationships to greater
altitudes, if desired. Extrapolation to greater altitudes is
accomplished by altering the cutoff altitude.

At an altitude greater than 2.6 x 106 feet, no calculations
are made, and the program sets kinematic viscosity, speed of
sound, pressure, temperature, and density to zero, At and below
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sea level the parameters, pressure, temperature, and density
are set to the values below. Other terms are computed as normal.

Pressure = 2116.2170 Lb/Ft2 (180)
Temperature = 518.688 °R (181)
Density = 2.37692 x 10”3 slugs/Ft3 (182)

At altitudes between 90 kilometers and 2.6 x lO6 feet, the
speed of sound is set to 846.50255, and kinematic viscosity
is set to 2.3519252 x 10~/ over density. Other terms are
computed as normal.

The 1962 model is limited to altitudes below 295,8000 feet
(90 kilometers). It is suggested that zero values be returned
above that altitude. At and below sea level, the sea level
values should be employed. When the atmosphere constants are
determined from the published tabulations at the base altitude,
the calculated values at intermediate altitudes may not agree
with the tabulated values to the number of significant figures
in the tables. This has been allowed for in the 1959 model
by developing coefficients with the necessary extra precision
to give agreement between the calculated values and published
tables at all altitudes. The values calculated by the 1962
model are good to about four significant figures, which should
be adequate for most purposes.

Kinematic viscosity and speed of sound lose their physical
significance at very high altitudes, and are not normally
defined by model atmospheres above 90 kilometers. The constant
values by the 1959 model option were added to provide data
required by the aerodynamic heating routine. The aerodynamic
heating calculation should not be used with the 1962 model
option above 90 kilometers. The constant values of v and Vg
in the 1959 model will give reasonable values of Mach number
and Reynolds number for use in the aerodynamics calculations
to altitudes somewhat above 90 kilometers, say 350,000 feet,
above which constant aerodynamic coefficients should be used.

Winds Aloft

The winds-aloft subprogram provides for three separate
methods of introducing the wind vector: as a function of
altitude, a function of range, and a function of time. This
facilitates the investigation of wind effects for the conven-
tional performance studies. The wind vector is approximated
by a series of straight line segments for each of the methods
mentioned above.

56




e A FRERAE ks e dinbiR e

Four options are used to define the wind vector in the
computer program. The three components of the wind vector
in a geodetlc horizon coordinate system can be specified as
tabular listings with linear interpolations (curve reads)
in the following options.

Wind options (0).~~ In this option the wind vector is
zero throughout the problem, This allows the analyst the
option of evaluating performance without the effects of wind.
This option causes the winds-aloft computations to be bypassed.

Wind option (l).-- In this option the components of the
wind vector are specified as a function of time. Wind speeds
are specified in feet per second and time in seconds.

Wind option (2).-- The three components of the wind vector
are introduced as a function of altitude in this option. Wind
speed is specified in feet per second and altitude in feet.

Wind option (3).-- In this option the components of the
wind vector are introduced as a function of range. Wind speed
is specified in feet per second and range in nautical miles.
The range utilized in this computation is the great-circle
range.

By staging of the wind option, it is possible to switch
from one method Qf reading wind data to another during the
computer run. Care must be exercised in this operation, however,
as the switching wlll introduce sharp-edged gusts if there are
sizeable differences in the wind vector from one option to
another at the time of switching. This effect should be avoided
except in cases where gust effects arg being studied.

Gravity

This section presents the equations necessary for the
introduction of the gravity components into the equations of
motion. These components were determined by taking partial
derivatives of the gravity potential equation. The potential
equation adopted has been recommended for use in the Six~-
Degree-of-Freedom Flight-Path Study computer program by AFCRC.
Constants for the potential equation were determined from
References 18, 19 and 20.

Spherical harmonics are normally used to define the grav-
ity potential field of the Earth, References 18 through 20.
Each harmonic term in the potentlal is due to a deviation of
the potential from that of a uniform sphere. In the present
analysis the second-, third-, and fourth-order terms are con-
sidered. The first-order term, which would account for the
error introduced by assuming that the mass center of the Earth

- e prgecs i -
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is at the origin of the geocentric coordinate system is assumed
to be zero. With thies assumption

‘ 2 K [ Re \"
U=%ﬂ[l+-‘;—(g—@-) P2+%<.§S>3P3+'§5<§3) P’**"‘].’ (183)

where P2, P3, and P4 are Legendre functions of geocentric lat-
itude ¢L expressed as

P2 = l-_381n2¢L

P3 3 sin ¢y, - 5 sin3 ¢,

Py, 3 - 30 sin® ¢y, + 35 sinh 41, (184)

The gravitational acceleration along any line is the partial
derivative of U along that line. At this point, it should be
noted that the three mutually perpendicular directions in the
spherical cqordinate system are identical (other than sign) to
those in the local-geocentric-horizon coordinate system which
is defined previously. Therefore, the acceleration in the ¢
direction is identical to gyx_, and the acceleration in the R
direction is identical to 924 Or in the equation form:

R 2 Re3 I
= N | 2 ), M=), K(R') ,
EZg 3R R 3\ g3 2~ 5 Rl 3730 n5 b

4
J [ReY2, . H (B K
+ ‘:g [1+§'(R—')P2+§<‘ﬁ—e-) P3+ ?6(?8—) Pb] (185)
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where

T
I

5 sin ¢L cos ¢L

o
|

g = cos ¢y (1 =5 sin? ¢;)
P, = sin ¢, cos ¢, (-3 + 7 sin® ¢ ) (189)

Equations [(187) and ‘(188)" are used in the gravity subroutine
with the following values recommended for the constants:

by = 1.407698 x 1016 ft.3(sec.2

R, = 20,925,631. ft.

J = 1623.41 x 10-6

K = 6.37 x 107° (190)

It should be noted that these constants and equations per-

“.tain to the planet Earth; however, it is possible to use these

same equations for any other planet. For this reason, the
values of these constants is an input to the program so that
the applicable constants may be inserted for the planet under
consideration. Due to limited knowledge of the gravitational
fields of other planets, it is probable that zero values would
be assigned to some of the harmonic coefficients when the pro-
gram is used for entry studies on other planets.

The above equations are applicable to a non-rotating planet
as the centrifugal relieving effects caused by the planet's
rotation are included in the equations of motion. 1In addition,
the effects of local anomalies must be added if it is desired
to make a weight-to-mass conversion based on a measured weight.
The program has the options of retaining the first, third, and
fourth order terms.
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AIRCRAFT CHARACTERISTICS

Weights

During the 1962 F4H-1 time-to-climb record flights, Reference 21,
a considerable effort was made to reduce the vehicle flight weight.
Production F4H-1 and record flight vehicle empty weights were:

Vehicle Empty Weight AW
Production F4H-1 29365 -
Record Flight Vehicle (3KM-15KM) 25903 3462
Record Flight Vehicle (20KM-30KM) 25520 3845

In addition to weight saving measures the record breaking vehicles
employed non-standard General Electric J79-GE-8 engines and the record
attempts were deliberately made during cold weather conditions to improve
propulsion system performance characteristics for weight comparison
purposes.

In standard F4H-1 aircraft empty weight quoted in the 1960 weight
statement, Reference 22, and the currently quoted empty weight of in-

service F4-C aircraft, Reference 23, at Edwards AFB are:

Vehicle Empty Weight
F4H-1 (F4B) (1960 weight statement) 27345
F4-C (Edwards AFB 1975) 32500-33500 (Net)

For the present report it will be assumed that an average Edwards AFB F4-C
might be made available to NASA and an empty weight (net) of 33000 1bs.

will be utilized. In addition, Edwards AFB pilots have indicated that safety
considerations dictate 2000 1lbs. fuel on-board at approach and a require-

ment for 600 lbs. of fuel for a descent from 40000 feet. Early calculations
indicate that zoom climbs to high altitude will consume approximately 1600 1bs.
of fuel. Based on these figures it is assumed that vehicle weight at zoom
commencement should be approximately 37500 1bs. (1166 slugs}.

Propulsion

The F4-C Phantom is powered by two J79-GE-12 engines having a
nominal rating of 17000 1lbs. static thrust at sea level per engine. Thrust
produced by these engines and their fuel flow varies strongly with Mach
number, altitude, and throttle setting. That is, the thrust and fuel flow
are of the form
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T=T(M, h, N) (191)

e
[}

W (M, h, N) (192)

where

T = Thrust, 1bs.

b~
f

Fuel flow, 1bs./hour
M = Mach number
h - Altitude, feet

N = Throttle parameter

The F4-C engines have a wide range of throttle setting capability
both with and without afterburners ignited. This capability is illustrated
by Table I which presents thrust and specific fuel consumption for the
related J79-GE-17 engine which powers the Phantom F4-E vehicle.

Actual thrust and fuel flow capability of the J79-GE-12 engine
which powers the F4-C is presented in tabular fashion in Table II. These
tables are in a form acceptable to the ATOP program of Referencesl and 2
which is used to perform the trajectory optimization studies of this
report. Format of Tables II(a) and (b) is as follows:

Thrust
TTABoO = Hl’ Hz, - - - HH’
Ml’ Mz, - = MM’
Nl’ Nz,
T ) T y T T T
HlMlNl H2M1N1
- - - T , - - -
HM N, HMNy
- -=-T
H MM,
Fuel Flow
TTAB11 = Hl’ H2’ - - - HH
Mps Mys = = - My
Nl’ N2’
- W - - - W N
HlMlNl HHMM 2

The data of Tables II(a) and II(b) was made available through the
studies of Reference 3,
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TABLE I. TYPICAL EFFECT OF THROTTLE SETTING ON THRUST AND
v S?ECIFIC FUEL CONSUMPTION OF THE PHANTOM F4-E (J79-GE-17) ENGINES.
(1bs. fuel/hour/lb. thrust)
- Specific
Fuel
Power Thrust (1bs.) R.P.M. Consumption
- Max. Afterburner 17900. 7460 1.965
Military 11870. 7460 .84
Norma;' 11100. 7435 .81
90% Normal 10000. 7140 .79
75% Normal 8330. 6900 .76
Idle 350. 5000 1130 1bs./hour
€2
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TABLE II(a). THRUST OF THE J79-GE-12 ENGINE WHICH POWERS THE
F4-C PHANTOM (cont'd).
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TABLE II(a). THRUST OF THE J79-GE- 12 ENGINE WHICH POWERS THE
F4-C PHANTOM (cont'd).
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i1i1a 54 TABLE I11(b). FUEL FLOW OF THE J79-GE-12 ENGINE WHICH POWERS
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TABLE II (b). FUEL FLOW OF THE J79-GE-12 ENGINE WHICH POWERS
THE F4-C PHANTOM (cont'd).
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TTARLY 271340,, 2750.,18090,,10420 378
TTARL} 1\550..7550.,7330..5700. 382 :
TTABL Y 4420,,0,0 380 #
TTARL] 0,0,0,0 _ 389 MELL,T50
TTARL uasxo,,30850,,35110.,30700.
1TABLY 29650,,20600,,19560,,15580,
T1ABL) !’“50..lLOSO.,BOSO.,6270.
TTABLY 4870,,0,0
TTARL} 0,0,0,0
TTABL} 0, uoo7o.,3obro..sasoo.
TTARY ) 31310, 6050.,20670..lbnao
TTARL Y 13100 ,10>(n.,8510.,6710.
. TTABL ) 5210,,0,0
i TTARLY 0,0,0,0
TTARYL Y 0,0.3]000.,33070; 69
TTABI | 32620,,27190,,21540,,17120,
TTARL Y 13640,,10930,,8840,,7100,

L TTARLY  _SRAD B0
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TABLE II{(b). FUEL FLOW OF THE J79-GE- 12 ENGINE WHICH POWERS
l THE F4-C PHANTOM (cont'd).

TTARY ] 0000040 na MED, L1
TTARL Y 0,0,38330,,30450, AS0 e
TTARL Y 33680, ,28080,,22220,,17670, 454
TTARL | 14100,,11280,,9110,,7370, 458
I;A:i; 5820,,0,0 62
ARLY 0,0,0,0 465 vz
TTABL | 0,0,38910,,34800, 323 Stes
TTARL| 33939,,28300,,22440,,17810, ary
TTARYL} 14200,,11380,,9190,,7440, nrr
;;:Sii 59:0,,8,0 081
. 0,0,0, h8’ M=
TTARLY 0,0.0,50950. Jgé Fe100
TTABL) 33820,,28190;,22360..17780; n92
TTARLY 10179,.113/0;,0160;.7030; 096
TTARLY 5990,,0,0 500
TTABLY 0,0,0,0 50% ME2 U400
TTARL | 0,0,0,0 507 T
TTARL Y 33149,,270640,,21970,,17450, 511
TTARLY a3°3y,,111601,0020;,7320. 515
TTARLY 5960, ,0,0 519
TTABLY 1275,,108%,,915,,0 ae ™
TTARL | 0,0,0,0 ’ 23 IR
TTABL 0,0,0,0 530
,rAnll 0.0'0‘0 530
TTARL Y 0,050 538
TTAR) Y 1195, ,100%5,,860,,0 541 M8, 050
TTABL} 0,0,0,0 545 g
TTAnll 0,0,0,0 549
H:“il 0,0,0,0 DRIGINADP 55%
Rl} 0,0,0 55
TTABLY 1149, ,970,,835,,0 OEPOORQ[}?S‘%B :Z; ME,100
TTABL] 0,0,0,0 A 56/ T
TTARLY 0,0,0,0 568
TYAB 0,0,0,0 572
TTABY § 0s0,0 576
TTARSY 1ou§_,ooo,,765;,e5G, 5170 ME_ 250
TTAKS Y 550,,500},500,,590. 583 :
TTARLY 500,,500,,500,,500, 587
TTABL ] 0,0,0,0 591
Tants  ehslesso! - 398
\R1} 810,,700,,600 9 ME
TTARY | 500,500,500, ,500] c02 e
TTARL] 500,,5%00,,500,,5C0, 606
YT"R‘! 0,0,0,0 610 H
O  1TARI]  BOB!,685),58%, 500" 017 1
/ ot SpD _.,JOO, 617 M=, ,550 ¢
TTARLY 500,,500,,500,,500, 621 %‘
: TTARLY 500,,500,,500,,500, 625
j TTAPLY 0,0,0,0 629 :
1 TTARL Y 0,000 : 633 -
TrARLY 575,,500,,500,,500, 70 636 ]
TTARLY ‘30()'.,'30(»’,‘3(:0_",00’ G40
TTARE | 500,,500,,5C0,,500, 644

STLABLL o000 — —— S




TABLE II(b). FUEL FLOW OF THE J79-GE-12 ENGINE WHICH POWERS
THE F4-C PHANTOM (cont'd).

1 652
TTARLY 0,040 32
TTABL ) 190’, )l) ’ 500, ,500 Z‘:(; N‘.OO('
TTARL )On’, )00’, )00.,500 b(j}
TTABLY %00,,500,,500,,500, 2
etk Berp
AR
}TAPI} 1304.,1090.,905..675 2;g ME,900
TTABL} 565, ,500,,500,,500, 5
TTABLY >oo..soo..,oo,.500 eaZ
TTARY 0, 8 g.o 44
1TARL 0, 0 :
TTABLL 3655_.1390..1155.,950. 2:; ME1,050
TTARLY 7170, ,cso.,soo.,soo 44
TTARY sno.,,oo..soy,,soo. 4
gt . g 3 5. 709
TAR} 0, :
;TAﬂai ;ooo ,1nzs .1105.,985 ;:g MEL 077
TTAB1} 860 0,0 bJG"SOO,, 500, S30
TTARL Y 500,,5%00,,509,,5%00, 15515 7:“
TIAB] | 040,00 Pﬁ“?bp}ﬂn 258
1TARL L u.n.p : YG«CSS o 231 it 150
TTARL} U}7J.,1‘J§)rl.'119 ..1070. UiYOQ% 735 9
TTABL | 870,,715,,550,,500, of 75;
TTARL L 500.,500.,500.,5n0. Sas
TTA:II 0, g 00,0 a3
TTA 0,0,0
YrA“:} 0, 0050.,lna) , 1200, ;?2 MEY 207
TTABLY 090 ,805 ,ouw,,soo’ 7:8
TTARLY Soo.,,on,,soo,,Sno 782
T;A::x 3'3 s a0 766
»‘ -
;TA“li 0, aqool,llgo , 1235 ;;2 MEy 272
TTAB1Y 10152,83,..655.,520. 77;
TTABS 500.,')00,, 500,,500, 44
vta:xg 0, 2 00,0 ik
TTA 0,000
TTAQ}: 0, Fsov..nnsoL,laoo ;22 MEL 360
TTARL uus,,o"u,.u,.,sas -
4 TTABRL} 545,,500,,500,,500, =
TTARLY o,g 20,0 44
TTAB] 0,0,0
1:Anx} n:n 85 500, , 4600, :?I "'!."707
TTARLY 1uoo ,103;.,80J.,015 815
TTABLY 630, 'OJ.,SOO.,SOO 219
TTARL} 0.0.0 0 44 g
TTAR] 0,0,0 . 2
TTA“!} 0,0 .u.7noo g;g "81.5%0,¥
1TARL sabn,.a 90.,9u;,.155 e
TTABY | 700,,575,,500,,500, 1
YYAP.]; 0.0.0.0 812
TVOCI 0 0,0 _ %
Irfnii v' :3.” 71 ME1,650
TIARY] b7“y..« .

91
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TTAPII
TTARY |
TTARL Y}
YTAS1]
TTARL Y
TIARLY
TTARL Y
TTAEL )
TTARLY
YTARL |
TTARL ]
TTARIY
TTARL Y
TTARL
TTABL
Tr‘A}il l
TTARL Y
TTAQ!I
TTARL Y
TTARL
TTARYL Y
TTARL Y
TTARLY
TTARI
TTABLY
TTARLY
TTABSY
TTARL |
TTARL ]
YTABL Y
TTABI
1TABL1
TTARL]
TTARL
TTAELL
TTABIL Y
TTARLL

TABLE II(b).

FUEL FLOW OF THE J79-GE- 12 ENGINE WHICH POWERS

THE F4-C PHANTOM (cont'd).

0 0,0

10,0,0

)90' ,6530..3395,,980,

O 0y
50

U,O

U,O,

0,0,0
Suu

2300,

0,0,0,0

0,0'0

0,0,0.0

0,0,04895,,5250,

uqoc ,4150,,3250,,2580,

0,0, 0 0

0,0,0

0,0 0,0

0,0 01;5.,“235.

0’3'.,3510..27 0,,21060,
2 0,0,0

Uo"oO

0,0,0,0

n,n,suao,,s715.

3780 ,3140,,2450,,1925,

0,0,0,0

0,0,0

0,0,0,0

0,0, 0,4100

3190,,2650.,2065.,1620

0. 00 0

0,0,0

0900000

u 'o

”335..195'.,1525.,1l75
20,0,0

0,0.0

0,0
..760..620.,)10.

0,0

0

0
Ser 7)0.,?890
)18 0"“00001170

72

861
864
868
857
872
87¢6
880
883
887
891
895
899
902
906
910
211
918
921
92S
929
933
237
940
044
Q48
952
956
959
963
267
971
975%
978
982
286
960
294

M=1,750

M=y, 840

M=1,950

ME2,100

Mz2,200

#=2,300

ME2,400

=
7, Y




Aerodynamics

Aerodynamics for the R -C are functions of Mach number, altitude,
and angle-of-attack. For three-degree-of-freedom trajectory calculations
lift and drag coefficient variations are required. Lift coefficient is
a direct table lookup of the form

CL = CL (a, M, h)

Drag coefficient has two components

Cy = Cy (@, M, h) + AC, (M)

Actual values of 1lift coefficient and drag coefficients employed for the
F4-C trajectory calculations are given in Tables III(a) to IIlI(c).

Tabular format of these tables is similar to that employed in the pro-
pulsion section. Source of the F4-C data is the Air Force Flight Dynamics
Laboratory through the study cf Reference 9.

73




>
| S———
PO
| e
-~

TABLE III(a). LIFT COEFFICIENT vs. a and M, F4-C AIRCRAFT

ARCFT 530,
INDALR {
INDRAND 1
INDAOQ !

. 1A9x 15

<  1A90Y 12
1A997 0
ATABO -a 0 -e 0,0,0,2,0,4 o0 1 ALPHD
ATARO 6, o .0, IO 0, 1L o,la 0 b
ATAR9y su o,;a 0, ?n 0,22,0,24,0 11 ,
ATARD, 0 0, o’, 0.7.,0; B,n 9,0 ‘)., 16 AMACH ;
ATABO, 1 1,1.3,1, S,1. 7:! 0, 2 a o2
ATARYY ’10,- log..ooO..uo,...n 28 M20,0 ;
ATARO 307,,"&0,.;0%,,658,’740 35 g
ATARO Rln 811 ).832,,.853,,895 38 i
ATARO p ‘10,- 10,,.000,.1?0,.537 n3 M20,5 %
ATARO ’301 »160,,565, 658,740 N8
ATARG 310,.at0,.dlk,,853,.805 53
ATARD G - ?11,- 106,,009,,122,,238 58 ME0,7
ATABO ’335 ’ﬂbq,,a7o,.6bg,’7h’ 63
ATARS 807,,81)..810,.R5P.,600 o8
ATARO g -;zzt,- 100.,009..1 241 73 ME0,8
ATARO '303 ’086,,;87,.b15,,7u° 78
ATARO .809, .82 0,,819 0,,0, 83 _
ATAROg - 253 - 121,,6!1,,1‘42,,1.77 88 MED,9
ATARA, ,w:..uw, 590,,677,,748 93
ATAR9q .804,.831,.859,0,,0, 98
ATARO ,.oo,- 110,,019,.151,;277 :g; M=0,95
ATAROg ,395,,504,,598, ,680,.752
ATARO, ’813.:8(:4.,)00,.009,0988 ORIGINAL PAGE I3 113
ATAROQ *e250,=,125,,005,,131,,255 OF POOR QUALITY 118 m=y,}
ATARD, 383,.:.0,,620,./08.,78') 123
ATAR9 860..9"7..98301 029,1,0062 128
ATAKOY -;?‘“,- 119, -, 012,.095,.201 133 m=g,8
ATARD Yy . 308, ’012,.516,,617,,703 138
ATAB9g ,785,_860,.1L8,,981,1 023 143
ATAR9) -;Lor,- 113,,019,,076,,170 138 ¥=1,5 i
ATAR9y ’Lbi 541,,457,.516,.5"’ 1:3 i
ATARY 66!..l~7..783. er0s 158 11
ATARD, = 180,=,101,2,020,,061,,141 o8 Ml B
ATAR9 ,L.s 303,,,8n,.usz,,519 168 1
ATAR9g sna,,onz,.uoo 0,00, 173 :
ATARD e 152'. 083,- 01‘;,.054,.151 178 M=2,0 £
ATAR9 ’180 244,,3.0,.380..007 183 :
ATABO SOb,.ab),,u!} 0,00, 108

.. ATAB9y - lgu,v Col,-, 00“..0)2..]13 193 ME2,4

E e »170,.22¢,,283,,339, 383 198
ATAROQ 0835,0,,0,,0,,0, 203
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TABLE III(b). DRAG COEFFICIENT vs. C. and MACH. , F4-C AIRCRAFT

L
INDADY |
1A9 X 17 ;
1A91Y 33 . - ;
ATABD 'o,,’og,,l,',i‘i 1
AIAHQ‘ ’8"?50’50,38 2 ;
ATARD | ,a,,us,,s,,ss ’ 3
ATARD} '61.650.10.’5 13 i
ATARO] - _ 17 g
ATARO | Cosof00,,150,,500 12 '
ATAR9 | 3550,,600,,650,,700 a2 ,
ATARD | ,rqo,,aoo,,bes,.asu 26 :
ATARO| 2879,,900,,925,,950 30 |
ATARO| $975,1,00,1,05,1,10 3; ;
ATARD | 1,20,1,30,1,40,1,50 }’ t
ATARY | 1,60,1,70,1,30,1,90 12 !
ATARD | 2,00,2,10,2,20,2,30 28 i
ATABO | 2,40 ' : > ; j
ATARO Y ,0180,,0183,,0191,,0204 1 N80, ;
2 |
ATARD 0%395,,0175,,0 re
ATAR9| ;oeuz,.xoss.f1215,.l505 Z; 1
ATABO | 1780
ATARO | #0180,,0183,50191,,0204 68 ME 4 |
ATARO | 10225, ,0252,,0285,,0332 2
ATARO 0395, ,04175, 0575,,0700 76
ATAW')]_ '08(12,‘.10550.‘275p.1505 gg
ATARO} 1780 : :
ATABO| *0180,,0183,,0191,,0204 85  M=,48
ATARO | 0225, ,02%2,,0285,,0332 89
ATARO | $0395, 50075, ,0575,,0702 93
ATARO | ,0865,,1064,,1285,,1520 ?;’
ATARD | + 1795 . : i
ATABO ©0130,%018%,,0191,3,0204 102 m=,5 z
ATARD | ,0225,,0252,,0285,,0332 106
ATARO :0305,t0N75.}0579110715 S 110
ATARD | 20880, ,1080,,1303,,1535 <ﬁ§i§$§u ::g
ATARO Y 1809 = : . £
ATARD | ’0182,,018%,.0191,,0204 @}&@ 119 M=,58 b
$3 i&, ‘
NG S
& :
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ATAR9)
ATARD Y
ATARO |
ATAROY
ATARO |
ATARO
ATARO |
ATAR9|
ATARO |
ATARY |
ATARD
ATARO |
ATAR9}
ATARD Y
ATARY |
Afhﬂql
ATARO |
ATABO |
ATARD |
ATARO |
ATARD |
ATARO
ATARO |
ATAR9 |
ATARY |
ATARO |
ATARD )
ATABO |
ATAR9 |
ATARD |
ATARO
ATAROD
ATARO |
ATA“"i
ATAB9}
ATAuqi
ATARO |
ATAR9 )
ATAR9 |
ATARD Y
ATARO Y
ATAR9|
ATAR9 )
ATARO |
ATARO |
ATABO§
ATARO}
ATARO ]
ATABR9}
ATARO|
ATARO
ATAR9}
ATARO}
AIABO L

TABLE III(b). DRAG COEFFICIENT vs. cL and MACH» F4-C AIRCRAFT

(Cont'd.)

p0225,,0252,0205,,0332
20396, ,0477,,0585,,0725
0900,.1100,,1323,,1555
1R2S
0189,,0183%,,0171,,0204
,0225,,0252,,0287,,0330
p0399, ,0488, ,0600,,0743
p0919,,1120,,1345,,1575
p1840 :
,0180,,0183,70191, 0204
,0225,,0252,,0289,,0341
00410,,0502,,0015,,0760
'oquo,.llns,.1365,.1600
I‘qu . ' ’
’0180',0185p’019!a’0205
20226, ,0256,,0294, ,0347
0424, ,0515,,00635,,0779
’096200116500138000‘62.-’
plo02 | . :
,o:an.,otﬂo,,ol9ﬂ.,ozoa
,0228,,02%8,,0301,,0361
p0439,,0532,,00660,,0802
’oqau,,xioo.,\uxb,,gosa
rl°“3 ' ‘ .
,0188,.019%,.0202,,9214
,0235,,026/,,0312,,0374
L, 0455, ,0555,,0677,,0825
'1()!0,'.12?0,'.1"50,'.1700
p 1990 | : :
p0194,,0198,,0204,,0219
p,0241,,0273,,0319,,0382
,oaos,,OSbo,,oooa.,oasv
,1027,.1210,,14870,,1723
22017 : ;
,0200,,0202,,0212,,0224
02“6,,0270,’0321.’0391
,0478,,0578,,0704, ,0850
'1039,;1250,,1u00,,17ua
p2045 : '
p0206,,0211,,0219,,0235
,0257,,029%,,0341,,04006
,0491,,0598,,0722, ,0867
’tﬁbo.,IZIb,.1512..\77l
§207S ‘
,0214,,0218,,0229,,0246
,ozbq,’nson,,ozs/,;oaab
’0515..0620,;0702..0885
21075,,1320,,1535,,1800
,2103 :
29230, ,0236,,0245,,0263
L0289, ,0%30,,0384,,0456
$0538,,0061%,,0708,,0913

;1000,;1521.;z3~ﬂ,.sa27

_od1 24
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TABLE III(b). DRAG COEFFICIENT vs. C and MACH , F4-C AIRCRAFT

!c 14 L
(Cont'd.)
ATARO | 0255, ,02%8,,02069,,0287 306 M=,95
ATARO ;osao.;osor,;oazs,,oaqo 310
ATARD | ,0575,,0678,,0800.,0942 314
ATARO | ,ll!a,.t3ﬂo,.158!,,1858 318
ATARO Y 2108 322
ATAB9] »0320,,0325,,0338,,0357 323 ME,975
ATARO} ’0385,,ou?s,,ou76,’05u2 32
ATAR9 | »0622,,9719,,0837,,0970 331
ATARD ,1138,,1359,,1605,,1885 335
ATAR9 ] 2200 339
ATARD] 50360, 03065,,0378,,0400 380 Me3,.0
ATAR9 Y ,ouzn,,ouoe.,oszo,,OGea 344
ATARO | ’0650,,0750,.3803.,0995 338
ATARO| '1|bn,.135u,;1033..1918 352
ATAR| 2233 356
' ?0387," ‘ 0407, 357 ME1,05
ATAROY ’oxar,,ogoa,,oaO/,,oaeo g f
ATARO | ,04061,,0504,,0559,,0624 361
ATARY Y ,o?oa,,ovoa,,oonx,,goas 365
ATARD | ,131n,.1n3s,.1689,.198u 369
ATARO} 2299 : i 373 :
ATAR9| ,0000,,on11,,ou28,,oa52 - 374 ME1 .1
ATAR9 | ,0487,,9532,,0588, 0657 378
ATARI ,0737,,0835,,0955,,1091 362
ATAR9} '1202,,1089,,1ln5,,zoa7 386
ATABO| 2367 390
ATABY | 0340, ,0315,,0364,,0395 3“1 ME],2
ATARS | ,0434,,0184,,0545,,0619 395
ATARDY 20716, ,0831,,0965,,1113 }"9
ATARO | ,1293,,1520,,1790,,2105 103
ATABS |} ’aauo 3 : ! )0; -t
ATARO | ,0350,,0358, ,0377,,0408 }0, 1e
ATAR9} ,oasz,,osoa, 0578, ,0666 }1‘
ATARO | ,0779,;001?,.1060,,1232 tib
ATARY | ,taac,zxusa,;xois,.asoo 20
ATAR9 ] 2650 o : i t »
ATARO} ,0357,,030a,,058u,,ou18 a:» 1e
ATARO | ,00468,,0530,,0610,,0710 799
ATARO} ’0837,,0987,,1158,.1357 153
ATAS9Y ’15730.1855..2175,.2530 2::
ATARO{ 2895
ATARO | $0362,,0369,,0390,,0426 142 MEg,5 |
ATAROY 'nuaa,,ouﬁ1,,noun,,o753 )ﬁb §
ATAROY ,oaqu,,xoos,,1asx,,1aao 150 :
ATﬁRQl_ "725'.20"1,' .2385,.2760
ATARO} 23170 ; :
ATAR9 »0365,,0375,,0395,,0434
ATARD | ’0092,,0560,’0009,,0795
ATARO | ,ooua,.ltss.,asua..tbxs
; ATARY | 21925, 42270, ,2655,,3060
! ATARD| p3480 : :
ATAR9 ,nxan,,os77,.naoz,,oaa1
ATABR9 ’3!‘020 .GSB’),‘.OOQAI,"jaB} 77
ATARO} 1000, ,1205,,1404,,1740
ATAB9} 2090, ,2470, ,2880,,3310




TABLE III(b). DRAG COEFFICIENT vs. CL and MACH, F4-C AIRCRAFT

(Cont'd.)
TATAROY 3780 «92
ATAR9Y s037n, 0380, 0404, ,004b 493 MEl,8
B i NI e T e T ——4%Y ;
ATAR9Y 1052, ,1272,,1528,,1630 501
ATARO9Y W 22%2,,.2650,,3090,,3%80 - 505
ATABY) W4040 509
ATARGY L0370, 0382, 0407, ,0450 % 510 msl 9
ATARGY 10518,,0617,,0747,,0907 S1d
ATABYY — s1103,,.13%9; 1604, ,1948 — : e B ——
ATAR9Y ,2350, 2785, ,3250,,3740 522
AT4891 L4230 e — : - 528 —
ATABOY 00370, ,0383, 0410, ,04% 5¢7 M=22,0
—ATAB9Y i0527,.0632, 0772,,0945 e e e S31 e
ATABG Y W1183, 1401, ,1675,,2037 538
ARSI T———2480, - 2800, 33007 3860— 539 —
ATABOY 4375 5434
ATAROY J0370,.03R84,, 001y, ,046% ———e —_—— S4w “Ed it
AraR9y ,0535, 0645,,0797,,0982 SuR
ATARSY 1264, ,1454,,17%8,,2107 — e 552
ATARDY :2525,,2970, ,3460,,3990 556
—~ATABOt— 44090 e S 0 Tem——
ATARSY 00370, ,03%84,,0412,,0463 561 ME2 .2
ATaBSy 0540, 0059, ,0820,,1015; e 565 :
ATARSY 1284, 1506, ,1800,,2175 569
ATARGY ,2600,,3060,,3550,,4080 — : 573
ATARG s4S00 577
—ATaR0—— < 0370,:0385,.0413,;0000 —————— ——SE8—A00gl~
AvAB9y ,054a4,,067%, 0844, ,105! S8
—AT4894 11207, ,1553, /1854, ,2235 - — 586
ATARSY 2655, . 312%, 3630, ,4105 590
—ATANOY 4670 - e e ——e 594 R
AYARS Yy ,0370,,0386, 0014, ,0468 595 ME2 d
—4PABGY 0550, . 0686, ,0808,,;1085 — 99 — — -
AYARGy .1313,;1SQS,,1°00,.2288 s0%
—ATABSY L2745, 3190, ,3700,,4250 - —_— e07 _—
ATABSY W 4750 el
‘uuGHWMUIUuHE :
OF PooR Is .
QUALITY

!
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TABLE III(c). ADDITIONAL DRAG COEFFICIENT vs. MACH NUMBER
F4-C AIRCRAFT

INDADY 1

I1MDAO|} 0

ATARO] 26,0,,2,0005,,7,2,0065, ,72%,,00606

ATARO| 375,%,000689,,8,=,00751,,825,=,00778 A

ATARO| ’i«f),'-_oos,',u/f,,-,nnan,,ao,-,ooaz 14

ATAROY Q'..noa]‘[,.02")'.'.(\0792'.05,-.007“6 20

ATARO| 097,=,00067%5,,975,=,0069,1,,=,000686 2

ATARO| 1,05,,00088,1,1,=,0069,1,15,=,00282 32

ATARO| 1,2,,00156,1,3,,00154,1,4,,0015,1,6,,00142 18

ATARQ| 1,8,,00134,2,,,00128,2,2,,0012,10,0,,0012 46
A1 PACH

ORIGTN
O POOR QUALITS
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DATA CALIBRATION BY
LEVEL ACCELERATIONS

L Trajectory Calculations

A series of level acceleration trajectory computations were
performed to delineate maximum Mach number capabilities using the
aircraft propulsive and aerodynamic characteristics of the previous
section. Trajectories were simulated by using the commanded flight
path angle (y) option of the Reference 1land 2program. That is, the
vehicle flies an angle-of-attack schedule which attempts to maintain a
specified flight path angle history, in this case

Y= oY) =0 (195)

Table IV(a) presents a typical acceleration starting at 40000 feet with
an'initial velocity of 1000 feet per second. Vehicle initial mass is

1250 slugs (40217 1bs. weight). Maximum Mach number achieved is M = 2.06
at a time T = 375 seconds and range R = 99.02 nautical miles. Theoretical
maximum altitude capability at the end point based on energy conversion is
E = 102000 feet. Table IV(b) presents the terminal states achieved in a
series of level accelerations starting at initial altitudes varying from
20000 to 50000 feet.

Some points should be made regarding these trajectory calculations.
First, the maximum Mach number achievable is a function of the vehicle
weight. As the weight diminishes vehicle 1ift coefficient for level flight
diminishes and hence a reduction occurs in drag-due-to-lift. As the drag
diminishes the vehicle speed can increase until thrust again equals drag.
Maximum speed therefore increases. slightly with reduced vehicle weight.
Second, the flight path control used attempts to steer a given flight path
angle by an iterative numerical process. :Over the period of time involved
(approximately 400 seConds) slight errors in flight path angle cause a
cumulative altitude error. Thus initial and final altitudes differ to
some extent. The final flight path angles of these simulations have little
effect on maximum Mach number. Third, maximum traJectory simulation time
was 400 seconds. At the hlghest altﬂtude this is insufficient time to
develop maximum ‘velocities. Thus the maximum attainable Mach number at
altitudes in excess of 40000 feet, and the corresponding theoretical
altitudes are undefined by the simulations. subsequent simulations revealed
a maximum Mach number capab111ty of 2.0 at 50000 feet. --This results in a
theoretlcal a1t1tude capablllty of 107000 feet. :

FlgureZOJllustrates the level acceleration traJectorles in the Mach

altitude plane. Time checks are displayed at 50 second intervals. At the

lower altitudes the ccloseness of the time checks at trajectory termination
is an indication that the limiting Mach number for given vehicle weight

i< being approached. At the higher altitudes (H > 40000 feet) very slow

a¢celeration capability is encountered. However, as the vehicle Mach
number increases the increased spacing of the 50 second time checks

1nd1cates that the vehlcle is trave111ng below its limiting Mach number
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TABLE 1V (a)
EXPLORATORY F4-C ACCELERATION .
FROM V = 1000 FT/SEC @ 40000'
H_(FT) - 1° W (LBS) "R (NM) E (FT)
40000. 0 40217. 0 55353.
39889. 1.2 39825. 8.93 61127.
39908. 1.4 39355, 19.30 68307.
- 40121. 1.6 38797, 31.20 7165.
40348, 1.8 38148.  44.65 86892.
40946. 0.1 37430. 59.45 " 94965.
40583. 0.1 36687. 75.09 99418.
40628. 0.02 35938. 91.11 101421.
40637, 0.01 35569. 99.02 101951.
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TABLE IV(b)

TERMINAL STATES F4-C ACCELERATIONS
Do b p S % % F
- 40000.  375. 2,06 40637. .01 35569. 99.02 101951.
40000.  400.  2.06 41320. .02 35366.  105.77 102703.
- 35000. 400.  2.06 39257. .24 34163. 112.06 100935.
-35000. 400, 2.06 39259, .24 34163. 112.08 100936.
'30000.  400.  2.03 38417, .78 33462. 111.20 98196.
25000.  350.  1.80  26610. .26 33057. 94.72 77742,
20000. 250,  1.47 14048  -1.13 34552. 61.54 ' 52006.
145000.  -¥00. 1.91 45778. .20 36715 93.04 98881
50000.  400.  1.35 49280, .12 38062. 73.30 75409,
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Maximum Mach Number Correlation

Level acceleration flight path calculations have been performed to
establish F4-C maximum Mach number capability in the altitude range of
prime interest for zoom commencement. Based on the results of Reference 25
this altitude is about 40000 feet. These calculations also serve to
calibrate vehicle aerodynamic and propulsive characteristics employed.

Thus in Reference 10 discussions with pilots who fly [F4-<C aircraft have
indi¢ated a maximum Mach number capability of 2.10 on occasion. The
present maximum Mach number of 2.06 is in close agreement with this figure.

It appears therefore that the aerodynamic and propulsive data of the previous

section provides a good but slightly conservative model of the F4-C
aircraft.

It may also be noted that Reference 26 provides a predicted Mach-
altitude steady state flight envelope for the F4-C aircraft. This flight
envelope is reproduced in Figure 2l for reference purposes. Again it may

‘be seen’ that a maximum Mach number capability of 2.10 is predicted in the

vicinity of 40000 feet. However, the vehicle weight employed in these
calculations is not noted in Reference 26. The zoom weight of Refevgnce 26
is 33238 pounds, somewhat below the value of 37500 lbs. employed in the
present calculations.
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ENERGY MANEUVERABILITY METHOD

In the early fifties Rutowski, Reference 27 and Lush, Reference 28,
independently proposed an energy maneuverability method for certain . :
trajectory optimization problems. Their underlying assumption was that
kinetic (velocity) and potential (altitude) energies are readily exchange-
able and that the major factor in climbing to a flight condition (V, h)
is the build-up of a specific energy corresponding to the flight point.
Specific energy is defined as the -vehicle energy content per unit weight of
vehicle. That is '

E=nmg (h+V/2g) (196)
E = h+ vZ/2¢ (197)

: o T E = Vehicle energy
Es =YS§ébific energy. -

Further, accepting the hypothesis that energy build up is the dominant
factor in achieving a given flight condition, local optimization at each
poii:t along a trajectory leads to the conclusion that the time derivative
of specific energy, dE_/dt, should be maximized at each energy level. This
in turn implies that the vehicle should follow the loci of the tangency

- points between the contours b

Es = h + V°/2g = constant . _(1981‘
and |

‘Es = dEg/dt = V(Tcosa - D)/mg = constant = (199)

'Assaming the thrust is parallel to the velocity; the work done in'time At is

AE = (T - D) VAt ' o ';(ZOQ)
,,,,, N AE [ ' T

This last expression may also be recognized as the first-order expression“
for steady-state rate-of-climb. Assuming equilibrium flight and small

(T-D)=Wsiny g (202)
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so that rate of climb, Rc, is

e oV sine = (T V_
= Rc =V siny = {T ~ D) i Es ~(203)
Time to fly between two specific energy levels Es and ES is simply
1 2
Eé ES dE (204)
t = 2dt=Sz —SL :
SE E (dE/dt)

51 51

and it is assumed that an aircraft flown at constant energy requires
negligible time for state changes.

The accuracy of the energy method has been examined in some detail

in Reference 26. Both time-to-climb and the vehicle's ability to exchange
kinetic and potential energies were considered. For maneuvers near the
limit of a vehicle's zoom altitude capability time estimates by the energy
method are inappropriate since a major part 'of the flight path involves a
near constant-energy arc. Again the assumption of perfect ability to
exchange kinetic for potential energy is seriously in error. To completely
convert a vehicle's kinetic energy to potential energy requires vertical
flight at the apogee. To achieve vertical flight from the higher energy
states of a high performance aircraft involves a pullup from almost hori-
zontal flight. This pullup creates large drag due to lift increments’
which dissipate energy. - Maximum altitude capability is thus a sensitive
trade between drag losses which dissipate energy, engine thrust, and energy
producing capability near the aircraft operating limits, 'and the.tendency
to seek a high pullup angle to maximize energy exchange. In such a situation
more exact methods of trajectory optimization based on the variational

calculus must be employed. All optimum trajectories in this report are

: obtalngd through the ATOP program of References 1 and 2. Theoretical

altitude capability based on energy content at zoom-commencement will be
employed only as a reference measure. This idealized altitude capability
can be attained only if enough thrust is available to balance the drag
forces during and after the high-g pullup.
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PROGRAM VERIFICATION

In 1954, Rutowski published the energy-climb optimization procedure,
Reference 27, which was based on a localized maximization of the aircraft
energy buildup in the Mach-altitude plane. This was the first of several
efforts which were developed in the 1960's and which used variational
calculus methods for solving aircraft performance-optimization problems.
The present program is based on the use of a variational steepest-descent
algorithm and the formulation includes stage points and branchéd-trajectory
options. The program is both versatile and computationally efficient,
particularly when used with extremely complex high-ordered system equations.

The success of the variational steepest-descent method in the solution
of aircraft performance optimization problems is evident from the strong
support given to this technique by leading government research centers. The
reason for this support is clear when the performance gains obtained by this
method are examined. In Reference 25 are presented results related to
several F-4B time-to-climb flights. -Of particular interest are Figures 2
and 3 of this reference, which show paths in the Mach-altitude plane for a
number. of record flights. The actual flight paths flown are compared with
the paths predicted by the programs of References 1 and 2, and it is found
that a considerable increase in performance is obtained by attemptlng to’
follow the predicted optimum. In a typical case, a 23% improvement in
performance over that of the flight handbook is obtained by both theory and
actual flight, even when the path is not stringently followed. These results
are included as Appendix A of the present report for refurence purposes.

It is noted that this gain is obtained without vehic¢le modification,
but simply by controlling the aircraft in a near optimal manner. It should.
alsc be observed that the performance sensitivity to departures from the
optimal flight schedule is not very large, and that the derived optimal
path is not difficult to implement.

Multiple Extremals

'In certain applications, it may happen that multiple extremals exist

 between the initial and final conditions, such that small perturbations of
~each extremal produce a decrease in performance. During the present study

two distincts sets of extremal trajectories were found from the initial
conditions ‘selected in Figure 21. Since the time-of- -flight was free, and only
the final altitude was to be maximized, it is apparent that this maximum
altitude should be independent of the aircraft initial condition. Nevertheless,
from both initial conditions, the F4-C immediately dives to lower alt;tudes,
and this is followed by an abrupt pull-up to the near constant-energy zoom
maneuver. The final altitude reached from the higher initial energy state .
(point 1II), however, was superior to that achieved on the path beginning

at the lower energy state (p01nt I). Since a trajectory could physically
connect points I and II, and since the final altitude achieved from point II
is greater than that achleved from point I, it is concluded that two extremal

trajectories must emanate from point I. The optimization process has con-

verged to the inferior extremal, (which in this case is a shorter flight)

as illustrated in Figure 22.  The mnltiple extremal problem is eliminated by
beginning the computatior at the hlghest energy level, for then the subarc
I-1II no: longer exists..
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- -NUMERICAL RESULTS

The optimization program has been applied to the basic F4-C aircraft,
as described by its inertial,thrust and aerodynamic characteristics. The
parameter of principal interest was the terminal dynamic pressure, since the
low density and low speeds at maximum altitude could make the aircraft
difficult to control at this time. Additional results relate to the effects
of increased thrust, horizontal winds, and decreased gross weight of the
aircraft.

Terminal Dynamic Pressure Limits on Altitude Capability

The computations were performed with the F4-C initially at 50000 ft
altitude, and at M = 2.06, = The initial mass was 1166 slugs, and the terminal
dynamic pressure was specified at 10, 20 or 40 psf. Results are shown in
Figure 23, and it is seen that the maximum altitude varies from 88191
(af = 8 7 psf) to 82780 (q¢ = 39.9 psf)

The question of specifying an adequate minimum dynamic pressure is one
which must be answered by use of detailed simulations using both transla-
tional and rotational degrees of freedom. These simulations should include
details as to the flight control system, and the aerodynamic stability
deviations at large angles of attack and large sideslip angles. For

-reference purposes, it may be noted that recent F-15 high altitude time-to-
climb record flight went safely over the top with a dynamic pressure less

than 10 psf, Reference 29. It is doubtful that routine sampling of the
upper atmosphere would be performed at such low dynamic pressures however.

Effect of Increased Thrust on Maximum Altitude

When the available thrust is increased by 10%, the maximum altitude
increases, as shown in Figure 24. According to data provided by General
Electric to McDonnell Aircraft, Reference 30, a 2% increase in engine rpm
at M = 2.0 generates a thrust increase of the F4-C of 10%. This is increased
to 12% at M = 2.2, and is decreased to 6% at M = 1.9. Since the Mach number
on the nominal flight exceeds M = 2,0 for about 75% of the powered portion
of the zoom climb maneuver, an average value of thrust increase equal to
10% has been assumed. ‘As shown in Figure 24, an increment of 2000 to 4000 ft
altitude is obtained from this thrust increase, dependlng on the final
dynamic pressure specified.

Effect of Tail Winds on Maximum Altitude

The Mach number attainable by the F4-C at a particular altitude is
independent of the winds, but the kinetic energy is not. That is, the

inertial velocity of the aircraft is increased when a tail wind is acting

on the aircraft, and this additional inertial velocity can be converted. to
an increment in final altitude. The wind profile given in Figure 25 was:
taken as representatlve, and it is noted that the initial extra veloc1tv
at: 50000 ft altitude is only 75 ft/sec.
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B The effects of this tail wind profile are shown in Figure 26, for

: terminal dynamic pressures of 10, 20 and 40 lb/ftz. The 3 curves indicate
that the wind and the extra thrust generate approximately equal altitude
increments. Iv is a matter of interest that the minimum altltudes reached

; during the zoom -dive vary from about 33000 ft (qf = 10 1b/ft?) to 43000 ft

i (qg = 40 1b/£t2), and the peak wind velocities were assumed to occur

R between 30000 and 40000 ft.

Effect of Reduced Initial Mass on Maximum Altitude

. When the aircraft mass is . reduced due to the burning of fuel, greater

;i accelerations result from a given thrust, and this has a modest effect on
the altitude capabilities. The initial weight was reduced from 37500 1b to
32170 1b. The optimization procedure was then carried out at the initial
Mach number of 2.10, because at this speed the drag is in eqliilibrium with
the 10% additional thrust. )

i ji; \ As shown in Figure 27 for a final dynamic pressure of 20 psf, the
: increase in maximum altitude due to this mass reduction is 1750 ft,

Transients in Selected Trajectory Variables

B ' The transient variations of Mach number, angle of attack, altitude,

2 etc., during a typical optimal flight are shown here in graphical form, to
L indicate the expected values attained by these variables. The flight chosen
s for this example is that for which the altitude reached is 92.6Kkft and the
o minimum dynamic pressure is 20 psf. This example includes the effects of
e winds and the additional thrust while the gross weight is at its nominal
value. As shown in Figure 28, the dynamic pressure and the normal acceler-
ation reach peak values durlng the zoom-maneuver, when the altitude is near
its minimum. The angle of attack varies more smoothly, and has a peak value
approximately mid-way between the minimum and maximum altitudes, when the
flight path angle is also near its peak value of 45°.

These results indicate that control variations during such a flight
need not be abrupt or extreme, and that normal accelerations can be kept
below 4'g's. In fact, the output data for the 12 cases given in Table V
shows that the largest normal acceleration encountered is 3.96 g's, which

: : - could be significantly reduced by further trajectory shaping, or by intro-
A . ducing constraints for this quantity. : '

, “In Figure 29 is shown the trace of this represent&i1ve~tra]ectory in'
! . the Mach-altitude plane, at 1ntervals of 8 secomnds.
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Energy Variations During Zoom-Climb Maneuver

Gl
o i

Other interesting results can be prepared from the output data
tabulated in Table V. These relate to the kinetic and potential energies
and their rates of change, and a computation of these variables has been
carried out by W. Page, the NASA technical monitor of the project. The
results obtained show how the energy components vary during the maneuver,
and help to explain how energy is lost during the transfer from low to high
altitudes. If the thrust could be varied during the zoom-climb so as to
cancel the drag, of course, the theoretical maximum final altitude could be
& reached by converting all of the initial kinetic energy to potential energy.
: lowever, the thrust capability varies with Mach number and altitude in a
S different way than does the drag, which also depends strongly on angle of
attack. In addition, the final velocity must be high enough to permit
, aerodynamic control of the aircraft. Consequently, of the total initial
i energy available, a portion remains a3 kinetic energy as the aircraft
bl passes over the top. The velocities at this time vary from 550 fps to
i 1150 fps, depending on the terminal dynamic pressure constraint imposed.
The remaining energy loss is equivalent to only about 5000 feet altitude,
and this is proportional to the time integral of the difference between
thrust and drag during the maneuver.

R

)

L

SRRSO

225 The energy rate has been derived in equation (200) as
P S S |
dt dt dt

3 which is the sum of a "thrust energy' rate and a ''drag energy'" rate. In
the energy state approximation, this is assumed to be equal to the sum of
the potential energy rate and the kinetic energy rate

© & _ dmen , dcawy o B, %
| at - at dt dt at

and these derivatives can be accurately approximated by finite differences
read from the discrete printout in Table V. The result of the computation

in a typical case is given in Figure 30, which shows in component form how

1 the components of energy Tate vary during the maneuver. Data for this example
is given in Table V(e).

nd

In this example, the final dynamic pressure is 20 psf, and the curves
il show that the energy remains nearly constant during the maneuver. That is,
i the thrust and drag energy rates are nearly equal and opposite, as are the
potential and kinetic energy rates. Of the total energy loss of 17940 ft,
about 35% is due to the imbalance of thrust and drag, while 65% remains

in the form of kinetic energy as the aircraft passes over the top.

LT

A second example of this type is shown in Figure 31, and in this
example only the initial velocity differs from the values assumed in
Figure 30. The Mach number is initially 2.1 in this case, for which numerical
results are given in Table V(j). Here the total energy '"loss" is 23430 ft,
of which 52% is due to the imbalance of thrust and drag, and 48% remairs in
the form of final kinetic energy.
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The time-variation of the specific energy is shown in Figure 32 for
the two trajectories just discussed. It is seen that in both cases the
energy increases slightly during the dive maneuver, when the thrust
exceeds the drag, after which the energy reduces to its final value.
These transients help to explain why the final altitude depends upon the
initial Mach number, and why there is no unique answer to the question:

What is the maximum altitude attainable for a given combination
of aircraft, engine, wind and final dynamic pressure?

The dependence of the final altitude on the initial aircraft velocity
(or total energy) in the altitude maximization problem finds an analogy
in the problem of minimizing the arc length from the point P to the
line-segment boundary in the sketch below. |

Nominal
(example)

Here it is seen that a numerical perturbation method may converge to either
of the local minima (A or B), depending principally on the nominal path
assumed. Initial directions below the corner are likely to converge to B,
and conversely for initial directions above the corner. By analegy, if

the initial aircraft energy is less than the maximum attainable, the process
does not first optimize the "initial condition', but rather begins the
dynamic portion of the maneuver, and this may lead to an inferior optimum,
as described in the discussion under "PROGRAM VERIFICATION'.

When the initial velocity does not correspond to the maximum energy
condition, as in the lower curve of Figure 32, the longitudinal acceleration
due to the available thrust is extremely low. This means that a very long
transient time (300 seconds or more) would be required to increase this
initial velocity to the maximum energy value shown as the upper curve of
Figure 32. The numerical process in this case instead begins with a
zoom-dive maneuver, and maximum altitude is attained at about the same
time as found for the upper curve, from the maximum energy initial condition.
The final altitudes attained from these two initial velocities differ by
less than 300 ft and this is a measure of the "error" introduced by the
existence of multiple extremals.
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CONCLUSIONS

oY It has been shown that a standard F4-C aircraft, zooming at safe

4 operational weights, is capable of monitoring upper atmosphere pollutant

; levels. Generally, altitudes attained varied through the interval from

; 85000 to 95000 ft, depending largely on terminal dynamic pressure, but
the effect of improved thrust capability, of stratospheric winds and of
reduced n»ircraft mass on altitude performance have also been investigated.

~f The peak normal accelerations on the optimal paths are high (up to

4 g's), but it is likely that further trajectory shaping could reduce

S these peak accelerations without significant effect on the maximum altitude.
S Other problems which will require additional study include:

i) Mechanization of the optimal paths for pilot guidance;

ii) Analysis of F4-C handling qualities at low dynamic pressure;

iii) Shaping of re-entry flight paths; and

iv) Effect of range safety and environmental acceptance of high-
boom paths at prospective sampling sites.
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TABLE V., COMPUTER OUTPUT DATA

AT

Run AT Vi qs Mo W, he
a. 1 0 0 8.7 2.00 37500 88191
1 b. 2 0 0 20 87167
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e, gmmasner ¢ L e 6 L 20802,49 G, 900811 TEw02 —§,9618875Fw02—w 7131553 3500710 —93p,24a78
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8 — 20 00NN ———— 2130, 8294564 4 SO ————w A TGYIEG—— 3049 3499, 4 350022 IE IV 224 705, T ¥ ————-
9 32,0%000 2154 ,945 davay 09 «9 699528 3073,349 10,8206 2,1070489 23242,23 [
$0- 36,0000 ) ———2¢R5, 219 - ———U2014; Sl——-o'n 48325 ——— 3690 ;31 9— 1 2 224‘4———--——2.12560—— 25068, % —
1! Go0,9%0vu 2214,213 472,97 *10,993504 3726,550 13,6443 J142717 27¢358,5t §
1a -84 0NN — ePUR 31 1 ——w;sv;qs —vlvi—ltr“c--————— %75::_(:"!" »-—*\‘*.u*‘!lé'-—-——'--d.-!hiuQS-—————?:)_ -,.~‘5‘— e e e
13 LB 00020 e2a7,%27 37539 ,59 «10,71404 3780,6%1 i6,53012 2,1%%c81 31219,5%:
16 e 52 0000 —————PRRA 25— 354923 G ) ——— 29 6353105 —— = ——380 3,00} B L JOTRDY e 2 2GR T ~-3 S - Wi,
i 5.,00000 2299 348 3453¢,8% 7 ,553574 1916,370 19,5095 2,2U%449
1O B NAOAG—————22Th A2 — B340t S w3 63 TOR—— 5823 40— ——— 21 ;0D Ib G- —2 92625 -— —_—— e ——
17 9 su_cnnno 2277,142 33450, 72 2,071074 1604,963 22,50685 2,170839 ¢
e .mum«—-——;)ﬁ A5 3371 ;948 et 14900 T — 3747 T B2 Y SR T - — 5137725
v T2.90000 2162,93% Tnhnt 93 20, 17111 3030 ,249 25,37593 2,0e95np 3
In 00800 ————20k2 514 - RAPRNP Ve 3159 T —— ——— 34T T (A2 h 0 Yy e 2, T G T B0 B — - - b
BA . N0A0Y 1°'\§,7J’J dgR3g 53 33,65504 3299,270 27,7241a 195213 e
BL 00000 e A5 R0V 45943 G —48 00527 —— ———31 30,890 2B 095 UA | 0De Ve e A D 33 ) f— e e m
2.5 R4 03000 1752,2561 5526019 49, 56597 2981,197 29 ,45754 1,78645% 12584,00 R
Pl B2 L0 AN e KUV O I8 A5 Y A5 2 L 302 3 = 2093 U T3 0 1 SES ) T D S G LB 2 55 —_—_—
5 e 0nnn0 1545 ,Rn . BSaAT 77 53,h52)2 2145,532 30,78792 1,59643%9 el15+,1L4 ’
en {00 0000 faap 739 - TaaRs 59— 83,71904— 2053 ,820—————31 ;306729 ———— 3 ;4931 FOT LD} ———
27 108,0000 1340 ,R20 74950, ,,5 52,78%87 2574 ,295 31,912u8 1,385030 5362667
28 1OR, 0000 e 234,059 — .-..« .-\.7..A e 30 011 3 e e 2500 VI 82, 33327 e 2 7S | AR Il S SRR Wi Lo
29 112,0900 1132,2117 K2n12,0 4R, 2uT187 2437 ,39s 32,93547 1,1049%00 04 1
f L 6, a0n0- 1085, 309——-——-»1“.751'26——-—-04 aSo«\—»———-25“5.005————55.“8“H——-—-—~l.()omo? oy  GRERR
j 3 120,0080 4R, Hsl BRu3s 03 4n,00773 2339,210 33,903873% 074040 0,
i 32 128,0000———— Mo.pﬂ; SRR 7S 1 Y — ~5u.§9ucﬂ i v_ps‘);,ﬂolf.._.-._._30,}7&71__._..,A8517'.Q BNISHTE TS B AN o - RIS
33 12R, 0000 Bnd, 2250 9236%,19 27,6794 2270,0%2 36,8u586 « 8138551 O
54 132,0840 — -JR8 1760 Fiman 77 — 0, 3435 —— . 2257,292 ——— 35, 3124y -y 700 30 2 — e
55 136,000 20,3317 94180 ,55 1a,185870 2245,458 35,7170 1260553 O,
e B I T L L A L I L e I B S e — 004070 223 930 2619} vild-n i} Sy —_——————
57 14n,0000 708,2%04 am25, 85 Lans40lo 2241 ,098 In,2419% 7135817 Oy
38 14p,0a00 —T08,2304 s LT-L Tr & ————"¥, T 2R B 2304,090 3o, 26108 _ N30 R
39 140,10¢2 708 1°~' 94825, 70 0, 2241,078 30,26095 « 7134490 U,
.
TABLE V(g) Run 7 AT = 10 4 i
. - D Ry re— J

Qe = B I




ATNP 111 ATHMOSPHERIC TWAJECTORY OPTIMIZATION PROGRAM VERSION 3,00 15 mavy 1972

Zonm TN GIVEN Q, eNPRECTFN DATA

CASE Fuymany

SYaGE ‘ CYCLE 1S PASS 3 FAGE 185

1125,2090

—4MARS AL PRA- 70— 5 ¢ e ——— T T €5PEF DyrPP
1 t1kn, 00y 2,234RK8 1hANA 48 5,2007215E=02 4,0228205E«02 =, 56453156 30218679 681,9943
R ST ,“..,.,me..-_._e..”,.“,g;————--'».,qu..n(r———s«'o.gu,)rbqﬁ-oa—— 4, 0094875F 02w 02026807 — 3639u8 090,533
) 1163,50) 2,0RHy 20 17144, ,66 S.6B50515E«02 3 ,9960753E=02 =, 6164890 1651288 708,19¢2
B~ -4 4 62, 3520127 50—————1—7&7?.—7&—————5-.—0270!“‘JE-OE-*3»,»"52“00%-024—4*.6102”0————300#(?3———72% 7415
S 11A1,0R% 1,941%09 1R18R, 29 5,1823307ken2 35,9703964E=N2 « 6108219 3681333 762,079
b 189 7T 1R 1212 1R 3T U911 6bBL =02 — 395991 1 2E =02 —e, 61 6908 t————3090559 4042513
7 118,377 1,80057¢ 19053 44 8,699 1d00Ee2 3 ,9%u116VE=02 =, 62751890 3711578 857,425%2
5 1155, 919 — 1 7452522110397 451 339906202 — 3 949B5B6E 02 —», 050650837259 Na—— 922 ;91 (9 ——— e
9 1155, 370 1,725¢800 22n0y, 54 8,3475250k=02 3 ,9dR2472t=~02 =, 6971938 é 3739215 1002,077
10— 11“5,7'3'“*“——-1,71°?70*—-———*26lo?,ts——————#;025005“t-02-'3;9009656t-02f—-.7501059~———————3lsec&s———————1o°b;316
11 1151,%904¢ 1,.745%18S 26254,79 4,5106527E=02 3,948589¢E=02 =, HA5077Ha 376533 1205,943
*1é——-'91GQ.QQ&—————'—T;B13510‘—-————2h198709——————179212?3dt002—~5;95SQQQSE'Oé——';96“«51f—————-——i'?i}otr——————t555;¢09‘*
13 1147 88y 1,%248%00 3pr40,70 5,1362293E«02 3 ,9679770k=02 «1,184%0 577415 1685,749
14 1145 ,57¢— ?‘or1sos-~——-—s>-n9;13«—————s.<as:1uat-oe»~5.99:P°aas-oa——-1.40002s~—~————4vea7°r——————-:ose.1ee
1S T1a% 103 2,485%%08 33578 12 6,R489006L =02 4, 0640832E=02 =), A2565R 37u98Rs 1755,231
e ] O )|'m_730——-—~3,22h‘r50«————-3uwe»;36———9-,—)570!e‘:t-oe—-air|°o°33ﬁ§-08~~e."eueu!-~——5ll5915———1706.See
1? 1138 2403 3,805039 3a847,%0 © 41113018 U, 352KR9TE=02 «2,4917hs 3obusus 1771,%93
—48 1135, 18 4———5,166526————3 9074576 715500982 82565V e 3BT 33353 50 G Bt 54 55 4 S
19 .. 1138,025 5,%a4n1s 32308, 54 L1R291 4y S,2135086E«02 «3,90342% 1513802 1409,59¢
TR0 3 38— 6 78T 22 PN 2145827 ————— 5§ 71 05852F » 02— 3, 5568 ] 0—————3030 724 ————1 094, 054
21 ©U 1129 483 6, bbuu24 21460 .57 « 21809065 S, 7269759k «02 «2,723591 33631k3 80,1819
e @@~ 1§ PR 33D 6, 678221 —————tpIna hE— $228902 7 ————5.8395R50E 202 —2, 00498332260 50g, 3229
e 1127,%24 6,475 1199 .60 2512709 S5,78922¢e2E~02 =1,u65%14 $3020¢28 “23,1817
i@ S S0 B0 L N *;t0PF90'——————0‘ﬁ1j°35———————7?P‘é55{~—--5;03038!5&-Ué~—°i.055001——~——*—-58“~9?&——-————th;7505
25 1126, 004 S,64%LB0A SH0s, 201 2272154 5,4766T706Ee02 w 708399y 3292448 205,628
26 125,609 ——— 5 4473 ) p—-3009 34— 2241508 ——— 5,2328307Ea02 = U4d295ks ~——3291 35} ————142,29¢9
27 1125,329 4,715%276 2794615 2236536 5,0957145=02 =, 3356508 3291054 99,31274
- 28 1135,200 ——— 4 352637— 0;- P270304 G,920URNUERDR — = 233874 32625k — 59,3708
es 1125,290 4, 066047 0, J2unssja 4,7797091t=02 w 1747167 32715718 49,031¢2
30 i 1 1 9%, P90 3.,81060R-— 05 S PURBASH- =441 GNP OnEe0P e 1 2R006 e 3 1 B O B 34 . €791 2
L 1125,20n 3,62239% n, «P507020 3,3557990k=02 «9,0421995¢Fa02 3268622 25,%0243
30— 1125,290~— 3 S8 1A0— o, s 2030688 —— 2, 1101207602 =6, 492076402 32672 10— 19, 26549
33 1125,290 3,5%39172 9, JPIAESLE e 1,7379402E«02 =4 850119hi=02 3260477 15,09378
34 1199,0900——3.51551% —d 2110509 ———— 4 0bAT7560E02 ©5,871730 w02 — 3205927 g2, LuT08
35 1125,290 3,498262 0, 2097402 1,0676754E=02 «3 35781733;w(2 3205529 10,9097
] R R LR P LTSI e o P OHURBY e 4 6609331 202-a3,203955 1023265285t 0 LObES
37 1125,7290 3,4R3614 0, S 20RURED 1,6009331E=02 =3, 2039551La02 3205648 10,80645%
38 1325,000 -3 4AAIY 0, s2URERBT 1,0609131Em02 =3, 20395515002 — 32652465 8 BT L S——
39 3,4R30T7Y 0, s 20RuS0U 1,06073¢8k=0g

=3,2031017E=02 3265215 10,40530




luiﬁ?lhrglg
& Iaa
OF Poop QUA%II'JT;S

ATOP [I1 ATHMUSPHERIC TRAJECTORY QPTIMIZATION PROGRAM VERSION 3,00 195 ~AY 1372
CASE FuMHao? STAGE | CYCLE (4 PASS 2 PAGE 160

200M Y0 GIVEN O, CNRRECTED DATA

TIME VGYTF HGC7F GaM70 VIT7F RGTIN AMACH AMASF )
i 0, 2ny1,n00 50000,00 0, 3540,629 0, 1,999444 17802,70
2 u,n00000 2n2n,250 49900 .64 el u11224 3549,4614 1,32%439 2. 00RnKa 11423,95
3 B,000000 2032,510 49601,79 =2,809798 3541,057 2,652186 2,019 17730,07
4 12.00000 2047,152 43104 29 w4,171790 574,991 3,99n0830 2.,031101 18221.,17
5 14,00000 2065, ,R87 uBatl 717 «5,072118 1531, 389 5,336240 2,04k 14897,15
6 20,00000 20k, 661 u7531,79 b, 670322 5610,128 6,692164 ?,05%56¢ 13750,50 b
7 24,00000 2109, 600 unulad 2. -7,72¢841 3630,953 8,05926A 2. N15455 20709, 84
2 2800000 2130,246 45270,09, -8, ,60ud66% 3653,4R5 9,438%45 2 0914h4 el93r, 7!
9 $2,00000 - 2159,974 43934 4 «9,24205) 177,516 10,R8210 2.,108449 234R7,4)
10 35,00000 2184,10°9 nesu9 %7 =9 573488 3102,8%s 12,24042 2.124908 e5194,41
1 4np, 00000 2211,961 4jnes Se «9,520844 37248,005 . 13,66519 2., 1un214 2bvde, 2%
12 4a,o006ng 2245,039 19403 84 =9,034502 3753,015 15,10713 2.,156272 28112,15
13 ML 2255,156 13263,.7>2 «8,027334 774,987 16,56625 2,178204 10763,99
14 5 52,0000 229,019 17123, .82 vt , 30H0H8 37192,175 18,0a124 2. 18%90] 12418, 49 g
1S © S6,00000 227u,251 15329 20 w5,511481 3An1,163 19,52R713 2199814 13570 b0
16 0,00000 22n7,515 1ante hph 1065703 3796,0586 21,02108 2. 66778 RS
17 64,0000 2245,361 16615, 6,169959 371nA,1%8 22,5018" 2,165u2] 34087, 18
18 68, 00000 2203%,5461 3807519 15,03160 370R,935 28,9440y 2.,1¢55459 3069% ,06
19 72,00000 21383,925 40597 ,55% 20,81619 $609,196 25,30947 2,06%0654 271202,u0
. 20 T6.00000 ensa 489 a4ans’ oy 2B, 19938 $4nq,908n 25,50294 2.01%5%0¢ 229ng,nd
] A0 ,00000 197a,033% uBPh? kY Ja, 39640 3345,597 21,h9202 1,.960764 tbnng, 79  S—
2 R4,00000 fRTR, 161 5¢9%2,146 39,720178 521,018 2R, 10235 1,8978038 1681%,.69
5 BA_0NONYD {785,564 57707 .99 42 ,5%0940 3020 ,960 29.,61007 1,254 IRETEPS
2,0000) 1A91 K52 62511 ,04 da, 52543 2984 ,504 30,4362R 1,7u9%7}) go02e 1l
25 36,000%9 101,463 h1165,59 4s 1 ybhas 2892, 7158 31,2017° 1,65%0uA) v0%2, o
b 1t0.00000 1510, 7HR 71504 74 du H3125 K14, 171 31,92409 1.500410 4bo? H71
27 104,0000 jugn, 547 715657 .68 4%, 1629 2745, 4% 32.51614 1, 467392 n,
286 108 N0NY 1325 602 79316 ,85 un Bnin? PHR0,05¢ 33,264p9 1,37049) 0, B
29 112,0000 1219 R4 Agse? 07 7 ,056393 enr5,20% 33,9854 t,2nD]Rd 0,
30 11A,0000 1160,990 aASy7a 23 53,78605 25719,2%7 Ya,57%22 1,19174¢2 0,
3 120,0000 1n91,115 R1729 64 29,1171%2 2501,3%72 35,2011 1.118808 o,
32 124,9000 108,724 A9627 24 FEPL LY 2511 ,1%4 35,62%14 1,06% b0 0,
35 124,0000 QR4 499n 9100l b0 17,76849 2unf, 295 §6,048952 s 1% %0udS 0,
) 132,0000 951.,1515 a2nl?, 59 11,1297 2472,713 $7,05251 O85187 0,
35 134,0000 933,.0m15 92535,29 G, 127875 2unu,2ny °© 37,.66514 JHu3y 28 0, Qi
- 16 136,0000 933,0615 92535,29 4 127875 Pund, 2P} 37,6n%14 LGe59125 0,
37 13R, 2917 929, 8461 92612,%2 3,120 11 b5=? cUb2,579 SB,012un J9805]) 4 0,
TABLE V(h) Run 8
38 138,297 959 8461 9261232 3,12611465 =0 24h2,579 38,0824 .9405108 0, -
39 148,2917 929 8461 92K12,1%p 3,026 14bp=0! 2uK2,579 38,01246 ,9405143 e,
40 138,2915 929, 8ub6 9c¢nil, 52 0, 2un2,578 38, 01278 L 9405119 0,
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ATOP 111 ATMOSPHERIC TRAJFCTCRY OPTIMIZATION PROGRAM VERSION 3,00 15 May J972

CASE Fg™ao? STAGE 1 CYCLE 14 PASS 2 5 FEGE 181

AIrrvad
ST

Z00M TO GIVEM A, CNRRECTED DATA

AMASS ALPMD TF77p cL cn ANIRTG ESPEF DYspP
1 1166,00 2.0nThau 16800 48 §5,62h995Ron2  3,971K4P%F =2 =, S58RRT747 621679 bkl ,993
2 11404,80p 2,n8566 1e%ue k9 5,520678%Fwn?  §,986R525E=02 =, 5K7072% 365718} 691,3015
3 1163,5R9 2,006709 17192,a7 S,0128385Fan?  $,9R1USROE N2 =, 5906401 InS2uny 708 ,565%
B 1162,348 1,973184 17669 18 SP939680p«n? 3,9757403T =02 =, 5994383 67740 734,2770
5 1161,067 1,9a0549 18351,25 S 17hRTTBE w2 3,9702312F=02 = 6156K34 InB29RT 169, 1812
6 1159,7% 1,929n7% 19172 .08 Se1323050Fe02 3,96B87225E=02 e« bab5924 InSR%0 815,992
14 1158,335 1.916513% 20179 .67 5,0844794F=0? 3,9470892F«N2 = 6BATT4R §71270n bb9, 486k
b 1156,861 1,920978 21346 A 5,093239%5 002 5, ,9hR%uATE=02 =, 7384354 37enasd 985,7000
9 1155,2% 1,954107 PeRUG ay S5.195532P en2 3,97425%19E=0? « R1535R79 373924 1013, 3q4
10 1155,614 2,un2ARs 2UadR Q¢ 5,34894275202 3,9R1%9114F=02 =,9)115785 3750021 1101, 841
i1 1151,613 2,0R5K78 26176 up 5,60790535an2 35,9957073F=n2 <] ,03K8285 $7o6620 119%,010
12 11u9,89; 2.170715 21927 .75 5.,8737514fp«02 4,0099151F=02  «]1,180769 $7Tonn71 13u3,95
13 1147,835 2,291u63 297173 .57 6,2997P 1 1Fmn? 4,030344RE=N2 «], 8561735 37oR LR 141,240
§6 1105,651 2.531530 31348 6y T.0099701Fw02 4,07255h3F=02 =],627295 37083m1 1514,579
1S ﬁf f1a%,369 2.97914R 32441 ,0% B,0399222k =02 4,1524R05F«n2 «2,0335254 §749883 1560 111
16 1141,0%% 3.58023%4 12R12,22 « 1037715 4.2717T747E=02 «2,50091n STeanus 1567,07%
17 11%8,713 4,075584 32147 64 12008495 4,44100906-02 «=2,763%378% §n%3129 1517,¢17
18 1136,495% 5,210602 30201 4y 11577529 I,85u0215F =2 «3,2%2839 Shul g0y 1303,343
19 1134,¢6R S.913R14 po743 53 JJE2843S 9,10R0657F=02 =3, 108154 IsKTs4l 11e8 uyd
20 1132,74p 6.366737 22559 4y 22001355 S,41097RTE=N2 «2,7738324 35¢%991%] 922,023
el 111,312 6,506745 18156 05 2106400 S.5R22956F=02 w2,27179% SaesSuas 711,734e
28 11%0,163 b,618019 14821 .66 2220507 9,7530199F =02 =] 402609 3u5S5 742 934,57+5
23 1129,254 b urs5717 10911,5% 12259671 9, 70410%1F =02 =], 85544 §usrgag 399,840
24 1128,5%47 6,229912 1966 ,572 «2¢h32085 S5.0563101F=n2 « 9344Sas Jisrrel 286 ,5920
'S 123,010 §,77231%3% 566,655 2220311 9,47119249F=02 =, 6911719 Jacrayy 205,499
2b 1127,.016 $,255971 u074,108 « 2150455 5,2700851E=02 <, 9R5AR44] Suennsoe 168,247
¢ 1127,568 & BRNuny7 U, 2127147 9,0913120F =2 e, Su0AdRS Sdgluny 107,4790
1127,368 4 u18nss 0, 2112782 4,9198521F=02 =, 247351} S2iiraad 78,9107
1127,368 4,120314 0, 02129122 1,702 746E=02 =, 1R6N332 5401999 58 ,9G448
1127,368 3. 8K0176 0, 22213877 4,6R6977RE=N2 « juT03gp2 3396nng 48,7113
1127,568 5.661253% 0, W 250277% G, uBbuuF=02 = 1192201 §3914870 $5,08594
1127,368 3.004715 0, 2377132 4,2453933F =02 «9,9R63472F =02 3learte LTI EL
1127, 368 3.560517 n, Wy 2422R1D 3,91250758=02 =R 6118327502 $3565%0 24, 113753
1127,568 3.526112 0, 2452530 §,2128420F 0 «7,73%8e7E=02 338492 €l,40502
1127,348 3,4%84a00 0, 2051204 2,77R2972F =02 «?,2%2 84k =0 55683748 20,1ab04
1127,368 J u%Bagn 0, 245172404 2,T778BP0728«82 «7,252276UE=02 33837150 20, 1unp4
37 1127,368 3, uRu191 0, NLENLE B 2,713059%E=02 =7 ,1427805E=02 S563195 19,93119 I3
|
; “
L L] 1127,388 3,0auqo| 0, s24U0b637 2,71305G5E=02 «7,1427R05F=02 5383193 19,9419 .
39 1127,368 S,qRu191 0, s 2440637 2,7130595F=n2 «7 1al7B0SE=02 5565195 19,9519
«o 1127,368 3,4Ra1RD 0, 2440629 2,7130458E«02 «7 142752802 5363195 19,9817 )
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TABLEeCTYT
Craalbenty
CTABLFReQCY
CrasLiancCy

P TRUTIgT YTy TYY FrifTrTplICRovrryey
LPESTTI77 77T I 07777, 1 72651 8777777777778
17266377 777777277777.172665277777772777777
1726677777777 727777 ,17267177207 72227717777
1726750576310241331%,606026411014000614
ATOP 1171 ATMOSPHERIC TRAJECTORY OPTIMIZATION PHOGRAM VERSIUN 3,00 15 mMAY 1972

-y e X 3 sl
25 Fiymoli2 wes /95,0000 g 100,0000 -
27 TemanTiz eaw . 104,000 108,000
29 FiHAQTI2 e 112,000 116,000

CASE FuMad? STAGE | CYCLE 15 PASS e PAGE 175

Z0OM TD GIVEN G, CNRRECTED DATA

TIME VGTTF HGLTF GAM?D VITTF RGTIN AMACH AMASF Y
0. 2011,000 50000,00 0, 3540,625 92, 1,9998¢4¢ 17502,7
4,000000 2n2%,nih 49685 14 i, 306667 31552,1717 1.323439 2,012137 17629,55
A, 000000 204R, 150 c83148 12 w?,88908% 15560,1392 2,652682 2,02%8487 18477,66
12,00000 207R, 148 ulusd ay =10,69%07 3502,239 3,9859181 2,051359 19774,04
16,00000 2111,974 u5780,62 «}2,32057 620,807 5.336945 2,074131 21395, 0%
20,00000 2146 ,151 43925 ,96 w12,6072¢ 3653,720 ©,702001 2,085552 23¢s7,27
24,0000¢ 2177,3%04 u2106 84 w]1,01733 3688,516 8,090738 2,11%40¢2 e5040,25%
23,00000 e201,701 40545 ,54 «8,971757 3719,621 9,506580 2.,12560¢2 2749 ,96
32,00000 221%,9%1 39417 88 »5,502%51 3740,663 10,%a649 2,13487s 2896y ,n0
36,00000 2216,673 18903 ,24 =1,0107@2 3745,348 12,40076 2,.134852 25723,48
40,00000 2202858 39139,009 . 4,151079 $729,35% 13,8%25%4 2.121023 29360,34
\ ~
L4°,00000 2174,703 40188,15 9,658415 1630,866 15,28061 2,09526% 278%1,63
45,00000 2134,152 u2034 27 15,0139 3632,654 16,6633 2,070410 25537,13
52.00000 208%,079 u4s56,79 19,63154 3542,658 17,98586 2,041545% 22us7,20
S6,00000 202R,4674 e7589,35 23,5717 3484,6006 19,2198 2,007819 19487,17
60,00000 {968,068 50992,35 26,h2368 34ns,262 20,4293 1,970832 16503,22
64,00000 1904,711 544602 ,26 28,88261 3427,ub2 21,55%464 1,931012 13623 ,69
4800000 {837,594 58324 ,79 30,67.82 1248 ,8R2 22,62051 1,887041 $5978,41
72.00000 {765,878 62070,99 31,77445 317¢,026 2, 65214 1.,827210 9618 ,417
76,00000 1698 ,318 65749 a7 32,21014 3192,712 20,59677 1,754323% T788,955
R0,00000 1627,203 59290 .10 31,99119 3036,073 25,52034 1,680863 113,045
Bu, 00000 1557,3%2 72627 43 51,11529 2975,471 2b, k1001 1,608708 4834, 3060
fB,00000 1487,716 75715,465 29,68197 2918,615 ev,2713%7 1,536880 0,
92.00000 141d,129 78501,%59 27,59850 2AK0,9Ub 28,10581 1,660763 0,
96,00000 1347,772 RO94B 2% 24, 88479 ehic 300 28,9179 1,392217 0,
100.00000 1249 ,698 3030, ,74 21,52819 2772,451 29,71099 1,350319 0,
100,0000 12un, 881 RUT2T  wu 17,5409 2740,925 30,491%0 1,275455 0,
10p,0000 1202,198 R6019,953 13,0510% 2716,993 51,268%us 1,232398 0,
112,0009 1174,526 R6AYS 33 8,112358 2700,1R0 32,00832 1,201885 0,
114,0000 1158,601 R7342,78 2,65160% 2690,1%2 32,78847 1,184481 0,
116,0000 115R,601 A7342,78 2,8516038 ’690,13%2 32,78887 1,184481 0,
11R,0905 1155,099 R7403 .55 9,1490148reny 26A7,us82 33,18650 1,160754 0,
11R, 0995 115,099 A7403,5s 9,14901UPren} 2nAT U582 33,18650 1,180754 0,
11R,0995 1156,099 R7403,55 Q,149014Brey 2687,452 33,1E650 1,180754 0,
1121062 1155,09% R7403,55 4,0253135 =26 26BT, 448 $3,18779 1,180748 0,
118,1062 1155,09% AT403%,55% ,02%313SE=26 2687, 046 33,18779 1,160748 0,
11,1062 1155,093% R740%,55 B,02331485¢8=6 FLLEY T T 33,18779 1,1607¢8 0,
11R, 1062 1155,09% RT403,55 4,92%5155¢206 oY, 404 33,18779 1,18074a8 0,
11R, 1082 1155,0938 8740355 0, 26B7,44b 33,187719 1,160748 0,
TABLE V(i) Run 9
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CASE FuHaoy

2004 T0 GIVEN O, COKRECTED DATA

AMASS
{166,000
1164,73%7
1163,553
1162,234
1160,814
1159,270
1157,573
1165,73%s
113,784
1151,750
119,703
1147,724
1165,873
11¢€4,212
11642,763
1161,524
11€0,475
1119,599
1138,87y
118,271
1137,7%52
1117,416
11%7,163
11387,163%
11%7,163
1137,16%
117,163
11%37,143
1117,163
1137,463
1157,163%
1137,163
11%7,163
117,163
1137,163%
117,163
1137,163

~
)

1157,163
117,163

ALPHD
w 6520018
W 1065T28R
4170010
§,113988
1.851A30
2,510618
3’1nb;k1
3. 434804
3,a8%1901
4,157202
4,4u72%y
4,785229
u,oq&ﬁuo
4, 893208
S,296578
S,oxalﬁﬁ
$,5455857
S,87085%%
S}Q;u!?O
6,418029
b,3R2478
6,5:967%
6,779501
o, 709317
6,376539
5,942451
5,30825%
4,904556
4,403077
3,9515351
3,951551
3, 18850°2

35758502
3,758502
5,7574884
3. 757884
3,757884

3, 757884
3,757A6¢6

ATOP 111 ATHMOSPHERIC TRAJECTOHY OPTIMIZATION PROGRAM VERSION 3,00 15 mAY 972

STAGE |

TEYTP
16800 ,48
17106,75
1793739
19219,07
20829,24
22802 .82
24955 A9
20796 .59
26249 15
28686 13
28686 .59
27270, 4
25051 ,69
220248 .52
19043 ,02
ten2t 0y
13193,30
10763 82
R617,279
6631,32)
“.‘Pl.b‘b
428,113

Va

vy

CYCLE 15

CL
-3|711?877£'02
vl 10394352 m02

5,89%059%¢Fw0b
2,391525% w02
4,B695%0Em02
T,0262C16EmQ2
9,2177782¢=02
10021066
1128412
1233563
e1330412
« 1450709
1499183
¢1500279
1647878
11586763
1500300
gl(),\-' Toe
e2530347
e 2421181
2635868
s2B8A%297

2 30%1030

3048102
029786660

2802354

1 2708566

«2511379

02295694

.?c’"lb’ld

12191012

2191042

21910412

12190667

121900667

121906067

O

12190667
21906087

PASS 2

co ANZRHTG
3,92u6425Em02 5292532
§,5564850F=02 7,6890065E=02
3,8268202F =02 =3 B5051¢BEwC2
3,8905818Ew02 «, 3212709
3,9588640F02 =, b677HUBS
4,0731480E«02 1,0696350
4,19235U5%E=02 «1,541908

4,2377128F=02
4,3659003E«02
4,471282cFen2
4,5570625Ewn2
4,6R20614EwD2
4,7136829E=02
4,6958296Ew02
4,8R929u4pEw02
4, 781350 7Ew02
5.068625%5E~02
"lr;")r:l'.)'l; 02
S.3628751E=02
S.72811378Fe02
S.8159290Fme2
6,1207956F =02
b,u3427151F =02
b,496R8202kw0d
6,3207132E=02
S,99B6375E=02
5,03197536Ew02
5,3397207F=0n2
9,0143581Fen2
4,7314390E=02
4,73163% =02
4,5167432E~02
G,6167u32Fw02
L,616Tu%2E~02
4,6163832Ew02
L,hib3832Emne
4,6163832E=02

U,6163832E=02
L,616%6%1Ew02

o] ,824350
w2,1683213%
-3.4&‘:1(}5
w2, ,574718
w2,606517
w2,010629
w2,0682073
]l ,913326
1 ,511315
.'_l; T7R%
], 2%2211
® 9509651
-.thﬁxil
" 6959837
e, 5009882
,5019606
v, 8168459
«,33R34304
-, 2730610
v,2207480
v, 1684A117
-, 1561265
v, 1555003
w,135560%
e, 1282912
v, 12R2912
=, 1282912
w, 1202686
e, 1262656
w, 1282096

. 1262696
w,12826906

PAGE

ESPEF

3621679
3539978
3659318
3678343
3695441
3709045
3716438
3722150
3717030
3702745
3679405
3651584
3423100
3599994
1550014
3S6ThS9
3Sal082
3592549
3547979
3542as7
35365717
353119}
3596521
S4903545
JuT754580
sa71571
3405190
1459990
3855558
3455558
5453428
3as3e2sn
3453428
3a53¢e21
1453421
3453421

1653421
3453¢21

176

DYNPP |
081 ,6943
700,8820
743,6511
809, ,9708
897,7011
100,392
111,189
121,290
124G £s8
1321,8:3
1290,092
1197,271
1070,149
22,1747
771,4756
631,6455%
S:",e~!"7
4d7,5336
}19'7uu0
eur, 2158
191 ,6021
149 291
117,8%8¢
93,75306
15,37645
62,3908
52,8076
4b,u18s2
42,3%9102
40,32103
40,32163
39,95475
39,95475
35,95475
SQ.QSIAQ')
39,95435
39,954355

39,95435
39,95435

| MRS

“»

.
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v
CASE Faman?

Znom

AMASS
166,009
11ea, 710
1163,553
1162, 510
111,060
1189,779
1158 ,462
1187,102
1155,687
1154,2n7
1152.05n
1150,991
1149,229
1147,33%3%
1145,314
1163,159
1140,89%
118,574
113%6,2°7
1134,152
11382,2R%
1130,739
1129,50%
1124,%44
1127,807
1127,2%4
1"0."‘0
?\?5."52
1126,5%3
1176,%09
1126,509
1120,519
1126, 500
1126,509
1126,509
1126,579
1126,509

C

1126,5%9
1126,50%9
11?26,979
1126,5%%9
1120,%09
126,509

In GIvEn 3,

ALPHD
2,A1TALR
2.,.5142255%
2., a%749?
2,3231ud
2,2n421n
2,095%0R
1,972258
1.A791709
1,796929
1,7121877
1.6720n01
1.6057298
1,7n2187
1, R47159
£,0151 k4
2,502420
3.3R247)
d,04984%)
5.237n3%3%
S.95078A
o arunryy
b, 445433
6. 147371
S.Be4%19
5,5u422n0
S.1n03as
4, h99219
4, 351155
4,971513
3.82¢700
3.636274
3. 5K a4
§.5%4n 3k
3.5245029
3.50214h
3,4R8859
S.4R3p59

3,.4835m59
L P RAL R A
S.a7957
§.,479571
S, 479871
53,4797

T T e

¢

" ~
ATUP [T ATHUSOMEYIC TWAIFCTHOY

STace 1

CONRECTFD NATA

Te77e
16914 4y
10952 np
1700l .7y
17260,92
17564 6y
1798%, 048
18541 .9
19218,7%
20085 .54
204949 A
22240 4%
23n%7 55
25234, .1y
26H33 54
2B8753,9
30509 ,3%7
11762, 75
32151,%9
11224, %
28407,0
24369 74
1977%,98
15341,.%2
11487 R
RebLy226
GRSV ndp
4iAle38p
31045n,279

"~y

CyCLE 15

cL
T.,4592687 =02
T.125586T1en?
6.’700‘50t-n?
6,408 TF =y
K, N0BISTPF =2
S5.bU0200HFwn?
542415283 wpi?
4,95712087c =02
Ud,h710%1S5F=n?
Aa631035%45 =02
A,271502581 =07
4,23%10uRfed?
4,3036063F=0?
4, B101h5RF=p?
G5.379:897cwp?
TL10035 7 g=0?
9,56%9147r =02
slll7614?
1556566
1812761
« 1999649
2071619
20760619
« 2074785
.?G'JGEJ?
2027333
2UNSY4a
.e‘l"7 54
o201r214
«2104778
2217204
2846769
2419172
«24K9170
2439709
WPuNT LY
'?ﬂn77Q5

O

W2ENTT4E3
W 23RS 7
«2589KNH5T7
A RLLLY)
2598857
WP AIRBST

.TABLE V(j)

TSI ZATION P

e

Pass 2
cn ANZRTG
4,00558R2Fen2 = RuNnlpn
U,n78791 7k =02 =, RINYNGS
Go0601013F=02 =, 7A10804R
G,0195721F=02 =, 7528723
G 01B81n32Fen2 =« 7258119
5,973%u 79k =ne = Tyhlisn
$,97570h9F =02 = 685311
5,9601753k=02 = 6807805
3,9521135¢F=02 = _6BUT54H2
5,974d73u2Fen2 = H9615472
3,9337%u5Fe02 = 7247049
3,9400092F =02 «,7776512
3,9454%15F=02 = AR7.1571
5,9995449RF=%2 «1|,039594
3,9075125F=n2 «},258522
4,02430R9F=N2 =], 709%47
L, 22 18AnTuF =02 «2,472n295
G,4d205318L=02 «2,989643
U BR74on0nE=02 =3, 5R49%2
S.,2794310F=N2 «3,559034
S UdlUul7E=02 =3,110021%
5.5211277E=02 «2,433597
9.4452292E=02 |, 782042
5:3550910k=02 =) 280072
5,285647°5F =02 e J02477%
9.10017%uF =02 = ,565R0584
4,981 1on9%keng w 45591719
4, HA05K18Fen2 = 3304945
4, 724S5en2F=ng =, 2377470
“,6541130E=02 =, 1843204
4,5056505Feng = 1472235
4, 2965304F =02 =,1212085

3,904556%F =02
e,RS5771%4F=ng
o883 nRsk=0e
€.1508751F=02
2,1505751F=0¢2

2,1505751F=02
2., 1832175Feny
€.,1352175F=n2
€, 133217502
C,1332175F 02
€.15882175F=ng

Run 10

-, 1003784

«R _6777199F=02
7 ,h22410d8 02
7, 090R42F =2
«7,0908427¢~02

4

A T .
rOLNAM VERSTLY

O

«? OGARUDTE w02
«?, 01917842k =is?
«T 0191 1p2F=0?
“7,019) 782802
«T N9 7TR2E=02
71,0191 T82F =02

‘) &
§.00 15 =AY v

FAGE

fSPEF

I6600uK9
ALLELAR
Ianlr22
3672035
616577
Jok0nR0
Sona g
Indk1Te
3n90241
InG0157
564729%
InBiRuy
Int2197
3658621
1534766
Sndunul
5504193
3515010
3457210
339bndu
3347n23
$31 7018
S3ugnns
17298615
3298272
32untas
$299573%
33u005e
3290910
3265020
277498
275600
S270m78
3269075
3207948
S AL
$lo0T7)00

elios
5706799
S2u6799
SeenT099
S2on799
$2o6799

168

Dyupe
149 H2RR
152,9513%
Tho,2l6b
172, ,u580
190 ,6160
ol%,703%2
BUb K149
891,1989
94d5,4253
100R Nph
10ba 726
1175,060
1278,271
1391,10%
1508 ,506
1609, 7K9
1609 894
1649 602
153,487
1298 104
109,160
174,67545
Se5,4317
ave, 30s7
f90,2101
20z 510l
149,4795
108,737%
719,43853
59,14040
44,9192
$4,98649
e8,287u3
23,0871
21.78083
300007"‘0
€0,00780

c0, 05760
19,6499
19,23%0%
19,93%909
19,93909
19,948909

@ ® o ¢ 60 ¢ cC

-

e Bt




prov 111 arensenea il Teagrctory (oTtwization froukar veest®h 3,00 1s w® 1972

CASF Fakao? STAGE 1 CYCLE 15 PASS 2 PAGE 167

Zonv IO GIVENM 9, CARRECTED Darva

NPV EBEWN~DORNT U RN -

T14F
0.
4,000000
a,np0000
12,0000
16,00000
20,00000
24,00000
28,00000
12.000n00
36,00000
4o, 00000
ug nnyop
4R _onN0Np
82.G0000
56,0000
a0_00000
6u, 00000
68 _ 000N
72,00000
T4,00000
B0o,00009
Au,0n000
RA_0N)ND
92.00000
96,.00000
L LULY
104,0009
1M, M000
112,0000
114,0000
124,000
126,0009
12,0000
132,0000
13,0000
f4n, Nung
fan,000p

O

‘uf.'\()ﬂl’
141,708y
tas, 704y
14y ,TOA)
14y 7T0R}
141,708

VGTITF
2o3a, non
enyp a2y
en3s,29?
enat Ro7
2040 ,15%
enSE, uu?
ene2, 718
2AKp, 019
2097,709
it hanT
213n,317
2147, ,6RA
elen, a3}
e179,n07s
2190 275
2195,295
C189 5857
21e9,n1 8
P12R, 9909
2NpT RGP
199,072
1908 ,55%4
1821 ,754
175%,065
142,529
{850,948
1459,763
1370 ,455
1276,954
114R, 784
1tonr 522
1037 ,407
977,38n1%
930,1573
Ba7 7125
8a1,32538
BR1, 5253

BR1,425%
K19 aiy7A
879, 4374
H79 4374
879 ayIn
879 43R

HGCTF
S00v0, 00
49963 04
4IR4l 75
4960 %
49265, 15
uhR2y ay
uBP21R _nA
avtansS ar
46559 Ap
15502,71

T adl00 3y
4297 59
415382,99
adnul 78
18596 .07
37368 5o

Yha33 A2
In295,25
37178,74
393u5,%7
42574 0%
46159 ,27
51175, 39
56179 24
~0G94 7
ASsli4, 05
69755 .55
75907 ,05
17564, 7%
AOTInA 65
Bisn7 so
A%7%94 .20
CR TS TN
AB990 9y
K9n93 .52
90528 44
Q0328 , 44

Q0%¢h au
QU!?].)U
90371 ,24
Wyl 2y
20371, 24
Quy’l,2u

GAMTID
0,
.'5505062
=1, 18535H
-]'934372
=2, 78110%
=3,703418
wid ,0AK914
=5,71n224
b, 120641
=7,090513%
«8,577689
-9,511132
=9,78325%8
=9 ,80K577
=9,1%:227
e ,4095%434
=3 ,659482
e,142%47
10,07728
19,85R24
2B, 81439
35,0867
40,91959
4a 27351
4n,n1371
PSR
45,73498
da 22119
41,74080
$8,54048R
Su,5%4%0
e, 74312
ca 14174
17,77008
10,73925
5,2509852
3,259852

o

3,259852

U, 0233185k =06
4,02%331 455 mnh
4,02%3313%=0b
4,0233185F=0h

0

VITTF
§559,825
1562,007
3665,719
3570,906
1577,.695
356,148
3596,7268
3an?,9R)
S621,001
363%4,974
3649,515
I665,014
SeR0,3R7
3624,819
3r07,474
3716,uk2
3716357
697,017
643,937
540,540
410,093
3275,065
311,722
3028,572
2920,902
2R32,115
2155 414
PRR3 N7
2h25,5%7
2570,713
2524,710
Culn A0
2un5K,G9R9
2434 ,853
2uPn, 311
2u12,50n
2u12,986

2u12,9R8s
2ur2,on?
2ur2,0n7
2d12,007
2412,007
2ur12,007

RGTIN
00
1,333R1A
2,0L69652
4,00R206
Se85042R
6,69700%
8,00RRQ9
9.,406922
10,77180

12,14393

13,5238n
14,91189
16,30R458
17,71475
13,1305A
20,5503
21.90056
23,0222
24, R2TuR
26,16074
27,379un
éB, 46198
29,4213s
30,28061
31,0608%
31,7843R
32,4n807
33,123%as
53,7575
34,3744%
34,97R47
35,572%2
36,16035
36,74295
37,3224
37,6990
57,89960

37,8990
38,14571%
38,14579
38,14579
38,14579
368,14579

AYACH
2.,096941%
e.09%47
?.\Oludl
2.,109149
2,116728
2,12+323
2.13797)
2.,151860¢
2 ltoRAS
2163509
P20 30
2.21851%
?2.235410
2,25093%0
2,262499
P, P6T6AY
P.2817862
2,240508
2.199207
2.136045
2,057765
1,971472
1.,881832
1,790214
1,696635
1.60209]
1,50730¢2
1,415%6u0
1.,31%64
1.,2279%0
1,162300
1,068645
L9985 258
JYUTTERS
9130043
BS54RS
BS54RS

H955uRS
LH9555%)
LHETE55%)
H93554)
LB935541
JBP85551

AMASF Y
1705E.79
17701403
17518,%0
18u28,43
185u5,.656
168784,52
19555,54
AL L NN
2093%p,98
219319, ,24¢
238259 ,.s1
247,11
2hueq,ul
¢AlRA, 21
50252,25
$2100,04
335n5,59
$39RK, 65
52359,37
29155,45%
FELE
20093.55
1576%,19
121a2, 66
9258,950
680%,045
4975, 59
3705,196

0,
0,
0,

L
o'
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ATUP I11 ATHOSPHERIC TRAJFCTARY DPTIMIZATION PROGHAM VERSIOM 3,00 15 ~AyY 1972

CASE Fykhan? STAGF | CYCLE 15 PASS 2 PAGE 169 %‘g

Z00M TO GIVENM Q, CORRECTED DATA

T1ME VGTTF HGCTF GAMTID VIT7F RGTIN AMACH AMASF |
0. 2108,000 50n00,00 0, 3634,625 0, ?.0496745 1765k,179 .
4,n000n00 211048 49nr48 59 =1,513865 3639,711 14383819 2,10172vu 17773,490 —_—
B.a0N000p 2119,142 49554 us «$,005950 347,502 2 1714627 2.,108205 1HUBT .51
12,00000 2150, ,9a82 u90ve, 04 wld ,d296BH 3aS7,R74 4,1635952 2.,1105%10 18603,59
1o,00000 21u45,74% 4Brdl 74 S, 751591 070,751 S5525845 2.12%A70 19%13,49
20,00000 2152,.917 47288 04 -h,923581 56RS,R75 PR LLLEY et 565RS V204,96
24,00000 2182,147 46164 ,35 -7,904371 3702,9%0 6,383585n 2147978 21es/, 05
2R, 00000 eP0P 474 44”9l bk “8,063000 §721,416 9,808182 2.,159509 ¢eute , 92
32,0003 2221%,543 uds525,0s =9,1 18949 37a1,267 11,24452 2,1 1098y €410u,73 s
16,00000 2Pu4,5n5 L2078 ,53% «9,178352 3761,956 12,69%47 ?.1817R2 eh000,45
an, 90000 2264 ,n2R noA83 57 -8,81593%1 182,177 14,15678 2.,1909217 ¢laln,an
da, 00000 27281, 543 39348 .29 «7,98403%5 3un0,5n9 15,63378 2e.202ung €1e35,04
aR_0nong 2291 ,960 TH1%9 19 -t 433037 3R, B8Ry 17,12428 ?.213577 30091 449
52.00000 229%5,523 373448 95 =3,830354 In22,.110 18,62561 2.2100S817 §2u97,94
S6,00000 22nA, 505 170i0,52 «,6720455r=0% 3417,074 20,1346 2.,2048914 32985,01 —
60.0%000 O 226k, 7729 37415,10 S,1404A88 5771 ,704 21 ,62h79 2. 187209 §1993,025
64. 00000 228,310 Tonil, 36 11.,24027 3740,.,33%6 23, ,0K912 2.1590715 3WTlb.19
64, 00000 21 74,550 a0ART 42 17,7606 3660,754 24,49019 2.106019 ¥
72.00000 e1n2, 443 us914,23% 2l ,hudn’ 350,079 25,8073 2,059544 ¢%¢27.38
To.00000 2nyn, 212 aTR24 09 30,8468 §423,592 2h,99721 2.0u5448 19¢67,706
Ka_n0oanp 19481 ,758 5216k ,04 35,7¢38n §29p,904 eA, 058114 1.94n518 19592.87
ki 0000 fRan, A4 KhT1Ab Sp 39,n13872 §171,4903% 22,05979 1.,881597 173%04,77  dgn s
Ra_900n0p 1747,5n3 h1506 A9 42, 41149 3a57,097 29,94h55 1. 805219 9igh 029
92, N0 1655,137 6ninb 0Q 43, 79247 2956 ,475 50,76035% 1, 709718 /349,408
9% ,00ud0 1563,572 TunSu 4y 43,94nb0 2889,925% 31,52045% 1.015] %4 S3ou,713
10600000 1a7a,1n3 T44e2, 3y 43, fun%a 271%,0R9 32,2421 1.5¢2170 §953 ,510
1o 0000 13un, 120 78657 ,09 41,15860 2126,.502 32,93519 14425082 o,
{aR_ 0000 1291,214 R2160 , k82 3N, a318d ehhT Uk 33,607%% 1.358%297 0, P
112,0000 1209 ,85% RS2, 34 34,93068%8 2ntl,u13 3a,26407 1242075 0,
116,0000 1136,232 RI619,32 50,69607 2575,225 14,909a7 1.16106Y 0,
120,000p In73,7443 R9713,12 e5,73479 °P5u2,913 35,54672 1092678 0,
12a,0000 1021,9% Q1 4ul S5» 20,0744 2517 ,0748 36,1 7825 1.118A320 0,
12A,0000 QA3 07058 e2518,20 13,79708 U8 ,u48% 36,8059 R 0,
! 132,0000 958, 59n4k 232472 40 i ,0u8352 CuRp 917 37,43010 LIPBUL 20 0,
13,0009 949,535% 93uhe A3 3,013327 7 =02 cunr2 827 $8,0529% 95088015 0, —-—"
138,0000 949 ,.5385% 93454 ,61% 1,013327 75 =02 PUR2, 327 38,052q% L9588 01S 0,
134,0000 Su9,531%3% 93458 b3 3,0133277g=02 CURR 827 38,05293 A LIS 0,

Q ° TABLE V(k) Run 11 O

136,017 949, 5282 Q3158 ,43 0, 24R2,323 38,05559 TR AT o,




S —

O (3 o %

ATUP I11 ATHOSPHERIC TRAJFCTARY DPTIMIZATION PROGHAM VERSIOM 3,00 15 ~AyY 1972

CASE Fykhan? STAGF | CYCLE 15 PASS 2 PAGE 169 %‘g

Z00M TO GIVENM Q, CORRECTED DATA

T1ME VGTTF HGCTF GAMTID VIT7F RGTIN AMACH AMASF |
0. 2108,000 50n00,00 0, 3634,625 0, ?.0496745 1765k,179 .
4,n000n00 211048 49nr48 59 =1,513865 3639,711 14383819 2,10172vu 17773,490 —_—
B.a0N000p 2119,142 49554 us «$,005950 347,502 2 1714627 2.,108205 1HUBT .51
12,00000 2150, ,9a82 u90ve, 04 wld ,d296BH 3aS7,R74 4,1635952 2.,1105%10 18603,59
1o,00000 21u45,74% 4Brdl 74 S, 751591 070,751 S5525845 2.12%A70 19%13,49
20,00000 2152,.917 47288 04 -h,923581 56RS,R75 PR LLLEY et 565RS V204,96
24,00000 2182,147 46164 ,35 -7,904371 3702,9%0 6,383585n 2147978 21es/, 05
2R, 00000 eP0P 474 44”9l bk “8,063000 §721,416 9,808182 2.,159509 ¢eute , 92
32,0003 2221%,543 uds525,0s =9,1 18949 37a1,267 11,24452 2,1 1098y €410u,73 s
16,00000 2Pu4,5n5 L2078 ,53% «9,178352 3761,956 12,69%47 ?.1817R2 eh000,45
an, 90000 2264 ,n2R noA83 57 -8,81593%1 182,177 14,15678 2.,1909217 ¢laln,an
da, 00000 27281, 543 39348 .29 «7,98403%5 3un0,5n9 15,63378 2e.202ung €1e35,04
aR_0nong 2291 ,960 TH1%9 19 -t 433037 3R, B8Ry 17,12428 ?.213577 30091 449
52.00000 229%5,523 373448 95 =3,830354 In22,.110 18,62561 2.2100S817 §2u97,94
S6,00000 22nA, 505 170i0,52 «,6720455r=0% 3417,074 20,1346 2.,2048914 32985,01 —
60.0%000 O 226k, 7729 37415,10 S,1404A88 5771 ,704 21 ,62h79 2. 187209 §1993,025
64. 00000 228,310 Tonil, 36 11.,24027 3740,.,33%6 23, ,0K912 2.1590715 3WTlb.19
64, 00000 21 74,550 a0ART 42 17,7606 3660,754 24,49019 2.106019 ¥
72.00000 e1n2, 443 us914,23% 2l ,hudn’ 350,079 25,8073 2,059544 ¢%¢27.38
To.00000 2nyn, 212 aTR24 09 30,8468 §423,592 2h,99721 2.0u5448 19¢67,706
Ka_n0oanp 19481 ,758 5216k ,04 35,7¢38n §29p,904 eA, 058114 1.94n518 19592.87
ki 0000 fRan, A4 KhT1Ab Sp 39,n13872 §171,4903% 22,05979 1.,881597 173%04,77  dgn s
Ra_900n0p 1747,5n3 h1506 A9 42, 41149 3a57,097 29,94h55 1. 805219 9igh 029
92, N0 1655,137 6ninb 0Q 43, 79247 2956 ,475 50,76035% 1, 709718 /349,408
9% ,00ud0 1563,572 TunSu 4y 43,94nb0 2889,925% 31,52045% 1.015] %4 S3ou,713
10600000 1a7a,1n3 T44e2, 3y 43, fun%a 271%,0R9 32,2421 1.5¢2170 §953 ,510
1o 0000 13un, 120 78657 ,09 41,15860 2126,.502 32,93519 14425082 o,
{aR_ 0000 1291,214 R2160 , k82 3N, a318d ehhT Uk 33,607%% 1.358%297 0, P
112,0000 1209 ,85% RS2, 34 34,93068%8 2ntl,u13 3a,26407 1242075 0,
116,0000 1136,232 RI619,32 50,69607 2575,225 14,909a7 1.16106Y 0,
120,000p In73,7443 R9713,12 e5,73479 °P5u2,913 35,54672 1092678 0,
12a,0000 1021,9% Q1 4ul S5» 20,0744 2517 ,0748 36,1 7825 1.118A320 0,
12A,0000 QA3 07058 e2518,20 13,79708 U8 ,u48% 36,8059 R 0,
! 132,0000 958, 59n4k 232472 40 i ,0u8352 CuRp 917 37,43010 LIPBUL 20 0,
13,0009 949,535% 93uhe A3 3,013327 7 =02 cunr2 827 $8,0529% 95088015 0, —-—"
138,0000 949 ,.5385% 93454 ,61% 1,013327 75 =02 PUR2, 327 38,052q% L9588 01S 0,
134,0000 Su9,531%3% 93458 b3 3,0133277g=02 CURR 827 38,05293 A LIS 0,

Q ° TABLE V(k) Run 11 O

136,017 949, 5282 Q3158 ,43 0, 24R2,323 38,05559 TR AT o,
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NN Pt e et
> A B wiae

whNvNoNN
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31

35
36
35
5

17

38

LTl

CASE Fy

AMASS
1146,000
1104,777
1165,540
1162,274
1160,%8
1159,602
118568,171
11806 ,6h2
115%,054
1165,353,
11681 ,489
11"9.5‘5
1167,457
1145,278
1108,040
1100,602
1135,651
113,674
1134,933
11313,489
1132.,273%
113%1,314
11%),.553%
1126,94
1179,528
1129,209
1129,163%
1129,163
1129,16%
1129,14%
1129,143
")”olbj
1129,165%
1129,163%
1129,163%
1129,163%
1129,154%

O

1129,16%

HADT

200M TN GIVEM O,

ALPHN
1,.79%3KA
1,7787224
1,7h0147
1, 780677
1.77674hk
1,RP0222
1,8%dm01
1, AROS51S
1.,906025%4
2,070k 8
2.139179
2,28%4n7
2,5077119
. 942207
3.560A7)
4,1r61857
4, 701850
S.35a6704
6,3759%1
6,33 AKHe
6,795473%
T.120465%
T.013%u27
b,6RNALA
6,126472
5.5°4177
S5.06AR%S
U.Oy\'\]%’l
4, pRERTY
3,9”5212
3. 754081
Y.66T7204
3,99%u26
3,546799
3,a9901%
$,409413
5,49%41 3

3,u29p08

ATOP 111 ATMOSPHERILIC TRAFCTYORY OPTIMTZATION PROAGFAM VERSTON 3,00

STAGF. 1

CARFECTED NDATA

TE77P
16614, 4y
17n029,20
1 15c4,uy
175350,3p
18527 .45
19402 ,61
20433 .24
21519, 20
25224 .59
PUASD 14
204382 .10
23156 469
Pqﬂ7°.7h
30852,79
31241 .45
300939 9)
29245, 71
20439 kA9
22743 . ng
14R22,75
15996 04
110558 ,9g
R74n,943
aebl 876
GdR7,974
}207.600

Ja
L)
0,
.).

04

W
CYCLE 35

cL
4,67126U5F=02
4, n22381 3%t mnp
U 58019072 «02
debehtodunyen?
G, ,h1250387z«y?
U,7513762i =02
6,79515565 =02
4,95R9% b =02
S,182021 =02
5:955365ur w2
S 1508500F w02
6,2117728F=02
7,04052905 =92
B, 29521845 =02

1027989

e 12059K2

.|Qﬁ}°u?

s 10480299

« 1982901

01997036

2223114

WPUPURSY

2491242

LU EE

2 AH8T790

C3RUTbY

23321415

e 2290400

212528020

e 2574735

s 2uNBRURY

2435703

s 2452RH0

2USAN Y

J2UU201S

it 2018

2012015

o

P4UL%08

PASS '3
co ANZNTG
$,9545321E=02 e, 54112062

3,9335A0Feng
5,9519171t=02
3,952R0% Fe02
3,9521151E~02
3,95557528 =08
3,9563u53F=n?
5,9599114F =02
3,9712uRiF =02
3,99 18260E=02
G ,ong27unk=n?
4, 028100 2E=02
4,0756272E=02
4,14619R0E=02
U, 260540 1F=n2
G uuRBp72E=02
U,6450R18E=0¢
4,922275uF=n2
5.4|Heﬁulf-ﬁd
S¢32780p27F =02
S.B056918k=02
b.1269056F =02
0,1153274k =02
5.9958n72kE~=02
5.80995°2F =02
5.,512011%F=0¢
S.2RBIRTUF=0E
S.063TuRTE=NZ
4,9167708F=n2
U, 1237akuk=02
4,50n329498 =02
4,199R0%0F=n2
3.6575058E=02
3,3495112E=02
3,0027n63F=ng
3,00270h3E=02
5.,0027onsF=02

3,0025un5F=n2

-, Su1603n

-, 5494544

., 5743337

=,5997019

e 65722644

-, 7020173

-.77Sdoah

=, 8106961

=]1.013531

*1,13131%

'I.S‘SnOb

=1,582704

=1,930291

“2,412725

«2,71917R

2 B8776hub

-2,R8327?

o2 890913

-e.aQQUnO

] 999752

]l 001054

“1,207849

- BrSulas

= bh1B8522

-, Lsu2619

=, 3048329

-, 0222127

-.]hohuﬁﬂ

'.1‘“\g91

e, 109041319
DQ.IQ‘IQ“d}-UZ
«B 072090825 =02
«7,4175100F=ve
e7,1417214E=02
«7,1417214g=-0?
el ut72197=n?

O

el U132 1pE=0?

Halbtk

ESPEF

$415131
daesuie
SH50T79%
SRARZAS
Seus71¢
§RS2504
38458309
330/S576
SAeoSa9y
SBnhrEe
Shnheis
LTV
LLER AT
$#31¢ 30
SAnuong]
3707309
37c%190
inldiro
In776s
s5e9us50
5584u1>
A5083R817
Jailnll
Junsoin
Zarring
Sdlunno
Javi1as)
$4515~0
Sautugesy
SUsup9
3435n0Y9
§483140
Sas51127
sdf9h“1
Sdehu19
JdgnutV
Supgiygly

LT

15 vAy

17v

0

1972

&S
\'QE&ga
Rt
)}

DYNEP
Tu9,¢2r8
7S’.¢757
T74,2300
b”l.0°l7
bib, en12
Bho,2EuR
uhH 2451
101,129
1095 00l
1184, ,727
[?l&.u;.q
153/7,159
juto 517
155,174
lSuN.952
je9n 070
155%,¢~8
1inv 770
9nH, 07498
Tel 0589
S°¢,525
dlo,ules
§cu,5104
d&v.l’*q
lrb.Q~/2
12v, 7855
6e 16519
05,5un !
R T
$n, k0.7
$0,72455
€9%.,nulnd
(?.5?‘8*5
£5.352!5
19,%52909
19,9299
19,9299

l°.”eqa’




- - ‘ " ‘ \ . ‘ .
- § s 84 o
CAGE FyHan? Stany | CyCLE 18 PASS ° Pt 171
200 TN GIvey O, CORKECTED DATA il
1 TIMF Vib17F HGCTF GAaM D VITTF RGTIN ArtaCH AnasSk)
: 0, 2058, ,900 S0AN0 09 0, 3559,629 0, 2.,094943 1T0%4,79
‘ 4,n30000 2n3u, 163 19951 Ay “, 7023794 I5645,719 1,33%44ny €101 244 11718,76
! B,n000n0p enun ne! 89794 59 o] ,52354A 3569, 3K 2.,671R40 2,1u73%s 17687, 44 Lt
12,0000p 2nu? ,A%4 n9515,28 =2,430559 3570,.630 4,0138365 2.115300 1%155.02
16,00000 2ns7,540 49095,97 -3, 40”727 3585 ,547 5.359618 2.125391 18581 .89
20,0000) 2069,149 14531, 130 w4 42374 3594,015 6,711514 2.137474 1Sun7,63
24,00009 2082 ,53» 47311, 76 =5,502014 36n7,.9%0 B,009604 2Jintetdl 19750,938
23.00000 2n97,49n ueQss bu -b,549764 3a21,115 9,484R 14 2100659 2l5%np, 42
§2,009%0 2113,51% 45%01,23 «7,509014 $035,222 10,80715 2.1%%210 21570 34
36,00000 2129 ,842 ua782,00 -8,232351 5649,785 12,18778 2,200993 2el54,03 g
40,.0000n0 214k ,082 43as’t 0y =8 ,7%28004 3664,708 13,57680 2e21nd5s Ched3s 648
1,00000 2160,95% ne127 42 “d,A71375% 1679,2%1 , 14,974d52 2.082220 eSl1s,07
3.0000) 112,652 40R23,.79 w8, 500561 1692,19 16,382¢20 2,430 elerg ud
L00000° 2178,949 19800, 6k =b,713264 701,282 17,79932 Pe250u04 CB182,57
L0%000 2177,.321 387790,79 wd 271561 371n4,133 19,2234% 2 Pu%019 ¢?93p,08
.anong 2188,627 18400 ,n3 2731703 $h9d,un] en, 65023 2,257043 30475,22 $EBE
UL 21an, 323 18941 05 b,24R30% I6h3, 800 22, VelE] 2,210905 29n12,39
A,00000 2099,6373 40307 b4 13,41249 3604, 151 23,4600 2.,108R78 elofhp,66
12,00000 endu,13% 0BR8P R4 21,18350 $513,6%0 24,7358 Cy111545 UIRG 2K
T6,00000 1975,776 ae?213,3%0 2R, 51502 3304 ,914 25.93294 2.040e25 e0nnp,52
L0000 — 1R9R _a#D 50290, 85 34,81065 3273,021 27,014dus 1.9610R0 109457 ,8%3
84 ,90000 S 181A, 155 S4792,18 39,53)52 3159,un2 27,98457 1,876v40 13417,866
F8.0%000 1730,792 59461 ,77 42 55452 % i,.0ud eB,An1ng 1,7678k0 10602 02 G
S2.00000 1hat 09?7 hG10l 0B 44,0899 2942,019 29.,0on%21 1,09728) olgd, 534
96,00000 1554,268% A3569 As 44 ,3035% 238k, K1H 30,41564 1,605525% 912,044
N0 ,.0N000 ldhk  NIR 12774 ,37 43 ,An9n0 27R2,381 51,12690 1.,9145855 4509, 797
toa, 0000 {374,087 ThRS50 ,Ap 42,0%585 216,602 31,81018 1,42350¢ 0,
R,00090 12RA, 091 Kuild Tx 39,51875 2653,301 32,471087 1,328500 0,
2.0000 1201 ,544 A3192,546 3n,22%15 2600,179 33,1133 1.,238671 0,
(h,0000 1125,2172 a5312,00 32,1851% 2555,A09 33,7428 1,153975 0,
t2no,n000 1058, 497 A1955 06 27,389%7 2519,620 34,3n00R 1,080017 0,
124,0000 1002 ,45h ROT05,uy 21,Ru537 2491 ,273 34,97589 1.026125 0,
12F,0000 959,7002 90908 41 15,61995 2ur0,422 §5,58 %4 JIT382m0 n,
132,0000 93y ,24nA G17i1,9¢ 6, B84a558 2a57,022 J6,18R800 dusSea’ 0,
13,0009 918,38514 a2113%,5% 1,720374 2UR0,THRY 36,79035 y924R R 0,
134,0000 918,854 22113,58 1,720374 2450,7R9 3679015 92981 Re 0, it
136,0000 914,3514 a2115%,55 1,72037%4 2dS0,7R9 36,79015 ,9298182 0,
O O TABLE V(£) Run 12 o
134,9582 917, 0340 82126 ,59 4,0233135¢=0h  2450,33%1 36,9516R 9290074 0, g
156,95%> 917.6340 Qg1en, h9 Bd,0283155r=0b 2450,5%3%1 16,9534 29290074 0,
134,958, 917.6340 Q2126 ,h69 L,02831357 =0k 2usn, 331 16,9436 L9290674 0,
134,953 917,6%40 Q212n,h3 4, 0233135F =06k 2u50,331 36,94 558 ,92906 74 0,
1346,9532 17,6340 Q21206,6%9 0, 2450, 331 36,9334R V9290074 0,




et s e+
[~ W )

A s A,
0 .

.

L

Cast Fyraoy

AMASS
f1onn,000
QOR_77hq
997,5508
994,308
995 ,042%
993, 74us
992,405
991,01%
989 ,55%79
QRR 0294
98K,4072
Q80 680}
982 ,Ru469
Qan_,911%n
978,RA20
Q’h. TERy
Q74,699
972,702%
Q’ﬁ.a7°q
9459,3045
967,997y
G6k,%474
Onn,1217
U84 ,4820
ens,0042
Gha k6527
Qp0,4297
Q00 0297
Onu, k297
Qpn, U297
(;"['.“’:07
Q6u, 4297
Q64,0297
Qh't.“?Q’
Okn u2e7
Apn, 0237
Qpu 4297

O

Gnu 4267
Qpu, 4297
Qpn 4297
S04, U297
64,4297

ZI0M

621

In GIVEN N

ALPHD
2, 197682
2.,098518
2.0010K9
1.9193%374
1 .817245
1.73%31049
1.6040957
,580909
1.5619039
1,57030A
1.627817
1,754145
1,9#9011
2.204547
2,7%03%n7
3,47883?
3 831279
4,7R0331
S.,2077497
S5.,8404821
b.cr‘7" 15
S5,9t04/480
5.100379
S,d4%7694
5.08252A8
L,715%15
4,37714u2
4,090018
3,ARI719
3.671184
5.'_’?()1'\')
3.507515
3,495758
3,uR6050
S.476R09
3,470809
3.470809

3,47une?
3.474n22
3.476h¢7
J.47a62?
J.ar4p22

’

LTuP f.l BIMUSHMER I TRAJFCTOSY OPTIMTZAT U PROGARAM VERDION 3,00 15

STACGFE 1

COKRECTED oATA

TeE1Tp
16914, 41
1691 68
"’U'|'7U
17353,21
1’729.72
18240 ,30
18831, 34
19645 ,82
20K1°,52
21739 ,9za
23130, 4y
Pus13,67
259%1 ,9p
27301 ,409
)MQAl.?s
29137 A3y
PholU 77
269303 14
24135 88
20371, 3%
tes30,3p
12823, %9
Q630,475
6954, 754
5000,1728
3hul,208

Ue

Ve
d,

CYCLE 15

CL
5,99949005 =wn?
S0571925”$-HP
S,3642R0 19 mpp
q,l‘?"'(_"7,i' -2
U, Tal1033F =0
d,00%4b%4f=np
4, 18RT755hFen?
3,9343041E=02
3,9275025¢=02
3.Q57?‘50P.”?
d,13R6%4Ug =0
4,5292016F =92
5,1832303c a0
S,9214822F =02
T.5851n63; -7
Q.Q7QQQnuF.OP

e1114158
1423417
«JS5TGRIA
1817202
¢ 19513541
.).U’h"(')(\
2013714
,)..nu277
e P11 384D
202531
02001712
.BUI?Qua
2102208
«220R3G2
2282050
2559187
LR EY
e 2UU3219
04308 RK
e2U3NHRS
24308bn

2H29114
QPH)Ql‘U
Pu29114
12429114
.2“2911“

PASS 2
o ANZRTG
G ,01773%37F =02 = TQHARIN
U, 00u25N8F=ng = 76208319
3,9826521F=ng = 7322593
3,9$76907F=ne =, 7124308
3,955R192F=N2 = 6891578
3,9074R22E=N2 = 6758614
53,9191 801E=02 =, 60898158
5,9128941F=02 =, ,670177%
3.,9%6417F=02 «,7119245
3.,9108103E=N2 =, 7701891
3.,93727R5E=02 = BnT72490
3,9097302E=02 =1,020448
3,97u6914Fwng =) ,244829R
d,0166A4%E=02 =],5090%8
G, 109733 1Fend =] ,9974pn
d,2421731Fmn2 =2,621743%
4,35B0293E=ne =2,79%6057
d,0673326F=02 =3,2028%5

L,AS4SEN9F =02
S,1607212E«02
5,298179xF=n?
5.2997217E=02
5.,2312021F«02
Se1625502F=n2
S,O0RAT2V1E=N?
4,9R30N541F=02
U, BputlutBre=ng
G,7334185F=ng
“l”’&SSgbf,'Oe
“"5“'§§U“7'1-1‘.2
U4,82945n8F=ng
4,0220u?3E=n2
3,45]90u3F=02
2eTbUbu 2E=n2
€,529908F =02
CeHP990RE~nE
2+5299038E02

2,5161713F=ng
2e5181713F =02
e,5161713F=n2
2.5161713F=02
2,5161713E=02

2,997221

w2, 740018
w2,23902%

=] ,6% 44
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APPENDIX A

PAST COMPARISONS BETWEEN PREDICTED OPTIMAL PATHS

AND ACTUAL FLIGHTS PATHS FLOWS

The success of the variational steepest-descent method in solution of
aircraft performance optimization problems is evident from the strong
support given to this technique by a series of contracts let by leading
Government research centers concerned with this area. The reason for this
support is clear when performance gains obtained are examined. Figure 1
presents the 1962 time-to-climb record flights of the McDonnell F-4B aircraft.
Figure 2 illustrates how closely these paths follow the minimum time ascent
paths predicted by the References 1 and 2 program. Figure 3 provides a
comparison between flight handbook performance estimates, a minimum time
c¢limb obtained by the References 7 and 8 program, and an attempt by Marine
Col. Yunck to fly the predicted optimum.

The predicted optimal path and the path flown by Col. Yunck both produce
a 23 percent improvement in aircraft performance over the flight handbook.
During the Cuban crisis of the early sixties, results of this type were
produced routinely from the References 1 and 2 program to aid in Air Force
readiness studies. It should be noted that unlike optimization studies in
other technology fields, these performance gains are obiained without vehicle
modification. To obtain these performance gains while retaining flight
handbook methods would have required a 23 per cent increase in aircraft design
capability, several years' effort and several billion dollars to replace
an existing fleet of aircraft which could achieve this capability simply by
being flown in the optimum manner. This one example serves as a lasting
example of:

1) The high cost associated with an oversimplified approach to
performance optimization; and

2)' The insignificant computational cost of adequate performance

optimization studies for production aircraft when compared to
the resulting payoff.

Further details of these F-4B performance optimization studies may be
obtained from Reference 5.
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