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INTRODUCT ION
In a previous report [1] the author presented a theo-

retical framework for analyzing the trajectory of rocket-
satellite systems, both in the powered rocket ascent or
launch phase and in the subsequent orbital motion or coast
phase. Techniques for solving the problem of laﬁnching
space systems into proper earth orbit were elucidated, and
subsequently these techniques have been tried on particular
cases. In the process, a numerical solution of the equa-
tions of motion of rocket ascent has been programmed on a
digital computer and found to be useful, It is reported
here to make it more generally available.

This is obviously not the first time a computer pro-
gram has been developed to handle the rocket ascent pro-
blem. It is possible to get one of these programs from an
outside source, and adapt it to the specific tasks at hand.
Very often, however, the information accompanying the pro-
gram is insufficient, or the requirements of the program are
not matched to the data base for the problem or the com-
puter at hand. It is frequently easier, faster, and more
reliable to develop a program ab initio. This was done,
and the resulting program is presented and explained below.

It was shown in Reference [1] that the rocket ascent
problem could be solved as if the earth (and atmosphere)
were stationary in an inertial frame of reference, and
that the corrections from earth's rotation could be added
in later. The computer program developed here solves the
launch problem for the stationary earth case. It will be
shown later in a specific application how earth's rota-
tion effects are adjoined to the computer program results.
For the stationary earth model the simplest case of planar
rocket motion is shown in Fig. l. Here I is the radius vec-
Note: Manuscript submitted March 26, 1979.




tor from the center of the earth to the center of mass of
the rocket, y is the rocket altitude, ¢ is the angular
displacement from launch, which determines the ground range
x when the radius of the earth R is factored in, § is the
flight path angle of the center of mass (or "heading“) of
the rocket with respect to the local horizontal, and « is
known as angle of attack of the rocket axis with respect
; to the flight direction. ' §
The equations of motion for the rocket are deduced [1] k
‘ straightforwardly from the force diagram shown in Fig. 2, %
which also contains a brief description of the indicated
symbols. The forces indicated are: the gravitational

direction, respectively. In deducing the equations of

force W, the thrust of the escaping exhaust gases T, which é
is canted at the angle B to the vehicle centerline, and the g
aerodynamic forces of drag D and lift L due to rocket r
motion through the atmosphere. Drag and lift forces are }
directed antiparallel and perpendicular to the flight path §

[

motion, we make the assumptions found in many references
(1-4]:

(1) the aerodynamic forces act through the center
of pressure,

i
(2) the force of gravity acts through the center of . }*
{
\
|
b
|
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gravity, and

(3) the thrust force is applied through the center
of combustion.

The equations of motion for the center of mass motion are
determined [1] to be:

v = -(K/rz) sin p - (D/M)+(T/M)cos (a+h) (1)
2 : ]
\4 = - . g os p + _T sin (a+B) + _L (2) |4
%oTa3 e AL 0. Tl 90, HIFL Y

The speed of the rocket center of mass is here denoted by
v, and the mass of the rocket is denoted by M. The symbol
K is the product of the universal gravitational constant
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and the mass of the earth,and has the value

K = 3.986012X10° km.? /sec.?

The other symbols have already been defined. The angle of
thrust B8 is normally very small for large launch vehicles
(e.g., B/a<<l), and it is customary [2,3] to set B to zero
in the equations of motion before solving for the launch
trajectory. Hence, the good approximation is made

B ~0 (3)

in Eq.'s (1) and (2), thus avoiding the complications of
additional moment equations for the steering of the rocket.
The variation of B8 is preprogrammed in the guidance and
control system of the rocket, which causes the relatively
much larger variations in « involved in the shaping of the
launch trajectory. The approach to be used in the nu-
merical solution of Eq's (1) and (2) is in this spirit.

An a(t) profile will be selected to cause the relatively

much larger variations in ¥ (t), and it will be done in such

a way as to obtain a correct value of § at rocket burnout

and a smooth variation in $(t). The program user typically
knows this burnout value of y from consideration of the

orbit into which he desires to inject the payload. The
procedure will be: (1) selection of an a(t) profile, (2)
numerical solution of v(t) and P(t) from the equations of
motion, and then from orbit injection or other criteria,
(3) selection of a new a(t) profile and a repetition of
step (2). This process is iterated on the computer until
a "correct" launch trajectory is obtained.

Other approximations in the solutions of Eq's (1) -
(3)have been experimented with during the evolution of

this program. One approximation is the choice of specific,
analytic profile for y(t) with free parameters adjusted
so that y(t) takes on specific end values. The known




end values are those at rocket launch and at orbit injec-
tion. The problem is that all the other values of ¢(t) in
between are forced by the analytic form; this will be ela-
borated on shortly. The advantage of assuming an analytic
p(t) profile is that only Eg. (1) needs to be solved if
some other information about a(t) is known - e.g., that «
is small enough so that cos awl (recall Eq. (3)). The
criterion of small « values is presumably desirable from
the standpoint of launch efficiency; the rocket engine then
does its work along the direction of motion. Ehricke [3]
uses this approach, but points out that « could be calcu-
lated from P (t) and the solution for v from Eq. (2). In
particular, the assumption about the smallness of a could
be checked. Ehricke uses a particular analytic form P (t)
for each stage of a multistage rocket. Experience with
this approach, however, points out certain flaws in it.

In the first place, the end points of P (t), which nail down
its free parameters, are typically unknown ahead of time.
Hence, there is much time wasted experimenting with end
values (i.e., stage ignition and burnout values of p)which
will keep the range of a values small, A major problem is
that the analytic form of y(t) is apparently not very
realistic, because it forces some rather wild variations of
a(t). Neither is the criterion of smallness of a(t) neces-
sarily realistic, particularly in the higher rocket stages
when substantial tilts may be necessary to inject payloads
at sufficiently high altitudes to avoid aerodynamic heating
or drag effects. Ehricke's method wasthus found to be too
slow and inefficient in the trial and error aspect, not
sufficiently unambiguous for inclusion of an automatic
self-correcting procedure based on a small o« criterion,
and potentially too inaccurate for our purposes. Ruppe [3]
similarly employs analytic forms for sin y and cos p which
are polynomial expansions in t designed to give correct
launch and orbit injection end point conditions. With
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certain other approximations this enables one to inte-
grate Eq. (1) analytically. Unfortunately, the large dis-
agreements in the § values inferred from the separate poly- ‘
nomial expansions for sin P and cos P and the inaccuracies

in the method seemed unacceptable for our purposes.

Other approximations, often made in the solution of
Eq's (1) - (3), involve the evaluation of the force terms

4._.,.‘, S—
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in these equations. The evaluation of forces in the pro-
gram will be detailed in the next section, but for present
purposes it will suffice to just mention the qualitative
reasoning behind the approximations. Due to ambient pres-
sure decrease with altitude it is found that the effective
rocket thrust force T in Eq's (1) and (2) increases from
its launch value '1‘sl at sea level to its vacuum value Tvac
at the orbit injection altitude. This increase of thrust
effect is at least partially offset by the drag force in
Eq. (1) which acts to slow the rocket down. This has
prompted certain authors [3,4] to eliminate the drag and
thrust increase effects from Eq. (1), since they tend to
counterbalance each other, and use a constant thrust term
instead. This is a nice simplification, particularly since
the drag and lift coefficients for the rocket, which enter
in the evaluation of D and L in Egq's (1) and (2), are
usually not known very well. Similarly, the force L is
often dropped from Eg. (2) on the grounds that it is not

very important for large rockets. It has been the author's
experience that for large rockets, e.g., with liftoff
weights of hundreds of thousands of 1lbs. or more, the thrust
increase effect outweighs the drag effect. As a result,
the constant thrust approximations give injection velo-
cities smaller than the more complete evaluations by




as much as 2-3%. This kind of discrepancy is serious for
the orbit determination, as shown in Fig. 3, which gives
the dependence of orbit apogee altitude on perigee injec-
tion velocity. A two percent variation injection speed

can make a difference of 500 nmi. in apogee altitude. 1In
questions of orbit determination (or even whether or not a
stable orbit has been achieved) this kind of uncertainty
may well be unacceptable. As Eq. (1) indicates, the thrust
term also varies.when the angle of attack a becomes large,
which is often the case in the upper rocket stages. The
constant thrust approximation was therefore abandoned. The
decision was also made to not discard the lift term L in
Eq. (2), since it was found [3] to significantly enhance
the leverage exerted by the assumed «a(t) profile on the cal-
culated p(t) solution at ascent altitudes where aerodynamic
effects attain their largest values.

For the above reasons the approach adopted in the com-
puter program is to assume an a{t) profile, solve the equa-
tions of motion, and then refine the original a(t) in an
iterative approach. This proved to be easy to automate,
and the results did not appear to be sensitive to the am-
biguities in choosing the a(t) profile. With an evaluation
of thrust increase and aerodynamic effects, and with a non-
reliance on the constant thrust approximation, the program
has reached a level of approximation where it should be
useful for most purposes, including orbit determination.
More on this later, but the next task is to supply details
about the program and its use. |

The Evaluation of Terms in the Equations of Motion

For a rocket with swivel control motors the total
thrust T in Eq's (1) and (2) includes pressure forces, and
is written [3-5]) as

e — — o — e g 7t e
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T = Mv_ + A [p, - p(y)] - (4)

where M is the mass loss rate of exhaust gases, v, is

the actual average axial speed of these gases relative to
the rocket, A is the exit aperture area, Pe is the pres-
sure of the exhaust gases at the exit aperture, and p(y)

is the ambient pressure of the atmosphere at altitude y.
This pressure varies from p(o) to zero during the first
part of rocket flight, usually by the time of first stage
separation. Consequently, T varies from its sea level value

T to its vacuum value T . Both T and T are nor-
sl vac sl vac

mally specified for the first stage of the rocket, pos-
sibly also for the second stage, but usually only T . is
given for higher stages. Hence, for the first stage, pos-

sibly also the second, the ratio

x = 'rvac/'rsl (5)
is known, and Eq. (4) can be rewritten as
it o E=d p(y)
8 o o [1 (6)
x p (o)

The computer program evaluates thrust from this eguation,
which exhibits the increase of thrust with altitude.

The aerodynamic forces of lift L and drag D in Eg's
(1) and (2) can be evaluated from [3]:

D= (¢, + Cpp o2 (pv3/2)s (7)
L =((dg, /3e) o] (pv?/2)s (8)

where p is the atmospheric mass density, v is the rocket
speed and S is a reference cross-sectional area (e.g.,
that for the lowest rocket stage) to which the aerodynamic
coefficients are referred. As seems plausible, the aero-
dynamic forces are seen to be proportional to the dynamic

-




pressure of the atmosphere (i.e., pv272) and the reference
cross-sectional area of the rocket vehicle. The propor-
tionality constants in square brackets in Egfs (7) and (8)
are the drag and lift coefficients which depend on both the
angle of attack a and the speed v. The dependence on « is
to be expected, since the tilting of the rocket centerline
away from the flight direction obviously exposes more of
the rocket surface to the pressure forces of the atmosphere,
thus increasing the aerodynamic forces. The lift force
vanishes for o = o. The representation of the a dependence
of the drag and lift coefficients in Eg's (7) and (8) is
supposed to be valid, according to Ehricke [3], for moder-

ate angles of attack (e.g., o < 10°). Here C , and

po’ CpL
BCL/a a are constants which depend only on the speed of the
rocket. Actually, the dependence is found to be on the

mach number M, defined as
M =v/c , (9)

where ¢ is the speed of sound at the altitude of the rocket
We have used the dependences given by Ehricke (cf. his Fig.
5-8 in [3]) for a two-stage rocket, a close analytic fit

to which has been found to be:

0.25 + 0.3773 exp [-16.6426(M-1.14)2] (OsM=< 0.88889)

Cpo={0-6273 - 30.902 |M-1.14]3° (0.88889<Ms1.28)
0.17913 + 0.5318/M (1.28 « M) (10)
DL=}0.2818 + 3.2727/M (1.5 < M)
(O & Ms |.5)
ac,/3a =10.8 + 6/M M >1.5) (12)

The graphs of Eq's (10) - (l1l2) are shown in Fig. 4, along
with a sketch of the type of rocket to which these coef-
ficients apply, In this case, the reference value S in
Eq's (7) and (8) is the cross-sectional area of the bottom
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rocket stage. The dynamic pressure factor in Eg's (7) and
(8) is seen to involve a competition between an atmos-
pheric density p which is decreasing exponentially with
altitude and a quadratic dependence on velocity which is
increasing with altitude. The result of this in calcu-
lations is that aerodynamic forces are negligible above
about 60 km, and peak somewhere around 10 km.

For the evaluation of thrust and aerodynamic forces
an atmespheric model is needed, i.e., a specification of
pressure p and density p vs altitude y in the region in
which thrust variation and aerodynamic forces play a role
(e.g., for O $ y < 100 km). The temperature is related to
P and p by the ideal gas law;

P=p QT/M (13)

where M is the mean molecular weight of one mole of atmos-
pheric gas, and ﬁ is the gas constant given by ﬁ = 8.3143
joules mole-ldeg-l= 8.3143X 107ergsnwléldeg_l. The
speed of sound in Eg. (9) is calculated from

c? = 1.4 p/p (14)
where the factor 1.4 is the ratio of specific heat at con-
stant pressure to the specific heat at constant volume for
diatomic molecules, such as air. For use in the computer
program it would be helpful to have an analytic expression
of the atmospheric density and pressure altitude profiles.
This is developed in Appendix A. Using the approach de-
veloped there and the numerical tabulation of Jastrow and
Kyle [6], the following analytic forms for the atmospheric
profile are obtained:

P PO(H/HO)—l/ao

P = Pg El'z(Y‘Yo)/YR+ybﬂ_l (H/Ho)'(1+§6)/ﬁo ‘

-9~

p—




where H = H_ + ﬂo(y-yo) (Yi<Y‘Yf) (15)

Different parameters (p,, P,. Hy. ﬁo, y,) are used for dif-
ferent altitude intervals [Yi, Yf], and these are given in
Table 1. Use of these expressions is found to give a good

£it of the numerical tabulation of Jastrow and Kyle [6].
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Integration of the Equations of Motions

Before going on to the actual integration of the equa-
tions of motion, further approximations used should be in-

dicated. These have to do with the magnitude of the angle
of attack « during the flight of the rocket.
As Eq. (2) indicates, while the rocket speed

is relatively low during first stage motion, a particular
value of a has a larger effect on the turning rate & than
when the rocket speed is much greater in second or higher
stage motion. Values of o in first stage motion needed to a
cause a particular orbit injection value of p (e.g., P=0)
have been found not to exceed a few degrees. On the other
hand, the maximum value of o in higher stages has been found
to be as high as tens of degrees in some cases, depending on
payload weight and the required orbit injection altitude.

At least while aerodynamic effects are important, however,
it appears to be a good approximation to replace sin « by a,
and the approximations of Eq's (7) and (8) are valid. Hence
to a good approximation, Eq's (1) - (3) become

v = «(K/r%)sin § - (D/M) + (T/M) cos « (16)
2

2
vwp=-|k -_V cos p + 1 |T + ESL PV 5| sin «
e r M dae 2 (17)

These are the equations of motion integrated in the computer
program. They are considered valid for all rocket stages.
Here D is given by Egq's (7), (10), and (11), and T is given
by Eq. (6).

The procedure is to employ a particular profile for
a(t) in the integration of Eg's (16) and (17). It has the
form
C (t=t,) [1- (t'to)] (b St<t +ty)

a(t)= ta

(18)

0 (tsto or t 2t  + td)

alle
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It is shown in Fig. 5 as an inverted parabola where it is ‘
non-vanishing, with an extremum point at t = t_ + td/z and i

associated value ap = Ctd/4. It is a convenient profile to
manipulate, and the results for orbit injection conditions

have been found to be insensitive to variation of para- ‘§
meters in the profile. For example, a particular orbit in- !
jection altitude at § = 0 can be obtained for various C
values by adjusting the t3 value, and the value of injec-

tion velocity is insensitive to this procedure (e.g.,
within 0.2%). The assumption of a particular form in Eq.
(18) would be a major concern if this were not the case.

Beside having solutions for v(t) and Y(t) in Eq's (16)
and (17), it would also be of interest to find the altitude
and ground range (cf. Fig. l). given as solutions of

¥
x

v sin Qp (19)
v R cos P/ (R+y) (20)

The Eq's (16), (17), and (19), and (20) are a coupled set
of ordinary first order differential equations in the time
variable, and are therefore solvable by the Runge-Kutta
method [7]. In explaining this method it will be convenient
to rewrite these equations as "

. (@)

X

(@ o (x®})  (a,8=1,2,3,4), (21)

= £
where the superscript o in this case runs over the four
variables v, §, y, and x, which are respectively repre-
(1) (2) (3) (4)

, X ;s X , and x . Eg. (21) states
that the time derivative of one of these variables is a

sented by x

particular function of the time (e.g., through the given
explicit time dependences of a(t) in Eq. (18) and mass of
the rocket M(t)) and of the four variables [x(ﬁ)] at that
time. Actually, inspection of Eq's (16), (17), (19), and

«]¥=




(20) reveals no dependence of f(a) on x(4) = xhere. In the

Runge-Kutta numerical method, the time scale is broken up
into mesh points separated by a fixed interval width h.
The integration is consecutively forward on the time scale,

with the variable at the mesh point n determined from the
known values at the mesh point n-1, as follows:

(a) _ _ (a) (a) (a) )
X o= 0 1 (e M 200" & 2m ) esx, (*)) (22)

6

(a) (@) (8)
Ay e hg xn_lﬁ i

o = ne@ (e o+ ns2, Ix B+ o B2y

(23)

ac{® = ne' (e +ns2, (x _{P + ax, B s23)

T oY ALLN CHLS P PO L L

The procedure, according to these equations, is to first

evaluate the four values of Axl(a), which then enables the

evaluation of the four values of Ax?(a). Next comes the
evaluation of Ax3(a), and then Axé“ . Finally, x (o) is
evaluated from Eq. (22).

n
This is also the procedure

for any number of variables (a, B, = 1,2, -=-=--- ), not just

the four of interest here, and the method is easily pro- &
grammable. 1
The computer program for the rocket trajectory con-
sists of a main program and ten subroutines. The general
approach of the coordinating main program RALLY 6 is to
take a trial a(t) function from Eq. (18), and then perform
the numerical integration of Eq's (16), (17), (19), and
(20) by the Runge-Kutta method outlined in Eq's (21)-(23).
Based on the final rocket burnout values of y(t) and y(t)
- i.e,, the orbit injection values of these variables -

alw




the tilt parameters in Eg. (18) are varied, and the pro-
cess is repeated iteratively until the desired orbit in-
jection conditions are obtained. Instead of varying tilt
parameters the program also provides for the variation of
coast times after powered stage burnouts, in order toobtain
orbit injection conditions . The program is interactive with the
user in that corrections are made by him during the run,
but at some point the user can choose an option which

makes the program self-correcting, i.e., the program iter-
ates on the corrections by a Newton-Raphson method [7] un-
til convergence to a specified (by the user) stage burnout
heading is obtained within a specified tolerance.

The input and output options are very flexible, so that the
program will handle a wide variety of rocket problems with
ease. The Subroutines are: (1) MASS which evaluates the
mass of the rocket in Eg's (16) and (17) from M=Mo -M.t,where
the initial stage mass My and mass ejection rate M are
known parameters for the rocket stage, and t is the burn
duration in that stage; (2) TILT which evaluates angle of
attack from Eq. (18):; (3) DEN which evaluates density and
pressure according to Eg. (15) and Table 1 and sound speed
according to Eq. (14); (4) PSINCR which evaluates @ in Eq.
(17) ,which is needed for the Runge-Kutta integration in

the main program; (5) VINCR which evalues v in Egq. (16);

(6) ALT which evaluates § in Eq. (19):; (7) GRRG which
evaluates x in Eg. (20); (8) CNVG which computes the para-
meter corrections to tilt amplitude (C in Eg. (18)) or
stage coast time in the self-correcting mode of operation
of the program, and then tests for convergence; (9) STORE
which either stores burnout values just computed for the
present rocket stage to be used in calculations for the
next stage, or recalls values stored from calculations on
the preceding stage to be used in a repetition of the cal-
culations for the present stage; and (10) FORCES which com-

«lSe




putes thrust and aerodynamic forces in the equations of
motion according to Egq's (5)-(12).

Detailed Description of the Computer Program and Its Use

In Appendix B is the listing of the program for the
DEC-10 system, and in Appendix C is the almost identical
listing of the program for the PDP-11/70 computer system.
One of the few changes made arose from the way the two
different computers evaluated cos P in Eg's (17) and (20).
There was no problem with the DEC-10, but the PDP-11/70
made small errors in the evaluation of cos ¥ near Y=m/2

rad. As small as these errors were, they were compounded
in the integration procedure, so that final errors in the
burnout ground range and altitude amounted to a few km.
or more. This was remedied in the PDP-11/70 program
version by replacing cos §, wherever it occurred, by

gin (m/2-$). With respect to the DEC-10 listing it is
seen that statements #12400 and 14900 were changed in the

PDP-11/70 version in this fashion. There is also a dif-
ference in the treatment of the vacuum-to-sea level thrust

ratio which is given a value VSLR(I) for each rocket stage
in the DEC-10 version (cf. statements #120, 2010, and 4255
in Appendix B). This ratio is given as x in Eg's (5) and
(6). Very often the effect of VSLR or x is negligible, ex- ;
cept for the first stage, because rocket altitude in the b
upper stages is high enough that the atmosphere is essen-

tially a vacuum, i.e., T takes on the value Tvac in Eq. (6) .

This is why VSLR is treated as a single parameter for the

first stage in the PDP-11/70 version in Appendix C. The

only other change was necessitated by the difference in

printing output between the two systems. While the output

is typed at the DEC-10 terminal on a paper roll as TYPE

statements are encountered in the program, it is printed on
a CR-tube display in the
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PDP-11/70 system (which periocdically erases itself) and
subsequently printed on paper at a line printer terminal
upon successful completion of the job. 1In the PDP-11/70
version of the program the IPR printing option variable in
the DEC-10 version is replaced by ITY, and IPR becomes a
printing option variable for the line printer. Otherwise,
the programs are identical. Henceforth, the discussion
will be confined to the DEC-10 version.

At this point the statements of the program listed in
Appendix B will be itemized,and to help the reader follow
the logic of the program, a flow chart of the main program
(RALLY 6) is included in Fig. 6(a), (b), and (¢). The first
two DATA statements in Appendix B (#300 and 400) list the
Ye and b 3 values in Table 1, while the next one lists the
values of Po in g./cm.3. The next data statement (#700)
lists the values of -2(R+yof-kn km L (cf. Eq. (15)). Next
come the values of Hj (in #1000), Bo (in #2000), and B in
dynes/cm® (in #1350) from Table 1. This is followed by
values for constants used in the program; sequentially,
these are K in km3/sec2 (cf Eq's (1) and (2)), the radius
of the earth R in km, pi, and the pressure at sea level
(p(o) in Eq. (6)) in dynes/cmz. After zeroing a few exe-
cution option parameters, the user reads in the number of
rocket stages NS up to 6 (which can be changed to a higher
number, if necessary, by changing statement #120) and SM2
(1), the initial mass for each rocket stage (in 1lbs.),
which is defined as the mass of the rocket at the begin-
ning of the stage. Periods of coasting can be included as
separate stages. Next SMD (I) is read-in which is the
rate of mass loss of each stage due to fuel consumption (in
lbs/sec). This would be set to zero for a coasting stage.
Then the vacuum thrust for each stage TH(I) is read (in 1lbs),
which is the T__ of Eq. (6). Following this, the program

vac
calls for the vacuum-to-sea level thrust ratio VSLR for
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each stage (i.e., x in Eg. (5)), the duration time (in sec)
for each stage TBD(I), the stage diameter DI(I) (in meters),
and the number of time intervals NI (I) that each rocket
stage is to be broken up into in the specification of the
time mesh for the numerical integration. In statements
#2605 - 2630, TBS(I) is computed, which is the time mea-
sured from launch in sec. at which the I'th rocket stage
commences. Next the altitude YI, time TI, speed VI,
heading PSI, altitude interval ID (associated with Table 1)
and angle of attack AL are given values appropriate to
launch conditions, and the program is then ready to enter
the numerical integration procedure.

After testing a pair of parameters, which will be dis-
cussed later, the program calls for the specification of
the angle of attack parameters in statements #3460 - 3550.
Here CA TLZ, and TLD refer to C (in rad.).t° (in sec), and
td (in sec) in Eg. (18), and thus refer to the tilt ampli-
tude, the time measured from launch at which tilt begins,
and the duration of non-vanishing tilt, respectively. Now
the user supplies the parameters which determine the various
execution options in statement #357S:

(1) NT specifies the number of rocket stages * ° be
integrated as in Eq's (21) - (23).

(2) IOP specifies what part of the program that control
is returned to after the NT rocket stages have
been integrated. 1IOP = 1 terminates the program,
IOP=2 returns control to program statement 3 (PS3)
where variables are given their launch values. IOP=3
returns control to PS69 which redefines the time mesh
for the numerical integration. IOP = 4 returns con-
trol to PS25 which initiates the integration of
rocket stages other than the first. IOP=5 returns
control to PS2 which defines a new rocket problem.

(3) ICE specifies the number of rocket stages which
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have previously been integrated.

(4) IPR specifies the extent of the printed output from
the numerical integration of the NT rocket stages.
IPR = 0 causes printout of the variables at all the
mesh points. IPR 2 1 causes printout of only the
final or burnout values of the variables. IPR = 0,1
signals the program that corrections to tilt or coast
time parameters will be supplied by the user., IPR=2
signals that tilt amplitude or coast time corrections
will be computed automatically by the program in its
self-correcting mode until convergence has been ob-
tained, i.e., when the burnout value of the heading
() takes on a specified value within a specified
tolerance.

(5) IBG specifies what the value of IOP will be after
convergence has been obtained in the self-correcting
mode of the program.

(6) JCV specifies what is to be corrected in the self-
correcting mode of the program. JCV = 2 specifies
that TBD(NS) is to be adjusted, i.e., the coast time
of stage NS. JCV # 2 specifies that CA is to be ad-
justed, i.e., the amplitude parameter for the angle
of attack profile of a particular rocket stage.

(7) IMA specifies whether or not the payload weight is to
be adjusted. This control is convenient for obtaining
the dependence of orbit injection conditions on pay-
load weight.IMA = 1 specifies that a payload weight
increment is to be read-in after the program has ob-

tained covergence in its self-correcting mode of
operation.

(8) JINS specifies whether or not a new NS is to be read
in for the integration procedure. JNS = 0 says not,
but JNS # 0 specifies that a new NS will be read in.
A temporary NS value is used for the self-correcting
mode of operation on parameters of an intermediate
rocket stage when the NT stages being integrated do
not include the final rocket stage.

If IPR = 2 the program enters its self-correcting

mode of operation in the integration of NT rocket stages.
The first part of this is the specification of the desired
final result PSSS for the heading in the integration and the
convergence within EPS of the parameter that is being cor-
rected. These values are read in statements #3882 and 3885.
The program then carries out the numerical integration of
the Eq's of motion (16), (17), (19), and (20) as indicated

-19-

.-__._,_,-.‘
b ek




in Eq's (21) - (23), and with the help of the subroutines

discussed at the end of the preceding section. The reader
will have little difficulty in following this. While some
of the parameters were read in CGS or English units, every-

thing is converted to MKS units in the numerical integration
with the exception that distance units are km. in the final
results.

Beginning with statement #8010 the program enters a
series of tests which are designed to correctly set the
parameter ICD for the subroutine STORE, which is called in
statement #8050, If ICD = 1, STORE will store the tra-
jectory values just computed, to be used as initial values
for integration of the next stage. If ICD = 2, STORE will
recall the initial values for the integration just computed,
so that this integration can be repeated to get a heading
which is closer to that desired. The rest of the main pro-
gram, which is indicated by the flow chart, is mostly con-
cerned with obtaining convergence in the self-correcting
mode of operation. Convergence is on the tilt amplitude
CA or on the coast time of the stage N5 (i.e., TBD(NS)), as

determined by JCV. As previously stated, the sub-routine
CNVG computes the corrections to these parameters in the
self-correcting mode (see statement #8655). The parameter
ICVG signals whether or not convergence has been obtained.
ICVG = 0 means it has not; ICVG = 1,2 means it has.

Perhaps the best way to understand how the program
works and how to use it is to trace through the flow chart
in Fig. 6 with data on sample problems. For this purpose,
consideration is directed to a two-stage rocket with four
stages of motion. The author would like to make the dis-
tinction between rocket stages and stages of motion. The
program is solely concerned with the latter usage, and the
subsequent discussion here is too. The first stage of
motion is powered, the second stage is defined as a
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coasting stage, the third stage is powered, and the fourth
stage is a coasting stage for the payload. It is assumed

that all the rocket datahave been read in, so that the point

in the program has been reached where the angle of attack
dataare to be read-in, ie., at statement #3500 in the
program. The solutiongof four problems for this rocket are
of interest, and these are given below.

Problem 1: The right amount of tilt must be put in the
first stage so that the rocket will be injected into orbit
at zero heading (i.e., y = 0 as the final solution of the
equations of motion). Hence, the second through fourth
stages fly in a gravity-turn (o =o0.in Fig. 1) trajectory. The
user must supply the data shown in Table 2 ,which also shows
the statement number that demands the data,along with occa-
sional comments. The reader should trace the path of logic
through the flow chart which is dictated by the data. The
initial reading of the tilt or angle of attack data will
result in a heading which is non-zero in the printed out-
put. This suggests a new CA value which is read-in (see
Table 2), and the change of IPR from 1 to 2 in the next
data input will cause the program to go into its self-
correcting mode cf operation. From then on the program
iterates on CA until corrections to CA become less than
0.000002. This will typically take only a few seconds of
actual runtime on the DEC-10 system. Then the complete
launch trajectory is printed out at every time mesh point
as the converged solution. Note that the user supplies
two trial values of CA before the correction procedure is
made automatic. Two such values are required in the cal-
culation of the correction in Subroutine CNVG. Program
control then returns to PS3, where now ICVG = 0 and IPR =0,
and variables are initialized at their launch values. The
program is now ready to solve the second problem.
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TABLE II

Data Required for Problem 1 in Text

DATA SUPPLIED STATEMENT NO. (3) COMMENTS
CA, TLZ,TLD 3500, 3505, 3510 CA<O
42012 3626 JCV=IMA-JNS=0
ca,TLZ,TLD 3500, 3505, 3510 A new CA
42022 3626
0. 3882 Final
0.000002 3885 Sample toler-
ance
TABLE III

Data Required for Problem 2 in the Text

DATA SUPPLIED STATEMENT NO. (#) COMMENTS 3
CA, TLZ, TLD 3500, 3505, 2510 First stage E
values '
24002 3626 b
CA, TiZ, TLD 3500, 3505, 3510 Third stage E
values
24212 3626
¢\, TIZ, TID 3500, 3505, 3510 A new CA -
third stage
24222 3626
0. 3882
0.000002 3885
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Problem 2: With a specified tilt in the first stage,
the tilt in the third stage must be adjusted so that the
final orbit injection heading is zero. Table 3 specifies
the data for this problem. The first stage tilt value is
read-in, the first two stages are integrated, with the
trajectory values being printed out, and the final re-
sults for the variables are stored for use as initial

1 values in the integration of subsequent stages. “hen

trial tilt parameters for the third stage are read-in,
and the injection conditions are calculated and printed
out as a result of the integration of the third and fourth

R

stages. Based on this, a new CA for the third stage is

entered by the user along with the other tilt parameters. g
Then the program is put into its self-correcting mode, f
iteration on CA for the third stage ensues, and finally E
the converged launch trajectory is printed out. Control ‘
is then returned to PS3, where the variables are initia- ‘

lized at their launch values. The program is now ready to
solve the third problem.

Problem 3: With specified tilt functions in the first and
third rocket stages and a specified coast time for the ’
second stage (TBD(2)), it is desired to adjust the coast
time of the fourth stage to obtain y = 0 as the orbit in-
jection heading. The data supplied by the user is shown

in Table 4. By putting JCV = 2, the correction procedure
is now on TBD(4). It proceeds analagously to that on CA.
After converging to the correct coast time for the fourth
stage, program control reverts back to PS3, where variables
are initialized at their launch values again, and the
fourth problem is now ready to be solved.

Problem 4: With specified tilt functions in the first
and third rocket stages, it is desired to adjust the coast
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TABLE IV

Data Required for Problem 3 in Text

DATA SUPPLIED STATEMENT NO. (#) COMMENTS
ca, TLzZ, TLD 3500, 3505, 3510 First stage
24012 3626
ca, TLZ, TLD 3500, 3505, 3510 Third stage
14212 3626
0. 3500 These tilt
| 0. 3505 Parameters
4 play
: 0. 3510 no role
(no thrust) ¢
143122 3626 jﬁ
TLS 8687 New coast time P
fourth stage &
0., o., 0' 3500' 3505' 3510 ’F;
143222 3626 ;%
| 0. 3882 '3
1 .000002 3885 |4
: §
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DATA SUPPLIED

ca, TLZ, TLD
14001

0., 0., O.
14114201

2
TLS
0.,00.0.

141242

pSSS
.000002

ca, TLZ, TLD
14204001
4

0., 0., O.
143122
TLS

0., 0., O.

143222
0.

.000002

TABLE V

Data Supplied by User for Problem 4 in Text

STATEMENT NO.

(3#)

3500, 3505,
3626

3500, 3505,
3626

3845
8687
3500, 3505,

3626

3882
3885
3500, 3505,
3626
3845

3500, 3505,
3626
8687

3500, 3505,

3626
3882

3885

3510

3510

3510

3510

3510

3510

COMMENTS
First stage

Second stage

Coast time
iteration

Temporary NS

New coast time
Irrelevant tilt

again

Self-correct
ccast time

¥2
Tolerance
Third stage

Restore ori-
ginal NS

Fourth stage

New coast time
Irrelevant tilt

again

Orbit injec-
tion heading




time of the second stage to obtain a particular heading
¥, at the end of the second stage, and then to adjust the
coast time of the fourth stage to obtain an orbit in-
jection heading $=0. The data supplied by the user is
shown in Table 5. The rocket launch trajectory is printed
out for all four stages in the course of the program.

As demonstrated by the examples discussed, the pro- p
gram is flexible enough to handle a wide variety of rocket f
problems. Whatever rocket problem the user is dealing
with: it seems advisable to check the data to be supplied
to the program by tracing its path through the flow chart.

Example: A Hypothetical 2-stage Launch Vehicle
For typical input data the numerical output from a
specific example is obtained next, and its use in computa-

; tions is demonstrated. As in the preceding section, the
rocket in this example has four stages of motion, the first
and third being powered and the second and fourth being
coasting stages. One might typically be given the rocket
data of Table 6. It is a simple matter to calculate the
input parameters for the program from Table 6 with the .
help of the following equations:

SMZ = M |
SMD = 'rvac/zsp ‘E
TH =T . R
VSIR = X

(TBD) (SMD) = M

P
The left-hand sides of these equations are written in the

notation of the computer program (Appendix B), while the
right-hand sides are written in the notation of Table 6.
In Appendix D the solutions of Problem 1 and Problem 2
of the preceding section are obtained on a remote time-
sharing DEC-10 terminal for the hypothetical rocket of
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TABLE VI

Rocket Data for a Hypothetical 2-Stage Launch Vehicle

PARAMETER _STAGE _ FIRST SECOND
Ignition Wt.=M (1bs) 400000 120000
Stage Wt. =M_ (1bs) 274000 110000
Total Propellant
Wt, = Mpv (1bs) 264000 105000
Vac. Spec. Impulse

= Isp (sec) 302.3 314.3
Vac, Thrust = e (1bs) 665000 220000
Vac.Sea level
Thrust Ratio = x 1.15

Stage diameter (ft) 10 10
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Table 6. The user enters data for the rocket problem when
the program prompts him to do so with an ENTER---- message.
The value 10 seconds is arbitrarily used for the coast times
of the second and fourth stages of the rocket motion. This
might, for example, allow enough time between burnout of

one powered stage and ignition of the next powered stage to
take care of jettisoning launch vehicle vestiges. In this
particular exercisethe user is trying to obtain the orbit in-
Jection velocity at zero heading (in this case, the perigee
of the orbit) and at an altitude of 100 nmi. = 185,2 km.

In order to find this, the user Plots the three output values
altitude vs. velocity, as in Fig. 7 (x - marks), and then
interpolates (to o-mark) to find an injection velocity

v' = 7.833 Km/sec. Incidentally, the total computer runtime
for the output in Appendix D was 26 seconds.

The value just found for the orbit injection velo-~
city at 100 nmi. altitude is in a stationary earth approxi-
mation, as discussed in the Introduction. The earth's rota-
tion is easy to account for[1l] in separate computations. To
do this, one notes first that the total ground range covered
in this example is about 670km. » which is small enough that a
flat earth approximation[l]is in order. Then the actual

orbit injection conditions for the rocket, including earth's
rotation, are given by

v=_[v?2s 2v'v sina  + v 2]!5

(o)
- 0
=0 i (25)
tan a = V 8in ag + v
vV cos a,
where

Y, = wER (1 + (yi/R] cos L,

Here, v' is the injection velocity in the stationary earth
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approximation, * is the effective initial velocity in an
easterly direction imparted by earth's rotation, a, is the
launch azimuth angle as seen by an earth observer,which is
established shortly after launch by suitable pitch and yaw
rotations, and a is the actual azimuthal angle at orbit
injection as seen by an inertial observer. These azimuthal
angles are measured clockwise from the local north direction
to the direction of motion projected on the local hori-

zontal plane. In the expression for Vor @ is the angular

rotation rate of tpe earth, R is its radiug. Yi is the
rocket altitude after first stage burnout, and L, is the
latitude of the launch site. The orbit inclination angle
i, which is the angle made by the normal to the orbital
plane (determined from the right-hand rule by curling one's
fingers in the direction of motion of the satellite) with
the earth's rotation axis, is determined from the pre-

ceding parameters by
cos 1 = sin a cos Lo (26)

where

osas2n and |L | = is7- L]
in radian measure. By way of illustration it is supposed that
the rocket in the example is launched from Cape Kennedy,
for which R 28.5°. Onehas that v = 7.833Km/sec, wp =
7.292116 rad/sec., R = 6378,145km.,y; ® 64kn., and a_ is
variable in the example. Fig. 8 isa plotof aand i vs. a,
and in Fig. 9 isa plotof vvs.i. This is as much informa-
tion as is needed for the launch problem example. It will be
seen from these figures and Fig. 3 that, as expected, *the
apogee altitude will be maximum when the launch direction
is due east (a, = 90°); then it is about 1075nmi. On the
other hand, for launch directions in the range 190° < a, <
350° there is a question of the stability of the parking
orbit, since in this range orbit altitudes dip below 100nmi.
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DISCUSSION

The program developed here was employed in calculations
on large launch vehicles. Curves of the type of Fig. 7

were found for the injection conditions in the stationary
earth approximation. Earth's rotation effects were sub-
sequently included in the manner described previously.
The results were compared to corresponding calculations
which leave out explicit consideration of thrust increase
and drag effects, but rather assume that they cancel in an
approximation delineated by Ruppe [4]. A similar approx-
imation was used by Ehricke [3]. The curves based on this
approximation yielded injection speeds at a given altitude
2-3 % less than those calculated with the present program.
For very large rockets the thrust increase effect outweighs
the drag effect by about this amcunt. Because of the
sensitive dependence of apogee altitude on perigee injection
speed for eccentric orbits, it was concluded that explicit
inclusion of thrust increase and drag effects was necessary.
It was also possible to calculate results with the present
program for a large launch vehicle which had been indepen-
dently calculated elsewhere, These were results of the
nature of Fig. 9, and the agreement between the two sets
of calculations was within 0.05%. While this kind of
agreement is probably fortuitous, it is also somewhat
encouraging.

Realistically, one would expect the present program
to yield information about large, unfinned rocket systems,
consistent with the data base to within 1% for the
injection speed. The neglect of angle of thrust (B8 in
Fig. 2) is supposed to be a good approximation for large
rockets [ 3, 4], and a particular form for the angle of
attack profile is apparently unimportant for these systems.
A variation of parameters in the profile used here produced

2 0.2% errors. Beyond this, one can argue that small errors
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in the aerodynamic coefficients or atmospheric model are

not important, because the total contribution of aero-
dynamic effects is relatively small for large rockets [4].
Another consideration is that significant improvements on
: ) the present program are probably not possible for many
. rocket problems. Data for such a problem are often
comparable with that of Table 6. Further refinements on
the approximations would require more data than is given.
One would need, for example, drag and lift coefficients
specific to the rocket system, details of the angle of
attack or thrust angle profiles, the time history of thrust
and mass variations, and data on the atmospheric conditions.

Furthermore, uncertainties in rocket parameters in the
data base can and often do amount to a few percent, and
this is therefore an inherent limitation to accuracy.

The present program is certainly flexible enough to
handle a large variety of rocket problems. From the
preceding discussion it appears to be entirely satisfactory
for most launch system analyses, particularly those which
involve large, unfinned rockets.
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2 READ NS (NO. OF STAGES)
NNS = NS
READ SMZ(), | = 1, NS (INITIAL MASS AT EACH STAGE~-LBS)
READ SMD(I), | = 1,NS (RATE OF MASS LOSS —LBS/SEC)
READ TH(I), I = 1,NS (VAC THRUST-LBS)
READ VSLRI(), | = 1,NS (VAC TO SEA LEVEL THRUST RATIO)
READ TBO(l), | = 1,NS (BURN DURATION TIME FOR EACH STAGE-SEC)
READ DI(l), | = 1,NS (DIAMETER OF STAGE-METERS)

2 ;
———"7 69 READ Nil), t = 1,NS (NO. OF INTEGRATION INTERVALS-TIME MESH) ]

:

r COMPUTE TBSI(I), | = 1,NS (TIME AT BEGINNING OF STAGE-SEC) J

v

———-4 3 INITIALIZE PARAMETERS AS APPROPRIATE TO LAUNCH CONDITIONS ]

READ ANGLE OF ATTACK (a} PARAMETERS CA (AMPLITUDE-RADIANS),
TLZ (TIME AT START OF a#0-SEC), AND TLD (DURATION OF a#0-SEC)

!

READ PARAMETERS WHICH SPECIFY EXECUTION OPTIONS: NT, 10P, ICE,
IPR, 1BG, JCV, IMA, JNS

@ NO —#{ READ A NEW NS -

YES
ENTER CONVERGENCE PARAMETERS
NO PSSS AND EPS
29y [ s ]
b SET YO = PSF-PSSS
y YES
770] 3
Lo COMMENCE NUMERICAL INTEGRATION (RUNGE-KUTTA METHOD) OF THE EQUATIONS
OF MOTION FOR NT ROCKET STAGES

Fig. 6(a) ~ Flow chart for RALLY 6 (Dec-10 version)
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SOME NUMERICAL INTEGRATION DETAILS:

DO 1011 = 1,NT (SETS UP DO-LOOP TO INTEGRATE NT ROCKET STAGES)
PARAMETERS ARE SET UP FOR STAGE | (= ICE + Il), AND ALL ENTITIES ARE
CONVERTED TO MKS VALUES. SET IUK = |
0020 J = 1,NN (NN TIME INTERVALS OF WIDTH H SEC ARE INTEGRATED OVER IN
THE SOLUTION OF THE EQ'NS OF MOTION)
PRINT OUT VARIABLES AT EACH J IF IPR = O

20 CONTINUE

YES

CALL STORE (WHICH STORES RESULTS OF THE LAST INTEGRATION STEP IF
Y ICD = 1 OR INITIALIZES THE PARAMETERS AGAIN TO THEIR VALUES
PRECEDING THE INTEGRATION OF NT STAGES IF ICD = 2)

[

YES

TO ST. 31

- YES——+{ XN -TBONS) |

4 \III!!I

- CALL CNVG (WHICH COMPUTES A CORRECTION TO XN BASED ON XO, XN,
YO, AND YN, THEN SETS XO = XN, YO = YN. IF THE CORRECTION IS LESS IN
MAGNITUDE THAN EPS, THEN IPR = 0 AND ICVG ~ | ARE SET

A NEW XN IS COMPUTED )

Fig. 6(b) = Flow chart for RALLY 6 (Dec-10 version)
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__* :

NO

| ‘
X0 = CA J
YE

L

SET XO= TBO (IJK) (THE BURN DURATION FOR
THE LAST STAGE NUMERICALLY INTEGRATED)

v Y

[ READ TLS (A NEW BURN DURATION TIME FOR STAGE 1JK) |

f

READ SMIN (INCREMENT TO BE ADDED 4
TO PAYLOAD WEIGHT ~ LBS.)

3
[ mecompute smzm,1=1Ns |

[0 ST. L
ot iy
o : -3 7 :
b T0ST.2 i

=1

Fig. 6'(c) - Flow chart for RALLY 6 (Dec=10 version)
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Fig. 7 - Altitude vs. speed at orbit injection for the example
rocket (see text) in stationary earth model
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APPENDIX A

Analvtic Atmospheric Density and Pressure Profiles

In hydrostatic equilibrium we have

dp/dy= - pg , (A1)
where p is the pressure, y is the altitude, p is the
density, and g is the acceleration due to gravity. The
ideal gas law, Eg. (13) of the text, is reproduced here as

A
= pRT/M ’ (A2)

from which Eg. (Al) is rewritten as

dp/p = ~dy/H (A3)

where
= Rr/Mg (24)

is the "scale height". From Eq's (A2) and (A3), we get
dp/p = dp/p ~ 4T/T + AM/M = dp/p - dH/H - dg/qg (A5)

There are several numerical tabulations of standard at-
mosphere densxty and pressure profiles, and if we choose
one of them [6], then for an altitude y near a particular
tabular value Y,- We have from Eq. (A4)

H = Ho + ﬁo (y-yo) (a6)

where H_and B_ are constants evaluated at y and Eq.

(A6) 15°sxmply a first order expansion of H bout A

Direct evaluation yields

A
R S SR
aylay Mg T 42 M 4 Ry | }y=y,

where R is the radius of the earth, and we have used the
known variation of g with altitude. The case of constant
gradient of scale height is a well known simplification
in the integration of Eq’q (A4) and (AS), which become

% % Po (Ho)— /ﬁ it

e — . ol s N e Tk el i

s s ey S e e e




% .89 L agpg)s - (ALY W . gy of B\ -(48,)/8,
o BO H™ - Po9, o
(A9)

These equations are thus interpolation formulae, which
when used in conjunction with some of the values in the
numerical tabulation [6), become the desired analytic ex-
pression of atmospheric density and pressure (see text).
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APPENDIX B
DEC-10 Version of RALLY 6

COMMON QL ST R ST VISRIRHDY PRI Oy YT

COMMON-BLAYZ2 CAr o YD o RNZ (30 s QLT €3 s MT (0 o BT (91 s PR (3
COMMON A CL STy SMD (S s TBI (D s TRD (s 9 DI (Sr o TH(D s 4] (22
DATRYDCI o I30935 710, 025,045, s 55,935, 030, ¢ 0D, s 1 20,5140,

DATRCVZ I o imleaFr 10, 010.s35, 55,935,939, 90,+100.0130.
DATR(RMZ (I s I=ml eI -4, [TIE-04+ 4, ITSE-040 4, I43E-0S, 5, 350~

19, 193E=-09, 9, 193E=-03y 3, 392E-039 3, 542E~-10s 3. 21 3C-11~
DATY ALIC(Trs D=1 3 =3, 1303504 =3, 1303E~-04, -3, 1235E-04.,
1-3. 1039E-034: =3, 094TE-045 -3, 0345E-04» -3, 0921E=-04 -3, (373

2-3,0773E-09~
DATAHZ (I o I 2L o3 #3, 303715, 4037 e3, 4333+ 7, 3707+ 5. 723%: 5.7

[S.722393, 3437+ 10, 7335~
DATABT (I oo I=leDr =2, 0373E-0192, Q034E-03035,34E-02+ 2, 4945

1 =7, 2257E-02s 1. PP L1IE-03s9, 149498 -020 2. 93398 -01+ 2. 3350E-01

DT (CRUI I+ 1213072, 514E0D,2,5134505:2, 53345 04+4, 2323502y
19,0295, 0292, 09304, 00SE-01y 4, 324CE=-02~
T3, IID0L2T0S

R=I3T3. 145

Ol=3, 141522259

ORI=1, 0] 3255E0S

ITYS=0

19R=)

TVRPE 120

CORMIT < ENTER MW »

REQD (Fe 100 NS

S B RN L DY

TYRPE 1 30«eNT

CEQD vSe200+ IMICTreI=1eM430

TVPE 1404143

CARMYT «° ENTER s Il VALUES FOR M2
QEQD «Se20ds <IMDCIreI=leNIy

TYPE 1SS0S

COSMAT ¢ ENTER “vIle” VALUES SO IMD7
CEQD (Se200: CTHI e I=lon3y

TY®E 1352

CORMAT ¢ ENTER WSLR

QEQD «Fe200» VYILR

TYOE 130e43

CORMAT ¢~ ENTER “oIle” vALUES FOR VRI. TH':
CEQD «Se200 (TBDCRroI=lel3y

TYPE 170« NS

CORMAT ¢ ENTER "oIls " VALUES EOR TRD
REQD (Ko 200 «DICIreI=ls4S

TYPE 13Q+4N43

CORMIT ¢ SENTER “sI1e” WRLUET €OR DI
REJD Ko 300 NICIdeI=leNIn

CORMAT ¢ SNTER “«I1e” VRLUESD €OR NI“»
cOeMaT It

€O0RMIT «S10, 0

caeMAaT IS

=0,

TRI L=,

I€ (N4S.EQ.1» 50 7O 2

09 S I=24N43

S=2x+TBDCI-1"




02530
02700
2750
A277%
2737
2300
a3200
03200
0342%
03450
034S2
0345%
Q3450
A347S
a350Q
2350%
03510
A3SS0
Q3STS
03STS
03539
a2300
0331S
Q3330
13349
03330
J337Q
03373
A337%
0337
03332
03338
03334
03300
4000
24050
d41 00
24200
04250
4250
04300
14309
04352
04352
04337
4372
24400
04302
04404
03309
234403
04410
4312
04414
0441s
1344173
04420
04422
04424
14429
044430

A

130

219

fu
fu

TBS¢l»=x

Yi=0,

Ti=0,

vIi=Q,

RI=0,

etIsel-2,

ID=|

VIR (WILR=-12-VILR

QL=d,

I€ CICVS.EQ.1s Iovs = 2

I€ JICovs.5E.1 50 TO 210

IS (IPR.5T.1» 50O TO 210

TYeE 130

CORMAT (7 ENTER VRLUES FOR TR TLI»TLD

SEQD ([S.200:78

REQD ([F200: TLZ

RE]D «Ss 200 TLD

TYSE 229

CORMAT (“ ENTER VWQLIUES FORF NTSIDCITEs ICPRIESe 10V e M9,

) RS ]

REQAD (S SO0 NTLIOPe ICEs [PRe IBSe JIv'e M9, NS

SORMST <311

I€ NS, E9.0r 50 TJ 203

TYeE 120

READ (Se 100y NI

CORMST (Y INT. TIMECIEC,: SPEEDN-Ts HESDINSRY S9LT, x4
Lo SR, |G KM 7

I€ (IPR.LT.2+ 50 TO 210

TYPE 135

CORMIT ¢ ENTER WHQLU'IES €OR PIII«ELS-

READ (Se2000 PS33

REQAD (Ss2000 ERS

R £ LN A NN

CONTINUE

DO 10 II=1eNNT

I=12E+11

=1

DDI=NICIs b
S=TBD I DDI I
YT=THC I 04, 4432 |
S=OleDI <l eDI s -4, ¥
=T T [
AM=SMZ L 22,2042 !
IIl=0 b

IS <IPR.5T.1+ 50 TO 412 S
TYPE 70 : ‘?
CONTIHUE i
&
é

DI 20 J=lsi
I1I=1
= CVls 2
T=yYT-VYSLR
€D=u. &8
SJl=a, Ay
Yel=d, 5
Kg=a, &
CTALL VINCRCIIsTeMe VI SDe Al e VO '
Lol S a g9
m
3

20210322

33 10 23

CALL DENCIDeYI

CALL CORCES(WIsALsSsTeFDeFLL [}
CALL WINCRPIIoTeMMe Vo SDe QL s VR 3
CALL PSINCREVIsPIIoTe M YIsFL QL P33

4]




04349 CRLL SLT WIsCSIevyn
04447 CALL SRR (VIsCIIsvleiks
03332 Wi | sqey
03350 Sils4el ]
0435S Yo lsHeyy
T Yard A =Nex
245900 23 TReTleM 2,
13200 Visvlevk]l-2,
047 a0 OI1=CT[e2 ] -2,
4300 VisvievyLl-2,
a4300 CALL DENCIDsYL
aSaa0 CALL TILT (CReTLIH»TLDs TBe QL
as1Q0 TRLL MRIZTRe 1o M.
us102 CALL FORCES (WLeAL3eToENyEL
as200 CALL VINIR I Lo TeSMe V1 9SDse Sl 9 VN
WS200 CALL CIIMNIR VIs P 1o Te Mo v 1eCL QL9233
S 300 CALL ALT «WleCIlevys
S4%0 CALL SRR VLIeCILevleK
WSS a0 W 2edek
aSs00 ©12z24ee 17
AST a0 TL2=Hevy
aSTEq M2 zHex
i asS3a0 Vasyleww2-2,
i 05300 C32=PIleP 22,
! as 900 F2evlevi2oz,
sl Ga CALL DENCIDev2e
1oz CTALL FORIES (V2L e ZeToEDeFL
as200 TALL VINIRPI2e TeMe V2o FDe Al o ¥ s
2200 CALL O TN Y e P2 e T qMe V2o CL QL O T
] CRLL LT (W22 3I2, 7Y
12450 TALL SRS INIPI2 s y3e X
0=Sa0 WY Izdevk
dss00 S i3=4eo
asT 00 VYL Ideyy
AS7S0 MIzdqex
5200 WIsyleve s
i a3300 PI3=LT[+2 02
i AT a0 VIV IevL3
aTLa0 TE=TI+Y
av2a0 CALL DEMCIDer 3
a7T2%0 CALL TILT CQeTLSsTLDeTBeSL
aTavs CHLL MSIICTRelodM
TavT? CLL CORCET W IeR L TeTeSDeEL
a7 300 CALL VINIRPIZeTe MY IeCDa QLo VY s
a7 400 CALL PIINIR VI PI3e ToqMe VIeFL QL OS T
(-1 TALL QLT W IeRI 3N
avs02 CTALL SRRSVICTReVINK0
aITS0S Y ey
TS0 Sl13=4ePIT
aTSLS YL d=devy
aTSST Mg zderx
TS0 VESVI+ WKL +2, 0 W2 T e g oS,
ATV a0 SIC=CTI+(PI1+2, 002 12¢L 121 D 14y o5,
7300 PE2VI+ YL L#2, 00y 2oL I YL 30 S,
97328 SERLT ML *2, MM+ MG oS,
7350 IF (I®R.5T.0r 30 TO S0l
0T TVEE SO0 I TReWE W OIE YE W nE
a73A%0 A00 CORMAT (LXeISeSc1KeCEL0, 300
a7ISS Sal TI=TR
73S V=ye
7SS 231=0%F
avTAITY YI=vE

=48~ :
 SAHLS PAGE 1S BEST QUALLTY ERAGILCASLE p
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Y T

a7 ITS
3000
43019
BAZD
a3030
02040
13049
G-
Che

I30=0
2400

03300 °

03303
03303
13307
13303
a331a
3220
03329
03330
PA539
13540
13535
03550
03555
1355
X397
3530
2925
F3270
F237TS
357
WIATT
DEST3
135 I2
13333
132533
13535
13235
¥3537
13323
VIS0
J3231
03532
03534
03535
13523
Q2700
3710
2711
3712
D3T3
2714
a37TIS
a371s
F2T20
D]
DT
DED DY)
DAL
PIZ00
DA300

33
1o
29
23

-

To ju
v —
= A

—
L
(N

E3 )
154

215

Zls
217
219
213

419

3117
317
D

X1=KE

CANTINUE

IF <10®.HE,4 30 7O 33
IS CII.NE.WT» 30 T3 LD
I12D=1

I C(1.E9.43 ICD=2

IF CISW5.E9.2 ICD=1

CHLL ITORE(WIsPSIa W IaAlaTIaWYIoPESSLo WY LaXlo TTIs IDs IIDs I

530 T3 32

IF (1.58.48» 50 7O 29
CONTINUEG

I1D=1

IC=IZVS

I2v3=0

1€ CI2.5E.1 50 T3 31

I€ (IPe, 29,0, 35 TD 31

TYPE SO0 [IIs TR WEPIC YR X7
I€ (I9e.23.1y 53 T3 21
PHERPIE-PT I

1= V.2
“=Ca

33 T3 220

A=TBD NT»

THLL CHYS XN XOs YO Y EP T [BRs [2VSY
TYPE 1S5 XY

SOSMAT 7 HN ED. “«E14.3s 7« ¥O 84,
IS <MW .ED. 20 33 TO 2395

Te=EN

53 7O 215

TLI=xM

53 1O 317

I ¢IC.€2.2, 53 TQ 215

IF «J2V.ED. 2y 30 TO 310

A0=C9

50 T3 317

%Q=TBD 10

T¢2E 154

EOSMAT (7 ENTER TLZ7:

REQD <Sez20ar TLI

I€ CJCv.HE. 25 50 TO 31s

IF C(lJ«.E9.M442s 30 TO 317
TIT=TLE-TBO (I Jx

HAB=1 +|

DT 212 1=NaBs MWD

TBZCI=TBS (I +TTT

50 T3 215

TBD (LMW =TLS

I ¢IC.LuT<«23» G54 Td 317
130°=1B%5

IF <1M8.4E.10 30 1D 317
TYRPE 415

FOSMAT 7 SNTER IMIN“D
PEJD «Se200r TN

D3 417 I=leN3

SMZ T =IMZ il +3MIN

30 T (3ds 3222502y 10°
CONTINUE

=HD

IUBRQUTINE MAZZ(TEe I+ 91

“vEl10.3

COAMONAC ] T2 (S0 ¢ SMD (S0 s TBS (50 s TBD S, « DT €S0 « THES oI 050

IMEIMZ L =SD T e (TR=TBI (I

AM=IM-2, 20453

49
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S sl SRR N s el o SN S e
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Y
¢

PNRLSHED 10 pp

EST QUALIT

“HIS PAGE IS B

FROM Ccopy




I
|
|

0232% RETURN
E 23500 END
\ hEEN D) SUBRAUTINE TILT «ATLT, TLDs TRe QL
03700 AL=0,
02300 I€ «TB.ST.TLZ: 50 TO |
03300 50 10 S
. 039%) TTaTLZ+TLD
{ 0397S IS <TB.ST.TT: 50 7O S
! 10000 32 T=TB-TLZ
! 10100 QL=CReTe (), ~-T-TLDs
1 10200 S RETURN
i 10300 END
L 104900 SUBROUTINE DENCIDs Y
i 10402 COMMON/RL /5S> R ST VSR RHO PRZ, P VT
! 10500 COMMONBLAYZ (0 9 YD (31 9 REZ (D1 9 ALZ (32 9 HZ (31 s BT (91 s PR (I
‘ 10%%0 If <ID.S5T.3» 50 7O 10 :
10500 S I€ v LE.¥YDCID» 5O TO 3
‘ 10700 ID=1D+1
| 10300 I ¢ID.LE.% 53 TO S
10300 10 RHT=0,
103%0 o=,
11000 50 T3 7
11100 32 I€ (ID.LT.2» 50 TO 4
11110 YY=YDCID=10
11129 I v.5T.¥YY: 50 7O 4
11130 1D=1D-1
11140 53 T3 2
11150 4 X=Y=Y2 1Dy
11200 T=BT<ID»
L1300 H=4Z (D +Tex
11302 CEHZCIDs oA
L1400 A=RHIT CIDs < (L. +ALZ CID o)
11402 AP=CR I
11500 B=Ceec (L. +Ty-T)
11522 Be=Ceed]l, - T
11500 RHO=SeRe ] 000,
11502 ©=qFeRP -1 1.
11504 TITIORT (1, 462,840
11503 T3=33-1000.
TS0 RETURY
11300 END
11300 SUBROUTINE OTINCR (VePSsToAMe Yo SL QL 2T 10
12009 COMMON L -39 R0 339 VIRIRNDIPRZ BT
12190 K=Oey
12200 R=xex
12300 OITEC s (ORI =Y K
12400 PII=-PI3erO3 (PI)
13020 CD=CL+T
13030 233203 +CDOSIN AL < (MO JO U,
13400 RETURN
13500 ZND
13300 SURPOUTINE YINCR(PSeTeqMe s SDe AL o WD
13700 COMMON AL 500 Ry ST VSR RHDERZ WPy v T
13300 X=Rey ~
13300 K=xex
13205 IS¢aL.ED. 0.0 30 TO S
13310 TT=Te O3 ¢qL.~FD
13315 30 T9 7
12320 S TT=T-D
14000 7 YDETT - (AMeL 000, 2= B0 X oS IO
14100 QETURY
14200 EN4D
(HLS PAGE LS BEST QUALITY PRACIICASLA

YRUN COFY IRAISHED TODOC .o -50-




14300 IUBRDUTINE QLT Ve FI,vDe i

14400 YDTYeS NPT,
14500 RETLISN
14500 END
(4700 TUBROUTING GO9S (¥ @Ta¥exs
134300 COMMON-QL- ST Ty VIR YO CRT O YT
14300 X=WeCns (o3,
14320 £4=0035 (B0
15000 HEAOR . (DY
15100 RETURH
15200 =HD &
15300 SUBSAUTIME THVYS (XMe xTe ¥ (Ns EOT, [E9, [C4F0 H
15400 DY = Y=Y o =KD -
1SS00 D=/ DY 4
15500 X=X
15700 Yo=Y b
15300 KRN+ D o
15300 A=9B3 (xXO-<N0 A
13000 I (9.55.3°P5» 50 1O S
15100 120=0
13101 Io¥5=]
(3200 S SETUON
15300 9D
15310 TUBROUTING STORE Wl o lo v IonleTIowWIe@ITlavYIa XL+ TTI1D
sIIDSICD
‘ 1531S 1
. 15320 30 TQ ¢35 ICD
3 15330 3 W=yl
15340 °331=031
15350 vl=rl
15330 AXT=X1
15335 TTI=TI
15370 I11D=1D |
13330 33 197 e
15330 S W=l =
15400 es[=037]
1310 YI=vyl
15420 Wl=RHl
1542S TI=TTI &
154320 ID=110D
15430 7 ST TURY
15450 END
15350 TUBCAUTINE SOSCES (WeALe So TaEDFLy
15550 COMMON L5 Qe DT WIS HTD. ORI BT |
13750 T=¢Tei|.-I7eE. P02, ’
13300 IS ¢®40.E9, 0.0 50 T S _
15390 AT |
12350 A=EM~-1.113
L70S0 IF ¢¥M.5T. 0, 23333, 50 TQ 2 7
17150 B==l3. 34250005 3
17250 CD= 35+, 37T 26E KO (R f
17350 39 70 @ &
174s0 2 I€ HM.53T.1.2% 50 T9 4 Q
17SS0 B=ABI (9 ‘J
17550 BE=Bee3.S &
I77S0 D=, 3273=30. 30268 N3
17350 %0 7O 3 ¥ S
17350 3 CO=. L7334, 313 & ot
13050 2 I CM.5T.1.%0 50 TO 3 &8
13150 TL=4,3-0, 56003 (2, 35Xy § 9
13250 TDL=El. 322=0, 2930008 (2, 3333 exMs "
13380 3013 % N
13450 3 L=, 345, 21N &




CDLw= 23| 343, 2727
TuRHleyey - 2
Tulele| Quadg,
SheCDeCDlL Rl e8L
FDhaSDec

CLuller

RETUSYN

END
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APPENDIX C
PDP-11/70 Version of RALLY 6

COMMQOM /AL /GC,R,SS,VSP,RHN,PRZ,P,VT

COMMNM /R /Y7 (9),YN(9) ,RHZ(9),ALZ(9),HZ(9),RT(9),PR(9)
COMMON /C1/SMZ(AY,SMD(A),TRS(K),TRAN(6),DT(6),TH(6),NI(6)
DATA YD/10,,25,,45,,55,.,85,.,90,,100,,120,,140,/

DATA Y2/10,,10,,25%,,5%.,RS,.,RS5,,90,,100,,120,/

NDATA RKZ/4,176E=08,4 176KE=04,4, 04RF=05,5,6%50E-07,9,193FE=09,
19,193F=09,3,RA2F=NQ A A42F=10,3 ,613E=11/

DATA ALZ/=3,1308F=04,=3,130RE=04,-3,1235FE=04,=3,1089F=04,~-3,0945E~-04,

1=3,0945F=04,23,0921F=04,-3,0R73F=04,=3,077RF=04/
DATA H2/A,40P7,6,40R7,6,43R8R,7,0707,5,7235,5,72135,5,.7323,
16,34R7,10,79R6/

DATA HT/=2,0378F=N1,2,0N64F=03,6,994F=02,2,4469E=03,-7,2257E-02,

11, 7711E=03,A,144KF=02,2,AR26F=0],2,3150F=01/

DATA PR/? A14FNS,2 A14F05,2,5934FN4,4,203F02,5,02,5,02,2,N98,
14 ,008F<0),4, 1724F =02/

GC=31,90AN]12KN&

RSAITR, 148

PT=3,141592n54

1TY=0
IPR=N
ICVG=N
PRZ=1,M11255FNS
TYPF 110
110 FORMAT (' NUTPWT TN I TNF PRTINTFR? (1=YFS, 0=NO)')
Y READ (&,100) TPR
2 TYPF 120
120 FORMAT (' FNTFR NS')
PFAD (S,100) w8§
100 FORMAT (T1)
NNS=NS
TYPF 130,08
130 FORMAT (' FNTFR ',T),' VALUFS FNP SMZ!')
RFAD (%,200) (S“2(T),T=1,NS)
200 FOPMAT (F10,0)
TYPF 140,08
140 FARMAT (' FNTeR ', [1,' VALUFS FrP SMD')

READ (S,200) (S*N(T),T=1,N8)
TYPE 1S0,MS

150 FNRPVMAT (' FATER ', 11 ,' VALUFS FOR VAC, TH,')
READ (&,200) (TH(T),T=1,~8)
TYPF 152

152 FARMAT (' FHTER VSILR')

READN (5,200) VSLP
TYPF 1A0,HS
150 FOARVMAT (' FNTFL *,T1,' VALUFS FOR TRN')
READ (&,200) (TPA(T),T=1,N8)
TYPF 170,NS -

170 FOPMAT (' FMTFR ' ,T1,' VALUFS FOR DT')
REAN (5,200) (DT(1),T=21,N8)
69 TYPF 140, N8
1RO FORMBT (' ERNTER ', 11,' VALUFS FNR NT')
RFAD (S,300) (MT(T),T=1,MS)
3nn FARPMAT (1%5)
X=n,
TRS(1)=2n,
JF (MR,F0.1) AN TN 3
NN & 1=22,%¢ 5

X=XsTAN(T=1) J N
L} THSITYI=( K
3 Yi=o, &

Tr=n, vf
) Y
vVi=n, :
<?
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XI=o0, ‘
PSI=PT/?, ‘
TD=1
VSRE(VSLR=1)/VSLR
AL=0,

28 IF (TCVG.FN,.1) TCVG=2 |
IF (ICVG.GF,1) GO TO 210
IF (ITY.GT,.1) AN TN 210
TYPE 190

190 FORMAT (' ENTFR VALUES FNR CA,TLZ2,TLD'")
RFAD (5,200) Ca
RFAD (S,200) TLZ
READ (S,200) TLD

TYPE 228
228 FOQMAT (' ENTFR VALUES FOR NT,IO0OP,ICF,TTY,I8G,JCV,IMA,JUNS')
READ (5,500) NT,10P,TCF,ITY,TRG,ICV,IMA,UNS
500 FORMAT (RT1)
1F (JVS.F0,0) 6N TO RNJ
TYPE 120
PRINT 120
RFAN (S5,100) NS
700 FORMAT (22X ,4HTINT  ,1X,10HTIVE(SFEC,),1X,10HSPEFD(K/S),1X,
LINHHFADTHG(P) ,2X,9KALT (KM, ), 1X, 10HGR RNG(KM))
803 TF (TTY.LT,2) Gn TN 210
TYPE 195
195 FORMAT (' FNTF® VALHFS FOR PSSS,FPS')

REAN (S,200) PSSS
RFAD (S,200) FPS
YO=PSF=DSSS
210 CONTINNF
DO 16 II=t,NT
I=ICFaTT
TJK=T
DDI=NT(T)
H=TANCTIY/NDT
VT=TH(TI®4 ,348R)
SzPTI*DICT)ISNI(T) /4,
NN=NT(T)Y
AMZSMZ(TV/2,204K2 .
I1t=0 |
TF (ITY.AT,Y) GN TN 417 iy
TYPE 700
[F (TPR,FQ,1Y PRINT 700
412 CONTINIF
nn 20 1=y, Ny {‘
ITi=y 4
IF (V1Y 22,211,272 {
21 T=VT/VSLR |
FD=0,
PJi=0,
¥ti=n,
XMi=0, |
CALL VINCK(PST,T, AV, ,YT,FD,AL,VX)
VK1z=HEVK
GN Th 213
22 CALL DEN (TD,YT)
CALY, FALCESFVT AL,S,T,FD,FL)
CALL VYNCR(PST,T,0M,VY,FD,aL,VK)
CALL PSIMCR(VY,PSTY, T, AW, YT ,FL,, AL ,PSS)
CcALr, ALT (VY,PST,YY)
CALIL GRRA (VT,PST,YT,X)

VKi=4syK

PJisHIPSS

LASELLAR

RSPy o 4115 PAGE 1S BEST QUALLTI FRAGTIO
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600
501

20

Vi=VTeVK) /2,
PS1=PST+PU1/2,
Yi=YTeVYLY1 /2,
CALL DFN(CID,Y1)
CALL TILT (€2,TLZ,TLD,TR,AL)
CALIL MASSITR,J,AM)
CALlI. FORCFS(V1,AL,S,T,FD,FL)
CALL VINCR(PS),T,AM, Y1 ,FD,AlL,VK)
CALL PSINCR(V),PS1,T,AM,Y!,FI,AL,PSS)
CALL ALT (V1,PS1,YY)
CALIL, GRPG (V1,PS1,Y1Y,X)
VK2=HaVK
PJ2=H#PSS
YL.2=HeYY
Xu2zHeyY
V2sVTevK2/2,
PS?7=PST1+012/2,
Y2=YT+YL2/2,
CALNL DFNCID,VY?)
CALIL FNRCFS(V2,AL,S,T,FD,FL)
catt, viInCe(oes?,T,AM,¥Y2,FD,AL,VK)
CALL PSIVMCR(V?2,PS2,T,AM,Y?,F1,,AL,PSS)
CALIL ALT (V2,PS?2,YY)
CALL GHRG (V?2,PS2,Y2,X)
VK I=HesVK
P.J3I=HeESS
YIL3sHPYY
XMIz=HEY
VI=VTeVK]
PS3I=PST+0J3
Y3=YT+YL]3
TR=TT+H
CALL DEMCTID, YY)
CALL TYIT (Ca,T1.2,TILD,TR,AL)
CALL MASS(TR,T,0%)
"‘l-'. F'N’(‘FS(VJ,“:.S'T."".’L)
CALL VTNCR(PSY,T,AM,Y3,FD,AL,VK)
CALIL PSTHCR(VY,PS3,T,AM,Y]3, FI.,AL,PSS)
CAILL, ATT (V,FS83,YY)
CALYL GRPG (V3,PS?,Y3,X)
VKAsSHeVY
PJ4=HePSS
YLa=HeYY
XM4=4eY
VF=VT+ (V142,92 (VK24VK3)4VKE) /A,
PSF=PST+(DB1142,%(D124P.13)+PJ4) /K,
YFP=YTe(YL142 0(YL24YL3)SYL4) /¢,
XF2XTe(XV142,8(XMIHXMI)$XME) /6,
IF (ITY.CT,.0) GO TN 5014
TYPF A00,00,TR VF,PSF,YF,XF
IF (TPP_.FA,1Y ORIMT KNO,V,TR,VF,PSF,YF,XF
FORYAT (1¥,T1S,8(1X,F10,4))
TT=TR
VisVF
PSI=PSF
YT=YVF
XI=YF
CONTINGF
TF (TNPAF,4) A0 TN 31
IF (TY MR NTY &P T0 10
1ChH=y
TF (T, FA,%8) 10°N=)
IF (1CVG,FN,?2) TCh=1
CALl STOARE (VY , BEST,YT, XT,TT,VVT,PSST,
TYYT,YNT,TTL,IN,1T10,1C00)
Gy ™M 7
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_HtS PAGE 15 BAST
oM oorX

kR
10
29
12

215
220

156

235
3

154

1S

LAY
817
318
Nk

417
317
30

IF (T,.Gk NS GN TN 29
COMTINIE ]
IN=1 I
1c=TC0VE ?
TCVGR=zN |
TF (IC.GF,1) 60 TN 3 M
IF (YTY.F0,0) GO 71 N &
TYPF A0N0,TT1,T8,VF,PSF,YF,XF . I
IF (IRF.F2,1) PPTINT 60N, ITT,TR,VF,PSF,YF,XF
IF (TTY.50,1) Gn TN 31
YNSPSF=PSSS
IF (UCV,.F0,2) GN TN 218
Xei=CA
G0 TO 2720
XMSTRD(%S)
CALL CMVGIXN,XN,YN,YN,FPS,TTY,ICVGR)
TYPF 1S6,XN,YN
IF (IPR.FN,1) PRINT 1SA,XN,YN
FOPMAT (' Xn FQ, ',F14,R,' , YO EN, ',F1N,4)
TF (JCV,.EN,2) G TO 238
CA=XN
GO TH 318
TLS=XM
GO TN a17
IF (YC.FQ,2) GN TN R1S
IF (JUCV.FN,2) GNP TN 310
XN=sCA
GO TN 317
XO=TRD(TJIK)
TYPF 164
FAPMAT (' EANTFR TLS')
RFAD (5,200) TLS
IF C(OCV.MFE,.2) GP TN 31K
e (TJ¥ . FOMNR) anoT™A Q1Y
TTT=TLS=TEN(TJK)
NARZT K1 '
NN R1e T=NAR,NMS
TRS(T)ISTKS(T)+TTT |4
TEN(T.I%)=TI 8
IF (IC.1.T,2) G0N TN 317
T0P=TRG
IF (IMAAF.1) GO TO 317
TYPF 415
FORMAT (' FHTFR SwIN')
READ '(8,200) 8w }
NN 417 T=1,V8 g
SMZ(TISSUZ2(T)IeSMTN 1
GO TN (3n,3,69,28,2) NP
CFNT'I!HF
EMD
SURRAUTINFE MASS(TA,T,aMm)
COMMNNY /L /8NZ(R) ,SWN(K),TRS(6),TERN(6A),DI(6),TH(A) ,NI(6)
SMESY7(T)eSMN(T)*(TP=TRS(T))
AMSSV/D ., 2N4887
RETURN \ :
END g |
SHRRQUTTMFE TIIT (CA,TLZ,TID, TR, AL
AL=n,
IF (TR.GT,T12) N TN
GH T0 <
TT=TLZ2+TI D
IF (TR,GT,TT) A0 TN S E
T2TReTL? :
ALSCASTS(] ,=T/TLD) ¢
RET'ION
FND
qmm;x- pracasvabLl -56~
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SUARQUTTHNE DEN (TN, V)
cOMMON /81 /GC,%,SS,VSR,RH0,PRZ,P,VT

CNOMMNN /R /Y7 (Q),YN(9) ,RHZ(9),ALZ2(9),HZ2(9),RT(9),PR(9)
IF (ID,GT,9) GN TN 10

TF (YSLELYPCTHNY)Y G TN 3

TD=TNe1

I (1TN,'LF,9) an TN §

RHO=N

P=0,

co ™ 7

IF (TPR,1.T,2) 6N Tn &

YY=YN(TINet)

I (Y.GT,.vY) G0N TN 4

Ih=[Net

cn ™ )

XsYeY2(T1D)

T2AT(TN)

HESHZ(TN)+TeYX

C=4Z(IN)/K

ASRHZ(INY/(1,48072(TN)*X)

AP=PR(TN)

RSCE*( (1 ,+TI/T)

RP=Ces(1,/T)

RHOSASSSION0,

P=APsRD/1N,

SS=SNRT(1,42P/QHN)

sSs=S8/71000,

RETIRN

£Un

SURRQUTIMF PSTNCP (V,PS,T,AM,Y,FI1,AL,PSS)
COMMON /31 /GC,R,SS,VSR,RH),PRPZ,P,VT
ANGE=1,570796327

X=PeyY

R=Y®Y

PSS=GC/(V38)ay/X

PSSS=PSSESIN(AMR=DS)

CN=F(,+T

PSS=PSS+CrsSIN(ArT)/(AvEVELNON,)

RET!RN

£ND

SURROUTTME VINCR (PS,T,AM,Y,FD,AL,VD)
COamMON/AEY /0 ,Q,88,VSP ,RHQ,PRZ,P,VT

AMG=1 ,S57070/1327

X=R+Y

X=X*Y

1F (AL.,*0,0,) GN TN §

TT=T*STV(ANG=A), )=FD

cn T™h 7 y
TT2T<FD

VD=TT/(A"%1000 )= (GC/XVESTN(PS)

RFTIRN

FMD

SURRAUTTINE ALT (V,PS,YD)

YD=VESTHN(FS)

PETIRN

FND

SURRONTINF ARKRC (V,PS,Y,X)
cnu\ml'/ll/G(‘.‘-’,SS.VS°.F“'nopnzo"-v"'
ANC21,87079A1327

X=VESTN(ANG=PS)

XSX*P/(R4Y)

RETIRN

FHD

SURRNNTTNE CMVACXN,XO,VA,YN,FPS,TTY,ICVR)
NY=(YHeYA)/fXNaXN)
DX==YN/DY

Ay
j=)
-57- 56‘




XOsXN
Yh=yYN |
XN=XMeNX
ASARS (XNeN) A
IF (A,GF,FPS) 6N TN S | 4
ITY=0 ‘
JCVG=1 4
5 RETURN :
[,
SURRMITTHE STNEF(VT,PST,YT,XT,TI,VVI,PSSIT, ‘
LYYT,XXT,TTI,IN,TIN,ICN) o
GO TO (3,5) 1°D
¢ o AR E1AS
PSSI=PST
Yyr=vyl
Xxv=y7
TTT=TF
Itp=1o0
G TO ?
S Vi=vvl
PSI=PSST
YysyYYT -
Xt=xx?Y
TI=TT!
ID=T1ID
7 RETURN
FrD
SURRNUTTINF FORCFES(V,AL,S,T,FD,FL)
CNMMNM /B /G ,P,SS,VSR,QKN,PRZ,P,VT
ANG=1,.570796327 Is
T=VT*(1,=VERIP/PRYZ) :
TE (HO,FN,N,) GN TN §
XM=V/SS
A=XMe] 114
IF (XM,CT,0,RRRRAY GN TO 2
Rzel6.,Ra2A%D %D
CD=,7%+4,3773%FXP(R)
GO TP 3
2 IF (XM,GT,',2R) AN TN 4 g
REARSCA)
R=R8$33,§ ,
CN=,6273=30,902%R r
}
)

T

T N

7

s

BT, @ ks )/

GO T™ 13
Ch=,17G13¢,53tR/ XV
IF (XM,GT,1,5) 60 TO 6
CL=4,A=0 SsSTN(ANG=D 85A%XN)
COL=1,822<0,298%STN(ANG=2,892818XN)
Gn TN S
6 CL=O,Reh /XM
COlLze, 291R+3,2727/Y¥ 4
S CzRUNEYIV /2, ' |-
C=C*S*1000000,
FN=CNeCNI &AL, *AT,
FReFOeC
FL=CL®C
RETHAN
£ND

- &

15 BEST QUALITY PRAGTIOASER
puRmISHED TODOG. =
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APPENDIX D

LEXECUTE RALLYS.FOR
LINK: LoApInG
[(LHKXCT RALLY®S ExEcurion]
ENTER WS
4
ENTER 4 VALUES FOR M2 b
400000,
135000,
120000,
10200,
ENTER 4 VRALUES FOR IMD
2200,
0.
Ta0,
d.
ENTER 4 VALUES FOR VAC. TH
S25000,
0.
220900,
0.
ENTER 4 VALUES FOR VILR
1.1S
1.19
i.
l.
ENTER 4 YALUES FOR® TRD
E 120,
4 ‘10,
y 150,
1.
’ ENTER 4 VALULES FOR DI

T ——
IRy T W ’

0 L
DY

.

ENTER 4 VALUES FOR NI

INT. TIMEC(SEC,s SPEEDCK-I) MERDINGCR: HLT, (KM, S8, RNS KM
INT., TIMECSEC,: SPEEDCK-S» HEADNINGCR: ALT. kM. SFORNS KM
INT., TIMECIEC,» IPEEDcK-So HERDINS R  ALT, tkM, + SR, ENS KM
INT. TIME(SEC.: SPEEDK-Sy MERADINS R HALT, (MM, SR,RNS KM
10 (2900E+03 (9222401 JL3BL1E+0] (S3ISE03 L (SITE+OR
ENTER VARUES FOR CRTLISTLD

|
L —

490

[

1o

1o

EHTER WRALUES FOR CTRTLITLD

-, 00l {

19, l

29. ‘

EHTER VRALUES FOR NTIOFs ICEs IFRe [BSe JTVe IMA NS j

42012 . r
!

CALITY PRAGTICLS

0 Uog

ENTER WALLES FOR NTIOPICE IPRe TRy J0Ve TMA 43
. 42022
ENTER VALLES FOR PIISJEPS
e
« 0002
[0 J2900E+03 [ FT29E+01 . 3S(3E+00 .
i A ED, =, AR0S1209E-02 « VO ED. L 3S812E400

.
[vS

BEST g
PR o

TBZSP]QEIS
¥RON 0oPY 2

e — G TN, B v




——

i 10 2900E+N3 (BLITE4AL (14948400 L 202FE+NZ

34 EQ, T7T338219E-02 « VO EO N EL L N
19 290UE+03 L33S0E40L (3LO00E-0L L LL43E+403

aER, -,20332330E-02 » YD L 3100E=-01
[0 . 2900E+33 . 3417E+DL (BUSIE-0: L I20TESNS

W EQ, -.230889220€-02 » YO EO. , 315E-02
10 2ANNE+DI L 3423E+0L L BIGOE-04 L TITIE402

MY ED, -.3087FS324E~0DZ » YD EQ. . BI40E-09
INT. SIMECSEC.y IPEEDK-I» HERDINS(RY  ALT, (kM.

24

R AR AR AORPS N (U [N (VO (O (VN §
-SRI NOT PR ISR TV Rt SR R R I Y |

INT

=TI CRT OIS T B I S (VR

e K

I g

-
-—

THIS PAGE 1S BEST

FROM COFY PUNNIS

L 3000E+DL
LSN00E+D]
< 2000E+01
. 120QE+02
< 1500€+02
A300E+D2
2100E+02

2400E+02
. 27 0']‘*"»
«300NE+DS
. 32ODE+ 02
235 00E+D2
e 32QIE+ Q2
«32N0E+0Z
B L -
32008402
«S1Q0E+02
«S400E+a2
LATNNE4D2
LENONE+02
«S200E+02
S SEN0E+02
LBINNESI2
e T20NE+D2
cTOONESDZ
T IONE+DZ
SELOGE+D2
< 2400E+02
LATONE+NZ
CANDNDNE+NZ
cFIAAE+Q2
s IRONESGS
S FINNE+DS
S L02DEFDT
L LOSAE+03
P 8 A X
JlLLOE+0Z
L 1140E+02
A ITOE+NZ
WASANESDZ

TIME (ZEC.

SAZLNE+DD
L12E20E+032
CAEINE+N2
L24GE+D2
L A2SHE4O3
A2ROE+DD
JAETOESDZ
JAETAES0T
AESFANESNZ
AIONELNT

TIME(ZEC, »

LATHESDE

HED 10 DDG

«13349€-11
L2774E-01
«3279E-01
S2n9E-0)
TSS0E-q1
e 3322E-01
LL122E+00
« 1323€+00
< 15438 +00)
ATT3E+00
. 2024E+00
,~_945¢nu
«2S33E+00
< 23A0E+ 00
. 3209Z 400
. 29445400
S 3IDE+OD
2SS+ 00
e 32 InE+ 00
«S13SE+00
eSS USE+ O
Bl NTE+DD
oadlE+QD
S TESO2E+ND
e TROSE+ 00
. 3444+ 00
S LLISE+OD
IR24E 4000
 LOSTE+NL
» 1139E+01

-l?lE*Ul
SEEED K-S0
I77E+0L
21IT4E+0I
ST IE+DL
21n3E+n]
._lnﬁ=+ﬂl
s2E+0L
'lqﬂEOﬂl
.‘quGOHl
.;iﬁ*F¢Hl
2ISNE+ |
ZPEED k. T
C2TI4E SN

QUALITY PRACTICABLY

JASTIE+O]
LASTLIE+OY
L 1ST1IE+0)
L 1SeeE+N]
« 1542E+0)

el [ (VA

+ul

tie Ajl = 4

. .
o I IO RO R Ol i e

L4705+ 00)
3S04E+ 00
«3ZLIE+QQ
AL IRE+00
FATOE+ G
L IE+ 00
‘4=0ﬂ0

.

PO QU] w e l_*_'l |

HE
Rl - ]
« 3LESE+ Q0
« JOISE+00
o« INSSE+ O

ZONSE+ 00
LEARRES00

o= E-n]
L2L72E-01L
« L2T3E+00
L 3393IC+00
« S403E+00
o FI2IE+ON
L A033EL0

[AGE+ QL
ul‘#ul

.

P N RN R TR N O O R DR DR R e i S I

.

cA29 1B+
2] KM,

v E+002
I X T Y g

2 TR
.43_55001
ARDLIESDS
cdeanEsne
SATHLIESOS
SATIIE+ NS
L42STE+OZ
P33 AE+NS
SLT. kM, e
JETAZESNZ

cnd il

s DOINOE+00
e MUOOE+ D
.000ﬂ=+ﬂﬂ

L E«0S
«DEIZE+N2
CSTLOE4DS
- e
A L T

R, RIIE KM

-.lh?E#ﬂ-

S ETOSESNS
JANLLIE+ NS

L R L

lEETESRZ

e —

kit ool e o ame aiiie i

i




- -

Iy

2
2
4
5
()
7
b
3
Q
1
]
3
4
S
)
<
b

10
ENTER
-, 003
139,
L40.,
ENTER
24222
ENTES
0.

ABQOESQ3
ATSOESDZ
 1INNESDT
S0S0E+03
.-3005*0:
23B0E+03
35005003
250402
.39005’03
TIME S
,~Q10500(
L2S20ES03
2230E+03
.33405’03
23FQE+02
93%0‘0&?
«2ITNE+ N2
.~9305’03
dIIINE+ DD

VALUES £OP

VALUES €08

TIME(SEC,
TIME (SEC.»

< L30NE+D3
VRLUES FOR

VRLUES FOR
TIME (SEC. .
TIME (SEC.»

L2INNESNT
VALUES FOR

VALUES FOR

VALUES FOR

D000

%]

e €9,
19

"y EQ,
10

NN EQ,
INT.

ORI RS IV [T

L2A0NEL03
3 0)E+03
-9005003

- 7034542
TIME (38,
L 19SDE+03
1SQ0E+03
JATS0ES02
S A900E 02
20S0E+03
.--00‘004
2390E+032
.35005003

T03454438-02

L2RTSESN]
«EIATES]
 IXRSESOL
o IRARE+AL
«43BE+OY
L4939E+01
ST2SE+0L
LST3TE+UL
«3424C+01
TPEED k- T
. 23245 +001
. 3424E+01
. S924E+01
. 24238+
. 24245+ 0
< 3424€+01
. 34249E+01
. S424E+01
2424C+01
. 3424E+01]
CRTLZLTLD

HT«I0FICE.

SPEED N Ty

IEEED K In

L2033E0Y
CRsTLIZWTLD

HT!,DP.]iEQ

SPEED (KT
SPEED (X -3y
< 20SSEL0|

CRsTLZ.TLD

E+0n
cbﬂﬂ

——
valw
= i Ty
= dlv

.u3095-01

. 3945E-02
-, 1304E -2
= I712E-02
HERDINS R
- 1S41E-02
- 3T 0E-02
= 11938€=-02
- 103FE-02
-, 2552E~-02

-, 234nE~-03
-.S134E=-03
- ?4325-"«
-.lf105-03

«234E -0

ICCe IBSe I

HEQDINS (R
HERDINS (©.
«S20AEL G0

1PCe IRSe JCV

HERDINS R
HEAD TG (8
-, A322E-0]

nSE+ O
IEeN2
DA€+ QS
alE+02
Qqund
2L+ 02
344E+02
ITTELD2
LSAC L0
KM,

SEe02
TE+0Z
X
SE+02
I+
€+ 02
I+
?EOO*
C2CEeND
SlE+02

e o

-u;aa

doo o

-.r.; o w DO E RS CROORY I OO VOl Rl 5 1] w ‘.b ] ‘JJ e B A

B QB Y R O (R (R O

o oa;-ﬁc'ﬂmrumrum

J.ﬁﬂnﬂﬂuﬂﬁhﬂﬂ‘ﬁ'

[MS. N2

IS NS

AL T, (KM, 0
QLT kM,
«l191E+02

NTo I0F« [CE IPQ [BSe 400 TM90 43

PSSSHEPS

< S0S3E+01]

9
TO392524€-02 « VO €D,
@

J3083E4QL

«3083C+01

TE=02 + VO EQ.

L

}DCEp(( Sy
L2297E40)
«2435E4 0]
<2T3Een]
.31 249€+01
. 3S24E+01|
LA00TE+D|
A5 04E+ Q1L
SSITIESN)

-, 3Nn3E=N]

-, TO0SE-04
-, 4271E=07

HEADINS (R
«4531E+ 00
. 3AAZCHON
.s?l“*ﬁﬁ
OB ISEL0N
« 1AT2E+ 00
« L2SSE+00
« 20SIE=0]
o 35S 3E-0]

< 1320E+03

- 30223E =01

« 1S595E+03

VO EQ. = . TONSE-04

. 1555E+03

= 437TIE-AT

ALT, kM,
LI012C402
AT 4 0D
LAOIEXDT
12208407
«L333E+03
AAERES02
A49SEe0
LASITESOR

CESNATE+OZ
.36055*03
CHA2IRESNZ

SUTYE+ 02
L EA9NE S0
s TIDAESDT

QE, BNG (kML
TI9ZE+0
.n-ch’GS
o TISIESNT
T 4203
S2SE+03

e TONIESDTI
CTRILES0R
T TAE+OD
S TRETESO2
TA40E+N2R

6, SN kM
B, RNG KM
LTARIES0E

3O, EHE (KM
38 ONE
LTI

e 18 T

«T199E 02

SR PNG M
LQ023€e02
L 13TE+0D
JATLHIESD
C2l2sEe0d

s0lE+03

145E+03

TTiIE+03

43%€+ 03

&ty

e
A A i

JALLTY FRbaEbesss
QA ™
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