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PREFACE

This report constitutes the first of two volumes which summarize the
work accomplished under Contract NAS1-9890. It contains the design of an
experimental space shuttle vehicle model, supporting experimental data, the
design of a corresponding analytical model, comparisons of results, and a
listing of the digital computer program designed for predicting natural fre-
quencies of a typical shuttle vehicle parallel-stage configuration which includes
liquid propellants. The second part of the work, which deals with other liquid
dynamics problems associated with space shuttle operation, is summarized

in Final Report, Part II entitled '"Propellant Dynamic Problems in Space
Shuttle Vehicles. "
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NOMENCLATURE

Symbol Definition

a distance between subsystems 2 and 11

a coefficient matrix of constraint coordinates appearing in
equations of motion

b distance between subsystem 11 and the centerline of the
Orbiter

c distance between subsystems 12 and 13

C constraint matrix

Dy distance between the neutral axis of a reinforcing beam
section and a cylinder shell (k = 1, 2, 3, 4)

d distance between subsystems 15 and 16

d coefficient matrix of mass coordinates appearing in equations
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Eg modulus of elasticity of cylinder shells (s = 1,2, 3,5,6,7)

g(m) modulus of elasticity of a reinforcing beam section
(m=1,2,3,4)

e distance between subsystem 5 and the rod K(5)

. < 1rR1>
1
o wRy ( mR; )
I
2h; "©\2h;

Gg shear modulus of cylinder shell s

g gravitational constant

H total number of dynamic and constraint equations of the

mechanical system
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NOMENCLATURE (Cont'd)

Symbol Definition
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fli height of horizontal sloshing mass in cylinder i
h1 height of rigid mass in cylinder i
ﬂs moment of inertia of a cylinder cross section
I modified Bessel function of order zero
s modified Bessel function of order one
1 index
In moment of inertia of mass element M, (n =1, 2, .. vy 8)
J(m) moment of inertia of a reinforcing beam cross section
J1 moment of inertia of rigid mass rn1
Jfrii)gid moment of inertia of frozen liquid in cylinder i
j index
Ky equivalent longitudinal spring constant of cylinder i
accounting for liquid effect
Z-rerijE _ ‘ . ) )
Kj = ﬂj longitudinal spring constant of cylinder j
_ 2rR;65E;
K, = o longitudinal spring constant of cylinder i with liquid effect
i
K(m),K(3) longitudinal spring constants of the reinforcing beam sections
K{()), k(7 vertical and horizontal spring constants of the coupling
spring system
k vertical sloshing spring constant
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Symbol Definition
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4TTR16 iEi Il Zhi

k; =

hj TR; TR}

2h; IO(E)

1~<i lateral sloshing spring constant
k index
L number of dynamic equations
L! number of constraint equations
L length of cylinder section
M, structure mass élement
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M([ ;,-1\_/1([ ; net end moments of a shell-beam section
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m index

n index
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NOMENCLATURE (Cont'd)

Symbol Definition

P mass matrix of the dynamic equations only

Q( )( ) stiffness matrix of the total system of dynamic and constraint
equations

q stiffness matrix of the dynamic equations only

r index

Rg Rp (Booster radius) for s - 1,2, 3; RO(Orbiter radius) for
s =5,6,7

S, torsional spring constant (r = 1,2,..., 7)

s index

t time

V( ) lateral shearing force on an end cross section of a beam
section

V([ % net lateral shearing force on an end cross section of a
shell-beam section

W( ) vibration mode

X coordinates associated with mass elements (see Table III)

>~§ coordinates associated with constraint conditions (see
Table III)

X( ) lateral displacement of a subsystem

Y( ) amplitude of a vibration mode
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Y phase aﬁgle
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DYNAMIC INTERACTION BETWEEN STRUCTURE AND LIQUID
PROPELLANTS IN A SPACE SHUTTLE VEHICLE MODET,

By Daniel D, Kana, William L. Ko,
Philip H. Francis, and Andrew Nagy
Southwest Research Institute

INTRODUCTION

Currently specified design requirements of a space shuttle vehicle are
anticipated to present many new problems heretofore not encountered in aero-
space systems. The dynamic interaction between elastic structure and liquid
propellants has always been an important design criteria for launch vehicles
and aircraft; however, it is surmised that potential problems posed by this
interaction will become even more critical in presently envisioned space
shuttle systems (ref. 1), Therefore, the purpose of this study is to examine
the applicability of existing analytical techniques for studying the coupled
liquid-structural dynamics of a typical space shuttle configuration--a
parallel-stage design.

The program objective has been accomplished by developing a suitable
experimental model that is capable of experiencing at least the most funda-
mental structural dynamics of a prototype system, measuring its natural
frequencies of vibration for a range of various parameters, and comparing
the results with those predicted from a corresponding analytically derived
model., In selecting the model details from the outset, considerable effort
was exercised to utilize components which were already available from
previous research programs, in order to minimize fabrication costs,
Further, existing concepts of spring-mass fluid models, which have been
derived to simulate liquid reactions for decoupled lateral and longitudinal
motions, are employed in a straightforward manner in a system which
experiences strong coupling along these axes. The results of this study of
a rather fundamental model will point toward the path to follow for more
complex representations of a shuttle system. We begin with a description
of the physical model, then outline the analysis, and finally present results
and conclusions from the study.

DESCRIPTION OF PHYSICAL MODEL

A model consisting of a parallel-stage Booster and Orbiter, each
consisting of two propellant tanks and appropriate intermediate skirts and




rigid masses, was considered feasible to carry out the program objective.
The major portion of the Booster was already on hand from a previous

study (ref. 2) of longitudinal dynamics in axisymmetrical launch vehicles,
As a result, as will be seen, it also included some components, such as
stiffeners and baffles, which were not strictly essential to the present study.
Nevertheless, the presence of these extra components did not alter the con-
clusions of the study.

A photograph of the completely assembled and suspended system is
shown in Figure la, as it was used during most of the experiments. In
order to provide a quick overall indication for model size and typical rigid
masses, a schematic is shown in Figure lb, Further details will be given
now, as well as in later sections of the report.

The Booster comprises the major part of the model, and it consists
of the following main components:

(1) Upper tank
(2) Lower tank
(3) Skirt

(4) Bulkheads

Both tanks in the Booster model were fabricated from 0.005-inch thick, type
302 Stainless Steel sheets, which were rolled and butt-welded along longitudinal
seams. A flat steel disk was spot-welded to one of the tanks which serves as

a top mass for the upper tank. The lower end of this upper tank and both ends
of the lower tank were spot-welded to identical steel flanges, which can be
bolted to the bulkheads and the skirt as required. Two rows of spot welds, each
spot weld having a test strength of 25 pounds, were used at each end of the
tanks., The spots were spaced 1/8-inch apart with 1/8-inch spacing between
the rows. To provide for ullage pressure integrity, the ends of both tanks

were sealed with epoxy cement,

The third main component in the Booster is the skirt. It was fabricated
by rolling 0,025-inch thick, 6061-T6 aluminum sheet to the desired diameter
and butt-welding it along a longitudinal seam. Two aluminum flanges were
welded to the end of this cylinder with the same hole pattern as on the flanges
of the tanks to provide for bolted assembly of these parts, Two small ports on
the side of the skirt served as a pressure port for introducing ullage pressure
to the lower tank and for filling the tank with liquid.

Flat, rigid bulkheads were machined from mild steel and 6061-T6
aluminum plates for the lower and upper tanks, respectively, with a shoulder
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on them so they could partially fit inside the tanks. The shoulders and their
hole patterns match the flanges on the tanks, The lower ends of the tanks were
sealed by these flat, rigid bulkheads by bolting them to the corresponding
flanges. The tanks in turn were joined by bolting them together using the

skirt as a coupling.

The lower tank had stiffener rings, stringers, and baffles installed on
it., Eleven 6061-T6 aluminum rings, 0.032-inch thick were cemented on the
outside of the tank 1.25 inches apart, symmetrically about midspan., Twelve
6061-T6 aluminum stringers, 1/8 X 1/8 X 14 inches in dimensions, were
fastened to the inside of the tank by use of epoxy. The stringers were equally
spaced around the circumference of the tank and symmetrical about midspan.
Tapped holes along the length of these stringers provided the means for
installing eleven yellow brass ring baffles into the tank. Data pertaining to
the Booster model are given in Table I.

The Orbiter model, similar to the Booster, consists of two tanks with
flat, rigid bulkheads and a skirt., The tanks and the skirt were fabricated
from 0, 012-inch-thick and 0, 020-inch-thick 1100-H14 aluminum sheets, respec-
tively, which were rolled and butt-welded along a longitudinal seam in the
same manner as the Booster. Identical flanges with 16-hole bolt patterns were
welded to each end of both tanks and skirt by a continuous weld.

Flat, rigid bulkheads were machined from 6061-T6 aluminum plates
with hole patterns matching the pattern on the flanges, These bulkheads,
however, did not have shoulders on them as was the case for the Booster,
Plates identical to the bulkheads were used for capping both of the tanks on
the Orbiter with provisions for introduction of ullage pressure and modeling
liquid.

The skirt, as in the case of the Booster, was used to join the two tanks.
Data pertaining to the Orbiter model are given in Table IIL.

Coupling between the Booster and Orbiter was achieved by the strong-
back assembly, As can be seen in Figure 1, the strongback spans the full
length of the Booster and is attached to it at four locations, namely, at each
flange and the top. This part of the strongback was fabricated from a
1-1/2 X 1-1/2 X 1/8-inch, 6063-T5 aluminum square tube with appropriate
altering to be attachable to the Booster.

A short backstrap was attached to the Orbiter spanning between the
two flanges of the skirt., To thisbackstrap, al/4-inch square steel rod was
fastened which fits into two guides on the strongback allowing adjustment of
the relative position between the Booster and Orbiter.



TABLE I. --MATERIAL PROPERTIES AND GEOMETRY OF
STRUCTURAL COMPONENTS OF BOOSTER MODEL

Effective Inside Wall Material E
Structural Length(£) Thickness Density X 106
Element (in. ) (in. ) (in.) (#/in3) psi
Upper Tank 14. 5 .0 0. 005 0.29 29
Lower Tank 14.5 .0 0. 005 0.29 29
Skirt 7.5 .3 0.025 0.098 10
Material E
Density X 106 Dimensions
(#/in°) psi (in. )
Flat Rigid Bulkhead 9. 875 Dia., 1/2 Height,
Lower Tank 0.29 30 12 Dia. shoulder, 1/2 Height
Flat Rigid Bulkhead 9.875 Dia., 1/2 Height,
Upper Tank 0.098 10 12 Dia. shoulder, 1/2 Height
Number Material
Used on Density X 10~ Dimensions Spacing
Tank (#/in>) psi (in.) Location (in. )
Stiffener 10. 0 I.D. Symmetrical
Ring 11 0.098 10.5 O.D. about 1. 24
0.032 thick midspan
Stringer 12 0.098 0.125X0. 125 Symmetrical Equally
X 14.0 about spaced on
midspan inner circum-
ference
0.25 I.D. Symmetrical
Baffle 11 0.306 9.68 O.D. about 1.25

0. 0125 thick

midspan




TABLE II. --MATERIAL PROPERTIES AND GEOMETRY OF
STRUCTURAL COMPONENTS OF ORBITER MODEL

Effective Inside Wall Material

Structural Length(£) Dia. Thickness Density
Element (in. ) (in.) (in.) (#/in3)
Upper Tank 8.5 6.0 0.012 0. 098
Lower Tank 8.5 6.0 0.012 0. 098
Skirt 6.0 6.0 0. 020 0. 098

Material

Diameter Thickness Density

(in. ) (in. ) (#/in3)

Bulkheads 6.7 0. 25 0. 098
Caps 6.7 0. 25 0. 098

X 106
Esi

10
10

10

X 10°
Esi

10

10




ANAINYTICAL MODEL

Mechanical Model

In the modal analysis of free vibration of the model Shuttle Vehicle,
the system is represented by the equivalent mechanical model shown in
Figure 2a. The motion of the system will be limited to translations in x
and z directions and pitching about an axis perpendicular to xz-plane. The
cylindrical shells between any two neighboring mass elements will be
represented by thin-walled beamlike tubes, or shell-beams, as shown in
Figure 2b. Additional details are given in Figures 2c and 2d. Masses of the
cylindrical shell sections, Booster and Orbiter strongback beam sections,
and between any two neighboring mass elements are divided equally into two
parts, each of which is lumped into each of the two mass elements, Thus, the
inertia effect of the shells and the strongback beams will be otherwise
neglected., The Booster and the Orbiter strongback reinforcing beams are
pin-jointed, respectively, to the Booster and the Orbiter mass elements with
one torsional spring attached to each joint., The two beams are then connected
together through a coupling compound spring system which permits relative
displacements in x and z directions, and one relative rotation about an axis
perpendicular to the xz plane. The lower end of the Orbiter is connected to
the Booster strongback beam through a rod K(5) both of whose ends are
pin-jointed, *

The vertical and lateral sloshing motions of the liquid in a cylinder
are represented independently by two sloshing models, The vertical sloshing
model (ref. 3) consists of one vertical sloshing mass m; (i=1,3,5,7) _
connected to the neighboring mass elements through two springst k; and kj.
It will be assumed that the bending of the shell-beam does not interfere with
the motion of mj, The lateral sloshing modelf (refs. 4,5, 6) consists of
one rigid mass Nnn;-‘v< rigidly attached to the shell-beam, and one lateral

1

sloshing mass m; connected to the shell-beam through two springs of spring

constant f{i/Z. For the vertical sloshing, quantities associated with the

horizontal sloshing (i.e., ml s I";li, and Ei) will be set to zero, and vice

versa.,

*This rod was removed from the experimental apparatus and, consequently,
its effect was nullified in the numerical program by setting to zero its cross-
sectional area,

TAll springs in the model are massless and linear,

TThis model was originally developed for a rigid container,
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The vertical sloshing mass m; and the sloshing spring constants

-~ i
k: and k; are defined as follows (ref. 3)

[ { wRs N
m; = — m{i) (i=1,3,5,7)

1 T ﬂRi < TTRi > T ;

- k. 73 2% =2 . .
ky = Ky - viKFy +viKGFy ;  (no summation)

i ititi
where
I;,I, = modified Bessel functions of the first kind
R; = Rp (Booster radius) for i = 1,3, = Ry (Orbiter radius) for
i=5,7 ’
hj = height of the liquid in cylinder i
m(,Ii,) = -rrRiZhipi = total mass of the liquid in the cylinder
P; = mass density of the liquid
B wR. Bk
i
()
i~ n mR; 'rrR1>
2h; Lo 2hy
v; = Poissons ratio of the cylindrical shell
Ky= =~
Ei - v7h,
i7i
()
1
oo é Zhi
i TRy TR,
2hy IO( 2h; )

(1)

(2)

(3)

(4)

(5)
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£ = length of the cylinder

O,
o
H

cylinder wall thickness

=
1

i = Young's modulus of the cylinder shell

The lateral sloshing mass for the first mode or fundamental slosh

mass mj, and its height Ei’ the rigid mass m1 and its height h’f and the

sloshing spring constant are defined in the following (refs. 4,5, 6)

(i)( R ) 2 (7)
m; = m tanh 1,84 —/—
1 T 2.2h; R;
mf = mip) - &y (8)
h: \2
&, = mli) (—&— ) (tann 1.84 1)
ki = mp'\ T1og; /\ tanh 1.84 R, (9)
. R, h,
hi:hi— - tanh 0.92_1_.
0.92 R;
(10)
= height of m;
sty m'(]:]:)hi ~ r;li
hy = h; - - +(hi—h1);-;:-; (11)
‘ i i
= the height of m}
g = gravitational constant, andthe polar moment of inertia of m>-1:<is
defined as
2 ()2
., hy mU/RS 2, 14R.
% _ (i) (i) 1 T4 _ i h;
J7 “‘Irigid“LmT 7 1.995 - ————— tanh O.“)Z..Li
i
2 2
- rnl (hi - hl) - mi(hl - hi) (12)

13




where

wlr

2
he
T 1 4
Jrlglcl "T’“[g ‘ 'HLJ (1

Figures Za and 2b show that rn1 is situated above m however, as the depth
of the liquid h; decreases, m will shift to a p031t10n below rn1

(@8]
e

Mathematical Formulation

The free dynamic behavior of the mechanical model can be described
completely in mathematical terms by writing the equations of motion and
equations of constraint for the system. In order to do this, the mechanical
model is divided into subsystems for which equations of dynamic and static
equilibrium for the free oscillation can easily be set up. The coordinate
system at each subsystem is shown in Figure 2a.

In the model, the structure mass elements My(n=1,2,...,8) will
have three degrees of freedom in motion (two translations and one rotation)
the rigid mass m1(1 =1,3,5,7) two degrees of freedom (one horizontal
translation and one rotation), the lateral sloshing mass mj one degree of
freedom (horizontal translation), and the vertical sloshing mass mj one
degree of freedom (vertical translation), Thus, the entire system will have
forty degrees of freedom and therefore forty equations of motion. However,
only equations associated with subsystem ! will be shown for the purpose
of illustration,

Equations of motion, -~At subsystem 1 there are two equations of
motion for translation and one for rotation. They are

M%) - V(ll) vl -0 (14)

Mz - KUz, - 2)) + (R £ D)0, - 4] - K2, - 2)
"'kl(gl "Zl):O (15)

Jliﬁl - K(l)(RB + D)z, - z)) + (Rg + D A&, - ¢4)]

Iy _
+5,(¢) - dg) - M) =0 (16)




where

it

distance between the neutral axis of the Booster strongback
beam section 9-10 and the Booster shell

= longitudinal spring constant of cylinder 1

i

longitudinal spring constant of beam section 9-10

il

polar moment of inertia of mass M; about y; axis

torsional spring constant at joint 9

M(ll) S ——Z—Eﬁ-— [3(£; - %)) + hi(2A179) + Byjay)]
(h])*N) )

= net moment at lower end of shell-beam 1

em(1)5(1)
1

= end shearing force of the Booster reinforcing
beam section at end 9 (ref. 7)

6F \Q
(1) _ 1v1 %
V = [2(¢ - x7) + hi(e + aq)]
1 (hI)3IIll 1 1 1\ 1

= net shearing force at lower end of shell-
beam 1 (see Appendix A)

= Young's modulus of the reinforcing beam section 9-10

= moment of inertia of the cross section of the reinforcing
beam section 9-10

moment of inertia of the cylinder cross section

(17)

(18)

(19)
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and

IZEljl 3E1\ﬂ1
N11:l+,‘*')w‘r,ﬂ’ A11:1+.\»w
\hl)mrthE)lul (h7)4mRR8,G,
6E1v01
B=1- o) (20)
(hl) TTRB(SIGI
in which

G = shear modulus

Equations (20) provide correction factors which arise from the
analysis based on linear membrane theory of the shell, These factors are
unity for an ordinary beam (see Appendix A). Similar equations of motion
may be written for the rest of subsystems.

Equations of constraint, --As shown in Figure 2a, at each massless
subsystem of 9, 10, 12, 14, 15, and 17 there will be one constraint condition
in the ¢ direction; at subsystem 11 there are two constraint conditions (x
and ¢ directions); at subsystems 13 and 16 there are three constraint condi-
tions (x, z, ¢ directions) for each subsystem; at subsystem i (i =1,3,5,7)
there are two constraint conditions (a, £ directions). Thus there will be
twenty-two constraint conditions associated with the model. For the
purpose of illustration only the constraint condition at the massless sub-

system 9 will be shown below.

0 X §g - 51(41 - o) - MV =0
where

2E(Ds(

(9 - 2
£7

[3(x, - x;) +41(29g + ¢14)] (21)

end moment of the Booster reinforcing beam
section at end 9

1

Similar constraint equations may be written for the rest of massless

nodes.
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Figenvalue problem, --Since only free oscillations are being considered,
the aforementioned system of H equations of motion and constraint is homo-
geneous. Taken together, the total system of dynamic and constraint equa-
tions can be written in compact notation (employing the summation convention)
as

PrSWS-i—QrSWS:O r,s =1,2,...,H (22}
It is assumed that the vibration modes are harmonic, i.e.,
Wy = Yg cos (wt +7) (23)

where each frequency w is real. On substituting Eq. (23) into Eq. (22) one
finds

(Qpg - @2Pypgl(Yg) =0 (24)

There is a well-known principle (ref. 7) in vibration theory which
states that a system of H equations consisting of L dynamic and L' constraint
equations (L + L' = H) can always be reduced to a problem involving L
equations., This can be accomplished by incorporating the constraint equations
into the equations of motion. In the present problem, this can be done by
segregating the set of generalized coordinates W into two nonintersecting
sets:

W=XUx
where
2( = set of coordinates associated with mass elements
x = set of coordinates associated with constraint conditions

For the present problem, X and x are defined in Table III. Equations (24)
can now be replaced by two sets of equations, the first of which gives the
L equations of motion expressed in terms of the constraint coordinates g :

. g2 . o
(q5; - 2% MX) = - agpxy i,j=1,2,...,L
n=1,2,...,L (25)

The second set of conditions relates the ¥ coordinates to the X coordinates:

=~

= d,.X l,m=1,2,...,L! (26)

Sim®m T 9157




Coordinates Associated
with Mass Elements

X1 =21
X2 =z
X3 = 73
Xy = 74
Xg=1zg
X6= 26
X7 =27
Xg =28
Xg9=¢1
X10 = 2
X11= ¢3
X12= P4
X13= 95
X14= %6
X15= ¢7
Xi6 = 8

X177 %)

X19 = X3

X21 = xg
X22 = %g
X23 = %7
X24= %xg
X25= L3
X26= L4
X277 a5
X28% a7
X29= &5
X30= &7
X317 M3
X32 = N4
X33= 1§
X34 =82
X35 = al
X36 = a3
X37 =61
K38 = €3
X39=m]
X407 M2

TABLE III, --DEFINITION OF COORDINATES
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Coordinates Associated

with Constraint Conditions

X] =213
X =z
X3 = %9

%4 = $10
X5 = 911
X6 = $12
X7 =913
xg = ¢14
X9 = ¢15
X10 = 916
x11 = $17

X12
X13

%14

X15
X16

X17

X19
%20
*21

%22

1

X111

ap
a8

€6

a
a4
€2
€4
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This system of equations can be written such that the square matrix ¢ is
symmetric and that d = - a7T, Solving for x:

S N ‘5 -

and substituting into Eq. (25):

2 -
(Qj5 - @7y NXy) = - 2y nlle X,
(28)
- -1, T
= 238%n 1JXJ
Thus:
- -1
[(asj - aineniafy) - 2%p3;1(X;) = 0 (29)
By premultiplying by }3”1 this equation takes the form of a standard
eigenvalue problem
-1 -1.T 2 = -
[pki(q—ij - aincnlalj) -Q 6kj] (XJ)_ 0, k=1,2,...,L (30)
Nontrivial solutions for the eigenvector X exist if, and only if, the deter-
minant of the coefficient matrix vanishes:
1(q - a.ctal ) -0 6 (31)
kit2ij in“nl #1j kj

Thus, the problem reduces to finding the eigenvalues of the L X L matrix

- (q - ac laT) The eigenvalues found by this process are the natural fre-
quenmes ‘of the Booster/Orbiter system, expressed in radians/second,
Included in this set of frequencies are the zero frequencies identified with
translation and rotation of the system as a rigid body.

In the present problem, the matrix q and the matrix ac'1 T both are
symmetric, and the matrix p is diagonal (and, hence, P -1 s dlagonal) How -
ever, the product matrix B—T( - ac” -1 T) is not symmetric., Mathematically,
the eigenvalues of a real, nonsymmetric matrix may be complex, all or in
part. On physical grounds, however, one knows that the mathematical model
being solved represents a linear conservative system, and therefore a correct
solution must result in real eigenvalues., Complex eigenvalues introduce
growth and decay characteristics in the modal response which are inadmis-
sible for the free vibrations of the problem under consideration., In the
numerical solution for the present problem an eigenvalue routine was used
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which computes the complex eigenvalues of a nonsymmetric matrix. All non-
trivial eigenvalues, however, were found to be real.

The nonzero elements of the matrices g, a, and ¢ are tabulated in
Appendix B for three different cases: h1 > h1 s h1 < hl and the empty case,

Numerical Aspects

The physical quantities which are involved in the equations of mection
and constraint for the analytical model consist of parameters which can be
computed directly (masses, moments of inertia, etc.) and of terms which do
not lend themselves to direct computation (effective* spring constants). These
latter terms can be estimated from force-displacement calculations based on
idealized models, but these estimates by no means serve as valid input data
for computational purposes. Effective spring constants, in some cases, also
can be determined experimentally by impedance techniques. The general
approach used in this program for determining the input parameters for the
analytical models was first to calculate by some means (quite approximately
in some cases) all of the input data required of the model. Following this,
certain of the parameters, least amenable to accurate calculation, were
adjusted within certain narrow bounds in an attempt to match the frequencies
computed theoretically with the experimental values for the empty tank case.
This procedure is not the same as "'curve fitting'' where one takes much
greater liberty with the number of parameters varied and disregards
theoretical estimates on their magnitudes. The approach adopted here limits
the amount of empiricism to a practical minimum in fixing the input data.

In the case of the Booster K; and K,, the effective axial spring con-
stants of the thin-walled shells were found experimentally by an axial vibra-
tion test, as described in the next section. The axial spring constants
characterising the strongback were adjusted from their calculated values
to match the empty, decoupled booster data. For the Orbiter, the axial
spring constant of cylinder 5 was calculated, and acorrection factor (a cor-
rected shell thickness 65) introduced to force agreement with the experimental
result for cylinder 5 alone in both axial and bending motion. This procedure
was repeated using cylinders 5 and 6 together, to determine Ky. For
cylinder 7, 6, was taken equal to 65. The parameters finally arrived at
are listed., Once so determined, they were held constant throughout all
computational work,

*Note that effective spring constants include effects difficult to predict, such
as bolted joint compliances and longitudinal stiffeners,




K, =3.48X10° 1b/in
K, =17.36X10° b/ in.,
k(1) = 1,8333 X 105 1b/in,
k(2) = 5,3571 X 10° 1b/in.
k(3) = 3,4921 X 105 1b/ in.
k(%) - 1, 2083 x 10° 1b/in.
®3) - 3,8596 X 10° 1b/ in.
®4) = 71,2083 X 106 1b/in,
85 =87=9.84X107>  in,
Kg = 1,885 X 10° Ib/ in.
S =8, =2.60X 104 in, -1b/rad

In the case of the coupled Booster/Orbiter system three additional
spring constants were available for adjustment, within limits, to match the
theoretical and experimental coupled empty tank condition, These three
constants represented the torsional coupling sprin§ S¢, the vertical coupling
spring 12 , and the horizontal coupling spring K( ) All three of these
spring constants were first calculated on the basis of idealized models, to
serve as nominal values in the adjustment process. The values finally
chosen were:

S¢  =3.9027 X 10% in, -1b/rad
k(€)= 5 477 % 10° 1b/ in.
&{(7) - 9. 9672 X 103 1b/in.

The calculations for the empty-tank condition omit the slosh models
from the system of equations, and do not represent simply a degenerate case
of vanishingly small liquid levels. The general system of equations, which
does include the sloshing models, must predict frequencies compatible with
the empty-tank results for small, but nonzero liquid levels. This criterion
serves as a checkpoint on the accuracy of the numerical program. Also, a
transition point occurs at a liguid level of 1,043 times the tank diameter,
below which h’if‘:, the location of the rigid mass, reverses its relative position
with hj, the location of the sloshing mass. On either side of this transition
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certain equations must be rewritten in a different form, with the result that
the program differs according to whether one is considering a 'near full"
or a ''mear empty' tank. Continuity in the computed frequencies, of course,
must be maintained across this transition point, and this criterion serves
as an additional check on the programming accuracy,

The matrix eigenvalue problem was solved on a CDC-6400 computer
using a standard eigenvalue routine (modified Jacobi method) for finding the
eigenvalues of a real, nonsymmetric matrix, A listing of the computer
program and instructions for use are given in Appendix C,

EXPERIMENTAL PROCEDURE

The test program performed on the previously described physical
model can be divided into distinctive phases and may be listed as the
determination of:

(1) Effective spring constants for subassemblies

(2) Natural bending frequencies of decoupled Booster and Orbiter
models

(3) Natural frequencies of -decoupled Booster and Orbiter models
with longitudinal excitation

(4) Natural frequencies of Shuttle Vehicle Model,

The first part of the experimental program was to determine the
effective spring constants of the Booster model components. This was
accomplished by mounting the intermediate empty configurations illustrated
in Figure 3 on an electrodynamic shaker and determining the natural fre-
quencies of the components, X¥requencies obtained by this test were used
to calculate the effective spring constants. Similar procedure was used with
the Orbiter model components, both for axial and lateral excitation. The
resulting spring constants were tabulated in the previous section for both
models,

The second phase of the test program was devoted to determining the

natural bending frequencies of the decoupled models., The Booster model was

vertically suspended by a nylon-rope, pulley, and spring combination which
was designed to simulate a free~free condition. The rope was attached to
the model at its bottom flange on the lower tank and was guided at the top of
the skirt, A small electrodynamic shaker connected to the model at the
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upper flange of the skirt was used to excite the model in a lateral direction,
Four piezoelectric accelerometers were mounted on the model, one on each
flange and one on top with their axes in line with the direction of excitation,
and monitored simultaneously. The model was tested with empty, full, and
intermediate liquid conditions and its natural frequencies were recorded.
The information so obtained served a dual purpose; it provided data for
comparison with the frequencies obtained by an analytical model discussed
in the preceding section, and also allowed for the identification of bending
modes when the model was later tested in its coupled configuration, This
test procedure was also repeated using the Orbiter model.

To determine the natural frequencies of the Booster and Orbiter
models with longitudinal excitation, the models were suspended as previously
described and excited along their vertical axes by a small electrodynamic
shaker. Four piezoelectric accelerometers, mounted on the flanges and
the top of the models with their axes along the direction of excitation, were
monitored together with pressure transducers installed in the center of each
bulkhead. As in the preceding phase, each model was tested with empty,
full, and intermediate liquid conditions.

The final step in the test program was the determination of natural
frequencies of the complete shuttle vehicle model shown in Figure 1, The
system was suspended in such a manner so that the driving force introduced
to the model by the electrodynamic shaker always acted through the gravita-
tional center of the model. Four piezoelectric accelerometers, located on
the bottom flanges and the top of the models, were monitored measuring
acceleration along the axes of the models, while two others were located at
the tops recording acceleration in the lateral direction. In addition, four
pressure transducers, one located in each bulkhead, were monitored, All
tests were performed with the Orbiter tanks full, The liquid level in the
Booster tanks was varied from empty to full with intermediate conditions,
Thus, a normal operational sequence was simulated,

Throughout the entire test program, distilled water was used as a
modeling liquid propellant. Ullage pressure was provided in all tanks to raise
the natural frequencies of nonsymmetric shell modes above the frequency
range used during the tests,

As a conclusion to the experimental program, the modeling liquid
was replaced in the tanks by a granular substance with bulk density very
closely equal to the modeling liquid and the model was tested at full and
half-full levels in the Booster tanks, and similar levels in the Orbiter tanks.
Thisg substitution was implemented to facilitate identification of liquid and
structural modes in the data obtained from tests completed on the coupled
system, as well as to show more vividly the effects of liquid propellants.
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COMPARISON OF RESULTS

The output from the theoretical model was in the form of natural fre-
quencies representing:

(1) Rigid body motion of the system (zero frequencies)
(2) Sloshing frequencies of the four liquid-containing tanks
(3) Frequencies of the system.

Regarding the rigid body modes, the analytical model predicis three zero
frequencies for the coupled Booster/Orbiter system, and six when the
Booster/Orbiter coupling is set to zero. This prediction is consistent

with rigid body motion in a plane., The four calculated sloshing frequencies
were in the rangeof 1 to 3 Hz and are quite small when compared with system
frequencies. Thus, the sloshing modes are essentially decoupled from the
natural frequencies of the total system.

Figures 4, 5, and 6 present a comparison of the theoretically-predicted
with the experimentally-determined results, Figure 4 shows the first five
frequencies of the Booster alone, and Figure 5 shows the first three fre-
quencies of the Orbiter alone, The analytical and experimental frequency
values are quantitatively compared in Table IV, This agreement index was
based upon the maximum (absolute value) percentage error between the
theoretical and the experimental values, with the experimental values taken
as the basis. The agreement is considered good if this error is within 10%,
fair if between 10% and 20%, and poor if greater than 20%.

It is seen from this comparison, and from Figures 4 and 5, that the
agreement between theory and experiment is generally better in the case of
bending modes than in the longitudinal modes. There is a particularly
significant lack of agreement in the second and third longitudinal Booster
modes. Also, the theoretical frequencies tend to be somewhat higher than
the experimental values (except in the case of the second Orbiter bending
mode, where the theoretical and experimental curves cross each other),

Table V, A compares the theoretical and experimental frequencies
for the coupled empty-tank condition. In terms of the comparison index
mentioned above, the agreement is good for the first six modes, and poor
for the next three higher modes. It is obvious that above the sixth mode,
the relatively simple analytical model is no longer adequate to describe
the motion of the systerm.
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TABLE IV, - -AGREEMENT INDEX FOR DECOUPLED MODELS

BOOSTER
Mode Number Mode Form Agreement
1 1st bending Good
2 1st longitudinal Fair
3 2nd bending Good
4 2nd longitudinal Poor
5 3rd longitudinal Poor
ORBITER
Mode Number Mode Form Agreement
1 1st bending Good
2 1st longitudinal Good

3 2nd bending Good
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Figure 6 compares the theoretical and experimental frequencies for
the coupled Booster/Orbiter system for full Orbiter and various Booster
propellant levels. The two lowest modes, approximately constant at
15 Hz and 70 Hz, represent modes in which the Booster and Orbiter act
essentially as rigid bodies, but vibrate relative to each other through the
torsional coupling spring and the lateral coupling spring, respectively. The
third mode is dominantly Booster bending, while the fourth mode is the
remaining rigid body mode, with relative Booster/Orbiter motion resisted
through the longitudinal coupling spring. The fifth and sixth modes exchange
motions of dominantly Orbiter bending and Booster longitudinal motion,
Above this, the discrepanies become quite large,

Additional results are shown in Tables V.B and V, C where fre-
quencies are given for the case of a solid-like fluid. A mixture of soil and
flour was used to produce a substance having a bulk specific gravity of 1.0,
Only the first two modes remained relatively unaltered, while most higher
modes disappeared. Apparently, considerably more damping was displayed
by this mixture than experienced with water. Thus, in this case a better
study of the effects of liquid rather than solid propellant simulation could
have been obtained from the analytical model,

In Tables V.D and V. E, results are given for alternate positions of
the Orbiter on the Booster, when all tanks werefull. * Inthese cases the
difference was surprisingly small, Other such results at various liquid
levels would be highly desirable. k

It appears reasonable to conclude that the liquid propellant models,
as derived, provide only a fair overall prediction of frequencies for the
decoupled models and a somewhat better prediction for the coupled case.
However, possibilities for refinement of the models can immediately be
considered, For example, the use of additional modes for the longitudinal
liquid model could very likely improve the results at the higher frequencies,
A better estimation of joint compliances in the structural model would also
help.

Finally, Figure 7 shows an instability that occurs in the system for
both Orbiter and Booster full and excitation through the system center of
gravity at 453 Hz. The oscilloscope traces show only the pulsating envelope
of the high frequency responses. The origin or cause of this type of
instability remains to be investigated. However, inspection of the liquid
surfaces showed no apparent slosh coupling with the low frequency pulsation,
even though it was near the frequency for those modes.

*Because of the coupling design, it was subsequently determined that these results
include the effects of the indicated amount of Orbiter position change, as well as
effects of an undetermined amount of variation in the coupling springs K(é), K(7),

and Sg.



TABLE V, - -NATURAL FREQUENCIES FOR SPACE
SHUTTLE VEHICLE MODEL

A, All Tanks Empty

(Orbiter Position ¢ = 7.87 in.)

Experimental (Hz)

Theoretical (Hz)

Mode

23
109
212
343
402
431
471
546
597
708

.0 23.2

105
221
355
417
463
649
659
815
863

Good
Good
Good
Good
Good
Good
Poor
Poor
Poor
Poor

Torsional Coupling
Lateral Coupling
Booster Bending
Longitudinal Coupling
Orbiter Bending
Booster-Orbiter Bending

B. Booster and Orbiter h/Z = 0. 983 - Granular Propellant

(Orbiter Position ¢ = 7.87 in.)

Experimental (Hz)

14.

60.
436
845

C. Booster

(Orbiter Position ¢ = 7. 87 in. )

7
0

Mode

Torsional Coupling
Lateral Coupling

and Orbiter h/£ = 0. 517 - Granular Propellant

Experimental (Hz)

14.7
64.0

420
869

Mode

Torsional Coupling
Lateral Coupling
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TABLE V. --NATURAL FREQUENCIES FOR SPACE

SHUTTLE VEHICLE MODEL

D. All Tanks Full

(Orbiter Position ¢ = 4. 06 in.)

Experimental (Hz)

15.5
121
171
191
216
300
310
416
458
476

E. All Tanks Full
(Orbiter Position c

Experimental (Hz)

15.2
124
173
190
221
299
312

11. 69 in. )

(Cont'd)

Mode

Torsional Coupling
Lateral Coupling
Booster Bending
Booster Longitudinal

Mode

Torsional Coupling
Lateral Coupling
Booster Bending
Booster Longitudinal
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SUGGESTED FURTHER STUDIES

The results of this study indicate that a very effective, yet rather

simple model of a typical space shuttle system has been developed, whereby
many potential problems can be studied, Desirable steps to follow in this
process are as follows:

(1) Minor refinement of the analytical model is in order. This can
be done by incorporating higher longitudinal liquid modes and
getting better estimates of effective spring constants,

(2) The analytical model should be used to compute results for a
wide variety of parameters including other Booster-Orbiter
liquid depth combinations, Orbiter positions, coupling springs,
etc. The assumption of solid propellants can easily be made
and results determined from the analytical model. Some experi-
ments should be performed to verify select cases of the results,

(3) Experimental transfer functions should be run between various
response points and the excitation, A better description of
coupling between longitudinal and lateral motions would result.
Various gimbal angles on the excitation should be used along
with this,

(4) The present analytical model incorporates motion only in the
plane of symmetry or system pitch plane. Experiments should
be conducted to determine system response for both yaw and roll
excitation. The derivation of an analytical model for these types
of motion is also appropriate,

(5) The origin of the pulsating instability should be identified and its
significance explored.
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APPENDIX A

REVISED BEAM EQUATIONS

A,
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END MOMENT AND SHEAR EQUATIONS FOR BEAM-LIKE
THIN-WALLED CIRCULAR TUBES

Based on the linear membrane theory, the governing equations for
beam-like, thin-walled circular cylinder following the sign convention shown
in Figure A-I(a) are given by (ref, 8)

Lo (A1)
aM

S = (A.2)
do _ M (A.3)

T~ R, (A.4)

where

v = net shearing force on a cross section

M = net moment on a cross section

0] = measure of net rotation

E; = modulus of elasticity

G; = shear modulus

ji = moment of inertia of the cylinder cross section

= radius of the cylinder
) = thickness of cylinder wall

X = displacement in x-direction

The general deformation of a beam-like thin-walled cylinder subjected
to end moments Mﬁ), M(i +1) and end shear V(i), V(iJr 1) [see Figure A-I{a}]

may be represented by an equivalent cantilever beam subjected to equivalent
end moment Mp and end shear Vp [see Figure A,aI(b)] , with the conditions:

s
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(a) Free body diagram of deformed (net)
cylindrical shell section between stations
(i-1) and 1.

(b) Equivalent cantilever cylinder subjected
to end moment and shear

{c) Cantilever cylinder subjected to end
moment

(d) Cantilever cylinder subjected to end
shearing force
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A4

Xj 41 - ¥ T4 (A.5)
dr = Pi+1 - B (A, 6)
If we decompose the deformation of the equivalent cantilever beam

only and that due to end shear Vp only

into that due to end moment MR
[see Figure A-1(d)], the governing equations (A.1 to A, 4) written for the

two cases are

(1) Due to MR alone

V=0 (A.7)

déz' -0 (A.8)

Ealy (A.10)

(2) Due to VR alone
dc;;” = (A.11)
dx” = Vg (A.12)
sor_ e a13
%51”- = - " + ——-—-———VR (A, 14)
Z mR;6;G;

Solving the above two sets of equations with proper boundary conditions

one obtains
Mpt 2
Ky g = = (A.15)
M= 2m 0




3
Veiy  Vr4

v = 3Eiﬂ; * ‘"RiéiGi

2
~ VrRYj
¥ T T 7Eg;

Substitution of Equations (A. 15)to (A. 18)intothe following equations

o = b T by
and solving for Mg and Vg, there results

2B J.
MR - 1v1

[3XR + 24 iAiq‘)R]

2
25N

6E;J,
V -
R (3N

i

where

12E,J.

Z
i

=1 + ._2.____.____._
L77R16;Gy

3E,J,

>
th

1+ ———
25 7R;8;Gy

Using Equations (A, 21) and (A. 22), one obtains
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19)

20)
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22)

23)
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25)




VL = VR (A.26)
where
- 6E;J;
Bi =1 - -—2——————'— (A. 27)
£ 7R;86iGj

Now writing My, = M(l), Mg = I\/I(i+ 1), VR = V(i) = V(i+1), and using
Equations (A.5) and (A.6), the end moments and end shear of the original
beam section are obtained

2, J;

M) = . [3(x; .1 - x;) +£5(2A;4; + Byds 1 1)] (A.28)

2
L8N,

2E.J
Mmii+1) - 21

. . 6B, J.
(1):V(1+1):-—3}—1-[Z(Xi+1 'Xi)+‘ei(¢i+¢i+l)] (A.30)

L3N

i

[3(x; 41 - x;) +23(2A505 41 + Bydy)] (A.29)

v

For ordinary beams one simply sets A;, B;, and N; to unity.
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APPENDIX B

MATRIX ELEMENTS




Symbol

i3

>
I

il =

ADDITIONAL NOMENCLATURE

Definition
" :‘;Eiﬂi
1 +—= = Correction factor in modified beam
(h¥)emR.5:G; . A
i 1913 theory for thin-walled beam-like
cylinders (i = 1,3,5, 7, no summation)
35, y

1 + ~ s 2
(hi - hi) TTRiﬁiGi

3E;

!+ o

3E.J,
14—t " (j=2,6)

£2vR.5.G.
JwRJESJGJ

l - — > = Correction factor in modified beam
(h; )"mR;6;G; theory for thin-walled beam-like
cylinders




ADDITIONAL NOMENCLATURE (Cont'd)

Symbol Definition
6E;J;
Bi3 = 1- 21 . = Correction factor in modified beam
(£1 - hy) 7Ri6iGy theory for thin-walled beam-like
cylinders
B. = 1 __()_}E:_-l.‘_.ﬂ_l_ 1
b7 T T 12mR.5.G.
J 7))
B = B. l . 1
il il W= f.
i i
Biz = B2 )
Biz = Bisl. )
h: —= hy
i i
BE = B l 1
il il hik 7.
i —=*ji
3E; J; . .
Ny = 1 +— 5 = Correction factor arising from
(hi)*7R;6;G; modified beam theory
—_— 3Eiﬂi 1
le = 1 + -

(B; - hi)?wR;6;G4

?’Ei‘ﬂi .
N, = 1+ —
(£; - hi) mR;6;G3
3E;
N = 1 + 5 "
J £ 'TI‘RJ(SJGJ
N = N, \ "
il il h{( e g




ADDITIONATL NOMENCLATURE (Cont'd)

—N-iz = Njp = Correction factor arising from
modified beam theory
N. = N: l "
i3 i3' ~ B3
' hl — hi.
N = Npl "
h.‘\ "’1
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APPENDIX C

COMPUTER PROGRAM

1



The computer program consists of a main program SHUTTLE
together with eight function and subroutine subprograms. The purpcse of
SHUTTLE is to accept input data, compute certain constant data, generate
and manipulate the requisite matrices and set up the final matrix for the
computation of eigenvalues and ordered printout of frequencies. SHUTTLE
has one basic option, viz., whether the Booster and Orbiter tanks are all
empty or whether all tanks contain liquid. The input data required of SHUTTLE

are listed below:

Mathematical Symbol FORTRAN Symbol

Meaning

p; » 1=1,3,5,7 RHO((I), I=1,3,5,7

Density of liquids in each
of the four tanks

a AS

Congtan’c, = 4. 375 (see
footnote)

hi,i:1,3,5,7 HI(I), I=1,3,5,7

Height of liquids in each
of the four tanks

KCAPI

Longitudinal spring con-
stant of lower Booster
system, = 3.48E+05

- TANK

Tank code, = 0.0 if all
tanks empty; = 1. 0 if all
tanks contain liquid

Coupling parameter, = 0.
for uncoupled Booster/
Orbiter; = 3. 0E+07 for
coupled Booster/Orbiter

footnote: ag is the distance from the lower support of the strongback to the

location of the coupling spring.

s




The input order is RHO(I), AS, HI(I), KCAPIl, TANK, ES. The
format is (8¥10.0}, so that two cards per case are required.

The names and purposes of the eight subprograms are given below:

FORTRAN Name

Purpose

SINCH Computes sinh(x)

COSCH Computes cosh(x)

MMATRX Multiplies two matrices AA and BB
and stores result in CC

MPRINT Prints matrices (call to MPRINT
optional)

BESNIS Computes Io(x) and Il(x)

SRTCYC Sorts eigenvalues in ascending order
and converts to Hz

EIGEN Computes eigenvalues (and, optionally,
eigenvectors) of real nonsymmetric
matrix

MATINV Computes inverse of square matrix

.3




00003
onool

gooo3
go003
00003

00003
00003

n0003
80003

ofeefe

pooo3
foBo4
poo03d
poon?
00040
00043
00046
Qo021
00024
00027
goo03e

D037
00040
00042
00043
00045
00046
00047
00050

005
0oosd
00053
gnosi
ooosd

PROGRAM SHUTTLE (INPUT,0UTPUT: TAPEG6=INPUT)

REAL  NNNaANN2 o NNNG

REAL 14,12,013,15,164174L1,L2,L3,0L5,L6+L7,/LS,JURL,JUP2,JUPD, JUP4,
#1S,LL, “oyMTyMTDA,) YSTRIJRIG I MSTRIKCAPL)KCAPZ2, KCAPS,

LR V]

L ¥R, KW

Cuasvay

KCAPS,KCAP6,KCAPT  KUPL ) KUP2, KUP3, KUP4,KUP5, KUP6, KUP7 ) KBUP3,
KBUP4&, K1, K31K5 /K7, KBL,KR3, KBS KB7 /KTL1KT3/)KTS,KT7,NUsKP,KCB,
NUGT NUAL I MASS,

DIMEFSTON AAACT7 3)4BETACT+3),NNN(7,3)BBB(T7,3)

NIMENSTION CYCL40,2)

DIMENSTON LLU?)4DELCT) NULZ),EE(7) ) RHQCT )y HI(7) ) QARR(4D,40),

1 “ASS(40,40),F(7), ANS(50),TL(40),T(40),PDUCT(40,40),R(7),
BREB(TY METR{TIaMTDACT) ) JSTRI7),JRIG(T7) s MT(7), MM(7),KP(T),

# NARR(40,40),ARR(40,40),CARR(40,40)

900 FORMAT(8F10,0)

500 FORMaT(1HO39X,L0HINPUT DATA//58X)

e RHOY
& RHO7
@ e

w H7

® AS
550 FORMAT(4HL)

T 2 & & O

s6E93,4,4X, % RHOJ 38E13,4:4X,¢ RHO5 Bagti3,4,4X,
2eE13,4,/5X,

seEL3,4,4X08 M3 FaEL3 414X % W5 Buf13,4,48X%,
=#EL13,4,/5X,

=4E43,4,4X 4 KCAPL188EL3,4:4X0* ES 860E43,4)

600 FORMAT(14038X,14HROK FREQUENCY//
# A0(39X, F2,0,1X0E1042,7))

50 CONTINUE

Cawan ZERO all ELEMENTS

JCed4n

JRE4D

DO 5 f=1,JR

no 5 Jei,Jg
ARR(],d)20,0
CARR(1:y)20,0
DARR(],J)E0,0
MASS(TaJYF 04,0
PDLICT(1,J) 80,0
QARR(I.+J)® 0,0

5 CONTINUE

C
Cavon ORTIONS DESIRED FROM EIGENVALUE SUBROUTINE
€

MXXe40

1J=J1822

TOL=1l,E=B

Pl = 3,1415927

NiOPTe @

N2ORTa 0

MAX]T85Q

NDEC = 2
C
G DATA STATEMENTS FOR PROGRAM CONSTANTS
Cases

DATA GSTiGAL/L.2EV.4,E6/

DATA AW, TOEWsLY/0,0,4,0:2,9E7,7/

DATA A.BsC,0DsE/2,25,5,0,7,875,3,0;4.07

DATA ROSRR,DL¢D2,03,04/3,0:,5,001:125,1,5:4.125,0,3758/
NATA E4,E2,E3E8:E6,E7/2,9E7,4,E7,2,9E7,384 ,E7/



0oonsl
goosl
00051
00051
noosi
noosl
00051
po0s1
00054
00051
00051
00054
00084
00054

00051
90100
00103
00103
00105
00106
00340
00120
00122
00123
00125
00126
00334
00436
00142
00146
00152
00136
00187
00161
00162
00164
00166
00167

00467
poL72
0oL76
00204
00204
00207
00243
00216
00224
00224
00232
Dp243
fn2s82
00253
np2ss
f0261
60263

Caans

55

9903

3001

Canue

NATA
NATA
DATA
NATA
NATA
DATA
NATA
NATA
DATA
PATA
DATA
NATA
DATA
PDATA

READ

EURLEUPZ,EUP3,EUP4 EUPS /344 ,E7.,282,9E7/
11:912:,13:15,16,17/3:487,10:59,1.:.963,.84577,1,40934,0,84577/
L-llLZlLS!LSILélL7‘LS/15|l70015| )805'60 3805'8.75/

JURY, JUP2, JUP3, JUP4/2,175Eey,3,060E~2,2,175E~1,1,020E=2/
AURPL AUP2,AUP3/,6875,,9375,,6875/

AUUP4 ,AUPS, ACAPS/ ,3125,0.000:,0976/

NuUsb o NUST /+364426/

15,6:51:52,83/7,94E-64,386,4,308,67E4/
34,55,87/8,67E4,242,60E4/

(R(1)418127,22/265,0,243,0/
(LLOIY 12d,70/15047,015.0004¢08¢5,64,8,5/

(NUCTY 1880707040 045426,0,,5 436,041,438/
(DELC1)2181,7)/5,E=3,2,5E22)5,E»3:0,019,84E=3,2,E=2,9,84E=3/
(EECTY,121,7)0/0400402¢9E740401E740403.E7/

READ IN THE CASE CONSTANTS
900, (RHO(TIIIBL:702) A8, (HICI)1544712)KCAPL TANK,ES

IFLEOF16)702,55
CONTINUE

CaLL

SECONN(X)

TF(TANK,NE, 0,060 TO 3001

DO 915 183,7,2
KCB(1)s2,8PJaR(I)SEE([I#DEL(II/LLID)
KCB(1)=KCAPY

KCAP287 ,36E8

KCAP3=KCB(3)

KCAPSEKCR(5)

KCAPA

2 2,8PleROE66DEL(8)/L6%,30

KCAP7aKCR(7)
K1=K3=2K5zK720,0
KT12xT3eKT83KT780,0
KB1=kB3=KkB3sKB7=0,0
HT1sHT32HT82KT750,0
H8Ti8L 1

HET3=(,3

HST5=( 8

H8T78|,7

JR=JCa24

Jieid

CONTINUE

KR
KW
KUPY
KUr2
KUP3

KBUP3s (AUP3#EUP3)/(L3=C)

KUP4

KBUP4r (AUP4eEUPA4)/ (L 6=D)

KUPS
KUP6&
KUP7
Sé

COMPUTED DATA
AUPSsEUPS/B
(TOsAWSEW) /LW
(AUPLSEUPL /LY
(AUP28EUP2) /L2
(AUP3sEUP3)/C

® @5 W S W

5 (AUR4eEUPA)/D

s T L & & &
® ®» - o o= =
B DD

KR#KW/ (KR&KW)
B ACAPSeESe[B/(ASe(|,S~A8)) &,2
& 3,%ESe]Sa{ Seu3/(ASee3a([ GuAB8)es3) 81,46

24

E 4, 4ESe]5e[ 5/ (ASE(| . S=A8)) «,896

IP(TANK,EQ,0,0)060 TO 4001
DO 100 123,7,2

ARG & PleR({1)/(2,8H]

CaLl

F(lie((4,/PL)uANS(2)

(1)
BESNIS(ARG, 2, ANS)
S/{(PIaR{IISANS(LI /(2,810




00275
00306

00324

00325
00331
np333
00344
00350
00351

80365
00375
00376
00402
00404
0pé41l
po422

DD424
n0425
00634
00433
00442

00446
g04s7
00467
60500
00302
p0508

go307
00544
o514
gos22
pp525
00535
00837
00541
00550
00557

pose’

po625
gosz7
pp637
00646

00656
00744

go74é
BO726

100

Convs

200

Casen

Cauvna

Ceavan

ano

KCB(T sz, ep 1aRITICBELIYoDEL (I A(LLET =NUCT I #a2edI(]))
KP(1)s(4,#PTeR{IYFE(IIANELCII/ZHTICT) )& (ANS(2)/((PI1&R{])=ANS(1) )/
1(2,87101)) ) ea
CONTINUE
CALCULATIONS FOR F(4), KCB(1), KBLy» KP(1): K1
ARG s P1 & RB/(2,4M]{1))
CALL BESNIS(ARG,2,ANS)
Flida {(4./P1YSANS(2))/((PLI4RB#ANS{1))/(2,8HI(1)))
KCB{1)SKCAPL/ (1, ~NUSTeF (1))
KBL=MUSTKCB(LYsF (1)
KP{1)e(2,4XCB(L)a (L L NUSTea2eMI(1))/HI(1))
1 #(ANS(2)/((PI4RBOANS(1))/(2,9H](1))))#e2
K1eKP(1)=NUSToKCB(L)4F(L)+NUBT#o20KCR(1)aF (1 )na?
DO 200 J=i,7,2
ARG 3 PlsR(J)/(2,2H]I(J))
CALL PRESNIS(ARG,2)ANS)
MT(J)e PTaR(J))ee2an](J)sRHOC(Y)
MMUJ)E 16, /(Plee2)n((ANS(2)#MT(J))/(PIsR(JISANS(1)/(2,4H1())))
CONTINUE
CALCULATE THE KCAP
KCAP287 ,36E5
KCAPY 2 (4,=NUI3)sF(3))skCB(3)
KCAPS 8 (1,=oNU(B)eF(8))aKCB(5)
KCAPS & 2,4P1aRQeE68DEL(6) /160,30
KCAR7 8 (1,=NUC7)eF(7))eKCB(7)
CALCULATE THE SMALL KS AND KBS
K3 & KP(3)=aNU{3)eKCB(3)#F(3)4NU(3)ae28KCB(3)4F(3)ew2
KS 3 KP(B)aNU(B)aKCB(5)2F(B)+NU(B)ea20KCB(5)eF(5)uea?
= KP(7)-NU(7)ﬁKCB(7)*F(7)*NU(7)*’2“KCB(7)»F(7)'*2
KB3=z NU(3)eKCB(3)sF(3)
KB5s NU(B)eKCB(5)aF(5)
KR7= NU(T7)aKCB(T7)YeF(7)
CALCULATE DATA FOR MASS MATRIX
DO 3170 121,7,2 :
ARG ®1,848H1L1)/R(])
MTYDA(T)aMT(T)8R(1)/(2,26H1(]1))aTANK(ARG)
MSTREI)aMT( I aMTDA(])
JRIGEI)eNT(I)aR(1)eu2a(1, /3,8 (HI(1)/R(1))e2281,)/4,
CONTINUE
ARG=1,B4uHi(1)/R(4)
HT4sHI(1)oR{41)/,928TANK(,926KH](1)/R(1))
KT42MT(1)80/{4 ¢ 196H]I(1))a(TANH{ARG))ou2
HST1aH] (1)eMT{l)e HI{1)/(2,#METR(L))
1 #tHI(L)=HTL)eMTDACL ) /MSTRIL)
JETRULIaJRIGELISMT ) a(HI(1)/2,)e82 «MT(4)2R($)ea2/2,8(1,998=
1 2, 8R(L)/HI(L)e((1,07#COSCH(ARG)=4,07)/SINCH{ARG)))I=METR(L)e(HI(1)
2=HSTL)#82 a MTDA(L)®(HI(1)=HTL) 202
ARGS1,BaeHT(3)/R(3)
HTSaHI(3)=R(3)/,924TANKH( 920 (3)/R(3))
KT32MT(3)86/(1,19eH](3))a(TANH(ARG))us2
HEBT3eHI (3)aMT(3)e HI(3) /(2,8MBTR(3))
1 +(RI(3)=HT3)«MTDA(SI/MSTR(3)
WETRIZ)IaJRIGEIIeMT(3)6(HI(3)/2,)e#2=MT{3)eR(3)482/2,4(4,9958«
1 2,#R(3Y/HI(3)8((1,076COSCHIARG)=1,07)/SINCH(ARG)))=-MSTR(3)&(HI(3)
2-HBT3)8e? =« MTDA(3)4(HI(3)=HT3)082
ARGE1 B4wHI(BI/RIB)
HT8=HI(8)1=R{5)/,928TANKH{ ,928HI(S)/R(5))
KYBsMT(8186/(1:196H](51)a(TANH(ARG) Jae?2




00735
00745

04003
01005
01015
01024

01034

041072

01072
01073

01076
01105
01144
01124
01135
01145

01156
01140
01167
01176
g1207
ag217
04230
01240

01243

01241
01251
- 01240
01270
01301
04311
01322
01322
01332
1343
01354
01362
01372
01403
01403

o0

DO O

OO0

4001

2999

4002

4nni

HETHEMILS ) aMT(B)e HILG) (2, #ME8TR(B))

1 +(HI(5)=HTE)aMTDA(S) /MSTR(S) )
JETREBIaJRIG(BIHMT(B) 6 (HI(B) /2 1 482-MT{5)#R(5)ewu2/2,4(1,995=
1 2,#7(3)/HI(B)#( (L. D7wCOSCH(ARG)=1,07)/5INCH{ARG)))=-MSTR(5)ua(H](5)
2rHETS ) %02 @ MTDA(S)#(HI(5)=HTS)ue2

ARG=1,84eH1(7)/R(7)

HY72R1(7)73(7)/ 928 TANH(,928H](7)/R(7))
KT7=TOII8G/ (L 498HI{T7) Y a(TANH{ARG) ) eu2

HST7EHI(7YaMT(7)e HI(7) /{28MSTR(7))

1 +{HI(7 Y rHT7 Y6 MTOALT7I/MSTR(T7)

JETRI7I2IRIG(ETI+MTLT7Iu(HI(7)/2, Yuu2eMT(7)0R(7)4%082/2,8(4,998~

1 2,837 /HILTI® ({1 076COSCHIARG) =1, 07)/SINCH(ARG) ) ) =MSTR(7Yu(H1(7)
2=HET7 )we2 = MTDA(T7)a(HI(7)~HTT7 062

CONTIMUE

COMPLTED DATA FOR FACTORS OF MULTIPLICATION
IF(TANK,EQ,0,0)60 TO 2999
IF(HTL,GE,HETLIGO TO 2999

INVERTED CASE HT1 LT HSTL
INVERTED BOOSTER

BETA(L1:4)8 3,8EE(3)alq/( HTie#24P]aR(114DEL(1)8GST)
RETA(3,1)® 3,8EE(3)u#13/( HT3euz2aPlaR(3)eDEL(3)4GST)
BETA(142)8 3, #EE(3) 41/ ((HSTL=HT1)2#2¢P1aR(1)#DEL(1)aG8T)
RETA(Z2)= 3,0EE(3)4]3/((HST3~WT3)se24P[aR(3)DEL(3)4G68T)
BETA(L:¢3)8 3,0EE(3)6]4/((L1-HST1)eu24P]8R(L)#DEL(L)4G68T)
BETA(3,)3)s 3,6EE(3)e]3/((L3-HST3)0426P1uR(3)eDEL(3)4G65T)

INVERTED ORBITER

IF(HTB,GF . HETB)G0 TO 4002

BETA(B,1)s 3,0EE(5)#]5/( HTBee24PJaR(5)I#DEL(B)GAL)
BETA(7,1)8 3,8BE(7)#]7/( HT76624PlaR(7)eDEL(7)4GAL)
RETALBs2)% 3,8BE(5)#]5/((HSTH~HTB)ee24PeR(5)eDEL(5)aGAL)
BETA(792)5 3, 8FE(70817/((HST7=HTT7)uu2¢P[aR(7)#DEL(7)40AL)
BETA(S5:3)= 3,4BE(5) 815/ ((|.B~HETH)#u2uP]2R(5)«DEL(5)8GAL)
RETACT7:3)% 3,8EE(7)6]7/((|,7~HET7)6a2sP aR{7)IGDEL(7)aGAL)

GO TO 4003
CONTINUE

REGULAR CASE HTL GT HST1
RETA(1+1)5 3,4EEC(3)8]4/(HSTLa020P 6R(1)4DEL(L)8GST)
RETA(3:1)2 3,EE(3)#]3/(HST30#25P]aR(3)6DEL(3)8GST)
RETA(L+2)5 3,8EE(3)611/((HT1nHST1)0024P]#R(1)#DEL(1)«GET)
RETA(312)5 3,6EE(3)6]3/((HT3=HT3)##28P|eR(3)DEL(3)4GET)
BETA(1,3)= 3,4EE(3)6]1/((Li=HT1)##28P|#R(1)#DEL(1)8GST)
RETA(3,3)% 3,8EE(3)813/((L3=HT3)en26p[#R(3)8DEL(3)8GST)
CONTINUE

RETA(S5,1)% 3,6BE(5)#[5/(HST5e#24P[aR(5)6DEL(B)eGAL)
BETA(7:1)8 3,8EE(7)4]7/(HST7402¢P1aR(7I4DEL(7)#GAL)
RETA(B,2)8 3, ¢EE(5)I8]B/((HTB=HETR)#u20PoR(5)8DEL(8)20GAL)
BETA(7,2)8 3«FEE(71817/((HT7=HST7)s424P]eR(7)%DEL(7)uGAL)
RETA(B,3)s 3,eEE(5)8]5/((L5=HTB)ea2eP[aR(B)I4DEL(B)2GAL)
BETA(T7:3)8 3,BE(71817/((LL7-~HT7)ee2opjeR(7)«DEL(7)2GAL)
CONTINUE »

RETA&ND = 3,eBE(T7Yef2/(L2002aPeRBaDEL(2)%6AL)



01433 BETAH T 3, eRE(7)#]6/(L6wa2ePluRO#DELI6)#GAL)

01422 "9 late7,2

01423 PO 97 Je1eX

01424 MNNCL, D) B oL, o+ 4, 8BETACLL )

01433 AAACT, ) = 1, <+ BETA(L, )

D1436 BBR(I,J) 3 4, = 2,#BETA(],J)

01442 50 CONTINUE

04446 ANNZ =2 1, + 4, o BETANZ

N1451% NNNG 2 1, » 4, « BETANG

N1453 AAa2 = 1, & RETANZ

01454 AAAGE = 1, 4 BETANG

01455 RBRZ2 = 1, = 2, & BETANZ

014587 RBRG = 1, = 2, # BETANG
C
Coaws FILL TWE PeMATRIX (MASS) WITW ]TS NON=ZERQ ELEMENTS
c

01464 MASS(1,1)8¥A88(17,17)=8,291E¢2

D1464 MASS5(2,2)54A88(18,18)=1,768E-2

nyde7 MASS(3,3)21A68(19,19)=3,334E-2

p1472 MASS(4,4)5%4858(20,20)=3,037E=2

01475 MASS(%,5%)2vA85(24,21)=5,71%E~3

04500 MASRS(6,)6)8MA88(22,22)24,755E-3

01503 MASS(7,7)84A68(23,23)54 ,8B5E3

01506 MASS(8,8)8A85(24,24)=5,208E=3

01511 MASS( 33,33y MM(1)

01513 MASS({ 54,34y MM(3)

01514 MASS(25,25)= MM(5)

01516 MASS(26,26)= MM(7)

01547 MASS( 9, 9)87,65E=1

01521 MASS(10,10)52 DSFe

04522 MASS(11,11)83,255E«]

01524 MASS(12,12)54,721E1

041525 MASS(43,13)81,752E=2

01527 MASS(44,14)22 9442

01530 MASS(15,15922,582E=2

04532 MASS(15,16)84 ,643E~2

01533 MASS(35,35)2 JSTR{L)

01535 MASS(36,%6)z JSTR(3)

n1536 MASS(27,727)s JSTR(B)

01540 MASG(24,728) s JSTR(7)

01544 MASS(37,37)s MSTR(L)

01543 MAGS(38, 382 MSTR(D)

01544 MASS(29,29)s MSTR(B)

01546 MASS(3T,30)8 METR(7)

01547 MABS( 39,298 MTDA(L)

01551 MASS(40,40 MTDA(S)

041552 MASS(34,31)s MTDA(S)

N1554 MARS(32,%2)2 MTDA(T)
Conwe INVERT THE DIAGONAL PeMATRIX (MASS)
Count

01555 no 7% 181,JC

035857 72 MASS(1.1)31,/MASSCT, 1)

01563 75 CONTINUE
C THE RESINVIMNG QF PROGRAM CALCULATIONS FOR THE NON=ZERO
o ELEMENTS aOF THE SYMMETRIC @-MATRIX ( GaRR )
Covns ASSIGNING VARJABLE NAMES TO OFTEN USED CONSTANTS
Cuouusn

01565 RBOL & RBRENY



01567
01571
01572
01574
01577
01601
01602
1604
01605
01610
01612
01614
01617
1621
01624
D1627
01633
N16%6
01640
01642
01644
01646
01651
D1653
01654
01685
01656
01662
01663
D1665
01667
0167C
0167%
01676
01677
n1700
01702
04703
01706
01707
01740
01742
01713
01714
01717
04720
g1722
01723
01726
01727
81730
01731
01732
04733
01742
1744
017851
01754

RBO2
RAN3
RON4
FiLz
Fi111
E212
£E313
£E515
£616
F717
EImSTL
FEIHSTS
E1HSTS
FIHET?
FEILHT3
FILHTS
EILHTY
EUJURY
FUJUR2
EUJUP3
EUJUR4
RARR(
QARR(
TARRL
NARR{
FARK(
RARR(
RARR(
RARR(
NARR(
RARR(
NARR(
NARR(
NARR(
RARR(
RARR(
BARR{
GARR(
NARR(
GARR(
RARR(
NARR{
QARR(
QARR!
NARR(
GARRL
QARR(
GARRY
NARRY
RARR(
RARR(
GARR(
QARR(
NARRL
RARR(
AARRC
NARRLC
DARR(

e e 63

RR4N2

RiIE#03

RO+D4

Erel2/02

E14#11

E2ul2

E3a]d

E5a415

Ebulb

E7ul7

E1u]1/HSTY

E3a]3/HSTS

EB415/H8TS

E7417/KHST7

E3al3/(L3~HT3)

EB# 18/ (L5~HT5)

E7817/(L7=HT7)

EUPYLeJUPL

EUPZaJUP2

EUP3aJUR3

: EUP4wJUUPY

1, 1) 8 KCAPL+4KUPL+KY

1, 2) saKCAPL=KUPL

1, 9) & KUP1#RBD1

1,10) ==KUP1#RBDY

1933) ==Ky

2y 2) m KCARL+KCAP2+KUPL#KLP2+KBY
2y 3) saKCAP2-~KUP2

2, 9) = GARR(1,10)

2,10) = GARR(L,9)+KUP24RBD?
2,11) ==KUP2#RBD2

2,)33) g=KB1

3, 3y 8 KCAP2+KCAP3I+KUP2#KUJPI#X3
3, 4) e<KCAP3

3,40) 8 QARR(Z2,11)

3,11) 2=QARR(2,11)+KUP3#RBD3
3,34) =!‘K3

4, 4) 8 KCAPI+KRUP3I+KB3

4,12) = KBUP3eRAD3

4;34) gaKRY

5, 5) 8 KCAPS#KS

5, 6) B=KCAPS

5,25) weK5

by 6) 8 KCAPS+KCAPE+KUP4+KRSB

6, 7) gaeKCAP6

6,14) 8=KUP44R0OD4

4,25) B=KB3

7+ 7) 8 KCAPOLSKCAPT7+KBUPR4+K?

7, &) seKCARY

7,15) s«KBUP44R0OD4

7,26) 3=K7

8, B) 8 KCAP7+KB7

B8,26) w=KB7

9 93 B QARR(L,9)eRBDL+S1+4,wETHSTL#AAACL, LY/NNN(L,1)
9,10) 8=0ARR(1,9)+RBD1 '
9,17) Beb,#EL]1/HSTlee28y, /NNN(L:1)
9,35y 3 2,¢EJHST1¢BBB(L,L)/NNN(L: 1)
9,37y 8«QARR(9,17)

P8 8 B8 Gt ¢) wr 81 pp S0 M & 8y P B0 AE 06

{1



01773
p2009
020114
020414

02030
02031
02040
02043
02047
02055
p2062
p2066
02074
p2077
pain2

02117
p2423
p2134
D2437

02153
02184
02160
02463
02166
p2172
02177
02207
02241
p2243
D2247

02236
022453

p22s87
02263
02266

02304
02306
02307
02344

02333
02335

02353
p23s4
02387
02362
02364
g2s66

QARR(10,10)

e lARRIG, 10)4KUPZ #RBUZ#e2+52%4,a(E111/(L1=HT1ihh4

B0y SN, SRR, 24 A0A2/NNNZ)

FARR(10,11)
NARR(10,18)
BARR{10,19)
NARR(41,11)

eaKUP2 #RBO2442+2 8L 1L24BBB2/NNN2

g 6, #(EL]1/(LL-HTL re2el , /NNN(L,3)=EIL2/(LL2#NNN2))
B 6, 8E]L2/L2a1 . /NNN2

8 K{UPR26RBD2442+K|P30oRBO3#e2+83+4, 8 (E1L24AAA2/NNN2*

wETHSTR#AAA(3, 1) /NNNLS3, 1))

AARR(11L,148)
DARR(11,19)
RARR(11,36)
RARR(11,718)
NARR(12,12)
[ARR{12,20)
NARR(413,13Y
QARR(13,21)
NARR(13,27)
RARR(13,29)
NARR(14,14)

#eQARR(40,19)

8 QARRE10,19)=6 ,#E3]3/HETI4e28y, /NNN(3,1)
2,4E]HET3#BBB(3 L) /NNN(3 L)

6,0EIHBTI/HST3a1, /NNN(3,1)
BARR(4,12)8RBD3I+S444, #FILHTI#AAA(D,3)/NNN(3,3)
B eE LTI/ (L3~HT3)4#1,/NNN(3,3)

4, 4EIHSTEALA(5,1)/NNN(5,1)

KUPBeE=6,#E JHSTB/HSTBa1, /NNN(5, 1)
2,¢E1HST5#BBB(S, 1) /NNN(5:1)

6, 8EIHSTB/HET501, /NNN(S, 1)

KUP4#RODA+62+85+4 (wEILHT54AAA(B,3)/NNN(5,3)+4,4E6]6%

#AAAE/(LE#NNNG)

GARR(14,15)
QARR(14,22)
QARR(14,23)
AARR(45,15)

£ 2,4E616/.68BBB6/NNNG

8 6, (EJLHTE/(L5=KT5)as,/NNN(B3)=E6]16/(L6ae28NNNG))
g8 6, 8E6]6/(l.6wu2uNNNG)

g KBUP44ROD4#42+57¢4 ,8(E6]6/,68A0A6/NNNG6GETT7/HSTTw

#AAACT LY /NNNCT L))

RARR(15,22)
NARR(15,23)
RARR{15,28)
RARR(15,30)
QARR(16,16)
RARR(16,24)
RARR(L7,17)
NARR(17,18)
AARR(17,35)
RARR(17,37)
RARR(18,18)
[
CQARR(18,19)
NARR{19,19)

aaQARR(14,23)

2 QARR(14,23)=EIHST7/HSTT746, 41 /NNN(7,1)

2,8EHST79RBB(71L)/NNN(T7, 1)

6,8ETHST?/HST 71, /NNN(T,4)

4, 8B JLHTT#AAACT)3)/NNN(723)

6, 8ETLHT7/(L7=HT7)61,/NNN(7,3)

2 12,8(EL111/HSTLoe301  /NNN{L, L) +EUJUPL/L16a3)

3wd 2, 0EUJUPL/L1%83

a=QARR(9,37)

8m12 4EIHSTL1/HSTi0a2ad, /NNN(L, 1)

2 12,6(RLIL/7((LLImHTLI®e3aoNNNCL 3) ) EUJUPL/ L1l ¢
E212/(L2es3aNNN2)Y + EUJUP2/4883)

Bwl2,¢E]L2/L2e8241, /NNN2

EsRARR(18,19)1+42, 6 (EUJUP2/(L2~A)ue3+E1HSTI/HST3042

wwd  /NNN(3:1)% EUJUPS/Cun3)

GARR(19,36)
RARR(19,38)
RARR(20,20)
CEX XD
NARR(21,21)
QARR(21,77)
AARR(21,29)
AARR(22,22)
&
AARR(22,23)
QARR(23,23)
#
BARR(23,28)
AARR(23,30)
AARR( 24,724
NARR(2%,25)
QARR( 26,26}
GARR(27,27)

8mb, eEIHSTI/HETIa1, /NNN(3,1)
el , sEIHETI/HETI#u2ey , /NNN(3, 1)
B 42, #(EILHTI/(L3=HT3)#a201, /NNN(3)3)+EUJUP3/(|3eC)

8 KUPS5% 12,4E1HSTB/H5T5e6281,/NNN(5,4)

#=QARR(13,29)

5"12.“EIHSTS/HSTSN*Z%J../NNN(511)

g 12,8(EB]5/((L.5=MTB)aa3aNNN(D,3))+E616/ (L6223 NNNG)

« EUJUP4/Dues3)

enl2,4E616/L 642301, /NNNG6

& L2,#(EA16/(L6ou3aNNNEISET 7/ (HST72e3aNNN(T7,1))e
EUJUP4/ ([ 6=D)we3)

e=0ARR(15,30)

8 2,#QARR(23,28)/KST7

8 2,9QARR(16,24)/(L,7=HT7)

= K54KBS

z K7+KB7

B 4, ¢ES{30(AAM(S, 1)/ (HSTBENNN(S, 1)) 240A(5,21/((HTSaHET

ByaNNNIB;2)))

C-10



[aBele]

#

&

&

Yy

ARR(27,%9)
ARR(2%,28)

2 B

NARR( 25, 30)
FARR(29,49)

SARR(30, 30)
AARR( 31, 31)
QARR(32,32)
RARR({33,33)
RARR(34,14)
NARR(35,35)
RARR(35,37)
QARR(36,36)
GARR(36,38)
QARR(37,37)

AARR(38,38)

5KWSTH) 8281, /NNN(B,

BARR{13,29)e6,#EB]5/(HT ;
(HST7#NNNCT,40) + AAA(7,2

4 uET7]T78(AAACT L)/ {R
HST7Y4NNN(T7,2)))
RARR(L5,30)-6, #B717/{HT7=HST7)ee2ag ,/NNN(7,2)

12 #ES158( 1 /((HTS5=HSTH )60 34NNN(5,2) ) %1,/ (HSTBee3s
NNN(S, 1)) )

2)
YA CLHT 7=

B 12,4E7]17401/((HT7=HETT7 )% a3aNNN(7,2) )41,/ (K5T7a834

88 & oW o B

NNN(T 1)) )

KT5

K7

Ki+kBY

K3+KRB3

A, ELTL1e(AAACL, 1)/ (HSTI4NNN(L, 1) )+AAA(L2)/
((HT1=HST1)#NNN(1,2)))

6, BELTLe (L, /(HSTLou26NNN(L,L))=1+/({ (HT1=RST1 )0 a2
NNNCL, 20 0)

4,03 3¢ (ARAC3, 1)/ (HSTIUNNN(D L)) & AAA(3,2)/
{(HT3=HST3)YaNNN(3,2)))

6, 8E3I38(L, /(HSTIna2aNNN(3,1))=4/((HT3=2HSTI)wee
NNN(E, 20 0)
12.,2E1716(4/((HTL1=MHETL)#a3aNNN(L,2))+4,/(HSTLa63s
NNNGL 4 ))
12, 8E313e(1,/{ (HT3=HSTII#63aNNN(32) 141, /{HET32a38NNN
(3,10

QARR(39,39) =& KTY
QARR(42,40) » KT3

GENERATE REMAINPER OF QARR MATRIX FROM SYMMETRY

K=1

DO 352 182,40

O 381 J=1,K

QARRE 1 JY=RARREY, 1)

KaK+1
CONTINUE

IFCTANK, ¥E, 0,060 TO 2001

QARRL 9,13
QARR( 9,18)
NARR( 9,35)
RARR(1C,17)
AARR(11,12)
NARR(11,20)
NARR(12,19)
NARR(13,14)
RARR(13,22)
QARR(14,21)
NARR(15,16)
NARR(15,24)
GARR(16,23)
QARRE17,18)
NARREL7,37)

% 88 M 85 @ %8 88 & B oo

ZERO CASE

QARR(9,10)+2,#E114/L1BBB{1:4)/NNN(1,1)
QARR(9,37)

0,0
»6,0E111/L1ev201, /NNN(L,1)

QARR(11,36)

QARR(11,38)
‘6'*E313/L3*“2“11/NNN(3|1)

QARR(13,27)

QARR(13,29)

@b, 4E5]5/ 5e42041, /NNN(5,1)

QARR(15,28)

QARR(15,30)
wb BETIT7/L 708284, /NNN{7,1)
QARRUL7,18)~12,0E114/L 490385 /NNN(1, 1)
0«0

QARR(19,20) 8 Q4aRR (19,38)

QARR(21,22)
QARR(23,24)

2001 CONTINUE

1
g

@aRR(21,29)
GARR(Z23,30)



02653
02654

02657
02667
02673
02674
02675

02716

pa7ze
02734
D2744

02757
02764
02767
02770

03002
03007
03014
03022
03030
03034
03032

03081
03055
03062
03103
03104
03105
03117
03124
03130
03142
03154
03166
03200
03242

03224

03224
n3z3z

L o]

e R R @]

[aXeNe]

&

#

&

&

%

t#

4

L]

&

#

#

[+

TF(TenK,EQ,0,0060 TO 2009
IF(NTL,GE«A8TLIGO TO 2011

QARRL 9, 9)
RARR( 9,17)
NARR( 9,35)
RARR( 9,37)
GARR(10,10)

QARR(LD,18)

3ARR(10,35)
QARR(1%5,37)
RARR(11,11)

DARR(11,19)
QARR(11,76)
QARR(14,38)
QARR(12,12)

RARR(12,20)
QARR(12,36)
AARR(12,78)
QARR(17,17)
RARR(17,35)
GARR(17,137)
QARR(1R,18)

JARR(18,35)
QARR(18,37)
RARR(19,19)
RARR(19,36)
RARRC19,38)
NARR(20,20)
QARR(20,36)
NARR{20,38)
QARR(35,1%5)
QARR(35,37)
QARR(36,36)
QARR(36,38)
GARR(37,37)

QARR(33,38)

n 8t

INVERTED CASE
INVERTED BOOSTER

2 KUPL2RBO1#e2481+4,0E1114AAACL, 1)/ (HT48NAN(L))

geb BELIL/(HTLeu2eNNN(L, 1))

8 0,n0

= D,n

B KUP18RRD1#e2+KUP24RBD2u42+52%4 ,6E1110AAA(1,3)/

((LL=HSTL)IaNNN(1,3))44,8E2120A4A2/ (L 24NNNR)

3 6,8 (ELIL/C(LL-HBTLY®u2eNNN(L»3) ) E2]2/7 (L2492

#NNNZ Y)Y

s 2,4#EL11¢BBB(1:3)/7((L1=HSTLI2NNN(L,3))

Ewbh, eEL]L/((L1-HSTL)eu2aNNN(1,3))

g KUPZURBD2#42+KUP3sRBD3uo2483+4 ,¢E]|,29AAA2Z/NNN2
v 4, BESI3HAMA(3, 1)/ (HTI#NNN(D,1))
g.é(EILZ/(LZ*NNNZ)sESIB/(HTS**Z“NNN(B,l)))

|
0.0
KBUPSeRANI#42+454+4 , wE3Z134AAA(3,3) /((LL3-HST3)
#NNN{3,3))
6, 4EDI3/((L3~HST2)ue26NNN(3,3))
2,4E3130BBRI3,3)/((L3-HNSTI)RNNNI(3,3))

w6 BE3I3/((L3=HST3)un2eNNN(3,3))
32.“(5111/(HT19*3%NNN(1.1))*EUJUpllLl**3)

0
bD.o ‘
12,8C(EL]4/70CLL-HSTL ) #a3oNNN(L,3))+EUJUPL/L 1923
E212/(L2#a3eNNNZ2)+EUJUP2/A003)
6,8E114/((L1-HST1)as2aNNN{1,3))

@l ¥EL1L/C(LL-HETL)ee3aNNN(L,3))
12,00E212/(L20a3eNNN2)EUJUP2/(L2-A)0u3 »
5313/(HT3*«3*NNN(3:1))*EUJUPS/C*“B)

0
0,0
12, #(E3I3/((L3=-HST3) e 38NNN(3, 3N +EUJURI/(L3=C)un3)
6,2E3I3/((L3=H5T3)ea2aNNN(3,3))

=42, #E313/((L.3=HST3)enIaNNN{S,;3))
4,0ELT10CAMACL, 3/ ((L1=HETLIENNN(L,3) )¢
ABAACL,2)/C(HSTL=HTL)aNNN(L,2)))
6,4EL110{1,/{(HET1aMNTL)I¢#2aNNN(L1/2) )1,/
((L1=HSTL)ea2aNNN{1,3)))

4, B3T3 (AAAC3,3)/((L3=HSETI)aNNN(3,3))e

AAAL3,2)/((HST3-HT3)aNNN{Z,2)))

g 6,4E3]34(1,/((HSTI=HTE)4#2eNNN(32))>1,/
((L3=HST3)us26NNN(3,3)))

8 12,4E1110(4 /((HETL=HTL)#u3eNNN(L,2) ) %1,/
((L1=HSTL)eu3eNNN(1,3)))

g 12,4E3130({ /((HET3=HTR)2a3&NNN(3,2))%1,/
((L3sHSTI)ea3aNNN(33)))

m

B 88 N & € 8f & 8 B 03 60 1 8% 8%

"0

1F(HT5,GE«HETB)G0 TO 2009

GARR{L3,13)
QARR{13,21)

INVERTED OQRBITER

4,8E5]02404(5,1)/(HTBeRNN(B, 1))
KUPBeE - 6,#EB15/( HTSe»2aNNN(B,1))

B OBS



03240
03241
03242

03261

03271
03277
03304

03322
03331
03332
03333
03340
03346
03353
03361
03366
03367
63370

03403
03411
03416

03434
03435
03436
03442
03447
03454

03468
03500
03512

03524

03536

03550
‘03850
63551
p3553
D3554
03566
83567
03574
03574
p3873
n3574
53576
03677
63601
83602

2009

353

354
20114

QaRRE13,27)
ODARREL3,29)
NARR(14,14)
u
AARR(14,22)
¥
RARR(14,27)
NARR(14,29)
QARR(1%,15)
&
SARR(15,23)
TARR(153,28)
NARRL15,30)
NARR{14,16)
QARR(16,24)
NARR{16,28)
QARR(16,30)
G4RR(21,21)
RARR(21,27)
JARR(21,29)
QARR(22,22)
#
QARR(22,27)
AARR(22,29)
RARR(23,23)
8
QARR(23,28)
RARR(23,30)
RARR(24,74)
RARR(24,728)
QARR(24,30)
TARR(27,27)
@
QARR(27,29)
@
RARR(28,28)
3
QARR(26,30)
]
QARR(29,29)
&
RARR(30,30)
@
CONTINUE
K=1
no 354 1=2,
DO 3583 =1,
QARRLU I J)EG
KakK+i
CONTINUE
CONT I NUE
ARR( 3,
ARR( 4,
ARR( 6
ARR( 7.
ARR( G,
ARR(LD . ]
ARROLO 4

oLl TS BY RR
R R

Lol
Tt

M

0,0
o,n
KUP44ROD4#u2+55+4 ,8ESIB8AAA(B,3)/
{((LE=HSTS)aNNN(D,3)) « 4,0FE6164AAA6/(LEBNNNG)
6, #(EB]S/({L5~HST3)uu2aNNN(53))=
E616/(L6asRaNNNG)) :
2,4E5[54BBB(5,3)/( (|, 9=HSTE)aNNN(5B,3))
=B, WESIB/((|L5-HSTS ) e a2 NNN(53))
KBUPA4#ROD4Gau 248744  wELT64AAAB/ (LENNNG )+
4, 8ET7172AAA(T7,8)/7CHTTeNNN(T,4))
g.:(Eélé/(LboﬂzﬂNNﬂé)-E7l7/(HT7““2%NNN(7.1)))
.
0,0
4, 4ET7]7#AAA(T723) /(L 7=HST7Y8NNN(T7,3))
6, 0E7I7 /¢ (L7=HST7 )us2aNNN(T7,3))
2,8E717#BBR(7,3)/C(L7=HST7)8NNN(7,3))
w6 WETI7/( (| 7=HST7)aue2aNNN({7,3))
iUPS + 12.4E515/( HTBaa3snNNI5,1))
a,0
8,0
12,4 (EBIS/( (L 5=H8TS)au3eNNN(DI3))HE6]6/ (| 62438NNNG)
w EUJUP4/Dunl)
6,8EBI8/((LB=HETS)na24NNN(5,3))
wl2,8E815/((L5~HETE) 2 u3uNNN(5,3))
12,8 (EATB/(LEa3aNNNG)HETIT7/( HTTeuIaNNN(T7,4))
+ EUJUPA/ (L 6=D)nu3)
0,0
0.0
12,2E717/7((L7=HE8T7 ) #n3sNNN(T713))
6, 8ETI7/((L7=HET7 )ua2aNNN(T7,3))
wl2,#E717/((L7~H8T7)ra3aNNN(7¢3))
4, 8ES1Bu(AAA(S,3)/({LB=HETS)BNNN(5,3))
¢ AAA(S,2)/7((HSTS5=HTB)aNNN{512)))
B 6,#E5]54(1,/((HETSaHTS)#828NNN(5,2))~
L /7(C(L5-HET5)#e2aNNN(5,3)))
8 4,6E7]740ANAC7,3)/C(L7=HET7)8NNN(7,3))
w AAACT,2)/7C(HETT7=HT7)aNNN(T7+2)))
g 6, 8E7]78(1,/((HST7aKT7)#a2s8NNN(7,2))~
Lo/ ({L7=HST7 Yea2aNNN(T7,3)))
s 12,0E5156(1,/{(H3T75=HTB)4a3aNNN(5,2))+
1e/(({L5=HSTE)#a38NNN(B,3)))
2 12,8E7178(1,/((HET7=HT7)#838NNN(7,2))+
1./0C{L7=HSTT ) en3aNNN(7,3)))

)

o "%

L

‘88 g8 b B OBD 4% B £ 2 68 W

e W N B n W

JC
K
ARRUY, 1Y

z=KUP3

a=KBUP3

zekKUP4

z=RKBUP4

sﬁsi

3932

B 2,0E1 i1/ (Li=HTL}#BBB (L, %) /NNN(L, 3



03640
03614
03616
03620
03621
03623
03626
03833
03635
03637
03641
03644
03654
83653
03655
03660
03665
03675
n3674
03673
03677
03701
0370%
03711
03747
03723
03727
03731
03734
03737
n3742
03743
p3746
N3753
03756
03760
03763
Q3764
03766
03773
04001
04005
04006
040443
04013
74017
24024
84032
04037
04c45
04047
04052
04060
G4nes
04065
p4ch8
04074
0atnz

ARR(1 D, 21)
ARRUAL, 43
ARR(11; £)
ARR(12, 1)
ARKR({1z, @)
ARR(12420)
ARK(12427)
ERRO1Z, 1)
ARR{ 14, 2
ARR(* 4, 9)
ARR(14417)
ARR{14,17)
ARR(1%, 2)
ARR(15,11)
ARR(14,16)
ARR{1A, 1%
ARR(1 7, 3
AR(17, 4
ARR{15, 3
ARR({18, 4
ARR(13, 35
ARR(18,417
ARRULD 19
ARR(18,21)
ARR(19, 5)
ARR({19, #)
ARR(19y 7)
ARR(19,12)
ARR(19,173)
ARF{Z20D, 7))
ARR{ZDy ®)
ARREZD 13)
ARR(%2(,20)
ARRUZND.27)
ARR(71,12)
ARR(72, %)
ARR(#2,10)
ARR(72,18)
ARR(2445)
ARR(22,17)
ARR(Z3,17)
ARR(23,41)
ARR(73,14)
ARR({Z4,18)
ARR(Z4.10)
ARR( 274 15)
ARR(FT417)
ARR( 7, 1£)
ARR(Z8,41)
ARR(Z9,1%)
ARRIZ29217)
ARR( 3N 16)
ARK( 20,11)
ARR({51:17)
ARR(325178)
ARIR(3%,19)
ARR(2%,21)
ARR{EL, D7)

)
)
)
)
)
)
)

2ef wELIL/C(LL-HTL )2 e2eNNR (L1, 3))
2aKUPReREDS
zw33
zaKBURI#RANA
2evEILHTI#BRR(3,3)/8NN(3:3)
wmb F TLHTI/(L3=HT3)#1, /NNN(3, 3)
EKUPS*E
KUP4uRDND4
=S5
2o wE [ LHTS4BRB(5, 3)/NNN(5, 3)
nb #FILHTS /(L 5~HTS )1, /NNN{5,3)
KBYUP4oRODY
g7
2B HT7eBRBI7,3)/NNN(T73)
wh R ILHT?/(L7=MHT7 41, /NNNLT, 3)
=6, 0EUJUPL/ [ 10e2
ARR(17,3)
6 HEUJUPL/L w2
S (EUJUPL/L184#2-EUJUR2/A%42)
w6 eEUJUPZ/ Aen2
w2, 4EUJUP2/A0u]
6epELTL/(L1=HRTL)na2u1, /NNN(1,3)
=12, 80411/ (L1=HT1 ) ne3ed  /NNN(L,3)
6 #EUJUP2/(L2=A) % u2
ARR(19:9)=6,2EUJUP3/Cuu?
b #EUJUP3/Cra?
=2 ¢#ARR(19,5)/(2~4)
=12, 6EUJUP3/Cunl
G #EYJUPS/(L3=Coina?
ARR(23,7)
mZ 8 ARR(20,7)/(L3-C)
6 #EJLHTI/(L3=HT3 )81, /NNN(3,3)
=2 6 3RR(20,20)/{L3=KHT3)
»KLUPS
w6 #EJJUP4/Dun?
ARR(22,9)
=12 #EUJUP4/Deal
6 #EILHTS/(LB=HTS a1, /NNN(DH,3)
=12, 4ELHTS/{L5-N4TH)au2uq, /NN(5,3)
bt FUJSUPA/(LE=D )82
ARR(23,10)
=2 #ARR(23,10)/(L6=D)
= ARR{16,18)
2:4ARR(LA, LB/ (L7=HTT)
2y#FEBIS/(HTH=HETH)4BBB(5,2)/NNN(5,2)
6 #ES]S/(HTE=HETS ) #e281 , /NNN(5,2)
2e¥F 717/ (HT7=HST7 ) uBBB(7,2)/NNN(7,2)
6eaETI7/(HT7=HET7 )uu24al,/NNN(T7,2)
«ARR(27,47)
2e#ARR(29,15)/(HT5=K5TH)
wh  BE7I7/(HTT=HST7 Yau2el /NNN(T7,2)
2:84RR{30,16)/(HTT7-HET7)
K TH
eKT7
2ewELTL/(HTL=HWET1)eBBR(1,2)/NNN(1:2)

§ %0 &F 61 84 B B¢ €8 € 65 8 B%

2e8F3I3/(HT3=HETI)eBBR(3,2)/NNN(D3,2)

% OGF 9% Woed ®0 W1 8 6% 38 80 O3 de &8 4F &F &) §¢ P sy of gy K6 B3 #v f¢ Of 29 &8 U9 M8 0% 35 g8 oy wW¢ 91 GBS §E pF 6¢




04107
04115
04117
04122
04130
04133
04135
04136
04137
04140
p4l46
04154
04162
04163
04163

D4466
04172
04175
naL76
04177
04203
04206
p4207
D4210
pa243
04217
04220
04224
04224
04230
04231
04232
04237
04245
04252
p4260
D4264
04271
04276
D4303

04306
04342
04315
pas31é
04317
04323
D4326
pe327
04330
04333
04337
14340

OO0

LARR{ 264
ARR(37,
ARR(37,21
ARR(ZR, 21M)
ARR(35,22)
ARR{®G 21}
ARR( 40y 22)

—

C-15

TEres2ei /NNN(3:2)

[51]

BePES]S/(HT3=H
=ARR{ 35,21

234 ARR(37,49)/(HT1=HETL)

wfh FE3I3/(HT3=KET3 ) eu2ag, /NNN(S,2)
2y #ARR{3R,20)/(HT3=HST3)

=KT4

=KT3

[LO 1

(- I I ]

2%

IF(TANK,“E,0,0)60 TO 3002
ARR(10+19)80,0

ARR(10,24)eARR(12,20)=ARR(12,22)84AR
ARR(16+16)8ABR(16,18)=ARR(18,19)=ARR
ARR(ZU422)2ARR(22, 15)=24RR(22,17)2ARR(
GO TO 3p06

CONTINUE

8,21)54RR(20,20)%0,0

§g¢15)= ARR(14,17)s0,0
4,16)=ARR(24,18)s0,0

IF(HTL,GEHETLIGO TO 3006

ARR{ 9,19
ARRC 9221)
ARR(10:19)
ARRK(10s24)
ARR(14,20)
ARR(11,22)
ARR(12:¢20)
ARR(12422)
ARR{17:+19)
ARR(17,21)
ARR(18219)
ARR(13,24)
ARR(19:20)
ARR(19,22)
ARR(Z20,20)
ARR(20,22)
ARR(35,19)
ARR{25,21)
ARR(3864,20)
ARR(36,22)
ARR(27,19)
ARR(37.:21)
ARR(33,2M)
ARR(38,22)

INVERTERD BOQSTER
2,8EL]1oBBB(L 1)/ (HTL8NNNCL, 1))
Be#FL14/(HT1#82aNNN(L1, 1))

0.0

0.0

2. 4E3]3eBBB(3, 1)/ (RT3eNNN(3, 1))

6 8FE3I3/(HTSes2aNNNI3 1))

00

0.0
wby eEL 14/ (HTLa82aNNNL, 1))
12, #EL]1/(HTLoe3ENNN(L, 1))

0.0

0.0

m6 eED I3/ (HTIa28NNNI3, 1))
«12,8E313/(HT30a3aNANI3, 1))

840

040

2, 4E1118BBB(1,2)/((HSTL=HT1)8NNN(L,2))
wh o 6F111/((HSTLoHTL)ne26NNN(1,2))
2¢8F313#BBB(3,2)/((HSTI=HTI)#NNN(3,2))
wb #EZI/((HETI»HTI)0828NNN(3,2))

6, 8FELIL/((HSTLHTL ) e426NNN(L22))

w] 2, @B/ (HET1=HTL)##3eNNN(L1,2))
6 %E313/((HSTI-HT3I ) ue2uNNN(3,2))

==l ? HE3]3/((HETI=HT3)ea3aNNN(3,2))

W oo

PE 66 6F O0 RE R0 8% @6 f3 &0 BR U0 0D BE g &n ;B KB 0% 68

IFtHTS . GE . HSTEIG0 TO 3006

ARR(13,15%)
ARR(13,47)
ARR(14,18)
ARR(14:17)
ARR(15¢16)
ARR(15,15)
ARR(16.18)
ARR(16:18)
ARR(Z1:158)
ARR(24¢17)
ARR(22:515)
ARR{Z22:472

{NVERTED ORBITER
2,0ES]154BBB(5, 1)/ (HTBaNNN(5, 1))
6, BESIB/(HTB#e2eNNN(D, 1))

0:0 :
0.0
2,8E7178BBB(7, 1)/ (HT7aNNN(7,4))
6 0E7I7/(HT7882a8NNN(T741))
040
060
=6 #EB]S/(HTE482aNNN(S4))
212 4EBIB/(HTBaueIeNNNIDB, 1))
0.0
0.0
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Da717
04731

04745 -

04755
04767
ns5003

05017
psazn

05023
05033
Ns044
05055
05066
05100
05113

05116
05126
05137
05150
05161
05173
05206
05206
05207
05211
08212

05224
05225

05227
ns231
05232

OO0

oo

C

IR

3

#

#

&

&

4

&

L

i

3t
L

L

L
#
)
2
#

#
3910

95

CARR(19,19) =
CARR(1%,21)

su?
CARR( 27,203
CARR(2D,722) =
CARR(Z21,21) =

CARR(22,22) =

4 eELTLINCARACL, 2)/((ATL~HSTL)YenNNN(L,2))+AAA(L,3)/

{{Ld=xTadenhN{1.3)0)
#MNNN(L,3)))

((LS ~HTIYeNNN(3,3)))

6,8E31360L, /C(HT3=HETEyeu28NNN(3,2))=1,/((L3-HT3)u22

“NNN(B;B)))

KT1412,#E2120 00 /CCLA-HTL)##3uNNN(L3) %1,/ ({HTL=HST

Lyua3annny,2)))

KT3412 0 #E3136 01 /((L3=-:T3)ao3oNNN(3,3))¢1/((HT3=HST

3)audanNN(3,2)))

TF(Ten&,EQ, 0,060 TO 3010

TFIHT L GE

CARR(19,19)

®

CARR(1G,21)

n

CARR(ZU,20)
CARR(20,22) »
CARR(21,71) =

CARR(22,22) =

ewS8TLIG0 TO 3010

INVERTER  BOQSTER

4,6E1140(AAACL,2)/C(HSTL=HTL)#NNN(1,2) )+
AAACT L) /ZCHTLeNNN(L, 1))

6, 8ELlLe (L, /{HTLoe28NNN(L, 1)),/
((HETL=MTL)#82eNNN(1,42)))

4, 8EB]X#(AAA(D,2)/((HASTI=HNTI)#NNN(3,2))+
AAMC3, 1)/ ((HTIaNNN(I, 1)) ))
6:“6313“(1|/(HT3*”2”NN"J(3)1))-11/
((HSTImHTI )4 u20NNN(3,2))?
KT1442.9E11d8 (1, /(HT1ea3anNNNCL, 1))41,/
{(HSTAeHTL)#u3aNNN{1,2)))
KT3442,4FE3138 (4, /(HT3ead38NNN(3,1) )41,/
((HST3=HT3)ee3aNNN(3,2)))

IF{RT5,6F,H8T5)GE TO 3010

CAQR(15-15) &
CARRE15,17) =
CARR({16,16) =
CARR(16.,18) =
CARR(17,17) =

CARR(1%,18) =

INVERTED ORBITER
4,8E5]54(AAM(5,2)/((HESTB=HTE)aNNN(B,2) )+
AAB({B,4)/(HTSaNANN(B, 1))

6, 0E51Ba(1,/(HTB#u2eNNN(D, 1)) ~1,/
((HSTB=HTS)#a28NNN(5,2)))

4 HETT7a(AAA(T7,2)/((HSTT=HTT7)8NNN(7,2))+
AAALT L)/ (HTT7aNNN(T,1)))

6 HETI78 (L, /UHTT#u2aNNN(T, 1)) 1 /"
((HST7=HTT7)#826NNN(7,42)))
KT5%442,#E515a (4 /(HT3ea3aNNN(D, 1) )+4,/
((HSTHB=HTE)#u3aNNN{5,2)))

KT7 * 12, #E7176(1,/7(HT?7#43sNNN(7,1))%1./
((HET7=MT7)ea3aNNN(T742)))

CONT InUE

GENERATE SY#METRY FQOR THE C-MATRIX
We=dq

nQ 375 1:22,J]

N0 374 =1,K

CARR( T+ JYSCARROY, 1)

KazK+1

CONTINVE

GENERATE  TrE D«MATRIX AS THE NEGATIVE TRANSPOSE
DO %5 1s=1,J!

no 95 J=i1,JC

NARRI T J)==4RR

(Jds 1

2 b6, 180L /(AT L=HNETL )R 2eNNN(L2))=1,/7((L1=HTL)

5 4, #E3[34(AMAC3,2)/((HT3=HET3)eNNN(3,2))+444(3,3)/

OF A=MATRIX

C-16




0434l
04344
04359
04351
04352
04357
04365
04372
04400
04404
04411
4416
04423
04423
04426
04427
04432
04436
04437
04444
04446
04450
04454
04456
04463
04472
04474
04500
04503
04511
04513
04515
04522
04527
04532
04535
04537
04541
04546
04551
04556
04563
04566
04576
04606
04607
04617

04631
04643
04655
04667

04703

ARR(Z3:44)
ARR(?23:48)
ARR(c4415)
ARR(Z24,14)
ARR(Z7415)
ARR(27,17)
ARR(?PR)16)
ARR(Zn,14)
ARR(79418)
ARR(29,17)
ARR(30,44)
ARR(230,1m)
CONTINUE
CARR( 1, 1)
CARK( 1, 2)
CARRL 2, 2)
CARR( 3, 3)
CARR( 5, 4)
CARR{ 4, 4)
CARR( 4, 5)
CARR(
CARR( 9,
CARR( &
CARR({ &
CARRL &
CARR( A&
CARR( &
CARR( &
CARR( 7
CARRY( 7
CARR( 7
CARR(
CARR( 8, #)
CARR(
CARR( 9,
CARR(
CARR{
CARR(1D,10)
CaRR{13,11)
CARR(1",14)
CARR(11,11)
CARR(14,14)
CARR{12,12)
CARR(13,13)
CARR{13,14)
CARR{14.,14)
CARR(15,15)

CARR(15,17)

T/(HTT74a2aNNN(7 1))
TI7/(HT7aa3eNNN(T 40}

N -
1 ~3
N

218E5]54BRBB(5,2)/((H8T5=-HT5)aNNN(5,2))
w8 #EBIB/((HSTE=HTB)eu28NNN(S,2))
2+8E7]78BBB(7,2)/((HST7=HT7)8NNN(7,2))
=b#F717/7((HST7-RHT7)0a28NNN(7,2))
61 #EBIB/((HSTS=MTB)882aNNN(912))
=12, #ES 5/ ((HET5-HTH ) s u3uNNN(D,2))
648E717/((RSTT7~HT?7)8828NNN(7,2))
=12,8E7]7/((HST7=HTT7)#a3aNNN(7,2))

a KUPI+KBUP3+KUPS
SQKUpé
e (KUP4+KBUP4+KUPS)

Si14d,4EUJUPL/LA

2,0EUJUPL/LL

§2+4, ¢ (EUJUPL/LLI+EUJUP2/4)

2yeEUJUP2/A

6, WEUJUP2/ Awu2

4, wEUJUP2e 2/ (A0 (2=4))

2, 0EUJUPR/(LL2=4)

6, #EUJUP2¢ (1, /A%82m1 /(.24 )8u2)

S3+4, 0 (EUJUP2/(LL2=4)+EUJUPI/C)
2.8EUJUP3/C
o8 ,8EUJUP2/(LL2=A)ae2

6,8EUJURY/ Cun2

Sewd  wEUJUPS#L3/(Ce(,3=C))
2,0EUJUP3/(L3-C)
QSQ

6. REUJUP3H (1, /Ca62e],/{L3=-C)#e2)

Sded , EUJUPI/(LI-C)
6, 0EUJUPI/(L3-C)an2

§544,9EUJUP4/D

2,4EUJUP4/D

6,4EUJUP4/Dee2

Sgwd, e 62EUJUPE/(Da(L6=D))
2,8EUJUP4/(1.6~D)

6,8EUJUP4%(1,/D%a2my ,/{,6=D)2s2)
S7+4,#EUJUP4/(LbeD)
«b,6EUJUP4/(LE~D)ou?2
KUPB#12.#EUJUP2e (1, /Aeud¢], /([ 2=A)ued)
KUPT7#12,¢EUJUP3®8(1,/Cuul¢l, /(L 3=C)eaul)
aK Ry

KUP7¢412 #EUJUP4e(1,/Deald+l,/(L6=D)anld)
4,9E5150(AAA(D,2)/((HTB=HSTB)ONNN(B,2)) «AAA(B,3)/
((LE=HTB)IeNNN(R,3)))
6,8E5]38(1,/((HTS=HSTE)eu28NNN(5,2))=1 ./ ({L5=HTS)eu2
ﬁNNM(5;3)>)

B 00 M 0 ® £ H o @ % N % & oW W OB &N @ N PN RS N B oD N

CARR(16,16) 8 4, #ET174(AAA(T,2)/((HTT7=HST7)eNNN(7,2))%A44A(7,3)/

CARR(16,18)
CARR(17,17)

CARR(15,18)

((L7=HT7)aNNN(T7,3)))

B 6, 6E7[78(1,/((mTT7=HST7)042aNNN(7,2))=4,/C((L7=HT7)eu?2

sNNN(T7,3)))

8 KT5+12,#E5156(1./7((L5=HTS)ea3aNNN(B;3))+1,/((HTS5=HST
Slaa3aNNN(S,2)))

5 KT7e42,8E717a(1 /7 ((LL7=rT7)ea3eNNN(T7,3))¢4,/((HT7aHET
Trea3«NNN(T7,2)))




D5246
05255
05264
05273
05274
05276
65277
05305
08312
05316
05322
08322
05323
05323
0s327
05332
N5333
p5336
05337
05341
05343
05344
05354

05360
05367
05423

05423

05423
05441

05441
05461

05461
65547

8547

CaLl MATINV(CARR:; T¢T1:,01:40,T0L,IERRY
CALL MMATRY(ARR,CARRIPDUCT ;R JI s J 1, HMXX)
CAlLl MMATRXN{PDUCT,DARR, ARR, JR: J1 s JR, MXX)
Xsi
20 8 15240
no 7 .J=1;K
TF(ARSOARROT ) LT 1,E=15)6G0 TO 6
nIFF=A?Q(l.J>~ARP(J:I)
PERGENT=NTFF/ZARR(T 4 )
[FOARS(RERCENT) 6T 1.£~6)6G0 TO ¢

& CONTINUE
GO0 T2 7

9 CONTINUE
PRINT S57
CALL MPRINT(ARR, JR+JC,40)
G0 T 700

7 CONTINUE
KK+t

8 CONTINUE
no 470 1=1,JR
NO 400 J=1,JC
NARR(1vJ)2 QARR(I, JI+#ARR(],J)

400 CONTINUE

Coune SULTIPLY  THE  INVERSE ~ OF THE MASS MATRIX AND THE

QARR  MATRIX
CaLlL MMATRX(“ASS,GARR,PDUCT +JR, JR)JR MXX)
PRINT 2000,KR, KW, KUPL KUP2,KUP3 ,KBUP3 KUP4,KBUP4,KUPB,KUP6,KUPT7,56
2000 FORMAT(4%,eKRasEL1,4,eKWarELl  4,0KUPL2eE11,4,9KP25eE11,4)aK/P3zw
aF11 4,0gRUP3aebly 4y 0KUP4=4E1Y ,4,9KBUP4s4ELL, 40 /71X eKUPB2#EL1L 4,
sxuRAseELlL, 44*KUP7 #E11,4,4S6=0k11,4)
3000 FORVAT(ix'“F1=“E11 A, oKCBL=#ELL, 44»KP1-*E11 4,/

# 1Y uF3a%E41, 4 4KCBRIZ#ELL 4y #KP324ELY 40/
4 1X1aFSauE 11,4 5KCRS54E11,4,)6KP556E11,4,/
@ iX)uF7esbE1],4,8KCR7ewELL,4,8KP734ELL,4)

PRINT 3000, (F(])KCBLIY)kP(1)s12107,2)
SR00 FORMAT( X, #MT12eE 1L 4, eMMzeE1L, 4, #MTDAB®ELL,4,*MSTR=0EL1,4,/

M LX) eMT3SELL (4, #MMBeEL], 6, 4MTDARSELL 4, *M5TRouELL, 44/
5 LX) »MT586r 11,4, 8MM=eEL1, 4, 0MTDASHELY, 4, #M8TR=4E11,4,/
# iX eMT72aF 1L, 4,0MMesb1],4,4MTDASSELL 4)8MSTR20ELL, 4)

PRINT 5000, (MTCI) MMOL) o MTDACT Y MSTRUDD»1=24,7,2)
40010 FORMAT(1X,eK184E11,4,4KB1=s4E11,4,4KCAP256,E11,4,eKCAP6=0ELL, 4,/

* 1XraK38E11 4, 86KB3I=0ELL,4)eKCAP3z6,EL1.4,/
L 1XeaKS528p11 4, 4KB5=s4E11,4,4KCAPB=2,E14,4,/
o 1¥eaKT728E11 ,4,8KB7=20E11,4,4KCAPT=6,E11.4)
PRINT 40N0,K1,KB1,KCAP2,KCAP6,K3,KB3,KCAP3 K81 KBS KCAPS,K7,
# KR7,KCaP7

6000 FORMAT(1X)sHT1suEldl,4,9KTLie4E11, 4,85 Tizek11,4,0)STRL=0ELL, 4,
 #JRIG=eL11,4,/
# lxl*HT3§*E11n4:“KT35*E11|4¢“HST3=“Elln4O°JSTR3’“E11.4A
o #JRIGEeEL1, 4,/ .
& 1XsuHT580E11,4,aKT504E451,4,8HST52E141,4,6JSTRE7eE11,4,
¢ aJRIG=eF11,4,/
# IXesHT78E11,4,eKT728E11,4,8H8T724EL1,4,#JSTR7BELL 4,
& # JRIGE#ELL.4)
PRINT 6000, HTLiKTL:HETL . JSTR{1YJRIG(L),
# HT3 e KT3+HET3, JSTR(3) . JREIG(3 Y
# MTS KTE, HETE, JSTR(B ), JRIGIS ),
# HTT o KT7 o HETT  JSTR(T7 ) JRIGLT)




05573
05604
05632
05634
05640
05641
05644
05646
05663
05665
05667
05675
05675
05675
05676
05676
05700

4579

551
mng

702

Cail EIGENCJC,PDUCTCARR,QARR,MAXIT,NDEC, NLOPT «N20OPT .40}
PRINT 599;(RHO(I)ﬁ131:7:2)u(HI(l)li=ll7!2)1A5)KCApl +ES
"D 450 [=1,JC

CYC(1,1)aPDUCT(, 1)

CYCUY, 2)=sFLOAT(Y)

CONTINUE

CALL SRTCYC(CYC,JR»40)

PRINT AQD(CYC(T122)04CYC(L, 1), 1=1,J0)

CALL SECCOND(Y)

TIME=Yex

PRINT 551, TIME

FORMAT(118%,8HTIME F7.2)

CONT I NUE

60 TO 37

CONTINULE

STOP

END




FNCT Iy SryoMix)
000003 SINCHz ¥ (EXPIX)-FXB(=X))
00p01" SET

00pao1s END
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FUNETIOW CAstHIX)
000003 COSCiz G
SChz % X -
000015 coser: (EXP{X)+EXP(=X))
Gopo1s END




000012
000012
000013

000014

D0E01L5
000017
000032
000034
Q000040
000044
000044

9%

192

c-22

Sag:;qix E MMATRX(AASBS, CCHNRJR, JC, #D)
UTINE MULTIPLIES THE A M
DIMENSION AA(MD,.MD) . latMg.Mg>?gg(§8.4?IRICES AND PLACES THE ANSWER 1IN
DO 102 lsisNR

po 102 Jsi.Jde

FLEM = 0,00

DoE 5%  Kai,JR

ELEM = ELEM & AA(]:K)eR

Sour e 1+XK)2BBR(K» J)
CC{l,UleRLEM

CONTIHUE

RETURN

END




000007
000007
oopoon?
0600010
000011
000012
000013

poo0Lé
nooo21
000021
goonz2
0opo24
000026
000032
000045
000051
000052
000056
0noons7
000061
000064
000070
000111

000113
000115
0op116

000116
000117

000117
000147

(RSN O NOROR &N

100

<3

110

120

130

170

1
2

SURRTUT w8

MPRIN

T Ca s ™M s N ¥0

MATRIX PRINT SUBRQUTINE
THE CALL FOR THIS SUBROUTINE IS5 AS FOLLOWS,

Calt WMHRIN
WHITRE &

)

T (AsH
15 THE
1S THE
15 THE

PN M)

MATRIX TO BE PRINTED
NMUMBER OF RQWS
NUMRER OF COLUMNS

{S DIMENSIONED NO,

DIMERSIC A4 € 1 Y » JT 6 )
EQUIVALENCE ( JT 4 € )
N1

N

OF ROWS OF MATRIX A
v G0 6D

1+ N2 )

N2 = 6
N3 = A
N4 =1
IF (A2 = M1 ) 120, 120, 110
NZ = N = 3+ 6
N3 = ownNd
K = ¢
no 130 1 = Ng» N3
K =z K + 1
JT Ky = ]
PRINT 1, ¢ JT C 1 ) 4 I =1
D0 150 I = 4, M
= %D ow ( N4 = 1 ) + 1
0 140 o = N4, N3
= K + 1
(x> =4 L)
= Lo+ MDD
RINT 2, 1 , 0 C (K ), K=
F N3 = w1 ) 160, 170, 170
N3 = N3 o+ 6
Nd = yd + A
GO TG 100
RETURAM
FORMAT (K ¢ 4X, 6( 6X, 7HCOLUMN i14 ) /
FORMAT (i 114, X, (6E 1

END

C3% BKY BESMIS

7.8) )

C-23




000006
000006
000006

000010

0000172
000013
000015
00001/
o0p0240
000022
000024
000032
000037
00D040
000047
000050
o0o0ss
000056

coooom

FORTF AN [V SUBROUTIME BESMIS (X, NMAX,FI)

X- & FLOATING POINT SINGLE PRECISION VARIABLE

J= 1% TeF NUMBER OF VALUES

Fl= 15 a ORE=DIMENSIONAL ARRAY QF ANSWERS

TO EvalurTE EXPL=Y)1{X) MAKE THE FOLLOWING CHWANGE
A=,/ (PIIL)Y+3UM)

DINEN SISy FL(B0), PL200)

syM=n,

1=X

JMAX=E]+21

T2=2,/X

PI(JYAX+2) =D,

PI(J AX+1)=1,E=20

D0 1 Js1,JMAX

KeJMaX+om

DK=K~1

PI{K=1)=PKaTZ#P1IK)I+P1{K+1)

SUM=EUN+R T (K) )

SUM= S w B

ASEXF{X)yZLPI(1)+8UM)

DO 2 N=Ei»AMAaX

FI(NYsA#PL(N)

RETURN

END

w

8818
Bg18
Bs18
Bs18
Bs1s
BS1S
BSIS
Bs1S
BS1€
BSIE
BS1S
Bsi¢
8s1¢
Bs1¢
BsI€
BSJE
BSIE
881¢




poo0os
poolos
000007
000010
000014
000015
000017
ouog21
000022
000023
000025
noopg2?
000034
000037
000041
000042
000044
000054
Q00057
000057

Yy OO OOy

11

12
15

20

SUBRMUTIVE SRTCYC(ANRQWS,NDIM)

SUBROUTI~E SORTS THE FIRST COLUMN OF THE IN COMING ARRAY [N
ASCE DING ORDER wWILE THE CORRESPONDING ROW IN THE SECOND

COLUMN 15 MOVED ALONG WITH 1T,
THE “3RT OF THE SORTED ELEMENT BY

THE SUBROUTINE ALSO DIVIDES
2#P1 1F THE ELEMENT .18 NQT NEGATIVE

IF TwgE ELEMENT 1S NEGATIVE 1T 1S PLACED BACK INTO THE ARRAY,

DIMESSTON A(1)

N0 15 [=198R0OWS

D0 14 Jz1/,AROWS
IF(a(I)=aCJ) 14,14, 114
Lel="nlx

LLEsJd=NDT™

00 12 K=z1,2

L=L*"\'D1lfl

LL=ileNnIM

Fza(L)

AlL)=alL)

A{LL)=F

CONTT JUE

CONTINUE

N0 27 lz1,ROWS
IFCACI), LT 0,060 TQ 20
A(1)=80RT(aC1))/8,2831
CONT FNUE

RETUN

END




000014

000014
000025
000026
0op026
000030
000035
000036
000042
000052
000054
ooogel
000062
0000606

000076

000100
ooop102
000106
000107
000113
000120

0pp124

000126
000134
00p134
00p135
000141
nopi4é
oopi52
00p18%2
000153

OO0 O0OOC OO0 0

(el

[ @]

O

&

SUBRCUTIME EIGEN (N, B TI » T » MAXIT » NDEC » N1OPT » N20PT 4E!

NDI¥ )
SURRLUTIYE FOR GENERATING THE EIGENVALUES AND EIGENVECTORS
OF A& Rbal SYMMETRIC OR NON-SYMMETRIC MATRIX,
THIS PRAGRAM GENFRATES THE EIGENVALUE MATRIX(REAL OR COMPLEX),
AND 28 OPTIONSs THE EIGENVECTOR MATRIX AND ITS INVERSE,
THF Call. FOR THIS SUBRDUTINE IS AS FOLLOWS,
CALL EIGEN (NyB,T1»T,MAXIT/NDEC,NIOPT N2OPT,NDIM)
WHERE 18§ THE QRDER OF THE MATRIX
B 18 THE MATRIX wWwHOSE EIGENVALUES ARE DESIRED
T1 1§ THE INVERSE OF THE EIGEMVECTOR MATRIX
T 1§ THE EIGENVECTOR MATRIX
”AX;T 1S MAX MO, OF JTERATIOMS FOR GENERATING EIGENVALUES
EG 1S TWE NUMBER OF TIMES RESULT IS REFINED
S40PT 1S 1 IF OPTION =1 1S DESIRED: OTHERWISE 0.
ORTICN =1 PROVIDES FOR GENERATING THE EIGENVECTOR MATRIX INvERSE
~20PT 18 1 IF OPTION =2 1S DESIREDR, OTHERWISE O,
OPTION =2 PROVIDES FOR GENERATING THE EIGENVECTQR MATRIX

NDIM 1S DIMENSIONED NO. OF ROWS OF MATRIX (B)

THE ORGINAL MATRIX B 18 L0OST DURING THE GOMPUTATIONS AND IS
REPLACED BY THE EIGENVALUE MATRIX,
DIME~NSION B C L ) o« T €4 ) » T C 1)
INITIALIZE CCOUNTERS FOR NC. 0OF JTERATIONS AND YR,YS REDUCTIONS
PRINT 1, % » NDEC » MAXIT
IT = 0
NTIMES = O

ANOR™ = & D
Do 100 1 s 4y N
DO 100 J = 4+ N
IV = (Jd = 1 ) & NOIM & |
ANORM = f(NORM + R ( 1J ) » & 2
ANOR® = SQRTF ( ANORM )
o 1121 s 19 N
DO 110 J = 1, N
td = ¢ 3= 1 ) # NDIM + ]
B (1J =8 (C1J) / ANORM
TY
)

FORM 1DEMTH MATRIX IN TI LOCATION IF OPTION 1 1S DESIRED
IF ( NLGPT 160, 160, 130
no 152 1 = 4, N
It = C Yy = 1) #» NDIM + 1
DO 149 g = 1+ N
TJ = g~ 1 ) # NDIM + 1
3T ¢ 1J 0y = 0
T (11 )Yy =41 00
FORM J0R&TITY MATRIX IN T LOCATICON [F OPTION 2 DESIRED
1F ( #2¢PT ) 200, 200, 170
nO1e 1 = 1, N
11 = (1 = 4 ) # NDIM + |
"0 B0 J o= o1y N
I o= J =41 )} & NDIM + |
T OISy =0 .
TCID 3 51 0
CONT I nUER
YR = 10

AT R 4N M THEN N g 60 1 M ML gn M m

El
El
El
El
El
El
El
El
El
£l
El
El
El
El
El
El

m
—

At B ek Gl gt S St Bt Bt Pl T St Pt e Sl bk ekt

mamm e
Tt bt by re oo

mmmmmmm
Pt St ek Yl et et ek

El
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oooLss 230 N0 = oM - 4 Ef
000156 SUM = 10 . D E 20 El
00n160 220 TAL = 0 .00 El
000161 EN = 3, 0 El
000162 DO #30 1 = 1, NO El
000163 JO = 1 4+ 1 El
0po1es DO 230 J =2 J0» N El
000167 1= J = 1) « NDIM #+ El
000173 JU = (1 = 1) # NDIM #+ El
000176 230 TAU = Tad &« R ( 1Jg ) % % 2 + B ( J1 ) & & 2 El
000211 NO 240 1 3 14 N El
000213 11 = ¢ 1 =41 ) » NDIM + 1 £l
000216 TE = B8 ( Il El
goo221 240 EN = EN + TE & & 2 El
00p22» 250 EN = EN + TAU El
000227 260 DELN = SUM = EN El
000231 270 1F ( DELN Y 290, 290, 280 El

o E1l
n0n233 280 SUM = EN El
000234 IT = IT + ¢ El
0p0236 IF ( MAXIT = 1T Y 970, 970, 310 Ex

c 1
000241 290 CONTINUE £l
000241 1F ( NDEC « NTIMES ) 970, 970, 300 El

c El
000243 300 YR = YR / 400 « D E1
000245 ¥Ys = ¥YS / 100 ,+ 0 El
000247 PRINT 2, NTIMES , IT El
000256 NTIMES = NTIMES + 1 El
000260 IT = IT + ¢ El
000261 310 DO 960 K 3 1, NO El
000266 KK = { kK = 1 ) # NDIM + K El
000271 KO = K + 1 El
pop273 320 DO 9AT M = KO» N EIl
000275 MM = (M = 4 ) & NDIM + El
000300 KM = (M = 1 ) # NDIM + K El
000303 MK = (K = 1 ) # NDIM + M £1]
000307 Hoz oo, E]
000307 6= 0,0 g1
00D3190 HJd = 0 . 0 El
000312 330 DO 450 1 s 1, N El
pop314 340 IF (1 - K ) 3803, 450, 350 Ex

c !
00n315 350 IF (] = M ) 360, 450, 360 E!

" I
000320 360 IK = (K = 1 ) # NDIM « 1 E]
000324 Kl = (1 = 1 ) & NDIM # K £l
000327 IM 2 (% = 1 ) # NDIM + 1 E}
000333 ML = ([ = 1 ) % NDIM & M El
000335 RO = B ( 1K ) El
000340 370 BR = g ( K ) El
000343 380 89 = B ¢ I¥ ) E]
000346 390 8BS = B ( M1 ) El
0pnasl 400 W4 = W + RR & BS - B0 » BQ E1
000356 410 TEP = Bp # BO + BS # BS Ef
0op361 420 TEM = Ry # BR + RBQ * BQ E]
000364 430 6 s 6 + TEP ¢+ TEM El
0nn3e7 440 W) = HJ = TEP + TEM El



0001546
000160
0Do162
000164
DOD166
000170
gopiva
000175
000200
000204
000211
noo214
poo217
000221
0op223

000225
000230
000231
000234
pop237
000242
000251
000254
000257
poo261
000267
00p274
000275
000276

000304
gon3o04

000306
000310
000313
0n0316
pop32t
000324
000331
000334
000337
oo0340
000341

000344
000347

000351
000383
gop3sé
000361
0op364
pon367
000374
000377
0oo402

210

220

240

290

300
310

320

330

340

ITEMP = 1COL ( MaxC )

1CoL ¢ maXe } = [cOL (1)
1goL ¢ 1) = ITEMP

TEMP = 4 ( ITER )

ITEMP = I1COL ( 1)
DO 210 J = 2, N
ITJML = ( J = 2 ) & NDIM + [TER
ITd = € J = 4 ) » NDIM + ITER
A ITJML Y 2 A ( 1TJ ) 7/ TEMP
ICoL ¢ J - 1) = ICOL ¢ J
ITN = ¢ & e 1 ) o NDIM + [TER
A TTH = 1 . 0/ TEMP
1oL ¢ N ) s JTEMP
L

DO 240 1 = 4
1IF ¢ 1 = ITER ) 220, 240, 220

TEMP = 4 ( 1)

DO 230 J = 2, N

TJML =2 (J = 2 ) # NDIM + 1

I = C J =1 ) # NDIM + 1

ITJdML & ( g = 2 ) & NDIM + JTER

A G IJM1L ) 2 A CIJ ) s A ( [TJML )Y & TEMFP

CONTINUE ‘

IN = (N =4 ) & NDIM # 1

ITN = ( N m 4 ) & NDIM + ITER
ACIN DY = = (TEMP # A € ITN ) )

CONTINUE
DO 290 1 5 4, N

DO 250 J e 1, N

1F ( 1Ro¥ ¢ J ) = 1 ) 250, 260, 250
CONT I HUE

IF (1 - J ) 270, 290, 270
DO 280 L = 14y N

LI = ( 1 =1 ) s NDIM + L
Ld = (g = 1 ) » NDIM # |
TEMP = A ( L1 )

At Ll = A L)

A CLJ ) = TEMP

TROW ( J ) = [ROW ¢ 1)
CONTINUE

DO 240 1 & 4, N
DO 300 J = I, N
IF C 1CoL ¢ J ) » 1 ) 300, 320+ 300

CONTINUE

IF ¢ 1 = J ) 320, 340, 320
DO 3230 L = 4
1L

JL

TEM
a ¢ 1L
A JL
{COL ¢
CONTINUE

TROw ( wPL ) = 0

NDIM «

2
N
-4
2 NDIM +

’
( )
( )
z

T n o8

(L)
EMP
[eoL € 19

C~

1
1
L)
A
T

~e B Mo~ & B

Ma
Ma
MA
MA
MA
MA
MaA
MA

MA
MaA
MA
MA
MA
MaA
MA
MA
MA

MA

MA
MA
M4
Ma
Ma
MA
Ma
M4
MaA
MaA
Ma
MA
Ma
MaA
Ma
MA
Ma
MA
MA
MA
MA
Ma
Ma
Ma
MA
MA
MA
MA
MA
MA
MA

MA .

MA
Ma
MA
Ma
Ma

Ma
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000613 JK = (K o= 1) w o NDIM + El 1
pop617 JM s (e 1)k NDIM o+ El 1
oope22 260 BO = B ( JK ) El 1
000625 £70 BR = B O{ JM ) El 1
000630 Y80 R ( JK ) = BO # €2 - BR & S2 E1 1
000635 BO B (UM ) = - BO » 51 + BR & (1 E] ¢
0006425 900 IF ( wnigPT ) 930, 930, 910 El
C El 1

000645 910 DQ 920 J = 1, N El 1
Qope47 KJ = (Jd = 1 ) & NDIM + K El 1
D00ssS3 Md s {2 w1 ) % NDIM &M g1 3
000656 B = TI ( xJ ) ET 1
000661 RS = TI ( ~J ) El 1
000663 TI ¢ xJ )Y = €1 # BR + 81 # BS El 1
Q0067¢Q 920 T1 ¢ MJ ) = 82 & BQ + C2 # BS El 1
000676 930 IF ( NZORT ) 96D, 960, 940 El 1
c El 1

000700 940 DO %80 J = 12 N El 1
000702 JK = (K =1 ) # NDIM + y E] 1
poo706 JM = (% o= 1 ) o+ NDIM % El &
000711 BO = T ( JK ) El 1
pop713 BR = T ( J¥ ) El ¢
oop71e T { JK ) = BO # C2 ~ BR » 82 El 1
000723 950 T ( JM ) 5 =~ BD & 81 + BR » C1 El 1
000731 960 CONTINUE El 1
000736 60 TC 220 ET 1
C ' El ¢

000737 970 DO $80 Y = 44 N £l 2
pop7at DO 980 J s 1. N El ¢
000742 1d = ( J~ 1) « ADIM + 1 El 2
000746 950 B ¢ 1J Y = B ( IJ ) # ANORM El ¢
000756 PRINT X, NTIMES , T El ¢
000765 RETURN El ¢
C El 2

000766 1 FORMAT(s1E]GEN SUBROUTINE STATISTICSs#/ & SIZE QF MATRIX 154,14, El 2
& w MAX, SUM, OF REFN, 1S #,13, # MAX, NUM. OF ITER, IS «,14,/7) E]l ¢

00p766 Z FORMAT(#CREFN.#,13,% FINISHED ON ITER,#,14) ! El 2
000766 3 FORMAT(@NEXIT ON REFM.#, 13, ITER.»,14) El 2
DoD766 END El 2




000012

000012
000012
000015
000016
000017
gopo22
000024

000025 -

000026
000031
000033
000034
000035
000040

poo04s
000046
000050
0000583
000060

Qoo0ée
000065
poo074
000076

000076

pDoo4i04
000106
000111
000114
pooLL7
000122
‘000427
000131
000134
000136

000140
00p142

0o014%
o0ooi47.

000183

OO0

100

143

150

160

170

i8cC

SUBRTUTIME MATINY ( A&, [ROW » [COL . N , NDIM , SMLST , IERR )

DIME~STONM & L ) » IROW C 1 ) , lCOL ¢ 1)
709-1604%
709-16065% SUBRQUTINE MATINV = MATRIX INVERSION ROUTINE

A ARRAY NAME OF MATRIX

IRO: = DIVEMSIQOMED AT N+1 OR GREATER
1COL = DI-ENSIONED AT N QR GREATER
NoOB NUMBER OF EQUATIONS
NDI™ = vALUE OF 1 1w DIMENSION A(1,J) +» | AND J MAY DIFFER
SMLST = SMALLEST LEADING ELEMENT ALLOWED BEFORE CALLING THE
SYSTEM SINGULAR , USUALLY s 1,0 E~04 OR 1,0 E-05

IERF = ERRQOR INDICATOR

1IERR =
\;Pi E- SN i
nO 100 1 = 1, N

ICOL ¢ 1 ) =1

1ROW (1 ) = |
PO 240 1TER = 1, N
MAXR = ITER
MAXC =

1
TEMP = ABSF ( A ( MAXR ) )
LIMITC = NPL = [TER
DO 120 1 = ITER, N
D 126 0 s 1, LIMITE
Id = (Jd =1 ) % NOIM + |
IF ¢ TEMP = ( ABSF ( & C IJ )Y )Y Yy ) 110, 120, 120

2 MAXR = |
MAXC = o -
TEMP = 4BSF (A ( IJ ) )
CONTINUE

IF ( TEMP - SMLST ) 130, 130, 140

TROW ( ~P1l ) = [TER
PRINT 1, ITER » 8SMLST

1ERR = 1

RETURN

IF ( MAXR = ITER ) 150, 170, 150
PO 167 J = 12 N

MAXRJ = € ) = 1 ) % NDIM + MAXR
ITd s € J = 4 ) & NDIM + |JTER

TEMP = 4 ( MAXRJ )

A G MAXRY Y 5 A C 1T )
A ITd Y = TEMP

ITEMP = [ROw ( MAXR )
IROW ( »aXR ) = IROW ( ITER )
IROW ( ITER ) = ITEMP

1F ( MAXC = 1 ) 180, 200, 180

DO 190 I s 4, N
IMAXC = ( MAXC = 1 ) # NDIM + |
TEMP = 4 (1 )




0opi7z2
0003752
000377
000403
000403
Q00410
000411
000413

non4i17
oop4zl
pon4z22

000423
000425

poo427
000431

00043l
000433
000442
000450
000452
L0455
pop4ed
000464
000470
000470
00p473
popazs
ponkoz
0pos0s
000505

000514
000516
000517

poo520
000526
000530
000534
000540
000544
000550
000550

000555

popss56
gons60
000564
nons70
00p573
000576
00p603
gopeil

oY

1]

451
46C

540
550
560
570
580
590
500
610
620
630
640
b5
A6
670
680

A90
/70U

710
720
730
740
750
760
770
780

790

100

AL
A2U
n3g
£40

£S5

CONT TR

Ho= 2o T M

D= 2 XK ) -~ B ( MM )
TEP = B { ¥M )

TEM = B ( ¥K )

C = TEP + TEM

E = TEP = TEM

IF ( ARBSF ( ¢ ) = YR )Y 480, 480, 510
¢¢c =1 .0

858 = 0 ., 0

GO T9 6720

Ry = 0n /s C

IF ¢ 8Y ) 530, 540, 540

—SIG‘:_ |Q
GO T BR0
S16 =1, ¢
COT = By + ( SIG # SGRTF ( BY #« BY + 1 , 0 ) )
8S = §I1G / SGRTF ( COT # COT + 1 . 0 )
CC = §5 « ¢QT
TEP = CC & CC ~ 88 # S8
TEM = 2 , 0 & Sg « CC
D= D o TER +« & TEM
Moo= Mo# TER = M) # TEM
CONT INUE
ED =2 , 0 s E %D
EDH = £ = H
DEN =6 + 2 , 0« (E®E + D& D)
TEE = EpDw / ( DEN + DEN )
CONT INUE
IF ( ABSF ( TEE Y = ¥5 ) 690, 690, 710
CH = 1, 8
SH = 0 . 0
GO TN 730
CH =1 , C / 8QRTF ¢ 1 + O - TEE & TEE )
SH = TEE # CH
C1 = CH & CC - SH # 8§
C2 = CH #» CC *+ SH # S§
S§1 = CH » 8§85 + SH # CC
S§2 = -~ W & §8 + S§H # CC

CONT I NUE
IF ¢ 81 ) a00., 790, 800

IF ( §2 ) 800, 260, 800

RO "40 U4 s 4, N

K = (g = 4 ) & NDIM &+ K

Md = (U= 1 ) & NDIM & M

BO = B8 ( KJ )

RR = 6 ( MJ )

B ®J )y = €1 # 20 + 81 » BR
B ( dy ) 5 B2 & BO + C2 = BR
Do Ben bz 4 N

C-31
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000404
000404
000404

1

RETUNN MA
MA

1 FORMAT (7HOON THEI3,634TH ITERATION ALL THE REMAINING TERMS WERE LMa
#FESS THéy 0R EQUAL TO F11,4,1aH JN ABSOLUTE VALUE) : MA
END MA

[ TS SN




