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FOREWORD

Lockheed Missiles & Space Company's Huntsville Research & Engineering
Center submits this report in partial fulfillment of the réquirements of contract
NAS8-30520, Advanced Substructuring Techniques. The report describes work
performed for the George C. Maxrshall Space Flight Center of the National
Aeronautics and Space Administration. The contract was administered under
the direction of the Aero-Astrodynamics Laboratory, NASA-MSFC, with

Mr. Larry Kiefling as Contracting Officer Representative.

A magnetic tape containing the computer programs developed under the

contract is being submitted separately to fulfill contract requirements,

Advanced substructuring techniques and associated computer programs

were developed during this study under the supervision of W.D. Whetstone.

The methods incorporated in the study were formulated jointly by
W.D. Whetstone and C. E. Jones.

The Substructure Synthesis computer program was developed by C. E. Jones.
D. B. Alves developed the most recent version of the Substructure Function

Generator program. A previous version of the Function Generator program

was developed by R. A. Moore.

ii
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SUMMARY

This report describes methods and associated digital computer programs
developed for evaluating free undamped modes and frequencies and damped
transient responses of structural systems mathematically modeled as assemblages
of arbitrary substructures. A Rayleigh-Ritz solution method is incorporated in
which the state of each substructure is represented by a set of generalized dis-
placement functions.

Two general purpose computer programs were developed, The Substructure
Function Generator program, which is a modification of the dynamics version
of the Lockheed -Huntsville Structural Network Analysis Program (SNAP); ‘
calculates generalized displacement functions and constructs the corresponding
mass and stiffness matrices for substructures mathematically modeled as
basic finite element networks. The Substructure Synthesis program forms

system mass, stiffness, and damping matrices.

Full-matrix eigenproblem solution routines {Cholesky/Householder)
compute system undamped modes and frequencies corresponding to specified
constraints on system joint motion components. Transient response is
computed using coefficients of undamped system modes as generalized
coordinates. A method was developed for constructing a system damping
matrix according to the energy dissipation characteristics of the individual
substructures. Response calculations are performed by numerically inte-

grating the system equations of motion.

Communication between the Function Generator and Synthesis programs
is accomplished by méans of substructure data files created By the Function
Generator program, Kach data file contains a complete substructure descrip~
tion along with a Jarge number of generalized functions of various types. The
Synthesis program has provisions for using any prescribed sub-sets of gen-

eralized functions from the data files.

+
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Studies were performed of the related topics of substructure number

and size and choice of substructure generalized functions.

User's manuals for both the Function Generator and Synthesis programs

are included as appendices.
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Section 1
INTRODUCTION

In this study methods and associated computer programs were developed
for evaluating the vibrational characteristics of complicated structural systems
mathematically modeled as assemblages of arbitrary substructures. Techniques
were developed for performing two basic kinds of system analyses: (1) evalua-
tion of the free undamped modes and frequencies; and (2) calculation of damped
transient response. A Rayleigh-Ritz formulation is incorporated in which the
state of each substructure is represented by a set of generalized displacement

functions.

Substructures are mathematically modeled as arbitrary finite element
networks. Generalized functions used to represent substructure motions
include: (1) rigid body motions, (2) static functions corresponding to inde-
pendent motion components of boundary nodes (i.e., nodes which connect to
other substructures), and (3) arbitrary displacement functions (e.g., vibrational
modes) computed subject to specific restraint conditions imposed at the boundary

nodes.

A computer program called the Substructure Function Generator program
was developed for generating sets of substructure generalized functions. The
program also forms mass and stiffness matrices expressing the kinetic and
potential energies of substructures as quadratic forms in coefficients of the
generalized functions. The Substructure Function Generator program is
basically a modification of the dynamic analysis version of the Lockheed /
Huntsville-developed Structural Network Analysis Program, SNAP, which
performs static and dynamic analyses of structures consisting of various
types of finite elements, including beams, triangular and quadrilateral mem-
branes, and plate and shell elements. Detailed accounts are given in Refs. 1

through 4. The Function Generator program creates a substructure data file

1-1
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containing all the information required to represent a substructure in a system
analysis. The data file is automatically stored by the program on magnetic

tape, drum or disc units, or punched cards.

The Substructure Synthesis program forms system mass and stiffness
matrices based on the contents of the substructure data files and a description
of substructure interconnection given by the user via input data cards. System
analysis routines are included in the Synthesis program for calculating (1)

undamped system modes, and (2) damped transient response.

Each substructure data file created by the Function Generator program
contains descriptions of various classes of generalized functions, the number
and type of which are controlled by the analyst via input data options. Pro-
visions are included in the Synthesis program for using any sub-set of these
functions as generalized coordinates in the system analysis. Accordingly,
the effects on overall system modes and response characteristics of different
classes of substructure generalized functions can be studied without recreating
substructure data files. This feature is also useful if the anticipated motion
of a substructure varies according to different system environments such as

varying boundary conditions or forcing functions.

The standard mode of operation is to create substructure data files for
each substructure with separate executions of the Function Generator program
and then to perform a system analysis using the files. This approach is well
suited for the types of studies frequently performed early in the design of a
system in which it is required to determine the effects on overall system
vibrational characteristics of design changes in only a few substructures.

In such cases, substructure generalized functions, etc., need be recalculated

only for the substructures containing the alterations.

The computer programs developed during this study provide an economi-
cal method of performing parametric studies of proposed Space Shuttle launch
configurations. For example, the effects of parameters such as orbiter posi-

tion and interconnection structure stiffness can be readily studied.

1-2
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Section 2
TECHNICAL APPROACH

2,1 SYSTEM COMPOSITION

In this study a structural system is modeled as an array of interconnected
arbitrary multi-node substructures. Joints through which the substructures
are interconnected are called "system joints,' as illustrated on Fig.1l. Any

number of substructures may connect to a given joint.

Substructures are in general modeled as basic finite element networks
composed of arrays of nodes interconnected by two, three, and four node
beam and shell elements. A specific set of the network nodes in a substructure
model are declared "boundary nodes.' Each substructure boundary node is
attached to some system joint either directly or through a rigid arm. If the
location of a boundary node does not coincide with an attached system joint,

the connection is accomplished by means of a rigid arm.

As shown on Fig.l, a local reference frame called the substructure
reference frame is associated with each substructure. The position of a sub-
structure in the assembled system is defined by the location of the origin of
the substructure reference frame relative to the system reference frame and
the orientation of the substructure reference frame axes relative to the system

reference frame axes.
2.2 ENERGY FORMS AND GENERALIZED COORDINATES
2.2.1 Substructure Energies

An “intrinsic reference frame, "' with axes parallel to the arbitrarily selected

substructure reference frame, originates at boundary node 1 of each substructure,

2-1

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER



LMSC-HREC D225003

Substructure p

Substructure g

|

substructure reference

frame
2

i Substructure r

1
System Reference Frame.

Fig.1l - System Model
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as shown on Fig.2. Various categories of substructure generalized functions
are defined as follows.

Cbi e e . . s

] = rigid translation in intrinsic reference frame direction i
(for i=1, 2, 3), rigid body rotation about intrinsic frame axis _ ({la)
i-3 (for i=4, 5, 6).

For j=2, 3,.. .‘, n (n boundary nodes),

¢ = static displacement function associated with unit value of
motion component i (i=1 through 6) of boundary node j. These {1lb}
functions are subsequently called boundary node motion func-
tions.

For k=1,2,...,m

Y, = arbitrary function, subject to the requirement that all
boundary node motion components are identically zero.
Specific types of functions are discussed in Section 2.2.3.
These functions are subsequently called fixed boundary
node functions.

{lc)

Total substructure motion is expressed in terms of generalized coordinates

as
¢ = qifbi + qi@i’ + ...q?fb(;
+ q; @é + qg @g + . qg @g
taenn. (1d)
+ q) ol + AR 4 L. a® 56

tpypy b opyly b Fp by

The above equation defines generalized coordinates q; and Py -

2-3
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Intrinsic Boundary Node 1

Reference Fra

Boundary Node 3 Boundary Node 2

Boundary Node n-2

Boundary Node n-1

S~

Boundary Node n

1
Substructure Reference Frame

Fig.2 Substructure Model
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If the basic finite element net representing the substructure has s nodes
(generally, s=>n), each substructure generalized function is a 65 component
vector. The mass and stiffness matrices agsociated with the basic finite
element net will be designated M and K (both are 6s x 6s matrices). The

substructure kinetic and potential energies are

T = %@* Mé , and
(2a)
V = & Ko
- 1 2 6
Where q; = [qi 9 .- qi] s
and
Y = [ql 9y «++ 9, Py Py - - Pm]’
Equation (2a) may be rewritten to express the energies in terms of the sub-
structure generalized coordinates, Y, as
T = %‘_.[* M{{, and
(2b)

V = Y% KY

. .th £
If substructure generalized functions corresponding to the i ~ and j h components
of the generalized coordinate vector Y are Lbi and qu, the associated elements,

mij and kij’ of the substructure mass and stiffness matrices, M and K, are

n

m,. \lJi M L]Jj , and

k

1
&

=
=

ij i j

Terms of this type are readily evaluated after all of the generalized functions
have been computed. For example, the !'static load vector," F_, corresponding

to each q"j is always known (even if QJJ. is a vibrational mode). That is,

2-5
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F. = Ru.
i ¥

Therefore all ki.'s may be computed as simple inner products, L!Ji Fj'
Similarly, each vector ;T\?[qu is readily computed in a sparse-matrix multipli-

cation, then the required mij's are computed as inner products, xpi(ﬁlpj).

Advantage is taken of the fact that certain components of Fj and tle,

etc., are identically zero for specific classes of functions.
2,2,2 System Energies
The kinetic and potential energies of an assembled system composed

of N substructures can be expressed as the summation of the energies of the

individual substructures, as follows:

(3)

N
v X v,
r=1

where Tr and Vr represent the kinetic and potential energies of substructure

r as required by Eq. (2b).

In order to perform the energ’f summations indicated by Egs. (3), the
substructure energies must be expressed in terms of a set of system generalized
coordinates that are common to all substructures. In this study, the system

generalized coordinate vector, X, is expressed as

2-6
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(o))
2
X = s 3 (4)
Q
m
\. QLIJJ

Qi’ for i=1,2,...m (m=total number of system joints), is a six component vector
containing the motion components of system joint i. As illustrated on Fig.3,

a joint reference frame is associated with each system joint. The origins

of the joint reference frames coincide with their associated system joints

and the axes of the joint reference frames are arbitrarily oriented relative
t:)hthe system reference frame axes. Components of Qi are relative to the

i" joint reference frame. QLlJ represents a vector of coefficients of the indi-

vidual substructure fixed boundary node functions {see Eq. (Ic)).

2 3 System Joint i

1
System Reference Frame

Fig.3 - Joint Reierence Frame
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The generalized coordinate vector, Yr’ for substructure r can be

expressed in terms of the system generalized coordinate vector, X, as fol-

lows

Yr = ArX . {5}

Substituting Eq. (5) into Eq. (2b) yields the substructure expressions as

quadratic forms in terms of the system generalized coordinates as follows

T = 3X*M_X, and
r T
(6)
v = Z*E_X
T T
where
M = A M A, and
T r r I
(7)
K = A K. A .
Ir r r r

Substituting Eqs, (6} into Egs. (3) yields the following expressions for the system

kinetic and potential energies:

)

-
1}
&l

|

and
(8)
v = X KX,
where
N
M = E —f/fr, and
r=1
N 9
- 2 E,
r=]
2-8
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The matrix notation used above is symbolic of the actual operations per-
formed by the Substructure Synthesis program to transform the substructure
energy expressions from substructure generalized coordinates to the desired
system generalized coordinates. Trivial arithmetic operations are avoided
’i)y taking advantage of the sparse characteristics of both the transformation
and energy matrices. The symmetric properties of Mr’ Kr’ ﬁr, Kr’ M and
K are utilized, and only the upper triangular portions are computed. The
coordinate transformations indicated by Egs. (7) are performed in a manner en-

suring maximum numerical accuracy and minimum computer execution costs.
2.2.3 Substructure Generalized Functions

As discussed in Section 2.2.1, arbitrary "fixed boundary node functions"

represented by the vectors Ll.lk of Eq. (1d) are admitted.

The zero boundary node motion requirement does not restrict generalized
function choice, since a complete set of boundary node motion functions (<I>j‘ s)
are used. That is, suppose it is desired to use a certain function, f, involving
general motion of the boundary nodes. Some linear combination of the Cb;'s may

be added to f to generate a function for which all boundary node motions are

Zero.
In this study, the standard types of fixed boundary node functions are:

¢ Undamped free vibrational mode shapes,
¢ Arbitrary static displacement functions, and

'Y Uniform acceleration modes.

Uniform acceleration modes (Whetstone, Ref, 5) are static displacement
functions produced by inertia loadings corresponding to six independent uniform
accelerations (3 linear, 3 angular). Functions of this type are especially
useful if the system consists of a relatively large number of small substruc-

tures, since the total motion of most individual substructures will consist

2-9
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primarily of rigid body motion. Consider, for example, the lateral motion
of a beam-like structure for which x is a position coordinate directed along

the longitudinal axis. The total lateral motion of points along the substructure

1s.
u(x) = U+ Rx + {(x),

where U and R are the displacement and rotation of the origin of the x
coordinate axis, and f(x) is the deformation of the substructure. Where

m(x) is the distributed mass intensity, the lateral inertial forces acting on
the substructure are proportional to m(x)u(x). If the predominant motion is
rigid body (i.e., f(x) is small compared to U and Rx), the distributed lateral
inertia forces are approximately proportional to m(x) [U + Rx] Accordingly,
displacement functions produced by lateral loadings corresponding to static
lateral force distributions proportional to (1)m(x), and (2} x m(x) are excel-
lent substructure generalized functions. For a general substr;lcture, six
functions of this type are used: three functions corresponding to static dis-
placement fields produced by inertia loadings associated with constant rigid-
body acceleration in each of three non-parallel directions, and three similar
functions produced by inertia loads associated with constant rigid-body angular

acceleration about each of the three non-parallel axes.

During the course of the study, an investigation was conducted to evaluate
the relative merits of the substructure generalized functions mentioned above.
Examples were executed to compare uniform acceleration modes, static dis-
placement functions, and natural vibrational mode shapes. No general con-
clusions could be drawn from the results except that generalized functions
selection should be governed by the anticipated motion of the substructure in
the assembled system. It was determined, however, that in most applications
an adequate set of substructure coordinates were the rigid body functions and
the functions associated with boundary node motions along with uniform accelera-
tion modes. In almost all comparisons, uniform acceleration modes represented
substructure behavior as well as, if not better than, natural vibrational modes.

Since uniform acceleration modes can be generated at a much lower cost than

2-10
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natural modes, it was concluded that they should always be included in a sub-

structure generalized function repertoire.

2.3 SYSTEM CONSTRAINTS

Using the complete set of system generalized coordinates represented
by Eq. (4) to characterize the motions of the assembled system implies that
all system joints are free to execute six independent motions. The Substructure
Synthesis program includes provisions for imposing constraints upon selected

system joint motion components. Two types of constraints are permitted:

© Complete restraint of explicit system joint motion components,
and

® Relative constraints among sets of system joint motion com-
ponents.

For each explicit system joint motion restraint, the order of the system
mass and stiffness matrices, M and K of Eqs. (8), is reduced by one, and the

corresponding term of the system generalized coordinate vector is eliminated.

Relative joint motion constraints are provided for imposing linear rela-
tions among various joint motion components. For example, consider a set
of eight system joints lying in a circular plane as shown on Fig, 4a, If motion
is confined to the plane of the circle, 24 coordinates (two displacements and
‘one rotation of each of the eight joints) would be required to represent all
possible joint motions. Through the use of joint motion relative constraints,
however, the total number of system degrees of freedom can be substantially
reduced {e.g., Fig.4b - 4e}, provided that expected system motion is adequately
represented. This is often of considerable value in systems containing sub-

structures having large numbers of boundary nodes.
2.4 UNDAMPED EIGENVALUE ANALYSIS

After the system energy expressions appearing in Eq. (8) are modified

according to the constraint conditions imposed upon system joint motion
2-11
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Fig.4 - Relative Joint Motion Constraint Example
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components, the final form of the system kinetic and potential energies are

expressed as

.k .
T = X" M X, and

(10)
V = X KX

In the absence of dissipative effects and externally applied forces, the Lagrange

equations yield

MX+KX

1
<

(11)

Assurming solutions of the form X = Z sinwt yields the usual linear vibrational

eigenproblem
2
0w MZ-KZ=0. (12)

Since an arbitrary selection of generalized coordinate functions eccasionally
results in a dependent set of system equations of motion, a solution procedure
is incorporated for solving Eq. (12) that eliminates the problem of coordinate
dependence by automatically "collapsing' the mass and stiffness matrices of
the system. For instance, if during the eigensolution process it is discovered
that the Nth coordinate function is a linear combination of coordinates 1
through N-1, the Nth row and column of the system mass and stiffness matrices
are automatically eliminated, thereby reducing the order of the eigenproblem
by one. The solution is then continued, eliminating any subsequently encountered

dependence in a similar manner.
2.5 DAMPED FORCED RESPONSE ANALYSIS

The energy dissipation function for a viscously damped assembled system

is
F=X bpx , (13)

2-13
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where D is the system damping matrix, and as discussed in Section 2.4, X

is the vector of coefficients of the system generalized functions.

In this study, the forced transient response of an assembled system is
evaluated using a specified set of the undamped system modes as generalized
functions. Whera q is a vector of coefficients of undamped system modes,

the transformation from response coordinates to modal coordinates is
X = Eq. (14)
Columns of E are the particular system modes used as generalized functions.

Substitution of Eq. {14) into Eqgs.(10) and (13) yields the following ex-

pressions:

Lok A .
T = 29 Mq ,
N
V = 14 Kq, and (15)
3o N
F = 2 Dqs
where
o %
M=E ME,
A
K=1KHIKE, and (16)
FAN H
D = E DE

Where 9 is the ith term of ¢, the generalized force associated with

9 is equal to

d 8T I oV
aqi aqi 8qi

2-14
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Acc'ordingly from Eqgs. (15},

. N

§+Kq=G (17)
where G is the vector of generalized forces.

N\ Y
The transformations of Egs. (16) yield diagonal matrices for M and K
in which the ith diagonal terms correspond to the generalized mass and stiff-
ness of the system mode associated with the ith term of ¢. The damping

A
matrix D is not diagonal unless D is constructed as a linear combination of
M and K.

In many cases the damping properties of individual substructures can be
obtained more readily than those of the assembled system. Accordingly, the
system damping matrix, D, is constructed on the basis of the damping char-
acteristics of individual substructures, and the resulting matrix /f)\ is, in

general, not diagonal.

The system response is evaluated by numerically integrating equations
of motion in the form of Eq. (17).

2.5.1  System Damping Matrix

The total energy dissipation of an assembled system composed of m
substructures is expressed as the summation of the energy dissipation of the

individual substructures, as follows:

Im
F = Z F_, (18}
I
r=1

where Fr is the dissipation function of substructure r.

F_ =X DrY . (19)

2-15
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where Dr is the damping matrix for substructure r, and Yr is the vector of

coefficients of substructure generalized functions as discussed in Section 2.2.1.

The damping matrix for substructure r is expressed as a linear combina-

tion of the individual substructure mass and stiffness matrices, as follows:

D_ = ay M, +ta, K, (20)

where ay and a, are constants to be determined, and Mr and Kr are the

substructure mass and stiffness matrices as defined in Section 2.2.1.

Substitution of Eq. (20) into Eq. (19) yields the following expression for
the substructure energy dissipation:

3%

F =Y

r (al Mr + o Kr} Y.‘r . (21)

H

It is assumed at this point that the generalized damping, a4 and ay,
associated with two specific substructure generalized coordinate vectors,
'3"1 and <{)2, are known. Accordingly, from Eq.{21), the following simultaneous

equations are derived for oy and oy

a1A1+a2 B1 = ay
(22)
o Aty B, = 2,
where, for j=1,2,
A. = * M .y and
J (PJ r (PJ
(23)

Solving Eq. (22} for g and o5, and substituting into Eq. (20}, yields the sub-

structure damping matrix, Dr'

2-16
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In the Substructure Synthesis program, the coordinate vectors, @5
and gﬂz » may correspond to any two designated substructure vibrational
modes calculated by the program relative to a specified set of boundary node
constraint conditions. Individual eigenvalue analyses are performed for each
substructure contributing to the system damping. Consequently, the terms
Al, AZ’ Bl’ and le of Eq. (22) correspond to the generalized mass associated
with P, and QDZ, and the generalized stiffness associated with 901 and qu,

respectively.

The substructure coordinates may be transformed to system coordinates

by the following expression

Y = A X, {24)
r r

where Ar is determined from Kr of Eq. (5}, according to the constraint

conditions imposed upon system joint motion components.

Substitution of Eq. (24) into Eq. (19) yields

F =X D.X%X , (25)
r I
where
D = A D A
I r I T

Accordingly, substituting Eq. {25) into Eq. (18) and comparing with Eq. {13)

yields the system damping matrix,

(26)

[
I}
=

b
.MB

2-17
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2.5.2 Numerical Integration Method

Determination of the system response involves integration of matrix
equations of the form

Mq+Dgq+XKq = G , {(27)

where q is the System coordinate vector representing coefficients of free
AN Ay
undamped system vibrational modes. As discussed in Section 2,3, M and K

AN
are diagonal matrices and D is, in general, completely full.

The numerical integration procedure used in the program is a matrix
Taylor series expansion method developed by Whetstone (Ref. 6), which has
been used in a number of structural dynamics applications in recent years.

The basis of this procedure is outlined below.

Matrix series expansions of the vectors q and q in powers of the time

increment A are:

alt +A) = q(t) +A §t) + F G+ ...

, (28)
- - ve Fa B
Qt+A) = Gt) +AGER) + S )+ ..

Equation (27) may be rewritten as

d = Aq+Bg+n , ' (29)
where
O A ST o
A=-M "D, B=-M "K,andn =M G (30)
2-18
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From Eq. {29), higher derivatives of q may be expressed in terms of q, q

and 7.
qd=Ad+ B4+ N
=A(Aq+Baq+n)+Bg+n

= (A% £ B)g + AB q+ An + 1

E:(A2+B)(Aq+3q+n)+ABc}+Aﬁ+'n'

=[(A2+B)A+,AB] q+(A2+B)Bq+ (A2+B)n + AN + 71,

etc. In general,

(n) . (n-2) (31)
= : 7
q-—an+an+Pn_1ﬂ+Pn“2ﬂ+....+P1
Since
(nt+1) (n-1)

q = R q+P (Aq+Bq+n)+P ;n+P_ n+t....+Pn0,

The recursion formulae for P and R are

Pn+1 = PnA + Rn
= ' 32
Rt = FpBs (32)
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beginning with

PU I
1l

I {identity matrix)

and
R 1

il

0 (zero matrix). {33)

Substitution of Eq. (31) into (28) yields:

q(t+ A) = qlt) + Agft)
+ _A_;_ {qu(t) + P,q(t) + Pyn (t)l
+ —‘g\,_—s— [R3q(t) + P,a(t) + Pyn(t) + Pl (t)]
+ %i [R_4q(t) + Pyqt) + Pyn(t) + P,n + Pl'n‘(t)] ...,
alt + A) = aft)
+ A [qu(t) + P,qt) + Pn (t)] : :
N éz?f_ {R?Jq(t) + PLa(t) + Pz-n- (t) + Pyn (t)]
+ ‘?’-:-_13_ ‘[R4q(t) + p4c'1(t) + Pan(t) + Ezﬁ(t) + Plh'(t)] oo

(34)
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or, for an {-term expansion,

—

qlt + A) Wll le
ql{t + A) Woy W,
Nlo Nll . - L) -
L-Nz0 NZI .
where
L n
= AN
Wy = I# 2, ar Ry
n=2
2-1 n
- A
Wor = Z n' Rot1r
n=1
and, for j=0,1,2,. .. . £-2,
z n
_ A
Ny =| 2 S5 Pasa
n=j+2
2-1 AR
N?-j - n! Pn-j
n=j+1

LMSC-HREC D225003

q(t}
qlt)
Ny g | QM
N3, -2 e}
(-2}
Q(t)
1 .
_ A
Wiz = 2. At Fn
n=1
¢-1 N
= A
WZZ B I+Z n! 13n+1’
n=1
M'l,
M'l.
2-21

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER

(35}

(36)



LMSC-HREC D225003

Since the W and N matrices are not functions of time, they need be evaluated
only once {at the beginning of the solution process); provided that a constant
time interval, A, is used. Egquation (35) can then he used to calculate the
solution step-by-step in time. One advantage of this method is that it permits
economical use of high-order approximations, which allows relatively long
time increments. That is, unless the higher derivatives of Q become very
complicated to evaluate, the time required to carry out an integration step
using a sixth order approximation (i,e., #=6) is typically only about 50% greater
than the time required to effect one step of a third order approximation ({=3).
In the Substructure Synthesis program, the forcing function, G, is assumed to
be a piece-wise linear function in time, so that all derivatives of G higher
than G vanish. Consequently, high-order approximations may be used to
accurately evaluate W and N matrices with no increase in the time required

to perform the integration step.
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Section 3

COMPUTER PROGRAMS
3.1 SUBSTRUCTURE FUNCTION GENERATOR PROGRAM

An accurate representation of the characteristics of individual substruc-
tures is probably the single most important factor in the analysis of a compli-
cated system. During this study a digital program was developed for calculating
generalized coordinate functions for substructures modeled as networks of
basic finite elements. The program, which is a modification of the dynamic
analysis version of the Lockheed developed Structural Network Analysis
Program, SNAP (Refs.1 - 4), provides an extremely fast and accurate means
of computing any desired set of static or dynamic generalized functions for a
substructure composed of basic finite elements. The program constructs
substructure mass and stiffness matrices expressing the kinetic and potentjal

energies as quadratic forms in coefficients of the generalized functions.

For substructure modeling the program contains the following finite

element formulations:

@ General symmetrical and non~-symmetrical Timoshenko beam
elements including shear and forsional effects,

e Isotropic, orthotropic, and aeolotropic triangular and-quadri-
lateral membrane and bending elements.

The computer execution costs achieved by the basic solution routines
of the program are very close to the minimum that can possibly be attained

using direct solution procedures. This factor is extremely impdrtant in

generating functions of large complicated substructures. The program's
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"size' capacity, e.g., the allowable number of degrees of freedom, etc., is
extremely large (approximately 12,000 d.o.£. ), and the number of finite
elements is virtually unlimited. Detailed checks of the numerical accuracy
associated with the evaluation of every displacement vector are automatically
executed. There are three checks: (1) a strain energy-external work com-
parison; (2) a total applied force/reaction comparison; and (3) an equilibrium
check at all joints. The results of these checks should be carefully analyzed
in all executions, since significant numerical error (usually the result of some
elements having certain terms in their stiffness matrices much larger than
corresponding terms in stiffness matrices of elements to which they are con-
nected) is not an uncommon occurrence and may not be apparent from ‘inspec-
tion of the disPIacemenfs or energy arrays alone. Options are included for
automatically executing an iterative accuracy improvement procedure and for

using double precision arithmetic as means of overcoming accuracy problems.

The Function Generator program has three optional pr.ocedures for
r» °f Eq. (1). The

available options are: (1) the lumped mass method, with distributed structural

calculating terms of the substructure mass matrix, M

and nonstructural mass lumped automatically by the program; (2) the consistent
mass matrix method (available only for beams and certain membrane elements);
and (3) a "pseudo-consistent'" mass matrix method which is more economical
computer-wise, but less accurate than the consistent mass matrix method
(this method is sufficiently accurate in most applications). Nonstructural
lumped masses are also allowed.

The generalized function repertoire created automatically by the Function

Generator program includes

e Rigid body functions. Six rigid body functions are created as
discussed in Section 2.2.1,

® Boundary node motion functions. For a substructure with n
boundary nodes, 6(n-1) functions of this type are created.
Each function is calculated by applying a unit motion to the
appropriate boundary node with all other boundary node motions
identically equal to zero.
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® Uniform acceleration modes. Six functions of this type are
automatically generated by the program as discussed in
Section 2.2.3 with all boundary node motion components
identically equal to zero.

Also included (optionally) are fixed boundary node functions corresponding

to arbitrary static loadings and/or undamped vibrational modes.

The user's manual for the Substructure Function Generator program is
included in Appendix A.

3.2 SUBSTRUCTURE SYNTHESIS PROGRAM

As discussed in Section 2, the Substructure Synthesis program contains
provisions for: (1) determining the undamped modes and frequencies of the
assembled system, (2) constructing a system damping matrix based on the
energy dissipation characteristics of individual substructures, and (3) performing
a damped transient response analysis of the system. The program is arranged
in a modular fashion, so that routines can be added for handling substructure
representations in formats other than those supplied via data files created by

the Function Generator pi'ogram (e.g., from test data).

The matrix notation used in Section 2.2.2 only symbolically represents
the computations performed by the Synthesis program in forming system mass
and stiffness matrices. The transformation matrix, Ar’ of Eq. (5) is never
created in its entirety. Only the non-zero parts of the upper triangular
portions of the substructure mass and stiffness matrices are used in trans-
forming from individual substructure coordinates to system coordinates. During
the processing of substructure data, individual terms of the system mass and
stiffness matrices are accurnulated in a core-buffer file and eventually stored
on a secondary storage unit (drum, dise, or magnetic tape) as the buffer is
filled. Consequently, the degree-of-freedom limitation of the program is
hﬁposed only by the full-matrix eigenproblem solution routines incorporated
in the program (Cholesky/Householder). The program is arranged such that
these routines can be easily replaced, if necessary, by routines with a larger

size capacity.
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Development of response routines to accommodate a wide variety of
types of forcing functions was beyond the scope of this study. Forcing func-
tions used in the response analysis are limited to point forces and moments,
specified as piecewise linear functions of time, acting at system joints. The
routines developed for performing the numerical integration procedure outlined
in Section 2.5.2 are specialized for this type of forcing function. However,
the program can readily be modified to accommodate virtually any forcing
function form. All information required to handle distributed loading is

available in existing internally-generated data files,

All matrix transformations performed by the Substructure Synthesis

program are carried out in double precision to insure maximum accuracy.

A user's manual for the Substructure Synthesis program is included in

Appendix B.
3.3 SUBSTRUCTURE DATA FILES

Communication between the Substructure Function Generator and
Synthesis programs is accomplished by means of substructure data files which
are created by the Function Generator program and read as input by the Synthesis
program. These data files contain all the information required to represent
the substructures in a system analysis. Magnetic tape, drum or disc units,

or punched cards may be used to store a substructure data file.
The content of a substructure data file is outlined below:

e An alphanumeric description of the substructure. This descrip-
tion is used to identify the substructure throughout the Synthesis
program printout,

] The total number of nodes in the substructure,

. The number of and identification of boundary nodes,

e The number of fixed boundary node functions,

® - Position coordinates relative to the substructure reference frame
of all nodes,
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Nodal displacement vectors associated with the six rigid bedy
functions,

Nodal displacement vectors associated with the boundary node
_motion functions,

Nodal displacement vectors associated with the six uniform
acceleration modes,

Nodal displacement vectors associated with the other fixed
boundary node functions,

The upper triangular portion of the substructure mass matrix,
and

The upper triangular portion of the substructure stiffness matrix.
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Section 4
RESULTS

A magnetic tape containing the Substructure Function Generator and
Synthesis programs was delivered to the NASA Contracting Officer Representa-
tive, The programs are coded in Fortran IV and are compatible with the MSFC
Univac 1108 system. The tape contains complete files of the symbolic, re-
locatable, and absolute elements for the programs. Also included are several

example problem data elements which demonstrate proper program usage.

A lengthy presentation of numerical solutions computed with the programs
is not within the scope of this report. Execution of the data elements included
on the tape will produce several complete numerical examples. However,
results for one typical example are presented below. An early Space Shuttle
launch configuration is illustrated on Fig. 5. KEach vehicle was a substructure
in the system model. Two system joints interconnected the two substructures.
The forward joint lies on the symmetry plane, and the aft joint lies off the
symmetry plane. A half-model on one side of the symmetry plane was used
to obtain the symmetric modes of the system. The fifteen generalized coordi-

nates used to characterize system motion were:
. Three motion components (2 displacements, 1 rotation) of the
forward system joint,
¢ Six motion components of the aft system joint, and
e Coefficients of the first three symmetric vibrational modes of

each substructure, corresponding to zero boundary node motion.

Table 1 presents a comparison of the frequencies of the first five symmetric
elastic modes obtained with the Substructure Synthesis program with results

obtained with the SNAP/Dynamics program.
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Table 1
FREQUENCY COMPARISON

Elastic Mode Substructure Frequency ‘ SNAP/Dynamics
Frequency
1 2.3179 cps 2.3329 cps
2 2.6994 cps 2.6488 cps
3 4.1891 cps 3.8209 cps
4 4.4330 cps 4.2454 cps
5 6.9777 cps 6.2128 cps

The fact that the first mode computed by the Synthesis program is
slightly lower than that computed by the SNAP/Dynamics program is atiributed

to some small differences in the basic finite element nets employed in the two

analyses.

The effects of substructure number and size and substructure generalized
function selection were investigated during the course of the study. As discussed
in Section 2.2.3, no general conclusions could be drawn from the results.

Models composed of a small number of large substructures require more
generalized functions per substructure than models composed of a large number
of small substructures. It is generally best to use as many substructures as
possible. If small substructures are used, it is often sufficient to use only
uniform acceleration modes as substructure fixed boundary node functions,
avoiding the expense of computing vibrational modes. In almost all comparisons,
uniform acceleration modes represented substructure behavior as well as, if

not better than, vibrational modes. Since uniform acceleration modes can be
computed at a much lower cost than vibrational modes, they are always in-
cluded in the substructure data files generated by the Function Generator pro-

gram.
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PART 1

GFNFRAL PROGRAM INFORMATION

THIS MANUAL DESCRIBES THE INPUT DATA REQUIREMENTS FOR THE LOCKHEED/
HUNTSVILLE DEVELOPED SUBSTRUCTURE FUNCTION GENERATOR PROGRAM. THE
PROGRAM IS A MODIFICATICON OF THE Vv70FE VERSION OF  THE 'LOCKHEED

SNAP /DYNAMICS PROGRAMs AND THE INPUT DATA DESCRIBED HEREIN ONLY
SUPPLEMENTS THE DATA REQUIRED BY SNAP/DYNAMICS AS DESCRIBED IN THE
SNAP /DYNAMICS USER'S MANUAL. REF« 4, THE PROGRAM IS INTENDED FOR
USE ONLY BY PERSONS FAMILIAR WITH THE FORMULATIONS AND TECHNIQUES
UPON WHICH PROTH THE SMAP/DYNAMECS AND SURSTRUCTURE ANALYSES ARE
BASED .

THIS MANUAL ONLY DESCRIBES THE INPUT DATA wHICH MUST BE SUPPLIED IN
ADDITION TO (AND IN SOME INSTANCES, IN PLACE OF) THE DATA REQUIRED

BY THE SNAP/DYNAMICS PROGRAM, AND IT CANNOT BE USED WITHOUT A CORY

TF THF SNAP/DYNAMICS USER'S MANUAL AT HAND.

THE PURPOSE OF THE FUNCTION GENERATOR PROGRAM 15 TO CREATE AND STORE

ON A DATA FILE INFORMATION THAT IS SUBSEQUENTLY USED BY THE SUBSTRUCTURE
SYNTHES IS PROGRAM TO CHARACTERIZE SUBSTRUCTURE BEHAVIOR IN AN ASSEMBLED
SYSTEMs THE SUBSTRUCTURE INFORMATION PRIMARILY CONSISTS OF A SET
GFNERALIZED DISPLACEMENT FUNMCTIONS AND A MASS AND STIFFNESS MATRIX
EXPRESSING THE KINETIC AND POTENTIAL ENERGIES OF THE SUBSTRUCTURE AS
QUADRATIC FORMS IN COEFFICIENTS OF THE GENFRALIZED FUNCTIONS.

A SURSTRUCTURE REFFRFNCE FRAME 15 ASSOCIATED WITH THE SUBSTRUCTURE
AND 18 REFERRED TO AS THE GLOBAL REFERENCE FRAME THROUGHOUT THE
SNAPR/DYNAMICS USER'S MANUAL .

A SUB~-SET OF THE SUBSTRUCTURE!'S NODES ARE DECLARED BOUNDARY NODES BY
THE ANALYST THROUGH INPUT CARDS. BOUNDARY NODES ARE THE NODES
THROUGH WHICH THF SUBSTRUCTURE IS CONNECTED TO OTHER SUBSTRUCTURES

BY THE SUBSTRUCTURE SYNTHESIS PROGRAM (SEE APPENDIX B) e

THE FUNCTION GENERATOR PROGRAM GENERATES FIVE DISTINCT GROUPS OF
SUBSTRI'CTURE GENERALI1ZED FUNCTIONS. SOME OF THE GROUPS ARE GENERATED
AUTOMATICALLYs AND SOME ARE OPTIONALLY COMPUTED ACCORDING TO INPUT
DATA. THE FIVE GROUPS OF FUNCTIONS ARE L ISTED BELOw IN THE ORDER
THEY ARE COMPUTED BY THE CROGRAM. EACH FUNCTION GROUP 15 REFERRED
TO By ITS CORRESPONDING GROUP NUMBER IN SURBSEQUENT INPUT DATA

GROUP NOo FUNCTION TYPE

1 PIGID BODY FUNCTIONS. SIX FUNCTIONS ARSZ AUTOMATICALLY
COMPUTED, THREE RIGID BODY DISPLACEMENTS IN DIRECTIONS
PARALLEL TO THE AXES OF THE SUBSTRUCTURE REFERENCE
FRAMEs AND THREE RIGID BODY ROTATIONS ABOUT THE AXES
OF THE SUBSTRUCTURE INTRINSIC REFERENCE FRAME (THE ORIGIN
OF THE INTRINSIC REFEFRENCE FRAME IS LOCATED AT BOUNDARY
NMODF ONE AND 1TSS AXES ARF PARALLFEL TO THE AXFS OF THF

T SURSTRUCTURE REFERENCE FRAME)

NOT REPRODUCIBLE

——————
———

—————
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8OUNDARY NODE MOTION FUNCTIONSs FOR A SURSTRUCTURE wlTH
N BOUNDARY NODFESs 6% (N-=1) FUNCTIONS ARE COMPUTED
AUTOMATICALLY . THE FUNCTIONS CORRFSPOND TO THREE UNIT
DISPLACEMENTS AND THRERE UNIT ROTATIONS APPLIED SEPAPATELY
TO BOUNDARY NODES 2 THRU N WITH ALL OTHER BCUNDARY NODE
MOTIONS IDFNTICALLY EQUAL TO ZFRO.

UNIFORM ACCELERATION MODESe SIX FUNCTIONS ARE COMPUTED
AUTOMAT ICALLY wITH ALL BOUNDARY NODE MOTIONS IDENTICALLY
EQUAL TO ZERO. A DESCRIPTION OF UNIFORM ACCELERATION
MODES IS PRESENTED IN SECTION Ze2¢3 OF THE MAIN TEXTe

STATIC FUNCTIONS (COMPUTED WITH ALL BOUNDARY NODES FIXED).
FOR EACH FUNCTION, A LOADING CORRESPONDING TO POINT
FORCES AND MOMENTS ACTING THROUGH SUBSTRUCTURE NODES

MUST BF SUPPLIED RBY CARD INPUTe.

VIBRATIONAL MODES (COMPUTED WITH ALL BOUNDARY NODES FIXED).
AS IN THE SNAP/DYNAMICS PROGRAM, THE VIBRATIONAL MODES ARF
CALCULATED USING A METHOD ANALOGOUS TO THE STODOLA

METHOD OF BEAM ANALYSIS. A RAYLEIGH-RITZ ANALYSIS IS
PERFORMED TO OBTAIN THE INITIAL APPROXIMATIONS FOR

THE SUBSTRUCTURE MODESe GENFRALIZED FUNCTIONS USED

IN THE RAYLEIGH=-RITZ ANALYSIS ARE OBTAINED FROM TwO
SOURCESs (1) ANY OF THE FUNCTIONS APPEARING IN GROURPS
142+¢3+0R 4 MAY BE USED IN ADDITION TOs (2) STATIC
DISPLACEMENT FUNCTIONS COMPUTED RBY THE PROGRAM,s BASED

ON STATIC LOADINGS SUPPLIEDR BY THE USFR.
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PART 2

INPUT PFQUIRFMENT DIFFFRFNCES
BETWEEN
SNAP/DYNAMICS AND FUNCTION GENERATOR PROGRAMS

A FUNCTION GENERATOR PROGRAM DATA DECK IS IDENTICAL TO A V70E
SMAP/DYNAMICS DATA DECK THROUGH THE 'PLOT SPECIFICATION DECK!
(PARAGRAPH £, PAGE 1-9, SECTION 1 OF SNAR/DYNAMICS VT70E USER'S

MANUAL ) »

WITH THE FOLLOWING EXCEPTIONe

ADDITIONAL DRUM UNIT ASSIGNMENTS ARE REQUIRED. THE FOLLOWING
CARD SHOULD APPEAR IN THE DATA DFCK TMMEDIATELY FOLLOWING

THE TwC CARDS DFFINING THE 17 DRUM UNITS REQUIRED BY
SNAR/DYNAMICS.,.

LIST= (NUNIT(I)+1=18+21)
FORMAT{4TS)

LUSAGE OF THE ADDITIONAL UNITS IS SUMMARIZED BELOWs NUNIT(I)
IS THE LOGICAL UNIT NUMBER ASSIGNED TO TUNIT' I

UNIT USAGF

18

19

20

1

FORCE VECTOR FIlLEe LENGTH= 6X%JTH#NGEN. WHERE JT IS5 THE
TOTAL NUMBEFR OF JOINTS. AND NGFN IS THE NUMBFR OF
GENERAL IZED FUNCTIONS TO BF COMPUTEDSs

DISPLACEMENT VECTOR FILE AND TEMPORARY MATRICES STORAGE.
SI7E REQUIREMENTS WILL BE THE LARGEST OF 6¥JT*NGEN OR
NGEN* {MGEN+1) o

FLEMENT DEFORMATION FILE (USED ONLY IF DIAGONAL MASS
MATRIX OPTION IS NOT IN EFFECT) .

LENGTH= NGFN¥ (I3%¥N2+ 19¥N3+ 29%¥N4). WHEPRE NZs N3y AND
N& ARE THF NUMBER OF 24 3¢ AND 4-NODE ELEMENTS IN THE
SURSTRUCTURE MODE L«

FILFE USED FOR TEMPORARY STORAGE OF MASS AND STIFFNESS
MATRICFSs LFNGTH= NGEN¥ (NGEN+1).

PARAGRAPH F.« PAGE 1-94+ SECTION 1 OF THE SNAR/DYNAMICS V70E USER'S
MANUAL IS RFPLACFD BY THE FOLLOWING

Feo FUNCTION GENERATOR OUTPUT OPTIONS ARE SPECIFIED NEXT

LI&aT=

(KOPT(T)s1=1¢3)

FORMAT(3IR)
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THE OUTPUT INDICATED BELOW IS5 CAUSED By VALUES GREATER THAN ZERO OF THE
ASSOCIATFD OPTIONS,

1 REFSUL.TING QUTPUT IF KOPTI(!) «aGTe0

1 JOINT DISPLACFMFNT VECTORS AND ASSQCIATFD FORCF VECTORS
ARE DISPLAYED AT THE END OF THE PROGRAM PRINTOUT FOR ALL
CFNFRATED FUNCTIONS,.

2 THF SUBSTRUCTURE MASS MATRIX IS PRINTED.
3 THE SUBSTRUCTURE STIFFNESS MATRIX IS PRINTED.

Ge IDENTIFICATION OF THE NUMBER AND TYPE OF GENERALIZED FUNCTIONS
TO BE COMPUTFD FOLLOWS

LIST= NSTATIC, NMODES, NBOUND.s NAPROX
FORPMAT (4T5) .

NSTATIC IS THE NUMBER OF STATICALLY LOADED FUNCTIONS TO BE INCLUDED

IN FUNCTION GROUP 4. NMODES 1S THE NUMBER OF VIBRATIONAL MODES

COMPUTED IN THE STODOLA AMALYSIS TO BE INCLUDED IN THE GEMNERALIZED
FUNCTION GROUP 5. NBOUND IS THE NUMBER OF SUSTRUCTURE NODES TO BE
SUBSEQUENTLY DECLARED BOUNDARY NODES.e NAPRCOX IS THE NUMBER OF GENERALIZED
FUNCTIONS TO BE USED IN THE RAYLEIGH-RITZ ANALYSIS FOR DETERMINING

INITIAL APPROXIMATIONS FOR THE VIBRATIONAL MODES. IF NMODES=0,

NAPROX IS AUTOMATICALLY SET EQUAL TC ZERO. NAPROX sHOULD TYPRICALLY

ASSUME A VALUE OF AT LEAST Z2¥NMODES.

He THREE COMPONENTS OF A PROBLEM DEFINITION DECK ARE READ NEXT AS
SUMMARIZED BFLOW,., IN THE ORDER IN WHICH THEY APPEAR IN THE DATA
PECK «

SFCTION IN WHICH

FORMAT IS

DEF I NFD DESCRIPTION

Rel QUTPUT CONTROL.

32 FUNCTION CONTROL (NOTE THE COMMENTS DISCUSSED IN
PART 3 COMNCERNING SECTION 32 OF THE SNAP/DYNAMICS
USFRS MANUALY

R LUMPFD MASS DATA

Ie IDEMTIFICATION OF THE BOUNDARY NODES IS READ NEXT ACCORDING TO
THE FOLLOWINMG LLIST AND FORMAT.

LIST= (NODBND(I)sI=1NBOUND)
FARPMAT (1415}

NODBND(I)Y IS THE JOINT NUMBER IDRDENTIFIED AS THE I-TH, BOUNDARY NODE.
NBOUND WAS PREVICUSLY INPUT ACCORDING TO PARAGRAPH G ABOVE.

Je MSETATIC FCRCING FUNCTIONS ARE READ NEXTs THR CORRESPONDING
DISPLACEMENMT FUNCTIONS MAKE yUP THE GENERALIZED FUNCTION GROUP 4.
I NSTATIC=n, NO CARDS APPEAR FOR THIS DATA. THF LIST AND FORMAT
REQUIRFD FOR EACH STATIC LOADING 15 DISCUSSED IN SECTION 344
(NOTE THE COMMENTS DISCUSSED IN PART 3 CONCERNING SECTION 3.4

OF THFE SNAD/TDYNAMICS MANUAL)Y »

A4
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Ke IDENTIFICATION OF THF FUNCTIONS USED AS GENERALIZED COQORDINATES
IN THE INITIAL APPROXIMATION RAYLEIGH-RITZ ANALYSIS APPEARS NEXT.
1F NMODES AND/OR NAPROX 1S SPECIFIED ZERO ACCORDING TO PARAGRAPRPH

G ABOVE. NO INITIAL APPROXIMATION DATA IS RFAD. ANY OF THE
PREVIOUSLY COMPUTED SUBSTRUCTURE GENERAL1ZED FUNCTIONS BELONGING
TO GROUPS 1 THRU 4 CAN BE USED AS RAYLEIGH~RITZ FUNCTIONS ALONG
wWiTH ADDITIONAL FUNCTIONS CORRESPONDING TO STATIC LOADINGS
SUPPLIFD BY THE ANALYST VIA INPUT DATA CARDSe FUNCTIONS BELONGING
TO GROUPS 1 AND 2 (RIGID BODY AND BOUNDARY NCDE MOTION FUNCTIONS)
SHOULD NOT BE USED AS RAYLEIGH-RITZ GENFRALIZED FUNCTIONS.
HOWEVER s FUNCTIONS BELONGING TO GROUPS 3 AND 4 (UNIFORM ACCELERATION
MODES AND STATIC FUNCTIONS) MAY BE USED EXTENSIVELY. THE LIST

AND FORMAT IDENTIFYING THE RAYLEIGH-RITZ FUNCTIONS FOLLOWS.

LIST= (NF(I)YsNGIIYsI=1«NAPROX)
FOPMAT(14(13411))

FUNCTION NF(I1}Y OF GROUP NG(I) wILL BE USED AS THE I-TH RAYLEIGH-RITZ
FUNCTION. FOR INSTANCEs IF NF{4)=2 AND NG(4)=3. THE SECOND UNIFORM
ACCELERATION MODE WILL BE USED AS THE 4TH FUNCTION. IF NG(I)=0»

THE I-TH FUNCTION 1S CALCULATED ACCORDING TO A STATIC LOADING
SUPPLIFD VIA INPUT DATA CARDS.

A SET OF STATIC LOADING DEFINITION DECKS FOLLOwe ONE DECK MUST
APPEAR FOR EACH ZERQ VALUE SPECIFIED ABOVE FOR NG(I1le THE LIST

AND FORMAT REQUIRED FOR EACH STATIC LOADING IS DISCUSSED IN SECTION
3e¢4 (NOTE THE COMMENTS DISCUSSED IN PART 3 CONCERNING SECTION 3e4
OF THF SNAP/DYNAMICS MANUAL) .

L. THE STODOLA PROCESS CONTROL CARDS DISCUSSED IN SECTION 3.5
ARE READ NEXTe« THESE CARDS APPEAR ONLY IF NMCDES DISCUSSED IM
PARACRAPH G [S GRFATFR THAN ZFPO.

M., THE LAST TWO CARDS OF THE DATA DECK ARE READ NEXT.

LIST= KTAPFEF
FORMAT(1%)

KTAPE IS THE LOGICAL UNIT NUMBER ASSIGNED TO THE SUBSTRUCTURE
DATA FILE. KTAPE CAN IDENTIFY A MAGNETIC TAPE. DRUM UNITs OR
PUNCHED CARDS (KTAPE=7 FOR PUNCHED QUTPUT) .

LIST=(SURID(I)yI1=112)
FORMAT(17A6) )

cyUBID 1S5 AN ALPHA-NUMERIC IDENTIFICATION OF THE SUBSTRUCTURE. IT
IS5 PLATED AT THE BEGINNING OF THE SUBSTRUCTURE DATA FILE AND USED
TO IDENTIFY THE SUBSTRUCTURE THROUGHOUT THE SUBSTRUCTURE SYNTHESIS
PROGRAM PRINTOUT
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PART 3

COMMENTS CONCERNING
PROPER PROGRAM USAGF

THE FOLLOWING COMMENTS ARE PERTINENT TO THE USE OF THE SNAP/DYNAMICS
USERTe MANUAL IN PPFRPARING A DATA DFCK FOR THE SUBSTRUCTURE FUNCTICN
GENERATOR PROGRAMe THE COMMENTS ARE ARRANGED BELOW ACCORDING TO THE
SECTION OF THE SNAP/DYNAMICS USER!'S MANUAL TO WHICH THEY PERTAIN

SFCTION Pedes

NON—ZERO VALUES OF JREF ARE NOT ALLOWED FOR JOINTS THAT ARE USED

AS SUBSTRUCTURE BOUNDARY NODES. IT IS ASSUMEDR IN THE SUSSTRUCTURE
SYNTHESIS PROGRAM THAT THE BOUNDARY NOCDE -MOTION FUNCTIOMNS CORRESPOND
TO DISPLACEMENTS AND ROTATIONS In DIRECTIONS RPARALLFL TO THE
SURSTRUCTURPE RFFFRPFNCF AXFS.

QFCTION PeFe

ALL BOUNDARY NODFS MUST BE RESTRAINED WITH A (KC({K)=2+K=146)
SPECIFICATIONS THIS TYPE RESTRAINT IS REQUIRED FOR CALCULATION
OF THE BOUNDARY NODF MOTION FUNCTIONS.

SFCTION B3e7a

GMASS 1S THE vALUE OF GENERALIZED MASS CONTROLL ING NORMALIZATION
OF ALL GENFRALIZED DISPLACEMENT FUNCTTONS.

KESTOD, 1APROX, AND NFREE ARE IGNORFED Ry THE FUNCTION GENEPATOR
PROGRAM,. KERITZ GOVERNS THE KINETIC ENERGY REPRESENTATIONS FOR
ALL CALCULATIONS, A RAYLEIGH-RITZ ANALYSIsS 15 ALWAYS PERFORMED
TO OBTAIN INITIAL APPROXIMATIONS FOR THE VIBRATIONAL MODES, AND
THE NATURE OF THE FUNCT.IONS CALCULATED BY THE PROGRAM PRECLUDES
ANY SPFCIFICATION FOR NFREE .

SFCTINN 3Ba4.

THE ONLY PART OF SECTION 3e¢4 PERTINENT TO THE FUNCTION GENERATOR
PROGRAM ARE THE LIST AND FORMAT CONTROLLING INPUT OF OME STATIC
LOADING DEFINITIONs ANY NUMBER OF CARDS. EACH IN THE FORMAT
INDICATED IN SECTION 3e44 MAY APPEAR IN A STATIC LOADING DECK.
FACH DECK IS TERMINATED BY A BLANK CARD, IN THE FUNCTIOM
GENERATOR PROGRAM, APPROPRIATE DATA IS READ DEFINING THE NUMBER
OF STATIC LOADING DEFINITION DECKS TO BE READe CONSEQUENTLY

A BLANK CARD DOES NOT FOLLOW THE LAST DECK.

THE COMMENTS IN SECTION 34 PERTAINING TO RESTARTED RUNS DO NOT
APPLY TO THE FUNCTION GENERATOR PROGRAM.

A-6
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SFCTIOM 3.5,

THF NUMPER OF VIBRATIONAL MODES INCLUDED IM A SUBSTRUCTURE DATA
FILE MAY RE LESS THAN THE NUMBER OF MODES CALCULATED BY MEANS
OF THE STODOLA ANALYSIS. THE VARTABLF NMODES DISCUSSED IN
PARAGRAPH G OF PART 3 DEFINES THFE NUMBER OF MODES Tn BE
INCLUDFER IN THFE DATA FlLEe. THESE MODES WILL BE EXTRACTED FROM
THOSE COMPUTED IN, THE STODOLA ANALYSISe SO THAT THE NUMBER OF
STODOLA PROCESS CONTROL CARDS MUST AT LEAST EQUAL NMODES.

SECTION 4.

FUNCTION GENERATOR PROGRAM RUNS CANNOT BE RESTARTED IN THE
SAME MANMNER AS SNAR/DYNAMICS RUNSe THE DATA DISCUSSTD UNDER
DART ¢tAY OF SECTION 4 IS THE ONLYy INFORMATION WRITTEN OGN A
RESTART TAPE RY THE PROGRAM. CONSEQUENTLYs ALL DATA BEGINNING
wiTH THAT DISCUSSED UNDER PARAGRAPH F OF PART 2 OF THIS MANUAL
MUST APPEAR IN A FUNCTION GERERATOR PROGRAM DATA DECK.

SECTINN =

SOLUTION DATA OQUTPUT TARPES ARE NORMALLY NCT REQUESTED IN A
FUNCTION GENERATOR PROGRAM RUNe IF THE TAPE IS CREATEDs THE

INFORMATION DISCUSSED IN SECTION 5 Is WRITTEN ON THE TAPE ONLY

FOR THF VIBRATIONAL MODES COMPUTED DURING THF FUNCTION
GFNERATION.

CFCTION ARe.rA

THIS SECTION IS MNOT APPLICABLE TO THE FUNCTION GEMERATOR PROGRAM.

APPENDIX A
ADDITIONAL TAPF AND DRUM ASSIGNMENTS ARE REQUIRED ASs FOLLOWS

PASG:s T 26+ T+ XXAHXX ‘s SOLUTION DATA TAPE (KTAPE)
'RFWIND 26

VASG,T 27+F2/1/TRK/500 « TEMPORARY DATA FILE

VARG, T Z28«F2/1/TRK/5020 o TEMPCRARY DATA. FILE

YASGT POWF2/1/TRK/SN0 o« TEMPORARY DATA FILE

TASGYT 3N4F2/1/TRK/500 « TEMPORARY DATA FILF

THE ADDITIONAL TEMPORARY DATA FILE ASSIGNMENTS CORRESPOND TO THE
FOLLOWING TNTERNAL UNIT DESIGNATIONS (SEE PART 32}

i NUNTTC(T)
183 27
19 28
20 L)
21 20
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APPENNIX Re
ADDITIONAL DRUM UNIT ASSIGNMENTS ARE RFQUIREDs AND A CARD MUST
BE INSERTED IMMEDIATELY AFTER THE SNAP/DYNAMICS DRUM UNIT ASSIGNMENTS
AS FOLLOWS

LTIST= (NUMIT(I)s[=18+21)
FORMAT(415)

PARAGRAPH F, PAGE R-4 1S REPLACED BY THE FOLLOWING
Fe FUNCTION GENFRATOR CUTPUT OFTIONS

LIST= (KOPT(I1)s1=143)
FORMAT(315)

Gs GENFRALTIZFD FUNCTION CONTROL

LIST= NSTATICs NMODESs NROUND. NAPROX
FORMAT(415)

He NORMAL SNAP/DYNAMICS DATA (SEF PARAGRAPH Fe¢ PAGE B-4 OF THE
SNAP/DYNAMICS MANUAL) )

1« OUTPUT OPTICNS (SEE TOPIC 14+ PARAGRAPH F)

Pe FUNCTION CONTROL (SEE TOPIC 2+ PARAGRAPH F)

3« LUMPED MASS DATA (SEE TOPIC 3s PARAGRAPH F)
Te BOUNDARY NODE IDFNTIFICATION

LIST= (NODRND(T) . I=1+NBOUND)
FOPMAT(141%)

Je STATIC FORCING FUNCTIONS

LIST= JOyw Ke QO¢ NIy TINCe DQls NJs JINCe DOJ
FORMAT (I 44 I12+E14.5412I54E10w3+215+E103)

TERMINATE FACH DFCK WITH A BLANK CARD.
NSTATIC NPECKS ARE PRESENT

Ke RAYLEIGH~RITZ COORDINATE IDENTIFICATION

LIST= (NFCT)}+NG(T)+T=1+NAPROX)
FORMAT(14(T3411))

ONE STATIC FORCING FUNCTION DECK Is READ FOR EACH ZERO vALUE
SPECIFIED FOR NGti)e LIST AND FORMAT FOR EACH FORCING DECK
IS5 GIVFN IN PARAGRAPH J ABOVE.

Le STODOLA PROCESS CONTROL

LIST= N« TAPROXs ITERs CONVRG
FORMATI{3IS.F15,8)

A-8
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Mes SURSTRUCTURF DATA FILF TAPE

LT&T= KTAPFE
FORMAT (15}

Ne SUBSTRUCTURE IDENTIFICATION

LIST= (SUBID(IY«I1=1+12)
FORMAT(12A8)
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Appendix B

SUBSTRUCTURE SYNTHESIS PROGRAM
USER'S MANUAL
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PART 1

GFNERAL PPOGRAM FUNCTION

THIS MANUAL DESCRIBES INPUT DATA REQUIRED By THE SUBSTRUCTURE SYNTHESTS
PROGRAM IT IS INTENDED FOR USE ONLY BY PERSONS THOROUGHLY FAMILIAR
WITH THE MAIN TEXT OF THIS REPOPT.

BEFORE DEFINING SPECIFIC INPUT DATA FORMATS, CERTAIN RELEVANT TERMINOLOGY
WILL RF SUMMARIZFD.

A SUBSTRUCTURE REFERENCE FRAME [5 ASSOCIATED WITH EACH SUBSTRUCTURE.
THE LOCATION OF THE SUBSTRUCTURE RELATIVE TO THIS FRAME 1S5 DEFINED
BY THE ANALYST IN EXECUTING THE FUNCTION GENERATOR PROGRAM (SEE
APPENDINX A) e

THE LOCATION wITHIN THE SYSTEM OF EACH SUBSTRUCTURE IS DEFINED IN
THE INPUT DATA BY SPECIFYING THE POSITION AND ORIENTATION OF THE
CORRESPONDING SUBSTRUCTURE REFERENCE FRAME., RELATIVE TO THE SYSTEM
REFFRFNCF FRAME .

EVERY RBOUNDARY MNODE OF A SUBSTRUCTURE CONNECTS TO SOMF SYSTEM JOINT.

ANY NUMBER OF SUBSTRUCTURES MAY CONNECT TO A PARTICULAR JOINT.
INTERCONNECTION DETAILS ARE DEFINED BY SPECIFYINGs FOR EACH SUBSTRUCTURE
THE SYSTEM JOINTS TO WHICH ITS BOUNDARY NODES ARE ATTACHED.

IF A SYSTEM JOINT DOES NOT COINCIDE GEOMETRICALLY WITH EVERY SUBSTRUCTURE
BOUNDARY NODE CONNECTED TO ITs THE LOCATION OF THE JOINT MUST BE GIVEN
EXPLICTTLY IN THE INPUT DATA. AND THE PROGRAM wWILL ASSUME THAT THE
CORRESFONDING JOINT-BOUNDARY NODE INTERCONNECTIONS ARE EFFECTED

THROUGH MASSLFSS RIGID LINKSe.

FPART OF THE INPUT TO THE SYNTHESIS PROGRAM CONSISTS CF A SEQUENCE OF
SUBSTRUCTURE DATA FILES (ONE FOR EACH SUBSTRUCTURE} GENERATED BY THE-
FUNCTION GENERATOR PROGRAM (APPENDIX A)e THESE FILES MAY BE STORED
ON DRUM. MAGNETIC TAPE, OR DATA CARDS. THE INFCRMATION CONTAINED IN
A SUBSTRUCTURE DATA FILE INCLUDES THE POSITION COORDINATES OF ALL
SUBSTRUCTURE JOINTS RELATIVE TO THE SUBSTRUCTURE REFERENCE FRAME,
DESCRIPTIONS CF A SET OF GENERALIZED FUNCTIONS USED TO CHARACTERIZE
THE SUBSTRUCTURE MOTIONS. MASS AND STIFFNESS MATRICES EXPRESSING THE
KINETIC AND POTENTIAL ENERGIES OF THE SUBSTRUCTURE AS QUADRATIC FORMS
IN COEFFICIENTS OF THE GENEQALIZED FUNCTIONSs AND IDENTIFICATION OF
THE SURSTRUCTURE BOUNRARY NODES.

TYPICALLY. A SUBSTRUCTURE DATA FILE CONTAINS MANY INDIVIDUAL SUBSTRUCTURE
GENFERALIZED DISPLACEMENT FUNCTIONS. INCLUDED AMONG THESE ARE S1IX

UNIFORM ACCELERATION MODES. AND ANY NUMBER OF STATIC DEFORMATIONS

AND NATUPAL MODES. PROVISIONS ARF INCLUDEDR IN THE SYNTHESIS PROGRAM

FOR SELLECTING ANy PRFCRIBED SUB~SET OF THESE FUNCTIONS FOR USE IN
ANALYZING THF ASSEMBLED SYSTFM.
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SYSTEM GENERALIZED COORDINATES CONSIST OF MOTION COMPONENTS OF THE
SYSTEM JOINTS AND COEFFICIENTS OF INDIVIDUAL SUBSTRUCTURE FIXED
BOUNDARY NODE GENERALIZED FUNCTIONS (SEE MAIN TEXTs SECTION Z2e2¢3)e

ANY SET OF SYSTEM JOINT MOTION COMPONENTS MAY BE SET IDENTICALLY EQUAL

TO ZERO. ALSOs. LINEAR RELATIONS MAY BE IMPOSED AMONG SPECIFIED SYSTEM
JOINT MOTION COMPONENTSe. THIS IS TERMED RELATIVE JOINT MOTION CONSTRAINT.
WHICH 1S ESPECIALLY USEFUL IN HANDLING SYSTEMS CONTAINING A LARGE

NUMBER OF JOINTS,

AFTER FORMING THE SYSTEM MASS AND STIFFNESS MATRICES AND SOLVING FOR

THE UNDAMPED SYSTEM MODES AND FREQUENCIESs THE PROGRAM wllLL OPTIONALLY
FORM A SYSTEM DAMPING MATRIX AND EXECUTE TRANSIENT RESPONSE CALCULATIONS.
THE SYSTEM DAMPING MATRIX IS FORMED BY SUMMING THE CONTRIBUTIONS TO
SYSTEM ENERGY DISSIPATION OF AlLL DAMPED SUBSTRUCTURES.

v

THE DAMPING CHARACTERISTICS OF AN INDIVIDUAL SUBSTRUCTURE ARE DEFINED
IN THE INPUT DATA BY SPECIFYING THE DAMPING FACTORS ASSOCIATED wlITH
ANY TWO SUBSTRUCTURE VIBRATIONAL MODESs FOR ANY PRESCRIBED BOUNDARY
NODE CONSTRAINT CONDITIONS.

SUPPROSE. FOR EXAMPLE. THAT THE ANALYST PRESCRIBES THAT THE DAMPING
FACTORS FOR THE FIRST TWO FREE-FREE MODES OF A CERTAIN SUBSTRUCTURE

ARE +005 AND «01e THE PROGRAM WwILL COMPUTE THE SUBSTRUCTURE!'S
FREE-FREE MODES. USING GENERALIZED FUNCTIONS STORED IN THE SUBSTRUCTURE
DATA FILEs AND PROCEED AS OUTLINED IN SECTION 2e5.1 OF THE MAIN TEXT

OF THE REPOCRT.

THE MAXIMUM NUMBER OF SYSTEM DEGREES OF FREEDOM ALLOWED IN THE
UNDAMPED EIGENVALUE ANALYSIS 15 75. THE MAXIMUM NUMBER OF SYSTEM
DEGREES OF FREEDOM ALLOWED IN THE RESPONSE ANALYSIS IS 60« THE
NUMBER OF SUBSTRUCTURES MAKING UP THE SYSTEM 1S UNLIMITED.
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NJREF= THE NUMBER OF LOCAL REFERENCE FRAME ORIENTATION
SPECIFICATIONS TO BE READ.

NOSUB= THE NUMBER OF SUBSTRUCTURES INCLUDED IN THE SYSTEM
MODEL «

MAXJT= LARGEST NUMBER OF JOINTS IN ANY SUBSTRUCTURE.

MAXBND= LARGEST NUMBER OF BOUNDARY NODES APPEARING IN ANY
SUBSTRUCTURE .

MAXFCN= LARGEST NUMBER OF INDIVIDUAL GENERALIZED FUNCTIONS
CREATED FOR ANY SUBSTRUCTURE BY THE FUNCTION GENERATOR
PROGRAM. THIS INCLUDES ALL NATURAL NODES, UNIFORM
ACCEL ERATION MODESs AND STATIC FUNCTIONS.

NRELTv= THE NUMBER OF RELATIVE JOINT MOTION COORDINATES TO
BE INCLUDEDs

THE KCGEN ARRAY IS USED TO IMPOSE A GENERAL CONSTRAINT TO

ALL SYSTEM JOINTSe IF ALL DIRECTION—1 DISPLACEMENT COMPONENTS
(WITH RESPECT TO JOINT REFERENCE FRAMES) ARE ZERO. SET
KCGEN(1)=1¢ IF ALL DIRECTION-I ROTATICON COMPONENTS ARE ZERO.
SET KCGEN(I+3)=1e ANY SUBSEQUENT CONSTRAINT OR CONSTRAINT
RELEASE SPECIFIED FOR A SYSTEM JOINT OVERRIDES THE KCGEN
SPECIFICATION FOR THAT JOINT.

WITH THE EXCEPTION OF KCGENs ALL THE VARIABLES APPEARING ON THE GENERAL
CONTROL CARD ARE USED TO ALLOCATE CORE STORAGE FOR VARIOUS ARRAYS
REQUIRED DURING CONSTRUCTION OF THE SYSTEM MASS AND STIFFNESS ARRAYS.

Ee SUBSTRUCTURE DATA FILE UNIT ASSIGNMENTS

LIST= (ITAPE(I)+I=1,NOSUB)
FORMAT (1415}

ITAPE(I) IS THE LOGICAL UNIT NUMBER ASSIGNED AS THE DATA

FILE UNIT FOR SUBSTRUCTURE Is THIS UNIT IS ASSUMED TO CONTAIN
THE DATA FILE CREATED FOR SUBSTRUCTURE I BY THE FUNCTION
GENERATOR PROGRAMs If ITAPE(I)=5, THE DATA FILE wiLL BE READ
FROM PUNCHED CARDSe OTHERWISE. ITAPE(I) DEFINES EITHER A

DRUM UNIT OR MAGNETIC TAPE.,
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PART 2
INPUT DATA FORMAT ‘

THE NOMINAL yY-1108/ EXEC 8 VERSION OF THE PROGRAM USES 30000 CORE
LOCATIONS FOR MAIN DATA STORAGE., ALLOWING APPROXIMATELY 75 DEGREES

OF FREEDOM FOR REPRESENTING SYSTEM MOTIONS. THE DEGREE OF FREEDOM
LIMITATION IS IMPOSED BY THE EIGENVALUE SOLUTION ROUTINES: AND. SINCE
THE PROGRAM IS ASSEMBLED IN A MODULAR FASHION. THESE ROUTINES CAN BE
REPLACEDs IF NECESSARY, BY ROUTINES WITH A LARGER SIZE CAPACITY.

THE COMPONENTS OF A PROBLEM DEFINITION DECK ARE OUTLINED BELOW.
As DRUM UNIT ASSIGNMENTS AND BUFFER DIMENSIONS.

THE FIRST Two CARDS IN THE DATA DECK SPECIFY DRUM UNIT
ASSTIGNMENTS AND BUFFER DIMENSIONS, RESPECTIVELY. AS DESCRIBED
IN PARTS. 2¢1 AND 2420

Be TITLE CARDS (AT LEAST ONE MUST APPEAR).

ANY NUMBER OF TITLE CARDS MAY BE USEDe INFORMATION APPEARING
IN COLUMNS 2 THROUGH 73 OF THESE CARDS WILL APPEAR AT THE
BEGINNING OF THE PRINTED OUTPUT. THE LAST TITLE CARD MUST
HAVE A BLANK IN COLUMN 1« ALl PRECEEDING CARDS (IF ANY)

MUST HAVE A NON-ZERO INTEGER IN COLUMN 1le

Ce QUTPUT OPTICNS.

A CARD SPECIFYING THE PRINTOUT OPTIONS 1S READ NEXT AS
DISCUSSED IN PART 23

De GENERAL CONTROL CARD

LIST= JTs NXs» NJREFs NOSUBs MAXJTs MAXBNDs MAXFCNe
NRELTVs (KCGEN(I)41=146)
FORMAT (81544Xe611)

JT= TOTAL NUMBER OF SYSTEM JOINTS

NX= THE NUMBER OF SYSTEM JOINTS FOR WHICH THE POSITION
COORDINATES ARE TO BE EXPLICITLY DEFINED BY CARD INPUT.
IF A SYSTEM JOINT DOES NOT GEOMETRICALLY COINCIDE wlTH
ALL ATTACHED BOUNDARY NCDES, 1TS POSITION MysT BE SPECIFIED
IN THE INPUT DATAs AS DISCUSSED IN PART 1. IF POSITION
COCRDINATE DATA IS NOT READ FOR A SYSTEM JOINTs IT IS
ASSUMED TO COINCIDE WITH ALL SUBSTRUCTURE BOUNDARY NODES
TO WHICH IT IS ATTACHED.
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Fea A SEQUENCE OF DECKS SPECIFYING VARIOUS PARTS OF THE PROBLEM
DEFINITION APPEAR NEXTs IN THE FOLLOWING ORDER.

PART IN WHICH
INPUT FORMAT IS

DISCUSSED DECK NAME

3l SYSTEM JOINT CONSTRAINTS

362 SYSTEM JOINT POSITION COORDINATES
{THIS DECK APPEARS ONLY IF NXeGTa0)

33 LOCAL REFERENCE FRAME CRIENTATION SPECIFICATION DECK
(THIS DECK APPEARS ONLY IF NJREFeGTeQ)

3.4 RELATIVE JOINT MOTION CONSTRAINT SPECIFICATIONS
{THIS DECK APPEARS ONLY IF NRELTVsGT0?

35 SUBSTRUCTURE DATA DECKS
{ONE DECK APPEARS FOR EACH SUBSTRUCTURE)}

36

DIRECTLY SPECIFIED SYSTEM MATRIX ENTRIES

Ge DAMPED RESPONSE CONTROL. CARD

He

THE NEXT CARD IN THE DATA DECK MAY CONTAIN ANY ALPHA-NUMERIC
LIST IN COLUMNS 1 THRU 72 1IF THE CHARACTERS 'STOP! APPEAR
IN THE FIRST FOUR COLUMNS, THE SOLUTION WILL TERMINATE wiITH
THE EIGENVALUE ANALYSIS, AND NO FURTHER DATA 15 REQURIED.
OTHERWISEs THE RESPONSE OF A DAMPED SYSTEM IS COMPUTED. AND
THE INFORMATION APPEARING ON THE CARD wilLL APPEAR IN THE
PRINTOUT AT THE BEGINNING OF THE DAMPED RESPONSE OUTPUTe

DAMPING CHARACTERISTICSe THE INPUT REQUIREMENTS FOR THIS DECK ARE

DESCRIBED IN PART 4.

e FORCED RESPONSE PROBLEM'DEFINTIONe THE INPUT REQUIREMENTS FOR
THIS DECK ARE DESCRIBED IN PART S
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PART 241 DRUM UNIT ASSIGNMENTS

DRUM (OR OTHER SECONDARY DATA STORAGE) UNIT ASSIGNMENTS ARE SPECIFIED
ACCORDING TO THE FOLLOWING LIST AND FORMAT.

LIST= (NUNIT(1)eI=1410)
FORMAT(1015)

NMUNIT(I) IS THE LOGICAL UNIT NUMBER ASSIGNED TO tUNIT! Ie NUNIT(1)
AND NUNIT(10) ARE NOT USED BY THE CURRENT VERSION OF THE PROGRAM.
USAGE OF THE OTHER UNITS 1S SUMMARIZED BELOWs

UNIT USAGE
2 TEMPORARY FILE USED DURING EIGENVALUE ANALYSESe ALSO USED AS
TEMPORARY STORAGE FOR FORCING FUNCTION DATA.

3 SUBSTRUCTURE PROPERTY FILE

4 TEMPORARY FILE USED TO STORE ENTRIES TO THE SYSTEM MASS AND
STIFFNESS MATRICES.

5 SUBSTRUCTUYRE COORDINATE DISPLACEMENT VECTOR FILE. CONTAINS
ALL THE DISPLACEMENT VECTORS USED TO REPRESENT INDIVIDUAL
SUBSTRUCTURE MOTIONS.

6 SUBSTRUCTURE DISFPLACEMENT VECTORS ASSOCIATED wlTH THE UNDAMPED
SYSTEM MODES s

7 TEMPORARY FILE USED TO STORE ENTRIES TO THE SUBSTRUCTURE MASS
AND STIFFNESS MATRICES USED IN SUBSTRUCTURE DAMPING CALCULATIONS.

8 SUBSTRUCTURE DAMPING MATRIX FILE.

9 RESPONSE FILE USED TO ACCUMULATE NUMERICAL INTEGRATION RESULTS.

FIVE UNIQUE ASSIGNMENTS ARE REQUIRED FOR THE SECONDARY STORAGE UNITSe
FOR THE ASSIGNMENTS SHOWN BELOWe NDl1s ND2+ ND3e¢ ND4s AND ND5 ARE UNIQUE
BDRUM UNIT LOGIC NUMBERS,

¥ NUNITI(T)

ND1
NDZ2
ND3
ND4
NDS
ND3
NDS
NDa

DR A L LN

A MAGNETIC TAPE MAY BE USED FOR NUNIT(9) FOR STORAGE OF THE RESPONSE
FILE.

B-6
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PART 2.2 BUFFER DIMENSIONS

THE LENGTHS OF TEN BUFFER STORAGE AREAS ARE SPECIFIED AS FOLLOWS

LIST= (LREC(I)+I=1+10)
FORMAT(101I5)

NORMALLY SET LREC({3)=2000es LREC(7)=1000+ LREC(9)=1000s WITH ALL
OTHERS EGUAL TO ZERCOs THE PROGRAM AUTOMATICALLY ALLOCATES ALL
OTHER BUFFERS ACCORDING TO AVAILABLE CORE.
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PART 2.3 OUTPUT OPTIONS

TEN PROGRANM OUTPUT CPTIONS ARE SPECIFIED AS FOLLOWS

LIST= (OFT{I3«I=1417)
FARBMAT(IOTR)

THE OUTPUT INDICATED BELOW IS CAUSED BY NON-ZERO VALUES OF THE ASSOCIATED
OPTIONS

neT RESULTING OQUTRPUT

1 sasecacsee SYSTEM JOINT INFORMATION INCLUDING JOINT CONSTRAINTS,
POSITIONSe AND REFERFNCE FRAME S2FCIFICATIONS

2 esaserseres SURSTRUCTURE DEFINITION DATA INCLUDING BOUNDARY NODE
POSITION COORDINATES AND DESCRIPTIVE TITLES IDENTIFYING
THE NUMBER AND TYPES OF FUNCTIONS APPEARING IN THE
SURSTRUCTURE DATA FILE,

3 saseceesce INDIVIDUAL SUBSTRUCTURE ENERGY MATRICES. THIS OUTPUT
IS NORMALLY NOT RPEQUESTED AND 1S OF LITTLF OR NO VALUE
TO ANYOME WHO 1S NOT FAMILTAR WITH THE TEPMINOLOGY
INTEONAL TO THE DPROOCRAM,

4 esesevsssees SYQTFM MASS AND STIFFNFSS MATRICES USFD IN THE UNDAMPED
FIGENVALUF ANALYSIS.

& sesecvassse ACCURACY CHECKS FOR THE UNDAMPED EIGENVALUE ANALYSIS

7 saesvearees UNDAMPED FIGENSOLUTION INFORMATION IN TERMS OF SUB-
STRUCTURE COORDINATESs INCLUDING NODE MOTIONS RELATIVE
TO LOCAL SUBSTRUCTURE REFEREMCE FRAMES AND FNERGY
BREAKDOWNS SHOWING THF CONTRIBUTION OF EACH SUBSTRUCTURE
TO THE TOTAL SY¥STEM KINETIC AND POTENTIAL ENERGIESs

R sesecsasse NOT APPLICABLE TO THIS PROGRPAM VYFRSIONMN

S sesesessees FORCED RFSPONSE NUMERTICAL RESULTS ARE STORED ON NUNIT(9).
THIS QUTPUT IS FOR EXTERNAL USE ONLY AND IS8 NORMALLY
NOT REQUSETED.

CRT(sY AND OPT(10Q) MUST ASSUME SPFCIFIC VALUES AS FOLLOWS.

neT VALUIE RESULTING OQUTPRPUT

B sses N ess FREQUFNCIFS AND FIGENVFCTORS FOP THF FIRST N UNDAMPED
SYeTFM MQONFS

S sees—1 see FREQUENCIES AND EIGENVECTORS FOR ALL SYSTEM MODES

10 eees N ses NUMERICAL INTEGRATION RESFONSE RESULTS ARE PRINTED FOR
’ EVERY N-TH TIMF STEP.

B-8
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PART 3.1 SYSTEM JOINT CONSTRAINTS

THE FIRST CARD IN THE CONSTRAINT DECK SPECIFIES THE NUMBER OF EXPLICIT
CONSTRAINT CONDITIONS THAT DIFFER FROM THE GENERAL CONSTRAINT (KCGEN)
SPECIFIED ON THE MAIN CONTROL CARDs :

LIST= NCONST
FORMAT(1S)

NCONST SETS OF CONSTRAINT SPECIFICATIONS FOLLOWe IF NCONST=0s NO
CONSTRAINTS ARE READ. THE LISTS AND FORMAT OF EACH OF THE NCONST
SPECIFICATIONS FOLLOW

LIST= (KC(IYel=126)eN
FORMAT(611s14)

LIST= (UNT(I)+1=1e¢N)
FORMAT(1415)

THE KC ARRAY INDICATES THE CONSTRAINT STATE OF JOINTS JNT(i)eeee JNT(N)s
IF THE DIRECTION~-K DISPLACEMENT OF THE JOINT IS IDENTICALLY ZERO.» SET
KCtK)=1a OTHERWISEs SET KC{K)I=0 OR LEAVE BLANKe KC(K+3) SIMILIARLY
DEFINES DIRECTION-K ROTATIONS (FOR K=14+2+3)e

THE LAST CONSTRAINT OR CONSTRAINT RELEASE SPECIFIED FOR A JOINT REPLACES
ALL CONSTRAINTS PREVIOUSLY DEFINED FOR THAT JOINT.



LMSC-HREC D225003

PART 342 SYSTEM JOINT POSITION COORDINATES

THIS DECK IS PRESENT ONLY IF THE VARIABLE Nx ON THE MAIN CONTROL CARD
IS GREATER THAN ZEROe THE DECK IS COMPOSED OF NX CARDS EACH OF WHICH
IS DEFINED BY THE FOLLOWING LIST AND FORMAT

LIST= UNTs (¥(13¥el=1e3)
FORMAT (1S54 3E15.8)

X(1) SPECIFIES THE I-TH POSITION COORDINATE RELATIVE TO THE SYSTEM
REFERENCE FRAME OF SYSTEM JOINT JUNTe POSITION COORDINATES NEED BE
DEFINED ONLY FOR EACH SYSTEM JOINT THAT DOES NOT COINCIDE WwWITH ALL
SUBSTRUCTURE BOUNDARY NODES CONNECTED TO ITe OTHERWISE., THE LOCATIONS
OF THE BOUNDARY NODES AUTOMATICALLY LOCATE THE SYSTEM JQINTs ANY
SUBSTRUCTURE NODE SUBSEQUENTLY CONNECTED TO JOINT JNT IS ASSUMED TO SE
CONNECTED TO JNT BY MEANS OF A RIGID ARM.

B-10
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PART 343 . LOCAL REFERENCE FRAME
ORIENTATION SPECIFICATION DECK

THE PROGRAM USES THE DATA SPECIFIED IN THIS DECK TO CONSTRUCT A
*LIBRARY?Y OF 3 BY 3 ORTHOGONAL TRANSFORMATION MATRICESe THESE MATRICES
DEFINE THE ORIENTATIONS OF VARIOUS LOCAL REFERENCE FRAMES RELATIVE TO
THE SYSTEM REFERENCE FRAME. THE LOCAL REFERENCE FRAMES ARE ASSCCIATED
WITH SUSSTRUCTURES AND/OR SYSTEM JOINTSe THE NUMBER OF LOCAL REFERENCE
FRAME SPECIFICATIONS TO BE READ IS DEFINED BY THE VARIABLE NJREF ON

THE MAIN CONTROL CARDs THE CARDS REQUIRED FOR EACH OF THE NJREF
SPECIFICATIONS ARE READ ACCORDING TO THE FOLLOWING LISTS AND FORMATSe

LISTz J1+Q(3eJ1)4J20Q(3¢U2) ¢ J3SIGNINL aNGaNSGNsQINLaNG? ¢ NOJINTS
FORMAT (IS eEISeSe IB1EISeS5+I5+46Xs 2114 I24E1565+15)

IN THE DISCUSSION THAT FOLLOWSs. 'GLOBAL. FRAME* REFERS TO THE SYSTEM
REFERENCE FRAME.

ENTRIES TO THE REFERENCE FRAME LIBRARY ARE IDENTIFIED By THE ORDER

IN WHICH THEY ARE READe THEREFORE. THE K—TH REFERENCE SPECIFICATION
DEFINES THE K-TH MATRIXe THE Q MATRIX (3 By 3) INDICATES

ORIENTATION RELATIVE TO THE GLOBAL FRAME. Q(l+J) IS THE COSINE OF THE
ANGLE BETWEEN THE I-TH AXIS OF THE LOCAL FRAME AND THE J-TH AXIS OF THE
GLOBAL FRAME (RlGHT*HANDq RECTANGULAR)

Jie Qe3eJ1)e J2¢ Q(34J2)e AND JISIGN SPECIFY THE ORIENTATION OF THE
3-AX1S OF THE LOCAL FRAMEe Q(3¢J1)} AND Q(3+J2) ARE ANY TWO DISTINCT
ELEMENTS IN THE THIRD ROW OF Qs AND J3SIGN (+1 OR —-1) GIVES THE SIGN
OF THE THIRD ELEMENT.

G(NL ¢ NG) MAY GENERALLY BE ANY ELEMENT IN THE FIRST TWO ROWS OF Q.
NSIGN (+1 OR =1} GIVES THE SIGN OF Q(3=NL+NG)s

IN CHOOSING NL AND NGe CARE MUST BE TAKEN TO ENSURE A UNIQUE
SPECIFICATION. FOR EXAMPLE. 1F THE 2-AXIS OF THE LOCAL FRAME
WERE CHOSEN TO BE PARALLEL TO THE GLOBAL Z2-AXIS (EG J1l=1,J2=34
Q{34 J1)=e0s QI3+ J2)==20+J3SIGN= +1),s THEN THE ORIENTATION OF THE
LOCAL 1 AND 2 AXES IS NOT UNIQUELY DETERMINED By SPECIFICATION
THAT Q(1+2) OR Q(2+2) 1S ZEROs ’

NOJNMTS INDICATES THE NUMBER OF SYSTEM JOINTS FOR wHICH THE ORIENTATION
OF THE LOCAL REFERENCE FRAME IS DEFINED By THIS DIRECTION COSINE MATRIXo
IF NOJUNTS IS GREATER THAN ZERO. THE FOLLOWING CARD OR CARDS INDICATE
WHICH SYSTEM JOINT REFERENCE FRAMES ARE ORIENTED IN THIS MANNER.

LIST= (TJUNTS(I}eI=1sNOJINTS)
FORMAT(1215)

THIS SPECIFICATION IS CONLY REQUIRED FOR THOSE JOINTS WITH LOCAL
REFERENCE FRAMES THAT ARE NOT PARALLEL TO THE GLOBAL SYSTEM REFERENCE
FRAME o
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PART 3.4 RELATIVE JOINT MOTION
CONSTRAINT SPECIFICATIONS

THE DATA DESCRIBED IN THIS SECTION APPEAR ONLY IF THE yARIABLE NRELTV

ON THE MAIN CONTROL CARD 1% GREATER THAN ZEROQ, IF NRELTVY 1S GREATER

THAN ZEROQ, THERE ARE NREL TV INDEPENDENT LINEAR RELATIOMS IMPOSED AMONG
VARIOUS JOINT MOTION COMPONENTS. EACH SUCH RELATIVE CONSTRAINT IS DEFINED
BY AN ARBITRARY NUMBER OF CARDSy EACH OF wWHICH SPECIFIES COEFFICIENTS

FOR ONE OR MORE JOINT MOTIONSe A BLANK CARD TERMINATES EACH RELATIVE
CONSTRAINT SPECIFICATIONs EACH CARD OF A SPECIFICATION IS READ

ACCORDING TO. THE FOLLOWING LIST AND FORMATe

LIST=K¢JINT ¢+ JDEL + COEF 4 CDEL +N
FORMAT(315+2E158¢15)

EACH CARD DEFINES THE COEFFICIENT OF THE DIRECTION K MOTION OF N
SYSTEM JOINTSe FOR K=142+3s THE CARD DEFINES DISPLACEMENTS PARALLEL
TO THE K—=TH AXIS OF THE LOCAL JOINT REFERENCE FRAMEe FOR K=4+54¢64
THE CAR™ DEFINES ROTATIONS ABOUT JOINT REFERENCE FRAME AXIS K~3e

FOR I=1s+Nes THE COEFFICIENT OF THE DIRECTION-K MOTION OF JOINT
SNTH(I=-1)#JDEL IS SET EQUAL TO COEF+({1-1)#CDEL

T SUPPOSE THEAJ—TH RELATIVE CONSTRAINT Is DEFINED By A CARD CONTAINING
THE FOLLOWING DATA

K=2Z+ JINT=3¢ JDEL=24 COEF=140+ CDEL=1e0+ N=3
THE TABLE BELOW ILLUSTRATES THE RESULTING JOINT MOTION COEFFICIENTS

COEFFICIENT OF
JOINT DIR-2 DISPLACEMENT

3 1.0
5 240
7 360

THE ABOVE EXAMPLE IMPLIES THAT THE DIRECTION—2 DISPLACEMENTS OF
JOINTS 3+S+AND 7 OCCUR IN A 1-2-~3 PROPORTION.
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PART 3e5 SURSTRUCTURE DATA DECK

THE FOLLOWING DATA DECK 1S READ FOR EACH SUBSTRUCTURE IN THE SYSTEM.
CUBSTRUCTURFS ARE IDFNTIFIED By THE ORDER IN wHICH THESE DATA DECKS
ARE READ, THFE SUBSTRUCTURE DEFINED BY THF K—TH DATA DECK IS REFERRED
T AS THF K—-TH SUBSTRUCTURF.

THE FIRST CARD IN A SUBSTRUCTURE DECK IS READ AS FOLLOWS

LTIST= NROUNDNINTR
FORMAT(PIR)

NROUND IS THE NUMBFR OF MOUNDARY NODES IN THE SURSTRUCTURE MODEL.
THIS NUMBFR MUST AGREF wITH THE NUMBER OF BROUNDARY NODES USED B8Y THE
FUNCTION GENERATOR PRQGRAM TO CREATE THE SUBSTRUCTURE GENERALIZED
FUNCTIONS,. IF NROUND DOES NOT AGREE WITH THE NUMSBER OF SOUNDARY
NODFa 1IN THE SUARASTRUCTURE DATA FILE. A PROGRAM STOP OCCURSe NINTR
CONTROLS PRINTOUT OF SUBSTRUCTURE JOINT MOTIONS.

THE NEXT CARD IN A SUBSTRUCTURE DATA DECK IDENTIFIES THE SYSTEM JCINTS
TO WHICH THE SUBSTRUCTURE BOUNDARY NODES ARE ATTACHED. ZITHER DIRECTLY
NR VIA RIGID ARMS,

LIST= (JUTCON(TYaT=1«MNBOUND)
FORPMAT(1615%)

JTCON(IY 1S THE SYSTEM JOINT TO WHICH THE 1-TH SUBSTRUCTURE BOUNDARY
NODE 1S CONNECTEDS IF NO EXPLICIT POSITION COORDINATE wAS SPECIFIED
FOR JTCON(I)s IT IS ASSUMED TO COINCIDE wlITH SOUNDARY NODE 1+ EVERY
BOUNDARY NODRE IN THE SUBSTRUCTURE MUST BE CONNECTED TC SOME SYSTEM
JOINT. IF JTCON(I) I5 SPECIFIED LESS THAN 1 OR GREATER THAN JT. A
PROGRAM STOP OCCURSe. THE INDEX 1 REFERS TO THE SUBSTRUCTURE JOINT
THAT wAS DECLARED TO BE THE I-TH BOUNDARY NODE IN THE SUBSTRUCTURE
FUNCTION GENFRPATNR ANMALYSIS. ’

1F NI&TQ IS GREATER THAN ZERDO. A LIST OF SUBSTRUCTURE JOINTS APPEARS NEXT

LIST= (JTINTR{I)+T=1NINTR)
FORMAT(16T5)

MOTION COMPONENTS OF THE SUBSTRUCTURE JOINTS REFERTNCED ABOVE WwILL
BE INCLUDED (ALONG WITH ALL BOUNDARY NODE MOTIONS) IN THE PRINTOUT
OF THF EIGENVALUF SCLUTION.

THE NEXT CARD IN THE SUBSTRUCTURE DATA DECK DEFINES THE LOCATION AND
ORIFNTATION OF THE SURSTRUCTURF 4

LIST= IDORFF, (XORIGN{T)YI=1,3)
FORMAT (15 43F15.8)

IDOREF IDENTIFIES THE ORIENTATION OF THE LOCAL SUBSTRUCTURE REFERENCE
FRAME RELATIVE TO THE SYSTEM REFERERCE FRAMEs THE AXES OF THE
SUBSTRUCTURE REFERENCF FRAME ARE PARALLEL TO THE AXES OF THE IDQREF-TH
ENTRY IN THE LIBRARY OF LOCAL REFERENCE FRAME ORIENTATION SPECIFICATIONS.
IDQREF MUST BF GREATER THAN ZERDO. IF THE AXES OF THE SUBSTRUCTURE
REFERENCE FRAME ARE PARALLEL TO THE AXES CF THE $YSTEWM REFFRENCE FRAME,
IDOREF SHOULD REFERENCE A G MATRIX THAT IS A 3 By 3 IDENTITY MATRIX.
XORIGN(I)el=193 ARE THE POSITION COORDIMATESs RELATIVE 70 THE SYSTEM
REFERENCE FRAME, OF THE ORIGIN OF THE SUBSTRUCTURE REFERENCE FRAME.
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THE NEXT CARD IDENTIFIES THE INDIVIDUAL SUBSTRUCTURE FIXED SOUNDARY
NODE MOTION FUNCTIONS TO BE USED AS SYSTEM COORCINATES.

LIST= (IMODE(I)4I=1+20)s (JUFAC(I)+I=1420)s. (ISTAT(I)e1=1420)
FORMAT(2CI1+10Xe2011,10Xa2011)

IF IMODE(I3¥=0 OR BLANK, THE I-TH SUBSTRUCTURE NATURAL MODE wILL BE
USED AS A SYSTEM COORDINATE IF IT EQUALS 1+ THE I-TH MODE wILL NOT
'BE USEDe IN A SIMILAR MANNER., ITUFAC AND ISTAT IDENTIFY THE UNIFORM
ACCELERATION MODES (FIXED BOUNDARY NODE) STATIC FUNCTIONS TO APPEAR
AS SYSTEM COORDINATESe SINCE ONLY SIX UNIFORM ACCELERATION MODES ARE
POSSIBLEs IUFAC(T?) THRU IUFAC(20) ARE IGNORED.

THE DATA FILE CREATED By THE FUNCTION GENERATOR PROGRAM 1S READ NEXTe
IF THE DATA FILE I3 ON PUNCHED CARDS, INSERT THE DECK HERES IF THE
FILE 1s ON MAGNETIC TAPE, IT IS READ AUTOMATICALLYs AND NO DATA CARDS

ARE REQUIRED,
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PART 3.6 DIRECTLY SPECIFIED
SYSTEM MATRIX ENTRIES

EACH CARD IN THIS DATA DECK DEFINES AN EXPLICIT ENTRY TO THE SYSTEM
MASS AND/OR STIFFNESS MATRICESe THE DECK I35 TERMINATED BY A BLANK
CARD IF NO DATA OF THIS TYPE 15 TO BE USEDs A SINGLE BLANK CARD
SHOULD BE USED FOR THE DECKe. EACH CARD S READ ACCORDING TO THE
FOLLOWING LIST AND FORMAT,.

LIST= NIse NJsy K9 Ae B
FORMAT(3IS+«2E158)

THE DIRECTION-K MOTION (IF KelEs+3e DIRECTION K DISPLACEMENTs IF
KeGTe3s DIRECTION K=3 ROTATION) OF SYSTEM JOINTS NI AND NJ ARE
COUPLED IN THE MASS MATRIX BY THE QUANTITY A AND COUPLED IN THE
STIFFNESS MATRIX BY THE QUANTITY B IF NI=NJ THE QUANTITIES A AND B
ARE ADD=D TO DIAGONAL MATRIX TERMS: OTHERWISE THEY APPEAR AS OFF=-—
DIAGONAL QU?NTITIES.

AS AN EXAMPLE. ASSUME THAT THE DIRECTION-2 DISPLACEMENTS OF SYSTEM
JOINTS 7 AND 9 ARE ELASTICALLY RELATED By A MASSLESS LINEAR SPRING
OfF STIFFNESS 5.0E+06e THREE DATA CARDS wOULD BE REQUIRED TO
CHARACTERIZE THE SPRINGe

CARD 1. NI=74 NJIJ=T7e K=2s A=0,0¢ B=+5.0E+06
CARD 2. NIi=7y NJI=O¢ K=2¢ A=0,04 B==5.0E+06
CARD 3. NI =94 NJI=9, =2y A=0,0,+ B=45,0E+08

NOTE THAT IT IS NOT NECESSARY TO DEFINE ELEMENTS THAT APPEAR BELOW
THE MATRIX DIAGONAL .
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PART 4

DAMPING CHARACTFRISTICS

A SYSTEM DAMPING MATRIX IS GENERATED ONM THE BASIS CF SPECIFIED DAMPING
CHARACTERISTICS OF INDIVIDUAL SUBSTRUCTURES. SUBSTRUCTURE DAMPING
CHARACTERISTICS ARE SPECIFIED By DEFINING DAMPING FACTORS FOR TwO
UNDAMPED SUBSTRUCTURE NATURAL MODES. THE SUBSTRUCTURE MODES ARE
CALCULATED ACCORDING TO ANY SPECIFIED BOUNDARY MONDE CONSTRAINT
CONDITIONSs THE MODES ARE COMPUTED IN A RAYLEIGH-RITZ ANALYSIS USING
AS GENERALIZED FUNCTIONS AN APPROPRIATE SET OF FUNCTIONS FROM THE
SURSTRUCTURF DATA FILE.

ANY SURSET OF THE SYSTEMIS SUBSTRUCTURES MAY CONTRIBUTE TO THE DAMPING
MATRIXe A DECK COMPOSED OF ONE OR MORE CARDS IS REQUIRED FOR EACH
SUBSTRUCTURE CONTRIBUTING TO THE SYSTEM DAMPING. A BLANK CARD TERMINMNATES
Abl. DAMPING DATA, THE LISTS AND FORMATS FOR A SINGLE SUBSTRUCTURE
DAMPING SPECIFICATION ARE AS FOLLOWS.

LIST= NSUBs IPRNTs (KCGEN{(I)sI=146)s NCNSTRs (MODE(I}+sALFA(I)41=1.2)
FORMAT (P TS 44Xe61141542(IF4E158))

NSUB INDICATES THAT THE NSUB-TH SUBSTRUCTURE CONTRIBUTES TO THE SYSTEM
NDAMPING. VALUES OF NQUB APPEARING ON SUCCESSIVE CAPDS MUST BE IN
ASCENDING ORDER.,

IPRNT CONTROLS PRINTOUT OF THE EIGENVALUE SOLUTION USED TO COMPUTE
THE SURSTRUCTURE MODES.

IPENT=0s NO PRINTOUT

IPRNT«GTe0s MASS AND STIFFNESS MATRICES, FIGENVALUES,
AND EIGFNVECTORS

IPRNT«LT«0, MASS AND STIFFNESS MATRICES. EIGENVALUES,
FIGENVECTORSs AND ACCURACY CHFCKS

THE KCGFN ARRAY I8 USEND TO IMPOSE A GENERAL CONSTRAINT TO ALL
SUBSTRUCTURE BOUNDARY MODES. IF ALL DIRECTION-~I DISPLACEMENTS (wWITH
RESFECT TO THE L0OCAL SUBSTRUCTURE REFERENCE FRAME)Y ARE ZERO. SET
KCGEN(I)=1. IF ALL DIRECTION-I ROTATIONS ARE ZEROs SET KCGEN(I+3)1=1.
ANY SUBRSEQUENT CONSTRAINT OR CONSTRAINT RELEASE SPECIFIZD FOR A
ROUNDARY NODE CVERRIDES THE KCGEN SPRPECIFICATION FOR THAT NODE.

NCNSTR 18 THE NUMBER OF CONSTRAINT SPECIFICATIONS TO FOLLOW THAT
DIFFFR FROM KCGFMN.

ALFA(T) IS5 THF DAMPING FACTOR ASSUMED FOR THR COMPUTED UNMDAMPED
SUBSTRUCTURE MODFs MCODE(1)a IF GM REPRESENTS THE GENRERALIZED MASS
OF MODE(TI)s AND GS RFPRESENTS THE GENERALIZED STIFFNESSs THE ENERGY
NISSIPATION CONSTANT FOR MODE(T)Y IS5

PLNRALFACT )Y ®SORT(GM*GS)

DAMPING FACTORS NORMALLY RANGE FROM «001 TO «05s A DAMPING FACTOR
OF +01 WOULD CONSTITUTE ONE PERCENT OF tCRITICAL DAMPING!'
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IF NCNSTR IS GREATER THAN ZERO« NCNSTR ADDITIONAL BOUNDARY NODE
CONSTRAINTS ARE READe EACH CONSTRAINT SPECIFICATION 1S READ ACCORDING

TO THE ~OLLOWING LISTS AND FORMATS

LIST= (KC{IJeI=146)e N
FORMAT(611+4Xs I5)

LIST= (NOD(1)el=1eN)
FORMATI(ISIS)

THE KC ARRAY DEFINES THE CONSTRAINT OF BOUNDARY NODES NOD(1)sesesNODIN)
1F THE DIRECTION-K DISPLACEMENT OF THE NODE IS IDENTICALLY ZERO. SET
KC({K)=1le OTHERWISE SET KC(K)=0 OR LEAVE BLANKe. KC(K+3} SIMILIARLY
DEFINES DIRECTION-K ROTATIONS (FOR K=1+2+3)e THE LAST CONSTRAINT
SPECIFIED FOR A BOUNDARY NODE REPLACES ALL CONSTRAINTS PREVIOQUSLY
DEFINED FOR THAT NODE.e
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I3

PART 5

FORCED RESPONSE PROBLEM DEFINITION DATA

UNDAMPED SYSTEM MODES ARE USED AS GENERALIZED FUNCTIONS IN THE

FORCED RESPONSE ANALYSISe THE FIRST TWO CARDS IN THE RESPONSE DATA
IDENTIFY THE MODES TO BE USED AND DEFINE CERTAIN NUMERICAL INTEGRATION
PARAMETERS »

LIST= NMODES+ NTERMS. ADEL . TIMEND
FORMATI2IS5+2E1548)

LIST=(MODEID(1)+1=]+NMODES)
FORMAT(1615)

THE UNDAMPED MODES USED AS GENERALIZED FUNCTIONS ARE
MODEID(1)s MODEID(2}v s ee «MODEID (NMODES)

NTERMS 1S THE NUMBER OF TERMS TO INCLUDE IN THE TAYLOR SERIES EXPANSIONS
FOR CALCULATING THE NUMERICAL INTEGRATION COEFFICIENT MATRICES.

NTERMS=6 15 USUALLY SUFFICIENTe IF NTERMS I3 LESS THAN OR EQUAL TO

ZERO A PROGRAM STOP WILL OCCUR.

ADEL Is USED TO COMPUTE THE NUMERICAL INTEGRATIONM TIME STEPe THE TIME
STEP 15 CALCULATED By DIVIDING THE PERIOD ASSOCIATED WITH THE HIGHEST
FREQUENCY SYSTEM MODE USED AS A RESPONSE COORDINATE INTO ADEL PARTS
ADEL TS USUALLY SET EQUAL TO 10s

TIMEND IS THE TIME AT WHICH THE NUMERICAL INTEGRATION PROCESS IS TO
TERMIMNATE »

FORCING FUNCTIONS CONSIST OF POINT FORCES AND MOMENTS DEFINED AS
PIECEWISE LINEAR FUNCTIONS OF TIME. ANY NUMBER OF PUOINT LOADS MAY
BE SPECIFIED ACCORDING TO THE FOLLOWING LIST AND FORMAT. A BLANK
CARD I3 USED TO TERMINATE FORCING FUNCTION DATA.

LIST= JUNTs Ke NPTS
FORMAT (315}

IF Kol.Ee3s THE FORCING FUNCTION wWILL BE APPLIED AS A POINT FORCE IN
DIRECTION K AT JOINT UNT» IF KaGTe3s THE FUNCTION WILL BE APPLIED AS
A POINT MOMENT IN DIRECTION K=3 AT JOINT JNTe NPTS IS THE NUMBER OF
POINTS IN TIME AT WHICH THE FORCING FUNCTION IS DEFINEDe THE FUNCTION
IS AsSsSUMED TO VARY LINEARLY BETWEEN TIME POINTS.

THE FOLLOWING CARDS DEFINE THE TIME AND THE MAGNITUDE OF THE LOADING

AT EACH TIME STATIONe THE CARDS ARE READ IN PAIRS (ONE TIME CARD AND
ONE LOADING CARD) wlTH EIGHT POINTS BEING DEFINED By EACH CARD PAIR
UNTIL ALL NPTS TIME POINTS ARE DEFINEDe THE LIST AND FORMAT CONTROLLING

INPUT OF A SINGLE PAIR OF CARDS FOLLOWS.

B-18



LMSC-HREC D225003

LIST= (T(I)e1I=1e8)
FORMAT= (B8BE10+5)

LIST= (F{I)eI=148)
FORMAT= (8E10+6)

F(I)Y 1S THE MAGNITUDE OF THE POINT LOAD APPLIED AT JOINT JNT IN
DIRECTION K AT TIME T(1)se THE LAST PAIR OF CARDS IN THE T AND F
SPECIFICATION MAY DEFINE LESS THAN EIGHT TIME STATIONS. SUPPOSE

THAT NPTS=13« TWO CARD PAIRS wOULD BE REQUIRED. THE FIRST DEFINING

TIME STATIONS 1 THRU 8. AND THE SECOND DEFINING TIME STATIONS 9 THRU 13.

FOR EXAMPLE. SUPPOSE THE FOLLOWING DATA WAS READ FOR NPTS=7.

I= 1 2 3 a 5 5 7
T(1)= 0.0 Z2e0 440 S50 T O 840 840
Ftl)= 140 =10 1.0 10 ~1e0D =140 Oe0

A TIME PLOT OF THE RESULTING LOADING FOLLOWS.

THE NON-ZERO INITIAL CONDITION SPECIFICATIONS ARE READ NEXTs UNLESS
SPECIFIED OTHERWISE BELOWe THE INITIAL STATE OF A COORDINATE AND ITS
FIRST TIME DERIVATIVE ARE SET EQUAL TO ZERO. A BLANK CARD TERMINATES
THE INITIAL CONDITION DECKe EACH NON-ZERQO SPECIFICATION 1S READ
ACCORDING TO THE® FOLLOWING LIST AND FORMATs

LIST= I+ Qs QDOT
FORMAT= (15+2E1548)

Q DEFINES THE INITIAL STATE OF THE I-TH SYSTEM COORDINATEe QDOT
DEFINES THE INITIAL DERIVATIVE OF Q WwITH RESPECT TO TIMEs THE I-TH
SYSTEM COORDINATE 1S IDENTIFIED AS THE UNDAMPED SYSTEM MODE MODEID(1?
AS DISCUSSED PREVIOUSLY IN THIS SECTIONe )



