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FOREWORD

This study has been conducted by the Pomona Division of General
Dynamics Corporation for the Navai Air Systems Command under Contract
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The principal investigator for the study has been Mr. Johm G.
Maloney. Dr. George Lasker has performed the finite element analysis
presented {n Section 3. The joint compliance extraction technique and
computer csde work was performed by Mr. M. T. Shelton., The direct
technical supervisor has been Mr. David A, Underhill, Structural Dynanics
Section Head,

Mr. George P, Mzggos has been the Naval Air Systems Command
technical monitor.

The authors wish to acknowledge the contributions of Messrs

David 0. Rife, James B. Samonte and Donald G. VandeGriff for providing
agsistance in various portions of the study.

10/

S A T




T LT e TYTTETER Tame v TR e T

A v e T e T TS £ 8 T T

Section
1.0
2.0

3.0

4.0

5.0

TABLE OF CONTENTS

Title

SUMMARY

INTRODUCTION

JOINT COMPLIANCE ANALYSIS

3.1 PROBLEM FORMULATION

3.2 TEST CASE AND RESULTS

3.3 CONCLUSIONS

JOINT COMPLIANCE EXTRACTION TECHNIQUE DEVELOPMENT
4.1 METHOD OF ANALYSIS

4,1.1 System Model
4.1.2 Solution Method

4.2 SPECTAL PARAMETERS

4,2,1 Weighting Fectors
4,2,2 "Bite" Size Selection

4.3 PROGRAM FEATURES ADDED

Weighting Factor Generation
Missing Mode Logic

Number ot Theoretical Modes
Input Parameter 'CLO3E'
Test Data Preparation

PR R R
WWwwww
V&S WN

4.4 TACTICAL MISSILE TEST CASE

4.5 STATUS OF THE EXTRACTION TECHNIQUE

MISSILE JOINT SELF INDUCED VIBRATION

5.1 TULL SCALE TAB TESTS

5.2 MISSTLE LEVEL QUALIFICATION AND FLIGHT TEST

5.3 JOINT IMPACT MODEL DESIGN AND TEST

11

16
19
33
34

35
36

40

40
43

45
45
45
46
46
47
48
49
64
65
66

69

;
1
!
!
5




r"m:;::f”““""“"
= g

x4

2]

e 9

“ TABLE OF CONTENTS
; (Cont 'd.)

Section Title

4 5.3.1 Model Joint Preload
5.3.2 Model Vibration Test Setup and Results

5.4 FULL SCALE IMPLICATIONS OF MODEL TEST RESULTS

B e i Suated

6.0 INTEGRATION INTO OVERALL SYSTEM REQUIREMENTS
6.1 SYSTEM CONSIDERATIONS

1 Strength
2 Weight
3 Volumetric Efficiency
1.4 Degree of Enclosure
5 Producibility
6 Maintainability

s e

6.2 INTEGRATION METHOD

REFERENCES

APPENDIX JOINT COMPLIANCE EXTRACTION CODE USER'S MANUAL

E b

114

99-175




T STPTVTEYT S, W

I aam

Table No.

3-1

3-2

3~3

3-4

3-5

3-7

3-8

LIST OF TABLES

Title

NASTRAN Computed Stiffness Coefficients for
the 3tructure on Each Side of the Joint for
108 Harmonics

Data Used in Equation (3.44) to Compute
Stiffness Coefficients for Harmenics
Greater than 108

Harmonics Having Non Zero Stiffness
Coefficiants for the Various Fastener
Arrangemnents

Phase 2 Measured Values of St'¥fness fcr
Various Numbers of Fasteners

Computed Joint Stiffness for Three Fasteners
and various Values of the Rztio of € over
the Bolt Diameter Enclosed Angle

Computed Equivelent Joint Stiffness for
3, 6, 9, 18 Fasteners Using a Value of
6.24 for the Ratio of € Over the Bolt
Diameter Enclosed Angle

Computed Joint Stiffness for Eighteen
Fasteners and Various Values of the Ratio
of & over the Bolt Diameter Enclosed
Angle

‘Computed and Mewsured Zquivalent Joint

Stiffuness for 3, 6, 9, 12 and 18 Fasteners
Using a Value of 1.544 for the Value of R

Computed Equivalent Joint Stiffness

Measured Noise Ratios for Discontinuocus
Land Joint with Different Surface Treatments

Basic Joint Model Dynamic Response
Teflon Coated Joint Model Dynamic Response

Basic/Teflon Joint Model Dynamic Response
Comparison

iv

17

21

17

22

23

24

25

26
74

75
76
77

e

FRY

o




.
T o SRR

.

Table No.
6-1

6~2

LIST OF TABLES
(Cont'd.)
Title
Proposed Juint Attribute Rating Basis

Illustrative Rating Comparison for
Three Joints

s Uy
A e e e I ik, et 5 LS 4 ok 0l

-

e et ke R

ad e

|
|




LIST OF FIGURES

Figure No, Title
2-1 Frequency Ratio Vs, Joint Stiffvness Ratio, 5

Uniform Beam - Midspan Joint :

2=2 13,5 Inch Diameter Shear Bolt Joint Flexural 6
Compliance Vs. Number of Fasteners

2-3 Generalized Shear Joint Compliance Versus 7
Number of Fasteners

3-1 Sketch Showing Two Axisymmetric Shells 9
Attached at a Discrete Set of Points
3.2 Area Over Which Bolt Acts as Defined in 9
Math Model
3-3 Shear Bolt Joint Test Specimen and Section 27 %

Modeled Using Finite Elements i

3-4 Shell Element Model in the Region of the 28 |
Shear Bolt Joint .

TN

3-5 Log~Log Plots of NASTRAN Computed Stiffness 29
Coefficients Versus Harmonic Number for the
Two Structures i

3-6 Curve of Stiffness Versus Number of 30
Fasteners for R = 1.544, R = 6,24 and
Measured Results

1 3.7 Curve of .Toint Stiffness Versus R for the 31
Three Fastener Case

3-8 Curves of Computed Joint Stiffness Versus 32
Highest Harmonic for the Three Fastener Joint
and Various Values of R '

4=1 Non=-Uniform Bending Beam Properties 52

4-2 Non-Uniform Bending Beam Solution for Three 53 ]
Joint Compliances Using Two Modes, r = 257,

4-3 Non-iniform Bending Beam Solution for Three 54 :
Joint Compliances Using Two Modes, r = 17 %

vi




SR A g

i

<

P . ke

Figure No.
4oy

4-5 thru
b=7

4=8
4«9 thru
4-11

4-12

5-1

5=7
5=8

5-9

6-1
6~2

6-3

LIST OF FIGURES
(Cont'd.)

Title

Non~Uniform Bending Beam Convergence Vs,
Intermediate Step Size - r, Solving for
Three Joint Compliances Using Two Modes
Tectical Missile Measured Bending Modes
Tactical Missile Application Solution No. 1
Equal Weighting Factors

Tactical Missile Application Comparison of
Experimental and Theoretical Modes

Tactical Missile Application Solution
No. 2 Unequal Weighting Factors

Discontinuous Land Ring Joint

Continuous Land Ring Joint

Test Setup - joint Self Induced Vibration
Flight Test Missile Joint Locaticnus

Teflon Coupling Ring Joint Impact Noise
Suppression Versus Basic Joint lMoise Factor

Idealized Ring Joint Model

Scale Model Ring Joint Preload Va. Torque

Ring Joint Model Test Setup

Model lst Mode Frequeucy Vs,
Effective Joint compliance

Continuous Land Ring Joint
Four Bolt Tension Joint

Eight Bolt Tension Joint

vii/viii

56~58

59

60-62

63

78
79
80
81

82

83
84
85

56

95
96

97




m X T . - d e VR NTSTEY Y = T T R P L Tr—
& g e B . - N . Lyt ~ L

N

P

Section 1.0

SUMMARY

Results of a third and final phase in a general study of the
structural dynamic properties of tactical missile joints are presented.
This effort, wmdertaken by the Pomona Division of General Dynamics for
the Naval Air Systems Command, has been intended to provide a better
understanding of mechanical joint effects on missiie dynamic response 1
and improved methods for predicting and representing their character-
istics in system simulation and response studies, }

e e i .

Highlights of the results obtained in the first two stud, phases
(References 1 and 2) are reviewed, covering an industry survey, classi-
fication scheme, and parametric evaluation of joint compliance effects.
Finite element structural gnalysis techniques started in Phase 1 and
completed in this final study phase are shown to be capable of providing
reliable estimates of joint compliance in complex actual missile struc-
1 " tures,
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‘ Experimental methods are reviewed and a joint compliance extrace~

; tion code designed to solve for joint properties from mrdal test data

> is described in some detail. This method, also started in the Phase 1
study, nas been refined during the present phase to improve convergence
and user convenience. A user's manual for this code is included as an ;
Appendix,
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An exploratory study of missile join: self-induced vibration is
presented together with ap initial evaluation of some promising methods
; for suppression and control. The report concludes with a discussion of :

: a proposed rating system for tactical missile joints with the objective :
s ) of offering the dezigner some perspective on integrating the many !
considerations such as strength, producibility, and meintainability, in ;

] 1 addition to compliance, into overall system requirements,
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Section 2.0

INTRODUCTION

The structural dynamic propercies of tactical missile joints can
] play an extraordinarily important role in weapon system structural

] response characteristics. This report deals with the third and final
phase of an exploratory study o! the primary structural dynamic
characteristics of missile mechanical joints and the analytical and
experimental tools identified and developed for predicting their
behavior.

The most conspicuous attribute of the average tactical missile

1 joint is flexural compliance under applied bending moment. The first
phase study was largely devoted to an examination of this characteristic
starting with a literature search and an industry survey to sample
others' experience followed by a parametric study of joint compliance
effects, elastic coupling, the sigrificance of stiffness discontinuities
and the importance of considering actual load paths through joint

3 elements. Based on the industrv survey, it was concluded that investiga-
tors generally represent missile joints in analytical modeling by flexural
springs selected by trial and error to match .easurel response character~
isties, Joint compliance effects were typically found to account for
more than 30 percent of the total elastfc deformation of a missile in

its primary bending modes.

A joint classification scheme proposed in a NASA gtudy reported
in Reference 3 suggested factors of fen increase in compliance progress=-
ing from each level - Excellent, Good, Moderate, and Loose. Thus, a
"Moderate' joint would be 10 times as compliaat as a "Good" joint and
100 times as compliant as an "Excellent" joint. Viewed in terms of stiff-
ness .oss in a typical missile airframe, a "Good" joint represents a
local reduction in section propeities of approximately 60 percent over a span
1 of one half body diameter, A '"Moderate' joint would correspondingl;

' rcauce local section properties 95 percent. Such gross structural
inefficiencies are attributed to poor distribution of load paths through
joint interfaces. Figure 2-1 shows the powerful {nfluence of joint

] compliance on the first mode frequency of a2 missile idealized as a

3 uniform beaw,

From the standpoint of the structural dynamic analyst charged
with the responsibility for developing adequate math models in develop-
mental studies, methods for accurately estimating joint compliance are
of paramount importance. The advent of fi.ite element structural analy-
sis techniques has offered some very promising tools for realistically
representing detailed elastic behavior with joint elements. Finite ele-
ment modeling of idealized jointe was started in an exploratory effort
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during Phase 1 and ~ based on encouraging results - considerably
expanded during Phase 2 to encompass an actual missile joint design for
which accurate compliance test data were available for correlation
purposes. This effort has been continued during the present and final
study phase with emphasis on computational economy and i{s presented ia
Section 3.0.

Experimental methods when test hardware is available offer
another important approach to the determination of missile joint
structural dynamic properties. An idesl test configuration for evalua-
ting joint properties is considered to be a simple uniform structure
on a free-~free suspension to avoid external constraints and with the
subject joint located at mid-span. The joint bending compliance then
has a dsminant effect on odd numbered modes (1, 3, . . . ) and the
joint shear compiiance is exposed by even numbered modes (2, 4, . . .).
Simple tests were performed during Phase 1 on tubular models to illus-
trate the basic test approach and to explore the effects of load path
discontinuities. Actual micsile joint hardware was employed in a
serias of four similar tests during the Phase 2 study, with date on two
joint configucations being provided in & colloborative effort by Naval
Weapon Center, China Lake personuel. One joint test of particular
interest involved & shear joint with 18 radial screws. Joint compliance
was esvaluated parametrically as a function of number of fasteners,
pruducing the surprisingly consistent and well ordered results shown in
Flgure 2=2, An exploratory generaligzation of this shear joint behavior
is shown in Figure 2-3 with the cautionary comment that the derived
compliance expression must be viewed with some skepticism since it
considers only joint diameter and nuwber of fasteners. Test data for
two unrelated specimens are compared with the empirical compliance
expression in the figure, however, and show better agreement than might
be expected. The 8 fastener date point is taken from the 8-inch
diameter shear joint tested at the Naval Weapons Center, China Lake and
reported in the Phase 2 study. The 3 and 6 fastener datsa points are
taken from the segmented tube test data in Phase 1 extrapolated to a
"fastener" axc length of 2 degrees in order to correspond to the 1/4
inch bolts used with the 13.5 inch diameter data source.

The opportunity to test single joints in the "ideal" configura-
tion is the exception rather thar the rule, however, and more generally
dynamic testing 1s performed on total airframes with many joints. The
traditional approach consists of hand tuning compliance values to
produce matching results between the mathematical model and measured mode
shapes and frequencies. Since this ls a laborious, time consuming, and
often frustrating task, an automated and systemacic approach is desirable,
To these ends, an exploratory effort based on the optimization method of
steepest degcent was developed in Phase 1 of the study, This methoé of
extracting joint compliance values from a set of measured missile
elastic mode frequ.ncies and shapes was shown to be feasible, However,
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various limitations ip the implemented method precluded full decvelop-
ment, A more general approach developed by Hall, Calkin and Sholar,
Reference 4, appeared in the literature and iu Fase 2 their method was
applied to the problem of extracting joint compliances. The result is
a digital computer code. In Phase 3 refinements were added to the
joint compliance extraction technique code to increase its utility and
a user's manual was prepared for the code. Section 4 and the Appendix

of the present report present the Phase 3 efforts on the jeint com-
pliance extraction technique.

Another important cnaracteristic of missile airframe joints is
that of self-induced vibration. This behavior i{s most usually asso-
ciated with joint designs having inherently low interface preldads, and
its presence can create unnecessarily severe enviromments in laboratory
testing as well ag in both captive and free-flight. Section 5 of this

report describes an investigation of this phenomena cover{ng both full
scale and model exploratory testing.

The final section of this report, Section 6, {llustrates a
method of integrating the structural dynamic properties of joints with

other important mechanical attributes that airframe joints must possess
to meet overall system requirements.
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Section 3.0

JOINT COMPLIANCE ANALYSIS

Finite element structural analysis methods have been shown in
E earlier study phases to offer considerable promise as means of predicting 4
tactical missile mechanical joint properzies. In the Phase 2 portion of
the investigation a finite element type of analysis was performed on an
F eighteen fastener shear joint, The analysis made use of the NASTRAN
1 computer program. The math model used described the structure on each
side of the joint by means of a set of conical shell elements. Bolts
were then described by discrete springs. Fach spring constrains two ,%
corresponding points on each side of the joint. The solution process is @¢i
’ based on a Fourier series expansion about the circumference. Thus forces
] and displacements are cdetermined by summing a set of harmonic components.
The compliance assoclated with variouc harmonics can be zero. The zero
compliance harmonics are well defined for uniform bolt patterms. Thus %
for a joint with n bolts, the compliance assoclated with all harmonics
are zero except for harmonics 0, 1, n~l, n+ 1, 2 n-l, 2 n+ 1, .

In "hase 2 the problem was formulated and computations were
performed entirely on NASTRAN. The cost per computer run was quite high
1 even though only twelve harmonics were used. Two effects played a role
in the high cost. 1If the structure was geometrically axisymmetric the
stiffness matrix for each harmonic would be uncoupled from all others,
however, due to the bolts the structure is asymmetric, Thus a coupling
between harmonics results with a corresponding high computer solution
time. The problem is aggravated to a considerable degree by the fact that
b the zero harmonics cannot be excluded from the solution process. Thus to
solve this problem using say 50 harmonics is almost prc ibitive.

On examining this problem it became apparent that it was not
inherently expensive but rather due to limitations within the NASTRAN
program, It also became apparent that a small efficient computer program
could be written which used certain NASTRAN utputs. This was done as
part of the Phase 3 finite element analysis effort.

The new computer program uses NASTRAN generated stiffness
coefficlients assoclated with each harmonic and the structure on each side
cf the joint,

AR N\ IR

, 3.1 PROBLEM FORMULATI1ON

Consider two axisymmetric shells with a common axis of symmetry
which are attached together with respect to & discrete set of points
around the ciroamference as shown {n Figure 3-1.
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Figure 3-1, Sketch Showing Two Axisymmetric Shells Attached

at a Discrete Set of Points

We require the attachments to be positioned so that they are symmetric
with respect to a plane of symmetry which includes the missile longitudi-
nal axis. The attachment forces do not act at points but rather over a
snall area defined by the thickness of the shell and an arc lemgth
defined by the enclosed angle € as shown in Figure 3-2,

Figure 3-2., Area Over Which Bolt Acts as
Defined in Math Model

Also the distribution of the load over the arca {s taken as uniform,
Let ¢ be the resultant bolt force acting on the area. The stress O (@)
can then be expanded into a cosine series {n the form

R G A )
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(o) = -f- S a,cosne (.1)

On doing so we obtain

() = —fg 2 ____C__)_::lunneZz cos (n@) (3.2)
n=i
E or
2 .
a, = -;? sw Cnéfz) (3.3)

The use of the cosine series {imposes the requirement that the horizomtal
plane be a plane of symmetry The quantity ¢0°(®) has units of load per

unit arc length. The quantity §£(@) = ¢ 0~ (@) can be expressed in the
; form

FEO) = £ coS(d) + £, COS (20)+ §,£05(3®)*--- (3.4)

where

f = 22 s (nen) (3.5)

e sk s S e

It can be interpreted as a generalized force associated with the n th
harmonic. Let §£,i be the generalized force associated with the n th
harmonic and the i th bolt, Let the joint have b bolts and let #% be
the force resultant for the { th bolt acting at €; . Then the harmonic

generalized forces §,, associated with the set of bolts used on the joint
are

W

5 b
o= Zl o = tz, %% Sws (nefy) cos (ne;) (3.6)
(s =

Let us define 8 matrix with elements a

1}

a, = = sw (i&h) cos (ne) (3.7)

Let £, and pJ respectively be elements of column vectors {Y and
z . Then-from (3.6) &nd (3.7) one can see that the follow*ng

p
rel‘tionahip holda

i
i
i
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- (3 = [ay] {rod (3.8)

f Let [su]be a diagonal matrix where element S; is & spring stiffness
constint associated with the 1 th bolt and let {v;} be a column matrix
associated with bolt elongations. Then the following relationship holds.

frd = [5u] 3 6.9

If we could assign a point on the circumference to each bolt then

bolt elongation could be expressed bya set of generalized displacements : i
&, as follows: ‘

PR

-«
v = Z MU, e0S5(né;) (3.10)
nel

Since the bolt load is associated with an area as shown in Figure 3-2
we cannot associate the bolt displacement with only one point. We will
give an indirect definition which will {implicitly contain an averaging
over this area, Let the problem be limiited to m harmonics and let

? [cu be an m by b matrix which relates bolt elongations fv,{ to
: generalized harmonic displacements {MJ} as follows

(v = [ey] @3 (3.11)

3 Then virtual bolt elongatioms {J’ v‘.} and virtusl generalized displacements J
{(u,-} are related by

: vt = [G.'j] Ful (3.12)

We require the following to hold

{‘ﬁ'}r fevd = faY {ru) (3.13)

That is, we require the virtual work associated with virtual elongation
{J‘ v‘-} to be equal to the virtual work associated with the corresponding

generalized variables, On substituting from (3.8) and (3.12) into (3.13)
we obtain

i
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{ﬁ.}r[c‘.j] fru j} = {1l [a. .;,-]r{fu 7 (3.14)

Equation (3.14) can hold for all virtusl displacements {d4;] and all loads
{40‘-} {f and only 1f

>
[e.] = [a4] (3.15)
Therefore from (3.7) and (3.15) it follows that
JE

2
c‘:/. = -:l—-e- SN '-:'2—-) CO«S("O") (3.16)

From (3.8), (339)’ (3.11), and (3.15) it follows that .
g3 - (2 fo3 |

= [ag] [5;d {8 (3.17) ‘

[2] (53] [ 4,8

5.l = [4.',,-] (sl ["‘u]r (3.18)

Thus [3}‘J is a stiffness matrix which describes the stiffness of the
set of joint bolts with respect to the generalized (harmonic) variables
{5;} and fw,ef . Then (3.17) has the form

£4d = [8;] 0.19

We will now define the variables associfated with the axisymmetric
structures on each side of the joint. These structures will be inter-
preted as two free structures whose relative displacements are constrained
by the bolt attachments., We will assume that there {8 no relative radial
or circunferential motion scross the joint. Since the two structures are
unconstrained except by the joint it follows that the zero and first

i Ecabirae.
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harmonics of longitudinal relative displacements are respectively
associated with relative longitudinal translation and pitch rigid body

motions, The higher harmonics on the other hand are associated with
shell deformation.

Using NASTRAN we can compute the displacement &, associated with
each higher harmonic load ¥, acting on the joint. We can then compute
two sets of stiffness coeffi-lents associated with each of the structures

as follows:
/
k! = K
@ U,
¢ (3.20)
w £
% = ar

where the single and double primes are used to distinguish the two
structures. From the above discussion it follows that

’

K, = K,f = O (3.21)

The joint displacements can be described by relative generaligzed (harmonic)
displacement parameters {](;? described earlier. They are related to the
harmonic displacement parameters for the two structures as follows:

[ ] n
U, = U; - & (3.22)

Then from (3.17) and (3.19) it follows that

’

£ £
U, = i - - (3.23)
¢ ‘Qi Kii

This is a consaquence of the orthogunality of the set of cosine func-

tions. Similarly joint equilibrium and harmonic function orthogonality
requires

-F‘.B-f:. --F‘- (3.24)

where ; indicates that the prime will not be required below, Substi-
tuting (3.24) into (3.23) and simplifying we obtain

13
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or
Fi = Ky U (3.26)
where 1

’ o
Ky Xiv
Ky = -;:.:;‘:,r 3.27)

PropU

The parameters K, describe the effective stifriness associated with

the set of harmonics for the axisymmetric structure on both sides of the
joint. Let [X;;] be a diagonal matrix with diagonal elements K . J
Then (3.26) can be expressed in the following matrix form !

§7.3 = [«;] 4,3 (3.28) 1

Note that

_ Ku= O (3.29)
&
E Partition equation (3.19) and (3.28) as follows 3
E N - 7 :
'F; Sy [st'j],z u, j

> = (3.30)

&) | B, (54, ] |k

3 B -
5, o o u, (3.31)

¢l | o x| |, |

5 22 | ;
From (3.30) and (3.31) we obtain 3

£ o= S, u e [5Gl 0.

14
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{‘:L = [30].,“1 - [3&]‘{“.{'}& (3.33)

= [« 88, (3.34)

From (3.33) and (3.34) we obtain

w3, = [[*’v],; [ﬁz],J-l[%x |, “ (3.35)

On substituting (3.35) into (3.32) we obtain

-l
£ =035, [34, [[”Jx],, - [?J.]a] [Sel, ) u ©30
Let A;, equal the quan:ity in brackets. Then (3.26) has the form

£ =4, u (3.37)

The parameter &, is & measure of the maximum relative displacement around
the circumference., We wish to relate the joiut stiffness to more common
parameters M and & which correspond to joinc bending moment and joint
relative rotation. Now &, and ¢ are related by

U, = rg (3.38)

where r {8 defined in Figure 3-2, We will define the relationship

between M and f1 by requiring that the following hold for &ll virtual
displacements S, and £ .

MEP = £ 7, (3.39)
On substituting (3.38) into (3.39) we obtain

MIP = Frdd (3.40)

For the above to hold for all virtual changes it follows that

Al = r§ (3.41)
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On substituting (3.38) into (3.37) and the resultant into (3.41) we
obtain

,‘ M=rig, @ (3.42)

1 The equivalent joint stiffness designated by H is related by

| e (58], [, (5, Bud,) e

1 3.2 TEST CASE AND RESULTS

: A computer program which can compute the effective joint stiffness
L as described above was written., The structural configuration used in the
Phase 2 study was used in this study since comparative test data were
available, Figure 3-3 describes the joint and Figure 3-4 describes the
finite element model of shell elements used in all the NASTRAN analyses.

The NASTRAN computer program was used to compute he longitudinal
harmonic stiffness coefficient designated by K' { and K' , for the first
108 harmonics. These stiffness coefficients ar& given ifi Table 3«1 and

‘ a log-log plot of the stiffness coefficient versus harmonic number is
i given in Figure 3-5,

As can be seen from Figure 3-5 the value of stiffness appears to
, approach a straight line for higher values of harmonic number. A straight
1 line on & log-log plot implies the following continuous function

{ relationship
K n \*
X = ( ) > (3.44) 3

where K 18 the dependent stiffness variable, n is the independent
harmonic number variable, (Kl’ nl) is a point on the line and &« 1s &

coefficient related by
‘9‘(":>
‘:I

Log (-2
n

4

(3.45)

where (K2' n,) is & point on the line, For the two lines in Figure 3-5 ]
associated thh the two structures connected by the joint, the data used
to compute higher harmonic stiffness coefficients are given i{n Table 3-2,

16
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Table 3-2

Data Used in Equation (3.44) to Compute Stiffness
Coefficients for Harmonics Greater than 108

«, “,
[ ]
R -]
[ T R S S RN N

Structure 1 Structure 2
/ K 1.57 x 10 4.35 x 107
h 8 8
r K, 3,32 x 10 9.90 x 10
n, 10 10 ’ i
a, 100 100

e

As pointed out earlier many harmonics do not influence the
computation. Table 3-3 shows the harmonics which i{nfluence the computa-
tions as a function of number of fasteners. 3

Each bolt has an effective arc length cver which it acts. As
noted earlier this arc length is defined by the enclosed angle € . Let
us define the quantity R as the ratio of &€ over the angle subtended
by the bolt. The R can be interpreted as the effective number of
bolt diameters over which the bolt load distributes at the joint.

R S IO R S
26

The larger the value of R the higher the joint stiffness will 3
be. To establish correct values of R computed values of stiffness were
compared to measured results obtained in the Phase 2 study. Table 3~4 :
summarizes the Phase 2 measured values of stiffness.

Table 3-4 i

Phase 2 Measured Values of Stiffness for Various
Numbers of Fasteners (x 108 Inch Pounds per Radian)

$
Number of Fasteners Stiffness i3
3 0.358
6 0.971
9 1.639
12 2,575 (interpolated)
18 4,440
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Table 3-5 gives computed values of joint stiffness for the three i
; ! fastener joint, for various values of R and for different values of
b the highest harmonic used in the calculations. The value of R equal i
to 6.24 gives results which are aimost equal to the measured values. :
Table 3-6 shows results for 3, 6, 9 and 18 fastener cases using R equal f
to 6.24, Although the results match the exper{mental values for the j
three fastener case, they are quite in error for the 18 fastener case.

The compliances of the 18 fastener case for various values of R are

given in Table 3-7. As can be seen a value of R close to 1.5 1is

4 required {f the 18 fastener case is to match measured results, Using a

] linear interpolation between the compliance values for R equal to 1.5

] and 2.0 we conclude that a value of R equal to 1,544 will give a value

t very close to the measured compliance, Table 3-8 gives results for R equal

to 1.544. Since R equal to 6.24 gives correct values for the 3 fastener

case and R equal to 1.544 gives correct values for the 18 fastener case,

we used a linear interpolation to establish values of R for the 6, 9

and 12 fastener case. Computed joint stiffness for these cases are given

in Table 3~9, Figure 3-6 gives curves of stiffness versus number of

fasteners of the measured results and of the computed results for R

] equal to 1.544 and 6.24,

As can be seen from the results described above there does not
appear to be a simple way of describing bolt shell interaction. For the
joint in question one shell surface overlaps the other and the bolt
] load acts on the two contacting surfaces, The above results imply that
the fewer the bolts the more compliant the joint but the larger the
effective contact area between the shells becomes, The results suggest
that a more detailed analytical description of the bolt area is required.

Figure 3-7 shows the ~urve of joint stiffness versus R for the

] three fastener case. A dashed straight line referred to as the '"reference

] line" is also shown in this figure. Before continuing our discussion of

this curve note Figure 3-8 which shows curves of stiffness versus highest

harmonic used in the computation for various values of R. In essence

these curves show the way in which the cosine series converges. Note that

3 the cosine series converges slower for smaller values of R and that all

: curves are monotonically decreasing, Now re-examine Figure 3«7, The
separation of the curve for low values of R can partly be explained by
the slow convergence, i{.e., the values shown for the lower values of R
are somewhat separated from the values at the point of convergence., The
separation from the reference line associated with higher values of R
can be explained in a different way. The assumption was made in the

1 derivation that the load distribution along the arc length associated with
the bolt load is uniform. This does not introduce very much error for
small R however for large R the error is significant.

18
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3.3 CONCLUSIONS

The analysis described here was motivated by the fact that compar-
able analyses performed using the NASTRAN computer program would have
been probibitive. A joint stiffness analysis performed entirely omn
NASTRAN during the Phase 2 study cost approximately $300.60 per run for a
case which used 12 harmonics. 1In the present analysis the determination
of K' and K" were made once for 109 harmonics using NASTRAN at a cost of
$2000.00 and ail subsequent runs cost from $0,10 to $0.30, The relatively
high cost in generating the K's motivated use of formulas (3.44) for
generating higher K wvalues,

A e s € VR PRSI IR ¢

One of the problems with using NASTRAN to solve the complete
problem is that one would have to use ali the harmonics up to the highest
one used. One could not exclude harmonics. Thus a run using the present
method which used up to harmonic number 400 and costing $0,30 would have
cost in excess of $5000.00 if done directly on NASTRAN. In the present
study over 100 runs were made at a modest cost.

An unexpected problem was the one associated with selecting an
appropriate bolt load distribution parameter (R). The effective load
peth area for each fastener in the shear bolt joint analyzed appears
to decrease as the number of fastemers increases., It should be noted,
however, that joint compliance estimates within 10 to 29 percent will in
most cases be more than adequate for missile modal analysis purposes,
Accuracy in compliance esstimates is more important for compliant joints
which have a greater influence on airframe modal characteristics than for
stiff joints which have little effect on airframe response characteristics,

A useful effort which was not attempted in this study would be to
develop a simple expression for estimating K,, s, and & wused in equation
(3.44), Such an expression would allow the Aetermination of joint
compliance for shells of revolution,

19
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] TABLE 3-3 Barmonics Having Nom Zero Stiffness
’ Coefficients for the Varicus Fastensr
; Arrangements
Number Of Fasteners
3 I 6 ===n 9 12 18
H:== mﬁ
2 40 5 79 8 118 11 157 17 235
4 41 7 83 | 10 125 13 167 19 251 ]
5 43 11 85 17 127 23 169 3s 253
7 44 13 39 19 134 25 179 37 269
8 46 17 9 | 26 136 3s 181 53 2n
10 47 19 95 || 28 143 37 191 5s 287 ]
11 49 23 97 || 35 145 47 193 7 289 !
g 13 50 25 101 | 137 152 49 203 73 305 ;
] 14 52 29 103 || 44 154 59 205 89 307
16 53 31 107 | 46 161 61 215 91 323
17 55 35 109 || s3 163 71 217 107 325
19 56 37 113 || ss 170 73 227 109 341
20 58 41 113 || 62 172 83 229 125 345
22 59 43 119 | 64 179 85 239 127 359 g
23 61 47 121 7 181 95 241 143 361 f
25 62 49 125 73 188 97 251 145 377
] 26 64 53 127 | 80 190 | 107 253 161 379
4 28 65 55 131 || 82 197 { 109 263 163 395
; 29 67 59 133 || 89 199 | 119 26% 179 397 :
k)| 68 61 137 || o1 206 { 121 275 181 413
32 | 70 | 65 | 139 || o8 | 208 | 131 | 277 || 197 | 415 !
34 7 67 143 100 215 | 133 287 199 431 g
35 73 141 145 |l 107 217 | 143 289 215 433 {i
37 74 73 149 1109 224 | 145 299 217 449 i
38 76 77 151 | 116 226 | 138 301 233 481 §
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Section 4.0

JOINY COMPLIANCE EXTRACTION TECHNIQUE DEVELOPMENT

Tactical missile joint compliances often represent one of the
ma jor uncertainties in developing an acceptable analytical model for
dynamic response studies, This uncertainty tends to be reinforced if
large differences are discovered bastween theoretical and experimental
mode shapes and frequencies. 1If oneassumes that errors in assumed
joint compliances are totally responsible for the theory/test mismatch,
then a me_hod of solution for effective joint compliances is suggested
through an iterative "best fit" between modal analysis and modal test
data. Since distributed mass and missile airframe stiffness parameters
are generally well defined, the assumption that all errors lie in the
effective joint compliances is not usually unr-.asonable. For many years
at the Pomona Division of General Dynamics a somewhat arbitrary trial
and error "hand tuning' procedure was employed to arr-ive at a set of
joint compliances which would yield an acceptable fit between analysis
and test data. This procedure can become quite time consuming and
cumbersome, however, when more than two or three unknown joint compli-
ances are involved.

A joint compliance extraction technique was developed during
Phase 1 of the study of structural dynamic properties of tactical missile
joints (Reference 1). It utilized a steepest-descent method to solve for
variable unknown spring rates based upon a weighted best fit match
between experimental and theoretical mode shapes and natural frequencies,
The method was tailored specifically to beam representations of missile
structures, Unfortunately, the method as implemerted had several
limitations. One of the restrictions was that the number of modes used
had to equal or exceed the number of urknown joints to vbtain meaningful
results. Also, only bending cases with free-free boundary conditions
could be run, and no method of handling appendages had been devised.

Late in the Phase 1 study, a general method for estimating struc-
tural parameters from dynamic test data appeared in Reference 4 which
loocked promising for use in the extraction of missile airframe joint
compliances. Suvbsequently this method was applied in Phase 2 to simple
test cases with encouraging results. As confidence was gained in the
optimization method, the method was programmed for use with a Control
Data Corporation 6400 computer. Originally only first order gradient
terms were usea. The first order gradient method worked well with a
small (two degree of freedom) system, but was inadequate for larger sys-
tems., Next a second order gradient method in which the second order
terms were approximated by differences vas tried and techniques developed
to improve convergence of the method. The resulting computer program is
called program JOINTS,.
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During the present and final phase of this study (Phase 3) a
nurber of program refiuemcnts and improvements have been introduced and
evaluated, These program idditions include the following:

1. A time saving option is provided for generation of "Standard"
welighting factors which weights all test mode shapes and
frequencies equally., Provision still exists, of course, for
input of alternate weighting factors 1if preferred.

Chmdidasa

2. Program logic has been added to preclude missing or skipping
over needed theoretical modes by assuring theoretical/test
mode correspondence becth in number of nodes and polarity.
This prevents sizable errors which can result from wode mis~
matching and avoids numerous program restarts, thus saving turn
around time between computer runms.

3. An option is offered to use a greater numbe. of theoretical
modes than experimental modes in the calculat.on ~f the grad-
ients cf the cost function. This feature aidz jolution con-
vergence when only a few experimental modes are available.

4. An interpolation/extrapolation program called FILLIN has been
{ added which takes experimental modal data at any arbitrary

- set of test missile stations and generates modal displacement
3 and slope data at missile stations consistent with the lumped
parameter modal analysis model. This operation offers a
substantial labor savings in the preparation of input data for
the joint compliance extraction program,

Section 4.1 presents the theory that program JOINTS is based upon.
Raticnale in selecting iteration bite size and the considerations
involved in cheoosing experimental mode shape and frequency weighting
factors are discussed in Section 4.2 together with a review of some of
the results obtained with a hypothetical test case during the Phase 2
study. Section 4.3 presents a discussion and summary of the new program
features added during the present phase and Section 4.4 offers a program
application test case based on a set of actual tactical missile modal

: test data, The Joint compliance extraction technique user's manual,
includirg a listing of the programs, and appropriate test cases are
presented in the Appendix.

4.1 METHOD OF ANALYSIS

The joint compliance extraction technique 1s designed to deter-

E mine mechanical joint compliances of an elastic missile structure by
generating the "best" least square fit between a llnear lumped parameter

4 mathematical model and a given set of experimental modal data, A major

3 agssumption in the method i3 that the joint compliances constitute the

principal unknowns in the lumped parameter system, with both distributed
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wase and stiffness being precisely defined. Weighting factors which
involve mode number, shape, and frequency acknowledge the existence

of accuracy limitations in the test data. The joint compliances yield-
ing a best fit are found by minimizing a quadratic function of the
difierences between corresponding theoretical and experimental eigen-~
values and eigenvectors. This function, referred to as the cost func-
tion, is expressed as follows:

/! % .
=7 ‘Z;‘, fie Cw0:d- w08 Y+ (Xie Sit)” Wiw (Xie “l‘;t)3 (4.1)

The frequencies and mode shapes are denoted by 4/ and X , respectively.
The weighting factor matrix {s W and the index { {is the mode number.
I1f the mode shape slopes are used, they are treated as additional compon-
ents of the X's. The subscripts e and t denote experimental and
theoretical values, respectively. The minimization of the cost function
constitutes a nonlinear programming problem which is the subject of this
section, Optimization problems not amenable to standard methcds are more
the rule than the exception. 1Ia this case the optimization is accom-
plished by a steepest descent method especially developed for this study.
The basic concept originally appeared in Reference 4, Before proceeding
with a detailed discussion of the method, the structural mathematical
model utilized will be described.

4.1,1 System Model. The fundamental structural dynamic consider-
ations of a tactical missile are often handled with a linear lumped para-
meter mathematical model. The one used in this study is typical. More
expressly, the mathematical model simulates a beam-like body with a
series of lumped masses connected by weightless beams. Discrete shear,
comprevssive; torsional, and flexural springs may be included at any point
in the model. The model can be used to &nalyze bending, torsion, and
longitudinal motion. The model contains provisions for including appen-
dages attached to the main body at arbitrary angles with arbitrary
attachment springs. The appendages are modeled similarly to the main
body. The boundary value problem that results from this representation
can be expressed as an eigenvalue problem:

[(—AJ(:M]&.‘ - O c= /1,2, N (4.2)

where M and K are mass and stiffness matrices, respectively, The sub-
routine within the computer program which solves the eigenvalue problem
uses the Holzer-Myklestad method., This numerical method utilizes trans-
fer matrices from point to point on the model and finds the eigenvalues
by satisfying the boundary conditions using an iterative procedure. A
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complete description of the method is found in Reference 5, Limita-
tions of the method and econnmy preclude extraction of 211 N modes
where N 1is typically 50 to 200. It will be seen later that the lack
of a complete set of medes introduces approximations into the optimiza-
tion method and neceysitates modifications.

4.1.2 Solution Method. The "best fit' values of the joint com-
pliances, defined in a least square error sense, are determined by
minimizing the cost function which is accomplished with a modified
steepest descent method. Steepest descent or gradient methods as they
are also known, iteratively converge on the location of the minimum,
since an analytical solution of the condition for an extremum, v~ = 0,
is not possible. The successive estimates of the minimizing values of
the independent variables, in this case a vector the components of
which are the unknown spring rates of the structural joints k, are
(IN'I) cn)

=K -6 vF A(,,) 4.3)

£

The superscript indicates the number of the estimate. If the quantity

0 is a constant, the algorithm is a first order method commonly referred
to as the steepest descent method, It is based on the intuitive notion
that if one proceeds in the direction of the steepest descent, which
Equation 4.3 does, in small steps one must arrive at a local minimuu,

it can also be proven rigorously (Rz=ference 6). A very efficient second
order method may be derived by applying the Newton-Raphson algorithm to
the gradiert of the cost function which yields the successive approxi-

mation,
() o) e
- K eS| =2 VS 4.4
£ = 5[ 3K, ok, | chn) @4

The matrix of second partial derivatives must be non-singular. Theoreti-
cally, the step size, S, 1is a scalar. However, in this study, it was
necessary to generalize its definition. Equation 4.4 serves as the basis
for the algorithm developed. The reasons for the modifications that

were necessary will be explained as they are encountered,

th
The 3 component of the gradient of the cost function is

Y- v ay e r 20X ¢

where ky {8 the jth unknown spring ratc. In order to calculate the
parctial derivatives of the eigenvalues and eigenvectors with respect to
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the ky's, a departure was made from Reference 4., Here the modes were
normalized to unity with respect to the generalized mass M,

Xe MX,, = &, (4.6)

LAYy —Jt '

Also a joint compliance p.sitioning matrix, Kj, is introduced which
locates the unknown spring rates within the full spring matrix -

N’ .
k= B»rZ &k 4.7)

J=/

K is the matrix of kuown spring elements. Because of the peculiarities
of the method used to solve the eigenvalue problem, the spring matrix,
K, is not directly avs .lable and so neither are the variable spring
positioning matrices, the kKd's. However, they can be derived by con-
sidering the strain energy stored in the jth spring. For simrciicity,
assume that a geparate spring rate is assigned to each joint. Then the
strain energy associated with the jth spring is:

= . - x; ) 4.8
({,.—-E—KJ.(XJ- Xj) (4.8)
where 'x; and xy are the slopes to the left and to the right of the
joint for the case of a rotational spring. The strain energy is also

Ui = 1/2ij'TKJx'. Equating the two expressions and then the coeffi-

clents of Tike Terms, it can be deduced that the matrix, Kj, must be the
null metrix except for a submatrix,

( / ") 4.9)
-/ /

corresponding to the coordinates on either side of the joint. Then
according to Reference 7 the partial derivatives are

éb)‘ez _ r "
__"ax,,- = Xie & Xio (4.10a)
r 4
3K _ & .:’.(:f.,.___.._e A & (4.10b)
d K Hri  wy —wes T '
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Equations (4.10a) and (4.10b) can be expanded in terms of components
of the normal coordinates by utilizing the strain energy relationship
for each joint.

1 _ifﬂﬂf = X O x - X - X X X
QN L am; L Te,my i, it ) ¢, myvy ( ¢, myy <C, mje I)
J

IR AY

o s emn

: 4.11a) i
. = (X“an -x"t,mj-'/) ( ;
‘ )
'3
3 }
a.&c’t - N 2 2\~ i
2; 51 (s = e ) {xlt,w (xit,m} = Xit,mjws) 3
i
’ B R R R (4.11b) i

where the indices my; and m/+~/ refer to the components of the

normal coordinatas to the left and right of the jth joint respectively.
The partial aerivatives of the mode shapes were derived using the second
formulation of Reference 7 which requires a complete set of theoretical
modes. As pointed out previously the sum has to be truncated for
reasons of accuracy and economy. This is usually the case in dynamic
problems., Here the justification is a posteriori. The number of thero-
¢ etical modes used in the computation of their derivatives is an option
to be selected by the user,

X7 K’
Xt o 4 Tae © e X g (4.12)
Kk TR e

The second partial derivative of the cost function with respect to the
unknown spring rates, kq and kj’ is

2 - 2 Y 3
3 F W Qe e :
aKiaK.’, - i%/ \l\/f [ k ad (w‘t - ">

3Ky 2K, ak,ak
3 e , Ry \
+ -aTL l“/4')( K; * ()_(‘g- -cQ} (¥ 4 éK FY % } (4.13)
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The second partials of the eigenvalues and mode shapes are

~ 2 r

‘ iw,e d Xse J r i e

3 —————— —— . X. — 4.14

: 3Kk, | akg K EaT N X g (4.14a)
1

s + 2
P} .K{s - X a a\-'/ Y a N’ /A O Lige ; J
a K”aK. = 5‘. (wft - Lt ) = (U(t' - w‘t ) : - X r KX
v

F bK! QK“ Y { B 4
: 3X e 3.X
J r ] Wt

| Y kg K BieT Kee K g ] h
¥
%
1 r o, J X e

+~ X K 4.14b
E —Ae 13 aKﬁ ( )
k
E During Phase 2 it was felt that direct calculation of the second %
i partial derivatives of the eigenvalues and eigenvectors using the above

equations were prohibitive because of computer memory size limits. It
was subsequently realized that direct calculation of the second partial
derivatives is very likely economically feasible since many of the terms
are zero, However, since only a small number of unknown missile joints
are assumed, the method emploved in program JOINIS approximates the
second partials by taking differences of the first partials. Such a
numerical process tends to be accuracy sensitive and demands careful
monitoring. Without resorting to double precision arithmetic, the step
size muat be large enough to yield a sufficient number of significant 3
figures . On the other hand, too large a step size may enclose a
region too large for the coat function to be represented by a quadratic.
The procedure settled upon was the following. Using the current estimate
k(n), the gradient of the cost function is computed with Equations (4.5),
(4.11a) and (4.12). The current estimates of the unknown springs are ;
3 successively incremented one at a time in the directior dictated by the
corresponding component of the gradient:
k(")>] (4.15)

The relative increment, r, is the same for all the unknown spring rates
and fixed for a particular problem. The gradient is calculated at k'(n)
and the ratios of the differences of the respective components and the
spring rate increments are computed. In order to improve the estimates
of the second partial derivacives, corresponding off-diagonal estimates
which theoretically should be equal are averaged as indicated below.

n) on) 3
Ko - K F/-p.sw(“j
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’ ) - (")
x —%- {(K‘,(n)- x‘.(n ) g ._a.;';:._. (6.16)

N 2’_, =) a‘p(")

Sk oK, | 8K, eK

K;

’

X,

) -1 | aF) Y
G A b v

K;

The Hessian, the matrix of second partial derivatives, is then inverted.
The correction terms in Equation (4.4) are computed using a value of 1.0
for S. The sign and magnitude of each correction component are compared
to those of the increment used to estimate the second partials. If the
signs agree or if the magnitude is less than 2-1/2% of the current spring
rate, the second order correction is utilized. 1If not, equation (4.15)
is used., If the new gpring rates, 5‘“ + 1), result in an increase in the
cost function., the correction terms toqk(“) are halved repeatedly until

a decrease in the cost function is obtained. In any case, each variable
spring rate 1s kept within prespecified limits. These procedures which
taken together may be considered a complicated method of selecting a
varying step size, S, evolved heuristicly. Modifications which can be
made to improve them and put them on a more rigorous basis are possible,

4.2 SPECIAL PARAMETERS

This section discusses two of the parameters important to the
proper functioning of the method of solution. Both of these parameters
are input quantities in the present version of Program JOINTS. Thesge
parameters are the set of weighting factors and the step size - r.

4,2,1 Weighting Factors, Ideally the weighting in the cost
function should reflect both the relative accuracy of the experimental
data and the reiative importance of the information to be obtained from
applications of the mathematical model. Often for missiles constructed
with thir cylindrical shells, the experimental data will diverge from
beam behavior in progressively higher modes. For many dynamic snalyses
(such as dynamic loads analyses and autopilot elastic mode coupling
analyses), the contribution of the higher modes is less significant than
the lower modes, If the above conditions hold fer any given problem,

then the weighting factors should decrease in some way with inereasing
mode number.
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A derivation of the weighting factors is now developed. The cost
function (Equation 4.1) muy be broken down into two terms (mode shape
and frequency) for each mode

o= Fe ot Ry (4.17)
where
! 2 2 \%
e = g W (W - @) (4.18)

/ 4
Fu = g (Xie=Xp) Wex (Xia= %)  (4.19)
Rewriting A4, as a summation ylelds

/ 2
x =g W T (.zs;,k- Xiew) (4.19a)

|

To see the siz> of terms produced In the cost function by an error in
the eigenvalue o: eigenvector, a relative error of size & 1s assumed

in each of the measured quantities. Then the cost function terms will

be equated by proper selection of weighting factors. That is, an error
of & will be agsumed in both w®» and X, and weighting factors
will then be found whicn give equal size terms in the cost function.

If the theur tical eigenvalues and eigenvectors are assumed correct, then
an error of & in the eigenvalue can be written as

b 2 AP
e = (17 E) &g (4.20)

The frequency terms in the cost function become

2
/ 2 *
Fg = z Wp [:‘“%e' - (1+€) l«%‘_]

/ a
*
fe = T Wi ['€w(e]

/ 2 +
Fg = g Wi € Y- (4.21)

This means that an error of € in the eigenvalue will produce a residual
term in the cost function proportional to the product of the fourth

power of the frequency and the square of the error., Considering the same
error applied to the mode shape contribution tc¢ the cost function yields
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/ 2
Foxw = ra W,y ; € X‘:‘,‘ (4.22)

The above equation shows that anerror of € in the eigenvector will
nroduce a residual term in the cost function proportional to the product
of the square of the eigenvector and the square of the error. 3Gince the
mode shapes are normalized to a unity generalized mass, then

a
/7 = .';_' M, X‘.q (4.23)

I1f agssumptions are made that the test specimen is a slender beam with
uniform mass and station distributions, then the above equation may be

rewritten as
/ = »? i;: )Q;;

= x> = //5«.‘ (4.23a)

and the mode shape portion of the cost function becomes inversely propor-
tional to the mass

/ 2 /
Fin = Wix € 5 (4.24)
-. _ mass of be.m

where &% = Number of stations

Fix 1s independent of frequency, and is dependent upon the mass, number
of beam stations, and the square of the error,

To equate the size of the frequency terms in the cost function
with each other, the following weighting factors were selected

4
w
Wp = (4.25)

wnere

“y,e = highest experimental mode frequency

Equating the mode shape and frequency terms of the cost function ylelds
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g ]
] where » = mass of the missile (Lb-Sec2/In) %
3 5
i A = number of internal statioms

A

The above weighting factors then approximately weight the mode shape and
frequency errors equally. These factors have been built into Program
JOINTS along with a set of adjustable weighting factor coefficients.

If unequal weights are desired, weighting factor coefficients are input
to the program and these coefficients are multiplied by the above fac~
tors to obtain the new weighting factors used by the program. That is

[LVPRCI OG- R ATEITORY Y, PR T

3 w” 4 ]
Wi = WEC, (—;ﬁg—) (4.27) 4
‘e
Y i
4
— w“’lc
k/‘.x = WFC‘.X _/V m) (4.28)

where WAFC;r and WFC, are input separately for each mode.

Some consideration was given to including provisions for weight-
ing some mode components more than others, but this was concluded to be
an impractical and unwarranted complexity in the operation of the program.

4,2,2 "Bite" Size Selection, The bite size being discussed in
1 this section 18 r iIn equation (4.15), the increment each spring lis
] altered during the intermediate calculation in the computation of the
second order partials, The cholce of the spring increment size, r, can
cause a problem unless care is taken in its selection, The step size i
must be large enough to prevent incurring numerical accuracy problems, i

yet small enough to give an adequate estimate of the second order grad-
ients of the cost function.

Soau
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The present tolerance ratio on the frequency solution in the modal ;
analysis routine {n Program JOINTS is 1 x 10=5, That {s, the theoretical {




frequency solutions will be no worse than .00l percent. In selecting

a value of r to be used in Program JOINTS, a change in each individual
spring equal to r times the spring rate slouvld produce frequency

changes greater than .0l percent in the theoretical modes. This change

in frequency 1is dependent upon the joint locations and magnitude of com~
pliances. Reference 1 (Phase 1 Report) provides an cxtensive discussion
of ~hese parameters. Another constraint on the step size to be considered
is that 1if the originally assumed joint compliances are 'far from comver-
gence' a first order gradient method {s uged rather than the second order
gradient method. If the first order method is used, r is the amount the
conpliance is altered each iteration. If r 1is small, the solution time
may be very large. The phrase 'far from convergence' is defined as a
region which 1s determined by the directions indicated for changes in
individual spring rates from the first order and the second order gradient
methods. If the two methods indicate opposite directinumns should be taken
for the change in spring rate, the first order method 1s used. As the
cost function minimum is approached, the first and second order terms
agree in sign for the change in spring rate so the magnitude determined
from the second order method is used. This cholce of either .he first or
second order method is made independently for each spring.

To illustrate the effect of the step size r, consider the non-
uniform bending beam model shown in Figure 4-1. 1t consists of five beam
sections connected by four flexural joints, each of "moderate' tec 'good"
stiffness for the assumed test alrframe., The Holzer Myklestad method
(identical to what is used in Program JOINTS) was used to generate the
required modal data for this test case. Since the medal data are 'exact"
for the lumped parameter model, a precise means for judging the accuracy
of the JOINTS program solution is provided. Selected flexural joints
were then assumed to be unknown,and arbitrary (incorrect) initial values
selected.

Figure 4=2 shows the results obtained with Prsgram JOINTS by using
two modes to -oive for three joint compliances. For this case, the com=
pliance of the first of the four joints was assumed to be known corvectly
and the coripliance of the last three were assumed high by a factor of two.
The valnz of the intermediate step size, r, used in this case was 257,
Figuie 4-2 shows the result of eighteen iterations. The convergence is
seen to be quite slow. Other values ¢f r have been considered with
interesting results. Figure 4-3 shows the same example as Figure 4-2,
except the value of r was changed from 25% to 1%. Here convergence to
the three correct joint flexural compliances is achieved in four iteration
cycles or about four times as fast. This points out the importance of the
intermediate step size, r, used in approsimating the second partial deriva-
tives. In both of these examples, three unknown spring rates were solved
using only two modes,

Figure 4-4 1llustrates further the importunce of the intermediate
step size, r, in the convergence of the method. Values of r considered
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in Figure 4-4 range from 25% to 1%. Very little difference is seen
between 17 and 57, suggesting that both approximate the second order
gradients well. For this case, it can be seen that 25%, 20%, and 15%
were all too large a value for r. All three values of r will produce
the correct joint complignces but the run time is much longer for the
larger values of r. The value of r for best convergence will not be
the same for all cases. In fact, for some problems it might be more
efficient to make two computer runs using two different values of r, In
the beginning, use of a larger value of r may be required 1f the pro-
gram employs the first order gradient method. However, the solution may
be sp=2eded up by using a smaller value of r as the cost function mini-
mum is approached and the program uses the second order gradient method.

4.3 PROGKAM FEATURES ADDED

This section discusses some of the techniques developed during
the Phase 3 study to increase the efficlency of Program JOINTS and to
decrease the work required by the user. Covered in this discussion are
the program generation of weighting factors, logic in JOINTS to correct
for modes being missed by the eigenvalue extraction subroutine, and the
benefits of using the input parameter 'CLOSE'. 1In additiocn, this sec-
tion introduces the computerprogram (Program FILLIN) written as an aid
for the user of Program JOINTS. Program FILLIN accepts measured modal
data in a general format and interpolates between those data points to
obtain a new set of data in the format appropriate for use in Program
JOINTS. The changes to the Iinput data are necessitated b:zcause Program

JOINTS compares the experimental and theoretical modal data at identical
missile stations.

4,3,1 Weighting Factor Generation., In the original program format,
the weighting factors required to use Program JOINTS had to be calculated
by the user, As an added convenience, it was decided to accomplish the
major portion of the weighting factor computation within the program.
Equations 4.25 and 4,26 of section 4.2.1 present the equations of the
weighting factors now used in the program. The option Iis retained to
input welghting factor coefficients desired by the user, but these weight-
ing factor coefficlents ( WAC,, and WFC, in equations 4.27 and 4.28)
modify the factors computed by the program and do not replace them. If
no values are input for WFC.r and WAFC,, , these coefficients are
2ach agssumed equal to 1.0, 1If the user, for example, wishes to weight the
first mode shape and frequency a factor of two more than the other modes,

he simply inputs the value 2.0 for WAC . and WKAC,  and 1.0 for all
other modes.

4.3.2 'Missing' Mode Logic. Another option built into Program
JOINTS duriug Phase 3 is a check to guard against missing modes in the
eigenvalue extraction routine, This 18 accomplished by checking the com-
puted modes against the experimental modes. For bending cases, the number
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of slope sign changes in each theoretical mode shape is compared with
esdch measured mode. Like modes are matched and 1f any modes are missing
the program will go back and compute the missing modes. Because of the
way the Myklestad subroutine treates redundant appendages, this check
should not be used with a model that has redundant appendages.

4.3.3 Number of Tieoretical Modes. Another improvement intro-
duced to Program JOINTS i{s to allow the calculation and inclusion of
more theoretical modes than experimental modes in the partial derivatives
of the mode shape given in equation (4.11b) The partial derivative of
the eigenvector for the ith mode is expressed as the sum of contributions
from all modes except the ith mode. This sum 1s truncated at however many
modes are available for the calculation, If only one mode is available,
then the partial ‘s approximated by zero. If two modes are available,
then the partial is approximated by contributions from one mode., For a
distributed system, the partial derivative would be computed from an
infinite gum. The larger the number of modes, the closer the sum should
approximate the partial derlvatives. Using more modes in approximating
the partial derivatives can be expected to produce more accurate values,
aid in the problem solution, and accelerate the rate of convergence, The
amount of computer time used per iteration cycle, however. is directly
proportional to the number of theoretical modes used in the solution.
Because of this cost consideration, the user would be advised to use an
equal number oi theoretical modes in the solution when three or more meas-
ured modes are available,

4.3.4 Input Parameter 'CLOSE'. The input parameter 'CLOSE’,
Table A-3,used in Program JOINTS 1s another parameter designed to save
computer time. If a value is not input for 'CLOSE' into Program JOINTS,
a continuous search is made for the required number of modes between
specified frequency limits, Computer time may be saved by eliminating as
much of the searching as possible., A way of eliminating the unnecessary
searching is to start below but very near the answer. 1Inhe reason for
starting just below the answer is that the frequency search is done in an
increasing order. For a model which matches the expsrimental data fairly
clngely, the search starting frequency for each mode may be selected close
to the experimental frequencies. If a value of 'CLOSE' is input, the
search for the ith mode starts at the frequency equal to 'CLOSE' times
the experimental frequency for the ith mode.

Starting the search for the modes near the required solution has
saved congiderable computer time in several of the test cases., Using the
tactical missile application of Section 4.4 as an example, a value of
'CLOSE' equal to 0.9 cost approximately 307, less than an identicsl run
where a contimtous search was vczd, However, care must be taken that
'CLOSE' times the experimental frequency for the i'" mode will not be
lese than the theoretical frequency for the (i~1)th mode, in which case
the (£-1)th mode will be repeated for the 1th mode.

46

IO T
St o s sl s 1 o Gl e e S PR ANMEALM R S ki m Ao £

Al

oz

Ak




TN Ty

T TR

4.3.5 Test Data Preparation. One of the goals of the Phase 3
study was to simplify the tasks of the person using Program JOINTS.
During the Pnase 2 study, it became obvious that for Program JOINTS to
be easily useable, a scheme was needed to reduce the amount of work
required to get the experimental data in the format necessary for the
program, As the cost function is formulated, the mode shape deflection
and slope at every internal station are compared with a measured mode
shape deflection and slope at that station. However, seldom are the
measurements made at the gtation locations required by che mathematical
model. In addition, the quantities most usu2lly measured during test
are the modal deflections and not the slopes. One way of handling this
problem is to plot the measured deflection data. From these plots, a
new set of modal deflections and slopes are read at the desired stations
and key punched on carda. As an example of the size of this problem,
the tactical missile test case discussed in Section 4.4 has a total of
78 stations. The aumber of data points read per mode is 156, and three
modes were used for that case. It was for this reason that Program
FILLIN was written,

Program FILLIN accepts modal data measured at a set of missile
stations and the mathematical model data to be ugsed in Program JOINTS,
The program then interpolates using several simple curve fitting tech-
niques. The program is primarily designed for bending mode cases. The
method of interpolation to be used at a particular station {s determined
by the station type and the relative locations of stations at which
experimental values are available fhe types of stations considered
include those not at a joint, those immediately to the right or left of
joints, and those at the ends of the main beam or an appendage, The first
clags of stations includes the majority of stations. For these stations
interpolation was accomplished with a sliding parabolic least square
curve fit to four experimental values. That is the two nearest experi-
mental values on either side of the station are used for the least square
fit., If two experimental values are not available on both sides of the
station, linear interpolation or if necessary extrapolation is resorted
to. This also applies to stations at ends of appendages and to modal
slopes at gtations immediately to the right or left cof rotational spring
joints and to modal displacements at stations immediately to the right or
left of shear spring joints. Modal slopes at & shear joint are the aver-
age of the two straight line slopes on each side of the joint.

One of the lim!tations of Program FILLIN 18 that appendages with
180° attachment angles will have slope values with the sign opposite to
the Myklestad subroutine. This occurs because the Myklestad routine
uses a different coordinate systems on appeudages than it does on the main
beam while FILLIN uses only one coordinate system, Another limitation of
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FILLIN is that inaccuracies can occur at stations near joints and in
slopes at roots of appendages. However, one of the advantages of the

least square curve fit {s that the method will smooth the experimental
data,

4.4 TACTICAL MISSILE TEST CASE

To show the utility of Programs FILLIN and JOINTS, a set of meas~
ured bending modal data for an actual tactical missile were selected as
a test case, The set of modal data had previously been matched with a
mathematical modal by a trial and error method. This method took approxi-
mately sixty computer runs. Previous test cases based on hypothetical
models had shown that the method arriveg at the correct joint compliances
rapidly when an exact math model is used with no errors in the input data.
The results obtained with this test case illustrate how well the program

works when matching a lumped parameter model to actual measured data with
its inherent experimental errors.

Flgures 4-5, 4-6, and 4-7 present the three experimental modes
and the curve fit values obtained from Program FILLIN for the tactical
missile., Ther: are slight discrepancies between the measured data points
and the curve it values, especially near the front end of the missile
where few data points exigt. The forward end of the missile is a radome
shell and quite stiff for the weight it supports. It therefore bends
very little in the lower bending moles. When the progecam fits the data
points with a quadratic equation, *“e match i{s not perfect, Nevertheless
the interpolated modal displacements and slopes are belleved to be reason-
able representations of the measured modes. Since the method tends to
smooth the dats, a test case with larger experimental errors in the meas-
ured modes would look more impressive,

The output displacements and slopes from Program FILLIN are
punched on cards in the format for Program JOINTS. However, the punched
output must be checked and corrected as 180 degree appendages will have
the sign of the slopes ocut of phase with the Myklestad program. This is

due to a different sign convention in the Myklestad subroutine for 180
degree appendages,

The data output from Program FILLIN was then used as the input
modal data for Program JOINT3. The set of weighting factors selected for
this application were chosen to equate all three modes (both frequencies
and mode shapes) equally., The first three joint compliarces (which
represented airframe joints) were started approximately 3007 higher than
the hand tuned values. The fourth joint compliance represented the
attachment compliance for an internal appendage. The originally assumed

value of the fourth compliance was started high by 307 over the hand
tuned value,
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Figure 4-8 shows the rate of convergence obtained by Program
JOINTS for the tactical missile appiication. The program was run for a
totai of eight i{teration cycles, However, the cost function did not
improve significantly after the third cycle. The final (iteration
cycle eight) joint compliances obtained agree quite well with the hand
tuned values, Figures 4-9, 4~10, and 4-11 present & comparison of the
experimental and theoretical modes., It is apparent from the figures
that a good match has been obtained between the two sets of data.

Next, a new set of weighting factors was chosen to see what effect
diffeient weighting factors had on the solutfon., It should also be
noced that the test data was represented well by the beam model in the
albove solution, The set of frequency weighting factor coefficients
selected were 100, 10, and 1 for the first, second, and third modes
respectively, The corresponding mode shape weighting factor coefficients
were 1, 0.1, and 0.01. Figure 4-12 shows the solution (No. 2) obtained
for this condition. Comparison of Figures 4-8 and 4-12 shows that both
sets of compliances obtained are ciose to the hand tuned values. The
following is a comparison of the experimental frequencies and the fre-
quencles obtained for the two sets of weighting factors.

Mode Experimental Theoretical Frequency (Hz)
No. Frequency
(Hz) Solution Solution
No. 1 No. 2
1 59.3 59.5 59.3
2 116. 114.4 116.0
3 153. 154.2 153.6

As shown above, the cagse where the frequencies are weighted more heavily
than the mode shapes (solution number 2) does in fact exhibit & better
match between the experimental and theoretical frequencies.

4.5 STATUS OF THE EXTRACTION TECHNIQUE

The joint compliance extraction technique in its present format
is believed to offer a useful, convenlent, and reliable method for esti-
mating effective compliances of missile joints from modal test data,
The method presumes that the missile airframe distributed stiffness and
mass properties are kncwn, the modal characteristics can be adequately
modeled as a lumped parameter beam, and that all discrepancies between
modal analysis and modal test deta can be attributed to uncertainties in
the joint compliance values, As in any analytical method, additional
refinements and areas for .mprovement will become evident as applications
are further explored with actual test data.
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LIST OF SYMBOLS FOR SECTION 4.0

= (Cost Function of Error Terms :

Numbar of Experimental Modes

N

= Summation on Index <

Mode Frequency

x & M

= Mode Shape

¥
il

Weighting Factor

¢ )Y = Transpose of ¢ D

~ = Stiffness Matrix

M = Mass Matrix

A = Number of Internal Stations in Model
K = Unknown Spring Components

n = Iteration Number

& = Step Size

oF

aﬁ? = (Gradient of F

s = Ctep Size

Inversé of [ ] )

—
L—l'
~
[}

= Kronecker Delta {= 1=
= 149

. S ]

1
0
k = Matrix of Known Spring Elements
Ay = Number of Joints
2] = Strain Energy
X, X. = Slope to the Lef* and Right of Joint |}

K = Intermediate Spring Rate Used in Computing the Second
Order Derivatives of F
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LIST OF SYMBOLS FOR SECTION 4,0 (Cont'd.)

r = Intermediate Step Size Used to Obtain K' i

E Sea/C )= The Sign of ¢ ) !
i
E € = Relative Error Size
A = w? a Eigenvalue :
E m = Mass of Missgile
W/ = Weighting Factor Coefficlents
3
SUBSCRIPTS
e = Experimental
L’ t = Theoretical
x = Mode Shape
‘ £ = Frequency
¢€,4,4,mq = Indices or Counters
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Section 5.0

MISSILE JOINT SELF INDUCED VIBRATIOIN

Tactical missile airframe joints can become significant sources
of mechanical shock and vibration under transient loading ccnditicns
which exceed mating surface interface preloads. If mating surface
separation and impact occurs, shock transients generated at +t'- inter-
face will propagate from the airframe joints throughout the 1le
structure. Under oscillatory loading conditions, the repeti shock
transients - modified by strain wave reflections - often assume the
appearance of broadband vibration when monitored at missil - componenis.

One obvious potential problem area with noisy joints can occur
in laboratory sinusoidal vibration testing where the test conditions
are specified in terms of displacemer* or acceleration input at the test
fixture/specimen interface. Since only the fundamental input leveis at
the excitation frequency are usually controlled, a significant overtest

can result from uncontrolled broadband vibration induced by mechanical
joint interface impact.

The vibration environment source characteriscic can also be of
concern in the case of air launched migsiles which are cften eyposed to
many captive flight hours. Excitation of comparat.vely low frequency
aircraft and missile modes by aerodynamic turbu:enc?: and/or buffet may
result in the secondary generation of high frequency vibration due to
mechanical interface impact within missile airframe joints and in some

instances at aircraft interface contact points such as sway brace pads
and lugs.

Recent tactical! missile flight vibration measurements, furthermore,
provide suspicious evidence that for some current missile designs the
joints may be a prime contributor to missile flight vibration and shock
environments, If thies premise is valid, then improvements in missile
joint design may yield significant reductions in envirommental exposure
and support cost saving relaxations in environmental specifications.

This section presents the results of an exploratory inveatigation
of the mechanism of joint self induced vibration and an initial evalua-
tivn of possible methods for control and suppression, The scope of the
investigation has {included tests of both full scale actual missile jofints
and an idealized subscale joint model. A design concept for a joint
interface treatment to suppress self induced vibration invelving flame
deposited teflon was developed in missile section level testing with
sufficient promise to warrant missile round level flight test evaluation.
Test results from both laboratory section level (encouraging) and flight
migsile level (inconclusive) are reviewed and discussed. Due to the
inconclusive results obtained in the missile level testing, a sub-scale
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{idealized joint model was designed with the objective of isolating and
controlling some of the more elusive full scale test parameters. T.e
model test results, while exhibiting some scatter, do show consistent
trends and a significant improvement in joint preload, damping, and mech~
anical noise reduction when a teflon coating is present at the model
joint interfaces.

More work clearly remains to be done in this area., The investi-
gation thus far has shown that joint interface impact can be a powerful
source of broadband vibration and that interface coatings can effect a
substantial improvement in joints exhibiting these characteristics.

5.1 FULL SCALE LAB TESTS

The full scale joint designs selected for consideration in this
studv include a discontinuous land ring joint shown in Figure 5~1 and a
continuous split ring joint shown in Figure 5~-2. Both of these joints
are highlv compliant (rated about "'moderate' under the classification
basis discussed in Section 2.0) with comparatively low interface contact
preload (estimated to be approximately 12 pounds/inch) under design
assembly torques. The low preload is best illustrated by the fact that

in one tactical missile application, with the discontinzous land ring joint,

the assembly preload is well exceeded in a one g environment; i.e. the

static moment produced by the missile structure forward of the joint is
neariy twice the preload induced moment.

Ring joints of this type have consistently demonstrated a capacity
for generating joint interface impact vibration in section level vibra-
tion testing. In one instance of sinusoidal vibration testing of a
missile guidance section, a 3g sweep was observed to produce 20g broad-
band when the fundamental passed through a joint impact resonance.

Tne initial hypothesis in searching for a fix for this behavior
was that compliant material placed on the contacting surfaces of the
joint would inhibit metal to metal {mpact and thus materially reduce the
resulting vibration. Tt was further conjectured that any adverse effect
of this compliant material on joint stiffness could be offset by &
general improvement in load distribution resulting from filling volds and
irregularities in the mating surfaces. Each of the ring joint designs
has 3 ccntacting surfaces - two associated with the ring nut and subjec:
to abrasion as the surfaces slide in contact during assembly, and one
where the missile shroud sections butt together. With practical manu-
facturing tolerances, a perfect fit on the mating surfaces is virtually
never achieved. The uncertain and variable loed paths due to tais feac-
ure are viewed as a major contributing factor to both high compliance
and noise generation characteristics. Another obviovsly inportant
parameter 1s the joint preload, with any increase achieved either through

higher assembly torques or reduced friction in the sliding surfaces
(threads) being beneficial,
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A variety of candidate joint interface materials including epoxy,
RTV, plastics, elastomers, and soft metals such as lead and aluminum
were selected for evaluation. These materials, {n general, were only
introduced on the non-~sliding surfaces of the joint. Epoxy and RIV were
applied also to the sliding surfaces with the expectation that most of
the coating would be wiped off points of contact but that some of the
voids in the mating surfaces might be filled. The test set-up used to
determine the effect on joint self induced vibration, shown in Figure
5~3, consisted of a4 missile nose section cantilevered from & discontin-
uvous ring joint attached through a test fixture to an oil slide table,
The basic test specimen when driven at resonance would exhibit an abrupt
increase in broadband vibration when the joint preload was exceeded with
the ratio of broadband to fundamental response at the joint exceeding a
factor of 8 for one test point. The test was then repeated with each of
the joint interface materials using a constant assembly torque and
recording broadband (20 5000 Hz) response at the joint for several refer-
ence fundamental response levels., Table 5-1 presgsents the results
obtained with the different interface coatings for two dynamic bending
moment levels at the ring joint interface. These data should be consider-
ed qualitative at best with the test results generally showing poor
repeatability with large variations for small changes in test conditions.
The exception to this was the Teflon configuration which showed not only
the best performance from the stardpoint of minimum impact noise but also
good repeatability and consistency in subsequent re-tests.

It should be ncted that the teflon configuration represented the
first effort to coat the sliding surfaces of the joint, Flame deposited
te¥lon has sufficient bond strength on the coupling ring and low fric-
tion on the sliding surfaces to remain intact and not be wiped off the
contacting surfaces during joint assembly. The low friction on the slid-
ing surfaces in fact undoubtedly accounts for a major portion of the
substantial improvement shown for this configuration by producing a large
increase in joint interface preload for the same torque. The teflon
coating was applied only to the coupling ring, rather than all joint
contacting surfaces, not by choice but by expedience since the coating
process was performed ou: of plant. Oune other potentially important
characteristic of the teflon was observed to be an apparent significant
increase in effective structural damping for the test specimen, with
larger shaker output required for the same bending moment response.
Baged on these admittedly limited but encouraging results, the use of

teflon on ring joint interfaces was concluded to have shown sufficient
promise to warrant missile level evaluation.

5.2 MISSILE LEVEL QUALIFICATION AND FLIGHT TEST
A continuing series of test firings for . advanced version of a
surface launched missile planned for the Spring of 1973 offered an

opportunity for missile level flight evaluation of tne effect of teflon
coated joints on missile flight vibration. Environmental data obtained

66

)

PRI W

BSUPNS

i
i
i
4
ki
!
£
3
k]
i
H
i
«




on earlier flights of essentially the same missile airframe with ummodi-
fied joints provided a direct basis for comparison, The missile config-
uration in question employs six primary joints. Three of which are ring
joints, two being of the discontinuous land type and one of the contin-
uous split ring type. The remaining three joints are of the tension
bolt type, considered to be very stiff and sufficiently preloaded under
assembly torques to oreclude any separation under flight locads., The
missile profile and joint locations are shown in Figure 5-4.

A decision was made to treat only the ring joints and further-
more to confine the teflon coating to the coupling rings, recognizing
that one of the interfaces for each joint, as was the case in the lab
test configuration, would not be teflon coated. Prior to desi,n release
and acceptance for flight of this missile joint modification, several

possible issues needed to be resolved in securing & design requalification.

This effort included:

1, Proof load tests of the modified joints to demonstrate that
the teflon coating had not compromised structural integrity.

2., Creep tests to provide assurance that missile assembly pre-
loads (albeit low in the case of the ring joints) wouid not
be seriously degraded.

3. Further lab evaluation to confirm the expected noise suppress~
ion characteristics of the teflen,

One facet of this phase of the investigat‘i,n was a concerted
attempt to devise a means for measuring the ir.erface preload - both for
the basic and teflon coated joints. This effort, unfortunately, was
largely unsuccessful, precluding definition of this important parameter
which would have been particviarly useful in interpreting dynamic response
and creep charactevistics, :iruvof loads were successfully applied to the
joints in question without incident, and the creep issue was qualitatively
resolved by retorqueing control joints after suitable aging and noting
that no relative motion of the joint coupling ring occurred.

Joint impact noise suppression tests were carried cut using essena
tially the same test set=-up shown in Figure 5-3. 1In this case, however,
three di“ferent test fixtures were required to represent the three
different joint locations on the missile airframe. The test results for
the three joints are plotted in Figure 5«5 in terms of noise suppression
achieved by the teflon coating versus the basic joint noise factor, with
these psarameters defined as follows:
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S = {in~plane fundamental response at the joint
928 = {in-plane broadband response at the joint {20-5000 Hz)
9, = 3‘;8"' ?,_. = {in-plane noise at the joint

#

(3,/9x)

<3&I/§¥)r/é3&//522?= joint noise suppression factor - a ratio of

teflon coated joint noise factor to basic joint
noise factor,

joint noise factor

The test results obtained in this series showed considerably less
improvement in joint noise ciucracteristics with teflon coated coupling
rings than had been observed in the earlier testing. Previous lab data
for Joint 1 are shown for comparison. Joint 3 at low response levels was
""quieter" in the basic configuration then with teflon for the one speci-
men tested, although the performance of “he teflon configuration improved
rapidly as the excitation level was increased. Data points connected by
straight lines in Figure 5-5 reflect the two different responze levels for
the same joint, These data would appear to indicate that "quiet'" joints
do not admit much improvement while considerable benefit from the teflon
coating might be expected with "noisy" joints,

Since the teflon coated rings had satisfactorily passed all design
qualification requirements, the configuration was released for flight
test evaluation., A total of four instrumented test flights were made with
complete data acquisition. Frum the standpoint of showing an improvement
attributable to the teflon coated coupling rings, however, the flights
were uniformly disappointing being virtually indistinguishable from the
earlier flight series with the basic unmodified joints.

Possible interpretations of this test outcome include:

1. The importance of coating a2ll three joint interface surfaces
rather than just two may have been underestimated. Lab
testing could have been misleading in this respect 1if excita-

tion levels relative to joint preloads were not representative
of the flight conditions.

Joint impact may not be & significant contributor to the flight
vibration environment for this missile configuration. In this

case, improvements in the joint response characteristice would
not have been noticed.

In hopes of answering some of the questions associated with joint
self induced vibration, an idealized ring joint model which would admit

more precise measurements of the critical parameters was designed and
tested,
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i 5.3 JOINT IMPACT MODEL DESIGN AND TEST

The ideal test specimen for joint impact modeling was visuvalized
(as in previous joint investigations) as a simple uniform structure
with a single ring joint veplica at the mid-span. Free-free boundary
conditions would be used to avoid uncertainties in support constraints.
As & result, the primary joint characteristics of interest (compliance,
damping, impact noise generation) would dominate aund be deducible from
the test specimen dynamic response. The model joint replica design,
] while permittiang considerable simplification, was required to simulate
all of the important properties of a typir~? full scale missile ring
joint including compliance, low interface preload, and similar assembly
and interface contact characteristics. Additionally, the joint
replica design approach must provide accurate and reliable means for

measuring joint interface preload versus applied torque during assembly

: and as a function of time during creep investigations,

SRt ST Madas

The joint replica designed to satisfy these requirements is
illustrated in Figure 5-6. Joint preload is accomplished through a
single strain gaged bolt on the center line of the aluminum test speci-
men, with this preload reacted circumferentially through a separace
joint ring representing multiple joint interface contact surfaces.
Interchangeable stainless steel "joint rings' provide a convenient means ]
for investigating the effects of various joint interface meterials, ;
The model joint compliance is assumed to be provided primarily by the
extensional elasticity of the center axis bolt estimated as follows:

o P ek

£
Co = FaE (5.1)
where: £ = effective spring length, 3",
i r = effective radius. 1.265 inches.

£ = modulus of elasticicy, 30 (10)6 #/inz.

~ = cross sectional area cf spring elements, inz.
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The center axis bolt is locked to one half of the model with a
locking nut and the wmodel assembled by applylng preselected torques to
the other half of the test specimen. The threads on the center axis
bolt are lubricated to insure that the primary frictional torques in the
joint assembly are assoclated with the contacting surfaces on the inter-
face ring. The full scale ring joints described in Section 5.2 have
estimated compliances ranging from O.,75(10)'8 to 2.7(10)-8 rad/in # and
fall in the moderate to good joint compliance classification scale. A
corresponding range for the model joint compliance was provided by
making three center axis couplers with diameters from 1/8 to 3/8 inches.
A direct comparison between model and full scale joint compliance 1s
obtained by multiplying the full scale values by the cube of the full
gcale to model diameter ratio as follows:

CONFIGURATTON Co(10)° Rad/In #
Fuil szale X (Dg/8,)? .88 - 3.2
Model .57 - 5.1
Where: O = Full scale Migsi.e Diameter, 13.5 inches

Oum

"

Model niamecrer, 2.75 inches

5.3.1 Model Joint Preload. The relationship between joint pre-
load - measured by strain gages on the center axis tension bolt - and
applied torque was Investigated for three joint interface coatings in
addition to the basic clean dry joint. The results of these measurements
are shown ir Figure 5-7. The teflon coating. approximately 3 wmils thick,
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was flame deposited by an application process identical to that used on
the full scale rings discussed {n Section 5.2. The Molybdenum

Disulfide (MDS) Dry Film was applied using an aerosol! spray; and the
Siiicon Grease, DC-4, was directly wiped on the joint interface surfaces.
A thorough cleaning of the joint interfaces with sclvent was performed
between each test of a different coating material.

Both of the lubricants, MDS and DC-4, resulted, as might be
expected, in a fairly significant increase in joint preload, ranging
from 60 to 100 percent. The teflon coating, however, produced the
largest increase in joint preload with a consistent and repeatable gain
of greater than 5 over the basic unlubricated joint.

Teflon has a well recognized tendency to cold flow under load.
To assess the {mplications of this behavior on the preload of a joiut
with teflon on the interface surfaces, a preload of 600 pounds was
applied to the model joint and found to have been maintained with
virtually no change after 64 hours, The estimated loading on the teflon
for this condition was 318 psi, assuming uniform distribution over the
joint interface.

5.3.2 Model Vibration Test Setup and Results. A sketch of the
test setup used to evaluate the dynamic response characteristics of the
ring joint model is shown in Figure 5-8. A free-free suspension was
employed with the model oriented vertically to avoid any gravity moment
bias on the joint. Force excitation was provided by an MB Electrodynamic
Shaker, rated at 50 pounds peak force capability, monitored by a force
gage at the fnput station on the test specimen. Trizxial responase
(acceleration) was monitored at the top end of the specimen to eatablish
a total response reference, and bot' frrce and in-plane acceleration at
the input station were monitored to provide a basis for estimating
system damping. Although vibration induced by joint interface impact is
propagated in all respon-e coordinates, the longitudinal response (iz')
was concluded to provide the primary and most sensitive measure of joint
impact induced response. The impact forcing function is assumed to be
impulsive in nature with primary excitation at twice the transverse
mode freauency with the response distributed over a broad frequency
spectrum, Total impact induced ncise was interpreted as the rms vibra-
tion over a 20-5000 x hz bandwidth measured in thelongitudi.al coordi-
nate (M) at the response station on the test specimen. This broadband
vibration level was then normalized by the vector sum of the inplane and
crossplane transverse response a4t the excitation frequency to establish
a nolise ratio for the particular test condition.

Table 5-2 presents response data for the basic configuration
with uncosted metalic surfaces at the joint interface. Test parameters
include variations in both joint preload and excitation level. Estimates
of system damping shown are based on calculated generalized mass and
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generalized force in the model response. The general trend is for fre-
quency to ‘ncrease with response level. Corresponding data for the

test specimen with teflon at the joint interface is prnsented in

Table 5-3. Considerable scatter in the response parameters is shown for
botbh configurations at tne lower preload and excitation levels, reflect-
ing the nonlinearities and cross coupling in the test specimen response.
The two higher values for joint preload used with the teflon configura-
tion (200 and 400 pounds) are intended to represent a conservative
estimate of the preload increase which would be realized over the basic
configuration (50 to 100 pounds) for the same assembly torque. Particu-
larly noteworthy is the fact that the teflon configuration at the higher
preload levels exhibits pronounced decreases in impact noise ratio
accompanied by significant increases in resonant frequency. The predicted
relationship between test specimen Llst mode frequency and effective joint
compliance is shown in Figure 5-9. Upper bound frequency test points

are shown for the basic configuration assembled with 50 to 100 pounds for
comparison with the teflon configuration assembled first with equal
preload (50 tu 100 pounds) and then with "equal" torque (200 to 400
pounds preload). Table 5-4 presents a comparison of the basic and

teflon configuration respcuse based on an arithmetic average of all test
data with the following conclusions:

1. For comparable preloads, the teflon coating on the model
joint interface reduced joint impact vibration by an average

factor of greater than 2 while increasing mode damping by an
average factor of greater than 2,

2. For comparable assewmbly torques, the teflon configuration
reduced joint impact vibration by an average factor of
nearly ten while maintaining and slightly increasing the
improved damping attributed to the teflon. Additionally,
the effective joint stiffness was found to be nearly a
factor of 3 greater than the basic joint for the same torque,

presumably because of the significantly higher joint prelcad
realized with teflon.

5.4 FULL SCALE IMPLICATIONS OF MODEL TEST RESULTS

1. Joint interface impact can be a gignificant source of self=~
induced vibration.

2. The vibration generation mechanism requires physical separa-
tion at the joint interface for impact to occur,

3. Corrective measures would appear to include Increasing pre-
load to avoid interface sepeération and/or coating the impacting
surfaces with a complisnt material to attenuate the response.

4. Teflon as a candidate material for joint interface treatment
has been siiown in idealized model tests to produce a
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substantial improvement in joint preload, reduction in

gelf-induced vibration, and increase in joint contribution
to ytructural damping.

Conflicting and mixed results obtained with partial teflon
treatment of full scale noise susceptible joints are suspected
to have been caused by neglecting to coat all of the primary
joint interface surfaces.

The results to date in exploring joint interface coatings
have shown some encouraging trends. Many questions remain
unanswered, however, and more work is clearly needed before
practical applications can be considered in actual missile
structure,
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Table 5-1
Measured Noise Ratios for Discontinuous Land
Joint with Different Surface Treatments

Constant Agssembly Torque 4500 in #

Config. Application Regponse Noise
Level (1) Ratio (2)
Basic Dry Film Lube (MDS) on 1 3.37
All Surfaces yA 8.30
Epoxy All Surfaces (with parting 1 1.36
agent) to Fill Voids 2 5.45
RTV All Swurfaces 1 1.19
2 2.62 ]
Lead Foil Tape on Non-Sliding 1 1.35
Sarfaces Only 2 2,52
Aluminum Foil Tape on Non-Sliding 1 1.70
Surfaces Only 2 1.98
Silicone Thin Sheet Non-5liding 1 2,10
Surfaces Only 2 2.01
Teflon Flame Deposited on 1 1.12
' Coupling Ring Omnly 2 i1.14
(1) Response Dynamic Bending Moment
Level Induced at Joint
1 3000 {n #
2 5000 in #
(2) Nolse ratio defined as ratio of broadband

response to fundamental response (3.3/3F )
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Table 5-2
Basic Joint Model Dynamic Response

Preload | Freq fj Ar % Cross | Nolse Damping
# hz g's Plane Ratio ¥
50 101 9.9 110 .19 .0078 f
50 i06 16.7 117 .66 .6077 :
50 103 22.2 119 72 .0049
75 107 7.4 93 11 .022 ;é
75 108 18.5 124 .78 .0095 : :
75 108 24.7 116 .63 .0079 ; ;
100 110 9.9 108 1.42 .046
100 113 11.5 86 .45 .07
100 109 20.3 109 .84 . 0098
h,
X
Y dhere:
ﬁ: X = inplane response at £
¥ = crossplane response at §
) # :.0-
ny = vector stm X * Y
# = broadband (20-5000 hz)
O response
Noige Ratio = t/ﬂr
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Table 5-3
Teflon Coated Joint Model Dynamic Response

Preload Comparable to Basic Joint

Preload Freq. % Cross Ncise Damping
i# Hz g's Plane Ratio
50 111 8.5 128 .088 .09
110 18.7 124 .69 .0072
111 21.0 107 .86 . 0055
75 137 7.7 116 .072 .014
134 8.1 127 L11 .013
97 11.8 30 .13 .073
101 18.8 20 .38 . 060
100 94 6.1 35 .033 .042
122 16.3 129 .41 . 007
101 13.5 27 . 096 .059
104 20.4 19 .27 . 058
"Torque'" Comparable to Basic Joint
Preload Freq. % Cross Noise Damsing
# Hz g's Plane Ratio
200 114 7.9 51 .026 .031
150 15.2 114 .19 .013
119 12.4 45 .039 . 037
120 18.5 43 . 092 .04t
400 153 8.1 19 .031 .034
151 15.9 22 .063 . 053
143 33.2 27 . 048 . 049
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Table 5-4

Basic/Teflon Joint Model
Dynamic Response Comparf{son

Comparison Preload | Average Average
Configuration Basis Range Noise Damping
# Factor 4
Bas.c Reference 50-100 | .644 .015
Teflon Equal Preload 50-100 285 .032
Teflon Equal Torque 200-400 | .07C .038
Noise Factor Reduction;
Equal Preload  ,285, .644 = 44
Equal Torque .070/.6%4 = |11
Damping Increase:
Equal Preload .032/.015 = 2,1
Equal Torque .038/.015 = 2.5
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Section 6.0

INTEGRATION INTO OVERALL SYSTEM REQUIREMENTS

The study thus far has been concerned with structural dynamic
characteristics of joints such as stiffness, tightness and damping.
There are a number of other characteristics that influence the design
of tactical missile afrframe joints. These include strength, welght,
volumetric efficiency, degree of enclosure, producibility and maintain-~
3 ability. A brief discussion of eact of these topics is now presented
to provide an overview of airframe joint chavacteristics.

2t i

i 2N

A rating scheme 1s then developed which is intended to facilitate
the integration of these various characteristics into the overall svstem
requirements. The rating scheme will then be applied to three different
joints as an illustration. The three joints, which are uszd in the
Medium Range Standard Missile (RIM-66), are shown in Figures &=1 thru
6-3,
6.1 SYSTEM CONSIDERATIONS
The airframe joints of a tactical missile possess attribute.
which must sa.isfy a number of requirements. The dominant requirements
which will be considered here are strength, weight, volumetric efficiency,
degree of enclosure, producibility and missile maintainability.

6.1.1 Strength
The static load carrying capability of the airframe of a
typical tactical missile is often determined by the cirframe joints
rather than the shell structure between joints. The fatigue capability
of the airframe {s also frequently determined by the joints. The reason

that airframe joints are relatively
when compared to the adjacent shell
distorticn of the load path created

The critical static strength
frequently the bending moments that

inefficieat loaa carzying members
structure 1s asyoc’ated with the
by the presence of the joint.

requirements for airframe jolnts are
arise from lateral loading condicions

such a8 handling of the assembled migsfle cr f-ee flight steering maneu-~
vers, There are of cocurse shear, torque and lcagitudinal load require-
ments imposed on alrframe jolnts. However,K the strength requirement that
drives the design of tactical misrile airframe jloints is usually the
bending moment,

The strength of a joint can be quite sensitive to design details
that are gometimes quite subtle. 3Since stress concentrations play an
important role in the strength of josints, constderations such as ductil-
ity of the material and avoidance of sharp or rapid transitions are
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important. The static strength of the three airfram. joints that are
studied in this section of the report provide an indication of the
variation in strength, The strengths are listed below.

Illustration
(Figure No.)

Strength

Joint Type (Inch-Pounds)
Joint ‘ype

Contintcous Land
Four Bolt Tension
£ight Bolt Tension

104,000 to 209,000
231,000 to 347,000
345,000 to 425,000

N OO
]
w N

The variation in the strengch for tne first and third joints represent
the effect of minor design changes that were implemented to improve the
strength of the joint. The variation in the strength of the second
joint is due to a combination of material property and dimensional
differences.

A measure of the strength efficiency of a joint can be developed

by ratfoing the strength of the joint to the flexural strength of the
adjacent shell structure,

Joint Type Strength Effielency = (%)
Continuous Land 28 to 57
Four Bolt Tension 41 to G2
Eight Bolt Tension 62 to 76

6.1.2 Weight

The weight of 2 joint is defined as tie weight of the
airframe in the vicinity of the joint less the weight of the thin shell
sections {f they were extended to the joint interface. Thus it is seen
that the billd-up in the shell adjacent to a joint is included as part
of the welght of the joint. The weight of the {asteners, cover.. and fair-
ings associated with the joint are also included in the weight figure.
The weight of each of the three joints was calculated using the approach
outlined sbove. The weight of the three joints is listed below.

Weight
Joint Type (Pouvnds)
Continuous iand 3.83
Fcur Bolt Tension 8.81
Eight Bolt Tension 8.80
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A measure of the weight efficliency of a joint can be developed
by ratioing the weight of the thin shell sections over nalf a body
diameter {f no joint were present to the weight of the seme region of
the structure with the joint present. This efficiency is of course ref-

erenced to the thia shell section which may not have been designed for
minimum weight,

Joint Type Weight Efficiency =~ ()
Continuous Land 37
Four Bolt Tension 26
Fight Bolt Tension 48

6.1.3 Volumetric Efficiency

The presence of joiuts in an airframe influence the volume
avajilable to package the electronics, propulsion and ordnance., A meas-
ure of volumetric efficiency that reflects the influence that joints
have on packagirg volume is the open cross sectional area of the joint.
The volumetric efficiency of the three joints are tabulated below.

Volumetric
Joint Type Efficiency
Continuous Land 86%
Foir Bolt Tension 91%
Eight Bolt Tension 547,

The first and second joints are quite efficient with respect to volume
required while the third joint is inefficient in that it occupies almost
cne half of the cross sectional area.

The significance of <s0olumetric efficiency is depend¢nt upon the
desisn application. If the design i{s such thai the packaged volume muset
pass thru tte inside diameter of the joint, the volume penalty is exper-
ienced over the entire length of the packaged item, Thus a substantial
volume penalty would be incurred for such an application. However, if
the packaged volume need not pass thru the inside diameter of the joint,
the volume penalty is exp-rienced only over the relatively short length
of the joint., Applications in which the packaged volume need not pass
thru the insice diameter of the joint are usually those in which the
entire packaged volume is loaded from the opposite end of the airframe
section. Tnhe volume constraint of the joint on the opposite end is then
of coursge the governing factor.

6.1.4 Degree of Enclosure

The sealing or degree of enclosure characteristics of
joints are a2 consideration in most tactical missile applications. It
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{s generally preferanle to provide sealing at the airframe joints for
the entire interior of tha missile rather than for selected sensitive
components, The purpose of the seal is to preclude the entrance of
moisture, sand and dust.

Sealing of airframe joints is generally accomplisheu by using
elastomeric O-rings in the joint interface. Typically an annular groove
is machined in one of the mating surfaces and the O-ring is sized such
that it is stretched when installed in the groove, The tension in the
installed O~ring providzs for the retention of it during asgsembly cof the
joint,

The O~-ring provides sealing of the primary potential leakage path
to the interior of the airframe. There are however, a number of secon-
dary leakage paths tha® must be sealed with certain joint designs. The
eight bolt tension jeint shown in Figure 6-3 1is an example of a design
that has potential secondary leakage paths. The eight fasteners pass
from the exterior to the sealed interior of tne afrframe. This provides
eight potential leakage paths. Sealing of the fastener assembly 1is
accomplished by providing a spotfaced surface on the casting under the
washer. The machined surfacos and the conta.t stresses generated on
as<embly of the joint provide sealing of the fastener areas. Other joint
designs such as the discontinucus land showr in Figure 6-1 and the four
bolt tensfion shown in Figure 6-2 preclude the existence of secondary leak-
age paths by keeping the fastener totally external to sealed interior.

6.1.5 Producibility

The producibility attribute of a joint design 1s concerned
with the cost of manufacturing the joint hardware. Since costs are
highly dependent upon production quantities, no attempt will be made here
to generats quantitative cost figures, Rather the producibility of the

joint wil: be based upon the complexity of the machining involved in
fabrication of the hardware.

The continuous land joint shown in Figure 6-1 has three machined
elements. Two of the machined elements are complex in that a large acme
thread surface and tight tolerances are involved. The two elements are
the split coupling nut and the mating female surface. Thus the produc~-
ibility of this joint design is rated low,

The four bolt tensfon joint shown in Figure 6-2 has six machined
elements, four of which are simply bolts. The two major elements
require only straight forward machining to moderate tolerances. Thus the
producibility of this joint design is rated high.

The efght bolt tension joint shown in Figure 6-3 hasg two major

machined elements plus eight fastener assemblies. The tolerances involved
are moderate, but the geometry of the assembly i{s such that an elaborate
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casting is required for one member and considerable machining is
required on the other member to minimize weight. Thus the producibility
of this joint design {s rated low,

6.1.6 Maintainability

The ease of assembly and disassembly of a joint design
effects both the producibility and maintainability of tactical missiles.
Extensive functional testing of the missile electronics is performed
during both manufacturing and deploment. All repair work and certain
types of functional testing require disassembly of the airframe joints.
Logistic policies also commonly require periodic disassembly of the
joints. The time and equipment required to assemble and disassemble as
well as the opportunity for human error or damage to the hard+-re become
important considerations when large quantities of hardware or frequent
testing are involved.

The maintainability of the joint hardware {tsgelf i3 limited to
inspection of the hardware such as the machined surfaces at disassembly
and replacement of the O-rings and possibly certain of the fasteners at
reassembly.

The ease of assembly and reassembly of the centinuous land joint
1> oomewhat greater than that of the four and eight bolt tension joints,
Although the continuous land joint has a single fastener _hat requires
roughly only one full turn to engage or disengage, 1t is difffcult to
position to start the thread engagement. The tension bolt joints are
easier to position but the need to individually torque each fastener on
asgsembly is time consuming.

6.2 INTEGRATION METHOD

The various attributes of airframe joints that were discussed in
gection 6.1 plus the structural dynamic attributes must be considered in
an integrated fashion to produce an overall rating of different joint
designs. This i{s accomplished by assigning a figure of merit to the
individual joint attributes, a relative weighting among the attributes,
and finally summing the ratings over the attributes.

The three joints shown in Figures 6~1 thru 6-3 will be rated as
an {llustration. Equal weightings among the attributes are used, although
unequal weightings can of course be used to emphasize or deemphasize
certain attributes relative to the others. The four ratings of excellent,
good, fair and poor are used for the attributes based on the quantitative
and qualitative factors proposed in Table 6-1. In &ddition to the joint
attributes discussed in Sectfon 6.1, the structural dynamic attributes of
stiffness and cightness are included in Table 6-1, The stiffness rating
1a the NASA rating discussed in Reference 3. The tightness attribute
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refers to self induced noise characteristics that are discussed in
] Section 5 of the present report,

The illustrative rating comparison for the three joints (Figures
6-1 thru 6-3) is presented in Table 6-2. Using equal weightings for each
of the eight joint attributes results in the best overall rating for the
four bolt tension joint. The overall rating using equal weigzhting factors,
does not reveal large differences hetween the three joints. However, the
use of unequal weighting factors in which certain attributes are assigned

very high or very low emphasis would produce more dramatic differences
in the overall ratings.
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Illustrative Rating Comparison for Three Joints

Table €-2

Ratings(l)

Attribute Continuous Land | Four Bolt Temsion| Eight Bolt Tension
Stiffness F G F
Tightnesgs P G G
Strength G G E
Weight G F G
Volume G E F
Deg-ee of Enclosure E E F
Producibility F B F
Maintainability E G F
Overall G(-) G F(+)

(1) E = Excellent, G = Good, F = Fair, P = Poor
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APPENDIX

JOINT COMPLIANCE EXTRACTION CODE

USER'S MANUAL
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INTRODUCTION

The computational system used for implementing the method of
analysis described in Section 4 is composed of the following two
diglital computer programs:

1) Program FILLIN
2) Program JOINTS

Computer program FILLIN is a small prelude program that accepts mearured
modal data obtained at a set of test missile stations and interpolat=s
these data to provide '"measured' modal data at a set of missile stations
consigstent with theoretical modal deta calculated within computer program
JOINTS. This preliminary step is needed so that a comparison cf
experimental and theoretical modal data at identical missiie stations

can be made within computer program JOINTS.

Within the Appendix input data instructions, data sutput and
program limitations are discussed for both computer programs FILLIN and
JOINTS. Computer program FORTRAN listings and a sample applicetion data
deck listing are alsc presented.

-

PROGRAM FILLIN

Because comparisons between experimental and theoretical modal
data are made at all mocal analysis stations, within computer program
JOINTS, computer program FILLIN was writien to provide interpolated
measured modal data for the modal analysis stations. The resulting
interpolated measured mode shape deflections and slopes are punched on
cards for the complete set of modal analysis missile stations in a
format acceptable for subsequent input to computer program JOINTS.

Usually, oniy mode shape deflections are measured In the labora-
tory while bot! mode shape defiections and slopes are computed. There-
fore, an added feature of computer program FILLIN is the computation of
mode shape slopes from the measured mode shape dellection data.

Computer program FILLIN has the following restrictions:

1) There must be at least two experimental points on each appen-
dage (to establish slope).

2) There must be at least two experimental points on either side
of a joint (to establish shear discontinuity),.

Computer program FILLIN and JOINTS were written to be run on the

CDC 6400 digital computer with 32K words of memory storage, under control
of the CDC 6000 Series Scope Monitor System (Version 3.3), at General
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Dynamice  Pomona Division. All programs and subroutines are writtenm in
the CDC 5400 FORTRAN Extended Language (Version 3.0) and should be
easily implemented cn any machine having a FORTRAN IV compiler. Input/
output devices required are the card reader (logical unit 60), the line
printer (logical unit 6) and the ~.cd punch,

Computer program FILLIN is composed of the following routines:
1) Program FILLIN

2) Subroutine SQUARE

3) Subroutine PARAB

4) Subroutine LINFIT

In addition, FORTRAN library routines EOF (end of file) and EXIT are
called. FORTRAN listings of these four routines comprising computer
program FILLIN are presented in Tables A-4 through A-7.

"he input data instructions showing card formats for computer
program FILLIN are presented in Table A-1, A listing of a sample data
deck is presented in Table A-15, Data output consists of a listing of
the input data and the interpolated experimental data (mode shape
deflections and slopes) computed at all modsl analysis statioms. It is
suggested that the results obtained from computer program FILLIN be
checked before using the punched output as input to program JOINTS,

PROGRAM JOINTS

A simplified flow diagram of computer program JOINTS is presented

in Table A-2, The procedure for joint compliance extraction is described
as follows:

1) A starting value of joint compliance {s assumed for each

joint at which the compliance is urknown (init{ally from the
input data),

2) Modes and the resulting cost function and first order grad-
ients are computed for this initial configuration,.

3) Each unknown joint compliance is varied independently from
the trial configuration.

4) Modes and the resulting cost function and first order grad-
ients are computed for each of these configurations
obtained in Step 3,

5) Second order gradients are computed from the finite differences
of the results obtained in Step 4.
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6)

7)

A new trial set of joint compliances is calculated using the
first and second order gradients terms.

If the trial set of compliances has converged within a
specified tolerance, the analysis stops. Otherwise Step 2 is
reentered and the analysis continues.

These seven steps comprise a cycle of iterations (a confijuration for
each of the unknown springs plus the nominal configuration). A detailed
dexcription of the computational procedure for first and second order
gradients and t .e new trial spring rates is presented in Section 4.

A brief description of the mathematical model of a missile is
presented here to aid in understanding the input data to program JOINTS.
A missile is modeled using a lumped parameter representation, A typical
model is shown below.

/— MIN BEAM (RERD TH OCOER BORENDIGE)
]
~\

L DDA T
PPREN DAAGE

AN DA G
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Appendage attachment angles are defined by the following diagram.

FACWACD AT ALIN

L0 ALANO L9
i);” O%%

If this is the top view, the marked End view of main beam look-
angle 18 @, If this is the side ing aft.
view, the marked angle is & .

The following five types of stations are available for modeling °
missiie system:

1) mass

2) spring

3) appendage attachment

4) forward redundant appendage attachment
5) aft redundant appendage attachment

When modeling a system for input to the computer, each station input can
perform only one function, that is, & mass station cannot have a spring
agsociated with it or be an appendage attachment station.

The main beam or zero order appendage must be input first., The
first gtation on the main beam must be labeled one., After that, any
other positive integer may be used as a station identification number.

Ags a general practice, station identification numbers should be unique
since appendage attachment designations are made using these identifica-
tion numbers, Simple appendages are entered next starting from their
free end. Redundant appendages are entered last starting from their
forward attachment end. Within the main beam or any appendages, station
location values must be entercd in increasing order (consecutive stations
may have equal station locations). Redundant appendages must lie along
the main beam and have the same type of motion (bending, torsion or
longitudinal) as the main beam, Redundant appendages may not overlap but
simple appendages may be attached to redundant appendages.
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Complications arise due to the manner in which the Myklestad
subroutine in Computer Program JOINTS functions. The number of statioms
in the actual mathematics]l model of a missile (input stations) is added
to by the Myklestad subroutine for the following reasons:

1) A joint is represented by a single input station. However,
for computations, a second station (at the same location) is

needed to define the displacement and slope discontinuities
at the joint.

ey it ae T a2 o e

2) At appendage attachment stations, an additional statfion is
added (at the same location) to show the shear and moment
discontinuities at the attachment station,

3) For each appendage and for the main beam, an additional
station 1s added at the end of each beam system (at the same

location as the last station) to allow for imposition of the
boundary conditions.

Computer Program JOINTS is composed of the following routines.

1) Program JOINTS

Ty e

2} Subroutine STEE!
3) Subroutine ALTER

4) Subroutine RENORM

Yoo

5) Subroutine MYKL

6) Subroutine MEMSET

7) Subroutine MATNFS
In addition, FORTRAN library routines EOF (end of file), EXIT, SQRT,
ABS, LABS, LOCF (storage address of variable in machine), SIN and COS
are called. FORTRAN listings of these seven routines comprising com-

puter program JOINTS are presented in Tables A-8 through A-14,

Computer program JOINTS and FILLIN have the following size
limitations;

1) A maximum of 100 theoretical missile stations

2) A maximum of 10 experimental and theoretical modes

3) A maximum of 10 redundant appendages
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The input data instructions showing card formats for computer
program JOINTS are presenced in Table A-3. A FORTRAN iisting of the
program and its subroutines is presented in Table A-8 thru A-i4, A
listing of & sample data deck is presented in Table A-16,

Dat& output from the program consists of a listing of the input
data, the input configuration for each {teration, a comparison of
exper‘mental and theoretical modes (deflections and slopes) and frequen-
cies and cost function data for each iteration.

SAMPLE APPLICATION

A sample application is included to assist the user in checkoutr
of the codes. Assume three experimental modes for a8 missile have been
measured in the laboratory. A 59 station mathematical model has been
developed, which includes two simple appendages and one redundant
appendage. Three theoretical modes are to be computed and four joint
compliances are to be extracted from the measured data using computer
program JOINTS.

Firs -, computer program FILLIN i{s run to determine the experi-
mental mode shape deflections and slopes at the mudal analysis stations.
The data deck listing for computer program FILLIN is presented in
Table A-15.

With the experimental mode shape deflections and slopes defined
at the desired stations, computer program JOINTS is then run. The data
deck listing for computer programJOINTS is presented in Table A-16,

The entire output listing from the computer program is not presented
because of the large quantity of output., Key output data are given in
Table A-17. Certain of the results are plotted in Figure A-1. Other
application examples are presented in Section 4 of this report.
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Table A-4
FORTRAN Listing of Program FILLIN

Y

TP St

PROGRANM FILLINCINPUT=65,0UTPUT=65,TAPE 6L=INPUT,PUNCH=65) FIL
DIMENSION XSTA(200) ,XESTA(200) ,EPHI(200,10)4,EPHIP{Z00,10),PHI(200, FIL
110) yNAEND(11) 5 NAAS(200) ,1TME(5,201),0AAT(7,201),TLITLE (8) ,NAONE(11) FIL

2y LABEL (200), ITYFE (2003 ,PSAVE(10) yNAS (200), FIL

3 3HzL(5),LAONE(11) ,L AEND(11) FIL
CUH"ON ?‘“),pﬂ(“) A(S),X,P,PP,G,YSQ(Q) FIL

10 Reabed,TITLE FIL
¢l FORMAT(8AL0) FIL
IFC(EOF (60))3C,y & FIL

3C SALL £XIT FIL
4L PRINT SC,TITLE FIL
S50 FOUxMAT(1H1415X ,8A10) FIL
FIL

REAC BEAM DISCRIPTION FIL
FIL

NX=0 FIL

b NX=NX+1 FIL
READTO 3 {ITHE(LLyNX) yLL=155) 5y (CAAT{KK 3 NX) yKK=1,7) FIL

7C FORMAT (214,312 42X ,7E840) FIL
TF(ITHE(L4NX) e NE.D)GO TO 60 FIL
CEAD CONTROL CARD FIL

FIL

REACSH0 yNSTASNESTA NEXP FIL

s FORMAT(3IS) FIL
PRINT 90,NSTA,NESTA FIL

SC FORMAT(//7/72) Xy *NUMBER OF MYKLESTAU STATIONS=*,I5,10X, *NUMBER OF EX FIL
1PEXIMENTAL POINTS=*.15} FIL
NCARD=NX FIL

FIL

PRINT BEAM DESCKIPTION FIL
FIL

PRINT 100 FIL

100 FORMAT(///,20X y*MYKLESTAD INPUT*,///) FIL
J0 110 I=1,NCARU FIL

1iC PRINT 120,1, (ITME(J,I1)4J=1,5), (DAAT(JUyI),dJ=1,7) FIL
120 FORMAT (6I4y4X,7E1345) FIL
FIL

READ IN AND PRINT MEASUREMENT STATIONS AND APPENOAGE INDICATORS FIL
FIL

READL130,(NAAS(I) ,XESTA(I) ,I=1,NESTA) FIL

130 FORMAT ((4(.10,E10.00)) FIL
PRINT 140, (I ,NGAS(I) ,XESTA(L),I=1,NESTA) FIL

160 FOK“AT (1H1,10X% ,*MOCAL MEASUREMENT STATIONS AND APPENDAGE ATTACHMEN FIL
2T STATION NUMBERS*®,/7(20XKs2110,10X,E13.5)) FIL
=1 FIL
-AUNE(1)=1 FIL

JO 150 I=2,NESTa FId
IF(NAAS(I) .EQe NAAS(I~1))60 TO 1580 FIL
~AENU(L)=I-2 FIL
L=t FIL

119

10
20
30
40
50
60
70
80

100
110
120
130
140
15C
160
176
1390
19¢C
200
210
2290
230
240
250
260
276
230
230
300
31¢C
320
330
340
350
360
373
380
330
400
410
420
430
440
450
460
470
480
490
500
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(Cont'd.)
. AONECL) =1 FIL 510
i 150 CONTINUE FIL 520
¢ CAENDCL)=NESTA FIL 530
1 c FIL 540
c JEAD ANGC PRINT EXPERIMENTAL MODE SHAPES OR SLOPES FIL 550
C FIL 560
1 PRINT 160 FIL 570
- 16C FOYMAT (1H1,20X ,*EXPERIMENTAL MODE SHAPES®*,/7) FIL 580
MSTA=NESTA FIL 590
IFUNEXP.GT 5)MSTA=2*NESTA FIL 600
JO 160 IT=1,MSTA FIL 610
READ190,J9Ky (SHEL (L) 3L=1,5) FIL 620
1 PRINT 200,Jy NAASCIT) oKy (SHEL (L) yL=1,5) FIL 630
J0 170 L=1,5 FIL 640
17C PHI (Jy (K$L=1)) =SHEL (L) FIL 650
16C CONTINUE FIL 660
190 FORMAT(6X,21345E1245) FIL 67¢
200 FORMAT (6X 331 695X,5E1245) FIL 680
C FIL 690
C JEFINE MYKLZISTAL OUTPUT STATIONS FIL 700
C OLFINE APPENDOAGE END POINTS FIL 710
c INITIALIZE NAT=NUMBER OF APPENDAGES, NA=APPENDAGE NUMBER, FIL 720
c NAONE (NA) ,NAEND(NA) =NUMBERS OF FIRST AND LAST STATIONS, FIL 730
c DEFINE STATION TYPE,ITYPE(J) =0 (NO JOINT),4(LEFT SICUE ROTATIONAL FIL 740
c SPRING), 2 (LEFT SIUE SHEAR SPRING), 3 (LEFT SIDE ROTATIONAL AND  FIL 750
c SHEAR SPRIN3S) , & (RIGHT SIDE ROTATIONAL SPRING), 5 :RIGHT SIDE FIL 760
3 C SHE AR SPRIN3), 6 (RIGHT SIDE FOTATIONAL AND SHEAR SPRINGS) FIL 770
] C FIL 780
3 NAT2NA=NAONE (1) =1 FIL 790
NN=1 FIL 800
; K=0 FIL 810
3 20 270 J=1,NSTA FIL 828
XSTA(JI=DAAT (3 2NN) FIL 830
I LABEL(J) ZITHE(1,NN) FIL 840
{ NAS (J) =ITME( 24 NN) FIL 850
ITYPE(AI=O FIL 860
IF(KeNELB)IG) TO 210 FIL 870
IF(ITME(44NN) «EGeG)GO TO 230 FIL 880
IFCITME(W NN) e NLo1)GO TO 260 FIL 890
IF(DAAT(BE4NN) e NEL. O)ITYPE(J)=1 FIL 900
IF(DAAT(5,NN) e NEL O) ITYPE(J) =2 FIL 910
IFCDAAT(S,NN) e NEo Do ANDS DAAT (6, NM) o NE4 0) LTYPE (J) =3 FIL 920
30 TO 260 FIL 930
210 K=¢ FIL 948
IFCITHE (L, NN) e NEL1)GO TO 220 FIL 950
IF(DAAT(64NN) o NELO)ITYPE(J) =4 FIL 960
IF(DAAT(S5,NN) e Nie Q) ITYPE(J) =5 FIL 970
LFCDAAT(5 ,NN) A NEoBsANDsDAAT(6,NN) o NE«0) ITYPE (J) =6 FIL 980
30 TO 230 FIL 99¢
22C NN=14NN FIL1000

120
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Table A-4
(Cont'd.)

1 50 To 270

1 230 IFCITME(1,NN+1).EQ.G)60 TO 240
ITFCITME(2,NN) « NE o ITHEC(2,NN#1)) GO TO 240
N'N= 1 ¢NN
K={
20 TO 270

24T NAENG(NA) =1¢y
IFUITME(L,NN+1).EQ.0)GO TO 250
NA= 1 ¢NA
NAONE(NA)=2¢J
50 TO 260

250 NAT=NA

260 K=1

27C CONTINUE
NAEND(NAT) =NSTA

<«

PRINT <c80,NAT

260 FORMAT(//10X,*NUMBER OF APPENOAGZS INCLUDING MAIN BEAM=*,13)

i PRINT 290

4 230 FORMAT(//10X*AFFENDAGE NUMNBER® ,SX*FIRST STATION®*,SX®*ENC STATION®)
IRINT 303, (JyNAUNECJ) 9y NAENL(Y) 4JU=1,NAT)

300 FORMAT(20X,13512XK,13512X,13)
PRINT 310

31C FORMLY (4H1,T10*STATION NUMBER¥ T30*#STATION*TS0*LABEL*T7O0*TYPE#TY0*A
1PPLNUAGE LA3EL*/)

E PRINT 320, (J,XSTALUIZLABEL(J), ITYPE(J) ,NAS(J) yJ=1yNSTZ

: 32C FORMAT (I20,15Xt1345,17,118,120)

JO 840 L=1,NAT
II=NAQONE (L)
[FN=NAEND (L)
JI=LAONE(L)
JEN=LAEND (L)
IN=JFN=J] ¢1
JO 830 I=II,IFN
x=XSTA(I)
IT=1TYPE(I)¢1
S0 TO (330,450,540,630,690,760,730)I7

" PLAIN STATION

3230 IF(XeLESJXESTACUI+1))IG0 TO 390
[IFUXeLESXESTACJIFN=1))G60 TO 4CO
IF(JUNGT4)50 TO 360
IF(INGEGe )30 TC 010
JO=Jl
JE=JI¢1
Y (1) =XESTA(JO)
Y {2)=XESTA(JE)
Jul 0=1.0/7(Y(2)~Y{1))

00 350 M=1,NEXP
PH(1)=PHI{JO,M)

N

TR

121

FIL1010
FILi020
FIL1030
FILLI04O
FIL1050
FIL1G6O
FIL107C
FIL1080
FIL109C
FIL1100
FIL1110
FIL1120
FIL1130
FIL114O
FILL150
FIL1160
FIL1170
FIL1130
FIL119C
FIL1200
FIL12140
FILi220
FIL1230
FIL1240
FIL1250
FIL1260
FIL1270
FIL1280
FIL129¢
FIL1300
FILL1310
FILL320
FIL1330
FIL1340
FIL1350
FIL1360
FIei370
FILL138D
FILL1390
FIL1640G
FIL1410
FIL1420
FILL430
FIL144O
FIL1450
FIL1460
FIL1478
FIL1480
FIL1490
FIL1500

.
1
[ 3
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Table A-4
(Cont'd.)

PH{2)=PHI (JE M)
CALL LINFIT
EPHI(I M) =P
350 ZPHIP(I,M)=PP
30 TO (830,460,550,680,700,770,820)I7
360 JJ=JIedl
JH=JFN=2
30 37C J=JJyJM
IF(XeGToeXESTAC U) ¢ ANDeXeLE«XESTA(J+1))GO TO 380
37C SONTINUE
360 JONE=J=-1
20 TO 420
33C Y (1)=XESTAWII)
Y(2)=XESTA(JI+ 1)
J0=J1I
JE=JI+1
+C TO 340
400 Y (1) =XESTA(JFN=-1)
Y (2)=XESTAIJFN)
JU=JFN=-1
JE=JFN
50 TO 343
41C JONE=JI
420 SONTINUE
00 440 M=1,NEXP
JO 430 K=1,4
Y (K} =XESTA(K*JONE=~L)
43C PHIK)=PHI(K+JONE=1,M)
cALL SQUARE
<ALL PARAB
ZPHI(1,M)=P
bt ZPHIP(I,M)=PP
50 TO (830,460 ,5509680,700,770,820)I7
450 <SAVE=}1
30 1O 330
460 KSAVE=KSAVE+]
IF(KSAVE.EGe 3) GO TO 520
DO 470 M=1,NEXP
L7C PSAVE(MI=EPHI(I,NM)
00 480 J=JIsJJFN
Jd=J
IF(XeEQeXESTA(J))IGO TO 500
IFCXLTOXESTACU))IGO TO 490
430 CONTINUE
50 70 510
W90 JFN=2JJ=-1
o0 TO 519
500 JFN=JJ
510 JL=sdi=Jl
IFCILeGTe ) JI=Uu=~3
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FIL1510
FIL1520
FIL1530
FIL1540
FIL1550
FIL1560
FILLSTO
FIL1580
FIL1590
FIL1600
FIL1610
FILie20
FIL1630
FIL1640
FIL16%0
FIL1660
FIL1670
FIL1680
FIL1690
FIL1700
FIL1719
FILL720
FILL1730
FIL1740
FIL1750
FIL1760
FIL1770
FIL1780
FIL1790
FIL1800
FIL1810
FIL1820
FIL1830
FIL1840
FIL1850
FIL1860
FIL1870
FIL1880
FIL1890
FILiaege
FIL19140
FILi920
FIL1930
FIL1940
FIL1950
FIL1960
FIL1970
FIL19480
“IL1990
FIL2000

.
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Table A-4
(Cont'd.)

INS JFN=JI+1 FIL2010

36 TO 330 FIL2020

52C 30 530 M=1,NEXF FIL2030
530 ZPRI(I,M)=PSAVE (M) FIL2040
JI=LAONE (L)} FIL2050
JFN=LAEND (L) FIL2060
JN=JFN=JI+14 FIL207O

20 TO 830 FIL2080

5S40 KSAVE=1 FIL2090
30 TU 639 FIL2100

556{ KSAVE=1+KSAVE FIL2110
ITF(KSAVE.EQs3) GO TO 610 FIL212C

D0 560 M=1,NEXP FIL2130

S5bu PSAVE(M)=EPHIP(I,M) FIL2140
20 570 J=JI,JFN FIL2150
Jd=d FIL2160
IF{XeEQeXESTAC(U)IGO TO 594 FIL2170
IF(XeLT«XESTACJI}IGO TO 580 FIL2180

570 CONTINUE FIL219¢
60 TO 600 FIL2200

580 JFN=JJ~1 FIL2210
30 TO 600 FIL2220

530 JFN=JJ FIL2230
630 JL=dJ=Jl FIL2240
IF(JLeGTe 3} II=uu=3 FIL2250
JN=JFN=-J1 ¢ FIL2260

20 To 330 FIL2270

610 D0 520 M=1,NEXP FIL2280
620 ZPHIP(I,M)=PSAVYE(M) FIL2290
JI=LAONEL(L) FILZ2300
JFEN=LAEND (L) FIL2310
JN=JFNel1=J] FIL2320

w0 T0 830 FIL2330

C FIL234O
C STATION TO LEFT OF A ROTATIONAL AND A SHEAR SPRING FIL2350
c FIL2360
o3C 00 640 J=JI, JFN FIL237¢0
JJd=J FIL2380
IF(XEQeXESTALS))IGO TO BED FIL2390
TF(XLTSXESTACJ))IGO TO 650 FIL2400

846 CONTINUE FIL2410
20 TO 670 FIL2420

65C JFN=JJ~-1 FILZ2430
20 TO 670 FIL2440

66C JFN=JJ FIL2450
070 JlL=zJdJd~Jl FIL2460
IF(ILe T N II=YS-3 FIL2470
JN=JFN=JI+1 FIL24AO

50 TO 330 FIL2430

680 JFMN=LAEND (L) FILR50D
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710

720

730

740
7519

760
770

780

790

800

810

320

Table A~4
(Cont'd.)

JI=LAONE (L)
JN=JFN#1-J1I
GO 70 830

STATION TO RIGHT OF A POTATIONAL SPRING

KSAvVE=1

GO T0 3310

KSAVE=1+¢KSAVE
IF(KSAVE.EQ.3) GG TO 740
DO 710 M=1,NEXP
OSAVE(M) =EPHTI(I,M)

N0 726 J=JI,JFN

INEN|
TF{X.LE.XESTAC(S))IGO TO 730
GONT INUE

GO TO 8390

JI1=JJ
IF(IT+3.LELIJFN)IFN=JT+2
IN=JFN=-JT+1

GG T0 330

00 750 M=1,NEXP

EPHI (I,M)=PSAVE(M)
JI=LAONE (L)
JEN=LAEND (L)
IN=JFN=-JT+1

G0 TO 839

STATION TO RIGHT OF A4 SHEA&F SPRING

KSAYE=1

GO TO 7990

00 780 M=1,NEXP

EPHIP(I M) =0.S*(EPHIP(I-1,M) +EPHIP (I, M))
EPHIP(I-1,M) =EPHIP(I,M)

GO TO 830

STATION TO THE RIGHT OF A ROTATIONAL SPRING AND A SHEAR SPRING

DO 800 J=JI,JFN

ii=3
IF(XeLELXESTACJ)IGO TO 810
CONT INUE

GO TO R30

JI=JJ
IF(JI#TLECIFN}JFN=JT+]
IN=JFN=-JT+1

0 TO 330

JEN=LAEND(L)
JI=LAONE (L)
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FIL2510
FIL2520
FIL2530
FIL2540
FIL2550
FIL2560
FIL2570
FIL2560
FIL2530
FIL2600
FIL2610
FIL2620
FIL2630
FILZo4L0
FIL2650
FIL2660
FIL26790
FIL2680
FIL2690
FIL2700
FIL2710
FIL2720
FIL2730
FIL2740
FIL2750
FIL2760
FIL2770
FIL2780
FIL279C
FIL2s00
FIL2810
FIL2820
FIL2830
FIL2840
FIL285¢C
FIL2860
FILZ2870
FIL2880
FIL289)0
FIL2900
FIL2910
FIL2920
FIL2930
FIL2940
FIL2950
FIL2960
FIL2970
FIL2980
FIL2990
FIL3000




Table A-4

(Cont'd.)
1
JIN=JFN+1=JI FIL301C
[IF(ITeEQe6)30 TG 770 FIL302¢
83C SONTINUE FIL3030
340 CONTINUE FIL3040
D0 880 I=1,NEXP FIL3050
PRINT 650,I FIL3060

850 FORMAT (1H1,20X*COMPLETE cXPERIMENTAL MCOE*,I4,//,T15,%STATION NUMB FIL3GT7O
1ZR*,T30,*STATION LABEL?,T45,*APPENDAGE LABEL®,T70,*STATION TYPE®*,T FIL306D

A TR ORI TN T T R

295,*STATION® yT96,*DISPLACEMENT*,T118,*SLOPE®,//) FIL3030

DO 860 J=1,NSTA FIL3L00

; 860 PRINT 870 ,Jy LABEL(J)9NAS(J) o ITYPE(J) 4 XSTAY) yEPHI(Jy1) ,EPHIP(J,I) FIL3110
g 870 FORMAT(20X,I5,110,2120,5X,3E1 e5) FIL312?
3 88C CONTINUE FIL3130
E NP=1 FIL3140
830 IT=1 FIL3150

3 NC=NEXP FI.3160
: IF(NEXP,GT+5)INE=5 FIL3170
: 300 U0 920 J=1,NSTA FIL3180
PUNCH 910 ,Jy IT o (EPHI(JyL) o L=IT,NE) FIL3130

91 FORMAT (6X,2I3,561245) FIL3200

92( CONTINUE FIL3210

3 IF(NEXP.GT.NE) GO TO 330 FIL3229
650 TO 940 FIL3230

93¢ [T=6 FIL3240

NE=NEYP FIL3250

50 To 900 FIL3260

340 NP=NP#1 FIL3270
IF(NPaEGe3)50 TO 960 FIL3280

00 95, L=1,NEXF FIL3290

JC 950 J=4i,NSTA FIL3300

50 EPHI(J4L) =EPHIP(J,L) FIL3310

0 TO 890 FIL3320

960 CONTINUE FIL3330

60 TO 10 FIL3340

ZND FIL3350
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] Tabie A-5
. FORTRAN Listing of Subroutine SQUARE
1 SUBROUTINE SQUARE sQu 10
; COMMON Y(4),PH (4) JA(3) 4 XsP4PPyLyYSU(W) sQu 20
- DIMENSION Z(4) ,F (4 SQu 30
D0 10 I=1,4 SQU  4n
Z(1)=Y(I) SQU 50
3 F(1)=PH(I) SQU &0
' Y(I)=0.,0 sQu 7¢
YSQ(I)=0.0 sQu 8o
10 PHII)=0.0 sQu 9¢
; D0 20 I=1,4 saQu 100
PH(1)=PH{1)¢FL]) SQu 11g
Y1) =Y (1) +¢2( 1) SQU 120
; YSQ1)=YSQL)+Z(D)*2(]) SQU 130
] PHI2)=PH(2)+FLI)*Z(]) SQU 140
YSQE2)=YSQ2)+Z2(1)*2(I)*2 (D) SQU 150
3 PHI3)=PH{3)¢+FL I} *Z(I)*2(]) SQU 160
] 20 YSQE3)=YSQ(3)¢Z(1)**y SQU 170
PHU1)=0,25%2H(1) SQU 140
3 Y(1)=0,25%Y(1) SQu 190
. YSQ{1)=0.,25*YSQ(1) SQu 200
i Y (2)=YSQ(1)/7Y(1) SQU 210
1 PH(2)=0.,25%2H(2) /Y1) sQu 220
1 YSd{2)=0,25%YSQ(2)/Y(1) sSQu 230
: PH(3)=0.25%PH(3)/7YSQLL) SQU 240
Y(3)=0,25%Y{3) 7/YSQ(]) SQu 250
YSA(3)=0.25*Y5Q(3)/7Y5Q(1) SQU 2¢0
: D=1,0/7(YT2)*YSW(I)4Y(L)*YSQ(2) +Y(3)*YSQ(L) =Y (2)*YSQ(1)-Y(1)*YSG(3) SQuU 270
3 1=-¥43)%YSQ(2)) SQu 280
: ZNO saQu 290
£
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Table A-6
FORTRAN Listinrg of Subroutine PARAB
1
1 SUBROUTINE PARAB PAR 180
3 COMMON Y(4) g PH (4) JA(3D 4 Xy P4PP,D,YSQ(4) PAR 20
1 AC1)=D%(PH(L)®* (Y(2)*YSA(3) =Y (3)*YSQ(2))+PH{2)* PAR 30
3 1(Y(3)‘YSQ(1)-Y(1)’YSQ(3))-PH(3)'(Y(Z)‘YSQ(i)-Y(l)'YSQ(Z))) PAR 40
3 A(2)=D'(PH(1)’(YSQ(Z)-YSQ(3))+PH(2)‘(YSQ(3)-YSQ(1))0PH(3)'(!SQ(1)~ PAR 50
1 17.5G(2}))) PAR 60
] A(3)=0'(Ph(1)’(Y(3)-Y(2))0Pn(2)‘(Y(1)-Y(3))GPH(B)'(Y(Z)-Yti))) PAR T0
3 PaL(1)+40 2% Xe A(3)*X*X PAR 890
CP=A(2)42%A(3) *X PAR 90
=RG PAR 100
4
E
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FORTRAN Listing of Subroutine LINFIT

SUBROUTINE LINFIT
COMMUN Y(4)sPH (L) JA(3) 3 XyP4PPyD,YSQ(4)
A(1)=0*(Y(2)*PH(1)=Y(1)*PH (2))
Q(2)=0*(PH(2)=PH(1))
Pzph(L1) ¢+A(2) %X
PP=A(2)

END

Table A-7
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LIN 10
LIs 20
LIN 30
LIN &0
LIN SO0
LIN 6C
LIN 7C




DOOHIOO

OO0

DO

D00

1¢
20

Table A-8
FORTRAN Listing of Program JOINTS

PROGRAM JOINTS (INPUT,CUTPUT,TAPEED=INPUT,TAPE6=CUTPUT)

PROGRAF JOINTS - PROBLEM 2049 02726/714 VARIARBLE OELTAK
WITH SHEAR SPRINGS

PTMENSION MAXSIGN(10) ,NSMAXPH(10) ,NAOME(10),NAEND(1])
DIMENSION TITLE(S), GM(10) ,SHFL(%),BB(10,10),CC(13,10)
DIMENSTION STFREQC10),XFSTA(100)

STORAGE CCMMON TN SUBRCUTINE MYKL

COMMON FINK(300)

COMMCN All,uy101),SAPLGs4) ,APTL,L) ,VINVIL, L) ALV (L&) ,T(l,4),AL
1VTQL,4) 4 TAPCL 44 ,y300) ,VEC(4,101) ,JTEM(€,101),CATA(8,101),T1(300),IR
2(300),0M(300) ,FUNC(300) 4R(3) KKK(100) ,MODE(L00) yJCINT(101),AL(L,4)
3,76(101) 4, PRNTCUL) ,HOL (12}

COMMCN ICON(10),TCE(10) 4FPM(10,4,4),FOM(L0,L,4),VSAVE (&) ,ARSTAR
1{(10,E,4), ARFE(L,4) JARPA(L,4L) ,APR(4,&),CANV(2,2) ,DENV(2,2
2) y THMANCE,6) yBMAN(6,E) ,BINV(6,6),RMUL (6y4)

COMMCN TL(101)

COMMCN ITMF{(5,101) ,0AAT(7,101) ,TETM(S) ,DTAA(T7)

STORAGE CCMMON TO SUBROUYINE STEFP

COMMCN/1/7 MWH, ISTOP,NSTA,NT,NEXP,STEF,ITMAX,TOL,ITER

COMMON/ 2/ KKKKy ALPHA ,F,PFK(20) , INTEG(29)

COMMCN/3/PHMAT (10) ,FWMAT (10) ,EOMEGS (10) , KVAR(20) (SPRINGL (20) 4SPRIN
16U(20) ,EPHI(180,10) ,EPHIP{100,10) ,EFRPFQ(10),TFREQ(10)
COMMON/L/TOMEGS(L10) 4 TFHT (100,10),TPHIP(100,10)
COMMON/S/JA,JR,JD,FF, SPFK(10),4A(10,10) yASPRING(20)

COMMON/A /NVSPR,SPPING (10) ySSPRING(10) ,KSTA(10),KTYPE(10) ,COMP(10)
COMMON/7/XRATIO,OLDSPR (10)

rOMMON/R/KNORM ,XSTA(L00)

CALL MEMSET (PINK(1),DTAR(7))

PEAT AND PRINT TITLE

REAT?0,TITLE

FORPMAT(EAL10)

IF(ECF(60)) 30,40

CALL EXIT

PRINT S0,VITLE

FOPMAT(1H1,20X*EXTRACTION OF JOINT COMPLIANCES FROM ELASTIC MODE T

1EST DATE®//20%,8A1077/)

INTTIALTZATION PASS

ISTOP=0
ITER=4
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JTs
JTS
JTS
JTS
JT18
JTS
JTS
JT1S
JTs
JTS
JTS
JTS
JTS
JTS
JTS
JTS
JTS
JTS
JTS
JTS
JTS
JT8
JTrs
JTS
JT8
JTS
JIS
JTS
JTs
JTSs
JTS
JTS
JTS
JTS
JTS
JTS
JTS
JTS
JTs
JTS
JTS
JTS
JTS
JTS
JTS
JTS
J18
JTS
JT1S
JTS

100
110
120
130
140
150
160
170
180
130
200
210
220
230
240
250
260
270
2A0
290
300
310
320
33¢
340
350
360
370
380
390
00
410
420
&30
LT
4590
Leo
L7g
boO
490
500
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_ Table A-8
. (Cont'd.)
4
c READING CPTIONS, XFIGHTING MATRICES, AND LIMITS JTS 510
c JTS 520
READGO, KNORM, NT,NEXP,NHT,ITHAX yNVSPR,NSTA,NESTA,STEP,TOL,CLOSE, X JTS 530
1RATIO JTS 5S40
? 60 FORMAT(415,4I5,8F10,0) JTS 550
3 IF (KNORM,EQ.0) KNORM=1 JTS 560
- NOTM=NT JTS 570
¥ PRINT 70, NT NEXP, ITHAX ,NVSPR,NSTA ySTEP,CLOSE yNHT ,NESTA JTS 580
1 70 FORMAT(//L0X,* NT = #,113,740X,* NEXP = ®%,713,/740X,® ITMAX  JTS 590
1= *,T13,/40X,* NVSPR = *,113,/40X,* NSTA = ¥,113,/40X,* STE? JTS 600
2=%,613.5,/40%X,% CLOSE =%,E13.5,740X,® NWT  =%,113,20X,?NESTA =3,] JTS 610
313 JTS 620
KCLOSE=0 JTS 630
IF(CLOSE.EQ.0.0) KCLOSE=1 JTS 64l
4 PRINT 80,TOL JTS 650
1 80 FORMAT( 4IX,* TOL = %,€13.5) JTS 660
PEADGO,KCHECK y XMASS JTS 67C
- 99 FORMAT(I5,£10.0) JTS 680
1 IF(KCHECK.NE.2)GO TO 110 JTS 690
: PRINT 100,XMASS JTS 700
100 FORMAT(//20X*MODES WILL NOT BE CHECKED®,//20X,*XMASS = *,813.5) JIS 710
GO TO 130 JTS 720
] 110 FRINT £20,XMASS JTS 730
3 120 FORMAT(//20X*MODES WILL BE CHECKED®,//20X,*XMASS = *,E13,5) JTS 740
130 IF(NWT.EGQG.0)GO TO 145 JTS 750
READ140, (PHWMAT (Y. I=1,NEXP) J73 760
] 140 FORMAT (8E10.0) JTS 770
PEAD1&0, (FWMAT (I) ,I=1,NEXP) J1S 772
GO TO 149 JTS 773
145 00 146 T=1,NEXP JTS 775
146 PHMAT(I) =FHMAT(I)=1.0 JTS 778
149 PRINT 150 JTS 780
150 FORMAT(//10X,* RELATIVE MODE SHAPE WETGHTING FACTORS * ) JTS 790
PRINT 160, {PHMAT(I) ,1=1,NEXP) JTS 800
167 FORMAT(/ 1X,10€13.5) JTS 810
PRINT 170 JTS 830
177 FORMAT(//10X,* RELATIVE MODE FREQUENCY WEIGHTING FACTORS * ) JTS 840
FRINT 160, (FHMAT(Y) ,I1=1,NEXP) JTS 850
; 180 READ140, (EFREQ(I) ,T=1,NT) JTS 860
E PRINT 199 JTS 870
190 FORMAT(//10X,* EXPERIMENTAL FRECUENCIES *) JTS 6480
PRINT 160,(EFREQLT) ,I=1,NT) JTS 890
: 0O 200 T=1,NT JTS 900
200 EOMEGS(I)=(6.283185%EFREQ(I)) **?2 JTS 910
RNST=XMASS/(2.,0°NESTA) JTS 950
WF=ECMEGS(NEXP)#»2 JTS 970
00 220 I=1,NEXP JTS 980
PWMAT(I) =RNST*WF*PHMAT(I) JTS1060
220 FHMAT(I)=FHUMAT (L) *WF/(EOMEGS(I)**2) JTS1010
PRINT 223 JTS1020
130
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3 Table A-8
3 (Cent'd.)
<3
223 FORNAT(//710X,® MODE SHAPE WEIGHTING FACTORS ¢ ) Jrs1025
PRINT 160, (PNMAT(I) ,T=1,NEXP) JT7S1030
PRINT 22¢ JTS1040
226 FORMAT(//10X%X,* MODE FREQUENCY WEIGHTING FACTOPS * ) JTS1045
PRINT 160, (FWMAT(I) ,I=1,NEXP) JYS1050
i 230 PEAC 240, (XSTALI) ,KVAR(I) ,SPRINGL(T) 4SFRINGU(I) KTYPE(I),I=1,NVSPR) JTS1060
3 240 FORMAT(2I4,2€8.G,14) JYS1070
PRINT 250 JTS1080
1 250 FORMAT(//22X,* K*,% KVARCI)*,2X,* SPRINGL(I)®,2X,* SPRINGU(I)®,2X, JTS1090
f 1* KTYPE®) JTS1100
: FRINT 260, (KSTA(I),KVAR(I),SPRINGL(I),SPRINGU(]I) JKTYPE(I) ,I=1,NVSP JUTS1110
1R) JTS1120
2617 FORMAT(/ (20X,I4,18,2€E13.5,16)) JTS1130
DN 270 Y=1,10 JTS1140
CO 270 J=1,NSTA JTS1150
EPHI(J,T1=0.0 JTS1160
275 FPHIP(J,I0=0.8 JTS1170
c JTS1180
c READING EXPERIMENTAL MODAL DATA JTS1190
c JTS1200
TF(NESTA,EQ.NSTAIGO TO 290 JTS1210
KEAC 140, (XESTA(I),I=1, NESTA) JTSt220
PRINT 280 JTS1230
28" FORMAT(/7/730X,*MODE MEASUREMENT STATIONS, XESTA(I)*) JTS1240
PRINT 160, (XESTA(TI) ,I=1,NESTA) JTS1250
299 PRINTY 300 JTS1260
300 FORMAT(1H1,20X,25H EXPERIMENTAL MODE SHAPES,//) JTS1270
MSTA=NESTA JTS1280
IF(NEXP.GT,S)MSTA=2*NESTA JTS1290
0O 320 IT=1,MSTA JTS1300
PEAD330,J,K, (SHEL (L) ,L=1,5) JTS1310
F PRINT 3304J,;Ky (SHEL (L), L=1,5) JTS1320
Do 310 L=1,5 JTS1330
310 EPHI(J, (K¢L=1))=SHEL(L) JTS1340
320 CONTINUF JTS1350
330 FORMAT(6X,2I3,5612.5) JT7S1360
PRINT 34O JTS1370
340 FORMAT({M1,20X,25H FXPERIMENTAL MODE SLOPES,//) JTS1380
00 360 TT=1,MSTA JTS1390
READ330,J,K, (SHEL (L) ,L=1,5) JTS1600
PRINT 330,J5Ky (SHEL (L) 4L =1,5) JTS1410
00 3%0 L=1,5 JTS14620
350 EPHIP(J, (KoL =1))=SHEL (L) JTS1630
3656 CONTINUE JTS14640
c JTS1450
c READ BEAM DESCRIPTION JTS1460
c JTS1470
NX=0 JYS1480
370 NX=NX+1 JTS1490
GEAD3IB0, (ITMECLL,NX) ,LL=1,5), (DAAT (KK,NX) yKK=1,7) JTS1500
131
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391

400
410

420

43C

L40
4s0
%60
470
L8
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Table A-8
(Cont'd.)

FORMAT (2I4,312,2X,7€8.,0)
IFCITME(1,NX) «NELO)GO TO 370

LAST DATA CARD HAS BEEN READ
NCERD=NX
PRINT BEAM OESCRIPTION

PRINT 390

FOR¥AT(1Hi,* BEAM DESCRIPTION READ BY PROGRAM JOINTS*///)

D0 410 T=1,NCARD

FRINT 4OO,(ITME(JyI),J=145), (DAAT (JJ,T),J4=1,7)
FORMAT ((5IL,4X,7E13.5))

CONTINUE

SETYING STATIONS TO INTERNAL COUNTERS

7 Ty Ry

JTS1510
J1S51529
JTS1530
JTS1540
JT181550
JTS1560
JT1S1570
JTS1580
JTS1590
JTS1600
J751610
JT7S1620
JTS1630
JTS164C
JTS1650
JTS1660
JTS1670

CEFINE APPENDAGE NUMBERS = NA, TOTAL NUMBER = NAT, FIRST AND LAST JTS1680

STATION NUMBERS = NAONE(NA) AND NAEND (NA),

NAT=NA=NAONE (1) =1

NN=1

K=0

D0 460 J=1,NSTA

XSTA(J)=DAAT (3, NN)

TF(K.NE.B)GO TO 420
IF(ITMEC(L,NN) . NELO)GO TO 458

IF(TITME (1,NN¢1) .£E0Q,0)G0 TO 430

IF(ITHME (2 ,NN) JNELITME(2,NN+1))GC TO 430
NN=NN+1

K=0

GG TO 460

NERENC(NAY=Jet

IF(ITHE (1 ,NN+4$3 Q. 0) GO TO 440

NA=NA+1

NAONE{NA) =J+2

GO Y0 45¢

NAT =NA

K=1

CONTINUE

PRINT G70,NAT

FORNAT(/710X,®NAT = *,13)

PRINT w80

FCRﬂAT(/IOX,' J‘,5X,'NIONE(J)‘,SX,‘NQENO(J)')
PRINT 490,(J,NAONE(J) ,NAEND (J) ,J=1,NAT)
FURMAT(10X,I3,5X,I8,5%X,I8)

COMPUTING GENERALIZED MASS FOR THE INPUT MODES
00 %20 I=1,NEXP

132
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JTS51690
JTS1700
JTS1710
J1S1720
JTS1739
JTS1740
JTS1750
J1S1760
JTS1770
JTS1780
JTS1790
JTS1600
JTS1810
J1S1820
J1S1830
JTS1840
JTS18590
JTS1860
JTS1870
JTS1880
JTS1890
J751900
JT7S1910
J781920
JT1S1930
JTS1640
J181985¢0
JTS1960
JT1S1970
JTS1980
JTS1990
J7S2000
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(Cont'd.)
g NN=0 JTS2010
3 Jd=0 J7S2020
‘ CM(I)=0.0 JTS2030
500 NN=NNei JTS2040
NNENNIY] J1S2050
IFCITME (4 4NN) o NELDIGO TG S10 JTS2060
GMUI}=GM(I)¢DAAT(2,NN)*EPHI (JJ, I)*FPHT(JJ,I) ¢DAAT (4, NK) *EPHIP(JJ,I JTS2070
E 1)*EPHIP (JJ, 1) JTS2080
E IF(ITME(2,NN) S NE.ITME (2 ,NN¢1)) JJI=JJet Jr$2090
IF(JJLT.NSTRAIGO YO 500 JTS2100
G0 Y0 520 JTS2110
510 JJ=JJel JTS2120
3 GO TC S00 JT82130
1 520 GM(I)=GM(I)/386.4 JTS2140
PRINT 530 JTS2150
530 FORMAT(/5X,* THE GENERALIZED MASS ASSOCIATED WITH THE INPUT MODES* JTS2160
17) JTS2170
PRINT S40,(GM(I),T=1,NEXP) J7S2180
' S40 FORMAT(1X,5€20.8) JTS2130
; c CEFINE STATION NUMBER OF LARGEST DISPLACEMENT FOR EACHM J1S2209
] c EXPERIMENTAL MODE NSMAXPH(I) JTs2210
: D0 553 I=1,NEXP J1s2220
- NSMAXPH (1) =1 J1S2230
MAXSIGN(I)=1 JTS2240
IF(FPHIC(1,1) . ,LT,0,0) MAXSIGN(I)=-1 J182250
PHMAX=ABS(EPHI(1,1)) J1S2260
NAE =NAEND (1) J1s2270
3 00 5506 J=2,NA€ JTS2289
3 IF(ABSCEFPHI(J,1)) LE.PHMAX)G0 TO 550 J7S2299
PHMAX=ABS(EPHI(J,Y)) J152300
MAXSIGN(I)=1 J1S2310
TFCEFPHI (U, 1) 4LTo0,0) MAXSIGN(I)=-1 J152320
NSMAXPH(I)=J J152330
560 CONTINUE JT32340
c JTS2350
c NORMALIZING THE INPUT MODES TO A GENERALIZED MASS OF 1.0 JTS2360
p JTS2370
CO 560 T=1,NEXP JTS2380
FACT=SQRT(1.0/GM(I)) JTS2390
, PO 560 J=1,NSTA JTS24600
3 EPHI(J, I)=FACT*EPHI(J, 1) JTS24L10
: 560 EPHIP(J,I)=FACT*EPHIP(J,]) JTS2620
: KKKK=0 JTS26430
1 DO 600 J=1,NVSPR JTS2440
; NN=KSTA (J) JTS2450
3 IF(KTYPF(J) EQ.2)GO TO S70 JTS2460
; IF(DRAT(5,NN) ,EB.,0.,)G0 TO 580 JTS2470
: SPRING(J)=1,07DAAT(S,NN) JTS2680
! GO TC 600 JT52690
; 570 IF(DAAT(6,NN) 4EQ.0.)G0 TO 580 JTS2500
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580
590

60¢C

610

620

625 FORMAT(//10X,62H* MISSILE MASS HAS BEEN READ AS ZERO.
1ERMINATEC, *)

630

640
659

660
6710

Table A-8
(Cont'd.)

SPRING(U)I=1,0/0AAT(6,NN)
GO Y0 600
PRINT 5Q0,J

FORMAT(//76H *%%%,18H COMPLIANCE NUMBER,I3,15H IS ZERO.

1STOP=1

CONT INUE

TTME (3,NCARDY =1

TF(CAAT (4,NCARD) .EQ.0.0) DAAT(&4,NCARD)=250.
IF(DAAT(3,NCARD) .FQ.0.0) DAAT{3,NCARD)=1,10
IF(DAAT (1,NCARD} +EQe0+0) DAAT(1,NCARD)=2,45
SFREC=DAAT(1,NCARD)

STOPFR=DAAT (4, NCARD)

N0 610 JI=1,NVSPR

SSPRING (J)=SPRING (V)

JA=(

JB=0

Jo=0

MIKE=(

DELF=DAAT(I,NCARD)

N0 620 TI=1,NT

STFREQ(T)=EFREAID

IF(ISTOP.EQe 4V GO YO 10

MWH=0

TF(XMASS.CT.0.0) GO TC 630

PRINT 6265

GO T0 10

END OF INITIALIZATION PASS
GENERAL PASS

CONTINUE

00 €50 Jz1,NVSPR
NN=KSTA ()

IF(KTYPE(JY .EQ.2)G0 TO 640
CAAT(S5,NNV=: ,0/SPRING(J)
GO TC 650

DAAT (64NN)Z1,.07SPRING(J)
CONTIMUE

IFCITERP.EQs1)GO TO 670
00 660 I=1,NT
STFREQ(TI)=TFREQ(T)
CONTINUE

NT=NCTM

MTS=0

CO 680 Y=1,NTY
TFREQ(I)=0.0

D0 580 K=1,NSTA
TPHI(K,I)=000
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JrSs25180
J¥S82520
JTS2530
srse) JTS2540
JTS2550
JTS2560
JTS2570
JrS2580
JTS25990
JTS2600
JTS2610
JTS2620
JTS2630
JTS2640
JTS2650
J7S2660
J1S2670
JTS2680
J752690
JTS2700
~152710
Jrs2720
JTS2730
Jrs2732
JTS2734

THIS CASE T J7S2736

JYS2737
JTS52738
JTS2740
Jrs27s0
JTS27640
JT82770
JTS27680
JTS2790
JTS2600
J1S2810
JTS2820
JTS2830
JTS2840
JTS2ssa
Jrsz2860
Jrsasro
JTS2880
JTS2890
JTS52900
JTS52910
JT7829290
JT52930
JTS§2940
JTS2950




i

R e

o v T e NN £ TR T e

Table A-8
(Cont'd.)

6RT TPHIP(K,T)=0.9

DRALT (1 ,NCRRD) =SFPREN

SCLYE FOR WEW FIFQUFNCIES OND MODE SHECES

PEINT ROC,TTEQ

697 FOPWAT (1H1,40X,21H INPUT FCR ITFPATION ,13/)

LIME =0

20 830 I=1,NCTM
NL3T(X,NCARTD)=DELF

DAAT (4 ,NCECT) =STOPFR
TF(MTSLENL1IGO TN a3g
IF(I.EC.1)GC TO 7680
TF(KCLNSELEQ.LIGO TO 730
TF(STFREQ(TY JNELM,C)GO0 TO 710
PQINT 7020,1

7CO FOPMEYT(13H ®%% QTFOFN(,12,35H)} EQUALS 0.0, THIS CASF TERMIWATED,)

MIKE=1
G0 TO 2190

712 XFREQ=CLCSE® EFRFQ(T)

YFOEN=DELF*EFREN(I-1)

IF(XFRFN.GT.YFREQYGC TO 720

XFREN= FFREN(TI-1)¢( EFREQ(I) - EFREQ(I-1))/2.7
TAAT(INCARII=L O+ ((EFFEQUI) =FFIFQUI-1YY/{E,0%EFREQ(I}))

72C DAEET (1 ,NCARY}=XFREN

GO TC 740

730 DALT{1,NCARD)=DAAT(I,NCARD)*TFREN(TI-1)
740 TF(DAAT(1,NCARPY) .GT. TAAT (4,NCBRNY)GO TC 810

75¢

PRINT 750, (ITME(S,NCAPD), J=1,5),({DRAT(JJ,NCARD) ,JJ=1,7)
FORMAT (/7 (STL,4X,7EL13.5))

TED CALL MYKL(FREOQ,G&M,LTME)

LIME=1
TE(FRFGLNELTWI GO TO 780
PRINT 770

770 FOFMAT(/* EORQOR IN CCMPUTTC MODE FREQUFNFIFS. FPEQ=0.0,

780

7a¢

8C0

910

1 LRQRTFD *)

MIKE=1

LONT INUE

TF(T.FQ.13GN TN 790
IFIFRFQ.EQ.TFREN(I=-1216G9 TC 820
CONT THNUE

00 800 K=1,NSTA

TPHY (K, T)=VEC(lLyK)
TPHIP(K, T} =VEC(3,¥}Y
TFREQI(TI) =FREQ
GM(I)=GAV

GO TQ 8”30
IF(MTS,EC.1)G0 To »30
NT=Y

M1S=1
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JT52960
J152970
JT152940
JTS2990
JTS3000
JTS3010
JTs3020
JTS30639
JTS3040
JTS3050
JTS30660
JT1S3070
JT7S2080
JTS3g090
JTS31090
JTS3110
JTS3120
JTS3138
JTS3140
JTS3150
JTS3150
JTS3170
JTS3180
JTS3190
JT53200
JT53210
JTS322¢
JTS3230
JTS3240
JT7S3250
JTS3260
JTS3270
J1s3230
4753290
JTS3360
JTS3310
JTS3320
JTS3330
JTS3340
JTS3350
JT533¢60
JTS3370
JTS3380
JT1S3399
4753600
JTS3410
JTS3420
JTS3430
JTS3IH40
JTS34S0
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8510
86t

8rn

880 FORMAT(1HiI,20X*MODFS HAVE BEEN MISSED THREE TIMES.see+CURRENT MOOE
1€ ANG SLCFES*//)

gan

900
910

a2
93)

940
96 ¢

Table A-8
(tont'd.)

GO TC f30

NT=T-14

MTS=1

CONTINUF
IF(VIKELSQ.10G0 TO 10

MATCHING CORRESPONDTING MODES
FINC MISSING MODES

MT=NCTM

[O 1070 I=1,NT
TF(KCHECK.EQ.2)GO TO 1040
LPITE=C

NSGNCH=]

0 RED NAa=1,NAT

NSGN=1

IF(TFHIP (NAONE(NA)Y 1) oL T,0,0)NSGN=-1
NI=NAONF (NA) ¢4

NZ=NAEND (N&)

fFC A50 J=N14N2

NSG=1t

IF( TPHIP(J, I} 4L T.0.CINSG==1
TF(NSGL.FCLNEGNIGO TO 850
NSGN=NSG

NSGNCH=NSGNCH+1

CCNT INUE

CONT TNUF
IF(NSGNCH.FQ.INIGO TO 1040
LBITE=LPITE+1

60 TC (9A40,960,8TC)ILRITE
PRINMT 880

NL=1

NN=NL+2

TEFINNGGT oNT)NN=NT

0O Q00 WS=1,NSTA

PRINT 910,KSy (TPHI(KS,KM) ,TPHIP(KS,KM) ,KM=NL 4 NN)
FORMAT((2X, Tl yb(3X, 2613.5)))

NL=NL ¢4

IF(NL.LE.NTIGO TO 890

CRINT 920

FORMAT(//720X*FRENUENCIES AND GFENERALIZED MASSES®* ,/7)
PRINT 930, (KM, TFREN(KM) yGM (KM} yKM={  NT)

FORMATC( (10X, I5,2(10%XE17.7}))

60 TC 10

PRIMT 950,1

FORMAT(//720X*MODE*,15,IX*HAS PEFEN MISSFO ONCE®™)
0 Tn 980
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JTS3470
JTS3480
JTS3490
JTS3500
JTS3510
JT53520
JTS3530
JYS3540
JTS3550
J1S3560
JTS3570
JTS3580
JTS3590
JTS3600
JTS3610
JTS3620
JTS3630
JTS3640
JTS3650
JTS3660
JTS3670
JTS3680
JTS3690
JTS3700
JTS3710
JTS3720
JTS3730
JTS3740
JTS3750
JTS3760
JTS3770
JTS37880
JT83790
JTS3800
J783810
JTS3820
JT53830
JTS3840
JTS3850
JTs3860
J1S3870
JT7S3880
JTS389"
JTS390v
JTS3910
J183920
JTS3930
JTS3940
JTS3950




oOC,

960
9740
980

990

1000

14440

1450

1060
1070

1080

1090

Table A-8
(Cont'd.)

PKINT 970,1

FORMAT (/7720X*M0DE®, 15, 3X*HAS dcc ™ MISSEU THWICE®)
VONT INUC

IF(NSGNUH.G1 «NT)GO TO 1000

MN=NSGNUH

MMz MN¢ N1

Mi=[eNT

w0 990 N=MN,NT

TFREQ(=M*HMI2TFREQ(-M¢M])
GM{=M+Mr) =G (~Me¢M])

Jy0 990 L=!,NSTA

IPHLI(L y=MedM)=TPHL (Ly=MeN])
TPHIP(Ly=M*MM) sTPHIP (L y=H#+M])

ANF=NN=1

UnAT (4 NCARDIZ0.99*TFREQ(INF¢1)

GG T0 1uie

INF=NT

UAAT (e ¢y NLARL)=0.99*TFREQINT)

DAATCI yiCARGI=1,0¢0,2% (DAAT(IGNCAKUI=240)
w0 302U IN=IgiNF

vART (L yNCARU)=3FReQ® {0, 9**L31TE)

IFCINsN: e L)DAAT (L gNCAKL)I=1 4 04*TFRQ(I-1)
PRINT 75ug (ITHME(IgNCARD) 9 d=195) 5 (LAAT (JJyNCARL) » JJ=1,7)
GALL MYRL(FREWGAM,L INE)

O 1020 K=1y4NSTx

TPHI(K 3 IN)=WEG(4,4K)

TPHIP(KyIN)=vVe L (3 9K)

TFreW(ind =FREA

GHOINI =UAM

GO TO 840

LOMPARE POLAKITY TO THAT OF EXPERIMENTAL MODE

CUNTINU:

IF(LeGToHEXPIGO TO 10780

NSIGN=1
IFCTPHLI(NSHAXPHIL) 1) oL T+040)NSIGN=-1
IF (NSIGNeNcoMAXSIGNILI)) GO TO 1050

60 TO0 1070

Ul 10610 J=1,N5TA

TPHL(JI ) ==TPHIJ,1)
TPHIP(J, 1) =~TPHIP(J, I}

CONTINU.

PriNT 1UBD

FORMAT (/* COMPUTc D GENERALIZEG MASS FOX THE MYKL MODcS ARE */)
PRANT 1u90,(GM(I)pI=L4NT)
FORMAT (X9 1021345)

NOKMALLZING MYKL MODE> TO A GeNerRALIZED MASS OF 1.0

w0 1100 I=1,NT
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JTS3960
4153970
JT153980
JT153990
JT>4000
JTSL046
JTo4u2¢
JTS6030
JTS4 060
JTS564050
JIS4060
JTS4070
JTS564 080
JTS4030
JTI>4104
JTS4110
JTS4120
Jioe134d
JISk1i&kd
JT154150
JTIS4160
JTSH170
JTS4180
JT 4190
JTS4203
JTS4210
JT54220
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4184238

JIoh24l
JTS6254
JISk260
JTS4270
JT134280
JTS4290
JTS4300
JT56310
JT156320
JT54330
JTS6 360
JT54 450
JTS43610
JTS4370
JIS4 380
JTS5639¢0
JTS&400
JTo6btl
JISh4e0
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1110

OOO0OOOO0

1135

1120

1130

1140

1150
1160

1170

1180

OO0

1190

1200
12190

Table A~8
(Cont 'd.)

TOMEGS(TI)=(6,283185*TFREQ(I))**2
FACT=SQRT(1.8/GM(I))

00 1100 J=1,NSTA
TPHI(J,I)=FACT*TPHI (U, 1)
TPHIP(J, I)=FACT*TPHIP(J,])

PRINT 1110
FORMAT(/* THE THEORETICAL MODES HAVE BEEN NORMALIZED *)
CHECK MOODE SHAPE AND FREQUENCY

LOGIC FOR CONTROLING PROGRAM MYKL WILL BE LOCATED HERE

OBTAIN NEW ESTIMATES OF THE JOINT COMPLIANCES

CALL STEEP
IFCITMAX.GT41) GO TO £11S5

ITER=Y

CALL RENORM

GO T0 190
TFCIMHHLLT.1) LOR, (MWH,GT,2))G0O TO 1120
CALL ALTER

GG T0 630

IF(ISTOP.EQ.0)GO YO 1130

CALL RENCRM

GO T0 10

IF(JALEQ.2)G0 TO 1140

GO TO 630

CONVERGEWCE CHECK ON SOLUTION

KZERQ=0

PO 1150 K=1,NVSPR
DELTAK=ASPRING (K) ~SSPRING (K)
IF(DELTAK.EQe0,0) KZERO=1
IF(KZERD.EQ.1)G0 TO 1160

00 1150 J=1,NVSPR
BB(K,JY)=(AA(J,K) =SPFK(J))/DELTAK
CONTINUE

IF(K2EROLEQ.00GO TO 1180

PRINT 1170

FORNAT(10X,37H DELTAK = 0.0, THIS CASF TERMINATED. )
GO 10 10

CONTINUE

RB(JyK)=THE MATRIX OF SECOND CRDER OERIVATIVES

PRINT 1140

FORMAT(//40X,® THE SECOND ORDER DERIVATIVES ARE */)
00 1200 J=1,NVSPR

PRINT 1210, (BB(J,K) ,K=1,NVSPR)

FORMAT (1X,10€13.5)
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JTSLa60
JTSG670
JTSLALOBO
JTS446S0
JTSHE00
JTSK510
JTS4520
JTSL530
JTS6S540
JTSLESO
JTS46560
JTSL570
JTS4580
JTS6590
JTSL593
JTS4594
JTS6595
JTS4597
JTS4600
JTS46190
JTS4620
JYS4630
JTS4640
JTS4650
JYSu66C
JTSL670
JTS4680
JTS4690
JTS4700
JTS%710
JTSH720
JTSL730
JYSe740
JTSLTS50
JTSL760
JTSWT70
JTS4760
JTS4790
JTS4800
JTS4810
JTS4820
JTSL830
JTS&L340
JTS4850
JTS4LB860
JTSL8T70
JTSu880
JTS4890
JTS4900
JTSLG10
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Table A-8

; (Cont'd.)
c JTSk92¢C
c AVERAGING THE SECOND ORDER DERIVATIVES JTS&930
c JTSL940
00 1220 K=z1,NVSPR JTS4950
DO 1220 J=1,NVSPR JTS4260
1220 AA(K,J)=(BR(K,J)¢BB(JI,K))/2.0 JTS4979
00 1230 J=1,NVSPR JTS4980
3 DO 1230 K=1,NVSPR JTS499¢0
3 1230 BRUJ,K)I=AALJ,X) JTS5000
PRINT 1240 JTSS810
i 1240 FORMAT(//10X,* THE AVERAGED SECCND OROER CERIVATIVES ARE ¢/) JT$5020
. 00 1250 J=1,NVSPR JTS5030
3 1250 PRINT 1210, (BB(J,X) ,K=1,NVSPR) JTS50640
c JTS5050
c CALL INVERSION ROUTINE JTS5060
¢ JTSS0790
CALL MATNF S (BB,NVSPR,10, 1,0,0ET, IERROR) JTS5080
PRINT 1260,DET JTS5080
: 1260 FORMAT(/* OFT = *,E16.7) JY55100
s PRINT 1270 JISS110
1 1270 FORMAT(//710X,®* THE INVERSE OF THE SECOND ORDER DERIVATIVES ARE */) JTSS5120
3 C0 1280 J=1,NVSPR JTS5130
/ 1280 PRINT 1210, (BB (J,K) ,K=1,NVSPR) JTS5140
c JIS515¢
c CHECKING THE INVERSE OF TME SECOND ORPER TERNS JTS5160
4 c JTS5170
: D0 1290 I=1,NV¥YSPR JTS51380
5 N0 1230 J=1,NVSPR J1S5190
CC(1,3)=0.0 J1S5200
DO 1290 K=1,NYSPR J1S5210
4 1290 CCCI,J)=CC(Y,J) +AA(T,K)®BB(K,J) J1S5220
: PRINT 1300 JTS5230
3 1300 FORMAT(//* THE INVERSE OF THE SECOND ORDER DERIVATIVES TIMES THE JTS5240
1SECOND OROER DERIVATIVES EQUAL */) J1S525¢0
00 1310 J=1,NVYSPR JTS5260
1350 PRINT 1210,(CC(J,K) ,K=z1,NVSPR) J1S5270
c J1S5280
1 c COMPUTING NEW SPRINGS RATES UTILIZING SECOND OKDER TERMS JTS6299
~ ¢ JTS5300
1 00 1360 J=1,NV¥SPR JTS53140
TEMP=0.0 JTS5320
E DO 1320 K=1,NVSPR JTS5330
. 1320 TEMP=TEMP+BB(J,K) *SPFK(K) JTS5340
SPRING(JI=SSPRING (L) ~TEMP JTS5350
RATIO=ABS (SPRING(J) /SSPRING(J) =1,0) J7S5360
IF(RATIO.LT.0.025)G0 7O 1330 JYS5379
XNUM=ASPRING (J) =SSPRING (J) JTS5380
XDENZSPRING (J) =SSPRING (J) JT55390
IF(XDEN.EQ.0.0)G0 TO 1330 JTS54600
RATIO=XNUM/XOEN JTS5410
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Lo X

1330

1340

L

1350

1360

1370

1380

13990
1400
1410

14290

1430

Table A-8
(Cont'd.)

IFCRATIOLNT0,0) SPRINGIJ)=ASPRING () JT85420
CONTINUE JTS5439
IF(SPRINGU(L) JLTLSPRINGL (J))SPRING (J)=SPRINGL (J) JTIS5440
IFC(SPRING(JS) «GT SPRINGU (J) ) SPRING (J)=SPRINGU (J) JTS5450
COMP(J)=1.0/75PRING(Y) JTS5460
CONT INUE JTSS54T0
PRINT 1350 JTS5480
FORMAT(//20X42H JyB8XySH K(J),9X,8H COMP(J),12X,8H SPFK(J)y/) JTS5490
PRINT 1360, (J,SPRING(J) yCOMP(J) ,SPFK(J),J=1y NVSPR) JTS5800
FORMAT(18X,T4,2€16,6,E20.6) JTS5510
IFCITERCLTLITHAXIGO TO 1380 JT155520
PRINY 1370 JTS5539
FORMAT (/7% THE MAXIMUM NUMBER OF ITERATIONS HAS BEEN EXCEEDEOD *) JTS5540
ISTOP=1 JT35550
CONT INUE JTSS556§
MM=0 JTS5570
00 1400 J=1,NV¥SPR JTS5580
RPATIO=ABS{SPRING(J) 7SSPRING(J) ~1.0) JTS554a(
IF{RATIO=-TOL)1390,1400,1400 JTSS600
MHM=MMeq JTS5610
CONTINUE JTS5620
IF(MP LT .NVSPRIGO VO 1428 JTS5630
PRINY 1610 JTSS640
FORMAT(/7/% THE MINIMUM COSY FUNCTION HAS SBEEN FOUND *) JTS5650
ISTOP=1 JTS5660
CONTINUE JTS5670
PO 14306 J=1,NVSPR JTS5680
OLDSPR({JY=SSPRING (J) JTS5690
SSPRING (. Y=SPRING(Y) JTS5700
CONTINUE JTSS710
IFCISTOP.EQ.1)GO TO 630 JTS572¢0
JO=0 JYSS730
JAz1 JTS5740
JB=0 JTS5750
MWH=0 JIS5760
G0 T0 630 JYSS770
ENO JTS5780
140
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Table A-9
FORTRAN Listing of Subroutine STEEP

SUBROUTINE STEEP STP 10
c STP 20
c ESTIMATE SPRING VALUES TO IMPROVE MATCH OF BEAM MCOEL STP 30
c STP 40
COMMON/1/ MWH, ISTOP,NSTA,NT,NEXP,STEP,ITHAX,TOL,ITER STP 50

5 ONMON/2/ KKKKy ALFAA o F yPFK (20) yINTEG (20) STP 60
COMMON/3/PWYAT (13),FRMAT (10) JEOMEGS(10) yKVAR(26) o SPRINGL (20) ,SPRIN STP 70
15U1(20) ,EPHI(100,10) ,EPHIP(100,10) ,EFREQ(10) 4 TFREQ(10) STP 80
COMMON/4/ TOMEG S (10) 5 TPHI(100,10) ,TPHIP(100,40) STP 90
COMMON/S/ JAy JB 9 J [,FF, SPFK(10) ,AA (10,10) ASPRING(20) STP 100
COMMON/6/NVSPR ySPRING (10) 5 SSPRING (13) ,KSTA(10) ,KTYPE(10) ,COMP(10) STP 110
JIMENSION FACT (10),PXK(200), FWI(10) 4 FXI(10) STP 120

c STP 130
c ORINTING OUT A COMPARISON OF EXPERIMENTAL AND THEORETICAL MODES  STP 140
¢ STP 150
2RINT 10, ITER STP 160

10 FORMAT (1H1,* COMPARISON OF EXPERIMENTAL MODES TO THEORETICAL MODES STP 170

1 FOR ITERATION NUMBER®,I3/) STP 180

NL=1 STP 190

2C NNz=NL#3 STP 200
IF(NNeGToNT)  NN=NT STP 210

00 30 J=1,NSTA STP 220

36 PRINT 40, JoCEPHI(JsI)9TPHI (JyI)yI=NLyNN) STP 230

40 FORMAT(2XyI4, 3X92E130593X92E1345,3X2E134543X,2E1345) STP 240
NLENL#4 STP 250
IF(NLsLEsNTsG0 TO 20 STP 260

PRINT 50 STP 270

5( FORMAT (1H1,* COMPARISON OF SLOPES =- EXPERIMENTAL TO THEORETICAL®/ STP 280

1) STP 290

NL=1 STP 300

6C NN=NL#3 STP 310
IF(NNeGToNT)  NN=NT STP 320

D0 70 J=1,NSTA STP 330

70 PRINT 40, J,CEPHIP(JyI), TPHIP (J,1), I=NL,NN) STP 340
NL=NL+& STP 350
IFCNLeLESNEXP) GG TO 60 STP 360

PRINT 8L, ITER STP 370

80 FORMAT (1H1;47X,* ITERATION®,I4//) STP 380
PRINT 90 STP 390

9C FORMAT (10X,* MODE®,10X,* EXPERIMENTAL FREQ®,10X,* THEORETICAL FREQ STP 400

L% /) STP 410
PRINT 100, (I ,EFREQ(I) 4 TFREQUI) y1=1,NT) STP 420

10C FORMAT (10X, 155 10X E1847 510X, E1747) STP 430

c STP 440
c STP 450
c COMPUTATION OF THE QUADRATIC COST FUNCTION STP 460
¢ STP 470
FwW=0.0 STP 480
FX=0.0 STP 490
NSP1=NSTA+1 STP 500
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Table A-9
(Cont'd.)

NSX2=NSTA*2

DO 130 I=1,NEXP

FAI(I) =0.5%FWUBAT(I) *(EOMCHS(I)-TOMEGS(I))*(EOMEGS(I)-TOMEGS(I))
FrH=FHe¢FHI{D)

FAC =0.0

D0 110 J=1,NSTA

FAC =FAC +(SPHI(JsI)=TPAI(JyI))*(EPHI(JyI)=TPHI(J,I)}

JO 126 J= NSP1,NSX2

JJ=J=NSTA

FAC =FAC +(EPHIP(JI I)=TPHIP(JUyI))*(EPHIP(JJ,)=TPHIP(JJ, 1))
FXI(I)=0.5*AC*FWMAT(])

FX=FX+FXI(I)

F=FHeF X

PRINT 140,FyFN,FX

FORMAT (/7224 ThE COST FJUNCT4ON = ,E13.5,10X,6H FW = ,E13.5,10X,6M

1 FX = ,E13.5/)

PRINT 150, (X FWI(I) FXICI) 4I=1,NEXP)
FORMAT (38X,13910XyE1345516X5,EL13.5)
IF(ITER.EQes) FF=F

IFC(JBeEQe1) HWH=D

IF(JBuNE-J)50 TO 160
IF(ITERGEQ.1)G0 TO 163

IF(FFoGTeF) FF=F

YR 2MUH+L

IF(FFeGEeF) MWH=0
IFC(MRH.EQeD) o ORs (MWHe GT42))GO TO 1690
30 T0 390

IF(ISTCP.EQe 1) GO TO 390

COMPUTATION OF THE GRARIENTS FOR EACH UNKNOWN SPRING

POMEGK (PARTIAL DERIVATIVE OF OMEGA SQUARED WMITH RESPECT TO SPRING

1RATES K)

D0 280 J4=1,VVSFR

NN=KVAR{J) #1

PFK(J)=De0

IF(JBaNESO) AA(J,dB)=0.0

DO 280 I=1,NEXP

IF(KTYPE(J)+EQe1)GO TO 170
POMEGK=(TPHIP(NN=1,I)=TPHIP(NN,I)) *%2
80 TO 160

POMEGK=(TPHL (NN=1,I)=TPHI(NN,I)) **2
CONTINUE

PXK(PARTIAL DERIVATIVE OF PHI WITH RESPECT TO SPRING RATES X)
DO 190 NX=1,NSX2
PXKINX)=0.0

30 2u0 L=1,NT
IF(L.EQ.ING) TO 240
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Table A-9
(Cont 'd.)

IF(KTYPE(J)EQ.1)GO TO 200

FACT (L) =(TPHIP (NN=1,L) *TPHIP(NN=1,I) ~TPHIP(NN=1,L) *TPHIP (NN, I) ~TPH
LLPUNNGL)*TPHIP (NN=2,I) ¢+TPHIP(NN,L) *TPHIP(NNgI))/(TOMEGS(I)~TOMEGS(

2L
60 TO 219

CONTINUE

DO 220 MX=1yNSTA
PXK(NX)=PXK(NX)4F ACTCL) *TPHI(NX,L)
DO 230 NX=N3F1,NSX2

NY=NX=NSTA

PXK(NX)=PXKINX)+FACT(L) *TPHIP(NY,L)
CONTINUE

COMPUTATION OF FFK(J)==PARTIAL OERIVATIVE OF F WRT K

PFKX=0.0

PFKN=0.0

DO 250 N=1,NSTA
PFKX=PFKX+PHMAT(I)*(TPHI(N,I)-EPHI(N,1))*PXK(N)
JO 260 N=NSP1,NSX2

NY=N=NSTA

PFKX=PFKX+PHMAT(I)* (TPHIP(NY,I) ~EPHIP(NY,I))*FPXK(N)
PFKW=FAMAT (I )* (TOMEGS(I) =-EOMEGS(I))*PLNIGK
2FK(J) =PFK(J) +PFKX+PFKH

IF(JB.EQ.DIG0 TO 270
AA(J,yJBI=AA(Y, JB) +PFKX+PFKH

CONTINUE

CONTINUE

IF(JB.EQeNVSPR}IGO TO 3890

IF(JD.EG.1)50 TO 30D

JA=1

JB=0

JO=1

0O 290 J=1,NVSPR

SPFKJ)=PFK(J)

CONTINUE

COMPUTING WHERE THE COST FUNCTION GOES 70O ZERO
JC=Ji+l

IF(SPFK(JC)e6GTo0.006C TO 310
ALPHA==STEP*SSPRING (JC)

«0 TO 320

ALPHA=STEP#¥SSPRINGUJC)

CONTINUE

COMPUTING NEW GUESSES FOR THE VARIABLE SPRINGS
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(Cont'd.)

IF(JBeEQ.0)50 TO 330 STP1510
SPRING (JB) =3SPRING(JB) STP1520

33C CONTINUE STP1530
JB=JB#+1 STP1540
SPRING (JB) =SSPRING(JB) =ALPHA STP1550
IFCSPRING(UB) o LT 4 SPRINGLCUB) ISPRING(JB)=SPRINGL(JB) STP1560
IF(SPRING (J3) ¢ GT+ SPRINGU(UB) )SPRING(JUB)=SPRINGU(YB) STP1570
ASPRING(JB)=SPRING(JB) STP1580

DO 340 J=1,NVSPR STP1590

34l COMP(J)=1,0/SPRING(Y) STP1600
PRINT 350 STP1640

35C FORMAT (720Xs2H J,8Xy5H K(J), 11X,7H PFK(J) 412X ,8H COMP STP1620
1043 /) STP1630
PRINT 360, (JySPRING(J), PFK(JYy COMP(J) y J=1,NVSPR) STP1640

350 FORMAT (18X,149E16.5, 2E18.5) STP1650
PRINT 370,ALPHA STP1660

370 FORMAT(/10X,* ALPHA = *,E16,5) STP1670
ITER=ITER+] STP1680

C STP1690
20 TO 390 STP1700

c STP1710
C STP1720
I3sC JA=2 STP1730
ITER=ITER+Y STP1740

c STP175¢0
c RETURN TG PROGRAM JOINTS STP1760
C STPL770
390 UONTINUE STP1780
ENU STP17490
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Table A-10
FORTRAN Listing of Subroutine ALTER

SUBROUTINE ALTER ALT
ALT

ESTIMATE NEW SPRING RATES WHEN THE COST FUNCTION HAS INCREASED ALY
ALT

COMMON/6/NVSPR y SPRING(10)  SSPRING(10) ,KSTA(10) ,KTYPE(10),CONP(10) ALY
COMMON/7/XRATIC,0LDSPR(10) ALT
DIMENSION RATIO(10) ALY

J0 10 J=1,NVSPR ALT
RATIO(S) =040 ALT
IFCOLDSPR{J) «EQe04) GO TO 10 ALT
RATIO(J)=SSPRING(J) 70LOSPR(J) ALT

10 CONTINUE ALT
IF(XKATIO.FAe045 XRATIO=045 ALT
XRATIO=1.04¢XRaTIO ALT
YRATIO=1.0/KRATIO ALT
KOUNT=( ALT

D0 30 J=1,NVSPR ALT
IF(RATIO(J) o LEXRATIO)GO0 TO 20 ALT
SSPRING(J)=XRATIO®*OLOSPR(J) ALT
KOUNT=KOUNT+ 1 ALT

60 TO 30 aLT

20 IFC(RATIO(J)oGE «YRATIONGO TO 3N ALT
SSPRING(u)=YRATIO*OLOSPR(J) ALY
KOUNT=KOUNT#+1 ALT

30 CONTINUE ALT
IF(KOUNTNZ. 8) GO TO 50 ALT

D0 40 J=1,NVSPR ALT

4{ SSPRING(J) =(SSPRING(J)=0LDSPR(J))/2.04+0LOSPR(J) ALT
5C 30 60 J=1,NVSPR ALT
SPRING (J) =SSPRING (J) ALT
COMP(J)=1,0/SSPRING(J) ALT

50 CONTINUE ALT
PKINT 70 ALT

70 FORMAT (1H1,/7/72CX,76H SINCE THE COST FUNCTION HAS INCREASED, NEW SP ALT
LtRING RATES HAVE BEEN COMPUTED. 7/7 ALY
PRINT 8¢ ALT

5C FORMAT(/20Xy 24 JyB8X,5H K(J),9X,8H COMP(J),/) ALT
PRINT 90y (Jy SPRING(J) ,COMP(J) 3J=1,NVSPR) ALT

30 FORMAT (18X,I4y2E1646) ALT
END ALT
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Table A-l1
FORTRAN Listing of Subroutine RENORM

TR TRy SEET PR T e

SUBRGUTINE RENORNM REN 10
C REN 20
c RENORMALIZATION OF THE EXPERIMENTAL AND THEORETICAL MOODES REN 30
C REN &0
COMMON/1/ HMAHy ISTOP,NSTA,NT,NEXP,STEP,ITHMAK,TOL,ITER REN 5C
COMMON/3/7PHYAT (10) ,FUMAT(10) EOMEGS(10) oKVAR(20)  SPRINGL (20) SPRIN REN 60
16U(20) JEPHI(100,10) ,EPHIP(3100,10),EFREG(10),TFREQ(10) REN 70
COMMUN/L/TOMEGSt10) yTPHIC(100,10) ,TPHIP(100,40) REN 80
COMMON/8/KNORM 4 XSTA(100) REN 90
JATA (MODE=10MH MOODE ) s (NAME1=10H EPHI ) o (INANE2=10H TPHI REN 100
1 ) ,(NAME3=10H EPHIP ) y (NAME4=10H TPHIP ) REN 110
DO 20 I=1,NZXP REN 120
IFCEPHI(KNOIMy 1) ¢ EQeDs) 30 TG 20 REN 1390
FACT=1,0/7EP11(KNORM,I) REN 140
00 18 J=1,NSTA REN 150
EPHMI(S,1)=FACT*tPHI(J,1) REN 160
EPHIP(J,I)=FACT*EPHIPLJY,I) REN 176
10 CONTINUE REN 130
20 CONTINUE REN 199
DO &40 I=1,NT REN 209
IF(TPHI(KNOIMy I) e EQe0e)GO TO 40 REN 210
FACT=1.,0/7TP41I( KNORM,I) REN 220
D0 X0 J=1,NSTA REN 230
TPHI(J,I)=FACT*TPHI(J,1I? REN 2410
TPHIP(JyI)="ACT*TPHIP(J,]) REN 250
3C CONTINUE REN 260
¢ CONTINUE REN 270
5¢ PRINT 604 ITER REN 2810
60 FORMAT (1H1,* COMPARISON OF EXPERIMENTAL MODES TO THEORETICAL MODES REN 290
1 FOR ITERATION NUMBER*,T3/) REN 300
NL=1 REN 3110
NN=NL+ 3 REN 320
IF(NNsGTo NEXP) NN=NEXP REN 330
PRIN' 7CQ(MDDE ,I|I=NL’NN) REN 340
70 FORMAT (10X,4(18X4A6,12)) REN 350
PRINT 80, (NAME 1,NAME2y I=NL 4NN) REN 360
B0 FORMAT(3Xy29 K,6X46H XSTA L4 (8X,A8,6XyA0)) REN 370
00 90 J=1,NSTA REN 380
3G PRINT 100,Jy XSTACU) y (EPHI(JI 1) 4TPHI(J,I)yI2NLyNN) REN 390
130 FORMAT(1X, 1432 Xy E124594(2X,2E 1245)) REN 400
NL=NL+4 REN 410
IFUNL<LE.NEXP) GO TO 50 REN 428
110 ORINT 1298 REN 430
120 FORMAT (1H1,* COMPARISON OF SLOPES == EXPERIMENTAL TO THEORETICAL®/ REN &40
f 1) REN 450
; NL=1 REN 469
NN=NL+ 3 REN 470
IFINNeGT o NEXP) NN=NEXP REN 480
PRINT 70, (MDOE Iy I=NL9NN) REN 490
PRINT 80, (NAME 3yNAMEGL, I=NL JNN) REN 500
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Table A-11
(Cont'd.)

00 130 Jx1,NSTA

PRINT 130 ,Jy XSTA( D) y(EPHIP I 1) ,TPHIP (J9l) I=NLyNN)
NL=NL*G

[IF(NLeLESNEXP)GC TO 110

END

REN 510
REN 520
REN 530
REN 540
REN 550
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Table A-12
FORTRAN Listing of Subroutine MYKL

SUBROUTINE HYKL (FREQeGAM,LIME)

MYKL MORIFIED TO LIMIT NUMBER OF INWNTERNAL SYATIONS TO 100

COMMON FINK (300)

MYK
MYK
MYK

C UMMON AClyty101) ySAPligl) g AP (4,b) g VINV(Gyb) JALVIL, &), T (4,yl) AL NYK
COMMON ACly4y300)9SAPLL,4) g AP(U,yb) yVINViL &) ALV G, 4) T {4,4) AL HYK
10TC4,0),TAP(bLy49100)yVEC (4y101),ITEN(6,101) 4DATA(B,101),12(¢300),IR MYK
IVT(b,4) yTAP(4y4,100) yVEC{4,300),ITEM(6,300) y0ATA(8,300),11(300),IR KYK
2¢300);0M(300),FUNC(300) 4R(3) ,KKK(100),MO0E(100),JOINT (101) )AL (4ysl) MYK
2(300),0M(300), FUNC(300) 3R(3) 4KKK(100) ,MODE (100) ,JOINT (300) yAL {4ys&) MYK

3,16 (101) 4 PRNT (&), HOL (12)
3,16(300),PRNT( &) ,HOL(12)

MYX
MYK

L ONMON ICON(10),ICB(10) JFPM (10,4, 4) )FQM(20,%,4) ,VSAVE(4),ARSTAR MYK
1010469 4), ARPB{ly4) yARPALLyb) JAPRI%,4) ,0ANV(2,2),0ENV (2,2 MYX

2) yTHMAN(6,0) yBMAN(6,6) yBINV(6 46) yRMUL (E44)
C OMMON I4(201)
S OMMON IL(Z00)

COMMON ITHME (5,101) 4DAAT (7,101) ,IETM(5),0TAA(7)
COMMON ITME (5,250) o DAAT (7,250), IETM(5) ,0TAA(7)

ITHIN=1

ILAF=%

N=C

NX=0

N=N¢+1

NX=NX+1

00 30 I=1,5
ITEM(I,N)=ITHE (1,yNX)
DO &u I=1,7
DATA(I 4N) =DAAT (I4NX)
TF{LIME.,EQ«1)G0 TO 60
WRITE(6,50) (ITEM(LI,N)I=21,5), (DATALJy)N) yJ=1,7)
FORMAT (SIbL,4Xy 7 ( €13.5))
CONTINUE
IF(ITEM(1,N))7G,100,70
ITEM(6,N) sITEM(1,N)
ITEM(1,4N)=N
IF(N.EQs1)GC TO 20
IF(ITEM(24N) eEQ.ITEM(2,N=1))G0 TO 20
DO 80 1=1,6
ITEM(ISNeLISITEM(ILN)
ITEM{I,N)=ITEM(I4N-1)
ITEM(LyN) =N
ITEM(L,NsL)=Net
ITEM(4,yN) =0

00 80 J=1,7
JATA(UN+1)=DATA(JyN)
JATA(J4N)=0.0

DATA(I N)=DATA (34N-1)
N=N¢1

20 T0 20

30 110 I=1,6
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Table A-12
(Cont'd.)

ITEM(IZN#1)=ITEMII,N)

ITEM (I JN)=ITEM(1,N=1)
ITEM (L ,4N) =N

IToMlG,N) =0

30 120 J=1,7
DATA(JN+1)=DATA(JyN)

JATA(J sN) =0, 0

DATA(3I4N) =DATA(34N~1)

N=N+1

NN=N-1

M=N

J0 150 I=2,NN

N=]-1
JATA(ByN) =DATA (3,1} =DATA(3I4N)
IFCITEM(2,N) ~ITEM(2,1))130,140,130
JATA(3 NI =06 O

DATA(8,1)=0.0

CONTINUE

D0 160 K=1,1C0

JO 160 I=1,4

D0 160 J=1,4

A(lyU,K)Y=0,.0

KZ=0

KOWT=1

ITLER=1

A2=0ATA(1,M)}

IF(W2) 180,170,180

WZ2=2.5

W2z (W2 *3, 441 593%2,.,0)%%2
EPS=DATA(2 M)
IFLEPS)200,190,200

CPS=elE=4

s ANA=DATA (3, M)

IF(GAMA) 220,210,220
GAMA=1.10

wUMMAS 1.+ {GAMA~-1,)%.05
JPUNDO=0ATA (L yN)

IFLUPBND) 240,230,240
JPBND=250,0
UFBNU=UPBND* 6. 283185

K=1

SAMA=G AMA

D0 333 I=1,NN
IF(ITEM(4,1)=1)250,280,300
“(lplg K)}=1.0

A(2424K)=140
A(3,1,K)==DATA(8,])/DATA(1,])
IF(DATAC(L,]) -EQ.0.0)A(3,1,K) =0.0
DATA(5,1) =DATA(S,1)/57,29578
DATA(64I)=DATA(6,1)/57.29578
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Table A-12
(Cont 'd.)

IFUITEM(S5,1I))260,260,270
A(1424,K)==DATA(8,])
RA(392eK)=o5*DATA(8,I)*%2/DATAtL,])
IFCDATA(L,]I) s€EQe0.0)AC3,2,K) =040
Albyl1,K)==A( 39 24K)
A(492,K)I=0ATA(8,1)**37(6.0%0ATA(L,]))
IFC(DATA(L,I) ¢EGeBe0)ALL,)2,K)=0,40
K=K&¢1

20 T0 330

A(3,1,K)==DATA(6,])
IF(ITEM(5,1))250,290,300

A (‘0’2’ K)==0ATA (591)

KK=K+1
JATA(S5,1)=DATA(5,1)/57.29578
DATA(6,I)=DATA (b, 1) /57.29578
‘(1,1”():100

A(1914KK) =160

A (2429K)=100

A(2429KK)=%,0
A(351,KK)==DATA(8,I)/DATA(1,])
IF(DATA(L,]I) EQeQe0)A(391,XKK}=0,0
A(3,3,K)=1.0

A(3'3'KK’=100

Blhy4eK)=1,0

AlbguyKK) =1, 0
IF(ITEM(5,1))310,310,320
0(1,2,KK)=~DATA(3,I?
A(2,2,KK)=DATA(B,I)**22,5/DATA(1,])
IF(OATA(i)I) .EQ.0.0)A(J,Z,KK)=0.0
R(bylyKK)==RA(3,2,yKK)
Alhy2,KK)=DATA(B,1)%*3/(6.,0*DATA(1,I))
IFC(OATA(L,]1) eEQeQel)AlGLy23KK)=0,0
K=K¢2

CONTINUE

NSTA=K=~1

DO 340 I=1,NN
DATA(7,1)=0ATA({7,1)/57,29578
DATA(2,I)=DATA(2,1)/386¢4
DATACL,I)=0ATA(4L,]) /30864

KORP=0

DO 360 I=1,NN

IFCITEM(3,1)-KORP ) 360,360,350
KORP =1TEM(3,I)

CONTINUE

K=1

00 390 I=1,NN
IFCITEM(4,I)=-1)370,380,380
I1(K)=ITEM(1,1)

I6(K)=ITEM(6,]1)
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(Cont'd.)

L(K)=ITEM(4,])
IR(K)=KORP=1TEH(3,1)
IFCITEM(3,1) oL Te0) IR(K)==1
K=K#1

30 T0 390

KK=K+1

IL(K)I=ITEM(L,I)

I6(K)=ITEM(D,4])

I1(KK) =11 (K)

16(KK) =16(K)

Ta(K)=ITEM(4,I)

T 4(KK) =14 (K)
IR(K)=KORP=ITEM(3,I)
IFCITEM(341) el Te0) IR(K)z=1
IR(KK) =IR (K)

K=K+2 |

CONTINUE

NSUP=NSTA

00 400 K=1,NSTA

1=11(K)

IFCITEM(3,1) ) 2G,400,400
CONTINUE

30 TO 420

NSTA=K~1

Jlv=1.0

00 450 I=1,4

JO &40 J=1,4

SAP(I,4)=0.0

SAP(I,I)=1.0

INT =1

NOR=(0

KIaP=KORP

K=1

CONTINUE

S=K

IFCIR(K) «LTo 0) 6O TO 490
IFCIR(K)+KIAP=-KORP)1110,490,1110
I=I11(K}

MF=1

Ji=1¢1

IF(IR{K)eGEs0) GO TO 510
IF(J1-M)500G,980,500
IFCITEM(2,1)=1ITEM(2,J1))980,510,9860
IFCITEM(L,1)~1)520,540,540
4(1,3, K)=W2*DATA(4, )
Ally4yK)==N2*DATA(R,I)*DATA(B, 1)
A(294yK)=W2®*DATA(2,])
A(393)KIZ10+N2%0ATA(GL,I)*A(3,1,K)
A(394,K)I=W2*DATALZ,I)*A(3,2,K)
A(4y3,K)=DATA(B,1)¢W2*DATA (4, I)%A(4,y1,K)
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AlLybyKI=1,0¢0ATAL2,I) H2%A(4y2,K)
IFCITEM(5,1))540,540,530
A(hy3y,K)=040
IF{I44(K)~3)670,530,600
NOR2NOR+1

00 560 J=1,6

D0 560 L=1,4

APRY( Lyd) =AP(L,yJ)

KQAR=16 (K)

ICBANDR}=K

00 580 J=1,6¢

DO 570 L=1,4

SAP(L’ J)=0,.0

SAP(Jy J) =140

50 T0 670
IF(I4(K~1)-3)55(,670,550
IF(I4(K=1)=4)b1C,b70,610
KKEEP=K

DO 620 J=1,4

D0 620 L=1,b

ARPB (L yJ) =AP (L yJ)

KS1=NSTA+1

00 640 J=1,4

DO 630 L=1,4

SAP(LyJ)=0.0

SAP (JyJd)=1.0

D0 659 LX=K31yNSUP

IT=I1(LX)
IFCITEM(2,IT)=KUR)650,660,650
CONTINUE

ARITE(6,730) KQR

30 TO 2190

k=L X

ICON(NDR) =K

30 TO 4840

JO 690 L=1,%

DO 690 J=1,4

AP(L,J)=0.

DO 696 IC=1,4

AP(L JI=AP(L,J)+A{L,IC,K)*SAPLIC,J)/01V
IF(AP(L,J)~1,0E+19)630,680,680
DIv2DIV*1,0E45

60 TO 430

CONTINUE

DO 700 L=1,&

D0 700 J=1,4

SAP(L,J)=AP(L,yJ)
IF(J1-M)T710,720,7140
IFCITEME2,1)-ITEM(2,J8)0T720,1110,720
AL(1,1)=SAP(1,3)
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9 4
g
AL(1,2)=SAP(1,4) KYK2510 3
AL(2,1)=SAP(2,3) NYX2520 E
AL(2,2)=SAP(2y &) HYK25%30 ;
i IF(KIAP)730,11 30,730 MYK2540
1 736 DETV=SAP(3,3)°SAP (4yh)=SAF(3,4)%SAP(4,3) HYK2550
IFCDETVI7 40, 2220, 740 HYK2560
746 VINV(L,1)=SAP{4,4)/DETV MYX2570
VINV(2,1) =SAP{&,3)/0ETV* (=1,0) MYK2580
VINV(1,2) =SAP¢3,4)/DETVe(~1,0? MYK2590
VINV(2,2)=SAP(3,3)/0ETV nYK2600 i
ALVT1,1)=AL01, 1) VINVI1,2) ¢AL{L,2) *VINV(2,1} MYKZ610
ALV (1,2)=AL(1, 1)*VINVIL,2) ¢ALC1,2) *VINV(Z,2) $YK2620
ALV (2,1)=ALC2, 1)* VINVAL,4) +AL (2,2) *VINVL 2, 1) MYK2630 §
1 ALV (2,2)=AL02, 1)*VINVI1,2) ¢AL(2,2)*VINV(2,2) MYK264C 3
; DO 750 K2=2, NSUP MYK2650 ]
3 KUu=K2 MYK2660 3
IFCITEM(2,]1) =16(K2))750,270, 750 NYK2670 3
: 750 CONTINUE MYK2680 3
WRITE(6,760) I6 (KQ) MYK2690 ;
] 76C FORMAT{25H NO APPENDAGE STATION FORI3) MYK2708 |
3 60 TO 2190 KHYK2710 i
4 77¢ 1Q=I11(KQ) XYK2ras 3
IF(ITEM(4,12)=-2)780,800,780 KY%2730 ]
78( MRITE(6,790) 16 (kQ) MYK2740 ]
730 FORMAT (8H STATIONI3,28H IS NOT AN APPENDAGE STATION) NYK2750 :
60 TO 2190 HYK2760 3
800 IT=4+3*ITEM(5, IQ) ¢ITEM(5,1) MYK2770 E
4 T(1,1)=0,0 MYK2780 :
E T(152)=0.0 MYK2790 ;
F T(291) =040 KYK2800 ;
T(242) 0,0 MY K281G ,
RAD=2SART( (COS(DATA(7,IQ)))**2+ (SIN(DATA(7,IQ))*COS(DATA(E,IQ)))**2 NYK2820 i
1) MYK2830 i
IF(RADY 820,020 ;810 HYK2340 ]
810 CL=(COS(DATA(?,IQ))*COS(DATA(6,1G))) /RAD MYK2850 ]
1 CU=SIN(DATA(?,IC D*COS(DATAL6,1IQ))/RAD MYK2860 ;
3 SVY=C0S(DATA(7, IQ))*SIN(DATA(6, IQ)) /RAD MYK2379 ;
50 TO 832 HYK2880 §
820 CL=0.0 MYK2890 ;
CU=SIN(DATA(S, IQ)) HYK2900 ;
CV=COS (DATA(S, 1G)) MYK2940 !
83C 50 TO (840,850,860,870,8805890,900,910,929) 41T MYK2920
840 T(1,1)=CL/SART(CL¥*Z2+CU**2) MYK2930
T(292) =CL/SQRT (CL¥*2¢CVY**2) MYK2940
T(2,2)=ABS(T (2,2)) KYK2950
30 To 930 MYK2960
850 Tiige1)=CU MYK2970
60 TO 930 MYK2980
86r T(241) ==CV MYK2990
60 TO 930 MYK3000
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Table A-12
(Cont'd.)

T(151)==SQRT (1 ,0=~CL**2)

60 T0 933

T(141)=CL

60 T0 93¢

20 TO 2200

T(1,2)=SQRT(140=CL**2)

30 T0 3930

60 TO 2200

T (1,1)=CL

ALVT (L300 =ALVE1,1)%Ti1,1) ¢ALVEL,2)2T (1,2)
ALVT(1,2)=8LV(141)%TU2,1) +ALV(1,2)%T(2,2)
ALVT(2,1)=ALVE251)%TL1,1) +ALV(2,2)%T(1,2)
ALVT(2,2)=ALV(2,1)%T(2,1)+A V2,2)%T (2,2)
A(1y39KQ)=TULg1)PALYTE1,1) +T(1,2)%ALVT (2,1
AllygbgXQ)=TOL1, 1)RALVT(L1,2) #T(1,2)%ALVT(2,2)

R (253, KQ =T(291)*ALVT(1,1)¢T(2,2)%ALVT(2,1)

A (2549 KQI ST 2 1)PALYT(152) 4T (2,2)%AL VT (2,2)
TAP (1,1, UNT) =VINV{L1,1)*TL1,1)+VINV(L1,2)*T(142)
TAP (1,23 JRT)=VINV(151)*T(2,1)4VINV(1,2)%T(242)
TAP (251, UNT) SVIKNV{2,1)*T(1,1)¢VINV(2,2)%T(142)
TAP(2,24JINT) =VINV(2,1)%T(2,1)+VINV(2,2)%T(242)
JOINT(K)=JUNT

KKK(INT) =KQ]

JNT=2UNTe1

DO 970 ISP=i,6

0O 96L JSP=1,4

SAP(ISP,JSP)=0.0

SAP {ISP,1ISP)=4,.0

GO0 70 1110

00 990 uJ=1,4

00 990 L=1,4

ARPA (L yJ) =APLL 4 J)

00 1000 I=1,2

II=1+2

DO 1000 J=1,2

DANV I 4J)=ARPB(II,J) +ARPA(II ;J)
IF(ITEM(S,MF)e NEoO) DANV(2,2)=1,0/01V
DEDET=1,0/(DANV(1,1)*DANV (2, 2) =DANV(1,2)*0ARBV(2,1))
DENVI141)=0ANV (2,2)*DSDET
DENV(2,2) =DANV (1, 1)*DEDET
DENV(1,2)==DANV(1,2)%0EDET

DENV(2,41) ==DANV(2,1)*0EDET

DO 1010 Jy=1,6

DD 1010 I=1,6

THMANCI, M) 20,0

DO 1020 LL=1,5,2

00 1020 4=1,2

JuzJdtlL-1

DO 102G I=1,2

JI=I¢LL=1

o0

MYK3010
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MYK3050
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HYK3080
MYK3090
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HYK3150
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MYK317Q
MYK3180
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MYK320)D
HYK3216
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NYK3280
MYX3290
MYK3300
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MYK3410
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HYK3460
MYX3470
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Table A-12
(Cont'd.)

THMANCII,JJ) =DENV(I,J)
BMAM(1,1)==ARPA(3,1)=ARPB(3,1)
BUAN (1,2) ==ARP A(3,2) =ARPB (3, 2)
BMAN(2,1) ==ARP A (4 ,1) =ARPB (4, 1)
BMAN(2,2) ==ARP A(4,2) ARPB ( 4y 2)
BMAN(L,3) =ARPB (1,1} ~ARPA(1,1)
BMAN (1,4) =ARPB (1,2) “ARPA(1,2)
PAN(2,3) =ARPB (2,1)- ARPA(2,1)
BMAN(244) ARPB (2, 2) =ARPA(2,2)
BMAN(1,5)==BMAN(L,3)

BMAN (1,6) =~BMAN(144)

BMAN:?,5) =~BMAN(2,3)

BMAN(246) ==BMAN(2,44)

BMAN (3,3)==ARPA(3,1)
BMAN(3,4) =~ARP A(3,2)

BMAN (4 43) ==ARP A(4,1)

BMAN (4 44) ==ARP A(4,2)

BMAN (345) ==ARP B(3,1)

MAN(3,6) ==ARPB(3,2)
BMAN(445) ==ARP B(4,1)

BMAN (&4 46) ==ARP B4 42)

BMAN(5,3) ==1.0

BMAN(5,5)= 1.0

BMAN (o &) ==1,.0

BMAN{6,6)= 1.0

00 1030 I=1,6

D0 1030 J=1,6

SINV(I,J)=0e0

D0 1030 MM=1,6

BINV(IJ)=BINV (LyJ) +BHANCI MM) *THMAN (MM, J)

230 1040 J=1,4

00 1040 I=1,6

RMUL (144} =010

00 1050 J=1,2

00 1050 I=1,4

RMUL (1 4J) ==ARPB(I,J)
DO 1060 J=3) &

DO 1060 I=1,2

RMUL (I, ) =~AKRP B(]I,J)=ARPA(I, J)
DO 1070 J=344

DO 1070 I=3,4

LNUL (I yJ) ==ARPB(I ,,J)
DO 1080 I=3,4

TI=1I+2

DO 1080 J=3y4
R'NUL(II,J)‘;'ﬁRPA(I,J)
00 1090 J=1,4

CO 10906 I=1,6

0C 1090 MM=1,6
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Table A-12
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ARSTAR(NDR I 3 J)=ARSTAR(NOR I 4J)+BINV (I,MHM)*RMUL(MM,J)
DO 1100 J=1, 4

DO 1100 I=1,4

SAP(I,J)=0.0

00 1100 MM=1,4

SAP (I, J)=SAP(] ,J) tARSTAR(NOR ,I yMM) *APR(MM,J)
K =KKEEP

K=K#+1

0 TO 480

K=K#+1

IF(KLEJNSTAIGO TO 480
IF(KIAP)480,480,1120

KIAP=K1AP-1

60 TO w79

IZ2N2ITEM(2,H)

KKK(JINT) =1

JOINT(K)=JNT

MOUE (UNT) =ITEM(S5,1) +1
IF(I2N~7)11k0,2260,2240
IF(I2N)2190,2196,1150

50 T0 (1460,%196,1200,1230,1240,1250),12N
IFCITEM(S5,1))1160,1180,1170
AP(2,4)=1,0/01V

SUNCUITER) =APC1,3)%AP(2,4) =AP(1,4) *AP (2,3)
60 TO 1260

FUNCUITER) =APL 3, 3) AP (L L) =AP(3,4) *AP (4, 3)
50 TO 1260

IF(ITEM(5,1))1220,1220,1210
AP(4,2)=4.0/01V

FUNCIITER) =APL3,1)PAP(4,2)=APi3,2) *AP(4,1)
GC TO 1260

FUNCCITER) =APC1,2)%APLL,4) =AP(1,4) *AP (4,3)
aQ TO 1260

FUNCCITER) =AP(3,2)%AP(4,3) ~AP(4,2) *AP(3,3)
30 TO 1260

FUNC(ITER) =APC¢ 1,2)%AP(443)=AP(1,3) *AP (4, 2)
OM(ITER)=SQRT¢ We)

PRNT(1)=ITER

PRNT(2)=0M(ITER)/6.,283185
PRNT(3)=FUNCCITER)

60 TO (3270,1360) ,ILAF

IF(KONT.6Te1:60 TO 330

IFCITHINGLTL3) GO TO 1300

OMCITER+1) =OMCITE R *GUr A
IFCOMCITER+1) « GEo THIS)hu TO 1290

b0 TO 1310

KOWT=1

ITHIN=1

IMCITER#L) =IMC ITER) *GAMNA

ITER=ITER*1
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Table A-12
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IF(ITER-298)1320,2190,2190
IF(OMCITER) o GT oLPBNU)GO TO 2191
KOWT=KONWT +1

W2=0M(ITER)**2

IF(R2.€GeD4¢3)60 TO 21980

oC TO 420

IFCLFUNCCIT=R) ZFUNC(ITER=1)) «GT4%42)6G0 TO 1350
ITHIN=]

ILAF=2

SINLU=FUNC(I TER=1)

SMX=A8S(SINLO)

SINMI=FUNC(ITER)

3IX=4BS(SIN4I)

o OLO=0OM(ITER~-1)

GUHI=CM(ITER)

20 TO 141cC

IFCITHINGEQe3) GC TO 12870
FINK(ITER)=TUNCWITER)=FJUNC(ITER=L)
IF(KONTLLTL3)G0 TO 1280
IFCCFINKCITIR) /FINK(ITER=1)) ol Teloli) ITHIN=ITHIN+1
S0 TO (1280,136L,1370),ITHIN
THET=0OM(ITER~-1)

THEM=FUNC(ITeR=1)

G0 TO 12s¢C

THIS=OM(ITER)

IMUITER) =THAT

FUNCCITER) =THEM

30 TO 128¢
IF(FUNC(ITER)/SINLO)139),1330,140C
SINHI=FUNC(ITEK)

S0 I=0M(ITER)

G0 7O 1413

SINLO=FUNC(ITERK)

GOLO=CM(ITER)

IF(KZeLE«3)50 TC 1420

OMUITER#1) =(SINRI*GOLO=-SINLO*GOHI) Z/(SINHI=-SINLO)
OMCITER+1) =ABS (CM(ITEZR+1))

20 TO 1430
IMCITER+1)=(6GURI+GOLOI*,5
IF(KLeEGel)50 TC 1440

CONTINUE
IFCABS{1o0=(OMIITER+1) /OM(ITZR))) 4LELEPSYGO TO 1460
KZ=K2¢1

IF(KZ=-16)1310y 131Cy 14650

KOWT=1

KZ=0

ITRIN=1

IL&F=1

IMUITER)=GOUAT

FUNC(ITER) =S INHI
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163¢C

1640

165C

166€C

Table A-12
(Cont'd.)

0 TO 1280
S'ANBO=ABS (FUNC (ITER))
IF(SAMBO=-8IX)1470,147C,1450
IF(SAMBO=SHX )1 480,1480,1450
OMEG=0M(ITER)
IF(NOR,EQ.C) GO TO 1530

00 1520 LAP=1,4NOR

30 1500 J=1,46

D0 1439C I=1,4

FP”(L“P,I’J) =0,0
FQM{LAPyI,J) =0 .0
FPMILAPyJyJ) =1 .0
FQ"(L‘P’J,J) =146

DO 151C I=1,2

II=1+¢4

30 1540 J=1,y4

FQULAP,1,J) =ARSTAR(LAP,I1,J)
FPRILAP, I, ) =FPM(LAP,I,J)~ARSTAR(LAP,II,J)
CONTINUE

CONTINUE

KZ=)

50 TO (154041587-.1620,1660U,36B8091700) 412N
IF(ITEM(5,1) )155( ,1550,1560
VEC(351)==A2(1,4) 7AP(1,3)
VEL(4,1)=1.0

50 TO 1570

VEC(3,1’=1.D

VEC(4y1)=0.0

VEC(1, 1)=z0.0

VEC(2,1)=0.0

GO TO 1720
IF(ITEM(5;15)1590,1590,1600
VEC(3,1)==RP (3 ,4) 74P (3, 3)
VEC(Ly1)=1.0

30 TO 1610

VEC(3y1)=1.0

VEC(4o1)=0

VEC(1,1)=0

VEC(241)=0.0

30 TO 1720
IF(ITEN(5,1))1630,1630,1640
VEC(141)==A2(3,c) 7AP(3,1)
VEC(291)=1.0

60 TO 1650

VEC(1,1)=1.0

VEC(241)50.0

VEC(351)=0,0

VEC(‘O' 1)=0.0

50 TO 1720
IFCITEN(5,1) 214 670,1670,2240

158

IR DY L NE SUOE §

MYK5010
MYK5020
MYK5030
MYKS0 40
MYK5050
NYK5060
HYK5070
MYKS080
MYKS5090
MYKS5100
MYKS110
NYK5120
MYKS1 30
MYKS5140
MYK5150
MYK5160
MYKS170
MYKS180
HYK5190
MYK5200
MYK5210
MYK5220
MYKS5230
MYK52 40
MYK5250
MYK5260
MYKS5270
MYKS280
MYK5290
NYKS5300
MYKS5310
MYK5320
MYKS5330
MYX5340
MYK5350
MYK5360
MYX5370
MYKS5380
MYKS5390
MYK5400
MYK5410
MYK5420
MYKS430
MYKS440
MYKS450
MYK5460
MYK5470
MYK5480
MYK5490
MYK5500
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wpren

PRRT

167¢C

1650
169¢C

170C
1710

g 173¢
174

! 1750

17610

177¢
1780

179¢

150¢C
] 1610

182¢
1830

4 1840

Table A-12
(Cont'd.)

VEC(1,1)=0.3

VEC(2,1)=0.0

VEC(3,1)==AP (1,4) JAP(41,3)

VECUO’ 1)=1.0

30 VO 1720

IFCITEN(5,1))1690,1690,2240
VECI1,1)=0.0

VEC(2,1)==-A2(3,3) 7AP(3,2)

VEC(S, 1)=1.0

VE (4g1) =060

60 TO 1720

IF(ITENK(5,1)21710,1710,2240
VEC!1,1)=0,.0

VEC(21)==AP (4 43) /AP (4, 2)

VEC(3,1)=1,.0

VEC(4y1)=0.0

NSH=0

D0 1870 K=24K5

1=11(K)

IF(I4(K)=3)10850,1730,1820
IF(I4L(K=1)=3)1850,1760,185C

NSH=2NSHe1

JO 1750 J=i.4

VSAVECJ)=VEC (J yK=1)

DO 1760 J=1,4

VEC(JyK)=D o0

00 1760 MM=4,4

VEC(Jy KISYED (J oK) +FPMINSHy Jy MM) *VSAVE (MM)
KL=ICON(NSH)

00 1770 J=1, &

VEC(JyKL) =060

B0 1770 MM=z5,4

VECC(J-KL) =VECH JyKL) ¢FAMINSH,y Jy MM) *VSAVE (MM)
LL=KL+1

IF(XLLeGT«NSJP) GO TO 1810

I=I8(KL)

IFCI.EQeI1¢KL=1))GO TO 1790
IF(ITEM(2,yI) =T TEM(2,I-12)1810,1790,1810
20 1600 J=1,4

VEC(JyKL)=0s0

00 1800 HM=i,&

VECUJpKL) SVECLJyKL) tA(J MM KL= 1) *VEC (MM, KL=1)
50 7O 1780

CONTINUE

20 Y0 18790

IF(IL(K=2)~4)1850,1830,1850

DO 1840 U=1,4

VEC{JyK)=0el

DO 1840 MM=1,6&

VECUJy K)=VED (JyK) tARSTAR{NSH y JyMM) *VSAVE (MN)
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MYX5510
HYK5520
HMYK5530
MYKS5540
HYKS5550
MYK5560
MYKS578
HYKS580
MYKS590
MYKS5600
MYK5610
MYK5620
MYKS630
MYKS640
MYK5650
MYK5660
MYK5670
MYK5680
MYKS5690
MYK5700
MYK5710
MYKS720
MYK5730
MYKST740
MYK5750
MYKS760
MYK5770
HYK5780
MYK5790
MYKS300
MYKS5810
MYK5820
MYK583¢C
MYKS840
MYKS5850
MYKS5860
MYKS870
MYK58480
MYK5890
NYK5900
MYKS5910
MYK5920
MYKS930
MYKS94D
MYK5950
MYK5960
MYKS970
MYKS980
MYKS9G0
MYK6000
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185¢
186¢(
187¢
143¢0
1840

190°¢
191¢
192¢C
193C

134¢(

1957
196¢

197¢

198¢C
1390

200¢L

2010

202¢C

203¢
204cC

205¢
206L

207¢
208¢C

Table A-12
{(Cont'd.)

60 10 1870

JO 1860 J=1,4

\EC(J’ K)=0.0

DO 1860 MM=1,4
VEC(UyKISVEC (J yK) +tA(Jg Ny K=1} *VEC(MMN,K~1)
CONTINUE

IF(KORP)2010,20613,.880

KIAP=2

J0 1990 K=KS,NSTA

I=11(KX)

IFCITEM(2,I) ~ITEM(2,I-1))1910,1900,1910
IFCIR(K)+KIAP=-KORF)1990,1970,1993
IFUIR(K) +KIAP=KORF) 1390,51920,1990

00 1930 K2=1,NSULP

KQ=K2
IFCITEM(2,1)~16(KQ)Y)1330,1940,1930
CUNTINUE

o0 TO 2198

VEC(14K)=0.0

YEC(24K)=0,.0

00 1950 J1=14JdNT

J=41

IF(KKK(J1)=-KQ) 1950,1360,1950

CONTINUE

VEC(3yK)=TAP (1,1,U)*VEC(3,KQI+TAP(1,2,J)*VEC (4,KQ)
MODE(JI=ITEN (5,1) ¢1

VEC(4,K)=TAP (241, JI*VEC(3,KQ)¢TAP(2,2,J)*Vel 14,KQ)
50 TO 1990

JO 1987 I=1,4

VEC(I, K)=040

DO 19806 J=1,4

VECCIoKI=VEC (I oK) ¢A(L, JyK=1) .VEC(J,K-i)
CONTINUE

IF(KIAP~-KORP)20C0,2010,2000

KIAP=KIAP+1

50 TO 18990

G AN=0,0

D0 2020 K=1,NSUP

KN=K

IFCITEM(L, M) ~-16(K))2020,2030,2920
SONTINUE

30 TO 2080
IF(ITEM(5,KN)=1)20u40,2050,235¢0
B=VEC(4,KN)

60 TO 2060

B=VEC(3,KN)

DO 2C70 X=1,NSUP

00 2070 Jd=1,4

VEC(JyK) =VEC (VU ,K) /8

DO 2090 K=1,NSUP
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MYK601!
MYK6 21
MY K60 3i
MY KG6J 4!
MYK605,
MYK606(
4YXK607¢{
MYK608(
MYK603¢
MYK610¢(
MYK611(
MYK612(
MYK61 3¢
HYK&!&Q
MYK615(
MYK616(
MYK6LT7(
MYKb18(
MYK619(
MYK620(
HYK621(
MYKB221
MYK62 3¢
MYKB2 &
MYK625(
MYKE2 61
MYKB27!
MYK628(
MYK629(
MYK630(
MYK63L(
MYK6321
MYK63 3t
MYK6 34!
MYK635!
MYK636I
MYK6E3 7!
MYKE34!
MYK6E34!
MYKOLD!
MYXKb41L!
MKYK6421
MYKB& 3!
MYKEL 4!
MYKB45!
MYK646!
MYKE4LT!
MYKG& 8!
MYKE4 9!
MYK6501
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k
* Table A-12
(Cont'd.)
1 I=11(K) MYK6510
] 2030 GAM=GAM+DATA (4 ,1)*VEC(3,K)**2+DATA(2,I)*VEC (LK) ®*¥2 MYK6520
J 3K=GAMTONEG® *#2 MYK6530
] IF(NOR)2100,222C,2100 MYK6S4C
3 210C JUG=JUNTNDR NYK6550
3 KKK (JUG)=KKK (JNT) MYK6560
MODE (JUG) =MDDE (UNT) MYK65T70
JUL=2JUG~1 NYK6S 80
J1=0 MYK6590
D0 2110 JsUNT, JUL MYK6600
J1=J1¢1 NYK6610
KKK (J) =108 (J1) MYK6620
211C MOULE (J)=MODE (JUG) MYK6630
INT=JUu MYK66 40
21c{ SONTINUE MYK6650
00 2170 JJ=1,JNT MYK6660
X Q= KKK (JJ) MYK6670
I1Q=16(KQ) MYK6680
I I=MODE(JJ) MYK6630
IF(I1)2130,213C,2130 MYK6700
1 2130 GO TO (2140,215042160),1I1 MYK6710
214C 60 TO 2170 MYK6720
2150 30 TO 21790 MYK6730
216L 50 TO 217y MYK6740
217C CONTINUE MYKE750
FReQ=0MEG/ 6e 283185 MYK6760
FReP=OM(ITER+1)/6.28348% MYK6770
ITEM(3,M) =ITEM(3,M) =1 MYK6780
IFCITEM(3,M4)32190,2190,21. 0 NYK6790
215C KOWT=2 MYK68030
K OM(1)=GOMI MYK6810
FUNC(L1)=SINHI MYK6820
; IF(FUNCK(11 4EQs CoOIFUNC (L) ==SINLO MYK6830
3AMA = SAMA MYK684i0
i ILAF=1 MYKS850
OM{2)=GOHI*SAMA MYK6860
ITER=2 MYK6870
MFuP=1 MYK6880
H2=0M(2) %% 2 MYX6890
ITRIN=1 MYK6900
60 TO 420 MYK6910
219( RETURN MYK6920
220C WRITE(H,2210)I7 MYK6930
221C FORMAT(29H NO T GIVEN FOR JOINT TYPE = 13) MYKS5940
w0 TO 2136 MYK6950
220 WRITE(6,2230)I6(KQA) ,KIAP MYKBES60
223C FORMAT (24K DETELRMINANY V OF JOINT 13,17H .PPENDAGE ORDER I3,54 = 0 MYK6970
o) MYK6980
50 TO 2190 MYK6390

224 WR1ITE(6,2250) 12N MYK7000
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Table A-12
(Cont'd.)

225C FORMAT (25H BOUNDARY NOT IN TABLE = I3)
30 TO 2190
END

162
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FORTRAN Listing of Subroutine MEMSET

SUBROUTINE MEMSeT (IA,13)
JIMENSION IQ{1)
K=IA8S (LOCF(IB)~LOCF(IA)) +1
00 14 J=1,K

10 TA(J)=C
~NU

Table A~13
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MST
MST
MST
9ST
MST
NST

10
20
30
4C
50
66

i




OO

oC o

oo

OO

1

i

o !
[V S

G

N
-3

ofl

7{

3l
10 ¢
117

1ef

13¢

1ut
15¢

1e¢

Table A-14
FORPTRAN Listing of Subroutine MATNFS

SULROUTINE MATNFS (AyNgNDIM,UETSCL,CETHIR0AR)
JIMENSION A(1)

JIMENSION PIVOT(L70),INJEX(L7C,2),IPIVCT(170)
QUIVALENCECIRON, JKOW) 3 (ICOL ,JCOL) 4 (AMAX ,T,SHAP)

3LCCK 1G3 INLTIALIZE

IKOAR=D
UET=0E TSCL
JO 40 J=igN
IPLVOT (J) =C
JO 21§ I=1,N

dLOCK 230 SEARCH FOR PIVOT ELeManT

AMAX=C 40

JO 1Ll J=1,N
IFCIFIVOT(U)=10€0,120,461]
JO 90 K=1,N
IFCIPIVOUT(K)=1)7349uy290
JK=JENLIM* (K=1)

IF(ABS (AMAX) =ABS(A(JUK))INIB0,35,90
IQunzd

ICLL=K

AMAX=A (UK)

v OLTINUE

CONTINUL
[F(AMAX) 120y 300C,12C

BLCCK 300 INTERCHANGE ROWS 70 PUT PIVOTAL ELoermcWT ON DIAGONAL

IFIVOTLICOL) =IPIVCT(ICOL) +1
IF(IKOW=ICOL)1 30,150,130
Ot T==BET

JO 140 L=1,4N
LO=NUIM®*(L~-1)
IROL=IROW*LD
ICLL=IC0L L)
SWAP=A(IROL)
ACIROL)=ACICLL)
A(ICLL)=SHAR
INLEX{I1)=IRI W
INCEX{L,2)=ICoL
ILOC=ICOL+NDIM*¥(ICOL=2)
PIvOT(I)=a(ILOC)
DLT=0ET*PIVITC(I)

BLOCK 400 JIvibe FIVOT ROW 4Y PIVOT ELEMENT

A(1LOC)=140

164

NTN
MTN
MTN
MTN
MTN
NTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
NTN
MTN
MTN
MTN
MTN

10
ZQ
30
40
50:
60:
70
80
90
100
11¢C
120
130
140
18¢C
160
170
130
130
200
210
228
236
240
250
260
270
280
290
330
310
320
330
340
350
360
370
340
390
406
410
420
%30
Ly
450
469
79
480
430
500




[l

T

[ Gl

(SR G I G

O oo

17d

[ EAY]
[P ]
-y

2u(
25¢(

26 ¢
2t
23 ¢
23t

34C

Table A-14
(Cont'd.)

JU 170 L=1,N
ICLL=ICOL+#NIIM*(L~1)
ACICLLY=ACISLL)Y /PIVOTLI)
CUNTINUE

3LOCK 500 REOULUCL NON=PIVOT RUNWS

JU 215 Li=1,N
[FCL1=-ICOLY190421(,19D
ICuL=NUIM*(ICUL-1)
L1C=L1+¢ICUL

T=L(L1C)

AdL1C)=0e0

JU 200 L=1,N
LUsNUIM*(L-1)
~lus=tield

LCU=ICoL+LL

AL =A{L1d) =IO *T

C CONTINUE

BLUCK 00 INTERKCHANGE COLUMNS

JO 25C I=1,N
«=N¢1-]
IFCINDEXCL 1) = INDeX(L,y2))230,250,230
JROA=INUEX (L 91)
JCul=INJoX(Ly2)
JRUWSNLIM® (JROW=-1)
JCCL=NLIM* (JCOL=-1)
JO 245 K=1,N

KR k+JrCH
<(=K+JCCL
SWAP=zA(KR)

4 (Kk)=4(KC)
A(KC)=5WAP
CONTINUE

JONTINUE

Rt TUKN

3L0CK 90330 ERKOR INDICATIONS

WRITE(6427C) IKRCAR

FOXMAT (31HC SUBRUUTINE MATNF 4 ZwROR TYFE I5)
SALL EXIT

IROAR=1

20 TO 260

IRVaR==5

RETURN

END
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MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTH
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN
MTN

510
529
530
540
550
560
570
580
530
690
610
620
630
640
650
660
670
680
65C
7400
7186
720
730
740
750
760
770
780
790
800
810
820
83c
840
850
860
670
880
89¢C
9400
91¢C
920
930
940
950
960
9570
950
990
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TABLE Re15
SAMPLE ODATA OECK LISTING FOR PROGRAM FILLIN

e .- CARD COLUNNS B T

0000000001:11311411122222222223333333333646bbbbblts55555555556666666666T7772777778
12364567690'123456789012365670890123456780012345678901230L56789012345678901234567890

BOERNEPNOOON D VOB DOCRCOEDDPORND RN PSS B DI @D @SBl e 9 WD i oG L d @R DD w o ddmd ©d® B n o

FILLIM TEST CASE TYPICAL MISSILE AIRFRAME

1 0.16 +7 « 040 7.8
15 1.16 ¢+8 \ o012 15. 2ebb?
20 275 ¢8 «629 20. 7.002
25 beT72 +8 o728 25. 11.50C
30 6.92 ¢80 1.003 30,15 20413
35 3.90 +8 «783 35.5 10.93
37 2 3.83 ¢8 37.3
39 251 ¢4 bel38 39,8 22415
45 3.59 +8 1,016 4S.4 24,36
46 1 .81 ¢8 46.8 93 -7
L7 5.81 +8 61l 7.2 13.83
48 3 1,57 +8 e,
&9 157 ¢8 +323 9.4 7.92
5% 1.57 +8 +560 5. 13.75
60 1.57 +8 i.161 $9.5 28.46
61 4.53 +8 61.8
62 1 Le53 +8 62.59 e62 =8
63 LY 3.23 o8 63,
66 259 +8 3.106 66. hi.24
67 3.56 ¢8 .809 67.97 11.32
70 i T.07 8 70, e12 <6
71 1.29 8 e687 7138 19.42
76 4G.088 ¢8 «929 Tely 26.13
177 1 boB8 ¢8 77.6 +62 -8
78 2 heSh +8 78.25
79 LeSh ¢8 «8 46 79. 19.89
80 1 8,02 ¢8 80.5 «93 =7
82 Te10 ¢8 7.07% 82. G2.66
90 5.26 +8 2.791 S0, 81.50
109 S5.26 +8 3,000 100, 92.34
110 5¢26 *8 2.883 110, 88,78
120 5.26 +8 2.883 120. 88.7¢
130 5.26 ¢§ 2.883 130. 88.78
140 5.26 ¢8 24883 140, 86.78
1%0 5.26 ¢80 2,883 150, 88.78
157 1.20 +9 157.5
168 1,23 +¢9 T.011 170.4 94,76
i70 1 2.47 ¢8 170.5 b3 -7
171 2.7 <8 1,387 171.7 26,71
i7h J.08 ¢8 174,
178 598 ¢7 8.35%4 177.38 109.66
182 $.98 +7 2.508 182.2 24.63
191 37 & 2eh3 ¢5 1.132 30,3
192 337 ¢ ¢ 2.43 5 30.31 «19 -3
166
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Table A~15
(ront'd.)

et ki ol b MU

LA A R A X L X LR X XL Y Y YT Y YT Ty Y

C‘RD COLUHNS PRI LYY P Y YL Y T Y 3
0000C000012121131483222222222233333333336000040064006555555666566666666667TT77T7777778
125“567890123%5670901235567890123“567890'23“567890123“567090123&5678901236567890

- e L AL TP 2 E LR L I LRI PRI L P T Y £ R TR EEE -2 L L2

193
196
195
196
193
315
325
328
330
2€5
267
268
269
271

78

37 L
37
37
37
37
78
78
78
78
48-1
48-1
48-1,
48-1
48~-1
13

58

N

37

I£]
46
o

[

WB® NN & WN

10

12
12
14
1%

Ph it b e b P hd b eh b b s b b

2443
1.62
8.09
8.09
8,09
9.70
1.21
1.21%
1,13
5.66
S.66
5.66
5.66
5.66

&0

T«5

40,5

57.

7.

a1,

i100.

129,

140,

165,

183.

32.

37.3
78.01
49.5
63.01

i.0
803
«583
<403
3
2
o111
«038

'0068

‘.1“9

=e195

'-220

‘023“

‘0280

-.31t

P a Leanih WSt

+5
+6
*6
45
+6
7
+8
+8
.7
']
+8
+8
+8
+8

001
2,251

3243
35.3
36.9
37.02
37.3
7249
77.3
T8.
78.25
48,
56.5
55,
59.5
63.
1.0¢

«453

Se049
1.614

8.6430
bot31
9.717

76.

105.
125,
165,
170.
37 30.
37 135,
73 70,5
78 78.2%
48 55,
L 1] 66,
1.9
+ 305
- 813
«706
« 655
+639
579
«521
«353
«212
e 094
-« 025
~o 081
~e 257
~e 397
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18.60

T.49
To49
8.20

200,

1.0
o757
514
308
«186
+091
«006

-e043

‘0103
‘0131
-a117
‘0063
-.Uh&

«015

«049

37
37
78
48
Y.

26 =&

e 28 =k

062 -6 1

26.
48.5
66
79,
90
110,
130,
155,
171,
30.3
36.89
75
LN
59.5

«80 -5

032 -6
37
37
78
L8
L8

35.5
52.
69.%
60.
95.
115.
135.
160.
176.
30.32
37,
7745
47.99
62,

/7
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Table A-15
(Cont'd.)

CARD CNLUMNS

X LD P2 B T 2 L 2 L L X X L X T T % 1)

000C0000001111111111222222222233333333334U4LULLLLLE5555555555666666666677777TTTTTL
12345678G1123L5€78901234567890123L5676890123456789012345678901236567890123656789!

i6
17
18
19
20
21
22
23
24
25
26
27
28
29
3C
31
32
33
34
35
36
37
%8
19
49
41
42
43
b4
4Ls
46
LY 4
48
49
50
51
52
53
54
55
56
&7

S8

i e e e ol i e e S Y T O N T e T L T "ar ey ares

-« 315
'0311
'030“
'0306
~ 296
-0280
':260
'02“2
'0223
~+198
'0170
"1“3
”0113
'0079
’00“3
«030
« 068
«111
«108
«161
227
«268
« 797
78
65

«53
o2
0362
«36
« 354
'03“5
-2 325
~e321
‘-319
-+ 211

«135

«103
'001
“.10
‘0161
~s25

“019

-+435
-.436
’0501
'0616
'0663
'0701
‘0710
'0709
~e732
‘0755
~eB74
'06“1
‘0571
~-+504
‘0“20
‘0217
-e112
«072
e176
215
392
567
-10,28

9435
’5.6
’3.0
.5
+€91
+69
’687
'0“29
'0“36
« 439
~ okl
T
«635
59

«835
+68

+ 54
487
«19

168

069
+079
e126
272
0250
281
308
324
342
e 3L
3%
321
+298
2h8
0229
141
.09
02

«0F8
173
°0276
‘06“

«2%
~e02
17
:278
275
« 258
'0036
013
Obi
<046
043
.09
«01
~.15%
-+265
‘036
*o“??
”013
“0115
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TA8LE A-1€
SAMPLE DATA DECK LISTING FCR PROGRAM JCINTS

CARO COLUMNS
00006011111111112222222222333333333340L4LLUGLLL555555555566666666667T7TT7TTT7778

12345678991234567%90123656799012245F7990123L567890123456789012345678001234567890

PROGRAM JOINTS TEST CASE

i 3 3 1 10 4 78 78 0415 g.001 «9
2 0.264
0 1.0 1.0
0 1.0 1.0
1 ite. 153,
11 1 ¢8 1. +8 2
26 5 7 5, +7 2
35 .1 ¢8 1, 8 2
58 <1 ¢6 1. +¢6 2
1 1 .99305€+00 (996656400 ,89142F+00
Z 1 «8261RE+00 <31618E+00 .78559E¢00
3 1 L77703E4G0 .9CLT71E400 .73663E+00
b 1 JHE5LSE400 JALOEHE+OQ .60805F¢00
€ 1 ,53995£400 LT77872€400 L ULA133Fe00
6 1 LJ41282F400 J71LUL2F40C 431713E«00
7 1 J37409E40U  J70kG7F400 L27766E+OD
B 1 J37409E¢00 J7044L7F400 L27764F+00
g 1 J1913E+00 .67RL2E4O00 L21627E+00
10 1 L,1919AFE+0G0 ,61390€+409 L,86290F-01
11 1 +15379€¢00 ,59723E+00 «5782uF-01
12 1 +15979E+00 .59723F+00 .57824E~-01
13 1 150425400 .5Q237€¢00 L49532F-(1
1t 1 J13144E400  .S5B8253F5400 L,32737F-01
15 1 ,13t14.E+00 ,58253€«0" ,32737E~-01
16 1 10106E400 .S5586F400 ,Q6847F-02
17 1 ~.14839€E-0%f .4193%E400 ~.6€610E-01
18 5§ =,93783E-~01 29449%E+00 -.93593F-11
19 1 ~-,433275400 ,22284F¢00 -,11155€¢00
20 1 =o34322E«07 41947500 -,11030F«00
21 1 ~,14322F¢00 L19675E400 -.11030€+00
22 1 ~.149822F¢00  L1R24LOE+QC -.10963F+00
23 1 -.14822E400 J18249FE+QU -,.10Q60F¢(0
26 1 -,18%78F400 L,90387F~01 -,10511E+00
26 1 -,20661E400 .25042€-01 -.BR0SFRE~01
2 1 ~,22617Y+00 -,42329€~-01 -.67804E~01
27 1 -.22617E400 -.42329E~C1 ~-.6T7806€E-01
28 1 -,23708FK400 ~-,922K7F-01 -,50985¢-01
29 1 ~.29274F+00 -.32567F¢00 L31853E-01
30 1 -.29464F+00 ~.33381F¢00 J34456F-01
31 1 -,249L6uLE+00 -.33381FE400 .3WULS5HE-O1
32 1 -.30085F2:00 -,.360L2E+00 .6L296%F-C1
33 1 «~,IN0BCFeCD ~,3604L7F¢00 ,L42963E-"1
36 ¢ ~-.30808E+400 -.3914L0F~+00 ,52867F-01
35 1 ~,311417¢00 -,42991€400 .7124L7F-01
36 1 ~31141E#0C0 -,42301TC+00 L71247F-01
169
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“able A-16
( ont'd.)

*
o aodeecdeon veessdeeserocosvecoas

CARD COLUMNS
0C0000000L111211111222222222233333333334bbbb4040045555855555666666666677T777777778
12365670901234567890123L5676890123645678301234567850123456729012345678901234567890

G B T B B D D W A DA T WD W A P AP AW G W o > A e > > wieoses

FYr e I I YL L L E L XL L L2 2 L L L X 2 4

L. 2 L T L o D2 b B L L B 2 Rt L 2 X dod

37 1 <.3107%E¢006 ~-.45913€+400 ,.9180%5€E-01
38 1 *.30233E¢00 =.58973E¢00 .19073€+00
39 1 «,27819€400 -.68768E+00 .27681E+00
40 1 < 20224E+00 - T1T739E+00 .32326E+00
b1 1 <~ 19671E400 - 71957E+00 .33632E«+00
42 1 = 18265E¢00 -.63215€¢00 .31740E+00
43 1 = 7BK0TE~01 -.4&9883E+400 .26426€400
by | «.T75292€~02 -,31T738€¢00 .18385€+00
45 1 JkO98KTE-01 -.14328E+00 .10683E00
86 1 L6S66SE-C1 -.82199E-01 .B82546E-01
47 1 +15568Ee00 ,20953E¢00 ~.65211E-03
&8 1 ,1563CE+00 .212%5€400 -.66965E~01
49 1 15636E+C0 ,21245E4+400 -.66965€~012
50 1 J16575€+00 L23778E+00 -.03601E~01%
S1 1 16630FE+00 ,30554E¢00 ~,§12344E00
52 1 <21903E400 .4L2650€¢00 -.19370E+00
53 1 426103E400 .S54700E+00 ~,26600E+00
54 1 .26103€+00 .S&700E+00 -.26600E¢+00
56 1 ,78000€E¢00 -,93500£¢01 ~.60000E+00
S6 1 oTTON3ECND0 =,93190E+01 =.59867E+¢00
57 1 J65071€40) ~.56155E#01 -.20149E 00
58 1 oJS5UBT2E+00 -.33377E+01 ~-.73377E-N
59 1 J41079E400 -,.31095€¢00 .1871LE+OY
60 1 ,L3I6169%400 ,69730F+00 .27857E+090
61 1 J363T7E+C0 .585673E400 .26650E+00
62 1 JJI5960FE+00 .6(9BDE+00 .27653E0D
63 1 J3I5600E«00 ,68700€¢00 .26800E+89
64 1 ,35600E+00 ,L68T00E¢C0 .2G800E+00
65 1 2o IIGIIE400 = 63I273E¢00 ~.78667E-02
66 1 «,32051E+00 ~.H389CE+00 .38411E-01
67 1 ~.32020E¢C0 -.43960E¢00 .46600€-02
68 1 = JISTIE+ND -.A3996E+00 .4S5875E~01
69 1 -,31100€6+¢00 -, M6100€+00 ,49000E~02
70 1 <.31100€¢00 -.%4100E¢00 .49000E~01
T1 1 J136T8Ee00 .56985E¢00 .97324E-02
T2 1 13382F+00 LB7T27€e00 ~.12500E¢00
73 1 .0245%5E-01 .80682E¢00 ~.17500E+00
Th 1 =410000E~-01 .680300€e00 -,26500E¢00
TS 1 ~.100C0E+00 .54000€+00 -.36000E¢00
76 1 <.18540E400 J46FB0E+00 ~.4h680E¢CD
77 1 <o16987E+00 .19030€+00 - 13005E+09
78 1 ~o104987E+00 ,19839€¢0C =.13005¢E+(00

1 1 =.231786€~01 -.11176€E~01 ~,.28588€E~02

2 1 - 23176F-01 ~.11176E-C1 ~,.20%588E~012
3 1 -.19867t-01 ~-.96208F~02 ~,22893E~01
b 1 -.,26768¢-01 ~,12001€E~01 -.20537€-01

170
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T T

able A-16
{t.ont'd.)

LA X o L R 2 L ¥ X K 2 2 ¥ ¥ 1 T % ¥ _ T L ¥ T T 2 4 -’“------’----.‘-----‘-“---

CARC COLUMNS
00000000011111111311222222222233333333334hb64UAGAM4555555555660C66C€6666C677777777778
1234567890:1 2345678G60123645678901236456709012345678901234567€90123456708901234567890

S 1 ~(21830E~01 ~.11039€E-01 -.24761E-01
6 1 <42569%€E-01 ~.12996E-01 -.2913%E-01
T 1 -.,21279€-01 ~.100882E-0% -,23752¢-01
8 1 ©¢21270€E~01 -,10082E-05 ~-.23752¢E-01
9 | =.22695€E~01 ~,107S5TE~01 -,.253L3E-01
10 1 <,22627E-01 ~.11727E-01 -.208¢&E~01
11 1 ~,22222¢€~01 -.35556€E-02 -.2111i€-01
12 1 =,20857€~01 =+16573€E=01 ~,14000E~01
13 1 <.23524E-01 -.12192€-01 ~,.20818E-01
16 1 =,23923F~01 -.12399E-01 -.21171€-01
15 1 =.23923F-01 ~.12399€-01 -.21171E~-01
16 1 <,21405FE-01 ~,22829€-01 -.15260£-01
17 1 *,19312€«01 <.27955€-01 -.10i85¢~-01
18 1 <. 16843E~01 ~-,30%562E-0% ~.55264E~-02
19 1 =.17694€E~01 -~ 31743€-01 -.57399€-02
20 1 ~,162006-0. -,208200€-01f ~.%56000E~0C2
21 1 =,71620E«0?7 «,34800E~-01 +97443E~02
22 1 <.,12229E-01 -,29990E-01 .14927€-02
23 1 =.12229E~01 -.29990€-01 +14927E-02
26 1 «,12812€-01 ~,31618E-0! .1%5639E-92
25 1 =,9L716€-02 -,33228E-01 ,39118€-02
26 1 =473629E=(2 =.34000E-01 .97163E-02
27 1 -.92000E-02 ~,35200€-01 .12600€~01
28 1 -.91541E-02 -,37813E-01 .1296%5E~-01
29 1 <,04908E-02 -, 40664E-01 .13030E-01
30 1 =¢92900£~02 =.35200E-01 +126060E~-MN
31 1 =.40000€-02 -,36000E~01 .20000€-01
32 1 -,95046€-02 ~,k1111E~-01 .13142€-02
33 1 ~.95966E~02 -.H1111€-01 J13142€-0%
3 1 «,90866%F-02 -, 4150%E~01 .13268E~-01
35 1 <.40030E-02 -.30000€-01 ,20000E-0O1
36 1 .17500£-02 -.16250€-01 .11750€~-01
37 1 UB2451E-~CG3 ~.1T87SE-01 . 12034E-02
38 1 .92996E-~03 ~.1T7279€-01 .12805€-01
39 1 (31530E=02 =465641E-07 <71590E~02
0 §  J3I8LT79F-02 -.18828E-02 .40726E-02
b1 1 J43226E~02 ,L16T&9E-~(0Z .77617E-~03
b2 . €7506€-02 ,11929E-01 -,.31200€~02
63 1 o8015E-02 L14B865E-01 -.62313€-02
b 1 JT3400E-02 L197GO0E-D1 -.88800€-02
45 1 TTRT70E-02 28240E-01 -.10429€-01
86 1 L79106E-02 .246524E-01 -.10593E-~01
W? f  .87572€-02 ,291%5%€-01i ~.17539E-01
“8 1 JT%000E-0?2 ,20800E-01 ~.14000F-01
43 1 .92000£-02 ,35400€-01 -.21000E~0%
30 1 .88731€-(02 ,292853E-01 ~.17205€~-0%

171
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iable A-16
(“ont'd.)

CARD COLUMNNS

- oo - -

0000(00001:112481411322222222223333333333abbbbbbbhes555555855666666666677T7T777T7T78
12365678901234567390123465678901234567890123456783012345678901236456783901234567890

Lt X X 21 10 --““¢o--“---o-o-*---o---o-od--o--’--.‘.. YT TY T Y P RERY YT TY XYY Y Y YYYY Y ¥ )

51

52

s3

Sk

55

1)

57

S8

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

Th

78

76

77

T8
1
15
20
2%
30
3%
37
39
4%
46
&7
&8
&9
5%
60
6t
€2
63

P N e R R R T N N O O O S N S

+89920€~02
eB87463E~02
«87143F=0?
«87143¢€-02
~e5666TE~01
~.56667E~-01
- +56667E-01
- .40803€-01
-.30688¢E-01
<-.30688E~-01
~«20000E-2"
-4.20000€E~-",
«.20000€-01
«020000E-~04
2hbha&E-Q2
«38587E-02
«16080E~02
+33333E-01
«33333¢-01
+»33333E-01
~o0207
’00207
«o.20545€=-01
+«+20545€~01
= 24400E~-01
<.2%400E=-01
-«13378¢€-01
~e13378E-014
N.16 ¢7
1416 ¢8
275 ¢8
Lel2 ¢8
6,92 <8
3.90 +8
3,83 8
2.%1 o8
3o59 +8
S.861 +8
5.81 +8
1.57 +8
1,57 +8
1.57 28
1.57 +8
6,52 ¢8
Ge%3 42
J.23 ¢8

«29B845E-01
«25600€E-01
«25G00E-014
«25000E-0%
«310800€E«01
«31800E+01
«31000€+01
«83668E+00
«63016E+00
«63016E+80
~+10000E-01
-«10000€E-01
-+10000€~-01
~,10800E-01
-e155%56€-02
~«15863€E-02
~+12800£-02
- 41667TE~D2
~ek16ETE~02
~o4166TE~-02
~.0283
'00253
’0281828‘01
~«28182€~-01
«e21200€-0¢
~s21200E-901
-.30100E-01
-+30100€-01
« 040

1.6023

~.1763%¢-01
-.15%5000&~-01
~.15000E-01
-.1%0800¢c-01
«13333E«00
+13333E+00
«13333E¢00
.78299€-01
e571643E-0%
«ST143E~-01
-+23333E-01
-.23333E-01
=+23333E-01
~e23333E-01
»108683E~-04
«11615E-MN
«112090E-01
+12500£-0%
+12500E-01
«12%0G0E-0Y
*e 0202
-,02062
«+20000€E-12
«+20000E-0Y
~.24800E-01
-,248080€-01
« 2015056
«0:01505¢

Te8
W12 i5.
«629 20,
o778 25,
306.15%
«783 3%.5

2,467

7.002
1150
20,13
16.93

37.3

%el38 39,8
1.516 45.4

22,1%
24.36

6.8

«81db 67.2

13.83

L8,
«323 LbSe4 7.92

560 5%
1.161 59.5

13.75
28.46

1.8
62.59
63.

177

«93 =7

«62 «8

PR Y %
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66
67
7¢C
74
7h
77
78
79
80
R?
at
100
17
12¢C
130
tug
150
157
1¢C
1,8
170
174
174
178
182
11
132
103
194
195
196
148
318
325
I ON
3130
2865
167
?5H8
e ]
2?71

37
37
37
37
37
37
37
7H
78
78
78

e e T o N e

&
e 4
L}

4e-1
48-1
Lg-1
La-{

13

[s

2.59
3.56
7.07
1.29
LoB9
4.R12
L.5G
“.5“
3.32
7.10
5.26h
5.26
5.26
5.26
5.26
5.26
5426
1.29
Jel1
1.23
2407
2.7
1.88
5.9%
5.98
2e43
2.63
2443
1.62
.07
8.09
8.09
9,78
1.21
1.21
1e13
€.66
5.66
5S.66
5.60
S.66

Lo,

LX)
+3
+3%
+8
+8
+8
+8
+8
8
+8
+8
+3
+8
+A
+8
+8
+9
+9
+8
+3
+3
+8
+8
+7
+7
+5
5
+5
o
+6
+6
<6
+7
+8
+8
+7
(4,
+8
+8
+8
+8

Table

(Cont'

¢aec COLYUWNS
0100C00001111111111222222222233323333333444L040MULLLL55555565556666666
1736567001234 5€799012345€678301234567RG0123465678901234567891123456

e . AR A A G R B SN BB ST N RN BT G RE ROV BORDE TR WD BE R w W

3.106
.803

587
925

«BUE

7.07¢
2.791
3.010
2.883
24883
2.8%3
2.883
2.883

Lo4bA
7.011

1.387
8.351
2.508
1.132

081
2.251

453

5.048
1.614

8.430
L.4u34
9,717

FE.
67.97
79.
71.38
77.4
77.¢
78,25
70,
30,€
5ie
ag.

150,

110,

120,

130,

140,

150,

157,56

169,

170. 4

170.5

171.7

174,

177, 38

182,72
30,3
70,31
12,3
3c,
36,9
37,02
37,2
72.0
77.3
7%,
78,25
ue,
50.5
SS.
9,5
€3,
1,02

173

A-16
d.)

D ]

LA L BT 2 2 X T X T R R T R 2 2 21

41,24
11,32

19,42
26413

19.89

92 .66
81.50
92,34
38 .7¢
38.78
88.78
88.78
88.78

138.01

94.7¢
26,71

109,656
24,53

1r.60

.13

«26

«2R

62

-3

-4

«12

62

«93

280

.32

1.

-6

-8

-7

-5



Tahble A-17

Key Output Data from Sample Data Deck

Parameter Iteration
0 1 2
Cost Functions
Overall .68164 E + 12 .65905 E + 11 .36836 E + 11
Frequency 17047 E + 12 .39695 E + 11 .96240 E + 10
Mode Shape .51117 E + 12 .26210 E + 11 .27212 E + 11
Compliances
Cy .93000 E ~ 7 .83152 E - 7 .53820 E - 7
Cy .120060 E - € .12038 E - 6 .80930 E - 7
Cqy .93000 E - 7 .60380 E - 7 40304 E - 7
Cy .30000 E - 5 .69565 E - 5§ .59244 E - 5
Frequencies
fl ,4888485 E + 2 .4894103 E + 2 .5546776 E + 2
) .1435402 E + 3 .1078903 E + 3 .1124721 E + 3
f3 .1435414 E + 3 1441162 E + 5 .1485364 E + 3
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