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FOREWORD

The material presented in this final report was performed under Grant
No. NAG-1-301 entitled "Component Mode Synthesis and Large Daflection Vi-
brations of Complex Structures." This report summarizes the research re-
sults on modal synthesis and nonlinear forced vibrations of beams. The
study was performed at the NASA/Langley Research Center during the period
from November 1, 1982 to October 31, 1983. The work was monitored under the
supervision of Joseph E. Walz and Dr. Jerrold M. Housner, Structural

Dynamics Branch, Structures and Dynamics Division, HASA/Langley Research
Center.
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COMPONENT MODE SYNTHESIS AND LARGE DEFLECTION VIBRATIONS
OF CGMPLEX STRUCTURES

By
Chuh Mei*
Part 1. Dynamic Analysis of Large Complex Structures
Using Component Mode Methods in NASTRAN

The complexity of aerospace structures has been increased enormously
during the past decade. A new challenge has confronted the structural
dynemists by the proposed space station to be in service by the year 1990.
It will be an evolving structure (ref. 1), and it will not be possible for
it to be ground tested because the final configuration may not be known when
the first component is put into space. The component mode method, there-
fore, may be employed for the dynamic analyses for determining freguency,
mode shape and tfansient response of‘éuch a large structure system in space.

The NASTRAN computer program, a structural analysis tool widely used in
the aerospace industry, contains a modal synthesis capability. Other than
the nine-bay truss structural problem presented in the NASTRAN demonstration
manual, little is publicly known about its capabilities. Preliminary
assessment of the accuracy of the NASTRAN modal synthesis analysis is accom-
plished by making a comparison of the NASTRAN modal synthesis with full
structure NASTRAN and nine other modal synthesis results (ref. 2) using the
nine-bay truss shown in Figure 1. Figures 2-4 show the relative accuracy
obtained using the Qarious modal synthesis procedures. The limited study

indicates that the fixed-interface method in NASTRAN, fixed-interface

*Associate Provessor, Department of Mechanical Engineering and Mechanics,
01d Dominion University, MNorfolk Virginia 23508.



)

i g

15

18 27

27

i

/

/.

/|

7 ;/////20

/e

A

/zg

I/;g

/ / 11 :
2 ; 8f’ o5 \ \ = 3
i ! . il ‘ ) ] 2 :
4 7 i0 i3 18 : 19 22 25 28
7 " (2) Full hodel,
) i3 23 33 sy 8 = 3 13 23 33 43
k -~ % g
2 Equal / / //j: 32
Eays 2 N 12;\ = X = < - \ 7 X 2§ \E’; &: 42 >~y
| . \ . \ | ] | 4
: ¥ 71 731 71 555 1 it 21 31 R
G 5 Equal Bays “} 2 4 Equel Bays ————————>;
Component A ] Component 3
¥
x

Figure 1.

Truss Model.

(b} Substructured Model,
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method of Hurty (ref. 3) and the eguivalent Craig-Bampton method (ref. 4)
produce the most accurate results for a given number of degrees-of-freedom.
Slightly better accuracy was achieved by the procedures introduced by
Benfield and Hruda (ref. 5). But these Tatter matheds (ref. 5) suffér the
disadvantage that the mbdes of one substructure are not independent of the

modes of other substructures. More detailed results are documented in the

progreés report entitled, "NASTRAN Modal Synthesis Capability (ref. 6)."

A NASTRAN component mode transient response analysis was also performed
on the freeffree truss structure. A concentrated force was applied at grid
point 42 of component B for 0.12 seconds and then removed. Tables 1 and 2
give the displacements and stresses and are compared with the full structure
NASTRAN results. It demonstrates that excellent transient response can be
obtained using component modal synthesis. Detail results, DMAP alters, sol-

ution sequences and computer CPU time can be found in reference 6.
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Tsble I. Transient Response and Fercent Error in Displacement %:a
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=t
2@
grid Full Truss B Substr. -5 8 Full Tsusse B. Subsir, B3 Pull Fruss B Bubser. | PB-BI
te = =
. ¥
Times 28 K1 29 42 39 43
2.0 ¢.0 .0 8.0 2.9 [OR] 2.0 8.8 6.9 2.0
0.6018 0.4786243 0.4783815 0.02566 £.489332 0.4933834 ©.639333 8.5758263 0.46785015 1 0.02368
0.6030 2.970%06 2.070847 . 0.60283 - 2.@3%%35 . 2.839938 -3.00110 2.970588 2.070247 6.65223
$.0045 4.734036 4.79388 8.80363 4,883719 . 4,833558 0,.8033% 4.734056 §,793382 9.633583%
0.0055 8.662573 8.652363 8.00012 §.652873 &.é%ﬁﬁé@ -0.85218 8.6525%3 8.852563 €¢.80012
¢.6075 13.65928 13.65808 0.60146 133,6Fﬁ&§ 83.67781 ©.00:183 § 13.65921 £3.65%21 0.860146
G6.6055 19.7958% 89.79587 £.03010 19.8160% §9.81619 -0.G03858 § 19.79569 19,72587 £.85010
5.,0183 27.07148 27.07433 0.083848 27.03119 27.0%122 -0.03981 § 27.07846 27.07333 0.68848
8.0120 35.47538 35.47573 2.80842 35.49504 35.49476 0.20078 § 35.47338 33.47573 08.20852




Table II. The Axial Force in Elements of B Substructure

'

, Bleuant Wo.
Timss : 11 2 113
0.0 0.0 0.0 0.0
0.003 - - 235.1038 2826508 235.1038
0.006 2529327 304.9388 252.9327
0,009 ' 179.1082 2545373 179.1062
0.012 - 137.4126 223.7619 | 137.4126

Elemant Fo.

Times 141 : 1462 : 143

0.0 _ . 0.0 c.0 0.0

0,003 - 185.0618 - 951.0315 185.0618
0.006 199.0282 11021.000 199.0282
0.008 ‘ 177.9509 1021.209 177.9509
0.012 159.4311 959.688 159.4311
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PART 2., Large Deflection Vibrations of Beams using Finite Element Methods

Since space structures will be mostly large, lightweight and flexible,
large deflection analysis methods are urgently needed to study the vi-
bratory responses of compiex structures.

A finite element method has been developed for nonlinear vibrations of
bean structures subjected to hammonic excitation. Longitudinal deformation
and inertia are both included in the formulation. A harmonic fdrce matrix
[h] was deveioﬁed for a beam element for nonlinear oscillations under uni-
form harmonic excitation. Formulation of the harmonic force matrix is based
on the mathematical basis (ref. 7) that the simple harmonic force Po Cosut
is simply the first order apprbxfmate solution of the simple elliptic forc™
ing function BA cn(pr,.k). Also the well known perturbation solution

w \2 3 P
G»)=1+wwﬂ-i

“L 4 A

of a Duffing system Qe t 4 +v5q3 = P, Coswt is the first order

T
approximate solution of the simple elliptic response q = A cn{pt,k). Deri-
vation of the element harmonic force and nonlinear stiffness matrices are
given in detail in progress report entitled, “Finite Element Analysis of
Nonlinear Free and Forced Vibrations of Beams (ref. 8)."

Table 3 shows the finite element free vibration results with and with-
out considering effects of longitudinal deformation and inertia (ELDI). It
clearly demonstrates the remarkable agreement between the present finite
 element with ELDI and RayleighﬂR%tz sclutions.

| Table 4 shows the frequency ratios for a simply supported and a clamped
beam (L/R = 100) subjected to an uniform harmonic force of P, = 2.0 (F, =

1322 1b/in.) and'l.o (3277 ]b/ih.), respectively. It demonstrates the

T e B € A o S AW Mo e — ERL



TABLE IIL

Pree Vibration Frequency Ratios wdmh
for a Simply Supported Beem with Immevable Anisl Ends

Without ELDI® Wich ELDL (L/2 = 100)

Elliptic Pinite Element Ravleigh Finite Element
A Funmection ) Ritcz

Sclution First Pinal Solutica First Pinal

(ref. 9) Iteration Resule (ref. 10) Iceration Resulk
1.0 1.0892 . 1.0399 1.05888 1.0607 1.0613 1‘0%13(3)b
2.0 1.3178 1.3203 1.3118 1.2246 1.2270 1.226%(4&)
3.0 1.6257 1.63295 1.6022 1.4573 1.4620 1.6617(4)
4.0 1.9760 1.976% 1.9216 1.7309% 1.7383 1.7375(6)
5.0

2.3501 2.3396 2.2544 2.0289% 2.0393 . 2.,0378(7)

e e arirme
TR A 56 G2

s par e . A A PP YA M. g DTN 2 P 0 T Bnt Y 2005
e e st A Lt Sl 3 W R

8. Effects of lcngitudinal.d@formatian and inertis.
b. Ilumbar in brachkets denotes the number of iterations to gest a coaverged
solution.
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- TABLE IV
Porced Vibration Freguesey Rﬁ:iaavm [ L
for a Simply Supported and a Clamped Beam with Immevable 4xial DEnds
Withoue FLDI® Wich ELDX
A Sivple Perturbation FPinite Element Pinite Elemeat
Ellipte Solution First Final Final
Response , Izeration Regult Regult
(ref. 9).
Simply Supported Besm Subjected to P = 2.0 (P, = 1322 1b/ip.)
- 1.0 1.7852 1.7854 | 1.7852 1.7856 1.7682(3)b
+ 2.0 0.8472 0.8660 0.8621 0.8460 0.7168(4)
1.6557 1.6583 1.6563 1.6512 1.5829(4)
£ 3.0 1.4003 1.4216 1.41202 '1.3760 1.2123(4)
1.8217 1.8316 1.8226 1.8002 1.6743(%)
+ 6.0 1.8413 1.8708 1.8453 1.7846 1.5871(6)
2.10L3 2.1212 2.0988 2.0495 1.8753(6)
£ 5.0  2.2606 2.2995 - 2.2525 2.1619 1.9371(7)
2.4361 . 2.4673 . 2.4236 2.3432 2.1337(7)
Clanped Deam Subjected to P, = 1.0 (P, = 3277 1b/in.)
+£1.0 0.2118 0.2163 ' 0.2096 0.2091 0.1772(3)
1.4307 1.4307 1.4297 1.4297 1.4251(3)
+ 2.0 0.8279 - 0.8292 0.&215‘ 0.8203  0.7905(4)
1.2987 1.29%0 1.2942 1.2936 1.2743(4)
+ 3.0  1.0601 1.0433 1.0279 1.0239 ©.9726(5)
1.3232 1.3248 1.3127 1.30%9 1.2694(5)
& 4.0 1.2183 1.22647 1.1979 1.1888 1.1151(6)
1.4101 1.4142 1.3%810 1.3836 1.3137(6)
+ 5.0 1.3938 1.4062 1.3619 1.3487 1.2513(&)
1.5322 1.5401 1.50156 L.6874 1.6014(8)
a. Effects of longitudinal deforzation and inertia. .
b. Number in brackets denotes the aumber of iteraticas to get a couverged
golution.
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closeness between the earlier finite element results without ELDI, the
simple elliptic response and the perturbation solution. The present finite
element results indicate clearly that the ELDI are to reduce the nonlinear-
ity.

Be ams witﬁ various boundary conditions, including movable axial ends,
are given in reference 8. Results obtained will be presented at the Second
International Conference on Recent Advances in Structural Dynamics, to be
held April}9-13, 1983, at the Institute of Sound Vibration Research, South-

hampton, England.
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