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Conpendium of papers prepared f o r  W W  Userst Colloquium ' 

September 13-15, 1971 

NASA Langley Research Center 

NAS!lBAN (w S U c 3 U R A . L  ANALYSIS) has been available t o  the public since 
l a t e  i n  1970. As a large, ccrmprehensive, nonproprietary, general purpose, 
f i n i t e  element computer system f o r  s t ructural  analysis, NASTRPN i s  finding 
widespread acceptance within NASA, other government agencies, and industry. 

NASTRAN i s  available t o  the public a t  a cost of about $1,700, which covers 
reproducing and supplying the necessary system tapes and documentation. 
Furthermore, NASA has provided fo r  the continuing maintenance and improvement 
of NASTRAN through the establishment of a N A S W  Systems Management Office 
located a t  the Langley Research Center. A t  present, N A S M  is i n  use a t  over 
sixty locations, including NASA centers, other government agencies, industry, 
and cammercial computer data centers. 

Because of the widespread interest  i n  NASTRAN and because of a desire t o  
better serve the cammunity of N A S W  users, the NASTRAN System Management 
Office organized a NASTRAN Userst Colloquium a t  the Langley Research Center, 
September 13-15, 197L. The coJ.loquium was planned t o  provide t o  everyone con- 
cerned an opportunity to participate i n  a comprehensive review of the current 
status  of N A S W  use, including the ra te  of user acceptance, unique applica- 
tions, operational problems, most desired modifications including new capabil- 
i t y ,  and comparisons with other l e s s  comprehensive applications programs. 

Individuals actively engaged i n  the use of NASTRAN were invited t o  prepare 
papers f o r  presentation a t  the colloquium. These papers are included i n  t h i s  
volume. Only a llmited edi tor ia l  review was provided t o  achieve reasonably 
consistent format and content. The opinions and data presented are the respon- 
s i b i l i t y  of the authors and their respective organizations. 

J. P. Raney, Head 
N A S W  Systems Management O f f  i c e  
Langley Research Center 
-ton, Va. 23365 
September 1971 
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NASTRAN: STATUS, M A m N C E ,  AND FITTURF: DEVELOPMENT 

OF NEW CAPABILITY 

By J. Phil ip  Raney, Deene J. Weidman, 
and %ward M. Adelman 

NASA Langley Research Center 

NASTRAN, as the  largest ,  most comprehensive, nonproprietary, general 
urpose, f i n i t e  element computer system for  s t ruc tura l  analysis i n  existence 

goday, i s  finding widespread acceptance within NASA, other government agencies, 
and industry. The purpose of t h i s  paper i s  t o  describe the present s ta tus  of 
NASTRAN (NASA Structural  Analysis) and to  out l ine  goals and objectives for  i t s  - 
fu tu re  maEtenance and development by the NASTRAN Systems Maintenance Office. 

STATUS 

NASTRAN was developed under the direct ion of M r .  T .  G.  Butler, NASA- 
Goddard Space Flight Center, during the years 1965 to  1970. Upon completion of 
the development phase, the management of NASTRAN was transferred t o  the  Langley 
Research Center. The NASTRAN Systems Management Office (NSMO) was established 
i n  the Structures Division a t  Langley October 4, 1970, and the f i r s t  public 
release of NASTRAN was i n  November 1970. 

The requirement fo r  centralized management of NASTRlW i s  dictated by i t s  
range of complex system software features and extensive capabi l i t ies .  As the 
largest ,  best  documented, user-oriented, general purpose finite-element 
computer program for  s t ruc tura l  analysis,  NASTRAN i s  without a peer i n  provid- 
ing capabil i ty fo r  the integrated analysis of complete aerospace vehicle 
structures.  Twelve prepackaged "rigid formats" permit the  analysis of one and 
the same s t ruc tura l  model fo r  a wide var ie ty  of s t a t i c  and dynamic loading 
conditions, including buckling, steady s t a t e  frequency response, t ransient  and 
random response behavior. NASTRAN consists  of over l 5 l , O O O  Fortran statements 
which t rans la te  in to  over 1,000,OOG machine language statements. It i s  
machine independent and operates on the IBM 360, CDC 6000 ser ies ,  and the 
UNIVAC 1108 machine. Perhaps the  most unique feature of NASTXAN i s  its execu- 
t i ve  system for data scheduling and overal l  system control. Briefly, NASTRAN 
i s  as  large and complex-in a computer software sense-as the operating systems 
fo r  the three machines with which it interfaces .  It is ,  i n  fac t ,  a f a c i l i t y ,  
with complete documentation, which presently i s  i n  operation throughout the 
United States  a t  over 60 dif ferent  machine ins ta l la t ions ,  with an estimated 
family of users numbering nearly 1,000 persons. The communal aspects of 
NASTRAN are  obviously far-reaching. 



b l e  of NSMO 

The management of NASTRAN i s  the  responsibil i ty of the NIISTRMX Systems 
Management Office (NSMO). The functions of t h i s  o f f ice  span the spectrum o f  
NASTRAN a c t i v i t i e s  from maintenance t o  research and development. 

Specifically,  these f'unctions include: 

Centralized I?rogram Development 
( ~ d v i s o r y  Committees) 

Coordinating User Experiences 
(NASTRELN ~ u l l e t i n )  

System Maintenance 
( ~ r x o r  Correct ion and Essential  Improvements ) 

Development and Addition of New Capability 

NASTRAN- Focused Research and Development 

SIGNIFICANT rnLESTONES 

October 1970 - September 1971 

When NSMO was established i n  October 1970, there existed a d i r e  need for 
maintenance of the NASTRAN system. With the cooperation of Goddard Space 
Flight Center, an interim maintenance contract was negotiated with Computer 
Sciences Corporation through a contract i n  effect  a t  GSFC. T h i s  contract 
provided fo r  the essen t ia l  function of e r ror  correction u n t i l  a contract f o r  
f u l l  time maintenance could be negotiated through an open competition. The 
interim maintenance ac t i v i t y  was r e s t r i c t ed  t o  the correction of over 7'3 errors  
reported t o  NSMO, together with a l l  associated documentation changes. New 
thermal bending and hydroelastic elements previously developed by the MacNeal- 
Schwendler Corporation under contract t o  GSFC were also ins ta l led.  Levels 13 
and 14 were created fo r  government t e s t i ng  and evalgation. The next version of 
NILSTRAN to  be released to  the public through COSMIC* w i l l  be b u i l t  upon the 
r e su l t s  of t h i s  interim maintenance ac t i v i t y  and w i l l  be designated Level 15. 

I n  June, a contract f o r  f u l l  time maintenance of NASTRAN was awarded t o  
the MacNeal-Schwendler Corporation. An o f f s i t e  office near the Langley 
Research Center has been opened by MacNeal-Schwendler, and work on many items 
of maintenance and development has commenced. 

In  addition t o  the maintenance contract, a contract f o r  the  development of 
new elements and a thermal analyzer capabil i ty was awarded i n  June t o  the Bell  
Aerospace Company. 

Xomputer Software Management Information Center, Barrow Hall, 
University of Georgia, Athens, 30601. 



Additional milestone accomplishments include holding the F i r s t  Annual 
NASA NASTRAN Users ' Colloquium a t  the Langley Research Center, September 13- 15 , 
1971, and publishing i n  August of Vol. 1, No. 1, of the NASTRAN Usersf 
Bulletin-a bimonthly publication of i n t e r e s t  to  the family of N A S T ~  users. 

For the  purpose of the present discussion, maintenance i s  defined to 
include error  correction i n  both the NASTRAN code and documentation, support 
of a l l  utility routjnes such as the linkage edi tor  and conversion routines, 
and enhancements to  the N A S T W  executive and matrix routines which w i l l  r e su l t  
i n  increased speed, efficiency, and convenience of operation. Maintenance i s  
a systems ra ther  than a new capabil i ty o r  element-oriented ac t iv i ty .  

U t i l i t y  Routines 

Routines for creating new levels  of NASTRAN as  well as  routines fo r  
converting NASTRAN from the CDC 6000 se r ies  (parent machine) to  versions tha t  
w i l l  run on the I B M  360 and UNIVAC 1108 must be constantly updated a s  new o r  
modified compilers and operating systems become available fo r  any of the three 
NASTRA.N machines. Automatic update routines are required to  implement a patch 
to  a given level .  For example, a patch i s  presently available from COSMIC t o  
update Level 12.0 t o  12.1. The update routines are required t o  enable l!&S'IIRAJ!$ 
users t o  incorporate error  corrections, supplied by the maintenance contractor, 
i n  a timely fashion. 

Error Correction 

Error correction i s  perhaps the single most important maintenance ac t iv i ty .  
Ekrors i n  e i ther  the code or  the  manuals fo r  the standard l eve l  of N A S T N  are 
reported to  NSMO, together with card decks and annotated output for  evaluation 
and p r i o r i t y  assignment. The maintenance contractor then diagnoses, i so la tes ,  
and corrects the error  and fur ther  validates the f i x  with appropriate demon- 
s t r a t i on  runs. When f i l l y  corrected and validated, the correction card deck, 
together with card decks fo r  other corrected errors ,  i s  made available by NSMO 
as a patch t o  the current l eve l  of NASTRAN. By f a i t h fu l ly  reporting known and 
suspected errors ,  each member of the NASTRAN family of users benefits  both 
himself and po ten t ia l ly  many others,  A constantly updated computerized data 
bank of a l l  known N A S T M  bugs w i l l  be established by the maintenance 
contractor fo r  NSMO. A sor t  may be performed a t  any time by r i g id  format, 
module, o r  some other s ignif icant  system parameter t o  determine the s ta tus  of 
a previously reported bug t o  determine the nature o f  any uncorrected bugs i n  a 
routine of i n t e r e s t .  T h i s  coordinated, mutually beneficial ,  centralized error  
correction ac t i v i t y  should r e su l t  i n  a re la t ive ly  trouble-free operation fo r  
N A S T W  users. 



Enhancements for  Efficiency 

Several systems modifications t o  obtain greater operational speed and 
efficiency a re  presently i n  progress. These enhancements include: 

Substructuring capabil i ty t o  allow the solution of larger  
problems than i s  presently prac t ica l .  

Improved multiply/add (MPYAD) routines t o  reduce running time. 

User-specified single precision f o r  the  CDC machine. 

Much f a s t e r  general input/output (GINO) routines. 

More ef f ic ien t  matrix packing routines. 

It i s  anticipated tha t  these and other system improvements w i l l  decrease 
average run times fo r  the  next public release o f  NASTRAN ( ~ e v e l  15) by 
approximately a factor  of three. 

Dummy Element 

A user-oriented dummy element capabil i ty i s  under development by the 
maintenance contractor. This important convenience w i l l  allow the incorpora- 
t ion  of the mass, damping, and s t i f fness  matrices fo r  a new element fo r  t e s t ,  
evaluation, and use i n  the  NASTRAN environment. 

NASTRAN Users1 Bullet in 4 

An important aspect of NASTRAN maintenance i s  timely communication with 
, NASTRAN users concerning important developments and system improvements. The 

NASTRAN Usersr Bullet in i s  designed to  s a t i s m  t h i s  requirement. Issued 
bjJnonthly, it will contain a statement from NSMO, significant user notes, news 
of recently reported bugs, information on the next l eve l  t o  be released, and 
unique applications of NASTRAN. 

Significant new capabil i ty i s  under development fo r  NASTRAN in addition to 
the  system-oriented ac t i v i t i e s  of the maintenance contractor. The contract 
with Bell Aerospace previously alluded to  provides fo r  the development of 
several  new elements and a comprehensive capabil i ty fo r  thermal analysis. The 
evaluation and selection of new capabil i ty for NASTRAN requires the cooperation 
of NASA Centers, other government agencies, and industry. For example, the 
system modifications , new elements , and thermal analyzer capabil i ty were 
selected frorc s pr ior i t i zed  cornpilation of  items supplied by a l l  of the NASA 
Centers. Pz%eference has been given t o  the  highest p r io r i t y  items, although 
some deviation i s  necessitated t o  achieve the greatest  capabil i ty within a 



given cost constraint .  The following selected l i s t  of new element capabil i ty 
i s  under development with public release planned fo r  ear ly  1973: 

Nonprismatic Beam Element 4 

Triangular and Trapezoidal Cross-Sect ion Rings with Nonaxisymmetric 
Deformat ion 

General Element defined by s t i f fness  matrix 

Multilayered Triangular and Quadri la tera l  Pla te  Elements 

Triangular and Quadri la tera l  Shel l  Elements 

Rigid Body Element 

Triangular and Quadrilat era1 Plates  with ~embrane/~lexure  
Coupling 

Curved Beam Element 

Higher Order Shel l  of Revolution Element for  Nonaxisymnetric 
Loading 

Higher Order Triangular and Quadrilateral  Pla te  Elements 

In addition, the following heat t ransfer  capabil i ty i s  also planned: 
Transient and steady-state conduction, convection and radiation with automatic 
conversion of the temperature his tory t o  displacement and s t r e s s  history.  

No attempt has been made to  include with the new capabil i ty discussed 
above numerous other ac t i v i t i e s  a t  other NASA centers o r  within industry 
i t s e l f .  Various nonstandard experimental o r  parochial versions of NASTRAN 
exis t .  When new capabi l i ty  tes ted i n  an experimental NASTRAN environment i s  
found to  be a valuable addition t o  the standard l eve l  of NASTRAN, it will be 
incorporated by NSMO. 

FUTURE LEX3LS OF N A S T W  

New levels  of NASTRAN w i l l  be released when the number of  error  correction 
patches, system improvements, and new elements becomes excessive and d ic ta tes  
the generation of a complete new level .  Ease and simplicity of bookkeeping and 
loca l  management a re  prime dr ivers  i n  t h i s  s i tuat ion.  Although no f i r m  
commitment i s  possible, it i s  anticipated tha t  future releases of NASTRAN w i l l  
occur and w i l l  include new capabil i ty generally somewhat as  follows : 



1972 - Level 15 

Error Corrections 

Substruc turing 

Enhancements. fo r  speed : 

GXNO 

m 

Single Optional Precision ( ~ i m i t e d  ) 

Matrix Packing 

Dummy Element 

Thermal Analyzer 
(steady State  conduction) 

1973 - Level 16 

Error Corrections 

Complete Single Precision 

New Elements Developed By 
Bell  Aerospace 

Complete Thermal Analyzer 

Later levels  w i l l  include incremental additions t o  the  comprehensive 
capabil i ty if t h i s  ac t i v i t y  receives funding support. 

The maintenance and development of NASTRAN has been centralized a t  the 
Langley Research Center i n  the NASTRAN Syskems Management Office (NSMO). 
Several important system improvements are  i n  progress which w i l l  r e su l t  i n  a 
significant reduction of average computer run time. The maintenance 
contractor, MacNeal-Schwendler, i s  also engaged i n  the  addition of comprehen- 
sive substructuring capability. A dumy element capabil i ty which allows the 
t e s t ,  evaluation, checkout, and temporary use of a new element i n  the NASTRAN 
environment i s  also underway and planned fo r  inclusion i n  Level 15. 

Several new elements and a comprehensive heat t ransfer  capabil i ty are i n  
development under a contract with the  Bel l  Aerospace Company. These 
enhancements are  planned fo r  inclusion i n  Level 16. 



In summary, N A S T W  has emerged as a powerful, generalized f a c i l i t y  for 
the analysis of complex aerospace s t ructures  and i s  rapidly gaining acceptance 
from the community of aerospace and indus t r ia l  users. NASA is ,  therefore, 
c o d t t e d  to manage and maintain the NASTRAN system as a valuable national 
resource. 



CALCULATION OF STRESS CONCENTRATION DUE TO A HYPERBOLOID 

CAVITY IN A THIN PLATE USING NASTRAN 

By P h i l l i p  R. Wilcox 

NASA Ames Research Center 

SUMMARY 

NASTRAN has been used t o  so lve  f o r  t he  s t r e s s  concentrat ion i n  a 
p l a t e  due t o  a hyperboloid cavi ty  under biaxial  loading. De ta i l s  con- 
cerning t h e  usage of t he  program, modeling of the  s t r u c t u r e ,  and a com- 
par i son  between experimental and t h e o r e t i c a l  r e s u l t s  a r e  presented. 

INTRODUCTION 

A t  the time NASTRAN was re leased  t o  Ames Research Center,  an experi- 
mental program was underway t o  determine t h e  s t r e s s  concentrat ion caused 
by the  presence of a su r face  cavi ty  i n  a p l a t e  under uniform b i a x i a l  
tension.  Both hyperboloid and hemispherical c a v i t i e s  were then analyzed 
with NASTRAN, and the  comparison with experimental and o the r  t h e o r e t i c a l  
work was presented i n  reference  1. However, since t h i s  work represents  
a good example of the '  appl ica t ion  of NASTRAN t o  th ree  dimensional problems, 
d e t a i l s  concerning the  usage of t he  program and r e s u l t s  f o r  one cav i ty  
shape a r e  given herein.  

SYMBOLS 

radius of cav i ty  a t  su r face  of p l a t e  

p l a t e  thickness 

cavi ty  depth 

s t r e s s  concentrat ion f a c t o r  a t  bottom of cav i ty  

applied r a d i a l  pressure 

r a d i a l  coordinate  

axial coordinate  

- - - -  - 

Preceding page blank 
. -.. - - - - - - 



radial stress component tangent t o  sur face  

c i rcumferent ia l  stress component 

PROGRAM INPUT AND OUTPUT 

Level 11.1.0 r i g i d  format s e r i e s  L. adapted t o  t h e  I .B.M.  360-67 
was used i n  t h e  ana lys is .  The cavi ty  shape t h a t  w i l l  be discussed here  
i s  a  1.047-radian hyperboloid cavi ty  and is  shown i n  Figure I. 

Trapezoidal and t r i angu la r  r i n g  elements were used i n  t h e  ana lys i s  
wi th in  t h e  l i m i t a t i o n  of t h e  program. NASTRAN r equ i re s ,  using t h e  
no ta t ion  i n  Figure 2:  

1. r 2 0 f o r  G I  & G4 of the  t rapezoida l  element 
2. r > 0 f o r  G2 & G3 of t h e  t rapezoida l  element 
3 .  r > 0 f o r  G I ,  G2, & 63 of t h e  t r i angu la r  element 
4. i f  r = 0,  t h e  g r id  poin t  must be r e s t r a ined  because of symmetry 

i n  a l l  but t he  z  d i r e c t i o n ,  i . e .  12456 
5. if r # 0,  the gr id  poin t  r e s t r a i n t s  a r e  2456 

The program outputs  were: 
I. displacements of a l l  g r i d  poin ts  ('a) r a d i a l  (b) a x i a l  
2. - s t r e s s e s  f o r  a l l  elements (a) r a d i a l  (b) c i rcumferent ia l  

(c) a x i a l  (d) shear  
3. nodal forces  a t  a l l  g r i d  poin ts  (a) r a d i a l  (b) c i rcumferent ia l  

(c)  a x i a l  
4. load vec to r s  

The t rapezoida l  s t r e s s  outputs  were f o r  t he  4 g r i d  poin ts  and cent ro id ,  
while  t h e  t r i a n g u l a r  stress outputs  were f o r  t h e  centroid only. 

The p l a t e  was f i r s t  modeled with 413 elements with 804 degrees of 
freedom a s  shown i n  Figure 3 (a )  and (b) . Smaller elements,  Figure 3 ( c )  , 
subsequently were used i n  t h e  neighborhood of t h e  cav i ty  t o  avoid t h e  
l a r g e  d i scon t inu i ty  i n  stresses f o r  the  same g r i d  poin t  of four  adjoining 
elements as shown f o r  t h e  coarse g r id  i n  Figure 4. This cont inui ty  i n  the  
s t r e s s e s  implied t h a t  w e  had a r r ived  at a reasonable s i z e  f o r  t h e  elements. 
This refinement increased t h e  model t o  497 elements with 948 degrees of 
freedom. To vary t h e  r a t i o  of cav i ty  depth t o  p l a t e  thickness (h/d) 
elements were e i t h e r  added o r  removed from the  back su r face  of t he  p l a t e .  

I n  a l l  t he re  were s i x  d i f f e r e n t  model configurat ions run. These 
configurat ions are l i s t e d  i n  Table I. The  l a r g e s t  one was f o r  a  h/d = .25 
which had 1,033 elements with 1930 degrees of freedom and required 3151 
input  cards. 

A compressive load equal t o  6.895 x l o 6  ~ / r n ~  (1000 p s i )  was applied 
through t h e  g r id  po in t s  at the edge of t h e  p l a t e ,  The method used t o  



c a l c u l a t e  t h e  load vec tor  i s  i l l u s t r a t e d  i n  Figure 5 and summarized a s  
follows : 

Uniform load = Pressure * 2 ~ r  
Load vec tor  = Uniform load *Az a 

except f o r  t he  edge g r id  poin ts ,  f o r  which 
Load vec tor  = Uniform Poad *Az - 

2 

COMPARISON OF NASTRAN SOLUTIONS WIT3 EXPERIMENTAL AND ANALYTICAL RESULTS 

Figure 6 shows t h e  comparison between the experimental and computer 
s o l u t i o n  of t h e  cavi ty  surface and back sur face  s t r e s s e s  f o r  h / d  = .51. 
The experimental s t r e s s  concentrat ion f a c t o r s  a t  t h e  bottom of the  cavi ty  
were wi th in  4% of t h a t  ca lcula ted  by NASTRAN based on two experimental 
p l a t e s .  NASTRAN was a l s o  compared with t h e  a n a l y t i c a l  work t h a t  R. A.  
Eubanks d id  i n  I954 f o r  a hemispherical cavi ty  i n  a semi-inf i n i t e  s o l i d  
(ref. 2).  The stress concentrat ion f a c t o r ,  K, ca lcu la ted  by Eubanks was 
2.23 and t h a t  obtained from NASTRAN 2.3. Here again the  s t r e s s  concen- 
t r a t i o n  f a c t o r  was wi th in  4%. Since the agreement w a s  so good, t h e  r e s t  
of t h e  experimental program was cancel led and the  des i red  q u a n t i t i e s  
obtained using NASTRAN. 

CONCLUDING REMARKS 

The r e s u l t s  obtained here  ind ica t e  t h a t  ac.curate values of s t r e s s e s  
can b e  obtained f o r  three-dimensional axisymmetric problems even i n  regions 
where t h e  s t r e s s e s  a r e  r ap id ly  varying. O f  course a s  t h e  s t r e s s  gradient  
increases  t h e  g r id  s i z e  must be decreased t o  maintain the  same accuracy, 
but  t h e  use of v a r i a b l e  s i z e  elements allows one t o  confine the  small  
g r id  s i z e  t o  t h e  region of rap id ly  varying s t r e s s e s .  
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Table I: Model Configurations 

CAVITY SHAPE CAVITY DEPTH/PLATE THICKNESS 

1.047-radian hyperboloid 0.80 

I 0.67 
0.51 
0.25 

0.786-radian hyperboloid 0.52 

Hemispherical 0.25 
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PLATE RADIUS = 22.86 cm 
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I 

Figure 1.- l.047-radian hyperboloid plate; h/d = 0.51. 
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Figure 2.- Ring elements. 
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Figure 3.- Grid of 1.047-radian hyperboloid plate; h/d = 0.51. 
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Figure 4.- Element radial stress. 

r U N I F O R M  LOAD 

LOAD VECTOR 

ASSUME UNIFORMLY 
THICK ELEMENTS 

Figure 5.- Application of load vector. 
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Figure 6.- 1.047-radian hyperboloid plate; h/d = 0.51. 



NON-LINEAR CONSIDERATION OF GRAVITY IN A STIFFNESS 

TEST OF A WEAK STRUCTURE AT SMALL STRAINS 
4 

By Ralph G. Barclay, Stuart L. Hanlein, 
John Sween, Jr. and Paul H. King 

NASA Goddard Space Flight Center 

SUMMARY 

NA STRAN, NA SAf s finite-element structural analysis computer program, was used 
to calculate lateral deflections of a very weak spacecraft antenna boom, essentially a 
vertically-hung cantilever beam, under laboratory loading. The non-linear effect of 
gravity was included. 

The purpose of the test was to determine the boom stiffness at extremely small 
strains thus simulating the strain conditions produced by dynamic lateral deflections in 
orbit. 

The calculated deflections indicate that the determination should be possible; how- 
ever, large hysteresis effects were found to be present and no stiffness results have 
been obtained in time for inclusion by publication date. 

INTRODUCTION 

On July 4, 1968, the Radio Astronomy Explorer satellite was launched. Its principal 
radio astronomy antennas and principal structural feature consist of four 228.6-meter 
(750 feet) tubular booms in an "X1 configuration. Each boom was formed of beryllium 
copper tape which had been prestressed to curl lenghwise into a tube. For storage the 
tape was forced flat and wound onto i ts  drum. In orbit, the tape is dispensed from the 
storage drum whereupon it immediately assumes its tubular shape. There is a seam 
running the length of each boom which contains interlocking teeth to limit overlapping 
and so improve torsional rigidity. 

The V3.AEf7 spacecraft is lfgravity-gradientll stabilized which means that it orbits 
the earth always "pointing" toward the center of the earth. This result is caused by the 
fact that on the near-earth side of the spacecraft's center-of-gravity orbit the pull of 
gravity on the spacecraft structure is larger than the centrifugal reaction force. The 
reverse is  true outside the center of gravity where the centrifugal reaction i s  larger 



than the gravity force. These forces acting on the spacecraft tend to pull it into the 
earth-center-pointing attitude. Disturbances can cause rocking, i.e ., librating, about 
this attitude. 

After the spacecraft was fully deployed in orbit i t  was soon noticed that the ob- 
served libration frequencies were lower than calculated. Because the libration motion 
also causes a bending action in the booms, boom stiffness affects the libration frequency. 
From this it was postulated that the booms might be less stiff in orbit than had been 
measured in the laboratory where larger-than-orbit strain conditions were present. In 
other words, the low-strain stiffness might be different (possibly lower) than the stiff- 
ness measured at higher strains due to the overlapping, tab-meshing construction of the 
booms. 

The main difficulty in a low-strain measurement i s  that the gravity load is much 
larger than the required low- strain loading. 

SYMBOLS 

NASTRAN rotation about axis perpendicular to x-y plane 

NASTRAN displacement in x direction 

NASTRAN displacement in y direction 

Young' s modulus 

stiffness 

cross section moment of inertia 

NASTRAN x axis (longitudinal boom axis) 

NASTRAN y axis (transverse boom axis) 
. - 

TEST METHOD 

The boom was mounted a s  a cantilever beam in a vertical. position with the fixed 
end at  the top. (See Figure 1.) Loading was produced by attaching a thin stick of balsa 
wood at the free end perpendicular to the boom. A small weight was hung on the balsa 
stick thus producing a moment and a downward force. 



This technique of loading was chosen so a s  to produce deflection with a large, and' 
somewhat uniform radius of curvature along the boom. 

NASTRAN CONSIDEMTIONS 

Because the gravity forces on the boom a re  large a s  compared with the applied load 
it was necessary to consider their effect even for very small deflections. For this pur- 
pose the NONLINEAR provision of NASTRAN was used. The R, quantity multiplied by 
the segment weight yields (for small angles) the bending moment produced by gravity as 
the boom moves out of the vertical. position. 

Using the NONLINEAR provision requires the use of rigid format 9, Direct 
Transient Response. In order to reduce the time required to reach steady state, 
dampers were attached at the grid points and the load was applied gradually. See Fig- 
ure 2 for NASTRAN input. 

RESULTS 

Figure 3 shows the NASTRAN-calculated deflections. 

Figure 4 plots stiffness against tip deflection. 

Durhg laboratory testing, the unloaded shape of the boom was found not to be 
straight and changed when the boom was twisted ever so slightly. This effect may be 
important in explaining the in-orbit dynamic behaviour . 

A loading sequence was carried out in which the boom returned to the unloaded 
shape after the load was removed. Hopefully, this data can eventually be made to yield 
a stiffness determination. However, since the test involved a starting shape that was 
not straight, a different length, and a different load, &ta reduction has not been com- 
pleted at this time. 

CONCLUSIONS 

Large inelastic effects and non-straight conditions exist in this boom material. 



FUTURE RESEARCH 

Using relatively long lengths and precision measuring techniques it should be pos si- 
ble t o  measure some of these unusual properties of the boom material. 



\\ ---- - Y AXIS (T,) 

I \ORIGIN BUILT-IN AT END OF CANTILEVER 

Y FORCE ACTING 
(ACTUALLY 15 POINTS) 

TRANSVERSE GRAVITY COMPONENT= 
GRAVITY FORCE x R3 (SMALL ANGLE THEORY) 

LONGITUDINAL GRAVITY COMPONENT 
NEGLIGIBLE BENDING EFFECT 

X AXIS (TI ) 

(VERTICAL IN LABORATORY TEST) 

Figure 1 . Loading Schematic. 
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SKYLAB I NASTRAN STRESS ANALYSIS MODELS 4 

By William S, Vial1 

Teledyne Brown Engineering 
Huntsville, Alabama 

SUMMARY 

Apollo Telescope Mount (ATM) and Orbital Workshop Stage (OWS) 
s t r e s s  analysis models a r e  discussed relative to why and how NASTRAN 
was used. The models discussed a r e  for Rigid Format  (SOL 1, 0) type 
analyses of space f r ames ,  stiffened cylinders, complex stiffened bulk- 
heads, and simple panels with complex loading. 

The discussions show that NASTRAN has many features that simplify 
rigid fasmat static analyses. These features include grid-point sequencing, 
multiple coordinate systems,  use r  mas te r  fi les,  res tar t ,  bar-offset vectors, 
sufficient element catalog, and boundary condition options. 

The quality and timeliness of s t r e s s  analyses performed on Skylab 
hardware at Marshall  Space Flight Center (MSFC) would not be possible 
with the current  program l ibrary except for NASTRAN. 

INTRODUCTION 

This paper discusses some of the Skylab I flight hardware s t r e s s  
analysis models and s tates  how and why NASTRAN was used in' their analyses. 

- .  
The discussions briefly describe the hardware and models used, but no 
attempt is made to cover  the modeling details, NASTRAN input, NASTRAN 
output, o r  quality of analysis. Reasons for  using NASTRAN in  lieu of other 
displacement method programs a r e  stated; these reasons include both 
operational and analytical considerations. Operational considerations 
include ease of manipulating models, loads, and sequencing w i t h i n  
NASTRAN, while analytical considerations include element selection, 
boundary conditions, and modeling geometry. 

The plots included for  the models discussed show general configuration, 
complexity, and boundary conditions. 



Models considered for the Apollo Telescope Mount are:  

ATM Rack Model 

ATM Canister Sun End Bulkhead Models 

ATM Cable Tray  Model 

ATM Components Test  Panel  Models. 

Models considered for the Orbital Workshop Stage are: 

Tank Wall Edge-Weld Model 

Tank Wall Center-Weld Model. 

The models discussed in this paper a r e  limited to static analysis using 
the NASTRAN rigid format SOL 1, 0. The hardware configuration includes 
many types of s t ructures  such a s  space frame,  skin stringer,  torque box, 
honeycomb panels, and complex stiffened bulkheads. 

APOLLD TELESCOPE MOUNT RACK MODEL 

The ATM Rack (Figure I )  is an octagonal space f rame with shear  panels. 
The pr imary  structure is  the upper and lower octagonal rings and the eight 
vertical beams connecting the rings. During flight and some handling 
conditions the rack is supported by four sets of four-bar outriggers that 
intersect a t  nodes 13, 14, 15, and 16. During transportation the rack,is 
supported by the Solar Ar ray  Support Ring which is  below the lower king. 
The Solar Array  Support Ring i s  attached to the vertical beam extension 
below the lower ring and i s  braced to the lower ring by diagonal bracing. 
Two intercostals a re  located in each of the four outrigger bays and attach to 
the vertical beams. Four diagonal braces a r e  located in the non-outrigger 
bays, and they attach to the upper and lower rings at alternate vertical beam 
attach points. Equipment panels that act  a s  shear  panels a r e  located in each 
of the eight vertical bays and either fill, o r  partially fill, these bays. These 
panels a r e  either attached to the flanges o r  to the webs of the vertical beams, 
as w e l l  as  to the intercostals. Gyro support structure i s  located in three of 
the four outrigger bays in the upper half of the vertical bay. 

The rack was designed for flight and orbital loads. Evaluation of orbital 
loads showed them to be non-critical, so they have since been excluded. 

The flight design loads were: 

I .  Saturn IB lift-off with 95 percent ground wind (10 cases)  

2 .  Saturn V lift-off with 95 percent ground wind (1  case) 



3. Saturn V maximum acceleration (10 cases)  

4. Saturn V separation and cutoff ( 1 case) 

5 .  S-I1 separation and cutoff (not critical) 

6. Saturn V max q-cu (not critical). 

Additional loads applied to the rack were transportation ( 4  cases),  
handling and erection ( 5  cases),  and test (1 1 cases). These load conditions ? 

were not to impact the design, but they had to be considered during analysis. 

A total of 42 different load cases was applied to the rack model; 31 of 
these cases (all except for  test load cases) were run with the rack dead 
load times some load factor. To  simplify reanalysis when the loads (dead 
load and load factors) changed, six unit load cases were defined: 

Three one-G loads in three mutually perpendicular directions 

8 Three one-cr loads in three mutually perpendicular directions. 

The ATM Rack model has been run in a multitude of configurations with 
respect to boundary conditions. For the flight cases the rack was supported 
at each outrigger by three bars that simulated the spring rates of the support 
structure, and for the transportation cases the rack was rigidly supported 
at the Solar Array Support Ring. For  the handling and erection cases the 
rack was placed in the proper orientation, and the handling and erection 
equipment was modeled and added to the rack model. 

The ATM Rack model has been developed by continually refining the 
latest model to suit the current analysis requirements. All the structural 
components cited above a r e  included plus the simulated solar panels 
support frames in the folded position, simulated ATM canister and canister 
support structure, simulated gyros, and handling equipment for handling 
load cases  only. 

The current  rack model runs in  29.6 min with 28 load cases and has 
245 nodes, 590 bars, 28 rods, 20 triangles, 8 shear panels, and 16 
quadrilaterals. 

The addition and scalar multiplier capability of the LOAD card 
allowed the use of six unit loadings from which loads for any 
combination of load direction and load factors could be obtained. 

The User Master File (UMF) capability allows the major portion of 
the bulk data deck (3000 cards) to remain at the computer facility 
on tape, so only a small UMF modification and case control deck 
was required. 



The restart  capability of NASTRAN allows storage of inverted 
stiffness matrices for each type boundary condition. This saved 
20 min per  run and permitted timely recycling of analysis 
for  revision to the loading conditions. The recycling required 
approximately 1 rnin per load case. 

The ATM Rack load paths do not all intersect at member centroids. 
The offset vector allows the inclusion of these eccentricities without 
the use of additional nodes, Approximately 60 bars were offset which 
resulted in a saving of 120 nodes. 

Analysis of the ATM Rack for handling loads with handling fixtures 
included in the model showed that the f i rs t  set of fixtures was 
unstable. Modifications to the fixtures still produced a mathematically 
unstable stiffne s s matrix but the use of SUPPORT boundary constraints 
provided the necessary constraints to the fixtures which acted a s  a 
mechanism. 

The grid sequencing allowed optimization of run time and continual 
updating and refining of the model. 

Material allowable input and Margin of Safety calculations considerably 
reduced the engineering man hours required for the complete analysis. 

The multiple coordinate system capability allowed the rack-to- 
handling fixture snd rack- to- simulated solar array panel orien- 
tations to be varied to define the highest stress levels. The capa- 
bility also allowed this structure to be modeled in its own coordinate 
system. 

- .-- - - -  - - 

The ATM Rack test  results for transportation load cases agreed wel l  
with the analysis results. At the time this paper was written the flight tests  
were in progress and preliminary data evaluations indicate that analysis 
s tresses a r e  slightly higher than test  data. The analytical displacements 
were much lower than predicted, since the outrigger support structure used 
for the test  i s  much softer than that used in the model. 

- - 

APOLLO TELESCOPE MOUNT CANISTER SUN END BULKHEAD MODELS ' 

The ATM Sun End Bulkhead i s  a machined, integrally stiffened, circular 
aluminum bulkhead that acts a s  a mounting surface for electronic packages 
while in a low pressure  environment. A stiffened fiber glass sun shield i s  
attached to the aluminum bulkhead by fiber glass support posts which a re  



2 in. long and a r e  bonded to both the bulkhead and sun shield with Epon 
Epoxy bond. The bulkhead is  attached to the experiment package canister 
which i s  a longitudinally stiffened circular cylinder. The bulkhead design 
i s  based on the following three load conditions: 1 

1. Ground Purge ultimate pressure  (0.625 psi) 

2. Flight lift-off acceleration loads (-4.7 G) 

3. Flight cutoff acceleration loads ( 3 . 5  G). 

Since the fiber glass sun shield was not available at the time the tests 
were scheduled, a structural qualification test  was performed on an 
experiment package without the sun shield attached to the bulkhead. The 
tests  structurally qualified the bulkhead, but deformations of the bulkhead 
indicate that the sun shield support posts might become overstressed at the 
bonded joints. 

Two models were planned for the analysis. The f i rs t  model was the full 
aluminum bulkhead with test  loads. The results of this model were compared 
with test  data. The second model was the same as the f i rs t  model with the 
full sun shield added and with design loads applied. This model was too large 
for optimum turnaround time, so a third model was used which was one-half 
the second model with appropriate boundary conditions applied to the cut 
section. All three models had a portion of the longitudinal stiffened canister 
included to provide proper bulkhead boundary conditions. 

The basic description of the three models follows: 

Full Bulkhead Model (Figure 2).  This model was supported a t  the 
lower end of the simulated canister. Figure 2 shows the vertical 
stiffeners but omits the vertical panels for clarity. The supports 
were applied in  the plane of nodes 234, 239, 243, 247, 251, 255, 
260, and 264. Figure 3 shows a top view of the bulkhead model. 
The three design conditions stated above were applied to this model. 
This model runs in 16.0 min for 3 load cases and has 267 nodes, 
383 bars, 469 triangles, and 67 quadrilaterals. 

2. Full Bulkhead- Model with Sun Shield (Figure 4). This model has 
475 nodes, 563 bars,  668 triangles, and 155 quadrilaterals. It  was 
not run because of the long anticipated run time. 

3. Bulkhead with Sun Shield Half Model. This model has the three 
load conditions stated above and 245 nodes, 300 bars, 297 tri- 
angles, and 80 quadrilaterals. At the time this paper was being 
prepared i t  had not been run. 



NASTRAN was used to analyze the canister bulkhead for the following 
reasons: 

The grid sequencing capability of NASTRAN allowed the development 
of the bulkhead model followed by the addition of the sur shield with the 
final model optimized for run time. 

Material allowable input and Margin of Safety calculation capabilities 
reduced the amount of hand stress analysis required to perform the 
total analysis of the bulkhead. 

Bar-offset vectors allow all eccentric stiffeners to be properly 
located and their effect on bending of the bulkhead properly included 
in the analysis. 

The complex stress patterns inherent in the bulkhead caused by the 
cutouts, stiffeners, and normal loads a re  better approximated with 
the plate-bending capabilities of the NASTRAN elements. 

The stress and deflection results of the canister Sun End Bulkhead 
analysis were very close to test results for the model without the sun shield. 
At the time this paper was written the results of the one-half bulkhead with 
sun shield attached were not available for comment, 

APOLLO TELESCOPE MOUNT CABLE TRAY MODEL 

The ATM Cable Tray (Figure 5) is a stringer-stiffened,torque-box type 
structure that supports all cable and wiring running f r o m  the ATM Rack to 
the experiment canister. The cable tray design i s  based on four flight and 
four transportation load conditions which are  combinations of vibration and 
dynamic load factors, The Cable Tray is supported by hinges on both sides 
of the forked end and i s  fixed to a rotating drum at the other end with a hinge 
in the plane of the tray. 

The cable tray NASTRAN model consists of 170 nodes with 66 bars, 
1 0  triangles, and 100 quadrilaterals. The model runs on the UNIVAC 1108 
in 9.0 min for 8 load cases. The matrix has a B equal to 158, a C equal to 
0, and decomposes in 146 sec. 

The cable tray is loaded so that i t  experiences high bending and torsional 
loads. The boundary conditions and loading are  such that the tray exhibits 
large differential displacements, 

NASTRAN was used to analyze the cable tray for the following reasons: 

Displacements had to be determined to define clearance problems, 
and NASTRAN would allow the application of accurate boundary 



conditions on the cable t ray  and drum and a gross simulation of the 
very stiff drum with d t i p o i n t  constraints. 

The high redundancy of stringer- stiffened, torque-box construation 
and the odd cable t ray  configuration required that plate bending of the 
box panels be considered to determine displacements accurately. 

Load distribution at discontinuities in the cable tray load paths were 
more realistic with plate-bending and barstiffene r elements than 
with the standard shear panel modeling techniques used for analysis 
of torque boxes. 

Load distribution a t  discontinuities in the cable tray load paths were 
more realistic with plate-bending and bar-stiffener elements than 
with the standard shear panel modeling techniques used for analysis 
of torque boxes. 

The NASTRAN cable t ray  s t ress  and stiffness analysis proved to be 
valid during the cable t ray  structural test  program. 

APOLLO TELESCOPE MOUNT COMPONENTS TEST PANEL MODELS 

The ATM Equipment Panels are either honeycomb sandwich o r  sheet 
stringer panel type structures that c a r ry  equipment packages, power 
supplies, aria electronic "black boxes" in support of the ATM experiments. 
The panels a r e  supported by the ATM Rack vertical beam webs and flanges. 
The panel attachments a r e  continuous supports along three edges. 

Basic flight, transportation, and erection and handling loads analyses 
were performed on these panels using the ATM Rack Model, but test loads 
analyses and predictions were performed on separate and more detailed 
models. Accurate data predictions and definition of all  possible high s t ress  
points for the test  loads were necessary, since the panels were attached . 
to the 4-S ATM hardware and panel failure during the panel tests would have 
caused considerable delay in the total ATM test  program. 

Three component panels were modeled: 

1. The Honeycomb Quarter Panel Model (Figure 6) was supported along 
the sides and upper edge. It was loaded at the load fixture attach 
points with the test load that simulates the worst combination of 
vibration and dynamic load factors defined by previous analyses. 
The model runs on the UNIVAC 1108 in  9.5 min for 1 load case and 
has 281 nodes, 27 triangles, and 208 quadrilaterals. 



2. The Honeycomb Full Panel Model (Figure 7) was supported along the 
sides and upper edge. The model runs in 9.0 min for 1 load case 
and has 2 92 nodes, 61 triangles, and 214 quadrilateral panels. 

3. The Skin-stringer Full Panel Model was supported along the sides 
and upper edge. The model has 273 nodes, 54 triangles, and 162 
quadrilateral panels. 

NASTRAN was used to analyze the components test panels for the 
following reasons: 

The components test panels had to be modeled with considerable 
detail to provide a fine stress pattern for the test loads. The resulting 
models were the optimum size to obtain quick turnaround through the 
MSFC computer facility. 

The CQUADl element available in the NASTRAN element library i s  
an absolute idealization of the honeycomb panels. 

The plate-bending capability of the CQUADl element was necessary 
since the major test panel loads were out of plane. 

The NASTRAN analyses used on these panels have been used to predict 
strain gage and displacement data for the test loads. At the time this paper 
was being prepared the Components Panel Tests had not been performed, 
and correlation with test data was not possible. 

ORBITAL WORKSHOP STAGE TANK WALL 

The Orbital Workshop Stage (OWS) tank wall i s  an integrally milled, 
45" waffle-stiffened tank of 660.4 cm (260 in. ) diameter. It is an S-IVB 
stage with the following structural modifications: addition of two floors, two 
scientific airlocks, an astronaut window, and an access door. The floors 
a re  suspended by a truncated cone that attaches at the upper end to the wall 
at the stiffener intersections and at the lower end to the outside floor ring. 
The floors a re  an isogrid beam system with isogrid grating attached. 

The scientific airlocks a re  used to pass experiments through the tank 
wall; they have a 21.29 cm (8.38 in.) by 21.29 cm (8.38 in.) opening. 

The astronaut window is a double-paned window with a diameter of 
45.72 cm (18 in.), The window fits into a frame which, in turn, fits into a 
hole with a 46.53 cm (18.32 in. ) diameter in  the tank wall. 

The access door i s  a 145.14 cm (57.14 in. ) by 103.23 cm (40.64 in. ) 
opening with semicircles at top and bottom; the semicircles have a diameter 



of 103.23 cm (40.64 in.). The access door bolts to a frame which fits in a . 

146.41 cm (57.64 in. ) by 104.50 cm (41.14 in.) hole in the tank wall. 

The OWS tank is composed of 7 similar 682.50 cm (268.7 in, ) by ' 
296.42 cm (116.7 in. ) panels rolled to a 330.20 crn (130.0 in. ) radius 
and welded longitudinally along the long edges to form the circular tank. The 
panels vary structurally for the four holes specified above. The forward 
and aft ends of the tank are welded to Y-rings which are also attached to 
bulkheads and skirts. 

\ 

The OWS tank design conditions a re  max q-LY and ground wind load 
cases. At max q-LY the tank i s  pressurized, has axial, shear, and bending 
moment loads applied ta the top of the tank, and tank gravitational dead 
loads, For the ground wind load case, the access door i s  removed, and 
the tank is  unpressurized, has axial, shear, and bending moments applied 
to the top of the tank, and the tank dead loads are i n  a 1-G environment. 

The floor loads portion of the OWS tank dead loads a re  not uniformly 
distributed around the circumference. The two design conditions must be 
satisfied at any point around the circumference of the tank. 

Two general types of models were developed for this analysis. The 
first type of model, called the Edge-Weld Model (Figure 8), is a model of 
one- seventh of the tank with one-half of the welds on the edges of the model 
This basic Edge-Weld Model has 600 nodes, 801 bars, 180 triangles, 
411 quadrilaterals, and runs in 58 min for 4 load cases. This model was 
placed on a User Master File (UMF) and modified for the three panels with 
tank wall penetrations, These three models axe the scientific airlock 
model, the astronaut window model, and the access door with scientific 
airlock model, 

The second type model, called the Center-Weld Model (Figure 9) is a 
model of one-seventh of the tank with the weld located at the center of the 
model. The basic Center-Weld Model has 536 nodes, 801 bars, 222 triangles, 
349 quadrilaterals, and runs in 52 min with three load cases. This model 
was also placed on a UMF and modified for the four panels with tank wall 
penetrations. These models are the right side astronaut window model, 
left side astronaut window model, right side access door model, and left 
side access door model. 

The models were developed in cylindrical coordinate systems with the 
positive z-axis being in the forward direction at the centerline of the panel 
curvature. 



The tank wall cross  section consists of the integrally milled, internally 
stiffened aluminum skin with insulation tiles in  the pockets that also cover 
the stiffening. These insulation tiles a re  covered with one o r  more layers of 
fiber glass liner. The internal surface i s  a very thin layer of gold liner. 
This composite section i s  bonded together. The individual pocket panels 
a r e  modeled as  plates, and each discrete stiffener i s  modeled as an offset 
bar. One of the models was used to determine the plate and fiber glass 
liner combined axial and bending stiffness. This combined stiffness did not 
affect the s t resses  so only the aluminum skih was used for the panel 
properties. 

Boundary conditions for the max q-a loading were radial and meridional 
rotation and tangential displacement constraints applied to the 
longitudinal edges of the models. The top edge has the radial displacement 
and radial and tangential rotations fixed. The bottom edge has an imposed 
radial displacement and tangential rotation as  well a s  being fixed in all  
other directions. 

The boundary conditions for the ground wind load case a re  the same as  
max q-a, except the imposed deformations at the bottom edge a r e  removed. 

The bottom edge imposed radial displacements and tangential rotations 
were obtained from another program that analyzes shells of revolution. The 
top edge in  reality should have boundary conditions similar to the bottom edge, 
but these were not applied since the top is  the least  s tressed portion of the 
cylinde r. 

The unsymrnetric loading caused by the varying floor loads means that 
the side boundary conditions a re  not totally correct;  therefore, the s t resses  
in bars and panels along the edge of all  models a r e  not correct. For this 
reason overlapping models were used in  the analysis and only the s t resses  
and deformation in  the center one-half of the models were used. 

NASTRAN was used for the analysis of the OWS tank wall for the 
following reasons: 

The OWS tank wall analysis required that s tresses be determined for 
each pocket and compared with local buckling s t ress  of the pockets 
and general instability buckling s t ress  of the total tank. This was 
obtained by separating the loads in the skin and stringers by 
modeling each stringer discretely. This analysis could not be 
performed without considerable hand analysis i f  the offset vector 
capability of NASTRAN were not available. 



Bulk data for all  variations of each type model were stored on the 
same UMF. These bulk data included unit loads for  pressure body 
loads, and shell gravitational loads. The variable floor loads were 
also included for each separate model. The LOAD card permieted 
the combination of these unit load and special loads for  any com- 
bination of pressure and G loads. 

The GRAV card capability allowed a simulated value to be used to + 

include the change in vehicle bending moment in  the longitudinal t 

direction, This simulated G value was combined with a e  gravitation 
load factor to obtain a total G value, 

The models for the flight-tank configuration a r e  being changed over 
to the test  tank configuration by changing the properties on 18 
PBAR, PTRIAZ, and PQUADZ cards per  model. This modification 
is simpler for NASTRAN than for other programs available. 

The results of the flight tank analysis showed that the tank was not 
overstressed. The results also showed where the critical high s t ress  points 
were, and t.e s t  instrumentation was defined from this analysis. Currently, 
the test  tank models and test loads a r e  being run to predict the test data fo r  
approximately 1000 channels of data for 9 test  conditions and 2 load points 
per  test  condition. 

CONCLUDING REMARKS 

This survey of some of the analyses performed on Skylab I hardware 
shows that NASTRAN has the capability to analyze many different types of 
structure by utilizing the Rigid Format SOL 1, 0 static analysis. 

The examples presented indicate that considerable detail and versatility 
of analysis is available, thereby reducing both engineering man hours and 
computer run time while producing a bette r product. 
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FIGURE 3. ATM SUN END BULKHEAD--TOP VIEW 



FIGURE 4. ATM SUN END BULKHEAD WITH SUN SHIELD 
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Note: 
Nodes 1 through 5 and 168 through 
171 a r e  the drum support structure. 
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FIGURE 5. ATM GABLE TRAY 



FIGURE 6. ATM HONEYCOMB QUARTER PANEL 



FIGURE 7. ATM HONEYCOMB FULL PANEL 
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SOME ASPECTS OF WSTRAN SOLUTTON ACCURACY 
1 

by Gernot W. Haggenmacher, Lockheed-California Company 

Introduction 

Various aspects of the accuracy of a NASTRAN solution fo r  s t a t i c  and ' 

s t ruc tura l  s t a b i l i t y  analysis have been explored by a se r ies  of specific 

examples, and the resu l t s  have been evaluated. The following problems were 

investigated, using examples f o r  which closed-form solutions were available. 

1. Numerical accuracy of the s t a t i c  solution using the example of a 

cantilever beam. 

2. Accuracy of c o l m  buckling. 

3. ITydrostatic buckling of an arch. 

4. Plate buckling i n  compression. / -- 
5 .  Accuracy of membrane and p la te  element e l a s t i c  properties. 



Several investigations were made i n  1970 on the adeqwcy, accuracy, and 

l imitations of NASTRAN static aaalysis solutions. The principal resul ts  are 

discussed below. 

Limitation of Solution Accuracy 

I n  the displacement method the  accuracy of the internal  forces demands a 

very high numerical accuracy i n  the displacements. The present IWZRM'? on the 

IBM 360-91 uses double precision arithmetic t o  determine displacement, but mly 

single precision when deriving internal forces. The single precision accuracy 

of the CDC 6600 system i s  about twice that of the IBM 360-91. To explore the 

effect  of this numerical precision, a simple cantilever beam, shown i n  Figure 1, 

consisting of caps, s t i f feners ,  snd shear panels, was used. 

This beam xas analyzed for  a range of span t o  depth ra t ios  (b/a) , yarying 

the number of spanwise fields fran 50 t o  1000 t o  observe the behavior of numer- 

ical accuracy. Examples were run on the in-house IIPl $0-91 systan, as w e l l  as 

on a CDC 6600 system through the courtesy of the MacNeal-Schwendler Corp. The 

d ig i t a l  accuracy available i n  these two machines is  shown on Table 1. The 

deterioration of the solution accuracy with the increase i n  beam span i s  s h w  

i n  Table 2, It illustrates that the solution of the displacements can be very 

satisfactory, while the corresponding stresses deteriorate ear l ier .  A t  

b / a  = 100 the shear flow i n  the t i p  panel becames errat ic ,  and i s  useless 

above b/a = 200 for  the IBM 360-91, while the resu l t  on the CDC 6600 i s  cor- 

rec t  up t o  b/a = 1000. This i s  due t o  insufficient numerical accuracy of the 

IBM 360-91 single precision i n  the calculation of element s t rains  from the 

very high t i p  deflections of the large-span beam. 



Static Stability 

The capability of N A S W  rigid f o m t  5 to perfom static stability anal- 
d 

yses (bifurcation type) has been investigated by a series of tests. Using 

p r o b l q  for which theoretical closed-form solutions exist permits the detex- 

mination of the accuracy of the wmerlcal analysis and gives a good indicatioe 

of how related problems, for which no theoretical solution exists, can be 

solved. The conclusions drawn frm these buckling analyses apply similarly to 

the corresponding beam-column type solutions. 

(1) Column buckling. Cconparisons of N A S W  results with those of the 

classical W e r  Column Theory 

were made, using BAR elements to represent the column. The errors 

were below 0.1 percent when using f i v e  ( 5 )  or  more BAR elements per 

half-wave of the buckling mode. This capability, however, does not 

include torsion-bending failure of open sections. 

(2) Stability of circular arch under hydrostatic pressure. The results of 

a NAST,NQ mdysis were compared with the closed-fom solution 

in which arit = c r i t i c a l  pressure of the arch in lb/inch, 

R = radius of the arch, E = elast ic  modulus, and 

1 = mament of inertia of the cross section. 

The results obtained from rigid format 5 were wrong. The reason for 

t h i p  error was that the current version of rigid format 5 of lUSEUN can 

only analyze the stability of structures under conseryative L ~ a d  systems. 

4'1 



, That is, the direction of the load vectors i s  invariant during buckling. 

'This restriction that the load vectors remain invariant during buckling 

excludes such load situations as hydrostatic pressure, and would cause 

considerable error  i f  this rigid format is used as it is. A s~lutibn to 

th i s  type of problem was adapted t o  the NASTRAN stabillty analysis by 

using arudliary matrix instructions (~ppendix) . The numerical solutions 
obtained with t h i s  modified procedure campared very well with the theo- 

retical values; the error was only 0.2 percent when using 20 BAR elements 

per half-wave length of the buckling mode. 

(3) Plate buckling. Various types of plate campression problems were 

solved with NlSlIRAN and are summarized i n  Table 3. 

Wckling loads calculated by these methods should, preferably, 

be consistently higher than theoreticalvalues, by not more than 5 t o  

10 percent i n  the case of crude representation. The tabulated reeults 

show that the analyses of relatively long plates ran into serious 

trouble. U s  led to a detailed investigation of plate element stiff- 

ness. The foU,owing restrictions must be observed i n  the applicatian 

of N A S W  version 11.1.3 t o  plate prollems: 

a)  The use of lUEEWV QUAD plate elements must be restricted t o  side 

ratios between I: 1 and 1:l. 5. 

b) Do not use the TWIST element. 

c) Plate-buckling networks must have a nearly square mesh. 

The structuralmodeLs as shown i n  Table 3 have v a r l ~ u s  ccrmbinations of 

simply supported and free boundaries. The constraints which were imposed 

at the gr id points t o  represent the various types of bowdary conditions 

are shown i n  Figure 2. The "theoretical solution om1' as Ueted in 



Table 3 is the buckling stress evafuted fram the appropriate one of the 

foll&ng equations: 
4 

a) Square plate, simply supported along a l l  four eQes 

b) Rectangu1ar plate,  simply supported along both ccmrpressed ends 

and one side, with the remaining side free 

c) Column, simply supported a t  both ends 

d) Flange of angle, simply supported a t  ccmrpressed ends 

F - 

In these equations, D represents the flexural r ig id i ty  of the plate - 
- ~ t 3  

a = length of the plate, b = width of the plate,  
12(1 - v2) ' 
t = plate thickness, v = Poisson's ra t io ,  and E = elastic modulus. 

Quad.ri1atera.l and T~Aa;nS;ular P la te  Elements 

When the plate element QUAM was used t o  investigate plate buckling prob- 

Lems, sane of the results were much too high. This touched off a series of 

investigations into the details of the behavior of t h i s  element. Since all 

QUAD elements are built up fram staple superposition of the !ERIA element, these 

elements may have similar troubles. Thus a ser ies  of single-element t e s t  struc- 

tures were set up t o  eyaluate the p la te  f l ex ib i l i t y  variation with the p la te  

aspect ratio. In Figure 3 the basic one-element model is shown supported as a 



cantilever a t  grid points 1 and 4. These t e s t  structures were loaded by yarioue 

simple unit loads at the free end, and the displacements at these grid  points 

were campared. Six different values of aspect ratio a/b were evaluated: 1, 

2,  4, 8, 16, and 32. 

Same of the important findings presented i n  Figures 4 through 10 are the 

f o l lming  : 

(1) The free-en& displacements for spne of the load conditions (Figures 4 

through 6) increase monotonically as given by the theory. For others 

( ~ i ~ e s  7 throug;h lo), the consistency breaks dawn rapidly for aspect 

ra t ios  abwe 1.0; that  is, the element becgmes too rigid with increased 

length. 

(2) The plate-bending portion of the QUAD element (which is the sane as the 

m L T  element) behaves well fo r  bending and transyerse load (Figures 5 

and 6) but deteriorates rapidly for torsion and t w i s t  (Figures 7 

(3) The membrane portion of the QUAD element i s  correct w e r  the xhole 

range for  constant &a1 load (Figure 4) but too r igid for an in- 

plane force-couple ( ~ i g u r e s  8 & 9) .  

(4) This irregulm behavior of the Q,LJADQ element demonstrates that 

QUAM & QDPUT cannot be used above a/b = 1.5 an& that  QUAE & QIMEM 

contain an extremely rigid in-plane bending capability which i s  wrong. 
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Appendix. Set of DMAP U t e r s  f o r  Wdrosta t ic  Buckling 

The general equilibrium equation, including d i f f e r en t i a l  (or  geometrical) 

s t i f fness ,  f o r  problems such a s  hydrostatic buckling of an arch, can be given 

by the equation 

where 

[K) = Ela s t i c  St i f fness  Matrix 

(Q] = Different ia l  Stiffness Matrix f o r  i n t e rna l  (element) forces,  
7 

defined and used i n  NASTRAN r i g i d  format 4 and 5 

[ = Different ia l  St i f fness  Matrix f o r  external, nodal loads; not 

defined i n  NASTRCW 

A t  this place it i s  not possible t o  explore all ramifications of 

i s  a non-synrmetrical matrix, hence a l so  the combination 

Let the problem of the  a m h  under hydrostatic pressure be formed i n  a cylin- 

d r i ca l  coordinate system (as a global system), see Figure U, tha t  i s  i n  terms 

of rad ia l  and tangential  displacements. The hydrostatic pressure forces a re  

always n o m l  t o  the surface; hence they a re  not invariant  during buckling, 

but change direction.  The net  e f fec t  i s  tha t  the rows corresponding t o  the 

tangential  degrees of f reedm of the combined d i f fe ren t ia l  stiffness matrix 

[qN] are zero; the other rows remain a s  i n  

This can easily be accomplished by a diagonal boolean matrix [A], con- 

veniently input a s  a DMIG, with (0) i n  all tangential  D.O.F. The combined 

matrix i s  then given by the equation 



With this matrix [A] the r i g id  format 5 i s  then ffiTERed as follows: 

ALTER 104 
$ NMT ROUTINE CONVERTS MATRM KG FOR HYDROSTATIC STABILITY 

MTRXIN, ,MATPOOL,E&MIN, SIL, /A, ,/v,N, LUSET/V,N, Nl/c ,N, O/C,N, 0 $ 



AXIAL MEMBER 
AREA = teO 4 

ELASTIC MODUL 
50Q 

\ 
SHEAR PANEL 
THICKNESS = 0.05 
SHEAR MODULUS = 4 x 1 0 ~  

[a) N BAY CANTILEVER BEAM (b) TYPICAL 10 x 10 BAY 

FIGURE 1. STRUCTURAL MODEL FOR NUMERICAL ACCURACY STUDY 

TABLE I .  COMPUTER WORD LENGTH VS ACCURACY 

TABLE 2. DEFLECTIONS AND STR E S E S  OF CANTI LEVER BEAMS 

COMPUTER 

PR EClSlQN 

1 DE FLE(=TION AT FREE END 1 SHEAR STRESS OF PANEL AT FREE EN0 

CBC 6600 

SING LE DQUB LE 

IBM 360-9 1 

Sf NG LE 

bla 

DOUBLE 

64 

134- 

WORD LENGTH BINARY BITS 

SIGN1 FICANT FIGURES 

L 60 

14+ 

THEORETICAL 

32 

6+ 

120 

28.1- 

50 
100 
150 
200 
500 

1000 

- -- - -- 

NASTRAN SOLUTION 
THEORETICAL 1 

I8M 360.91 

NASTRAN SOLUTION 

COC 6600 i6M 360-91 CDC 6600 

41.666 
333.33 
1 ,1 25.0 
2,666.6 

41.78745 
333.5747 
1,125.362 
2,667.150 

1,000.0 
NOT RUN 
NOT RUN 

1,000.0 

41.78745 

NOT RUN 
NOT RUN 
2,667.150 

1,000.8 
1,000.00 1 

41,666.6 
333,333.3 

--- -- 

1,000.0 

1,000.0 
1,800.0 
1,000.0 

1,006.0 
1,024.0 

992.0 

1,024.0 
41,668.23 
333,393.2 

1,000.0 
1,000.0 

41,667.87 
333,335.7 

8,192.0 
45,056.0 

- -  - . . 



TABLE 3. BUCKLING STRESSES EVALUATED WITH NASTRAN PROGRAM 

LIS = 2.0 

THEORETIC* 
SOLUTION 

'TH 

1370.8 

499 

w 

STRUCTURAL MODEL 
NOTES: (1) TYPICAL THICKNESS OF PLATES = 0.05 

(2) X INDICATES SIMPLY SUPPORTED NODES 

t 

% ERROR 

-%+ 
1 

-1.2% 

3.6% 

ASPECT 
RATIO OF 
ELEMENT 

2 " x Y  

U S  = 1.0 

2" x 2" 

NASTRAN 
SOLUTION 

ON 

1354.6 

616.6 

PROPERTIES 
OF PCATE 
ELEMENTS 

~ = 1 0 ~ 1 0 ~  

~ = 4 x l 0 ~  

E - 1 0 x 1 0 ~  

NASTRAN 
RUN 
NO. 

M50A 

M51A 



f SIMPLY SUPPORTED BOUNDARIES 

(a) BOTH ADJACENT BOUNDARIES 
SIMPLY SUPPORTED 

/r SlMPLY SUPPOPTED BOUNDARIES 

(c) BOUNDARIES OF ANGLE.COLUMN. 
NEAR THE JNTERSECTION OF FLANGES 

(b) ONE BOUNDARY SIMPLY SUPPORTED, 
THE OTHER ONE FREE 

NOTES: 
(1) \b INDICATES CONSTRAINT OF 

THE DISPLACEMENT IN THE 
DlRECTlON OF THE LINE. 

(2) # INOlCATES CONSTRAiNT OF 
THE ROTATION ON THE PLANE 
WHICH IS PERPENDICULAR TO THE 
VECTOR. 

(3) EVERY GRID POINT IS CONSTRAINED, 
SO THAT IT CAN NOT ROTATE ON THE 
PLANE WHICH IS PARALLEL TO THE 
PLATE 

FIGURE 2. BOUNDARY CONSTRAINTSOF THE STRUCTURAL MODELS IN TABLE 3 



-----I1 TRANSLATLONAL CONSTRAINT & 
ROTATlONAL 1 RwTIONS 

FIGURE 3. STRUCTURAL MODEL FOR THE INVESTlGATlON OF QUAD2 

ASPECT RATIO 
FIGURE 4. QUAD2 SINGLE ELEMENT LOAD-DISPLACEMENT CHARACTERISTICS 



ASPECT RATIO 

FIGURE 5. QUAD2 SINGLE ELEMENT LOAD-DISPLACEMENT CHARACTERISTICS 
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FIGURE 7. QUAD2 SING tE ELEMENT LOAD-DISPLACEMENT CHARACTER ISTICS 
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FIGURE 8. QUAD2 SINGLE ELEMENT LOAD-DISPLACEMENT CHARACTER ISTICS 
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FIGURE 9. QUAD2 SINGLE ELEMENT LOAD-DISPLACEMENT CHARACTERISTICS 
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FIGURE 10. QUAD2 SINGLE ELEMENT LOAD-DISPLACEMENT CHARACTERISTICS 



FIGURE 11. ARCH UNDER HYDROSTATIC PRESSURE 



A NASTRAN BUCKLING ANALYSIS OF A LARGE STIFFENED 
1 

CYLINDRICAL SHELL WITH A CUTOUT 

By Richard H.  Brol l iar  

Teledyne Brown Engineering 
Huntsville, Alabama 

SUMMARY 

A buckling analysis of the Skylab Workshop (SWS) cylinder window 
region is presented. The Skylab Workshop is a waffle-s tiffened cylinder 
6 . 8 1  rn (268 in.)  long w i t h a  radius of 3 . 3 0 m  (130 in . ) .  The circular  
cutout in the cylinder for the window is 4 5 . 7  c m  (18.0 in. ) in diameter .  The 
cr i ter ion used in deciding how large a portion of the cylinder to model and 
what degree of grid refinement to use is explained. Test cases  a r e  presented 
which show that NASTRAN has the capability to handle cylindrical panel 
buckling problems if a sufficiently fine grid point pattern is used. The prob- 
lems encountered in obtaining eigenvalues for large mat r ices  (up to 2200 
degrees of freedom) a r e  discussed, and the importance of restraint  of rotation 
about the radial  axis a t  each grid point is explained. 

INTRODUCTION 

The crew compartment of the SWS is a waffle-stiffened cylinder n 

6 . 8 1  m (268 in . )  long with a radius of 3 . 3 0  c m  (130 i n . ) .  It was manufac- 
tured by modifying a tank of the Saturn V S-IVB stage. A window 4 5 . 7  c m  
(18 in. ) in diameter was cut in the cylindrical wall of the waffle-stiffened 
tank. Figure 1 shows the window region of the tank. The window is 
designed to be non-load bearing, The basic wall of the SWS is shown in 
Figure 2 .  It is  insulated with polyurethane foam which is covered on the 
inside with a fiber glass and metal  foil  l iner .  

The SWS cylindrical wall is  subjected to axial compressive loads during 
ground wind pr ior  to launch and during boost to orbit .  The load distribution 
in the window region 'a's nonuniform, since the load is being sheared around 
the cutout. This makes the window region a difficult a r e a  to analyze for  
buckling . 

--.I- - - - - --- - - -- -- 
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Initial buckling analyses of this region were made using the static 
analysis portion of NASTRAN to determine the average s t r e s s  level a t  each 
individual waffle pocket, including the adjacent stiffeners . The bending 
stiffness of each pocket a rea  around the window was then increased until the 
a r e a  showed a positive margin for buckling. In analyzing the pocket for  
buckling, the pocket and its adjacent stiffeners were imagined to be pa r t  of 
an entire cylinder with identical properties which was subjected to the same 
s t r e s s  level that the individual pocket a rea  experienced. The shell  bending 
stiffness was increased where necessary by locally increasing the thickness 
of the fiber glass liner. Although this type analysis approach has been used 
successfully in the past for analyzing cylindrical walls and bulkheads, it i s  
quite subjective and could be unconservative. 

Therefore, it was decided that, i f  possible, NASTRAN should be used to 
make a more  exact buckling analysis. In  making this decision i t  was felt 
that this would be a good problem to use to see how well NASTRAN performed 
for curved shell buckling problems. 

NASTRAN C YLINDRICAL PANEL BUCKLING TEST CASES 

Before using NASTRAN for  the Skylab problem, it was necessary to 
determine if the results obtained would be valid. To do this two groups of 
tes t  cases were analyzed. 

The f i rs t  group was composed of cylindrical panels 34. 11 crn (1 3 . 4 3  in. ) 
wide and 170.6 c m  (67,175 in. ) long, The second group was composed of 
cylindrical panels 20.7" wide and 102.4 c m  (40.3 in. ) long and cylindrical 
panels about 40 " wide and 2 . 3 9  m (94.0 in. ) long. The panels in  both groups 
had a radius of 3.30 m (1 30.0 in. ), and al l  were loaded in axial compression. 
The minimum buckling load for all of the models examined was found by 
using an eigenvalue starting point considerably below the lowest possible 
eigenvalue. 

Axisymmetric Buckling Cases 

Figure 3 shows the four NASTRAN models of the panels in the f i rs t  
group. These curved panels were modeled using the flat quadrilateral and 
triangular NASTRAN elements. These models and all those discussed later  
were modeled i n  a cylindrical coordinate system, and all of the global 
degrees of freedom were in  cylindrical coordinates. The models were 
simply supported at  the top and bottom and loaded in axial compression. So 
that only axisymmetric motion would be allowed, all of the g r i d  points were 
constrained for tangential displacement, rotation about a radial axis, and 
rotation about a longitudinal axis. The f i r s t  cases  analyzed in  this group 



were monocoque cylinders, identical to those shown in Figure 3 ,  only with- 
out the stiffening ribs. These cylinders had skin thicknesses of 0. 312 crn 
(0.123 in.), 0. 749 c m  (0 .295 in.), and 1.14 cm (0.45 in.). 

d 

The skin thickness of 0.749 cm (0.295 in.) was chosen so that this 
monocoque cylinder would have the same buckling half-wave length in the 
longitudinal direction a s  the waffle- stiffened shell which will be discussed 
later.  I 

Table I, Cases  1 through 12, shows the sheU geometry and buckling 
resul ts  for  these three skin thicknesses and four grid patterns. The results 
a r e  compared with those calculated for the axisymmetric mode using the 
computer program given in Reference 1. A s  can be seen, the results im- 
prove markedly with increased grid refinement. These axisymrnetric 
monocoque resul ts  a r e  also shown in a different form in Figure 4. The data 
i s  plotted in this manner to show the good correlation between the eigenvalue 
accuracy and the number of grid points p e r  half-wave. Interestingly, the 
resul ts  a r e  almost independent of skin thickness for the cases examined. 

A plot such as Figure 4 is useful for estimating the required degree of 
grid refinement needed to get results of the accuracy desired. To do this, 
one must f i r s t  know approximately what the buckling half-wave length i s  in 
the longitudinal direction. 

A waffle-stiffened cylinder with a skin thickness of 0. 312 c m  (0.123 in. ) 
w a s  also analyzed as a par t  of the first group. This cylinder was analyzed 
for axisymmetric buckling, again using the four grid patterns shown in 
Figure 3. The shell  geometry and buckling results for the four grid patterns 
a r e  shown in Table I, Cases  13 through 16. The resul ts  a r e  compared with 
those calculated for  the axisymmetric mode using a computer program based 
on the theory given in Reference 2.  These results a r e  also plotted in 
Figure 4. 

Notice how the stiffened shell converges to the co r rec t  result more  
rapidly and with l e s s  grid points pe r  half- wave than the monocoque cases.  
This improvement appears to be directly caused by the presence of the beam 
elements. The differential stiffness derivation assumptions of the NASTRAN 
beam element a r e  considerably more refined than those of the NASTRAN 
plate -element. Thus, the presence of the beam elements causes a more  
rapid convergence to the correc t  buckling load. 

Cases  1 through 16 show that accurate results can be obtained for 
axisymrnetric buckling of monocoque and waffle- stiffened cylindrical shells 
if a sufficiently fine grid pattern i s  used. 



Non-Axisymme t r ic  Buckling Cases 

The second group to be analyzed contained wider cylindrical panels. 
These panels were simply supported on all four sides so they would buckle 
in  noxl- axisymmetric modes. 

Figures 5 and 6 show the two grid patterns used to analyze a 20. T0-wide 
cylindrical panel. This panel was f i r s t  analyzed a s  a monocoque shell 
without the stiffeners shown in  Figures 5 and 6. The two skin thicknesses 
examined were 0.749 c m  (0.295 in. ) and 1.14 c m  (0 .45  in. ). The skin ' 

thickness of 0.3 12 cm (0.123 in, ) was not analyzed because there would not 
have been sufficient grid points p e r  half-wave for  the two grid patterns 
being used. All of the interior grid points in each model were free f o r  all  
six degrees of freedom. It did not appear necessary to res t ra in  rotation 
about the radial axis, as would be necessary for a flat panel, because the 
four quadrilateral elements meeting a t  a grid point were not co-planar. 
Since these panels met at a slight angle at the grid point, they produced a 
stiffness for  rotation about the radial axis. The grid points a t  the top 
boundary of the model were r e  strained for radial displacement, tangential 
displacement, rotation about a radial axis, and rotation about a longitudinal 
axis. The bottom grid points were restrained the same as  the top, with the 
addition of r e  straint for longitudinal displacement. The side grid points 
were restrained for radial. displacement, tangential displacement, rotation 
about a radihl axis, and rotation about a tangential axis. 

Table I, Cases 17 to 20, gives the results for these monocoque panels. 
These results a re  compared with buckling loads calculated using the computer 
program in Reference 1. In obtaining the buckling load f rom the computer 
program in Reference 1, only mode shapes that would give an integer 
number of half-waves across  the panel were considered, i. e . ,  nine o r  a 
multiple of nine circumferential full waves for a complete cylinder. The 
four points show no major  trend other than an improvement in  the eigen- 
value with increased grid refinement. Also, the results a r e  not a s  good 
as  those obtained for the same skin thicknesses for  axisymmetric buckling. 

A waffle-stiffened cylinder with a skin thickness of 0. 312 cm (0. 123 in.) 
was also analyzed, using the two grid patterns shown in Figures 5 and 6. 
The results for this cylinder a r e  shown in Table I, Cases 21 and 22. 
Interestingly, the accuracy of the eigenvalues was a s  good o r  better than 
those obtained for  axisymmetric buckling of the same cylinder with the 
same size grid. This is  just the opposite of the monocoque results. Again, 
this shows the marked effect of the beam elements. 



As a pa r t  of this second group, a l a rge r  stiffened model was also 
analyzed using the two grid patterns shown in Figures 7 and 8. This model 
caused some unexpected difficulties. The 1P grid gave a buckling load 
below the co r rec t  value, whereas al l  preceding cases  had given bucklihg 
loads above the correc t  value. In addition, a detailed examination of the 
resul ts  showed the eigenvector (buckling mode shape) to have large tangential 
displacements and large rotations about the radial axis. The 4P grid model 
had 2227 degrees of freedom and a semiband width of 168. I t  took 3 1 /2  h r  
of Central Processing Unit (CPU) time for a single buckling decomposition. 
This was on a UNIVAC 1108 with 65,000 words of core. I t  appeared that in 
running this model the computer would very likely go down during the time 
spent in the Re a1 Eigenvalue Analysis -Displacement (READ) Module. 
Therefore,  NASTRAN was modified to print out each iteration in determining 
the eigenvalue and to leave READ after the f i r s t  eigenvalue w a s  obtained. 
All the program output was printed on tape as i t  was obtained, so that it 
would not be lost  if a machine failure occurred. The eigenvalue and eigen- 
vector were finally obtained after 7 3/4 h r  of CPU time and 28 l / 2  h r  of 
wall clock time. Unfortunately, these results showed the same low eigen- 
value and unusual eigenvector a s  the 1P grid model. 

After a thorough review, it was concluded that the strange results,  
which only appeared for this large model, were probably caused by the low 
g r i d  point stiffness for  rotation about the radial axis. A study was initiated 
to determine i f  the correc t  results could be obtained by restraining all grid 
points for rotation about the radial axis. 

The study showed that restraining the rotation about the radial axis 
increased the buckling load for the 1P and 4P 20.7'-wide models less than 
two percent. This small  change was desirable since these small  models 
were already giving reasonable results.  Restraining the rotation about the 
radial axis produced a dramatic improvement in  the eigenvector and a 
significant improvement in the eigenvalue for the large models. 

Table I, Case 23,  shows the results obtained for the 1 P  41.4"-wide 
model. Before running the 4P 40"-wide model, it was changed from 
quadrilateral to triangular elements. The quadrilateral model grid points 
had been sequenced in horizontal rows so that i ts  matr ix had the minimum 
possible bandwidth with no active columns. Changing f rom quadrilateral 
elements to triangular elements reduced the vertical coupling i n  the model 
f r o m  two rows to one row. This change reduced the semiband width of the 
matr ix by 50 percent and reduced the CPU time required to run the model by 
78 percent. Figure 9 shows the triangular element model. The results for 
this  model with the rotational restraint  a r e  given in Case 24 of Table I. The 
skin moment of inertia in this model includes the bending stiffness of the 
fiber glass l iner.  



Restraining the rotation about the radial axis corrected the problems in  
the eigenvector for both models and brought the eigenvalues into a reasonable 
range. For  sorne currently unexplainable reason, the eigenvalues for both 
these large models were not as close a s  those obtained for the 20.7"-wide 
models, but the buckling results and run times obtained for the 4P triangular 
model meant that the SWS window model could be run successfdly. The 
conclusion of the study on restraint of rotation about the radial axis was that 
all future cylindrical panel models should be run with this restraint. 

SWS WINDOW ANALYSIS 

All of the large models were sized so  that a quarter segment of the SWS 
window could be placed in the lower corner of the model. Figure 10 shows 
the SWS window model. The shaded area  around the window is where the 
fiber glass liner was bincreased in thickness to raise the buckling capability. 
Around the edge of the window is a ring which is  relatively stiff for any 
motion normal to the shell. Both the structure and loading a re  symmetric 
about the right side and bottom of the model. A complete window was not 
modeled because it was felt that accurate results could be obtained with a 
quarter segment. Also, a complete model would have four times the number 
of degrees of freedom, double the semiband width, and an unacceptably long 
sun time. 

The model length was sized to allow at least three buckling half-waves 
above the region with the increased stiffness and to allow a uniform load to 
be applied at the top. The model width was sized so that the effect of the 
load shearing around the window would die out and so  that the boundary 
condition along the left edge would not appreciably affect the buckling load. 

The window model was simply supported along the top edge and left 
side. Ideally, to obtain all possible buckling modes with a quarter segment 
model that would be obtainable from a complete model, the quarter segment 
model should have a symmetric boundary condition along the bottom and 
right side for the static analysis. This static analysis would be used to 
determine the loads on each element. These element loads would be used 
to calculate the differential stiffness matrix. Then the stiffness and 
differential stiffness matrices would be supported for four buckling boundary 
conditions, The four buckling boundary conditions are  the four possible 

combinations of symmetric and antisymmetric boundary conditions along the 
bottom and right side. Unfortunately, this dual boundary condition capa- 
bility--one boundary condition for the static analysis and a second for the 
buckling analysis- -is not currently available in NASTRAN. Therefore, for  
the problem at  hand, a compromise was mad-e, and the four buckling boun- 
dary conditions were used for the complete analysis. 



The results of the buckling analysis of the window model for  the four 
boundary conditions were good from an engineering standpoint but were 
rather unexciting from a research standpoint. All four boundary conditions 
showed the buckling radial displacements to be occurring in  the basic shell 
a t  the top of the model. Fo r  all four cases the radial displacements atten- 
uated upon entering the area  of increased stiffness around the window. Also, 
all four boundary conditions gave buckling loads within one percent of each 
other. The conclusion of the analysis was that the increase in bending 
stiffness was sufficient to prevent buckling around the window. Also, the ' 

buckling capability of the basic shell adjacent to the area of increased stiff- 
ness was not lowered. 

SIMILAR BUCKLING ANALYSES IN PROGRESS 

The SWS has a second major cutout in its cylindrical wall: the access 
door shown in Figure 11. As mentioned previously, the SWS i s  subjected 
to  axial compressive loads during ground wind prior  to launch and during 
boost to orbit. The access door is removed for the f irs t  condition and 
installed for the second condition. Figure 12 shows the access door model. 
The buckling analysis of this model for door-in and door-out conditions i s  

9 currently in progress. 

IMPROVEMENTS TO NASTRAN'S BUCKLING CAPABILITY 

As previously mentioned, the assumptions used for the NA'STRAN plate 
derivation a r e  somewhat crude. To compensate for this shortcoming, fine 
grids and longer run times a re  required to get accurate results. A second 
i tem that causes run times to be longer than necessary for most problems 
i s  the use of an unsymmetric decomposition routine in the READ module. 
For  the 4P 40'-wide quadrilateral element model the unsymmetric de- 
composition routine, which is  used in the buckling analysis, took 2 3  times 
a s  long a s  the symmetric decomposition routine used for the static analysis. 
This i s  unfortunate since the eigenvalue can be determined using a symmetric 
decomposition. Also, the dual boundary condition is not available at present 
in NASTRAN. To facilitate the solution of the remaining Skylab buckling 
problems and future buckling problems, Marshall Space Flight Center 
(MSFC) currently has a contract with the Mac Neal-Schwendler Corporation. 
Their contract task is :  

to develop an improved plate element for buckling 

to incorporate this plate element into the MSFC version of NASTRAN 

to incorporate the dual boundary condition option into NASTRAN 

to provide a READ module with a symmetric decomposition routine 
for  NASTRAN. 



This contract should be completed this fall, and it is the author's under- 
standing from talking with the NASA Contracting Officer ' s Representative 
for this contract that the improvements to NASTRAN from the contract w i l l  
be made available to the NASTRAN Systems Management Office. 

CONCLUDING REMARKS 

Test cases have been presented which show that NASTRAN has the 
capability to handle cylindrical panel buckling problems i f  a sufficiently 
fine grid point pattern i s  used. A good correlation has been shown between 
eigenvalue accuracy and grid points pe r  half-wave for axisymmetric buckling 
of monocoque and stiffened cylindrical panels. The importance of restraint 
of rotation about the radial axis at each grid point has been shown for 
cylindrical panels buckling in non- axisymrnetric modes. 
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TABLE 1. NASTRAN CYL1 NOR I CAI. PANEL TEST RESULTS 

*Cases 1 through 16 arc arisymmstric.  
Error = NASTRAN Bucklin Load 

h e f e r e n c e  Bucklin: Load A') loo' 

Case 

2 
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7 

l o  

11 

l 3  

15 

l 6  
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LO 
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Note: 
The original calculations fo r  thi8 table w e r e  made in the U.S. Customary Syetcm. 
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WTRAN DIFFERENTIAL STIFFlVESS ANALYSIS 

By Robert D o  Bennett 

Vought Aeronautics Company 

A Division of LTV Aerospace Corporation 

Comparisons of i n t e r n d  member loads and stresses as generated by 
the NASTRAN Differential  Stiffness and Sta t i c  Analysis methods axe 
presented f o r  a, tandem side opening canopy. A description of the struc- 
ture analyzed and the load condition for  which it is analyzed are included 
d o n g  with several computer and hand generated plots. The comparisons of 

.S the two methods show a general decrease i n  the internal  member loads ob- 
tained by the Different ial  Stiffness method of analysis over the S ta t ic  
method of analysis. 

INTRODUCTION 

* 

The magnitude of the design operating stresses i n  a canopy structure 
must be reliably known t o  insure both minimum weight and s t ructural  in- 
tegr i ty ,  Minhwn weight is required since the canopy ejection thruster 
s ize increases as  the canopy weight increases. And, when p i lo t  ejection 
through the canopy glass  i s  required, the glass thickness must be as t h in  
as possible, Determination of the stresses is  complicated by the wide 
variation i n  material properties over the service temperature range. The 
complex shape of a canopy and the varying external pressures acting on a 
canopy structure a l so  make the method of analysis d i f f i cu l t ,  The advent 
of s t r u c t k a l  analysis f i n i t e  element computer programs has greatly eased 
the task of obtaining internal  member loads i n  ccknplex stmctures  and has 
increased the accuracy of the solutions. However, t o  avoid unwarranted 
conservatisms i n  the design of a canopy the geometric non-linewity of 
the structure should be taken i n to  account,. Since the s t resses  i n  a canopy 
glass are di rec t ly  proportional t o  the radius of curvature of the glass 
cross-section, any great changes i n  shape during loading w i l l  greatly a l t e r  
the s t resses  i n  the glass and i n  the frames and side r a i l s  pf  the structure. 
Through the simultaneous consideration of large non-linear motions and the 
applied loads, NASTRAN generates a Differential  Stiffness solution based 
on the l inear  terms i n  the equations of motion of an e l a s t i c  body. ( ~ e f e r  
t o  the WTRAN Theoretical Manual, ref. 1). Comparisons between the NASTRAN 
Differential  St i f fness  Analysis and the  S t a t i c  Analysis of a tandem side 
opening canopy show significant reductions i n  member loads when the dif- 
fe rent ia l  s t i f fness  theory is  applied t o  the solution. 



SYMBOLS 

E Young's modulus of e l a s t i c i ty  

G Shear modulus of e l a s t i c i ty  

i' Poisson's r a t i o  

A Cross- sectional area 

I1 Manent of ine r t i a  about axis 1-1 

I2 Moment of ine r t i a  about axis 2-2 

J Torsional moment of ine r t i a  

DESCRmION OF THE STRUCTURE 

The structure described i s  a tandem side opening canopy which was 
analyzed during a recent company sponsored design program. The canopy 
consists of two pieces of stretched acrylic 0.25 inches thick, three frames, 
and two side r a i l s .  The frames are located a t  each end and at the center 
of the curved acrylic. The side r a i l s  are located at  the bottom edges of 
the  canopy acryl ic  and prwide support for  the frames and for  the acrylic. 
Both the frames and the side rails are constructed of 7075-~6 aluminum 
al loy i n  t h i s  application. This canopy i s  designed t o  open t o  the p i lo t ' s  
r ight  and is  supported by four hinges on the r ight  side r a i l .  When i n  the 
closed position, the left hand side r a i l  is  latched st four points for  side 
and verticall loads. Two shear pins, also located on the l e f t  side r a i l ,  
extend i n to  fuselage framing members and provide fore and af t  res t ra in t  
fo r  the lef't side of the canopy. A l e f t  side view of the canopy structure 
i s  given i n  Figure 1. Figure 2 includes a top view of the structure and 
the properties of the stretched acrylic. The side ra i l  cross-section i s  

. presented i n  Figure 3 along with the section properties. Figure 4 includes 
the cross-section and properties for the forward, mid and a f t  frames. 

EXTERNAL LOPSING 

The external loading applied to the canopy i s  a synnnetrical f l i gh t  
condition with an internal  cabin pressure of 5.0 psi. The combined aero- 
dynamic and internal pressure dis t r ibut ion i s  plotted w e r  the top view 
of the canopy i n  Figure 5. Duriw the actual design phase, f ive separate 
load conditions were investigated. The most c r i t i c a l  load case was an 
unsymmetrica;l f l i gh t  condition. However, t o  accmplish the objective of 
this paper the simpler of the load cases w i l l  suffice. To apply the 



selected load condition t o  the equivalent s t ructural  model, the pressure 
dis t r ibut ion of Figure 5 was plotted on a plan form view of the canopy 
acrylic. The pressure acting a t  the centroid of each f i n i t e  element re- 
presenting the acrylic was determined and applied t o  the  element, d 

NASTRAN FINITE MODEL 

The finite element model representative of the  canopy structure con- 
sists of 384 t r iangular  bending plates and 203 six degree of freedan beans. 
The finite element plates  represent the canopy acryl ic  and are located 
at the center plane of the acrylic. The f i n i t e  element beams represent 
the side r a i l s  and the frames, The side r a i l  elements are located at the 
shear center of the actual  structuraJ. side rail, This is done so that 
the reactions along the canopy side sails w i l l  be i n  a proper location, 
The f'rame elements axe located a t  the bending center of each frame. The 
finite elements representing the  side rails and, the frames are t i e d  t o  the 
elements representing the acrylic by short beams. These beams do not 
ex i s t  i n  the  actual  structure and are  used only t o  t ransfer  loads frcan 
the acryl ic  t o  the  frasles and. side rails, A s t i f fhess  of twice that of 
the  s iae  r a i l s  was used fo r  the bems, The geometry of the  structure 
is defined by 360 gr id  points yielding a t o t s l  of 2u8 degrees of free- 
dam. There w e  actually two coordinate systems used t o  define the struc- 
ture. The Xn coordinate system shown i n  Figure 6 is used t o  define all 
the  g r id  points except those at  which the external reactions are located, 
The reaction points are defined by the coardinste system X' Y' 2' which is  
rotated 1 0 . 5 ~  (counterclockwise when viewed frcm the l e f t )  about the  Y 
axis of the XYZ coordinate system, The rotat ion places the X' axis i n  the 
plane formed by the canopy side r a i l s  and makes the 2' axis perpendicular 
t o  the  r a i l s .  The external reactions thus obtained are  e i ther  i n  the 
plane of the side rails or perpendicular t o  the plane and. represent the 
actual s t ruc tura l  reactions between the canopy and the fuselage, The 
canopy t o  mselage t i e  points occur a t  1Q discrete  points along the side 
r a i l s .  Referring t o  Figure 6, the reaction points 1, 2, 3 and 4 l i e  along 
the l e f t  side rail and are Pi and 2' reacted. Tie points 1 through 4 
represent the canopy l a t ch  points. Tie points 5 and 6 axe also located 
on the left side rail and axe reacted through scalar springs i n  the X' 
direction, The springs represent the stiffness of the shear pins. Re- 
action points 7, 8, 9 and 10 are located on the r ight  side beam and repre- 
sent the  hinges of t h e  canopy. These points are  reacted i n  the  X t  Y' and 
2' directions. 

Ccquter  generated plots  showing the -t;op, side and end views of aJ.1 
the f inite elements in  the model are included i n  Figure 7, 8 end 9. 
Figure kO is an orthographic three dimensional plot shuwing the canopy 
acrylic separated f'rm the s ide rails, f'rames and standoffs, 



COMPARISONS OF THE SOLUTIONS 

Referring t o  Figure l l  through 18 the following comparisons between 
W T R A N  generated solutions (with and without d i f fe rent ia l  s t i f fness)  for  
internal  member. loads and s tresses  are presented. 

Acrylic Longitudinal Stresses 

From Figure 11, it i s  seen tha t  the longitudinal stresses a t  the 
center plane of the acryl ic  are reduced by the  application of d i f fe rent ia l  
s t i f fness  theory, The maximum reduction occurs between the front and mid 
f'rames along longitudinal cut B. The 65% reduction i n  the s t a t i c  solution 
s t ress  is  accmpanied by an 85% reduction i n  the displacement. ( ~ i g .  12) 

Acrylic Hoop Stresses 

Figure 13 indicates only small changes i n  the acrylic hoop stresses.  
Frcm a typical  cross-section deflection plot ( ~ i g .  14) it is  seen tha t  the 
cross-section i s  near c ircular  t o  s t a r t  with and when l a d e d ,  only small 
changes i n  curvature are  created. Frm membrane theory, the hoop s t ress  
i s  d i rec t ly  proportional t o  the radius of curvature. Therefore, only 
small changes i n  s t ress  are expected when the i n i t i a l  section i s  near c ir-  
cular and new uniform loading on the section i s  present. The hoop s tresses  
i n  the acryl ic  are  distributed t o  the side rails and act as  a running losd 
on a continuous beam. Since there i s  l i t t l e  change i n  the hoop stresses 
it i s  a lso  expected tha t  the reactions along the side r a i l s  w i l l  change 
proportionally. Figures 15 and 16 bear out t h i s  expectation. 

Side Bean Loads 

A noticable effect  occurs when the gemetr ic  non-linearity of the 
canopy i s  considered. The mid-frame effectiveness i n  supporting the 
side r a i l s  for  ver t ica l  losding increases. Fran the  ver t ica l  deflection 
plots i n  Figure 15 it i s  seen tha t  the mid-frame creates an inf lect ion 
point between the two mid supports when differentia3 s t i f fness  theory 
is  used. The bending manents i n  the side r a i l  just  abwe the ve r t i ca l  
reactions increase and the mid span moments decrease when d i f fe rent ia l  
s t i f fness  i s  accounted for. The maximum increase i s  122% wer the l inear  
solution a t  the front support. The maximum decrease occurs a t  mid span 
between the front support and the second support. The decrease is  66% 
w e r  the l inear  solution. Figure 16 indicates only minor differences 
between the linear and non-linear solutions for the torsion and side 
loadings. 



Mid-Frame Member Loads 

The axial load in the mid-frame just above the side rail t o  mid-fsame 
joint increases gOOgb Pram the linear solution t o  the non-linear solution. 
!this increase in  axfab l o a d  indicates that the mid-frame is more effective 
in constraining the vert ical  motion of the side rails when dif ferent ia l  
stiff'ness theory is applied to the structure. 

The canparisons made between N A S N  generated solutions with and 
without differential stiffness for the canopy structure have lead t o  the 
following conclusions: 

The changes in gecanetry of a canopy cross-section greatly e f fec t  the 
internal meniber loads within the structure. In order t o  obtain correct 
design operating stresses within a canopy, deformations of the canopy 
under loading must be accounted for. The NASTRAN Static Analysis with 
differential stiffness offers a practical means for calculation of the design 
operating stresses. 

The i n i t i a l  cross-section of the canopy influences the amount of 
difference between a linear and non-linear solution. These differences 
are reduced as the section approaches a circular shape. 
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APPLICATION OF SMALL AND LARGE DISPLACEMENT 

THEORY TO A LARGE FLEXIBLE SOLAR ARRAY AND 

COMPARISON WITH STATIC TEST RESULTS 
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ABSTRACT 

The NASTRAN program was used t o  perform a s t r u c t u r a l  a n a l y s i s  of t h e  
Apollo Telescope Mount (ATMI S o l a r  Array Wing. A h i g h  f i d e l i t y  model 
c o n t a i n i n g  8286 DOF was used f o r  t h e  launch (c inched)  and o r b i t a l  (deployed)  
c o n f i g u r a t i o n s .  Ex tens ive  u s e  was made o f  t h e  m u l t i - p o i n t  c o n s t r a i n t  
f e a t u r e  o f  NASTRAN t o  o b t a i n  proper load p a t h s  f o r  t h e  launch c o n f i g u r a t i o n  
and of t h e  local c o o r d i n a t e  f e a t u r e  t o  d e f i n e  subassemblies  w i t h i n  t h e  g l o b a l  
c o o r d i n a t e  system. Changes i n  c o n f i g u r a t i o n  from deployed t o  c inched 
were o b t a i n e d  by r o t a t i n g  and t r a n s l a t i n g  t h e  l o c a l  c o o r d i n a t e  systems. 
S t a t i c  and D i f f e r e n t i a l  S t i f f n e s s  S o l u t i o n s  (Formats 1 and 4 )  were ob ta ined .  
Comparisons were made between t h e s e  r e s u l t s  and s t a t i c  load t e s t s  performed 
a t  NASA Marsha l l  Space F l i g h t  Center. 

INTRODUCTION 

This  paper d i s c u s s e s  t h e  a p p l i c a t i o n  o f  t h e  l a r g e  displacement  theory  
( D i f f e r e n t i a l  S t i f f n e s s  Format) of NASTRAN t o  t h e  s t r u c t u r a l  a n a l y s i s  oE 
t h e  Apollo Telescope Mount (ATMI S o l a r  Array. Two dimensional  (2D) and 
t h r e e  dimensional  (3D) f i n i t e  element models were developed f o r  a n a l y s i s .  
The r e s u l t s  a r e  compared wi th  t e s t  d a t a ,  and a d i s c u s s i o n  of t h e  r e s u l t s  
i s  inc luded .  

The a n a l y s e s  were performed by t h e  Engineer ing Ana lys i s  Department of 
t h e  Sper ry  Rand Space Support  D i v i s i o n  and sponsored by NASA Marshal l  
Space F l i g h t  Center  (MSFC I ,  A s  t r i o n i c s  Labora to ry ,  under c o n t r a c t  NAS8-20055. 
The t e s t s  were performed by MSFC T e s t  Laboratory .  The t e s t  r e s u l t s  were 
r e p r i n t e d  i n  References  1 and 2 .  The r e s u l t s  of a smal l  d isplacement  theory  
a n a l y s i s  (Format 1) u s i n g  t h e  3 D  m o d e l w e r e r e p o r t e d  i n  Reference 3 .  

NOMENCLATURE 

6 Displacement 

DOF Degree-of -Freedom 

E Modulus of E l a s t i c i t y  

G Modulus o f  R i g i d i t y  

GP G r i d p o i n t  __I__ -I_C_ 

Preceding page blank 
II __ _ _  



K S t i f f n e s s  

M Bending Moment 

P D e n s i t y  

S u b s c r i p t s  

c Core 

f Fac ing  

g T o t a l  DOF Subset 

I C o n s t r a i n e d  DOF S u b s e t  

x r a d i a l  

y  l a t e r a l  

z ou t - o f  - p l a n e  

DESCRIPTION OF SOLAR ARRAY 

The S o l a r  Array c o n s i s t s  o f  f o u r  s o l a r  wings deployed i n  a c r u c i f o r m  
c o n f i g u r a t i o n ,  F i g u r e  1, w i t h  a t o t a l  span of  approx ima te ly  30 meters (without 
a n t e n n a ) .  Each wing c o n s i s t s  of f i v e  p a n e l s  t o  which are mounted t h e  
s o l a r  c e l l  modules,  F i g u r e  2. The module s u b s t r a t e  i s  an aluminum honevcomb 
s t r u c t u r e  1.27 x 51. x 62.5 cm i n  s i z e ,  Twenty modules are mounted on 
each  p a n e l ,  e x c e p t  f o r  t h e  i n b o a r d  p a n e l ,  which c o n t a i n s  t e n  modules.  The 
p a n e l  a r e a  a d j a c e n t  t o  t h e  ATM Rack i s  v o i d  of  modules f o r  the rma l  c o n t r o l  
purposes .  The p a n e l s ,  h inged  t o g e t h e r ,  are deployed from t h e  l aunch  c o n f i g u r a -  
t i o n  ( c i n c h e d ) ,  F i g u r e  3 ,  u s i n g  a s c i s s o r s  deployment scheme. Communication 
a n t e n n a s  a r e  mounted a t  t h e  t i p s  o f  two a d j a c e n t  wings and are deployed w i t h  
t h e  wing a s s e m b l i e s .  The e l e c t r i c  ene rgy  conver t ed  by t h e  s o l a r  c e l l s  i s  
used  t o  power t h e  ATM exper imen t s  and t o  r e c h a r g e  the b a t t e r y  system. The 
t o t a l  a r e a  of t h e  exposed s o l a r  c e l l s  i s  approx ima te ly  98.5 s q u a r e  me te r s .  

LOAD CRITERIA 

A s t a t i c  e q u i v a l e n t  o u t - o f - p l a n e  load  o f  20.2g was used  t o  s i m u l a t e  
t h e  dynamic r e s p o n s e  o f  t h e  deployed wing d u r i n g  t h e  Command Module/SKYLAB 
dock ing  maneuver. 



FINITE ELEMENT MODELS 

Two f i n i t e  e lement  models were developed f o r  a n a l y s i s  of t h e  ATM 
S o l a r  Array. The f i r s t  was a 2D model which was used f o r  p re l iminary  
i n v e s t i g a t i o n s  of t h e  s t a t i c  and dynamic c h a r a c t e r i s t i c s  of t h e  wing. 
The second model was a l a r g e  d e t a i l e d  3 D  model of t h e  a r r a y .  This  model 
was used f o r  d e t a i l e d  s t r e s s  a n a l y s i s  of t h e  a r r a y  i n  both  the cinched and 
deployed con£ i g u r a t i o n s  . 

Two dimensional  Model- 

The 2D f i n i t e  element model of t h e  ATM S o l a r  Array (Wing) i s  shown i n  
F i g u r e  4. I t  c o n s i s t s  of 21  g r i d  p o i n t s  and 20 bar  e lements .  This  model 
r e p r e s e n t s  the bending,  axial and s h e a r  s t i f f n e s s  of  t h e  outboard beam and 
s c i s s o r .  

The model has 62 d e g r e e s  of freedom (DOE) and a very  narrow bandwidth, 
r e s u l t i n g  i n  i n - c o r e  decomposi t ion and s t a t i c  s o l u t i o n s .  The v a l i d i t y  of 
t h e  model i s  based upon t h e  assumption t h a t ,  f o r  o u t - o f - p l a n e  l o a d s ,  t h e  
wing behaves as a c a n t i l e v e r  beam and t h e  panel  s ide  rails and t h e  s c i s s o r  
members r e a c t  t h e  loads .  Since the model does n o t  c o n t a i n  i n - p l a n e  s t i f f n e s s  
e lements ,  on ly  o u t - o f - p l a n e  loads  were examined w i t h  t h i s  model. 

Three dimensional  Model- 

The t h r e e  dimensional  (3D) f i n i t e  element model of t h e  deployed Wing 
( F i g u r e  5 )  c o n t a i n s  1443 f i n i t e  e lements  composed of b a r ,  rod and quad- 
r i l a t e r a l  p l a t e s ,  and 1381 g r i d  p o i n t s .  The complete assembled s t i f f n e s s  
m a t r i x ,  Kgg , has 8286 DOF. There a r e  754  DOE' c o n s t r a i n e d  through boundary 
c o n d i t i o n s  and c o n s t r a i n t  e q u a t i o n s  (SPCf s and MPC1s 1, Leaving 7532 DOF i n  t h e  
a n a l y s i s  s t i f f n e s s  m a t r i x ,  K,, . 

F i g u r e  6 i l l u s t r a t e s  t h e  d e t a i l e d  model of a t y p i c a l  panel  and s c i s s o r  
s u b s t r u c t u r e  . Among the many NASTRAN mode l i n g  f e a t u r e s  used t o  develop 
t h i s  model were: 

Each panel  and s c i s s o r  g r i d p o i n t s  were de f ined  i n  s e p a r a t e  l o c a l  
c o o r d i n a t e  sys tems (11 t o t a l ) .  

A l l  l o a d s  were a p p l i e d  i n  the b a s i c  c o o r d i n a t e  system and a l l  
d i sp lacements  were recovered i n  t h e  l o c a l  c o o r d i n a t e  systems 
(1, 2 ,  e t c . ) .  

M u l t i p o i n t  c o n s t r a i n t  equa t ions  were used t o  a t t a c h  the s c i s s o r  
t o  t h e  s u p p o r t i n g  s t r u c t u r e  (Mounting S t r u c t u r e )  . 
Hinge connec t ions  between each p a n e l ,  between each s c i s s o r  and 
between s c i s s o r  and p a n e l s ,  were modeled u s i n g  t h e  p in  r e l e a s e  
f e a t u r e  of the b a r  elements.  



The honeycomb modules were c o a r s e l y  modeled u s i n g  f o u r  CQUAD2 
e l emen t s  f o r  each  module. The f o l l o w i n g  p r o p e r t i e s  were used :  

Fac ing ,  

3 
P = 10,308.  kg/m3 (0.3724 l b / i n  (80  l i g h t  we igh t  
f modules)  

3 
f=f 

= 13458. kg/m3 . (0.4862 ib/in 1 (10  heavy we igh t  
modules ) 

Core ,  

A comple te  d i s c u s s i o n  o f  t h i s  model may be found i n  Refe rence  3 .  

DISCUSSION OF RESULTS 

The t y p i c a l  2D and 3 D  deformed and uncleformed geometry,  as p l o t t e d  by 
NASTRAN, i s  shown i n  F i g u r e  7 .  The deformed shape  f o r  t h e  l i n e a r  and l a r g e  
d i s p l a c e m e n t  t h e o r i e s  a r e  compared i n  F i g u r e  8. F i g u r e  8 c o n t a i n s  t h e  
r e s u l t s  f o r  t h e  2D,  3D models and s t a t i c  t e s t  d a t a .  Poor agreement  w a s  
o b t a i n e d  u s i n g  t h e  3D model f o r  bo th  t h e o r i e s ,  whereas ,  t h e  2D model gave 
a c c e p t a b l e  r e s u l t s  f o r  bo th .  S e v e r a l  c h a r a c t e r i s t i c s  of t h e  model and 
a c t u a l  wing a r e  a p p a r e n t  from t h e  d i s p l a c e m e n t  r e s u l t s :  

The fixity which o c c u r s  a t  the 2nd and 4 t h  h i n g e s ,  d u r i n g  +Z loads,  
is a p p a r e n t  from t h e  c o n t i n u i t y  of s l o p e  a t  these  h i n g e s ;  w h i l e  
a  l a r g e  d i s c o n t i n u i t y  o c c u r s  a t  bo th  t h e  1st and 3 r d  h i n g e s  
where no f i x i t y  e x i s t .  

The change i n  t i p  d e f l e c t i o n  from l i n e a r  t o  l a r g e  d i s p l a c e m e n t  
t h e o r y ,  was -11 p e r c e n t  f o r  t h e  2D model and -6 p e r c e n t  f o r  t h e  
3 D  model. I n  the case of  t h e  2D model t h i s  change w a s  approx ima te ly  
t h e  same as t h e  a c c u r a c y  of t h e  t e s t  d a t a ,  2 6  p e r c e n t .  I t  i s  
i n c o n c l u s i v e ,  based  upon the d i s p l a c e m e n t  r e s u l t s  a l o n e ,  whether  
l a r g e  d i s p l a c e m e n t  t h e o r y  i s  n e c e s s a r y .  



The 3D model is  t o o  f l e x i b l e  f o r  ou t -o f  - p l a n e  l o a d s .  The t i p  
d e f l e c t i o n  was 44 p e r c e n t  g r e a t e r  than  t e s t .  S t u d i e s  t o  determine 
t h e  s o u r c e  of t h e  i n c r e a s e d  f l e x i b i l i t y  are c u r r e n t l y  be ing  
per  formed. 1 

Due t o  t h e  l a r g e  displacement  h y s t e r e s i s  observed d u r i n g  t h e  
t e s t ,  t h e  d i sp lacements  a r e  n o t  t h e  b e s t  c r i t e r i a  f o r  comparing 
test  and theory .  

The s c i s s o r  moment diagrams f o r  t h e  l i n e a r  and l a r g e  displacement  
t h e o r i e s  a r e  compared i n  F i g u r e  9. F igure  9 c o n t a i n s  t h e  r e s u l t s  f o r  
t h e  2D and 3D models and t e s t  d a t a .  The pane l  moment diagrams a r e  shown 
i n  t h e  same f i g u r e .  The moment a t  the  i n t e r s e c t i o n  of a  panel  and s c i s s o r  
i s  s t a t i c a l l y  de te rminan t  and t h e  t o t a l  moment a t  any i n t e r s e c t i o n  i s  equa l  
t o  t h e  sum of t h e  s c i s s o r  moment and panel  moment ( F i g u r e  1 0 ) .  From t h e  
t e s t  d a t a ,  super-imposed on F igure  9 ,  i t  i s  shown t h a t  a  l a r g e  f r a c t i o n  
133 percent)  of t h e  t o t a l  moment i s  c a r r i e d  by t h e  pane l s .  The l a r g e  
d i sp lacement  theory  p r e d i c t e d  17 p e r c e n t  o f  t h e  moment i n  t h e  p a n e l s ,  
w h i l e  t h e  l i n e a r  d i sp lacement  theory  p r e d i c t e d  o n l y  0 . 2  pe rcen t .  

CONCLUSIONS 

A s  acknowledged by t h e  NASTRAN a u t h o r s ,  Reference 4 ,  t h e  D i f f e r e n t i a l  
S t i f f n e s s  format  does  n o t  account  f o r  changes i n  t h e  load d i s t r i b u t i o n  
r e s u l t i n g  from geometry changes.  I n  t h e  problem d i s c u s s e d  i n  t h i s  paper 
t h e  r a d i a l  d i sp lacements  of t h e  wing, due t o  l a r g e  r i g i d  body movement, were 
n o t  p r e d i c t e d  by t h e  l a r g e  displacement  theory.  The movement inboard due t o  
t h e  l a r g e  out-of  -p lane  motion i s  n o t  accounted f o r ,  and t h e  r e d u c t i o n  
i n  t h e  s c i s s o r  and pane l  bending moments r e s u l t i n g  from t h e  geometry change 
were n o t  c a l c u l a t e d .  T h i s  inaccuracy  a l o n g  wi th  known e r r o r s  i n  t h e  t e s t  
d a t a  a c c o u n t s  f o r  t h e  d i f f e r e n c e  between t e s t  and l a r g e  displacement  theory  
r e s u l t s  of  t h e  2D model. The e r r o r s  i n  t h e  3B model a r e  more s e r i o u s  and 
a d d i t i o n a l  s t u d y  as t o  t h e  source  i s  c u r r e n t l y  being performed. 

The most s i g n i f i c a n t  r e s u l t  of t h i s  s t u d y  w a s  t h e  p r e d i c t i o n  of l a r g e  
bending moments i n  t h e  pane l  by t h e  l a r g e  displacement  theory ,  which were 
n o t  p r e d i c t e d  by t h e  l i n e a r  theory.  
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October 1969. 



Figure 1. - ~ky iab  configuration. 
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STATIC ANALYSIS O F  THE 64-m ( 2 1 0 4 )  ANTENNA 

REFLECTOR STRUCTURE* 

By M. Smoot Katow 

Je t  Propulsion Laboratory 

SUMMARY 

Progressing f rom a space f rame analysis (STAIR) using only prismatic 
ba r s  connected a t  frictionless pin joints and one quadrant of input data,, the 
s t ructural  model of the 64-rn-diameter reflector s t ructure was upgraded with 
the use of the NASTRAN program. Bars  with bending resis tance (CBARS) and 
plates (CQDMEM, CTRMEM and CSHEAR) were added a t  appropriate loca- 
tions. The deflection resul ts  computed for the gravity loading case  a r e  closely 
correlated to field measured  values and operational R F  tests.  Expansion of 
the input aata  to 1 / 2  structure permitted studie s of minor s t ructural  modifica- 
tions which, i f  implemented, should resul t  in lower deformations f rom gravity 
loads. Procedures  used to check for  co r rec t  input data a r e  noted. 

INTRODUCTION 

The NASA/JPL (National Aeronautics and Space ~ d m i n i s t r a t i o n /  3et P r o -  
pulsion Laboratory) Deep Space Instrumentation Facility (DSIF) 64-m- 
diameter  antenna system with an azimut,h-elevation axes type mount (figs. 1 
and 2) commenced operation in April ,  1966, a t  Goldstone, California. In 
June, 1963, the Rohr Corporation was awarded the contract to accomplish the 
final design, fabrication and erection. 

Determining with precision the distortions of the paraboloidal reflective 
surface supported by the reflector s t ructure under the environmental loads i s  
a prime requisite in  cor rec t ly  predicting the radio-observing efficiency of the 
antenna system ( r e f .  1). The d iscuss ion  i n  this paper w i l l  b e  l i m i t e d  t o  t h e  
ca l cu la t ion  of d i s t o r t i o n s  from gravity loading only. S p e c i f i c a l l y ,  these  dis-  
t o r t i o n s  a r e  caused by the grav i ty  loading t h a t  r e s u l t s  from an e leva t ion  angle 
change from the 45' su r face  s e t t i n g  angle t o  the zeni th  look angle. A t  45O, 
the s u r f a c e  panels awe adjus ted  o r  set t o  f i t  the design paraboloid. 

* 
This paper presents  the resul ts  of one phase of r e sea rch  car r ied  out a t  the 
Jet Propulsion Laboratory, California Institute of Technology, under 
Contract No. NAS 7-100, sponsored by the National Aeronautics and 
Space Administration, - -- - - -- 
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The calculation that resul ts  in precise  distortion numbers requires  
rigorous mathematical models (matr ices)  of structures.  Their solutions 
require  the use of electronic computers. In reference 2 , the resul ts  f rom one 
system of mat r ix  interpretive routine (STAIR, ref. 3) applied to the 64-m 
reflector s t ructure a r e  reported. The solutions were based on a one -quadrant 
s t ructural  model t rus s  using bar members  with pin-jointed connections. In 4 

this report ,  the s t ructural  model ii upgraded by using a t rue 1/2 section corn- 
pr ised of some bar s with bending stiffness where appropriate ; plates,  where 
used, a r e  mathematically modeled. This analysis used the NASTRAN pro- 
g ram (ref. 4). It i s  shown by comparisons to field data that predictions of 
gravity loading distortions can be made precisely with the use of NASTRAN. 

One requisite to precise  answers  i s  accurate input data that describes the 
structure correctly.  Also, the data must  satisfy the key punching formats 
required by NASTRAN. To prevent obvious wasteful computing t ime,  
NASTRAN internally provides a large number of data checking algorithms. 
However, due to the existing computer costing formulas applicable to the 1108 
Exec 8,  this checking can resul t  in excessive costs that a r e  principally the 
resul t  of multiplying the la rges t  amount of core  used by the CPU time. Sug- 
gestions made by others that the dry-run checking of input data may be eco- 
nomical i s  seconded. Some algorithms developed,for dry-run checking of 
STAIR and SAMIS input data a r e  suggested for possible use in checking 
NASTRAN input data. 

SYMBOLS 

RMS root-mean- square sense of the RF pathlength e r r o r s  

R F  radio frequency waves 

SC4020 Stromberg- Carlson Photo Plotting Machine 

64.-m REFLECTOR STRUC TURE ANALYSIS HISTORY 

It was in the la ter  months of 1961 that the 64-m antenna project developed 
a need for a large s t ructural  analysis program suitable for engineering use. 

At JPL, our Spacecraft Design Section had a need for  rigorous mathemat- 
ical  models and their solutions to satisfy exotic requirements. The section's 
main interest  was the analysis of the vibrational forces  on a spacecraft  during 
the launch operations. This need resulted in  the development of the JPL/ 
STIF-EIG program (ref.  5) by the middle of 1961. Later ,  the SAMIS program 
(ref. 6) was developed for s t ructures  la rger  than the maximum size of 130 
degrees-of-freedom of STIF-EIG. 

These JPL developed programs could not satisfy the static analysis re-  
quirements of the 64-m reflector s t ructure because a large mat r ix  solution 



was necessary with the resultant prohibitively long computing time. The 
wavefront concept was not developed a t  this time. An algorithm fo r  effectively 
decreasing the mat r ix  size before the decomposition was needed to analyze 
large antenna s t ructures .  

4 

In late 1958, Lincoln Laboratory commis sioned the Civil Engineering 
Department of the Massachusetts Institute of Technology to develog the STAIR 
program (ref. 3). Although limited to analysis using bar members  with pin 
joints, the problem inherent in  a large mat r ix  solution was avoided with the , 

use  of a solution algorithm that required the division of the s t ructure into 1 

smal le r  units, which resulted in smal le r  mat r ices  to invert. By provisions 
for reducing mat r ix  s izes  and the addition of mat r ices  with fur ther  reduction 
of the summed matr ix,  i t  was possible to solve large s t ructures  that included 
some bar  members  with large bandwidth. 

PIN- JOINTE D/ONE-QUADRANT STRUCTURAL MODEL 

The distortion resul ts  for the 64-m reflector s t ructure under the gravity 
loading case  of interest  are reported i n  reference 2. The analysis program 
used was STAIR, where the bar members  a r e  limited to pin-jointed ends. The 
quantity of input data converted to the s izes  of the dimension statements in the 
load generating portion of STAIR was close t o  t he  l i m i t s  of t he  7094 core  
capacity. Larger  data would have nece s sitated supplemental computer runs 
with subsequent data processing definitely not desirable. 

The computations proceeded with one quadrant of input data and restraints  
a t  the symmetry planes a s  developed by complying with the conditions noted by 
Newell ( r e f .  7). Even with one quadrant of input data modeling a l l  the mem- 
bers ,  there  were 750 GRIDS and 2565 CONRODs (using NASTRAN terminology). 
When FORCE cards  were included, the total ca rd  count reached almost 6000 
ca rds  a t  t imes.  For  three loading conditions, the 7094 computing time 
s tar ted a t  90 minutes initially, which was reduced to 55 minutes after some 
time studies resulted in  more  efficient use of the chain subroutine with the 
7094 computer. 

The principal difficulties in STAIR analysis were (1) the satisfying of the 
many rules  of arranging the many structural  units and ( 2 ) ,  common with a l l  
computing programs,  the generation of cor rec t  input data. When Lincoln 
Laboratory added a d r y  run checking program, this program was expanded a t  
JPL to generate the loading program data. Further expansion resulted in a 
SC4020 structural  plotting capability with viewing angles limited normal to 'the 
three planes of the coordinate system. 

To predict  mat r ix  singularitie s caused by planar joints (since the member  
joints a r e  f rictionle s s )  , STAIR initially included a vector analysis algorithm 
fo r  spotting planar joints of the internal nodes of each unit only. This check- 
ing scheme was expanded to check the complete s t ructure with the effects of 
constraints included ( see  Appendix). Also, it was possible to count and output 
the number of ba r s  conpected to each node, and this information proved to be 
enlightening at t imes where symmetr ical  s t ructures  were checked. 



Although the planar condition a t  each node can be checked a s  determined 
by the connecting bars ,  the f r ame  can sti l l  be unstable, and the whole s t ruc-  
ture  can exist  in  a "flyingI1 condition by not being tied to ground. For  check- 
ing mat r ix  singularities caused by instabilities a t  the nodes, we are suggest- 
ing that it may be possible to check for bending stiffnesses a t  the nodes for J 

f rames  using CBARs. 

F o r  large s t ructures ,  we found that i t  was eas ie r  to check the individual 
!'treet' (BAR) in a llforestll (STRUCTURE) by sequencing the bar node numbers,  
f i r s t  with respect  t o  the f i r s t  node against the second node, then sequencing 
with the f i r s t  node followed by a sequenced second node for bars  with the same 
f i r s t  node numbers. In this way, undesirable wrong bars  and duplicate bars  
can be spotted. 

ing 
he1 

Further  checks in  a dry-run program can be made by computing and print- 
the gravity generated load vector s and the  center of gravity, particularly 

pful with symmetr ical  s t ructures .  (NASTRAN provides this with param- 
e te r  GRDPNT and OLOAD cards.  ) Furthermore,  the true bandwidth of the 
nodes can be easily computed by sequencing, renumbering, and differencing 
'algorithms. 

With the availability of the SEQGP cards i n  NASTRAN, the bandwidth a s  
well  a s  conversion to active column node numbers may be changed to suit. 
R. Levy of JPL has converted bandwidth re-numbering routines to produce 
SEQGP cards  directly by computer analysis. 

As  input  d a t a  were being prepared  f o r  the one-quadrant data f o r  the first 
t ime, some apprehension a s  to the answers a rose  so it was decided to analyze 
the 1/4 reflector structure alone, for  accuracy checking, without the elevation 
wheel assembly. To do this,  the s t ructure was r ev i sed to  be symmetric about 
the 45-degree line or  plane and the s t ructure was computed for  a Z direction 
gravity loading with only one Z support a t  C a s  shown on f i g u r e  3. Symmetric 
constraints were used a t  the YZ and XZ planes. A s  you can see ,  the s y m -  
metry of the deflection results, which also include the'NASTRAN solution, 
shows that the deflection answers are precise enough f o r  engineering use. It 
should be noted that several  t r i a l s  were needed toLobtrtin this sym&etry as this 
type of s t ructure with the constraints and the single support i s  very sensitive 
to a slight lack of symmetry. 

NASTRAN 1/2-REFLECTOR ANALYSIS 

Our interest  in upgrading the s t ructural  model from 1/4 to 1 / 2  reflector 
had continued because of (1) the discrepancies in performance a s  predicted 
and as resolved by R F  operating tes t s  using radio s t a r s  in February 1968 
( f i g .  4 and ref. 8) and (2) the des i re  to improve the gravity loading distortion 
by rearrangement  of some t r u s s  members  that could only be checked with a 
1/2- structural  model. The 1/2-model input data using pin-jointed members  
were generated and some t e s t  runs were made during the development of 
NASTRAN when the NASA contractors were using the computers located a t  
JPL. 



The plan view of the s t ructure i s  shown on f igure 5 with t he  elevation 
cross-sectional view on f i g u r e  6. Since the short  r i b  t rus ses  between the 
main r ib  t rus ses  a t  the outer edges served a s  f r ames  for  supporting the sur -  
face panels, they were removed and replaced with equivalent weights o r  
FORCE cards.  To distinguish the nodes that serve to connect the reflector 
s t ructure to the elevation wheel  assembly, these nodes were shown a s  
enlarged lgdotsH on figures 5 and 6. These nodes plus the elevation wheel 
nodes were then numbered with large GRID numbers. Hence, the stiffness 
mat r ix  values for these large numbers place them in the active column spaces. 

As shown in Table 1, the model was upgraded starting with analysis using 
just pin-jointed bar members  (CONROD) to finally a s t ructural  model with 
bars with bending resis tance (CBAR) and plates (CSHEAR, CTRMEM, 
CQDMEM). 

The pin-jointed input data totaled a little l e s s  than 8000 cards  o r  4 boxes; 
these were t ransfer red  to the Use r6s  Master Tape by the NASA contractor for 
their use and then t ransfer red  to us. With their  use an  unknown number of 
t imes plus our use of a t  least  20 t imes in a span totaling 3 years ,  the one 
User 's  Master Tape has remained usable. On the other hand, some NASTRAN 
executable tapes have become unreadable in 6 months. 

By using the REPCASE card ,  the displacement of the top nodes of the 
reflector s t ructure were requested for punched card  output. These data then 
became input to the best fitting RMS program (ref. 9)  that computes the RMS 
of the pathlength e r r o r s  and outputs contour level plots using the SC4020 
plotter controlled by tapes generated by the RMS plotting subroutines i n  the 
1108. 

Using the method described in  reference 2 to compute the RMS surface 
distortion at various elevation angles with the surface panel se t  to nominal 
paraboloid a t  45 degrees elevation, the computed values for the one-quadrant 
STAIR and the 1/2-reflector NASTRAN analyses a r e  shown on figure 6 for 
every 15 degrees. Overlaid a r e  the RMS results as determined from rad io  
measurements  (ref. 8) showing the mean and standard deviation limits that 
include only the measurement scat ter .  The 64-m antenna configuration used 
the mono-cone R F  set-up f o r  these tes t  values. 

A s  figure 4 shows, predictions of the RMS surface distortion based on 
ma t r ix  analysis using NASTRAN with the upgraded s tructural  model a r e  
closely correlated to the measured values using the field theodolite and to the 
values based on radio-observed measurements.  

When the 64-m antenna was reconfigured with the Tri-Cone R F  feed sys-  
tem in January 1970, a s  shown in figure I ,  the field measurements  were r e -  
made for the f i r s t  t ime since the antenna was placed into operation. An 
improved technique was used fo r  the theodolite measurements.  Figure 7 
shows the comparisons between the computed, using the improved model, and 
the field measured values. The sharp imaging of the contour levels outlines 
a r e  apparent. 



64-m STRUCTURE UP-GRADE 

With the availability of the 1/2-reflector model, it was possible to study a 
rearrangement of the connections between the reflector s t ructure and the ele- .t 

vation wheel assembly. The existing knee bars  shown dotted in  figure 8 were 
removed and replaced with new reaction bars  that, a t  f i r s t  glance, appear to 
destroy symmetry. However, the Dew reaction bars a r e  loaded only by the 
anti- symmetric force component a s  in the horizon look-gravity loading case.  
In the symmetric loading case ,  these bars  provide only balancing forces .  

The improvements for full loading of the antisymmetric gravity compo- 
nent resulted in a reduction distortion by a factor of 3. 5; the symmetric load- 
ing distortion also decreases  slightly (ref. 10). 

CONCLUSIONS 

I t  can be concluded that truss-type reflector s t ructures  can be precisely 
analyzed fo r  distortions resulting f rom gravity force,  and for wind forces and 
temperature loading i f  the forces and temperatures can be accurately described; 
this analysis can be performed by the NASTRAN structural  computing program 
within reasonable cost  and time, 

A separate dry-run program fa r  checking input data should be useful for 
1108 Exec 8 operation in reducing computer costs  since the cost  computing 
algorithm, a t  present ,  penalizes programs that occupy large amounts of work- 
ing core space. 
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APPENDIX 

PLANAR JOINT CHECKING ALGORITHM (STAIR) 

When the normalized direction vector for a bar i s  computed, the c ross -  
product with the vector of a second bar  a t  the same joint i f  equal to zero or  
close to it will signify a co-linear bar. A flag can be se t  at a node where two 
bars intersect.  The dot product of the vector of the next bar ,  a t  this node, 
with the existing cross-product i f  not equal to zero o r  close to it wil l  signify a 
node with three ba r s  not in a plane. Some margin above zero for  the products 
will be required for practical paral le l  tests.  Because direction vectors of 
constraints a r e  known, they should also be included i n  the checks. 



Table I. - NASTRAN 1/2-reflector analysis  data' 

Input c a r d  

GRID** 

GRID* 

CONROD 

CBAR 

CQDMEM 

CSHEAR 

CTRMEM 

Other data 

CPU- time/s.ec s 

~ ~ ~ ~ ~ ~ - t i r n e / s e c s  

I3egrees/l?reedom 

B a n d w i d t h 4  

Active column- C 

Active column-R 

CPU-time/secs 

* 
Number of loading conditions = 2 with GRAV and FORCE c a r d s  

computer  = 1108 Exec 8 
*< * = nodes with 3 degrees  of f reedom 

A = nodes with 6 degrees  of f reedom 

t = decomposition time 

Pin-jointed, 
number 

9 51 

---- 
3596 

-.--- 

CBARS and plates Ldded, 
number 

783 

163 

2516 

271 

172 

---- 

1200 

531 

, 28 53 

1 20 

38 

119 

1320 

52 

20 

2220 

1069 

3327 

97 

90 

96 

2195 



Figure 1. - Full view of 64-m antenna 



F i g u r e  2. - Unde rview under cons-truction 



Z DEFLECTIONS 
STAIR 

AT A, -11.475 mm 
(-0.45179 in. 1 

AT B, -11.476 mrn 
(-0.45182 in. 

C, SUPPORTING JOIN 

AT A, -11.47358 mm 
(-0.4517159 in. 

AT B, -11.47360 rnm 
(-0.4517166 in. 

NO. OF NODES = 651 
NO. OF CONRODS = 2224 

Figure 3 .  - Contour map of 1/4- syrnmetric deflection 
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Figure 4.- RMS vs elevation angle 



PLAN V I EW 

Figure  5.- Top view of 1/2-reflec'tor structure 
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HOOP B-B 

Figure 6.- Cross  section 



Figure  7. - 64-m antenna, tr icone configured, gravity loading distort ions a f t e r  
paraboloid best  fit;  zenith look-zero s e t  a t  45. elevation 
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L E X I S T I N G  KNEE BARS BACK V IEW 

HORIZON LOOK - SIDE VIEW A - A  

Figure 8. - 64-m revised back-up 



NASTRAN-GAP: AN INTEGRATED APPROACH TO THE 
I 

ANALYSIS OF RADIATION PATTERNS OF DISTORTED REFLECTORS 

By W i l l i a m  E, Cook 

Comun ica t i ons  S a t e l l i t e  Corpora t ion  

SUMMARY 

The COMSAT ~ e n e r a l  Antenna Package (GAP) ,  when used i n  con- 
j u n c t i o n  w i t h  t h e  NASTRAN S t r u c t u r a l  Ana lys i s  Program, p rov ide s  
t h e  c a p a b i l i t y  f o r  d i r e c t l y  de te rmin ing  t h e  e f f e c t s  of  s t r u c -  
t u r a l  d i s t o r t i o n s  on r e f l e c t i n g  antenna p a t t e r n s .  

An impor tan t  f e a t u r e  of t h e  GAP program is t h a t  t h e  d a t a  
format  f o r  c o o r d i n a t e  systems,  element d e f i n i t i o n s ,  g r i d  p o i n t  
l o c a t i o n s  and d i sp lacements  i s  i d e n t i c a l  t o  t h a t  of  t h e  NASTRAN 
program, t h e r e b y  e l i m i n a t i n g  t h e  n e c e s s i t y  f o r  d a t a  convers ion 
and minimizing t h e  ambiguity which often a r i s e s  i n  t h e  de sc r i p -  
t i o n  o f  a program i n  two d i s t i n c t  eng inee r i ng  d i s c i p l i n e s .  

The a n a l y s i s  p rocedures  i n  GAP are s p e c i f i c a l l y  des igned t o  
accommodate f i n i t e  e lement  d a t a  i n  a n  e f f i c i e n t  manner, In 
p a r t i c u l a r ,  a  d i sp lacement  f u n c t i o n  is  assumed f o r  each s u r f a c e  
e lement  which is complete ly  analogous t o  t h a t  used i n  t h e  f i n i t e  
e lement  d e r i v a t i o n .  

To demons t ra te  t h e  c a p a b i l i t i e s  of NASTRAN-GAP as an  
a n a l y s i s  tooL, t h e  r a d i a t i o n  p a t t e r n  from a p a r a b o l i c  r e f l e c t o r  
i s  c a l c u l a t e d  f o r  b o t h  g r a v i t y  and the rmal  l oads .  

INTRODUCTION 

The d i f f i c u l t i e s  o f  t r a n s f e r r i n g  i n fo rma t ion  between two 
d i s t i n c t  e n g i n e e r i n g  d i s c i p l i n e s  are r e a d i l y  appa ren t  when 
a t t emp t ing  t o  trace r a d i a t i o n  f i e l d s  through r e f l e c t i n g  an tennas  
whose d e f l e c t i o n s  a r e  determined b y  means o f  a  f i n i t e  element 
program. For  example, due t o  t h e  s i z e  and complexi ty  o f  t h e  
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d a t a  involved,  any convers ion  is prone t o  e r r o r s  and m i s i n t e r -  , 
p r e t a t i o n s .  But more impor t an t l y ,  t h e  t echn iques  commonly used 
i n  t r a c i n g  t h e  r a d i a t i o n  f i e l d  f a i l  t o  t a k e  advantage o f  t h e  
s p e c i a l  p r o p e r t i e s  of  f i n i t e  element o u t p u t  d a t a  (e-g.,  t h e  
s p e c i f i c a t i o n  of  g r i d  p o i n t  r o t a t i o n s  and t h e  c a p a b i l i t y  f o r  
hand l ing  f a c e t e d  s u r f a c e s ) .  A s  a consequence, such t echn iques  
r e q u i r e  the convers ion o f  f i n i t e  element data t o  a more trac- 
table form, w i t h  a r e s u l t i n g  l o s s  i n  accuracy.  

I n  o r d e r  t o  c r e a t e  .an e f f i c i e n t  g e n e r a l  purpose antenna anal -  
y s i s  c a p a b i l i t y ,  it was recognized t h a t  t h e s e  problems had t o  be 
overcome. There'fore, when work was begun on t h e  COMSAT Genera l  
Antenna Package i n  August 1970, t h e  NASTRAN d a t a  format  was 
adopted a s  t h e  medium of  communication between t h e  two programs. 

C a p a b i l i t i e s  o f  t h e  GAP program inc lude  c a l c u l a t i o n  of 
c u r r e n t s  on each r e f l e c t o r ,  t h e  r a d i a t i o n  f i e l d  at any p o i n t  i n  
t h e  system, and f a r - f i e l d  r a d i a t i o n  p a t t e r n s  and g a i n ,  a s ' w e l l  
a s  t h e  g e n e r a t i o n  o f  c o r r e c t i n g  s u b r e f l e c t o r s .  A broad  range 
of  u s e r  o p t i o n s  and convenience f e a t u r e s  i s  provided.  

The f i e l d s  i n  t h e  v i c i n i t y  of  t h e  r e f l e c t i n g  s u r f a c e s  are 
found by means of a r a y  t r a c e  procedure  i n  which t h e  second 
d e r i v a t i v e s  of  t h e  wavefront  are c a l c u l a t e d  f o r  each  ray .  w his 
in fo rmat ion  is used i n  de te rmin ing  b o t h  the  d ivergence  f a c t o r  
a s s o c i a t e d  w i t h  each r ay ,  and t h e  second d e r i v a t i v e s  of t h e  
phase  which a r e  r e q u i r e d  by  t h e  wavefront  i n t e g r a t i o n  scheme, a 
f a s t  and a c c u r a t e  t e chn ique  f o r  de te rmin ing  t h e  f a r - f i e l d  
p a t t e r n .  

PROGRAM CAPABILITIES 

The Genera l  Antenna Package p rov ide s  t h e  c a p a b i l i t y  f o r  
t r a c i n g  a  r a d i a t i o n  f i e l d  ( e i t h e r  t r a n s m i t t e d  o r  r e ce ived )  
through a r e f l e c t i n g  an tenna  system. I n  t h e  case of  t r ansmis -  
s i o n ,  t h e  f a r - f i e l d  r a d i a t i o n  p a t t e r n  may be determined,  a long 
w i t h  a s s o c i a t e d  measures of  antenna performance. U s e r  o p t i o n s  
i nc lude  t h e  c a l c u l a t i o n  o f  t h e  f i e l d  on a s p e c i f i e d  a p e r t u r e  
p l ane  and t h e  c u r r e n t  d i s t r i b u t i o n  o v e r  any r e f l e c t i n g  su r f ace .  
An a d d i t i o n a l  c a p a b i l i t y  i s  provided for t h e  c p n e r a t j o n  of  
c o r r e c t i n g  sub re f  l e c t o r s .  



The i n p u t  format  is des igned  f o r  maximum f l e x i b i l i t y  and 
convenience t o  t h e  user. For  example, up t o  twenty a r b i t r a r y  
c o o r d i n a t e  sys tems ( e i t h e r  r e c t a n g u l a r ,  c y l i n d r i c a l  o r  spher-  
ical) may be d e f i n e d  by  the u s e r  f o r  s p e c i f y i n g  r a d i a t i o n  f ie lds  
o r  r e f l e c t i n g  s u r f  aces .  

The d a t a  are d i v i d e d  i n t o  t h r e e  s e c t i o n s :  A Con t ro l  Deck, 
a Bulk D a t a  Deck and a Deformation ~ e c k .  Bulk Data c a r d s  de- 
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fining c o o r d i n a t e  systems,  g r i d  p o i n t s  and e lement  connec t ions  
are i d e n t i c a l  t o  t h o s e  i n  t h e  NASTRAN deck,  wh i l e  the Deforma- 
t i o n  Deck c o n s i s t s  o f  t h e  NASTRAN punched o u t p u t  d e f i n i n g  t h e  
g r i d  p o i n t  d i sp lacements ,  

Each r a d i a t i o n  field i n  t h e  v i c i n i t y  of  t h e  an tenna  is 
r e p r e s e n t e d  by a c o l l e c t i o n  of rays. There i s  no r e s t r i c t i o n  
on t h e  number o f  r a y s  d e f i n i n g  a r a d i a t i o n  f i e l d .  Each ray is 
d e f i n e d  by i ts  p o i n t  o f  o r i g i n ,  d i r e c t i o n ,  ampl i tude ,  a s s o c i a t e d  
a r e a ,  phase ,  cumula t ive  p a t h  l eng th ,  and t h e  second d e r i v a t i v e s  
o f  t h e  wavefront .  When p o l a r i z a t i o n  is cons ide red ,  t h e  f i e l d  
components i n  two mutua l ly  p e r p e n d i c u l a r  d i r e c t i o n s  are a l s o  
inc luded .  

Each r e f l e c t i n g  s u r f a c e  is  defined by s p e c i f y i n g  the co- 
e f f i c i e n t s  of a polynomial  equa t i on ,  of  which s e v e r a l  types 
are provided.  A l t e r n a t e l y ,  t h e  s u r f a c e  may be d e f i n e d  by an 
a r r a y  o f  g r i d  p o i n t s  connected by d i s c r e t e  t r i a n g u l a r  o r  quadr i -  
l a t e r a l  e l ements ,  each  o f  which cor responds  t o  a f i n i t e  e lement  
used i n  t h e  s t r u c t u r a l  a n a l y s i s .  The d e t a i l s  of t h i s  forrmula- 
t i o n  are d i s c u s s e d  i n  t h e  fo l l owing  s e c t i o n .  

~ i v e n  a d e s c r i p t i o n  of  t h e  r e f l e c t i n g  an tenna  system and 
t h e  r a d i a t i o n  f i e l d  at any p o i n t  i n  t h e  system, t h e  f i e l d  a t  
any subsequent  p o i n t  may be determined.  T h i s  p roce s s  i nvo lve s  
f i n d i n g ,  for each  r a y  i n  the f i e l d ,  i t s  p o i n t  o f  i n t e r s e c t i o n  
w i t h  t h e  succeeding s u r f a c e  and t h e n  upda t ing  t h e  ray o r i g i n ,  
p a t h  l e n g t h ,  ampl i tude  and a s s o c i a t e d  area accord ing ly .  (The 
la t te r  t w o  i t e m s  are f u n c t i o n s  of t h e  d ive rgence  f a c t o r ,  which 
is i n  t u r n  a f u n c t i o n  of bo th  t h e  d i s t a n c e  t r a v e l e d  and t h e  
wavefront  d e r i v a t i v e s  a t  t h e  p r ev ious  s u r f a c e . )  Now, knowing 
t h e  f i r s t  and second d e r i v a t i v e s  o f  b o t h  t h e  i n c i d e n t  wavefront  
and t h e  r e f l e c t i n g  s u r f a c e ,  t h e  cor responding  d e r i v a t i v e s  of t h e  
r e f l e c t e d  wavefront  may be found. These q u a n t i t i e s  de termine  
b o t h  t h e  d i r e c t i o n  o f  t h e  r e f l e c t e d  ray and the c u r v a t u r e  o f  t h e  
r e f l e c t e d  wavefront .  



A t  the  user's option, the  fa r - f i e ld  radia t ion  pa t t e rn  of a 
t ransmit t ing antenna may be found by in tegra t ion  over t he  aper- 
t u r e  f i e l d  o r  over t he  current  on t he  primary r e f l ec to r .  Several 
a l t e r n a t e  aperture plane in tegra t ion  schemes are  provided. The 
wavefront method involves a simple summation of the  e f f e c t s  of 
each ray i n  the aperture f i e ld .  The accuracy of t h i s  method 
r e l i e s  on t he  f a c t  t h a t  all f i r s t  and second der ivat ives  of t he  
wavef ront  (and hence the  phase) have been previously computed. 

Two addi t ional  methods are  avai lable f o r  determining the f a r  
f i e l d ;  t h e  f i r s t  is based on the  Fast  Fourier Transform and the 
second on a technique developed by Ludwig (reference 1). 

Calculated field and current  information may be output i n  
pr in ted  t abu la r  form, p lo t t ed  i n  contour form o r  as cu t s  through 
speci f ied  planes, o r  e l s e  s tored  on cards o r  disk  f o r  subsequent 
r e s t a r t .  

The pr inc ipa l  options avai lable  t o  t he  user  are summarized 
i n  the  following table: 
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DISCRETE ELEMENTS 

T h e  discrete e lement  f o rmu la t i on  is des igned  t o  accommodate 
deformed s u r f a c e s  ana lyzed  by f i n i t e  e l e m e n t  s t r u c t u r a l  a n a i y s i s  
programs ( s p e c i f  lcaP$y the NASTRAN program) , s u r f  a ce s  d e f i n e d  i n  
terms of measured data, and s u r f a c e s  composed o f  many segments,  
each r e p r e s e n t e d  by a s e p a r a t e  equa t ion .   his l a t te r  c a t e g o r y  
i n c l u d e s  the s p e c i a l  case o f  f a c e t e d  s u r f a c e s  composed o f  a l a r g i  
number of f l a t  p l a t e s .  

I n  t h e  discrete element approach, t h e  surface is d e f i n e d  by  
g i v i n g  t h e  l o c a t i o n s  o f  g r i d  p o i n t s  i n  a r b i t r a r y  coo rd ina t e  
systems, and by d e f i n i n g  t r i a n g u l a r  o r  r e c t a n g u l a r  s u r f a c e  ele- 
ments connec t ing  t h o s e  p o i n t s .  Each s u r f a c e  element is d e f i n e d  
by l i s t i n g  t h e  t h r e e  o r  f o u r  g r i d  p o i n t s  to which it is connected  
and by s e l e c t i n g  the equa t i on  d e f i n i n g  t h e  s u r f a c e  over  t h a t  
t r i a n g u l a r  o r  q u a d r i l a t e r a l  r eg ion .  

The r a y  t r a c e  p rocedure  f o r  s u r f a c e s  composed o f  d i s c r e t e  
e lements  d i f fers  from that f o r ,  smooth s u r f a c e s  i n  t h e  fo l lowing  
respects : 9 

L) Far each r a y  i n  t h e  field, a s e a r c h  is  made through 
the element  l ist t o  de te rmine  which element t h e  ray 
i n t e r s e c t s .  

Each e lement  p o i n t s  t o  an equa t i on  d e s c r i b i n g  the  
r e f l e c t i n g  surface over  the element. I n  t h e  
"undeformed" mode of a n a l y s i s ,  t h e  ray t r a c e  is 
performed i n  t h e  usual manner, u s i n g  the equa t i on  
a s s o c i a t e d  w i t h  t h e  i n t e r s e c t e d  element as t h e  
s u r f a c e  equa t ion .  I n  t h e  "deformed" mode, t h e  
g r i d  p o i n t  d i sp lacements  s p e c i f i e d  i n  the Deforma- 
t i o n  Deck are used to f i n d  a polynomial  approxi- 
mation t o  the deformed element s u r f a c e ,  

The mathemat ica l  detai ls  involved i n  f i n d i n g  t h e  i n t e r s e c t e d  
e lement  and i n  approximat ing t h e  deformed s u r f a c e  are shown be- 
low. Other a s p e c t s  of the ray t r a c e  have been d i s c u s s e d  b r i e f l y  
i n  the p rev ious  s e c t i o n  and are n o t  of  c o n c e r n  here. 

For  each  e lement  d e f i n i n g  t h e  r e f l e c t i n g  s u r f a c e ,  a n  "e le -  
ment" c o o r d i n a t e  system (x ,y ,z )  is de f ined ,  such t h a t  the f irst  
g r i d  p o i n t  lies a t  t he  o r i g i n ,  the second  lies a long  t h e  posi- 
t i v e  x a x i s ,  and t h e  t h i r d  lies i n  t h e  x-y plane .  



The e l e m e n t  c o o r d i n a t e  systems fo r  both t r i a n g u l a r  and 
q u a d r i l a t e r a l  e l e m e n t s  are shown i n  t h e  d iagram above. I n  t h e  
undeformed mode, t h e  o r i g i n a l  g r i d  p o i n t  l o c a t i o n s  are used;  i n  
t h e  deformed mode, the g r i d  p o i n t  l o c a t i o n s  are inc remen ted  by 
t h e  t r a n s l a t i o n s  p r e s c r i b e d  i n  t h e  Deformat ion  Deck. 

The i n c i d e n t  r a y  is t h e n  c o n v e r t e d  f r o m  t h e  basic system 
t o  t h e  e l emen t  sys tem,  and t h e  i n t e r s e c t i o n  of t h e  r a y  w i t h  t h e  
x-y p l a n e  i s  de termined.  T h i s  p o i n t  i s  deno ted  (xa, ya). It 
now remains  t o  d e t e r m i n e  whe the r  (xa, ya) l i e s  w i t h i n  t h e  
b o u n d a r i e s  o f  t h e  e l emen t ,  a s t r a i g h t - f o r w a r d  p r o c e s s  which w i l l  
n o t  be b e l a b o r e d  h e r e .  I f  t h e  ray d o e s  n o t  i n t e r s e c t  t h e  ele- 
ment,' t h e  n e x t  e l emen t  i n  t h e  l i s t  i s  s e l e c t e d  and t h e  p r o c e s s  
is r e p e a t e d .  

F o r  q u a d r i l a t e r a l  e l e m e n t s ,  one a d d i t i o n a l  step is  required. 
Each q u a d r i l a t e r a l  may be considered t o  c o n t a i n  t w o  t r i a n g u l a r  
r e g i o n s ,  bounded by  g r i d  p o i n t s  1 - 2 - 3 and 1 - 3 - 4. r e spec -  
t i v e l y .  The t r i a n g u l a r  r e g i o n  i n  which (xa,  ya) l i es  is treated 
as a  t r i a n g u l a r  e l e m e n t  i n  t h e  remainder  of t h e  a n a l y s i s .  

I n  t h e  deformed e l e m e n t  c o o r d i n a t e  system, t h e  deformed s u r -  
face is approximated  by t h e  polynomial  

N o t i c e  i n  e q u a t i o n  (1) t h a t  t h e  c o e f f i c i e n t s  o f  the  x 2 y  
and xy2 t e r m s  have b e e n  made equal. Some assumpt ion  of t h i s  
k i n d  was n e c e s s a r y ,  s i n c e  t h e  c o e f f i c i e n t s  are e v a l u a t e d  i n  
terms of n i n e  d i s p l a c e m e n t  components ( t h r e e  a t  e a c h  c o r n e r )  
and, hence ,  c a n n o t  exceed n i n e  i n  nuniber. I t  should be 



emphasized t h a t  an  expans ion  of this t y p e  was chosen q u i t e  a r b i -  
t r a r i l y .  and t h a t  al ternate  representations may well'yield 
more a c c u r a t e  r e s u l t s .  4 

The c o e f f i c i e n t s  may be evaluated i n  terms of  t h e  values 
of z ,  az/ax and az/ay a t  e a c h  corner p o i n t ,  which are o b t a i n e d  
by t r a n s f o r m i n g  t h e  undeformed s u r f a c e  e q u a t i o n  t o  t h e  deformed 
e l e m e n t  sys tem,  and adding i n  t h e  e f f e c t s  o f  t h e  g r i d  p o i n t  ro- 
t a t i o n s  i n  t h e  x-y p l a n e .  W e  d e f i n e ,  

where i i n d i c a t e s  t h e  g r i d  p o i n t  number as i n  t h e  d iagram above. 
~ o t i c e  t h a t  x, = yl = y2 ==- 0, because  o f  t h e  manner i n  which t h e  
e l e m e n t  c o o r d i n a t e  sys t em was d e f i n e d .  B y  d i f f e r e n t i a t i n g  
e q u a t i o n  (1) w i t h  r e s p e c t  t o  x and y, 

and by e v a l u a t i n g  e q u a t i o n s  (1) and ( 3 )  a t  each  c o r n e r  p o i n t ,  
t h e  f o l l o w i n g  v a l u e s  of t h e  c o e f f i c i e n t s  are o b t a i n e d :  



We now wish to approximate the surface equation at point 
( x )  To do so, we will need an expression for the second 
derivatives of the surface ;  hence, from equation ( 3 ) ,  

Now, a Taylor series expansion about the point (xaJya) 

gives,  

z f: za + (x - xa)zxa + (y - ~ a )  zya + 4 (x - xa) zxxa 
4 

+ (X - xa) (Y  - ya) zxya + % (Y - ya12 zyya (6) 

o r  expressed in an equivalent form: 

where, 



Now, e q u a t i o n  (7 )  approximates  t h e  deformed s u ~ f a c e  i n  t h e  
v i c i n i t y  o f  p o i n t  ( x ,  y,), which i s  t h e  p o i n t  where t h e  i n c i -  
d e n t  r a y  i n t e r s e c t s  the p l a n e  th rough  t h e  t h r e e  c o r n e r  p o i n t s  of 
t h e  e l emen t .  T h i s  e q u a t i o n  may be used  t o  d e t e r m i n e  t h e  p o i n t  
where t h e  r a y  s t r i k e s  t h e  deformed s u r f a c e  as w e l l  as t h e  prop- 
erties o f  t h e  r e f l e c t e d  r ay .  

The approx ima t ion  o f  e q u a t i o n  (1) b y  e q u a t i o n  (7 )  was 
o c c a s i o n e d  s o l e l y  by t h e  a v a i l a b i b l t y  o f  software for h a n d l i n g  
second o r d e r  polynomials .  More accurate r e s u l t s  would d o u b t l e s s  
be o b t a i n e d  b y  t h e  d i r e c t  s o l u t i o n  o f  e q u a t i o n  (1). 

EXAMPLE: PARABOLIC RJ3FLECTOR WITH DISTORTIONS 

This example d e m o n s t r a t e s  t h e  manner i n  which a d i s t o r t e d  
r e f l e c t i n g  s u r f a c e  is hand led  b y  t h e  ~ e n e r a l  Antenna Package 
when t h e  s u r f a c e  d e f o r m a t i o n s  are de te rmined  a n a l y t i c a l l y  b y  
NASTRAN, No a t t e m p t  h a s  been  made t o  compare t h e  r e s u l t s  w i t h  
t h e o r e t i c a l  o r  e x p e r i m e n t a l  d a t a .  A comparison between GAP 
r e s u l t s  and e x p e r i m e n t a l  measurements f o r  a n  a c t u a l  a n t e n n a  may 
be found i n  r e f e r e n c e  2 . 

In t h i s  example, w e  w i s h  to f i n d  t he  c h a r a c t e r i s t i c s  of a 
r a d i a t i o n  f iePd r e f l e c t e d  from a deformed p a r a b o l i c  r e f l e c t o r ,  
knowing t h e  s t r u c t u r a l  p r o p e r t i e s  of t h e  a n t e n n a  and t h e  n a t u r e  
of  t h e  a p p l i e d  l o a d .  W e  w i l l  examine two cases o f  p a r t i c u l a r  
i n t e r e s t :  d i s t o r t i o n s  due t o  a g r a v i t y  l o a d  on  t h e  s t r u c t u r e *  
and t h o s e  due  t o  a known t e m p e r a t u r e  d i s t r i b u t i o n .  



The f i n i t e  element model of the  r e f l e c to r  i s  shown on the 
following page: i n  t he  i n t e r e s t s  of s impl ic i ty ,  t he  support 
s t r uc tu r e  has not been modeled, and i s  represented only by the  
cons t ra in t s  a t  g r i d  points  40, 44 and 48. The d i rec t ion  of the  
g rav i ty  load is  a t  45' t o  the y a x i s ,  as shown on the  l e f t  of 
the diagram. Thermal d i s to r t i ons  are t o  be ca lcula ted  f o r  the  
simple temperature d i s t r i bu t i on  indicated on the  right-hand 
view; t h e  shaded port ion of t he  surface i s  20' F warmer than the  
non-shaded port ion,  

The NASTRAN input da ta  f o r  this problem are l i s t e d  below. 
A l l  g r i d  point  and element da ta  were generated by the  AXIS pro- 
gram .* The gravity load applied t o  the s t ruc tu r e  
i s  automatically ca lcula ted  by NASTRAN based on the  geometry 
and dens i ty  of t he  material ,  and on the  d i rec t ion  of the grav i ty  
vector. The TEMP Bulk Data cards d e f i n e  the  temperature d i s t r i -  
bution over the surface. An ambient temperature i s  assumed fo r  
a l l  g r i d  points  not specif ied.  

JC Cook, W. L., "Automated Input Data Preparation for NASTRAN, " 
NASA Goddard Report X-321-69-231, April ,  1969, 



D i r e c t i o n  sf 
Gravity Load 



NASTRAN Input Data 

NASTRAN BUFFSIZE#259 
I D  U S E R v P R O B l  
TIME; 6 
APP D I S P L A C E M E N T  
SOL 190 
L E N D  
T I T L E #  P A R A B O L I C  D I S H  

S P C # 2  
OUTPUT 

DISPLACEMENTZPRINT,PUNCHD#ALL 
SIIBCASE 1 

S U B T I T L E #  G R A V I T Y  LOAD 
LC!AD#I 

SUt lCASE 2 
S U t r T I T L E #  THEKCIAL LOAD 
T E M P Z L O A D n # 2  

B E G I N  BULK 
MAT 1 1231.00E 07 3.00E-011.00E-011.20E-05 
S P C l  2 1 2 3  40 44 48 
G K A V  1 0 1.0 0.0 0 -0 -1.0 
TEI-IPD 2 0.0 
T EI.1 P  2 8 20.0 9 20.0 10 20.0 
T E M P  2 11 20.0 12 20.0 20 20.0 
TEMP 2 2 1 20.0 22 20.0 23 20.0 
TEMP 2 2 4  20.0 3 2  20.0 33 2000 
TEMP 2 34 20.0 35 20.0 36 20.0 
TEMP 2 44 20.0 45 20.0 46 20.0 
TEMP 2 47 20.0 48 2000 49 20 • 0 
PQUAD2 1 123 OelOOO 
POUADZ 2 123 0.1000 
PQUADZ 3 123 0.1000 
PTK I A2 5 123 0.1000 
CORDZC 10 0 0.0 0.0 Om0 0.0 1.0 1.0 C222 
&222 1.0 0.0 0.0 
GRID 1 10 40.000 0.0 16.000 0 
G R I D  2 10 40.000 30eOOO 16.000 0 
G R I D  3 10 40.000 60.000 16.000 0 
G R I D  4 10 40.000 .90.000 16.000 0 
G R I D  5 10 40eOOO 120-000 16.000 0 
G R I D  6 10 40.000 150~000 16.000 0 
G R I D  7 10 &OeOOO 180.000 16.000 0 
G R I D  8 10 40.000 210.000 16.000 0 
G R I D  9 10 40.000 240.000 16.000 0 
G R I D  10 10 40.000 270.000 16.000 0 
GRID I1 10 40.000 300e000 16oOOO 0 
G R I D  12 10 40eOOO 330eOOO 16-000 0 
GRID 13 10 30.000 0.0 9.000 0 
G R I D  14 10 30.000 30.000 9.000 0 
G R I D  15 10 30.000 60oOOO 9.000 0 
G R I D  16 10 30.000 90o000 9.000 0 
GRID 17 10 30.000 120.000 9.000 0 
G R I D  18 10 30.000 150.000 9.000 0 
G R I D  19 10 30.000 180oOOO 9-000 0 
GRID 20 10 30~000 2100000 9.000 0 
GRID 21 10 30.000 240.000 90000 0 
G R I D  22 10 30-000 270*000 9.000 0 



G R I D  
GRIO 
G 8  I D 
G R I O  
G R I D  
GRID 
G R I D  
GRID 
G R l D  
G R I O  
G R I D  
G R I D  
G K I D  
G R I D  
G R I D  
G R I D  
G R I D  
G R I D  ' 

G R l D  
G R I D  
G R I O  
G R I D  
G R I D  
G R I D  
G R I O  
G R I D  
G R I D  
C Q U A D 2  
C U U A D 2  
C Q U A D 2  
C Q U A 0 2  
C Q U A D Z  
C Q U A D 2  
C Q U A D 2  
C Q U A U 2  
C Q U A D 2  
C Q U A D 2  
C Q U A D Z  
C Q U A D 2  
C Q U A D 2  
C O U A D 2  
C Q U A D 2  
C Q U A D 2  
C Q U A D 2  
C Q U A D 2  
C Q U A D 2  
C Q U A 0 2  
C Q U A D 2  
C Q U A U 2  
C Q U A D 2  
C Q U A D 2  
C Q U A D 2  
C Q U A D 2  
C Q U A D 2  
C Q U A D Z  
C Q U A D 2  
C Q U A D 2  
C Q U A 0 2  
c euno? 

.COUADZ 
C Q U A D 2  
C Q U A D Z  
C Q U A D 2  
C T K  I A 2  



C T R I A 2  
C T R I A 2  
C T R J A 2  
C T R I  A2 
C T K I A 2  
C T R I A Z  
C T R I A . 2  
C T R I A 2  
C T R I A 2  
CTR f A 2  
C T R I A Z  
ENDDATA 

Output  from t h e  NASTRAN program i n c l u d e s  a punched deck con- 
t a i n i n g  t h e  t h r e e  t r a n s l a t i o n s  and t h r e e  r o t a t i o n s  o f  each  g r i d  
p o i n t  i n  t h e  s t r u c t u r a l  model.  his deck  becomes t h e  Deformat ion  
Deck i n  t h e  GAP i n p u t  d a t a .  

I n  a d d i t i o n ,  a l l  Bulk Data  Cards c o n t a i n i n g  grid p o i n t ,  ele- 
ment and c o o r d i n a t e  sys t em i n f o r m a t i o n  may be i n c l u d e d  d i r e c t l y  
. i n  t h e  GAP B u l k  Data  Deck. 

Both t y p e s  o f  d a t a  are i n c l u d e d  i n  t h e  GAP i n p u t  l i s t i n g  
below, which is  f o r  t h e  t h e r m a l  c a s e  o n l y .  A d d i t i o n a l  informa- 
t i o n  r e q u i r e d  by GAP i n c l u d e s  t h e  s p e c i f i c a t i o n  o f  a f e e d  f i e l d  
(see t h e  TABLE c a r d  i n  t h e  Bulk Data  ~ e c k )  and t h e  e q u a t i o n  of 
t h e  undeformed s u r f a c e  -- i n  t h i s  c a s e ,  a p a r a b o l a  o f  t h e  form, 

The c o e f f i c i e n t s  o f  t h i s  e q u a t i o n  are d e f i n e d  on t h e  EQN 
c a r d  i n  t h e  Bulk Da ta  Deck. 

The "deformed" mode of  a n a l y s i s  h a s  been  s e l e c t e d ,  i n d i -  
c a t i n g  t h a t  t h e  g r i d  p o i n t  d i s p l a c e m e n t s  i n  t h e  Deformation Deck 
a r e  t o  be used  t o  modify t h e  s u r f a c e  e q u a t i o n  o v e r  e a c h  e lement .  
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G R l O  
G R I D  
G R l D  
G K I D  
G K I D  
G R I D  
G K l  U 
G R I D  
G R I D  
G R l D  
C Q U A 0 2  
CQUA D 2  
C Q U A D 2  
C Q U A 0 2  
C QUAD2 
C Q U A 0 2  
C QUAD2 
C Q U A 0 2  
C QUAD2 
COUA U 2  
C Q U A D 2  
C O U A D 2  
C QUAD2 
CQUAUZ 
C Q U A 0 2  
C U U A U Z  
C LJUAD2 
CWUAUZ 
C U U A U 2  
CUUA U 2  
C QUAD2 
CQUADZ 
C Q U A 0 2  
COUA U Z  
C OUAUZ 
C Q U A U 2  
C QUAD2 
C U U A U 2  
CQUADE 
CQUADZ 
C QUAD2 
CQUA 0 2  
C Q U A 0 2  
C Q U A D 2  
C Q U A 0 2  
C Q U A U 2  
C T R I U 2  
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C T R I A 2  
C T K I A 2  
C T R l A 2  
C T R I A 2  
T A B L E  1 
& 0.0 
C 0.0 
& 0.0 
& 0 .o 
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a r v  I - 
41 

-CUNT-  
42 

-CUNT-  
43 

-CLINT- 
44 

-CONS- 
45 

-CLINT- 
46 

-CLINT- 
47 

-CLINT- 
48 

-6UNT- 
49  

-CLINT- 
END 



Contour plots of power (in decibels) in the far field are 
included below; the first for thermal distortions and the second 
for deformations due to gravity. A similar plot for an undeformed 
parabola would show rings of concentric c i r c l e s .  A 
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ANALYSIS OF A HOT ELENON STRUCTURE 

By H. W. Bergnann 
North American Rockwell Space Division 

and 

James C. Robinson and Howard M. Adelmacn 
NASA Langley Research Center 

SUMMARY 

The analysis of hot structures by the  f i n i t e  element method poses the  
problem of adequate s t ruc tura l  modeling within the  scope of exis t ing computer 
programs f o r  severe thermal gradients and a l so  modeling provisions for thermal 
expansion. The paper describes an approach t o  the  modeling and the subsequent 
analysis of a hot elevon t e s t  a r t i c l e .  Solutions were obtained by the  ASKA 
and the  NASTRAN programs t o  evaluate some of t h e i r  performance character is t ics .  

The thermal environment of the  Space Shutt le missions requires the  design 
of major s t ruc tura l  components e i ther  as  thermally protected structures or  a s  
hot structures.  From a ser ies  of t rade and f e a s i b i l i t y  studies a t  the  North 
American Rockwell Space Division, a par t icular  design concept f o r  a hot 
s t ructure  has evolved with suff ic ient  potent ia l  t o  warrant i t s  validation 
within the  Space Shut t le  Phase B Structural  Test Program. For t e s t  purposes, 
the  design concept has been applied t o  a section of the  orb i te r  elevon. 

In order t o  determine potent ia l  weaknesses of the  design concept p r io r  
t o  the  t e s t ,  the  s t ruc tura l  response of the  t e s t  a r t i c l e  t o  mechanical and 
thermal loads was analyzed by the  f i n i t e  element displacement method. For 
comparison of performance character is t ics  of computer programs, solutions 
were obtained f o r  essen t ia l ly  similar s t ruc tura l  models wfth approximately- the  
same number of degrees of freedom by both the  ASKA program ( re f .  1) operated 
on an IBM 360185 and by the  NASTRIlFT program (ref .  2 )  operated on a CDC 6600. 

HOT E W O N  STRUCTURE: 

Test Art ic le  
'- < 

The t e s t  a r t i c l e  i s  200 cm wide and 225 cm long and var ies  i n  depth 
l inear ly  from 90 cm a t  the  front t o  50 cm a t  the  rear .  The overall  configura- 
t ion  of the  t e s t  a r t i c l e  i s  shown i n  f igure  1. 

Preceding page blank 
- - - -. - - . . - - . - - - A - - -- - - - . - 



I 

The structure consists basically of three ribs, a front and a rear spar, 
and sandwich-type top and bottom cover panels. The spars and r i b s  have 
corrugated webs and welded-on caps. The cover panels are  connected t o  the 
spar and r i b  caps by riveting one flange of a Z-section t o  the edge of the 
inside face sheet, and the other flange of the 2-section t o  the r i b  or spar 
cap. The outside face sheet bears against, but i s  not fastened to, the caps. 
Details of t h i s  connection are included i n  figure 2. 

The bending s t i f fness  of the elevon i s  developed primarily by the r i b  
and spar caps which are spliced a t  the i r  intersections. Torsional st iffness 
i s  provided largely by the box-beam action of the r i b  and spar webs and the 
inside face sheets of the cover panels. The continuous connection t o  the caps 
and the stiffening effect of the core promote f u l l  u t i l iza t ion  of the shear 
s t i f fness  of the inside face sheets. 

The r ibs  and spars and a l l  Z-sections are  made of ~ e n 6  41. The sandwich 
panel at the top as the elevon i s  mounted on the wing has 6~1-4V t i t a n i u m  face 
sheets and 3A1-2.5V titanium core. The bottom sandwich panel or hot surface 
consists of ~ e n 6  41 face sheets and Inconel 625 core. 

The external supports of the structure are provided $hrough f i t t i n g s  a t  
the top and bottom cap of the center rib,  and through a support at the rear 
of the center r i b  t o  prevent sidemay. 

The design concept reduces thermal stresses by holding temperature 
differences i n  adjacent par ts  of the structure t o  a minimum and by allowing 
unconstrained thermal deformations where temperature differences cannot be 
avoided. The thin outside face sheets, i n  particular, experience more severe 
thermal s t rains  than the adjacent r i b  caps, but w i l l  deform more or l e s s  
f reely by vir tue of the i r  f loat ing attachment and by the presence of the 
expansion s lo ts  indicated in  figure 1. 

Thermal s t rain compatibility between the inside face sheets of the panels 
and the more massive r i b  and spar caps i s  approached by spreading out the 
material i n  the cap configuration and by choosing the core depth such that the 
cap and inside face sheet temperatures increase a t  comparable rates. The fac t  
that the cap temperatures rise slowly because of the heat sink property of the 
caps, and that  the inside face sheet temperatures tend t o  lag because of the 
shielding effect of the outside face sheet, i s  of prime importance since the 
most severe temperature differences occur when the temperatures i n  caps and 
face sheets are s t i l l  low, and the allowable s t ress  levels accordingly high. 
The f lex ib i l i ty  of the 2-sections adds t o  the re l ie f  of the thernal stresses 
i n  the face sheets. Thermal stresses i n  r i b  and spar webs are alleviated by 
the use of corrugations. 

Analytical Model 

The modeling of the structure was guided by the need t o  depict adequately 
the c r i t i c a l  aspects of the design concept w i t h  a reasonable expenditure of 
time and effor t .  Accordingly, the hot Red side of the structure was modeled 



i n  considerable d e t a i l  t o  investigate, i n  par t icular ,  the  thermal-stress- 
re l ieving e f fec t  of t he  expansion s lots ,  the  attachment of the  sandwich panels 
t o  the  r i b  and spar caps, the flexing of the 2-sections, and the  i n t e r w t i o n  
between the  Z-sections and the  caps. The similarly constructed but much cooler 
titanium side, and t he  corrugated r ib and spar webs, were conceived a s  support 
s t ructures  f o r  the  hot side. Their ideal izat ion w a s  attempted i n  re la t ive ly  
coarse form a s  a se r ies  of membrane pla tes  with flange members along t h e i r  
edges t o  represent t he  lumped rib and spar caps. t 

1 

Figure 2 shows typ ica l  cross sections of the  actual  strmcture and f igure  3, 
the  idealized counterparts. Following standard practices,  the face sheets of 
the  sandwich panel were represented by quadri la tera l  membrane elements. The 
modeling of the  core, lumped in to  a se r ies  of p la tes  of equivalent thickness, 
as well  a s  that of the  corrugated webs, poses a more i n t r i c a t e  problem. The 
individual elements must be capable of assuming curved shapes, such as  t ha t  
associated with pure bending, without exhibiting normal or shear s t resses .  
This requirement precludes the use of quadrilateral, membrane elements composed 
of constant- s t r a in  t r iangles ,  and, hence, quadri la tera l  membrane elements with 
l inear  s t r e s s  f i e l d s  were used i n  ASK, and rods and quadri la tera l  shear panels 
i n  NASTIIAN. The bending s t i f fness  of the  idealized corrugated webs i s  simu- 
la ted  by suppressing t h e  cap rota t ions  about the intersect ions  of -caps m d  
webs. I n  the  modeling of the stmrctura, no d i rec t  advantage of symmetry was 
taken. For simplification, however, the  model was extended over only one of 
t he  two bays of the  structure, but the complete center r i b  was included. For 
the  analf l ical  studies and the  ideal izat ion shown i n  f igure  3, the  hot surface 
i s  t h e  upper surface. 

Boundary Conditions 

The external  supports of the  s t ructure  require that ,  a t  the  front end of 
the  center r ib ,  those t rans la t iona l  degrees of the r i b  caps which do not 
i n t e r f e r e  with free thermal expansion, be suppressed. Therefore, the  upper 
cap i n  figure 1 i s  constrained against t ransla t ion i n  a l l  three directions 
and the  lower cap i s  constrained against displacement i n  the  plane normal t o  
the  s t i f f ene r  connecting the  upper and lower caps. A t  t he  rear  end of the  
center spar, only the  t ransla t ion normal t o  the  web i s  constrained t o  avoid 
sidesway under load. 

Loading Conditions 

out 
sub j 

The loading conditions a re  thermal and mechanical and were applied with- 
change of the boundary conditions. In loading case I, the  model was 
ec t ed  t o  the  temperature f i e l d  indicated i n  f igure  3. The cross section 

show i s  typ ica l  f o r  both the  transverse and longitudinal direction. In  
loading case 2, t he  outside face sheet temperature of the  panel was raised 
222 K r e l a t i ve  t o  the rest of the  structure.  Loading case 3 simulated a 
uniformly dis t r ibuted pressure load on the  panel. In  loading case 4, a single 
concentrated load was applied at  the  rear  end of t he  center r ib ;  and i n  loading 



case 5,  a tors ional  moment was applied through two concentrated forces acting 
a t  the  front and rear  end of the  outside r ib .  

The analysis was directed primarily a t  the  response of the  s t ructure  
under loading condition 1. For economic reasons, the  material  properties 
were adjusted t o  these temperatures and maintained f o r  a l l  other loading 
conditions. 

ANALYSIS BY TfE ASKA PROGRAM 

The analyticaJ. model consisted of (1) a sandwich panel with a s lo t ted  
outside face sheet, (2 )  a frame combining the  2-sections and the  r i b  and spar 
caps, and ( 3 )  a box assembly representing the  r i b  and spar webs and the  bottom 
side of the  structure. The three  par t s  were analyzed separately as substmc- 
tu res  and subsequently reassembled a s  a hyper structure. 

F in i t e  Element Model 

Sandwich panel.- For the representation of both the  face sheets and the  
lumped core, quadri la tera l  membrane elements with l inear  s t r a in  f i e l d s  were 
chosen. The fineness of t he  nodal point grid was largely dictated by the  
aspect r a t i o  l imita t ion of the orthotropic core elements which retained good 
accuracy up t o  an element length-width r a t i o  of 8. Pertinent de t a i l s  and a 
CRT p lo t  of the  modeled sandwich panel are  shown i n  figure 4. 

Frame assembly.- The frame assembly was modeled by t r iangular  p l a t e  
bending elements with cubic displacement f i e l d s  fo r  bending, and l inear  dis- 
placement f i e l d s  fo r  membrane deformations. The elements account for  tempera- 
t u r e  differences through t h e i r  thickness. In  accordance with figure 3 ,  only 
a portion of the  caps was modeled as  a plate, and the  other portion lumped 
in to  a se t  of flange elements. The Z-section was simplified i n to  an angle 
which i s  r ig id ly  connected t o  the bottom of the  cap. Figure 5 contains a CRT 
plo t  and other de t a i l s  of the modeled frame assembly. 

Box assembly.- In  close analogy t o  the  sandwich core representation, the  
modeling of the corrugated r i b  and spar webs requires elements which can 
accommodate the extensional f l e x i b i l i t y  of such structures. Because of their 
taper and the  varying temperature between the  top and bottom caps, the model- 
ing of the corrugated webs leads t o  additional problems which a r e  most readily 
overcome by the  use of l inear-s t ra in  type quadrilaterals w i t h  orthotropic 
properties. These elements accept linear temperature var ia t ions  'between 
corner points m d  probably give reasonable accuracy even with re la t ive ly  few 
nodal points, A l l  of the r i b  and spar caps at t he  bottom side, including 
the  Z-sections, were lumped in to  flange elements. By the nature of the  attach- 
ment of the  bottom sandwich panel, the ins ide face sheet a s  the  major load- 
carrying component of the  bottom panel, i s  represented by quadri la tera l  
membrane elements. A CRT plo t  of the box assembly i s  shown i n  figure 6. 



Hyperstructure. - In the  subsequent joining process, the  webs of t he  box 
were connected t o  the frame along t h e  center l i n e  of the  r i b  and spar caps, 
and the bottom face sheet of the  sandwich panel t o  the  horizontal leg  of the 
frame angles. In both instances, membrane elements are t i e d  t o  p la te  glements 
by declming only the  t ransla t ions  a s  common degrees of freedom, The top face 
sheet i s  not connected t o  the  r i b  and spar caps. The s t ruc tura l  s t i f fness  
matrix of the  hyperstructure i s  of order 360 and almost f u l l y  populated. 

', 
Results 

A l l  ASKA computations were performed on the  North American Rockwell Space 
Division' s IBM ~60/85  system i n  double-precision arithmetic. The maximum core 
requirement did not exceed 296,000 bytes. 

Preceding the analysis of the composite model, a se r ies  of t e s t  runs was 
performed f o r  the  saadwich p la te  substructure t o  assess some of i t s  
characteristics. 

In run 1, a temgerature difference of 222 K between the  face sheets of 
a nonslotted panel w a s  imposed i n  t he  absence of any boundary constraints. 
The center deflection of the  panel as  determined by ASKA was 7.70 cm, which 
compares well with the  value from the  exact solution of 7.73 cm. Virtual13 
no normal o r  shear s t resses  occurred i n  any of the  elements. The solution 
involved a s t i f fnes s  matrix of order 1,150 with semibandwidth of 129, and 
required a t o t a l  of 155 CP seconds. I n  run 2, the analysis was repeated a f t e r  
providing knife-edge supports along the  four edges of t he  panel. Even though 
the order of the s t i f fness  matrix was reduced t o  1,094, the  solution required 
164 CP seconds. Run 3 was performed a f t e r  s l o t t i ng  the  outside face sheet 
of t he  paael as indicated i n  f igure  1. The addit ional nodal points were 
del iberate ly  numbered such tha t  the  semibandwidth of the  resul t ing s t i f fness  
matrix of order 1,292 increased t o  1,205. The CP time for  th is  case increased 
t o  288 CP seconds. I n  run 4, f inal ly ,  the semibandwidth was reduced t o  174 
through an in te rna l  renumbering routine and the  solution obtained i n  
210 CP seconds. 

The solution of the  composite model was performed with r e s t a r t  provisions 
a f t e r  the  reduction of each of the  substructures. The complete solution, 
including s t r e s s  printout f o r  a l l  loading conditions, was obtained i n  1,185 CP 
seconds. Figure 7 shows a sumnary of the  CP requirements fo r  the major 
processor steps. 

The accuracy of the  solution w a s  t es ted  against external equilibrium 
checks f o r  loading conditions 4 and 3. I n  loading condition 4, the  horizontal  
reactions a t  the  f ront  end of the  center r i b  were found t o  deviate from the  
values required f o r  equilibrium by 2.7 percent. I n  loading condition 5,  the  
horizontal. reactions were calculated with 0.9 percent deviation and t he  shear 
reaction w i t h  0.2 percent deviation. 

Figure 8 shows typ ica l  deflections of the analyt ical  modelxnder loading 
conditions 4 and 5,  and the deflections calculated for  the  sandwich plate f o r  



, loading condition 2 are  depicted in  figure 9. The numbers i n  parentheses were 
obtained from NASTRAN; the resul ts  obtained from ASKA w i l l  be compared t o  the 
resul ts  obtained from NASTRAN i n  a subsequent section. 

ANALYSIS BY N A S W  

Fin i te  Element Representation 

!The f i n i t e  element representation used i n  the NASTRAN analysis i s  based 
on that  of the ASKA analysis. Substructuring capability was. not available 
fn  NASTRAN; consequently, the complete structure was analyzed i n  a single 
pass. However, for  purposes of comparison with the ASKA model, the NASTRAN 
idealization of each of the three components w i l l  be discussed separately. 

Sandwich anel - The model of the sandwich panel i s  similar t o  that of 
figure T--!- The grld spacing i s  exactly twice as f ine  as  that  of figure 4 
because the ASKA element i s  a l inear s t ra in  element, whereas the NASTRAN 
element i s  a constant s t ra in  element, which requires a f iner  grid fo r  compara- 
ble  accuracy. The face sheets are  represented by constant s t ra in  quadrilateral 
membrane elements,and the core i s  represented by quadrilateral shear eleslents 
and rod elements. The l a t t e r  elements provided the st i f fness  against ver t ica l  
deformation of the core. The representation consists of 352 membrane elements, 
426 shear elements, and 258 rod elements. 

Frame assembly.- The frame assembly i s  modeled by triangular p la te  
elements having both flexural and membrane stiffness, and by rod elements. 
This representation i s  identical t o  that  used i n  the ASKA model ( f ig .  5 ) .  
The plate  element ( C T R X A ~ )  has first-order polynomials for  the in-plane 
components of displacement and a third-order polynomial for  the normal ccnnpo- 
nent. Temperature differences through the element are  not accounted for. 
The frame representation contains 548 plate  elements and 33 rod elements. 

Box assembly. - The webs of the box assem'bly are  modeled by a combination 
of shear elements fo r  the ver t ica l  shear members and rod elements fo r  the 
remaining ver t ica l  members. This representation consists of 38 shear elements 
and 38 rod elements. The bottom surf ace of the box assembly i s  modeled by 
60 quadrilateral membrane elements and 33 rod elements. 

Hyperstructure.- The components are  joined by assigning the same g r i d  
point  number t o  points which are attached. Boundary conditions are specified 
by use of single point constraints. After application of the constraints, 
the number of degrees of freedom i n  the s t ructural  model was 3179. 

A l l  NASTRAN computations were performed on the LangLey Research Center 
CDC 6600 -computing system using a core allocation of 49152 (140,000 octal)  
60-bit words. Two versions of NASTRAN were used. Level 12.1.0 i s  campletely 



i n  double precision and level 11.1.2, a nonstandard O C  6600 version, uses 
single precision a s i t h e t i c ,  except i n  the s t  i f  fness m t r i x  generation, where 
double precision i s  used. 

d 

A t e s t  run, similar t o  run 1 described En the ASKA discussion, was made 
with NASTRAN for a temperature difference of 222 K across the unslotted. sand- 
wich panel. The center deflection obtained by NASTRAN was 7.87 cm. This 
compared well with the prediction by ASKA of 7.70 cm and the exact solution of 
7.73 an. The f i n i t e  element model had 1234 degxees of freedom and the solu- ; 
t ion  required 360 central  processor ( )  seconds using level  11.1.2 and 
440 CP seconds using level 12.1.0. 

The solution of the complete elevon model was performed in  one pass. The 
resu l t s  fo r  the reaction forces were checked by a simple s t a t i c  force balance 
on a desk calculator and were correct t o  at leas t  f ive  significant figures. 
Some resu l t s  of the W T R A N  analysis are  shown ( i n  parentheses) along with the 
ASKA resu l t s  i n  figures 8 and 9. 

Some deformations of the elevon f o r  load case 5 shown i n  figure 8(b) 
a p e e  reasonably well with the ASKA resu l t s  at  the r i b  and spar intersections, 
but appear t o  d i f fe r  appreciably a t  the ends of the  ribs. The deformations of 
the upper surface of the sandwich panel fo r  load case 2 are  shown i n  figure 9. 
In t h i s  case, the difference between the ASKA and NASTRAN resul ts  a t  the point 
of maximum deformation i s  about 12 percent. The reasons for the difference 
between the two solutions had not been determined a t  the time of publication 
of this paper, but it i s  f e l t  that  some difference existed i n  the models as 
a resu l t  of converting the input data from ASU t o  N A S T W .  

The t o t a l  computer central  processor time required fo r  the analysis of 
the complete elevon structure using N A S T M  level  11.1.2 was 2,276 seconds. 
The time required f o r  each of the major steps i s  shown i n  figure LO. The 
t o t a l  time of 1868 CP seconds (exclusive of the 408 seconds required for  
plot t ing)  i s  roughly half again as much as  the 1185 seconds required for  the 
ASKA solution, .The two analyses were run on different computers, which 
certainly has some influence on a direct time comparison. However, it appears 
that  fo r  the problem studied herein, ASKA was appreciably faster ,  perhaps 
because of i t s  substructuring capability. It i s ,  therefore, f e l t  that t h i s  
capability would be a desirable addition t o  NASTRAN. 

A s t a t i c  analysis was performed by both the ASKA computer program and 
N A S T M  t o  determine the deformation of a space shut t le  hot elevon t e s t  a r t i c l e  
under thermal and mechanical loads. Detailed comparisons were made between 
running times of the two programs and also between resu l t s  predicted by the  
two programs. 

In  general, the  resu l t s  from the two programs are i n  reasonably good 
agreement (with differences on the order of 12 percent), although some greater 



discrepancies were noted. A t  publication time, the reasons fo r  the differ- 
ences have not been ascertained. It i s  f e l t ,  however, that  small undetected 
errors may have accrued i n  the process of converting the input data from the 
ASKA format t o  that  of NASTRAN. 

The resul ts  of t h i s  study suggest that  the substructuring capability of 
ASKA i s  helpful i n  reducing run time which jus t i f ies  the current NASA plans 
t o  include t h i s  capability i n  NMTRAN. 
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Figure 1.- Test article for hot elevon structure. 





P l a t e  E l e m e n t s  a M e m b r a n e  E l e m e n t s  I 

I , F l a n g e  E l e m e n t s  

Figure 3.- Analytical model at section A-A. 
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F igure  4 . -  Characteristics of substructure 1 - Sandwich Panel. 
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Figure 6.- Characteristics of substructure 3 - Box Assembly. 
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Figure 7.- Computation time for major processor steps for ASKA. 
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(a) Loading condition 4. 

z = -G, J r crn 

(-0.66 cm) z = - -u. uu c m  - c- - = 2.00 c m  
z = 1.90 c m  (2.22 cm) 

(1.97 cm) 

(b) Loading condition 5. 

(1.22 cm) 

Figure 8 . -  Calculated d e f l e c t i o n s  obtained from ASKA and NASTRAN. 
Quan t i t i e s  i n  paren theses  were obtained from NASTRAN. 



Loading condi t ion  2 

Figure 9.- Normal (Z) displacements of slotted sandwich panel calculated from 
ASKA and NASTRAN for loading condition 2. Displ.acements are in centimeters. 
Quantities in parentheses were obtained from NASTRAN. 



Figure 10.- Computation time for major processor steps for NASTRAN. 

1 
PROCESSOR STEP 

CP TIME (SEC) 

LEVEL 11.1.2 

1 

SEMI 

i 

NASTRAN PREFACE 117 
7' 

UNDEFOIIMED STRUCTURE PLOT 51 

30 

481 

50 

623 

TAI 

SMA 

SCEI 

RBMG 

TABLE ASSEMBLER 

STRUCTURAL MATRIX ASSEMBLER 

CONSTRAINT ELIMINATOR 

DECOMPOSITION 

SSG 1 
I 

SSG3 

SDRl 

SDR2 

PLOT 

LOAD MATRIX 

DISPLACEMENTS (INDEPENDENT) 
4 

DISPLACEMENTS (DEPENDENT) 

ELEMENTAL STRESSES 

DEFORMED STRUCTURE PLOT 

153 

180 

34 

135 

357 



NASTRAN MODELING STUDIES IN THE 

NORMAL-MODE METHOD AND NORMAL-MODE SYNTHESIS 

By Roy Leon Courtney 

NASA Goddard Space Flight Center 

\ 
SUMMARY 

The results of finite-element and analytic solutions of the normal modes of a uniform beam under 
various end conditions are compared. The normal modes of a single component are synthesized to 
represent different single-component and multi-component structures. The results are compared for 
accuracy with the analytic structural solutions. Guidelines for finite-element structural modeling are 
developed which determine the minimum number of elements required to obtain specified levels of 
accuracy in normal-mode analysis and synthesis. The finite-element modeling studies are implemented 
on NASA's NASTRAN structural analysis computer program. Modeling techniques that represent a 
part of a structure by its normal modes in a computer structural analysis are presented. 

INTRODUCTION 

Problem Statement 

The normal-mode method of structural analysis has been developed into a powerful tool in the 
analysis of large and complex aerospace structures. The value of this method lies in the fact that the 
simultaneous differential equations of motion which describe the linear dynamic characteristic of a 
structure are decoupled into independent differential equations when the displacements are expressed 
in terms of the normal modes. A normal or natural mode of vibration occurs when each point in the 
structure executes harmonic motion about a point of static equilibrium, with every point passing 
through its equilibrium position at the same instant and reaching its maximum displacement at the 
same instant. The form of the displacement of a structure is known as the normal-mode shape, and 
the frequency of the harmonic motion is known as the normal-mode frequency. Additionally, normal- 
mode shapes and frequencies are used to compute the modal properties of generalized mass, stiffness, 
and structural damping associated with the modes. NASA has prepared a general review and useful 



bibliography of normal-mode analysis (Reference 1 ). Application of this method of analysis to  space 
vehicles and a bibliography of both analytical and applied references are presented in References 2, 3, 
and 4. 

There are basically two numerical methods of approach to  the problem of determining the nor- 
mal modes of structural systems: An exact problem formulation solved approximately and an approx- 
imate formulation solved exactly. For certain simple systems the exact solution for normal modes can 
be obtained by analytical methods. For complex structures, an approximate model of the problem 
defined by finite elements can be solved for an exact solution by using digital computers. 

The technique of normal-mode synthesis is a process whereby the dynamic characteristics of the 
several components of the system are calculated separately and then brought together to  evaluate the 
dynamic characteristics of the entire system, thereby increasing computer efficiency. Another major 
advantage of the normal-mode-synthesis technique is that the modal data may come from such diverse 
sources as analytic solutions, finite-element analyses, and vibration tests designed to determine normal 
modes. Thus, one structural analysis using modal synthesis can incorporate the representation of indi- 
vidual substructures analyzed by completely different techniques by separate engineering groups that 
may never have conferred about the complete structure. 

The concept of modal synthesis is founded on the principle that a substructure is completely (or 
adequately) represented by its primary modes; if this is true, then the connections of these substruc- 
tures at their interfaces can be described in terns of the modal quantities of the components. A set of 
equations can be written with coordinates in terms of normal-mode shapes and modal factors of the 
components. Solving these equations for the amplitude factors and multiplying by the component 
modes yields system modes. 

Several investigators have developed complete methods of analysis by substructures; these meth- 
ods incorporate the concept of normal-mode synthesis. Gladwell (Reference 5) developed the branch 
mode method of vibration analysis, which involves the imposition of a sequence of constraints on the 
system so that in each constrained system or branch only a few adjoining components vibrate in 
modes, called branch modes, These branch modes and appropriate rigid-body modes are used in a 
Rayleigh-Ritz analysis of the complete system. Craig and Bampton (Reference 6 )  extended the branch 
mode method to systems having highly redundant substructure boundaries. 

Wurty (References 7 and 8) presented the method of component-mode synthesis in which the vi- 
bration modes of the composite structure are synthesized from generalized coordinates that are defined 
by a finite number of displacement modes for each component structure. These displacement modes 
are generated in three categories: Rigid-body, "constraint" modes, and "normal" modes. 

MacNeal (Reference 9) devised a general solution to  the problem of representing a part of a struc- 
ture by its vibration modes when some or all of its connection points to  the rest of the structure are 
restrained during measurement or calculation of substructure modes. This procedure is incorporated 
in the present study. 

In this report the basis of normal-mode analysis and normal-mode synthesis is presented and mod- 
eling studies using finite elements and modal synthesis for structural problems are evolved, performed 



on NASTRAN* (Reference 1 O), and compared to known analytic solutions for accuracy. The purpose 
of these studies is threefold : 

4 

(1) To compare the results of the normal-mode solutions of structural problems analyzed by , 

finite-element and other methods for accuracy. 

(2) To develop guidelines for efficient finite-element modeling so that required accuracies will 
result from the analysis. 

! 

\ 

(3) To investigate modeling techniques in representing a part of a structure by its normal modes 
as implemented on a structural-analysis computer program. 

METHOD OF ANALYSIS 

Normal-Mode Analysis 

In the normal-mode or modal method of dynamic problem formulation, the vibration modes of 
the structure in a selected frequency range are used as.the degrees of freedom. Thus the number of 
degrees of freedom is reduced while the accuracy in the selected frequency range is maintained. In the 
direct method, the degrees of freedom are simply the displacements at connection points between 
substructures. 

The advantage of the normal-mode method lies in the fact that the differential equations of mo- 
tion of the structure are decoupled when the displacements are expressed in terms of the normal 
modes. Thus, a structure with n degrees of freedom may be expressed by n independent differential 
equations rather than by a system of n simultaneous differential equations. 

The modal method of dynamic problem formulation is important in maximization of computa- 
tional efficiency in certain types of problems. This method will usually be more efficient in problems 
where a small fraction of the modes are sufficient to produce the desired accuracy in the range of in- 
terest and where the stiffness matrix used in the direct method is not well banded. For problems with- 
out dynamic coupling, i.e., for problems in which the matrices of the modal formulation are diagonal, 
the modal method will frequently be more efficient, even though a large fraction of the modes are 
needed (Reference 10). 

Eigenvalue Analysis 

Eigenvalue analysis yields structural vibration modes from the symmetric mass and stiffnessmat- 
rices, [M,,] and [K,,], generated by static analysis. The eigenvectors and eigenvalues produced by this 
analysis may be used to  generate modal coordinates for further dynamic analysis. 

The general form of the eigenvalue problem for vibration modes is 



' 
where {u,) is the displacement vector and the eigenvalues Ai = are the squares of the natural fre- 
quencies. The results of the calculation are the eigenvalues and corresponding eigenvectors, (Gai} ,  nor- 
malized so that the largest element of each eigenvector is unity. 

The eigenvalue extraction method used in the present analysis is called the inverse power method 
with shifts, a particularly effective method of analysis for problems formulated by the displacement 
approach when only a fraction of all of the eigenvalues are required. Section 10.4 of Reference 10 
gives a complete description of the theory and application of this method as implemented in 
NASTRAN. 

Normal-Mode Synthesis 

The normal-mode synthesis technique in structural analysis permits part of a structure to be de- 
scribed by its orthogonal vibration modes. In some instances structural information may not be avail- 
able in other forms. Thus, normal-mode information derived from diverse sources, including vibration 
tests and other analyses such as energy methods and finite elements, may be combined in one struc- 
tural analysis. Normal-mode synthesis has been found useful in many practical situations (Reference 2). 

Section 14.1 of Reference 10 develops the modeling technique utilized in the present study, 
whereby a part of a structure is represented by its vibrational modes. This development is Bummarized 
below. 

Description of part of a structure by vibration modes requires knowledge of how the connection 
points between parts of the structure were supported when the vibration modes were measured or 
computed. Three cases are distinguished: 

( 1 ) All connection coordinates free. 

(2) All connection coordinates restrained. 

(3) Some connection coordinates free and some restrained. 

T6e first condition is usually employed in vibration tests or analyses of large parts. Often it is 
not possible to achieve effectively unrestrained test conditions; however, unrestrained conditions can 
be obtained from calculated modes. For Case 1, the required data are the vibration mode frequencies, 
mi, the mode shapes of eigenvecfors, { $ J ~ }  , and the mass distribution of the part, expressed by the 
mass matrix [ M p  1 .  The eigenvectors need not be normalized in any particgiar manner. Let the degrees 
of freedom at the points of connection to the remainder of the structure be designated by the vector 
{uc 1. Then the motions of these points are related to the modal coordinates, ( Ei 1, of the part by 

The columns of are the eigenvectors, {@i), abbreviated t o  include only the degrees of freedom at 
the connection points, (u,}. The usual approximation of including only a finite number of eigenvectors 
in produces an idealized model for the part that is too stiff. Specification of the part is completed 
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by calculation of the generalized mass, mi, stiffness, ki, and damping, bi, associated with each modal 
coordinate, ti, as follows: 

and 

where gi is a damping factor for the ith mode. Frequently gi will not be accurately known. 

The equation of motion for the generalized coordinate, Ei, is 

where p is the differential operator, {f,) is the vector of forces applied to the substructure at the con- 
nection points, and (@ci) is the eigenvector {$ii) abbreviated to include only the degrees of freedom at 
connection points. 

Equations (2) through ( 6 )  contain all of the information required to  describe the part. In the 
construction of the idealized model, each of the rows of Equation (2) is regarded as an equation of 
constraint between a constrained degree of freedom, u,, and the generalized coordinates, {ti). The 
generalized mass, stiffness, and damping elements connected to ti are mi, ki, and bi, respectively. Fig- 
ure 1 illustrates the interconnection of the elements in diagrammatic form. 

The derivation of an idealized model for Cases 2 and 3, in which some or all of the connection 
points are restrained during measurement or calculation of the substructure modes, is considerably 
more involved. A general solution devised by MacNeal (References 9 and 10) is developed in Section 
14.1 of Reference 10. 

MODELING STUDIES 

Normal-Mode 
Description 

The structural problem chosen to compare the accuracy of solutions obtained by different meth- 
ods is the determination of the nonnal modes of vibration of a constant-property beam with various 
end conditions. Vibration transverse to the axis of the beam is considered in only one plane. Damp- 
ing and axial vibration are neglected. 

The analytic method for the determination of the natural frequencies and modes of vibration of a 
beam and a detailed derivation of the corresponding characteristic functions are given in standard 
texts (References 1 1 and 12) on structural dynamics. Young and Felgar (Reference 13) tabulated the 
solution of the characteristic functions of this problem, with vibrations governed by the well known 
differential equation 

a4y a2y 
EI--p:=o, 

ax4 at 



where x and y are the coordinates parallel and perpendicular, respectively, t o  the longitudinal axis of 
the beam; t is time; E is the modulus of elasticity; I is the moment of inertia; and p is the mass per 
unit length of the beam. Each of the functions for a given beam satisfies the differential equation 

and also satisfies the boundary conditions corresponding to the end conditions of the beam. In 
Equation (8) P, is the characteristic number and Qn (x) is the characteristic function for each type of 
beam. The natural circular frequency of the nth mode of vibration of the beam, w, , is given by 

where I is the length of the beam. These results are assumed to  be the "known" solution t o  which the 
finite-element results are compared for accuracy. 

The specific element used in the present modeling study is identified in NASTRAN by the 
mnemonic, CBAR, denoting the "connection, bar" element (Figure 2) that undergoes extension, tor- 
sion, bending in two perpendicular planes, and the associated shears. Section 5.2 of Reference 10 pre- 
sents the detailed analytic description of this finite element. 

The uniform beam is represented by four different finite-element models consisting of 5, 10, 20, 
and 40 elements, respectively, to  ascertain the effect of the number of elements upon the accuracy of 
results. For ease in correlation of finite-element and differential equation results, beam properties 
were chosen to reduce to I the value of the terns  within the radical in the second expression for a in 
Equation (9). Figure 3 shows the four beam models. Thus, the natural frequency in radians per sec- 
ond of the nth mode resulting from the eigenvalue analysis of the finite-element formulation is directly 
comparable to the term (P, 212 of Equation (9) as tabulated in Reference 13 for various beam types. 

Free, supported, and clamped beam end conditions are combined to obtain six different types of 
beams: (1 ) Free-free, (2) free-supported, (3) free-clamped, (4) supported-supported, (5) supported- 
clamped, and (6) clamped-clamped. 

Implementation 

The normal-mode modeling study is implemented on the NASTRAN computer program, Release 
1 1.1, which is operational on the IBM System 360195 at Goddard Space Flight Center. NASTRAN 
embodies a lumped-element approach, whereby the distributed physical properties of a structure are 
represented by a model consisting of a finite number of idealized substructures or elements that are 
interconnected at a finite number of grid points, to which loads are applied. All inputs and outputs 
pertain to the idealized structural model. 

The structural problem is defined by encoding the coordinate-system definition (CORD2R)*, 

*NASTRAN mnemonics. 
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grid-point definition (GRID), element connections (CBAR), element property and materials (PBAR, ' 

MAT 1 ), and method of eigenvalue extraction (EIGR), as prescribed by Reference 14. 

The problem thus defined undergoes eigenvalue analysis using the inverse power methoa with 
shifts, which computes the following for each of the modes analyzed: eigenvalue, eigenvector normdl- 
ized to the maximum displacement, natural frequency in radians per second and cycles per second, 
generalized stiffness, and generalized mass. 

t 

Normal-Mode Synthesis 

General 

The results.of the normal-mode analysis provide a basis for solution of the following problems by 
synthesis of the normal modes of the constituent parts, Le., by representing a part of a structure by 
its vibration modes. The eigenvectors and generalized properties of the first i modes of the beam with 
free-free end conditions are used in the application of the theory developed earlier for normal-mode 
synthesis. 

Single-Component Structure 

The structural problem chosen to demonstrate the synthesis of normal modes and to investigate 
the accuracy of the technique is the determination of the normal modes of a uniform cantilevered 
beam, i.e., a beam with fixed-free end conditions. The beam consists of a single component modeled 
by the modal properties of a beam with free-free end conditions. The first i free-free normal modes 
are selected to  model the beam, where i must include the first two modes that are rigid-body modes. 
The generalized stiffness given by Equation (4) is zero for rigid-body modes since the natural fre- 
quency is zero. The various values of i selected include the two rigid-body modes plus arbitrarily se- 
lected flexible modes. The source of the modal information is the four finite-element models used in 
the normal-mode analysis, which consisted of 5, 10,20, and 40 elements, respectively. Thus, for ex- 
ample, in the 10-element model the first i modes were used, where i = 3, 5, 6,9, and 1 I .  The follow- 
ing section presents the numerical results and compares them to known solutions for the modes of the 
cantilevered beam. 

Implementation of the normal-mode synthesis on the NASTRAN program requires the declara- 
tion of the following for each mode used to model the structural part: (1 )  Scalar point (SPOINT), 
which is a point in vector space at which one degree of freedom is defined, (2) scalar mass (CMASS4) 
and stiffness connection (CELAS4) elements whose values are the generalized mass and stiffness, and 
(3) the coefficients of the matrix [ G C i ]  of Equation (2 ) ,  the columns of which are the eigenvectors of 
the ith mode, truncated to include only the degrees of freedom at the connection points. The scalar 
points become the generalized coordinates and degrees of freedom for the analysis. The relationship 
given by Equation (2) is declared in NASTRAN by a multipoint constraint equation (MPC). 

Simulation of restrained end conditions of the beam is most easily accomplished by the connec- 
tion of a spring (CELAS2) of very large spring constant, e.g., 1012 N/m (10'' lbjin.), at the connec- 



' tion points between ground and the restrained degrees of freedom. Figure 4 shows a representation of 
the model used for normal-mode synthesis of a single cantilevered beam. 
- 

Multiple-Component Structures 

The modeling techniques described for a single-component structure are extended to  structures 
with multiple components. In each problem formulation, the required modal information for each 
substructure is identical to that required in the preceding structure. Boundary conditions of the 
multiple-substructure problem are handled in the same manner as the end conditions of a single- 
element cantilever beam. Connections between adjoining substructures are made by declaring a scalar 
spring element (CELAS2) with a very large spring constant between appropriate translational and ro- 
tational degrees of freedom. 

Structural normal modes are obtained by the normal-mode-synthesis technique as applied to the 
following structures, each divided into more than one substructure: (1) Three beams in series, canti- 
levered, (2) three beams in parallel, cantilevered, and (3) three beams in a portal arch. Figure 5 shows 
sketches of these structures. The next section presents the comparison of the results of the modeling 
study and the known solution as given by Equation (9) fox the first and second structures and by a 
120-finite-element model for the third structure. 

ANALYSIS OF MODELING STUDIES 

Normal-Mode Analysis 

Values and units for the parameters required for the finite-element models described in the 
previous section are chosen as follows: 

Modulus of elasticity E = 6.9 X 10" ~ / r n ~  (lo8 lb/in.*). 

Poisson's ratio v = 0.3. 

Mass per unit length p = 6.9 X 10) ~ - s e c ~ / m ~  (1 .O lb -~ec~l in .~) .  

Area moments of inertia 11,* = 41.6 cm4 (1 .O in.4). 

Cross-sectional area A = 6.5 cm2 (1 -0 ia2) .  

Torsional constant J = 4 1.6 cm4 (1 .O in.4). 

Length I = 254 cm (100 in.). 

Thus, the four models of the uniform beam consist of 5, 10, 20, and 40 bar elements, whose ele- 
mental lengths are 50.8, 25.4, 12.7, and 6.4 crn (20, 10, 5, and 2.5 in), respectively (Figure 3). As 
previously stated, this choice of parameter values permits direct comparison of the results of the eigen- 
value analysis with those tabulated in Reference 13. 



The complete matrix of problems studied consists of the four finite-element models solved for ' 

each of the six end conditions: (1) Free-free, (2) free-supported, (3) free-clamped, (4) supported- 
supported, (5) supported-clamped, and (6) clamped-clamped. Table 1 iists the numerical results of the 
eigenvalue analysis for the free-free end condition; Reference 15 records the numerical result; for the 
remaining five conditions. Recorded data include- 

(1) Mode number, i = 1,2, 3 , .  . . 20. 
(2) Natural circular frequency of the ith mode of vibration of the beam in radians per second for 

\ the known solution given in Reference 1 3. 
(3) Accuracy, A,  defined as the ratio of the finite-element solution to the known solution. This 

definition of accuracy shall be maintained throughout the analysis of results. 

In general, if n is the number of unrestrained, independent degrees of freedom of the problem, 
then n normal modes exist. For example, six grid points are required to model the 5-element beam. 
For the free-free type beam, n = 6. These consist of two rigid-body modes and four flexible modes. 
Supporting one end of the beam reduces n by one and results in one rigid-body mode and four flexible 
modes. Clamping one end prohibits rigid-body motion. In Table 1, only flexible modes are recorded. 

Table 1 -Uniform beam with free-free end conditions. 

Mode 
number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Frequency 
of known 
solution 
( rad/ sec) 

22.373 
6 1.673 

1 20.90 
1 99.86 
298.56 
416.99 
555.16 
713.08 
890.73 

1088.1 
1305.3 
1542.1 
1798.7 
2075.1 
2371.2 
2687.0 
3022.6 
3377.9 
3752.9 
4147.7 

Accuracy, A 

N =  5 

0.893 
.838 
.796 
.734 

N =  10 

0.970 
.951 
.933 
.916 
,900 
.883 
-857 
.815 
,743 

N =  20 

0.992 
.987 
.982 
,977 
.972 
.967 
.962 
.957 
,951 
.945 
.93 9 
,930 
.919 
.905 
.886 
.860 
.826 
-783 
.730 

N =  40 

0.998 
-997 
.995 
.994 
.993 
.992 
.990 
.989 
.988 
.986 
.985 
.983 
.982 
.980 
,979 
.977 
,975 
.973 
.971 
.969 



Figure 6, a representative of the data recorded for the six end conditions, shows the normal-mode 
results for modes 1, 2, 3, 4, 5, 9, and 15 of the free-free type of beam. The coordinates of the figure 
are the number of finite elements in the model, N, versus the accuracy, A, of modal frequency, d e  
fined above. In general, accuracy approaches 1.0 asymptotically from below as the number of ele- 
ments increases. The plot passes through the origin, since zero finite elements result in zero accuracy. 
This relationship is expressed by 

N = tan [Af(i ,  c)] , 

where N is the number of elements in the model, f(i, c)'is a function of the mode number, i, and c is 
an angular constant. 

Equation (10) can be used to  estimate the number of finite elements required to model the beam 
for selected values of mode number, i, desired minimum accuracy, A, and beam end conditions. For 
example, for the beam with free-free end conditions, when 

these parameters determined by curve-fitting the empirical data are defined as 

and 
f(i, c )  = c + i 

c = 87.7 deg . 

For A = 0.90 and i = 2, Equation (1 0) yields N = 6. Z ; when rounded to the next highest integer, N = 7. 
This estimate is verified by Figure 6. 

A comparison of accuracies for both mode numbers and finite-element models as recorded in 
Table 1 reveals a general trend in the accuracy of the finite-element solution. For a specific mode 
number or for a specific number of finite elements in the beam model, a reduction in the degrees of 
freedom at the ends of the beam results in increased accuracy of the solution. This observation is ex- 
plained by the fact that a decrease in freedom of the structure at the boundary requires a given num- 
ber of elements to describe less complex displacements in the eigenvector, i.e., less difference in the 
end displacements of individual elements. Therefore, Equations (lo),  (1 I) ,  and (12), when applied to 
beams with increased end fixity, represen1 overestimates of the minimum number of elements that will 
yield specified accuracies in the eigenvalue solution. 

Normal-Mode Synthesis 

Single-Component Structure 

Numerical results of the single-component problem discussed earlier are shown in Figure 6. They 
correspond to the 5-, lo-, 20-, and 40-element beam models, respectively, used as sources of the sub- 
structure normal modes. The normal modes are computed for free-free end conditions. The first i 
modes are used to mode1 the substructure. Data shown in Figure 6 include the number of normal 
modes, i, used to synthesize the model, the known solution, and the accuracy, A, of the modal fre- 
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quency defined as the ratio of the synthesized result to the known solution, as in the normal-mode a 

analysis. 

Representative data are shown in Figure 7a, which plots i versus A for the first, second, third, and 
fifth modal frequencies of the uniform cantilevered beam. Curves are included for the normal-mode 
source beams consisting of 5, 10, 20, and 40 elements. 

Figure 7 b shows the effect of varying i to represent a substructure in a plot of i versus A for modal 
data for the normal-mode source model consisting of 20 finite elements. \ 

The following generalizations are drawn from the plotted data for this structure modeled by 
component modes: 

(1) There is nearly constant accuracy in modaI frequency for the i - 2 modes where the first i 
normal modes are used to represent the substructure. 

(2) Accuracy of modes i and i - 1 are extremely poor, i.e., inaccurate by more than an order of 
magnitude. 

(3) For the minimum number of synthesized normal modes used to model the substructure, best 
accuracy for a specific normal mode, i', of the structure is obtained when i = i' + 2. Thus, for a spe- 
cific it, a nontmncated set of normal modes represents a substructure more accurately than does a 
truncated set of modes. 

Multiple-Component Structures 

The several problems described in the earlier section exercise the normal-mode-synthesis technique 
for structures with more than one separable substructure. 

Each structure is composed of three uniform beams previously discussed and analyzed by the 
normal-mode method. Each component beam is represented by the first 12 normal modes, i.e., two 
rigid-body modes and 10 flexible modes evaluated by the 40-element beam analysis for free-free end 
conditions. The 4Gelement source beam produces the most accurate results, therefore it is used to  
minimize error in the component modes. Stiffness connection elements (CELAS2), i.e., springs with 
very large spring constants, are used to couple the degrees of freedom of the substructures that are 
unrestrained when their normal modes are computed. Similarly, these fictitious springs provide the 
means to fix boundary conditions by connecting the appropriate degrees of freedom to ground. 

The first structure studied is a cantilevered beam whose length is 31, composed of three uniform 
segments, each E in length, in series (see Figure 5). Substitution of 31 for I in Equation (9) yields the 
known solution for modal frequency. Reference 15 presents the known solutions and the accuracy, 
A ,  of normal-mode-synthesis results as a function of the number of modes, i, used to model each com- 
ponent; Figure 8 shows these data plotted as i versus A for representative normal modes of the corn- 
plete structure. The curves approach an accuracy of 1.0 asymptotically from above as the number of 
normal modes synthesized for the substructures increases. The accuracy of the synthesized-structure 
modal frequency varies over a narrow range of values for modes numbered from 1 to nearly 2i. For 
example, when seven modes are used to model each substructure, accuracy of the modal frequency 



' varies between 1.07 and 1.16 for all the structural modes numbered from 1 to 1 5. The model frequen- 
cies are inaccurate by an order of magnitude for structural modes greater than 2i. As i increases, the 
range of values for A narrows and approaches 1.0. Reasonable engineering accuracy, e.g., within 10 
percent, is obtained by use of a moderate number of component modes in the model. For example, 
10-percent accuracy is obtained in the first mode when i = 6 and in the second mode when i = 7. When 
i = 12, all of the first 20 modes of the structure are computed with less than 1 O-percent error. 

For the second structure, three parallel beams are fixed at one end and connected at the other. 
Table 2 gives data similar to that for the preceding structure. The known solution is the same as that 
for the single cantilevered beam, since the 3's cancel in the numerator and denominator of the term 
within the radical of Equation (9). Connections between components are made by the technique 
discussed for the previous structure. Normal-mode synthesis yields three computed modes correspond- 
ing to each mode of a single cantilevered beam. In the first synthesized mode all three parallel beams 
move in the same characteristic mode. In each of the other two synthesized modes, two beams move 
in the same cantilevered mode, while the third parallel beam takes a different mode shape. Good accu-• 
racy in modal frequency is obtained for structural modes in which each of the three components are 
characterized by the same substructure mode. This problem formulation demonstrates the ability of 

Table 2-Normal-mode synthesis of three parallel beams fixed at one end and mutually connected 
at their other ends. Each component beam is modeled by the first 12 free-free modes computed 

from a 40-finite-element source beam. 

Accuracy, A 

1.069 
1.070 

1.073 

1.075 

1.077 

1.080 

Computed 
natural 

Frequency 
(rad/sec) 

3.760 
23.60 
26.01 
26.01 
66.1 8 
70.82 
70.82 

129.9 
142.3 
142.3 
215.2 
23 1.9 
23 1.9 
322.3 
357.1 
357.1 

Mode number 
of three 
parallel 
beams 

1 
2 
2a 
2b 
3 
3a 
3b 
4 
4a 
4b 
5 
Sa 
5b 
6 
6a 
6b 

Mode number 
of single 
cantilever 

beam 

1 
2 

3 

4 

5 

6 

Frequency 
of known 
solution 
(rad Jsec) 

3.5160 
22.034 
none 
none 

61.697 
none 
none 

1 20.90 
none 
none 

199.86 
none 
none 

298.56 
none 
none 



Table 3-Normal-mode synthesis of a three-beam portal frame, each component of which is modelea 
by the first 12 free-free modes computed from a 40-finite element source beam. Known solutions 
are the eigenvalue results of a finite-element model of the portal frame in which 40 bar elements 

represent each beam. 
n 

the synthesis technique to determine modes of the complete structure, which cannot be obtained from 
a simple combination of modes of the substructures. 

Portal 
franle 
mode 

number 

The third structure is a three-member portal frame chosen to demonstrate the interconnection 
between substructures. Here the fictitious springs connect the appropriate degrees of freedom (see 
Figure 5). Rotations at the ends of adjoining beams are connected to maintain continuity of displace- 
ment between substructures. Transverse displacements at the top of the two vertical-support beams 
are connected, since longitudinal extension of the horizontal beam is neglected. Table 3 tabulates 
the following data for this structure: The known solution for normal modes, the mode number and 
type with respect to  symmetry, and the accuracy, A ,  of the normal-mode-synthesis technique. The 
results of a finite-element, normal-mode analysis are assumed to be the known solutions. This model 
consists of 40 bar elements for each of the three constituent beams. Accuracy is poor for the first 
symmetric and antisymmetric modes, i.e., approximately 55-percent error. However, accuracy im- 
proves with higher mode numbers. 

CONCLUSIONS 

In this report, the bases in finite-element analysis of the normal-mode method and the normal- 
mode-synthesis technique were presented and their features, applications, and implementation with 
NASTRAN were discussed. A normal-mode modeling study of a uniform beam resulted in guidelines 
for prediction of accuracy in analysis compared to a known solution for the problem. Modal data 
from this modeling study were used to represent substructures in a modeling study of the normal- 
mode synthesis. One single-component structure and three multiple-component structures demon- 
strated normal-mode synthesis and its modeling techniques as implemented on NASTRAN. 

Accuracy, A t 

1 
Mode 

The limited examples treated in the present study are intended to investigate accuracy obtained 
by the analyses and to demonstrate the application of these techniques on NASTRAN. Accuracy 

1.532 
0.573 
0.989 
1.037 
0.875 
1.004 

Frequency 
of known 
solution 
(rad/sec) 

3.2035 
12.620 
20.62 1 
22.275 
44.7 94 
54.953 

1 I 

1 
2 
2 
3 
3 

antisymmetric 
symmetric 
an tisymmetric 
symmetric 
antisymmetric 
symmetric 



' guidelines can be applied judiciously to similar structures, e.g., tapered beams. Though normal modes 
may be synthesized from many diverse sources, the analyst should be cautioned to  use extreme care in 
dynamic partitioning techniques, especially when truncating the modes used to represent a substructure. 

4 

The selection of an adequate number of finite elements needed to  model a structure yields good 
accuracy in the solution obtained by normal-mode analysis. The synthesis of components represented 
by their normal modes yields more accurate results for the entire structure when the component 
modes are characteristic of the modal contribution of the substructure than when these modes are not 
characteristic of the modal contributions. Further study of the reason for the less accurate results 
may lead to a better understanding of the general applications and limitations of normal-mode synthesis. 
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Figure 1 .-Representation of a part of a structure by its vibration modes, Case 1 : All connection points are free 

while the modes are calculated. 
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Figure 3.-Four finiteelement models of a beam. 
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Figure 5.-Multipie-component structures modeled by normal-mode synthesis. 
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(a) Cantilevered beam modeled by free-free modes computed from source beams 
containing 5, 10.20, and 40 elements (Tables B1 through 84 of Reference 15). 
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Figure 7.-Results of normal-mode synthesis of a single-component structure. 
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GUYAN REDUCTION SOLUTIONS 

RECYCLED FOR IMPROVED ACCURACY* 

By Roy Levy 

Je t  Propulsion Laboratory, Pasadena, California 

ABSTRACT 

The accuracy of conventional solutions of the eigenvalue problem by 
means of the Guyan reduction method is examined for  analytical models of 
severa l  pract ical  structures.  Evaluations a r e  made of eigenvalue accuracy 
with respect to the relative numbers of retained indicator degrees of freedom. 
When a relatively smal l  number of indicator degrees of freedom a r e  employed, 
solutions a r e  likely to be inaccurate unless pr ior  knowledge of the mode shapes 
is used in selecting these degrees of freedom. 

One improvement for recovering the lowest modes is to supplement 
the indicator displacements with static loading displacement functions. A fur-  
ther ,  and more  powerful remedy is to  per form iterative repetitions of the 
solution procedure by extending Stodolaf s method of matr ix  iteration, which 
operates with one eigenvector at  a t ime, to  a block iteration operating on a 
group of vectors simultaneously. This de-emphasizes the need for a judicious 
selection of indicators, since it is shown that an arb i t ra ry  selection of n indi- 
cators  will eventually produce solutions that converge to n exact modal solu- 
tions. Great improvements in accuracy can be achieved with only a few i ter-  
ative cycles and relatively small  numbers of retained degrees of freedom. 
This method is effective when only a few valid modal solutions a r e  required 
and the order  of the matr ix  is so large that the computational t ime without r e -  
duction would ordinarily be prohibitive. 

CONVENTIONAL CONDENSATION METHODS 

Procedures  to  condense the order  of the eigenvalue problem solution 
for  s t ruc tura l  analysis a r e  frequently used for computational efficiency and 
economy. A s  an example, the well known Guyan reduction (ref. 1) procedure, 
which is incorporated within NASTRAN, is particularly attractive whenever 
the order  of the sys tem of equations to  be solved i s  large and the solution is 

*This paper presents the resul ts  of one phase of research  carried out at the 
Je t  Propulsion Laboratory, California Institute of Technol.ogy, under Con- 
t r ac t  No. NAS 7-100, sponsored by the National Aeronautics and Space 
Administration. 



required for  only a relatively small  number of natural frequencies and cor re-  
sponding mode shapes. Equivalent conventional procedures a r e  described in 
references 2 and 3. 

1 

With a discrete  idealization of the structure,  the order  of the eigen- 
value solution needs to  be only a s  large as the- number of degrees of freedom 
with non-zero entries in the mass  matrix. The number of elastic degrees of 
freedom is given by the order  of the stiffness o r  flexibility matrix,  and is 
equal to o r  grea ter  than the mass degrees of freedom. Therefore,  because 
the s ize of the eigenvalue problem depends upon the s ize of the mass  matrix, 
condensation procedures have been referred to as mass matrix reduction 
methods. Although specific descriptions and details of implementations vary, 
conventional approaches to  condens ation could often be cons idered a s  Rayleigh- 
Ritz approximation techniques (ref. 4). These are employed in solving the 
following homogeneous system of N equations for  the unknown displacements 
{XI :  

where [M] i s  the m a s s  mat r ix  and [K] i s  the stiffness matrix. The solution 
furnishes the eigenvectors and the corresponding eigenvalues , which a r e  
measures  of the modal natural frequencies, 

A reduction in the order of the system f rom N to L ( L  < N) can be 
effected by the transformation 

where [y] i s  an  assumed transformation matrix of order  N X L and {e  1 i s  a 
se t  of generalized coordinates associated with the transformation. This r e -  
duces the order  of the problem to L, and the equations to be solved a r e  

where 

and 



The solution to equation (3)  produces the eigenvalues and the modal 
matr ix of eigenvectors [+I associated with the set of generalized coordinates. 
The set  of L eigenvectors of order N for the original system can be recovered 
from 4 

The transformation matrix, which i s  the key to the procedure, can be 
considered a s  a set of L N-component vectors, with each vector equivalent to 
a n  a s  sumed displacement function. The approximation of the solution depends 
upon how closely the assumed displacement functions (or linear combinations 
of them) agree with the actual eigenvector s. Whenever a displacement func - 
tion i s  the true eigenvector, the resulting solution fo r  the corresponding mode 
will be exact. Nevertheless, i t  is one of the advantages of the Rayleigh-Ritz 
method that the approximations of the solution tend to be less  severe than the 
approximations of the assumed functions. On the other hand, there i s  no 
assurance that gross inaccuracies will not occur as  a result  of unfavorable 
choices for the transformation matrix. 

A simple way to  generate a set of displacement functions for the 
transformation matr ix i s  to  make a selection of a set of L "indicator" degrees 
of freedom, and then to develop static displacement vectors consistent with 
either unit displacements (ref. 1 )  o r  unit loads (refs .  2 and 3 )  at each indica- 
tor .  Whether displacements o r  loads should be used to generate the displace- 
ment functions i s  theoretically immaterial; the logical choice depends upon 
convenience of execution for the available software. Consequently, the majo r 
requirement in proceeding with a condensed solution is the selection of suit- 
able indicator degrees of freedom. Unfortunately, only a minute amount of 
guidance i s  available to assis t  in the selection, and even this guidance i s  of 
questionable value. Possible guidelines a r e  the following: 

1. Select the degrees of freedom that have the largest entries in the 
mass matrix. 

2. Select the degrees of f reedomthathave the largest movements 
(components of the eigenvector) in the modes of interest. 

The f i rs t  guideline can be defended in the limiting case: when the 
magnitude of one particular mass i s  overwhelming with respect to  the sums of 
the magnitudes of the remaining masses ,  the system is then essentially 
equivalent to one uncoupled degree of freedom for  each elastic degree of f ree-  
dom at the predominant mass.  There i s  no clear  defense for this guideline in 
the very practical and common case in which there i s  no single mass  that 
predominate s . 

The second guideline allows the solution to develop good approx- 
imations to the true eigenvector s by means of linear combinations of the 



indicator -generated displacement functions. The principle i s  clearly sound, 
but successful application depends upon knowing part of the answer in ad- 
vance. In the case of regular classical structures,  such as  beams o r  strings, 
the true mode shapes a r e  well known and the application i s  clear.  However, 
for practical structures of i rregular  geometry and properties, identification 4 

of the important degrees of freedom approaches guesswork. Therefore, suc - 
ces s can depend upon chance. 

ACCURACY TESTS OF CONVENTIONAL METHOD 

The accuracy of condensed solutions was assessed for the analytical 
models of two structures used in the field of radar antennas. These particu- 
l a r  models a r e  of interest because they represent practical illustrations of 
irregular structures,  and depart considerably from classical examples. 

The f irs t  model i s  of an experimental structure built to simulate a 
30-deg sector of a 26 -m-diameter reflector. Its framing is shown in fig- 
ure  1. The structure mass  i s  about 2400 kg and consists of structural steel 
tees and angles. The reflecting surface comprises an additional 360 kg of 
non-structural panels supported on the top chords of the t russes.  Joint con- 
nections were idealized a s  pinned, with the exception of a few cases in which 
relatively stiff members were continuous across the joints. The mass  matrix 
for the full model represents 190 translational degrees of freedom. The order  
of the stiffness matrix i s  slightly larger  because of a few rotational degrees 
of freedom. 

The second model i s  of the pedestal that provides the support and 
driving mechanism for the polar wheel of a 26 -m-diameter reflector. Fig - 
ure 2 shows a view of the framework. Bearings on the polar shaft support the 
polar wheel; the polar drive is by pinions at the drive skid. The mass  of the 
framing members -s tee l  angles, tees ,  pipes, and wide-flange beams - is 
about 42,000 kg. Additional concentrations, which total 18,000 k g ,  a re  dis - 
t ributed to joints in the vicinity of the drive skid and at the upper and lower 
bearings of the polar shaft. The mass  matrix for the full model has 165 
translational degrees of freedom. The stiffness matrix, with rotations in - 
cluded, contains 195 degrees of freedom. 

The orders  of both of these models were so small that i t  was feasible 
to solve the eigenvalue problems without condensation. After this,  the solu- 
tion accuracy for the f i rs t  four frequencies and mode shapes was tracked 
through suc ces sive condens ation solutions with dirnini shing numbe r s  of indi - 
cator degrees of freedom. These indicators were originally chosen as  care-  
fully a s  would be expected in ordinary practice, and with reference to the 
guideline s stated previously. 

Figures 3 and 4 show the e r r o r s  in frequency plotted against the per - 
cent of degrees of freedom retained. This percentage i s  for the ratio of the 
number of indicator degrees of freedom to the order of the uncondensed mass 
matrix. Quick comparisons of mode shapes were also made for  the cases 



represented in these figures by examining the eigenvector components with the 
largest magnitudes. It was found, in general, that the eigenvector e r rors  
were considerably larger than the frequency e r ro r s .  In some instances, the 
mode shapes from condensed solutions with small frequency e r r o r s  were 
found to be unrelated to the mode shapes from the full solution. Usually, i f  
frequencies were in e r r o r  by more than about 3 to 570, the mode shapes were 
no better than poor; frequency e r ro r s  greater than 10 to 15% were accompa- 
nied by mode shapes that were rated from very poor to completely unrelated 
to the full -solution mode shapes. 

According to a conventional rule of thumb, the ratio of the number of 
degrees of freedom in the model to the number of accurate modes in the solu- 
tion i s  between two and three. Therefore, according to this rule, the f i r s t  
four modes should be reproduced for either of these two models by retaining 
less  than 1070 of the full number of degrees of freedom. From another stand- 
point, it would not seem reasonable to consider condensation procedures to be 
highly effective unless accurate solutions for several modes could be obtained 
consistently with a t  least an order of magnitude reduction in the solution size. 
With these anticipations in mind, the results presented in figures 3 and 4, 
which show large e r ro r s  for retentions greater than 1060, were highly 
disappointing. 

However, the procedure was not abandoned a t  this point; instead, an 
entirely different approach was used for selection of the indicator degrees of 
freedom. This was an after-the -fact selection, in which the mode shapes 
from the uncondensed solutions were inspected to select the degrees of free- 
dom that actually had the largest motions. Trial-and-error changes were also 
made in the retained set of indicators, a s  the number of indicators in the set 
was being reduced, in an attempt to identify and retain certain key degrees of 
freedom that apparently controlled solution validity. 

The results of the modified selection of indicators, shown in  figures 
5 and 6 ,  are a substantial improvement. For  both models, the f irst  four 
modes have been recovered with the order of the condensed eigenvalue prob- 
lem solution (as given by the number of indicators) equal to less than 10% of 
the order of the uncondensed mass matrix. 

EVALUATION OF RESULTS OF CONVENTIONAL METHOD 

The success achieved for the modified selection confirms the theo- 
retical validity of the conventional method but i s  of little practical help to the 
analyst. Although it  was found that a selection of indicator degrees of f ree -  
dom that included the degrees of freedom with the largest modal displace - 
ments tended to produce a substantial improvement in the validity of the solu- 
tion, to make such a selection would require either clairvoyance or  prior 
knowledge. By examination of the degrees of freedom that were eventually 
retained in the successful sets of indicators, i t  was also found neither neces- 
sary nor sufficient to choose degrees of freedom with the largest entries in 
the mass matrix. 



Another unfortunate property of the conventional method i s  the failure 
to converge toward improved accuracy. Addition of indicators to a poorly 
chosen set would sometimes closely reproduce the current inaccurate solu- 
tion. The danger here  i s  that the consistency of the results could be misin- 
terpreted as  evidence of accuracy. Accuracy appears to  depend upon the 
choice of a set of indicators (not necessarily a large set)  that contains key but 
elusive degrees of freedom. In some instances, the omission or  addition of a 
single key indicator triggered the Loss o r  recovery of a complete mode. 

One more difficulty of the conventional method i s  that success or  
failure may be model-dependent. Better success was observed here  in origi- 
nal selections for the reflector model than for the pedestal model. One rea- 
son for the difference may be the separation of the natural modes. It seems 
that the best results a r e  obtained for analytical models in which the modes 
have the widest frequency separation. 

MODIFICATIONS FOR CONVENTIONAL METHOD 

Two modifications to the conventional method a r e  effective in in- 
creasing reliability and removing some of the dependence upon the analyst's 
intuition o r  prior knowledge. The f i rs t  consists of augmenting the indicator - 
derived displacement functions with up to six additional "static loading'' dis - 
placement vectors. The second involves improving accuracy by iterative re-  
cycling of the Rayleigh -Ritz procedure. 

Iterative solutions within a reduced space have been proposed previ- 
ously. Jennings and Orr  (ref.  5) described a simultaneous iteration method 
that employs am orthogonal set of t r ia l  vectors,  and they also indicate an ex- 
tension that can be used for solutions of unconstrained structures.  Ojalvo and 
Newman (ref.  6 )  proposed a reduced-space solution employing a recursion 
algorithm to generate sequences of t r ia l  vectors. Whetstone and Jones 
(ref.  7 )  used an initial Rayleigh-Ritz method based upon a selection of static 
force and rigid-body displacement vectors a s  the starting point for a reduced- 
space Stodola method solution that generates orthogonal eigenvectors one at  a 
time. More recently, Dong, Wolf, and Peter  son* employed iterative repeti- 
tions of the Rayleigh -Rite method. The iterative Rayleigh -Rite method, which 
i s  possibly the simplest of all to implement within existing analysis systems, 
i s  examined here with respect to accuracy and economy for practical applica- 
tions. Additional displacement functions for the f i rs t  modification can be de - 
veloped within the context of a standard matr ix interpretive analysis formula- 
tion such as the SAMIS program. The recycling modification, which also 
appears to  have more potential, has been readily incorporated within both the 
SAMIS and NASTRAN programs. 

*In an article to be published in the Int. J. Numer. Meth. Eng. 
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Augmented Displacement Function Modification 

The additional displacement functions are developed by f irs t  deter - 
mining the s ix  rigid-body displacements of the structure for  independent unit 
motions (three translations and three rotations ) of the foundation. A loading 
matr ix i s  derived by post-multiplying the mass  matrix by the N X 6 matrix of 
rigid-body dis lacements. That i s ,  let [P] be the set of rigid-body displace- 
ments and let fP] be the loading matrix; then 

This loading i s  applied to the structure, and the corresponding displacements 
a r e  added to the displacements constructed from the indicators. The result- 
ing set of displacement functions becomes the transformation used in the con- 
densed solution. Thus, let  L Y  R] be the additional static -loading displacement 

- - 
functions, and let [YI] be the displacement functions gene rated by indicators; 

- 

then [Y R] i s  found f rom the solution of 

and 

F rom this point on, the solution proceeds in the conventional way 
(see eq. 2) .  The order  of the condensed eigenvalue problem i s  now L + 6. If 
L i s  small,  the increase can be readily accommodated in the solution; i f  
L is  large,  the increase i s  relatively small. Therefore, the increase in the 
size of the solution and the computation time caused by the additional functions 
i s  not significant. In a limited number of evaluations of the relative accuracy 
improvement, i t  appears that the rigid-body translations have a larger  influ- 
ence than the rigid-body foundation rotations. Hence, the effort in gene rating 
program input to define foundation rotations may not be worthwhile. 

The added displacement functions constructed from the rigid-body 
translations a re  proportional to the displacements that result f rom loading the 
structure with i ts  own weight applied sequentially in the directions of the 
foundation motions. In fact, the suggested additional displacement functions 
were motivated by typically successful applications of Rayleigh's method in 
recovering f i rs t  -mode frequencies with the assumption of a single static self - 
weight loading displacement function. The refore, the modification will ordi - 
narily ensure the recovery of the fundamental frequency, and thereby remove 
a t  least  one defect that has occasionally been noted in the conventional method. 



Recycling Modification 

The recycling modification is applied after an initial solution using 
indicator functions (optionally augmented by the static loading functions). 
The initial mode shapes for the full N degrees of freedom a r e  recovered a s  
in  equation (4) and a r e  then applied a s  in equation (5) (in place of the rigid- 
body displacements) to generate new loading vectors;  e. g. ,  

After this,  the transformation matr ix for the f i r s t  additional cycle 
is constructed by solving 

The eigenvalue problem solution i s  then regenerated according to  
equation (3) .  This procedure can be repeated iteratively until convergence 
to  within a specified cr i ter ion is achieved. Equations (81, (91, and (10) a r e  
applicable with incremented superscr ipts  a t  each subsequent cycle. A 
schematic of the NASTRAN program adjustments to incorporate this modi- 
fication i s  shown in Appendix A. A mathematical proof of eventual cyclic 
convergence need not be supplied; it i s  only necessary to consider this as an 
extension of Stodolals procedure of matr ix  iteration (ref.  4) ,  for  which con- 
vergence is readily established (ref. 8). That i s ,  instead of i terating on 
one t r ia l  modal vector at  a t ime, the present modification i s  an extension 
to  a block iteration that operates upon several  vectors simultaneously. 
Here, the eigenvalue problem i s  solved repeatedly in a greatly reduced 
space, which i s  in  contrast  t o  the classical  uncondensed solution procedures 
that perform only one solution of the problem in the full space of the original 
m a s s  matrix. Therefore,  to  achieve solution economy, the emphasis i s  
now placed upon efficient performance of the operations leading t o  the 
formation of equation (3) rather  than upon the procedures used in  obtaining 
solutions to this equation. 

RESULTS AND DISCUSSION OF MODIFICATIONS 

The effects of the modifications to  the procedures for the pedestal 
model a r e  shown in  figure 7. Three  curves a r e  included for each mode: 
curve A i s  for reference - t o  show the accuracy for the conventional initial 
solution with indicator functions only; curve B shows the accuracy for the 
f i r s t  modification - tha t  i s ,  six static-loading functions have been added to 
the indicator functions of curve A; curve C represents  the accuracy obtained 
with the addition of only one new iteration cycle and starting with the mode 
shapes associated with the points of curve B. It can be seen in comparison 
with the conventional solution that solutions with the s ix new displacement 
functions a r e  often severa l  times m o r e  accurate,  and that solutions from 



the iteration cycle a r e  typically more accurate by more than one order of , 

magnitude, 

Most of the indicators selected for the curves of figure 7 were from 
the after-the-fact selection, and consisted of a relatively small set. In a 
few cases, the addition of one iteration to the initial solution for larger  
sets  of indicators produced excellent accuracy for relatively larger  numbers 
of natural modes. In some of thee e examples, the particular se t  of indi - 
cators had produced invalid results on the initial cycle. 

Two 5-cycle tests  were performed for this model: the f irs t  was 
for six indicator functions with no static-loading functions; the second was 
for six static-loading functions with no indicator functions. Both tests  r e -  
vealed the four lowest frequencies with less than 0.670 e r ro r  and with mode 
shapes rated between excellent (first  mode) and fair (fourth mode). The 
indicator functions did not produce the f i rs t  mode until the third cycle (50 
and 1070 e r ro r s  at f i rs t  and second cycles, respectively). The static- 
loading functions produced the first-mode frequency with less than 0. 1% 
e r ro r  a t  the second cycle, starting from 2.0% at the f i rs t  cycle. At each 
cycle, in both of these cases, the e r ro r s  in frequency diminished monoto- 
nically for  a l l  six of the modes, 

Most of the iterative solution tests  that have been made so far have 
been for analytical models of less  than 200 degrees of freedom, For  these 
models, the Givens method in NASTRAN rapidly provided the solutions for 
all modes of the uncondensed models. Hence, for these relatively small 
models, there were no large gains in computation times to be achieved through 
iterative procedures. However, for larger  models, the Givens method be- 
comes impractical, and the solution i s  be st  obtained in  NASTRAN via the In- 
ve rse  Power method. If the problem size i s  large enough, the computation 
time required to find a few modes becomes substantial. It would then be 
more  economical to solve the eigenvalue problem using the Givens method 
within a reduced space to perform a few iterative cycles. 

In one example, an Inverse Power method solution was obtained 
without condensation for an analytical niodel of an antenna reflector that con- 
tained about 1300 degrees of freedom. Only the f i r s t  modal solution was 
generated, which required about 32 min of computation time (Univac 1108- 
Exec 8 computer) in the eigenvalue solution phase. After this, a Guyan 
reduction solution was performed with 29 indicator degrees of freedom and 
continued through five additional iteration cycles. The initial solution was 
completed after 15 min, the f irs t  iteration required 13 min, and each of the 
four subsequent iteration cycles took 8 min. The changes in modal frequen- 
cies a t  each cycle diminish approximately according to a geometric progres- 
sion. This relationship was used to extrapolate the modal frequencies a t  
convergence. Figure 8a shows the numbers of natural frequencies obtained 
cyclically with respect to limiting percentages of variation from the extrapo- 
lated convergent frequencies. Figure 8b indicates the estimated computer 
time saved if the same number of modes t&at were obtained with less than 
0.05% variation from the convergent frequencies had been derived by the In- 
verse  Power method on the uncondensod model, The h v e r s e  Power method 



' t ime was estimated as 32 min for the f irs t  mode and 24 min for each additional 
mode. Since the f irs t  mode from the initial Guyan reduction had a variation of 
1.6% and the remaining modes had higher variations, the corresponding com- 
putation time a t  the zero'th cycle on the figure i s  represented as a loss. 

CONCLUSION 

The two new modifications tend to make results of condensed eigen- 
value solutions considerably more reliable and accurate by removing some of 
the emphasis on the difficult and subjective choice of the indicator degrees of 
freedom. The modification that consis ts  of adding the new static -loading 
displacement functions will usually add very little to the solution time. The 
cycling modification will require significant additional solution time for each 
cycle; (of the same order a s  for one cycle of the conventional method). 

Iterative cycling provides the analyst with several approaches. He 
can select L indicator8 (possibly at random) and, with a sufficient number of 
cycles, be assured of recovering the f irs t  L natural modes to within some 
specified convergence criterion. Alternatively, a selection of a multiple of 
L indicators should be capable of producing the same L modes with a smaller 
number of iteration cycles. It has been found that the t ime for each iteration 
cycle tends to be proportional to the number of displacement functions em- 
ployed; therefore another possibility for improving solution efficiency i s  to 
consider truncating the set of displacement functions used for the later cycles. 
Finding the best ways to exploit these opportunities requires additional tests.  
Nevertheless, until these a r e  provided, i t  i s  clear that one additional cycle 
in itself is very useful, even if  only to establish the validity of a conventional 
condensed solutian. 
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APPENDIX A 

Schematic of NASTRAN Rigid Format No. 3 
Modifications for Recycled Eigenvalue Solutions 
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Figure  1. - Thir ty-degree  ref lector  sector  s t ruc ture  



PEDESTAL STRUCTURE 
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Figure 4. -Accuracy of condensed solution for pedestal structure: 
original indicator selections 
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MODAL ANALYSIS OF THE MATED SPACE SHUTTLE CONFIGURATION 

R. K, Gieseke 
Senior Dynamics Engineer 

Convair Aerospace Division of General Dynamics 
San Diego, California 

SUMMARY '. 

The development of analytical dynamic models for the Space Shuttle system is traced from 
simplified early versions through current models of complex representation. The sequence of 
models also displays changes in design that have occurred during configuration definition and 
development activities. Alterations to the analytical models for accuracy of representation and 
improved graphical display are explained. A discussion is included that examines the program 
characteristics of NASTRAN, particularly as it operates within the environment of the computer 
monitor system and influences the analysis procedure, 

INTRODUCTION 

Space Shuttle is a substantial departure from currently employed concepts of space Iaunch vehicles. 
Not only does it represent a change in operational technique - a fully reusable system rather than 
a totally expendable one - and open the door to a meaningful manned earth orbit program, it also 
presents new and challenging technical problems. 

The shuttle concept of operations provides for a booster vehicle providing power to lift the 
system to high altitude and an orbiter vehicle to complete the mission of carrying men and supplies 
to an earth-orbiting destination. The two vehicles are mated in piggyback fashion during the boost 
phase. At an optimum point in the trajectory, the orbiter is separated from the booster and, under 
its own power, continues into orbit, carrying the payload. The booster begins a cruiseback phase, 
and once back in the lower atmosphere, uses jet engines to effect a powered horizontal landing. 
The orbiter, when it returns from its mission, re-enters the atmosphere and lands in a similar 
fashion. Following a period of refurbishment, booster and orbiter vehicles are ready for another 
earth-to-orbit mission. 

Several variations of Space Shuttle configurations, representing different operational concepts, 
currently exist and are being examined. The discussion that follows reviews the history of modal 
analysis via NASTRAN for the Space Shuttle during recent configuration definition and 
development activities, beginning with unsophisticated beam system representations and progressing 
through successive levels of complex structural modeling. 

Since the work reported here has been done by a potential booster vehicle contractor, 
emphasis is placed on the booster portion of the Space Shuttle system. Thus, while both vehicles 
are included in the studies, booster behavior is the principal area of interest. 

EARLY ANALYTICAL MODELS 

In the initial stages of development of a program such as Space Shuttle, mission requirements and 
vehicle configurations tend to change rapidly. Structural analysis during this period is generally 
limited to gross design factors; dynamic considerations more often than not are defined only as 
load factors, often based solely on judgment and simple hand calculations. 



When aIl but a few candidate configurations have been eliminated, structural analysis of some 
greater depth may begin. Structural dynamics models for this phase are generally quite simple, since 
significant design changes are inevitable and the effort required to achieve extreme accuracy cannot 
be justified. 

The first Space Shuttle analytical model constructed for use with N A S T W  simulated an 
1 

orbiter mated to a V-tail configured booster. An artist's rendition of this booster design is shown in 
figure 1. Estimates of EI, AE, and GJ distributions along the lengths of the fuselage, wings, and tail 
provided approximate section properties for uniform beam segments (NASTRAN9s BAR elements) 
used to represent these components of the booster vehicle. Elastic characteristics of the orbiter 
were not available at the time of this study; consequently, a rigid orbiter simulation was used. The 
model takes advantage of the symmetry of both vehicles in the pitch plane and represents the left 
side of the mated configuration only (figure 2). 

At the time of this analysis, the arrangement of the booster-orbiter attachment linkages and 
their elastic properties was not firmly defined. Consequently, spring rates were assigned to the links 
so as to give the desired minimum 2.0 Hz frequency of response for rigid vehicles. Representation 
of the attachment links (figure 3) in the N A S T W  model was by scalar springs (ELASi). 

Connection of the various components was achieved through the use of dependency equations, 
or, in NASTRAN terminology, equations of multipoint constraint (MPC). The BAR elements 
representing the booster fuselage were located along the booster fuselage centerline. Wing and tail 
roots were located at the periphery of the fuselage cross-section, one fuselage radius away from the 
fuselage BAR segments, Additional grid points were located on the fuselage center line at the same 
fuselage station as the neutral axes of the wing and tail at their respective roots. Rigid links were 
introduced into the model connecting booster fuselage elements to wing and tail roots. These rigid 
links permitted the motions of wing and tail root grid points to be defined in terns of the fuselage 
grid points adjacent. 

The ends of the booster-orbiter attachment springs were likewise located at a geometric offset 
from both vehicle center lines. Dependency equations were employed here also, expressing motions 
at the spring ends as functions of the motions of points on booster and orbiter center lines. For 
the booster, these points were in the transverse plane of the spring ends; for the orbiter, the center 
of gravity was used as the reference grid point. (Since the orbiter was rigid, there can be only one 
independent grid point in the model.) 

For graphical display purposes, plot elements (PLOTEL) were included to show the fictitious 
rigid connection links between components and the attachment springs. The rigid orbiter center line 
was also displayed through the use of plot elements connecting grid points at nose and tail. These 
points were rigidly connected to the orbiter center of gravity by multipoint constraint equations. 

This first Space Shuttle model contained 34 grid points, but the various constraints imposed 
on it reduced the number of degrees of freedom of the eigenvalue problem to about 100 for a 
given symmetry boundary condition. Since no coordinate elimination procedures (OMIT cards) 
were employed, the stiffness matrix remained reasonably well banded, with a semi-bandwidth of 30 
to 40. Modal data was extracted with a minimum of effort and expense. 

When the V-tail concept was replaced with a conventional vertical tail version (figure 4), the 
modal model was accordingly revised (figure 5). This change provided an opportunity to introduce 
certain changes in modeling concept. 

The first area of model improvement was the introduction of a new representation of 
longitudinal behavior for the booster fuselage. Earlier studies (ref. 1) have developed a spring-mass 
analogy to account for the interaction of fluids and their tanks under longitudinal excitation. The 
presence of large amounts of propellants in the booster fuselage invalidates any simulation of 
longitudinal behavior based on structural characteristics alone, hence the necessity for a distinct 



fluid-tank longitudinal model (figure 6). Models such as this have been shown to give good 
approximation to the first longitudinal mode of fluids in elastic tanks. 

The fluid-tank mo.del was incorporated into the Space Shuttle model by (1) defining the new 
booster fuselage longitudinal description using scalar points and scalar springs; (2) constraining d l  
longitudinal degrees of freedom in the booster fuselage beam representation; and (3) rewriting all 
pertinent multipoint constraint equations, substituting the appropriate scalar degree of freedom in 
the new model for the previously used fuselage longitudinal degree of freedom. 

Secondly, with the earlier model, it was impossible to display wing and tail torsional 
responses. To overcome this deficiency, grid points were added to the model on the leading and 
trailing edges of wing and tail surfaces directly in line with the existing grid points located on the 
neutral axes of those components. The aerodynamic surfaces were still idealized as beams, so these 
new grid points were not used for any elasticity or mass definition. However, by assuming that the 
cross-sections of the surfaces remained rigid when deforming, the motions of the edge points could 
be defined (through the use of MPC equations) in terns of the motions of the corresponding points 
on the neutral axes. Plot elements connecting the edge points permitted the neutral plane of the 
aerodynamic surfaces to be displayed in the structure plots, and more accurate evaluation of the 
character of the modal distortions was possible. 

The eigenvalue problem resulting from this simulation is not significantly larger than that of 
the first described model, although, with the addition of grid points on the edges of the 
aerodynamic surfaces, the initial order of the problem (NASTRAN's g-size) is increased by over 
200. At the moderate cost involved in handling the additional dependent degrees of freedom, a 
much more meaningful display of modal distortions is achieved (figure 7). 

Analysis of the model just described revealed that the configuration had a fundamental elastic 
mode under antisymmetric boundary conditions of 0.82 Hz. At this frequency, coupling of 
structural responses with nonstructural dynamic effects such as slosh or rigid body control 
frequencies, becomes possible. The mode shape associated with this frequency indicated that the 
two vehicles were yawing in opposition with very little bending. The potential energy of the mode 
shape was found to be concentrated in the attachment springs and in torsional distortion of the 
booster fuselage. Since neither orbiter flexibility nor booster fuselage local flexibilities had been 
included in the model, the actual frequency for the design would be substantially lower than that 
calculated, and adverse coupling problems would be a near certainty. 

FUSELAGE MODEL REFINEMENT 

To accurately evaluate the effectiveness of the fuselage structural redesign initiated to raise the 
fundamental antisymmetric frequency, a detailed structural model of the booster fuselage was 
developed for the next configuration in the sequence, a delta wing version (figure 8). In 
anticipation that this model would later be incorporated into a complete system dynamic model, 
NASTRAN was chosen to be the analytical tool to be used in the loads analysis to take advantage 
of its capacity for both static and dynamic studies. The portion of the booster fuselage modeled as 
a stiffened cylinder included the region from the forward orbiter attach point to the leading wing 
spar, some 1-113 diameters aft of the rear orbiter attach point. This region incorporates the 
intertank structure plus the forward portion of the LH2 tank (figure 9). Major strength frames such 
as those supporting the attachment fittings were modeled directly, using six BAR elements of 
different section properties, each representing a 30-degree segment of a half-frame. Other stiffening 
frames were modeled in a similar manner after first combining several into one equivalent frame. 
Longitudinal stiffeners at 30 degrees around the fuselage circumference were given section 
properties to duplicate the axial load carrying capacity of the actual stiffeners plus the effective 



skin areas. Rectangular shear panels completed the fuselage model. The orbiter attachment links 
(which, by this time, had been designed) were represented by axial load carrying (ROD) elements. 
By fixing the aft-most frame and applying loads to the orbiter side of the attachment links, a 
detailed stress analysis was carried out. This model provided a good evaluation of the flexibility of 
the booster fuselage local structure supporting the orbiter attachment links as well as the links 
themselves. As design changes have been made, the model has been revised and used to evaluate the 
effect of such changes on the flexibilities of the region. 

To use this cylindrical model for evaluation of modal properties of the mated configuration 
required both integration of the model into the simulation of the rest of the structure and adding 
mass information in an effective manner. 

The remainder of the booster fuselage, both fore and aft, was still defined only in terms of 
stiffness and mass versus fuselage station; the beam simulation approach previously employed was 
again used for these regions. The problem of compatibility between the beam representation and 
the detailed skin-frame model is accomplished by defining grid points located at the intersection of 
the planes of the first and last frame modeled, and the fuselage center line. The adjacent beam 
elements connect directly to these grid points. 

Figure 10 shows a cross-section of a frame of the fuselage model. Displacement coordinates 
are shown to be in a cylindrical system (direction 1 is radial; 2 is tangential; 3 is normal) for 
exterior grid points 1 through 7 and rectangular for the center grid point, 0. Rotation about a 
coordinate direction, i, is identified as component i + 3. Let ui(i) represent motion component i for 

grid point j. Then a set of compatibility expressions can be written as 

To reduce the size of the modal problem as far as practical, mass distribution in the fuselage, 
including propellants, was defined in terms of fuselage station. Concentrated masses were assigned 
to fictitious grid points located on the fuselage center line at each frame of the model. Application 
of the compatibility equations (1) through (6) at each frame related these masses to the elasticity 
of the fuselage structure. 

The delta wing design of this new configuration does not lend itself to simple beam simulation 
of aerodynamic surfaces. Efforts were made to incorporate flexible aerodynamic surfaces into the 
dynamic model, but for reasons that will be discussed below, attempts to do so were unsuccessful. 
The critical concern at the time was the frequency of the lowest elastic mode. Previous work had 
suggested that for the lowest modes, little strain energy would be found in the aerodynamic 
surfaces. Consequently, it was decided to proceed with the analysis using rigid representation of the 
aerodynamic surfaces. 

Orbiter stiffness and mass distributions versus longitudinal station were obtained and a flexible 
beam model made for it. The assembled dynamic model is shown in figure 11. The unrestrained 



size of the system (g-size) is 750. Application of boundary constraints and dependency equations 
(SPC and MPC cards) reduced this order to 501. All remaining degrees of freedom without mass 
properties were removed by static condensation procedures (OMIT cards), leaving an eigenvalue 
problem size of 58. The fundamental antisymmetric mode obtained (figure 12) had a frequency of 
0.9 Hz or 0.08 Hz more than the earlier, simplified model. The additional flexibility contained in 
the new model due to the local structure effects is compensated for by increased stiffness due to 
redesign, hence the negligible change in frequency. 

The wing and tail of the booster generate large loads that are reacted into the fuselage 
immediately aft of the region modeled in detail. The transformation from cylinder to beam 
representation used in this study was inadequate to transmit these loads properly and excessive 
model distortions resulted in this region. If the stiffened cylinder form of representation for the 
booster fuselage were extended further aft, the proper paths for loads from the aerodynamic 
surfaces could be developed and more representative modal displacements would result. 

The model described above is inadequate if higher modes of the structure are to be obtained, 
since rigid aerodynamic surfaces were used. As the frequency approaches that of the aerodynamic 
surfaces alone, their contribution becomes more significant and an elastic representation becomes a 
necessity. 

MODELING OF FLEXJBLE AERODYNAMIC SURFACES 

The design of the aerodynamic surfaces - wing, tail, and canard - of the Space Shuttle booster 
was assigned to the engineering staff at the Fort Worth operation of Convair Aerospace. An 
analytical model of each surface was prepared and analyzed at that facility using a computer 
program other than NASTRAN. The elastic characteristics of the three components were 
transmitted to the San Diego operation of Convair Aerospace in the form of an unrestrained 
stiffness matrix on cards. Concentrated weight distributions and geometric data were supplied in 
printed form. These latter two classes of data were easily reformatted into NASTRAN form, the 
weight data as CONM2 cards and the geometric data as GRID cards. 

The procedure chosen to enter the elasticity information for the aerodynamic surfaces into the 
NASTRAN simulation was to use DMIG cards to input the stiffness matrices directly, then add 
them to the stiffness matrix generated by NASTRAN for the remainder of the structure. Once the 
matrix additions are accomplished, the analysis continues in the normal manner. 

The stiffness matrices for the canard, wing, and tail are respectively of order 42, 98, and 42, 
and essentially full due to earlier static condensations. Using small field form exclusively, some 
7,000 card images are required to enter the data. The limitation of eight characters per field where 
exponential form is necessary degrades the accuracy of the data to a degree that adequate 
description of the characteristics of the aerodynamic surfaces could not be achieved in this fashion. 
One possible remedy is the use of large field format for the DMIG cards, but this was rejected as a 
solution due to the cost and hazards associated with processing 14,000 bulk data cards. 

The technique currently being implemented for introducing the elasticity of the aerodynamic 
surfaces involves the use of the general element (GENEL). Using static condensation techniques, the 
degrees of freedom in each stiffness matrix have been reduced to a number more appropriate to the 
task of obtaining total vehicle modes. The mass matrices have also been reduced using the same 
Guyan techniques as in NASTRAN. For the canard, wing, and tail, these reduced orders are 5, 40, 
and 10 respectively. Inversion of the stiffness matrices, after determinate constraints are applied, 
produces the flexibility matrix required for the general element definition. Use of the general 
element enables the elastic properties of the aerodynamic surfaces to be entered into the analysis 
by using only 300 cards. And, as the theoretical discussion. of the general element points out, for 



' the same number of significant digits, the flexibility matrix contains more accuracy since the rigid 
body components have been removed. 

The modal amplitude at all grid points on the aerodynamic surfaces can be recovered if the 
grid points are included in the initial description of the system. The deleted degrees of freedom are 
indicated as fixed on the GRID card, so that the eigenvector resulting from the eigenvalue 
operation will indicate zero amplitudes for these elements. 

The condensation process has performed the following operation 

where 
[ K ~ ~ ~ . ]  is the condensed stiffness matrix and [fh] , [ K ~ ~ ]  , andp<&]are partitions of the 

original matrix with subscripts r and d indicating retained and deleted degrees of freedom, 
respectively. Defining 

from the theory upon which the condensation is based 

where {ud} is the vector of deleted degrees of freedom and {ur) is the vector of degrees of freedom 
retained. 

The g-size eigenvector matrix produced by modules READ and SDRl can be partitioned into 
nonsurface degrees of freedom, surface degrees of freedom retained, and surface degrees of freedom 
deleted. 

If the recovery matrix, [ G ] ,  is entered into the analysis via DMIG cards, it will be given an 
order equal to the g-size, with zero fill where appropriate. Thus, it can modify the eigenvector 
matrix via matrix algebra to obtain the modal amplitude of the deleted surface degrees of freedom. 



The final eigenvector, including all coordinates on the aerodynamic surfaces, is 

This procedure will be applied to the current Space Shuttle model, shown in figure 13. This 
model with flexible booster aerodynamic surfaces and detailed modeling of the entire booster 
fuselage, is expected to yield much useful information about the dynamic characteristics of the 
Space Shuttle vehicle. 

PROGRAM-ORIENTED CONSIDERATIONS 

All analytical investigations are idealizations of reality, influenced among other things by the nature 
of the analysis tools available. The characteristics of NASTRAN, particularly when situated in the 
environment of the Computer Laboratory at %the San Diego operation of Convair Aerospace, have 
influenced the analyses just described in several significant ways. 

The current configuration of the Scientific Data Processing Laboratory at the San Diego 
facility consists of a CDC 6400 system that includes a central processor of 65,00010 - sixty-bit 
word capacity. It currently uses the SCOPE 3.2 monitor system. About 140,0008 words at core 
storage are available to the batch job user. To restate the size of available core in terms that may 
be more meaningful to NASTRAN users, for this facility the matrix decomposition routines of 
NASTRAN are limited to semiband widths of 140 to 160 for symmetric decomposition and 70 to 
80 for unsymmetric decomposition if spill logic is to be avoided. 

NASTRAN has not been constructed to operate most effectively in such a confining 
environment and consequently, comparisons with other programs are often unfavorable. The 
planned single precision option will substantially improve NASTRAN's performance on CDC 
computers, both in terms of speed of operation and in practical problem size. Further, the use of a 
symmetric matrix decomposition procedure for normal mode extraction would further enhance its 
attractiveness to structural dynamicsts. 

A computer user cost algorithm that assigns progressively higher scaling factors to larger field 
length jobs has forced users to experiment with minimum field length requests when using 
NASTRAN. For the size and character of problems being analyzed, experience has shown that 
nearly all functional modules can operate at a field length of 120,0008 cells or less. One regularly 
used module that needs more memory is the Structural Matrix Assembler, phase 1 (SMAl), which 
normally requires an additional lO,OOO8 cells. Operations involving matrix decomposition have field 
length requirements mare directly dependent on the order of the matrices involved. To reduce the 
cost of a NASTRAN analysis, the execution of the sequence of functional modules may be 
arbitrarily broken into three or more segments of different field lengths. For example, modal 
analysis problems have been solved in three separate passes: first, at a field length of 130,0008 
cells, to get past SMA1; the second, at a field length of 120,0008 cells, to continue the analysis to 
the eigenvalue module, READ; and lastly, at a field length of 140,0008 cells, the execution of the 
READ module, which involves an unsymrnetric matrix decomposition, and final output of 
eigenfunctions. Plotting, if desired, is acquired in a fourth run, at lZO,OOO8 cells of core storage. 



But by far the most difficult problem associated with using NASTRAN is the fact that it has 
not been possible to access the source code. The CDC version of NASTRAN was coded for the 
standards of the Langley Research Center CDC facility, which has a unique version of the CDC 
RUN compiler. As a consequence, NASTRAN source code cannot be compiled using the standard 
RUN compiler or the San Diego operation RUN compiler. Further, no correction or modifications 
can be made and when a program error is found, the only recourse is to redefine the solution 
process so that the error is not encountered. All potential resolutions to this problem have thus far 
been judged unacceptable or have encountered difficulties in implementation. A source code based 
on standard RUN compiler FORTRAN for future versions of NASTRAN would substantially 
improve the task of program maintenance at the various CDC installations having the program. 
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Figure 1.- V-tail configuration. 

Figure 2.- V-tail version dynamic model. 



Figure 3.- Attachment link model. 

Fz'gure 4.- Vertical tail configuration. 
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Figure 5.- Vertical tail version dynamic model. 
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Figure 6.- Fluid-tank longitudinal model. 



Figure 7.- Wing torsion uibration mode shape. 



Fz'gure 8. - Delta wing confipra tion. 

Figure 9.- Booster fuselage stress model. 
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FigJre 10.- Fuselage model cross-section. 



Figure 11.- Delta wing version dynamic model with detailed fuselage. 

Fz'gure 12.- findarnental antisymmetric vibration mode shape. 



Figure 13.- Detailed dynamic model for delta wing version. 



NORMAL MODE ANALYSIS OF THE RGDIO ASTRONOMY EXPLORER 

(RAE) BOOMS AND SPACECRAFT 

Dr. K. N. Jabbour 

NASA Goddard Space Flight Center 

SUMMARY 

In this paper, the problem of determining the normal modes of RAE booms and 
spacecraft for in-flight configuration is analyzed. The solution is based on the use of a 
finite element model of the booms and spacecraft along with NASTRAN1s normal mode 
analysis. The inverse power method of eigenvalue extraction was utilized. 

The results a re  presented as a summary of real eigenvmes and plots of the six 
rigid body mode shapes, the eight f irst  mode shapes, and the eight second mode shapes, 

The study showed that considerable care must be exercised when using NASTRAN 
in the solution of complex problems. 

INTRODUCTION 

The objective of the RAE satellite project is to measure the intensity of radio 
signals from celestial sources. To achieve this objective the spacecraft employed a 
pair of long "V" antennas back to back, thus forming a large "Xt with central hub of 
instrumentation a t  the juncture of the antennas (fig. 1). The antennas (or the booms) 
a r e  tubular structures which were deployed from the central. body once the spacecraft 
was in 6000 km circular orbit. Gravity-gradient attitude stabilization was used so that 
one set will always point toward the earth. 

The problem of determining the in-flight boom shape is an important one because 
the interpretation of the experimental data requires an accurate knowledge of the antenna 
pattern at  the time of observation (see refs. 1 to 7). The booms in orbit a re  under the 
influence of gravitational, inertial,' and solar pressure forces and thermal bending. 

The purpose of this study is to generate a NASTRAN model to determine the normal 
modes of RAE booms in a field free of gravitational, inertial, and thermal forces. 



Figure 1 . RAE booms geometry. 



COMPUTER SIMULATION 

The RAE booms were modeled using CBAR elements with coordinate systems 
parallel to the booms. Multipoint constraint (MPC) cards were used to express the 
inextensibility of the booms in the longitudinal direction. CONM2 and SUPORT cards 
were used to model the central hub and its fictitious support, Figure 1 shows the finite 
element model for RAE booms and spacecraft. 

A reasonable and accurate way of modeling the booms necessitated the use of . 

37 grid points having 144 degrees of freedom. The computer time required for a 
nominal run was between 8 and 12 minutes using an IBM 360/95. The plots shown in 
figures 2 to 5 were generated using a Stromberg-Carlson 4020 plotter. 

The parameters involved in this study, a s  used in the bulk data, are: 

1. Tube diameter = 0.58 inch 
2. Weight = 0.017 lb/ft 
3. Effective Stiffness, EI = 2000 1b-in2 
4. Length = 450 to 750 feet 
5. rTV77 angle = 60" 
6. Central Hub Weight = 425.73 lb 
7. Central Hub Inertias: 

x, y, and z axes are defined as shown below: 

Y 

I BOOMS 



COMPUTER RESULTS 

The following table summarizes the RAE booms real eigenvalues, frequencies, and 
periods for 450' length. Figures 2 to 5 give plots of the booms mode shapes. 
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SENSITIVITY AND COMPARISON OF RESULTS 

Parameter variation studies have been performed in order to establish the stability 
of the eigenvalues and the frequencies. The following observations a r e  made, based on 
these studies: 

1. The eigenvalues are relatively insensitive to a reasonable variation of the 
central hub inertias. 

Period, Min, 

37.414 
37.411 
37.219 
36.833 
36.641 
21.122 
14.396 

8.661 

6.053 
6.052 
6.043 
6.023 
6.0 13 
5.873 
5.494 
2.738 

Cycles, Hz. 

0 .o 
0 .o 
0 .O 
0 .o 
0 .o 
0 .o 
4,4546813-04 
4,4550143-04 
4.4779673-04 
4.5249403-04 
4.5486283-04 
7.8905123-04 
1.157'7453-03 
1.9242343-03 

2.7535243-03 
2.7535883-03 
2.7579953-03 
2,7671573-03 
2.7718583-03 
2.8379313-03 
3.0333583-03 
6.0862903-03 

2. Varying the number of grid points has a small effect on the eigenvalues and 
frequencies. 

b 

E igenvalue 

0 .o 
0 .o 
0 .O 
0 .o 
0 .o 
0 .o 

- -  - .  

7,8341673-06 
7.8353463-06 
7,9162863-06 
8.0832413-06 
8.168096E-06 
2.45'79353-05 
5.2915843-05 
1.4617593-04 

- - -- 

2.9932103-04 
2.9933503-04 
3.0029403-04 
3.0229243-04 
3,0332043-04 
3.179533E-04 
3.6325123-04 
1.4623973-03 

Mode No. 

1 
2 
3 
4 
5 
6 

7 
8 
9 

10 
11 
12 
13 
14 

-- 

15 
16 
17 
18 
19 
20 
21 
22 

Y 

Mode Shape 

Rigid 
Body 

- -- 

Firs t  

-- - - 

Second 





(e) Mode 5 Eigenvalue = 0. (f) Mode 6 Eigenvalue = 0. 

Figure 2 (continued). RAE booms rigid body modes. 



(a) Mode 7 Eigenvalue = 7.8341664-06 (b) Mode 8 Eigenvalue = 7.8353456-06 

(c) M o L  9 Eigenvalue = 7.9162848-06 (d) Mo& 10 Eigenvalue = 8.0832400-06 

Figure 3 .  RAE booms first mode shapes. 



(e) Mode 11  Eigenvalue = 8.1680960-06 (f) Mode 1 2 Eigenvalue = 2.4579344-05 

(g) Mode 13 Eigenvolue = 5.2915840-05 (h) Mode 14 Eigenvalue = 0.0001461758 

Figure 3 (continued) . RAE booms first mode shapes. 



(a) Mode 15 Eigenv~iue = 0.0002993209 (b) hbde 16 Eigemalue = 0.0002993348 

(c) Mode 17 Eigenvalue = 0.0003002939 (d) MDde 18 Eigawalue = 0 .KO3022923 

Figure 4. RAE booms second mode shapes. 





(a) Mode 1 3-A Eigenvalue = 5.291 5840-05 

(b) Mode 21 -A Eigenvalue = 0.0003632510 

Figure 5 .  Additional views of RAE boom mode shapes. 
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The comparison between the results of this study and the results obtained in 
reference 1 a r e  not conclusive because the assumptions used in both analyses a r e  
different. However, a check was made using the same boom stiffness and mass. The 
results compared well for the f i rs t  six modes where the maximum difference was less  
than 7.2%. Greater discrepancy was found in modes 13 and 14. No second modes were 
obtained in reference 1. 

FUTURE l33SEARCH 

This study was initiated to test NASTRAN' s capabilities to extract closely spaced 
eigenvalues of small magnitude. The work was concluded with success, although some 
difficulties were encountered in the early runs. Since then, it is felt that additional 
work should be initiated to complete this study through the inclusion of gravitational, 
inertial, and thermal effects. The extension of this work will yield more meaningful 
results which can be easily compared with some of the results in references 1 to 7. 

CONCLUSIONS 

The f i rs t  computer runs for the M E  booms and spacecraft normal mode analysis 
were performed between August and November 1969. Therefore, some of the 
difficulties which were encountered at that time may have been resolved now. Some of 
these were: 

1. Difficulty of interpreting some of the NASTRAN messages concerning the 
reasons for termination of the eigenvalue analysis. 

2. Non-uniformity in the computer time required for similar nms. At least one 
run required about 43 minutes while other runs of a very similar deck (eigen- 
value search region is slightly different) required about 13 minutes, Moreover, 
the matrix decomposition time estimate, given by NASTRAN, varied betwee9 
119 seconds and 34 seconds. 

3. Difficulty in judging the need for multipoint constraints. 

It should be noted that the runs performed recently were consistent in the decom- 
position time estimate and the required computer time. However, this study showed 
that considerable care must be exercised when using NASTRAN in the solution of 
complex problems. It is recommended that the results be checked, whenever possible, 
using different m ode1 and/or independent analysis. 
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STATIC AND DYNAMIC ANALYSIS, F-14A 

BORON HORIZONTAL STABILIZER 

By S . L. Huang and H. Rubin 

Naval Air Development Center 

SUMMARY 

A static stress analysis and a dynamic modal ana lys i s  of the  hori-  
zonta l  s t a b i l i z e r  of the F-14A a i r c r a f t  has been conducted at the Naval . 

A i r  Development Center employing the NASTRAN program. The s t r u c t u r a l  model 
contains 1518 elements including ba r s ,  rods, shear panels and or thot ropic  
and i s o t r o p i c  membrane elements with 1357 degrees of freedom. S t a t i c  de- 
f l e c t i o n  and s t r e s s e s ,  including thermal s t r e s s e s ,  under maximum load a t  
room and a t  elevated temperatures are calculated and r e s u l t s  are i n  good 
agreement w i th  experimental data.  Through app l i ca t ion  of "Guyan Reduction" 
the number of degrees of freedom used i n  t h e  dynamic ana lys i s  is reduced t o  
137. The frequencies and mode shapes f o r  the  f i r s t  t w o  modes are ob- 
taf ned . 

NOMENCLATURE 

6 Modulus of e l a s t i c i t y  i n  tension and compression 

G Modulus of elasticity i n  shear 

v ~ o i s s o n ' s  r a t i o  

x,y,z Laminate mater ia l  coordinates  

u x, o Normal components of stress p a r a l l e l  t o  x- and y-axes 

b~ Shear component of stress i n  x,y coordinates  

.--w-.- - 

Preceding page blank 
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The horizontal stabilizer is an all movable surface pivatfng about a 
shaft integral with the fuselage. Surface actuation is by hydraulic actu- 
ator mounted within t;he fuselage and acting on the stabilizer horn fitting. 
The entire assembly is depicted schematically in figure 1. The stabilizer 
is composed of four major structural parts: the main panel, leading edge, 
trailing edge and tip. The main load carrying component is the main panel 
assembly; the other three components resist aerodynamic pressure and trans- 
fer it to the main panel. The leading edge, trailing edge and tip assem- 
blies are of full depth aluminum honeycomb core with aluminum skins. The 
main panel is of sandwich construction with aluminum honeycomb core and 
boron-epoxy composite cover skins. Composite skins are structurally optim- 
ized with laminates of various constructions, orientations and thicknesses 
tailored to local strength requirements. Titanium is used for root and 
intermediate ribs, forward and rear closure beams, and intercostal pivot- 
bearing-support beams. The skins in the pivot area are titanium to enable 
fastening to the titanium substructure. The boron skins are attached to 
the titanium by means of bonded splice joints. 

STRUCTURAL IDEALIZATION 

The idealized structural model is shown in figure 2. It is a NASTRAN 
computer-drawn plot showing the geometry, the individual elements and the 
interconnection of the model. The model includes the main panel but ex- 
cludes the leading and trailing edges and the wing tip. The honeycomb core 
has been compressed into discrete spar and rib shear panels of equivalent 
shear stiffness and rods of equivalent compressive stiffness. The metallic 
skins are represented by isotropic quadrilateral membrane elements, and the 
boron-epoxy laminated skins are represented by arthotropic triangular mem- 
brane elements. There are additional rod elements to represent axial load 
carrying material along the ribs and beams. The pivot shaft is represented 
by bar elements which carry axial and shear loads as well as bending mo- 
ments. The end of the pivot shaft supported by the fuselage is assumed to 
be fixed. The bearings are simulated by radial rods connected to the shaft. 
Free bearing rotation is simulated by eliminating the connections between 
the rotational motions of the bars and rods at the connecting grid points. 

The structural model consists of 673 membrane elements, 444 shear 
panels, 399 rods and two bars for a total of 1518 elements interconnected 
at 453 grid points. The total number of degrees of freedom is 1357. 



STATIC ANALYSIS 

Static Load 1 

The idealized structure was analyzed for the critical loading condi- 
tion, maximum bending. Results were obtained at room temperature and at 
422'~. The distributed aerodynamic load was replaced with concentrated 
forces acting at the grid points. These concentrated forces were computed 
from static test loads and are statically equivalent to the static test 
loads. Since the wing tip and the leading and trailing edges are absent 
from the idealized structure, test loads applied to these parts were re- 
placed with statically equivalent loads acting at adjacent grid points. 
To react to the applied loads and provide static equilibrium the idealized 
structure is supported by a cantilever beam (the pivot shaft) passing 
through the two bearings. The stabilizer is constrained from rotation by 
a pin-ended rod connecting the pivot horn to a fixed point. 

Problems Encountered and Solutions 

The major problems encountered while running the static analysis 
using rigid format 1 of NASTRAN version 11*1 included: 

1. Lefthanded coordinate system which is not compatible with NASTRAN. 

2. Meaningless results for shear panels with two sides parallel and 
the other two nearly parallel. 

3. Isotropic quadrilateral membrane element with all three material 
properties E, G and v independent ofeach other gives meaningless results. 

4. Erroneous NASTRAN calculated stiffness and stresses for ortho- 
tropic quadrilateral membrane element resulted from incorrect transforma- 
tion of local material properties. 

5 .  Error in transforming coefficients of thermal expansion to local 
coordinates. 

6. Total number of different orthotropic materials exceeded the 
number permitted in the program. 

Following actions were taken to resolve the above problems: 

I. Switch to righthanded coordinate system. 

2. Reassign one of the nearly parallel sides of the shear panel as 
the side connecting local element grid points G1 and 62.  



3. Avoid the use of isotropic quadrilateral membrane element with 
I 

all three material properties independent. 

4 .  Employ orthotropic triangular membrane element instead of ortho- 
tropic quadrilateral element. 

5. Adjust input values for coefficients of thermal expansion such 
that upon the erroneous coordinate transformation the results yield correct 
values for the coefficients of thermal expansion in the particular local 
coordinates. 

6. Keep the total number of orthotropic materials to less than 100. 

NASTRAN Results and Comparison with Test 

The structural model for the F-14A harlzontal stabilizer was statical- 
ly analyzed for the loading condition described above using NASTRAN program 
version 11.1 on an IBM 360/65 computer. A typical run takes 24 minutes in 
CPU time. 

In this analysis the following numerical data were output: 

Displacements at all grid points 

Stresses for all elements 

Element forces 

A computer-drawn pictorial representation of the stabilizer deformation at 
room temperature under the prescribed loading is presented in figure 3. It 
shows superimposed orthographic views of both the deformed and the undeform- 
ed structural model. To provide a clear separation between the two views, 
the displacements of the stabilizer are deliberately exaggerated (approx- 
imately 50% larger than actual size). Numerical values of the vertical com- 
ponents of the displacements (displacements normal to the planform of the 
stabilizer) at selected points are tabulated in Table 1. Also shown are 
the comparable test deflection reported by the contractor* 

In general, the correlation between the NASTRAN calculated deflections 
and the test results are reasonably good. 

Figures 4 and 5 are plots of laminate skin stresses at room temperature 
along two chordwise sections R-8 and R-13,tespectively. Physical locations 
of these sections are shown in figure 2. Test stresses calculated from ex- 
perimental measurements are presented for comparison. There is good agree- 
ment for the dominant stress (normal stress in the direction of laminate 
material axis). In general, NASTRAN stresses are slightly higher than the 
experimental data. Internal forces and moments have been calculated for 



the NASTRAN stresses along section R-8. These were checked for static equi- 
librium with the externally applied forces and found to be in close agree- 
ment. On the other hand, internal forces and moments estimated from 
measured stresses are lower than the externally imposed forces and momgnts. 

Skin stresses at elevated temperature are different from their corres- 
ponding values at room temperature, as a result of differences of thermal 
expansion coefficients of the various structural materials including the 
dffferences between the various laminate constructions. Since no valid 
experimental results are available far comparison, the trend and the magni- 
tude of the changes in stresses from room to elevated temperature were care- 
fully examined on the basis of the thermal elastic properties of the entire 
structure and found to be correct. 

DYNAMIC ANALYSIS 

Reduction of Stiffness and Mass Matrices 

In a dynamic analysis of a structure fewer grid points are needed to 
describe the inertia properties of the structure than those needed to 
describe the elastic properties in the static analysis of the same structure 
for a comparable degree of accuracy. Carrying out a dynamic analysis with 
mare grid points or degrees of freedom than fs needed will result in increas- 
ed computational time and cost with little gain in accuracy. 

Rather than construct a new structural model for dynamic analysis, the 
model used in the static analysis was employed in the following dynamic 
analysis with the degrees of freedom reduced by the application of Guyan 
Reduction, a procedure incorporated in NASTRAN. This procedure is essential- 
ly a rational redistribution of the inertia properties of the stabilizer to a 
set of selected grid points uniformly distributed over one surface of the 
structure. With only one degree of freedom at each grid point retained, 
namely the displacement component normal to the stabilizer planform, the 
resulting number of degrees of freedom in the dynamic analysis is 137. 

Problems Encountered and Solutions 

NASTRAN rigid format 3 with inverse power method is used t o  obtain the 
first few natural frequencies and mode shapes of the stabilizer. 

As described in the static test, the stabilizer is considered to be 
supported by the pivot shaft, and constrained from rotation by a control rod 
connecting the pivot horn to a fixed point. Unlike in the static analysis, 
problems encountered in the dynamic analvsis are few and relatively strafght- 
forward. These include: 



1. Insufficient file storage even though three (3) disc packs from an 
IBM 2314 unit were provided. 

2, Error occurred during a restart run. The NASTRAN program attempted 
to partition out rigid body supports, a procedure which is not called for in 
this particular computer run of the rigid format. 

The first problem was solved by storing several data blocks on tapes and re- 
visingthe procedure library such that unused data storage allocations are 
released. The second problem was circumvented by using appropriate ALTER 
statements to jump over DMAP statements between 73 and 81 where the unwanted 
matrix partition is executed. 

NASTRAN Results and Comparison with Test 

Two normal modes of vibrations, one bending and one torsional, were 
obtained using a cold start plus two restarts. The total CPU time used was 
150 minutes of which 104 minutes were required for the stiffness and mass 
matrices reduction. The natural frequencies associated with the two modes 
are 21.4 and 39.2 Hz for the bending and the torsional modes of vibrations, 
respectively. Mode shapes are depicted in figures 6 and 7. eperimental 
mode shapes are in general agreement with the corresponding NASTRAN calcula- 
ted results. The corresponding natural frequencies determined experimental- 
ly ere 15.5 and 35.4 Hz. The large discrepancy in natural frequency between 
the NASTRAN calculated and the experimentally determined bending vibration is 
primarily attributed to the difference in the bending stiffness of the pivot 
shaft including its boundary support between the structure model analyzed and 
the experimental test set-up. 

CONCLUDING REMARKS 

The application of NASTRAN to solve static and dynamic problems of 
camplicated structuresis convenient and powerful. There axe, however, many 
pitfalls and errors. Hence, results from NASTRAN must be scrutinized very 
carefully whenever a new application is undertaken. In view of the substan- 
tial computational effort required in reducing the stiffness and mass mat- 
rices with Guyan Reduction it may be advantageous in some instances to con- 
struct a new structural model with fewer grid points for dynamic analysis. 



TABLE I.- COMPARISON OF NASTRAN AND TEST VERTICAL DEFLECTIONS 
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40.89 
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14.5 
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9.78 
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11.00 
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-3.99 
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Test 

8.6 
15.0 
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-9.65 
-4.11 
4.98 

10.77 

NASTRAN 

5.94 
11.48 
17.40 
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Titanium cover 

Honeycomb core 

Figure 1. - General structural arrangement, F- 14A horizontal stabilizer. 



Figure 2.- Finite element structural model. 



dundeformed structure 

Figure 3. - Deformed and undeformed structural model. 
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Figure 4. - Comparison of NASTRAN and test 
laminate stress along section R-8, R.T. 



Figure 5. - Comparison of NASTRAN and tes t  
laminate s t r e s s  along section R-13, R.T. 
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ADAPTATI ON OF NASTWN TO THE ANALYS I S OF THE 

VIKING SPACE VEHICLE 

By Thomas C. Jones and Larry D. Pinson 
NASA Langley Research Center 

SUMMARY 

A normal mode analys is o f  the complete Vik ing launch vehic le (stage 1-  
shutdown conf igura t ion)  using a modi f ica t ion  o f  NASTRAN version (11.1.0) on the 
CDC 6600 computer system i s  presented. The operat ional and l o g i s t i c s  problems 
discussed i n  t h i s  paper are t yp ica l  o f  those encountered i n  the use of NASTRAN 
f o r  any large problem. The vehic le i s  d iv ided i n t o  three basic substructures 
which are modeled and checked separately, then jo ined t o  y i e l d  a complete, 
unreduced model o f  the system, Eigenvalues are extracted using the inverse 
power method. The resu l t s  o f  t h i s  study demonstrate the broad versat i  1 i t y  o f  
NASTRAN f o r  simultaneously modeling st ructures by d i r e c t  mat r ix  input,  general 
elements, and r i g i d  l i n k s  along w i t h  the standard 1 i b ra ry  o f  f i n i t e  elements. 
I t a lso  indicates the large computer time requirements o f  NASTRAN f o r  ex t rac t ing  
roots o f  large order matrices. 

l NTRODUCT I ON 

Assembly o f  a complete f i n i t e  element model o f  the Vik ing launch vehic le 
and spacecraft  system y i e l d s  a r e l a t i v e l y  large composite model (greater than 
900 e l a s t i c  degrees o f  freedom and 500 dynamic degrees o f  freedom). Eigenvalue 
analyses o f  such large models w i t h  unreduced dynamic degrees o f  freedom have 
t rad i t ional  ly  led  t o  excessive computer run times and core storage requi rements. 
Hence, a modal synthes i s  (subs t ruc tur  i ng) procedure (reference 1) was adopted 
by the Vik ing p r o j e c t  as the base1 ine approach f o r  modal analyses. 

Modal synthesis does not o f f e r  the degree o f  accuracy, the v i s i b i l i t y  o f  
the overa l l  model d e f i n i t i o n ,  nor the ease o f  model changes af forded by a 
d i r e c t  use o f  the complete, unreduced model. A d i r e c t  approach was selected 
f o r  the work being performed a t  the Langley Research Center (LRc) i n  support 
o f  the Vik ing pro jec t .  This decis ion was based p a r t i a l l y  on the a v a i l a b i l i t y  
o f  the NASTRAN program (refs.  2, 3, and 4) which was formulated f o r  t r e a t i n g  
large systems such as the Vik ing space vehicle. The ob jec t ive  o f  using the 
d i  rec t  approach was t o  provide a means f o r  accurately and easi l y  performing 
dynamics studies requ i r i ng  parametric model changes and t o  provide a backup 
f o r  modal synthesis. The conf igura t ion  analyzed was the T i  tan/Centaur/Vi k i  ng 
space vehic le a t  stage 1 shutdown. 

The purpose o f  t h i s  paper i s  t o  present the LRC experience gained dur ing 
t h i s  i nves t iga t ion  on the app l i ca t ion  o f  NASTRAN t o  the eigenvalue analysis o f  
the Viking space vehicle. P a r t i c u l a r  emphasis i s  given t o  the f l e x i b i l i t y  o f  



NASTRAN i n  synthesizing a composite s t ruc tu ra l  model from substructure models 
wh i ch we re generated i ndependen t 1 y . 

It was known a t  the outset  tha t  f o r  large problems, the current  version o f  
NASTRAN (1 1.1 .O) would requi re  excessive computation times on the Control Data 
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Corp. (CDC) 6600 computers a t  LRC. The primary reason i s  tha t  NASTRAN was 
w r i t t e n  i n  double prec is ion t o  y i e l d  14-16 d i g i t s  o f  accuracy. On the CDC 6000 
ser ies  computers s ing le  prec is ion gives about 14 d i g i t s  o f  accuracy. The 
NASTRAN double prec is ion code, thus, imposes unnecessarily large a r i t hmet i c  
computation t imes  and storage requirements upon the CDC system. Further, the 
NASTRAN code uses an unsymnetric decompositidn i n  the inverse power method o f  
eigenvalue ex t rac t ion .  This a l so  produces a penalty f o r  symmetric eigenvalue 
problems because o f  unnecessary computations and storage requirements. 

Because o f  the charac te r i s t i cs  o f  the CDC computer, conversions were made 
i n  NASTRAN t o  u t i l i z e  s ing le  prec is ion a r i t hmet i c  operations i n  the mu l t i p l y -  
add (MPYAD) rout ine,  the equation so lu t i on  (FBS) rout ine,  and the symmetric 
decompos i t ion rout  i ne (SDCOMP) . I n add i t ion, syme t r i c decompos i t ion was 
added t o  the inverse power method f o r  root  extract ion.  A complete account o f  
the modi f icat ions and the i  r e f f e c t s  on storage and run times i s  given i n  
reference 5. The output and input  f o r  the modif ied version o f  NASTRAN (11.1.2) 
used i n  the present study i s  i den t i ca l  t o  tha t  o f  the standard version (11.1.0). 

Although none of the concepts used i n  t h i s  analys is are new, i f  i s  bel ieved 
tha t  several of the adaptations are o f  general in teres t .  The features o f  
NASTRAN used i n  the modeling o f  the s t ruc tu re  are discussed along w i t h  the 
prob lerns encountered. 

SYSTEM DESCRI PT! ON 

I n  t h i s  sect ion, a desc r ip t i on  o f  the physical system analyzed i s  given 
along w i t h  a descr ip t ion  o f  the f i n i t e  element models used t o  represent the 
sys tern. 

System Components 

The Vik ing Space Vehicle a t  stage 1 shutdown i s  composed o f  the booster 
and the Vik ing spacecraft as shown i n  f i gu re  1. The booster consists o f  the 
T i  tan I l 1-0 f i r s t  and second stages, the Centaur D-IT, and the shroud. The 
booster weighs approximately 609 kN (137,000 lb )  and i s  48.13 m (157.9 ft) 
long, inc lud ing the length o f  the shroud. 

The Vik ing spacecraft consists o f  the Centaur-Truss Adaptor, V ik ing 
Trans i t ion  Adaptor, Vik ing Spacecraft Adaptor, Orb i te r  Bus, V ik ing Lander 
Capsule Adaptor, and the V ik ing Lander. This assemblage weighs approximately 
32 kN (7200 l b )  and i s  5.786 m (227.8 in.) i n  length, inc lud ing a l l  adaptor 
sections. 



Substructure F i n i t e  Element Models 

For the purpose o f  t h i s  NASTRAN analysis the V ik ing Space Vehicle was 
div ided i n t o  three substructures. Referr ing t o  f i g u r e  1, the Vik ing Lander i s  
considered as one o f  the substructures. Another substructure, the Vik ing 
Orbi ter ,  cons t i t u tes  the remainderof  t h e V i k i n g  spacecraft. The t h i r d  
substructure, the booster, i s  considered t o  be made up o f '  the expended T i  tan 
f i  rst-stage, the T i tan  second-stage ( f u l  l y  loaded w i t h  f u e l  and ox id izer ) ,  the 
Centaur, and the shroud. 

Lander model.- The f i n i t e  element dynamic model o f  the Viking Lander was 
generated from an e x i s t i n g  "Mart in-~enver Space Frame Program" f i n i t e  element 
model. O f  the three substructures comprising the Vik ing Space Vehicle, the 
Mart in Mar ie t ta  Corp. (MMC) lander model l e n t  i t s e l f  t o  the most st ra ight forward 
adaptat ion t o  NASTRAN. This model i s  made up o f  73 g r i d  points,  42 massless 
rods, 87 massless bars, 1 1 1  concentrated t rans la t i ona l  masses, and 21 iner t ias .  

Orb i te r  model.- The f i n i t e  element dynamic model o f  the Viking Orb i te r  was 
generated from an e x i s t i n g  Jet  Propulsion Laboratory (JPL) "Structural  Analysis 
and Mat r ix  i n t e r p r e t i v e  system" (SAMIS), (references 6 and 7), f i n i t e  element 
model. The JPL model consists o f  180 g r i d  points,  106 massless rods, 57 mass- 
less bars, 109 r i g i d  l i n k s ,  and read-in mass and s t i f f n e s s  matrices. The 

read-in s t i f f n e s s  matrices were used t o  represent the tors iona l  s t i f f n e s s  o f  
the packing between the bus r ings,  and the combined s t i f f n e s s  o f  the 
Trans i t ion  and Centaur Truss Adaptors. The t o t a l  mass o f  the e l a s t i c  Orb i te r  
and r i g i d  Lander was represented by a read-in mass matr ix.  

The SAMIS technique f o r  r i g i d l y  1 ink ing two po in ts  i s  through the use of 
"SAMIS subs t i t u te  g r i d  points." Since t h i s  technique i s  not  ava i lab le  i n  
NASTRAN, mu1 ti p o i n t  const ra in ts  (discussed i n  a subsequent sect ion) were used 
as a replacement. 

Booster,- The NASTRAN f i n i t e  element dynamic model o f  the booster was 
generated from two sources -- a f i n  i t e  element model developed by MMC and bas i c 
data (AE, E l ,  GJ). Grid po in ts  were located on the booster cen te r l i ne  and 
were connected w i t h  general elements or,  where possible, w i t h  bar elements. 
S t ruc tura l  mass was lumped a t  the g r i d  po in ts  and each geometric g r i d  po in t  
was allowed s i x  degrees o f  freedom (d.0.f.). The basic s t r u c t u r a l  model i s  
i l l u s t r a t e d  i n  f i g u r e  2. Since the shroud encapsulates both the payload and 
the Centaur stage, the center l ines  o f  both these components coincide. I n  
f i gu re  2 the shroud model i s  shown o f f s e t  from the cen te r l i ne  f o r  c l a r i t y .  

I n  add i t i on  t o  the basic s t ruc tu ra l  model shown, spring-mass systems were 
attached t o  the geometric g r i d  po in ts  i n  order t o  represent branch components 
such as engines and sloshing l i qu ids .  The nonsloshing p o r t i o n  o f  l i q u i d  i n  
prope l lan t  tanks was d i s t r i b u t e d  t o  the geometric g r i d  po in ts  as though i t  
were s t r u c t u r a l  mass whi le  the sloshing p o r t i o n  o f  l i q u i d  was attached t o  the 
appropriate geometric g r i d  p o i n t  through a spring. These masses were presumed 

@ t o  a c t  i n  p i t c h  and yaw. Longi tudinal ly ,  a d i f f e r e n t  spring-mass system was 
used t o  represent the l i q u i d .  I n  t h i s  d i r e c t i o n  the e n t i r e  l i q u i d  mass w i t h i n  
a tank was lumped and springs were attached between tha t  mass and g r i d  po in ts  



a t  both ends o f  the tank. The engines were attached a t  appropr iate geometric 
g r i d  po in ts  i n  p i t ch ,  yaw, and r o l l  by use o f  a s ix-by-s ix  mass matr ix .  In 
the long i tud ina l  d i rec t ion ,  engines were attached t o  these g r i d  po in ts  through 
springs. v- 

The r e s u l t i n g  model o f  the booster consists o f  49 g r i d  points,  13 general 
elements, 35 bar elements, 23 scalar  springs, 75 scalar  (1 d.0.f.) masses and 
63 concentrated (6 d.0.f.) masses. Various combinations o f  sca lar  and 
concentrated mass were used t o  def ine the t o t a l  mass a t  the g r i d  points.  

NASTRAN MODEL1 NG PROCEDURES AND l NNOVATI ONS 

The formulat ion o f  the composite Vik ing Space Vehicle was d iv ided i n t o  
two phases. The f i r s t  phase consisted o f  def in ing,  i n  terms o f  NASTRAN input, 
acceptable models representing each o f  three substructures. Secondly, these 
models were combined i n t o  one model representing the composite space vehicle. 
Both phases included the use o f  global and secondary coordinate systems, 
mu l t i po in t  const ra in t  re la t ions ,  read-in matrices, general elements, and bu lk  
data l o g i s t i c s  strategy. 

Select ion o f  Global Coordinate System 

The three right-handed rectangular coordi nate systems used i n  t h i  s  
analys is are shown i n  f i gu re  3, These are the same coordinate systems used by 
the contractors i n  the development o f  the substructural  models. The system 
descr ib ing the Orb i te r  was chosen as the global and displacement coordinate 
system. This se lec t ion  e l iminates the requirement f o r  transforming the 
I I read-in" s t i f f n e s s  and mass matrices associated w i t h  the Orbi ter .  

Bulk Data Log is t ics  

The combined model o f  the Viking Space Vehicle was described by 4447 bu lk  
data cards. This volume o f  input  data increases the l i k e l i h o o d  o f  e r ro rs  and 
the l o g i s t i c s  o f  bu lk  data handling can become, a t  best, t ime consuming. 
Many o f  these l o g i s t i c s  problems were e l iminated by the methods discussed i n  
the f o l  lowing sect ions. 

Element numberinq.- A reduct ion o f  the overa l l  model i ng  complexity was 
achieved by breaking the model down i n t o  three substructures which could. be 
mode led and checked-ou t i ndependen t 1 y . Unique blocks o f  numbers were ass i gned 
t o  each p o r t i o n  o f  the s t ruc tu re  t o  label  the elements. 

The e x i s t i n g  g r i d  p o i n t  sequencing o f  each substructure s ta r ted  w i t h  g r i d  
po in t  one. Since each g r i d  p o i n t  must have a unique number, a b lock  o f  numbers 
from 1 t o  10,000 was assigned t o  the booster and shroud; 10,001 t o  20,000 t o  
the o r 6 i t e r ;  and numbers greeter  than 20,000 to  the lander. By adding 10,000 
and 20,000 t o  the e x i s t i n g  g r i d  p o i n t  labels f o r  the Orb i te r  and Lander, 



respect ively,  the i n i t i a l  g r i d  p o i n t  l abe l i ng  o f  a l l  three substructures was 
preserved as the three right-hand d i g i t s .  Large gaps ex is ted i n  the g r i d  
p o i n t  numbering, however, t h i s  d i d  no t  create any problem because o f  the dual 
in ternal-external  g r i d  po in t  l abe l ing  system o f  NASTRAN. 

I n  add i t i on  t o  a unique numbering system f o r  g r i d  po in ts ,  a l l  bu lk  data 
cards (material ,  property, mass, cont inuat ion i d e n t i f i c a t i o n s ,  etc.) were 
given unique i d e n t i f i c a t i o n s  using a s i m i l a r  b lock  numbering scheme. 

Substructure or ien ta ted bu lk  data cards.- There are c e r t a i n  bu lk  data 
cards which can be used t o  supply r e p e t i t i v e  input. One such card i s  the 
''BAROR" card which al lows a l l  bar elements indicated t o  have the o r ien ta t ion  
spec i f ied  on t h i s  card. Another bu lk  data card, the "WTMASS" parameter, 
scales a l l  mass en t r i es  by the m u l t i p l i e r  indicated. Both devices can 
e f f e c t i v e l y  be used t o  def ine a complete s t ruc ture .  However, these features 
were avoided i n  the model ing  o f  substructures because they were no t  appl icable 
t o  each substructure o f  the composite model. 

M u l t i p o i n t  Constraint Relat ions 

Extensive use was made o f  the m u l t i p o i n t  cons t ra in t  (MPC) re la t i onsh ip  i n  
the substructure model o f  the Orb i te r  and i n  the composite s t ruc tu ra l  model, 
Both the use and method o f  formulat ion are discussed i n  the f o l  lowing sections. 

Use o f  mu l t i po in t  const ra in t  relat ions.- The use o f  mu l t i po in t  const ra in t  
re la t i ons  i n  the formulat ion o f  the ana ly t i ca l  model served two funct ions. 
The f i r s t  use consisted o f  de f in ing  r i g i d  l i n k s  t o  represent por t ions  o f  
st ructure.  Th i s  procedure was used extensively t o  model so la r  panels, l i n k s  
between e l a s t i c  g r i d  po in ts  and mass en t r i es  ( f i g u r e  boa), and s t ruc tu ra l  
o f f s e t s  ( f i g u r e  4-b). 

The second use consisted o f  prov id ing a means o f  j o i n i n g  the substructural  
models together. The juncture a t  the Vik ing Orbi ter/Lander i n te r face  i s  made 
a t  three locat ions.  The MPC re la t ionsh ips  were w r i t t e n  w i t h  c o e f f i c i e n t s  
obtained by redef in ing the juncture coord.inates o f  the Lander i n  the displace- 
ment coordinate systems, This procedure i s  always used t o  obta in  coe f f i c ien ts  
f o r  MPC re la t ionsh ips  when j o i n i n g  s t ruc tures  w i t h  g r ids  not def ined i n  the 
displacement coordinate system. I t  should be emphasized tha t  t h i s  procedure 
i s  no t  discussed i n  the NASTRAN manuals. 

The juncture  o f  the Orb i te r  t o  the booster model was d i f f e r e n t  since the 
booster i s  essen t ia l l y  a s t i c k  model. Points a t  the base o f  the Centaur Truss 
Adaptor were r i g i d l y  l inked t o  a po in t  along the cen te r l i ne  o f  the booster. 
This p o i n t  was, i n  turn,  r i g i d l y  l inked t o  the e l a s t i c  g r i d  representing the 
top of the Centaur. 

Formulation o f  mu l t i po in t  const ra in t  re lat ions.-  To f a c i l i t a t e  the use o f  
F MPc's i n  the representat ion o f  r i g i d  l i n k s  and t o  minimize input  er rors ,  a 

computer program was wr i t t en ,  Input t o  t h i s  program was i n  the form o f  NASTRAN 
bu lk  data g r i d  cards and a l i s t  o f  both the independent and dependent g r i d  



points.  The program output  provides punched MPC bu lk  data cards f o r  d i r e c t  
use i n NASTRAN. 

The computer generated MPC equations are l i n e a r  and are o f  the general 
form 

where An i s  the coordinate c o e f f i c i e n t  o f  the displacement un. The 

independent coordinate i s  always w r i t t e n  i n  terms o f  the dependent coordinate. 

A r i g i d  l i n k  j o i n i n g  two po in ts  i n  space can be described by a set  o f  s i x  
l i n e a r  equations invo lv ing  coordinates o f  the re la ted po in ts  -- three 
t r a n s l a t i o n  equations and three r o t a t i o n  equations. 

Figure 5 shows two po in ts  i n  space, A and B. These two po in ts  are l inked 
together r i g i d l y  w i t h  p o i n t  "A" chosen t o  be dependent on the motion o f  
p o i n t  "B." The t r a n s l a t i o n  o f  "A" i n  terms o f  "B" i s  expressed by, 

and the r o t a t i o n  o f  "A" i n  terms o f  "6" i s  expressed by, 



where the X, Y, Z r e f e r  t o  the coordinatesof the indicated po in t ;  ux, uy, uz 

denote the t rans la t i ona l  displacement i n  the X, Y, Z d i rec t ions ;  ugx, ug,, 

UQz 
denote  the ro ta t i ona l  displacement about the X ,  Y ,  Z axes, respect ively. 

For the composite model 109 g r i d  po in ts  were r i g i d l y  1 inked i n  t h i s  
fashion i n  a l l  s i x  d i rec t ions ,  and 22 gr ids  were 1 inked r i g i d l y  i n  f i v e  
d i  rec t  ions. Thi s resul t s  i n  a reduct ion o f  764 independent degrees o f  freedom. 

Read-In ~ a t r i c e s  

NASTRAN r i g i d  format 3 (normal mode analys is)  does not  provide f o r  matrices 
t o  be "read-in" d i r e c t l y .  A p a r t  o f  the data descr ib ing the Vik ing Orb i te r  
s t ruc tu re  was supplied as s t i f f n e s s  and mass matrices. A DMAP a l t e r a t i o n  
a l lowing d i r e c t  mat r ix  input was therefore made and i s  shown i n  the example 
below. 

ALTER 26,29 
MTRXIN, ,MATPOOL,EQEXIN,SIL,/ST~F,WTRI,/V,N,LUSET/V,N,NOM~/V,N,NOM~/ 

C,N,O. $ 
SMAI  CSTM,MPT, ECPT, GPCT,D1 T/KGGY, , GPST/V, N, NOGENLV, N, O K  $ 
ADD KGGY,STI F/KGGX/C,N, (1 .o,o.o)/c,N, (1 .0,0.0) $ 
CHKPNT KGGX,GPST $ 
SMA2 CSTM,MPT,ECPT,GPCT,DIT/MGGl,/V,Y,WTMASS=l.O/V,N,NOMGG/ 

V, N, NOBGG/V,Y, COUPBAR=- 1 $ 
SAVE NOMGG $ 
ADD MGGI ,WTRl/MGG/C,N, (1 .o,o.o)/c,N, ( 1  .0,0.0) $ 
ENDALTER 

The s t i f f n e s s  mat r ix  t o  be "read-in" i s  labeled "STIF'' and the mass 
mat r ix  '~WTRI ." Both o f  these matrices are coded on "DM1 GI' and are "read-in" 
through the i n s t r u c t i o n  e n t i t l e d  "MTRXIN." The output from the s t i f f n e s s  
mat r ix  generator i s  relabeled KGGY ra ther  than KGGX i n  order t o  avoid re labe l ing  
o f  the s t i f f n e s s  mat r ix  several times l a t e r  i n  the DMAP sequence. KGGY i s  then 
added t o  STIF, the read-in s t i f f ness ,  w i t h  the r e s u l t i n g  summation being the 
same s i ze  o f  KGGY. Since ne i the r  KGGY o r  STlF i s  t o  be scaled the real  po r t i on  
o f  the mat r i x  m u l t i p l i e r  i s  un i ty .  The output  from t h i s  module i s  then check- 
pointed. A s i m i l a r  procedure i s  fol lowed i n  the add; t i o n  o f  the i n t e r n a l l y  
generated mass mat r i x  "MGGI" and the read-in mass mat r i x  WTRI. 

The two read-in s t i f f n e s s  matrices descr ib ing the Orb i te r  model were 
combined and read-in as a s ing le  mat r i x  having 1809 nonzero terms. The read- 
i n  mass mat r i x  had 196 nonzero elements. Input  o f  the nonzero mat r i x  elements 
t o  nine s i g n i f i c a n t  f igures  ( inc lud ing signs and decimals) was accomplished 
using the large f i e l d  D M l G  bu lk  data cards. A t o t a l  o f  2206 bu lk  data cards 
we re requ i red. 



General Element 

I n  order t o  compare the NASTRAN booster model w i t h  the e x i s t i n g  MMC model 
i t  was desirable t o  maintain the same g r i d  points. General elements were, 
therefore, used t o  replace the nonuniform bar elements i n  the MMC model. This 
approach el iminated the need f o r  p lac ing add i t iona l  g r i d  po in ts  a t  each 
loca t ion  corresponding t o  a change i n  the proper t ies  o f  the cross section. 

F jex ib i  1 i t y  matrices f o r  the general elements were generated by using 
NASTRAN r i g i d  format 1 ( s t a t i c  analysis) . Each variable-property beam was 
modeled as a ser ies o f  stepped uniform beams cant i levered between the MMC g r i d  
points. The f l e x i b i  1 i t y  matr ices f o r  a1 1 the general elements were generated 
i n  a s ing le  run by coding the data f o r  a l l  the can t i l eve r  substructures as 
though they were one structure,  Four subsets o f  u n i t  loads were simultaneously 
appl ied t o  a l l  substructures, y i e l d i n g  fou r  so lu t i on  vectors. Only f o u r  
subsets were needed instead o f  s i x  because o f  pitch-yaw symnetry. Each so lu t i on  
vector, therefore, contained one column o f  the f l e x i b i l i t y  mat r ix  f o r  each 
can t i l eve r  substructure. 

RESULTS AND D 1 SCUSS I ON 

Sign i f i can t  resu l ts  o f  the analys is are presented and discussed i n  t h i s  
sect ion. Data which support the eigenvalue co r re la t i on  between cont rac tor  
analyses and NASTRAN resu l t s  are examined. I n  addi t ion,  eigenvalue data are 
presented f o r  the composite model along w i t h  selected s t r u c t u r a l  p l o t s  f o r  
both the undeformed and modally deformed models. F ina l l y ,  operat ional  problems 
encountered i n  the analys is are discussed along w i t h  methods f o r  a l l e v i a t i o n .  

Substructure Eigenvalue Corre la t ion  

The basis f o r  establ  i sh ing  confidence i n  substructure model ing  i s  the 
comparison o f  eigenvalues obtained from contractor  f i n i t e  element analyses w i t h  
those e i  genval ues calculated w i  t h  NASTRAN. The moda 1 synthes i s approach used 
by the MMC employed cant i levered modes f o r  both the Lander and the Orb i te r  
(wi th an attached r i g i d  Lander). Further, f ree- f ree modes were employed f o r  
the booster (wi th an attached r i g i d  spacecraft). These same condi t ions were 
dupl icated i n  the eigenvalue analyses o f  the NASTRAN substructure models so 
tha t  the comparison would be d i r e c t .  The resu l t s  obtained f o r  each substructure 
model are discussed i n  the f o l  lowing subsections. 

Lander model .- The cant i levered model o f  the Vik ing Lander c0nta.i ns 402 
e l a s t i c  degrees o f  freedom and 132 dynamic degrees o f  freedom, i.e., degrees 
o f  freedom w i t h  mass. The 270 degrees o f  freedom associated w i t h  the massless 
coordinates were e l iminated by the Guyan reduct ion method leaving a t o t a l  
system o f  order 132. 

A l l k i g e n v a l u e s  and associated eigenvectors f o r  the f i r s t  40 modes were 
computed using the Givens method. A tabu la t ion  o f  the f i r s t  28 frequencies 



calculated by MMC and by LRC using NASTRAN i s  given i n  tab le  I. Note the 
exce l len t  ove ra l l  agreement between the frequencies w i t h  maximum dev ia t ion  o f  
approximately 4.6 percent f o r  the 16th mode based on the MMC value. I n  general, 
the NASTRAN resu l t s  gave s l i g h t l y  h igher frequencies w i t h  exact agreement t o  
two place accuracy f o r  seven o f  the 28 modes given. Thi s close agreement 
supports the v a l i d i t y  o f  the NASTRAN model. 

Orb i te r  model.- The Givens method o f  root  ex t rac t ion  was a l s o  used i n  the 
NASTRAN formulat ion t o  compute a1 1 eigenvalues and the f i  r s t  25 eigenvectors 
f o r  the cant i levered V lk ing Orbi ter .  The system was represented by 148 dynamic 
d.0.f. and 219 e l a s t i c  d.0.f. The o r i g i n a l  system o f  equations had 764 dependent 
coordinates e l iminated by the MPC equa.tions and 71 massless coordinates 
e l iminated by the Guyan reduction. 

Shown i n  tab le  II i s  a comparison o f  the frequencies from the NASTRAN 
analys is w i t h  those obtained from the JPL SAMIS analys is.  Again, very good 
agreement i s  indicated by the frequency comparisons w i t h  the exception o f  the 
f i r s t  two frequencies. These frequencies are associated w i t h  l oca l i zed  so la r  
panel motions and do not  represent major s t r u c t u r a l  modes. This c o r r e l a t i o n  
f o r  the Orb i te r  substructure model val  idates the procedure f o r  DMAP 
a l t e r a t i o n s  discussed i n  a previous sect ion e n t i t l e d  " ~ e a d - l n  Matrices." I n  
addi t ion,  the v a l i d i t y  o f  the MPC representat ion o f  r i g i d  l i n k s  i s  v e r i f i e d .  

Booster model.- The f ree- f ree model o f  the Vik ing booster has 310 e l a s t i c  
d.o.f. and 236 dynamic d.0.f. The inverse power method was used t o  e x t r a c t  
the f i r s t  35 eigenvalues and the associated eigenvectors. 

A comparison between the natura l  frequencies generated using NASTRAN and 
those generated by MMC using modal synthesis i s  shown i n  tab le  I l l .  Good 
ag'reement i s  indicated except f o r  two double frequencies which were not 
predicted by NASTRAN. These correspond t o  two l a t e r a l  modes. Discuss ions 
w i t h  the contractor  and comparison o f  mode shapes ihdicates t h a t  the 
discrepancy i s  due t o  d i f f e r e n t  methods o f  treatment o f  the l i q u i d  propel lants 
i n  the second-stage. This c o r r e l a t i o n  tends t o  v e r i f y  the modeling o f  the 
nonuniform bar elements w i t h  general elements. These r e s u l t s  are a l s o  
i n d i c a t i v e  o f  the accuracy o f  the modal approach used by MMC. 

P lo t t ing . -  S t ruc tu ra l  p l o t s ,  both undeformed and modally deformed proved 
t o  be very useful i n  the development o f  accurate mathematical models. I n i t i a l l y ,  
p l o t s  were made o f  each substructure and o f  the composite s t ruc tu re  i n  order 
t o  v e r i f y  geometry. Figure 6 i l l u s t r a t e s  the undeformed computer p l o t  f o r  
the combined Vik ing Orb i te r  and Lander model. From t h i s  view and several . 

others, the complete geometry was checked. 

An important f i n d i n g  was observed from a p l o t  o f  the f i r s t  major 
long i tud ina l  mode o f  t h i s  s t ruc ture  as shown on f i g u r e  7. Note tha t  excessive 
deformations are exh ib i ted  by the S iosh ie ld  separation r i n g  i n  the upper area 
o f  the Lander. This p l o t  resul ted i n  a MMC rev i s ion  i n  the modeling o f  tha t  
p a r t  o f  the s t ruc tu re  t o  e l iminate  the unreal i s t i c  e l a s t i c  deformation. 

6 



Composite Structure Eigenvalues 

The complete NASTRAN model o f  the Vik ing Space Vehicle was synthesized ,. 
from the substructure models representing the Orb i te r ,  Lander, and Booster. 
These components were merged by us i ng MPC re1 a t  i onshi ps and coord i nate 
transformations. The combined model i s  represented by 931 e l a s t i c  d.0.f. and 
516 dynamic d.0.f. Eigenvalues f o r  45 modes ( a l l  less than 16 HZ) were 
calculated using the inverse power method and are l i s t e d  i n  tab le  I V .  No 
cornparafive data i s  ava i lab le  f o r  the exact conf igura t ion  analyzed. However, 
some measure o f  confidence i n  the resu l t s  i s  obtained by c o r r e l a t i n g  the 
frequencies o f  the composite model w i t h  those o f  the substructure. For 
example, the f i r s t  e i g h t  roots of tab le  I V  ( a l l  below 2 HZ) agree very c lose ly  
w i t h  the e igh t  roots (four double roots) o f  tab le  1 1 1 .  This good agreement 
i s  due t o  the near r i g i d  body behavior o f  the spacecraft  below 2 Hz. I n  
addi t ion,  the n i n t h  root  o f  tab le  l V ,  which i s  associated w i t h  loca l ized 
panel motion on the Orb i te r  i s  the same as the fundamental Orb i te r  root  
given i n  tab le  I I .  

The Givens method was not used f o r  the eigenvalue analys is o f  the 
compos i t e  mode i s i nce i t s  s i ze exceeded the s t o  rage capac i t y  o f  the LRC 
computers. I n  add i t ion ,  a Guyan reduct ion was no t  used t o  reduce the s ize  
o f  the problem t o  i t s  dynamic d.0.f. since run times increased when t h i s  
procedu re  was a t  tempted. 

Operational Problems 

Several NASTRAN problems were encountered whi ch deal t wi t h  e i the r  
program errors,  o r  large computing times. These problems are discussed i n  
t h i s  sect ion along w i t h  possible measures f o r  avoid ing such problems. 

Run time requirements.- Perhaps the most s i g n i f i c a n t  problem encountered 
i n  the course o f  t h i s  study i s  the long times required by NASTRAN t o  compute 
e i  genval ues and e i  genvecto;s. Using the modif ied version o f  NASTWN (1 1.1.2) 
and approximately 40 percent o f  the CDC 6600 d i g i t a l  computers storage, the 
cent ra l  processing time (cpu) was i n  excess o f  three minutes f o r  each root  
extracted. P r a c t i c a l l y ,  t h i s  s i t u a t i o n  allowed on ly  a f e w  eigenvatues and 
e i  genvectors t o  be computed s i nce approximately 27.3 hours (cpu) would be 
required t o  f i n d  a l l  the roots. I t  i s  noted tha t  large time requirements are 
inherent i n  the t rack ing method f o r  root  ex t rac t ion  rather than i n  the NASTRAN 
system. Therefore, i n  order t o  reduce time requi rements, a substant ia l  reduct ion 
i n  the s ize  o f  the matrices representing the model would be required. 

Checkpoint d i c t i onary  omissions.- A checkpoint d i c t i onary  problem has been 
detected which i s  associated w i t h  secondary res ta r t s .  Not a l l  tables and 
matrices are t ransfer red from the o l d  problem tape t o  the new problem tape. 
Neither are a l l  the required tables which are not transferred, regenerated 
wi thout  s p e c i f i c  DMAP a l te ra t ions .  This presents problems i n  such areas as 

, p l o t t i n g .  For example, i f  p l o t s  are t o  be made from secondary r e s t a r t  tapes, 
the DMAP i n s t r u c t i o n  "~eornetry Processor 2," might be reexecuted t o  develop 
the "Element Connection Table," A check can be made from the checkpoint 



d ic t i onary  l i s t i n g  p r i o r  t o  reexecution, t o  determine i f  needed informat ion ' 

i s  on the o l d  problem tape. I n  the event a needed tab le  does not appear i n  the 
checkpoint d ic t ionary ,  i t  can be regenerated by " a l t e r a t i n g  out" the DMAP 
statement which generated the tab le  i n i t i a l l y  and replacing i t  w i t h  the 
statement which was el iminated. 

Implementation of the General Element 

It was found tha t  e r ro rs  were present i n  c e r t a i n  modes o f  operat ion 
invo lv ing  use o f  the general element. Incor rec t  resu l t s  are generated when the 
r i g i d  body mat r i x  i s  input  d i r e c t l y .  However, when NASTRAN i s  allowed t o  
generate i t s  own r i g i d  body mat r ix  cor rec t  resu l t s  are obtained. Also, NASTRAN 
would not  execute i f  the number o f  general elements used was even. As a 
consequence when the T i  tan mode 1 , w i t h  an odd number o f  general elements (1 1 ) , 
was combined w i t h  the shroud (3 general elements) and Centaur models (the 
Centaur model had no general elements), the r e s u l t i n g  booster model w i t h  an 
even number o f  general elements would not execute. To circumvent t h i s  problem, 
one general element was approximated w i t h  a ser ies o f  three bar elements a t  
the top o f  the shroud. The r e s u l t i n g  booster model w i t h  an odd number o f  
general elements (13) executed cor rec t  l y e  

CONCLUD l NG REMARKS 

Experience gained w i t h  the app l i ca t ion  o f  NASTRAN t o  the Vik ing Space 
Vehicle i n  the stage 1 shutdown conf igura t ion  has been presented. The more 
important aspects o f  t h i s  study are presented, 

Computing time associated w i t h  eigenvalue ex t rac t ion  f o r  the composite 
model (approximately 900 e l a s t i c  d.0.f.) made computation o f  more than a few 
roots impract ical .  Even w i t h  the speed improvements incorporated i n t o  NASTRAN 
version ( 1 1 . 2 )  the d i r e c t  eiganvalue analys is o f  large unreduced s t ruc tu ra l  
problems i s  not  a p r a c t i c a l  approach. Use o f  the Guyan reduct ion t o  e l iminate  
only the massless d.0.f. d i d  not  a l l e v i a t e  t h i s  time problem. However, a 
reduct ion i n  computing time might be achieved by a la rge r  reduct ion t o  200- 
300 dynamic d.0.f. This reduct ion procedure i s  the on ly  a l t e r n a t i v e  present ly  
ava i lab le  i n  NASTRAN t o  modal synthesis. 

The modeling f l e x i b i l i t y  o f  NASTRAN was demonstrated by use o f  adaptations 
i n  the program o f  several rather special  ized features found i n  other f i n i t e  
element programs. I n  the present app l ica t ion ,  the a b i l i t y  t o  incorporate 
sca lar  masses, sca lar  springs, f l e x i b i l i t y  coe f f i c ien ts ,  d i r e c t  input  matrices, 
and r i g i d  l i n k s  was exercised. The a b i l i t y  t o  represent several por t ions  of a 
s t ruc tu re  i n  d i f f e r e n t  coordinate systems i s  found t o  be an extremely useful 
feature. 

P l o t t i n g  of the undeformed model, i n  the h igh ly  v e r s a t i l e  manner allowed 
by the program, provides a check on the geometric representation. I n  addi t ion,  
the modally deformed p l o t s  provide a q u a l i t a t i v e  evaluat ion o f  the physical 
p roper t ies  o f  the elements comprising the model. 
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TABLE I 

COMPAR I SON OF V I  K I NG LANDER FREQUENCIES (Hz 
COMPUTED BY THE MARTI N MAR I ETTA 

CORPORATION (MMC) AND BY THE 
NASTRAN PROGRAM 

MMC 

10.94 
12.35 
12.40 
12.61 
12.69 
12 
14. ~2 
14.73 
14.85 
15.44 
15.46 
15.55 
16.83 
16.93 
22.72 
25.84 
27.05 
30.12 
31.12 
31.16 
32.78 
44.17 
46.44 
46.57 
49.96 
50.34 
52.01 
55.30 

NASTRAN 

10.99 
12-43 
12.50 
12.68 
12.74 
12.94 
14.02 
14.74 
14-85 
15.44 
15.46 
15.55 
16.86 
16.92 
22.77 
27.03 
27.13 
30.11 
30.12 
31.16 
32.99 
44.14 
46.19 
46.50 
49.95 
50.29 
51.96 
54.70 

TABLE I l 

COMPARl SON OF VIKING ORBITER FREQUENCIES (Hz) 
COMPUTED BY JPL USING SAMIS AND BY THE 

NASTRAN PROGRAM 

JPL (SAMIS)  NASA (NASTRAN) 



TABLE I I I TABLE IV 

CoMPAR'SoN OF " lK ING IHz) COMPOSITE VIKING SPACE VEHICLE FREQUENCIES (Hz) COMPUTED BY THE MARTIN MAR IETTA 
CORPORATION (MMC) AND BY THE 

NASTRAN PROGRAM 

NASTRAN MMC 

f17 = 5.73 f39 = 14.55 

f18 = 5.91 f4, = 14.73 

*lateral frequencies are double roots corresponding to pitch f19 = 6.84 fql = 15.24 
and yaw directions f 20 = 6.98 f42 = 15.41 

f Z l  = 7.05 f4, = 15.44 

fZ2 = 8.19 f, = 15.71 

f4, = 15.83 
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Figure 1.- Viking Space Vehicle - Stage 1 Configuration. 
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Figure 3. - Vik ing Space Vehicle coordinate systems. 
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Figure 4. - Uses of mult ipoint constraints. 



Figure 5. - Dependent displacement of two r igidly linked gridpoints. 
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ACOUSTIC ANALYSIS OF SOLID ROCKET MOTOR CAVIT IES 

BY A FINITE ELEMENT METHOD 

By David N. Herting, Jerrard A Joseph, Loren R. Kuusinen, 
and Richard H. MacNeal 

The MacNeal-Schviend ler Corporation 

This paper describes an approach to the solution of acoustic modes i n  

a cavity containing both axisymmetric regions and evenly spaced radial 

slots.  A finite element approach is used with degrees of freedom taken as 

the harmonic coefficients in a Fourier expansion of the pressure. If the 

assumptions are made that the radial slots are evenly spaced around the 

circumference and that the circumferential pressure gradient within each 

. slot i s  negligible, the equations for the harmonic coefficients become 

uncoupled. Formulas are derived by which the finite element stiffness and 

mass matrices may be computed. In a d d i t i o n ,  special terms are derived to 

account for  rapid expansion o f  the flow in the opening between the slots 

and the circular cavity. Results are given for three operational solid 

rocket motors having four, s ix ,  and twelve radial slots respectively. 

Comparisons wi th  other analytic results and w i t h  experimental results are 

given where these data are avai lable .  



l NTRODUCT l ON 4 

Throughout engineering history the different disciplines of applied 

mechanics have borrowed formulations and methods from each other i n  a 

cross pollinization process known as the mathematical analog. in partic- 

ular, structural dynamicists have freely used the methods of electrical 

circuit analysis to formulate their equations and they have employed 

electric analog computers fl] to solve their problems. With the advent 

of the digital computer, the methods used in structural analysis have been 

improved to the point where a very sophisticated capability now exists in 

structural analys is computer programs. It is therefore, appropriate to 

consider using that capability for the solutions o f  analogous problems in 

other disciplines, including electromagnetics, fluid dynamics, and heat 

transfer. 

The subject of this paper is the solution of acoustic problems using 

finite element methods adopted from structural analysis, The NASTRAN 

(NASA - - STRuctural - ~ ~ a l ~ s i s )  program [2] has been modified to solve acoustic 

problems by subst i  tuting pressure for displacement, and fluid particle accel- 

erat ions for the components of internal structural force. The NASTRAN program 

i s  basically a system for solving matrix equations of high order. It uses 

mass, damping, and stiffness matrices in its solutions. When a fluid i s  

analyzed instead of a structure, its properties produce analogous matrices 

having different physical meaning, but with the same form, Thus NASTRAN 



provides the capabi I i t y  t o  solve l i n e a r  f l u i d  problems w i t h  hundreds o r  

thousands of degrees o f  freedom i n c l  udi ng s t a t  i cs ( ~ o t e n t  i a l  f low),  
4 

normal modes, frequency response, and t rans ient  response. The modi f i c a t  ions 

o f  NASTRAN t h a t  provide the c a p a b i l i t y  are documented i n  add i t ions  t o  the 

NASTRAN Manuals, [2] ,  131, and [4 ] ,  and i n  an app l ica t ions  repor t ,  [ 5 ] ,  

which gives de ta i l ed  i ns t ruc t i ons  f o r  using the new acoust ic  c a p a b i l i t y .  

A1 though the f l u i d  models presented i n  t h i s  paper are r e s t r i c t e d  t o  

a l o c a l l y  homogeneous compressible f l u i d  having small motions, the c a p a b i l i t y  

i s  present t o  expand the soph is t i ca t i on  o f  the so lu t i on  t o  include add i -  

t i o n a l  e f f e c t s ,  such as those caused by s o l i d  p a r t i c l e s  suspended i n  the 

f l u i d ,  and by f i n i t e  ambient f low v e l o c i t y  ( ~ a c h  Number e f f e c t ) .  

The immediate mot iva t ion  f o r  the work described i n  the paper was the 

need f o r  a b e t t e r  means t o  ca l cu la te  the v i b r a t i o n  mode frequencies and 

mode shapes o f  the  i n t e r i o r  c a v i t i e s  o f  s o l i d  p rope l l an t  rocket  motors. 

The cavi  t i e s  i n  func t iona l  rocket motors general l y  have complex shapes 

that  inc lude a number o f  symmetrical ly placed s l o t s  (or  f i n s )  cu t  i n t o  the 

propel lan t ,  whose purpose i s  t o  increase the area o f  the burning surface. 

The acoust ic  ana lys is  o f  these c a v i t i e s  could be modelled w i t h  three 

dimensional f i n i t e  elements t h a t  f i l l  the e n t i r e  cav i ty .  Since s o l u t i o n  

costs increase roughly as the cube of the number o f  f i n i t e  elements, there 

i s  good reason t o  use symmetry proper t ies  t o  reduce problem s ize .  

The, approach tha t  w i  11 be described reduces the problem from three t o  

two dimensions by means o f  assumptions regarding the v a r i a t i o n  o f  the 

pressure i n  the c i r cumfe ren t ia l  d i  rect ion.  With in the cen t ra l  axisymrnetric 



core o f  the c a v i t y  the  pressure i s  expanded i n  a f i n i t e  Fou r i e r  se r i es  w i t h  

respect t o  the c i  rcumferen t ia?  coord inate,  having a number o f  terms equal 

t o  the number o f  s l o t s .  The pressure i n  the s l o t t e d  region i s  a l s o  expended 

i n  a Four i e r  se r i es  bu t  w i t h i n  each s l o t  the pressure g rad ien t  i n  the  

c i r cumfe ren t i a l  d i r e c t i o n  i s  assumed t o  be zero. With t h i s  assumption, and 

w i  t h  appropr ia te  approximations t o  the boundary condi t i o n s  a t  the  i n t e r -  

face between the  c e n t r a l  c a v i t y  and the s l o t s ,  the Four ie r  pressure c o e f f i -  

c i e n t s  become uncoupled f rom each o ther .  They are, o f  course, f unc t i ons  

o f  the (r,z) coord inates i n  a r a d i a l  plane. The s o l u t i o n  f o r  each c o e f f i -  

c i e n t  may, accord ing ly ,  be accomplished w i t h  two dimensional f i n i t e  elements. 

The reduc t ion  f rom th ree  t o  two dimensions i s  b e n e f i c i a l  because i t  

reduces complex i ty  and s o l u t i o n  cos t .  I t  a l s o  in t roduces the concept t h a t  

the  v i b r a t i o n  modes may be separated i n t o  groups accord ing t o  t he  number 

o f  waves (n) i n  t he  c i r c u m f e r e n t i a l  d i r e c t i o n .  Due t o  the  assumption o f  

zero c i r c u m f e r e n t i a l  pressure g rad ien t  i n  the  s l o t s ,  the approach i s  more 

' accurate f o r  n smal l  than f o r  n large and a l s o  more accurate f o r  narrow 

s l o t s  than f o r  wide s l o t s .  No meaningful in fo rmat ion  a t  a1 1 i s  produced 

f o r  n l a r g e r  than h a l f  the number o f  s l o t s .  Thus t he  approach has l i m i t e d  

app l i ca t i on .  I t  has, however, been t es ted  by s o l v i n g  a v a r i e t y  o f  r e a l i s t i c  

problems and comparing s o l u t i o n s  w i t h  experimental r e s u l t s  from c o l d  f l o w  

models. These s o l u t i o n s  w i l l  be presented a f t e r  the theory has been . 

descr ibed i n  g rea te r  de ta i  1. 



THEORY 

Acoust ic  v i b r a t i o n s  a re  governed by the wave equat ion,  which can be 

s ta ted  i n  terms o f  the  pressure f l u c t u a t i o n  p as 

where p i s  the  dens i t y  o f  the f l u i d  and B i s  i t s  b u l k  modulus. Note t h a t  

i n  the  form given,  p and B may vary w i t h  p o s i t i o n  i n  the f l u i d .  F l u i d  

2 p a r t i c l e  acce le ra t i on ,  u, i s  r e l a t e d  t o  the pressure by 

The v a r i a t i o n a l  form o f  Equation (1) i n  terms o f  the  t o t a l  energy, 

H,  i s  

The volume i n t e g r a l  i n  Equation (3) i s  the energy s to red  i n  the  f l u i d  and 

the sur face  i n t e g r a l  i s  the energy f l o w  through the boundary. I n  o rde r  t o  

e s t a b l i s h  an analogy between the acous t i c  problem and the s t r u c t u r a l  ana l ys i s  

computer program,p i s  " i d e n t i f i e d "  as a s t r u c t u r a l  displacement. The 

volume i n t e g r a l  i n  Equation (3) i s  then recognized as the  sum o f  a " k i n e t i c "  

energy 



and a "potent  i a l l '  energy 

1 1 wherein - i s  analogous t o  a mass dens i ty  and - i s  analogous t o  a s t i f f n e s s .  
B P 

We observe f rom Equation (2) t h a t  the  f l u i d  p a r t i c l e  acce le ra t i on  assumes 

the r o l e  o f  an i n t e r n a l  fo rce .  

I n  the f i n i t e  element method o f  so lu t i on ,  a se t  o f  va r i ab les ,  p i ,  

equal t o  the values o f  p a t  speci f i c  points, i s  chosen t o  be the  degrees o f  

freedom, and the volume i s  d i v i d e d  i n t o  subregions, c a l l e d  elements, w i t h  

v e r t i c e s  de f ined  by the  p o i n t s  where pi  i s  def ined.  The i n t e r n a l  pressure 

f i e l d  f o r  each element depends on l y  on the pressures a t  the  v e r t i c e s  o f  the  

element. A " s t i f f n e s s "  m a t r i x  [ K ]  i s  formed f rom the p o t e n t i a l  energy by 

the equat ion 

and a "masst' m a t r i x  [till i s  formed f rom the k i n e t i c  energy by the equat ion  

The s t i f f n e s s  and mass matr ices  are formed separate ly  f o r  each element. The 

se t  o f  simultaneous equat ions desc r i b i ng  the pressures a t  d i s c r e t e  po in t s ,  

obta ined by merging the  mat r i ces  f o r  the i n d i v i d u a l  elements, may then be 

w r i t t e n  as 



where Ip.1 i s  the vec to r  o f  pressures a t  g r i d  po in t s  and {Ii) i s  a vec to r  
J 

o f  "genera l ized forces1'. {Ii} i s  n u l l  except a t  the boundaries, where i t  

represents the sur face  i n t e g r a l  o f  p a r t i c l e  acce le ra t i on  normal t o  the 

surface. 

A usefu l  s i d e  b e n e f i t  o f  the  fo rmu la t ion  expressed i n  Equation (8) i s  

t h a t  the incompressib le p o t e n t i a l  f l o w  problem may also be solved. The 

v e l o c i t y  p o t e n t i a l  f unc t i on ,  @, i s  r e l a t e d  t o  the pressure by 

The mass f l o w  ra te ,  Qi, i n t o  the  f l u i d  a t  any po in t ,  i s  the i n t e g r a l  

o f  the volume acce le ra t i on ,  i;e,, 

S u b s t i t u t i n g  Equations (9) and (10) i n t o  Equation (8) and i n t e g r a t i n g  w i th  

respect  t o  t ime, r e s u l t s  i n  the  equat ion f o r  the p o t e n t i a l  f i e l d ,  

Q i s  zero  a t  impermeable boundaries. 



I AXlSYMMETRlC REGION 

Returning to the acoustic problem, it is seen that the mathematical 

model for the compressible f l u i d  consists of a gridwork of points at which 

pressures are calculated, and a set of "fluid elements" which are connected 

to the g r i d  points and which fill the space occupied by the fluid. The 

model is analogous to a finite element structural model. The pressure i s  

analogous to displacement and the pressure gradient is analogous to strain. 

Consider the application to an axisymmetric f l u i d  region, such that the 

pressure-distribution can be expanded in a Fourier series in the circumfer- 

ential direction. The equivalent structural model is defined by a set of 

fluid grid points in a plane that includes the axis of symmetry. Each 

axisymmetric fluid element occupies the interior of a circular r i n g  that 

is concentric wi t h  the axis of symmetry and  hose cross-section i s  a polygon. 

Triangular and quadri lateral cross-sectional shapes will be considered. 

The Fourier series expansion of the pressure within any fluid element is 

N N 
p(r,+,z) = PO + P" cosn+ + 1 P"* sin n$ . 

n= 1 n= 1 

The coefficients PO, P" and pn* are functions of position in a radial  plane 

containing the axis of symmetry. They are expanded in truncated power 

series of the radial and axial coordinates as follows 



The number o f  terms i n  each se r i es  i s  equal t o  the number o f  g r i d  p o i n t s  

n ;k 
t o  which the element i s  connected. The c o e f f i c i e n t s  qn and q w i  1 1  be 

j j 
A 

c a l l e d  the genera l i zed  coordinates o f  the element. They are  se lec ted  t o  

na 
make the values o f  P" and P match the values o f  the pressure c o e f f i c i e n t s  

a t  the connected g r i d  po in t s .  Thus, i f P: i s  the value o f  P" a t  the i t h 

g r i d  po in t ,  

where [bin ] i s  a m a t r i x  o f  constant c o e f f i c i e n t s .  Note t h a t  the  matr ices 
4P 

fo r  the s t a r r e d  and uns tar red  c o e f f i c i e n t s  are i d e n t i c a l .  Since [H" ] i s  
9 P  

evaluated from i t s  inverse,  i t  must be a square ma t r i x ,  and the number o f  

general ized coordinates f o r  each harmonic c o e f f i c i e n t  must be equal t o  the 

number o f  g r i d  p o i n t s  t o  which the element i s  attached. 

The g rad ien t  o f  t he  pressure, Vp, i s  the vector  

-+ 4 -v 
where er, =e and e are  u n i t  vectors. Hence, us ing  Equation 1, 

z 

+ [ i  P s i n  n + p* 
n= 1 

\ 



I 

The integral over the volume in Equation 5 consists o f  separate 

integrals over the angle, +, and over the cross-sectional area, A. Thus 

where dA = d r  dz .  The inner integration results i n  zero values for all 

products of different harmonics and all sine-cosine products. The potential 

energy expression, after applying the inner integration, i s  

Note t h a t  the harmonics, n, are uncoupled, and that the starred and unstarred 

terms are uncoupled. 

0 
The pressure coefficients P , P" and P", which vary throughout the 

o n 
element, may be evaluated in terms of the generalized coordinates q j, qj and 
nA 

qj by means of Equations (13) and (14). Making this substitution in 

Equation 20, the stiffness matrix referred to the general i zed coordinates 

may then be computed from 



Using Equation ( 1 5 ) ~  which expresses a  l i n e a r  r e l a t i o n s h i p  between the 

pressure c o e f f i c i e n t s  a t  g r i d  po in t s  and the general i zed  coordinates,  the 
A 

s t i f f n e s s  m a t r i x  r e f e r r e d  t o  the pressure c o e f f i c i e n t s  a t  g r i d  po in t s  i s  

The s t i f f n e s s  m a t r i x  f o r  the s ta r red  pressure c o e f f i c i e n t s  i s  i d e n t i c a l l y  

the same. 

The equ i va len t  mass m a t r i x  i s  der ived  i n  a s i m i l a r  manner. The " k i n e t i c "  

energy, Equation (4 ) ,  i s  f i r s t  expanded i n  terms of the harmonic pressure 

c o e f f i c i e n t s .  When the i n t e g r a t i o n  w i t h  respect t o  $ i s  c a r r i e d  out, the 

r e s u l t  i s  

whe r e  



The r e l a t i o n s h i p  between pressure c o e f f i c i e n t s  a t  i n t e r n a l  p o i n t s  and 

a t  g r i d  p o i n t s  has the  form 

where f l ( r , z )  a re  f unc t i ons  o f  the shape o f  the  element. 
J 

The terms i n  t he  mass mat r i x ,  r e f e r r e d  t o  pressure c o e f f i c i e n t s  a t  the  

f l u i d  g r i d  po in t s ,  are, from Equation ( 7 ) ,  

where i t  i s  assumed t h a t  B i s  constant  over the cross-sect ion,  A, o f  t he  

element. The r e s u l t  f o r  n  = 0 i s  tw ice  as large.  The mass mat r i ces  f o r  

the s t a r r e d  terms are  i d e n t i c a l  t o  those f o r  the uns ta r red  terms. 

The c a l c u l a t i o n s  of m a t r i x  terms i nd i ca ted  by Equations (22) and (26) 

are s t ra i gh t f o rwa rd ,  even i f  somewhat ted ious.  The d e t a i l s  o f  t h e  d e r i v a t i o n  

and the  resu l  t s  are descr ibed i n  t he  NASTRAN Theo re t i ca l  Manual , Ref [2] , 

Sect ion 16.1-4. The c ross-sec t iona l  element shapes inc luded i n  NASTRAN are  

a t r i a n g l e ,  a q u a d r i l a t e r a l  cons t ruc ted  from four over lapp ing  t r i a n g l e s ,  

and a  spec ia l  t rapezo ida l  element adjacent  t o  the a x i s  o f  symmetry. 



SLOT REGION 

A s l o t  region i s  d e f i n e d a s  a s e r i e s  o f  narrow, evenly spacedcav i t i es  

w i t h  t h e i r  midplanes passing through the axis of the f l u i d .  I f  the pressure 

gradient  i n  the c i rcumferent ia l  d i r e c t i o n  i s  ignored , the pressure i n  the 

jth s l o t  can be described by a f i n i t e  Four ier  series: 

N N >4 

j 
= p o ( r , r )  + pn(r,z) cos ng + pn*(rSz) s i n  n+ 

n= 1 j n=l j 

The s l o t s  are  placed a t  angles 

where M i s  the t o t a l  number o f  s lo t s .  The t o t a l  number o f  terms i n  the 

ser ies,  l+N+N"B must equal M i n  order to  provide a unique decomposition o f  

an a r b i t r a r y  pressure d i s t r i b u t i o n  i n t o  Four ier  components. I f  M i s  an 

odd number 

I f M i s  an even number 

The equation f o r  general ized p o t e n t i a l  energy i s  the same as Equation (19) 

except tha t  the i n t e g r a t i o n  over cp i s  ca r r i ed  out  as follows 



where f ( @ )  i s  any func t i on  and w i s  the s l o t  width,  assumed t o  be equal f o r  

a l l  s l o t s .  

S u b s t i t u t i n g  Equation 31 i n t o  Equat ion 19 r e s u l t s  i n  t he  f o l l o w i n g  

expression f o r  the po ten t  i a1 energy 

where dA = d r  dz. 

I gno r i ng  the g rad ien t  i n  the $ d i r e c t i o n ,  the equat ion f o r  t he  pressure 

grad ien t  i s  

where k = M/2 f o r  M even and k = (M-I ) /? f o r  M odd. S u b s t i t u t i n g  Equation (33) 

i n t o  Equation (32) r e s u l t s  i n  a ra the r  invo lved expression. The cross product 

terms between d i f f e r e n t  harmonics wi  1 l however, disappear, which may be shown 

as follows. 

Since $I = 0 i s  a plane of symmetry, 

cos n n  j 2 r m i  
= o f o r  a l l  m,n 

j=O M 



Define the coe f f i c ien ts :  

M- 1 M- 1 
= 1 sin  M s i n  2EL M = 1 1 [ c o s ( q  (m-n) - c o s ( T  (rn+nd (35) 

j-0 j=0 

The only condi t ions under which the sums o f  the cosine terms give a 

nonzero r e s u l t  occur when (m+n)/M = 0 o r  1 o r  when (m-n)/~ = 0 o r  1 .  Since 

n M/2 and m 5 M/2 t h e - l a t t e r  cond i t ion  can occur on ly  i f  n = in, and the 

former cond i t ion  can occur on ly  i f  rn = n = 0 or  i f  m = n = M/2.  Thus a l l  o f  

the cross product terms (m # n) disappear .  I n  add i t i on  

Since the cross product terms disappear, the po ten t ia l  energy may be 

w r i t t e n  



I where 

V2 is the two dimensional gradient operator 

I n  an analysis of the vibration modes of the cavity, the results for the 

sine coefficients, P"", will be identical to the results for the cosine 

coefficients, and they are, therefore, of no further interest. Each distinct 

cosine coefficient, 0 5 n 2 M/2,  produces a distinct set of vibration modes. 

The kinetic energy may be analyzed in the same manner as the potential 

energy. From Equation (4) ,  and integration i n  the ci rcumferenti a1 d i  rection, 



Stiffness and mass matrices for the slot region are formed from the 

potential and kinetic energies in a manner analogous to that for the 

axisymmetric region. The NASTRAN Theoretical Manual, Ref [ 2 ] ,  Section 

16.2.2,contains derivations for a triangular element and for a quadrilateral 

element constructed from four overlapping triangles. The slot width, w, 

which is s p e c i f i e d  at g r i d  points, is assumed to vary linearly with 

position over each triangular element. The slot elements can be used by 

themselves to solve two dimensional potential problems. 



INTERCONNECT l ON OF THE SLOT REG I ON AND THE AX t SYMMETRI C REG1 ON 

In  the  c e n t r a l  c a v i t y ,  i t  i s  assumed t h a t  the pressure 

I t  i s  a l s o  assumed, i n  t he  s l o t  region, t h a t  i n  the mth s l o t ,  

ps ,"I 
= ~ : ( r , z )  cos n$m 

where Om i s  the  azimuth angle a t  t he  midplane o f  the  mth s l o t ,  see F igure  1. 

A ques t ion  then a r i ses  as t o  how the  pressure a t  the mouth of  t h e  s l o t  i s  

r e l a t e d  t o  t h e p r e s s u r e  i n  t he  c y l i n d r i c a l  reg ion.  We might,  f o r  example, 

assume t h a t  the  pressure i n  the mouth o f  the  mth s l o t ,  Ps ,m7 i s  equal t o  

the pressure i n  the c y l i n d r i c a l  r eg ion  evaluated a t  $ = @ m ,  the  midpo in t  
' 

o f  the slot. A b e t t e r  assumption, p a r t i c u l a r l y  f o r  wide s l o t s ,  i s  t h a t  

Ps ,rn i s  equal t o  the average pressure i n  the  c y l i n d r i c a l  region, averaged 

over the s l o t  width.  Thus, us ing  Equation (41), the pressure i n  t he  w id th  

o f  the mth. s l o t  i s  

n 1 
= Pc(ro,z) , cos ne* ro d$ ps ,m 

0 
0 

bm- 

nw 
0 

s i n  - 
n 

= ~ ~ ( r ~ , z )  cos noma ro 
nw 

0 - 
'0 

0 s i n  - 
e 2r0 = 

Pc,m ' nw 
0 

PC ,P 



Note tha t  the r a t i o  P~,~/P,,, i s  independent o f  m so tha t  upon s u b s t i t u t i n g  

Equation (41) and (42) i n t o  Equation (43) 

The fac tor  nw /2r0 achieves a maximum value o f  n/2 f o r  n = M/2 ( the  highest  
0 

mode index) and w = 27rr /M, i .e., i f  the s l o t s  o c ~ u p y  the e n t i r e  circumference. 
0 0 

Table 1 shows how the r a t i o  o f  P: t o  P" depends on nwo/2ro. 
C 

Table 1 S lo t  Correct ion Factor 

Note t h a t  the e f f e c t  becomes s i g n i f i c a n t  f o r  nwo/2r, > 0.5, i .e.,  when each 

s l o t  covers greater  than a t w e l f t h  o f  a wave length. 

The rap id  expansion o f  the f low upon enter ing  the cen t ra l  c a v i t y  

produces a pressure drop tha t  should be accounted fo r .  I t  may be shown [6] 

t ha t  the e f f e c t  o f  an abrupt change i n  the diameter o f  a p ipe i s  t o  add a 

coupl ing impedance t h a t  i s  equivalent  t o  a short  add i t i ona l  length o f  

pipe. Out problem i s  a - l i t t l e  d i f f e r e n t  i n  tha t  the s l o t  i s  long ( i n  the  

x d l  rec t ion)  compared t o  i t s  width. Smythe [7 ] ,  has solved the analogous 

problem f o r  the added resistance of a conducting s t r i p  whose wid th  suddenly 

changes from w, t o  w2. H i s  so lu t i on ,  expressed i n  terms o f  an added 

e f f e c t i v e  length, ae, o f  the s t r i p  i s  



w h e r e B Z w / w  Equation (45) i s  p l o t t e d  i n  F i g u r e 2 .  Thebracketed  
2 1 '  

expression has a l oga r i t hm ic  s i n g u l a r i t y  as fi + c*), but  it i s  seen t h a t  

lie /% remains f i n  i t e  ( i n  f ac t  approaches zero) as f3 + c*). By way of 

comparison, the e f f e c t i v e  length  o f  a round p ipe  o f  diameter w, approaches 

4w1/3a = .42wl as f3 + 0. 

The ' ' s t i f f ness "  o f  the  added length i s  

where p i s  the dens i t y  o f  the f l u i d  and t i s  the t ransverse dimension of 

the s l o t .  

The two e f f e c t s  descr ibed above may be combined t o  def ine  a  s t i f f n e s s  

n 
m a t r i x  t h a t  couples P and P:. They are  represented schematically i n  

S 

Figure 3. The equat ion f o r  the c o n s t r a i n t  shown i n  Figure 3 i s  

The sca la r  sp r i ng  constant K i s  g iven by Equation (46). The 
e 

equat ion of c o n s t r a i n t  and the s c a l a r  sp r i ng  produce a  " s t i f f ness "  m a t r i x  

as f o l l ows  



COMPLETE FINITE ELEMENT MODEL 

The complete f i n i t e  element model f o r  a t yp i ca l  s o l i d  prope l lant  motor 
d 

cav i t y  i s  shown i n  Figure 4.  Note tha t  axisymmetric tubu lar  r ings that  

have no d i r e c t  connection t o  the cent ra l  cav i t y  may be attached t o  the s l o t  

region. The e n t i r e  cross sect ion i s  covered w i th  t r i a n g u l a r  and quadr i l a te ra l  

f i n i t e  elements connected t o  g r i d  po in ts  a t  which the pressure i s  defined. 

Along boundaries between the s l o t  region and axisymrnetric cav i t i es ,  two 

degrees o f  freedom are defined and interconnected by the s t i f f n e s s  mat r ix  

given i n  Equation (48). 

The input  data t o  the computer consists o f  the locat ions and i d e n t i f i -  

cat ions o f  the g r i d  po in ts ,  the i d e n t i f i c a t i o n  o f  the f i n i t e  elements and 

t h e i r  connections t o  g r i d  points,  and the physical proper t ies ,  p, 0, and 

s l o t  w id th  w, a l l  o f  which may vary w i t h  pos i t ion .  

No speci a1 procedures are requi red t o  account f o r  the boundary cond.1- 

t ions a t  r i g i d  surfaces, which i s  an important aspect o f  the f i n i t e  element 

method. A t  nozzles and a t  other boundaries where the normal v e l o c i t y  

depends on the pressure, the re la t i onsh ip  between v e l o c i t y  and pressure 

may be represented by lumped impedance elements, see, f o r  example, Ref. [ 8 j .  

The complete analysis o f  a problem requires a so lu t i on  f o r  each set  o f  

terms i n  the Four ier  ser ies  o f  pressure about the circumference. Each case, 

which i s  selected by the input  value, n, produces a s o l u t i o n  f o r  one harmonic 

i n  the Four ier  series. The long i tud ina l  and axisymmetric "breathingt '  modes 

w i l l  r e s u l t  from n = 0. Simple l a t e r a l  modes w i l l  r e s u l t  from n = 1.  Larger 

values of n wi 11 r e s u l t  i n  more cornpl icated modes. The meaningful range f o r  

M a s t ruc tu re  w i t h  s l o t s  i s  n < T where M i s  the number o f  s lo ts .  



SOLVED PROBLEMS 

In order to prove the validity of the theory and the correctness of 

the implementation, a series of problems were solved with the modified 

version of NASTRAN. These included a relatively simple test problem used 

to assess the accuracy of the assumptions for the radial slots, and three 

realistic rocket motor cavities, with four, six, and twelve slots 

respectively. 

The test problem is illustrated in Figure 5; it consists of a central 

cavity and four slots. The pressure distribution was assumed to be inde- 

pendent of the location along the z axis and only hteral modes (n = I) 

were considered. The problem was solved with three different methods: 

Method 1 used the theory described in preceding sections including the 

slot-cavity interconnection matrix. Fifteen finite elements were located 

in a radial line, including nine in the slot region. Method 2 used the 

same data except that the interconnection stiffness matrix was replaced by 

a rigid connection. In Method 3, one-quarter of the cross section normal 

to the z axis was cut up into 94 two dimensional elements, see Figure 6. 

The pressure along the y axis was set equal to zero in order to provide 

the proper boundary condition for lateral modes, 

The lowest mode shapes and frequencies obtained with the three methods 

are compared in Figure 7. The difference in frequency between Methods 1 and 

2 indicates that the slot-cavi ty correction matrix has a modest effect (5%). 

The comparison between Methods 1 and 3 validates the approach used i n  

Method 1 for cavities w i t h  cross sections similar in shape to the test 

problem. No f i rm conclus ions can be drawn regarding the magni tude of  the 

error in Method 1, because Method 3 i s  also an approximate method which i s  

known to give frequencies that are too high. 



The f i r s t  o f  the actual  so l  i d  rocket motor c a v i t i e s  t o  be analyzed 

i s  the Minuteman 111, Stage 111, shown i n  Figure 8, together w i t h  the 
d 

f i n i t e  element model used i n  i t s  analysis. As may be seen, i t  consists 

o f  s i x  s l o t s  and a long slender cent ra l  cav i t y  o f  i r r e g u l a r  shape. The 

f i n i t e  element model contains approximately 130 g r i d  po in ts .  This motor 

cav i t y  had prev ious ly  been analyzed 191 w i t h  a f i n i t e  element model based 

on an e l e c t r i c a l  network analogy [ lo].  I n  addi t ion,  v i b r a t i o n  modes were 

measured i n  a cold- f low model. V ibra t ion mode frequencies f o r  two 

d i f f e r e n t  harmonic orders (n = 0 and n = 1) and f o r  c a v i t y  dimensions 

corresponding t o  two d i f f e r e n t  burn times (t = 0 and t = 3 sec.) are 

compared i n  Table 2. I t  i s  seen that  a l l  resu l t s  are i n  exce l l en t  agree- 

ment, Pressure d i s t r i b u t i o n s  f o r  two o f  the modes are presented i n  

Figure 9. 

The second rocket  motor c a v i t y  i s  the Minuteman TI, Stage 111, shown 

i n  Figure 10. The c a v i t y  includes four  conical  nozzle por ts  w i t h  attached 

constant w id th  s lo ts ,  and a cent ra l  cav i ty ,  The treatment o f  the r e l a t i v e l y  

bulbous nozzle po r t s  as var iab le  w id th  s l o t s  const i tu tes  a f a i r l y  severe 

s t r a i n  on the assumption of zero c i rcumferent ia l  pressure gradient. The 

entrance t o  the nozzle p o r t  i s  assumed closed i n  order t o  match avai Iab le  

experimental measurements on a co ld  f low model. This assumption could be 

replaced by an assumption o f  zero pressure o r  by an impedance re la t i onsh ip  

between pressure and normal ve loc i t y .  The conf igura t ion shown i n  Figure 10 

a l so  assumes t h a t  a two inch layer  o f  propel l a n t  has burned away from the 

surface o f  the cav i ty .  



Table 2. Natura l  Frequencies f o r  the T h i r d  Stage,  Minuteman fZr, Motor 

Cavi t y  

k 

Mode 

1 

2 

3 
4 

5 

Time 

(set.) 

0.0 

Ref. 
[lo] 

105.3 
208.8 

310.6 

374.7 

454.9 

275.5 

354.4 
615.3 

90.2 

196.0 

305.9 

386.5 

453.1 

503.6 

239.2 
314.2 

539.2 

Harmonic 

(n) 

0 

Frequency, Hz 

This  
Paper 

105.2 

212.9 

316.7 

1 

2 

3 

1 

2 

3 
4 

5 
6 

1 

2 

3 
4 

1 

Experi- 
mental 

3 0 0 

1 

380.5 

455.2 

275.b 
360.6 

641.9 

90.1 

199.5 
310.4 
388.0 

449.1 

512.8 

93 
200. 

312. 

388. 

466. 

518. 

238.9 
1 316.1 
541.6 

567.4 

239.0 

324.0 



Vib ra t i on  mode frequencies are presented i n  Table 3 f o r  t w o  d i f f e r e n t  

burn depths and are compared w i t h  the avai l ab le  co ld  f l ow  model experimental 

data. Acceptable agreement i s  obtained except f o r  one mode, which suggests 
n 

t h a t  the experiment missed one o f  a p a i r  o f  c lose roots.  I t  i s  i n te res t i ng  

t o  observe t h a t  n o t  a t  1 modes decrease i n  frequency as the propel 1 ant i s 

burned away. Figure I t  shows computed pressure d i s t r i b u t i o n s  f o r  the lowest 

l ong i tud ina l  (n = 0) and l a t e r a l  (n = 1) modes f o r  two inches o f  propel l a n t  

burn. 

Table 3. Natural  Frequencies f o r  the Thi r d  Stage Minuteman Motor Cavity 

. 

Harmon i c 
(n) 

0 

1 

1 

2 

3 
4 

5 
6 

Frequency ( ~ e  r t z )  

858.7 

1,266.9 

1,729.1 

1,998.0 

2,290*9 

2,493.7 

2" Burn 

1 

2 

3 
4 

5 
6 

NASTRAN 

578.4 

982.9 
1,406.0 

1,535.5 

2,007.6 

2,084.8 

5" Burn 

771 - 4  

1,449.4 

2,004.3 

2,294.0 

Exper - 
mental 

557 
939 

7432 

1928 

NASTRAN Exper i- 

517.7 

511.7 

1,364.7 

1,621.7 

1,909.8 

mental 

507 

882 

1340 

1545 
1842 



The thi rd rocket motor cavity is the second stage of the Poseidon shown 

in Fi,gure 12. It has twelve radial slots and the f i n i t e  element model has 

85 grid points. The frequencies for the axisymmetric modes (n = 0) and 

the lateral modes (n = 1 )  are listed in Table 4 for cavity dimensions 

corresponding to two different depths of propellant burn. Again it is seen 

that not all of the frequencies decrease as the cavity becomes larger. 

Confirming experimental data were not avai lable for this cavity. Mode 

shapes for the s i x  lowest axisymmetric modes with zero propellant burn are 

plotted in Figure 13. 

Table 4. Natural Frequencies for the Second Stage Poseidon Motor Cavity 

Ha rmon i c 
(n) 

0 

1 

Frequency (~ertz) 

4 

5 
6 

3" Burn 
Mode 

0 Burn 

1 

2 

3 

4 

5 
6 

1 

2 

3 

1552 

2094 

1832.8 

2105.7 

2236.8 

1798 

~~~~~~ - 
322 

689 
1051 

1425 

1831 

868 

1349 

NASTRAN 

388.1 

645.0 

962.0 

1422.0 

1769.0 

2010.8 

835 1 

1313.4 
1659.1 

1558.2 

1812.5 

al30.l 

Exper - 
mental 

398 

645 

962 

1422 

1728 

2130 

1216 

1620 

NASTRAN 

324.0 

678.3 

1039.2 

1430.8 

1830.9 

1994.4 

737.8 

833.9 

1344.0 
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Figure 1 .  Interface Between Slots and Central Cavity 



Figure 2. E f f e c t i v e  Length o f  the Abrupt Change i n  the Width of a S t r i p  

Figure 3 .  F i n i t e  Element Model f o r  Slot-Cavity Interconnection 
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Figure 4. F i n i t e  Element Model of Acoustic C a v i t y  

Figure 5. Test Problem 





Fourier  Ser ies,  
No S lo t  Corrections, f = 1.277 

Two Dimensional 
Xodel, f = 1.244 

Fourier  Ser ies,  
S lot  Corrections, f = 1.215 

2 4 6 8 l o  12 14 16 18 20 22 24 26 

Figure 7. Pressure D is t r ibu t ion  along X-Axis f o r  the Lowest Mode o f  the Test Problem 
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1 

I i \ 
! 

Mode 1 f = 90.1 Hz, n = 0 

Figure9.  Minuteman 111, Stage 111, Mode Shapes f o r  F i r s t  TwoModes, 

n = 0, t = 3.0 sec. 



Section A-A 

Figure 10. Minuteman 11, Stage 111, Rocket Motor 
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Figure 1 1 .  Minuteman 11, Stage 111, Mode Shapes f o r  Lowest Modes, 

2" Burn, n = 0 and n = 1 
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Figure 12. Second Stage Poseidon Rocket Motor 



a) Mode 1 . F = 388.1 HZ 

Figure 13. Second Stage Poseidon Mode Shapes, n = 0, t = 0.0 sec. 





e) Mode 5. f = 1,769.0 Hz 

F i  gure 1 3 .  (con t i nued) 



PRACTICAL ANALYSIS OF PLATE VIBRATIONS 

USING N A S T W  

Robert Ro Clary 
NaSA Langley Research Center 

SUMMARY 

This paper discusses the successful application of the NASA structural 
analysis (NASTRAN) computer program for calculating the vibration charact eris - 
tics of a variety of plate configurations. Calculated natural f'requencies and 
nodal patterns are generally in good agreement with measured data for (1) 
research filamentary composite material plates, (2) wing flutter models fabri- 
cated with metal reinforced with composite material, and ( 3 )  a metal plate 
supported on an elastic boundary. 

Application of new design concepts and materials to structural plates 
which are employed in modern aircraft, spacecraft, and propulsion systems 
requires the analysis of the vibration characteristics of a wide vaziety of 
plate configurations. These plates m y  be constructed with isotropic or 
orthotropic materials and m y  involve combinations of dissimilar materials. 
Boundaries m y  be free, fixed, or elastically restrained, and there may be 
internal supports. 

In an effort to determine the effectiveness of the NASTRAN program for 
calculating structural vibration characteristics of plates, NASTRAN has been 
applied to a number of different plate configurations. This paper presents 
some results from three of these studies summarized as follows: 

1. Composite material plates.- An analytical. and experimental study was 
made on a series of filamentary composite material plates with all layers having 
the same filament orientation. Natural frequencies and mode shapes were 
obtained as the filament orientation was varied from along the longest dirnen- 
sion of the plate to transverse to the longest dimension of the plate. This 
study is discussed in detail in reference 1. 

2. Laminated wing models.- AnalyticaJ. and experimental results have been 
obtained for a series of metal wing models reinforced with filamentary composite 
materia3 and for a series of bare alumlnun wing models. The filament orienta- 
tion was varied from along the wing chord to along the wing span. These 
models were fabricated for a program being conducted by Dr. Paul Cooper to 
determine flutter characteristics of composite material wing models. I 



I 3 .  Metal plate with a variable elastic boundary.- The influence of an 
elastic boundary condition on the vibration characteristics of a metal plate 
was investigated using classical theory under a University Grant. These 
results are presented in references 2 and 3. Results were obtained using the 
NASTRAN program and compared with results from the classical theory. 

EXPERDENTAL A I D  ANALYTICAL MODELS 

Unidirectional Composite Material. Flates 

The unidirectional composite materid plates are illustrated in figure 1. 
The plates were built up fromlayers of prepreg tape consisting of an epov 
matrix reinforced with boron filaments. The tape was oriented so that all 
filaments of each plate lie at the same angle with respect to the long axis of 
the plate. The filament angle 8 was varied from 00 to 900 and the number of 
layers. n. was varied from 6 to 24. This type of lay-up results in a highly 
orthotroplc plate where Young's modulus in the direction of the filaments is 
eight times that in the direction transverse to the filaments. Each plate was 
46.2 cm long and 7 cm wLde. Tests were conducted with the plates having 
simulated free boundary conditions. 

The plates were represented mathematically as an assembly of quadrilaterd 
plate (CWPLT) elements (fig. 1) having consistent mass matrices (PARAM = 
COUPMASS) . In the analytical formulation underlying the NASTRAN elements, it 
is assumed that the element material is homogeneous. The orthotropic material 
properties of each element were described by the material property matrix 
( U T ~  CARD) . Material properties were taken from experimental data published 
in the literature. The mathematical model had 165 elements and 204 grid 
points. The in-plane rotations and displacements were constrained to be zero. 
The resulting model had 612 degrees of freedom. The inverse power method of 
eigenvalue extraction was used to obtain the first 9 to 10 natural frequencies 
and mode shapes. A rough approximation of the frequency range of interest was 
obtained in advance using beam theory. The program computed all modes In the 
specified range in one pass and gave three very good rigid body modes (near 
zero eigenvalues) . This required approximately 2500 seconds of central 
processing time (CPU) and a tots time of approximately 6700 seconds on the 
CDC 6600 computer. 

Reinforced-Aluminum Wing Flutter Models 

A sketch of the reinforced plate models is shown in figure 2. Each plate 
was tested with its root clamped in a massive backstop to simulate a fixed 
boundary condition. The plates were constructed with six layers of boron/epoxy 
placed on each side of an aluminum plate. The boron/epoxy was laid up in a 
symmetric manner about the aluminum core with the filament angle of the layers 
alternating between +8 and -8. Plates were constructed with filament angles 
of oO, &45O, and 90'. Each plate was 106.7 cm wide at the root and 80.5 cm 
long. An duminum plate to be used as a control specimen and having the same 
planform dimensions and a thickness of 0 -64 cm was also tested and andyzed. 



The plates were represented mathematically as an assembly of quadrilateral2 
plate (CQDPLT) elements, and triangular plate (CTRPLT) elements having consis- 
tent mass matrices (PARAM = COUPMASS). It may be of interest to note the spe- 
cial way in which the stiffnesses of these elements were put into NASTRAJJ. As 
stated previously, in the analytic& formulation underlying the NASTM elements 
it is assumed that the element materia is homogeneous. Thus it is not 
possible to input directly the properties of each layer of a ldnated struc- 
ture. For a homogeneous material, the plate flexural rigidities are obtained 
internally in NASTRAN by multiplying the material modulus matrix by the inertia. 
For these laminated plates, the flexural rigidities were cuculated exterxzaUy! 
using laminated plate theory. The rigldities were input to NASTRAN in place of 
the material modulus matrix and the inertia was input as unity. It should be 
noted that this procedure does not provide a means for obtaining stresses 
in each layer directly from NASTRAN as would be desired for detailed stress 
analysis of laminated structures. There exists a need for special elements if 
NASTRAN is to be used efficiently for complete analysis of laminates. 

The mathematical model had 48 elements and 58 grid points. The in-plane 
rotations and displacements were constrained to be zero. The resulting model 
had 174 degrees of freedom. The Givensf method of eigenvalue extraction was 
used to obtain a3b the natural f'requencies and the first ll mode shapes. As a 
point of interest, it is noted that it was not necessary to OMTT the rotational 
degrees of freedom because consistent mass matrices were used, When lumped 
masses are used, zero inertias are associated with the rotations and OmTS are 
required if the NASTRAN Givens1 procedure is to succeed. The time for the 
eigemraze solution was approximately 330 seconds of central processing time 
and the total time was approximately 1270 seconds. 

fsotropic Plate With Elastic Restraints at Boundary 

A sketch of the pLate with three edges simply supported and one edge 
elastically restrained is presented in figure 3. The plate is 76 -2 cm long, 
38*1 cm wide, and 0.32 cm thick. Three edges were simply supported and there 
were elastic restraints at the other edge. The plate was represented mathe- 
matically for N A S W  as an assembly of quadrllaterd plate (C&DPLT) elements 
having consistent mass matrices. The mathematical model had 225 elements and 
256 grid points. The in-plane rotations and displacements were' constrained 
to be zero. The resulting model had 768 degrees of freedom. The elastic 
restraints were represented as 16 springs (c-2 CARD) evenly spaced along 
one edge* The inverse power method of eigemalue extraction was used to obtain 
the first five natural f'requencies and mode shapes. The frequency range of 
interest was obtained in advance from results published in reference 3. The 
program computed all modes in the specified range in one pass. This required 
approximately 1600 seconds of central processing time and the total time was 
approximately 4200 seconds. 



PRESmATION AID DISCUSSION OF RESULTS 

Unidirectional Composite Material Plates 

Measured and calculated nodal patterns were classified as ei ther  beam type 
or plate type. Typical patterns fo r  the first and second beam-type and plate- 
type modes are presented i n  figure 4. In  a l l  cases, the nodal patterns were 
highly dependent on the filament angle 8 (see ref.  1). For the beam-type 
modes, the slope of the node l ines  varied as much as 4 5 O  as the filament angle 
was varied. For the plate-type modes the nodal patterns varied from a combina- 
t ion of s t raight  l i nes  intersecting each other t o  curved l ines  sloping away 
from each other. I n  all. cases, there was very good agreement between the 
measured nodal patterns and those cdculated by NASTIIAN. 

The natural frequencfes were also highly dependent on the filament 
angle as shown for  the beam-type modes i n  figure 5 and the plate-type modes i n  
figure 6. These data are f o r  plates having 24 layers of composite material but 
similar data were obtained for plates with 6 and 1 2  layers. The natural  
frequencies of the first four beam-type modes decreased significantly (approxi- 
mately 60 percent) as the filament angle increased from 0' t o  60°. There was 
l i t t l e  change i n  frequency with a flzrther increase i n  filament angle up t o  
9Q0. In  general, there was good agreement between the measured and calculated 
frequencies for  the beam- type modes. 

The naturaJ. frequencies of the first two plate-type modes increased by 
approximately 90 percent as  the filament angle increased from 0' t o  30' and 
decreased with a fhrther increase i n  fllament angle. I n  general, there was 
good agreement between the measured and calculated frequencies. However, it 
should be pointed out tha t  for the plates having 6 and 12 layers with a f i lo- 
ment angle of o0 the agreement was not quite so  good. 

Reinforced-AlMnum Wing Flutter Models 

The f irst  wing model studied was the aluminum control panel. The 
measured and calculated natural frequencies and nodal patterns are  presented i n  
figure 7. There is  very good agreement between the measured and cdLculated 
data. The maximum error between the calculated aad measured frequencies of 
the first 10 modes i s  8.3 percent. O n l y  one set of patterns i s  presented since 
there were no discernible differences between the measured and caLculated 
nodal. patterns. 

Results for  the a3,uml.num panels reinforced with boron/epoxy material are 
shown fo r  fllament angles of oO, +45*, and 9 0  i n  figure 8. In  cases where 
there were no discernible differences between the measured and calculated 
nodal patterns orfly one s e t  of patterns i s  presented. For the panel with 
8 = 900 ( flg . 8 (a) ) , there i s  good agreement between the measured and cdcu- 
la ted fkequencies. All of the calculated frequencies are  higher than those 
measured. The average error  fo r  the f i r s t  10 modes is  6.3 percent. The 
calculated nodal patterns are  i n  very good agreement with the measured nodal 



patterns for the first six modes. For the higher modes, there are some 
differences between the calculated and measured node lines but, in general, 
the overall patterns are very similar. 

d 

For the panel with 0 = f45O (fig. 8(b)), the calculated frequencies are 
in very good agreement with the measured frequencies. The average error for 
the first 10 modes is only 3.2 percent. The cacrilated nodal patterns me 
generay in very good agreement with the measured patterns; with some differ- 
ences in the second, seventh, ninth, and tenth modes. t 

\ 

For the panel with 8 = o0 (fig. 8(c)  ) the cdculated frequencies show 
only fair agreement with the measured frequencies. The average error for the 
first 10 modes is ll.1 percent. For the third mode the error is 27.4 percent. 
There are also significant differences between the calculated and measured 
nodal patterns but, in general, the overall patterns are s l m i l w .  The reason 
for these discrepancies has not been determined at this writing. However, it 
should be noted that for some of the unidirectional composite material plates 
having a filament angle of 0' similar discrepancies were present. 

Plate With mastic Restraints at Boundary 

Effects of the elastic edge restraints on the natural frequencies of the 
first three modes of the plate are shown in figure 9. When the elastic edge 
restraint is zero, the edge is free; as the restraint is Increased, the 
boundary condition approaches a s&mply supported condition. The mtura3- 
frequencies calculated using the NASTRAN program are in very good agreement 
with those predicted with the closed-form solution using classical plate theory. 

CONCLUDING REMARKS 

Comparison of results obtained with the N A S T M  computer program with 
results from experiments and classical theory showed NASTRAN to be very effec- 
tive in calculating the vibration characteristics of isotropic and orthotropic 
plates with free, fixed, and elastically restrained edges. Good results were 
also obtained for plates laminated with dissimilar materials. However, there 
exists a need for special elements to improve the effectiveness of NASTRAN in 
anaLyzing laminated structures. 
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Figure 1 .- Description of unidirectional boron/epoxy plates. 
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Figure 2.- Description of reinforced-aluminum wmg flutter model. 
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Figure 3.- Description of the plate with variable elastic restraints along one edge. 
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F i g w e  4.- Typical nodal patterns of the unidirectional composite material plates. 
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of unidirectional composite material plates, 
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MODAL ANALYSIS OF A NINE-BAY SKIN-STFiINGER PANEL 

E!y Robert E. Grandle and Carl E. Rucker 
NASA Langley Research Center 

SUMMARY 

t 

Results obtained using a NASTlRAN normal mode analysis of a nine-bay skin-! 
stringer panel 68.58 cm (27 inches) by 93.98 cm (37 inches) of typical  a i r -  
c raf t  construction are  presented. 

The aluminum panel was made up of a plate,  Z section stringers,  and 
channel section frames and was assumed t o  have fu l ly  fixed edges. Stress and 
mode shape data f o r  the lower order modes obtained from a NASTRAN analysis of a 
266-grid-point division !of the panel are  presented and compared with experi- 
mental data. 

INTRODUCTION 

A s  par t  of Langleyrs research on the response and fatigue of a i r c ra f t  , 

structures due t o  acoustic loading, programs are underway t o  determine the 
effectiveness of varying the substructure t o  control the response and sonic 
fatigue of skmin-stringer type structures. In  these programs, analytical 
methods t o  evaluate response due t o  incremental changes i n  s t ructural  design 
are  very useful. Among ana rn ica1  methods used i n  these programs are NASTRAN 
and a special-purpose finite-element program. The finite-element program was 
developed by the Lockheed-Georgia Company as part  of an analytical/experimental 
study conducted under contract t o  the Langley Research Center. 'Phis study was 
made on a typical  a i r c ra f t  ts'pe structural  panel and the NASTRAN program was 
applied t o  obtain modes and stresses for  th i s  panel design. 

This paper describes the nine-bay skin panel used i n  the study and presents 
the resul ts  obtained from the experiments, the special-purpose analysis, and 
the NASTRAN analysis. Presented are  comparisons of the modal frequencies and 
s t ress  values obtained from NASTRAN with those obtained from the experiment. 
Also, the modal frequencies obtained from the NASTPAN are  compared with those 
from the special-purpose program. 

DESCRIPTION OF PANEL STRUCTURE 

A f l a t  aluminum skin-stringer panel constructed from channels and Z 
stringers bonded t o  the plate  was used a s  the t e s t  structure. The panel was 
93.98 cm (37 inches) by 68.58 cm (27 inches), as shown i n  figure 1. The skin 
thickness w a s  0.081 cm (0.032 inch), the channel thickness 0.122 cm (0.048 inch), 
and the Z s t i f fener  thickness 0.1016 cm (0.040 inch). The s t i f feners ,  whose 
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dimensions are shown i n  figure 2, were bonded t o  the face plate  using a struc- 
t u r a l  adhesive. The substructure s t i f feners  consisted of two 93.98 cm long 
channel frames and two 68.58 cm long Z section stringers framing a 25.40 cm 
(10 inches) by 38.10 cm (15 inches) center bay. 

The s t i f feners  introduced some asymmetry into the structure because the 
cross sections of each pa i r  "facedtr i n  the same directional sense, rather than 
being oriented symmetrically about l ines  of midlength and midddth. 

The experimental t e s t s  were performed i n  the f a c i l i t i e s  of Lockheed- 
Georgia. The panel was supported around the perimeter by a s t ee l  frame and 
attached by two rows of machine screws, spaced s.t 2.54 cm (1 inch) t o  approxi- 
mate fixed edge conditions. 

A photograph of the t e s t  panel i s  shown i n  figure 3, which indicates 
strain-gage locations and panel attachment points t o  the t e s t  f ixture.  The 
s t ra in  gages located i n  the center of the panel had a gr id length of 0.9525 cm 
(0.375 inch), the others had a 0.47625 cm (0.1825 inch) grid length. From 
these s t ra in  gages, s t resses  were determined using the acoustic excitation 
arrangement of s ix  speakers as shown i n  figure 4. The speakers i n  t h i s  system 
can be phased independently. The modes i n  t h i s  paper were determined by two 
phase conditions shown i n  the lower par t  of the  figure. All of the modes, 
except the l.27-Hz mode, were determined using the in-phase arrangement indicates 
i n  the lower l e f t  of the figure. The l27-Hz mode used the configuration i n  the 
lower r ight  of figure 4. A l l  NASTRAN resul ts  corresponded t o  an in-phase type 
excitation. 

ANAZYTICAL SOLUTIONS 

Finite-Element Solution 

The special-purpose finite-element program i s  based on a displacement 
method and uses modeling of the s t i f fness  and consistent mass matrices fox thin- 
walled open section beams. This method involves modification of a rectangular 
plate  bending element t o  include a fundamental in te r ior  mode fo r  the element 
a s  a generalized coordinate. This program, which has not been published, w a s  
developed by M r .  Fred Rudder of Lockheea-Georgia Company. 

NASTRAN modeling of the panel consisted of a simple division of the panel 
into 5.08 cm (2.0 inch) square elements. I n  order t o  accomplish t h i s  division, 
1.27 cm (0.5 inch) of the panel perimeter, which has no effect  on the experiment 
or analytical response properties, was neglected. The panel w a s  divided in to  



234 CQUAD2 elements with a corresponding 266 gr id  points as shown i n  f igure  5.  - 
The s t i f feners  were modeled with CBAR elements which were a lso 5.08 cm long and 
attached t o  the  nearest g r i d  point. The Z s t r ingers  were modeled with 13 elements 
eachandthe channelswith18elements each. The ine r t i ap rope r t i e so f the  Z, and 
channel s t i f feners  were input fo r  the i n e r t i a l  properties of the  CBAR elements. The 
rotationalinertiawasinputas zeroandnoattemptwasmadeinthismodeltoalinethe 
pr inc ipa lax is  o f t h e  CBARelementswiththe ac tua lpr inc ipa lax is  o f t h e  s t i f feners .  
Therefore, ro ta t iona l  coupling of the s t i f feners  was deleted i n  t h i s  model. 

t 

The panel was oriented in the  x-y plane of a rectangular coordinate systeh 
with the  lower l e f t  comer of the  p la te  (g r id  point 1 )  as the  origin.  In  order 
t o  approximate t he  clamped edge conditions of the  panel, a l l  external  gr id  
points were fully f ixed and a l l  perimeter CQUAD2 elements of f igure  5 were 
given the properties of s t e e l  t o  simulate the  support. The panel was analyzed 
by using the  r i g i d  fomnat 3 normal modes analysis. The problem was run with 
the  inverse-power method for  solution of the  eigenvalues using the  standlard 
double-precision arithmetic, and a lso  using single-precision arithmetic of 
l eve l  11.1.2 which shortened the  solution times. During some runs, only the  
rota t ion about the Z axis  was constrained f o r  the  i n t e r i o r  g r id  points while 
fo r  other runs the  in-plane X and the  Y t rans la t ion  components were 
constrained as well. The inverse-power method was employed using coupled mass 
and generalized mass normalization. Solution times, grid point degrees of 
f'reedom, and modal frequencies are l i s t e d  i n  Table I. From t h i s  t ab le  it can 
be seen t h a t  f o r  t he  same constraints,  the  decomposition times and t o t a l  CPU 
( cen t r a l  processor un i t )  time is much less using single-precision arithmetic 
fo r  the  same number of modes. The constraining of three  degrees of freedom 
instead of one had a similax ef fec t  on t he  run times fo r  the  same number of 
modes. This reduction i n  the  number of degrees of freedom resul ted i n  l e s s  
than a 1-percent change i n  modal frequency and l i t t l e  change i n  mode shapes and 
s t r e s s  r a t i o s .  The modes were p lo t ted  by using the  NASTRAN structure  plot t ing 
routine i n  order t o  determine which modes were of i n t e r e s t  f o r  acoustic fa t igue 
and response determinations. The quadrilat e ra1  and bar elements were plot ted 
separately t o  allow them t o  be examined i n  be t t e r  perspective. The defaul t  view 
angle was used and the  time required t o  generate t h e  p lo t  tape i n  a r e s t a r t  f o r  
seven modes .and 14  p lo t s  was 1-48 seconds CPU time and a t o t a l  time of 1081 
seconds (sum of CPU and PPU times). Lockheed reported only four modes from 
t h e i r  experimental work and all of these a re  compared t o  NASTRAN modes which 
were obtained a t  comparable mode numbers and shapes. 

COMPAFUSON OF RESULTS 

A frequency comparison i s  shown i n  figure 6 from the  three  studies used 
f o r  these four modes. The four mode shapes defined during the experiments are  
presented i n  f igures  7, 9, ll, and 13, as  formulated by the NASTRAN structure  
p lo t t e r .  Outer f i b e r  bending s t resses  fo r  CQUAD2 element obtained from NASTRAN 
a re  compared v i t h  experimentally determined s t resses  i n  normalized form i n  
figures 8, 10, 12, and 14. The undefomed locations of the  stringer a re  a lso 
shown. The s t resses  were normalized fo r  each mode t o  the  maximum i n t e r io r  



s t ress  within each set of data (experimental s e t  and NASTRAN se t  ) . Normal 
! 

s t ress  ra t ios  are plotted corresponding t o  the strain-gage measurement 
directions. 

The f i r s t  panel mode was found a t  63.906 Hz by NAS'PRAN and i s  shown i n  a 

figure 7. This mode i s  basically tha t  of a single panel in  which most of the 
deflection occurs en the center bay. NASTN s t ress  distributions a re  compared 
with experimental distributions for  the  first mode i n  figure 8, and are seen t o  
be i n  generally good agreement. Figure 9 shows the second panel mode, and 
figure 10 the corresponding s t ress  distribution a t  81.949 Hz. Agreement between 
the two methods i s  not quite a s  good as  for  the f i r s t  mode although the frequen- 
cies correspond almost precisely. Two conditions which may account for  these 
differences may be lack of rotat ional  coupling i n  the s t i f feners  and the larger  
size of the quadrilateral  element relat ive t o  the s t ra in  gage. The th i rd  panel 
moae frm the NASTRAN analysis i s  presented i n  figure 11 a t  94.129 Hz. The 
th i rd  experimental mode compared i s  a t  110 Hz, and a comparison of the calculated 
with measured stresses i s  shown i n  figure 12 and i s  noted also t o  resu l t  i n  poor 
agreement. There i s  a wide variance i n  the frequency for  t h i s  third mode among 
the three methods used and the reasons for  t h i s  are probably due, again, t o  the 
lack of rotational coupling i n  our model as well as a s l ight  a l terat ion of the 
modal participation or coupling between panel bays i n  the experimental case. 
The f i r s t  s t i f fener  mode ( the fourth panel mode) i s  so termed because it i s  the 
lowest frequency mode tha t  has appreciably large motion of the s t i f feners .  I t s  
NASTRAN calculated frequency i s  125.539 Hz. The f i r s t  s t i f fener  mode i s  shown 
i n  figure 13 a t  125.339 Hz. Panel  and bar modal deflections are  shown sepa- 
ra te ly  i n  figure 13. The agreement evident i n  the stresses f o r  t h i s  mode are  
shown i n  figure 14, and was not expected since the experiment was conducted 
using the out-of-phase acoustic excitation Uscussed previously and. i l l u s t r a t ed  
i n  figure 4. The stringer influence prevented the panel from being excited, 
experimentally, with the in-phase excitation; but apparently the s t i f fener  
influence improved the data for  t h i s  case as the in-phase motion of the  
s t i f feners  has an effect  on the panels. 

The resu l t s  presented i n  t h i s  paper a re  judged satisfactory even though 
the NASTRAN and experimental resul ts  were determined separately without 
opportunity fo r  refinement through repeating experiments. 

NASTRAN was found t o  be a good, but s l ight ly unwieldy, analyt ical  too l  fo r  
evaluating response and s t ress  due t o  incremental changes i n  s t ruc tura l  design 
of skin-stringer panels. For t h i s  type of problem, it w a s  found tha t  computer 
running time was reduced significantly by decreasing the number of degrees of 
freedom per gr id point without an appreciable loss i n  accuracy of the results.  
Also, the time was f'urther reduced by the use of leve l  U.1.2, where s inae-  
precision arithmetic i s  used without noticeable change i n  the resul ts ,  if the 
problem i s  run on a computer wlth a t  leas t  a 60-bit word. 
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1 .- Skin- stringer panel overall dimensions. 
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2 .- Panel stiffener dimensions. 
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Equipment layout 

I--------- 

Loudspeaker enclosure Switch 
(phase 1 

Relative phase conditions /- 
Edge of 
fixture 

4.- Acoustic excitation diagram for experimental tests. 



5.- NASTRAN model showing grid points, CBAR elements, and relationship of strain 
gages to elements. 



FREQUENCY COMPARISON 
Hz 

Panel Mode Lockheed Lockheed 
Number Experimental Analytical NASTRAN 

* Out of phase excitation used 

Figure 6. - Comparison of Lockheed and NASTRAN analytical results with 
experimental frequencies, 



7.- NASTRAN first panel mode shape at 63.906 Hz. 



0 74 Hz Experimental 
a 63,906 HZ NASTRAN 

Normal stress distribution across panel length 

-1 L 0 0 

Normal s t ress  distribution across panel width 

8.- Ratio of s t ress  response for first panel mode experiment 
and NASTRAN analysis. 



9.- NASTRAN second panel mode at 81.949 Hz. 



0 82 Hz Experimental 
a B I. 949 HZ NASTRAN 

0 

Stiffeners 

-1L 0 

Normal stress distribution across panel length 
w 

Normal stress distribution across panel width 

10.- Ratio of s t ress  response for second panel mode from 
experiment and NASTRAN analysis. 

357 



11.- NASTRAN third panel mode at 94.129 Hz. 



0 110 Hz Experimental 
I3 94.129 Hz NASTRAN 

Normal s t ress  distribution across panel length 

Normal s t ress  distribution across panel width 

12.- Ratio of s t ress  response for third panel mode from 
experiment and NASTRAN analysis. 



13.  - Stiffener deflection and fourth panel mode corresponding 
to panel mode at 125.539 Hz. 



Normal s t ress  response 
(First stiffener mode) 

0 126 Hz Experiment 

O 12 5.539 Hz NASTRAN 

Normal s t ress  distribution across panel length 

-1L 
Normal s t ress  distribution across panel width 

14.- Ratio of panel s t ress  response for fourth panel mode from 
experiment and NASTRAN analysis . 
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ASSEMB LIES USING NASTRAN RESTART/FORMAT CHANGE 

CAPABILITY 

By Ronald P. Schmitz 

Sperry Rand Corporation 
Space Support Division 
Huntsville, Alabama 

ABSTRACT 

This paper deals with the application of the NASTRAN program to structural dy- 
namic response of electronic packaging and support structure, The structure mod- 
eled and analyzed was the Experiment Support System Assembly (ESS) of the SKY LAB 
Orbital Workshop. The analysis used three rigid formats: Eigenvalue Analysis 
(Format 3), Frequency Response (Format 11) and Static Analysis (Format I). The 
same model was used for each analysis using NASTRANf s checkpoint /restart /format 
change capability. Geometry plotting and xy plotting were used to illustrate the mode 
shapes and acceleration response, 

INTRODUCTION 

This paper illustrates a technique used to analyze electronic assemblies and 
supporting structure subjected to random vibration loads using the NASTRAN program, 
Reference 1. In addition, NASTRAN1s ~heckpoint/~estart/~ormat change capability 
(Reference 2) is illustrated and an overview is given to the full a.nalysis. 

The Experiment Support System (ESS) of the Skylab Orbital Workshop (OWS), 
shown in Figure 1, was used to illustrate the technique. The original analysis was 
performed for NASA, MSFC Astrionics Laboratory under Contract NAS8-20055 by the 
Engineering Analysis Section, Sperry Rand Space Support Division. The effort was 
initiated in September 1969 and completed December 1910, During this period various 
design concepts we re  evaluated. Results of the analysis for the final design was con- 
tained in Sperry Report SP-211-0463 (Reference 3). 

The ESS provides, in a single package, control of the OWS biomedical experi- 
ments. Located within the ESS Enclosure are  all of the biomedical etectronic control 
and display subassemblies, These subassemblies include: 



Primary Power Supply 

Secondary Power Supply 

Distributor 

Vector Cardiogram (VCG) 

Experiment Control Panel 

Speaker 

Cable Harness 

Meter Panel 

Blood Pressure Measuring System (BPMS) 

Power Panel 

Cabin Pressure 

Gas Interface 

Figure 2 illustrates the control panel of the ESS Enclosure and the relative location of 
each subassembly. 

NOMENCLATURE 

Symbol Definition 

A Steady State Acceleration 

DOF Degrees of Freedom 

f Frequency 

g Peak Sine Acceleration 
- 
G Static Equivalent Acceleration 

Grms RMS Acceleration of Random Vibration 

H 
out 

Transmissibility (- in 

K Structural Stiffness 

M Structural or  Lumped Mass 

364 

Units - 
g 



PSD 

out 
Transmissibility (-) in 

Power Spectral Density, Acceleration 

Acceleration Power Spectral Density (PSD) 

Time 

Frequency 

Acceleration 

Translation in X Direction 

Translation in Y Direction 

Translation in Z Direction 

Subscripts 

g Total DOF subset 

in Input 

rms Root Mean Square 

ss Steady State 

v d  Vehicle Dynamics 

n natural 

LOAD CRITERIA 

Although the ESS does not operate during launch, it must withstand launch and 
boost accelerations and vibrations, reaching orbit undamaged structurally and func- 
tionally. These loads include a maximum boost acceleration of + 4.7g , Vehicle 
Dynamics of 3.6g from 3 to 60 hertz in the flight axis and 6.2 grms composite lift-off 
random vibration in the lateral axes. The complete vibration criteria is shown in 
Table I. For preliminary design analysis these loads may be combined with each other 
depending upon the period of flight being examined and the frequency regime in which 
the structure is responsive. The general equation for defining a combined "static 
equivalentv load is, 



where A,, = steady state acceleration (g) 

Q = transmissibility between loaded and excited grid point 

gVd = peak sine acceleration (g) 

= 4 n /2f,& PSD i, 

If no structural resonances occur below 60 hertz, Vehicle Dynamic criteria may be 
ignored, likewise maximum steady state acceleration occurs during burnout of the 1st 
stage (4.7g) and is not combined with lift-off random vibration. 

DISCUSSION OF ANALYSIS 

The complete structure associated with the ESS includes the side rails, the ESS 
Enclosure and the electronic subassemblies (Figure 3). The dynamic loads are 
transmitted from the OWS floor and ceiling through the side rail and ESS Enclo.sure 
into the subassemblies. To analyze the subassemblies in detail it is necessary to 
predict the amplification and/or isolation of the input load resulting from the interme- 
diate structure. 

To develop working finite element modes which are  accurate yet sufficiently small 
to permit efficient use of computer time and analysis techniques within NASTRAN, it 
was necessary to substructure the ESS. Inspection of the structure reveals three 
fllevels" of structures with sufficiently different stiffness that they may be uncoupled 
and modeled independently, n e y  are: 

Electronic Subassemblies 

Finite Element Models 

Side Rail, A NASTRAN finite element model of the Side Rail (ESS enclosure 
support structure) was developed to predict the amplification of loads between the 
floor/ceiling and the ESS Enclosure. The model consists of 69 grid points connected 
by 107 bar and 45 shear panel elements. The stiffness of the ESS Enclosure was mod- 
eled as a rigid body using constraint equations to transfer load through the enclosure 



structure. The weight of the enclosure was distributed as lumped masses at each 
attach point, 

Omit coordinates were used to obtain a dynamic model containing 66 degrees of 
freedom @OF). The analysis set, G,, includes each boundary grid point where the . 
ESS Enclosure is attached and mass concentrated. The model was used only for 
frequency response analysis. The checkpoint /restart capability was used, however, 
to obtain a complete set of acceleration responses for the three loading cases (1 g t 

in the x ,  y, and z directions). This model is shown in Figure 4. 
! 

ESS Enclosure. A NASTRAN finite element model of the ESS Enclosure, shown 
in Figures 5 thru 7, was developed for static and dynamic analyses. The model con- 
sists of 178 grid points connected by 270 bar, 26 triangular plate, and 90 quadrilat- 
eral  elements. The model resulted in a total structural stiffness matrix, Kgg, with 
1068 DOF which was used for static analysis. This matrix was further reduced to 72 
dynamic DOF for normal mode and frequency response analyses, see Figure 8. 

Each electronic subassembly was modeled as a rigid body using rigid, massless 
bar elements connecting the concentrated mass of the subassembly from its c.g. to 
the attached points on the ESS Enclosure. 

ESS Electronic Subassemblies. The primary power supply (PS) was included in 
thia paper as representative of the other assemblies. It illustrates the prediction of 
the vibration environment and the calculation of stresses on the lowest "levelt' struc- 
ture. A NASTRAN finite element model of the PS, shown in Figure 9, was developed 
for static and dynamic analyses. The model consists of 154 grid points connected by 
156 plate elements. The model resulted in a total structural stiffness matrix, Kgg, 
with 924 DOF, which was used for static analysis. The matrix was further reduced to 
39 dynamic DOF for normal mode and frequency response analysis (Figure 9). 

Overview of Analysis 

An overview of the complete analysis follows: 

1. A frequency response analysis of the Side Rail structure was performed 
using l g  base excitation, for each of the three axes (three subcases). 
The results a re  summarized in  Table II, 

2, A normal mode analysis of the ESS Enclosure was performed. Typical 
mode shapes are  illustrated in Figures 10 thru 13. 

3. The response frequencies of the two structures were compared. The 
side rails were found to have a low first resonant frequency (44 hertz) 
compared with the enclosure (245.5 hertz). The assumption that the 



ESS Enclosure can be treated a s  a rigid body supported by a flexible side 
rail structure was confirmed. 

4. A Res ta r t /~ormat  change was made on the enclosure model from normal 
mode to static. The static equivalent loads (GRAV loads) were calcu- 
lated using the gains and resonant frequencies calculated for the side 
rai l  model. Equation (1) was used to calculate these loads; the results 
a r e  also included in Table 11. 

5. A Res ta r t /~ormat  change was then made on the enclosure model from 
normal mode to frequency response. The frequency response analysis 
was performed using lg base excitation for each of the three axes (three 
subcases). The response for each electronic subassembly is summa- 
rized in Table ID. A typical acceleration response plot of the PS node 
is contained in Figure 14, for x-axis excitation. The random response 
a t  each of the electronic subassemblies was calculated inthe same computer 
run. A typical acceleration PSD plot for the PS is shown in Figure 15. 

6. A normal mode analysis of the PS was performed. Typical mode shapes 
a re  illustrated in Figure 16 thru 18. 

7.  The resonant frequencies of the PS were compared with those of the enclo- 
sure. The lowest frequency was found to be 542 hertz, thus confirming 
the rigid body assumption used in the enclosure model. 

8. A Res ta r t /~ormat  change was made on the PS model from normal mode 
to static, The static equivalent loads (GRAV loads) were calculated 
using the gains and resonant frequencies calculated from the side rail 
and ESS Enclosure models. Since the resonant frequencies of the power 
supply were all above the Vehicle Dynamic criteria defined in Table I, 
only the random criteria is of interest. The resulting static equivalent 
loads are summarized in Table TV. 

9. A ~ e s t a r t / ~ o r m a t  change was then made on the PS model from normal 
modes to frequency response, The frequency response analysis was 
performed using l g  base excitation, for each of the three axes (three 
subcases). The acceleration response and phase for a grid point associ- 
ated with a critical electronic component is shown in Figure 19. 

10. A detailed s t ress  analysis was performed on all structural components 
of the ESS Enclosure and PS using the element forces and stresses 
predicted by the static solutions. 



Application of Special NASTRAN Features 

Rigid Body Simulation A 

Substructures which a re  relatively stiff compared with their supporting structure 
were modeled as  rigid bodies. In the model of the side rail, the ESS ,Enclosure was 
modeled using multi-point constraint equations. These equations enforced displace- ( 
ments between attach points. The weight of the enclosure was distributed as lumped 
masses at each attach point. 

The electronic subassemblies located within the ESS Enclosure were simulated as 
rigid bodies within the enclosure model by lumping the mass of each subassembly at 
its c.g. and then attaching this lumped mass to the enclosure subassembly interface 
using massless rigid bar elements (stiffness w 100 x ESS Enclosure frame stiffness). 
Figure 8 illustrates the finite element model of the Enclosure structure and the bar 
elements used to represent the subassemblies. 

Base Acceleration Excitation 

Since NASTRAN is limited to applied forces in the frequency response format, 
seismic masses (approximately lo6  x weight of the structure) are  attached at each 
excited grid point. A force is then applied, equal to the seismic mass, which results 
in a Ig sinusoidal acceleration at these grid points. The use of very large masses 
and forces reduces to a negligible amount the feedback to the excited grid points from 
the resonating structure. 

~heckpoin t~es ta r t /~ormat  Change 

Three rigid formats were used in this analysis, Formats 1, 3, and 11. Unfortu- 
nately the use of base excitation precludes using the same geometry and constraint 
bulk data for all three formats. This minimizes the benefit of the Restart/~ormat 
change feature of NASTRAN unless care i s  taken to checkpoint the proper model. 

When using base excitation, the normal mode format should be the first format 
checkpointed. The boundary condition will be a free-free structure, where the single 
point constraints are  not specified in the case control deck and SUPORTTs are used 
to remove the rigid body modes. The seismic masses are included in the model 
during this checkpoint run. All buIk data cards necessary for the static and frequency 
response restarts may be included at this time. 



When the restart is made for the static analysis the SUPORT and OMIT cards are  
deleted from the bulk data and the SPC card added to the case control deck. This will 
effectively ground out all seismic masses used for the frequency response analysis. 
The GRAV cards are  added to the bulk data and LOAD cards to the case control deck, 
The change from SUPORT to SPC constraints requires a new decomposition for the 

4 

static Restart, however, the reactions may be recovered, and are not available using 
SUPORT constraints. The time lost due to geometry changes in this format restart is 
more than compensated for in the restart of the frequency response format. 

When restarting the frequency response format from the normal mode format, 
no changes are  required to the geometry or constraint bulk data, Therefore, the 
problem will restart at the module DPD and skip over modules SMPl (Guyan reduction) 
and READ (real eigenvalue extraction) saving a significant amount of time, see Figure 
20. 

Subsequent restarts of the frequency response format are normally required to 
obtain acceleration and random response plots for multiple subcases. The first fre- 
quency response analysis should be checkpointed. Subsequent restarts for new print 
and plot output normally take very little time (typically less than 3 minutes on the 
Univac 1108). 

A restart of the normal mode analysis is often required to obtain all of the modes 
of interest. 'In addition, a good check on the accuracy of the model is obtained by 
calculating the lowest natural frequency of the structure without the use of OMIT cards 
and compare this result with the result obtained using OMIT cards. Changes can then 
be made, if necessary, to the OMIT set before the time consuming frequency response 
analysis is performed, 

Random Analysis 

A unit input acceleration is required for random analysis to satisfy the condition 
that the output acceleration be equal to the magnification factor, N ( w ) .  The output 
PSD (Sj) then can be solved from the following equation 

for acceleration PSD the units of, this equation become, 

( i n / s e r p  =[ l 2  ('in/sec)2 g2 
hertz hertz hertz hertz 



Run Time Summary 

A summary of the total run times and significant time spent in specific rnddules 
a re  illustrated in Figure 20 for the ESS Enclosure model, 

The accumulated cpu time (Univac 1108, NASTRAN Level 12.1.002 MSFC) is 
plotted as a function of DMAP instruction number, and where large times a re  accumu- 
lated in one module the name of the module is given. Gaps in the curves indicate ! 

DMAP instructions which were skipped during restart/format change (Formats 1 and 
11). 

Bandwidth, DOF and run time comparisons a re  contained in Table V, for the 
symmetric decomposition (SDCO), matrix reduction (SMP1) and eigenvalue extraction 
(READ) of the three finite element models discussed in this paper. 
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TABLE I. ESS V l BRAT l ON CR ITER l A AT OWS FLOOR AND CE l L l NG 

1. Vehicle Dynamics Criteria 

Flight h i s  ( 3 6 0  Hz 8 3 oct/min) 

3 -  7 Hz @ 0.43 TnchesD. A.'Msp. 
7 - 1 4 R z @ l . I G t s p e n k  

14 - 25Hz @ 0.11 Inches D. A. msp. 
25 - 60Hz@3.6Gtspeak  

. Lateral Axes (2-20 Hz @ 3 oct/mfn) 

2 - 4 Hz @P 0.34 Inches D. A. Disp. 
4 - 7 Hz @ 0.28 G's peak 
7 - 20Hz@0,08Gtspeak 

2. Slnusoidal Evaluation Criteria (20-2000 Hz @ 1 oct/min) 

20 - 100Hz@0.0020InchesD.A.Msp.  
100 - 2000 Hz@ l.OGts peak 

3. Lift-off Random Vibration Criteria (1 min/axis) 

Flight Axie Lateral axes 

Composite = 4 .1  g m s  Composite = .6.2 gms 

4. Boost Random Vibration Criteria (2 min/axis) 

Flight Axis Lateral. Axes 

Composite = 1.9 grms Composite = 3.1 g-8 

*Design criteria only - no test required 

6.  mock Criteria 

No shock test required 



TABLE I I .  ESS S l  DE RA l L MODEL FREQUENCY RESPONSE RESULTS AND ENCLOSURE STAT l C EQUIVALENT LOADS 

* QAVE. 
= %P + Q~~~ AVERAGE GAIN THROUGHOUT ESS ENCIDSURE 

Z 

** SEE EQUATION (2) 

STATIC EQUIPMENT 
LOAD ON-ENCLOSURE 

G* 

18.49 

14.05 

13.58 

TABLE I I I .  ESS ENCLOSURE MODEL FREQUENCY RESPONSE RESULTS 

STEADY STATE 

A 
ss 

4.7 

EXCITATION 
DIRECTION 

X 

SIDE RAIL 
GAIN 

Q 

8.54 

SIDE RAIL 
RESONANT 
FREQUENCY 

(HERTZ) 

209 

SUBASSEMBLY 

EXCITATION 
DIRECTION 

X GAIN 

FREQ 
Y tfy 

GAIN 

FPiEQ 
Z Uz 

GAIN 

RANDOM ACCEL. 

( g 2 / ~ z )  

.014 

Y 

Z 

5 . 1 9  

5.5* 

67 

44 

VCG 
(GP 151) 

':::: 
2.26 

239.5 
33.01 

621. 
65.64 

5.77 

0.1 

0.1 

METER PANEL 
(GP 156) 

727.9 
23.05 

2.35 

239.5 
69.31 

621. 
88.20 

8.98 

0.0 

0.0 

BEMS 
(GP 157) 

672.3 
17.57 

1.79 

239.5 
73.99 

621. 
63.04 

6.42 

DISTRIBUTOR 
(GP 164) 

209. 489.4 
12.95 70.71 

1.22 7.20 

67. 417.5 
9.81 86.99 

1.0 

44. 621. 
9.81 35.64 
1.0 3.*63 

SECONDARY POWER SUPPLY 
(GP 162) 

209. 489.4 
10.26 23.37 

1 .05  2.38 

67. 239.5 
9.81 31.71 
1 .O 

44 621. 
9.81 26.04 
1 .O 2.65 

PRIMARY POWER SUPPLY 
(GP 163) 

209. 489.4 788.0 
10.97 32.91 30.68 

1.1 3.35 3.13 

67. 239.5 
9.81 23.86 

1.0 

44. 621. 853. 
9.81 61.54 29.09 
1.0 6.27 2.96 



TABLE IV. ESS POWER SUPPLY MODEL STAT IC  EQUIVALENT LOAD SUMMARY 

* AT RESONANT FREQUENCIES OF THE ENCMSURE, THE SIDE RAIL ARE ISOLATING, qSR < 1.0. 

** SEE EQUATION ( 2 )  

- 
G** 
(g) 

13.99 

14.05 

13.58 

P S D o ~ ~  
( ~ * / H Z )  

1.08 

2.69 

2.72 

EXCITATION 
DIRECTION 

X (FLIGHT) 

Y 

Z 44. 5 .5  

CRITICAL 
FREQUENCY* 

(Hertz) 

209. 

67. 

h 

Q~~~~ 

1 .1  

1 .O 

'SR 

8 .  

5.19 

1 . 0  

Q I D ~ f i  

8 .8  

5.19 
- - 

P S D ~ ~  

( g 2 / ~ z )  

.014 

0 . 1  

5 . 5  0 .09 



TABLE V. SUMMARY OF MATR l X DECOMPOS l TI ON 

SUMMARY OF MATR t X REDUCT l ON (SMP1) 

tactual 

16.1 
, 

180.2 

56.5 

). 

MODEL 
w 

SIDE RAIL 

ENCM SURE 

POWER SUPPLY 

SUMMARY OF E l GENVALUE EXTRACT l ON ( R E A D )  

MODEL 

SIDE RAIL 

ENCLOSURE 

POWER SUPPLY 
> 

POWER SUPPLY 21 19 38 18 20 2. 3.2 19.5 

DOF 

4 14 

912 

861 

B c R 1 test 

22 

tactual 
(SMPI) 

207.2 

906. 

284.1 

KNN (WF) K ~ ~ ( W F )  

46 83 45 

101 0 100 

test 
(DECOMF) 

f 
300. 

66. 

414 

1044 

66 22. I 
72 257. 

861 I 39 I 66. 



FIGURE 1 .  SKYLAB ORBITAL WORKSHOP 

SKYLAB ORBITAL WORKSHOP CLUSTER 
ORBITAL WORKSHOP FLOOR PLAN 

ORB l TAL WORKSHOP ELEVAT l ON SHOW l NG 
LOCAT l ON OF EXPER l MENT SUPPORT SYSTEM 



F DGURE 2 .  ESS CONTROL PANEL 

- 
- NOT REPRODUCIBLE 
. -.- --- --. .- - - - - -  -. 



FIGURE 3 .  ESS S I D E  R A I L S ,  ENCLOSURE AND ELECTRONIC ASSEMBLIES 

NOT REPRODUCIBLE 
>%- - - _ L _ _ _ A _ _ _  --A - - - -  - -  - 



FIGURE 4 .  ESS S I D E  R A I L  MODEL WITH DYNAMIC COORDINATES " 

NOTE: E98 MODELED M A 
RIGID BOX WEIOHINO 
182.1 LBB. PEIADED 
AREA). 

A D Y N l l l  C COORD l NATE 

--/-.-..--7-- .+._----.--- 

NOT REPRODUCIBLE 



FIGURE 5 .  ESS F IN1  TE ELEMENT MODEL OF FRAME 



FIGURE 6. ESS F I N I T E  ELEMENT MODEL OF BAR ELEMENTS 

NOT REPRODUCIBLE 
_- __--A_ - - -- --- .. - 



FIGURE 7 .  ESS F I N I T E  ELEMENT MODEL OF PLATE ELEMENTS 
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FIGURE 8.  ESS DYNAMIC COORDINATES OF F I N I T E  ELEMENT MODEL 

0 - Dppamia ~%~rdinata 
No. 

NOT REPRODUCIBLE 
" .-" .2----A - - 



n 

FIGURE 9 .  POWER SUPPLY F I N I T E  ELEMENT MODEL WITH DYNAMIC COORDINATES 



F l  GURE 10. ESS ENCLOSURE MODE SHAPE FOR f = 245.5 Hz 

FIGURE 1 1 . ESS ENCLOSURE MOUE SHAPE FOR f 2 = 433.7 HZ 

- 
NOT REPRODUCIBLE 

- - - -  - - _. _ _ _ _  



FIGURE 12. ESS ENCLOSURE MODE SHAPE FOR f g  = 488.5 Hz 

FIGURE 13. ESS ENCLOSURE MODE SHAPE FOR f 4  = 499.7 HZ 
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THE RESPONSE OF SHELLS TO 

DISTRIBUTED ]RANDOM LOADS USING NASTRAN 

By Gary K. Jones 

Goddard Space Flight Center 

SUMMARY 

The performance of the NASTRRN modal random response 
analysis, rigid format 11, was investigated using a hypo- 
thetical stiffened cylindrical shell excited by a simulated 
turbulent boundary layer pressure field. The cylindrical 
shell (2.54 meters in diameter, 3 3 5 3  meters in length) was 
simply supported at both ends. In order to assess the effect 
of the model detail on the results, two models were developed. 
One model had 360 degrees of freedom and the other 720 degrees 
of freedom. The real part of the forcing function (co- 
spectral density) was represented by an exponentially decaying 
cosine function and the imaginary part of the forcing function 
(quad-spectral density) was represented by an exponentially 
decaying sine function, Problems associated with NASTRAN 
operations were encountered, but to a large extent, were 
successfully resolved. Only the random response (displacement 
spectral density) obtained for the 360 d .o .f, model is 
presented in this paper. No response data for the complex 
model (720 d.0.f .) is presented inasmuch as this portion of 
the investigation is still in progress. 

INTRODUCTZ ON 

The analytical prediction of the structural response of 
aerospace vehicles to random forces is of key concern to 
aerospace engineers. The designer must assess the structural 
effects of the random input forces in an effort to achieve an 
adequate structural design. The task of determining analyt- 
ically the structural response to distributed random forces is 
in general quite involved and time consuming. 



The purpose of this paper is to describe the use of 
NASTRAN in determining the dynamic response of a cylindrical 
shell excited by a simulated turbulent boundary layer pressure 
field, One result of this effort is an assessment of how well 4 

the modal random response portion of NASTRAN performs. 
Although all dimensions, loads and results are expressed in 
SI units in the paper, the calculations were performed using 
English units. 

DESCRIPTION OF ' T m  PROBLEM 

The hypothetical structural system used in this 
analysis was a 2.54 meter diameter, 3.353 meter long shell 
that was simply supported at both edges. The shell structure 
was assumed to be constructed of aluminum honeycomb ( ,0254 
meter thick core with ,002 meter face sheets), together with 
integral longitudinal and circumferential stiffeners (-0254 
meter square, ,002 meter -thick wall, aluminum - tubing) -- . The 
longitudinal stiffeners were spaced every 36 degrees around 
the cylinder and the circumferential ring stiffeners were 
axially spaced -559 meters apart. 

The random forcing function was selected so as to approx- 
imate, at least in form, a turbulent boundary layer loading 
function ( R e f .  1) . For a given pair of grid points u and v, 
the spectral density (PSD) of the loading function was defined 
as: r 0. N ~ / H Z  f<100 Hz, f>300 Hz 

i - 0 -05 5- .984/ql 
PSD ( 5 , q , f )  = -317 [cos 3.94~-i Sin 3.94qle 

u, v 

f = frequency, Hz I 

5 = circumferential distance between grid points u and v, 
degrees (less than 180 degrees) 



= a x i a l  d i s t ance  between g r id  po in t s  u and v,  meters 

Note t h a t  f o r  t h e  case u = v w e  have 5 = 0 ,  q = 0 and t h e  , 
funct ion  i s  r e a l  valued: 

2 
0.0 N /HZ f < 100 Hz. f  > 300 Hz  

PSDu (O,O,f) = , v 2 ,317 N /Hz 100 Hz 5 f 2 300 Hz 

For t h e  case  u f v t h e  funct ion  i s  complex. The r e a l  p a r t  
(co-spectral  dens i ty )  was represented by a decaying cosine 
func t ion  and t h e  imaginary p a r t  (quad-spectral  dens i ty)  by 
a decaying s i n e  funct ion .  Note t h a t  i n  matr ix  formulation 
t h e  loading func t ion  Leads t o  a hermit ian s p e c t r a l  dens i ty  
matr ix  which i s  required by t h e  physics of t h e  problem. 
The s t r u c t u r a l  damping cons tant  was assumed t o  be -02 
( i . e .  Q = 50) f o r  t h i s  inves t iga t ion .  

NASTRAN ANALYSIS 

The NASTRAN ana lys i s  flow diagram i s  i l l u s t r a t e d  i n  
Figure 1. The a n a l y s i s  was performed i n  f o u r  s t e p s .  

1. ~ i n i t e  element models of t h e  s h e l l  s t r u c t u r e  were developed. 

2 .  Modal analyses  ( r i g i d  format 3) were performed using 
N A S T W  and a r e s t a r t  t ape  and deck were generated,  

3 .  A computer program was w r i t t e n  t o  generate  a  NASTRAN 
input  tape t h a t  contained t h e  NASTRAN execut ive deck, 
case  c o n t r o l  deck, and required random input  deck. 

4. Using a s  input  t h e  t apes  generated i n  t h e  previous s t e p  
and t h e  NASTRAN r e s t a r t  t apes  from t h e  modal analyses ,  t h e  
NASTRAN random response analyses  ( r i g i d  format 11) were 
performed. Note t h a t  t h e  normal NASTRAN JCL had been 
modified s o  as t o  accept  tape input  r a t h e r  than cards .  

Two NASTRAN f i n i t e  element models (Figure 2 and 3) of 
the same axisymmetric s h e l l  s t r u c t u r e  were developed i n  o rde r  
t o  a s sess  t h e  e f f e c t  of t h e  model d e t a i l  on t h e  r e s u l t s .  The 
small  model (model 1) consis ted of 70 g r i d  p o i n t s ,  360 degrees 



of freedom, 100 CBAR s t r u c t u r a l  elements and 60 CQUADl 
s t r u c t u r a l  elements. The l a r g e  model (model 2) had 140 g r id  
po in t s ,  720 degrees of freedom, 140 CBAR s t r u c t u r a l  elements, 
and 120 CQUADl s t r u c t u r a l  elements, Note t h a t  the  g r i d  
p a t t e r n  i n  model 1 follows t h e  s t i f f e n e r  p a t t e r n  i n  t h e  s h e l l ,  
and t h a t  t h e  model 2 g r i d  p a t t e r n  has twice the number of 
c i rcumferent ia l  g r i d  po in t s  a s  has  model 1. The edge g r i d  
po in t s  i n  both models were constrained s o  a s  t o  s imulate  a 
simply supported condi t ion.  Due t o  t h e  symmetry of t h e  input  
fo rce  f i e l d  and t h e  s t r u c t u r e ,  t h e  response a t  3 g r i d  po in t s  
( 2 ,  3 and 4) f o r  model 1 and a t  6 g r i d  poin ts  (2 ,  3 ,  4, 9 ,  10 
and 11) f o r  model 2 were s u f f i c i e n t  t o  def ine  t h e  response of 
t h e  e n t i r e  s t r u c t u r e ,  

The modal ana lys i s  ( s t e p  2 )  was accomplished wi th  l i t t l e  
d i f f i c u l t y  and t h e  r e s u l t s  summarized i n  Table 1. S h e l l  model 
1 was found t o  have 1 2  modes i n  t h e  frequency range of i n t e r e s t  
(100 - 300 H z ) ;  however, due t o  t h e  axisymmetric cha rac te r  of 
t h e  s t r u c t u r e  only 7 d i s t i n c t  modes were obtained. S h e l l  
model 2 was found t o  have 20 modal f requencies  and 10 d is -  
t i n c t  modes i n  t h e  100 - 300 Hz band, A s  can be seen from 
Table 1, t h e r e  was a considerable  d i f f e rence  i n  t h e  modal 
f requencies  obtained from t h e  analyses of t h e  t w o  models. 
While t h e  modes of t h e  complex model (720 d .o .f .) more 
accura te ly  r e f l e c t . t h e  dynamic p roper t i e s  of the s h e l l ;  
e i t h e r  modal s e t  may be used with equal v a l i d i t y  i n p e t e r -  
mining NASTRAN'~ a b i l i t y  t o  c a l c u l a t e  random response. 

An a u x i l i a r y  For t ran  program (step 3 )  was w r i t t e n  by t h e  
author t h a t  would: 

a Generate t h e  random input  loads f o r  a l l  t h e  unconstrained 
g r i d  po in t s  from t h e  b a s i c  equation of the  loading s p e c t r a l  
d e n s i t y ,  

Generate a d i g i t a l  t a p e  having t h e  appropriate  case con- 
t r o l ,  execut ive con t ro l  and random loading cards  necessary 
t o  execute NASTRAN rigid format 11. 

The requirement f o r  t h i s  program was due t o  t h e  l a r g e  number 
of random loading cards  used a s  input  i n t o  NASTRAN. The model 
1 NASTRAN deck contained 1275 random loading cards  (RANDPS) 
and t h e  model 2 deck contained 5050 random loading cards, 



Step 4 in the analyses, the NASTRAN modal random response 
(rigid format ll), makes use of modal data to derive a dynamic 
transfer function for a set of input frequencies and then uying 
the input random loads to calculate the structural response at 
those frequencies, 

while steps 1, 2 and 3 were performed with little diffi- 
culty, considerable difficulty was encountered in performing 
the random analyses (step 4). To enumerate the problems with 
NASTRAN in the sequence that they occurred: 

The first computer runs with rigid format 11 were made 
to determine the response of model 1 at 49 frequencies 
using level 11.1 NASTRAN, The result in all cases was 
an OCO error occurring in the matrix multiplication 
routine (MPYAD) . The OCO, which is an IBM System 360 
error code, indicates an imprecise interrupt which can 
be due to a variety of program errors. 

Later runs, using level 12,O NASTRAN to solve the same 
problem, yielded a B-37 error in the SDR2 module. The 
B-37 which also is an IBM System 360 error code, indi- 
cates that not enough peripheral (disk) storage space 
was available to execute the desired operation. 

Iteducing the number of frequencies from 49 to 14 for 
the model 1 analyses resulted in wrong values of random 
response being given by the program. This problem was 
traced to an error in the "method 2" routine in the 
MPYAD module in NASTRAN. By reducing the number of 
frequencies to 9 or less, apparently correct answers 
were obtained inasmuch as this change caused the 
"method 1" routine in MPYAD to be used, 

In spite of these difficulties, the random response of 
model 1 was obtained using NASTRAN. The analysis of the 
random response of model 2 has encountered problems similar 
to, but more severe than those of model. 1, 

To be specific, for the model 2 analysis, it appears that 
a maximum of only 3 frequencies can be input per computer run 
if one is to avoid using the "method 2" routine in the MPYAD 
module. At this stage in the investigation, the random 
response of model 2 has been obtained for only a few frequencies. 



Presented in Table 2 are the computer run times for the 
various size rigid format 11 analyses. Note that it is most 
efficient from the computer-run-time point of view to input 
as many frequencies as possible per run; however, as long as 
the "method 2" routine of the MPYAD module gives the wrong 
answers, the analyst is severely limited in the number of 
frequencies that can be input in any one computer run. 

DISCUSSION OF THE RESULTS OF THE ANALYSES 

The random response (i.e. displacement spectral density) 
of shell model 1 (360 d .o .f .) obtained using NASTRAN is pre- 
sented in Figure 4. Due to the problems mentioned in a 
previous section, the analysis of the complex shell model 
(model 2, 720 d .o.f ,) has not yet been completed, thus no 
data for this configuration will be presented even though 
the output spectra at a few frequencies have been determined. 

No experimental data or closed form solutions were avail- 
able to check the results obtained for the shell response, 
however, checks with relatively crude hand calculations 
indicated that the N A S T W  calculated response seemed reason- 
able. With one exception, the responses at the 3 grid points 
were quite similar. At grid point 4, there apparently was no 
response for modes in the frequency range of 258 - 260 Hz. 
This peculiarity was attributed to the fact that these modes 
have node points at grid point 4. 

The effect on the response spectral density of the quad- 
part of the input loading spectral density was numerically 
assessed by setting this part of the input equal to zero for 
one computer run. Comparison of the response spectrum for 
the zero-quad run and non-zero-quad runs indicates that the 
input quad spectral density had little effect (4%) on the 
output displacement spectral density, 

CONCLUSIONS 

Based upon this'investigation, the following conclusions 
were reached: 

The use of NASTRAN to determine structural response to 
distributed random force fields is practicable, provided 



level 12.0 NASTRAN is used and the use of "method 2 " in 
the MPYAD module is a v o i d e d .  

The capability of NASTRAN to analyze large structural 
response problems would be considerably enhanced if the 
"method 2" routine in the MPYAD module is debugged. 

An effort should be made to determine the feasibility of t 

i n c l u d i n g  i n  NASTRAN an automaked scheme to generate the I 

required random input data. If this feature could be 
implemented, the analyst's task would be significantly 
reduced. 

1. Jacobs, L. D., Lagerquist, D. Re, and Gloyna,  Fred L . :  
Response of Complex Structures to Turbulent Boundary 
Layers. Journal of Aircraft , May-June 1970, pp . 210-219 



n number of circumferential waves 
m number of axial half waves 

n 

4 

3 

5 

2 

4 

6 

5 

3 

6 

1 

k 

MODAL FREQUENCIES 

TABLE 1 

Model 2 
720 d.0.f- 

130.7, 130.7 HZ 

131.4, 131.4 Hz 

160.7, 167.4 HZ 

175.8, 175.8 Hz 

214.5, 214.5 Hz 

217.3, 217.3 Hz 

219. , 228.5 HZ 

243.7, 243-7 Hz 

259.9, 259.9 Hz 

276.8, 276.8 Hz 

m. 
Model 1 
360 d - 0 3 .  

1 

1 

1 

1 

2 

1 

2 

2 

2 

1 

154.4, 154.4 HZ 

149.8, 149.8 Hz 

170.2 HZ - 
187.5, 187.5 Hz 

258.4, 258.4 Hz 

- - 
259.2 HZ - 

- - 
- 

280.4, 280.4 Hz 



*Gave wrong answers- 

COMPUTER RUN TIMES 

b 

TABLE 2 

Per Frequency 
( M i n )  

1.51 

b - 19  

7.70 

I t e m  

Model 1 
360  d , o , f e  
7 Freq. 

Model 1 
360 d , o . f ,  
9 Freq, 

Model 1 
360 d .o .f ,* 
14 Freq. 

Model 2 
. 720 d . o . f ,  

2 Freq.  

9 
Time 
( M i n )  

10 -6 

1 6 . 6  

15.4 
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APPLICATIONS OF NASTRAIY TO COUPLED STRUCTURAI; AND HYDRODYMMIC 

l33SPONSES IN AIRCRAFT HYDRAULIC SYSTEMS 

By James T. Howlett 
NASA Langley Research Center 

This paper demonstrates that  the NASTRAN computer program can be used t o  
analyze the coupled f lu id  and s t ructural  responses of multibranch pipes as 
occur i n  a i r c ra f t  hydraulic systems. The techniques used t o  model hydraulic 
l ines  with NASTRAN are eqlained.  Example problems are  presented which demon- 
s t r a t e  the va l id i ty  of the analytical model fo r  a simple standpipe system and 
which demonstrate tha t  the technique is  promising as  a basis for detailed 
dynamic analysis of hydraulic systems of actual a i r c ra f t .  

INTRODUCTION 

Modern high-perfomnance a i r c ra f t  require increasingly eff ic ient  hydraulic 
systems i n  order t o  perform effectively. These hydraulic systems operate a t  
much higher s t a t i c  pressures than i n  the past and the piping and other associ- 
ated equipment is usually deslgned t o  obtain.minimum weight. These condAtions 
of high operating pressures and minimum weight, together with pressure ripples 
and surges introduced by pumps and other items of equipment, produce coupled 
f luid-stmctural  vibrations which must be considered i n  the design of the 
hydraulic system. Although much work, both experimental and analytical, has 
been done on hydraulic systems ( f o r  example refs .  1 t o  51, previous workers i n  
the f i e l d  have largely neglected the coupled fluid and structural  vibrations. 
Some research has been done i n  t h i s  area (refs .  2 t o  4, for  example), but 
present capabili t ies f a l l  f a r  short of the necessary a b i l i t y  t o  accurately 
predict coupled responses i n  pract ical  si tuations.  

This paper presents the i n i t i a l  resul ts  of a research effor t  t o  develop 
analytical procedures f o r  predicting the coupled fluid-structural responses of 
a i r c ra f t  hydraulic systems. The NASTRAN computer program has been an important 
par t  of t h i s  e f for t .  The bar elements i n  NASTRAN have been used t o  develop an 
analytical model of a piping system f i l l e d  with f luid.  T h i s  analytical model 
includes the coupled interactions between the motion of the fluid and the motion 
of the pipes, a s  well as  the effects of joints where several sections of pipe 
are  joined. The f l ex ib i l i t y  of NASTRAN i n  allowing the  user t o  specify &ti- 
point constraints i s  an essent ial  ingredient of the analytical approach. The 
paper presents a s t ruc tura l  analogy which i s  the basis f o r  the analytical model, 
describes the implementation of this analytical model on the NASTRAN computer 
program and then concludes with some examples which demonstrate the val idi ty  of 
the approach and indicate how the method can be applied t o  the analysis of 
hydraulic systems on r e a l i s t i c  a i rc raf t .  

------_I- , _ 
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E 

P 
U 

6 
P 

Subscripts: 

1,22394 

cross-sectional area 

bulk modulus of f lu id  

speed of somd i n  f l u i d  

Young1 s modulus 

pressure 

axial  displacement of pipe 

ax ia l  displacement of f lu id  

density 

stations i n  standpipe configuration 

A5iALYTICAL MODEL 

The purpose of t h i s  section i s  t o  explain the techniques used t o  model 
hydraulic l ines  with NASTRAN. The analogy between the motion of a column of 
f lu id  and the longitudinal motion of a bar i s  developed and the implementation 
of t h i s  s t ructural  analog on the NASTRAN computer program i s  described. 

Structural Analogy 

An idealized section of hydraulic system l ine  is  shown in  figure 1, where 
sol id  l ines  are  used t o  represent the  pipe and dashed l ines  are used t o  represent 
the f lu id  inside the pipe. The equation of motion sa t i s f ied  by the column of 
f lu id  inside the pipe i s  the classic one-dimensional wave equation 

where 5 = longitudinal displacement of f lu id  

x = longitudinal distance along pipe 

B = bulk modulus of f lu id  

p = fluid density 

Equation (1) is the same equation as tha t  for  longitudinal motion of a bar where 
- 

c i s  the speed of sound in the bar or , E i s  Young's modulus and p 



I 

i s  the material density of the bar. This s t ructural  analogy i s  used t o  
represent the f l u i d  inside the pipe. Thus the coupled fluid-pipe system i s  
represented as a bar within a bar. The f lu id  bar i s  considered t o  have axial  
s t i f fness  only, whereas the pipe i s  considered t o  have both axial  and dending 
s t i f fness .  For the f lu id  bar, the value of the bulk modulus B i s  used i n  ' 

place of Young's modulus E and the f lu id  density p i s  used i n  place of the 
material density. 

t 

In the ax ia l  direction, the pipe and the f l u i d  are  uncoupled, except for 
capped ends, bends i n  the pipe, or points a t  which two or more different pipes 
a re  joined. In  the l a t e r a l  direction, the fluid i s  constrained t o  move with 
the  pipe so tha t  the mass of the f lu id  does affect the bending motion of the 
pipe. 

Fluid pressure i s  analogous t o  s t ress  i n  a bar. The following table  
summarizes and compares end conditions for  some cases of interest .  

WIIE 1.- END CONDITIONS ON FLUIDS AND PIPES 

A t  joints i n  the  piping system the s t ructural  analogy breaks down t o  some 
exbent,and special  equations of constraint must be written t o  describe the 
coupling between the various parts of the system. The sections of pipe are 
joined with the standard s t ructural  constraints. The f lu id  i n  any section of 
pipe moves with the pipe l a t e ra l ly  as  discussed above. The equations of 
constraint f o r  the f lu id  are equality of pressures a t  the joint and the con- 
servation of mass i n  the joint. I f  conservation of mass is  imposed a t  the 
joint and the principle of minimum energy i s  used t o  obtain the equations of 
motion, then the equality of pressures emerges as a natural boundary condition. 
Thus the equality of pressures a t  the joint need not be specified as an addi- 
t iona l  constraint a.nd only the conservation of mass i s  required. In the present 
ana lys ig the  joint i s  assumed t o  be a small section i n  which the constrained 
f lu id  a t  any instant of time i s  incompressible. This assumption implies that  
the conservation of mass i n  the joint becomes conservation of volume. The 
volume of f l u i d  flowing into the joint mst equal the volume of f lu id  flowing 
out of the joint. 

Bar 

bu Free end: s t r e s s  = -E ;j;; = 0 

Clamped end: u = 0 

Consider, fo r  example, the configuration shown i n  figure 2. Let A2 and 
Ar be the cross-sectional area of the fluid in the l e f t  and right-hand pipes, 

Fluid 

Open end: pressure = -B 2 = 0 

Capped end of r ig id  pipe: 5 = 0 

Capped end of e las t ic  pipe: 5 = u 



'respectively. Similarly, l e t  u2, 5 2  and u,, 5 ,  be the ax ia l  displacements 
of the pipe and f lu id  of the l e f t  and right-hand sections a t  the joint.  Assume 
tha t  ul, are positive coming in to  the joint and ur, kr are positive 
going out oP the joint.  The equation fo r  conservation of volume a t  the joint i s  

For the special  case of a r ig id  pipe the motion of the pipe does not enter in to  
the problem and the constraint a t  the joint which corresponds t o  equation (2)  i s  

Equation (2)  i s  readily generalized fo r  the case where several pipes come 
together a t  a joint.  

NASTRAN Model 

The analytical representation of the interaction of fluid-pipe motion as 
described previously i s  accomplished with NASTRAN by using CBAR elements. A 
straight  section of pipe f i l l e d  with f l u i d  i s  shown i n  figure 3, together with 
a f i n i t e  element breakdown and the associated NASTRAN grid points. As indicated 
i n  figure 3, the same f i n i t e  element breakdown i s  used fo r  both the f l u i d  and 
the pipe. Distinct gr id points are used fo r  f l u i d  elements and pipe elements, 
although the gr id points f o r  the pipe elements are  a t  the same physical loca- 
t ions as  the grid points f o r  the fluid elements. 

Consider, f i r s t ,  the J!?ASTRAN representation for  the fluid. Each f lu id  
element i s  represented by a CRAR element, with the bulk modulus of the fluid 
being input t o  the program i n  place of Young's modulus and the fluid density 
input i n  place of the density of the s t ructural  material. In  order t o  give 
these f lu id  elements zero bending s t i f fness ,  the  moments of ine r t i a  are input 
as zero. The f lu id  elements i n  a s t raight  section of pipe are joined the same 
way as s t ructural  elements are joined; tha t  is, a common grid point is  used 
a t  the juncture between elements. 

The pipe i s  represented i n  NASTRAN i n  the standard way. It i s  important 
t o  remember tha t  the grid points fo r  the pipe are d is t inc t  from the grid points 
for  the f lu id  although they have the sme physical locations. 

The f lu id  and pipe are coupled by using multipoint constraints. Except 
for  the displacement i n  the ax ia l  direction, the f l u i d  gr id points are 



constrained t o  have the same displacements as the pipe gr id  points. In  the ' 

axia l  direction, the f lu id  and pipe are  uncoupled, except a t  capped ends and 
joints. A t  a capped end, the f lu id  displacement i s  equated t o  the pipe a s -  
placement (see Table 1). A t  each joint, equations of constraint expressing 
the conservation of volume are  imposed ( see, f o r  example, equation (2 )  ) . It 
should be noted tha t  t h i s  method of modeling joints requires that  a dis t inct  
grid point must be used for  each end of each column of f lu id  entering the 
joint. In order t o  simpli* bookkeeping, a separate grid point i s  also used f o r  
the end of each pipe entering the joint. Then the following three conditiorls 
are  imposed by the use of the NASTRAN multipoint constraint feature: 

\ 

1. Conservation of volume a t  the joint 

2. Equality of l a t e r a l  motions of f lu id  and pipes a t  the joint 

3 Desired compatibility between the s t ructural  elements entering the join' 

APPLICATIONS 

Standpipe System 

To demonstrate the val idi ty  of the approach which has been described, a 
simple standpipe system was analyzed ( f ig .  4 ) .  The structure i s  s t e e l  pipe 
with 2.74 cm outside diameter and a wall thickness of 0.305 cm. One end of the 
horizontal pipe is  open; the other end of the horizontal pipe and also the 
upper end of the ve r t i ca l  pipe are  capped. The open end of the horizontal pipe 
i s  clamped and the downstream end i s  restrained from moving vert ical ly  a t  a 
point 0.203 m from the capped end. The f lu id  i n  the pipe i s  water and the speed 
of sound i n  water i s  taken t o  be 1478 m/s .  The system is viewed as six separate 
parts which are  joined as previously described. Each of the three fluid 
columns and each of the three pipes i s  represented by 10 CEUR elements i n  
NASTRAN. The fluid. i s  forced a t  the open end of the main pipe with a harmoni- 
cal ly  osci l la t ing pressure of amplitude 6900 ~ / m 2 .  The system was analyzed 
first considering the pipes t o  be rigid. Frequency response resul ts  were 
computed using r i g i d  format 8 and the pressure ra t ios  P2/P1, p3/P11 and p4IP1 
are compared i n  Table 2 t o  exact values obtained by using the equations 
presented i n  reference 4. The NASTRAN values have been faired t o  obtain the 
pressure a t  the ends of the elements since NASTRAN outputs the average axia l  
s t ress  i n  an element. A s  the table  indicates, the agreement is  
quite good. 

Pressure distributions throughout the  system with r ig id  pipes, computed a t  
a frequency of 485 Hz, are  shown by the sol id  curves i n  figure 5 .  For conven- 
ience, the three sections of pipe are shown separated i n  the figure. The 
forcing frequency, 485 Hz, is  of par t icular  in te res t  because it is the f i r s t  
organ pipe frequency of the standpipe. A s  i s  well lmown f o r  the case of a 
r ig id  structure,  the pressure i n  the main l i n e  downstream of the standpipe 
should be zero a t  t h i s  frequency. A s  shown by the  so l id  curves i n  figure 5 ,  
t h i s  phenomenon is predicted by t h e  present analysis. 



TABLE 2.- COMPARISON OF PWSS'ITRE WIOS PEIEDTC'I%D BY NASTRAN TO TEOSE 
PREDICEI) BY EXACT THEORY FOR TWE CASE OF A STANDPIPE 

Figure 5 also shows resul ts  for  the pressure distribution when the pipes 
are  considered t o  be e las t ic .  The distribution i s  s l ight ly different than tha t  
fo r  a r ig id  structure, as shown by the dotted curves. For instance, the 
pressure i n  the main l ine  downstream of the standpipe, although relat ively 
small, i s  no longer precisely zero. The overall pressure distributions are not 
mch different for the two cases. However, there definitely i s  coupling 
between the motion of the f lu id  and the motion of the structure. The effect  of 
t h i s  coupling i s  shown i n  figure 6, which presents a plot  of the  l a t e r a l  
displacement of the structure along the various lengths of pipe. A s  indicated 
i n  the figure, the structure does undergo bending deformation due t o  ax ia l  
forcing of the f lu id  a t  the open end of the pipe. I f  the frequency of the 
forcing function happenedto be near a natural frequency of the system, the 
structure would osci l la te  a t  large amplitudes. This demonstrates the importance 
of considering the coupled f lu id  and s t ructural  motion of hydraulic systems. 

Realistic Airplane Hydraulic System 

Figure 7 shows a sketch of the pressure distributions predicted by the 
analysis for  a large segment of the hydraulic system on an actual developmental 
f ighter  airplane. Although the system was modeled i n  three dimensions, the 
piping i s  shown straightened and flattened out for c l a r i t y  of presentation. The 
structure i s  assumed t o  be rigid and 2'7'7 elements were used t o  model the f lu id  
i n  NASTRAN. The sections indicated as f i l t e r  module (FM) and pressure module 
(PM) were actually rather complicated components of the hydraulic system but 
were modeled as short sections of pipe with diameters much larger than those 
of the main l ine.  The analytical model includes approximately 14 m of pipe 
w i t h  a t o t d  of s i x  different diameters. The ends of the pipe are assumed to  be 
capped a t  the positions indicated as direct  lift control (DLC) and high l i f t  
gear box (HLGB). The forcing function is  a harmonically osci l la t ing pressure 
a t  a frequency of 700 Hz having an amplitude of 6900 I?/m2 a t  the pump outlet .  

f, HZ 

373 

400 

430 

485 
500 

550 

I 

~ 4 / ~ 1  

JUSTRAN 

-0.76 

-077 
-09 

-1.16 

-1.39 
-6.03 

~ 3 1 ~ 1  

Exact 

-0.76 
-076 
-089 

-1.16 

-1.38 

-6.04 

NASTRCLN 

-0.38 

-032 

- .18 

o 
.14 

3-35 

~ 2 1 ~ 1  

Exact 

-0.38 

- ~ 3 2  

- 018 

o 
. 14 

3.39 

NASTRAN 

-0.26 

-.21 

0.1 

o 
07 

1.28 

Exact 

-0.26 

- .21 
-.I 

o 
07 

1.27 



One limitation of this method is the large size of the problem when the 
' 

complete hydraulic system is analyzed. In the present case, for example, only 
a rigid structure is considered and the problem has 277 degrees of freedom. 
If the elasticity of the structure is included, the size of the problem~iracreases 
by about a factor of 6, and the analysis would become expensive. One possible 
method of avoiding this difficulty is to consider only part of the structure as 
elastic, although such a procedure has some obvious drawbacks and should be 
used with care. Another technique which could be very useful in solving 
coupled fluid-structural problems is the use of substructuring. The present ; 
method is well adapted to substructuring because of the small number of 
degrees of freedom at the joints. Incorporation of substructuring capability 
into NASTRAN could provide an efficient way to analyze aircraft hydraulic 
systems. 

This example does demonstrate the potential of the method for analyzing 
the effects of pressure ripples on large sections of hydraulic lines of actual 
aircraft. As figure 7 shows, at a frequency of 700 Hz the large volume of 
fluid in the filter module significantly attenuates the pressure downstream, 
except in the short line leading to the direct lift control. The pressure 
module further attenuates the downstream pressure. This attenuation of pressure 
by a large volume of fluid is in qualitative agreement with well-lmown classical 
results. 

CONCLUDING REMARKS 

This paper has demonstrated that the WSTRAN computer program can be used 
to analyze the coupled fluid and structuxal responses of multibranch pipes 
as occur in aircraft hydraulic systems. The multipoint constraint feature of 
NASTRAN is an important part of the analytical approach. Example problems 
have been presented which demonstrate the validity of the analytical model for 
the case of a simple standpipe system and which demonstrate that the technique 
is promising as a basis for detailed dynamic analysis of hydraulic systems of 
actual aircraft. Much work remains to be done, both analytically and experi- 
mentally, to develop techniques for using the approach to model parts of 
hydraulic systems other than the lines - such as pumps, manifolds, filters, 
valves, and structural joints. 
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Figure 2 .  - Analytical model of f luid-s tructure interactions. 
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Figure 3 . -  NASTRAN model of f l u i d  in a s t r a igh t  p i p e .  

Figure  4. - Standpipe conf igu ra t ion  analyzed.  
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Appl i ca t i on  of  NASTRAN t o  a Space S h u t t l e  ~ y n a m i c s  Model 

by E. A. Thornton 

Old Dominion Un ive r s i t y  

SUMMARY 

A NASTRAN a n a l y s i s  of  t h e  normal modes of  a 1/15 scale 
space  s h u t t l e  dynamics model i s  de sc r i bed .  Fuse lage  and wing 
components w e r e  analyzed f i r s t  i n  a f r e e - f r e e  c o n d i t i o n  and 
t hen  assembled t o  g i v e  t h e  complete model. The f i n i t e  element 
i d e a l i z a t i o n  employed b a r  e lements ,  concen t r a t ed  masses, g e n e r a l  
e lements  and modeled r i g i d  connec t ions  u s ing  m u l t i p o i n t  equa- 
t i o n s  of c o n s t r a i n t .  A Guyan r e d u c t i o n  was used,  and t h e  
e igenva lue  problem f o r  t h e  complete model was so lved  u s ing  t h e  
Givens method. 

INTRODUCTION 

The de t e rmina t i on  of  t h e  dynamic c h a r a c t e r i s t i c s  o f  a 
s p a c e c r a f t  s t r u c t u r e  i s  always an impor tan t  s t e p  i n  t h e  develop- 
ment of t h e  o v e r a l l  spacecraft system. Th i s  i s  p a r t i c u l a r l y  
t r u e  for t h e  space  s h u t t l e  s i n c e  a  new concep t  i n  space  v e h i c l e  
de s ign  i s  be ing  used.  The space  s h u t t l e  w i l l  be comprised of  
a  p a r a l l e l  arrangement of  t h e  launch v e h i c l e  and space v e h i c l e  
du r ing  t h e  l aunch  phase. Th i s  arrangement r a i s e s  t h e  pos s ib i -  
l i t y  of dynamic e f f e c t s  n o t  p r ev ious ly  encountered .  

To i n i t i a t e  dynamic s t u d i e s  of t h e  space  s h u t t l e ,  Langley 
Research Center  (LRC) designed and procured a 1/15 s c a l e  model 
of  proposed s t r a i g h t  wing and d e l t a  wing c o n f i g u r a t i o n s  of  
t h e  s h u t t l e .  T h e  v i b r a t i o n  c h a r a c t e r i s t i c s  of t h i s  model a r e  
be ing  a n a l y t i c a l l y  and exper imenta l ly  i n v e s t i g a t e d .  

During an 11 week p e r i o d  a t  Langley Research Center  i n  the  
summer o f  1970, t h e  a u t h o r ,  under t h e  NASA-ASEE Summer Facu l ty  
Fel lowship  program, w a s  involved i n  NASTRAN computat ions t o  
e s t a b l i s h  p r e - t e s t  f r equenc i e s  and mode shapes  f o r  the s t r a i g h t  
wing c o n f i g u r a t i o n  o f  t h i s  model. Some of  t h e  r e s u l t s  of this 
work and some p r e l im ina ry  exper imenta l  r e s u l t s  w e r e  p r e sen t ed  
a t  t h e  NASA Space S h u t t l e  Technology Conference h e l d  a t  LRC 
i n  March, 1971, ( r e f e r e n c e  1) .  

Preceding page blank 
- -- 



The p re sen t  paper desc r ibes  t h e  NASTRAN a n a l y s i s  of  t h e  
n a t u r a l  f requencies  and mode shapes of t h e  d e l t a  wing conf igura-  
t i o n  of t h i s  model. 

DESCRIPTION OF MODEL 

The space s h u t t l e  dynamics model i s  a p a r a l l e l  beam-type 
s t r u c t u r e  t h a t  is  dynamically r e p r e s e n t a t i v e  of the  s t i f f n e s s  
and mass p r o p e r t i e s  of an e a r l y  Manned Spacecraf t  Center 
con f igu ra t ion  of t h e  s h u t t l e .  The model i s  shown schemat ica l ly  
in Figure  1. Scaled s imulated p r o p e l l a n t  masses can be v a r i e d  
on t h e  boos t e r  and o r b i t e r  t o  s imula te  d e s i r e d  f l i g h t  t imes.  An 
important  f e a t u r e  of t h e  model are two e l a s t i c  i n t e r f a c e s  
jo in ing  t h e  boos te r  and o r b i t e r .  These were designed wi th  
removable sp r ing  l e a f s  which permit  varying t h e  nominal s p r i n g  
cons tan ts  i n  the p i t c h  and yaw planes .  Four nominal s e t s  of 
sp r ing  l e a f s  were designed.  

The boos t e r  fu se l age  spa r  w a s  f a b r i c a t e d  from t h i n  wal led ,  
t apered  aluminum c y l i n d r i c a l  s e c t i o n s  r e in fo rced  by i n t e r n a l  
bulkheads. The o r b i t e r  fu se l age  s p a r  i s  s i m i l a r  except  t h a t  
over  a  major p o r t i o n  of i t s  l eng th  t h e  diameter is  cons t an t .  
Each fuse lage  component has foam b a l l a s t  weight ho lde r s  used t o  
support  lead weights which s imula te  t h e  p rope l l an t .  The o r b i t e r  
fuse lage  inc ludes  a  lead nose mass t o  s imula te  t h e  payload. 

Each wing has t h r e e  swrs which were designed t o  g ive  t h e  
proper bending s t i f f n e s s  d i s t r i b u t i o n  f o r  t h e  wing. The wings 
a r e  clamped t o  t h e  fu se l ages  a t  t h r e e  l o c a t i o n s  through mounting 
bracke ts  welded t o  each s p a r .  Outboard of t h e  mounting bracke t ,  
each s p a r  c r o s s  s e c t i o n  t a p e r s  l i n e a r l y  from t h e  fu se l age  t o  t h e  
wing t i p .  The t h r e e  s p a r s  a r e  connected by forward-aft  members 
which are gene ra l ly  angle  ba r s  except  a t  t h e  wing t i p s  where 
f l a t  ba r s  were used. 

NASTRAN IDEALIZATION 

I n  t h i s  s e c t i o n  t h e  NASTRAN i d e a l i z a t i o n  of t h e  model w i l l  
be descr ibed  f i r s t .  Then two methods of r ep re sen t ing  t h e  e l a s t i c  
i n t e r f a c e s  w i l l  be descr ibed .  F i n a l l y ,  a d e s c r i p t i o n  of t h e  
method of r ep re sen t ing  t h e  fuselage-wing i n t e r f a c e s  w i l l  be 
discussed.  



Fuselage Components 

The boos t e r  fu se l age  was i d e a l i z e d  by an assembly of t e n  
concent ra ted  masses and n ine  beam elements.  The concentra ted 
masses were represen ted  i n  NASTRAN us ing  t h e  bulk d a t a  ca rd  
CONM2, and t h e  beam elements were represen ted  by CBAR elements.  
The i d e a l i z a t i o n  of t h e  boos te r  fu se l age  is  shown i n  Figure  2. . 

Since t h e  CBAR beam element i s  uniform, t h e  c r o s s - s e c t i o n a l  
p r o p e r t i e s  used w e r e  average va lues  based on t h e  diametex a t  
t h e  mid-point of each element. 

Added weights 2 and 4 ,  (See Figure  1) be ing  d i s t r i b u t e d  
over r e l a t i v e l y  s h o r t  l eng ths ,  were represen ted  a s  concent ra ted  
masses a t  grid p o i n t s  5 and 8 ,  r e s p e c t i v e l y .  Added weights 1 
and 3 w e r e  d i s t r i b u t e d  uniformly over  elements 2 and 3 and 
modeled a s  non- s t ruc tu ra l  mass ( N S M ) .  Concentrated masses were 
used t o  model l o c a l  d i s t r i b u t i o n s  of mass, such as  r e i n f o r c i n g  
bulkheads. The mass moment of i n e r t i a  Ixx about t h e  r o l l  axis  
of t h e  fu se l age  was represen ted  by concent ra t ions  a t  each g r i d  
po in t .  

The o r b i t e r  fu se l age  was i d e a l i z e d  i n  a manner s i m i l a r  t o  
t h e  boos t e r  fuse lage .  Seven beam elements and e i g h t  concen- 
t r a t e d  masses were used. The i d e a l i z a t i o n  of t h e  o r b i t e r  
fu se l age  i s  a l s o  shown i n  Figure  2.  T h e  t w o  added weights of 
t h i s  component w e r e  d i s t r i b u t e d  over  t h e i r  suppor t ing  beam 
elements and modeled as NSM. The payload was modeled a s  a con- 
c e n t r a t e d  mass. 

Wing Components 

The boos t e r  d e l t a  wing i s  shown schemat ica l ly  i n  Figure  3 .  
The wing was i d e a l i z e d  using 55 CBAR elements.  For t h e  s p a r s  
which are t apered  t h e  average p r o p e r t i e s  of  t h e  elements were 
used. The lower h a l f  of t h e  fu se l age  mounting bracke ts  (no t  
shown) which a r e  welded t o  t h e  wingPspars  were represen ted  a s  
concent ra ted  masses. The bending s t i f f n e s s e s  of t he se  
b racke t s  w e r e  neglected.  

The o r b i t e r  d e l t a  wing i s  shown schemat ica l ly  i n  Figure 4.  
The wing was i d e a l i z e d  us ing  29 CBAR elements. A s  f o r  t h e  
boos t e r  wing, average values were used f o r  t h e  tapered  po r t i ons .  
Equal concent ra ted  masses were l oca t ed  a t  g r i d  p o i n t s  1-9 t o  



r e p r e s e n t  t h e  f u s e l a g e  mounting b r acke t s  ( n o t  shown). 

E l a s t i c  I n t e r f a c e  

The e l a s t i c  i n t e r f a c e s  w e r e  i d e a l i z e d  i n  two ways. I n  t h e  
f i r s t  i d e a l i z a t i o n  t h e  i n t e r f a c e  was r ep r e sen t ed  u s ing  s imple  
l i n e a r  s p r i n g s  w i t h  t h e  nominal s p r i n g  c o n s t a n t s  i n  t h e  p i t c h  
and yaw p lanes .  These w e r e  i n p u t  as bu lk  d a t a  through t h e  use 
of t h e  CEIAS2 card .  

I n  t h e  second r e p r e s e n t a t i o n  of  t h e  e l a s t i c  i n t e r f a c e s  t h e  
g e n e r a l  s t r u c t r u a l  e lement  GENEL was used.  The e lement  d e s c r i b e s  
t h e  e l a s t i c ' i n t e r f a c e  through a s i x  by s i x  f l e x i b i l i t y  m a t r i x  
[ Z ]  and a s i x  by s i x  r i g i d  body t r an s fo rma t ion  m a t r i x  [S], (See 
r e f e r e n c e s  2 and 3 )  . 

For t h e  f o u r  nominal cases of t h e  e l a s t i c  i n t e r f a c e  s t i f f -  
n e s s e s ,  t h e  f l e x i b i l i t y  m a t r i x  [ Z ]  was c a l c u l a t e d  e x t e r n a l  t o  
NASTRAN making u se  of a  FORTRAN program. For one nominal case 
of t h e  i n t e r f a c e s ,  exper imenta l  d a t a  f o r  t h e  f l e x i b i l i t y  
c o e f f i c i e n t s  was used a s  i n p u t  t o  t h e  g e n e r a l  element.  

Fuselage-Wing I n t e r f a c e s  

Each fuselage-wing i n t e r f a c e  was assumed t o  be  r i g i d .  
These r i g i d  connect ions  w e r e  modeled by w r i t i n g  equa t i ons  of  
c o n s t r a i n t  between t h e  d isplacement  components a t  t h e  g r i d  
p o i n t s  of i n t e r e s t .  These equa t i ons  were w r i t t e n  i n  t h e  form 
of m u l t i p o i n t  equa t i ons  of c o n s t r a i n t  

where Aj are c o e f f i c i e n t s  determined from geometry and Uj a r e  
t h e  d isplacement  components. The c o e f f i c i e n t s  of  t h e  c o n s t r a i n t  
equa t ions  w e r e  i n p u t  a s  bu lk  d a t a  u s ing  MPC ca rd s .  

The wings were a t t a c h e d  t o  t h e  f u s e l a g e  by assuming a  r i g i d  
connect ion between s i x  g r i d  p o i n t s  a t  t h e  outboard  edges of t h e  
mounting b r a c k e t s  on t h e  wing spars and t h e  n e a r e s t  g r i d  p o i n t s  
on t h e  fu se l age .  Thus t h e  wings w e r e  " c a n t i l e v e r e d "  from t h e  
f u s e l a g e  w i th  t h e  c a n t i l e v e r  p o i n t s  below and ou tboard  o f  t h e  
f u s e l a g e  c e n t e r l i n e .  



For the booster fuselage-wing interface grid points 6, 8, 
9 on the booster fuselage were connected to grid points 34-39 
on the booster wing. A total of 36 equations of constraint 
were written for the booster fuselage-wing interface. The, 
orbiter fuselage-wing interface was modeled in a similar way. 
For this interface, 36 equations of constraint were also written. 

RESULTS 

In this section the results of the analysis will be pre- 
sented and discussed beginning first with frequencies and mode 
shapes of each component. Then the results for the elastically 
connected fuselages will be described. Finally the frequencies 
and mode shapes for the complete model will be described. 

Component Modes 

Fuselases 

The booster fuselage has 60 degrees of freedom (DOF) with 
all displacements permitted; the orbiter has 54 DOF permitting 
all displacements. The consistent mass matrix option was speci- 
fied, and the eigenvalue problems were solved by the inverse 
power method. The natural frequencies of the booster and orbiter 
fuselages are tabulated in Table I. For comparison, some pre- 
liminary experimental data obtained at LRC are also listed. 

Table I 

Natural frequencies of booster and orbiter fuselages. 

a ~ i t c h  excitation 
excitation 

Bending 

Torsion 

Axial 

Mode 

1 
2 
3 

Booster fuselage 

d 

fa, Hz 

36.8 
117 . 2 
198.7 

Orbiter fuselage 
I 

fe, Hz 

36.3a, 36.8b 
95.2=, 98.8b 
181.9a,177.3b 

88.9 
161.8 

fa, Hz 

103.5 
229.7 
460.3 

1 
2 

1 

f,, Hz 

103.4~, 102.7~ 
205a , 201b 

114.3 
243.4 

240.2 



The exper imenta l  f r equenc i e s  t e n d  t o  confirm t h e  p r e d i c t e d  
va lue s  p a r t i c u l a r l y  i n  t h e  lower modes. The agreement becomes 
poore r  i n  t h e  h i g h e r  modes. B e t t e r  agreement w i t h  t h e  expe r i -  
mental  va lue s  f o r  t h e  h i g h e r  modes could  pos s ib ly  be found by 
i nc lud ing  t h e  r o t a t o r y  i n e r t i a  of  t h e  added weigh t s  and by 
f u r t h e r  s u b d i v i s i o n  of  t h e  f u s e l a g e s  u s ing  more beam elements .  
Because of  t h e  r e a sonab l e  agreement of  t h e  lower modes t h e s e  
s t e p s  w e r e  n o t  pursued.  

Winqs 

I n  a f r e e - f r e e  c o n d i t i o n  w i t h  all g r i d  p o i n t s  having 6 d i s -  
placement components the b o o s t e r  d e l t a  wing has  198 DOF, and 
t h e  o r b i t e r  d e l t a  ha s  162 DOF. To reduce  t h e  size of t h e  
e igenva lue  problems t h e  lumped mass o p t i o n  was s e l e c t e d  f o r  
each wing, and t h e  r o t a t i o n a l  d i sp lacement  components were 
d e l e t e d  from t h e  e igenva lue  problem through t h e  u se  of  t h e  bulk  
d a t a  c a r d  OMIT1.  This  reduced t h e  s i z e  of t h e  e igenva lue  
problems f o r  t h e  b o o s t e r  and o r b i t e r  wings t o  99 and 81  DOF, 
r e s p e c t i v e l y .  Both of t h e s e  e igenva lue  problems w e r e  so lved  
u s ing  t h e  Givens method. The p r e d i c t e d  f r equenc i e s  o f  t h e  
f i r s t  t e n  modes are compared w i th  p r e l im ina ry  exper imenta l  d a t a  
i n  Table 11. 

Table I1 

Frequencies  of f r e e - f r e e  b o o s t e r  and o r b i t e r  wings. 

The exper imenta l  f r equenc i e s  show reasonab le  agreement w i t h  
t h e  p r e d i c t e d  va lue s ;  however, a  number of t h e  t h e o r e t i c a l  modes 
w e r e  n o t  d e t e c t e d  i n  t h e  v i b r a t i o n  tests. This  may be due t o  a 
number of  r easons  i n c l u d i n g  t h e  f a c t  t h a t  some of t h e  f r equenc i e s  

I 

Mode 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Booster  wing 

f a t  Hz fe, Hz 

24.6 26.4 
26.4 24.8 
2 7 . 3  26.4 
28.0 26 .0  
49.4 
54.4 60.4 
65.0 
69.4 
69 .6  73.8  
96.1 

O r b i t e r  wing 

£ , ,Hz  £,,Hz 
1 

26 .3  
29.3 
31.0 28.5, 3 2 . 2  
61.3 
63.2 66.9 
6 7 . 5  74.5 
69.1 
73.4 

100.7 
112.5 - 



t end  t o  be very c l o s e l y  spaced. 

The NASTRAN s t r u c t u r a l  p l o t t e r  was used t o  genera te  mgde 
shape p l o t s  f o r  t h e  wing components. The f i r s t  t h r e e  modes of  
t h e  boos t e r  wing viewed i n  t h i s  manner a r e  shown i n  Figure  5. 1n 
t h e  p l o t s ,  each wing i s  viewed from an a f t  p o s i t i o n  a t  an angle  
of 2 3 O  above t h e  p lane  of t h e  wings. 

E l a s t i c a l l y  Connected Fuselages ! 

T h e  f requenc ies  of t h e  e l a s t i c a l l y  connected fuse l ages  were 
f i r s t  c a l c u l a t e d  wi th  s c a l a r  sp r ings  wi th  a x i a l  and r o l l  d i sp lace-  
ments p roh ib i t ed .  A c o n s i s t e n t  mass mat r ix  was s e l e c t e d ,  and 
t h e  i n v e r s e  power method was used t o  s o l v e  t h e  e igenvalue 
problem. Frequencies f o r  t h e  e l a s t i c a l l y  connected fuse lages  
were a l s o  c a l c u l a t e d  us ing  t h e  genera l  element t o  r ep re sen t  each 
e l a s t i c  i n t e r f a c e  by i t s  t h e o r e t i c a l  f l e x i b i l i t y  matr ix .  The 
lumped mass approach was taken and r o t a t i o n a l  components of d i s -  
placement i n  t h e  XZ and YZ planes  w e r e  omitted.  Each g r i d  p o i n t  
was thus  permi t ted  t o  have a l l  t h r e e  t r a n s l a t i o n a l  components 
of displacement and a r o t a t i o n a l  component of  displacement about 
t h e  X a x i s .  The r e s u l t i n g  e igenvalue problem involved 72  DOF 
and was so lved  by t h e  Givens method. T h e  f requenc ies  weae a l s o  
c a l c u l a t e d  wi th  t h i s  approach using t h e  exper imental ly  determined 
f l e x i b i l i t y  matr ix .  These r e s u l t s  are compared wi th  t h e  frequen- 
c i e s  for t h e  nominal sp r ing  cons t an t s  and t h e  t h e o r e t i c a l  f l e x i -  
b i l i t y  mat r ix  i n  Table 111. Experimental f requenc ies  a r e  a l s o  
given f o r  comparison. 

A s  Table 111 i n d i c a t e s ,  t h e  s c a l a r  s p r i n g  i d e a l i z a t i o n  of 
t h e  i n t e r f a c e  p r e d i c t s  t h e  f requenc ies  of t h e  p i t c h  and yaw 
modes t o  be i d e n t i c a l .  The p i t c h  f requenc ies  f o r  t h e  f i r s t  
four  modes were p red ic t ed  f a i r l y  w e l l ,  b u t  t h e  yaw modes and 
t h e  combined p i t c h - a x i a l  modes were poor ly  p red ic t ed .  The 
agreement between t h e  f requenc ies  p red ic t ed  by t h e  f l e x i b i l i t y  
ma t r ix  r e p r e s e n t a t i o n s  of t h e  i n t e r f a c e  and t h e  experimental  
f requenc ies  i s  g e n e r a l l y  good. The only s i g n i f i c a n t  e r r o r  
occurs  f o r  t h e  combined p i t ch -ax ia l  mode. The reason f o r  t h e  
l a r g e  d i f f e r e n c e  f o r  t h i s  mode is  no t  known. 

Complete Model 

The f i n a l  r e p r e s e n t a t i o n  of t h e  complete model was ob ta ined  
by jo in ing  t h e  wings t o  t h e  fu se l ages  wi th  t h e  equat ions  of 
c o n s t r a i n t .  With 6 DOF permit ted a t  a l l  g r i d  p o i n t s  the  com- 
p l e t e  model possessed 432 DOE' a f t e r  t h e  mu l t i po in t  c o n s t r a i n t s  
were imposed. To reduce t h e  degrees of  freedom t h e  lumped 



T a b l e  I11 Comparison o f  f r e q u e n c i e s  f o r  e l a s t i c a l l y  c o n n e c t e d  f u s e l a g e s .  

a I n v e r s e  power method w i t h  c o n s i s t e n t  m a s s  matr ix .  
Givens  method w i t h  lumped mass m a t r i x .  
P i t c h  e x c i t a t i o n  o n l y .  

Nominal I n t e r f a c e  
S c a l a r  s p r i n g s a  

f a t  H z  Motion 

10 .7  P i t c h  
10 .7  Yaw 
25.9 P i t c h  
25.9 Yaw 
36 .3  P i t c h  
3 6 . 3  Y a w  
93.8 P i t c h  

93.8  Y a w  
110 .5  P i t c h  
110 .5  Yaw 
191 .0  P i t c h  
191 .0  Yaw 

T h e o r e t i c a l  
F l e x i b i l i t y  ~ a t r i x ~  

f a t  H z  Motion 

11 .2  P i t c h  
17 .4  Y a w  
25.0 P i t c h  
34.4 Yaw 
37.4 P i t c h  
40 .1  Yaw 
75.2  P i t c h - a x i a l  

96.2  Y a w  
104 .9  P i t c h  
110 .4  Roll-yaw 
1 1 3 . 1  Y a w  
118.7  P i t c h  
131.9  R o l l  

E x p e r i m e n t a l  
F l e x i b i l i t y  ~ a t r i x ~  

fa t  H z  Motion 

1 1 . 3  P i t c h  
1 6 . 3  Yaw 
25 .1  P i t c h  
33.5  Yaw 
37 .3  P i t c h  
38 .5  Yaw 
64.3  P i  t c h - a x i a l  

88.4 R o l l  
95 .5  Yaw 

102.6  P i t c h  
112.9  P i t c h  
116.7  P i t c h  
123 .9  R o l l  

Measured 
~ r e ~ u e n c i e s ~  

f e ,  Hz Motion 

1 1 . 3  P i t c h  

26.5  P i t c h  

38 .1  P i t c h  

55.6 P i t c h -  
a x i a l  

91.7 P i t c h  

98 .6 , lO l . g  P i t c h  

- 



P 

mass approach was taken.  A l l  r o t a t i o n a l  coord ina tes  on t h e  wings 
were omi t ted  as w e l l  a s  r o t a t i o n s  i n  t h e  XZ and YZ planes  on 
t h e  fu se l age  except  a t  wing at tachment p o i n t s .  Rol l  r o t a t i o n s  
were permi t ted  on both fuse lages .  The Givens method was us id  
t o  s o l v e  t h e  f i n a l  mat r ix  e igenvalue problem with  246  DOF. The * 

t o t a l  computational  time (CPU)  on an LRC CDC 6600 computer was 
2924  seconds t o  c a l c u l a t e  a l l  e igenvalues  and twenty-five eigen- 
v e c t o r s .  + 

For t h e  e l a s t i c  i n t e r f a c e  considered,  t h e r e  were f o r t y  modes 
p red ic t ed  wi th  f requenc ies  less than 200 Hz. Of t h e  f i r s t  t h i r t y -  
two modes, e i g h t  modes involved coupled motions between t h e  
fu se l ages ,  and twenty-four modes involved uncoupled wing v ibra -  
t i o n s .  Computer p l o t s  of t h e  mode shapes were used t o  c l a s s i f y  
t h e  modes according t o  t h e i r  predominant motion. The p l o t t e r  
view of t h e  undeformed model i s  shown i n  Figure  6 .  Since t h e  
wings w e r e  a t t a c h e d  t o  t h e  fuse lages  by c o n s t r a i n t  equa t ions ,  no 
element connections a r e  shown between t h e  fuse lages  and wings 
i n  Figure  6b. The gene ra l  element r e p r e s e n t a t i o n  of t h e  i n t e r -  
f a c e s  i s  a l s o  n o t  shown by t h e  p l o t t e r .  Two t y p i c a l  modes a r e  
shown i n  F igure  7. 

Cor re l a t i ons  with experimental  d a t a  a r e  c u r r e n t l y  being 
made a t  LRC. NASTRAN pred ic t ed  t h e  f i r s t  mode experimental  
frequency of 10.9 Hz c o r r e c t l y ;  however, a comparison of t h e  mode 
shapes f o r  t h e  h igher  modes w i l l  be necessary be fo re  any d e f i n i t e  
conclusions  can be reached. 

CONCLUDING REMARKS 

A NASTRAN normal mode a n a l y s i s  of a space s h u t t l e  dynamics 
model has  been made proceeding from f r e e - f r e e  component analy- 
ses t o  an a n a l y s i s  of t h e  complete model. Agreement wi th  
experimental  v i b r a t i o n  r e s u l t s  was gene ra l ly  good f o r  t h e  
components. Cor re l a t i on  wi th  t h e  test  d a t a  f o r  t h e  complete 
model has  n o t  y e t  been completed b u t  t h e  lower modes appear 
t o  be i n  agreement. 

The r e s u l t s  of t h e  s tudy showed NASTRAN t o  be an e f f e c t i v e  
a n a l y s i s  method f o r  t h e  model. Computational t imes gene ra l ly  
tended t o  be long on t h e  LRC CDC 6600 computer. The program, 
however, was r e l a t i v e l y  convenient  t o  use  because of i t s  
thorough documentation. The s t r u c t u r a l  p l o t t e r  was p a r t i c u l a r l y  
easy t o  program and proved t o  be a va luab le  a s s e t  i n  ob ta in ing  
a v i s u a l  r e p r e s e n t a t i o n  of t h e  comparatively complex modes of  
t h e  model. 
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(a) Plan View. 

/ 
Simulated propellant 

(b) Elevation view. 

Figure 1 - SchemaLic of 1/15 scale space s h u t t l e  model. 



Grid p o i n t  ( t y p i c a l )  \ 
20 21 2 2  23 24 25 2 6  27 

\ Element number ( t y p i c a l )  

( a )  O r b i t e r  fuse lage .  

G r i d  p o i n t  ( t yp i ca l ) ,  

Element number ( t y p i c a l )  / 

( b )  Booster  f u se l age ,  

F igu re  2 - Schematic of  boos t e r  and o r b i t e r  f u s e l a g e s .  



Beam Element 
(typical) 

\ I / used 
/ *Grid points 34-39 were 

---I only for attaching 
the wings to the fuse- 
lage. 

Figure 3 - Schematic of booster delta wing. 
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27 
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I *Grid p o i n t s  4 4 - 4 9  w e r e  
( t y p i c a l )  only  f o r  a t t a c h i n g  t h e  

wings t o  t h e  fu se l age .  

used 

F ig u re  4  - Schematic of  o r b i t e r  d e l t a  wing. 



(a) Mode 1, fa = 24.6 yz, fe = 26.4 HZ. 

(b) Mode 2, fa = 26.4 Hz, fe = 24.8 HZ. 

1 

Cc) Mode 3 ,  fa = 27.3 Hz, fe = 26.4 Hz. 

Figure 5 - Mode shapes of booster de l ta  wing. 
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orb i te r  \ , 

V i e w  of complete model. 

\ Booster \ 

(b) Plotter view of undeformed model. 

Figure 6 - P l o t t e r  orientation f o r  model mode shape plots. 



(a) Mode 1, 10.9 Hz. 

(b) Mode 6, 30.9 Hz. 

Figure 7 - Mode shapes of complete model. 
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INTRODUCTION 

In 1970, NASA's Marshall Space Flight Center initiated a study to deter- 
mine the possibility of spi~ing the Skylab (this nation's first manned orbit- 
ing space station). The purpose of the spin would be to provide an artificial 
gravity environment to assess and compare the physiological and mental rarnifi- 
cations of prolonged zero-gravity and art if icial-gravity environments. Several 
study teams were formed at the Marshall Space Flight Center. The co-authors of 
this paper comprise a portion of one of the study teams that have been designated 
to conduct this study until conclusive results have been obtained. It is anti- 
cipated that the results of the study would be appropriate not only for Skybab 
but also for analysis of future spacecraft, particularly those that are combined 
of several connected bodies with attached flexible appendages (such as Skylab). 

In spinning the Skylab, it would be necessary to spin the vehicle about 
a principal axis of intermediate moment of inertia in order to keep the solar 
panels pointed nominally toward the sun, Since it was hoped that passive 
stability could be achieved, it became necessary to consider deploying masses 
either on cables or extendable booms so that the principal axis of maximum 
moment of inertia could point in the same direction as the normal to solar 
panels, 

To study the stability of motion of a spinning Skylab, the method of 
hybrid coordinates developed by Dr, I?. W. Likins (ref. 1 )  of the University 

Acknowledgment: The assistance and advice of Mr. D. W. Justice, Aerospace 
Engineer, Dr. John Glaese, Aerospace Engineer, Dr. Gerhard Schweitzer, NASA 
Postdoctoral Research Associate, and Dr. Bernard Asner, Aerospace Technologist, 
of the George C. Marshall Space Flight Center, along with Messrs. Archie Jordan 
and Tommy Franklin, members of the Programming Staff of Computer Sciences Corp., 
in developing the material described in this paper is greatly appreciated. 



of California, Los Angeles, is used, The first part of the method consists of 
obtaining the eigenvalues and eigenvectors of a spinning flexible structure, 
In the second part of the method, the equations of motion of the entire vehicle 
and the remaining rigid bodies are written. In this paper attention is focused 
only on the first part of the method. i( 

EQUATIONS OF MOTION 

The equations of motion of .a spinning structure are briefly derived here 
to show how they differ from those of a non-spinning structure, The direct use 
of the Newton-Euler equations give 

for the sth rigid body of a flexible appendage; here m6 is the mass, A' is the 
absolute translational acceleration vector. F_e and are the sum of the external 
and connection force and torque vectors, respectively. gs is the angular momen- 
twn vector and i denotes differentiation in the inertial frame of reference. 

For a rigid body of an appendage spinning nominally in the steady state 
with an angular velocity fi (fig. l), the expression for acceleration is written as 

where 5 is a vector representing the location of the mass center at time 't' 
with respect to its steady state position. cs and p are vectors representing 
the displacement and small rotation, respectively, of the sth rigid body from 
its steady state configuration. ~6 is a vector representing the location of 
the sth rigid body of the appendage in its steady state configuration measured 
from the steady state mass center location. 2 is the inertia diadic of the 
sth rigid body. Superscript b denotes differentiation in the reference frame 
b imbedded in the rigid body with the origin at the steady state mass center 
location. 



For zero spin (E = 0), eq. (2) and (3) reduce to the familiar form 

and 

In matrix notation the second term on the right hand side of eq. (2), which is ', 
due to coriolis acceleration, gives rise to a skew-symmetric matrix; whereas, 
the third term, which is due to the centripetal acceleration, yields a symmetric 
matrix. The fourth term represents a steady state centripetal acceleration 
which describes the steady state configuration and stretching forces which, in 
turn, gives rise to the second order geometric stiffness matrix. In the absence 
of angular acceleration, the fifth term vanishes. If rotational dynamics are 
the primary concern, the effect of translation of the orbit is disregarded and 
the last term also vanishes. The fourth term on the right hand side of eq. (3) 
represents the steady state rotation, and the last two terms will cancel each 
other if the inertia matrix is diagonal with all the terms having the same 
magnitude . 

Conservation of linear momentum provides the relation 

where M is the cumulative mass of all appendages and the central rigid body, and 
p is the total number of masses representing all of the appendages. 

The set of equatians of motion of all of the rigid bodies representing the 
appendages is obtained by substituting eq. (4) into eq. (2) and writing the re- 
sulting eq. (2) and (3) ,  for all rigid bodies in matrix form: 

The use of eq. (4) eliminates the re~ining translational rigid body degrees- 
of-freedom. As a result the mass matrix M is a symmetric non-diagonal matrix, 
G is in ~eneral a fully populated skew-symmetric matrix of coriolis acceleration 
terms. K is a fully populated symmetric matrix of centrifugal acceleration terms. 
Ke and Kg are elastic and geometric (differential) stiffness matrices, respectively, 
(and are obtained from the NASTRAN Program) and {ui Js the vector of generalized 
displacements. In the absence of spin, matrices G K and Kg will be identically 
zero, and the eigenvalue problem reduces to the standard eigenvalue problem of 
a free-free structure. 

(C Matrices M', G', and K have the following properties: 
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where q i s  the mass at  the ith node point of the t o t a l  of ' p l  nodes and I. is  
the m o m e n t  of inertia of the rigid body (considering only A sphere or A cute) 
a t  the ith node, Mo is the mess of the cent ra l  r i g i d  body and {a) i s  the  spin 
vector. 
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Matrices [GI, CK'''~, C T ~  and [TI-' are the square matrices of the dimension 
6p x 6p. Rows and columns corresponding to the degrees-of-freedom which are 
constrained to be zero should be removed, 

Relations (6) afford a transformation. 

Substitution of eq. (7) into eq. (5) provides a transformed set of equations 
of motion 

[MIC~;) + C~1133 + CK"' + (Ke + K~)T-']{~] = IF] (8) 

where Iyj is the vector representing the displacement of masses with respect to 
the center of mass of the system. 

Transformation 

Set of eq. (8) is being used because it has the advantage of requiring less 
computer storage core than eq. (5) and because it uses a NASTRAN generated mass 
matrix, However, this approach has the disadvantage that the matrix L K ~  + ~~3 
[TI-' is non-symmetric. The eigenvectors of eq. (8) are obtained and transformed 
by eq. (7) to yield the eigenvectors of eq. (5). 

Since it is not possible to uncouple either the set of eq. (5) or the set 
of eq. (8), they are reduced to the state space formulation in several steps. 
This leads to the uncoupled set of eq. (10) which are amenable to truncation. 
The first step is to write the state space equation, 

where 

u 
K' = K" + Ke + Kg, [q? = I,] 

The eigenvectors of eq. (9) are constructed from those of eq. (8). 

Let Qi be the ith eigenvector of eq. (9) and @; be the ith eigenvector of 
the adjoint of eq. (9). Using the transformation q = $2 and premultiplying 
eq. (9) by the matrix c ' ~ ,  one finally obtains a set of uncoupled equations 

rT 
where and BD are Qiagonal ?atric+ defined by = Q'~A@, gD = @ B@, 

= 1 O2 ( I Gnl, = L*: 1 @a 1 I where n denotes the number of eigenvectors 
retained after truncation. 



The elements of the eigenvectors of the spinning structure are complex 
which shows that in its normal mode, lumped masses vibrate not only with differ- 
ent amplitudes but with different phase angles, as against the case of a non- 
spinning structure in which lumped masses vibrate with different amplitudes 
but they are either in-phase or out -of-the-phase by 180' . 

COMPUTER PROGRAM 

Since none of .the rigid formats of NASTRlW can solve this problem, a 
sequence of W statements is written and used with dummy IJMAf modules for 
construction and operation of the matrices [GI, EK'"], [T 1, and [TI-' which are 
not available in NASTRAN. 

These matrices are generated by considering all six degrees-of-freedom of 
each of the node points where mass is located and then removing the rows and 
columns corresponding to the constrained degrees-of-greedom as shown on GRID 
and SPC cards. To obtain the eigenvalues and eigenvectors, eq. (8) are pro- 
grammed. However, with only a minor change in fSMAP instruction, eq. (5) can 
be programmed as an alternate approach. 

Example 

The eigenvalue problem associated with solar panels attached to the Skylab 
Apollo Telescope Mount and Orbital Workshop is idealized into a 102 degrees-of- 
freedom system and solved, So that the results can be more easily studied, 
eigenvalues of an L-beam with six-lumped masses and 36 degrees-of-freedom shown 
in fig. 2 are illustrated here, 

The results are tabulated in Table No. 1. Also, to show the effect of 
retaining the geometric stiffness matrix, two cases for each spin rate are 
shown. The results show that it is important to retain the geometric stiffness 
matrix. The lowest natural frequency corresponds to the vibrations of the 
masses in the plane of rotation. It is this frequency which is substantially 
affected bx the spin rate, even with a relatively slow spin rate which is less 
than the fundamental natural frequency. The second natural frequency corresponds 
to the vibrations in the vertical plane. The last column shows the case where 
the spin velocity is higher than the first two natural frequencies. 

CONCLUSION 

The effect of rotation on the structural and dynamical behavior of a 
spinning body with flexible appendages can be significant, as shown by example. 
To adequately include this effect in a digital simulation requires a complex 
eigenvalue solution to a fairly high order system, The feasibility of such an 
approach is indicated in the paper. 
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TABLE 1: EIGENVALUES FOR ROTATING L-BEAM 

Spin in rad. /sec . 
E igenva lues 
(rad./ (0.0) (0.314159) (0.628318) (1.570795) (3.14159) (4.712385) (6.28318) (9.42477) (10) (12.56636) 
sec .)Case 

A 11.211634 11.122227 11.014938 10.719895 10.298015 9.9117894 9.5184119 8.4956303 8.2524514 6,8684777 
W1 B 11.213511 11.120531 10.998942 10.605564 9.8331139 8.9033124 7.7947030 4.6870204 3.860928 12.407949 

A 11.256337 11.354685 11.470914 11.864305 12.615366 13.49G01 14.474969 16.706492 17.135632 19.181195 
*2 B 11.256425 11.349406 11.45669 11.742783 12.136161 12.422253 12.608214 12.708346 12.679737 27.09166 

Case A - Geometric stiffness matrix retained. 
Case B - Geometric stiffness matrix neglected. 



Cen te r  

Cent ra l  rigid body 

of m a s s  a t  t ime,  t  
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FIGURE 1. GEOMETRY O F  SPINNING FLEXIBLE APPENDAGE AND CENTRAL BODY 



FIGURE 2. SPINNING CANTILEVER L-BEAM 
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APPLICATION OF NASTRAN TO THE ANALYSIS OF A 
SPACE SHUTTLE ORBITEX? STRUCmE 

By Gary L. Giles 
NASA Langley Research Center 

and 

John H. Dutton 
McDonnell Douglas Corporation, S t .  Louis, Missouri 

An a n a l y t i c a l  study of a, space s h u t t l e  o r b i t e r  s t r u c t u r e  i s  being made 
a t  NASA Langley Research Center using NASTRAN a s  the  analys is  program. The 
analys is  s t a r t s  with a f i n i t e  element model with over 3000 j o i n t  degrees of 
freedom, which was developed by the  McDonnell Douglas Corporation (st. Louis ) 
during i ts  Phase B s tud ies  of t h e  o r b i t e r .  The model has s t r u c t u r a l  members 
s ized  using t h e  f d l y  s t r e s sed  design procedure i n  the  Automated S t ruc tu ra l  
Design (ASD) program. To da te ,  conversion t o  t h e  NASTRAN format of t h e  
topologica l  ASD input da ta  f o r  t h e  complete vehic le  and conversion of e igh t  
wing loading condit ions has been completed. In addi t ion ,  a s t r u c t u r a l  
analys is  of t h e  o r b i t e r  wing has been completed. The e f f o r t  required t o  
convert t h e  da ta  i s  discussed,  and bas ic  differences i n  t h e  t w o  f i n i t e  element 
programs a r e  described. Also, t h e  performances of t h e  N A S W  and ASD 
programs a r e  compared i n  terms of ca lcula ted  quan t i t i e s  such a s  s t r e s s e s  and 
displacements, and i n  computational times required f o r  a s ing le  analys is  cycle 
of the  o r b i t e r  wing s t ruc tu re .  

INTRODUCTION 

Calculations f o r  an e n t i r e  s h u t t l e  o r b i t e r  under a v a r i e t y  of loading 
condit ions axe being made a t  t h e  Langley Research Center on the  Langley CDC 
6600 computer system using t h e  NASTRAN program ( r e f .  1 )  a s  t h e  analys is  t o o l .  
The ca%c.ulations a r e  being made t o  ga in  experience i n  t h e  analys is  of a l a r g e  
complex s t r u c t u r e  with r e a l i s t i c  loading conditions. The p a r t i c u l a r  s t ruc tu re  
was chosen f o r  analys is  because it has previously been analyzed by t h e  
McDonnell Douglas Corporation and i t s  f i n i t e  element model was avai lable .  



The f i n i t e  element model, which had over 3000 j o i n t  degrees of freedom, was 
developed during Phase 3 s tud ies  of t h e  o r b i t e r .  A f u l l y  s t r e s sed  design of 
t h i s  model was obtelned by McDonnell Douglas using t h e  Automated S t ruc tu ra l  
Design (ASD) program described i n  reference 2. Their ca lcula t ions  were made 
on an IBM 360/85 computer system. The purpose of t h e  present  paper i s  t o  
repor t  on t h e  i n i t i a l  phase of t h e  study and t o  discuss r e s u l t s  obtained 
t o  date. 

DESCRIPTION OF FINITE ELED~NT MODEL 

Pr inc ipa l  s t r u c t u r a l  components of the space s h u t t l e  o r b i t e r  considered 
i n  t h i s  study a r e  shown schematically i n  f igure  1. The f i n i t e  element 
s t r u c t u r a l  model ( f i g .  2 )  of t h i s  vehic le  was developed by the  McDonnell 
Douglas Corporation. The model i s  symmetrical about the  cen te r l ine  of t h e  
vehicle so it was necessary t o  represent  only half  of t h e  model i n  t h e  
analys is .  The half-model contains 1388 j o i n t s  and 3154 j o i n t  degrees of 
freedom. Rods, bars, and shear panels a re  the  f i n i t e  elements used t o  
represent  t h e  s t r u c t u r a l  members. A t o t a l  of 2636 rods,  27 ba r s ,  and 1355 
shear panels a r e  included i n  the  model. Approximately f i v e  man-months were 
needed t o  generate the  topologica l  d e f i n i t i o n  of t h e  model ( i . e . ,  j o i n t  
locat ions  and spec i f i ca t ion  of f i n i t e  elements connecting t h e  J o i n t s ) .  
Alternate s t r u c t u r a l  arrangements were t r i e d  u n t i l  proper load paths  were 
es tabl i shed during t h i s  period of time. Sizes of t h e  elements were then 
determined using t h e  f u l l y  s t r e s sed  design procedure i n  t h e  ASD program. 

The model cons i s t s  of e igh t  d i s c r e t e  modules which a re  assembled i n t o  a 
s ingle  s t ruc tu re  ( f i g .  3 ) .  The e ight  modules are :  (1) main wing box, ( 2 )  
forward wing, ( 3 )  nose, ( 4 )  main propellant  tanks,  ( 5 )  crew compartment, (6 )  
upper fuselage,  (7)  aft fuse lage ,  and (8)  v e r t i c a l  t a i l .  This method of 
defining the  s t ruc tu re  permits t h e  assignment of a p a r t i c u l a r  module t o  t h e  
group responsible f o r  i t s  design. 

Although the data  a r e  prepared i n  many smaller s e t s ,  t h e  assembled 
s t ruc tu re  i s  analyzed by t h e  ASD program i n  a s ing le  computer run ,  a s  i s  done 
i n  t h e  12 .1  version of NASTRAN. Thus, substructuring was not used i n  t h e  
analys is  and the  use of modules merely provided a convenient method of book- 
keeping f o r  t h e  voluminous q u a n t i t i e s  of input  and output da ta  generated i n  
t h e  analysis  of a laxge s t ruc tu re .  However, the  complete model can be 
divided i n t o  severa l  modules which can be analyzed alone,  replaced by modified 
or a l t e r n a t i v e  configurat ions,  o r  changed t o  improve de ta i l ed  de f in i t ion  i n  
an area  of p a r t i c u l a r  i n t e r e s t ,  without a f fec t ing  the  overa l l  model. 

Conversion of t h e  topologica l  ASD inout da ta  t o  the  NASTRAN format pro- 
duced a bulk da ta  deck containing 19,143 cards.  I n  addi t ion ,  e igh t  load 
conditions which a c t  only on t h e  wing (modules 1 and 2, f i g .  3 )  have a l s o  
been converted. However, input  data f o r  f i v e  external  loading conditions 
(concentrated forces  and pressures)  and two thermal conditions f o r  t h e  
complete vehic le  have not y e t  been converted. 



COMF'ARISON OF ASD AND NASTRAN PROGRAM FEA'ITJRI3S 
1 

Any comparison of two computer programs is generally rather nebulous. 
The original purpose of the programs, types of analyses they will perform, 
types of finite elements available, maximum size of problem, computer systems 
on which the programs are operational, ease of use, etc., can vary widely and 
can have a significant impact on the quantity that is being compared, usually 
computational time for a given problem. Since NASTRAN is a widely used 
general purpose structural analysis program and its features are well known 
and documented, it is inevitable that it will be compared with other programs. 
The comparisans presented in this paper will tend to emphasize the desirable 
features of the ASD program with the thought that such comparisons might 
provide guidance in the continuing future development of the NASTRAN program. 
Incorporation of such features must, of course, be weighed against compro-. 
mising the original purpose of the NASTRAN program. 

The Automated Structural Design (ASD) program uses a "combined" method 
of analysis rather than either of the traditional force or displacement 
methods; N A S W  uses the displacement method. In the combined method, all 
of the equilibrium and compatibility,equations are combined into a single set 
of simultaneous equations which are solved in a single operation for all 
forces or stresses and displacements. The apparent disadvantage of solving 
the resulting large set of equations (twice the order of the force or dis- 
placement method) has been resolved by the development of an efficient 
bookkeeping system which handles only the non-zero elements of the matrix 
during the analysis. This procedure is not affected appreciably by the . 

"band-width" of the matrix, a very desirable feature that makes the modular 
arrangement of the structural model feasible. Some penalty in computational 
time will be involved when using N A S W  to analyze the model in this study 
because running time of version 12.1 of NASTRAN is band-width dependent. 

N A S T W  was designed to be open-ended in the size of problem it can 
handle; ASD can accommodate large problems also, the only limitation being a 
maximum of 65,535 degrees of freedom for the structure. Thus, either program 
can handle the size problems being run currently in industry. 

The version of the ASD program described in reference 2 is limited to 
static analysis but also includes a fully-stressed element resizing procedure. 
Iterations of analysis and resizing can be made until the desired tolerance 
on member sizes from consecutive iterations is obtained. The capability for 
member resizing is a desirable feature for a finite element program, 
particularly for use in preliminary design. A recommendation that this feature 
be incorporated into the NASTRAN program cannot be made at this time,. however, 
since it is not clear whether improved versions of N A S W  will be economically 
competitive with existing programs in such design applications (refs. 2 to 4). 



Rods, ba r s ,  and shear panels a r e  t h e  only f i n i t e  elements avai lable  i n  
ASD and were thus t h e  elements used t o  define the.model considered i n  t h e  
present  study. The ASD rod and bar members can be e i t h e r  single-segment a s  
i n  NASTRAN or  double-segment. The double-segment member has a node a t  t h e  
center  and can have d i f f e r e n t  cross-sect ional  a reas  f o r  t h e  two segments. 1 

Either  a l l  single-segment o r  a l l  double-segment rods and bars  can be used i n  
a given s t ruc tu re ,  but not both types.  The shear panels must correspond t o  
t h e  types of rod and bar members i n  a given s t ruc tu re .  When shear panels are 
used with a double-segment member a connection i s  made t o  t h e  rods o r  ba r s  
a t  the  center  of each s ide  of t h e  panel.  

The o r b i t e r  s t ruc tu re  ( f i g  . 2 ) was modeled with double-segment members, 
and s ince  NASTRAN does not contain such f i n i t e  elements, the a reas  of t h e  two 
segments i n  a member were averaged and converted t o  a rod o r  ba r  element of 
constant a rea  along i t s  length.  Hence, t h e  f i n i t e  element representa t ion  of 
the  s t ruc tu re  as analyzed by ASD i s  not t h e  same a s  t h e  one analyzed by 
NASTRAN. This modeling d i f ference  w i l l  a f f e c t  t h e  numerical r e s u l t s  obtained 
i n  t h i s  study. 

It i s  o f t en  des i rable  t o  i s o l a t e  port ions of a complex f i n i t e  element 
s t r u c t u r a l  idea l i za t ion  i n  order t o  examine these  smaller segments i n  grea ter  
d e t a i l .  P l o t s  or  p r in ted  output can be assessed f o r  the, se l ec ted  por t ion  of 
t h e  s t ruc tu re  without being confused w i t h  t h e  remainder of t h e  s t ruc tu re .  
This can be done i n  NASTRAN by specifying a SET of g r i d  po in t s  and/or elements 
t h a t  define t h a t  por t ion  of t h e  model t o  be considered. The ASD program has 
a similar capabbility and i n  addi t ion  allows the  user  t o  speci fy  sect ioning 
planes which cut  through and i s o l a t e  port ions of a s t ruc tu re  t o  be p lo t t ed .  
For example, sect ioning planes could be defined on each s ide  of a fuselage 
frame so t h a t  a p l o t  of the  s ing le  frame would r e s u l t .  Incorporation of ; this  
capab i l i ty  i n t o  NASTRAN, with an option t o  generate i n t e r n a l l y  SET def in i t ions  
from sect ioning plane spec i f i ca t ions ,  would g rea t ly  reduce the  burden on t h e  
analyst  of preparing SET cards.  

COIWERSION OF ASD INPUT DATA 
TO NASTRAN FORMAT 

I n  t h e  present  study, computer rout ines  were wr i t t en  t o  convert t h e  ASD 
i n p t  data t o  the NASTRAN format. I n  t h i s  sec t ion  of the  paper, some of t h e  
d i f f i c u l t i e s  encountered with t h e  conversion a re  indica ted ,  and procedures 
t o  circumvent these  d i f f i c u l t i e s  a re  described. 

I n  the  ASD da ta ,  t h e  g r id  points  or  j o i n t s  i n  each individual  module of 
the  s t ruc tu re  are numbered sequent ia l ly  s t a r t i n g  with t h e  number 1 ,  Direct  
conversion of g r id  points  would have resu l t ed  i n  more than one g r i d  point  with 
t h e  same number. Since EASTRAN does not requi re  sequential  grid nunbering, it 
was possible t o  convert t h e  points  t o  unique numbers by using t h e  scheme 
(NASTRAN gr id  number) = (ASD module number) x 100,000 + ASD g r i d  number. 



A s imi la r  procedure was used f o r  t h e  element connection, element property,  
and mater ia l  type i d e n t i f i c a t i o n  numbers. Such a numbering procedure i s  
useful  i n  general  f i n i t e  element analyses a s  an a i d  i n  bookkeeping of large 
amounts of data. d 

i 

The wing modules (1) and ( 2 )  were defined i n  a d i f f e ren t  coordinate 
system than the other modules. All modules were assigned a d i f fe ren t  
coordinate system number and the  modules were made compatible using t h e  NASTRAN 
bulk data  card CORDlR. A s imi la r  method of defining various p a s t s  of t h e  same 
s t r u c t u r e  i n  d i f fe ren t  coordinate systems i s  included i n  the ASD program and 
was used t o  produce the module d e f i n i t i o n  p l o t  shown i n  f igure  3. The e ight  
modules a r e  automatical ly connected by the  ASD program; mult ipoint  cons t ra in ts  
(MPc bulk da ta  cards)  were used t o  connect the  modules f o r  t h e  NASTRAN input 
deck, 

The p r i n c i p a l  d i f f i c u l t y  encountered during the conversion of t h e  da ta  
was t h a t  of incorporat ing s t r u c t u r a l  cons t ra in t s  which a r e  i n t e r n a l l y  deter-  
mined by t h e  ASD program. The ASD program assigns degrees of freedom t o  each 
g r i d  point  a f t e r  inves t iga t ing  t h e  geometry of the  rod and ba r  elements a t  the  
grid point .  If a l l  rod and bar members in te r sec t ing  a t  a g r i d  point  l i e  i n  a 
plane, cons t ra in t s  prohibi t ing  displacement of t h a t  g r i d  point  o ~ l t  of t h e  
plane a r e  automatical ly generated. These cons t ra in t s  , which remove s ingular i -  
t i e s  i n  the  s t i f f n e s s  matrix,  must be supplied as input  data t o  the  NASTRAN 
program s ince  it does not automatically provide any cons t ra in t s  of t h i s  ty-pe. 
To generate these  cons t ra in t s ,  procedures were incorporated i n  t h e  conversion 

- rout ines  which (1) determined a l l  t h e  rods or  bass connected a t  each grid 
po in t ,  (2)  ca lcula ted  t h e  volume of the  l a r g e s t  para l le lepiped t h a t  would be 
constructed between u n i t  vectors  col inear  with any t h r e e  members a t  the  
jo in t ,  and (3) if t h e  volume was l e s s  than a small speci f ied  value (zero 
volume would i nd ica te  a l l  members were exactly i n  t h e  same plane) generated a 
mult ipoint  cons t ra in t  which would r e s t r i c t  displacement out of t h a t  plane. 

The r e l a t i v e l y  l a r g e  number (19,143) of cards generated by t h e  conversion 
of da ta  were put on a NASTRAN users  maste; f i l e  (UMF) t o  minimize the handling 
of such a l a r g e  bulk da ta  deck. Since the modules were converted one a t  a 
time, poor ordering of t h e  cards r e su l t ed  and, hence, a computer time of 20 
c e n t r a l  processor (CPU) minutes and 50 per iphera l  processor (PPU) minutes on 
a CDC 6600 were required t o  generate t h e  UMF. Experience using the  UMF with 
t h i s  da ta ,  which w a s  grouped i n  modules, indicated t h e  d e s i r a b i l i t y  of being 
able  t o  c a l l  and execute bulk da ta  from severa l  problem decks assigned t o  
t h e  same or  d i f f e r e n t  users  master f i l e s .  This would allow d iv i s ion  of a 
l a rge  data  deck i n t o  smaller decks, thus f a c i l i t a t i n g  bookkeeping procedures. 
Also, a bulk da ta  p r in tou t  could be requested using ECHO se lec ted  port ions of 
the data ,  r a t h e r  than t h e  complete deck with t h e  corresponding l a r g e  amount 
of p r in ted  output.  



NUMEXICAL RESULTS 

A NASTRAN ana lys i s  of t h e  e n t i r e  o r b i t e r  had not  been made a t  t h e  time 
of t h e  prepara t ion  of t h i s  paper s ince  a l l  ex te rna l  loading condi t ions  have 
not been converted t o  t h e  NASTRAN format,  A s t r u c t u r a l  ana lys i s  has been 
made by McDonnell Douglas using t h e  ASD program f o r  e i g h t  design condit ions 
considering both symmetrical and antisymmetrical loads  applied t o  half  the  
s t r u c t u r e  having t h e  appropr ia te  boundary condit ions.  The r e s u l t s  were com- 
bined t o  ob ta in  t h e  asymmetrical behavior of t he  complete veh ic l e .  The 
computer t ime requi red  f o r  an analysis-resize-analysis  cycle  was 21.6 CPU 
minutes and 80.6 PPU minutes. A NASTRAR ana lys i s  f o r  t h e  same condit ions 
w i l l  be performed during a l a t e r  phase of t h e  s tudy t o  ob ta in  comparative 
computational time. 

An ana lys i s  of t h e  wing has been completed using both ASD and NASTRAN. 
The f i n i t e  element model contained 255 g r i d  po in t s  and 759 degrees of freedom. 
The wing was supported along t h e  root  r i b  of t h e  3-bay main wing box (module 
1) and a t  t h e  i n t e r s e c t i o n  of t he  leading  edge spar and t h e  r o o t  r i b  of t h e  
forward wing sec t ion  (module 2 ) .  The loadings considered i n  t h e  ana lys i s  
corresponded t o  a 2.5g subsonic pul lup  maneuver, v e r t i c a l  ascent  max aq 
loading,  engine t h r u s t ,  main gear landing,  main gear  braking, turn ing ,  
t a x i i n g ,  and ho i s t ing .  These e i g h t  l oad  cases were appl ied  t o  t h e  wing and 
de f l ec t ions  and i n t e r n a l  s t r e s s e s  were determined. 

The normal displacements obtained w i t h  ASD and N A S T W  f o r  the  o r b i t e r  
wing along t h e  r e a r  spar  and t i p  r i b  aye compared i n  f i g u r e s  4 and 5 f o r  t he  
2.5g subsonic pul lup maneuver, The s o l i d  curves correspond t o  ASD r e s u l t s  
and t h e  symbols t o  NASTRAN r e s u l t s ,  Excellent agreement between r e s u l t s  i s  
obtained even with the d i f f e rences  i n  modeling mentioned e a r l i e r  i n  t h e  d is -  
cussion of the d i f f e rences  between t h e  ASD and NASTRAN programs. Note t h a t  
t h e  sca l e  i n  f i g u r e  5 has been exaggerated f o r  c l a r i t y .  The maximum d i f f e r -  
ence found between displacement values obtained by t h e s e  two programs was 
2 percent .  

Spar cap a x i a l  s t r e s s e s  on the  upper sur face  a t  t he  wing r o o t  are shown 
i n  f i g u r e  6 f o r  t h e  2.5g subsonic pul lup  case,  The ASD rod and ba r  elements 
a r e  connected a t  t h e i r  midpoints t o  the  adjacent  shear  panels .  Thus, t h e  
s t r e s s e s  i n  the  two segments of a rod can have d i f f e r e n t  va lues .  These two 
values were averaged t o  compare t h e  s t r e s s  d a t a  with the  NASTRAN s t r e s s e s ,  
which a r e  constant  along t h e  l eng th  of the rod or  bar .  The agreement i s  poor 
f o r  some of the  spa r s ,  These spars  a r e  probably i n  regions where considerable 
s t r e s s  r e d i s t r i b u t i o n  i s  occurr ing,  and a s i g n i f i c a n t  amount of load i s  being 
t r a n s f e r r e d  a t  t he  midpoint connections of t h e  rod and shear panels. A more 
r e a l i s t i c  comparison would be obtained i f  t he  t o t a l  load  being t r ans fe r r ed  
across  a p a r t i c u l a r  s ec t ion  of t he  models were ca lcula ted ;  it i s  an t i c ipa ted  
t h a t  such r e s u l t s  would be  i n  considerably b e t t e r  agreement. 



The ASD program required approximately 0.8 minutes of CPU and 2.0 a 

minutes of PPU time on an IBM 360/85 computer f o r  a s ing le  analys is  with a l l  
e igh t  loading condit ions,  while NASTRAN used 9.4 minutes CPU and 13.7 PPU 
time on a-CDC 6600 computer. .4 

Since t h e  model was generated fo r  t h e  ASD program, which i s  band-width 
independent, some penalty of computat ional  time i s  undoubtedly encountered 
i n  the  NASTW computation over what would be required i f  a numbering scheme 
which gives minimum band-width had been used. However, even with t h i s  f ac to r  ' 
accounted f o r ,  it is  expected t h a t  the  ASD program, which has been t a i l o r e d  

! 

fo r  e f f i c i e n t  use during preliminary design, would s t i l l  be s i g n i f i c a n t l y  
f a s t e r  than t h e  NASTRAN program f o r  so lu t ion  of t h i s  problem. 

CONCLUDING REMARKS 

The NASTRAN program i s  being used t o  analyze a space s h u t t l e  o r b i t e r  
f i n i t e  element model which was developed by t h e  McDonnell Douglas Corporation. 
User experience and nwnerlcal r e s u l t s  obtained during t h e  i n i t i a l  phase of 
t h i s  study were described. The s t ruc%ural  members of t h e  model were sized by 
McDonnell Douglas using t h e  f u l l y  s t ressed  design procedure i n  the Automated 
S t ruc tu ra l  Design (ASD) program. The e f f o r t  required t o  convert t h e  input 
da ta  f o r  the  ASD program t o  t h e  format required f o r  t h e  l!JASTRAN program was 
discussed, bas ic  d i f ferences  i n  the  two f i n i t e  element programs were described, 
and des i rab le  f ea tu res  of each program were indicated.  

S t resses  and displacements from an analys is  of t h e  o r b i t e r  wing s t ruc tu re  
were obtained f o r  e ight  loading conditions. Results  f o r  one loading condition 
were compared with ASD r e s u l t s  a t  se lec ted  locat ions  on t h e  wing. Excellent 
agreement was obtained between wing displacements calculated with the NASTRAN 
program and with t h e  ASD program; agreement between wing root  spar cap 
s t r e s s e s  obtained from the  two programs was not a s  good, but t h e  difference 
can be a t t r i b u t e d  t o  the  use of double-segment f i n i t e  elements i n  t h e  ASD 
analys is ,  which are not avai lable  i n  NASTRAN. The computational time required 
f o r  the  NASmN analys is  of t h e  wing s t ruc tu re  using a CDC 6600 computing 
system was more than a f a c t o r  of 10 g rea te r  than t h a t  required by t h e  ASD 
program on an IBM 360/85 computing system. 
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Figure 2.- F i n i t e  element model of s h u t t l e  o r b i t e r  conf igura t ion .  
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Figure 3.- Module d e f i n i t i o n  fo r  f i n i t e  element model. . . 
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Figure 5.- Normal displacements of o r b i t e r  w-ing along t i p  rib obtained from 
an analysis of the wing. Wing loading corresponds t o  2.5g 
subsonic pullup. 
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F i g u r e  6.- Spar cap axial s t r e s s e s  at  the wing r o o t  obtained from an ana lys i s  
of t h e  wing. Wing loading  corresponds t o  2.5g subsonic pullup. 



NASTIiAN AS ANALYSIS TOOL 

I N  A STRUCTURAL DESIGN OPTIMIZATION PROCESS 

By J. E. Sobieszczanski* and D. D. Loendor£** 

ABSTRACT 

The use  of NASTRAN a s  t h e  a n a l y s i s  t o o l  i n  a s t r u c t u r a l  design process  
is descr ibed.  A s e c t i o n  of an a i r c r a f t  f u se l age  t ype  s t r u c t u r e  w i th  r i n g s ,  
s t r i n g e r s  and s k i n  i d e a l i z e d  by 408 f i n i t e  elements and 858 degress  of freedom 
was optimized i n  an a n a l y s i s  - eva lua t i on  - redes ign  c lo sed  cycle .  

NASTRAN was employed i n  t h e  " ana ly s i s  s t e p t r ,  w i t h  t h e  "evaluat ionr '  and 
"redesignfr  s t e p s  supported by s e p a r a t e  programs, and d a t a  t r a n s f e r  was 
c a r r i e d  ou t  by hand. This  procedure  proved t o  be  workable w i th  turn-around 
t i m e  f o r  one redes ign  c y c l e  r e q u i r i n g  one day. Approximately f i v e  redes ign  
cyc les  were needed t o  converge t o  an optimized des ign .  

INTRODUCTION 

The succe s s  of any s t r u c t u r a l  design procedure  h inges  upon t h e  e f f i c i e n c y  
of t h e  a n a l y s i s  t o o l  used f o r  t h e  r e p e t i t i v e  computation of s t r e s s e s  and de- 
f l e c t i o n s  fo l lowing  each s t r u c t u r a l  modi f ica t ion .  Many s t anda rd  computer 
programs e x i s t  f o r  s t r u c t u r a l  s y n t h e s i s ,  y e t  they  a r e  o f t e n  n o t  r e a d i l y  avail- 
a b l e  t o  eng ineers  who may need t o  occa s iona l l y  perform s t r u c t u r a l  op t imiza t ion .  
Furthermore,  s u b s t a n t i a l  t i m e  is o f t e n  r equ i r ed  t o  l e a r n  t o  use them e f f i c i e n t -  
ly. For some u s e r s ,  NASTRAN may b e  t h e  only comprehensive s t r u c t u r a l  a n a l y s i s  
t o o l  a v a i l a b l e  t o  be  used i n  a design process .  A procedure  found u s e f u l  i n  
such cases  i s  r epo r t ed  i n  t h e  p r e sen t  paper  wherein NASTRAN has  been used i n  
a s t r u c t u r a l  des ign  mode supported by a sma l l  programmable desk t op  c a l c u l a t o r .  

* Aerospace Engineer,  NASA, Langley Research Center  

** Aerospace Engineer,  Langley D i r e c t o r a t e ,  U.S. Army Air Mobil i ty  
R & .D Laboratory.  



AUTOMATED DESIGN PROCEDURE 

Basic Objective 

The subjec t  of t he  design is  a cant i levered  c y l i n d r i c a l  s h e l l  s imulat ing 
the  a f t  s e c t i o n  of an a i r c r a f t  fuselage. The s h e l l  shown i n  Fig. l ' i s  s t i f f e n e d  
by r ings ,  s t r i n g e r s  and f l o o r  members and c a r r i e s  a load uniformly d i s t r i b u t e d  
along t h e  f l o o r  t o  approximate a cargo load i n  a pull-up maneuver. 

The ob jec t ive  of t he  design process is t o  reduce the  weight of t he  s h e l l  
by repeated app l i ca t ion  of t he  f u l l y  s t r e s sed  design (FSD) procedure t o  s t r i n g e r s  
and sk in  panels i n  presence of r e in fo rc ing  r ings  of d i f f e r e n t  in-plane bending 
s t i f f n e s s e s .  Considering r ing  bending s t i f f n e s s  a s  a v a r i a b l e  parameter an 
inves t i g a t  ion of the following phenomena was ca r r i ed  ou t  : 

- inf luence of t he  r ing  bending s t i f f n e s s  on t h e  bending s t r e s s  d i s t r i b u t i o n  
across  the  fuse lage  sec t ion .  

- inf luence of t h e  r i n g  bending s t i f f n e s s  on the  behavior of FSD a s  an 
i t e r a t i v e  method. 

-d i s t r ibu t ion  of t h e  s t r i n g e r  cross-sect ional  a reas  and panel  thicknesses 
generated by FSD f o r  d i f f e r e n t  r i n g  s t i f f n e s s e s .  

- re la t ionship  between t h e  minimum weight r e s u l t i n g  from FSD and the  r i n g  
bending s t i f f n e s s .  

Computational Procedure 

The design procedure consis ted of an i n i t i a l i z a t i o n  and t h e  arrangement of 
t h e  following th ree  s t e p s  i n  a r e p e t i t i v e  sequence: 

1. the  use of NASTRAN f o r  s t r e s s  and de f l ec t ion  ana lys i s  

2 .  t he  use of a FSD method t o  co r rec t  s t r i n g e r  a r e a s  and s k i n  thicknesses 

3. t h e  use  of a r i n g  s i z i n g  program t o  s e l e c t  t he  l i g h t e s t  poss ib l e  r i n g  
s e c t i o n  f o r  a given moment of  i n e r t i a ,  and i n t e r n a l  fo rces .  

An i n i t i a l  design cons i s t ing  of assumed cross-sect ional  a r e a s  f o r  s t r i n g e r s ,  
cross-sect ional  a r e a s  and moments of i n e r t i a  f o r  r ings  and thicknesses fo r  sk in  
w a s  chosen and the  information flow proceeded a s  shown i n  Figure 2. 

Input f o r  NASTRAN w a s  generated automatical ly,  using a s p e c i a l l y  w r i t t e n  
program (block 2, Fig. 2.), and placed on tape  f o r  subsequent reading by NASTRAN. 
NASTRAN (block 3, Fig. 2)  ana lys i s  was performed using a f ini te-element  model 
of t he  fuse lage  a s  shown i n  Figure 3. The s t r i n g e r s  were modeled by ROD 
elements(tension/compression), t h e  r ings  were idea l ized  a s  polygonal frameworks 



using CSAR elements (tension/compression and bendipg) and the  sk in  w a s  approxi-,  
mated by the  CQDMEM elements (membrane s t a t e  of s t r e s s ) * .  To insu re  t h a t  a 
reasonable mesh s i z e  w a s  used around the  circumference, convergency experiments 
were c a r r i e d  ou t  by varying the  angle a (Fig. 3) from 30" t o  15" t o  7 .2 ' .  An 
a = 30° was chosen a s  a compromise between the  d e s i r e  t o  keep NASTRAN execution 
time a t  a minimum y e t  r e t a i n  accuracy requirements. Therefore the  fuselage 

' 

model used contained 156 RODS, 132 BARS and 120 CQDMEMS with 858 unknown degrees 
of freedom. I n  view of symmetry of t he  load and s t r u c t u r e ,  t he  above f igu res  
were reduced approximately one-half i n  the  a c t u a l  computation. i 

\, 

The FSD method (block 4 ,  Fig. 2) used t o  design the  ROD and CQDMEM elements 
was a s  follows: 

new s t r i n g e r  old s t r i n g e r  s t r e s s  i n  o ld  s t r i n g e r  

[l::r-section] = [ s e c t i o n ]  X [ allowable s t r e s s  ] 
new thickness o ld  thickness equivalent  s t r e s s  

l r a ; m e m b r a n e  ] = [ ::,;membrane] 

[ i n  o ld  p l a t e  ] 
allowable s t r e s s  

The equivalent  stress i n  C Q D m  elements was computed according t o  t h e  Huber- 
von Mises formula. Ring spacing was se l ec t ed ,  based on ~ h a n l e y  ' s  c r i t e r i o n  
( r e f .  2) .  The r i n g  cross-sect ions were assumed t o  be of t h e  channel type,  
constant  i n  c i rcumferent ia l  d i r ec t ion .  They were dimensioned by the  r ing  s i z ing  
program (block 5, Fig. 2) which performed a constrained minimization ( r e f .  3) 
of t h e  r i n g  cross-sect ion area  i n  a way so a s  t o  make i t s  moment of i n e r t i a  
equal t o  t h e  given va lue  while  accounting for: buckling of t he  f r e e  f lange ,  
y i e ld ing ,  minimum gage f o r  thickness and minimum flange width. The i n t e r n a l  
forces  f o r  s t r e s s  c o n s t r a i n t  evaluat ions were a v a i l a b l e  a t  t h i s  s t age  from 
NASTRAN a n a l y s i s  i n  s t e p  1. Torsional  s t a b i l i t y  of  t h e  r ing  cross-sect ion was 
assumed t o  be  provided by s t r i n g e r s  which i n  the  r e a l  s t r u c t u r e  i n t e r s e c t  t he  
r i n g  i n  r e l a t i v e l y  c lose  spacing. The r i n g  spacing,  shown i n  Figure 3 ,  re- 
mained unchanged f o r  a l l  experiments, a s  t he  Shanley c r i t e r i o n  was s a t i s f i e d  by 
a l a r g e  margin f o r  a l l  values of t he  c ross-sec t ional  moment of i n e r t i a .  The 
flow of computations shown i n  Fig. 2 w a s  executed f o r  s eve ra l  r i n g  cross- 
s e c t i o n a l  moments of i n e r t i a .  

*For d e t a i l e d  desc r ip t ion  of t he  f i n i t e  elements s e e  NASTRAN manual ( r e f .  1 ) .  
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To conclude the  desc r ip t ion  of t he  flow cha r t  (Fig. 2) components, one has  
t o  mention tha t  block 6 represents  engineering judgment r a the r  than an auto- 
matic cut-off c r i t e r i o n .  

The computational power used i n  blocks 2 ,  3 and 5 was supplied by a CDC 
6600 computer while the  FSD s t r u c t u r a l  modifications block 4 ,  were made using 
a Hewlett-Packard 9100 3 programmable desk top ca l cu la to r .  A l l  da ta  t r a n s f e r  
was done manually except f o r  t h e  t r a n s f e r  from block 2 t o  block 3 which occurred 
v i a  tape wi th in  the  CDC computer. 

COMPUTER EXPEXIMENTS AND RESULTS 

The numerical experiments have been ca r r i ed  out adopting the  load i n t e n s i t y  
and s h e l l  dimensions shown i n  Fig. 1, 3 respec t ive ly  a s  r ep resen ta t ive  of t he  
numerical values which occur i n  the  design of t r anspor t  a i r c r a f t .  The 
s t r u c t u r e  was assumed t o  be all-aluminum a l l o y  with an allowable s t r e s s  of 
19.61 x l o 4  k~/m2 (2000 kgf/cm2). 

Influence of Ring S t i f f n e s s  On S t r e s s  Dis t r ibut ion  Across Fuselage 

The inf luence of the  r ing  in-plane bending s t i f f n e s s  on the  bending s t r e s s  
d i s t r i b u t i o n  over the fuse lage  cross-sect ion was inves t iga ted  by assuming 
unif o m  s t r i n g e r  cross-sect ion a reas  (5.2 cm2) and membrane p l a t e  thickness 
(0.1 cm) throughout. A s i n g l e  NASTRAN ana lys i s  (blocks 1, 2 ,  3 i n  Fig. 2) was 
ca r r i ed  out  f o r  each of  t h e  r ing  moments of i n e r t i a ;  low, medium and high 
corresponding t o  1 . 3 ,  65, 650 cm4 respec t ive ly .  The low end of t h i s  range of 
values i s  c h a r a c t e r i s t i c  of a t y p i c a l  t r anspor t  fuselage design. 

Figure 4 shows s t r e s s e s  i n  s t r i n g e r s  i n  the  root  bay obtained from t h i s  
experiment. It i s  c l e a r  t h a t  an increase  i n  t h e  r i n g  bending s t i f f n e s s  causes 
the  stress d i s t r i b u t i o n  t o  approach t h a t  of elementary beam theory. Conversely, 
a l o s s  of s t r e s s  occurs i n  comparison with tha t  theory near  the  extreme cross- 
s ec t ion  f i b e r  f o r  low s t i f f n e s s  r ing .  This l o s s  has an obvious adverse e f f e c t  
on the  s t r u c t u r a l  e f f i c i ency  i n  bending. 

Inf luence Of Ring S t i f f n e s s  On FSD Behavior 

Having demonstrated the  above r e l a t ionsh ip ,  a t t e n t i o n  was focused on the  
FSD behavior i n  the  presence of varying r ing  bending s t i f f n e s s .  This was 
motivated by the  f a c t  t h a t  FSD is  cu r ren t ly  being frequently used a s  a .to01 
i n  the s t r u c t u r a l  design of fuselages.  I n  t h i s  experiment, the computation 
i l l u s t r a t e d  by the  flowchart i n  Fig. 2 ( a l l  blocks) was repeated f o r  t he  
following f i v e  values of t he  r i n g  cross-sect ional  moment of i n e r t i a :  1 .3,  25, 
65, 200, 650 cm4. Figure 5 i l l u s t r a t e s  how the  typ ica l  s t r i n g e r  a r e a  and p l a t e  
thickness var ied  over f i v e  FSD i t e r a t i o n s .  Figure 5 also shows the  stress being 
asymptotically driven toward the  allowable. 



One may note  t h e  so-called abnormal behavior of  FSD i n  the  4th i t e r a t i o n  
f o r  t he  membrane p l a t e  i n  presence of t h e  medium and high r i n g  s t i f f n c s s e s .  ' 

The thickness increased i n  t h i s  i t e r a t i o n ,  bu t  so d id  the  e f f e c t i v e  s t r e s s .  
This occurs when t h e  increased element s t i f f n e s s  attracts more fo rce  than may 
be o f f s e t  by the  increment of t he  c ross-sec t ional  dimensions, r e s u l t i n g  i n  
l a r g e r  s t r e s s e s  i n  t h e  element. This phenomenon usual ly  s i g n a l s  i l l -behavior ,  
of t he  FSD and i s  one of t he  shortcomings of t h a t  method. However, i n  t h i s  
p a r t i c u l a r  case  t h i s  abnormality was weak, ba re ly  d i sce rn ib le  on the  graph, and 
therefore  d id  n o t  des t roy  FSD convergency. Figure 5 a l s o  shows t h a t  s t r i n g e r  
and p l a t e  dimensions converge t o  d i f f e r e n t  asymptot ical  va lues  f o r  d i f f e r e n t :  
r i n g  s t i f f n e s s e s .  

D i s t r i b u t i o n  Of Mater ia l  For Dif ferent  Ring S t i f fnesses  

Figure 6 shows t h e  s t r i n g e r  a reas  and the  p l a t e  thicknesses a s  they 
r e su l t ed  a f t e r  f i v e  i t e r a t i o n s  of FSD i n  the  presence of r ings  of low and high 
in-plane bending s t i f f n e s s e s ,  The s t r i n g e r / p l a t e  mater ia l  d i s t r i b u t i o n  is  
d i s t i n c t l y  d i f f e r e n t  f o r  t he  two cases,  For high r i n g  bending s t i f f n e s s ,  t he  
l a r g e s t  s t r i n g e r  i s  t h e  one most d i s t a n t  from t h e  n e u t r a l  a x i s ,  while,  t he  
l o s s  of stress i n  t h a t  s t r i n g e r  f o r  low r i n g  bending s t i f f n e s s ,  i l l u s t r a t e d  
i n  Fig. 4 ,  causes the  ma te r i a l  t o  s h i f t  toward the  n e u t r a l  a x i s  f o r  such a low 
s t i f f n e s s  r i n g  and a s  a  r e s u l t  s t r i n g e r  No. 2 becomes the  l a r g e s t .  

A s  one may expect ,  the  former d i s t r i b u t i o n  is  more e f f i c i e n t  than the  
l a t t e r  (more ma te r i a l  away from n e u t r a l  a x i s )  and, indeed, t he  t o t a l  weight of 
s t r i n g e r s  and p l a t e s  f o r  high r ing  s t i f f n e s s  amounts to  83% of the  corre- 
sponding weight f o r  t h e  low r ing  s t i f f n e s s  . 

This r e s u l t  suggests  t h a t  increas ing  t h e  r i n g  s t i f f n e s s e s  has a  b e n e f i c i a l  
e f f e c t  on t h e  s t r u c t u r a l  e f f i c i ency  05 the  s t r i n g e r / p l a t e  assembly i n  bending. 
The r i n g  s t i f f n e s s  increase ,  however, c a r r i e s  a  c e r t a i n  weight penalty which 
has  t o  be  balanced with the  s t r ingew/pla te  weight reduct ion.  This trade-off 
s i t u a t i o n  i n d i c a t e s  a  p o s s i b i l i t y  of t he  ex is tence  of an optimal r ing  s t i f f n e s s .  

Relat ionship Between Minimum Weight And Ring S t i f f n e s s  

The trade-off between s t r i n g e r / p l a t e  weight and r i n g  weight,  determined 
from the  r i n g  s i z i n g  program (block 5 ,  Fig. 2 ) ,  i s  shown i n  Figure 7 .  This 
t r ade  of f  is cons i s t en t  f o r  a l l  r i ng  s t i f  fnesses  s i n c e  the  r i n g  s i z i n g  program 
produces the  l i g h t e s t  poss ib le  r i n g  fo r  given s e t  of cons t r a in t s  while ,  on the  
o ther  hand, t h e  s t r i n g e r / p l a t e  weight is  pseudo-optimalized by FSD. The 
reduct ion of s t r i n g e r l p l a t e  weight,  curve 1, and t h e  increase  of r ing  weight, 
curve 2 ,  a r e  both due t o  an increase  i n  the  r i n g  s t i f f n e s s .  The t o t a l  weight 
of the fuse lage  vs. t h e  r ing  s t i f f n e s s  is  shown by curve 3, which is the  sum 
of curves 1 and 2.  FOP t h i s  p a r t i c u l a r  fuse lage  example, curve 3 shows a 

4 d i s t i n c t  minimum i n  the v i c i n i t y  of a  r ing  bending s t i f f n e s s  equal t o  25 cm . 
For - t h i s  case ,  a  t o t a l  reduct ion i n  fuselage s e c t i o n  weight of approximately 
9% may be r e a l i z e d  o r  traded f o r  about 7% t o  10% of payload increase  when 
considering t h e  s t r u c t u r a l  weight t o  payload r a t i o .  



The experiments described heretofore were based on a s ing le  load condition 
' i l l u s t r a t e d  i n  Fig. 1. Two addi t ional  load conditions were analyzed without 

FSD appl ica t ion ,  t o  preliminary assess  t h e i r  e f f e c t s  on the  above f indings.  
They were: i n t e r n a l  pressure and t a i l  v e r t i c a l  load. It was found f o r  t h e  
i n t e r n a l  pressure (0.75 atm) case that s t r e s s e s  a r e  negl ig ib le  compared t o  
those generated by t h e  load shown i n  Fig.  1. The t a i l  load case analys is  
r e su l t ed  i n  fuselage bending s t r e s s e s  which conformed t o  t h e  elementary beam 
theory regardless of t h e  r i n g  s t i f f n e s s e s ,  due t o  t h e  re inforced diaphragm 
t h a t  c loses  the  t a i l  end of t h e  fuselage,  Thus t h e  r i n g  optimali ty problem 
i n  t h e  sense defined i n  t h i s  paper cannot be posed f o r  t h i s  loading case. 

This statement may be  elaborated upon a s  follows. The e s s e n t i a l  d i f fer -  
ence between t h e  t a i l  load  and t h e  load d i s t r ibu ted  a s  shown i n  Fig.  1 i s  
t h a t  the  former does not have t h e  gradient  of the  shear fo rce  on t h e  fuselage 
cross-section i n  t h e  longi tudinal  d i rec t ion  which i s  present  i n  the  l a t t e r  and 
necessary f o r  the  r i n g  s t i f f n e s s  e f f e c t s  t o  appear. This may be  explained a s  
follows. The s t r e s s  d i s t r i b u t i o n  i n  the  fuselage f o r  the  low r i n g  s t i f f n e s s  
appears t o  be s imi la r  t o  shear-lag i n  a  to r s ion  box. This shear-lag phenomenon 
i n  a to r s ion  box i s  due t o  panel deformations i n  shear only, while i n  t h e  
fuselage,  it i s  amplified by in-plane bending deformation of t h e  r ings .  This 
in-plane bending w i l l  occur only when the re  e x i s t s  a  longi tudinal  gradient  of 
t h e  shear fo rce  on the fuselage cross-section. In t h e  present  case ,  t h i s  
gradient  was due t o  the  concentrated f l o o r  loads along t h e  length  of t h e  
fuselage sec t ion .  

CONCLUSIONS 

The following conclusions r e s4d t  from the above experiments . The in-plane 
bending s t i f f n e s s  influences t h e  s t r e s s  d i s t r i b u t i o n  over t h e  fuselage 
cross-section when t h e  loading case i s  such t h a t  a  gradient of shear force  on 
the  fuselage cross-section e x i s t s  i n  t h e  longi tudinal  d i rec t ion .  For r ings  
with low bending s t i f f n e s s ,  t h e r e  i s  a l o s s  of s t r e s s  i n  the  f i b e r s  most 
d i s t a n t  from t h e  neu t ra l  axis .  

Increase of t h e  r i n g  s t i f f n e s s  increases t h e  r ing  weight and decreases 
t h e  s t r i n g e r / p l a t e  weight which r e s u l t s  i n  the  existence of a  minimum i n  t h e  
t o t a l  weight function. A t o t a l  weight reduction of up t o  9% has been demon- 
s t r a t e d  by se lec t ing  an optimal r ing  s t i f f n e s s .  The optimal r i n g  s t i f f n e s s  
was found t o  be considerably l a rge r  than t h e  one required f o r  o v e r a l l  s t a b i l i t y  
of t h e  s t i f f ened  s h e l l  according to Shanleyts criterion. 

Numerical experiments such a s  those described i n  t h i s  paper undoubtedly 
requi re  a  f a s t ,  r e l i a b l e  and convenient-to-use program t o  car ry  out repetitirve 
s t r u c t u r a l  analys is .  N A S M  turned out t o  be such a t o o l ,  with t h e  convenience 
of its input - output formats helpful. i n  assembling other  aux i l i a ry  programs 
around it. 



Computation times f o r  one passage through t h e  flow char t  ( ~ i ~ .  2 )  were : 

-NASTRAET ana lys i s  106 CPU sec . 825 PPU sec . 
-Hewlett-Packard "on t h e  machine time" 5 mino 

-Manual da ta  t r a n s f e r  10  min. 

-Turn around 1 day. 

The conclusion i s  t h a t  t h e  speed, r e l i a b i l i t y ,  and opera t ional  convenience 
offered by NASTRAN encourages i t s  incorporat ion as a "black box" i n t o  computer 
program systems crea ted  s p e c i f i c a l l y  f o r  a given purpose and t h a t  good 
p r a c t i c a l  r e s u l t s  may be achieved i n  very r e a l i s t i c  calendar time even without 
a "hands o f f "  i n t e r f a c e  between NASTRAN and i t s  companion programs. 

Another r e s u l t i n g  suggestion i s  t h a t  t h e  p o t e n t i a l  of such NASTRAN 
centered computer program systems would gain enormously had there been a way 
t o  f u l l y  i n t e g r a t e  NASTRAN with other  programs i n t o  a r e p e t i t i v e  loop. 

1. McNeal, R.  H. : The NASTRAN Theoret ical  Manual NASA SP-221. NASA, OTU,  
Sept . 1970, chapter 5.  

2. Shanley, R .  F. : Weight-Strength Analysis of  Ai rc ra f t  S t ructures .  
McGraw-Hill, N.Y. ,  1952, pp. 65-72. 

3. Fox, R .  L . :  Optimization Methods f o r  Engineering Design. Addison-Wesley 
Publ. Co., Reading, Mass., 1971, chapter 4. 
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STRUCTURAL ANALYSIS AND DESIGN OPTIMIZATION 

OF SPACECRAFT USING NASTRAN 

By Roy L. Courtney 

NASA Goddard Space Flight Center 

SUMMARY 

The practical application of NASTRAN in the structural analysis and design optimi- 
zation of spacecraft structures includes the statement of design objectives, definition of 
loading conditions, creation of NASTRAN models capable of meeting the design objec- 
tives, and evaluation of numerical results to achieve the final design. Two approaches 
to modeling spacecraft structures a r e  suggested. Specific examples of load definition, 
NASTRAN-modeling techniques, and methods of interpreting results a r e  drawn from the 
analy%es of several spacecraft under study and design at  Goddard Space Flight Center 
(GSFC). These examples show that NASTRAN can be of practical use in designing an  
optimum structure in the initial phase of a spacecraft program. 

INTRODUCTION 

Structural analysis and design optimization of spacecraft begins with conceptual 
layout drawings representing the configuration that best satisfies the systems require- 
ments as  defined by the members of the design team. The general arrangement of 
significant components and primary structure should be identified. Structural details 
such a s  material selection, cross -section design, and arrangement of secondary stmc- 
ture a re  the subjects for analysis and optimization. 

Early introduction of NASA's NASTRAN program into the design process provides 
a strong analytic basis for evaluation of options, knowledge of structural behavior, and 
implementation of specific design objectives. 



DESIGN OBJECTIVES 

A clear statement of the objectives for a specific design aids the structural analyst 
using NASTRAN in developing the best mathematical models of the problem to obtain the 
desired results. The degree of planning and of modeling detail is a function of the pur- 
pose for studying the structure. 

Design objectives can range from merely establishing the adequacy of an existing 
design to requiring that the current configuration be evolved to one having minimum 
weight, minimum deflections, and evenly distributed loading for all significant static 
and dynamic loads. 

Each objective suggests very different approaches. For example, the analyst may 
choose to demonstrate design adequacy of a spacecraft concept by verifying only certain 
critical structural members by hand calculations or  coarse-grid math models. 

Requiring an optimum spacecraft design suggests that the analyst must create both 
a family of math models of the entire structure to demonstrate efficient load paths, and 
a series of models of significant components to compare design alternatives, deflec- 
tions, stresses,  and loads. 

Associated with defining design objectives is establishment of acceptance criteria 
for evaluating analytic results of NASTRAN models, such as  acceptable stress levels of 
materials, maximum deflection limits for critical-alignment components, and the de- 
sired structural behavior under load. Application of appropriate acceptance criteria to 
analytic results guides the analyst to an acceptable design. 

DESIGN LOADS 

Design loads used in the initial evaluation of spacecraft concepts a re  defined by a 
combination of dynamic launch-environment loads including acceleration, vibration, 
and spin. To permit these loads to be applied statically to the primary structure of the 
spacecraft, its lowest resonant frequencies in both thrust and lateral directions a r e  
assumed initially to be at least a factor of two above those of the launch vehicle. This 
assumption is verified by frequency analysis of the NASTRAN model of the spacecraft. 
If spacecraft and launch-vehicle resonant frequencies coincide, several approaches a re  
available: 

(1) Modifications to the structure may be required to change the spacecraft reso- 
nance or  to withstand increased loads. 

(2) The math-model results justify a coupled dynamic analysis of spacecraft and 
launch vehicle, which may result in a notching of the vibration spectrum of the launch 
environment. 



Table 1 summarizes a set of static design loads that a r e  typical of a Delta launch ' 

vehicle with a spin-stabilized third stage. These worst-case loads a r e  based upon a 
2-sigma (2-0) range of measured-flight loads multiplied by a 1 .5  factor of safety for 
design. 

Increased symmetry in the environmental loads relaxes the requirement for com- 
plete NASTRAN modeling. The model must be adequate to react only to the most gen- 
eral load to be applied. For example, conditions 1 and 2 in Table 1 are  axially symnjet- 
r ic with respect to the thrust and an arbitrary lateral axis. 

Consider a spacecraft symmetric about its thrust axis during launch, a frequent 
configuration for spin-stabilized spacecraft; then, a NASTRAN model needs to include 
only half of the spacecraft divided by its plane of symmetry. Use of the proper bound- 
ary conditions at the cut plane simulates the symmetric reactions of the omitted half. 
The axial load of condition 3 in Table 1 could be applied to the NASTRAN model of the 
smallest segment of symmetric geometry, e. g., a one-eighth segment of a structure 
with eight symmetric compartments, 

Table 1-Typical design loads for the Delta launch vehicle. 

CREATING THE NASTRAN MODEL 

Approaches 

The major problem in using NASTRAN to solve structural problems is the creation 
of a math model that sufficiently represents the structure to obtain accurate results 
while reducing the size of the problem to run efficiently on general-purpose computers. 
Practical experience has shown that complex NASTRAN problems requiring large 
amounts of core and long time requests receive low priority on the computer, causing 
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long dead times in the analysis. All modeling techniques should be directed toward 
creating an individual problem to achieve the design objectives while running efficiently 
with minimum core and t ime requests on nondedicated machines. 

Two approaches used to answer specific design questions have been developed for  
structural analysis of spacecraft: (1) creation of a family of NASTRAN models of the 
entire spacecraft with components differing between problems in arrangement and prop- 
er t ies ,  and (2) development of NASTRAN models of individual structural components. 

In the former the scope and complexity of the problem require structural features 
to be coarsely modeled with few elements and interconnections. Gross effects of loads 
on the structure, such a s  load path and total deflection, a r e  compared for  successive 
concepts to ar r ive  at a final, evenly loaded configuration. Figure 1 shows as an exam- 
ple the half-spacecraft NASTRAN model of the Planetary Explorer spacecraft recom- 
mended in its Phase A study. * A GSFC document* * describes in detail the development 
of this concept -evaluation model. 

For  the second approach individual structural components can be modeled with 
adequate elements and connections yielding detailed values fo r  local s t r e s s  and deflec- 
tion, thus permitting evaluation of subtle structural changes in a single component. 
Loads can be defined by the spacecraft design loads o r  derived from the results of the 
coarse model of the entire spacecraft. Figure 2 shows the NASTRAN model of one- 
twelfth of the main platform for  the Planetary Explorer consisting of 243 CQUAD2 ele- 
ments.? This segment of the platform, represented by only two CQUAD2 elements in 
the half-spacecraft model (Figure I), was used to determine an arrangement of 
platform-support s t ru ts  to  minimize midspan deflection and to investigate the struc- 
tural impact of imbedding heat pipes in the core of the sandwich-material platform. 
Twelve platform-support s t ru ts  were recommended for  the entire platform. Addition 
of three circumferential heat pipes reduced deflection of the unsupported midspan by a 
factor of two compared to the platform without heat pipes. 

Modeling Techniques 

Coordinate Systems 

Convenient coordinate reference systems for  the spacecraft are generally estab- 
lished at i ts interface with the launch vehicle, where input loads a r e  defined and 

* 
Marcotte, Paul G. , dir.  : Planetary Explorer, Phase A Report and Universal Bus 
Description. NASA GSFC internal report,  May 1971. 

* * 
Hewitt , Dennis R . : Planetary Explorer Structural Concept Evaluation Model Using 
NASTRAN. NASA GSFC document X-762-71-181, April 1971. 

'NASTRAN mnemonic for  input cards and defined in Reference 1. 



resultants a r e  required. Definition of reference systems at interface; of components ' 

supplied by various contractors can simplify exchange of structural data and models. 
Additional coordinate axes can easily describe symmetric geometry, e. g. , use of a 
cylindrical coordinate system only to define the truncated conical section of a ipace- 
craft centerstructure. 

GRID-Point Patterns 
9 

\ 

GRID points (the connection points of structural elements) a re  arranged in pat- 
terns to suit the purpose of the model. Coarse spacing permits load-path analysis, 
whereas fine spacing accommodates modeling of structural details. Solution accuracy 
is directly related to the fineness of GRID arrangement. Regions of a structure for 
which detailed results a r e  desired may be finely modeled, and regions of less interest 
more coarsely represented. 

The pattern of GRID points for surfaces modeled by plate elements should strive 
for square quadrilaterals and equilateral triangles. The ratio of height to base should 
never exceed 3:1, because basic assumptions used to develop these elements a re  vio- 
lated at higher ratios. 

By preassigning different blocks of numbers for GRID -point identification to each 
component of a spacecraft, the unmodified bulk-data decks of individual problems can 
be merged to create a model of the entire structure, thus averting much of the tedious 
job of developing the bulk-data deck. 

Proper sequencing of GRID -point identification numbers by initial assignment or  
resequencing with the SEQGP card minimizes computer storage and time requirements, 
The decomposition of the coupled structural stiffness matrix, described in Reference 2 ,  
is simplified by reducing the bandwidth of coupled degrees of freedom and eliminating 
o r  greatly reducing the number of off-diagonal terms. In the NASTRAN model the 
analyst strives to minimize the following: 

(1) The number of GRID points, each having six degrees of freedom, between suc- 
cessive sets of similar geometry. 

(2) The incidence of connections between sets of similar geometry to a common 
GRID point. 

A typical scheme for GRID-point sequencing of a similar set of structural geometry 
(Figure 3) begins with GRID-point numbers at the top of the structure, continues down- 
ward through significant connections of structural members, and ends at the point of 
connection between adjacent sets of similar geometry. The initial bandwidth for this 
model is  the number of degrees of freedom per GRID point multiplied by the number of 
GRID points in a set of similar geometry plus one, i. e . ,  6 x (18 t- 1) = 114. This 
grid pattern repeated at 13 stations at 15-degree intervals about the centerline forms 



the half-spacecraft model shown in Figure 1. The connection between GRID points 10 
and 500 represents the off-diagonal term that is treated a s  an active column in the 
decomposition of the coupled-structure stiffness matrix. 

Element Selection 

The structural analyst decides upon the desired behavior of each component and 
selects the appropriate NASTRAN finite element to implement that design. If a long and 
slender structural member transmits only torsion, tension, and compression, the 
CTUBE element should be chosen rather than the more general CBAR element, which 
includes bending. 

T.he following points have been very useful in the practical modeling of spacecraft: 

(1) Triangular plate elements provide the required transition between regions 
coarsely and finely modeled by quadrilateral elements, 

(2) Lumped-mass elements (CMASS) conveniently represent undefined or  ill- 
defined components for which weight and mass properties a r e  assumed o r  known. 

(3) Multipoint constraint (MPC) equations should be used to connect certain concen- 
trated mass elements to the rest  of the structure; however, these a re  complex and 
tedious to implement. A practical alternative is to provide the desired connection by 
fictitious CBAR elements with properties of high stiffness relative to the rest  of the 
structure, and no mass. A rigid connection is  provided without adding weighted ele- 
ments to the structure. This technique was used to connect the solid propellant motor 
to the center structure for the Planetary Explorer model, GRID points 500 and 10, re- 
spectively (Figure 3). 

(4) Use of NASTRAN utility programs described elsewhere* to generate coordinate, 
geometry, connection, and property cards for certain restricted geometrical shapes 
greatly reduces the tedious job of bulk-data encoding. 

P r o ~ e r t v  and Material Definition 

Property and material characteristics must be defined consistently with mass 
units, o r  with weight units used with the appropriate value for the parameter WTMASS 
defined on the PARAM card. 

* 
Cook, William L. : Automated Input Data Preparation for NASTRAN. NASA GSFC 
document X-321-69-237, April 1969. 



Boundary Conditions and Single-Point Constraints (SPC) a 

When spacecraft symmetry permits the modeling of a segment of the entire struc- 
ture, care must be exercised to constrain to zero the appropriate degrees of freedom 
along the cut plane to represent balanced reaction by adjacent segments for loads actin'g 
parallel with the cut plane, Figure 4 shows that degrees of freedom 2,  4, and 6 in a 
cylindrical coordinate system are  balanced and therefore set equal to zero for GRID 
points along the cut plane of the hemicylinder. 

I 

A major source of NASTRAN-job failures for a new model is GRID-point singulari- 
ties arising from unconnected degrees of freedom. ~ e g r e e s  of freedom connected to 
elements for which no stiffness exist a re  conveniently set equal to zero by SPC cards, 
e. g. , rotation in the plane of a plate element is not permitted. 

EVALUATING THE NASTRAN RESULTS 

Numerical Results 

Several approaches can be taken in evaluating the numeric results of a successful 
NASTRAN job. For the math model of the entire spacecraft that has been modeled 
relatively coarsely, specific results should be compared between several NASTRAN 
models representing structural alternatives to discern trends and effects caused by the 
modification in structure. The significant observation is the change in value of a 
particular parameter between configurations, not its absolute value, since its source 
is a relatively coarse model. 

In the numeric results of a fine-grid math model of a structural component, pri- 
mary emphasis is placed upon the absolute value of a parameter, e. g. , stress and 
deflection. The criteria of acceptance defined by the analyst is applied directly to the 
numeric results to determine the value of the analyzed design. The designer verifies 
that the spacecraft-design criteria have been met, e.g. , stress or deflection limits 
have not been exceeded while ensuring that the member is  contributing efficiently to 
an overall lightweight design. 

One problem the structural analyst has is the volume of numeric results computed 
by NASTRAN . Additional evaluation techniques a re  required to communicate NASTRAN 
results to other members of the spacecraft-design team for decision upon the final 
recommended configuration. 



NASTRAN Graphics 
i 

Structure and xy-plotting generated by NASTRAN are  extremely useful aids in 
interpreting analytic results. Principal uses of structure plotting in spacecraft design 
include- + 

(1) Identifying modeling e r rors  of geometry definition, element connection, 
boundary specification, and omission of elements, as shown in Figure 5 for a space- 
craft configuration. 

(2) Visualizing relative displacements of complex models under combined loads. 

NASTRAN structure plotting capability used alone and in conjunction with a shadow- 
ing computer program, reported in Reference 3,  provides a valuable tool in several 
nonstructural analyses required in spacecraft design. The desired spacecraft configu- 
ration is modeled only by geometry definition and PLOTEL elements, which merely 
connect two points graphically when plotted. Varying the projection angles of the model 
creates a series of plots that a re  analyzed to optimize the configuration. Thermal, 
power, and attitude control systems a r e  aided, respectively, through depicting shadow- 
ing of one component by another, projected solar-array area,  and center of pressure. 
Alternate configurations a re  compared by modifying geometric definition of the space- 
craft model. A NASTRAN model (Figure 6 )  consisting of only PLOTEL elements was 
used to evaluate solar-array configurations for the Small Applications Technology 
Satellite study. 

User Graphics 

Occasionally the user must create special graphic displays to augment those of 
NASTRAN for comparison of numeric results and communication with other members 
of the spacecraft-design group. A sketch (Figure 7) of the structural configuration 
with loading, deflection, and forces for one of many configurations studied provided a 
concise basis for evolving an optimum configuration for the Planetary Explorer study. 

RECOMMENDATIONS 

To aid the analyst, the following additions to the capabilities of NASTRAN are  
recommended for implementat ion: 

(1) Provision for automated multipoint-constraint (MPC) equations calculated from 
the initial configuration of specif fed degrees of freedom. 

(2) An option for a diagnostic computer run  of'the complete structural problem 
without execution of time-consuming mathematics. 



CONCLUDING REMARKS 4 

Typical conclusions from NASTRAN analysis of spacecraft structures include the 
following: 

(1) A recommended structural arrangement for optimal loading and efficient ', 

structural components evolved tbrough concept-evaluation models of the entire space- 
craft. 

(2) Specific values of engineering-design parameters (e. g. , s t ress  and deflection) 
for selected structures determined through models of individual components. 

NASTRAN has been an important practical tool in the structural design and analysis 
of spacecraft during the initial phase of certain spacecraft programs at GSFC. To en- 
sure efficient design of spacecraft structures, the use of NASTRAN on current and 
future NASA programs should be encouraged and required. 
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Figure 1.-NASTRAN model of one- 
half of the Planetary Explorer space- 
craft. 

Figure 2.-NASTRAN model of one-twelfth of the platform for the 
Planetary Explorer spacecraft. 



Figure 3.-Typical sequencing of GR l D points for NASTRAN modeling of spacecraft 
structures. 
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Figure 4.-Balanced degrees of freedom for GRID points on 
the cut plane of a NASTRAN model. 



Figure 5.-Identification of modeling errors through 
the NASTRAN structural plots. 

Figure 6.-NASTRAN structural plot used for configuration analyses of the Small Applications Technology 
Satellite. 



Figure 7.-User-generated graphics for analysis of 
NASTRAN results. 



THE USE O F  NASTMN IN THE ANALYSIS 

OF LARGE COMPLEX MRFRAME STRUCTURES -- 

MODELING TECHNIQUES AND ORGANIZATION 

By Ge rnot W. Haggenmacher, Lockheed California Company 

CONTENTS 

1. ANALYSIS, PURPOSE,ANDSTRUCTURALMODEL 
DESCRIPTION 

2. DATA ORGANIZATION 

3. SELECTED STRUCTURAL PROBLEMS 

4. OBSERVATIONS ON THE ,USE OF NASTRAN FOR U R G E  
AIRCRAFT STRUCTURES 

This report presents a brief evaluation of the NASTRAN system 
based predominantly on a large airframe analysis performed for NASA 
AMES. In addition to this analysis NASTRAN has been used in the past 
two years for a variety of airframe structure analyses in support of 
projects. 

The NASTRAN system has been found to be very versatile, fairly 
easy to use when following the rigid format, with many outstanding 
features. 
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Within the scope and purpose of this paper, it is hardly avoidable 
that the discussion can only point out selected features which were particu- 
larly helpful. Apart from this it is felt that an emphasis on problems, 
difficulties and er rors  encountered in this work will be more helpful in 
the further development of the system. 

These applications were made in a production environment which 
includes the use of unskilled help a s  well as skilled personnel with no finite 
element experience. The effort was directed by a small staff with m o r e  
than ten years background in the field, which include the SST, L1011, 
and S3A operations and the use of other program systems. This forms 
the background on which this use of the system was measured. 

Partly NASTRAN fulfilled and improved on many of our advanced 
requirements; in other parts it does not have capabilities which we were 
used to; thirdly, and naturally, it still falls short of our pipe dreams. 

1. ANALYSIS, PURPOSE, AND STRUCTURAL MODEL DESCRZPTION 

The Y F 1 2  structural model analysis which is  the main source for 
this Paper was performed under contract to NASA AMES, with three 
purposes in mind: 

a) The principal purpose of the work was to provide a detailed 
structural model for internal load-stress analysis, as well as 
for dynamic (model) analysis, to support an extensive test 
and flight test program. 

b) A second purpose i s  to use this analysis for an evaluation of the 
practical aspects of using NASTRAN for a large and complex 
'airframe analysis, and of the problems which may ar ise  from 
using the same detailed model for dynamic analysis. (Modal 
and flutter analysis. ) 

c) A third purpose was to make such modifications to NASTRAN as  
would either be necessary to accomplish the purpose or  add 
considerably to the efficiency of the analysis. This aspect is 
discussed in a separate presentation. 



The analysis model was developed in close cooperation between 
NASA AMES and the Lockheed California Company. It was deliberately 
designed to be somewhat more elaborate than what might be considered 
adequate for this type of aircraft. to more properly serve the purpose: 
Indeed the complexity of the model was doubtless very instrumental in 
pointing out certain strong and weak points of the NASTRAN system. 

The statistics of the model and a general view of the airplane i t  
I 

I 

represents a r e  shown in figure 1. The model may be considered rather 
elaborate for this type of craft and constructio.n. The number of free- 
doms and elements used for the analysis of modern airliners may 
however easily exceed those of the present model. 

A top view of the total airplane model is shown in figure 2. It i s  a 
symmetrical half- structure, with proper boundary constraints for sym- 
metrical and anti-symmetrical conditions a t  the symmetry plane. The 
detail includes a l l  wing beams, wing ribs, nacelle frames and major 
fuselage frames. Secondary fuselage frames (2 for each main frame) 
are omitted. Additional chordwise wing caps, without ribs, a re  used 
to represent chordwise stiffness of the wing surface structure. 
Elements used a re  exclusively: 

ROD - elements for longerons, beam caps and chordwise 
surface caps 

SHEAR - panels for ski.n and bulkhead shear 

BAR - elements for frames and selected longerons 

On the fuselage and nacelle a l l  principal longerons are represented 
by Rod elements. To adequately define the circumterential contour of 
the shell, additional points with longitudinally connecting rods and sur- 
face Shear panels a r e  used. These secondary rods represent only a 
nominal 'axial atiffne s s of the fuselage and nacelle skin to adequately 
subdivide the shell shear panels. 

The fuselage frames do not coincide with the wing-beams: note the 
exception of the two beams bounding the main gear well. 

The wing-beam nacelle-frame joint fittings a re  modeled very 
closely aa trusses, the remainder of the nacelle frame i s  modeled by 
bar elements with offsets to represent the rather deep frames. The 
transition from the truss to the BAR1s i s  made by MPC equations. 



A very large number of M P C  equations were used for a variety of 
problems; more of this later. Membrane elements were not used for two 
main reasons. 

a) The wing surface of the aircraft is designed for chordwise and 
shear- stiffness, very low spanwise stiffness and approximately 
zero Poisson's ratio. 

b) Triangular and quadrilateral constant strain membrane panels a re  
not sufficiently accurate in a widely spaced, non-square mesh 
a r  rangernent. 

Figure 3 shows a complete wing-beam nacelle-f rame model assembly 
as plotted by NASTRAN. Detailed plots of this nature were used extensively 
with great success for checkout. Overall plots of everything a re  very 
impressive but of limited practical use. Model beams consist of an inner 
pair of RODS for main caps, and an outer pair presenting the (rather low) 
spanwise skin effectiveness. P lo t s  of the outer wing and the aft f'uselage 
are shown. in figures 4 and 5.  

DATA ORGANIZATION 

For an analysis project of this size, and with a large number of people 
involved in the data preparation phase, a tight organization of data prepa- 
, ration and checking i s  a key to success. 

To achieve this an elaborate data numbering system was set up ab initio 
which proved a great help in organization, checking and cross referencing 
of the data. The NASTRAN B U I ~  DATA ID system made it possible to 
completely integrate the NASTRAN identification into this reference system. 

A number of standard tabular forms were established for GND- PS, 
SPC, MPC, and CBAR inertias and pin flags, to aid in the organization, 
bookkeeping, cross referencing and data checking. For a large structuresuch 
as this, the property identification must be identical to the connection 
identification. Approximately 1 5 different mate rials were used, and 6 
coordinate systems for different parts of the aircraft. 

All data identification numbers include a key which identifies the 
structural part and the model-fuselage station where i t  belongs. That 
same key i s  used for model drawing numbers and paragraph and page 
number for all back-up data and calculations. 



3. DISCUSSION OF SELECTED STRUCTUUL PROBLEMS 

This secflon discusses the representation of some particular " 

structural problems using NASTRA program features, other than the 
more o r  less routine use of structural elements. 

3.1 MULTIPOINT CONSTRAINTS 

The NASTRAN Multipoint Constraint Equation (MPC) is a very versatile 
and necessary tool. The equation 

relates the dependent nodal displacement 
to the independent displacements (ui) 

(.dl 
Such relations are needed in many places to express "rigid  connection^'^. 

Usually it is most convenient to  visualize the relation directly in 
terms of displacements (equation 3.1 -1). 

There are situations where determination of [cd] and [ci] in terms 
of nodal displacements runs into difficulties. Another relation than 3. 1 - 1 
may be helpful. 

Let  

then 

Corresponding to the transformation of displacements (equation - 1 o r  
3 ,  the transformation of the applied nodal forces i s  performed according 
to the following equation: 

In many cases the matrix [cIT in equation (3.1-4) is easy to form on 
the basis of equilibrium considerations, replacing the load applied in a 
dependent freedom, {Pd} , by a set of loads tPid) in the independent 
freedoms, which are in  equilibrium. 



The matrix [C] established by equation (3.1-5) i s  then used to write 
the NASTMN MPC equation as in equation (3.1- 3). 

An example of the latter type is the relation of the displacement of 
the engine CG, a s  dependent freedoms, to the displacement of the con- 
nectionnodes. The relation (3.1-5) i s  easy to form in terms of reaction 
a t  the engine mounts due to unit loads (and moments) a t  the engine CG. 
See figure 6. 

3 . 2  ACTUATOR SETS 

Another practical example of the use of M.PC equations are sets of 
actuators. A set of actuators for one control surface, operating on a 
central pressure source p cannot be represented by independent ROD 
elements. The Y F  model contains three actuators for the inboard elevon, 
six for the outboard. (See figure 7. ) 

All actuator forces of a system of n actuators are linearly dependent 
upon a single variable, the basic pressure p ; they a r e  rare ly  exactly 
parallel. 

The actuator forces are :  

where [A~) a r e  the piston a reas  

i s  the system pressure  

The forces acting on the structural points j from the actuator system 
(FjA) a r e  related to the actuator forces by the transformation 

matrix [E*-] (c, n) 
J1 



The actuator nodal forces a re  therefore 

Corresponding to the single pressure variable p (lb /in2) 
a displacement variable Up (in3) is defined which represents the com- 
plete system (volumetric) displacement resulting f rom hydraulic fluid 
compressibility and all hardware deflection as a function of the pres-  
sure. The systems deflection is 

where 

u p = ( D ~  +LA?. lR + D,) x p = DpXp 
mn n 

% The change in fluid volume for unit pressure 

Dc Container flexibility for unit pressure 

2 1Ri 
(Ai ERi ) Actuator hardware flexibility related to the 

pressure 

ARi Piston rod a rea  of the actuator 

Ai Actuator piston a rea  on which the pressure works. 



The systems spring constant is 
I 

then equation (2) 

i s  the force transformation, giving the actuator end forces {F~A) in te rms 
- - 

of Pressure P and hence 

is the displacement transfoxmation or 

Equation -8 corresponds to a multipoint constraint condition of 
standard MPC format, relating the displacement freedom (up, of the 
actuator pressure system to the displacement \ui\ a t  the actuator 
end-point, a t  the control surface and the wing trailing edge. 

The procedure requires the following NASTRAN data for a com- 
plete actuator system. 

1. A scalar point (SPOINT) S 

( 2. A scalar element (CELAS4) from the SPOINT to ground, 
spring constant (equation 3.2-4)  reflecting the com- 
plete systems volumetric displacement. The force read- 
out is the pressure  p. 

3.  One MPC equation relating the dependent displacement of the 
SPOINT to the independent displacements of a l l  actuator 
endpoints (equation 3 . 2 - 8 ) .  The matrix  can easily 
be obtained from the considerations of equations 3.2-2 
and -6. 



TWIST PANELS 

A few twist-panels were needed to represent torsion boxes. In 
the present case, as well a s  to represent torsion boxes in a CBAR 
gridwork, the NASTRAN CTWIST i s  not applicable, since it is 
expressed in terms of moment vectors at the corners. What is needed 
is a torsion element leading to nodal forces as shown in figure 8. 

This was accomplished (for two elements required only) by the 
same principle as shown in 3.2, expressing by equation 3.2-2 the 
nodal forces due to the torsion moment, and the scalar element to 
represent the torsional stiffness. 



4. OBSERVATIONS ON THE USE O F  NASTRAN FOR U R G E  AIR- 
CRAFT STXUCTURES 

The preparation of the YF12 model and data have led to a number 
of observations which a r e  crit ical of the system in i t s  present form. 
Some of them appear to be serious necessities for  the large scale air-  
craft  use and demand solution more urgently than others which can be 
classified more a s  luxuries. Their present status costs manpower and 
delays; weighing them must  determine the urgency with which we a r e  
to attack the solution of these problems. And while for many of these 
problems the theoretical solutions a r e  available to us ,  i t  would go far 
beyond the scope of this report to enter into their discussion. 

. The observations a r e  based on large aircraft  analysis, such a s  
the one shown, as well a s  on a p ro jec t  environment and a large 
number of participants (non-expert). (see fig.  1. ) 

. Most of the cri t icisms involve inconsistencies, inconveniences, 
cost in manpower; few a r e  lack of capabilities. 

. Criticism does not necessarily imply that the NASTRAN pro- 
grammer disregarded certain requirements or  misjudged 
necessities, but rather that within the framework and budgeting 
of the NASTRAN release a certain level has been achieved 
which leaves room for  many significant improvements ahd 
"conveniencesn. Even at the present time some may already 
be worked on by NASA or  the maintenance contractor, some 
a r e  worked on a t  our company. 

4.1 ELEMXNTS 

A detailed critique of the NASTRAN element library i s  not within 
the scope and purpose of this presentation. We would however like to 
make the following general comment concerning the element library 
system. 

The wider the intended and actual user  community of NASTRAN, 
the more difficult, i f  not impossible, will i t  be for NASA to keep abreast 
with all product requirements for  finite elements. Also, as a central 
issuing agency NASA will likely be very deliberate before officially 
introducing new elements. Fo r  the individual use r  the capability to 
react  with special elements to a given situation can acquire an urgency 
entirely different than NASA1 s or  may have special element require- 
ments of limited use for others. 



In the opinion of the author it i s  urgent to review the NASTRAN 
element handling system with the goal to drastically simplify exchange 
o r  addition of new element types, not only for  the purpose of element 
checkout, but for productive use. Suggestions are d 

. A standard NASA issued element library similar to the present. 

. Exchangeable l ibrary packages for specialized users.  

. Users element package, with al l  elements controlled by the 
us e r without NASA approval. 

All elements should be usable together, where technically feasible. 

4 , 2  CHECKING FEXTURES 

The N A S T U N  input data diagnostic i s  in most aspects very 
satisfactory. 

Some rather time- consuming problems were discovered: 

1. Multipoint constraint equations. The diagnostic does not dis- 
cover if a degree of freedom i s  used twice in the same equation, 
o r  the same D. 0. F. is  dependent in twoMPC equations. The 
equation apparently is written incorrectly and the problem 
terminates during MPC equation reduction, without specific 
indications. 

2. A major problem ar ises  from the gridpoint singularity checking 
procedure. It i s  unfortunately quite inadequate, misleading, 
and thus requires a high degree of experience to be evaluated 
because i t  often gives an entirely wrong message. 

a) The check does not take into account stabilization by MPC 
equation. 

b) Only single point singularities (instabilities) , relative to 
all other points being fixed, can be discovered, but not 
muktilinkage instabilitie s. 

c )  It frequently gives a singularity message for freedoms 
which a r e  elastically perfectly stable. 



3 .  Singularityof the complete K ma t r i x i s  onlydiscoveredand , 

located, if the singularity resulted in an absolute "zerolI of 
the pivot element. It should be possible to store the values of 
the pivot elements in  the process of reduction, and calculate 
the values 

Where  

{KP) i s  a column vector of a l l  pivot values coming up 
during reduction. 

{KD) i s  a column vector of a l l  values on the diagonal of 
the unreduced K Matrix 

an element by element division of the values in (KP] 
by the values in ~ K D )  . 

The values in {s) will provide valuable information 
on details of the "behaviour" of the K Matrix, and 
on the location of singularities which result in very 
small pivot values . 

4. The use of the NASTRAN Plot package for systematic pictorials 
of parts  of the structure is a very valuable aid in checking the 
correct  shape and element connections of the model structure. 
The only drawback i s  the inability to provide titles identifying 
each plot. 

5 .  The BALANCE O F  EXTERNAL LOADS 

The correct balance of an external load condition applied by 
means of the various NASTRAN BULK DATA cannot pres- 
ently be checked through the program except at the end of a run 
from the values in the static supports. It  should be made 
possible to check the s u m  of a l l  load components, and the 
resultant location, using the BULK INPUT for LOADS and 
GRIDPOINT COORDINATES only, before investing in a com- 
plete solution. 



4 . 3  BULK DATA USE 

4.3.1 The philosophy of the NASTRAN data set appears to be that ' 
aPf load and constraint information needed to analyze the struc- 
tural  model under a great variety of loading, constraint, and 
thermal environment, i s  provided for on BULK DATA cards 
with prope r SET identification. 

The rigid format, EXEC & CASE control cards then provide 
the means of specifying the load and constraint condition for  
which provisions were made in the BULK data. These features 
avoid a considerable amount of error-prone data card shuffling. 

.? 

4.3.2 An unfortunate exception to this principle is the SUPORT card, 
which i s  used to define fictitious supports, needed for 
static analysis with inertia relief. Only one card i s  provided 
for  in  the BULK data: it has no identification and cannot be 
called for in CASE control. 

Therefore, i t  i s  not possible to make an inertia relief analysis 
for  different constraint conditions, such as symmetric and anti- 
symmetric, from the same BULK deck (and thus from the same 
UMJ? tape) because it is necessary to exchange the SUPORT 
card to replace fictitious supports for a symmetric freebody 
by those for an anti-symmetric freebody. 

4 . 3 . 3  FOP large number of load conditions as occur frequently for 
project airframe analysis, the present CASE control system 
and s t ress  recovery and output system practically excludes the 
use of NASTRAN for the production analysis of the mass  of flight 
maneuver, gust and ground conditions involved in a complex 
aircraft  system. 

a) It i s  presently not possible to analyze more  than 20 con- 
ditions in one run. 

b) A SUBCASE definition in CASE control is required for each 
non-zero load column in the load matrix {P) 

c) Output space i s  wasted in cases of displacement vectors 
(loads) zero, which causes a full set  of output of zero's. 



These i tems a r e  important under production environment of com- 
I 

puter-mechanized design load formulation. 

It should become an  operational option that without any individual 
CASE control the displacement vector and s t r e s s  output i s  produced 
for every non-zero colurnn (and only for those) of an input load matrix.  

4. 3 .4  The unique NASTRAN BULK DATA identification system 
permits  the data ID numbering to be well integrated into an  
a l l  encornpas sing identification sys tern of model drawings, 
worksheets, backup data and cross  references, 

The possibility to group the input data into Subject-logical 
blocks i s  disturbed by the alphabetic order  of the sorted 
l 'Echoll, whereas the f i r s t  le t ters  of the card-code have not 
been used to group related data. 

COORD system cards  amidst the CONNECTION cards,  Scalar 
Points not with GRID points, BAROR- card not with CBARt s 
etc. This renders  checking the "Sorted Echo" somewhat 
awkward. 

4.4 MULTIPLE COORDINATE SYSTEMS 

4.4. 1 The capability of inputing gridpoint coordinates in  a multitude 
of different coordinate systems proved to be a great advantage 
for  gridpoint coordinate input on the complex structure of the 
YF12, making it possible to use directly drawing rneasure- 
ments. The fuselage is in the basic system, the wing i s  
rotated about the y axis,  the elevons a r e  measured relative to 
the hinge lines, the nacelle relative to the engine CL, the 
rudder relative to i t s  middle plane, rotated about the engine CL- 
A total of seven coordinate systems were used for  input, 
avoiding a t  that level a lot of work and e r r o r s .  

. Analogous however, any MPC, SPC, CBAR-OFFSET 
would be most  easily established, and input in  the system 
used for  the coordinates. Unfortunately NASTRAN requires 
input for, above i tems in the global system which i s  chosen 
for  deflection output requirements, usually one standard 
coordinating system fo r  the whole airplane. 



This requires  large amount of manual transformation for  MPC 
and OFFSET data, which a r e  prone to e r r o r s .  SPC, by its 
nature,  i s  logically applied in the global system if nodal dis- , 
placements a r e  specified. 

F o r  the large number of MPC and CBAR OFFSETS used in  the 
present  analysis,  these proved to be the single largest  headache 
in data preparation, e r r o r s  and checking. 

An MPC generator of considerable flexibility will consider- 
ably reduce work and e r r o r s .  

. Bending element off set ,  the majority would mos t  conveniently 
and logically be specified in the local element system (particu- 
la r ly  fo r  shell  f r ames  and rings). An additional optional CBAR 
element formula would be helpful. 

. In connection with the remarks  above, experience has  shown 
that the single precision for  the coordinate transformations is 
on the IBM 360 system only marginally satisfactory. F o r  
coordinates of the o rde r  of 2540 cm (1000 in. ) or more  (Fuselage 
Stations), s ix  digit accuracy resul ts  i n  some SPC and MPC 
leakage which is detrimental to checking reliability. 

4 . 5  TEMPERATURE 

Specification of temperature a t  nodal points i s  "wrong" input 
f r o m  two points of view: 

a) Temperature i s  in the mater ia l  and thus i n  the element, 
not a t  the node, It is difficult to get real is t ic  input on a 
model under these circumstances. 

b) In thermal-finite element analyses the necessary input i s  
directly produced f rom element data (not nodal data). 



4. 6 ALTERS AND DMAP . 

The NASTRAN rigid formats a r e  great convenience for a 
large number of routine work, so is the ALTER capability to inter- 
rupt and reenter a rigid format string, a well designed feature, which 
i s  an absolute necessity for.any.of the more complex operations. The 
DMAP Modules and D M  ~ a t r i x  input can be used for operation 
sequence inserted into a figid format in this fashion. The DMAP 
system has however somk major drawbacks: 

1. The modules available for matrix operations and particularly 
manipulatious a r e  rather limited. 

2. The format of DMAP instructions i s  rather cumbersome 
compared to other matrix algebra instructions. 

. . 

3. The direct matrix input card format, although quite general,  
uses a large number of cards, and i s  quite inconvenient for 
sparse matrices. 

CONCLUSION 

The analysis of the Y F 1 2  structure and the corresponding 
evaluation of NASTRAN has been the result of very satisfying team- 
work, and a stimulating cooperation with the NASA AMES and 
EDWARDS personnel involved with the contract. 

It was quite impossible within this report to touch on al l  
interesting experiences with the analysis system. The critical part  
of this review i s  intended as  a constructive contribution by a team 
which i s  concerned with an intensive persuit of the further develop- 
ment of the NASTRAN system a s  a practical tool for large scale 
aircraft  analyses, 
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NASTRAN DOCUMENTATION FROM AN HISTORICAL VIEWPOINT 

By Frank J.  Douglas 

Computer Sciences Corporation 

SUMMARY 

This paper traces the background of NASTRAN documentation (i.e., the steps that preceded 
the big push at final documentation) and analyzes the management and technical approaches to the 
documentation process. The management approach to NASTRAN documentation is reviewed to 
consider how the whole effort might be improved if we were doing it again; and the technical 
approach is discussed with emphasis on specifications and standards. Some lessons learned from the 
documentation experience and the difficulty of putting these lessons into practice are then described. 
The maintenance of NASTRAN documentation is reviewed with respect to the two updates already 
made, and we conclude that because of proper planning the maintenance of NASTRAN 
documentation is off to a solid start. The paper ends with some thoughts on automated aids to  
documentation and some suggestions for the future. The Appendix provides a list of the style and 
format specifications used in NASTRAN documentation. 

BACKGROUND 

In a seminar on automated documentation at Goddard Space Flight Center (GSFC), organized 
by Mr. Darrin Gridley about a year ago, it was remarked that software documentation can be 
generally divided into two types. In Type 1 documentation, top level specifications are developed 
which describe in detail what the program is going to do (requirements analysis) and approval is 
obtained from the powers-that-be that this is the desired approach. The design is then broken up into 
successively smaller segments, until the parts of the design are small enough that they can be assigned 
for coding. A document describing the design is generated before any code is written. In such a 
situation, the program documentation is almost automatically generated prior to the writing of the 
program itself. 

Type 2 documentation, on the other hand, arises when a computer programmer looks at a 
problem, considers what the program is supposed to accomplish, writes the program, checks it out, 
and satisfies himself that the program does substantially what it is supposed to do. At that point, he 
customarily turns his back and starts to walk away, whereupon his supervisor shouts, "Stop, wait a 
moment; you haven't finished yet--you haven't documented!" "Oh, that's right," he says, and 
proceeds to pull together such notes as he can lay his hands on, supplement them with a couple of 
general writeups to cover the more glaring omissions that he may note in the resulting sheaf of 
papers, and then toss them all onto his boss's desk with the air of one who has shown remarkable 



patience to do such a job at all and should not be pushed too far. Noting this, his supervisor usually 
I 

doesn't complain too much. For one thing, he hasn't looked the document over carefully enough to 
criticize it (even if he has the qualifications to  judge). For another, he has already assigned the 
programmer to another crash program; and anyway, in many cases, the programmer has already left 
to  join another organization. In today's depressed programmer market, especially in the aerospace 
industry, the prima donna attitude of the Type 2 documenter and that "another organization" are 
becoming things of the past- -but slowly, very slowly. 

The NASTRAN documentation effort can be pointed out as an example of substantially 
Type 1 documentation. Its beginnings were especially solid. 

In January 1966, Computer Sciences Corporation (CSC) was awarded a contract for the 
program definition stage of what was then called the General Purpose Structural Analysis (GPSA) 
Program. This definition stage consisted of the development of program requirements by NASA and 
the generation of preliminary program designs by two teams of contractors, one of which was headed 
by CSC. The preliminary designs, documented in the form of Technical Evaluation Reports, were 
completed in April 1966. 

In June 1966, GSFC awarded the development contract, NASS-10049, to the team headed by 
CSC, with the MacNeal-Schwendler Corporation the principal subcontractor. A document-as-you-go 
(Type 1) policy was initiated, with two main document types- -the Mathematical Specification (MS) 
and the Functional Module Mathematical Specification (FMMS). In an MS, the analyst lays the 
groundwork and then derives, in mathematical or logical terms, the necessary raw material that will 
eventually find its way into the programming system. In an FMMS, the raw material of an MS is 
developed to the "medium rare" point, so that a programmer can use it as a design and coding 
specification. u 

In general, the writer of an MS was not required to  be knowledgeable about the software 
architecture. The FMMS writer, on the other hand, had to understand the analysis as well as its 
implementation in the system. The FMMS contained a definition of the inputs to the module (or 
algorithm if the specification spanned less than a module) and of the outputs, as well as a detailed 
discussion of the method, equations, logic, and restrictions. 

MS's were eventually used in large part as the raw data for the Theoretical Manual (TM); and 
FMMS's were heavily used as the raw data for the Programmer's Manual (PM). The data for the User's 
Manual (UM) was gathered from various sources, including the static training course manuals, Input 
Data Card Format documents, Output File Specifications documents, and Program and Data Flow 
documents. 

In addition to the MS's and the other allied design documents, a variety of other materials were 
used in development of the manuals. In addition to  the source code, these were: 

The rigid formats, evolved over the period of contractual performance, which described 
all data blocks and the modules from which they were output. They provided data for 
Section 2 of the PM and, of course, constitute much of Section 3 of the UM. 



a The descriptions of utility routines such as GIN0 and the packing routines. The& 
became the basis for the subroutine descriptions that make up Section 3 of the PM. 

1 

a A glossary of terms which was maintained on IBM cads  as the project developed and 
which formed the basis of the NASTRAN Dictionary in Section 7 of the UM. 

MANAGEMENT AND TECHNICAL APPROACH i 

Management Approach 

In the fall of 1968, a schedule of incremental deliveries, on a section-by-section basis, was 
established for both the Preliminary Version and the Final Version of the three NASTRAN manuals. 
At this time, I was appointed NASTRAN Documentation Manager, in which capacity I was 
responsible for the quality and timely delivery of all three manuals. Additionally I was appointed 
Editor of the Programmer's Manual. Dr. Richard H. MacNeaI and Professor C. W. McComick of 
MacNeal-Schwendler Corporation were appointed Editors of the Theoretical Manual and User's 
Manual, respectively. Figure 1 shows the organization of the documentation effort. 

The writers for the three manuals (the programmers and analysts who had designed and 
developed the system) spanned the three corporations in the NASTRAN consortium at that 
time: Computer Sciences Corporation, the MacNeal-Schwendler Corporation, and Bell Aerospace 
Company. This was matrix organization at its wildest and wooliest- -editors were screaming at editors, 
editors at writers, and writers at editors. Yes, Virginia, matrix organization implies teamwork through 
conflict (Reference 1 ). 

Because of the very tight schedules imposed on the documentation staff, we sometimes went 
without such luxuries as typed drafts. Our biggest problem was Type 2 documentation symptom 
number I- -we started too late. We began so late, in fact, that, in order to have a chance at making the 
delivery schedules, we decided to eliminate the normal cycle through the technical publications 
organization and handle those functions ourselves, to the extent we could, in parallel with the actual 
writing of the manuals. The TM and the UM would be done at the MacNeal-Schwendler facility in 
Pasadena; the PM would be done at CSC's facility in El Segundo, thirty miles away. 

Because of my two-hat role as Documentation Manager and Editor of the Programmer's 
Manual, as well as the very tight schedule, one role had to dominate; and the Editor of the 
Programmer's Manual won out. One might think that this would have caused many incompatibilities 
among the manuals. These incompatibilities, however, were kept to a minimum for two reasons: the 
unifying internal design document, MS-47, (Reference 2 )- -see Technical Approach; and the 
unflinching dedication to NASTRAN documentation excellence on the part of Tom Butler, GSFC's 
NASTRAN Project Manager, and his staff. On the whole, therefore, the manuals were much more 
compatible than might have been expected; for example, one of the more conspicuous incompati- 
bilities between the PM on the one hand, and the TM and the UM on the other, is the use of the word 
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"section" in the text when cross-referencing (e.g., "see Section 4.1.3"). The PM (incorrectly) uses a 
lower case "s" for section; the TM and the UM correctly use "Section." 

I think, in retrospect, that it was a big mistake to have no professional writers assignkd to the 
NASTRAN documentation team. In fact, if I had to do it all over again, I'd opt for three editors', 
each supported by a full-time technical writer. Leading my organization would be a part-time 
documentation manager, assisted by a part-time technical writing supervisor, who would insure 
compatibility of style across all three manuals. t 

i 

Review Cycle 

For the PM, the sequence of events that led up to publishing the Preliminary Version of the 
manual was: 

1. The Editor developed major section outlines (sometimes these were annotated). 

2. The Editor developed writing assignments and schedules. 

3. Technical Staff personnel submitted handwritten material which was edited by the PM 
Editor. 

4. The material was typed and Xeroxed (no proofreading was done by the typist). 

5. The Editor proofed and performed a light re-edit of the Xeroxed copy. 

6.  The Editor returned a copy to the author for further proofing and changes. 

7. The author returned his copy to the Editor, who in turn reviewed it and gave it to the 
typist for corrections. 

When a major section was completed, five Xerox copies were sent to Tom Butler at the 
NASTRAN Project Office at GSFC for a two-week review. Tom and the Project Office staff reviewed 
each section microscopically and conducted round-table discussions. After the review was completed, 
Tom Butler sent the Editor written comments which usually consisted of general comments 
embodied in a letter and specific comments annotated on one of the copies. Most often the 
comments could be implemented by mortising the original typescripts. 

When there were serious disagreements between the Editor and Tom Butler, a phone call 
followed by a written confirmation usually settled them. The thoroughness and dedication of the 
GSFC review team were the necessary cohesive forces that eliminated the majority of inconsistencies 
in the Preliminary Versions of the Manuals. 

It's interesting to note that although the writers and reviewers were separated by 3000 miles, 
an average of one phone call per week, of duration of from one to two hours, provided, in most cases, 



adequate time for clarifications, explanations and, in some instances, negotiations. For isolated cases, 
disagreements were settled in meetings between Tom Butler and the Editor when they happened to 
be in the same place. However, disagreements never caused travel. 

Technical Approach 

Specifications for NASTRAN manuals were set during a six-month period of correspondence 
between Professor McCorrnick, Project Manager for the MacNeal-Schwendler Corporation and later 
Editor of the User's Manual, and Tom Butler. These specifications were published as an internal 
design document, MS-47 (Reference 2). They are presented in the first part of the Appendix of this 
paper, so that those who wish to  update the manuals to  reflect their own enhancements may conform 
to a single, well defined format. The first 29 items in the Appendix are, with some light editing, the 
contents of MS-47. Items 30 through 41 are additional specifications that either evolved over the 
period of documentation or were tacit assumptions from the outset. 

Although the MS-47 format specifications were indispensible, standards for the typing of 
mathematical expressions and for flowchart symbols were lacking. Correct typing of mathematical 
expressions is a difficult task; some of the principal roadblocks in achieving this are: 

A set of procedures for doing this specialized work is usually lacking. 

a There are great variations in writers' notations (how many ways are there to  write the 
Greek letter "alpha"?). 

a Many typists have an ingrained prejudice against typing mathematical expressions. 

Many managers are unwilling to pay the price for quality mathematical typing. 

A good standard for mathematical typing is Reference 3. Even this reference, however, doesn't 
mention one of my pet peeves about the matrix notation in Section 3 of the User's 
Manual- -namely, that the transpose operator, like the inverse operator, should be placed outside 
([A] T, rather than inside ( [ A ~ ]  ) the matrix brackets. Why did 1 allow this notation t o  remain? The 
answer is simple: to change it would have meant an increase in cost and a slippage in schedule that 
could not be tolerated. 

No standards for flowchart symbols were imposed on NASTRAN manuals. Writers and editors 
alike relied on what they recalled from past experience; and the subject of standards, as I recall, was 
never brought up. 

In some recent work of mine for GSFC, in which I am leading an effort to produce a Quality 
Assurance Handbook for the Telemetry Computation Branch of GSFC's Information Processing 
Division, I recommended the adoption of the American National Standards Institute's (ANSI) 
standard X3.5 for flowchart symbols (Reference 4). An excellent tutorial by Ned Chapin in the use 



of this standard is given in Reference 5, and I recommend it to  anyone interested in software ' 
documentation standards. 

LESSONS LEARNED 

Managing the NASTRAN documentation effort taught me many lessons; among the most 
important are: 

a Professional technical writing guidance and support are needed. 

a Proofreaders independent of the author, the editor, and the typist are needed. 

a Closer liaison among editors is needed. Better still would be either (a) a documentation 
manager who doesn't have day-to-day editorial responsibility; (b) a centralized 
production shop of typists and proofreaders; or (c) both (a) and (b). 

There should be early agreement on format and subject matter. 

a Standards must be firmed up early. These include a dictionary, a style guide, standards 
for mathematical expressions and flowchart symbols, and technical dictionaries or  
glossaries. 

o Modularity of documentation is essential. 

Programming (especially coding) standards should be integrated with documentation 
standards. 

These points are further discussed below. 

The primary lesson I learned was: let the technical publications people do their thing. Because 
of the service orientation of such an organization, the range of capabilities can be quite extensive, and 
this variance can be used to advantage. In other words, a set philosophy vis-a-vis the technical 
publications department isn't necessary; the manager can select those services that he needs or can 
afford. 

I think that the degree t o  which a project manager uses a publications organization will depend 
heavily upon his attitude (and, of course, that of his customer) towards the written word. If he 
believes it is extremely important to his effort (as I do), he is best advised to lean heavily on the 
publications department, even if some of his authors are frustrated junior Hemingways. I mean this 
from an editorial or technical writing point of view and not necessarily from an organizational point 
of view, although I don't exclude the latter. 



My experience has shown that proofreading cannot be accomplished adequately by the person 
who typed the document; and to  have the author do proofreading of his own is both inadequate and 
wasteful- -he can be doing something else. A junior editor should be assigned to  this function. 
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As indicated previously, I fulfilled two roles. A better allocation of manpower would have been 
to keep the functional boxes in Figure 1 unchanged but to have different persons in each box. An 
additional aid to uniformity would have been a typing and proofreading team centrally located and 
dedicated t o  NASTRAN documentation in general, rather than geographically spread out with 
typists dedicated to only one manual. 

Early agreement on format is necessary so that the impact of nonstandard items (e.g., 
typewriters, oversized mats) can be absorbed in the schedule. I was very fortunate to have MS-47 at 
my disposal in plenty of time before writing and final typing began. However, we did not have an 
early agreement on the contents of the manuals. This would have been much more of a problem if we 
had not had the MS's, FMMS's, and other functional specifications. 

My votes for standards go to: The American Heritage Dictionary of the English Language, the 
GPO Style Manual, A Guide to the Typing of Mathematical Notation (Reference 3 ) ,  the ANSI X3.5 
Standard Flowchart Symbols (Reference 4 )  and Datamation's "ADP Glossary" (Reference 6). 

Documentation that will change often, as will NASTRAN's, must be designed modularly. 1 
think the manuals serve as good examples of modular documentation. A specific example is 
Section 2.3 of the PM. There, the functional organization of grouping data blocks output from g 
module, along with the technique of starting a new page for each module, allows the document to  be 
updated easily and in such a way as t o  preserve the current format. 

Coding standards can be established so that the code not only is self-documenting but also fits 
into documentation standards. The only way to implement this idea is to design the 
documentation at the same time one designs the system. 

PUTTING THE LESSONS LEARNED INTO PRACTICE- 

Most of the lessons learned from my NASTRAN documentation experience point up the fact 
that quality documentation costs money, and lots of it. Reference 7, Manned Space Flight Center 
Documentation Cost Guide, lists ten types of documents (handbooks, procedures, tech manuals, etc.) 
with costs per page for each type. Costs include both preparation and production costs. These (total) 
costs range from a minimum of $35 per page for a "normal" procedure to a maximum of $3 15 per 
page for a "complex" specification. The cost guide, which serves as a reference point for evaluating 
the estimated cost of technical or management data of various types, does not define what 
constitutes each type of manual. However, intuitively categorizing the NASTRAN manuals as 
halfway between handbooks ($92 per page minimum, $17 1 per page maximum) and tech manuals 
($141 per page minimum, $233 per page maximum), and the degree of complexity as halfway 
between "normal" and "complex", then the cost of NASTRAN manuals should have been 



somewhere around $159 per page. Although I have no statistics to back it up (I didn't have access to 
the NASTRAN accounting records, and even if I did, time spent developing preliminary specifications 
such as the MS9s was not segregated from other tasks), I believe we did NASTRAN documentation 
for less than this average price tag. I like to think it was done for less, not because of inferior qualify, 
but because of superior talent. 

MAINTENANCE 

Proper maintenance of the manuals requires an intimate knowledge of both the manuals and 
the system. Therefore, an integrated approach to NASTRAN maintenance is absolutely necessary; 
that is, corrections to the system must be reflected in the manuals concurrently. I think the 
publication of manual updates concurrent with the release of a new level of the system is a most 
necessary postulate for orderly dissemination of NASTRAN. Experience has shown us that this is the 
case. 

The manuals have been updated twice, and the update procedure worked out as part of MS-49 
has worked well. The original issue of the manuals was in October 1969 and corresponded to the 
so-called Phase I system. The six Phase I1 items were documented as manual updates dated 
January 1, 1970, and March 1, 1970. These updates, along with document maintenance items 
completed under CSC's first NASTRAN maintenance task under Contract NAS 5-1 1723, were 
published in September 1970 as part of level 12.0, the general release level. 

Under a second, recently completed NASTRAN maintenance task, also under NAS 5-1 1723, 
CSC produced over 1000 pages of changes and additions to the NASTRAN manuals. These 
included: the changes due to the MacNeal-Schwendler effort to develop and implement hydroelastic 
and thermal bending capability (NAS 5-1 1780); incorporation, as Section 6.8 of the PM, of the 
(NAS 5-10049) Fourteenth Quarterly Report which described the programming interfaces necessary 
to add structural elements; addition to the PM of a new section, numbered 7 and entitled Support 
hograms (7.1 is an introduction, 7.2 gives programming details for the CDC 6000 Linkage Editor and 
Segment Loader, and 7.3 describes the source conversion program that generates a CDC 6000 source 
tape from a UNIVAC 1 108 source tape); and a list of effective pages for each of the manuals. 

THE FUTURE 

One of the most interesting facts that struck me when reflecting on my NASTRAN 
documentation experience was the difference between what we documented and how we 
documented it. The NASTRAN system is one of the largest scientific batch processing (as opposed to 
real-time) systems known. The bulk of its code is machine independent, and the system runs on the 
three third-generation computers most widely used for scientific applications. In contrast to the 
system, the documentation exists on camera-ready typescripts (mats)- -a production process that has 



changed little since World War 11. Intuitively one feels that there must be a better way to update the 
manuals- -automation naturally immediately comes t o  mind. 

One tool that shortens the composing cycle for documents is IBM's Magnetic Tape Selectric 
Typewriter (MTST) system. The MacNeal-Schwendler Corporation began using an MTST system to  
place the Preliminary Version of the User's Manual on tape so that changes precipitated by the GSFC 
Project Office review could be incorporated easily. The use of the MTST system was discontinued 
early, however, because the number and types of changes requested by GSFC were such that, in order 
to save valuable calendar time, mortising the Preliminary Version mats was chosen over the 
alternative of updating tapes and playing them back onto new mats. 

Since the format and style of the NASTRAN manuals are less fluid now than they were when 
the MTST experiment was tried, it can perhaps be tried again, or better still, simulated and compared 
with other automated aids to documentation that are available. 

UNIVAC has two automatic documentation systems that operate under Exec 8: the DOC 
processor and UNADS, the UNIVAC Automatic Documentation System. I have seen only one 
example of a document produced by the DOC processor and one example produced by UNADS 
(which is the documentation of UNADS itself). There is no comparison; the UNADS document won 
hands down. A nice feature of UNADS is that it allows the user t o  construct an index automatically. 

An overall index would be a welcome addition t o  each of the three manuals. Other additions 
I'd like to  see in the manuals over the months t o  come: 

An index in Section 2.3 (Case Control Deck) of the UM that would list, in alphabetical 
order, each case control card mnemonic along with the alternative spelling, if any, and 
the functional group (e.g., applied loads, constraint selections, etc.) to  which the card 
belongs. 

An index in Section 2.4 (Bulk Data Deck) of the UM that would list, in alphabetical 
order, each bulk data card and the functional group (e.g., element definition, coordinate 
system definition, static load) t o  which it belongs. 

A complete description in Section 5 of the PM of how to generate the absolute 
NASTRAN elements from the source tapes available from COSMIC. 

Transformation of Section 4.87 of the PM into a section of its own- -say, Section 8. 

A table (in matrix form) in Section 4.87 of the Programmer's Manual which shows all 
elements versus capability (e.g., stiffness, lumped mass, coupled mass, output of 
complex stresses). 



APPENDIX 

Specifications for NASTRAN Manuals 

1. Original image area will be 8-1 14 x 10-314 inches plus page number. 
' 

2. Final size will be 80 percent of original size. 

3. Manuals will be printed on both sides of 8-112 x 11 inch paper and punched for standard 
three-ring loose-leaf binders. 

4. Text will be typed on a 12-pitch IBM Selectric using LEmER GOTHIC ball number 005. 
Carbon ribbon will be used. 

5. Mathematical symbols and Greek characters will be typed using SYMBOL 10 ball number 06 1. 

6 .  Double-spacing will be used except where groups of a few single-spaced lines separated by 
double-spacing for the groups is more desirable for clarity or appearance. 
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7. Paragraphs, including indented paragraphs, will be separated by 2-1 12 spaces. 

8. Section and subsection titles will be separated from the text and from each other by 
triple-spaces. 

9. Major section (e.g., 10.) and major subsection (e.g., 10.4) titles will be typed with uppercase 
letters. 

10. Minor subsection titles (e.g., 10.4.2 and 10.4.2.4) will be typed with lowercase letters, initial 
capitals, and underlined. 

11. Major sections such as 

10. EIGENVALUE EXTRACTION METHODS 

will be provided with a thumb-tab divider. 

12. Major subsections will be identified with a decimal classification and two numbers, as follows: 

10.4 THE INVERSE POWER METHOD WITH SHf FTS 

13. Minor subsections will be identified with a decimal classification and three numbers as follows: 

10.4.2 Theory for Real Eigenvalue Analysis 



, 
14. When necessary, minor subsections may be further subdivided and identified with four 

numbers. Titles will be typed with lowercase letters and initial capitals as follows: 

1 0.4.2.4 Sweeping Previously Found Eigenvalues 

15. Major subsections and bulk data card descriptions will begin at the top of a righthand page. 
Other units such as  module descriptions or similar items may begin at the top of a page where 
clarity or convenience of use is thereby improved. In the case of large major subsections, 
minor subsections may begin at the top of the next page. 

1'6. Page numbers will be centered at the bottom of each page. 

17. Pages will be identified by a major subsection identification number and a dash number, as 
follows : 

18. Pages inserted at a later date between pages of the original issue will be identified by letters and 
date of issue as follows: 

Original page 
Added page 
Added page 
Original page 

19. Pages changed after the original issue will be identified in the usual manner followed by the 
date of the change, as follows: 

Ofiginal page 
Revised page 
Original page 

20. Running headings, in capitals, will be centered at the top of each page. The major section name 
will be used on the lefthand or even-numbered page, and the major subsection name will be 
used on the righthand or odd-numbered page. 

21. References will be listed at the end of each major section and will be numbered consecutively 
beginning with 1 for the first reference in each major section. 

22. Equations will be numbered consecutively beginning with 1 for the first equation in each major 
subsection. When major subsections contain many equations (more than 501, equation 
numbers may begin with 1 for the first equation in each minor subsection. References to 
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equations outside a major subsection must refer to both the equation number and the major 
subsection number. 

1 

23. Tables and figures will be numbered consecutively beginning with 1 for the first table or figure 
in each major subsection. References to tables and figures outside a major subsection must 
refer to both the table or figure number and the major subsection number. 

24. The words Reference, Table, Figure, and Equation will be spelled out with initial capitals when 
used either in the text or in a caption. The associated Arabic numeral will not be enclosed in 
parentheses. 

25. Equations will be centered on the line and separated from the text with triple-spaces. 
Equations will be punctuated as part of the text and be identified at the righthand margin with 
an Arabic numeral in parentheses. 

26. Table titles will be typed in lowercase with initial capitals and a period at the end: 

Table 3. This Is an Example of a Table Title. 

Single-line titles will be centered over the table, and multiple-line titles will be left-justified 
with the last line centered. 

27. Figure captions will be typed in lowercase except for the first word with a period at the end: 

Figure 4. This is an example of a figure caption. 

Single-line captions will be centered under the figure, and multiple-line captions will be 
left-justified with the last line centered. 

28. A description of the complete NASTRAN documentation along with important historical facts 
will appear in the Preface of the Theoretical Manual. 

29. Preliminary manuals will be full-size Xerox copies on 8-112 x 11 inch paper with "perfect" 
binding. 

Additional Specifications for NASTRAN Manuals 

30. As a general rule, material should not be repeated in more than one place. A good example of 
this rule's application is Section 4.87 of the Programmer's Manual. The material here is not 
repeated in the Theoretical Manual, as one might logically think it would be. 

3 1. Webster 's Third New International Dictionary notwithstanding, the word "data," according to 
NASA headquarters, is plural in all contexts. 



The only permissible way to change the carnera-ready manuscripts is by mortising. In 
particular, erasures and opaque white paint are not acceptable. 

The transpose operator for a matrix should be placed outside the brackets (e.g., [A] is the 
correct form, and [AT] is an incorrect form). The same rule applies to  the inverse operator 
(e .g., [A] 'I is the correct form). 

References to other sections of the manuals should use an uppercase "S" in the word 
"Section" (e.g., "see Section 5.3") for the Theoretical and User's Manuals, and a lowercase "s" 
in the word "section" (e.g., "see section 5.3") for the Programmer's Manual. The lowercase "s" 
in the Programmer's Manual, although incorrect, is advocated for consistency within the PM. 

Data block names, module names, bulk data card types, all entry point names, and FORTRAN 
variable names will be capital letters with the letter 0 slashed. 

The names of the three card decks necessary to run a problem under the NASTRAN system 
will be consistently called: Executive Control Deck, Case Control Deck, and Bulk Data Deck, 
with initial capitals as shown. 

All subscripts for matrices will be lowercase letters, e.g., [Kg$, [Kfsl. 

The following often-used acronyms and terms are always capitalized: 

NASTRAN, FORTRAN, GINO, DMAP, FIAT, FIST, OSCAR, SORTl, SORT2 

The NASTRAN Dictionary, Section 7 of the UM, defines capitalization rules for NASTRAN 
terms. 

When a group of equations appeals in succession without text between them, center the 
longest equation and line-up the equal signs of the remaining equations with the equal sign of 
the longest equation. 

All minus and plus signs in equations shall have one space before and after. There shall be two 
spaces before and after all equal signs in equations. There shall be no spaces between 
parenthetical expressions. 

Example : 

[A] [B] + [Df = [el. 

41. The following words will be initially capitalized wherever they appear: 

Reference, Table, Figure, Equation, Piecewise Linear Analysis, Preface, New Problem Tape, 
Old Problem Tape, Problem Tape, Executive Control Deck, Case Control Deck, Bulk Data 
Deck, Rigid Format (PM only), Data Pool File, Executive System. 
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DATA MANAGEMENT REQUIREMENTS FOR LARGE PROBLEMS 

by  S t a n l e y  D .  Hansen and D r .  H a r a l d  B. Hans teen  
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Renton ,  Washington 

SUMMARY 

Dur ing  t h e  l a s t  f i v e  y e a r s  Boeing Commercial A i r p l a n e  
D i v i s i o n  h a s  h e a v i l y  u t i l i z e d  v e r y  l a r g e  c a p a c i t y  f i n i t e  
e lement  computer  programs i n  p r o d u c t i o n  a n a l y s e s  o f  t h e  747 
and  SST a i r f r a m e s .  T h i s  e x p e r i e n c e  has  l e d  t o  t h e  deve lop-  
ment o f  programs t o  a s s i s t  t h e  u s i n g  e n g i n e e r  i n  p r e 2 a r a t i o n  
and i n t e r p r e t a t i o n  o f  f i n i t e  e l emen t  d a t a  a n d  t o  t h e  deve lop -  
ment o f  a l g o r i t h m s  w i t h  h i g h  c a p a c i t y  and e f f i c i e n c y  t o  h a n d l e  
t h e  d a t a  p r o c e s s i n g  r e q u i r e m e n t s .  I t  i s  b e l i e v e d  t h a t  what 
h a s  been  l e a r n e d  i s  g e n e r a l l y  a p p l i c a b l e  t o  l a r g e  f i n i t e  
e l emen t  p rob lems  and  t h a t  any computer  code ,  such  a s  NASTRAN, 
must e v e n t u a l l y  b e  c o n f i g u r e d  t o  p r o v i d e  o r  i n t e r f a c e  w i t h  
t h e  r e q u i r e m e n t s  d e s c r i b e d  i n  t h i s  p a p e r .  ' 
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INTRODUCTION 

I t  s o o n  becomes o b v i o u s  t o  any u s e r  o f  f i n i t e  e l e m e n t  
c o m p u t e r  c o d e s  t h a t  t h e  d a t a  a s s o c i a t e d  w i t h  t h e  a n a l y s i s  i s  
e x t r e m e l y  v o l u m i n o u s .  The f i n i t e  e l e m e n t  a n a l y s i s  B o e i n g  
p e r f o r m e d  on t h e  SST a i r f r a m e  s e r v e s  t o  i l l u s t r a t e  t h i s  p o i n t .  
The d i v i s i o n  of  a i r c r a f t  by  s u b s t r u c t u r e s  i s  shown i n  F i g u r e  1. 
The wing-body i n t e r s e c t i o n  was a n a l y z e d  as a  s i n g l e  e l a s t i c  
s t r u c t u r e  b e c a u s e  o f  t h e  r e d u n d a n t  a t t a c h m e n t  b e t w e e n  w i n g  and  
b o d y .  T h i s  r e q u i r e d  a n  i n t e r a c t i o n  p r o c e d u r e  t o  c o u p l e  t h e  
s e v e n  s u b s t r u c t u r e s  f o r m i n g  t h e  i d e a l i z a t i o n  o f  t h e  wing-body 
r e g i o n .  S i z e  c h a r a c t e r i s t i c s  f o r  t h e s e  s e v e n  s u b s t r u c t u r e s  
a r e  g i v e n  i n  F i g u r e  2 .  Each  s u b s t r u c t u r e  r e q u i r e d  s n  a v e r a g e  
o f  6 0 , 0 0 0  i n p u t  i t e m s  t o  d e s c r i b e  g r i d  p o i n t  l o a d i n g .  T h i s  
t o t a l s  t o  a p p r o x i m a t e l y  two m i l l i o n  i n p u t  i t e m s  for a l l  
s u b s t r u c t u r e s .  T h e r e  w e r e  t w e l v e  i n t e r n a l  l o a d  v a l u e s  computed 
f o r  e a c h  beam e l e m e n t  and  f i f t e e n  f o r  e a c h  p l a t e  e l e m e n t .  
S y m m e t r i c a l  h a l f  s t r u c t u r e  was u s e d  r e q u i r i n g  t h a t  b o t h  a 
s y m m e t r i c a l  a n d  a n t i s y m m e t r i c a l  b o u n d a r y  c o n d i t i o n  b e  p r o c e s s e d .  
T h e r e  w e r e  f o r t y  g e n e r a l i z e d  u n i t  l o a d  c o n d i t i o n s  i n  t h e  
s o l u t i o n .  T h e s e  c o n d i t i o n s  w e r e  expanded  t o  two h u n d r e d  
c o n d i t i o n s  by  s u p e r p o s i t i o n .  The combined o u t p u t  f o r  t h e s e .  
s e v e n  s u b s t r u c t u r e s  c o n t a i n e d  o v e r  100  m i l l i o n  s t r e s s  v a l u e s ,  
Cab, f o r w a r d  b o d y ,  a f t  body a n d  empennage s e c t i o n s  w e r e  a l s o  
a n a l y z e d .  Hence ,  t h e  t o t a l  volume o f  s t r e s s  and  d i s p l a c e m e n t  
i t e m s  a v a i l a b l e  f o r  t h e  a i r f r a m e  i n  a s i n g l e  a n a l y s i s  was i n  
t h e  o r d e r  o f  h u n d r e d s  o f  m i l l i o n s .  

The s t a t i s t i c s  g i v e n  above  may seem e x a g g e r a t e d  t o  t h e  
u s e r  who h a s  n e v e r  a p p l i e d  f i n i t e  e l e m e n t s  t o  l a r g e  s t r u c t u r e s .  
However,  c o n s i d e r a b l y  more d a t a  t h a n  t h a t  d e s c r i b e d  i s  
g e n e r a t e d  t o  c o m p l e t e  t h e  a i r f r a m e  d e s i g n .  F o r  e x a m p l e ,  
g e o m e t r y ,  s e c t i o n  p r o p e r t i e s  a n d  l o a d s  a r e  u p d a t e d  a n d  s t r e s s e s  
and  d e f l e c t i o n s  r e c o m p u t e d  f o r  e a c h  s u c c e e d i n g  c o n f i g u r a t i o n  o f  
t h e  a i r f r a m e .  I n  a d d i t i o n ,  f l u t t e r  a n d  dynamic a n a l y s e s  a r e  
made u s i n g  r e s p o n s e  d a t a  g e n e r a t e d  f r o m  t h e  f i n i t e  e l e m e n t  
s t i f f n e s s  m o d e l s .  

Computer  c o d e s  a r e  now a v a i l a b l e  w i t h  c a p a b i l i t i e s ,  
c a p a c i t i e s  a n d  e f f i c i e n c i e s  a d e q u a t e  f o r  t h e  a n a l y s i s  o f  
a n y  s i z e  s t r u c t u r e  B o e i n g  i s  now p r o d u c i n g  o r  c o n t e m p l a t i n g .  
I n d e e d ,  t h e  p r e s e n t  a b i l i t y  t o  p r o d u c e  s t r e s s e s  a n d  d e f l e c t i o n s  
h a s  f a r  e x c e e d e d  t h e  e n g i n e e r s '  a b i l i t y  t o  a s s i m i l a t e  them 
w i t h o u t  t h e  a s s i s t a n c e  o f  t h e  c o m p u t e r .  Computer  code  f o r  
g e n e r a t i n g  d a t a ,  p l o t t i n g ,  d a t a  c h e c k i n g  a n d  g e n e r a t i n g  o f  
r e p o r t s  h a s ,  i n  t h e  p a s t ,  b e e n  l o o k e d  upon a s  a  l u x u r y .  I n  
f a c t ,  t h e y  a r e  . a n  a b s o l u t e  n e c e s s i t y  i f  t h e  e n g i n e e r  i s  t o  



e f f e c t i v e l y  u t i l i z e  t h e  f i n i t e  e l e m e n t  me thod  i n  a n a l y z i n g  
p r o b l e m s  o f  t h e  s i z e  a n d  c o m p l e x i t y  o f  t h e  SST a i r f r a m e .  

A f i n i t e  e l e m e n t  c a p a b i l i t y  may b e  v i e w e d  f rom two d i s t i n c t  
v a n t a g e  p o i n t s .  F i r s t  i s  t h e  f i n i t e  e l e m e n t  t h e o r y  and  compute r  
c o d e .  I n  j u s t  one  d e c a d e  t h e o r y  and  c o d e s  h a v e  d e v e l o p e d  from 
a  few severely l i m i t e d  m i s t r u s t e d  p r o g r a m s  t o  t h e  h i g h  c a p a c i t y ,  
h i g h l y  e f f i c i e n t  a n d  u n i v e r s a l l y  a c c e p t e d  s t r u c t u r a l  a n a l y s i s  
c a p a b i l i t y  o f  t o d a y .  T h i r d  g e n e r a t i o n  c o m p u t e r s ,  e f f i c i e n t  
m a t r i x  a r i t h m e t i c  a l g o r i t h m s  a n d  s u b s t r u c t u r i n g  t e c h n o l o g y  h a v e  
g i v e n  c a p a c i t i e s  t h a t  a r e  e s s e n t i a l l y  l i m i t e d  o n l y  b y  e c o n o m i c s .  
However,  t h e  d e v e l o p m e n t  of' t h e o r y  a n d  c o m p u t e r  code  i s  o f  
i n t e r e s t  t o  t h e  p r o d u c t i o n  a n a l y s i s  and  d e s i g n  e n g i n e e r  o n l y  
t o  t h e  e x t e n t  t h e  c o d e  i s  r e l i a b l e  a n d  t o  t h e  e x t e n t  he u n d e r -  
s t a n d s  t h e  t h e o r y  a n d  t h e  p r e p a r a t i o n  a n d  i n t e r p r e t a t i o n  o f  
d a t a .  The a p p l i c a t i o n  o f  f i n i t e  e l e m e n t  c a p a b i l i t y  o n  p r o d u c -  
t i o n  a i r c r a f t  h a s  b r o u g h t  p r e s s u r e  f o r  t h e  d e v e l o p m e n t  o f  
c o m p u t e r  c o d e s  t o  a s s i s t  i n  t h e  p r e p a r a t i o n  a n d  i n t e r p r e t a t i o n  
o f  d a t a .  I t  h a s  a l s o  b r o u g h t  a  change  i n  t h e  a d m i n i s t r a t i o n  o f  
t h e  a n a l y s i s  w o r k .  The m a s s i v e  amounts  o f  d a t a  a n d  t h e  
u n f o r g i v i n g  n a t u r e  o f  t h e  c o m p u t e r  h a v e  p r o d u c e d  a  r e q u i r e m e n t  
f o r  a s s e m b l y  l i n e  l i k e  p r o d u c t i o n  and  c o n t r o l  m e t h o d s .  A l s o ,  
u n l i k e  h a n d  a n a l y s i s  me thods  where  a n s w e r s  are f o r t h c o m i n g  
a l m o s t  on demand d e p e n d i n g  on how much t h e  e n g i n e e r  i s  w i l l i n g  
t o  a s s u m e ,  t h e  f i n i t e  e l e m e n t  p r o g r a m s  do n o t  y i e l d  any a n s w e r s  
u n t i l  t h e y  y i e l d  a l l  a n s w e r s .  Hence t h e  s e c o n d  v a n t a g e  p o i n t  i s  
t h a t  o f  t h e  p r o d u c t i o n  e n g i n e e r  and  h i s  management .  

Management and t h e  production engineer have learned t h a t  subst ruct- 
using is a necessary t a c t i c  fo r :  

(1) D i v i s i o n  o f  s t r u c t u r a l  a n a l y s i s  r e s p o n s i b i l i t y  b e t w e e n  
c o n t r a c t o r s  

( 2 )  D i v i s i o n  o f  t h e  s t r u c t u r e  a c c o r d i n g  t o  g r o u p  r e s p o n s i b i l i t y  

( 3 )  D i v i s i o n  o f  t h e  a n a l y s i s  by  m a j o r  s t r u c t u r a l  a s s e m b l y  
componen t s  

(4) I t e r a t i n g  a  s i n g l e  s u b s t r u c t u r e  f o r  c o n f i g u r a t i o n  and  
d e s i g n  s t u d i e s  w h i l e  u s i n g  c o n t i g u o u s  s u b s t r u c t u r e s  
as b o u n d a r y  c o n d i t i o n s  

( 5 )  R e f i n i n g  t h e  g r i d  o f  a  s u b r e g i o n  f o r  a  more d e t a i l e d  
a n a l y s i s  w h i l e  u s i n g  t h e  r e s p o n s e  o f  t h e  e n t i r e  r e g i o n  
as b o u n d a r y  c o n d i t i o n s  f o r  t h e  s u b r e g i o n  



( 6 )  Computer  code  a n d  h a r d w a r e  c a p a c i t y  and  r e l i a b i l i t y  
c o n s i d e r a t i o n s  

( 7 )  Improved  b a n d w i d t h  o r  e q u a t i o n  c o n d i t i o n i n g .  

Only  t h e  l a s t  two a r e  a s s o c i a t e d  w i t h  t h e  c o m p u t e r .  Sub- 
s t r u c t u r i n g  h a s  t h e  a d d e d  a d v a n t a g e  o f  a l l o w i n g  p a r a l l e l  
p r e p a r a t i o n  a n d  p r o c e s s i n g  o f  d a t a  and o f  p e r m i t t i n g  
communica t ion  o f  t e c h n i c a l  i n f o r m a t i o n  b e t w e e n  c o n t r a c t o r s  
i n  a  p r e c i s e  a n d  m u t u a l l y  u n d e r s t o o d  f o r m .  

The s u b j e c t  i s  much t o o  b r o a d  t o  c o v e r  i n  a  s i n g l e  
p r e s e n t a t i o n .  R a t h e r ,  some comments on d a t a  g e n e r a t i o n ,  
checking and  i n t e r p r e t a t i o n  a r e  g i v e n  f o l l o w e d  by a 
f o r m u l a t i o n  f o r  s u b s t r u c t u r e  a n a l y s i s  and  a  d i s c u s s i o n  
on some a s s o c i a t e d  m a t r i x  a r i t h m e t i c  a l g o r i t h m s .  



DATA PREPAMTIOH AHD 1-RETATIOH COMPUTER CODES 

Data Generation 4 

Geometry and element generation schemes depend upon the regularity of 
the structure. Code for automated generation of total data sets 58 desirable 
and neceseary for analysis of s o l i b  becsruse of e&eneive repetitiveness and 
becaurre the three diaensional arrangement makes it difficult for the engineer + 

t o  visualize the grid points and elements. Autos~rrted generation of t o t d  
$ 

data sets also serves well in space structures that have perfect (or near 
perfect ) rr~matry. structmes , however, appear regu~sr but, i n  fact, 

highly irregular structurally. Aircraft, for exaaple, appear regulw for 
aerodgn81Pic reasons, In actuality, the supporting airframe i a  grossly 
irregular because of accees and lightening holes, equipment inlatallations and 
the like, For t h i s  type of structure, it is effective to provide repeat 
factor8 and short segment generators i n  the bulk data language. For eacaaple, 
statements of the type 

by ~ c c e s s i v e l y  adding the f ~ ~ t o r s  i n  the ~iecond statement t o  those in the 
first statement. The * and + identifg the statement type and give the 
direction of the incrument. Many other statements are easily developed. 
These data statements can easily be interpreted and expanded as they arc 
read, resulting in  s fully expanded data set. 

'Fha advantages of these statements are: 

(1) they reduce volume 

(2) the reduction i n  data volume reduces the incidence of error 

(3) data errors extend over a larger number of statements when expanded 
and are therefore more detectable, 

(4) they are easily included in  the  bulk data statements. 

Very large analyais tasks, such as the SST airframe, typically require 
t b t  many engineers access essentially the same input data. If each engineer 
researches or ccsaputes his own, the arbitrarg choices that inevitably present 
themselves result in sane differences in the 8-e data produced by different 
eygineers. In t h i s  instance, it is advantageous to create master files of 



data including the entire sirframe. Such a master diaaension file was 
available for geoattry data on the SST. Section property data could 
smlarly be provided and m t e d  for aucceedfng desSgn iterations. lChe use 
of master data files ensures1tha.t the entire engineering group is accessing 
identical informatior, Renee, load and stress groups and groups modeling 
interfacing substructures would use coqatxible data. 

Another useful concept is  substructure extraction. This concept ha8 
been applied in  two w a p :  

(1) Substructure Division - In t h i s  procedure the data for tbo entire 
structure is prepred and checked as a single dab set. A computer 
code i s  then used t o  divide the  set fnta consistent substructure 
data sets camplete with correspondence tables necessary for 
interaction and backsubstitution. The extraction process eliminates 
errors i n  coordinates at eubetructure interfaces. It also provide8 
a rertdy means of redefining substructures. 

Ana3ysis of a Subregion - In t h i s  procedure, a data subset is 
extracted from the substructure data set arter the substructure 
analysis has been completed, Hence the data subset is extracted 
comglcte with deflection boundary conditions, If the deflections 
for every freedom computed i n  the larger substructure are applied 
as specified deflections at every freedom i n  the data subset, 
reactions are obtained around the boundary of the subregion 
resulting in an equilibrium freebody. This is a s q r l s i n g l y  
efficient procedure for obtaining frekbodies . The efficiency is 
obtained because the reactions m e  cokputed by a direct matrix 
multiplfcation without having to solve a system of equations. 

Loads generation computer codes essentiaUy convert loads originally 
computed for airlaads panels, cargo, pressure, etc, , t o  a sj;atically 
equivalent set of grid point Loads, The volume of loads data near- U~WRV 
exceeds the volume of gr id  point and elkment data. Airframe loads are 
computed for a balanced aircraft (all load conditions sum t o  zero). Hence 
a loads generation computer code is essential far redistributing the loads 
and maintaining the force balance. 

Data ChecMng 

The volume of data in large structures works against hand checking 
because of the hypnotizing effect that pege af'ter page of tabular data has 
upon the h u m  mind. Computer code can be generated t o  assist, However, in 
a complete sense, data checking is beyond the capability of the computer 
because it does not have access t o  the total set of information used t o  
create the data, nor is the computer able t o  exercise judgement. Hence, 
difficult as it is, the only complete check is an item-by-itent review by 
someone using the fantiliar red and blue pencil. 



To be effective 5n assisting the checklag process, several different 
capabilities should be available, Some of those used at Boeing are: 

(1) Format check - Computer code is used to report data items that are ' 
incorrectly formatsd, 

(2) Geowtry and element connectivity check - Plotting is the only effective 
method of detecting errors of t h i s  type. The selection of view and, 
scale is cr i t i ca l  to renrove hidden lines and to bring the Rmnzlest I 

allowable error w i t h i n  the resolution of the plot, 

(3 )  Consistency check - Computer codc i s  used t o  detect such items as 
duplicate grid point identifiers, re-entrant corners in quadrilateral 
plates, warped quadrilateral plates, unacceptable definitions of beam 
principal planes, radii shorter %ban one half the distance between 
curved beam end points, and the l e e ,  Computer code is also used to 
check coordinate matching across substructure interfaces, 

(4)  Accuracy check - Errors me detected by placing bounds on the data item. 
For example, Young's modulus for most metals is greater than one 
million ib/in* and less than 50 aillion lb/in2. V a l u e s  outside t h i s  
range can be detected and a w m i n g  message printed. Errors within the 
bounds ase more difficult to check and generally y ie ld  only to an 
item-by-item hand check. 

The form i n  which; data errors detected by computer code am! presented to 
the urser is imporf;mt. Tat; is poor practice to print an error number 
refe~ncing a W e r  description i n  a msllU85.. It is much better t o  (1) 
print a descriptive statement that is accurate and complete and (2)  print 
the precise card image or location i n  which the error occurs. 

Ideally, data checking code should locate all errors in a single pass, 
This is not possible if the error is such that the data checking code becanes 
lost .  Good recovery can be provided, however, if the data is divided by 
readily identifiable healer cards ordgllimiters that the data checking code 
can search for i n  the event it became8 lost, 

Data Updating 

Large m1ms of data cannot be managed by hand in card deck form, 
Sisple activities such as reading the card decks into the colnputer or 
correcting data by inserting new cards have an intolerable error probability. 
A better procedure i i s  t o  place the data on magnetic tape or permanent Ursrk 
files. 'Ilhis requires an updated program with the following 
capabilities: 

(1) Sorting - Large data sets are necessarily keyed for sorting. This 
requirement steaae from creating the data i z t  separate sets and then 
la~rging them into a single ccpaplete data set. 



2)  Update Functions - Update functions are based on sortiug keys. Sortiw 
keys aay be simple sscending numbers in colrmms 73-80; a camposite 
number i n  colupuls 73-80 based upon grid point, element, loadcase and 
card atnction; or the grid point, element and loadcase identifiers 
themselves, A workable set of update ~ c t i o n s  incluaes DICLEE, CORRET, 

1 

REPLACE, INSERT. 

The result of the update operation is a new master dsta tape contain- 
upbted card images. The old raetcr data tape is preserved uaaZterod. 

Interactive Data Checking and Updating 

If a computer with pel~aranent files and time sharing is available, 
considerable engineering flciwtime cssl be saved by error checking and 
correctin@ frm sa interactive terminal. A simple text CRT temiual is  
adequate and can be located i n  the engineering work areas because of its 
silent operetion, WorUng copies of trpdated files can be obtained by batch 
printing froanthe terPLirn. As data is read, the checking progrsm detects 
errors 8nd displws a descriptive measage along with the offending casd finage. 
'Ehe correction i s  made directly frm the t e m h a l  kwboard. Data updates 
nuqr be made directly by paging t o  the appropriate location and wing the 
update c-dm. 

Processing Cheeks 

Except for the basic truth that the fmte element input data muart be 
processed to obtain deflections, stresses, etc,, the processillg of data is 
of no interest t o  the engineer, His interests U e  s-tmply i n  the translation 
of structure into coded data kind the interpretation of results. 

Beyond aasnere, the engineer requlres two thws froaa the procesrslng 
stage. F i r s t ,  i f  the process2ng f r i l 8  because of data errors (such as 
equation dependency) not detectable i n  the initial data checking,'the engineer 
neeb t o  knw the exact location of the error in the data, Traditional 
conditioning numbers giving overall evaluation of the stability of an 
equation ~ e t  have little practical velue. Equation8 of the order of mrsny 
thousands are being routfnely solved, The detection of specific dependencies 
i n  auch large eets and the association of them dependencies with the 
original finite e l m n t  data i s  s practical necessity i n  the p r ~ u c t i c m  
environment, Boelng h8s successfuUy implemented an algorithm that detect8 
digit loss on an equation-by-equation basis. The offending equation is 
specificaUy identified with the corresponding grid point and freedom, Thi8 
check h u  proven invahmble to  production engineers in locating conditioning 
problems s t d n g  fran dependencies or near dependenc%es, 

The second item required by the engineer i r  en equilibrium check of 
loads and reactions. Although there are lWtatilon6 t o  the validity of this 
check, its existence at least gives the engineer the a~surance that the 
loads have been carried through the structure to  the support points, Thus 
be has more than faith and hope t o  support the accuracy of the solutian, 



The task of analyzing and interptet%ng the data output frcm the 
processing stage is forptdable even for anall irtructurer. For structlue's of 
-the size being discussed here, noat o f t h e  value of the analysis is l o s t  
dthaut the assistance of the canputor in  extracting, manipulating and 
displmng pertinent data. P l o t  prog~uts  that shov denectians, stress 
contours, bending mmenC curves and the like are bvslluable. However, the 
great mlume of data available in coatparison with the relatively smal l  amount 
of data required by each engineer nuke8 the continual massaging of the t o t a l  
data set inefficient. Boeing is currently developing a postprocessing 
cmputer code in sn attempt to cope with this problea. 

The postprocessor is designed to accept data generated by other programs 
and to  mRnrpulate, interpret and d i s p w  this data as directed by user- 
defined instructions through the control program, The postprocessor is 
provide6 with a read interface for each progrm the postprocessor interfaces, 
Other than at the read interface, data atored on postprocessor f i les  is 
independent of the data source. 

The extract capability U r n s  b w e r  t o  extract those specific items 
of data froxu the finite element output that are of interest t o  him, 
Especially designed accese&rag- and -fag routines are used t o  locate and 
extract data items in  an econdcaLly efficient manner from large wlrmrelr of 
data. The extract capability immediately reduces the volume of data t o  that 
partfcular subset needed by the user. All types of data may be extracted 
and placed on the postprocessor files including data from different f inite  
elemeat processors, different substmxctures , coordinates, deflections, 
stiffness properties, internal loads, etc. ALL data items placed on the 
postprocessor fi les are identified i n  poatproceersor dictionaries and may be 
accessed singly or i n  groups using the dictionary entries. 

This module allaws the engineer t o  print tabular report8 by naming itdms 
t o  be printed and giving their location on the p q e .  The report module 
d K w s  the Insertion of titles, page headings, page footings and column 
headings. 

Plot 

5 i s  module a l l a w s  the engineer to plot d b a  stared on postprocessor 
files. 

Superposit ion 

T h i s  module U w s  the engineer to scale and canbine data, 



SpeciaJ. Functions 

These include modules t o  caculate MC/I + L P/A, transform coordinate 
systems, betermine maximum or critical conditions, computer -gins of 
safety, dump buckled plate loads into adjacent fr-8, etc. 

Region Commands 

The region caman1Zs are a method of wrtracting bat& groups froon rspecific 
geometric regions of the structure rather than naming the data item by ttem. 
Some typical ccxmmd8 and their result are as follows: 

This camand identifies a region identified by "name" consisting of a 
plane defined by grid points Nl, 142 and N3 with a thiclsness of "wiath". The 
plane extend8 to infinity. All - grid points l y ing  within this region w ' i l 3  be 
extracted. Grid points outside the plane ma;y be included or those inside 
ercludcd from the set wing the INCLUDE and EXCLUDE canmaads. A "stringr' ic 
g%ven in the form M1, THRU N2 BY EJ3 where N1 ier the begbming identifier, El2 
is the ending identifier and H3 is the step size.  The statement m;a;y be of 
the form N1 THRU lV2 BY lV'3 or IJ1 'FHRU 1V2 or 141. Any nwber of statements 
be included in the string, separated by commas as: 

Other region camanas m e  of the form: 

name/ CXUNDER N1 TO 192 BY radius/ INCLUDE string/~xCLUD~ string/ 

defining a circular cylinder with end points euld centerline defined by grid 
points Nl and IT2 and sadius as specified. 

defining an irregular cylinder the same aa the circuZar cylinaer except the 
outside boundary is defined by a string of grid points projected parallel t o  
the tube centerline defined by Nl and ?U2. 

defining a list of grid points making up the set. Specific data is extracted 
from the regions by commands such as the  following: 

resulting in beam interneJ. loads MXl,  MX2, EU, FX2 being extracted for a l l  
beams with the region previously defined as "name". 



e 

Set Algebra 

Sets of data extracted by the region commands may be combined using set 
algebra instructions of the form 

J U K  (union of sets J and K) 

S I K  (intersection of sets J and K) 

The commands may be combined as 

Instructions are interpreted left to right and from innermost t o  outer- 
most pairs of parentheses. Typically, b t a  is divided into many s m a l l  sets on 
the postprocessor files. Set algebra commands allm the user to combine sets 
in a variety of ways. 

Summary of Observations 

Thus it is seen that large finite element problems create the need for a 
range of data handling ccmrputer programs to ensure that the management of the 
data is accurate, reliable and efficient.  

Substructuring has also been sham to be a necessary tactic for the pro- 
cessing of large finite element problems. Central to the effectiveness of a 
substructuring technique is the efficiency of the formulation and the supporting 
matrix arithmetic/storage algorithms. 



SUBSTRUCTURING 

G e n e r a l  

The a n a l y s i s  o f  s t r u c t u r e s  by  t h e  f i n i t e  e l e m e n t  me thod  
i n v o l v e s  t h e  g e n e r a t i o n  and  s o l u t i o n  o f  ( l a r g e )  s y s t e m s  o f  
l i n e a r  e q u a t i o n s .  T h e s e  e q u a t i o n s  r e p r e s e n t  e q u i l i b r i u m  
c o n d i t i o n s  a t  t h e  n o d e s  o f  t h e  s t r u c t u r e ,  and  a r e  e x p r e s s e d  
i n  t e r m s  o f  t h e  n o d a l  d i s p l a c e m e n t  - f o r c e  r e l a t i o n s .  
Whether  a  s t r u c t u r e  i s  a n a l y z e d  by a  s u b s t r u c t u r e  t e c h n i q u e  
o r  a t o t a l  s t r u c t u r e  a p p r o a c h ,  t h e  s y s t e m  o f  e q u a t i o n s  t o  
be  s o l v e d  i s  e s s e n t i a l l y  t h e  same p r o v i d e d  a n  i d e n t i c a l  
e l e m e n t  i d e a l i z a t i o n  h a s  b e e n  made. The a c t u a l  d i f f e r e n c e  
b e t w e e n  t h e  two a p F r o a c h e s  i s  e x p r e s s e d  by t h e  s e q u e n c e  i n  
which  t h e  e q u a t i o n s  a r e  g e n e r a t e d  and s o l v e d .  I n  t h e  t o t a l  
s t r u c t u r e  a p p r o a c h  g e n e r a t i o n  o f  a l l  t h e  e q u a t i o n s  i s  
c o m p l e t e d  b e f o r e  a  s o l u t i o n  i s  c a r r i e d  o u t .  I n  t h e  sub- 
s t r u c t u r e  a n a l y s i s  s e v e r a l  s u b s e t s  o f  t h e  c o m p l e t e  s y s t e m  
o f  e q u a t i o n s  a r e  f i r s t  e s t a b l i s h e d  i n d e p e n d e n t l y .  A 
p a r t i a l  s o l u t i o n  i s  p e r f o r m e d  on e a c h  s u b s e t  b y  e l i m i n a t i n g  
e q u a t i o n s  which  do n o t  c o u p l e  w i t h  e q u a t i o n s  i n  o t h e r  s u b s e t s .  
The r e m a i n i n g  e q u a t i o n s  a r e  t h e n  combined and  a f i n a l  s o l u t i o n  
i s  c a r r i e d  t h r o u g h .  

The r e s u l t s  o f  t h e  two a p p r o a c h e s  would  b e  i d e n t i c a l  if 
c o m p u t a t i o n s  w e r e  t o  b e  c a r r i e d  o u t  w i t h  i n f i n i t e  a c c u r a c y .  
However,  s i n c e  c o m p u t e r s  c a n  o n l y  p e r f o r m  f i n i t e  p r e c i s i o n  
a r i t h m e t i c ,  t h e  two s o l u t i o n s  w i l l  i n  f a c t  d i f f e r  .somewhat. 
The d i s c r e p a n c i e s  i n  t h e  r e s u l t s  w i l l  5.n t h e  m a j o r i t y  o f  
c a s e s  be  o u t s i d e  t h e  r a n g e  o f  p r a c t i c a l  i m p o r t a n c e .  

Method 

The s u b s t r u c t u r e  a n a l y s i s  c o n s i s t s  o f  t h e  f o l l o w i n g  f o u r  
m a j o r  p h a s e s  : 

I d e a l i z a t i o n  -- The s t r u c t u r e  i s  d i v i d e d  i n t o  a  number o f  
s u b s t r u c t u r e s  w h i c h  i n  t u r n  a r e  b e i n g  i d e a l i z e d  by a  f i n i t e  
e l e m e n t  r e p r e s e n t a t i o n .  I n  e a c h  s u b s t r u c t u r e  t h e r e  w i l l  b e  
some g r i d  p o i n t s  w h i c h  c o n n e c t  t o  o t h e r  s u b s t r u c t u r e s ;  t h e s e  
g r i d  p o i n t s  a r e  r e f e r r e d  t o  a s  " i n t e r a c t "  g r i d  p o i n t s .  O t h e r  
g r i d  p o i n t s  w i l l  b e  u n i q u e  t o  o n e  s u b s t r u c t u r e .  T h e s e  g r i d  
p o i n t s  a r e  c a l l e d  " i n t e r n a l "  g r i d  p o i n t s .  



R e d u c t i o n  -- The e q u i l i b r i u m  e q u a t i o n s  f o r  e a c h  s u b s t r u c t u r e  
a r e  i n d e p e n d e n t l y  f o r m e d  a n d  a  p a r t i a l  s o l u t i o n  i s  c a r r i e d  
t h r o u g h  w i t h  r e s p e c t  Lo t h e  d i s p l a c e m e n t  components  a t  t h e  , 
i n t e r n a l  g r i d  p o i n t s .  The r e d u c e d  s y s t e m  o f  e q u a t i o n s  
r e p r e s e n t  m o d i f i e d  e q u i l i b r i u m  r e l a t i o n s  f o r  t h e  i n t e r a c t  
grid p o i n t s .  

I n t e r a c t i o n  -- The t o t a l  s t r u c t u r e  i s  c o n n e c t e d  b y  e n f o r c i n g  
c o n t i n u i t y  c o n d i t i o n s  a l o n g  t h e  s u b s t r u c t u r e  i n t e r f a c e s ,  a n d  
by a d d i n g  t h e  e q u i l i b r i u m  e q u a t i o n s  f o r  t h e  i n t e r a c t  g r i d  
p o i n t s .  A s o l u t i o n  f o r  t h e  d i s p l a c e m e n t s  a t  t h e s e  g r i d  p o i n t s  
i s  t h e n  c a r r i e d  o u t .  

B a c k s u b s t i t u t i o n  -- I n  t h e  b a c k s u b s t i t u t i o n  p h a s e  t h e  d i s p l a c e -  
m e n t s  a t  t h e  i n t e r n a l  g r i d  p o i n t s  o f  a s u b s t r u c t u r e  a r e  
computed .  When a l l  d i s p l a c e m e n t s  a r e  known, t h e  e l e m e n t  
s t r e s s e s  may b e  c a l c u l a t e d .  

F o r m u l a t i o n  

The b a s i c  s y s t e m s  o f  e q u a t i o n s  for a s u b s t r u c t u r e  may b e  
e x p r e s s e d  by t h e  f o l l o w i n g  m a t r i x  r e l a t i o n s :  

A more compac t  f o r m  f o r  t h e  same r e l a t i o n s  i s :  

KU = P 

I n  t h e  a b o v e  e q u a t i o n s  t h e  f o l l o w i n g  n o t a t i o n  h a s  b e e n  u s e d :  

K - The s t i f f n e s s  m a t r i x  o f  t h e  s t r u c t u r e  

U - The v e c t o r  o f  g r i d  p o i n t  d i s p l a c e m e n t s  

P The v e c t o r  o f  g r i d  p o i n t  l o a d s  

U - The s e t  o f  d i s p l a c e m e n t s  a t  t h e  i n t e r n a l  g r i d  
0 p o i n t s .  



'a 
- The s e t  o f  d i s p l a c e m e n t s  a t  i n t e r a c t  g r i d  p o i n t s  

us 
- The s e t  o f  d i s p l a c e m e n t s  which  h a v e  a  p r e s c r i b e d  

v a l u e  

A p a r t i a l  s o l u t i o n  o f  e q u a t i o n  (1) i s  c a r r i e d  t h r o u g h  w i t h  
r e s p e c t  t o  t h e  U o d i s p l a c e m e n t s .  From t h e  first m a t r i x  e q u a t i o n  
one  o b t a i n s  : 

S u b s t i t u t i n g  t h i s  e x p r e s s i o n  i n t o  t h e  s e c o n d  m a t r i x  e q u a t i o n  
t h e  r e d u c e d  s y s t e m  o f  e q u a t i o n s  may b e  w r i t t e n :  

i n  which  

- - 
K a a  a n d  Pa & r e  t h e  r e d u c e d  s t i f f n e s s  m a t r i x  and  t h e  r s d u c e d  

l o a d  m a t r i x ,  r e s p e c t i v e l y .  B o t h  m a t r i c e s  a r e  f o r m e d  i n  t h e  
r e d u c t i o n  p h a s e  o f  t h e  s u b s t r u c t u r i n g  p r o c e s s .  E q u a t i o n  ( 3 )  
i s  used i n  t h e  b a c k s u b s t i t u t i o n  p h a s e  t o  r e c o v e r  d i s p l a c e m e n t s  
a t  i n t e r n a l  g r i d  p o i n t s .  

E q u a t i o n s  (31, ( 5 ) ,  a n d  ( 6 )  may b e  m o d i f i e d  b y  i n t r o d u c i n g  t h e  
f o l l o w i n g  n o t a t i o n :  

Lo - The lower t r i a n g u l a r  m a t r i x  o b t a i n e d  by p e r f o r m i n g  a 
C h o l e s k y  d e c o m p o s i t i o n  on K 

00  

t h u s  



a n d  f u r t h e r  

Wi th  . t h i s  n o t a t i o n  e q u a t i o n s  ( 3 ) ,  ( 5 ) ,  a n d  ( 6 )  become:  

T -1 
U o  = ( I J o )  ( H ~  - C o a U a  - C o s  U s )  

E q u a t i o n s  ( 7 )  t h r o u g h  ( 1 3 )  t o g e t h e r  w i t h  t h e  g e n e r a t i o n  and  
s o l u t i o n  o f  t h e  i n t e r a c t e d  s y s t e m  o f  e q u a t i o n s  r e p r e s e n t  t h e  
b a s i c  s t e p s  w h i f i  must  b e  p e r f o r m e d  i n  a  s u b s t r u c t u r e  a n a l y s i s .  

E f f i c i e n c y  

The s u b s t r u c t u r i n g  t e c h n i q u e  i s  a l m o s t  b x  d e f i n i t i o n  
r e l a t e d  t o  t h e  a n a l y s i s  o f  c o m p u t a t i o n a l l y  l a r g e  s t r u c t u r e s .  
The economy o f  a  c o m p u t e r  p r o g r a m  w i l l  t h e r e f o r e  b e  c l o s e l y  
r e l a t e d  t o  t h e  e f f i c i e n c y  w i t h  wh2ch m a t r i x  t r a n s f o r m a t i o n s  
a r e  c a r r i e d  o u t .  Some o f  t h e  b a s i c  c o n s i d e r a t i o n s  w h i c h  
s h o u l d  b e  t a k e n  i n t o  a c c o u n t  i n  t h e  d e s i g n  o f  t h e  p r o g r a m  
a r e  d i s c u s s e d  b e l o w .  

The m a t r i x  C o a  o f  e q u a t i o n  ( 8 )  s h o u l d  be fo rmed  by d o i n g  

a f o r w a r d  s u b s t i t u t e  p a s s  o n  t h e  s y s t e m  o f  e q u a t i o n s  L C = o o a  

Koa '  r a t h e r  t h a n  b y  i n v e r t i n g  t h e  L m a t r i x .  The C o s  a n d  H 
0 0 

m a t r i c e s  o f  e q u a t i o n s  ( 9 )  a n d  ( 1 0 )  a r e  f o r m e d  s i m i l a r l y .  
F u r t h e r m o r e ,  a  m a t r i x  A w h i c h  i s  e x p r e s s e d  b y  t h e  t r a n s f o r m a -  

T -1 
t i o n  A = ( L ~ )  s h o u l d  b e  computed by p e r f o r m i n g  a  backward  

s u b s t i t u t i o n  p a s s  on t h e  s y s t e m  T LoA = B  quati ti on (11)). 



- 
The r e d u c e d  s t i f f n e s s  m a t r i x  Kaa  o f  a  s u b s t r u c t u r e  s h o u l d  

b e  fo rmed  a c c o r d i n g  t o  e q u a t t o n  ( 1 2 )  i n  which t h e  symmetry  o f  
T  -1 

t h e  t r i p l e  p r o d u c t  K o a  K 
oo K o a  

h a s  b e e n  t a k e n  i n t o  a c c o u n t .  

The a l t e r n a t i v e  way o f  p r o c e s s i n g  where  a  m a t r i x  G i s  f i r s t  
0 

T  -1 
computed a s  Go = ( L o  L o )  K o a  and  t h e n  p r e m u l t i p l i e d  by  K 

T 
a 0  

a d d s  a  backward  s u b s t i t u t e  p a s s  t o  t h e  r e q u i r e d  t r a n s f o r m a t i o n s .  

Advan tage  s h o u l d  b e  t a k e n  o f  t h e  c o n s i d e r a b l e  s p a r s e n e s s  
i n h e r e n t  i n  t h e  s t r u c t u r a l  s t i f f n e s s  m a t r i x  K ,  b o t h  w i t h  r e s p e c t  
t o  i n c o r e  p r o c e s s i n g  and  s e c o n d a r y  s t o r a g e  r e q u i r e m e n t s ,  T h e s e  
c o n s i d e r a t i o n s  a r e  p r o b a b l y  w e l l  i n c o r p o r a t e d  i n  mos t  l i n e a r  
e q u a t i o n  a l g o r i t h m s  o f  c o n t e m p o r a r y  s t r u c t u r e  p r o g r a m s .  Howevery 
as t h e  s u b s t r u c t u r i n g  a p p r o a c h  r e q u i r e s  s e v e r a l  l a r g e  m a t r i x  
m u l t i p l y  o p e r a t i o n s ,  s i m i l a r  s p a r s e  t e c h n i q u e s  s h o u l d  b e  made 
a v a i l a b l e  i n  t h e s e  a l g o r i t h m s .  

The p r o b l e m  i s  c o m p l i c a t e d  b e c a u s e  t h e  s p a r s e n e s s  o f  t h e  
p r o d u c t  m a t r i c e s  may v a r y  f rom a p o p u l a t i o n  r a t i o  o f  a few 
p e r c e n t  up t o  one  h u n d r e d  p e r c e n t .  B a s i n g  t h e  s t r a t e g y  o f  
a  m a t r i x  m u l t i p l i c a t i o n  on a  s p a r s e  t e c h n i q u e  when t h e  p r o d u c t  
m a t r i c e s  a r e  e s s e n t i a l l y  f u l l  may b e  as  c o s t l y  a s  t h e  c a s e  
o f  t h e  r e v e r s e  r e l a t i o n s h i p .  A l g o r i t h m s  c o v e r i n g  b o t h  
p o s s i b i l i t i e s  s h o u l d  b e  p r o v i d e d .  

The m a t r i c e s  of  E q u a t i o n s  ( 7 )  - ( 1 3 )  will g e n e r a l l y  be 
l a r g e  and must  b e  l o c a t e d  o n  s e c o n d a r y  s t o r a g e  d e v i c e s  s u c h  
as disks o r  m a g n e t i c  t a p e s .  T r a n s f o r m a t i o n s  on t h e  m a t r i c e s  
a r e  c a r r i e d  o u t  i n  a  p i e c e - w i s e  manner  by b r i n g i n g  r e l a t i v e l y  
s m a l l  s u b p a r t i t i o n s  o f  t h e  m a t r i c e s  i n t o  the c e n t r a l  u n i t  o f  
t h e  compute r  a t  t h e  same t i m e .  T h i s  s t r a t e g y  may r e q u i r e  
r e c y c l i n g  o f  m a t r i c e s  t h r o u g h  t h e  c e n t r a l  memory a r e a  a  l a r g e  
number o f  t i m e s .  F o r  t h i s  reason t h e  r e q u i r e m e n t  o f  a n  
e f f i c i e n t  d a t a  t r a n s f e r  s t r a t e g y  becomes a  m a j o r  c o n c e r n ,  

The p r i m a r y  g o a l  o f  t h i s  s t r a t e g y  s h o u l d  be  t o  m i n i m i z e  
t h e  t o t a l  amount o f  d a t a  t h a t  h a s  t o  b e  t r a n s f e r r e q .  I n  t h e  
c a s e  o f  m a t r i x  m u l t i p l i c a t i o n s  s u b s t a n t i a l  b e n e f i t s  c a n  b e  
o b t a i n e d  by  s t u d y i n g  t h e  s t o r a g e  f o r m a t  o f  t h e  p r o d u c t  
m a t r i c e s  ( row-wise  o r  column-wise  r e p r e s e n t a t i o n ) ,  a n d  % h e  
r e l a t i v e  s i z e s  o f  t h e  s u b p a r t i t i o n s  o f  the p r o d u c t  m a t r i c e s  
and  t h e  r e s u l t  m a t r i x .  O t h e r  f a c t o r s  t h a t  s h o u l d  b e  c o n s i d e r e d  
a r e  o v e r l a p p e d  t r a n s f e r  o n  s e p a r a t e  s t o r a g e  u n i t s  a n d  o v e r -  
l a p p i n g  o f  i n c o r e  p r o c e s s i n g  a n d  d a t a  t r a n s f e r .  



Figure I. S ST Wi ng-body intersection analysis substructuri ng. 





NASA TECHNOLOGY TRANSFER : 

THE COMPUTER SOFTWARE DISSEMINATION PROGRAM 

By Joseph M. Carlson 
Technology Utilization Off ice 

NASA Headquarters 

The National Aeronautics and Space Administration established in 1962 a 
formal program to transfer the results of its research and development activ- 
ities to applications in non-aerospace sectors of the economy. The program is 
institutionally operated by the Technology Utilization Off ice at NASA Head- 
quarters and by TU Officers within each of the NASA Field Centers. When the 
program got underway, and technological developments began to be reported by 
NASA employees and contractors, it became clear that one particular kind of 
technological product was developing which should be handled a slightly differ- 
ent way than other R&D work sponsored by NASA. Accordingly in 1966, NASA 
established a focal point to evaluate and disseminate its computer programs. 
The Computer Sof tware Management and Information Center (COSMIC) is operated 
for NASA by the University of Georgia at Athens, Georgia. 

COSMIC is interesting because it is the only element of the Technology 
Utilization Program which combines the functions of evaluation and dissemina- 
tion of new technology; traditionally these functions have been separated be- 
cause the capability to do the two tasks generally does not reside within the 
same organization. Generally when new technological developments are reported 
by NASA scientists and engineers as well as contractor employees, they are 
evaluated according to criteria including novelty, significance, technical ade- 
quacy, and potential for non-aerospace application. In general, the same cri- 
teria hold true for our evaluation of computer software. Over the years, our 
evaluation techniques and procedures have become more specific and refined as 
our experience grew; and as a better understanding of documentation require- 
ments and evaluation procedures developed within the data processing industry 
and in the multiplicity of standards groups in existence. The requirements for 
complete and thorough documentation are probably more demanding for our purposes 
than in any other kind of function, since every program disseminated by COSMIC 
must be capable of third party use; i.e. by people who may have no knowledge of 
the specific nature of the R&D program which necessitated the original software 
development. Other criteria for computer program acceptance in the COSMIC in- 
ventory have also changed over time: one of the obvious changes is that since 
the inventory has now grown to a level where we have over 900 programs avail- 
able for dissemination, we now receive programs which are substantially ident- 
ical to items already in the inventory, and must make a judgment as to whether 
a new software submission has enough unique features to merit its inclusion. 



The COSMIC program has evolved i n t o  a successful  dissemination a c t i v i t y  
which cu r ren t ly  provides a s i g n i f i c a n t  number of programs t o  users  who a r e  able 
t o  bene f i t  from the e x i s t i n g  investment i n  the Nation's space program. I n  
calendar year 1970, COSMIC disseminated over 2500 software packages. Tradi t ion-  
a l l y ,  our software disseminat ion has been l imited t o  the publ ic  and p r iva te  4 

sec to r  organizat ions i n  the  United Sta tes .  However, we have ju s t  completed ne- 
g o t i a t i o n s  fo r  our f i r s t  i n t e r n a t i o n a l  exchange of software on a quid pro quo 
bas i s .  NASA programs, of course, have always been ava i l ab le  t o  fore ign  organi- 
za t ions  engaged i n  j o i n t  research  p ro jec t s  with NASA, however t h i s  i s  the f i r s t  
instance where the  exchange has taken 'place based on purely economic and tech- 
n i c a l  considerat ions,  i , e .  t he  t rad ing  of programs judged t o  have approximately 
equal value and u t i l i t y ,  This exchange involves two NASA programs, which were 
traded f o r  two programs developed by the  Tokyo Research Laboratory of t he  
Japanese firm, Hitachi  Ltd. The two NASA programs a r e  now being t ransmit ted t o  
Japan, and we w i l l  soon be rece iv ing  the  Japanese programs i n  r e tu rn .  The ex- 
change process i n  t h i s  case was long and r a the r  laborious nego t i a t ion  of suc- 
cess ive  s t eps  t o  determine continuing mutual i n t e r e s t ,  but we look forward t o  
fu r the r  exchanges, many of which a r e  now i n  the  e a r l y  s t ages  of negot ia t ion ,  
wi th  a somewhat s impl i f i ed  exchange procedure. Thus, we w i l l  now have a s i t u -  
a t i o n  where two Japanese programs, previously unavailable i n  the  U.S., w i l l  be 
ava i l ab le  t o  U.S. users  a t  no more than the  cos t  of reproduction of the  program 
and documentation, i n  exchange f o r  two NASA programs which have already been 
publ ic ly  ava i l ab le  i n  the  United S t a t e s  'for s eve ra l  years.  

A s  many of you know, COSMIC programs a r e  announced t o  p o t e n t i a l  users  
through the Computer Program Abstracts  Journal which i s  published on a qua r t e r ly  
b a s i s  by NASA. When programs a r e  received and evaluated by COSMIC, a b s t r a c t s  
and technica l  desc r ip t ions  of machine and language requirements,  program s i z e  
and p r i ce ,  a r e  prepared by COSMIC and forwarded t o  our p r i n t i n g  and composition 
f a c i l i t y  f o r  inc lus ion  i n  CPA Journal. The Department of Defense joined NASA 
i n  t h e  COSMIC e f f o r t  i n  1968, and a f t e r  some i n i t i a l  delay,  t h e i r  programs a r e  
now beginning t o  flow i n t o  the Center, and a r e  a l s o  announced i n  the  Journal. 

We f e e l  t h a t  t he re  i s  c l e a r  evidence t h a t  users  i n  the  American public  and 
p r iva te  s e c t o r s  have a l ready gained s i g n i f i c a n t  economic and t echn ica l  bene f i t s  
from the publ ic  a v a i l a b i l i t y  of t h i s  software, o r i g i n a l l y  developed i n  response 
t o  NASA mission requirements. One of t he  bes t  examples which i l l u s t r a t e s  t h i s  
point  is  the  publ ic  a v a i l a b i l i t y  of NASTRAN. Since many of you have now had 
some experience i n  developing NASTRAN appl ica t ions ,  I am su re  you can a t t e s t  t o  
the s igni f icance  of having ava i l ab le  t o  you, a program f o r  which the  o r i g i n a l  
development cos t  has been estimated a t  over $3,000,000. A s  new app l i ca t ions  of 
NASTRAN continue t o  be developed, whether here a t  Langley under the guidance of 
the NASTRAN Systems Management Office,  or  i n  i n d u s t r i a l  or  other  governmental 
app l i ca t ions ,  we w i l l  do what we can t o  help i n  the exchange of information 
about u se fu l  app l i ca t ions ,  t o  continue t o  make the most of t h i s  opportunity t o  
c a p i t a l i z e  on an e x i s t i n g  investment i n  research and development. I hope t h a t  
many of you w i l l  continue t o  take an i n t e r e s t  i n  NASA technological  develop- 
ments, and w i l l  investigate other  programs,. a s  we l l  a s  NASTRAN, which we a r e  
making publ ic ly  ava i l ab le  on a continuing bas is  through the  Technology 
U t i l i z a t i o n  Program. 



NASTRAN EXPERIENCES OF FORT WORTH OPERAT ION, 

CONVAIR AEROSPACE DIVISION OF GENERAL DYNAMICS 

by Merle Allen 
Proj ect Structures Engineer 

Convair Aerospace Division, General Dynamics 

SUMMARY 

The preliminary and updated versions of NASTRAN have been 
acquired and implemented on the f a c i l i  tjr 's IBM-360 computing 
system. After  implementation of the preliminary version ( l eve l  
8.1.0), a series of small exploratory problems were solved to  de- 
termine the procedure's accuracy, u sab i l i t y ,  and economy. Seven 
of the rigid formats and DMAP were used. S t ructure  and x-y plo t s  
were obtained. The results indica te  t ha t  NASTRAN i s  easy t o  use  
and i s  accurate .  It i s  not economical fo r  small problems because 
i t  i s  both general purpose and programmed fo r  large  problems. 

Following the high degree of success realized with the small 
problems, t h e  procedure was released fo r  general i n t e rna l  use .  
NASTRAN fami l i a r i za t ion  courses were prepared and taught in-plant  
by this writer. Two s ign i f i c an t  F-111 problems, consis t ing of 
buckling of the wing carry-through box cover p la tes  and canopy 
normal modes, were analyzed. 

The updated version ( l eve l  12.0.0) was acquired i n  December 
1970 and implemented on an IBM 36016-5/65/50 a t  a c o s t  of 40 pro- 
gramming manhours and 1.0 computer hour. It i s  current ly  being 
used i n  a NASA study on Advanced Transport Technology. 

INTRODUCTION 

Both the preliminary and updated versions of NASTRAN have 
been acquired and imp1emente.d on the Convair Aerospace Division, 
For t  Worth opera t ion ' s  IBM-360 computing system, The preliminary 
version implemented was l eve l  8.1.0; the updated version was 
12.0.0. Acquisition was from the Computer Software Management and 
Information Center (COSMIC), a National Aeronautics and Space 



Administration (NASA) sponsored non-profit  f a c i l i t y  located a t  the 
University of Georgia. 

Implementation of the  preliminary version was completed 5 May 
1970. It was accomplished by members of the  company's profession- 
a l  programming s t a f f  for  a cos t  of 180 programming manhours and 3 
IBM-360 computer hours. Approximately hal f  the computer time was 
used t o  solve some of the sample problems obtained with the proce- 
dure. Most of the implementation cost  was incurred because of two 
d i f f i c u l t i e s  encountered; these a r e  discussed below. 

The updated version was acquired 2 1  December 1970, and i t s  
implementation was f i na l i z ed  12 March 1971. Again, the task was 
accomplished by company programmers and the cos ts  were 40 manhours 
and 1 computer hour. 4 

Because of t h e i r  l a rge  s i z e ,  both versions of NASTRAN have 
been loaded onto (and operate from) a reserved disk pack (IBM 
2316). 

Two s ign i f i c an t  operat ional  problems were encountered during 
the implementation of the preliminary version. The f i r s t  involved 
the input data, which require  IBM 7090 graphics.  The keypunch 
personnel normally punch I B M  360 graphics and use equipment de- 
signed f o r  t ha t  purpose. When IBM 7090 graphics a r e  required 
(orily four characters  a r e  d i f f e r en t  from the I B M  360), the  same 
equipment i s  used and a special switch i s  depressed t o  obtain the 
IBM 7090 characters  whenever they a re  encountered. Because the 
keypunch personnel r e ly  on t h e i r  memory t o  obtain the IBM 7090 
characters ,  numerous e r ro rs  were made, which l ed  t o  NASTRAN abor ts .  

This f i r s t  d i f f i c u l t y  was circumvented by coding a small pro- 
cedure tha t  reads the input data  i n  e i t h e r  IBM 360 graphics,  7090 
graphics o r  a mixture of both and converts i t  t o  IBM 7090 graphics 
wherever required. It a c t s  as  a f ront  s t ep  t o  NASTRAN and exe- 
cutes  automatically with i t  whenever NASTRAN i s  used. Hence, the 
input data may now be keypunched i n  IBM 360 graphics. 

The second d i f f i c u l t y  involved the magnetic tapes which 
NASTRAN produces f o r  the  Stromberg Carlson 4020 p l o t t e r .  NASTRAN 
produces a 7-track tape; the Fort  Worth Operation p l o t t e r  requires  
a 9-track tape. This problem was resolved by coding a small pro- 
cedure which operates independently and converts the NASTRAN-pro- 
duced 7-track tape t o  the 9-track used i n  p lo t t ing .  It possesses 
the disadvantage of requir ing an ex t ra  computer run; present ly,  i t  



is being used on an interim basis since it is planned that NASTRAN 
will be modified at a future date. 

8 

PRELIMINARY EVALUAT ION 

Following the implementation of the preliminary version 
(level 8.1.0), NASTRAN was used to solve a series of small explor- 
atory type problems. This approach was taken because of the 
limited budget and time available and the necessity of validating 
certain facets of the procedure before releasing it for general 
internal use. The problems were thus tailored toward the objec- 
tive of validating: 

1. that the implementation was successful 

2. that those finite elements and modules most likely to 
be used in aircraft type analysis were operational and 
accurate 

3. that the problems could be solved without undue user 
difficulty. 

Both static and dynamic problem types were solved. The static 
problems consisted primarily of performing a stress analysis on a 
cantilevered beam, a wing spar, and an anisotropic membrane, all 
under mechanical loads or predeformed; solving for internal loads 
of a pressure-loaded isotropic plate; performing a column buckling 
analysis; and solving for stresses of a skin-stringer arrangement, 
loaded thermally. In all cases, answers were made available for 
comparison with NASTRAN, either through solution on a desk calcu- 
lator or by other finite-element procedures. Multiple load con- 
ditions were used in some cases. 

The finite-element types used included the bar, rod, shear 
panel, quadrilateral and triangular membranes, the triangular 
homogeneous plate encompassing both membrane and bending, the 
quadrilateral bending homogeneous plate, and the quadrilateral 
nonhomogeneous element encompassing both membrane and bending 
degrees of freedom. 

The results indicate the existence of two procedure errors. 
First, solutions were not obtained (in one computer pass) for all 
load conditions when a load condition change included changes in 



the bovndary conditions. Solutions were obtained in one computer 
pass for all load conditions prior to the first change in boundary 
conditions. Restarts were then made to obtain solutions for sub- 
sequent load cases. This situation was reported to NASA for cor- 
rection. 

Second, the anisotropic-membrane problem was first idealized 
by use of the quadrilateral membrane element. This element yielded 
incorrect loads and stresses. However, this error had already 
been catalogued by COSMIC so that its use in a problem of this 
type was inadvertant. A switch in elements to the triagular mem- 
brane yielded accurate results. 

The dynamic problems solved consisted of calculation of 
natural modes of vibration and associated frequencies and frequen- 
cy and transient response. Natural (normal) modes were calculated 
for a fixed beam, a free beam, and a composite plate through use 
of rigid format 3. DMAP was used to calculate normal modes and 
frequencies for a structure, where the stiffness and mass matrices 
had been calculated in procedures foreign to NASTRAN. Both the 
determinant and inverse-power methods were used. Resulting modes 
were plotted successfully through use of the SHAPE and VECTOR 
functions, but superposition of the two was not successful. Nat- 
ural-frequency calculations were compared against results obtained 
with closed-form solutions for the beams and against test for the 
plate. Accuracies were well within engineering requirements in 
all cases. 

The subject of both the frequency and transient response 
analyses was a simple beam. In each case, both the model and 
direct approaches were used. For the frequency-response problem, 
the load type was discrete. The distribution of load along the 
beam span was arranged t o  have the same shape as that of the first 
mode; hence, only the first mode contributed to the response. The' 
load magnitude varied linearly with frequency. A solution to this 
problem was manually obtained on a desk calculator and the NASTRAN 
modal and direct results were compared against it. Results showed 
the NASTRAN solutions to be correct; however, the answers were 
printed in magnitude and phase-angle format (per user instruc- 
tions) and were mislabeled 'keal/Imaginary" in accordance with the 
COSMIC catalogued discrepancy. Split-frame x-y type plots were 
obtained, but the data plotted was incorrect after having been 
correctly printed. Plot requests were for magnitude on the upper 
frame and phase angle on the lower, both plotted versus frequency. 



Transient response r e s u l t s  were not obtained by other  means 
fo r  comparison w i t h  EEASTRAN. However, the modal and d i r e c t  re- 
s u l t s  compared c lose ly  and appeared reasonable. ~ i s ~ l a c e , m e ~ t s ,  
ve loc i t i e s ,  accelera t ions ,  and element loads were plotted versus ' 

t i m e  i n  NASTRAN. The plo t s  were cor rec t .  

FAMILIARIZATION AND APPLICATION 

Following the high degree of success rea l i zed  with the small 
exploratory-type problems, the preliminary version was released 
fo r  general  use. A NASTRAN fami l i a r i za t ion  course was prepared 
for s t r u c t u r a l  analys ts  and was taught in-plant  a f t e r  normal work- 
ing hours by t h i s  author. The course was given twice so that a l l  
the i n t e r e s t ed  personnel were accommodated. Each course spanned 
seven weeks, with c lasses  held twice weekly. Class durat ion was 
one hour, f o r  a 14-hour-lecture course. Thirty-two analys ts  com- 
pleted the course. 

NASTRAN has now been u t i l i z e d  i n  analyzing the F-111 a i rp lane  
i n  two s i g n i f i c a n t  problem areas. The f i r s t  consis ted of a s t a t i c  
s t r e s s  and buckling analys is  of the upper  and lower cover panels 
on the  wing carry-through box s t ruc tu re .  In  the lower-panel prob- 
l e m ,  150 elements and 150 jo in t s  (639 degrees of freedom) were 
used. It executed i n  1888 c e n t r a l  processing u n i t  (CPU) seconds. 
In the upper-panel problems, 250 elements and 138 jo in t s  (602 
degrees of freedom) were used. It executed i n  1895 CPU seconds. 
The NASTRAN r e s u l t s  compare c lose ly  with r e s u l t s  previously ob- 
tained by o ther  means, with NASTRAN yielding s l i g h t l y  higher buck- 
l i n g  loads.  Lower. cover r e s u l t s  were about 3 percent d i f f e r en t ;  
upper-cover r e s u l t s  were less than 10 percent d i f f e r en t ,  the exact 
amount being dependent on the boundary conditions used. 

The second F-111 problem fo r  which NASTRAN was u t i l i z e d  con- 
s i s t e d  of obtaining the na tu ra l  modes fo r  an updated-type canopy 
preparatory t o  a f l u t t e r  analys is .  In this problem, 118 elements 
and 75 g r ids  (135-size dynamic matrix) were used. The CPU time 
fo r  the f i r s t  three modes (obtained by the Inverse Power Method) 
was 1354 seconds. A r e s t a r t  was then made fo r  addi t ional  modes 
and frequencies. No other  results were avai lable  for comparison. 
The f l u t t e r  ana lys i s ,  which used the modes, indicated a s t ab l e  
s t r uc tu r e ,  without cockpit  pressur iza t ion;  subsequent f l i g h t  flut- 
t e r  t e s t s  confirmed the analys is .  



At this writing, NASTRAN (level 12.0.0) is being used in a 
NASA study of Advanced Transport Technology. 

CONCLUSIONS 

The following conclusions are predicated on the results of 
the small exploratory problems and the F-111 applications to date: 

1. By virtue of the 12 rigid formats and DMAF, the versa- 
tility of NASTRAN far exceeds that of other existing 
procedures. 

2 .  It is surprisingly easy to use for so large and complex 
a procedure. The numerous usability features (such as 
the diagnostics, restart, tailoring of the printed out- 
put, and plotting) make it easier to obtain solutions, 
interpret results, and present data. 

3 .  Engineering accuracy requirements are satisfied for 
those modules and finite elements exercised, with some 
exceptions as noted. 

4. Computer run-time requirements (on a single computer-pass 
basis) are not competitive for small problems but should 
be competitive for large problems. Utilizing the rather 
extensive restart capabilities of NASTRAN could easily 
make it more economical for moderate-sized problems, 
relative to other finite-element procedures. 
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A SPECIAL NASTRAN PROGRAM FOR INPUT CHECKING AND 

UNDEFORMED STRUCTURE PLOTTING 

By Will iama W. Smith 

NASA Latzgley Research Center 

INTRODUCTION 

.. . - 

The NASTRAN computer program, which has become a very frequently used too l  
f o r  s t ruc tura l  analysis, requires a vast  amount of data  preparation f o r  i ts  
input. Errors i n  data occur which the user must f ind and correct before he 
can get  a successful computer run. Extensive diagnostics are provided within 
the NASTRAN program, but due t o  the  impact of the large f i e l d  length (mount 
of c e n t r d  memory) required f o r  execution on the multiprogrming/multiproces sing 
mode of computer operation, t m - w o u n d  time can be ra ther  lengthy. T h i s ,  of 
course, causes the user considerable delay i n  the  completion of h i s  aaalysis . 
This paper describes a program f o r  the CDC 6000 computer which helps the  user 
debug h i s  input cards more rapidly; the ideas are applicable t o  other NASTRAN 
computers. 

An investigation was launched t o  determine the poss ib l i ty  of providing 
the user, i n  a considerably smaller package than the  regular NASTRAN program, 
the capabi l i t ies  of having h i s  input data deck checked and a p lo t  of the 
undefomed s t ructure  produced. 

Because of the  queuing p r i o r i t i e s  f o r  operating systems b u i l t  around 
multiprogrming techniques and the  hardware requirements fo r  execution (core, 
disk storage, e tc . ) ,  a maximum of 28,672 words ( 7 0 ~  oc ta l )  of centra l  memory 
was chosen as a desirable f i e l d  length t o  a t ta in .  A program of t h i s  s ize  would 
not only U o w  fo r  more rapid access t o  the  computer, but would pexmit job 
submittals through remote terminal f a c i l i t i e s .  

In addition, the  program was t o  be generated from the current l eve l  (12.0) 
of NASTRAN i n  such a way tha t  it could be eas i ly  updated f o r  future  levels,  
if  necessary. 

PROGRAM AREAS INVESTIGAmD 

A DMAP sequence t o  accomplish the input data  analysis and plot t ing is  
i l l u s t r a t ed  i n  the NASTRAN User's Manual, page 5.4-3 and requires execution 
of the following NASTRAN modules: 



, A. Executive Preface Modules 

1. Executive Control Section Analysis (XCSA) 

2. Input F i l e  Processor, Part  1 ( D P ~ )  

3. Executive Bulk Data Sort  (XSORT) 

4. Input F i l e  Processor (IFF) 

5 .  Input F i l e  Processor 3 ( I F P ~ )  

B. Functional Modules 

1. Geometry Processor - Phase 1 ( G P ~ )  

2 .  Geometry Processor - Phase 2 (GP~) 

3. Plot Set Definition Processor (PLTSET) 

4. Structural  P lo t te r  (PLOT) 

C .  Executive DMAP Modules 

1. SAVE 

2. Set Values (SETVAL) 

D . Output Module 

1. Print  Message (PRTMSG) 

Link 1 and Link 2 of the regular NASTRAN program contain all modules ' 

involved but 32,768 ( 1 0 0 ~  o c t d  words of core are needed t o  load the routines - 
t h i s  i s  exclusive of buffers and work area necessary fo r  execution. 

I n  an e f fo r t  t o  reduce core requirements, subroutine descriptions were 
scrutinized t o  determine which, i f  any, could be excluded from the overlay 
structure.  Open core requirements f o r  the various modules were reviewed 
and SYSTEM parameters defining the  length of buffers and indexes were examined 
as possible areas f o r  increasing available core. 

ALTEMTIONS AND ADDITIONS TO THE R E G W  NASTRAN PROGRAM 

Based on the preliminary findings, the decision was reached tha t  the 
desired goal  could be accomplished and construction of the necessary overlay 
structure was begun. 



The Special NASTRAN program has as i t s  basis  Links 0, 1, and 2 of the 
regular NASTRAN program. A l l  modules not required f o r  the DMAP sequence have 
been removed and subroutines dealing with checkpointing, res ta r t ing  and 
xy-plotting have been eliminated from the links. 

After the  required object decks and control  cards fo r  the  overlay 
s t ructure  (see  f i g s .  1.0, 1.1, 2 and 1.3) were processed by the  Linkage 
Editor, computer runs were made using an arbitrary exis t ing r i g id  format - 
statements not needed having been eljlninated with ALTER cards - and the N A S T F ~  
card f o r  changing system parameters a t  execution time. Parameters varied were 
MAXFIL (maximum number of f i l e s  t o  be added t o  FIAT), NBRMST (length of master 
index), NBRSUB (length of subindex) and SYSBUF (number of words in  a GINO 
buffer). 

When the  desired resu l t s  were obtained e f for t s  were directed towards 
making a l l  a l terz t ions  inv is ib le  t o  the user. The following changes were 
made a t  the source l eve l  and new object decks produced. 

1. Input and output buffer length s e t  t o  201 (oc ta l )  on program card of 
the Fortran program NASTRAN. 

2 .  Punch f i l e  declaration removed from program card of the  Fortran 
program NASTRAN. 

3 .  In  the  pr incipal  Block Data program f o r  NASTRELN; MPXFIL reduced from 
32 t o  18, N B M T  reduced from 62 t o  10, NBRSUB reduced from 126 t o  50 and 
NBRCBU reduced from 530 t o  30. 

4. Length of a GINO buffer, defined i n  subroutine BTSTRP, reduced from 
1166 t o  140. 

5.  DMAP sequence made in to  Displacement Rigid Format 18 containing 15 D W  
instructions.  This required writing subroutine ID50 ( f ig .  2.0) t o  create the  
DMAP and Decision Records fo r  the Executive Table XCSA. 

A l l  other exis t ing mi routines RENAMED LD50 - a t  the  SUBSYS l eve l  - so 
the user does not have t o  change h i s  solution number in  order t o  use the special  
program. 

CAPABILITIES OF THE SPECIAL NASTRAN PROGRAM 

1. Analyzes a l l  input data cards. 

2 .  Provides a p lo t  of the  undeformed structure,  i f  so directed by the 
proper s t ruc tura l  p lo t t e r  control  cards. 

3.  Executable i n  28,672 ( 7 0 ~  oc ta l )  words of cen t ra l  memory. 



LIMITATIONS OF THE SPECIAL N A S W  PROGRAM 

1. Displacement Approach must be used. 

2 .  Does not contain checkpoint o r  r e s t a r t  capabi l i t ies .  

3.  Plo t te r  output r e s t r i c t ed  t o  the  DD 80 B microfilm p lo t t e r .  

4. No punch output available. 

CONCLUDING REMARKS 

The Special NASTRAN program, i n  meeting the intended goal of input 
checking and undeformed s t ructure  p lo t t ing  within 28,672 words of core, accepts 
as i t s  input the data deck of a regular NASTRAN run.  This allows the analyst 
t o  u t i l i z e  both programs without intermediate changes i n  h i s  data  c a d s .  



LINKEOf f L E T q G U T F  ILE=NAST{Tl T P A R ~ . M (  41 =29?  PARAM4 5)=SOv 
PARAC{6)=60OOvPARAM{2 t=1200 
L I B R A R Y  hASTOBJ 
L I N K  0 S P L K O O O l  
RENAME S Y S T E M  = SYSTEPO S P L K 0 0 0 2  
RENAPE PEXIT = L I h K 2 0 .  SPLK0003 
RENAHE MSGWRT = L I N K 2 0 0  SQLKOOOG 
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L I N K  1 
RENAME SETC = RETUPk  
RENAYE NTRANrDUMP S l l C 8  CECK ONLY 
RENAME SEARCH=OUMP $ NGT USED ON THE t 4 0 0 / 6 6 0 0  
RENAME SYSTEN = SYSTEM. $ RENACE TEE CDC SYSTEM ROUTINE CALLS 
RENAME PEXST = L I h K Z O .  
RENAPE X C R  = X t R F  
RENAME L D O l  = L O 5 0  
RENACE LO02 = LO50 
R E N A M E  1 0 0 3  = i D 5 C  
R E N A M E  L O 0 4  = LD5C 
RENAME L O 0 5  = L D 5 0  
R E h A M E  L O 0 6  = LO50 
RENAPE LO07 = L D 5 0  
RENAME L O 0 8  = LD5C 
RENAME L D 0 9  = LO50 
RENAPE L D 1 9  = LDSC 
RENAME LO11 = LD5O 
RE N A M E  1 0 1 2  = LD50 
RENAME LO45 = L O 5 0  
REhAPE C D 4 6  = RETURN 
RENAME LD47 = RETLiRN 
RENAPE tD48 = RETURN 
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INCLUDE N P S T O B J ( B L K C P T b ( X S R T B D I )  
OVERLAY A 1  
INCLUDE N A S I O B J ( M S G W R T  ,tjSRMSG) 
O V E R L I Y  A 1  
INCLbUE NASTOBJ(  PTSTRP)  
I NCLUDE NPSTOBJ( ENOSY S Z t  ENCSYS IBGNSYS 1 
I N S E R T  ZENOSYS 
O V E R L A Y  A 1  
INCLUDE t iASTOBJ(  BCKCATAt  X S f A l I  9 X C E I  * X Q O L C K v X F I L P S )  
INCLUDE N A S T O B J t  XPUWGE 1 
INCLUDE N A S T O B J (  X S A V E  I 
INCLUDE N A S T O B J ( X P L E C K ~ X Q O C C K Z ~ X S ~ A ~ X C L E A ~ ~ X P U N P ~ X O P H ~ X S O S G N )  
I N S E R T  XSFALIZXPCLCK 
O V E R L A Y  ESFA 
I N S E R T  ESFA 
OVERLAY A 1  
INCLUDE NASTOB J ( B L K C ~ T  A( IFPXO ) v 8 L K D A T P (  I F P X 1 )  ,BtKDATA{Ub!FZZZl~ S E M I N T ~  
I N S E R T  lFPXQ~XOLDPTrIFPX1,UMFtLZ 
OVERLAY DI) 
INCLUDE hASTOBJ(  XRCPRD 1 
O V E R L A Y  D 
INCLUDE h # S T O B J (  EhFIPT,XCSA,XRGDFH I 
INf LUDE NASTOBJ( XSBSET)  
O V E R L A Y  E l  
I N S E R T  XCSABF 
O V E R L A Y  El 
INCLUDE NASTOBJ(LC50)  
OVERLAY 0 
l NCLUDE NASTOBJ(SGRT9ELKOATAI  I f P 1 A 1 , F N B P L T  
INCLUDt  N P S T O B J I  l F p l r  I F P ~ C ,  I F P I C  t I F P I E #  I F P l F ,  i F P 1 G t S W S R T J  
I N S E R T  S E T U P *  I F P 1 4  
OPERLAY 1 F P l X  
I N S E R T  lFPlX 

Figure  1.1 





L I N K .  2 
RENAME SETC = RETURk 
RENAME NTPAN=OUMP $ l l C 8  DECK ONLY 
R E N A M E  SEARCH=DUMP S h C T  USED ON THE 6 4 3 0 / 6 6 0 0  
RENAME PEXIT = LIhK2G. 
REhAPE BTSTRP = E E T U R h  
RENAME SYSTEM = SYSTEM. 
RENAME I h P T T 1  = RETURN 
RENAME I N P T T 2  = RETLRh 
RENbME I N P T T 3  = RETLRh 
RENAME I N P T T 4  = PETUUh 
INCLUDE NASTOBJt X S E M ~ ~ G N F  I S T ~ T A P B Z T  vPbGE,PAGEltPAGE2~PAGEZZZ*INTLST) 
INCLUDE NASTOB JI S E T v P t r  INTGPT, INTGPX*  INTGPXZpRDMODE 9 RDMCDXvRDMODXZ) 
INCLUDE NASTOBJ(RDM0CY tROWORD I 
CIVEKLAY A 
INCLUDE NASTOBJ(  HSGkPT ,LSPMSGl  
OVERLAY A 
INCLUDE hASTOBJ(EhDSYSZ,ENCSYSvBGNSYSI 
I N S E R T  ZENOSYS 
OVERLAY A 
LNCLUCE N A S T O B J ~ B ~ K C P T P ( X S F A ~ ) ~ X C E I ~ X P G L C K ~ X F I L P S ~ Q P A R A R ~  
IRCLUDE NASTOBJ( XSAVE) 
I N C L L O E  N A S T O B J ( X F I L F S ~ X P L E ~ K ~ X P C B I C K Z ~ X S F A ~ X S O S G N ~ X C L E A N ~ X P U N P ~ X O P H ~  
I N S E R T  XSFA1, ZXPCCCK 
O V E R L A Y  ESFA 
IhSERT ESFA 
OVERLAY P 
INCLUCE NASTOBJt  TABPT ,TABPRT) 
OVERLAY T A B P R  
INCLUDE NASTOBJ{ MbTPFhvMATDUP 1 
O V E R L A Y  TABPRX 
I h S E R f  TABPRX 
OVERLAY TABPR 
IhCLUDE hASTOBJ( P F T P R M  I 
O V E R L A Y  A 
INCLUOE NASTOBJ*( BLKCATA(  INPUTAt  I U N I O N ,  INPUT)  
INSERT IhPUTA 
OVERLAY INPUTX 
I N S E R T  I hPUTX 
O V E R L A Y  A 
INCLUOE N A S T O B J ~  EJECT , ~ R T M S G , P R T M S G I  

Figure 1.2 



OVERLAY XXPMSG 
INSERT XXPMSG 
OVERLAY A 
INCLUDE NASTOBJ(S@RT,BLKDATAfGPTPIll 
IhSERT S E T U P j G P T A l  
OVERLAY G P X l  
INCLUDE hASTOB J(  GPf 1 
I N S E R T  G P A l  
OVERLAY GPXl 
INCLUDE h4STOBJ ( GP2 1 
I N S E R T  G P A 2  
Q V E R L A Y  A 
INCLUDE NASTOBJ(BLKCPTP(ECES)TCOMECTTCNSTRC~GPLTST~SETINP) 
I N S E R T  ECES, XXPSET 
O V E R L A Y  A 
INCLUDE N A S T O B J ( B L K C ~ T ~ ( C H A R ~ ~ I ~ A X I S T C R W C ~ R ~ I D P L ~ T , L ~ N E ~ P L T S E T ~ P R X N T )  
INCLUDE NASTOBJ(  S C L C S E ~ S E L C A M ~ S E C J F T  S G  INOZZp  S K P F R M T S U P E N ~ S T P L U T T  S H R I T E I  
INCLUDE NASTOB.l( S V M B C L T T I P E  T T Y P L N T T F N C P L T  T D P L C T ~  D R A M )  
INCLUDE N A S T O B J ( E C E L B ~ ~ F I N O T F N D S E T ~ G P T ~ B C ~ G P T S Y M ~ H E A ~ )  
I N C L L D E  NASTOBJ(MIN~AX,PARAMpPEFPH:~PLQTpPLTOPR,PROCES~SHAPE~NRTPRT) 
INCLUDE N A S f O B J ( L I h E 5 t 7 Y P E G q N P L T F I  
I N S E R T  C ~ P R ~ ~ ? C ~ P C R W I X X P A R M ~ P L T C A T I S Y ~ ~ ~ L S ~ O R W D A T T R S T X X X  
OVERLAY XXPLOT 
INSERT X X P L C T  
ENTRY XSEM2 
EhD 

Figure 1.2 (concluded) 



L I N K  20 S P L K 2 0 0 1  
AENAME SETC = RETURN SPLK2002 
RENAPE SYSTEM = SYSTEM. S P L K 2 0 0 3  
RENAME E X I T ( P E X I T 1  = P E X I T 6 6  SPLK2004 
INCLUDE N A S T O B J ( P E X I T T M S G W R T T U S R P S G ~ P b C E ~ P A G E l ~ P A G E 2 P A E Z Z Z P E X I T 6 6  S Q l K 2 0 0 5  
ENTRY P E X f T .  SPLK2006 
EhD SPLK2007  

Figure  1.3 

SUeROUTiNE LD?Q(SlJeSET) 
I N T E G E R  RD( 144.1.. 
D A T A  NPTP/4kNPTP/  . 
INTEGER I S l ( 1 5 )  
DATA I S l / l ~ l , l , l ~ ~ ~  l t l p l t ~ ~ ~ ~ l r ~ r ~ ~ ~ ~ ~ /  
D A T A  RD/ - 

A4HBEGIv 4HN P R *  4HeFACt  4)iE - r 4HCHECt 
0 4 H  PLOT 4HTS U r  4HNDEFr 4HCRMEv 4HD ST,  
C4HGPI  p 4HG'EOMr _ 4 H I r G E r  4 H C M 2 r r  LIH/GPLr 
D4HTCSTq 4H+lp0Gt 4 H P D T r r  4 H S I L / r  ~ H V T N T  t 

E4H3/Vv9  4HNtNOq 4H%PDTr 4H $ 4HSAVEv 
F4HGEOM9 4 H 2 q E Q f  4 k E X I N p  4H/ECTv 4H t 

G4HEQEXT 4 H I h r E T ' . 4 H C T ' / P ~  4HLTSEv 4 k T X r  Pv 
Z 4 H r E L S t  4HETS 9 :  . 
H 4 i i / V 1 N v  4 H r h S I v  4 H L / V g r  4 H h t J U r  4HMPPLr 
I ~ H L T J U T  4HMPPL9 4HOT $9 4HPRf  MI 4HSG Pv 
J4HSETVT 4HAL / r  4H/VvN9 4HwPLTv 4t 'FLG/r  
K 4 H I L E / r  4HCrN.v 4H0 $ I 4HSAVEr 4 H  P L T r  
C4HCCNDT 4 H  P I ?  9 4HJUMPv 4HPLOTg 4H d r 

N4HGQSEt 4 H T S r E r  4HLSET9 4HSrCA9 4HSECCr 
N4HNpSIv  4 H L r r / T  4HPLOTr 4 H X l / V v  4 P t N t N v  
f l 4 H T / V r ~  4 H N r J U 9  4HMPPLv 4 H C T / V t  4 H r f d r P t  
P4HJCE 9 4 H 2  r 4 H S A V f r  4H JUMt 4HPPLOr 
Q4HLE $9 4HPRTYr 4HSG PI 4HLOTXt  4 H l / / $ t  
R4HENO 4Hb r  4H r 4 H  t 4H T 

C A L L  W R I T E  ( ~ ? T P I R O ~ ~ ~ ~ T ~  1 
CALL WRITE l N P T P v l S ~ l t 9 I  
CALL  W R I T E  ~ N f ' T P r ~ v l r O ~  
CALL W R I T E ( h P T P t I S L r 1 5 r O )  
C A L L  w R I T E ( N P T P ~ C ~ ~ ~ O ~  
CALL W R I T E ( N P T P ~ C w 1 ~ 0  
RETURN 
E NO 

Figure 2.0 



EXPER I ENCES I N NASTRAN I NSTALLAT 1 ON AND TRAl N l NG 

By Caleb W. McCormick 

The MacNeal -Schwendl e r  Corporat i on  

SUMMARY 

The experiences o f  The MacNeal -Schwendler Corporat ion i n  NASTRAN i n s t a l  - 
l a t i o n  and t r a i n i n g  are reviewed. Experiences i n  i n s t a l l a t i o n  cover a wide 
v a r i e t y  o f  computers and a number o f  d i f f e r e n t  opera t ing  systems. T ra in ing  
per iods have va r i ed  from one o r  two days, d i rec ted  a t  s p e c i f i c  app l i ca t i ons ,  
up t o  two weeks o r  more cover ing both s t a t i c  and dynamic analys is .  

0 

l NTRODUCT l ON 

The MacNeal-Schwendler Corporat ion has p a r t i c i p a t e d  i n  the i n s t a l  l a t  ion 
and/or t r a i n i n g  i n  the  use o f  NASTRAN f o r  35 d i f f e r e n t  organizat ions.  Included 
i n  the 1 i s t  o f  c l  i en t s  are seven NASA Centers, several  aerospace organizat ions 
and o ther  i n d u s t r i a l  users, p r imar i  l y  i n  t u rb ine  manufacturing and atomic power 
p l a n t  app l i ca t ions .  Most o f  the c l i e n t s  own o r  lease t h e i r  camputers. How- 
ever, several  o f  the users have solved t h e i r  problems on computers a t  commer- 
c i a l  data centers.  I n  these cases, access t o  the computer has been through the 
use o f  computer terminal  f a c i l i t i e s  located some d is tance from the cen t ra l  
p roces so r . 

NASTRAN has been opera t iona l  a t  t he  CDC Cybernet Data Centers f o r  several 
months. The data center  opera t ion  makes NASTRAN a v a i l a b l e  t o  many organizat ions 
t h a t  would otherwise no t  be able to use the program. Since, i n  general 
NASTRAN runs more e f f i c i e n t l y  on l a rge  computers and l a rge r  computers prov ide 
more computing power per d o l l a r  spent, i t  i s  usua l l y  much less  c o s t l y  t o  run 
problems on l a rge  computers, p a r t i c u l a r l y  t he  l a r g e r  problems. Although 
i n d i v i d u a l  users can r a r e l y  a f f o r d  la rge  computers, the data centers almost 
always use the  l a r g e s t  computers a v a i l a b l e  i n  con junc t ion  w i t h  mu1 tiprogramming 
opera t ing  systems. The design o f  NASTRAN permi ts  t he  user t o  request on ly  t h a t  
f r a c t i o n  o f  the a v a i l a b l e  hardware t h a t  i s  needed f o r  h i s  p a r t i c u l a r  problem. 
I t  i s  a n t i c i p a t e d  t h a t  the  use o f  remote te rmina ls  and o ther  data center  
serv ices w i  11 increase subs tan t ia l  l y  as NASTRAN becomes more w ide ly  used. Data 
centers can a1 so serve as t r a i n i n g  centers f o r  new NASTRAN users. 



NASTRAN 1 NSTALLAT I ON 

I n s t a l l a t i o n  Procedures 

NASTRAN i n s t a l l a t i o n  i s  def ined as the t ransformat ion o f  a standard 
executable vers ion o f  NASTRAN on a physica l  tape i n t o  an opera t ing  vers ion  fo r  
the user a t  a p a r t i c u l a r  i n s t a l l a t i o n .  The fo l l ow ing  th ree  general tasks are 
associated w i t h  the i n s t a l l a t i o n  operat ion:  

1 .  Provide d i r e c t  access storage f o r  the program. 

2. Check NASTRAN in te r faces  w i t h  res ident  operat ing system. 

3. Provide opera t ing  system con t ro l  cards f o r  the user. 

Some form o f  d i  r e c t  access residence must be provided f o r  the  executable 
vers ion o f  NASTRAN. A t  some i n s t a l l a t i o n s  permanent space i s  provided on 
e i t h e r  d isks  o r  drums. I n  these cases, the  f i r s t  p a r t  o f  t he  i n s t a l l a t i o n  
merely involves the  t r a n s f e r  o f  the executable NASTRAN from tape t o  d i r e c t  
access storage w i t h  the a i d  o f  t he  a v a i l a b l e  operat ing system u t i l i t i e s .  At 
o ther  i n s t a l l a t i o n s ,  permanent residence on d i r e c t  access devices i s  no t  per- 
m i t ted .  I n  these cases, the t r a n s f e r  o f  the executable NASTRAN from sequent ial  
t o  d i r e c t  access storage must be performed f o r  each execution. Th is  t r a n s f e r  
i s  a ra the r  expensive operat ion, and f o r  very small problems, may requi  r e  as 
much computer t ime as the  problem s o l u t i o n .  

A p r e l  iminary check on poss ib le  con f l  i c t s  between NASTRAN and the res ident  
opera t ing  system can be made by d iscussing t h i s  quest ion w i t h  the programmer 
responsible for  main ta in ing  the  opera t ing  system a t  each i n s t a l l a t i o n .  A f i n a l  
check i s  made by at tempt ing t o  execute NASTRAN. These c o n f l i c t s  a r i s e  because 
o f  l oca l  va r i a t i ons  i n  the standard opera t ing  systems. For tunate ly ,  t he  number 
o f  i n te r faces  between NASTRAN and the  res ident  operat ing system i s  l i m i t e d  t o  a 
few we l l -de f ined  areas. The i n te r faces  t h a t  a re  most l i k e l y  t o  g i ve  d i f f i c u l t y  
are associated w i t h  the  dynamic use o f  main and secondary storage. One impor- 
t a n t  i n t e r f a c e  i s  associated w i t h  the  d e f i n i t i o n  o f  the secondary storage f i l e s  
a t  the beginning o f  each NASTRAN execut ion. A re la ted  i n t e r f a c e  i s  associated 
w i t h  the use o f  the  secondary storage f i l e s  f o r  in termediate r e s u l t s  dur ing  
p r o b l e r ~ ~  so lu t i on .  Another important i n t e r f a c e  i s  associated w i t h  the  determi - 
na t i on  o f  the amount and l o c a t i o n  o f  main storage t h a t  has been assigned t o  
NASTRAN by the res ident  opera t ing  system. 

The opera t ing  system c o n t r o l  cards a re  re la ted  t o  t he  d e f i n i t i o n  o f  
secondary storage f i les, requested amount o f  secondary storage, and d e f i n i t i o n  
o f  inpu t  streams. tn many cases the opera t ing  system con t ro l  cards a r e  def ined 
i n  a procedure 1 i b r a r y  and the user needs on l y  t o  execute t h i s  procedure and 
ove r r i de  any de fau l t s  t h a t  he wishes. Typica l  over r ides  are  t o  request addi -  
t i o n a l  main storage and request phys ica l  tapes f o r  one o r  more secondary 
storage f i l e s .  



I 

Due t o  t he  l i m i t e d  use o f  the Univac EXEC 8 opera t ing  system outs ide  o f  
NASA centers, The MacNeal-Schwendler Corporat ion has no t  had any experience 
w i t h  v a r i a t i o n s  i n  t h i s  opera t ing  system. There have been some discussions 
r e l a t i v e  t o  the  mod i f i ca t i on  o f  NASTRAN t o  run under the  EXEC 11 operati'ng 
system. However, t h i s  i s  a subs tan t ia l  task, and requi res a number o f  m o d i f i - G  
ca t ions  t o  the  opera t ing  system, p a r t i c u l a r l y  the loader,  and the development 
o f  new NASTRAN rou t ines  f o r  t r a n s f e r r i n g  data between main and secondary 
storage. 

I B M  I n s t a l l a t i o n s  

The MacNeal-Schwendler Corporat ion has used NASTRAN on the f o l l o w i n g  
models o f  the  IBM 360/370 ser ies :  50, 65, 75, 85, 91, 95, 155, and 195. Most 
o f  the opera t ing  systems have used the  MVT (Multiprogramming w i t h  a Var iab le  
number o f  Tasks) j ob  scheduler. A few o f  t he  smal l e r  systems (models 50 and 
65) have used the MFT (Mu1 tiprogramming w i t h  a Fixed number o f  ~ a s k s )  j ob  
scheduler. Although the  s ing le - task  environment (PCP) was used on a model 50 
dur ing  the  development o f  NASTRAN, t h i s  form o f  job  scheduler has no t  been 
encountered recent ly .  

I n  a d d i t i o n  t o  the  var ious j ob  schedulers, a number o f  d i f f e r e n t  j o b  
superv isors have been encountered. These are  opera t ing  systems t h a t  extend the 
capabi 1 i t y  o f  the  bas ic  W 3 6 0  by con t ro l  1 i ng one o r  more computers t h a t  i n  
t u r n  a re  us ing  any one o f  the  j ob  schedulers - M U ,  MFT, o r  PCP. The IBM 
released job  superv isor  i s  ca l  led  the Attached Support Processor (ASP).  A 
number o f  o the r  l o c a l  j o b  supervisors have been encountered such as HASP, LASP, 
and a specia l  t r i p l e x  system. 

I n  a l l  o f  these experiences w i t h  1BM hardware and opera t ing  systems, on l y  
modest d i  f f  i c u l  t i e s  have been encountered i n  the use o f  NASTRAN. Moreover, 
when d i f f i c u l t i e s  have been encountered, the  problem has usua l l y  been solved 
w i t h  the  use o f  con t ro l  cards a t  execut ion t ime, ra the r  than by making coding 
changes i n  NASTRAN. A1 though there  were some probf ems associated w i t h  e a r l y  
releases o f  NASTRAN and 0 S  t h a t  requ i red  coding changes, no such d i f f i c u l t i e s  
have been encountered recent ly .  

D i  r e c t  access storage f o r  the executable NASTRAN program i s  provided on 
the  2314 d i s k  s torage device. Approximately one- th i rd  o f  a d i s k  pack i s  
requ i red  f o r  the NASTRAN program. At  some i n s t a l l a t i o n s ,  space i s  provided on 
permanently mounted packs, whereas o the r  i n s t a l  l a t  ions use p r i v a t e  packs t h a t  
a re  mounted on request f o r  each NASTRAN execut ion. The executable load module 
i s  copied from a magnetic tape t o  t he  d i s k  pack us ing  standard system u t i l i t y  
p rog rams. 

Di f ferences i n  op t ions  tha t  a re  used when a p a r t i c u l a r  opera t ing  system i s  
generated (SYSGEN) w i  11 a f f e c t  the amount o f  space needed i n  the  NASTRAN 
execut ion region f o r  opera t ing  system rout ines.  For example, a t  one i n s t a l l a -  
t i o n  one o f  t he  opera t ing  system rou t ines  was marked nonreentrant.  Consequent- 
1 y , a f resh  copy o f  the  r o u t  i ne was loaded when any o f  the NASTRAN 1 i nks 
( c u r r e n t l y  13 i n  number) were loaded. Moreover, each new copy requi red 



' separate main memory space f o r  storage. I f  i n s u f f i c i e n t  space is provided f o r  
system rout ines,  the opera t ing  system w i l l  terminate the j o b  w i t h  an e r r o r  
message ( 8 0 ~ )  i n d i c a t i n g  t h i s  f a c t .  Add i t iona l  space can be provided f o r  
opera t ing  system rou t ines  by changing the value o f   SYSTEM(^^) on the  NASTRAN 
card a t  execut ion t ime. 

One o f  the main tasks i n  adapt ing NASTRAN t o  a p a r t i c u l a r  opera t ing  system 
and a p a r t i c u l a r  hardware con f i gu ra t i on  i s  t o  design a procedure f o r  t he  
PROCLIB t o  prov ide most  o f  the necessary operat ing system con t ro l  cards. The 
m a j o r i t y  o f  these cards are  associated w i t h  the d e f i n i t i o n  o f  the secondary 
storage f i l e s .  The b u f f e r  s izes f o r  these f i l e s  should be se lec ted  w i t h  due 
regard f o r  the f a c t  t h a t  l a r g e r  b u f f e r s  are more e f f i c i e n t ,  but requrre addi -  
t i o n a l  main memory space. The b u f f e r  s i ze  must not  be grea ter  than a s i n g l e  
t rack  on the  2314 d i s k  pack, and f o r  e f f i c i e n c y ,  an i n teg ra l  number o f  bu f fe rs  
should f i t  on a s i n g l e  t r a c k  o f  the  d i s k  storage device. The i n i t i a l  a l l oca -  
t i o n s  should be adjusted t o  f i t  the average s i ze  problem contemplated, w i t h  
p rov i s i on  made f o r  overr ides a t  execut ion t ime f o r  l a rge r  problems. 

CDC I n s t a l l a t i o n  

The MacNeal-Schwendler Corporat ion has used NASTRAN on a number o f  
d i f f e r e n t  CDC 6000 se r i es  machines us ing  l oca l  v a r i a t i o n s  o f  t he  SCBPE 3 oper- 
a t i n g  system. The main d i f f i c u l t i e s  on these machines have been associated 
w i t h  the XB00T r o u t i n e  and l o c a l  v a r i a t i o n s  i n  the opera t ing  system 1 i b r a r y  
rout ines.  The XB0flT r o u t i n e  i s  the  i n t e r f a c e  between the SCBPE loader and the  
NASTRAN loader.  I n  many cases, minor mod i f i ca t ions  have been made t o  XB00T t o  
accommodate l oca l  v a r i a t i o n s  i n  the  SCBPE opera t ing  system. Based on these 
experiences, an executable vers ion  o f  NASTRAN can now be generated t h a t  w i l l  
run on a1 1 operat i ng systems t h a t  have been encountered f o r  CDC 6000 ser ies  
machi nes. 

The NASTRAN executable program usua l l y  e x i s t s  as a sequent ial  f i l e  on 
tape. The f i r s t  few records o f  the  f i l e  con ta in  an i n i t i a l  load program 
produced by the  specia l  NASTRAN l inkage e d i t o r .  The remainder o f  the  f i l e  
contains the NASTRAN executable program produced by the  NASTRAN l inkage e d i t o r .  
The NASTRAN program i s i n i  t i  ated by execut ing an opera t ing  system con t ro l  
statement t h a t  causes the CDC loader t o  load the i n i t i a l  program and t rans fe r  
con t ro l  t o  XB$@T. The XB00T program reads the  remainder o f  t he  f i l e ,  w r i t e s  i t  
on the d i s k  i n  indexed form, reads the  f i r s t  p a r t  o f  the NASTRAN program i n t o  
main memory, and t rans fe rs  con t ro l  t o  NASTRAN. 

Some i n s t a l l a t i o n s  permi t  NASTRAN t o  remain on the d i s k  i n  indexed form. 
I n  these cases, the execut ion o f  NASTRAN on l y  requi res a c o n t r o l  statement 
p o i n t i n g  t o  the  NASTRAN permanent f i l e  on the d isk.  At some o f  t he  CDC Data 
Centers, NASTRAN i s  kept  i n  indexed form on mountable d i s k  packs. I n  these 
cases, the user on l y  needs t o  request a d i s k  pack mount i n  o rder  t o  have 
NASTRAN a v a i l a b l e  i n  d i r e c t  access form. 



A t  the Langley Research Center, NASTRAN i s  res ident  on a data c e l l .  The 
' 

user requests the NASTRAN program by inc lud ing a FETCH cont ro l  statement i n  h i s  
data deck. This statement causes NASTRAN t o  be fetched from the data c e l l  and 
placed on the d i sk  i n  d i  r&t access form. Once NASTRAN i s  fetched i t  is' 
allowed t o  remain i n  residence on the d i sk  as long as the  space i s  not needed 
f o r  other  programs i n  execution. I f  NASTRAN i s  a1 ready i n  residence on the 
d isk,  the opera t ing  system skips the fe t ch  step and proceeds d i r e c t l y  t o  the 
execut ion  o f  NASTRAN. 

'. 
Since on ly  a few cont ro l  cards are  requi red t o  execute NASTRAN on the 

CDC 6000 ser ies,  no specia l  cata log procedures are required. No cont ro l  cards 
are needed t o  def ine  the secondary storage f i l e s  as these d e f i n i t i o n s  are 
handled i n t e r n a l l y  by the NASTRAN executive system. The secondary storage 
space i s  a1 located by the operat ing system as needed dur ing execution. 

One o f  the troublesome va r ia t i ons  i n  the  SCgPE operat ing system i s  the 
manner i n  which the main memory f i e l d  length i s  adjusted dur ing execution. I n  
many cases, a con t ro l  card (RFL) i s  provided tha t  permits the user t o  request 
a f i e l d  length o f  h i s  choice. I n  other  cases, the f i e l d  length i s  reduced t o  
t h a t  needed f o r  the f i r s t  program loaded. This l a t t e r  s i t u a t i o n  causes t roub le  
because the dynamt c use o f  mai n memory i n  NASTRAN does not  permit the use o f  a 
dimension statement t h a t  includes the working space. Unless a cont ro l  card 
( N ~ R F L )  i s  provided t o  prevent t h i s  reduct ion, a1 1 main memory space beyond the 
code i n  the i n i t i a l  load program i s  returned t o  the  operat ing system, and 
NASTRAN i s  unable t o  cont inue beyond the execution o f  the i n i t i a l  program. I f  
the f i e l d  length i s  reduced and a N$RFL con t ro l  card i s  not  present i n  the  
operat ing system, i t  i s  necessary t o  modify the i n i t i a l  load program i n  order 
t o  pro tec t  the main memory space. 

NASTRAN TRA 1 N l NG 

User Tra in ing  

User t r a i n i n g  i s  here in  def ined as prepar ing a person a1 ready experienced 
i n  f i n i t e  element modeling t o  use NASTRAN f o r  the analys is  o f  s t ruc tures  sub- 
jected t o  s t a t i c  and dynamic loads. Basic t r a i n i n g  sessions have usua l l y  
extended over a per iod  o f  one week. The usual format has been classroom 
sessions i n  the morning and problem so lu t i on  sessions i n  the afternoon. The 
actual experience o f  prepar ing a NASTRAN data deck and submit t ing problems 
f o r  s o l u t i o n  i s  an important p a r t  o f  the NASTRAN t ra in ing .  Shorter periods o f  
t r a i n i n g  have been used, but  most people f i n d  the more in tens ive  t r a i n i n g  less 
desi rable,  unless they are experienced i n  the use o f  o ther  f i n i t e  element 
programs. I n  some cases, the basis t r a i n i n g  has extended over a two-week 
period. I n  these cases, i t  has been found desi rab le  t o  conduct two sessions 
o f  one week each, separated by a per iod o f  about two weeks. 

Many organizat ions f i n d  i t  desi rable t o  supplement the basic t r a i n i n g  
w i t h  some form o f  cont inuing assistance. This add i t iona l  help i s  usua l ly  
suppl ied on an on-cal l  basis as needed f o r  specia l  problems. I n  some cases, 



' advanced t r a i n i n g  courses o f  up t o  one week dura t ion  have been conducted, 
covering such top i cs  as techniques f o r  the s o l u t i o n  o f  very la rge  problems and 
addi t i o n a l  t r a i n i  ng i n  the use o f  d i  r e c t  m a t r i x  abs t rac t i on  procedures (DMAP) . 
Basic t r a i n i n g  courses usua l l y  emphasize the use o f  r i g i d  formats w i t h  l i t t l e  
o r  no d iscussion o f  m a t r i x  abs t rac t i on  programming. There w i l l  be a  cont inu-  
i ng  need f o r  modest amounts o f  add i t i ona l  t r a i n i n g  when new c a p a b i l i t i e s  a re  
added t o  NASTRAN. 

Many users have learned t o  use NASTRAN wi thout  the b e n e f i t  o f  formal 
t r a i n i n g .  I n  most cases, these people were a1 ready experienced users o f  o the r  
f i n i t e  element programs. Probably the  b iggest  problem associated w i t h  s e l f -  
he lp  operat ions i s  the lack  o f  a  t r a i n i n g  manual. The User 's Manual i s  orga- 
n ized as a reference manual , and as such i t  i s  d i f f i c u l t  f o r  un t ra ined persons 
t o  use. Perhaps funds w i  11 someday be a1 located f o r  the prepara t ion  o f  a  s e l f -  
he lp  t r a i n i n g  manual. I t  has even been suggested by some t h a t  a  t r a i n i n g  movie 
would be a  use fu l  veh i c le  f o r  NASTRAN t r a i n i n g .  

Programmer T ra i  n i  ng 

Programmer t r a i n i n g  has va r i ed  from a  few hours t o  several days o r  even 
longer when programmers have been given a  complete working knowledge o f  
NASTRAN. A l l  programmer t r a i n i n g  has been conducted as on-the- job t r a i n i n g ,  
ra the r  than formal classroom i n s t r u c t i o n .  This  approach has been found t o  be 
the most e f f e c t i v e  as usual l y  on l y  one o r  a t  most a few programmers a re  
involved a t  any one time. 

The minimum programmer t r a i n i n g  cons is ts  o f  a b r i e f  desc r i p t i on  o f  the  
NASTRAN program s t ruc tu re ,  along w i t h  i n s t r u c t i o n  i n  the  opera t ion  o f  NASTRAN 
on a  p a r t i c u l a r  hardware con f i gu ra t i on  w i t h  a p a r t i c u l a r  opera t ing  system. 
This  w i l l  inc lude a discussion o f  the  p rov i s i on  o f  d i r e c t  access storage f o r  
the executable vers ion o f  NASTRAN, and the development o f  a set  o f  opera t ing  
sys temcon t ro l  c a r d s a l o n g w i t h a c a t a l o g e d p r o c e d u r e i f d e s i r a b l e .  The 
programmer i s  a l so  i ns t ruc ted  i n  v a r i a t i o n s  o f  the opera t ing  system con t ro l  
cards t h a t  a re  requi red for  checkpoint i ng, r e s t a r t i n g ,  p l o t t i n g ,  use o f  tapes 
e t c .  Some i n s t r u c t i o n  i n  t he  i n t e r p r e t a t i o n  o f  NASTRAN e r r o r  messages and 
poss ib le  d i f f i c u l t i e s  w i t h  the p a r t i c u l a r  opera t ing  system being used a re  
included i n  the  minimum programmer t r a i n i n g .  I n  open shop i n s t a l l a t i o n s ,  the 
user i s  f requent ly  responsib le f o r  the  opera t ion  o f  NASTRAN, and hence, i n  
these cases, the user i s  g iven the minimum programmer t r a i n i n g .  

The next  l eve l  o f  programmer t r a i n i n g  i s  t o  l e a r n  the  procedures f o r  
us ing the source and o b j e c t  l i b r a r i e s  t o  make changes i n  NASTRAN and l i n k  e d i t  
a  rev ised executable vers ion.  This  l e v e l  o f  t r a i n i n g  w i l l  permi t  t he  program- 
mer t o  co r rec t  e r r o r s  and make mod i f i ca t i ons  t o  the  program. Many i n s t a l l a -  
t i o n s  w i  11 want t o  develop t h i s  opera t iona l  capabi 1 i t y  i n  o rder  t o  take advan- 
tage o f  known e r r o r  c o r r e c t  ions between standard C0SMI C releases o f  NASTRAN. 



Only a few i n s t s l  l a t i ons  des i re  t h e  highest l eve l  o f  programmer t ra in ing .  
Complete t r a i n i n g  i n  the development o f  new NASTRAN code requi res several weeks 
of  on-the-job t ra in ing .  There i s  l i t t l e  need f o r  t h i s  leve l  o f  t r a i n i q g  unless 
an organizat ion wishes t o  a c t i v e l y  make cont r ibu t ions  t o  the development o f  
NASTRAN, e i t h e r  f o r  t h e l r  own use o r  as a  contractor .  

CONCLUD l NG REMARKS 

Experiences gained i n  a wide var ie ty  o f  NASTRAN i n s t a l l a t i o n s  has made i t  
possible t o  generate a s ing le  version o f  NASTRAN that  w i l l  run on a l l  known 
versions o f  a given operat ing system. User t r a i n i n g  o f  one week and programmer 
t r a i n i n g  o f  a few hours seems t o  be sat i s fac to ry  f o r  the usual NASTRAN opera- 
t ions.  More extensive user t r a i n i n g  i s  required f o r  the so lu t i on  o f  large 
problems and more extensive programmer t r a i n i n g  i s  required i f  one wishes t o  
do program development work w i  t h  NASTRAN, 
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N A S T R A N  I N S T A L L A T I O N :  I M P L E M E N T A T I O N  S T E P S  

AND P O S S I B L E  P R O B L E M S  E N C O U N T E R E D  

By Howard E, Dielmann 

Compute r  S c i e n c e s  C o r p o r a t i o n  

SUMMARY 

N A S T R A N ,  f rom i t s  i n c e p t i o n ,  was d e s i g n e d  t o  o p e r a t e  on s e v e r a l  
d i v e r s e  c o m p u t e r  s y s t e m s .  I t  i s  c u r r e n t l y  i n s t a l l e d  and o p e r a t i n g  
on the C D C  6 6 0 0 ,  t h e  I B M  3 6 0 ,  a n d  t h e  U N I V A C  1108.  T h i s  p a p e r  d i s -  
c u s s e s  t h e  s t e p s  f o u n d  by  C S C  t o  b e  n e c e s s a r y  i n  i n s t a l l i n g  N A S T R A N  
on a c o m p u t e r  s y s t e m  a n d  t h e  p o s s i b l e  o b s t a c l e s  t h a t  m i g h t  b e  e n c o u n -  
t e r e d  i n  u n d e r t a k i n g  NASTRAN i n s t a l l a t i o n ,  R e f e r e n c e  i s  made t o  
a c t u a l  p r o b l e m s  that a r o s e  d u r i n g  i n s t a l l a t i o n  on t h e  a b o v e  m a c h i n e s .  
With  a k n o w l e d g e  o f  wha t  h a s  h a p p e n e d  t o  d a t e  i n  s e t t i n g  up N A S T R A N ,  
t h e  f u t u r e  u s e r  w i l l  b e  b e t t e r  a b l e  t o  cope with andunderstandthe 
i m p l i c a t i o n s  o f  i n s t a l l i n g  N A S T R A N  on h i s  c o m p u t e r .  

I N T R O D U C T I O N  

The N A S T R A N  p r o g r a m  had  a s  i t s  p r i m a r y  d i r e c t i v e  t o  d e s i g n  and 
d e v e l o p  N A S T R A N  i n  s u c h  a  manner  t h a t  i t  c o u l d  b e  e a s i l y  i m p l e m e n t e d  
on  s e v e r a l  d i f f e r e n t  m a c h i n e s .  T h e s e  m a c h i n e s  w e r e  t h e  IBM 7 0 9 4  
u n d e r  IBSYS, t h e  U N I V A C  1108  u n d e r  E X E C  T I  a n d  E X E C  8 ,  t h e  I B M  3 6 0  
u n d e r  OS, and  t h e  C D C  6600 u n d e r  SCOPE. The p r o b l e m s  a s s o c i a t e d  
w i t h  m a c h i n e  d e p e n d e n c e  w e r e  g i v e n  c o n s i d e r a b l e  a t t e n t i o n  d u r i n n  
t h e  i n i t i a l  phases  o f  N A S T R A N ~ ~  d e v e l o p m e n t .  An a t t e m p t  was made 
t o  u t i l i z e  a s u b s e t  o f  F O R T R A N  IV t h a t  was c o m p a t i b l e  w i t h  t h e  spec-  
i f i e d  m a c h i n e s  ( r e f e r e n c e  I ) ,  and  t o -  a v o i d  d e p e n d e n c i e s  on  m a c h i n e  
c h a r a c t e r i s t i c s  s u c h  a s  3 6 - b i t  words  o r  6 - b i t  c h a r a c t e r s .  D e s p i t e  
t h e  p l a n n i n g  d e v o t e d  t o  a v o i d i n g  d e p e n d e n c i e s ,  many o b s t a c l e s  a r o s e  
whenever  N A S T R A N  was i m p l e m e n t e d  on  a c o m p u t e r  s y s t e m .  T h e s e  obsta- 
c l e s  g e n e r a l l y  o c c u r r e d  b e c a u s e  o f  t h e  enormous  size o f  N A S T R A N )  
its e x t r e m e  and  v a r i e d  demands on  t h e  o p e r a t i n g  s y s t e m ,  o r  t h e  lack 
o f  c a p a b i l i t i e s  o f  t h e  p a r t i c u l a r  o p e r a t i n g  s y s t e m  i n v o l v e d .  

1 
N A S T R A N  c o n s i s t s  o f  o v e r  700  s u b r o u t i n e s  and  c o m p r i s e s  some 
1 4 5 , 0 0 0  c a r d s .  The c o m p i l e d  o b j e c t  c o d e  c o n t a i n s  a p p r o x i m a t e l y  
9 0 0 , 0 0 0  w o r d s ,  a n d  t h e  a b s o l u t e  o r  e x e c u t a b l e  p r o g r a m  c o n s i s t s  
o f  o v e r  1 , 8 0 0 , 0 0 0  words  ( I B M  360 s t a t i s t i c s ) .  



Early in the'de~elo~ment of NASTRAN, the hardware capabilities 
and to some extent, the software capabilities of the second genera- 
tion I B M  7094 and UNIVAC 1108 EXEC I 1  w e r e  t a x e d  excessively, and 
NASTRAN evolved into a third generation system. The third genera- 
tion systems are better equipped to meet NASTRAN1s hardware require- 

4 

ments, but no operating system to date has been able to sufficiently 
satisfy all of the software requirements of NASTRAN. These third 
generation operating systems are not designed to give to any one 
application program the total resources that NASTRAN requires (core, 
files, e t c . )  without limiting the execution of NASTRAN or affecting 
the operation of the computer system, 

The intent of this paper is to identify both the steps and the 
obstacles that might be encountered in installing NASTRAN. The 
particular problems encountered in adapting NASTRAN to other com- 
puter systems cannot, of course, be addressed by this paper, since 
these will vary from one computer system to another, 

However, a general observation can be made that will apply to 
the implementation of NASTRAN regardless of the particular computer 
system involved. The-observation is this: that a comprehensive and 
flexible operating system greatly aids in the installation effort. 
Many of the obstacles we encountered in installing NASTRAN involved 
services related to the operating system, such as library editing, ' 

compiling, loading, and I/O control. If the proper facilities 
either were  not available, or were insufficient, programs had to 
be written to provide these services. We therefore feel that the 
following features of an operating system are either necessary or 
desirable: (1) a source and object library editing capability, 
(2) a standard and efficient FORTRAN IV compiler, (3) a sophisti- 
cated loader capable of handling large overlays, (4) an extensive 
control language that allows multiple file definitions, dump speci- 
fications, etc., and (S) macro-level 1/0 calls. 

This paper is presented in the general order of the steps 
employed in installing NASTRAN: 

1. Hardware evaluation 

2, Software implementation 

a. Source language creation 

b. FORTRAN compilation 

c. Source and object library updating 

d. Machine-dependent deck conversion 

e. Absolute program creation 



f. NASTRAN execution 

g .  Tailoring of NASTRAN to the computer system 

HARDWARE EVALUATION 

The initial question to be resolved when considering the 
installation of NASTRAN on a computer system is whether the hard- 
ware configuration will support NASTRAN. The primary requirement 
of NASTRAN is a large amount of core .  NASTRAN can operate on as 
little as 45K words of core (UNIVAC 11083, but problem solving 
capability can be limited even with 65K words.2 For large problems, 
at least I O O K  words should be available. The second question is 
whether sufficient auxiliary storage space is available. (This 
allocation can be provided through disk, drum, or other available 
storage devices.) A minimum of 30 files must be defined, each 
requiring a space allocation of 50K to S O O K  wordsO3 As problem 
size increases, so does the need for auxiliary storage. For con- 
venient operation, the hardware should be configured with at least 
five tape drives available to NASTRAN. If only a minimum hardware 
configuration is available, NASTRAN will operate, but it will be 
limited as to the size of a problem that it can solve. Moreover, 
a problem run on a larger system will usually take considerably 
longer to run on a smaller configuration, since insufficient core 
storage may cause spill in matrix operations. Other hardware 
features such as the number and speed of 1/0 channels and the speed 
of the auxiliary storage devices will also affect the operating 
efficiency of NASTRAN. 

SOFTWARE IMPLEMENTATION 

Source Language creation' 

When we began to code NASTRAN and create source decks, it soon 
became apparent that card decks were too bulky. I B M  7 0 9 4  IBSYS p r o -  
vided a card to tape utility, and NASTRAN card image source tapes 
were used. Compilations were made from the tape and the tape was 
updated via a CSC-written update program as new or modified decks 
were added. 

2 ~ o r  example, a 45K system should be able  to solve a 175-order 
complex eigenvalue problem; a 65K system, a 900-order problem; 
and a lOOK system, a 2,100-order problem. 

3 ~ o r  example, a single 1,000 order double precision matrix that 
is 25 percent dense requires 500,000 words of storage. 



When t h e  f i r s t  NASTRAN s y s t e m  was t o  be d e v e l o p e d  on t h e  U N I V A C  1108 
EXEC 11, a  c o r r e s p o n d i n g  s o u r c e  t a p e  was n e e d e d .  A u t i l i t y  p r o g r a m  
t o  c o n v e r t  t h e  I B M  7094  t a p e  t o  UNIVAC 1108  E X E C  I1 f o r m a t  was 
w r i t t e n .  Once c o n v e r t e d ,  t h i s  t a p e  was a c c e p t a b l e  a s  i n p u t  t o  t h e  
FORTRAN c o m p i l e r .  E v e n t u a l l y ,  c o r r e s p o n d i n g  p r o g r a m s  w e r e  w r i t t e n  
t o  p r o v i d e  i n p u t  s o u r c e  t a p e s  t o  t h e  UNIVAC 1108  E X E C  8, t h e  IBM 360,  
and  the CDC 6600 .  

T h e  f i r s t  s t e p  i n  p u t t i n g  N A S T R A N  on a c o m p u t e r  i s  t o  o b t a i n  
o r  c r e a t e  a s o u r c e  t a p e  t h a t  can b e  u s e d  a s  i n p u t  t o  t h e  s y t e m ' s  
c o m p i l e r .  I n  a l l  l i k e l i h o o d ,  t h i s  w i l l  r e q u i r e  c r e a t i n g  a p r o g r a m  
that c o n v e r t s  a c u r r e n t  UNIVAC 1 1 0 8 ,  IBM 3 6 0 ,  o r  CDC 6 6 0 0  s o u r c e  
t a p e  t o  t h e  r e q u i r e d  f o r m a t .  However ,  some o p e r a t i n g  s y s t e m s  may 
a l r e a d y  h a v e  t h e  c a p a b i l i t y  t o  h a n d l e  t h i s  t a s k  ( t h e  RCA SPECTRA 7 ,  
for example, accepts I B M  360 t a p e )  and  e l i m i n a t e  t h i s  s t e p .  

FORTRAN C o m p i l a t i o n  

The n e x t  s t e p ,  a n d  s u p p o s e d l y  t h e  e a s i e s t ,  i s  t h e  c o m p i l a t i o n  
o f  a l l  o f  t h e  s o u r c e  l a n g u a g e  d e c k s .  S u r p r i s i n g l y ,  h o w e v e r ,  t h i s  
step h a s  a c t i v a t e d  numerous  p r o b l e m s  i n  t h e  p a s t .  T h i s  s i t u a t i o n  
no  d o u b t  h a s  b e e n  d u e  t o  t h e  l a r g e  number o f  s o u r c e  decks (700 s u b -  
r o u t i n e s ,  1 4 5 , 0 0 0  s o u r c e  s t a t e m e n t s )  a n d  t h e  v a r i e t y  and  c o m p l e x i t y  
o f  t h e  c o d e  i n v o l v e d ;  i f  a n y  e r r o r s  exist i n  t h e  t a r g e t  c o m p u t e r ' s  
FORTRAN c o m p i l e r ,  t h e y  u s u a l l y  show up w h i l e  t h e  NASTRAN s u b r o u t i n e s  
a r e  b e i n g  c o m p i l e d .  These e r r o r s  a p p e a r  e i t h e r  a s  a  c o m p i l a t i o n  
a b o r t ,  e x t r a n e o u s  e r r o r  m e s s a g e s ,  o r  i n c o r r e c t l y  g e n e r a t e d  o b j e c t  
c o d e .  I n c o r r e c t  c o d e  may o c c u r  when o p t i m i z a t i o n  o f  t h e  o b j e c t  
c o d e  i s  s e l e c t e d .  I f  t h i s  o c c u r s ,  t h e  u s e  o f  o p t i m i z a t i o n  s h o u l d  
b e  a v o i d e d .  I f  o t h e r  c o m p i l e r  e r r o r s  a r e  i d e n t i f i e d ,  t h e y  c a n  
u s u a l l y  be  c i r c u m v e n t e d  by  r e w r i t i n g  t h e  FORTRAN code.4 

A n o t h e r  and  p o t e n t i a l l y  more  s e r i o u s  p r o b l e m  r e l a t e s  t o  t h e  
d e f i n i t i o n  o f  s t a n d a r d  FORTRAN. C S C  i n  a t t e m p t i n g  t o  a v o i d  t h i s  
p r o b l e m  d e f i n e d  a s u b s e t  o f  t h e  ASA s t a n d a r d  FORTRAN I V  t h a t  was 
t o  b e  u s e d .  T h i s  mean t  t h a t  c e r t a i n  f e a t u r e s  a v a i l a b l e  u n d e r  o n e  
c o m p i l e r  c o u l d  n o t  b e  u s e d  u n l e s s  t h o s e  f e a t u r e s  were a v a i l a b l e  on  
a l l  c o m p i l e r s .  As a r e s u l t ,  o c t a l  o r  h e x a d e c i m a l  d a t a  s t a t e m e n t ,  
f o r  e x a m p l e ,  c o u l d  n o t  b e  u s e d .  However ,  i n  s p i t e  o f  o u r  e f f o r t s ,  
i t  was i m p o s s i b l e  t o  d e f i n e  a  s u b s e t  t h a t  was c o m p a t i b l e  on t h e  
LDC 6600.  T h a t  s y s t e m ' s  c o m p i l e r  r e q u i r e d  a  d i f f e r e n t  f o r m a t  f o r  
n o n s t a n d a r d  r e t u r n s  and  d i d  n o t  a l l o w  m u l t i p l e  e n t r y  p o i n t s .  

4 ~ o r  e x a m p l e ,  i t  was f o u n d  t h a t  EXEC 8 f a i l e d  t o  c o m p i l e  p r o p e r l y  
when a d e c k  with o n e  entry p o i n t  c o n t a i n e d  n o n s t a n d a r d  r e t u r n s .  An 
a d d i t i o n a l  dummy e n t r y  p o i n t  was i n s e r t e d  i n t o  d e c k s  having o n e  
e n t r y  p o i n t  a n d  n o n s t a n d a r d  r e t u r n s ,  a n d  c o r r e c t  c o d e  was t h e r e -  
a f t e r  g e n e r a t e d .  



When it became necessary to implement NASTRAN on the CDC 6600, a ' 

program was written to convert the source decks to 6600 compiler 
format. This program, similar to the FORTRAN 11 to FORTRAN IV SIFT 
program, modifies the format of nonstandard returns and eliminates 
multiple entry points. 

With a strong background in working with FORTRAN, and with 
data on the integrity of the FORTRAN compiler involved, the degree 
of difficulty in compiling NASTRAN can be measured. If a given : 
compiler is known to have errors, it should be avoided - presuming, 
of course, that a choice of compilers is available. If optimization 
has caused problems in the past, it should not be used. If the 
FORTRAN IV language differs from the standard that NASTRAN has used, 
a SIFT-type program may have to be developed. Overall, however, 
with a competent system, this task should be a purely mechanical 
one, consisting of a string compilation of all decks. 

Source and Object Library Updating 

Inherent in the compilation of source language decks is the 
creation of an object library tape. In order to maintain library 
tapes, a source and object library edit and update program is nec- 
essary. In the case of the IBM 7094, a source and object library 
edit and update  program did not exist, and such a program there- 
fore had to be written. Although a third generation system gener- 
ally has such a capability, the capability is sometimes cumbersome 
to use. (For example, the IBM 360 object tape has to be edited to 
provide control section names for input to the Linkage Editor.) 

By using library edit features, changes to source programs 
can be made by simply specifying in an update deck the changes that 
are to be made to the library source program. When this deck is 
compiled, the source and object libraries are automatically updated. 

A sophisticated library edit capability in a target system 
can greatly facilitate compilation and subsequent updates to the 
system. Desirable features of an edit program include the follow- 
ing: (1) an update option for inserting, deleting, or adding cards, 
(2) the capability of allowing source and object libraries to be 
maintained on random access devices, (3) the ability to automati- 
cally update the source and object libraries when a deck is recom- 
piled, and (4) the capability of listing and identifying all decks 
by time and date compiled. 

Machine-Dependent Deck Conversion 

Once the FORTRAN decks have been compiled, the machine-dependen. 
programs must be converted. These machine-dependent programs consis. 
of several assembly language decks, some Data Block decks, and some 
FORTRAN decks. 



Through a concerted effort, assembly language coding was kept 
to a minimum, since CSC considered it more important to provide 
easily convertible FORTRAN code than to obtain the increase in q f f i -  
ciency provided by assembly code. The few assembly language pro- 
grams that do exist consist of function-type subroutines (AND, OR, 
LSHIFT, etc.) and operating system-type interface routines (CPU 
clock, time of day clock, console message, etc.). Of the assembly 
language subroutines, some can be simply converted ( i . e . ,  AND, OR, 
LSHIFT), while others must be implemented according to the interface 
with the system (i.e., reading the CPU clock). Generally, the oper- 
ating system provides subroutines that return the time of day, that 
return the elapsed CPU time, and that send messages to the computer 
operator. Under these circumstances, the only change required in 
the NASTRAN decks is to code a routine that calls the system sub- 
routine providing these capabilities. 

During NASTRANfs development, block data programs that con- 
tained system parameters were defined. These parameters include 
machine characteristics, and various subroutines utilize this 
data. In installing NASTRAN, the system parameters must be modi- 
fied to identify such characteristics as computer word size, num- 
ber of bits per character, number of characters per word, timing 
information, etc. The application subroutines utilize this infor- 
mation to accomplish such tasks as extracting a character from a 
word, based on the character and word length definitions contained 
in the data base. 

The third s e t  of decks that must be changed are the machine- 
dependent FORTRAN decks. These decks generally handle some of the 
NASTRAN-operating system interfaces. One of these decks is GINOIO, 
which contains the physical I/O calls to the system output devices. 
Preferably, GINOIO should contain macro-level 1/0 calls, but can 
contain FORTRAN READ/WRITE calls, although such calls are extremely 
inefficient. A second deck that must be modified (and that may have 
to be in assembly language) is GNFIAT, which must identify and trans- 
mit to NASTRAN the number and name of all files allocated to the run. 
Several smaller decks that accomplish initialization and link switch- 
ing must also be changed. 

To accomplish the conversion of these machine-dependent pro- 
grams usually requires persons knowledgeable in both the intrica- 
cies of NASTRAN and the internal aspects of the operating system. 

Absolute Program Creation 

One of the most difficult tasks required in installing NASTRAN 
is the creation of the overlays and the generation of the absolute 
(executable) elements,since no two loaders of third generation com- 
puters are even remotely similar. In addition to this problem, most 
loaders are not equipped to handle an overlay as large or as complex 



a s  t h a t  o f  NASTRAN. F a i r l y  e a r l y  i n  t h e  d e v e l o p m e n t  o f  NASTRAN, 
we e x c e e d e d  t h e  c a p a c i t y  o f  t h e  I B M  7 0 9 4  l o a d e r ,  and  s u b s e q u e n t l y  
e x c e e d e d  a  s i z e  l i m i t a t i o n  o n  t h e  UNIVAC 1108  E X E C  T I  d u e  tog f i x e d  
t a b l e  s i z e s .  However ,  e v e n  t h e  t h i r d  g e n e r a t i o n  l o a d e r s  h a v e  n o t ,  
b e e n  w e l l  e q u i p p e d  t o  h a n d l e  t h e  NASTRAN o v e r l a y .  

NASTRAN i s  d i v i d e d  i n t o  14  s e p a r a t e  l i n k s ,  e a c h  w i t h  i t s  own 
o v e r l a y  t r e e  s t r u c t u r e .  T h e s e  l i n k s  c a n  b e  c r e a t e d  i n d e p e n d e n t l y '  
and  c a n  b e  t h o u g h t  o f  a s  s e p a r a t e  p r o g r a m s .  T h e r e f o r e ,  i f  a  d e c k  
i s  c h a n g e d  i n  o n e  l i n k ,  o n l y  t h a t  l i n k  h a s  t o  b e  r e g e n e r a t e d .  Com- 
m u n i c a t i o n  b e t w e e n  t h e  l i n k s  i s  h a n d l e d  v i a  d a t a  c o n t a i n e d  on  e x t e r -  
n a l  s t o r a g e .  The E X E C  8 o v e r l a y  l o a d e r  h a n d l e d  t h e  s t r u c t u r i n g  o f  
e a c h  l i n k  e x t r e m e l y  w e l l .  On ly  t h o s e  d e c k s  t h a t  d e f i n e d  o r i g i n s  
h a d  t o  be  e x p l i c i t l y  named,  w h i l e  a l l  o t h e r  s u b r o u t i n e s  w e r e  i n c l u d e d  
a u t o m a t i c a l l y .  However,  E X E C  8 f a i l e d  i n  p r o v i d i n g  a c o n v e n i e n t  
mechanism f o r  c r o s s i n g  b e t w e e n  l i n k s .  T h i s  was e v e n t u a l l y  s o l v e d  
b y  u s i n g  e x t e r n a l  c o n t r o l  c a r d s  t o  d e t e r m i n e  t h e  l i n k  t o  b e  e x e c u t e d ,  
c a l l i n g  t h e  l i n k  i n ,  a n d  p a s s i n g  c o n t r o l  t o  i t .  On t h e  I B M  3 6 0 ,  t h e  
l i n k i n g  c o n c e p t  i s  e n t i r e l y  d i f f e r e n t  a n d  c o n s i s t s  o f  a  s u p e r  l i n k  
o c c u p y i n g  a  r e g i o n  o f  i t s  own. The  f u n c t i o n a l  l i n k s  a r e  l o a d e d  i n t o  
a  s e c o n d  r e g i o n ,  w i t h  t h e  s u p e r  l i n k  p r o g r a m  r e s p o n s i b l e  f o r  p a s s i n g  
c o n t r o l  b e t w e e n  f u n c t i o n a l  l i n k s .  

I n  a d d i t i o n ,  t h e  e x e c u t i o n  t i m e  l o a d i n g  c h a r a c t e r i s t i c s  b e t w e e n  
s y s t e m s  d i f f e r .  The  U N I V A C  1108  h a s  a  s e g m e n t  l o a d e r ,  which  c a u s e s  
a s e g m e n t  o f  a n  o v e r l a y  t o  b e  l o a d e d  o n l y  when t h e  segment  i s  e x p l i c -  
i t l y  c a l l e d ,  The I B M  3 6 0 ,  on t h e  o t h e r  h a n d ,  h a s  a s t r i n g  l o a d e r ,  
l o a d i n g  t h e  s e g m e n t  c a l l e d  a n d  a l l  o t h e r  s e g m e n t s  b e t w e e n  i t  and  t h e  
main  l i n k .  T h i s  c a u s e d  p r o b l e m s ;  a j o b  m i g h t  r u n  f o r  e x a m p l e ,  on  
t h e  I B M  360 b u t  not t h e  UNIVAC 1108  b e c a u s e  t h e  same s e g m e n t s  w e r e  
n o t  l o a d e d  i n t o  c o r e  a t  t h e  same t i m e .  

When we b e g a n  t h e  i n s t a l l a t i o n  o f  NASTRAN on t h e  C D C  6 6 0 0 ,  we 
e n c o u n t e r e d  a l o a d e r  w i t h  s u c h  l i m i t e d  c a p a b i l i t y  t h a t  i m p l e m e n t a -  
t i o n  was i m p o s s i b l e .  I t  was t h e r e f o r e  n e c e s s a r y  t o  w r i t e  a l o a d e r  
t o  h a n d l e  NASTRAN1s r e q u i r e m e n t s .  A l o a d e r  was w r i t t e n  f o r  t h e  
CDC 6600 ( p r i m a r i l y  i n  FORTRAN), and  was p a t t e r n e d  a f t e r  t h e  I B M  360 
L i n k a g e  E d i t o r / L o a d e r .  

The  d i f f i c u l t y  o f  e s t a b l i s h i n g  NASTRAN on  a  s y s t e m  d e p e n d s  on  
t h e  c a p a b i l i t i e s  o f  t h e  s y s t e m  l o a d e r .  I f  o t h e r  l a r g e  p r o g r a m s  
r e q u i r i n g  o v e r l a y s  h a v e  b e e n  i m p l e m e n t e d  s u c c e s s f u l l y  on t h e  t a r g e t  
c o m p u t e r ,  t h e n  NASTRAN c a n  p r o b a b l y  b e  i n s t a l l e d .  A s  m e n t i o n e d  
e a r l i e r ,  i f  t h e  o p e r a t i n g  s y s t e m  h a s  a  s o p h i s t i c a t e d  l o a d e r  c a p a b l e  
o f  h a n d l i n g  l a r g e  o v e r l a y s ,  t h e  p r o b l e m s  c o n n e c t e d  w i t h  NASTRAN 
i n s t a l l a t i o n  w i l l  b e  m i n i m a l .  I f ,  h o w e v e r ,  t h e  r e q u i r e d  l o a d e r  
c a p a b i l i t i e s  do  n o t  exist, a new l o a d e r  may h a v e  t o  b e  w r i t t e n .  
S i n c e  mos t  t h i r d  g e n e r a t i o n  s y s t e m s  p o s s e s s  c o m p e t e n t  l o a d e r s ,  how- 
e v e r ,  t h e  l i k e l i h o o d  o f  h a v i n g  t o  w r i t e  a new l o a d e r  i s  n o t  g r e a t .  



NASTRAN E x e c u t i o n  

Once t h e  a b s o l u t e  p r o g r a m s  h a v e  a l l  b e e n  c r e a t e d ,  NASTRAN i s  
r e a d y  f o r  e x e c u t i o n .  The  c o n t r o l  s t r e a m  f o r  e x e c u t i n g  NASTRAN mus t  
now b e  c o n s t r u c t e d  by  t h e  u s e r .  NASTRAN r e q u i r e s  a l a r g e  number 
o f  s e p a r a t e  1 /0  f i l e s  (more  t h a n  30)  w i t h  a s i g n i f i c a n t  amount  o f  
p e r i p h e r a l  s t o r a g e  a l l o c a t e d  t o  e a c h  f i l e .  T h e s e  f i l e s  a r e  d e f i n e d  
by  means o f  t h e  o p e r a t i n g  s y s t e m l s  c o n t r o l  l a n g u a g e 5  a n d  a r e  i d e n t i -  
f i e d  b y  FORTRAN l o g i c a l  u n i t  n u m b e r s .  6 

The o p e r a t i n g  s y s t e m ' s  c o n t r o l  l a n g u a g e  i s  a l s o  u s e d  t o  s p e c i f y  
t h e  l o c a t i o n  o f  a b s o l u t e  p r o g r a m s  ( i . e . ,  i f  t h e y  a r e  c a t a l o g u e d  on 
p e r m a n e n t  s t o r a g e )  o r  t o  c a u s e  t h e  p r o g r a m s  t o  b e  r e a d  f rom t a p e .  
I f  s u f f i c i e n t  a u x i l i a r y  s t o r a g e  i s  a v a i l a b l e ,  t h e  NASTRAN a b s o l u t e s  
s h o u l d  r e m a i n  y e s i d e n t ,  r a t h e r  t h a n  b e  r e l o a d e d  f rom t a p e  f o r .  e a c h  
r u n .  The c o n t r o l  stream must a l s o  i d e n t i f y  u n d e r  what  a b n o r m a l  end  
c o n d i t i o n s  a dump i s  t o  b e  t a k e n ,  what  p o r t i o n s  o f  main c o r e  s t o r a g e  
a r e  t o  be dumped, a n d  w i t h  what f o r m a t .  

T h i s ,  o f  c o u r s e  w i l l  n o t  b e  t h e  f i r s t  t i m e  i n  i m p l e m e n t i n g  
NASTRAN on t h e  t a r g e t  c o m p u t e r  t h a t  e x t e n s i v e  u s e  h a s  b e e n  made o f  
t h e  o p e r a t i n g  s y s t e m ' s  c o n t r o l  l a n g u a g e .  T h r o u g h o u t  t h e  i n i t i a l  
s t a g e s  o f  NASTRAN g e n e r a t i o n ,  t h e  c o m p i l a t i o n s  and  l i b r a r y  e d i t s  
r e q u i r e d  t h e  u s e  o f  many c o n t r o l  l a n g u a g e  f e a t u r e s .  From o u r  e x p e r -  
i e n c e ,  we f o u n d  t h a t  a c o n t r o l  l a n g u a g e  s h o u l d  b e  s o p h i s t i c a t e d  
enough  t o  p e r f o r m  t h e  n e c e s s a r y  t a s k s ,  b u t  n o t  s o  d e t a i l e d  t h a t  i t  
becomes  cumbersome t o  u s e  and  d i f f i c u l t  t o  u n d e r s t a n d .  

T a i l o r i n g  o f  NASTRAN t o  t h e  Computer  S y s t e m  

A t  t h i s  p o i n t ,  NASTRAN s h o u l d  b e  o p e r a t i o n a l  on  t h e  t a r g e t  
c o m p u t e r .  However,  t h e  i n s t a l l a t i o n  s h o u l d  n o t  y e t  be c o n s i d e r e d  
c o m p l e t e .  I d e a l l y ,  NASTRAN s h o u l d  b e  t a i l o r e d  t o  t h e  p a r t i c u l a r  
c o m p u t e r  s y s t e m .  T h i s  c u s t o m i z i n g  i n c l u d e s  s e t t i n g  up  s t a n d a r d  
p r o c e d u r e s  t o  r e d u c e  t h e  e f f o r t  r e q u i r e d  t o  o p e r a t e  NASTRAN and  
e x t e n d  i t s  f l e x i b i l i t y .  

Many t h i n g s  c a n  b e  d o n e  t o  s i m p l i f y  t h e  c o n t r o l  s t r e a m  r e q u i r e d  
t o  e x e c u t e  NASTRAN. One o f  t h e s e . ,  a l r e a d y  m e n t i o n e d ,  i s  t o  c a t a -  
l o g  t h e  NASTRAN s y s t e m  on a  p e r m a n e n t  f i l e  t h a t  i s  a v a i l a b l e  t o  a l l  
u s e r s .  A n o t h e r  means m i g h t  b e  t o  g r o u p  t h e  many c o n t r o l  c a r d s  nec- 
e s s a r y  t o  d e f i n e  t h e  f i l e s  i n t o  o n e  d a t a  s e t  t h a t  i s  C a l l a b l e  by a 
s i n g l e  c o n t r o l  c a r d .  I t  may b e  p o s s i b l e  t o  i n c l u d e  i n  t h i s  c a l l  a  

  or e x a m p l e ,  on t h e  I B M  360 DD c a r d s  a r e  u s e d  t o  d e f i n e  t h e  u n i t  
number ,  p h y s i c a l  d e v i c e  [ t a p e ,  d i s k ,  e t c , , )  and  s p a c e  a l l o c a t i o n .  

6 ~ o r  e x a m p l e ,  t h e  i n t e g e r s  8 ,  9 ,  1 0 ,  11, e t c .  



parameter that defines the space allocatione7 It may also be pass: 
ible to specify a region size on the run card, and therefore to 
provide a flexible NASTRAN system in terms of core and file ~ i z e .  
By implementing the above suggestions, it is likely that the num- 
ber of control cards needed can be reduced to as few as four or five. 

Several changes can also be made to improve the run efficiency 
of NASTRAN. The NASTRAN buffer size can be tailored to fit the . 
particular random access devices used. That is, buffer size can B e  
set to correspond to half-track or full-track. Since data buffers 
should not cross track boundaries, such tailoring can improve the 
efficiency of the 1/0 and provide better utilization of auxiliary 
storage. 

Machine timing characteristics such as internal arithmetic 
speed and 110 speed are stored in the data base, and are used to 
make logical decisions concerning the most efficient means of decom- 
posing a matrix. Timing studies can be made to refine the data 
base times and thus to enable the decomposition routines to make 
proper decisions. 

A longer range goal might include the conversion of some of 
the time-critical FORTRAN routines to assembly language, since con- 
version of'these routines can lead to a substantial savings in 
machine time. Here, the 1/0 and PACK/UNPACK routines are good 
candidates for conversion. Also, if macro-level f/O was not used 
initially in GINOIO, it is well worth considering it at this point. 

CONCLUDING REMARKS 

The user who intends to install NASTRAN on a computer should 
now have a reasonable idea of the nature of the task before him. 
He also has an outline of the necessary steps to install NASTRAN. 
However, each computer is unique, and the problems as well as the 
solutions that he encounters in implementing NASTRAN may be dis- 
tinctly different from those of the past. 

Users about. to install NASTRAN can reduce the magnitude of 
the installation effort if three resources are available: first, a 
capable and well checked out operating system; second, a person 
knowledgeable in the use and internal workings of that system; and 
third, a parson experienced in the use and internal design of 
NASTRAN. 

the IBM 360, for example, a PROC was set up to define the DD 
cards. A parameter included in the PROC defines the space allo- 
cation for each file. 



1. Second a a r t e r l y  Report for NASA General f i~ rpose  Structural Analysis Program 
(1 November 1966 - 1 January 1967) pp. 2 5 - n ,  prepared by CSC f o r  Goddaxd 
Space Flight Center, Greenbelt, Maryland. 
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ABSTRACT 

The cur ren t  discrete  element analysis models in NASTRAN, Levels 8. 1.0 
and 11. 1. 0, a r e  evaluated for  semi-rnonocoque and monocoque s t ructures .  
Comparative resul ts  a r e  presented with the FORMAT-I11 general-purpose code 
for a swept wing statics analysis and a Skylab substructure vibration analysis. 
Good agreement  between Level i I. 1.0 and FORMAT-111 i s  demonstrated; 
however, a major  e r r o r  in Level 8. 1 .0  was discovered on the Skylab vibration 
problem. The computational performance of NASTRAN was superior  to 
FORMAT, but the vibration rigid format  was found to have several  inefficien- 
cies. Comparative resul ts  a r e  a l so  presented between Level 11. 1. 0 ancl 
STACUSS, SLADE, BOND, UNIVALVE, and another special-purpose code. 
Results fo r  two of the s t ructures  analyzed, a cylindrical shell and an elliptic 
plate, indicate curved discrete  elements a r e  significantly more accurate  than 
the plate elements in NASTRAN for  the same number of degrees of freedom. 

SYMBOLS 

C P U  cent ra l  processor  unit 

E Young Is modulus 

G plane s t r e s s  mater ia l  properties mat r ix  

h plate thic kne s s 

cycles per  second 

length 

N dimension of the stiffness mat r ix  

"This work was performed under the sponsorship of the McDonnell Douglas 
Astronautics Company Independent Research and Development Program. 
Portions of the work reported were done under Contract NAS9-6555 (Skylab). 
One t e s t  problem was taken f r o m  work performed for  the Air  Force  Space 
and Missile Systems Organization under Contract FO4701-70 -C -0159. 
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N/m 
2 

PPU 

R 

SS 

u, v, w 

p sec 

'U 

Newtons per  square m e t e r  

peripheral processor  unit 

cylinde r radius 

systems seconds - composite time charge 

elastic displacements 

microseconds 

Poisson 's  ratio 

INTRODUCTION 

An evaluation of most  special-purpose s t ructural  analysis programs can 
be accomplished using closed -form solutions of academic problems with 
restricted geometry. A general-purpose program like NASTRAN, however, 
i s  more  difficult to evaluate in  that i t  must  a lso be tested for  complex built- 
up s t ructural  analysis problems. This can be accomplished using known 
experimental resul ts  or  solutions f rom existing general-purpose programs 
like FORMAT that have been extensively tested for a variety of structures.  
The present paper evaluates cur rent  NASTRAN (Levels 8. 1. 0 and 11.1.0) 
discrete  element models fo r  semi-monocoque and monocoque s t ructures  using 
comparative resul ts  f rom FORMAT, special-purpose programs, and closed- 
form solutions. In particular,  comparisons a r e  provided for  a multi -cell  
swept wing, a water bottle storage rack assembly on the Skylab vehicle, and 
two common structural  shapes. The accuracy of the NASTRAN results a r e  
of pr imary  interest ,  but the question of program efficiency also receives 
attention. 

General-purpose code comparisons a r e  made for semi-monocoque 
s t ructures  using NASTRAN rigid formats  one (s tat ics)  and three (normal 
modes). In the case  of the swept wing problem, only static resul ts  a r e  avail- 
able;  however, these include both force method and displacement method 
solutions by FORMAT. The Skylab storage rack problem i s  analyzed for  
static deflections and natural modes using a reduced dynamic model (Guyan 
reduction option) for  the symmetric modes and the unreduced model for  anti- 
symmetric modes. The FORMAT solutions a r e  obtained using the force 
method and a mat r ix  condensation procedure equivalent to Guyan reduction. 
Modeling differences between the force method and displacement method 
idealizations of the storage rack s t ructure a r e  described. Special-purpose 
code comparisons a r e  made for monocoque s t ructures  using NASTRAN rigid 
formats one (s tat ics) ,  three (normal  modes), and nine (direct transient 
response). A simply supported cylinder under external pressure  i s  analyzed 
using the CQUAD2 plate element. These resul ts  a r e  compared with curved 
shell  element solutions f rom the STACUSS and SLADE special-purpose codes. 
An orthotropic elliptic plate loaded by an external pressure  i s  a lso analyzed 
using NASTRAN plate elements and the resul ts  compared with the Lekhnitskii 



closed-form solution. Comparisons a r e  also made with a new parametric 
disc rete element code. The final problem considered i s  the transient re sponae 
of an impulsively loaded f ree  ring segment. The structure is modeled using 
beam elements and the response compared with results from the BOND and 
UNIVALVE ring codes. These data and  data from the preceding problems 
provide detailed information on the current mode ling capability of NASTRAN 
for monocoque and semi-monocoque structures. 

GENERAL-PURPOSE CODE COMPARISONS FOR 
SEMI-MONOCOQUE STRUCTURES 

General-purpose discrete element programs a r e  designed primarily for 
the analysis of complex built-up structures. Irregular construction and 
geometry make i t  difficult, i f  not impossible, to analyze these structures by 
other methods and i t  was this capability in NASTRAN that was f i rs t  to be 
evaluated a t  MDAC. A very large percentage of the total analysis cost for 
such structures i s  associated with development of the discrete element model 
from engineering drawings and a large percentage of this cost is associated 
with the generation of grid coordinate data. NASTRAN has no built-in cap- 
ability in  this a rea  although user  coded modules can be added to provide a 
basic capability such a s  that in FORMAT (see ref. 1, pp 9 1-92). Ideally the 
computer graphics used in the actual design (ref. 2)  should be available to 
aid in the c onstruc tion of the analysis model. 

The NASTRAN Level 11. 1.0 results, compared in this section with 
FORMAT-XI1 results, were obtained on the CDC 6500 in double pre-cision. The 
FORhIAT-111 results were obtained in single precision on the UMVAC 1108 and 
the CDC 6500. This difference in computational precision did not significantly 
affect the accuracy comparisons, although i t  did inc rease the NASTRAN central 
processor unit (CPU) times. 

Semi-monocoque Swept Wing 

The swept wing problem is  taken from the FORMAT User 's  Manual 
(ref. 1) and features many items common to built-up structure. These 
included oblique reactions, thermal loading, skewed e lernent geometry, 
tapered sections, and multiple materials. The wing (see fig. 1) has a 0. 5236- 
radian sweep angle, a multi-rib outer section, and a tapered root section. 
The two sections have a gap between them and a r e  connected by the front and 
rear  spar caps. The discrete element idealization of the front spar has bending 
stiffness in two planes outboard of node 33  (see figs. 2 thrcrugh 4). The 
structure i s  basically aluminum with a number of steel. stiffeners and i s  
subjected to both mechanical a n d  thermal load conditions. The NASTRAN and 
FORMAT displacement idealizations use similar elements although the element 
matrices a r e  slightly different. The FORMAT force method model of the wing 
uses the same grid points but different plate and panel elements as described 
in  reference 1. The f i r s t  load condition is  a 4.448-Newton lift force on the 
front spar wing tip (see fig. 1, vector 37)  and the second load condition i s  a 



temperature increment of 11 1. 1 OK at nodes 5, 6, 7 and 8 (see fig. 2). Compara- 
tive resul ts  for the mechanical load condition (see figs. 5 through 9)  show 
good agreement with the large s t  differences occurring in  the displacement 
directly under the load. The maximum displacement difference between 
NASTRAN and either FORMAT solution i s  7 percent. The comparison of 
internal b a r  forces  i s  actually better,  a s  figure 7 demonstrates, with the 
maximum difference between NASTRAN and eithe-r FORMAT solution being 
3 .5  percent, Results f rom the thermal  load condition (see figs. 10 through 
13) show smaller  differences than for  the mechanical load condition. The 
computational performance of NASTRAN Level 11. 1.0 was significantly better 
than that of FORMAT -111. The CDC 6500 NASTRAN solution fo r  five load 
conditions required 171 C P U  seconds, 364 P P U  seconds, and 218 SS seconds. 
The P P U  time includes 200 seconds required to copy NASTRAN from tape to 
disk which can be avoided by using permanent disk storage, This solution was 
in double precision, a waste of time and core on CDC 6000 se r i e s  computers. 
The single-precision FORMAT displacement solution required 1320 seconds 
on the UNIVAC 1108 which executes FORMAT in very nearly the same time 
a s  the CDC 6500. The size of this problem i s  relatively small  (N=232) and the 
majority of the CPU time i s  not spent solving the equilibrium equations, 
NASTRAN used only 21 seconds and FORMAT 60 seconds. The principal 
reason fo r  the computational difference in this problem i s  the use of a pre-  
programmed rigid format  by NASTRAN. 

Skylab Storage Rack- -Static s 

The Skylab vehicle has  a water bottle storage rack assembly (see figs. 
14 and 15) consisting of 3 built-up f rames ,  with 10 cylindrical water tanks 
distributed around the circumference between the 2 lower f r ames ,  25  storage 
racks distributed around the upper frame,  and a conical sk i r t  connecting 4 

the assembly to the Skylab pr imary  structure.  The water containers hold 
3044 kg of water, the contents of the storage cabinets has  a mass  of 1361 kg 
and the total mass  of the s t ructure i s  6976 kg. 

A NASTRAN idealization that uses  one plane of symmetry was generated 
for half the structure ( see  fig. 16) using an ea r l i e r  FORMAT-111 idealization 
wherever possible. Some modeling differences occurred because the 
FORMAT-111 force method shear  panel has  mid-side nodes and the associated 
b a r  (rod) element has mid-length reactions, while the NASTRAN shear  panels 
have nodes at the corners .  A summary  of the FORMAT-I11 and NASTRAN 
idealization for half the structure i s  presented in  table 1. Heavy use of b a r s  
and shear  panels to represent  bulkheads in the force method model i s  designed 
5 0  keep the number of redundants small. This situation does not occur in  the 
displacement method and membrane elements were used in the NASTRAN 
idealization of the bulkheads. The most  serious deviation from the FORMAT- 
111 modeling occurred in representing the conical sk i r t  support for  the storage 
rack assembly. The FORMAT -1II idealization used direct  input flexibility 
mat r ices  at  the support reactions to represent  the conical sk i r t  while in  the 
NASTRAN model the vertical  and tangential displacements were prescribed to 
be ze ro  a t  the outer circumference of the lower ring frame. This modeling 
difference could have been removed using the general element feature i n  



NASTRAN; however, this was not done for  budgetary reasons. 4 

NASTRAN solutions fo r  static unit loads we re  obtained and compared with 
existing force  method resul ts  obtained f rom the FORMAT-111 program. 
Figure 17 indicates good agreement between FORMAT-111 and NASTRAN 
Level 11. 1.0 fo r  the upper ring frame and water container support structure,  
while a t  the lower ring f r ame  the NASTRAN model is too stiff because of the 
modeling of the supports. The lack of correlation with Level 8. 1. 0 of 
NASTRAN, shown in figure 17, i s  due to an e r r o r  which occurs  in this early 
release for a special  c lass  of multipoint constraint equations. The swept 
wing problem fo r  example also used multipoint constraint equations but no 
significant differences in  the Level 8. 1.0 and Level 11. 1.0 results were 
observed. The computational performance of NASTRAN was again superior 
to  FORMAT. The module t imes listed in  table 2 indicate, surprisingly, that 
the multipoint constraint eliminator took longer than decomposition of the 
stiffness matrix.  These resul ts  were obtained af ter  renumbering the grid 
points using BANDIT (see ref. 3 )  to reduce the bandwidth of the stiffness 
matrix.  P r i o r  to renumbering, the semi-bandwidth was 289 with 26 active 
columns and the problem "spilled1' badly. Excessive data t ransfer  (i. e. , 
spill) occurs  on the CDC 6000 se r i e s  when the sum squared of the semi-band- 
width and the number of active columns exceeds the working core storage 
available. NASTRAN estimated over 5000 CPU seconds to decompose the 
poorly sequenced ma t r ix  and terminated the run on i t s  time -to-go check. Only 
91.3 C P U  seconds were used by BANDIT to save over 5000 CPU seconds. In 
general, bandwidth minimization will not always be  the best  strategy because 
of the active column feature; however, i t  i s  a good baseline strategy used 
of ten a t  MDAC. 

Skylab Storage Rack- -Vibration 

NASTRAN solutions f o r  the natural  vibration character is t ics  we r e  also 
obtained and compared with those obtained f rom the FORMAT-III program. 
The FORMAT -111 model for  s t ructural  and nonstructural m a s s  consisted of 
concentrated (lumped) m a s s e s  for  2 50 dynamic degrees of freedom in the 
complete structure.  A matr ix  reduction. procedure s imilar  to "Guyan reduc- 
tion" was used to condense the static discrete  element model to these 250 
degrees of freedom before computing vibration modes. The same mass 
idealization and dynamic degrees of freedom were used in the NASTRAN model 
except for  the conical sk i r t  modeling differences and the use of s t ructural  
symmetry in  the NASTRAN model. This resulted in  a 115 degree of freedom 
model af ter  Guyan reduction, since some of the degrees of f reedom a t  the 
supports were restr ic ted by the support conditions. 

The NASTRAN resul ts  for the symmetric modes were computed for  the 
reduced sys tem using the Givens method. The lowest antisymmetric mode 
was obtained by inverse i teration for  the unreduced system, with the mass  
restr ic ted to  115 degrees of freedom, after applying antisymmetric boundary 
conditions a t  the plane of s t ructural  symmetry. The frequency comparisons 
between FORMAT-I11 and Level 11. 1.0 given in  table 3 for  the f i r s t  10 
s t ructural  modes, indicate that the NASTRAN resul ts  were consistently higher 
by from 3 . 6  to 7.8 percent which i s  i n  keeping with the too stiff boundary 



conditions. The mode shapes for the complete FORMAT model were either 
symmetric (modes 1, 3, 5, 7, and 10) o r  antisymmetric to the precision of the 
printout, which was seven significant digits. The mode shapes agree very 
well away from the boundary (see figures 18 through 20) and in every case the 
degree of freedom having the maximum displacement was the same. 

The computational performance of NASTRAN was only average. The 
problem used 40 minutes of CDC 6500 CPU time which i s  broken down for the 
major modules in table 4. The direct matrix reduction from 571 to 115 degrees 
of freedom required just under 20 minutes, which i s  not particularly efficient. 
In this problem, the omitted coordinates have no mass so that reduction of the 
mass matrix i s  trivial. Apparently NASTRAN did not detect this situation. 
Module SMP 1 operates on both the stiffness and mass matrices simultaneously 
which can also cause inefficiencies on restart .  Changes in mass data on a 
res tar t  run, for example, will cause the stiffness matrix to be reduced al l  
over again. Another inefficiency in SMP 1 i s  the direct matrix reduction of 
the mass matrix. Sequential reduction such as that used in DYNAL (ref.  4) 
has reduced problems from 600 to 105 degrees of freedom in under 5 minutes 
of equivalent CDC 6500 time. The computational performance of inverse 
iteration (see table 4) on the unreduced problem could also be improved. A 
significant inefficiency in this routine i s  the use of an unsymmetric matrix 
decomposition for symmetric matrices. This not only increases the number 
of computations; i t  reduces by nearly one-half the size problem that can be 
solved without matrix spill. The vibration rigid format also ignores direct 
matrix input data without printing a warning message. This i s  not only an 
inconvenience i t  can be dangerous. 

SPECIAL-PURPOSE CODE COMPARISONS FOR 
MONOCOQUE STRUCTURES 

Special-purpose codes usually a r e  restricted to a particular geometry 
which they represent exactly. General-purpose codes, in contrast, often 
approximate curved structures as  a series of initially straight discrete 
elements. As a result special-purpose codes tend to be not only faster but 
more accurate for a given problem size. The analyst must weigh these 
advantages against the disadvantage of having to learn the operating character- 
istics of several different programs and having to maintain them. Comparative 
results a re  presented in this section that should assist  the analyst in evaluating 
the relative meri ts  of NASTRAN for certain structural shapes. These include 
circular shells, elliptic plates, and curved beams. 

Simply Supported C ylinde r 

STACUSS and SLADE are  recently developed special-purpose codes 
(refs. 5 and 6) that can analyze shells of revolution with cutouts using general 
curved shell discrete elements. At present NASTRAN must model general 
shell structures using flat plate elements and i t  i s  important to have estimates 
of the loss in accuracy, hence efficiency, incurred using NASTRAN for these 



structures,  Toprovide suchdata, acylindersimplysupportedinw, with , 
u=v=O boundary conditions, is analyzed under a uniform pressure. The decay 
length for  boundary effects i s  approximately L/4  so that shell bending i s  
important in  the solution. Using axial symmetry, a 10-degree s t r ip  of 10 
curved elements model the structure in STACUSS and SLADE, while a double 
s tr ip of 20  elements (20 degrees) i s  needed by NASTRAN to model the curvatbre 
effects. In general the number of elements can be the same, even for  
symmetry models. The STACUSS elements have the same number of degrees 
of freedom per node a s  the NASTRAN elements while the SLADE element hap 
16 additional u, v displacement degrees of freedom. This allows the influence 
of curved elements and high order elements to be separated. Results for  
me ridional moment, meridional displacement, and normal displacement (see 
table 5) indicate that curved shell elements can improve the maximum moment 
prediction by 16 percent, the maximum meridional displacement by 10 percent, 
and the maximum normal displacement by 3 percent. These percentages a re  
based on a reference shell-of -revolution discrete element solution using 50 
elements over the length of the cylinder. The well-known Timoshenko solu- 
tion has different u boundary conditions, The STACUSS and SLADE results 
agree very well indicating that higher order  u, v displacement functions a r e  
not needed in this problem. If the applied load had a meridional o r  circum- 
ferential component, this conclusion might well change. The NASTRAN and 
SLADE solutions were obtained on the CDC 6500 and required 97 and 45 C P U  
seconds, respectively, The STACUSS solution was obtained on the IBM 360165 
and required 79 CPU seconds. In all  cases the majority of the CPU time was 
spent generating the matrices for the problem. The time spent solving 
equilibrium equations was very small, Recalling that the NASTRAN model 
used twice a s  m a n y  elements a s  the SLADE o r  STACUSS models, there will be 
little computational difference, in  general, even though there is an accuracy 
difference for  the same grid. To summarize, the NASTRAN comparisons 
demonstrate that flat plate elements can yield static shell solutions with 
reasonable accuracy but available curved shell elements offer a significant 
improvement, 

Orthotropic Elliptic Plate 

Triangular and quadrilateral plate elements do not model the geometry 
efficiently in  many plate problems. A simple example i s  a circular plate, o r  
a plate with a circular hole, where a straight -sided bending element models 
the deformed geometry better than the undeformed. Discrete elements with 
variable edge geometry, called parametric o r  isoparametric elements, can 
improve solution accuracy for these problems in much the same way as  curved 
shell elements improved the cylinder results. To estimate the potential 
improvement, an  orthotropic elliptic plate was analyzed using NAS TRAN and 
a parametric  element code developed a t  MDAC, The plate i s  simply supported 
and loaded by a uniform pressure  of 36. 895 PJ/m2. A closed-form solution for 
this problem is  available (see ref. 7) to establish accuracy. Comparative 
results between straight-sided NASTRAN elements and curved edge parametric 
elements a r e  presented in table 6 for several g r i d  refinements. The NASTRAN 
results for the 4x4 grid (see fig. 21) have converged to within 8 percent of the 
maximum displacement and 12 percent of the maximum stress .  (The center- 
point element s t resses  were interpolated and extrapolated to obtain the grid 



point s tresses.  ) The parametric element results for the 2x2 grid have con- ' 
verged to within 5 percent of the maximum displacement and 6 percent of the 
maximum stress .  These d.ata demonstrate that straight-sid.ed elements can 
require over four times as many variables for similar accuracy. The 
NASTRAN 4x4 grid solution also required. more C P U  time than any of the n 

parametric element solutions. As with the curved shell element comparisons, 
the NASTRAN results a re  of acceptable accuracy but the curved-edge plate 
element results offer a significant improvement. 

Dynamic Response of Curved Beam 

The planar response of an impulsively loaded, free ring segment havin 
a 0.8238 radian a r c  was computed using rigid format nine of NASTRAN. ~ g e  
ring segment had an outside radius of 12.7 cm, a thickness of 1.016 cm, and 
a width of 2.  54 cm, a Young's modulus of 2.068 x 104 PJ/rn2 and a density of 
1.64 gm/cm3 with an initial velocity of 4.79 rn/sec. One-half the beam was 
modeled using 12 straight beam segments with the coupled mass  formulation 
and no transverse shear. The linear elastic results for bending moment and 
axial force at the centerline were compared with solutions obtained f rom the 
MDAC BOND code (ref. 8 )  and the UNIVALVE code (ref. 9). 

The BOND code i s  based on the general numerical method outlined in 
reference 10, and uses a lumped-parameter, spring-mass model to deter- 
mine the dynamic elas tic plastic response of soft-bonded laye red rings. Only 
the linear elastic option i s  used for the present problem. A semicircular 
segment was modeled using 120 lumped masses  in two rings connected by 
radial and tangential springs. To model the a r c  segment, a l l  masses  located 
in the outer ring and those in the inner ring beyond the actual a rc  segment 
we re prescribed to be very small. The actual model for half the circular arc 
segment was thus represented by 8 of the 120 lumped masses.  The BOND 
results a r e  for a location 0.02618 radian from the centerline. 

The UNIVALVE code computes the two -dimensional, large deflection 
response of arbi trary planar beams and rings using finite differences in space 
and time. The material may be elastic -plastic and exhibit s t rain hardening 
and rate sensitivity; however, these were not used in  the present problem. 
The ring was modeled using both 12 and 24 mesh points along half the curved 
ring segment, and the results f rom the 12 point model were compared with 
NASTRAN. 

A comparison of the axial force a t  the centerline (fig. 2 2 )  shows good 
agreement for all three analyses. A comparison of the centerline bending 
moment (fig. 23 )  indicates that the NASTRAN peak moment i s  17 percent 
higher than the UNIVALVE solution, although there was good correlation in 
frequency. The NASTRAN peak moment was 5 percent greater than the BOND 
result, which had a slightly higher frequency. The use of a lumped mass  
idealization resulted in a 7 percent reduction in the NASTRAN peak moment 
which occurs a t  45 p sec. 



When a low transverse shear  modulus of 2.068 x l o 3  ~ / m 2  was intro- 
duced, the NASTRAN resul ts  agreed closely with the UNIVALVE results. 
Table 7 l is ts  the maximum force  for  the f i r s t  100 psec,  and summariqes the 
numerical integration run times. It i s  noted that the NASTRAN program 
employs an  implicit integration scheme, while the BOND and UNIVALVE 
solutions employ an  explicit scheme. In addition the number of degrees of 
freedom and time steps varied fo r  the different solutions, which makes a 
meaningful comparison of solution times difficult. 

The N A S T R m  solution was run on the CDC 6500 with the transient 
response module TRD requiring 2 5 9  seconds to execute 500 time steps for  the 
37 degree of freedom model. The solution was obtained using a 1 -psec time 
step with the resul ts  printed out every fifth step. There was little change in 
the solution when the s tep  size was reduced to 0. 5 psec.  

The UNIVALVE program determines a mesh  s ize for  the time variable 
based on the mesh s ize for  the space variable. A separate run was made with 
double the number of mesh points, with the solution changing by about 1 
percent. A large number of time steps were required for the BOND program 
to insure solution stability. In summary, the NASTRAN results a r e  of 
acceptable accuracy but the solution time i s  excessive in comparison to 
UNIVALVE. The time required by the transient response module in NASTRAN 
was only 26 percentrof the time shown in table 7. This means implicit versus 
explicit integration was not the principal reason for the longer NASTRAN run 
time. 

CONCLUSIONS 

The general elements in  NASTRAN, Level 11. 1 .0 ,  were found to adequate- 
ly model semi-monocoque and monocoque s t ructures  for  l inear  static and 
dynamic analyses. However, the modeling efficiency of NASTRAN can be 
significantly improved with the addition of general curved shell  e lernen ts and 
variable -geometry parametr ic  discrete  elements. This change should include 
modification of the mat r ix  assembly modules to eliminate the present s ix  
degree of freedom per  gr id  point restriction. These conclusions are based on 
comparisons with both force method and displacement method solutions using 
a variety of discrete  elements. The ear ly  NASTRAN release,  Level 8. 1. 0, 
was found to have a ser ious e r r o r  in the multipoint constraint eliminator that 
i s  not present in  Level 11. 1.0. This e r r o r  caused an erroneous solution of a 
Skylab component tes t  case.  

The computational performance of the static analysis rigid format  was 
superior to FORMAT-111; however, NASTRAN Level 11. 1.0 has  no sub- 
structuring capability. The sparse  matr ix  routines and the r e  s t a r t  monitor 
performed well although multiple res ta r t s  occasionally produced missing 
fi les.  The s t ructural  plot module is easy to use but needs a la rger  charac ter  
se t  to make the title legible. The vibration rigid format,  by comparison, was 
relatively inefficient, especially the Guyan reduction portion. The direct  
transient response rigid format  was also relatively slow. In part ,  this i s  the 



resu l t  of using double precis ion on the CDC 6500. A single precis ion option is 
definitely needed f o r  CDC 6000 s e r i e s  computers.  In conclusion, i t  should be  
noted that NASTRAN contains many features  not reviewed in this paper.  
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Table 1. --Skylab s torage rack d i sc re te  
e lement  model data 

Model FORMAT -IU NAST RAN 

Grid Points  279 245 

Axial Rod Elements  497 387 

B a r  Elements* 12 12 

Shear  Pane l s  

Tr iangular  Membranes  66 106 

Quadri la tera l  Membranes  0 

*Axial load plus bending in  one plane 

Table 2. - -NASTRAN c ornputational performance 
Skylab static analysis 

Module C P U  sec* De s c ription 

S E M I  46.922 NASTRAN preface 

TAI 16.637 Table assembler  

SMAJ 101.327 Structural  ma t r i x  a s s emb le r  

M C  E 2  183.838 Multi-point constra int  el iminator 

RBMG 104.623 Decompose st iffness ma t r i x  

SSG3 31.599 Static solution generator  

SDRI 15. 163 S t r e s s  data recovery 

*CDC 6500 cen t ra l  p roce s so r  unit t imes  



Table 3. - -Skylab s torage r ack  frequency comparisons  
.A 

Mode FORMAT -111 NASTRAN 1 P. 1. O* Difference A 

(Hz) (Hz ) 

I 12.618 13,580 7.670 

*Only one antisyrnmetric mode was computed 

Table 4, - -NASTRAN computational performance - - 
Skylab vibration analyses 

Module 

SEMI 

SCE 1 

SMP 1 

READ 

SDRl 

C P U  seconds 

62.210 (59.728);: 

18.458 (18.3 13) 

102. 147 (102. 141) 

17. 536 (17.498) 

225.239 (214.521) 

2 1. 940 (22.032) 

1141.285 - 
563.743 (782.943) 

61.341 (9.715) 

Description 

NASTRAN preface 

Table a s s emb le r  

Stiffness m a t r i x  generator  

M a s s  matrix gene r a to r  

Multi-point constra int  e l iminator  

Single point constra int  e l iminator  

Mat r ix  reduction (Guyan) 

Real eigenvalue analysis  

S t r e s s  data recovery  

=kTime f o r  f i r s t  ant isymmetr ic  mode using inverse  i tera t ion 



Table 5. --Cylindrical shell  comparisons 

Me ridional Moment Me ridional Displacement Normal Displacement 
(Newton-centimeters) (meters)  x 10-6 (meters)  x l o - 6  

X/L X/L 

N* ST* SL* N ST SL N ST S L  

*N = NASTRAN, ST = STACUSS, SL = SLADE 

6 E = 6 8 - 9 5  x 109 N/rn2 v = 0 . 3  L = 50.8 c m  R = 2 5 . 4  c m  External pressure = 68.95 x 10 ~ / m ~  



Table 6. --Orthotropic elliptic plate comparisons 

Maximum Stress  Maximum Shear Stress  
Maximum Displacement (Newtons / m e t e d )  (Newtons/ eter2)  

Grid Dimension (meters)  x 10-2 x lo6  x 10 CPU Seconds %' 
N* P* N P N P N P N P 

Exact Solution 0 .28  16 - 18.35 -8. 154 

*N - NASTRAN Elements , P - Parametric Elements 



Table 7--Curved beam comparisons 

NASTRAN BOND::' UNIVALVE 
4 

c ompu te r CDC 6500 CDC 6500 CDC 6400 

Degree of freedom 

Number of t imes steps 

C P U  seconds 206 269 7 

Maximum axial force 
(Newtons) 

Maximum bending moment -201.3 - 190.8 - 162.7 
(Newton-centimeters) 

;':The BOND values are 0.02618 radian f rom the centerline 



SWEPT WING 

X 

STRUCTURAL SUMMARY 
76 - JOINTS 

104 - CONSTRA I NTS 
72 -APPLIED LOADS 

130 - BAR ELEMENTS 
47 - SHEAR PANELS 
60 - TRIANGULAR MEMBRANES 

F i g u r e  1. -Structural  configurat ion and applied loads 





VERTICAL SHEAR 

B r V E R T I C A L  BARS 

Figure 3.-Idealization middle plane swept wing ver t i ca l  e lements  



Figure  4. -Swept wing lower su r face  elements 



F i g u r e  5.-Swept wing top s u r f a c e  leading edge  d i sp l acemen t  
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F i g u r e  6.-Swept wing top s u r f a c e  t ra i l ing  edge d isplacement  
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F i g u r e  7.-Swept wing leading edge b a r  f o r c e s  
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F i g u r e  8.-Swept wing top s u r f a c e  m e m b r a n e  s t r e s s  



SPANWISE COORDINATE, Y, CM 

F i g u r e  9.-Swept wing top s u r f a c e  s h e a r  s t r e s s  
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F i g u r e  10.-Swept wing leading edge t h e r m a l  d isplacements  
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F i g u r e  11.-Swept wing leading edge b a r  t h e r m a l  f o r c e s  
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F i g u r e  12.-Swept wing t r a i l i ng  edge b a r  t h e r m a l  forces. 



SPANWISE COORDINATE, Y, C M  

F i g u r e  13.-Swept wing top  s u r f a c e  m e m b r a n e  t h e r m a l  s t r e s s  
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WATER CONTAINER 
AND STOWAGE CAB I NET 
SUPPORT STRUCTURE - 

CREW QUARTERS 
STRUCTURE 

Figure  14.-Orbital workshop habitation a r e a  s t ruc tu ra l  a r rangement  



I NTERMED I ATE 
FRAME 

WATER 
CONTA I NER - 

LOWER FRAME FRAME SUPPORT 
I N STALLAT I ON 

F i g u r e  15. -Skylab w a t e r  conta iner  segment  



r STAT 1 C LOAD 

Figure  16.-NASTRAN model  of Skylab wate r  cabinet 



F i g u r e  17.-Skylab problem rad ia l  d isplacement  upper  f r a m e  

. . 







FORMAT 
NASTRAN 

F i g u r e  20. -Fifth s y m m e t r i c  mode  r ad ia l  d i sp l acemen t  uppe r  f r a m ?  







NASTRAN - 
BOND - 
UNIVALVE - 

cn 
IU 
u1 MICROSECONDS 

F i g u r e  23. -Ring s e g m e n t  bending m o m e n t  c o m p a r i s o n s  



SAVINGS IN NASTRAN DECOMPOSITION TIME B Y  SEQUENCING TO 
REDUCE ACTIVE COLUMNS* 

By R.  Levy 
J e t  Propulsion Laboratory 

S. Wall 
Computer Sciences Corporation 

SUMMARY 

In large -capacity computer programs for s t ruc tura l  analysis, computa- 
tional efficiency i s  improved and core  storage requirements a r e  reduced by 
taking advantage of the typical sparseness  in the stiffness matrix.  In the past,  
the goal of reordering has been to minimize stiffness mat r ix  bandwidth. An 
alternative reordering procedure has the goal of reducing mat r ix  wavefront. 
When applied to the NASTRAN Program,  this is equivalent to the reduction of 
the number of active columns for zero bandwidth. Comparisons a r e  supplied 
that show the relative compactness that can be achieved for  practical struc- 
tura l  models with wavef ront sequencing and with bandwidth sequencing. 
Examples show that wavefront sequencing can produce savings in  the t ime 
required for subsequent decomposition of the stiffness matrix.  

INTRODUCTION 

Large-capacity computer programs for structural  analysis operate most  
efficiently when the computational procedure i s  formulated to capitalize on the 
typical sparseness  of the s t ructural  stiffness matrix.  Sparseness i s  used to 
advantage by confining the computational ope rations to a compact region that 
i s  densely populated with nonzero coefficients and by omitting operations for 
the empty region in which the coefficients a r e  zero,  Consequently, it i s  often 
desirable to reorder  a given stiffness mat r ix  to make the region for cornputa- 
tions a s  compact a s  possible and to make the empty region a s  large a s  pos- 
sible. Traditionally, the compactness of the stiffness mat r ix  has been mea-  
sured by the mat r ix  bandwidth, but an alternative equation- solving approach 
(ref .  1) performs the computations within the region delineated by the matr ix  
wavefront. The wavefront approach i s  attractive because the maximum 

* 
This paper presents the resul ts  of one phase of research  car r ied  out a t  the 
Je t  Propulsion Laboratory, California Institute of Technology, under 
Contract No. NAS 7-100, sponsored by the National Aeronautics and Space 
Administration. -- _-_--- 
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, wavefront i s  often considerably l e s s  than the maximum bandwidth, and i t  can 
never be greater .  

Efficiency and storage requirements of the NASTRAN stiffness mat r ix  
decomposition procedure depend upon both the bandwidth size and the number 
of active columns. Wavefront and active columns a r e  related because the 
number of active columns i s  equal to the wavefront reduced by the number of 
columns within the bandwidth; when the bandwidth i s  zero,  the wavefront 
equals the number of active columns. However, in NASTRAN She emphasis 
for efficiency i s  directed towards bandwidth processing rather  than active 
column processing. Consequently, preprocessor  programs have been used in 
the past to generate sequence cards  that reduce the bandwidth of large-order  
stiffness mat r ices  independently of possible reductions in active columns. 
Nevertheless, it will be shown subsequently that practical difficulties in obtain- 
ing NASTRAN solutions for s t ructures  that have been bandwidth-sequenced 
can sometimes be overcome by wavefront sequencing to reduce the number of 
active co lunns  with no regard for bandwidth. 

COMPARISONS O F  BANDWIDTH AND WAVEFRONT SEQUENCING 

Algorithms described in  references 2 ,  3,  2nd 4 have been designed to 
reorder  nodes fo r  bandwidth reduction. More -recently, wavefront reduction 
approaches have been given in references 5 and 6. Resequencing procedures,  
either fo r  bandwidth o r  wavefront reduction, :do' not ensure achievement of the 
optimal sequence. Results can be considered acceptable if  there  i s  an im- 
provement from an  init ial  sequencing in -a  local optimum sense rather  than 
convergence to an absolute minimum in  a global sense. For  this reason, i t  i s  
sometimes useful to perform r e  sequencing several  t imes,  with each cycle 
starting from a different initial sequence. This provide s the opportunity of 
selecting the most  favorable of the several  local minimums that will be devel- 
oped f rom the various cycles. 

In one test  of wavefront resequencing for an analytical model with about 
500 nodes, the initial sequencing had been developed by inspection and study of 
the connectivity. The maximum wavefront was 43 .  One r e  sequencing com- 
puter cycle reduced the initial maximum wavefront to 30. In another tes t ,  the 
initial sequencing was scrambled at  random, which produced a maximum 
wavefront of 92. One computer cycle reduced this to 40. Subsequently, a s  the 
result  of the best of six additional computer cycles, the maximum wavefront 
was reduced to 27. In these,  the starting node for each cycle was chosen at  
random. 

Table 1 shows comparisons of resequencing tes t s  to reduce either wave- 
front ox bandwidth. These tes t s  were performed for  the analytical models of 
s t ructural  components used in  ground- based radar antenna systems. The 
table shows that, af ter  sequencing, the wavefront tends to be less  than half the 
bandwidth, which can provide computational advantages in subsequent analysis. 



DECOMPOSITION TIME COMPARISONS 

We f i r s t  used wavefront sequencing in NASTRAN when an  eigenva$e solu- 
tion was unable to proceed because of insufficient core.  The problem con- 
tained 1300 unconstrained degrees of freedom and had been originally se- 

' 

quenced for bandwidth reduction, To process one column of the stiffness 
mat r ix  for NASTRAN decomposition, the minimum core storage requirements 
considering only the predominant t e r m s  a r e  given approximately by the follow- 
ing relations: 

where 

SS is the storage for  symmetr ical  decomposition (s tat ics  solution) 

SU i s  the storage for  unsymmetrical decomposition (eigenvalue solution) 

C i s  the number of active columns 

The init ial  approach to  find a remedy was  to experiment with changes in  
the NASTRAN algorithm that attempts to allocate a favorable combination of B 
and C to be used for  the decomposition. F r o m  this,  the best resul t  would have 
allowed a solution to proceed with B = 135 and C = 35, with 60 min a s  the 
e stirnated decomposition time. 

However, before attempting the solution, we noticed the strong dependence 
of the formula for unsymmetrical decomposition upon the product of active 
columns and bandwidth. Therefore, an alternative remedy to reduce storage 
was to reduce this product t e r m  by forcing the bandwidth to be smal l  while 
increasing the number of active columns. The objective was to produce a net 
decrease i n  the SU storage and to permit  more  efficient processing by allowing 
more  of the mat r ix  to remain in  core,  eliminating some of the expensive out- 
of -core spilling. Consequently, the problem was r e  sequenced for wavefront 
reduction, leading to a successful execution with a bandwidth of 3 and 10 2 
active'columns. The actual decomposition t ime was less  than 11 min. 

Table 2 contains a summary of a few cases  where the NASTRAN deco'mpo- 
sition t imes  have been determined for  alternative types of sequencing. The 
statics problems show about 20 0/0 savings for  wavefront sequencing; the eigen- 
value problem saving is considerably greater .  



CONCLUSION 

Examples  show savings in  the NASTRAN decomposition t imes  when use  i s  
m a d e  of wavefront sequencing, which reduces  the number of active columns,  
ra ther  than sequencing which reduces the bandwidth. It appears  that the r e l a -  
tive inefficiency in  processing active columns by NASTRAN compared with 
processing bandwidth columns i s  more than offset by the relat ively sma l l e r  
numbers  of active columns that  can be achieved by sequencing. 
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Table I .  - Nodal resequencing comparison 

Table 2. - NAS TRAN stiffness mat r ix  decomposition time 

Component type 

Antenna pedestal 

Quadripod 

Various reflector 
s t ructures  

Coarse gr id 

Azimuth-elevation 
type 

Polar  type 

a 
Bandwidth sequencing by method of reference 2,  

b ~ a v e f r o n t  sequencing by method of reference 6. 

Total 
node s 

56 

66  

83  

466 

50 6 

Component type 

Coarse g r i d  reflector 

Azimuth- elevation reflector 

Initial node s Nodes after" 
resequencing 

Bandwidth 

40 

41 

73  

200 

- - -  

Pr oblern type 

Statics 

Statics 

Eigenvalue 

 andw width^ 

23 

16 

24  

75  

- - 

Wavefront 

20 

18 

30 

52  

9 2  

Wavefront b 

1 1  

8 

1 2  

29 

28 

D e c o m p o ~ i t i ~ n  time for  
sequencing method, s 

Bandwidth 

10.4  

260.1 

3604. 5 

Wavefront 

7 . 5  

215.2 

635 .4  



Nl3W E W N T  DEFINITION CAPABILITY FOR NASTW.  

By Myles M. Humitz and Michael E. Golden 

Naval .Ship Research and Development Center 

ABSTRACT 

A major concern of  NASTRAN users  i s  t h e  l ack  of soph i s t i ca t ed  
elements i n  t h e  NASTRAN element l i b r a r y .  Adding a s t r u c t u r a l  element t o  
NASTRAN requi res  d e t a i  l e d  f a m i l i a r i t y  with various p a r t s  of  t h e  program. 
T h i s  paper describes a N A S N  preprocessor,  a new element de f in i t ion  
capab i l i ty ,  which an ana lys t  may use t o  generate the  NASTRAN t ab le s  and 
rout ines  requi red  f o r  a new element. This preprocessor i s  wr i t t en  i n  the  
string-manipulation language SNOBOL. 

INTRODUCTION 

Although NASTRAN's system design i s  qu i t e  good, i t s  present  l i b r a r y  
of f i n i t e  elements leaves  something t o  be desired.  The NASTRAN System 
Management Office here at Langley has taken s t eps  t o  g r e a t l y  improve t h e  
l i b r a r y  of elements,  b u t  it would be very advantageous f o r  an analyst t o  
use h i s  own s p e c i a l  o r  experimental element i n  NASTRAN. However, imple- 
menting his element i n t o  NASTRAN is  a t a s k  t h e  analyst  may not  wish t o  
undertake, s ince  it requi res  de ta i l ed  f a m i l i a r i t y  with NASTRAN i n t e r n a l  
s t  m c t u r e  , such as i t s  va r i ab les ,  t a b l e s  , routines , s t r u c t u r e ,  and 
r e s t r i c t i o n s .  

Therefore, we have wr i t t en  a NASTRAN preprocessor,  a new element 
de f in i t ion  capab i l i ty ,  with which an analys t  may implement h i s  own element 
i n t o  NASTRAN r e l a t i v e l y  e a s i l y .  This preprocessor w i l l  t ake  t h e  u s e r ' s  
i npu t ,  given i n  symbolic form, and w i l l  generate t h e  FORTRAN subroutines 
m d  BLOCK DATA subprograms which NASTRAN requi res  t o  use the new element. 
The preprocessor is wri t t en  i n  t h e  SNOBOL language and i s ,  therefore ,  a 
SNOBOL program which generates  FORTRAN rout ines .  After t h e  analyst  i n s e r t s  
these  generated rout ines  i n t o  NASTRPLN, t h e  new element i s  ready f o r  use. 

----__I-___-_-- ------ 
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DESCRIPTION OF THE PREPROCESSOR 

Presently,  t h e  preprocessor is  s e t  up s o  t h a t  a new element may 
use the  e n t i r e  NASTRAD capab i l i ty  except the  Di f fe ren t i a l  S t i f f n e s s  
and Piecewise Linear Analysis Rigid Formats. 

The input t o  t h e  preprocessor i s  divided i n t o  sec t ions  which we 
c a l l  packets.  The present ly  avai lable  da ta  packets are 

Preliminary Data Packet 

Global Variable Packet 

S t i f f n e s s  Matrix Packet 

Mass Matrix Packet 

Viscous Dmping Matrix Packet 

Thermal Loading Vector Packet 

S t ress  Matrix Packet 

S t r e s s  and Force Calculation Packet 

Output Packet 

Each packet except t h e  Preliminary Data, Global Variable, and 
Output packets w i l l  cause the preprocessor t o  generate a FORTRAN 
subroutine which w i l l  ca lcula te  t h e  appropriate quanti ty f o r  the  new 
element. For example, t h e  use r  w i l l  specify i n  the  S t i f f h e s s  Matrix 
Packet,  through matrix and s c a l a r  expressions, t h e  method by which t h e  
s t i f f n e s s  matrix f o r  h i s  element should be calculated.  The preprocessor 
w i l l  then generate t h e  subroutine, conforming t o  NASTRAN's ru les  and 
r e s t r i c t i o n s ,  t o  perform these  ca lcula t ions .  Natural ly,  i f  a p a r t i c u l a r  
quant i ty  i s  not needed f o r  t h e  new element (a  viscous dmping matrix o r  
thermal loading vector ,  f o r  example), the  packet corresponding t o  tha t  
quant i ty  need not be speci f ied .  

The Global Variable Packet contains def in i t ions  of var iables  which 
may be used i n  seve ra l  subsequent packets.  The Preliminary Data and 
Output packets w i l l  cause t h e  preprocessor t o  generate BLOCK DATA sub- 
programs which contain updates t o  present  NASTRAN t a b l e s .  

Two examples w i l l  provide some idea of t h e  c a p a b i l i t i e s  of the  
preprocessor. If we wish t o  define the  vector  V l p  as follows: 



then t h e  preprocessor statement 

v12, 3, 1, TERM 

indica tes  t h a t  V12 is  a 3x1 matrix and i s  t o  be defined term-by-term. 

The statements 

provide t h e  ac tua l  de f in i t ion  f o r  V12 .  (of course, X 1 , Y l  ,Z1 ,X2 ,Y2, and 
22 had t o  be defined previously. These var iables  could have been defined 
by t h e  user ,  o r  they could be some of t h e  many var iables  predefined by 
e i t h e r  t h e  preprocessor o r  NASTRAN.) 

As a second example, we might wish t o  define t h e  matrix C by 

c = A ~ B  

where llT i s  t h e  transpose of  a previously defined matrix A ,  and 
B i s  a previously defined matrix. 

I f  A is  a 2x3 matrix and i f  B i s  a l so  a 2x3 matrix,  then the following 
two s e t s  of statements w i l l  define C.  

and 

Notice, then ,  t h a t  matrix as well as s c a l a r  operations are recognized 
by the  preprocessor. 

SAMPLE PROBLEM 

As a sample problem we prepared t h e  input required by t h e  pre- 
processor t o  produce rout ines  corresponding t o  the  t r i a n g u l a r  membrane 
element present ly  i n  NASTRAN. A l l  packets listed previously,  except the  
Viscous Damping Matrix Packet, were used. A l l  t h e  FORTRAN subroutines 
and BLOCK DATA subprograms were generated i n  11 minutes (CPU)  on the  
CDC 6400 c e n t r a l  processing unit of  t h e  CDC 6700 computer. Preliminary 
r e s u l t s  ind ica te  t h a t  t h e  computer-generated routines a re  nearly as f a s t  



as the  handwritten rout ines .  W e  expect more extensive comparisons, 
as well as more e f f i c i e n t  rout ines ,  t o  be available l a t e r ,  

CONCLUDING IENARIS 

We f e e l  t h a t  the new element de f in i t ion  capabi l i ty  described i n  
t h i s  paper i s  a good vehicle f o r  augmenting NASTRAN's element l i b r a r y  
r e l a t i v e l y  eas i ly .  With it, the  analyst  need not  involve himself with 
NASTRAN1s i n t e r n a l  s t r u c t u r e ,  and y e t  he w i l l  have t h e  NASTRAN 
system capabi l i ty  avai lable  f o r  h i s  own element. Work is  continuing t o  
produce a more e f f i c i e n t  program, t o  produce more e f f i c i e n t  generated 
rout ines ,  and t o  increase the preprocessor 's  capabi l i ty .  



VIBRATION STUDIES OF A FLClT PLA!lZ AMD A BUILT-UP WING 

By James He Stasnes, Jr. 
NASA Langley Research Center 

The natural vibration frequencies of a clamped flat plate and a built-up 
wing were computed by two different finite element computer programs and 
compared with existing experimental data. The results of this study indicate 
that by using a finite element program it is possible to obtain the accuracy 
desired for parametric design studies even for complex built-up structures. 
However, the differences in centrd processing unit execution times between 
the two programs revealed that it is economically feasible to develop automated 
design procedures or make parametric design studies involving many iterations 
only if computer programs tailored for very efficient operation are available. 

In the flutter anaJgsis of aircraft wings, it is standmd practice to use 
the natural vibration modes and frequencies as input data to aeroelasticity 
programs which determine a wing's flutter chaxacteristics. As a result of the 
recent development of large finite element structural analysis computer programs, 
redistic complex wing structures can now be readily analyzed to obtain such 
data. However, in the development of automated design procedures involving many 
geometric and structural iterations during preliminary design, it is necessary 
that the finite element program used to provide the natural modes and frequencies 
not use excessive computer time and hence make the whole concept of automated 
design prohibitively expensive. To determine the feasibility of using existing 
programs as the analysis tools in automated design studies, finite element 
models of two representative structures were -formulated and the flrst few 
natural frequencies of these structures were determined by the use of the NASA 
Structural Analysis (NASTRAN) finite element program summarized in reference 1. 
As the number of dynamic degrees of freedom and the complexity of the structure 
increased it was found that the central processing unit (CPU) execution times 
became prohibitively large for making parametric studies. Therefore, it was 
decided to determine if there was an available finite element program that could 
compute the n a t u r d  frequencies of the structures in significantly shorter CPU 
times and, consequently, make parametric design studies economically feasible. 

Qne logical candidate program was the dynamics version of the Structural 
Network Analysis (SNAP) finite element program (ref. 2), which was specifically 
tailored for very efficient operation. This version of SNAP has recently 
become available, and uses different programing techniques and solution 
strategies than NASTM. 



I The purpose of this paper is to compare naturd frequencies and CPU times 
for SNAP and NASTRAN for a clamped flat plate and a free-free built-up wing. 
Since SNAP is not operational at the Langley Research Center at present, 
W. D. Whetstone of the Lockheed Missiles and Space Company, Huntsville, Alabama, 
provided the SNAP soPtions by the use of Lockheed Huntsville's Univac no8 
Exec 8 computer system. The NASTRAN solutions were obtained from the Langley 
Research Center CDC 6600 computer system. The calculated results from the 
two computer programs were also compared with experimental results for the 
two types of structures, 

DESCRIPTION OF THE MODELS 

The models selected for this study represented two characteristic wing type 
structures. A simple two-dimensional topology and a straightforward dynamics 
problem are represented by a clamped flat plate. As an example of such a model, 
the 8.64 mm thick 450 delta magnesium plate with a 15.24 cm root chord studied 
experimentally in reference 3 was described by two grid point networks which 
were numbered to give the minimum bandwidth for the matrices associated with 
the finite element problem. The first network had 10 spanwise and 10 chordwise 
element. (10 by lo), and the second had 30 spanwise and 30 chordwise elements 
(30 by 30) as shown in figure 1. The structural elements were modeled with the 
comb ination bending and membrane plate elements of NASTRAN ( CQUAM and CTRW) 
and the corresponding elements of SNAP. Although the structural model is simple 
enough conceptually, the dynamics problem becomes more demanding as the number 
of grid points increases. For the 10 by 10 network the model has 66 grid points 
and 165 dynamic degrees of freedom, while for the 30 by 30 network there are 
496 grid points and 1395 dynamic degrees of freedom. 

The second model selected for analysis was the free-free built-up wing 
.studied experimentally in reference 4. This model represents a more complex 
topology than the flat plate, is representative of a realistic aircraft wing 
structure, and has the additional dynamic phenomenon of rigid body modes. 
The wing was manufactured to close tolerances and each component was caref'ully 
weighed and measured. It is felt that an accurate enough definition of this 
wing's geometry and mass distribution existed to establish this model as an 
acceptable standard for comparison with analytical results. A photograph of 
the find fabricated wing is shown in figure 2, and the details of the wing 
construction are shown in figure 3. This wing consists of ribs, spars, caps, 
cover panels, and external spanwise stringers. All components of the wing were 
made from 2024 aluminum al loy.  The grid point network used to model the right 
half of the wing was selected so that the four node cover panel elements would 
be square, as shown in figure 4. The grid point network was numbered to provide 
minimum bandwidth matrices for the finite element problem. The finite element 
model used for the NASTRAN andysis consisted of membrane elements for the 
cover panels (CQ,DMEM and CTRMEM); shear panel elements for the ribs and spars 
(csHEAR) j and rod elements (CROD) for rib and spar caps, the external spanwise 
stringers, and the intersections of the ribs and spars. The corresponding 
elements were used for the SNAP model, however, it should be noted that there 
are some differences in the formulation of the membrane and shear finite 
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elements used in the two programs. The nonstructursl masses (rivet heads) were 
applied to the rod elements. For the convenience of input preparation, two 
external spanwise stringers were lumped at each of the two spanwise grip lines 
between the spars. Also, the two ribs Located 35.6 cm and 40.6 cm from the 
root chord (flg . 3 )  were lumped at 40.6 cm from the root chord. While the ' 
model did vary slightly from the actual wing geometry, the masses of the actual 
wing and the model were virtually the same (92.66 kg vs 92.92 kg). In an 
attempt to reduce the CPU execution times for the NASTRAN solution, the top and 
bottom grid points were tied together by multipoint constraints (MPC'S) so that 
the depth distribution remained constant for the resulting wing. The NASTRAN 
model has 234 grid points, but because of the MPC' s and constraints on the 
in-plane degrees of freedom introduced with OMIT cards it only had 117 dpamic  
degrees of freedom. The SNAP model was not constrained to have a depth distri- 
bution which remained constant and did have in-plane degrees of freedom. 
Therefore, the SNAP model had 650 dynamic degrees of freedom for its 234 grid 
points. Advantage was not taken of midplane symmetry In the SNAP model; if 
it had beeqonly 325 dynamic degrees of freedom would have been required. 

DISCUSSION OF THE COl!@UT%EI PROGRAMS 

The finite element programs used in this study are based on different 
solution strategies and prograning techniques. M T W  (refs. 5 and 6) is 
based on matrix solution techniques which are dependent upon matrix bandwidth 
m d  active matrix columns. It perfom its matrix operations such as assembling 
initial matrices, applying multiple and single point constraints, and matrix 
decomposition in a sequentid fashion, while storing data on peripheral equip- 
ment between each step. The desired naturd frequencies for this study were 
determined by using NASW's Inverse Power Method with Shifts option. The 
NASTRAN solutions were obtained by the use of the Langley Research Center CEC 
6600 computer system using WTRAPT Level U .1.2, a version of N A S W  which has 
some CDC 6600 single precision operations. 

SNAP is based on sparse matrix solution technfques and uses programing 
techniques which minimize secondary data storage requirements (refs. 7 and 8). 
The desired natural frequencies were determined by a matrix iteration tech- 
nique which sweeps out the lower modes. The SNAP solutions were obtained f'rom 
the Univac 1108 Drec 8 computer system at the Lockheed Missiles and Space 
Company, Huntsville, Alabama,by the use of the SNAP DynWc Ana3ysis Version 
V70E (ref. 2) which allows Univac 1 ~ 08 double precision operations. 

DISCUSSION OF l3ESUI;TS 

The results of the analyses and experiments for the clamped 4 5 O  flat 
plate are presented in Table I which gives the natural. frequencies, degrees 
of freedom, and the CPU times for the computer solutions. Based on these 
results it is possible to compaze the first three natural vibration frequencies 
of the plate and the amout of CPU execution time required by each computer 



program. The maximum difference (approximately 1.1 percent) between the 
corresponding computed results from the two computer programs occurs for the 
third frequency of the 10 by 10 grid point network model. The difference 
between the computed results of the 10 by 10 and 30 by 3Q nelxorks is a result 
of the finer structwal modeling for the 30 by 30 network. To test for solu- 
tion convergence, a 20 by 20 grid point network was andyzed by NASTRAN and the 
results were within approxbately 0.5 percent of the 30 by 30 network solutions. 
Therefore, the 30 by 30 network results aze considered to be the converged 
&11al@ica.l solution. The discrepancy between the analytical and experimental 
results is attributed to the difficulty in providing a true clamped boundsuy 
condition for the experiment. 

The results of the analyses and experiment of the built-up wing are 
presented in Table I1 which gives the natural frequencies, degrees of freedom, 
and the CPU times for the computer solutions. Again it is possible to compare 
the analytical and experimental results and the CfU execution times for the 
two analytical results. The results presented are the first four anti- 
symmetrical frequencies of the wing which are actually the second, fourth, 
sixth, and eighth natturd frequencies. The differences in the analytical 
results from SNAP and NASTRAN for the two lower frequencies are attributed 
to the previously mentioned differences in the formulation of the membrane and 
shear finite elements of the two programs and in the number of in-plane 
degrees of freedom. The two lower analyticd frequencies compare very wen 
with the experimental results, while the two higher frequencies begin showing 
noticeable differences of the order of up to 7 percent. These differences 
are attributed to the approximations made in modeling the structure for the 
finite element solutions. 

For both anaLyticaJ. models there was a one-to-one correlation between 
the structurd components used in the modeling of the structures for the two 
finite element programs. The automatic grid point and element generating 
features of SNAP were not used. The most significant difference between the 
solutions provided by the two computer programs was the CPU execution times 
required to obtain the corresponding solutions. Even though the programs 
were run on different machines at different facilities, as was pointed out 
previously, the factor of 13 between the CPU execution times of the two 
programs for the 30 by 30 grid point network flat plate model cannot be 
attributed primarily to machine or system differences. Rather, the factor of 
15 decrease in CPU execution time must be attributed to the differences in 
programing techniques and solution strategies of the two programs. It is 
&so woxth noting that the ratios of the CPU execution times for the two 
programs are not constant with problem size. As the number of degrees of 
freedom increases, the ratio of W M  CPU time to SNAP CPU time increases 
(compare the ratio of 4 for the 10 by 10 network and the ratio of 15 for the 
30 by 30 network of the clamped flat plate). It is noted that SNAP has been 
used in a number of applications (ref. 9 )  to compute the modes and frequencies 
of models which had 4000 to 8000 dynamic degrees of freedom and were substan- 
tially more topologically complex than the 30 by 30 f l a t  plate model. QpicaJ 
CPU times to get 5 to 10 modes for these large order models were on the order 
of 60 minutes. Although the CPU time for SNAP is less than the CPU time for 
MAS- for the built-up wing calculation, the difference would be even greater 
if the two models had had the same nuniber of degrees of freedom. 



'Another difference in the two p r o m  solutions, which becomes very a 

important when the size of the stn;Lctural model becomes large, is the core and 
auxiliq storage unit requrements, For the largest problem considered in 
this study (the 30 by JO flat plate) SRIW required approximately 0.75 qi l l ion  
wo~dls of storage to solve the problem, while W m  required approximately 
3.25 million words to solve the same problem. 

The results of this study suggest that pwaaetric design studies involving 
the cdculation of natural modes and f'requencies of laxge complex structures 
axe economically feasible only if use is made 09 large scale finite element 
computer programs specificaUy tailored for operating efficiency. In addition, 
the results indicate that use of sparse ma;trh solution techniques, such as 
employed in SNAP, can provide crrder of mgnitude decreases in CPU time compared 
to programs, such as NASTRAN, which use more conventional matrix solution 
techniques, that aze dependent on matrix bandwidth, and sequential matrix 
operations. Such reduckions in computing time can great3,y inf2uence the 
selection of analysis tools for automated design pfocedures. Although work is 
currently underway to improve the operating efficiency of? WTRAN, it remains 
to be seen whet he^ such improvements can significantPy close the gap and make 
W T M  competitive with the highly efficient program that now exist. 

It must also be pointed out that CPU execution time is not the only factor 
influencing the cost of running a computer program. Peripheral processing 
unit (PPU) time will also contribute to computing costs, but since the method 
of computing PPU time varies from system to system a conparison of PPU times 
was not made, 

It would have been more medngfW. to have run the two different programs 
on the stme machine, but unfortunately SNAP Dynamics is currently available 
only on the Univac U08. Conversion of SNAP Dgnamica to the C E  6600 is 
currently in progress, and once this conversion has been completed, a true 
one-to-one cornpaxison between NASTRAN and SIUAP Dynamics for calculating 
na tu ra l  modes and frequencies can be made. 

CONCLUDING REMARKS 

To explore the feasibility of using large finite element computer programs 
to develop automated design procedures or to make parametric design studies 
involving many iterations for aircraft structures, vibration calculations for 
two representative wing structures were &e wing two available finite element 
computer program, W W  and SNAP. These programs are based on different 
programing techniques and solution stmtegies. Results %r the first few 
modes from the two computer analyses were compared with existing experimental 
data, and found to possess the accuracy desired for parametric design studies 
wen for complex built -up structures. 

The centrd processing unit (CPU) execution times for each of the computer 
programs were compared, and it was found that there were significant differences 
in the times required to find solutions for the two computer programs, with 



' NASTRAN requiring more time. Although the use of different computers and facili- 
ties could have had some effect on the differencs in computing times between 
the two computer programs used in this study, the time differences are so large 
that other factors must be the primary cause. Therefore, the differences in 
CPU execution tLmes between NASTRAN and SNAP observed in this study ase 
attributed to the differences in the solution strategies and programing tech- 
niques between the two programs. 

Based on the results of this study, it is concluded that parametric design 
studies involving the natural modes and frequencies of large structures are 
economically feasible only if use is made of large scale finite element computer 
programs tailored for very efficient operation. At this time, the use of 
NASTRAN for such studies would be severely restricted because of' the high and 
probably prohibitive cost associated with the correspondingly high CPU 
execution time. 
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TABLE I. - RESULTS FOR A 45' CLAMPED FLAT PLATE A 

TABLE 11. - RESULTS FOR THE FIRST FOUR ANT1SY"IWETRIC 

FREQUENCIES OF A FREE-FREE BUILT-UP WING- 

Ekp erimen-t 

50 
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258 i 
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f g  (HZ) 
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CPU time (sec) 
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of freedom 
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.I 

NASTRAN 

55.9 
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SNAP 
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XASTRAN 

55.6 
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114 

Experiment 

52.2 
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131.1 
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NASTRAN 
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SNAP 

55.5 
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165 

SNAP 
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165 
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181.2 
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136. o 
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Figure 1.- 45O flat plate grid point networks. 
Dimensions are i n  centimeters. 

Figure 2.- Experimental built-up wing. 
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Figure 3.- Nominal dimensions of experimental built-up wing. 
Dimensions are i n  centimeters. 
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PRODUCTION OF MOTION PICTURES OF A CONTINUOUSLY 
DEFORMING STRUCTURE USING NASTRAN 

by Robert J. Reynolds 

Convair Aerospace Division of General Dynamics 
San Diego, California 

SUMMARY 

An in-house program (MIDAS IV) was recently developed to determine the transient response of an 
elastic structure under the influence of numerous complex boundary constraint conditions. With the 
aid of a small intermediate Fortran processor, the output from MIDAS IV was input to NASTRAN. 
Under the control of a user-developed DMAP set of instructions, NASTRAN produced SC-4020 
output, suitable for 16mm projection, of the time-varying motion of a continuously deforming 
structure. 

INTRODUCTION 

A recent redesign effort required that a highly redundant, reliable nose fairing jettison technique be 
developed for the AtIas/Centaur launch vehicle. The costly nature of nose fairing jettison tests 
simulating the many possible off-nominal conditions that might exist during a flight dictated that 
analytic techniques be used to evaluate proposed jettison systems. The analysis would be required 
to simulate all possible conditions during a nominal jettisoq to develop structural loads and 
deflections. More importantly, the analysis would be used to predict whether or how a nose fairing 
would jettison if a constraint were momentarily imposed. The constraint devices were assumed to 
be the separation fittings holding the nose fairing halves to each other and the launch vehicle. 

f i e  planned jettison sequence consists of the time-sequenced firing of 16 separation fittings. In 
this operation, the two fairing hdves are unlatched from the launch vehicle and each other. Two 
separation spring cartridges, located in the forward area of the nose fairing, then push against the 
released half fairings, allowing the fairings to  rotate away from the launch vehicle. Their jettison 
trajectory is controlled by a hinge-release mechanism at the aft end of each fairing half. Figure 1 shows 
a typical nose fairing. 

An analysis was performed to determine if it were possible to constrain one or more separation 
fittings so that by absorption of the potential energy stored in the separation spring cartridges, the 
constraint would be removed but insufficient energy or proper momentum vector would exist to 
jettison the nose fairing. Such an analysis required the description of the elastic behavior of a shell 
structure under the influence of time-dependent and deflection-dependent forcing functions. 

Under the pressures of a high-priority investigation, it was necessary to select or develop an 
analysis tool that could accommodate rigid and elastic modes and time-dependent and 
deflection-dependent forcing functions with discontinuous boundary points. The tool would be 
required to handle the behavior of a separation fitting as it was time-released or as it broke in 
direct tension or bending - i.e., under a deflection-dependent behavior. Also, once a constrained 
fitting failed by violating a deflection criterion, a reduction of the controlling deflection should not 
re-engage the fitting. 



, Considering the many discontinuous parameters involved in the analysis, it was decided to use an 
in-house version of MIDAS, (Modified Integration Digital Analog Simulator, Ref. I),  known as MIDAS 
IV, to perform the basic analysis. As its name suggests, the program is a digital simulation of an analog 
computer and it readily provided the logic/switching capability and integration routines necessary to  
perform the transient analysis. To minimize the awkward matrix algebra aspect of the problem in such 
a simulation, the structure definition was limited to seven generalized coordinates for each fairing half: 
five rigid-body, one symmetric, and one antisymmetric. An evaluation of this abbreviated structural 
definition showed that for this analysis, the seven generalized coordinates per half could adequately 
describe the structural behavior. The analysis was more sensitive to the description of the boundary 
conditions than it was to extensive elastic definition. NASTRAN was considered for the basic analysis, 
but was set aside due to inexperience with the transient analysis modules of NASTRAN, lack of 
verification of the operational status of the nonlinear force capability, and uncertainty in the 
technique to handle complex logic/switching problems. 

As might be imagined, many different constraint possibilities were suggested and analyzed. The 
above description is a considerable simplification of the jettison simulation. Typical MIDAS IV 
outputs involved monitoring more than 200 response functions; time-dependent printed and plotted 
output of those individual response functions were obtained. It  soon became apparent that, while 
volumes of computer output were being generated and many very enlightening individual 
characteristics were being observed, an overall feel, or evaluation, of the influence of a particular set of 
constraints on the elastic vibrating structure was lacking. At this point, it was decided to generate 
motion pictures of thz .deforming elastic structure under the influence of the more plausible constraint 
conditions. 

INTERFACING WITH NASTRAN 

The Scientific Processing Laboratory at the San Diego operation of Convair Aerospace consists ofL" 
a CDC 6400 operating under the SCOPE 3.2 monitor system with the core storage available for batch 
jobs being approximately 1400008 words. The level 1 1.1.0 version of NASTRAN is operational on 
this faciiity. The comments and restrictions discussed should be considered in light of the NASTRAN 
version level and operating environment defined herein. The Stromberg Carlson SC-4020 is available 
offline and is used as an output device by both NASTRAN and in-house programs to generate 16mm 
and 35mm plots. 

The task of generating the desired motion pictures consisted of four major steps: 
1. Run the desired Mf DAS IV simulation to generate time-dependent generalized coordinates 

on a recoverable storage device. 
2. Run an intermediate processor to develop the elastic deformations of the structure from the 

available generalized coordinates as a function of time and output the information in a 
format suitable for NASTRAN. 

3. Run NASTRAN to generate the time-varying deformed structure plots using as input the 
data from Step 2. 

4. Convert the standard SC-4020 file output from NASTRAN to a form suitable for framing 
on 16mm film and process the data to film. 

The MIDAS IV simulation-generated magnetic tape output of the time histories of user-selected 
response functions include, in this case, the generalized coordinates of the modes used to describe the 
behavior of the structure. With this file of data, an intermediate processor was developed to  transform 
the generalized coordinates to spatial motion of selected nodes on the structure and output these 



motions in a format suitable for NASTRAN. It was decided to introduce the data to NASTRAN using 
the DTI bulk data input card format. The selected DTI data block name would then be referenced in 
the appropriate DMAP instruction for plotting a deformed structure. 

The original thought was to use the double-field input format due to uncertainties in the 
magnitude of the motion. At first glance, it was not apparent that any selected (Fortran) F fidd 
format in an eight-column wide field would be adequate to handle d l  motions from the nominal 
fairing jettison simulation to a highly constrained simulation, the maximum deformation ranging from 
approximately 254 cm f 100 in.) to 1 cm (0.4 in.). 

In developing the large-field (16 column wide) formatted data, an implicit restriction in 
NASTRAN was disclosed. A DTI NASTRAN logical record of data was formatted in 16-column fields. 
By chance, the data was punched in an odd number of physical cards. When this information was 
supplied to the NASTRAN input processor, unrelated fatal diagnostics occurred. The problem was 
that NASTRAN defines a logical card as one containing eight fields of data, which in large-field 
formats requires two physical cards. Thus, for the above case of an odd number of physical cards per 
logical record, the last physical card of the first logical record was only the first half of the last logical 
card and the input processor read the fmt physical card in the next logical record as the second half of 
the previous logical card. At this point, all input processing stopped because NASTRAN realized that 
continuation identifiers were inconsistent and data form was not correct. The moral is that logical 
records should contain integer multiples of eight fields of data in any combination of large- or 
small-field formats. 

In spite of the pains taken to learn the above lesson, it was later decided to use the simpler small 
field format. The problem here was that the desire was to make a 200-frame film. For the size of 
structure considered, 20 physical cards of small-field formatted DTI data would be required per frame 
or a total of 4,000 cards of input - most being continuation cards. On the available computer facility, 
the N A S T W  input fde processor required eight minutes of central processor time to digest a data 
deck of this bulk (approximately 50 GRID and PLOTEL cards were also processed). This processor 
time was attributed to the large number of continuation cards involved. Others at this facility have 
experienced similar time expenditures when inputting large logical records of DM1 and DMIG cards. 
Thus, the thought of processing 8,000 large-field formatted data cards was dropped. 

The intermediate processor between MIDAS IV and NASTRAN was thus configured to generate 
the small field DTI data and action was taken to minimize the Fortran F format problem. Since the 
DTI data would, in general, be quite voluminous, an additional feature was added to the processor to 
merge the data directly into a skeleton NASTRAN input data deck containing the desired Executive, 
Case Control, and other bulk data cards in a sorted manner. This disk or magnetic tape file of 
information would serve as the input to NASTRAN and alleviate punching large volumes of cards. 

The second lesson learned was that the use of the "NASTRAN Card", described in Section 6.3.1 
of the NASTWN Programmer's Manual, to redefine the system inputloutput (I/O) files on this 
computer facility is ineffective. It was necessary to make modifications to the NASTRAN routine, 
XBOOT, a CDC version peculiar routine, so that 1/0 file redefinition was available to the user through 
the CDC control card causing execution of NASTRAN. 

These difficulties overcome, it was now possible to acquire the desired execution of NASTRAN 
from the output of a user-developed processor. 

The output for the SC-4020 plotter was designed to consist of some n frames of undeformed 
structure, followed by deformed structure plots. Input parameters to the intermediate processor 
dictated the sampling frequency of the data; these parameters were varied, depending upon the nature 
of analysis simulation and the desire to view different response frequencies. The DMAP set of 
instructions assembled to provide this output, along with a typical Case Control and abbreviated bulk 



' data setup, is shown in Table 1. The data block defining the transient motions is labelled RVEC. 
Isometrics of the idealized fairing are shown in Figure 2 in the closed and partially jettisoned positions 
- the latter corresponding to approximately the top-dead-center of rotation of each fairing half above 
the hinge axis. The structure's global coordinate system has been superimposed to interpret the Case 
Control and GRID cards. 

The view for the motion picture production was selected to be the projection on the global x, y 
plane; i.e., a top view. In the analysis, the box structure representing the cylindrical portion of the 
fairing has a uniform cross-section, but for a top view, depth perception was desired. Since the 
perspective projection plot option is incorrect on this computer facility, the base of the box structure 
was arbitrarily drawn 16% smaller than the frame at the conelcylinder intersection. This produces the 
tapered appearance of Figure 2. The benefits of this strategy are shown in Figure 3. 

Experimentation was necessary to devise the proper form of DTIheader information so that the 
data block could be interpreted in the context used in generating time-varying deformed structure 
plots. 

The structure contained 26 nodes; thus, it was necessary to provide motion definition relative to 
the undeformed structure for 26 x 6 or 156 degrees of freedom. As is evident in Table 1, the rotation 
terms were ignored and arbitrarily set to zero. Other integer data in the 0 DTI record defined the form 
of the data provided. The remaining DTI records defined the nodal motion in a time-slice manner. 
Data contained in a typical DTI logical record is: 

Subcase number 
Transient response flag 
Load set number 
Time value 
Row position of first element 
Element type 
3 unused integers 
156 data points of motion 
End of column mark 
End of logical record mark 

1 
3 
1 
t 
1 
1 
5989,6036,6065 
real, single precision 
16777215 
ENDREC 

The only peculiaritynoted is that the number of nodes defined in set 1 had to be greater than 26; 
otherwise, the NASTRAN fatal error message 3003 appeared stating "Attempt to read past the end of 
a logical record in data set SIL (File 107) in Subroutine FREAD." 

Having provided a suitable data input format to NASTRAN, it was then possible using the DMAP 
instructions shown in Table 1 to generate the desired SC 4020 plotted output. The Case Control cards 
shown in Table 1 are typical of those used to generate 20 frames of undeformed structure plots, one 
blank frame and 200 frames of deformed structure plots when the DTI data were input at 
0.005-second intervals of analysis simulation. Typical computer running times were: 

Input Processor (of approximately 4,000 cards) 500 
20 Undeformed Structure Plots 20 
200 Deformed Structure Plots 220 
General NASTRAN Overhead 20 
Total Central Processor (CP) Time 760 
Total Peripheral Processor (PP) Time 360 sec. 



The standard mode of operation was to submit as one batch job to the CDC 6400 a two-step setup, 
consisting of the execution of the intermediate processor, costing typically 20 CP seconds, generating 
a disk file of the NASTRAN input, followed by execution of NASTRAN with the appropriate input 
file redefinition via CDC control card. 

1 

With computer cost algorithms and efficient core utilization as primary motivations, it was found 
that the above described job would execute in the same CP and PP times at 1200008 words of core 
storage as at 1400008. 

SC4020 TAPE PROCESSING 

Execution of the above NASTRAN job produced about forty pages of printed output (if the bulk data 
echo were suppressed), containing informative messages from the plot module and a magnetic tape 
suitable for processing by the SC-4020. Standard output from the SC-4020 consists of 35mm fdm, 
which is processed to obtain paper copy. Since 16mm sprocketed film was desired, special handling by 
the SC4020 operator was necessary. Two areas of difficulty occurred here. 

The NASTRAN-generated magnetic tape included data directing film frame advance to the 
standard SC-4020 software for producing 35mm film, When this facility's standard movie program for 
generating 16mm film was loaded, the NASTRAN-provided frame advance information was 
incompatible and a minor software modification to the movie program was necessary. 

The second difficulty involved the scaling algorithm used by NASTRAN in sizing the structure 
for plotting. Though user override is available, the default mode is to assume a square region for 
plotting. The structure is sized for plotting based on the MAXIMUM DEFORMATION information 
provided in the Case Control. For this application, it was desirable to have a continuous display of the 
same size structure throughout the film; thus, the same MAXIMUM DEFORMATION was used to 
scale both the undeformed and deformed structure plots. Since a nominal nose fairing simulation 
would include considerable rigid body motion, additional care was needed in scale selection to avoid 
having the deformed structure plotted off the frame. Unfortunately, a 16mm frame has a 4 wide by 3 
high aspect ratio. To accommodate the film size, the top view of the structure was selected for 
plotting with the principal motion being along the horizontal direction. Then by proper positioning of 
the camerahin the SC4020, the operator was able to center the plotted data on the 16mm frame, 
thereby eliminating the loss of data due to off-frame projection during SC4020 processing. A display 
comparing the 16mm film framing of a horizontal and vertical jettison is shown in Figure 3 as it was 
generated by NASTRAN. 

RESULTS 

The results of this exercise provided an output display of a continuously deforming structure. The 
typical reaction of engineering personnel to such a display was significant comprehension of the 
simulation results and a "but of course it behaves that way" exclaimer when many long hours studying 
individual responses produced more questions than answers. It was necessary only to generate a few 
motion pictures of the more plausible constraint conditions in the analysis to educate and inform the 
viewers of the scope of the problem being studied and the influence of selected boundary conditions. 
While it is difficult to evaluate the worth of the overall display in aiding analyst comprehension of the 
problem, it became apparent that one hour spent studying the details of the information provided in 
the motion picture was easily worth one or two days studying time-history plots of individual 
deflections. For larger and more detailed structures, the benefits would be even more dramatic. 



CONCLUSIONS AND IMPROVEMENTS 

This task provided the opportunity to establish an important communication link between in-house 
programs and NASTRAN. It defined the restrictions associated with large field bulk data input, 
revealed the obstacle to CDC users in redefining 110 fdes, disclosed the costly nature of large bulk data 
sets where many continuations are involved, and provided an important tool in understanding the 
transient response of a deforming structure. 

To improve the efficiency in running NASTRAN in this mode it is apparent that more efficient 
means must be devised to input large blocks of bulk data where numerous continuation cards are 
involved. This may be achieved through modification to the NASTRAN input processor or by the user 
generating a properly configured user master file or old problem tape containing the desired 
information. Should the need for 16mm plots from NASTRAN become more common, it would also 
be desirable to modify the NASTRAN plot module to provide such capability as a user-requested 
option and avoid the need for special handling by the SC-4020 operator. 
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Table I .  Typical NASTRAN input deck listing for motion picture production with abbreviated 
bulk data deck. 

a 

10 OOlTo NOW 
APP DMAP 
TtME 12 

V~NPNOGPOT s 
SAVE LuSETVNOGPDT S 
GPS G~oML,EQEXIN/ECT 
PLTSET PCDB,E~EX~N,ECT~PLTX,PLTPAR~GPSETS~ELSETS~ 

V,N~NSIL/V,N~NOPLOT=-~ s 
SAVE NSILeNOPLOT s 
PRTMSG PLTX// s 
SETVAL / / ~ ~ N * P L T F L G / c , N ~ L / V ~ N ~ P F I L E / C ~ N ~ ~  s 
SAVE PL~FLGIPFXLE S 
PLOT PL~PAH,GPSETSIELS~TS~CA~ECC~BGPOT~EQEXIN,S~L~~/PLOTX~/ 

V ~ N ~ N S ~ L / V , N ~ L ~ S E ~ / V ~ N ~ N O P L O T ~ V ~ N . P L T F L G V P F L  s 
SAVE NOPLOT,PLTFLG,~FILE 5 
PRTMSG PLOTXI / /  S 
PAHAM / / ~ ~ N v ~ P Y / v , N , R E P ~ A T X / C ~ N P ~ / C . N I - ~  S 
C A ~ E  CASECCP/CASEXX/C~~~ ,~RAN/V ,N IREPEATX/VVN~NOLOOP s 
PLOT PLTPAH~GPSETS,ELS~TS~CASEXX~BGPDT,EQEXIN~SILD~RVEC/  

P L O T X ~ / V ~ N ~ N S ~ L / V ~ N ~ L U S E T / V ~ N D N O P ~ O T / V ~ N ~ P L T F L G / V ~ N ~ P F I L C  S 
SAVE P F I L E  % 
PRrMSG PLOTX2// S 
ENU % 
CElrD 

T I T L E  = OwO-@ POS'F-FLIGHT NOSE FAIRING JETTISON lNVESTIGATlON 
SUBTITLk = NOMINAL J E T T I ~ O N  RUN 077  1 APRIL 1971 

ECHO = IUSNE 
L I N E  = >U 
OurPuT I PLOT ) 
SET 1 IkCLUDE ALL 
MAXIMUM UEFORMATION 7 0 .  

.VILW 0 . 0 ~  0.0, 0.0 
FINO SCALE, OHIGfN 1 8  SET i e  REGION O . ,  0.r 1 . r  0.70 
S SET UP T h t  UNGEFORMED LEADERS AND HLANK 4ARNING FRAME 
PLOT 
PLUT 
PLJT 
PLVT 
PLOT 
PLOT 
PLOT 
PLOT 
PLOT 
PLUT 
PLUT 
PLOT 
PLUT 
PLOT 
PLUT 
PLVT 
PLOT 
PLOT 



Table I .  Typical NASTRAN input deck listing for motion picture production with abbreviated 
bulk data deck (Continued). 

S LND OF LLAOER SETUP 
PLOT THANSIENT DEFORMATION TIME U.000, 2 . 0 ~ 0 ~  

MAXIMUM DEFOHMATION 7 0 . ~  
SET 1 ORIGIN 1 SHAPE 

BE61N buLm 
D l 1  HVEC 0 6 156  2 1 
+ o l ~  ENDREC 

1%; 6036 '6065 
3 1 0.0000 

01000 0.000 0.090 
,? 0.000 0.000 0.000 0.000 0.000 0.000 

+ 3 0.000 0.000 0.000 0*000 0.000 0.ouo 
+ 4 0.000 0.000 O*OOO 0.000 0,000 0.000 
+ 5 0.000 0.000 0.000 0.000 0.000 0.000 
+ 6 0.000 0.000 0.000 01000 0.000 0.000 
+ 7 0.000 0.000 0.000 ObOOO 0.000 0.000 

8 0.000 0.000 0.000 0.000 0.000 0.000 
9 0.000 0.000 0.000 0.000 0.000 0.000 

+ 1 0  0.000 0.000 0.000 0.000 0.000 0.000 
1 1  0.OUO -0.000 -0.000 O.OO0 0.000 0.000 

+ 12 -0.000 0.000 0.000 0.000 0.000 -0.000 
13  O.OUU 0.000 0.000 -0;OOO -0.000 0.000 

l 14 0.000 -0.000 '0.000 0.000 0.000 0.000 
+ 15 -0.000 0.000 0.000 0 * 0 9 0  O~OUO '0*000 
+ 1 6  0.000 0.000 0.000 -0.000 -0.000 0.000 
+ 17 U.000 -0.000 -0.000 0.000 0.000 O*OOO 
+ ab  -0.000 0.000 O ~ O O D  0.000 n,ooo -0.000 
+ 1 9  0.000 0.000 0.000 -0.000 -0.000 0.000 
+ Lu 0.000 -0.000 -0.000 0.000 0.000 0.000 
+ 21ChUHEC 

~ N T E K H ~ U I A T E  NASTRAN LOGICAL R E ~ O R D S  ; THROUGH (NREC - 
5 FOR THXb DTI BULK DATA 

I )  HAVE BEEN REMOVED * * 

D T ~  H V ~ C  6 1 3 1 ,7025 1 1 • 
+ lub59&9 6U36 60b5 -.U25 -2.5Y6 -17.178 0.000 O.OOO+ 
+ l u 7  0 . 0 ~ ~  -.086 - 2 + 6 5 6 - 1 7 . 1 6 9  0,000 O.OUO 0.000 -.190+ 

I U D  -3u.389 -9.300 0.000 0.000 0 .000  - 0 1 7  -56.516 -9r291+ 
+ 104 0.000 0.000 0 .000  -.113-102.902 -2.531 0.000 O*OOO+ 
+ 110 0.00u -.113-lJ2.955 -2.536 0.000 0.000 0.000 -.133+ 
+ 111'163.494 -6.407 0.000 0.000 0.000 0.000 -.032 .006+ 
+ 112 0 . 0 ~ 0  0.000 0.000 0.000 -.iw .OZI 0.000 O.OOO+ 
+ 113 0.000 m.023-33 .875 7.88a 0.000 0.000 0.000 -.023+ 
+ 114 -54.002 7.896 0.000 0.000 0.000 - .087-1~2.198 2.630+ 
+ 115 O * O O U  0.000 0.000 m.087-1~2.201 2.630 0.000 0.000* 
+ 11b 0.000 -.OD7 2.596 -17.218 0.000 0.000 0.000 .037+ 
+ 117 2.626 -17.2U3 0.000 0.000 0.000 a116 56.561 -9.306+ 
+ 118 0.000 0.0U0 0.000 - .032 56.594 -9 .291  0.000 O.OOO+ 
+ 119 0.000 .064 1 ~ 3 . 1 2 7  -2.502 0.000 0.000 0.000 .064+ 
+ 120 1U3.139 -2.UYb 0.000 0.000 0.000 ,059 102.564 1.379+ 
+ 121 0.000 0.000 0.000 "0.000 - 0 7 1  .005 0.000 0.000+ 

122 0.OUu -0.000 , 1 0 1  ,020 0.000 0.000 0.000 .025* 
+ 123 54.036 7.917 0.000 O*OOO 0.000 ,025 54.068 7.933+ 
+ I z r  O.OUO 0.000 0.000 - 0 5 8  102,369 2 .671  0.000 0.000+ 

+ 125 O.OUIJ - 0 5 8  1U2.381 2.675 0.000 0.OUO 0.00016777215+ 
+ ~ L ~ ~ I ~ ~ J H E C  
( r R I t  1 5u.U bO.0 0.00 
GRID 2 -5U.0 60.0 0.00 
GRID 3 bU.0 6u.O -188. 
G R I D  r -6U.O b0.O -188. 
GRID 5 16.0 6 0 . 0  -330. 
6 ~ 1 ~  o - 1 6 0  6U.U -350. 
GRID 7 0.00 73.5 -350. 
GRID 8 5U.0 lU.00 0.00 
GIcID Y -5U.U lU.00 0.00 
GRID 1u 6U.O 0.00 - l & 8 .  
GRII- 1 1  -6u.0 0.00 -168. 
G H ~ I J  I.! 16.0 42.6 -350. 
GHIb 13  -16.0 4Z.O -35.0. 
GP1D 14 -50.0 bU.0 0.00 
GRID 15  +5U.O 6U.O 0.00 
GRID  l b  -6u.O bU.0 -168. 
GRID 17 + b O . O  6U.0 -188. 
GRID ld -lU.U 6U.O -350. 
GRlL I Y  t18.U 6U.0 -3b0. 
GRID L O  U*OO 73.5 -350. 
G R ~ L  2 1  -5u.O 110.0 0.00 
GUl i :  2~ t5d.O 11u.O 0.00 
GHl2 L3 -bU.O 12u.O -188. 
G H ~ C  24 +6U.O 12U.O -188. 
C R ~ I I  L> -1d.U 7'3.11 -350. 
GRID 26 +18.0 76.0 -390. 
G R ~ C  1 ~ 1  0u.0 0u.0 0.00 
PLOTLL 1 1 8 .  2 6 9 
PLOTEL 3 9 2 9 3 10  
PLUTEL 5 1U 1 1  b 1 1  U 
PLuTtC 7 5 12  8 1 2  1 3  
PLUTEL 9 13  6 i 0  6 7 
P L ~ T E L  1 1  7 5 12  1 3 
PLOTEL 1 3  tl 1 0  14 9 1 1  
PLOTEL 15 2 4 16  3 5 
PLuTEL 17  10  12  18  1 1  1 3  
PLUTLL 19  4 6 20  1Q 2 1  
PLUTEL 2 1  21 2 2  22  22 15  
PLOTLL 25 l b  23 24 23 29  
PLOTLL 23 24 17 26 18  25 
PLUTEL 27 25 2 6  28  26 19  
PLOTLL 2 Y  19  2 0  30  20 18  
PLufEL 5 1  14 16  32 2 1  23 
PLUTEL 33 22 24 34 1 5  17 
PLOTtL 35 16 18 36 23 25 
PLcTtL 57 2 4  26 38  17 1 9  
E'u 'DATA 
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AN INTERACTIVE COMPUTER GRAPHICS PROGRAM FOR NASTRAN 
d 

By Michael Cronk fi 

Convair Aerospace Division of General Dynamics 

SUMMARY 

Experience in developing and using interactive computer graphics programs has 
shown that they can be useful tools for checking finite-element models prior to structural 
analysis and for displaying the results of the analysis in a meaningful fashion. This 
paper describes such a program applied to NASTRAN that has resulted in cost savings 
in model checkout and increased flexibility in the use of NASTRAN. Shortcomings in 
using the NASTRAN structure plotter and advantages of an on-line interactive graphics 
program are  discussed. Program features such as  arbitrarily oriented three-dimensional 
views of beams, quadrilaterals, loads, constraints, and member sizes are described. 
Preliminary results a re  presented to  indicate the flexibility of the interactive approach 
to model checkout. Future additions to the CDC 6400 program for reviewing analysis 
results a re  indicated. 

INTRODUCTION 

On-line interactive computer graphics consists of a cathode-ray tube (CRT) for dis- 
playing information, a light-sensing device called a "light penv for communication, and 
a computer program that provides the information. The program first displays a list 
of instruction commands or  options, called a "menu", from which the user makes a 
selection. The menu items o r  individual commands that cause program execution are  
called "light buttons. l1 The program responds to user commands initiated by holding the 
light pen over a lldisplay item1' o r  light button on the CRT and depressing a switch on 
the pen. Upon receipt of the command the program displays further menus, performs 
calculations, displays plots and diagrams, etc. , depending on the nature of the command 
and the type of program. In this fashion the user directs desired operations and responds 
to displayed information. 

Interactive computer graphics offers several improvements over the normal digital 
mode of operation. Turnaround time is reduced by the ability to display flimmediatelytt 
the results of computation, modify the data, and recompute. Several iterations of the 
submit job, compute, look at printout, correct data, and resubmit process can be 
compressed into one session at the display device. Judgment and insight to the problem 
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are  enhanced by using the graphic display. Rapid comparison of various designs o r  
analyses, often essential during preliminary design o r  "panic1? redesign, a re  readily 
accomplished. 

One application area for the first interactive computer graphics system at Convair 
Aerospace was the finite-element analysis of structures, for which a graphics program 
was prepared to  interface a large analysis program. The analysis program handled up 
to 2,160 degrees of freedom, and the preparation and checkout of data decks was a large 
and costly task. The interactive graphics program was successful in significantly 
reducing the cost and time for checking out the model and for understanding the results, 
and it became operational about the time NASTRAN was acquired. The success of the 
original graphics program, plus the limitations of the NASTRAN structure plotter, soon 
led to developing a similar program for NASTRAN. 

The structure plotter i n  NASTRAN has several disadvantages. The technique of 
representing three- and four-sided members by plotting their edges is confusing when 
cutouts are present o r  other elements a r e  plotted. There is no provision for displaying 
member properties, material properties, o r  applied loads. A given set of NASTRAN 
plots may be unsatisfactory due to errors  in the request or  poor viewing angles. If a 
given view is incorrect, another submittal of the NASTRAN job is required, and this can 
be costly and time consuming. Interactive graphics does not have these limitations 
since the user immediately views the requested plot and can correct errors  in the plot 
select ion. 

Several ground rules were defined at the start of developing NASTRAN graphics: 

1. NASTRAN graphics should be compatible with NASTRAN as  far as  input data 
is concerned, allowing a NASTRAN user to take his complete data deck, 
including restart cards and old problem tape, and enter them in the graphics 
program without change. 

2. The graphics program should be modular and easily expandable to meet 
additional requirements. 

3. The graphics program process should be tutorial and relatively easy for a user 
to learn. 

The graphics program has  two primary functions. The first is to debug the structural 
model. This implies that the user should be able to display in a meaningful fashion as 
much of the information contained in the data deck as  is feasible for a visual check for 
errors. This includes geometry and a representation of all NASTRAN connection cards 
at arbitrary orientations. This function is being enlarged to display member properties 
such as  cross section area, moments of inertia, and thicknesses, to display vectors 
showing the applied loads, and to plot stress-strain curves and other tabular 
input data. 



The second function of the program is to display analysis results. Deformed 
$ 

structure plots for statics, buckling, mode shapes and transient response constitute a 
minimum capability a s  an output device. This second function is  being enlarged 40 display 
plots of internal loads on a portion of the structure, time histories of response functions, 
and the deformed structure at a selected time. 

DESCRIPTION O F  THE PROGRAM 

The NASTRAN interactive graphics program consists of two parts. The first is a 
preprocessor composed primarily of selected NASTRAN modules from Links 0, 1, and 
2. The function of the preprocessor is to read the user's data deck from cards and the 
old problem tape, and to generate a special file for use by the graphics program. The 
NASTRAN error-checking process during input has been left intact, allowing the user 
to obtain a printout containing the standard error  checks associated with reading the 
executive and case control decks and the bulk data deck. Certain executive functions 
associated with restarting and DMAPing have been omitted. This allows running an 
untried data deck through the preprocessor for graphics before making an initial run on 
NASTRAN, without losing the error-checking capability of NASTRAN. It then allows using 
the graphics program to visually check the model. If results of a previous NASTRAN 
analysis a re  to be plotted, the preprocessor finds the appropriate data block on the old 
problem tape and stores it on the file used by the graphics program. The bulk data cards 
listed in Table 1 comprise the cards currently stored for graphics display. Others will 
be added as  required. 

The second part is the graphics program, beginning with a menu of options (Figure 1). 
Prom this menu the user selects with the light pen the first option he desires for his first 
plot. The program then displays information concerning the selected option and waits 
for further direction. When all the options for a given plot have been selected the user 
llpickstt the PLOT lightbutton. The program then computes and displays the plot of the 
structure according to the selected options (Figure 2). A s  each plot is displayed it may 
be given a title by the user and stored. At a later time any combination of previously 
titled plots may be redisplayed. This is particularly useful for overlaying undeformed 
and deformed plots (Figure 3). To create another plot the user picks a button that 
returns the program to the menu of options. 

Three options a re  used to select which kind of connection elements are  to be displayed, 
'vQne-Dimensional Elements" asks the user to select from this list of one-dimensional 
elements: CBAR, CONROD, CROD, CTUBE, o r  PLOTEL, A11 elements of the selected 
types will be plotted. Similarly "Three-Sided Elements1' offers a choice of CTRBSC , 
CTRLA1, CTRIAB, CTRMEN , or CTRPLT. ttFour-Sided Element st' offers a choice of 
CSREAR, CQUAD1, CQUAD2, CQDMEN, CQDPLT, or  CTWIST. For all three of the 



options, i f  a particular bulk data type is not present in the data, its name does not 
appear in the list. Figure 4 shows an aircraft bulkhead composed of CSHEAR and 
CONROD elements . 

Since a given model may contain many grid points, and plots of the whole structure 
may become confusing, two options a re  available to limit the portion of the model from 
which the connection elements will be displayed. One option allows the user to select a 
set of predefined grid points, called a substructure, to be plotted. These substructures 
a re  defined by card input for the preprocessor program and can be used to define parts 
of the structure the user wishes to view separately, such as a rib, bulkhead, o r  wing. 
These substructures can also be defined from the CRT. The other option limits the 
portion of the model to be viewed by entering geometric limits on the model axis, thus 
defining a subspace. Elements that extend beyond this subspace a re  not plotted. Figure 
5 is a geometric limitation of the model shown in Figure 2. 

An option is available for the user to annotate the grid points with the grid ID or  a 
symbol, and four line-style options a re  available for plot construction. Selection of the 
latter will result in the plot being constructed with solid, broken, dashed, o r  center 
lines. An undeformed plot can be constructed with solid lines and overlaid with a 
deformed plot drawn with dashed o r  broken lines for easier distinction (Figure 3). The 
model may be viewed at any arbitrary orientation. This orientation is initially defined 
by inputting the projected angles between the model basic system and a display tube, 
two-dimensional coordinate system. After the model has been displayed at; the initial 
orientation, the user can rotate the model about any of the  model axes through any 
arbitrary angle. This permits altering the viewing angles at will. 

Magnification factors can also be input to stretch the model along any axis, for 
better visibility of members that might be hidden by other members. 

Selecting the PLOT light button with the light pen results in a plot of the structure, 
in 5 to 1 0  seconds, conforming to options the user has selected. It takes from one to  
three minutes to select all the  options required for a typical plot. The plots can be 
studied at the tube or  photographed for later use. 

Deformed plots are  produced by first selecting the load set, mode number, or  time 
increment for statics, modes o r  buckling, and transient response, respectively. The 
maximum desired deformation is input and the procedure continues as for any plot. 

HARDWARE-SOFTWARE 

The graphics program uses 20,000 words out of a 65,000 (60-bit) word central 
memory on a CDC 6400 computer operating under the Scope 3.2 operating system. The 
two 274 CRT display consoles are each driven by a CDC 1700 computer, which can handle 
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up to six CRT7s. One of the 1700 computers also acts a s  a remote job entry terminal 
to the 6400. B two graphics programs are  run concurrently, they time share the same 
central memory in the 6400 computer. Scientific batch work runs in the background. 
The program is written in Fortran IV using the CDC Interactive Graphics Systeln (IGS). 

FUTURE ADDITIONS TO TFE PROGRAM 

Expansion of the program in several areas is being considered, such a s  adapting 
an existing graphics program for general X-Y plotting. This would enable the user to 
produce plots of tabular input data, such a s  transient forces o r  rnaterial thermal 
dependencies for debugging purposes, and X-Y plots of NASTRAN output data such a s  
transient response results. The user would be able to display time history plots and 
then the deformed structure plot for any particular time. 

An additional debugging capability for input data also is desired. Such items a s  
displays of applied loads, member properties, and material properties would be useful. 
Once items a re  displayed it is logical to desire to modify and add to the data at the 
display console and punch out update cards for the NASTRAN data deck. Software to 
do this could be written, as  it was for a similar program at Convair Aerospace. The 
feasibility of implementing this capability is being studied. 

The capability to display more results is of immediate interest. Plots of internal 
loads, for example, can be superimposed on views of portions of the structure-shears, 
axial loads, moments, etc. -- and can be easily understood if presented properly. 

Monitoring and control of automatic data generating programs can also be done ~ t h  
the display tube. The user can see that the data generated is correct; if not he can 
regenerate the data. 

CONCLUSIONS 

An interactive graphics program has been written for NASTRClN that produces 
undeformed and deformed plots of a structure without the limitations of the NASTRAN 
plotter. All the NASTRAN connection elements can be displayed. Plots can be saved 
and overlaid for comparison. The existing program is the first part of a program to  
review more thoroughly the NASTRAN input data and also to display much of the 
NASTRAN output. Use of this program will result in cost savings during model checkout 
and in greater insight to using NASTRAN to solve structural problems. 



Table 1. NASTRAN bulk data cards  used in NASTRAN Graphics Program. 

GRID 
CORDlC 
CORDlR 
CORDZS 
CORD% 
CORDZR 
CORDZS 
CBAR 
CONROD 
CROD 

CTUBE 
CSHEAR 
CQUADI 
CQUAD2 
CQDMEM 
CQDPLT 
CTWIST 
CTRBSC 
CTRIAI 
CTRIA2 

CTRMEM 
CTRPLT 
PBAR 
PROD 
PTUBE 
PSHEAR 
PQUAD1 
PQUADZ 
PQDMEM 
PQDPLT 

PTWIST 
PTRBSC 
PTRIA 1 
PTRIA2 
PTRMEM 
PTRPLT 
MAT1 
MAT2 
MAT 3 
PLOTEL 
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Figure 1. Menu of options for the program. 



Figure 2. Undeformed plot of F-106 model. 

TITLE AhD SAVE 
W E 1  CICTURE 

DISCLAV 1: TLES 
F 0 1  OVERLAY 

Figure 3. Deformed plot of F-106 model wing h dashed lines overlying 
undeformed plot. 
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Figure 4. Plot of F-106 model fuselage frame showing CONROD and CSHEAR elements. 

f 

Figure 5.. Plot of F-106 model with wing removed by use of geometric limitation option. 
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N A S m  USER lTTl3RFACES - AU'IOMATED 

By Malcolm W, Ice 
Preceding page blank 

Boeing Computer Services, Izlc, 

SUMMARY 

The following features  have been incorporated a t  Boeing to  make the 
usage of NASTRAN easier  and l e s s  susceptible t o  error :  1) automatic 
generation of f i n i t e  element input, 2)  BCD/EBCDIC Fnput transparency, and 
3) addit ional symbolic parameters i n  the NASTRAPJ user procedure. 

The NASTRAN user in terface,  i , e ,  the commmfcation linkage between 
the user and NASTRAN, i s  a very important pa r t  of the NASTRAN system. 
Naturally the user must f i r s t  correct ly  describe h i s  problem to  NASTRAN 
before he can expect NASTRAN t o  solve the problem, Therefore it i s  im- 
portant  t ha t  the user in terface allow quick and convenient preparation of 
the problem with a minimum chance fo r  input error. The features presented 
in t h i s  paper have been incorporated a t  Boeing t o  s ignif icant ly  improve 
the standard user in terface fo r  the ICBM 360 version of NASTRAN. These 
features have signif  i c m t l y  increased the usab i l i ty  of N A S W  while 
reducing the chance of input error.  They have a l so  reduced the amount 
of t ra ining necessary fo r  Boeing engineers t o  learn t o  use NASTRAN. 

Several years ago a revolutionary f i n i t e  element in-put capabi l i ty  
was developed a t  Boeing. This capabil i ty,  called SAIL ( s t ruc tura l  
Analysis Input ~anguage),  i s  a language used t o  describe basic f i n i t e  
element input data such as gridpoints, element connections, loads, etc.  
However, unlike the usual f i n i t e  element input schemes, SAIL does not 
require the user t o  exp l i c i t l y  input each log ica l  i t em of data (i.e. each 
gridpoint, s t ruc tura l  element, load, etc. ) , Instead, simple s t ra igh t -  
forward techniques a re  available within SAIL fo r  the user t o  describe 
algorithms t o  generate blocks of data. In  this manner, the user can take 
advantage of pat terns  and sequences which may occur i n  h i s  data. Usually 
structures can be described within SAIL using only a f rac t ion  of the 
cards t ha t  would otherwise be required i f  each item of data were expl ic i t ly  
input. It i s  not unusual fo r  input card volume t o  be reduced by fac tors  
of four, ten, or even twenty. 



SAIL Data Generation Techniques 

While a detailed description of the SAIL input capability wiU not be 
given here (more information is given in reference l), the three major 
data generating concepts employed by SAIL will be briefly described. 

Incremental Indexing. This feature is perhaps the most powerful and 
u s e W  of the SAIL data generating techniques. Looping and indexing 
techniques similar to the Fortran "DO" loop are applied to finite element 
input statements. To make use of the incremental indexing feature, state- 
ments to establish gridpoints, structural elements, loads, etc. are placed 
within loops such that they are "executed" a number of times, with each 
execution establishing a new item of input in the series being described. 
An example of this technique is given in Table 1 where the 65 gridpobts 
and 48 quadrilateral plates of the parabolic dish shown in figure 1 are 
input with only 18 SAIL statements. 

Substruc.t;ure Transformation. This technique involves considering a. 
set of input data to be a logical group (a substructure). This set of data 
is then translated and rotated to form other sets of data (other substructures). 
Figure 2 illustrates some possible uses of substructure transformations. 

External Data Generators. This concept is completely analogous to the 
concept of subroutines in Fortran programing. Here data generating sub- 
routines are written using SAIL statements and are "called" from the main 
stream of data input to generate desired sets of data. For example, an 
external data generator could be written which generates a rectangular 
stiffened panel when called. The inputs to the generator, or "calling 
sequence", might be the panel dimensions, panel thickness, and coordinates 
locating one corner of the panel. The user could then build up a structure 
of stiffened panels by merely making several calls to the panel generator, 
supplying a correct set of inputs for each call. 

The SAIL data generating techniques will probably be somewhat obscure 
from these very brief descriptions. However, the important thing is that 
most structures can utilize these data generating techniques to reduce 
input data volume. It should also be noted that data which is automatically 
generated will be unifordly correct - no isolated keypunch errors can 
oc cur. 

Implementation of SAIL/NASTRAN 

Naturally it was desired to utilize the SAIL input techiques for 
NASTRAN analyses. The implementation of the GAIL/NASTRAN linkage involved 
modifying SAIL such that NASTRAN Bulk Data cards could be produced from 
the basic finite element data stored w i t h h  SAIL. While there was not 
a one-for-one correspondence between SAIL and NASTRAN for all possible 
input items, a basic set of data could easily be translated from the 



SAIL format t o  the NASTRAN Bulk Data format, This s e t  includes gridgoints, 
element connections, element property l i s t s ,  material  tables,  loads, 
temperatures, and single point  constraints, 

d 

To complete the implementation of the SAIL/NASTRAN linkage. addit ional ' 

job steps were added to  the NAS!D?AB user procedure t o  accommodate the SAIL 
capabil i ty,  The data flow was arrmged so t ha t  the user supplies a 
standard N A S W  deck consisting of Executive Control, Case Control, 
and Bulk Data. Optionally, he may supply SAIL input also. In t h i s  case, 
the Bulk Data which r e su l t s  from the SAIL input i s  appended to  the s e t  
of Bulk Data supplied in the standard N A S W  deck, This aUows the 
user t o  use SAIL as applicable and to  supply the remainder of the input 
via stazdard Bulk Data cards, 

Advantages of SAIL/NASW 

One obvious advantage gained by establishing the SAIL/NASTRAN linkage 
i s  t h a t  *he powerful data generating techniques of SAIL can be used t o  
input NASTRAN data, Another advantage i s  t ha t  Boeing s t ruc tura l  analysts 
can more eas i ly  l ea rn  t o  use IUSTRAN because of t he i r  previous fami l ia r i ty  
with SAIL. The f i n a l  advantage, and a very Fmportant one, i s  tha t  a 
s t ruc tura l  problem which has been described with SAIL input can be 
solved by using Boeingls own s t ruc tura l  analysis programs or  by using 
W N ,  This allows backup problem solving capabi l i t i es  and pov ides  
independent analyses fo r  checking resul ts .  

The SAIL/MW linkage has a l so  been valuable i n  acquainting 
Boeing engineers with the NASTRAN program. A typical  engineer natural ly  
prefers  t o  use Boeing's own programs because he i s  much more famil iar  
with them. However, occasionally during the course of analysis, a 
capabi l i ty  is  required which does not ex i s t  i n  the Boeing program, but 
does ex is t  i n  NASTRAN, The engineer i s  then quite ready to  consider NASTRAN, 
especially since he does not have t o  re-program h i s  input data, Soon he i s  
familiaz with WSTRAN and incorporates it in to  h i s  repertory of s t ruc tura l  
analysis tools,  

SAIL/NASTRAN Applications a t  Boeing 

The following NASTRAN applications a t  Boeing have re l ied upon the 
SAIL/NASTRAN linkage f o r  success. 

NASTRAN Eva.luation. Shortly a f t e r  receiving the N A S W  prograna, 
Boeing conducted an evaluation and familiarization study of NASTLIAN. 
The SAIL/NASW linkage allowed many "off the shelf"  problems t o  be 
run on ~ S ~ .  



I Buckling Check. A large deflection analysis of a three dimensional 
t russ  was conducted using Boeing' s Advanced Structural  Analyzer (ASTRA) . 
The resu l t s  of t h i s  analysis showed s t ruc tura l  collapse a t  a much lower 
load than anticipated. A buckling analysis was then made with NASTRAN, 
using the same input deck tha t  was used i n  the ASTW analysis. The 
buckling load predicted by NASTRAN agreed with the collapse load deter- 
mined by ASTRA. 

Heat Shield Buckling. A buckling analysis was required fo r  a heat 
shield on the Burner IIA missile. The shield was conical i n  shape, and 
the analysis was required as quickly as possible. The en t i re  problem was 
coded within a few hours using EAIL,and the NASTRAN bucklbg  resu l t s  were 
obtained by the next day. 

BCD/EBCDIC INPUT TRANSPARENCY 

N A S W  normally expects input data t o  be prepared using the BCD 
character se t .  The use of BCD characters on Boeing's IBM 360 i n s t a l l a -  
t ion  (where the EBCDIC character s e t  i s  standard) i s  inconvenient and 
increases the chance of keypunch error .  Therefore a simple procedure 
was incorporated which eliminated the need fo r  the N A S W  user t o  
dist inguish between BCD and EBCDIC i n  preparing NASTRAN input. 

A separate job s tep  was added a t  the beginning of the N A S W  procedure. 
This step executes a small, simple Fortran program which reads each card 
i n  the NASTRAN input deck, subst i tu tes  BCD characters fo r  EBCDIC 
characters as  necessary (only l e f t  and r ight  parentheses, equal sign, and 
plus  sign need be considered), and then writes the card i n to  a data s e t  
which w i l l  become the input t o  NASTRAN. 

This method of providing BCD/EBCDIC input transparency was very 
easy t o  incorpofate and required no change t o  the NASTRAN program. The 
few addit ional seconds of computer t h e  required t o  process the input 
deck are more than o f f se t  by the increased user convenience and :input 
error  reduction. Note a lso t ha t  the added step can eas i ly  be discarded 
when NASTRAN has i t s  own BCD/EBCDIC transparency. 

AUGMENTED NASTIUJY USER PROC 

m e  basic N A S ~  user procedure which i s  delivered with the  360 version 
of NASTRAN provides the user the a b i l i t y  t o  automatically obtain aU. the 
necessary JCL ( ~ o b  Control ~ a n ~ u a ~ e )  f o r  making a NASTRAN run using no 
magnetic tapes. However, if the user wishes t o  make a NASTRAN run which 
requires tapes (e.g. a checkpoint run o r  a r e s t a r t  m), he must s q p l y  
JCL t o  override the procedure and c a l l  f o r  the proper tapes t o  be mounted. 



I 

Since the construction of error-free JCL statements tends to be 
difficult and confusing to the average engineer using N A S N  at Boeing, 
the WTRAN user procedure has been augmented with some additional symbolic 
parameters. These parameters allow the NI1STMH uses to obtain JCL to 

" 

mount tapes by merely coding keywords on the "EXXC NASTRAESrf card. No 
other JCL is required. The augmented procedure makes NASTRAN much more 
convenient to use and practically eliminates the chance of a JCL error. 

The complete list of parameters added to the user procedure includes: 

T = tt. A parameter for specifying the CPU time limit of the 
NASTRAN step. J 

R = rrrK. A parameter for specifying the region size for the 
N A S W  step. 

% NEWPROB=. A parameter to call for a tape to be mounted on the 
NASW unit for writing a new problem tape. 

OLDPROB=,OLDPTP=~~ Parameters to call for tape nnnnnn to be 
mounted as an old problem tape. 

~~4020=. A parameter to can for a tape to be mounted for generation 
of ~ ~ 4 0 2 0  plots. 

UMF=,UMFTF=nnnnm. Parameters to call for tape nnannn to be mounted 
as a user master file. 

NUMF=. A parameter to call for a tape to be mounted on the NASTRAN - - - ." 
unit for writing a new User Master File, 

To use these parameters, the user merely codes the cable keywords, 
in any order, on the GCEC NASTRAN card. For example, a check-point 
run is to be made, The EXEX card is: 

// EXEC EYASTRAN,NEWPROB= 

The keyword "NEWPROB=" activates JCL to call for a tape to be mounted on 
the NASTRAN unit for the new problem tape. Likewise, if a restart run is 
being made to use a tape (serial number = 012345) which was generated on 
a previous checkpoint run, the EXEC card could be written as: 

// ' EXEC N A s ~ , o L D P R O B = , O ~ ~ P T P = O ~ ~ ~ ~ ~  

No additional JCL is required to mount the restart tape. If on the above 
resta;r-brun the user wished to specify a time limit and region size and 
create plots, he could code: 



' (~ote : The EXEC card is continued in the normal manner of JCL continuation. ) 
Again no additional JCL is required. 

The revisions required to incorporate these parameters into the NASTRAN 
procedure are shown in figure 3. These revisions are, of course, for the Boeing 
facility, but should require little modification for other 360 installations. 
JCL to incorporate the BCD/EBCDIC preprocessor discussed earlier is also 
shown in Figure 3, but the JCL necessary to implement the SAIL capability 
has been omitted. 

CONCLrnING REMARKS 

The features added to the NASTRAN user interface presented in this 
paper have a l l  proven to be cost effective. The cost of implementing ea.ch 
item has been more than offset by the increased N A S W  usability and the 
decreased input error potential. The NASTRAN program itself has not been 
modified at a,ll. Instead, JCL has been modified and peripheral programs 
have been included in the NASTRAN system. 

1. Greene , Herness, Ice, Salus , and Strome , "ASTRA-~oeing ' s Advanced 
Structural Analyzer" published in "~tructures Technology for Large 
Radio and Radar Telescope ~ystems", MIT Press, Mar and Liebawitz, 
editors. 



SAIL Statements Notes 

COORDINATE SYSTEM = CYLINDRICAL 

START LOOP 1 FOR I = 1,13 

START LOOP 2 FOR J = 1,5 
ID = (I-1)*5 + J 

R = (J-l)% + 3.0 

Z = (10./729, )*R*R 

THETA = (I-l)*15 

N(ID) = (R,THETA,Z) 

END LOOP 2 

END LOOP 1 

ELEMENT TYPE = 204 

START LOOP 3 FOR I = 1,12 

START LOP 4 FOR J = 1,4 
ID = (I-1)*5 + J 

Set coordinate system t o  "cylindrical". 

Loops t o  generate thi r teen groups of f ive  nodes 
each. Note tha t  the z-coordinate i s  calculated 
as  a flrnction of the r ad i a l  coordinate, R. 

Set  element type t o  isotropic quadrilateral  plate.  

Loops t o  generate twelve groups of four quadri- 
l a t e r a l s  each, Assume tha t  Table Entry 7 contains 
a l i s t  of thicknesses and a material  ID for  the 

= N m ) ,  N(m+l), N(D+5), ~ ( m h ) ,  ~ ( 7 )  plate elements* 
END LOOP 4 
END LOOP 3 

~ ( 7 )  = .25, -25, ~ ( 4 )  Define Table Entry 7 

Table 1 - SAIL Statements t o  Generate Input for  the Parabolic Dish Shown i n  Figure ld 



Figure 1 - Finite Element Model of a Parabolic Dish, 





/DEFAULT PROC P R I N T = A v S P l = l ,  S P 2 = 5 , B L K 1 = 7 2 0 4 v B L K 2 = 7 2 0 8 v V C T = l ?  
' /  R = 3 5 O K v T = 2 0 v U M F = * S Y S D A ~ S P A C E = ( T R K ~ l )  * ,UMFTP=000000v  
/ NUMF='SYSDA,SPACE=(TRKvll ' r N E W P R O B = ' S Y S O A v S P A C E = I C Y L v I 1 ~ 2 ) )  ' 9  

/ /  OLDPRo8=*SYSDA*SPACE=(TRKt1) ',OLDPTP=OOOOOOT 
/ /  SC4020='SVSDA?SPACE=ITRKT11 ' 
/ / I N P U T  EXEC PGM=PREPHvREGION=70KvT I M E = 3  
//FTOSFOOL 00 DDQAME=DECK 
/ / F T O b F 0 0 1  DD SYSOUT=A 
/ / F T 0 2 F O O 1  0 0  U N I T = S Y S D A ~ S P A C E = ~ T R K ~ ~ ~ O ~ ~ O J ~ ~ O S N ~ & & N S T N I N T D ~ S P ~ ~ ~ P A S S ~ ~  
/ /  D C R = ~ K E C F M = F B ~ L R E C L = ~ O P B L K S I Z E = ~ ~ O )  
/ / N S  EXEC P G M = N A S T R A N ~ R E G I O N = G R T T I M E = & T  
/ / F T 0 4 F 0 0 1  OD SVSOUT=&PRINT 
/ / F T 0 5 F 0 0 1  DD OSN=**  I N P U T ~ F T 0 2 F O O l ~ D I S P ~ I O L O ~ O E L E I E  

* 

/ / F T l l F 0 0 1  DD DCH=(RECFM=VS~LRECL=E.RLK1~8LUSIZE=&BLK2~BUFNo=l)t X 
/ I  U N I T = & U M F , ~ ~ ~ O - ~ ~ V O L = S E R = ~ U M F T P ~ D S N = X X & U M F T P ~ L A B E L = ~ ~ ~ B L P ) T  X 
/ /  OISP= IOLD,KEEP)  
/ / F T 1 2 F 0 0 1  DO DCR=*.FTllF001~UNIT=CNUMF~2400-3vDISP=IvKEEP)~DSN=NEWUMF 

* 

/ /NPTP OD D C H = * ~ F T ~ ~ F ~ ~ ~ ~ U N I T = & N E W P R O ~ ~ ~ ~ O O ~ ~ ~ O S ~ \ ~ = N E W P R O ~ T D I S P ~ ~ T K E E P ~  
/ /OPTP OD D C ~ ~ * ~ F T 0 8 F 0 0 1 ~ U N I T = & O L D P R O B ~ 2 4 0 0 - 3 ~ V O L = S E U ~ & O L D P T P t  X 
/ /  D S N = X X & O L D P T P ~ D I S P = ~ f l L O ~ K E E P l ~ L A B E L = ( 2 r B L P ~  . . 
/ / P L T 2  DD D C ~ = ( R E C F M = U ~ ~ L K S I Z E = ~ ~ O T B U F N O = L T D E N = ~ ) ~  
/ /  U N I T = & S C ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ O I S P ~ I ~ K E E P ) ~ L A B E L = I T ~ L ~ ~ D S N ~ S ~ ~ O ~ O  

Figure 3 - Modifications to NASTRAN User Procedure. 
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PROCEDURE FOR EFFICf ENTLY GENERATING, CHECKING, AND DISPLAYING NASTRAN 

INPUT AND OUTPUT DATA FOR ANALYSIS OF AEROSPACE VEHICLE STRUCTURES' 

By Gary L. Giles  
NASA Langley Research Center 

and 

Charles L. Blackburn 
AVCO Aerostructures  Div. , Nashvil le ,  Tennessee 

SUMMARY 

Auxil iary computer rou t ines  which automatical ly generate  input  d a t a  f o r  a 
wide v a r i e t y  of aerospace vehic les  and graphica l ly  d isp lay  output d a t a  i n  the  
f o m  of contour p l o t s  have been developed f o r  use with t h e  NASTRAN analys is  
program. Tkese rou t ines  o f f e r  a s i g n i f i c a n t  savings i n  man-hours required to 
develop a f i n i t e  element model and t o  i n t e r p r e t  t he  d a t a  r e s u l t i n g  from an 
analys is .  

The i npu t  d a t a  rou t ines  provide a capab i l i t y  f o r  developing l a r g e  r e l i a b l e  
f i n i t e  element models from a minimum amount of b a s i c  d a t a  per ta in ing  t o  the  
ex te rna l  shape of t he  vehicle .  For preliminary design s t u d i e s ,  design changes 
can be accomplished with s u b s t a n t i a l  time reduct ions by using such rout ines .  
I n  addi t ion ,  t h e  contour p l o t s  of t he  output d a t a  allow f o r  rap id  evaluat ion of 
t he  voluminous r e s u l t s  obtained i n  such s t u d i e s ,  

INTROIlUCT I O N  

The calendar  time required f o r  a f i n i t e  element ana lys i s  r e s u l t s  pr imari ly 
from prepara t ion  of input  d a t a  t o  descr ibe  the  s t r u c t u r a l  model, Weeks o r  
months a r e  o f t e n  needed t o  prepare input  f o r  a s t r u c t u r e  containing a l a r g e  
number of elements, while t h e  ana lys i s  can be performed i n  minutes or  hours of 
computer time. A reduct ion of t h i s  input  preparat ion time would expedite  the  
t i m e  requi red  f o r  an o v e r a l l  design process and reduce t h e  manpower cos ts  
required f o r  each analys is .  Furthermore, a s  pointed ou t  i n  re ference  1, t he  
provision f o r  automated d a t a  input  is important f o r  preliminary design i n  
p a r t i c u l a r  s i n c e  excessive time f o r  input  preparat ion could negate the 
effectivGness of e f f i c i e n t  ana lys i s  and design procedures. 

An important aspec t  of d a t a  generat ion rou t ines ,  e spec ia l ly  when the f i n i t e  
element model contains a l a r g e  number of nodes and elements, is the  accuracy 
the  automated rou t ine  provides i n  dimensioning the  nodes, numbering the  nodes 



and elements, and connecting the  elements a t  the cor rec t  nodes. Even the  most 
c a r e f u l  f i n i t e  element ana lys t  has experienced d i f f i c u l t i e s  wi th  e r r o r s  i n  such 
da ta  when t h e  input  i s  hand generated. Another arduous t a sk  i n  f i n i t e  element 
ana lys i s  i s  the  evaluat ion of the mult i tude of r e s u l t s  o r  output f o r  t he  
s t r u c t u r a l  response of l a r g e  aerospace vehic les .  Since the  eva lua t ion  of 4 

voluminous amounts of tabula ted  output da ta  i s  very t i m e  consuming, t h e  ana lys t  
tends t o  i n v e s t i g a t e  only t h a t  da t a  associated with a reas  of a  s t r u c t u r e  
bel ieved t o  be c r i t i c a l ,  and a c t u a l  c r i t i c a l  loca t ions  may be overlooked. 

Auxiliary computer rou t ines  which automatical ly generate t h e  input  da t a  and 
graphica l ly  present  t he  output d a t a  f o r  t he  NASTRAN computer program a r e  
hescr ibed  i n  t h i s  paper. These rou t ines  were developed f o r  use i n  preliminary 
design s t u d i e s  where many s impl i f ied  b u t  widely varying ex te rna l  shapes and 
i n t e r n a l  s t r u c t u r a l  configurat ions must be considered. Although the  rout ines  
have been exercised pr imar i ly  on space s h u t t l e  o r b i t e r  configurat ions,  they a r e  
s u f f i c i e n t l y  general  f o r  app l i ca t ion  t o  a wide v a r i e t y  of a i r c r a f t  conf igura- 
t i o n s  including hypersonic c ru i se  vehic les  and advanced technology t ranspor ts .  
The input  d a t a  generat ion rou t ines  r equ i re  a  minimum amount of user  prepared 
da ta  t o  generate  a d e t a i l e d  f i n i t e  element model. The b a s i c  input  da t a  
required i s  geometric in£  ormation which numerically descr ibes  an e x t e r n a l  
shape. A fuse lage ,  wing, and/or empennage s t r u c t u r e  can be  automatical ly 
generated within t h i s  e x t e r n a l  shape. 

To a s s i s t  i n  data ana lys i s  and a l s o  t o  reduce t h e  p o s s i b i l i t y  of missing 
c r i t i c a l  design a reas ,  NASTRAN or iented  computer rout ines  have been developed 
f o r  present ing t h e  output i n  t h e  form of contour p lo t s .  These contour p l o t s  
a r e  p a r t i c u l a r l y  use fu l  f o r  present ing stress d i s t r i b u t i o n s ,  deformation 
p a t t e r n s ,  and v ib ra t ion  or buckling mode shapes. Fox s t r u c t u r a l  opt imizat ion 
s t u d i e s ,  t h e  thickness v a r i a t i o n  of skins, panels ,  o r  p l a t e s  can a l s o  be shown 
by such p lo t s .  

INPUT GENERATION 
I 

I n  order  t o  perform a s t r u c t u r a l  ana lys is  of a  complex aerospace veh ic l e ,  
it is f i r s t  necessary t o  cons t ruc t  a mathematical model of t h e  v e h i c l e  s t r u c t u r e  
from engineering drawings i n  a  form amenable t o  the  method of so lu t ion .  For a 
NASTRAN ana lys i s ,  t he  model is an i dea l i zed  network of f i n i t e  s t r u c t u r a l  
elements. A f i n i t e  element model of any l a rge  s t r u c t u r e ,  p a r t i c u l a r l y  a very 
complex configurat ion,  may contain e r r o r s  due t o  human judgment, mispunched 
da ta  cards,  o r  i nco r rec t ly  t ranscr ibed  data .  The following discussion 
descr ibes  two i npu t  d a t a  generat ion rou t ines  which s u b s t a n t i a l l y  reduce both 
the e f f o r t  required t o  generate  f i n i t e  element models and the  chances f o r  
input  e r r o r s  i n  the  models. 



Fuselage Input Data Generator 
4 

Although t h e  fuse lage  input  d a t a  generator  was developed f o r  fuse lage  type 
s t r u c t u r e s ,  i t  i s  appl icable  t o  v i r t u a l l y  any type of s t i f f e n e d  s h e l l  s t r u c t u r e .  
The s t r u c t u r e  i s  modeled a s  a s e r i e s  of s t i f f e n e d  s h e l l s  r e fe r r ed  t o  as  fuse- 
lage  segments, Since a complete fuselage is usual ly  of considerable length wi th  
l a r g e  .cross-sectional dimensional va r i a t ions ,  t hese  segments allow t h e  engineer 
t o  work wi th  smaller  and more uniform s t r u c t u r a l  components. For example, it 
i s  common p r a c t i c e  t o  reduce t h e  fuselage i n t o  t h r e e  segments: namely forward, 
mid, and a f t  fuse lage  sec t ions .  

Each segment of. t he  fuse lage  model contains a prescribed number of equal ly 
spaced frames which can d i f f e r  from segment t o  segment. The perimeter of t he  
frames i s  d i c t a t e d  by the  cross  s e c t i o n a l  dimensions of t he  fuselage ex te rna l  
shape. The present  rou t ine  approximates a given e x t e r n a l  shape with e l l i p t i c a l  
sec t ions  and s t r a i g h t  l i n e s .  This approximation adequately represents  t h e  
shape, r equ i re s  minimum b a s i c  input  da ta ,  and permits easy determination of t h e  
frame's grid poin t  coordinates.  Present ly ,  the  frames a r e  s t r u c t u r a l l y  modeled 
w i t h  s t r a i g h t  beam elements capable of withstanding a x i a l ,  shear ,  and bending 
loads. Only minor modif icat ions of t he  rout ine  a r e  required t o  implement a 
proposed gene ra l i za t ion  t o  permit representa t ion  of t h e  frames a s  deep beam 
members modeled wi th  shear  web and cap ( o r  rod) elements. 

The number of g r id  po in t s  about the  circumference of a frame is d ic t a t ed  
by the  number of longerons. The des i red  number of longerons (and hence frame 
gr id  poin ts )  is b a s i c  input  da t a  and is  constant  f o r  a l l  fuselage segments, 
but  t he  spacing of t he  longerons (and hence t h e  length  of the  frame elements) 
is determined within t h e  program. To obta in  an adequate geometric representa-  
t i o n  the  spacing of t he  longerons is c lose r  i n  t h e  regions of maximum curvature 
of the  frames and the  spacing widens with decreasing curvature. S imi lar ly ,  
t h e  s t r a i g h t  beam elements used i n  t h e  frame modeling a r e  s h o r t e s t  i n  the  a reas  
of increased curvature,  and they lengthen with decreasing curvature. The 
longerons a r e  idea l i zed  a s  a x i a l l y  loaded rod elements of length equal  t o  t h e  
frame spacing, 

With the  shape of t h e  frames determined and t h e  number of longerons and 
frames spec i f i ed  the  mesh s i z e  o r  nodal network of t h e  f i n i t e  element model 
is  r e a d i l y  determined f o r  a p a r t i c u l a r  fuselage segment. The loca t ion  of each 
g r i d  poin t  w i th in  the  o v e r a l l  fuse lage  s t r u c t u r e  is  defined by a numbering 
scheme which i d e n t i f i e s  t h e  segment, frame, and longeron pos i t i on  corresponding 
t o  t h e  point .  The coordinates  of t h e  g r id  po in t s  s o  determined by t h e  rou t ine  
a r e  output on punched cards i n  the  proper format f o r  incorporat ion i n t o  t h e  
NASTRAN computer program. 

To complete t h e  finite element model t he  sur face  o r  sk in  of t he  fuselage 
i s  represented by p l a t e  membrane elements. The s i z e  of these elements i s  
d i c t a t e d  by the  mesh generated f o r  t he  frames and longerons. Although the  
fuselage input  da t a  generator  does not  consider t h e  o f f s e t  of t h e  rod and beam 
elements r e l a t i v e  t o  t h e  p l a t e  elements' midplane, i t  could be  r ead i ly  modified 



, t o  account f o r  t he  o f f s e t  by using f ea tu res  wi th in  the NASTRAN program. F ina l ly ,  
t he  connecting da ta  f o r  t he  e n t i r e  s e t  of s t r u c t u r a l  elements is  generated and 
punched on cards with a NASTRAN format. 

The method described i n  re ference  2 i s  used t o  def ine  the  ex te rna l  
(aerodynamic) shape of an aerospace vehic le .  A f i n i t e  element s t r u c t u r a l  model 
i s  generated i n s i d e  t h i s  shape using the  da ta  generat ion rout ines .  Figure 1 
shows the ex te rna l  shape d e f i n i t i o n  of one concept of a space s h u t t l e  o r b i t e r  
configurat ion and t h e  corresponding f i n i t e  element model of a segment of t h e  
fuse lage  s t r u c t u r e  containing 1400 degrees of freedom. User prepared input  was 
70 cards t o  define t h e  ex te rna l  shape of t h e  fuselage,  and 15 cards f o r  the 
s t r u c t u r a l  model descr ip t ion .  The r e s u l t i n g  NASTRAN input  deck t h a t  was 
automatical ly generated and punched contained 1513 cards. The e f f o r t  required 
t o  generate  t h e  model from engineering drawings using the methods of t h i s  paper 
was less than 4 man-hours. 

Wing and Empennage Input Data Generator 

A s  i n  the  case of t h e  fuse lage  da ta  generator a s impl i f ied  input  option is  
desired f o r  describing the  s t r u c t u r a l  arrangement of the  wing wi th in  an ex te rna l  
aerodynamic shape. Such a program would se rve  a s  input  da ta  generator f o r  both 
wing and empennage s t r u c t u r e s  (hor izonta l  and v e r t i c a l  t a i l )  s ince  t h e  
s t r u c t u r a l  arrangements of these  components a r e  s imi l a r .  For t h e  sake of 
b rev i ty  only the  wing w i l l  be r e f e r r e d  t o  i n  the  desc r ip t ion  of t h i s  rout ine .  

Figure 2 shows a s t r u c t u r a l  arrangement f o r  the wing and ca r ry  through 
s t r u c t u r e  corresponding t o  the s h u t t l e  o r b i t e r  ex te rna l  wing shape shown i n  
f i g u r e  1. The numbered po in t s  i n d i c a t e  t h e  corners  of various subs t ruc tures  
having q u a d r i l a t e r a l  ( f o r  example, 8, 11, 1 2 ,  9) and t r i angu la r  ( f o r  example, 
3 ,  7 ,  4)  planforms which a r e  used f o r  describing the  t o t a l  wing p lanfom.  The 
corner point  l oca t ions  of the  subs t ruc tures  a r e  physical ly spec i f ied  by values 
of percent  chord and f r a c t i o n  of semispan. I n  genera l ,  these  subs t ruc tures  
include many f i n i t e  elements used t o  represent  t he  ac tua l  s t r u c t u r a l  members 
corresponding t o  r i b s ,  spa r ,  and cover shee ts .  

For the p a r t i c u l a r  conf igura t ion  shown, c e r t a i n  i n t e r i o r  spars intersect 
t he  leading edge spar ,  whereas a l l  r i b s  a r e  p a r a l l e l  t o  t h e  o r b i t e r  cen te r l ine .  
The number of r i b s  and spa r s  i n  a subs t ruc tu re  a r e  spec i f i ed  by the  user  u t i l i z -  
i ng  a numbering scheme f o r  t he  corner poin ts .  mis numbering scheme is  based 
on a five d i g i t  number i n  which the  f i r s t  two d i g i t s  represent  a p a r t i c u l a r  
r i b ,  the second two d i g i t s  represent  a p a r t i c u l a r  spar, and t he  fifth d i g i t  
designates  whether t h e  corner point  is  on t h e  upper or  lower su r face  ( 1  f o r  
upper,  2 f o r  lower). The r i b s  and spa r s  a r e  numbered consecutively from inboard 
t o  outboard and from leading t o  t r a i l i n g  edge, respec t ive ly .  For example, 
corner point number 8 of f i g u r e  2 would b e  designated as 10071 corresponding 
t o  the i n t e r s e c t i o n  of t h e  t e n t h  r i b  and seventh spar  on the  upper sur face .  
From the  numbering scheme the  program can determine the  number of spa r s  or  r i b s  
which i n t e r s e c t  t h e  s i d e s  of t h e  subs t ruc ture .  These spa r s  and r i b s  a r e  then 
equal ly spaced along the sides and their g r id  po in t s  a r e  ca lcula ted  from the  



phys ica l  dimensions of t he  corner points .  The e l eva t ion  o r  z-coordinate 
v a r i a t i o n  of t he  wing ( ind ica t ing  tw i s t  o r  camber) is  determined from the  
e x t e r n a l  shape d e f i n i t i o n .  The program y i e l d s  t h i s  da t a  i n  punched card form 
wi th  a NASTRAN g r i d  card f onnat. d 

Having generated t h e  nodal  network f o r  t h e  wing, the rou t ine  automatical ly 
generates  t h e  appropr ia te  MASTRAN element cards. The f i n i t e  element model 
cons i s t s  of p l a t e  membrane elements f o r  t h e  upper and lower wing sk ins  and 
p l a t e  shear  elements f o r  t h e  r i b s  and spars .  Present ly ,  t he  program does no t  
account f o r  cap members o r  v e r t i c a l  s t i f f e n e r s  at tached t o  t h e  r i b s  and spars .  
I n  order  t o  maintain s t a b i l i t y  of t he  shear  p l a t e  elements,  a NASTRAN multi-  
poin t  c o n s t r a i n t  card is generated t o  g ive  equal  v e r t i c a l  de f l ec t ions  f o r  
s imi l a r  g r i d  poin ts  on t h e  upper and lower sur faces .  To account f o r  
v a r i a t i o n s  i n  th ickness  of t h e  var ious  elements, appropriate  NASTRAN property 
cards  a r e  punched f o r  each f i n i t e  s t r u c t u r a l  element. 

For t h e  s t r u c t u r e  shown i n  f i g u r e  2 ,  which has 911 degrees of freedom, 
30 b a s i c  d a t a  cards were required t o  descr ibe  the  e x t e r n a l  shape and 38 cards 
were required t o  generate  a NASTRAN input  deck of 1577 cards.  Less than 2 
man-hours were required t o  generate  the  f i n i t e  element model. 

GRAPHIC OUTPUT 

Although the  NASTRAN program has a capab i l i t y  f o r  making p l o t s  f o r  both the  
undeformed and deformed s t r u c t u r e s ,  one must r e s o r t  t o  the  tabulated output t o  
determine t h e  magnitude of t he  displacements. It is sometimes d i f f i c u l t  t o  
v i s u a l i z e  t h e  node l i n e s  from such p l o t s  of higher order  v i b r a t i o n  and 
buckling modes. Furthermore, only the  tabula ted  da ta  f o r  the  s t r e s s e s  ac t ing  
on each s t r u c t u r a l  element i s  ava i l ab le  i n  the  NASTRAN output.  

The i n t e r p r e t a t i o n  of NASTRAN output d a t a  can be  f a c i l i t a t e d  by present ing 
the  d a t a  i n  t h e  form of contour p l o t s .  Such p l o t s  make i t  poss ib le  f o r  the 
knowledgeable design engineer t o  i d e n t i f y  imrpediately the  c r i t i c a l  design a reas ,  
and they g r e a t l y  f a c i l i t a t e  evaluat ion of t he  l a rge  amounts of d a t a  generated 
i n  a t y p i c a l  NASTRAN analys is .  The following discussion describes a rou t ine  
f o r  e f f i c i e n t l y  generat ing displacement and s t r e s s  contour d l o t s  d i r e c t l y  from 
NASTRAN punched input  and output da t a  f o r  sur faces  wi th  i r r e g u l a r  boundaries 
r ep resen ta t ive  of cur rent  a i r c r a f t  wing planf oms .  

Contour P l o t  Program 

A l l  NASTRAN output d a t a  a r e  given with respec t  t o  a g r id  poin t  o r  
s t r u c t u r a l  element. The loca t ions  of t h e  g r i d  po in t s  o r  elements a r e  s p e c i f i e d  
in t h e  NASTRAN input  d a t a  deck, and f o r  t h e  most genera l  case t h e  loca t ions  a r e  
described by three-dimensional coordinates .  Therefore, t o  form contour p l o t s  
f o r  a p a r t i c u l a r  su r face  o r  planform, only output d a t a  corresponding t o  g r id  
po in t s  o r  elements on t h a t  su r face  o r  p l an fom would be used. I n  the  following 
d iscuss ion  t h e  g r id  po in t  o r  cent ro id  of t h e  s t r u c t u r a l  element w i l l  be ca l l ed  a 



, cont ro l  poin t  f o r  convenience of descr ip t ion .  Also, t he  NASTRAN output  da t a  such 
a s  s t r e s s e s ,  displacements, and mode shapes w i l l  be r e fe r r ed  t o  as the  magnitude 
o r  e leva t ion  of t he  contour sur f  ace. 

Since contour p l o t s  represent  l i n e s  of constant  e leva t ion  o r  magnitude of 
a sur f  ace with r e spec t  t o  a datum plane,  it was f i r s t  necessary t o  develop an 
a n a l y t i c a l  model t h a t  adequately described the  contour surface.  The model 
chosen was based on a s e r i e s  of connected t r i angu la r  planes havlng coordinates  
a t  each ve r t ex  coincident  with both t h e  two dimensional con t ro l  poin t  
coordinates  and the  magnitude of t he  contour va r i ab le .  These t r i a n g u l a r  planes 
o f f e r  two d f s t i n c t  advantages: namely, (1) a simple a n a l y t i c a l  expression f o r  
describing the  f l a t  plane and (2) e a s i l y  obtained coordinates of t h e  plane 
using NASTRAN i npu t  and output d a t a  f o r  t r i angu la r  and/or q u a d r i l a t e r a l  p l a t e  
elements. The q u a d r i l a t e r a l  elements a r e  idea l ized  a s  two trf angular 
elements f o r  development of t he  contour sur face ,  Another advantage, due t o  
the  formulation of the  problem, i s  the  increased accuracy of t h e  sur face  a s  
the  mesh s i z e  decreases t o  obta in  a des i red  accuracy f o r  the  s t r u c t u r a l  ana lys is .  

With t h e  contour su r face  idea l ized  a s  a network of t r i angu la r  plane 
segments, t h e  contour l i n e s  can be developed i n  a s t raightforward manner using 
the following computation scheme. For a f i n i t e  element ana lys is  ca lcula ted  
displacements a r e  associated with the  a c t u a l  g r id  points .  Hence, f o r  a c e r t a i n  
t r i angu la r  contour plane the  maximum and minimum elevat ion  (values of 
displacement) a t  t he  v e r t i c e s  (gr id  points)  a r e  determined from the NASTRAN 
da ta  corresponding t o  t h e  p a r t i c u l a r  element. These maximum and minimum values 
and t h e  spec i f i ed  contour i n t e r v a l  a r e  used t o  ca l cu la t e  the  number of contour 
l i n e s  and t h e i r  magnitude occurr ing i n  the  t r i a n g u l a r  plane,  Area coordinates  
a r e  used t o  determine the  i n t e r c e p t s  of t he  contour l i n e s  with t h e  edges of the  
t r i angu la r  plane. By proper manipulation of t h e  a rea  coordinates the  in t e rcep t s  
of t he  previously ca lcula ted  contour l i n e s  with the  edges of t he  t r i a n g u l a r  
plane can be determined i n  terms of the datum plane coordinates ,  A contour 
l i n e  w i l l  have i n t e r c e p t s  a t  two edges of t he  t r i a n g l e ,  and t h e  p l o t  rout ine  
connects a s t r a i g h t  l i n e  between these  i n t e r c e p t  poin ts .  This method is  then 
general ized t o  c a l c u l a t e  a l l  the contour l i n e s  wi th in  a t r i angu la r  plane f o r  
every t r i angu la r  plane of t he  contour sur f  ace contained i n  a prescribed 
boundary, 

The s t r e s s  d a t a  r e s u l t i n g  from a f i n i t e  element ana lys is  i s  associated 
with the  elements r a t h e r  than the  a c t u a l  g r i d  poin ts .  For da t a  reduct ion t h e  
s t r e s s e s  a r e  assumed t o  be ac t ing  a t  the  centroid of t he  element. I n  addi t ion  
t o  the con t ro l  poin ts  located a t  the  elements cent ro id ,  o ther  con t ro l  poin ts  
coinciding with the  g r id  po in t s  a r e  a l s o  used. The magnitude of t he  stress a t  
a p a r t i c u l a r  gr id  point  is determined from a weighted average of t h e  appropriate  
s t r e s s  va lues  assoc ia ted  with those  elements connected a t  t he  g r id  poin t ,  This 
increase  i n  t h e  number of con t ro l  po in t s  r e s u l t s  i n  a f i n e r  mesh of t r i angu la r  
planes f o r  describing the s t r e s s  sur face  than f o r  t he  displacements, These 
t r i angu la r  planes a re  constructed i n  such a way t h a t  each i n t e r i o r  element 
contains a weighted s t r e s s  value a t  one of i t s  v e r t i c e s .  For those 
t r i angu la r  planes adjacent  t o  the s t r u c t u r e ' s  boundary two v e r t i c e s  a r e  based 
on weighted data; hence, near  a boundary the  contour l i n e s  a r e  of quest ionable 
accuracy. 



I l l u s t r a t i v e  Examples 

To i l l u s t r a t e  t h e  p o t e n t i a l  va lue  of these  contour p l o t s  f o r  numerically 
represent ing  the  deformed s t r u c t u r a l  shape, a NASTRAN s t a t i c  and vibxatifon 
ana lys i s  was performed f o r  t he  space s h u t t l e  o r b i t e r  type w i n g  shown i n  f i g u r e *  
2. The wlng carry-thru s t r u c t u r e  was allowed t o  d e f l e c t  only i n  a d i r e c t i o n  
normal t o  t h e  plane of t h e  wing along the  o r b i t e r  cen te r  l i n e  ( l i n e  1-2, fig. 2).  
The leading edge t i p  of t h e  wing r o o t  (poin t  3 ,  f i g .  2) and the  i n t e r s e c t i o n  of 
t h e  wing and wing carry-thnt ( l i n e  5-6, f i g .  2) were constrained t o  have zero 
de f l ec t ion  normal t o  the  plane of t h e  wing. The displacement p a t t e r n  f o r  t h e  
wing s t a t i c  displacement under a uniform pressure d i s t r i b u t i o n  on the  exposed 
wing box i s  presented i n  f i g u r e  3. Vibrat ion mode shapes f o r  the f i r s t  s i x  
modes a r e  presented i n  f igu res  4 t o  9. These r e s u l t s  show the  r e l a t ionsh ip  
between two d i f f e r e n t  methods of graphic output.  The upper drawing i n  each 
f i g u r e  is a contour plot of the  displacement. The lower drawing i n  each f i g u r e  
is  the  corresponding NASTRAN oblique p Io t  of t h e  deformed s t r u c t u r e .  Note t h a t  
even the  complex shape of the  s i x t h  mode i s  w e l l  represented by the  contour 
p l o t .  The magnitudes of t h e  contour l a b e l s  have been scaled f o r  ease of 
presenta t ion  and hence show only r e l a t i v e  magnitudes. The contour cha r t s  make 
i t  poss ib l e  t o  perform an immediate numerical eva lua t ion  of t h e  NASTRAN 
displacement data .  These contour p l o t s  present  t he  e s s e n t i a l  da t a  from 
approximately 90 pages of tabula ted  da ta .  A planned r ev i s ion  of t h e  program w i l l  
emphasize the  node l i n e s  (zero de f l ec t ion )  by dashed l i n e s  f o r  contour p l o t s  of 
v i b r a t i o n  o r  buckling modes. 

A stress d i s t r i b u t i o n  based on the  von Mises e f f e c t i v e  s t r e s s  c r i t e r i o n  is 
shown i n  f i g u r e  10 f o r  t h e  upper su r face  sk in  of t he  wing s t r u c t u r e  shown i n  
f i g u r e  2 .  This s t r e s s  contour p l o t  represents  3 pages of tabula ted  data .  
Again, t h e  magnitude of the  contour l i n e s  have been sca led  f o r  ease of presen- 
t a t ion .  The contour cha r t  r ead i ly  i d e n t i f i e s  s t r e s s  concentrat ions and regions 
of maximum s t r e s s .  Since the  membrane stress of a p l a t e  element i s  propor t ional  
t o  the element 's th ickness ,  a p l o t  s i m i l a r  t o  f i g u r e  10 could be used f o r  show- 
ing  t h e  thickness v a r i a t i o n  r e s u l t i n g  from s t r u c t u r a l  opt imizat ion s tud ie s .  

CONCLUDING REMARKS 

Auxil iary computer rou t ines  which automatical ly generate  input  d a t a  f o r  a 
wide v a r i e t y  of aerospace vehic les  and graphica l ly  d isp lay  output d a t a  i n  the  
form of contour p l o t s  have been developed f o r  use  wi th  the  NASTRAN ana lys i s  
program. These rou t ines  o f f e r  a s i g n i f i c a n t  savings i n  man-hours required t o  
develop a f i n i t e  element model and t o  i n t e r p r e t  the  d a t a  r e s u l t i n g  from an 
ana lys i s .  

The inpu t  d a t a  rou t ines  provide a capab i l i t y  f o r  developing l a r g e  r e l i a b l e  
f i n i t e  element models from a minimum amount of b a s i c  d a t a  p e r t a i n i n t  t o  the  
e x t e r n a l  shape of t h e  vehic le .  For prel iminary design s t u d i e s ,  design changes 
can be accomplished with s u b s t a n t i a l  time reduct ions by using such rout ines .  
I n  add i t ion ,  t h e  contour p l o t s  of t h e  output d a t a  allow f o r  rap id  eva lua t ion  
of t he  volminous  r e s u l t s  obtained i n  such s tudies .  
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Figure 1.- Numerical external  shape of space shu t t l e  o rb i t e r  and the  
f i n i t e  element model f o r  a segment of i t s  fuselage s t ructure .  



Corner Point Identification 

Figure 2.- Finite element model of a wing structure within the external 
shape of a space shuttle orbiter wing. 
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( a )  Contour p l o t .  

(b) NASTRAN plo t .  

Figure 4.- F i r s t  v ibra t ion mode shape of a space shu t t l e  o r b i t e r  wing. 



(a Contour p l o t .  

(b) NASTRAN plot. 

Figure 5.- Second vibra t ion mode shape of a space shut t le  o r b i t e r  wing. 
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( a )  Contour p l o t .  

'+aY-,' (b) NASTRAN p lo t .  

Figure 6.-  T h i r d  vibration mode shape of a space s h u t t l e  o r b i t e r  wing. 



(a) Contour plot. 

w 

(b) NASTRAN plot. 

Figure 7.- Fourth vSbration mode shape of a space shuttle o r b i t e r  wing. 



(a) Contour p l o t .  

(b ) NASTRAN p l o t .  

Figure 8.- Fifth vibration mode shape of a space shu t t l e  o rb i te r  wing. 
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(a)  Contour p l o t .  

(b  ) NASTRAN p l o t  . 
Figure  9.-  Sixth  v ib ra t ion  mode shape of a space shu t t l e  o r b i t e r  wing. 



Figure 10.- Distribution of s t r e ss  magnitude given by Von Mises' effective s t r e ss  f o r  a 
space shut t le  o rb i t e r  wing subjected t o  a uniform pressure loading. 



VEHICLE STRUCTURAL ANALYSIS - 
PFE AND POST PROCESSOR DATA HANDLING 

By To Furuike and S, Yahata 

North American Rockwell, Space Division 

Present f i n i t e  element s t ructural  analysis capability has progressed t o  
such a point that complex structures are described by tens of thousands of 
degrees of  freedom. This places an incre,asing burden on the engineer i n  terms 
of quantity of data (both input and output). The nature of the design process 
requires the a b i l i t y  to update and change during the analysis. Pre proc- 
essors, post processors and multiple level  substructuring programs, i n  support 
of the general finite element program, part ia l ly  f u l f i l l  these needs, The use 
of these auxiliary programs indicates a need f o r  further developments t o  
NASTRAN . 

INTRODUCT ION 

The Shuttle Program is  a good example of a large complex s t ructural  aystem 
consisting of multiple bodies, (namely the booster and orbi ter  vehicles), 
that requires the model-modal-loads-stress (MMLS) solution. It would take 

tens of thousands of degrees of freedom with extremely wide, sparsely 
banded stiffness matrices to  have a fairly detailed mathematical model of 
the vehicles. The NASTRAN ( ~ e f s .  1-3) program is a general purpose digital 
computer program f o r  the analysis of large complex structures. There are 
many other existing structural analysis computer programs tha t  are not as 
general as NASTRANo Use of the NASTRAN program without a id  of various pre 
and post processors i s  likely t o  Lead t o  many human errors,  The NASTRAN 
D W  option t o  include auxiliary programs does exist, The data handling 
problem increaaes at a more rapid rate than the increase i n  degrees of 
freedom. The generation of satisfactory mathematical models will be assured 
with a greater degree of certainty with the aid of these auxiliary programs, 
Fbthermore, the use of programs like MASTRAN without the availabil iv of 
mu3btiple level substmcturing f o r  analyzing the mated configuration will be 
costly in money and schedule time. 



! In order t o  help the engineer i n  performing s t ruc tura l  analysis, an automated 
computer program logic t o  de tewine  the model-modal-loads-s tress (MMLs ) 
solution i s  presented fn Figure I .  

4 

Pm PROCESSOR DATA HANDLING 

Fin i te  Element Model 

A s  the structure becomes W g e  and complex, the need fo r  pre processor 
data management becomes very important. I n i t i a l l y ,  an automated stress model 
is generated by the finite element modeling computer program called NARFEM 
( ~ o r t h  American Rockwell F in i te  Element ~ o d e l )  (~ef. 4). The model generation 
provides f o r  an accurate production d e t a i l  model, assists manual check, 
reduces and eliminates many human er rors  and provides models compatible w i t h  
preliminary and f b l i z e d  design. The NARFEM program (see Figare 2) i s  an 
essent ia l  t oo l  t o  obtain the necessary output data f o r  a minimwn ainount of 
command input. These data may represent hundreds or  thousands of input cards 
describing the f i n i t e  element model (geometry, mesh topology, element 
description). 

The topology need not  be well ordered. The automated modeling generator 
reduces the data handling by using the following: (a) an in te rna l  numbering 
system t o  take advantage of any regular i ty  even i n  highly i r regula r  
structures;  (b) an in te rna l  computation of coordinates of many nodes from a 
minimum of geometric parameters; (c)  mesh topology generation by taking 
advantage of the regularity of the internal numbering sequence; (d)  simply 
controlled renumbering systems t ha t  convert topology t o  i r regular  actual 
patterns. In order t o  provide a visual check, the NARFM program produces 
CRT p lo t s  of each model. The options provided include the capability of 
generating various l i n e  diagram representations of the mesh topology. For 
example the "beams onlyn plo ts  can be separated from "triangular and 
quadri la tera l  elements onlyt1 i n  order t o  help the engineer check of missing 
elements. 

The NARFEM program can read i n  exis t ing modeling data which the user may 
wish t o  modify i n  order t o  study a l te rna te  design concepts on any portion 
of the or iginal  model. Figure 3 shows a typical  s t ructure  i n  which the 
l l era~e l t  and "patchtf features of NARFEM ware applied t o  a detailed door model. 
Here the program performed the changes i n  the th i rd  quadrant and then rotated 
90° t o  formulate the desired four th  quadrant. Figure 3 also i l l u s t r a t e s  a 
typical  CRT p l o t  of the automated node numbering of the door section. 
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Figure 4 illustrates a rotated three dimensional view of the spacecraft 
orbiter model. Here only the symmetric half of the model is generated. The 
large dots shown in the figure indicate the points on the model which were 
retained for the dynamic model. 

Print out review may reveal situations in which the nodes should be 
renumbered. NARFEM can renumber nodes and elements to reduce the unwanted 
wide banded matrices. The program can also remove any extraneous nodes or 
change the numbering order. The model generator provides punched card output 
which can be used as input to programs like NARSAMS ( ~ e f .  5 ) .  The output 
information includes element description, coordinate or grid cards, etc. 
From these and other control cards the stiffness matrix in free-free or 
reduced state is generated. 

The NARSLAGS program (~orth American Rockwell Structural Loads Analysis 
Grid System) will generate loads for the stress model from input data of 
selected points. Figure 5 shows a typical illustration of the aerodynamic 
input to create the loads idealization for the dynamic and stress models. 
In general the dynamic model requires fewer degrees of freedom than the stress 
model. The NARSZAGS program also generates the loads due to structural 
weight. Both distributed mass and concentrated mass can be handled to 
formulate the mass matrix. The output of the structural loads program is 
available on cards, tape, and/or printed f om. 

Multiple Level Substructuring Approach 

Many configuration requirements almost dictate the necessity of a 
multiple level substructuring analysis program. This can help reduce the 
cost of the MMLS analysis, to reduce errors, and to meet contract schedule 
requirements of various components, subassemblages and assemblages. For 
intermediate structures, the need for single level substructuring may be 
satisfactory. Reference 6 suggests the need of a substructuring program as 
an auxiliary processor to NASTRAN. The NARSESA program (which stands for 
North American Rockwell Structural E l a s  tic Subs tructuring Analysis) is a 
multiple level substructuring program (see Refs. 7 and 8). The multiple 
level analysis of reference 7 is an extension to reference 9. Many user's 
options exist. The program can be used for substructuring as well as a 
matrix manipulator for reordering, gathering, decomposing, and reducing 
large matrices that nust be handled i n  and out of core. 



/ Figure 4 - TYPICAL THREE-DIMENSIONAL MODEL ILLUSTRATING A ROTATED CRT 
PUT VIEW 
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Various product matrices obtained during the subset development are 
saved for future subsGructuring steps. Since a vest portion of the computer 
t h  is spent on the decomposition, considerable effort was made to haye ad 
efficient matrix algorithm. A partitioned blocked data set technique was 
used to decrease the input/output data handling. The same blocking 
technique was applied for the forward and backward sweeps in the 
Cholesky-reduc tion routine. 

The NARSESA program performs an automated coordinate description check 
between mating ~ U ~ S ~ N C ~ W ~ S  prior to any assembly to assure C h a t  the mating 
nodes are compatible in spatial coordinates. The node numbers are generally 
not the same at mating boundaries since each substructure may be numbered 
independently of one another. An option was included to either manually 
order the rows or let the program automatically order the rows during 
gathering. This renumbering essentia- reduces the combined assembly 
boundary matrix banduidth. Hence, the computer time for decomposition 
decreases sharply. The substracturing program will automatically keep 
track of all degrees of freedom at a11 levels and assemblages. Printouts 
have a table of equivalence or an ItMcode* table to correlate user node 
numbers to program computer numbers for every substructure at every l e v e l  
and assemblage. 

The static solution for the substructuring boundary is determined at the 
highest substmcture level for each load vector. These boundarg displace- 
ments are then automatical3y distributed back to the lower level 
substructures in order to compute the interior displacements. The cycle is 
repeated automatically until. all of the displacements are determined. Here 
again the output displacements for each substructure are in the user's 
original notation. 

The substructuring program is also used as a reduction routine to 
formulate the dynamics model from the statics model. The first level 
substructuring can be used to perfonn the assemblage and reduction. In 
general, the modal characteristics solution of each substmcuure will 
give indications as to obvious errors in either the mass matrix or 
stiffness matrix. Hence, considerable computer and modeling support time 
can be saved by correcting aqy  errors, human or otherwise, before 
proceeding onward. 



POST PROCESSOR DATA HANDLING 

The post processor data handlina, on the MKLS solution involves the 
determination of the loads and stresses, Additional input data on the 
control system, aerodynamics, propulsion, t ra jeator ies ,  impact loads, and 
constraints are used during the dynamics s t a b i l i t y  and POGO investigations. 
However, these are usually analyzed bp themselves i n  t h s i r  functional area. 
In the event that the s t ructure  is unstable, then a resizing of the mathe- 
matical model i s  performed. If the structure is  stable, the in te rna l  loads 
and stresses are computed from the NARSAMS program by the STOM job option. 

The NARSAMS program options include START, BEOS and STOM. The START jobs 
read i n  model data and compute deflections, internal  loads and stresses.  
The MlDS jobs read i n  model data and generate the stiffness matrix and loads 
vectors, renumbering identification,  and restart information. The STOM 
jobs read in nodel data and deflections f o r  d l  nodes (obtained from another 
program such as NARSESA) t o  compute the internal loads and stresses.  Only 
a f e w  cards are changed from the MTOS job. The s t resses  are  computed based 
upon the plain stress, quadratic f i e ld ,  and/or best-fit formula f o r  the nodes 
(as i n  reference 10). A user option t o  compute the stresses at each node 
of an element exis ts ,  however the stresses f o r  sandwich elements are 
computed per element rather than per node. The stresses in the facing 
sheets and the shear s t resses  in the sandwich core are determined. A user 
option also permits computing stresses a t  only certain portions of the 
S ~ N C ~ W ~ .  Another option i s  t o  choose the quantity of specific nodes and 
their numbers, Similar options for sandwich elements are also available. 
The post processor w i l l  p r in t  the output i n  meaningful fashion for direct 
documentation in to  a report. In order t o  eliminate the data handling of 
thousands of pages, and automated data search is being incorporated. The 
material allouable data w i l l  be used t o  compute the margin of safety. 

DISCUSSION 

Todayls structures engineer must have insight into modeling techniques,. 
data disposition (either by cards, tapes, and/or disk packs), and be cost 
minded. More and more the engineer1 s use of general purpose and auxiliary 
programs also requires some progr&ng knowledge, The adaptation of 
various post, intermedia$e, and pre-processor programs now developed can be 
made t o  large computer programs l ike NASTRAN and ASKA. Some work along 
t h i s  subject has already been done. 



A s  computers become bigger and faster the number o f  degrees o f  freedom " 

problem will probably continue to grow. With this growth, there will be 
greater data handling requirements. The use of auxiliary processors will 
help eliminate most major errors, thus helping meet budget and scheduhe 
requirements. 
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NASTRAN PLOTTING CAPABILITIES 

By John R. McDonough 

Computer Sciences Corporation 

There a re  numerous options and features included in the NASTRAN plot package that 
a r e  available to the user, To provide the analyst with a visual presentation of his 
results, the basic static, modal, and transient analyses plots may be enhanced and 
clarified with the aid of model or lay-out specifications. As described in the NASTRAN 
documentation, the program is compatible with five plotter manufacturerst equipment. 
The results presented here were obtained from a Stromberg-Carlson model 4020 plotter. 

INTRODUCTION 

Recent development work on NASTRAN has produced significant improvements in the 
plotting software, not the least of which is a better understanding of how to more 
effectively use the three basic programmed modules: e. g. the, Structural Plotter ( P L ~ T ) ,  
X-Y Plotter (XYPLGT), and the Matrix Plotter (SEEMAT). The intent of this paper is 
to demonstrate some of the more important plotting improvements and techniques for 
better use of the graphic routines. 

NASTRAN, as  described in references 1 and 2, provides the capability for generating 
on any of several different plotters the following kinds of plots: 

a. Undeformed geometric projections of the structural model, 

b. Static deformations of the structural model by either dis- 
playing the deformed shape (alone o r  superimposed on the 
undeformed shape), o r  displaying the displacement vectors 
at the grid points (superimposed on either the deformed or  
undeformed shape), 

c, Modal deformations (sometimes called mode shapes o r  
eigenvectors) resulting from real eigenvalue analysis by 
the s m e  options stated in '%" above, -- - - - - _ . 

Preceding page blank 



d. Transient deformations of the structural model by 
displaying either vectors or the deformed shape for 
specified times, 

e. X-Y graphs of transient response or  frequency response, 

f.  Topological displays of matrices. 

The plots presented here include those which are  possible because of corrections to 
Level 12.0 and those which result from capabilities inaugurated for Level 14.0. 

NASTRAN PLOTTER SOFTWARE OVERVIEW 

Figure 1 shows the five common software functions performed by all the plot generating 
routines in NASTRAN to provide the above capabilities. Each of these major functional 
areas has been the source of errors  or difficulties experienced by the users either 
because of misunderstanding of instruct ions and supporting documentat ion, o r  due to 
problems with the hardware and software. A short discussion of each major function 
follows in order to place in context the e r ro r  avoidance techniques and enhancements 
implemented in later versions of NASTRAN. These are the subjects of subsequent 
sections of this paper. 

Parameter definition refers to the various plot request packet card entries and calling 
sequence parameters covered in the User's Manual respectively under Structure 
Plotting, X-Y Plotting, and matrix pictures generated by the Utility Module SEEIMAT. 
In general, the parameters define the plotter name and model as well as the physical 
constraints and modes of operation. In most cases default options a re  allowed. 

The program structure itself is common with creation of one DMAP parameter (PLTNUM) 
for passing the plot number, and two named common blocks which contain the values of 
all other physical parameters. Typical problems that have been encountered in the 
parameter definition area include : 

8 a specifications for time and eigenvalues greater than 10  , 

creation of extraneous lines when plotting structures or 
curves containing over 100 distinct lines, 

the misunderstanding and misuse of the MAXIMUM 
DEFORMATIQIN card and the maximum deformation field 
on the PLGT card, 



a excessive computer time for creation of complicated 9 

plots. 

Parameter initialization refers to the programmed instructions that set various taunters, 
switches, and addresses to zero or  other starting values at  the beginning or  other pre- 6 

scribed points in the computer program. In the NASTRAN case, two subroutines 
initialize all parameters in two common blocks and provide the capability of the system 
to default to standard plotter and model indices as well as  initializing such parameters . 
as  paper size and plot tape buffer size. Once initialization is complete, none of the 
parameters in the common blocks can be changed without repeating the initialization 
step. A case in point was that in the event of a failure in module PLOT (or PRTMSG) 
and a subsequent restart,  then the entire plot DMAP sequence had to be removed by 
the ALTER capability in order to obtain proper initialized parameters. Additional 
parameters have been added to NASTRAN in Level 14.0 to overcome such troublesome 
problems a s  obtaining vectors without an underlay structure. This is achieved by a 
new parameter "NIT which may be initialized by the VECTOR option on the PLQT card, 
and thereby not draw any shape(s), but allow all other plot options to be exercised. 

Plot initiation follows parameter initialization and refers to starting the plotter. Prior 
to the start,  the plot number is incremented. The actual starting is accomplished by 
one subroutine which, when appropriate, will select the proper medium, generate an 
identification plot, and insert the specified number of blank frames. A typical problem 
involving this area involved obtaining plots sequentially numbered on rigid formats 8 
and 11 if both structure and X-Y plots were requested. A particular rigid format ALTER 
was required in the executive control deck to obtain the sequentially numbered plots. 

Plot creation in NASTRAN is accomplished by seven subroutines for performing the 
various tasks: e.g. AXIS, LINE, PRINT, SYMBOL TIPE, TYPFLT, TYPWT. There 
a r e  three operating modes defined in these subroutines: 

a axis mode, 

straight line mode, 

a typing mode. 

These three modes a re  totally independent of each other and are  mutually exclusive. 
This implies that only one mode can be active at any one point in time. Subroutine 
AXIS operates in the axis mode; subroutine LINE operates in the straight line mode. 
The problems with this area of NASTRAN plotter software have been relatively minor 
based on the number of reports from the user community and involve such things as  
peculiar it ies with particular plotter pens. 



' The final common function of NASTRAN graphic program modules is terminating the 
plot. This is a relatively simple function and is accomplished by the same subroutine 
that initiated the plot. The routine, upon sensing a negative argument, will terminate 
the current subset of plot commands (as appropriate), skip to a new frame, and, if 
necessary, write an end-of-file mark on the plot tape, 

THE TEST PROBLEM 

The test problem chosen to illustrate the three types of rigid format plotting is the delta 
wing. The problem itself, i. e. the bulk data, is the same a s  the standard NASTRAN 
Demonstration Problem 1-1, which is described in reference 3. Figure 2 is a simplified 
sketch of the original model but is the configuration used during the plotting exercises 
presented here. The bulk data is essentially unchanged since it resides on the deliverable 
NASTRAN User's Master File Tape. Since the object of this presentation is  to demonstrate 
plot output (as opposed to specific numerical results), no adjustment was made to convert 
the problem s existing English system units to international units. Therefore, where 
data changes were required in order to perform the run, these data were in English units. 
Data input in accordance with the allowable options and requirements of the program was 
chosen to obtain the desired responses in each of the three rigid formats used: rigid for- 
mat 1 (static analysis), rigid format 3 (modal analysis), and rigid format 12 (transient 
analysis). 

The delta wing model is composed of membrane, shear panel and rod elements. Due to 
the existence of symmetry or  antisymmetry in the structure and loading conditions, only 
one-quarter of the wing needs to be modeled. The midplane of the wing (the plane dividing 
the wing into upper and lower halves) is a plane of symmetry as  is the center plane that 
divides the wing into left and right halves). The loading c anditions a re  antisymmetrical 
with respect to the rnidplane of the wing and symmetric with respect to the center plane. 

The surface skin of the wing is modeled with membrane elements while the ribs and spars 
a r e  modefed with a combination of shear panels and rods. The shear load carrying 
capability of ribs and spars is represented by shear panels. The bending stiffness of the 
ribs and spars is modeled with rod elements placed in the plane of the skin surface. 

Since a quarter model is used, -fie loading conditions require that an antisymmetric 
boundary be provided on the midplane and a symmetric boundary must be provided on the 
center plane. These boundary conditions a r e  provided by constraining all grid points on 
the midplane in the X and Y directions and all grid points on the center plane in the X 
direction. Supports for the structure a r e  provided by constraining grid points 13, 33, 53, 
73 and 93 in the Z direction. Since no rotational rigidity is provided by the elements used 
in the model, all rotational degrees of freedom have been removed by the use of the 
GRDSET bulk data card. 



Static Rigid Format Plots 

?'he first series of examples, of primary consideration here, is the static loading of the 
sample delta wing at  two points on the wing tip. The first load is applied at pofnt 16 on 
the trailing edge, which is called subcase 1, and the second load is applied independedtly 
at  point 36 on the leading edge, which is called subcase 2. The loads a re  both equivalent 
to 2230 newtons, although 500 pounds is the actual value used during the computer run. 

The major cards in the case control deck for the rigid format 1 plots are: 

SPC = 1 referencing the constraints previously discussed 
SUBCASE 1 containing the load set 1 
SUBCASE 2 containing the load set 2 

The set definition cards are: 

SET 1 = 1 THRU 17 the upper surface 
SET 2 = 18 THRU 22 the trailing surface 
SET 3 = 50 the tip surface 
SET 4 = 1 TI-IRU.22 
SET 5 = 1 THRU 22, 50 

Each set is individually plotted in its undeformed shape such as: 

FIND SCALE, ORIGIN 1, SET 5 
PLOT SET 5, @RIGIN 1, DENSITY 2, SYMBOLS 6, LABEL GRID P ~ I N T S  

This is shown in figure 3 at  the default values for AXES and VIEW. 

To view the sets at other than default values, the AXES and VIEW cards a re  used. For 
example : 

AXES 2, X, Y 
VIEW 0.0, 0.0, 0.0 
FIND SCALE, ORIGIN 2, SET 1 
PLOT SET 1, ORIGIN 2, DENSITY 2, SYMBOLS 6, LABEL GRID PQ(INTS 

The top surface is shown in figure 4 rotated from the original bulk data orientation to the 
plotter orientation so  that a truely scaled orthographic projection results, The other 
defined sets may be positioned by similar orientation commands. 

The set chosen for plotting deformed shapes is the trailing surface of the wing because 
the effects of the tip loads can be seen with respect to the line of action. 

A maximum deformation parameter is required for scaling by the program: 



MAXIMUM DEFORMATION 30.0 

Since the plots depend on orientation, new AXES and VIEW cards a re  used: 

AXES Y, X, Z 
VIEW 0.0, 0.0, 0.0 
FIND SCALE, ORIGIN 5, SET 2 

To this point the set and orientation a r e  defined .and all following commands apply to the 
same definitions : 

PLOT STATIC DEFORMATI@N 0, 1, 2, @RIGIN 5, SET 2, DENSITY 2, 
SYMBOLS 6, LABEL GRID POINTS, VECTOR Z,  SHAPE 

This command results in a deformed plot with an undeformed underlay for both subcases 
1 and 2. The plot obtained from subcase 1 is shown in figure 5. The original location 
of the grid points a re  marked with an asterisk and the final location with the chosen 
symbol (the open circle). The vectors appear to be double density but this is  a result 
of two grid point displacement vectors being colinear. These same plots could have 
been obtained without the subcase integers if the integer 0 were used alone because all 
subcases are default. 

PLOT STATIC DEFGRMATION 1, 2, @RIGIN 5, SET 2, DENSITY 2, 
SYMBOLS 6, LABEL GRID POINTS, VECTOR Z, SHAPE 

Figure 6 is the resulting plot for the subcase 1 loadr This is similar to the preceding 
plot except that the underlay flag, integer 0, is missing so the result is only the deformed 
shape. This kind of plot could be obtained without the subcase integers o r  the SHAPE 
option because the deformed shape for all subcases is default. However, because the 
VECTOR option was used without the 0 integer, the direction of the vectors is reversed. 

P L O T  STATIC DEF@RMATI@N 0, 1, 2, ORIGIN 5, SET 2, SYMBOLS 6, 
LABEL GRID PQIINTS, VECTGR Z 

One of the resulting plots, shown in figure 7, is the undeformed structure with vectors 
from the original grid point positions to the deformed positions. The same plot could 
be obtained without the 0 integer. The vectors can be omitted by either not using the 
VECTOR option o r  using VECTOR N. 

PL@T STATIC DEFORMATION 1, 2, ORIGIN 5, SET 2, DENSITY 2, 
SYMBOLS 6 ,  U B E L  GRID POINTS, VECTGR NZ 



9 

The plot for subcase 2 is  shown in figure 8. The structure is not plotted but the vectors 
a re  shown at their deformed and undeformed positions. The original positions a r e  
marked with an asterisk and the final positions a re  marked with the chosen open circles. 
This plot can also be obtained with the integer 0. 

PLOT STATIC D E F O R M A T I ~  1, 2, ORIGIN 5, SET 2, DENSITY 2, 
SYMBOLS 6, LABEL GRID POINTS, VECTOR NZ , SHAPE 

Figure 9 is the plot obtained from subcase 1 conditions. The structure is not plotted 
but the vector directions a re  reversed from the previous example. 

Modal Rigid Format Plots 

The second series of plots obtained are those due to the unloaded wing whereby the 
natural vibration frequencies a re  calculated and the normalized mode shapes are  plotted. 
The method chosen to extract the eigenvalues from the dynamic matrix equation 
[ K - M ] ( u  = ( 0 \ is the Givens method. (In the above equation K is the stiffness 
matrix, M is the mass matrix, and u is the displacement matrix. The quantity, A, 
represents the eigenvalues which a re  the squares of the natural frequencies. ) The 
eigenvector normalization method chosen is normalization to unit generalized mass. 
The delta wing is an 86 order problem, and as expected, the Givens method outputs all 
eigenvalues at once. Only ten eigenvectors a r e  chosen for consideration as optioned on 
the EIGR bulk data card. 

In order to produce the desired results the case control deck is constructed to conform 
to the adjusted bulk data deck. Specifically, the two forces from the static case a re  
dropped and an eignevalue method is adopted. Everything else remains the same. 

In addition, the case control deck output requests are set up so that the eigenvectors 
reference a subcase by use of the MODES card. This is  accomplished by the following 
technique: 

SUBCASE 1 
MODES = 2 implies two subcases (modes) 
DISP = NONE no output for the first two modes 
SUBCASE = 3 
DISP = 1 output for the third mode for a selected set 
SUBCASE 5 implies fourth mode displacements after subcase 3 
DISP = NONE 
SUBCASE 7 implies sixth mode suppression after subcase 5 
DISP = 1 
SUBCASE 8 
DI- = NONE no output beyond the seventh mode 
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The plot package contains the upper wing surface element set selection: 

SET 1 = 1 THRU 17  

A maximum deformation is set: 

MAXIMUM DEFORMAT~N 25.0 

The command 

FIND SCALE, ORIGIN 1, SET 1 

positions the plotter and scales the object. 

The plot from the command 

PLOT ORIGIN 1, SET 1, DENSITY 2, S Y M B ~ L S  6 ,  LABEL GRID PmNTS 

is shown in figure 10. 

The plots resulting from 

PLOT MODAL D E F G R M A T I ~  3, 4, 7, @RIGIN 1, SET 1, DENSITY 2, 
SHAPE 

are  shown In figures I1 and 12. 

These two plots indicate a need for further investigation because they are not as  expected. 
It is  suspected at this time that a problem exists in the subcase counting method because 
of the following table of results: 

SUB CASE OUTPUT PLOT 

NO (ok) 
NO (ok) 
YES (ok) 
YES (no) 
NO (ok) 
NO (ok) 
YES (5th mode) 
NO (ok) 
NO (ok) 
NO (ok) 

NO (ok) 
NO (ok) 
YES (no) 
YES (3rd mode) 
NO (ok) 
NO (ok) 
YES (5th mode) 
NO (ok) 
NO (ok) 
NO (ok) 

It can be seen that the modal deformations, however selected, yield a mode shape for 
a particular eigenvalue. 

71.6 



Transient Rigid Format Plots 

The final series of plots a r e  obtained from the transient analysis of thewing whkh is 
subjected to a time dependent force. The dynamic matrix equation employed in 

? 

transient analysis is [ p2 M + pB + K ] {u = (PI where P represents a force, sinusoidalIy 
varying with time, p is  the differential operator d/dt, B is the damping matrix, and the 
other quancit ies are  as  previously defined. 

The case control deck parameters required to augment the adjusted bulk data deck include 
the omission of the static forces and the use of a dynamic force, a damping force, and a 
t i n e  step flag. The eigenvalue selection method is the same a s  that employed previously. 

The dynamic force used is one described by the equation associated with a TLOAD2 bulk 
data card. After certain options, obtained with the aid of a DAREA bulk data card, the 

0 
loading equation evolves to P(t) = 50.0 cos [2 n (40.0) t + 45 ] applied at point 3 6 in the 
positive Z direction. The peak amplitude force of 223.0 newtons (50.0 pounds used), at 
a forcing frequency of 40.0 hertz is 45' out of phase from the undamped natural frequency. 
In addition a structural damping force linearly varying with frequency is described by: 

I 0. Of, f 0 5 f < 10.0 
G = 0.1 f 10.0 I f i 100.0 

1.0 f 100,o 5 f < 1000.0 

and appears on a TABDMPl bulk data card. A TSTEP card describes ten time steps, 
one second apart and the LFREQ and HFREQ PARAM cards were the other cards added 
to the bulk data deck. 

Since both the structure plotter and the X-Y plotter a re  employed for this series, the 
two sections of the plot package a r e  separated by the output requests @UTPUT(PLOT) 
and @UTPUT(XYPL@T) respectively. Other parameters related to the SC 4020 X-Y 
plotter will be discussed later. 

The upper surface of the wing is  chosen a s  the plot package set: 

SET I = 1 THRU 17 

The deformation and scale initializations are: 

The command 

PLOT TRANSIENT DEFORMATION TIME 0.0, 10.0, SET 1, @RIGIN 1, 
DENSITY 2, V E C T ~ R  Z,  S ~ P E  



results in ten plot frames for each of the ten time steps chosen but only nine plots 
result. This is because the SHAPE option suppresses the undeformed shape and no plot 
results for time zero. Figure 13 shows the plot at  time of 1.0 second. 

The command 

P L ~ T  TRANSIENT DEF$RMATION, TIME 0.0, 10.0, SET 1, @FUQN 1, 
DENSITY 2, VECTqR Z 

results in the ten plot frames with a plot in every frame. Since the SHAPE option was 
dropped, all ten plots are in the undeformed shape. Figures 14 and 15 show the plots at 
time zero and time of 1.0 second. 

For the X-Y plotter package, some of the parameters are  stated in a different manner 
from the structure plotter. 

The microfilm plotter DENSTY 2 option which appears in all the structure plotter com- 
mands is now changed to a separate card: 

DENSITY = 2 

The frame skip counter is optional to suppress the default skip of one between each 
frame with 

SKIP = 0 (or SKIP BETWEEN FRAMES = 0) 

It should be noted that in the structure plotter case, the skip between each frame is 
always zero except between the undeformed and deformed plots (where the skip is one), 
so skip commands in that series were not necessary. 

In the case of the SC 4020 plotter the equipment flag must be set to choose the option of 
plotting on paper only. Thus CAMERA = 2 suppresses the creation of a film strip. 

One plot frame (figure 16) is produced to demonstrate the various options available in the 
X-Y plotter package : 

X Y P L ~ T  DISP / 36 ( T3, T3 ) 

The command itself provides an X-Y plot of the displacement (response by default) of 
grid point 36 (the loaded point in the example). There is one frame with two graphs (one 
upper and one lower), both depicting the response in the Z (T3) direction. With the excep- 
tion of the symbols, the upper graph plot was obtained completely by the defaults avail- 
able in the X-Y plotter package. 



The parameters which define the graphs of the upper and lower half frames are summa" 
rized in the following table: 

Lower Half Frame Commands Upper Half Frame Defaults 

XBAXTS = ' YES No 
XBGMD LINES = YES NO 
YBGND LINES = YES No 
YBVALUE PRINT SKlP = 1 0 
YBDIVISIQ~NS = 10 5 
YBTITLE = RESPqNSE None 

These commands provide that the lower graph has an X-axis, grid lines parallel to the 
Y-axis, grid lines parallel to the X-axis, values placed on tick marks with one tick 
skipped between labels along the Y-axis, 10 tick divisions along the Y-axis, and Y-axis 
title, respectively. By default the maximum and minimum values along the Y-axis a re  
obtained to accommodate all values on both graphs and the X-axis is drawn at  y = 0. 
Since symbols placed on the curves is not separable, one command 
CURVELINESYMB@L = 2 places the symbol X on both graphs at  plotted points. 

The maximum deflection occurring at time of 1.0 second is of the order 10-5 while all  
other values from time 2.0 to 10.0 seconds a r e  so small, they appear nearly equal to zero. 

CLOSURE 

The static analysis rigid format plot package presently seems the most versatile. Aside 
from the problem encountered in the modal analysis plot it  remains for further study to 
investigate the possibility of employing all the static plot features to the two dynamic plot 
rigid formats. 
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A NASTRAN POSTPROCESSOR FOR 

STRUCTURAL MODIFICATION REANALYSXS* 

By Roy Levy 

Jet Propulsion Laboratory 

SUMMARY 

A n  efficient procedure is described for reanalysis of space-truss 
structural frameworks. The procedure has been programmed to operate a s  
a postprocessor to determine response changes from sets  of displacements 
developed for the initial structure by an independent structural analysis sys- 
tem. Examples given show substantial savings in computation time when 
operating in conjunction with the NASTRAN structural analysis system. 

Efficient methods of reanalysis are useful to assess  the changes in 
structural response a s  a function of modifications to the properties of the 
individual member components of the structure. The applications encornpas s 
all design phases through inception and future alteration, particularly in 
conjunction with the implementation of the techniques for structural 
optimization. 

Currently, a number of diverse procedures for reanalysis have 
evolved to operate within the overall formulation chosen for analytical solu- 
tion of the response problem. Some have been designed to be used in con- 
junction with force method, displacement method, o r  mixed formulations. 
Additional alternatives depend for their attractiveness upon whether o r  not 
the number of members for which modifications a r e  considered form a rela- 
tively large or a relatively small set, or possibly whether or  not the modified 
members can be readily localized to occur within restricted regions of the 
structure. Reference 1 describes several of the currently prevalent and use- 
ful reanalysis procedures. 

*This paper presents the results of one phase of research carried out a t  the 
Je t  Propulsion Laboratory, California Institute of Technology, under Con- 
tract  No. NAS 7 -  100, sponsor ed by the National Aeronautics and Space 
Administration. 



Some procedures a r e  mathematically exact in the sense that the solu- 
tions will be exactly equivalent to  solutions that would be obtained f r o m  analysis 
of the modified s t ructure ab initio. Others develop approximate solutions that 
a r e  sufficiently accurate to serve  during intermediate stages of s t ructural  opti- 
mization techniques. All methods usually appear to  fall within either of two 
classes: 

(1) Given the inverse of-the stiffness matrix for the initial s t ructure,  
the inverse for the modified s t ructure is developed by perturba-  
tion (refs. 2, 3 ,  and 4). An alternative to  avoid dealing with the 
inverse of the stiffness matr ix  i s  to operate in t e r m s  of i t s  de- 
composition (ref .  1). 

(2) The solution for the modified s t ructure is developed as  a l inear  
combination of solutions for the initial s t ructure (refs. 5, 6, 
and 7). 

PROPOSED METHOD 

In the following, an exact method of solution will be described that 
develops displacements and member forces  fo r  the modified s t ruc ture  f rom 
linear combinations of displacement function solutions developed for the initial 
structure.  Conceptually, the method i s  based upon a parallel  element approach. 
For  each component member to be modified, a hypothetical paral le l  member 
i s  postulated. Cross  -sectional properties of the paral le l  member a r e  taken a s  
exactly equal to  the changes in properties of the parent (original) member and 
the connectivity is duplicated. The final member forces  for the modified 
s t ructure a r e  the sums of the member forces on parent and paral le l  members.  
A condition of the solution i s  to  maintain compatibility of the parent and paral-  
le l  member distortions. Figure 1 i l lustrates the approach for  cornpatability 
enforcement and displacement superposition for a plane t rus s  s t ructure sub- 
jected to a single loading condition and with only one member t o  be changed. 
In this case,  the member distortion consists of the axial extension. 

Reanalysis i s  performed by a postprocessor computer program that 
uses input displacement functions developed previously by an  independent 
s t ructural  analysis program. Because the only computed data that a r e  input 
a r e  the displacement functions, the analytical formulation procedure us ed to 
process  the initial s t ructure and develop these displacements i s  immaterial .  
The present implementation of the program i s  designed to accept input speci- 
fically in the format of the NASTRAN analysis system. A present  limitation 
i s  the restriction to process  only changes in the c ross  -sectional a r e a  property 
for one-dimensional bars. This limitation, however, is  compatible with the 
design requirements of space-truss s t ructures ,  such as the frameworks of 
antenna reflectors. Nevertheless, it i s  feasible to extend the procedure to 
include beam-type bars .  The advantages of this method a r e  the simplicity of 
program operation and input requirements and the efficiency with which pa-  
rameter  studies can be developed f o r  the response as  a function of a spectrum 
of property changes for particular bars .  Entirely new members can be added 



by parallel  members ,  and original members  can be completely removed by 
assigning duplicate properties of negative magnitude to the parallel  member.  

MATHEMATICAL FORMULATION 

At f i r s t ,  we will make the conventional assumption that the change in 
external loading caused by the changes in the weights of modified bars  need . 

not be considered. Subsequently, an adjustment to include these effects will 
be indicated. Consequently, the displacements of the modified s t ructure UM 

a r e  obtained by superposition of displacements of the initial s t ructure U I 
(assumed a s  invariant with respect  to property changes) and the displacements 
AU caused by the internal forces of the parallel  members  acting a s  loads on 
the initial structure.  That i s ,  

The order  of the mat r ices  in equation (1)  i s  m x k, where m i s  the number of 
unconstrained degrees of freedom and k is the number of external loading 
vectors, 

To evaluate AU, it is convenient to express these displacements as 
the product of the displacements for unit values U of the parallel  member S 
forces  postmultiplied by the forces  R of the parallel  members ,  o r  

In equation (21, the index b i s  equal to the number of property changes summed 
over a l l  the members .  

To enforce compatibility, le t  

e = final distortions of parent members  = distortions of paral le l  
F members  

el. 
= initial distortion of parent member for the external loads 

eS 
= distortions of parent member for unit values of forces  of the 

parallel  members  

eo = distortions of parallel  members  for unit forces 



Therefore, from superposition 

But eF can be determined directly as  the distortions of the parallel members, 

After combining equations (3) and (4) and rearranging, R can be obtained by 
solving 

The solution of equation (5) for R can be obtained readily in many instances 
because the order of the coefficient matrix i s  equal only to the total number 
of property changes. 

Examination of equation (5)  shows that relatively little additional com- 
putational effort i s  necessary to process more than one property change for a 
given member. This can be done by saving the e and e matrices in equation 

S I 
(5) and repeating only the relatively minor effort in regenerating new eo  matri-  

ces. In this manner, the responses for sequences of property changes for 

given members can be obtained efficiently. 

After combining equations (1) and (Z), the final displacements of the 
modified structure are  obtained from 

The final member forces can be found either by summing forces on parent and 
parallel bars,  or  else by expanding the indices of equation (3) to cover all of 
the members of interest and then applying the internal force-distortion rela- 
tionship for these members. 

In the limited case of one -dimensional bar members, the member 
distortion i s  the extension of a bar along its axis and i s  given by 

where S , ,  L,, A:, and E, are ,  respectively, the member force, length, area. 
1 1 L  I 

and modulus of elasticity for the ith member. As an alternative to equation (7), 
the present implementation computes the extension from the grid coordinates 
and displacements associated with the bar as follows : 



LY where q. i s  the difference in  displacements of the terminal  nodes of the bar in 
1 

the direction of the dh axis of Cartesian coordinates, H: i s  the projection of 

the bar axis along the ath axis,  and 

The computations for equations (8) and (9) a r e  performed by using the 
member connection cards  to define the terminal  nodes and the grid cards  to 
give the nodal coordinates. These data can be duplicates of the input for the 
original s t ruc tura l  analysis program. The displacements used to generate the 
e se t  a r e  the responses to the applied loading. The displacements that gen- I 
e ra t e  the eS se t  a r e  obtained by applying a pair of unit loads directed towards 

each other a t  We terminal  nodes associated with each parallel  member;  each 
pair  of loads forms one loading vector and contributes one column of displace- 
ments to the U matrix,  which is used to compute one column of distortions in S 
the e matrix.  The U columns are readily produced by NASTRAN using S S 
FORCE1 bulk data cards  to define the loadings. 

The unit loads that produce the e se t  a r e  equilibrated by correspond- s 
ing unit loads that extend the paral le l  member.  Consequently, the e mat r ix  i s  

0 
a diagonal mat r ix  of distortions for  unit tensile loads, with each diagonal ele- 
ment of the fo rm 

where Ai i s  the change iri a r e a  for the ith member and this can be positive o r  
- 

negative, depending upon whether the a r e a  of the ith member i s  to be increased 
o r  decreased. 

The foregoing procedures can be adjusted to include changes in  load- 
ing caused by modified member properties. To do this, additional loading vec- 
to r s  that a r e  the resul t  of unit a r e a s  for  the parallel  members  a r e  processed 
by the initial analysis program. The corresponding new displacement functions 



a r e  supplied to the postprocessor program, which multiplies these by the 
a rea  currently being processed for the parallel member and adds the result 
to the UI displacements. Consequently, in equation (5), it is necessary to 

generate a new e vector for each property change in a sequence. I 

PROGRAM EXECUTION AND CONCLUSIONS 

A flow chart of the reanalysis program described for invariant exter- 
nal loading is  shown in figure 2. The program i s  developed either to process 
property changes for individual bars  o r  common property changes to groups of 
bars  . 

Table 1 contains a summary of the central processing unit times for 
program operation (Univac 1 108 Exec 8 computer) for two different structures 
that have been reanalyzed by this program. For both structures, the input dis- 
placements were read from a tape which was created by suppressing NASTRAN 
output punch card images by means of the executive breakpoint feature of the 
1108 computer. The central processing unit (CPU) times shown include, in 
addition to computation time, the time used for data input (card and tape read- 
ing) and a substantial amount of printed output. 

Two NASTRAN runs were made in each case of table 1. The f i rs t  run 
was made independently of reanalysis requirements. The purpose was to check 
stability of the analytical model and to provide some insight into which members 
were the most desirable candidates for revision. When the checking can be 
eliminated and the members to be changed a r e  known in advance, reanalysis 
can s tar t  f rom the second run, which generates all needed information. The 
time used for  the f i rs t  run, however, gives an indication of the time required 
to process one additional group change of member properties in lieu of using 
the reanalysis postprocessor program. 

Table 2 illustrates the advantages in computation total time that can 
be obtained by using the reanalysis procedure to process up to four property 
changes for a given bar group for the two structures. The tabulations show 
the time to analyze each modification a s  a new structure by using NASTRAN 
only and the time to process the modifications by the reanalysis program. 
The "NASTRAN only1' column does not consider program restarts ,  because 
experience does not show significant economies in restarting when the basic 
structure is modified, Although table 2 shows substantial advantages for re -  
analysis postprocessing when a t  least two changes a r e  considered, the bene- 
fits would be even more pronounced whenever the f irs t  NASTRAN run i s  elimi- 
nated and only the second NASTRAN run (table 1 )  i s  used. 

Because the number of computations depends upon the number of 
changes, computational time savings a r e  the largest  when the number of mern- 
bers with changes i s  a relatively small proportion of all of the members. 



Whenever a large number of member s  a r e  jointly to be given a smal l  number ' 

of changes,  the advantages of reanalysis  tend to diminish. F o r  example,  i f  
all m e m b e r s  were  to be changed, the t ime  to generate the US displacements 

would be equivalent to the generation of the full flexibility matr ix .  In adhition, 
it has been found that  when changes in  the external  loadings a r e  included, the ' 

postprocessor  p rog ram takes  about 50% m o r e  computation time. Therefore ,  
the relat ive efficiency of complete reanalysis  within the init ial  p rog ram should 
be considered. 
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Table 1. C P U  times for Univac 1108 Exec 8 computer 

Structure I1 

1350 

1492 

2 

37 

12 min 44 s 

11 min 41 s 
(restart)  

37.0 s 

2. 3 s 

Parameter 

Matrix order m 

Total number of bars  

Number of loading vectors k 

Number of bars  in change group b 

NASTRAN CPU timesa 

Original structure: fox UI 

Original structure: for UI and US 

a 
Reanalysis program CPU times 

Generate U fo r  f i rs t  a rea  M 
change 

Generate U for each additional M 
a rea  change 

a CPU times a r e  central processing unit times for all  operations of 
computations plus input loutput, exclusive of compilation time. 

1 

Structure I 

48 

60 

2 

6 

45 s 
(cold start)  

i 



Table 2 .  CPU timesa for reanalysis of multiple 
property changes of a b a r  group 

'4 

Structure 

I 

I1 

a CPU times are central processing unit times for all operations of 
computations plus input/output, exclusive of compilation time. 

i 

Number of 
property 
changes 

Time, s 

NASTRAN 
only 

NASTRAN + 
postprocessor 

reanalysis 

47. 7 
48. 0 
48. 3 
48. 6 

738 
740 
743 
746 

I 
2 
3 
4 

1 
2 
3 
4 

32 
64 
96 

128 

768 
1536 
2 304 
3072 



M O D  I F I  ED STRUCTURE 

AREA 
= A + A A  BER EXTENSION, 

U N I T  FORCES 

PARENT 
EXTEN 

P = l  r AREA 

MEMBER y p = l  

l N l T l  A L  STRUCTURE l N I T I A L  STRUCTURE 

EXTERNAL LOADING UNIT E Q U I L I  BRATING 

D l  SPLACEMENTS = (UI) D l  SPLACEMENTS = (US) 
M O D I F I E D  STRUCTURE: (UM)= (UI)+ (US) R 

COMPATIB IL ITY :  eI + e S  R = eo R 

THEN R = eI/(eo - e S j  

Figure 1. - Parallel element distort ion compatibility approach 



SET A SET OF BARS TO BE SET C NODES FOR W H I C H  
M O D I F I E D  M O D  l F l  ED D I SPLACE- 

SET B UNION OF SETS OF MENTS ARE REQUIRED 
TERMINAL NODES FOR SET D UNl ON OF SET B AND 
BARS OF SET A SET C 

INPUT: US, SET D 

t 
C A R D S  SET D (NODE, MATCH AND A S S I G N  

COORDINATES TO U S  

t 
.. 

COMPUTE eIAND e S  

FOR SET B (EQS. 8, 9 )  
t 

INPUT L l  ST OF AREA 
,CHANGES FOR BAR GROUP, 

COORDINATES TO U t 
COMPUTE eo (EQ. 10) 

t 
C A R D S  FOR BAR (OR BAR FORM EQ. (5) AND SOLVE 
GROUP) TO BE M O D I F I E D  t 

AND GENERATE SET B COMPUTE U (EQ. 6 )  

FOR SET C 
I 

GLL AREA CHANGES PROCESSED FOR THIS BAR GROUP?> 
 YES^ 

YES I S THERE ANOTHER GROUP OF CONNECT1 ON 
C A R D S  TO BE INPUT? 

NO + 
(QU IT) 

Figure 2. -F low chart for computations of modified structure 
displacements (NASTRAN postprocessor) 



CONVERGENCE OF THE NASTRAN PLATE ELEMENTS FOR SHELL STRESS ANALYSIS 

By Michael T. Wilkinson and Robert E. Fulton 
NASA Langley Research Center 

SUMMARY 

The procedure of approximating t h i n  e l a s t i c  s h e l l s  with f l a t  p l a t e  f i n i t e  
elements has been accepted p r a c t i c e  f o r  s eve ra l  years ,  and the  i n i t i a l  vers ion  
of t he  NASTRAN program is  r e s t r i c t e d  t o  t h i s  procedure f o r  t h e  ana lys i s  of 
general  s h e l l  shapes. The present  paper inves t iga t e s  t h e  convergence p rope r t i e s  
of t he  QUAD2 element contained i n  NASTRAN f o r  approximating s h e l l  s t r u c t u r e s .  
Application is made t o  the  s t r e s s  ana lys i s  of c y l i n d r i c a l  and conica l  s h e l l s ,  
and NASTRAN r e s u l t s  a r e  compared with those obtained from c l a s s i c a l  s h e l l  
theory. The r e s u l t s  converge monotonically t o  the  exact s h e l l  theory r e s u l t s  
a s  t he  mesh s i z e  is reduced. They a l s o  i n d i c a t e  t h a t ,  f o r  t h e  c y l i n d r i c a l  
s h e l l ,  t he  f l a t  p l a t e  approximation has a p r inc ipa l  t runca t ion  e r r o r  of t he  
order  of  t he  square of the  element s i ze .  

t 

The procedure of approximating t h i n  e l a s t i c  s h e l l s  with f l a t  p l a t e  f i n i t e  
elements has been an accepted s t r u c t u r a l  p r a c t i c e  f o r  s e v e r a l  years  ( see ,  f o r  
example, r e f s .  1-4). P a r t l y  as a r e s u l t  of t h i s  p rac t i ce ,  t he  i n i t i a l  vers ion  
of the NASTRAN system (ref. 5) contains only f l a t  elements t o  model general  
s h e l l  s t r u c t u r e s  . 

The present  work inves t iga t e s  the  q u a l i t y  and convergence of r e s u l t s  ob- 
ta ined by using the  NASTRAN f l a t  elements t o  model s h e l l  s t r u c t u r e s  f o r  s t a t i c  
s t r e s s  ana lys is .  The element used i n  the  modeling i s  the  q u a d r i l a t e r a l  p l a t e  
element designated i n  NASTRAN as the  QUAD2 element. This element contains both 
bending and extens ional  behavior and could be considered a reasonable model 
f o r  approximating s h e l l  bending behavior. 

The procedure used i n  the  s tudy is  t o  compare NASTRAN f i n i t e  element 
r e s u l t s  f o r  decreasing element s i z e s  wi th  r e s u l t s  obtained with c l a s s i c a l  s h e l l  
theory. TWO i s o t r o p i c  s h e l l  problems a r e  s tudied  which undergo asymmetric 
behavior and f o r  which the  e s s e n t i a l l y  exac t  so lu t ion  can be obtained. The 
f i r s t  is a simply supported c y l i n d r i c a l  s h e l l  subjected t o  normal pressure  which 
is harmonic i n  both the  a x i a l  and c i rcumferent ia l  d i r ec t ions .  The second is  a 
simply supported conica l  s h e l l  subjected t o  normal su r face  pressure which v a r i e s  
harmonically i n  the  c i rcumferent ia l  d i r ec t ion .  

-- 

Preceding page blank 



SYMBOLS 

a,al,a2 s h e l l  rad ius  (figs. 1 and 6) 

A , B , C  displacement amplitudes i n  equations (1) 

E Young's modulus 

L s h e l l  length ( f i g s ,  1 and 6) 

m c i rcumferent ia l  harmonic 

Mx bending s t r e s s  r e s u l t a n t  i n  the a x i a l  d i r ec t ion  

N number of elements i n  the  a x i a l  d i r e c t i o n  

membrane s t r e s s  r e s u l t a n t  i n  the  a x i a l  d i r e c t i o n  

normal pressure loading (perpendicular t o  s h e l l  sur face)  

e r r o r  measurement of de f l ec t ions  o r  s t r e s s e s  

s h e l l  thickness 

a x i a l ,  c i rcumferent ia l ,  and r a d i a l  displacements 

func t iona l  c o e f f i c i e n t s  i n  the  conica l  s h e l l  problem defined i n  
equat ions (2)  

a x i a l  coordinate  

Poisson 's  r a t i o  

c i rcumferent ia l  s t r e s s  

c i rcumferent ia l  angle 

A subsc r ip t  s i n d i c a t e s  t h e  v a r i a b l e  is  obtained using Sanders' theory. 

CYLINDRICAL SHELL EXAMPLE 

Consider an i s o t r o p i c  c i r c u l a r  cy l inder  described i n  the  c y l i n d r i c a l  
coordinate  system shown i n  f i g u r e  1. The cyl inder  i s  subjected t o  a normal 
pressure 

TX 
p = s i n  - cos mg L 



I 

where m is an i n t e g e r  constant  and L i s  the  cy l inde r ' s  length.  For the  case 
of simply supported boundary condit ions (Nx = v = w = Mx = O), the normal, 
a x i a l ,  and c i rcumferent ia l  displacements of t h e  cy l inder  a r e  of t he  £OF 

?TX w = A s i n  - cos m@ 
L 

Tx u = B cos - cos ma L 

'rrx v = C s i n  - s i n  rno 
L 

where A, B, and C are displacement amplitudes. This problem has seve ra l  
a t t r a c t i v e  f ea tu res  f o r  comparing s h e l l  modeling r e s u l t s .  I t  includes both 
axisymmetric (rn = 0) and a s y m e t r i c  deformations (m 2 1 ) .  It a l s o  inc ludes  
deformations which a r e  predominantly membrane (m = 0) and those which a r e  
pr imar i ly  inextens ional  (m = 2) . 

The genera l  s h e l l  behavior is modeled by QUAD2 elements and t h e  calcula-  
t i o n s  are s impl i f i ed  by taking advantage of symmetry i n  both the  a x i a l  and 
c i rcumferent ia l  d i r ec t ions .  Using t h i s  symmetry, one-quarter of t he  cy l inder  
was modeled with the  four  g r ids  shown i n  f i g u r e  2 .  This gr id  refinement pro- 
v ides  a f i n i t e  element model which has a constant  aspect  r a t i o  of a r c  length 
t o  axial l ength  and lends i t s e l f  t o  ex t rapola t ion  procedures. 

The s h e l l  p r o p e r t i e s  i n  t h e  example a re :  

a = 76.20 cm (30 in.) 

L = 4.372 m (180 in.)  

t = 2.540 cm (1.0 in.) 

6 
E = 206.8 G N / I U ~  (30 x 10 psi) 

The f i n i t e  element r e s u l t s  a r e  compared with two s h e l l  so lu t ions  t o  the  cy l in-  
d r i c a l  s h e l l .  A highly  accura te  so lu t ion  t o  Sanders' s h e l l  equations ( r e f .  6) 
based on f i n i t e  d i f f e rence  techniques was obtained with the SALORS s h e l l  of 
revolu t ion  program ( r e f .  7) . * A second so lu t ion  was obtained from an exact  
so lu t ion  t o  the  ~ l z g g e  theory ( r e f .  8 ) ,  tak ing  advantage of the harmonic 
charac ter  of t h e  so lu t ion .  I n  NASTRAN, t h e  f i n i t e  element r e s u l t s  provide 
displacements a t  node po in t s  and s t r e s s e s  a t  each element's centroid.  The  

*A s u f f i c i e n t  number of f i n i t e  d i f f e rence  s t a t i o n s  was taken t o  ensure 
t h a t  t he  SALORS r e s u l t s  had converged t o  an e s s e n t i a l l y  exac t  so lu t ion .  



I 

amplitude of t he  f i n i t e  element r e s u l t s  can be compared with the amplitude of 
t he  r e s u l t s  obtained from t h e  exac t  so lu t ions  s ince  f o r  t he  example problem 
both r e s u l t s  a r e  doubly harmonic i n  the  x and fl di rec t ions .  

-- 

Results  a r e  given i n  f i g u r e s  3-5 f o r  t he  r a t i o  of the  amplitude of the 
f i n i t e  element r e s u l t s  t o  the  amplitude of t h e  Sanders theory r e s u l t s  obtained 
from SALORS f o r  the four  g r id  s i z e s  N x N where N is the  number of elements i n  
each d i r e c t i o n  and has t h e  value 3, 6,  12,  o r  24 ,  Results  a r e  given f o r  t he  
amplitude of t he  l a t e r a l  and long i tud ina l  displacement and the  c i rcumferent ia l  
s t r e s s  on the  ou t s ide  sur face  og. The absc issa  of these  p l o t s  i s  the square 
of t he  r a t i o  of m, the  c i rcumferent ia l  harmonic, t o  N ,  t h e  g r i d  s i z e  parameter. 
In  the  spec ia l  case of axisymmetric loading where m = 0,  t he  absc issa  i s  
taken t o  be ( 1 / ~ ) ~ .  

The r e s u l t s  show t h a t ,  as t h e  element s i z e  i s  reduced, the f i n i t e  element 
r e s u l t s  f o r  both displacement and s t r e s s  converge t o  the  exact  s h e l l  theory 
r e s u l t s .  Furthermore, as t h e  exac t  r e s u l t  is approached the p l o t s  appear t o  
become l i n e a r ;  thus t h e  convergence r a t e  becomes of the p r i n c i p a l  order  of the  
square of t he  element s i z e  denoted here in  as quadra t ic  convergence. 

To f u r t h e r  i n v e s t i g a t e  t h e  convergence, the four  NASTRAN so lu t ions  have 
Been ext rapola ted  using the  Richardson h6 ex t r apo la t ion  procedure ( r e f .  9 )  
and t h e  r e s u l t s  a r e  given i n  t a b l e  1 together  with the  r e s u l t s  obtained with 
the  Sanders and ~ l i i g g e  s h e l l  theor ies .  I n  a l l  ins tances ,  appl ica t ion  of this 
ext rapola t ion  procedure t o  t h e  d a t a  v i r t u a l l y  e l iminates  any e r r o r  i n  t h e  
numerical r e s u l t s  when compared with e i t h e r  s h e l l  theory. Thus, t h e  r e s u l t s  
corroborate  t h e  e r r o r  ana lys i s  of re ference  10 and show t h a t  t h e  NASTRAN 
QUAD2 element has quadra t i c  convergence p rope r t i e s  f o r  t h i s  problem. 

CON1 CAL SHELL EXAMPLE 

A s  a second example consider the  conica l  s h e l l  shown i n  f i g u r e  6 loaded 
wi th  a normal pressure  

p = cos rng 

The ends a r e  geometr ical ly constrained aga ins t  motion; t h a t  i s , u  = v = w = 0 at 
x = 0 and x = L ,  and the  meriodional moment a l s o  vanishes.  For t h i s  problem 
the  displacements i n  c y l i n d r i c a l  coordinates  a r e  of t h e  form 

v = S(x) s i n  m@ ( 2 ~ )  



- - 
where the  c o e f f i c i e n t s  w,  u, and ; a r e  funct ions of t he  a x i a l  coordinate  x. 
Taking advantage of symmetry i n  the c i rcumferent ia l  d i r e c t i o n  half of the 
cone i s  modeled with f i n i t e  elements using mesh sizes N x 2N where N = 2 ,  4 ,  8 
(see f i g .  7). F i n i t e  element r e s u l t s  were compared wi th  converged r e s u l t s  from 
sanders ' s h e l l  theory obtained with the  SALORS program for t h e  following 
problem: 

a  = 25.4 cm (10 in . )  
1 

a2 = 101.6 cm (40 in . )  

L =  101.6 cm (40 in.)  

E = 206.8  GN/m2 (30 x l o6  ps i )  

The NASTRAN s o l u t i o n s  for this cone problem have a harmonic v a r i a t i o n  i n  
t h e  circumferential d i r e c t i o n  and a nonharmonic v a r i a t i o n  with x along the  
mertdian. Thus, t o  understand the d i f f e rence  between the  f i n i t e  element and 
-act r e s u l t s ,  one must compare t h e  a x i a l  funct ion c o e f f i c i e n t s  , f o r  example, 
tb G(x) of equation (2a), with  the corresponding NASTRAN output. S imi lar  
funct ions  may b e  compared f o r  each s t r e s s  component. 

Severa l  of t hese  funct ion  c o e f f i c i e n t s  f o r  t he  r a d i a l  displacement and the  
c i rcumferent ia l  stress a t  the ou te r  su r face  have been p lo t t ed  i n  figures 8 
through 10. The f i g u r e s  demonstrate the  convergence of th& NASTRAN s o l u t i o n  
t o  t h e  s h e l l  so lu t ion .  Note t h a t  t he  r e s u l t s  from the  NASTRAN model genera l ly  
approximate the  s h e l l  so lu t ion  b u t  have s i g n i f i c a n t  e r r o r  near the  s h e l l  ends, 
These e r r o r s  could be s i g n i f i c a n t l y  reduced by using a f i n e r  gr id  mesh near  
t h e  shell boundary, bu t  such g r i d  refinements a r e  incons i s t en t  with t h e  
present  uniform convergence study. 

To i n v e s t i g a t e  the convergence o f  the r e s u l t s ,  it is  convenient t o  reduce 
each funct ion  c o e f f i c i e n t  t o  a  s i n g l e  s c a l a r  quant i ty .  The procedure used 
is  t o  ca l cu la t e  t h e  e r r o r  measurement 



where ws i s  t h e  r a d i a l  displacement obtafned from the  SALORS so lu t ion .  The 
quant i ty  r i s  equal  t o  u n i t y  only when the  NASTRAN and Sanders theory 
s o l u t i o n s  a r e  i d e n t i c a l .  * - - 

These e r r o r  r a t i o s  f o r  both the  de f l ec t ions  and s t r e s s e s  shown i n  
f igu res  8 - 10 a r e  given i n  t a b l e  2 and p lo t t ed  i n  f i g u r e  11. The r e s u l t s  show 
t h a t  i n  a l l  cases the  e r r o r  r a t i o s  tend toward uni ty  as the  g r id  i s  ref ined .  
However, i t  i s  apparent they a r e  not  a s  accura te  a s  occurred f o r  t he  cyl inder .  
Furthermore, the f a c t  t h a t  these  p l o t s  have pronounced curvature ind ica t e s  t h a t  
t he  p r i n c i p a l  terms i n  the  convergence r a t e  of r a r e  not quadrat ic .  A 
poss ib le  explanat ion f o r  t h i s  behavior i s  contained i n  reference 10 where i t  was 
shown t h a t  adjacent  elements had t o  be the  same s i z e  i n  p l a t e  problems i n  
order  f o r  t he  convergence t o  be quadra t ic .  This condition i s  c l e a r l y  v io l a t ed  
with the model of t h i s  cone problem. 

CONCLUDING REMARKS 

A study has been ca r r i ed  out on t h e  use of t he  NASTRAN quadra l a t e ra l  
p l a t e  element t o  model t h e  behavior of she l f  s t r u c t u r e s  f o r  s t a t i c  s t r e s s  
ana lys is .  Resul ts  have been obtained f o r  c y l i n d r i c a l  and conica l  s h e l l  exam- 
p les .  The r e s u l t s  i n d i c a t e  t h a t  a  simply supported e l a s t i c  cy l inder  can be 
successfu l ly  modeled with the  QUAD2 f l a t  p l a t e  f i n i t e  elements of NASTRAN. 
Several  forms of harmonic pressure  loading were inves t iga ted .  As  t he  gr id  was 
reduced the  f i n i t e  element so lu t ions  of the  c y l i n d r i c a l  s h e l l  examples 
converged monotonically t o  the  s h e l l  so lu t ion  with quadra t ic  order of e r r o r  
terms. A s imi l a r  i nves t iga t ion  of a simply supported e l a s t i c  cone a l s o  
produced r e s u l t s  which compared favorably with c l a s s i c a l  theory; however, t h e  
magnitude of e r r o r  was s u b s t a n t i c a l l y  g rea t e r  than the  cyl inder  f o r  a  compara- 
b l e  mesh s i z e .  Furthermore, although convergence was monotonic it did not 
appear t o  be quadrat ic .  These s tud ie s  suggest t h a t  t he  QUAD2 f l a t  p l a t e  f i n i t e  
element contained i n  NASTRAN can be used t o  model the  general  behavior of t h i n  
e l a s t i c  s h e l l s  and, i f  s u f f i c i e n t  elements a r e  used, w i l l  be expected t o  con- 
verge t o  r e s u l t s  obtained w i t h  c l a s s i c a l  s h e l l  theory. 

*Application of t h i s  e r r o r  measurement t o  the  previous cyl inder  problem 
produces the  same e r r o r  va lues  as  those previously c i t ed .  This occurs because 
both t h e  exact and NASTRAN so lu t ions  a re  doubly harmonic i n  the  x and (8 
d i rec t ions .  
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TABLE 1 

CYLINDRICAL SHELL RESULTS 

(a) DEFLECTIONS I N  CENTIMETERS AND STRESSES I N  G N / ~ ?  

(b) DEFLECTIONS I N  INCHES AND STRESSES I N  PSI 
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Mesh 

3 x 3  

6 x 6  

12 x 12 

24 x 24 

h6~xtrap  
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I 'm p = s i n  , 
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s i n  71x 
T cos 0 I P ' -  
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-1.6525 

sin IT p = - cos (4 L 
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0 
16.2 

4 10 

0.3457 

Tx p = sin-cos 20 
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1.4712 240.5 

3 10 

-0.3782 

4 
10 

0.6175 

-0.4872 l~liigge 0.4366 0.7620 1.6457 
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20.3 21.3 
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15.7 

3 10 

-0.2822 

3 10 

1.3109 

1,5558 

1.6228 
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0.4122 

0.4303 

lo2 

0.2106 

x 1 ~ 5  0 
10.1 

0.9418 

1.3193 

1.4351 

1.4757 

18.1 

20.5 

21.1 

21.3 

19.5 

20.4 

0.7234 

0.7521 

137.3 

209.5 

231.3 

239.0 

-0.4575 

40.4796 

1.4745 239.9 
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TABLE 2 

CONICAL SHELL RESULTS 

GRID p = l  p = cos Qj 

GRID p = l  

2 x 4  0.409 

4 x 8  0.678 

8 x 16  0.802 

16 x 32 0,925 

P = cos QI 

0.257 

0.606 



Figure 1. - Cylindrical shell. 



Figure 2. - NASTRAN plots of grids for cylindrical shell. 
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71 X Figure 5. - Convergence of results for simply supported cylinder with p = SIN - L cos 2 +. 
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Figure 6. - Conical shell. 

Figure 7. - Finite element models of conical shell. 
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Figure 8. - Function coefficients for simply supported cone with p = 1. 
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Figure 11. - Plot of error ratios for cone. 



SPACE SiUITB - 
?iHE NEED FOR SUBSTRUCTU??ING 

By H. R. Groom and S. Yahata 

Space Division, North Arnerlcan Rockwell 

SUMMARY 

A brief sketch of the method of substructuring is given. The beneflts 
which accrue f'rom using this mthod of analysis' on complex structures are 
discussed. 

While substructuring, in principle, is not really a new idea its applica- 
tion has not been widesggead. Substructuring has probably been i n  use for  at  
least two decades a l t h o m  the laathemtical foundation was published by 
Pnemieniecki in 1963 (kference 1) . A somewhat different method has been 
presented by Rmen and Rubinstein (Reference 2). Explanations of the method 
also can be found in several other places (References 3 and 4). In stmctural 
engineering (as well as most other branches of engineering) too often the 
problem is forced to  fit the existing analytical tools rather than dewloping 
the tools to solve the problem. This particular phenomenon seems t o  account 
for  the ndnimal use of substmcturlng. 

The shuttle vehicle basically consists of two mted elast ic bodies; the 
boceter and the orbiter. The structural analysis o f t h i s  vehicle lends itself 
very naturally t o  multiple level substructuring. This approach inherently 
resolves sane of the mm troublesom problems that occur when an analysis of 
a complex structure like the shuttle vehicle is undertaken. The main 
advantages of using s u b s t r u c t ~ g  are: 

(1) Investigation of various confiplllgtiom 

(2) Desim studies 

( 3) Seppnted model verification 

(4) Ease and cost of solution 

Preceding page blank 



Each of these i t e m  is discussed in detai l  in a separate section o f t h i s  paper. 

While NASTRAN does not explicitly include subs t~c tu r ing ,  it has all  the 
matrix routines necessary t o  a c c q l i s h  it. That is, with some effort, N A S W  
could perform substructurirkg. Substructuring could also be performed by using 
~AsTlUN in  conjunction with an existing substructurlng program such as NAFBESA 
(Reference 5). 

In order to make sane of the later concepts discussed in this paper clear 
a brief outline of the computations involved in substructurb'g (using the 
displacemnt mthod) is now given. A stiffhess t r l x  (fkee-fYee) is generated 
for each of the substructures. Each of these ( 8 , where the aupersc~pt 
denotes the substructure nwber) is then partitioned: 

The subscript i denotes interior nodes while the s&script b stands for 
boundary nodes (nodes that  tie to other substructures). A reduced matrix, 
dr' , is then obtained using 

Operatims are also performed with the load and displacement vectors but the 
details,  because of space considerations, are not included (see Reference 1). 

After reduced boundary matrices are obtained for each of the substructures 
these reduced matrices are then superposed. ?his is done in the following 
manner : 



The double cross-hatched region -represents the t ies  between substructures. 
total 

This final reduced matrix, [ K ~  ] , can then be inverted (deccnposed) and 
used with the transformed load vectors t o  obtain boundary deflections. These 
boundary deflections are then used along with the subst&cture stifmess 
matrices to  compute deflections for the entire structure. 

mTI:mnON OF 'VARIOUS CONEGURATIONS 

Figure 1 shows a sketch of the mated booster-orbiter. M-s 2 and 3 
shaw flnite elemnt models for  the orbiter and booster, respectively. 

?he analysis of the shuttle vehicle consists of analyzing three distinct 
stmctures: (1) booster alone, (2) orbiter alone, and (3) orbiter and booster 
nnted. bder the one-pass (i..e., without substructuring) system of analysis 
three separate mathematical models would be required. The computational effort 
required t o  obtain these three solutions could be considemble, 

However, i f  substructuring (multiple-level) were used, a s i m f i c a n t  
reduction i n  the computational effbrt would occur, The booster and the orbiter 
could each be fomulated as large substructures and solved individually. Then 
a great portion of the computations required to analyze the third c o n f i ~ t i o n  
(booster and ozbiter mated) would have already been done and saved. This is 
illustrated by Figure 4. Specifically, the Kb mtrices fbr the booster and 
orbiter w i l l  already be available and can be readily superposed (after parti-  
tioning, etc. ) to yield a Kb matrix for the mated configuration. lhus the 
work required to  obtain a solution for configuration 3, after condgurations 1 
and 2 have been handled, is relatively min imal .  

When design -s are made they usually dictate that a whole new analysis 
be perfomd. Consider the case where the three conflgurstians enumerated i n  
the previous section are of interest. A portion of the orbiter wing is changed 
(e.g. ,  different st if lener size). If a one-pass solution had been obtained for 
each of the conf'igurations then two (orbiter and orbiter and booster mated) of 
the three analyses would have t o  be conpletely redone. 

If the mtltiple level substructuring scheme outlined in Flgure 4 is used 
then for conMguration 2 the fillowing computations have t o  be redone: lu and 
3b. Pbr configuration 3 computations lu, 3, and 4a have t o  be redone. For 
cmf'igwation l none of the canputations have t o  be redone. 

?he use of substructuring ntakes the process of structural optimization 
(e .g. ,  ndnimrm weight, Ailly stressed, etc.) mre feasible than it has been. 
Different desipp (mything can be varied except location of tie points) can 
be investigated without requiring a conplete reanalysis. 



Fbr the analysis of a large complex structure such as the shuttle vehicle 
the p ~ v e n t i a n  and xectiflcation of mdeling e m r s  is a huge task. If a one- 
pass analysis is undertaken a considerable nunber of conplete luns might be 
required before all mdeling e m r s  could be detected and eliminated. Since 
these runs would pmbably be fafrly long, the cost of verif3ting the mathematical 
mdel could be enomus.  However, i f  substmcturing were used the -el could 
be verified by making much smaller runs - analyzing each substructure separately 
before forming the assemblagp. Also, it is quite possible t o  have each 
slrbstructure mdeled by a different individual and hence reduce the calendar 
time r e q u i ~ d  fo r  the analysis. 

An analysis of each substructure with i ts boundaries (tie points) fixed r -1 
muires few addit im conputations . ~n inverse for each substructu~e , [ci] , 
w i l l  have been conputed and can be used with any load vectors t o  obtain deflec- 
tions. Gmss mdeling e m r s  should becorn apparent when these deflections am? 
studied. 

Em AND CQST OF s o m m  

When a-one-pass solution is attempted the analysis of a structure with 
appendages (em g . , space shuttle vehicle ) can :cause considerable difficulties . 
If the vehicle we= mdeled without using substructuring, the bandwidth of 
the stiffhess matrix ml@t be very large. With the use of substructuring the 
vehicle could be divided into several substructures where each of these has a 
reasonable bandwidth. Therefore, it can be readily shown that for  certain 
classes of structures the solution using substructwlng can be cheaper than a 
one-pass solution. 

Also, when a one-pass solution of a large structural problem is attempted 
a great deal of faith is inherently put in the re l iabi l i ty  of the computer. 
This can be hazardous when the tim required for a particular step is longer 
than the usual "uptf tim of the machine. Sbstructuring helps t o  reduce th i s  
danger by doing the computations i n  relatively small independent po&ians. 
AddZtionally , depending on the particular installation, it is usually easier 
to run m y  S-1 jobs instead of one large job. 

An analysis was per fomd at Space Division, North American Rockwell, of 
the Space Shuttle vehicle. The orbiter  (Mgure 2) and the booster (Figure 3) 
were each divlded into a nuher of subst ructms.  Table 1 gives the to ta l  
nmber of degrees of freedom (D3F) , lllaxinnan semi-bandwidth (SBW) , and a 
description of each of the substructures 3x1 the booster. Table 2 gives similar 
information for the orbiter. Because of symnetry only half of each structure 
was modeled. Fbr conparison purposes, the size and maxbm semf-bandwidth of 
the booster and orbiter  (for  a one-ass solution) stiffhess matrices are given 
i n  W l e  3. Substructures 2, 6, 8, 9, and 11 were joined as one asse lage  
(Figure 4) in order to easily investigate the effects of varying the bulkhead 



I 

thicknesses and 1- stiffhess. 

CONCLUDING IlfmmKs 

A discussion of the reasons for  applying substructuring t o  large complex 
s t ~ c t u r e s  has been given. lhese reasons, when considered together, form a . 
stmng argmmt for inc1udhg such a capability in a genera. purpose pm~raml 
such as NASTRAN. For any substmctuxhg program particular attention should 
be given to: 

1. Internal bookkeeping (including reordering) 

2. CcnpatibiUty of c o r n  boundaries 

3. Method of storing azTays 

4.  Matrix algorithms 
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A DES l GN STUDY FOR THE l NCORPORAT f ON OF AEROELAST l C CAPAB l L I TY l NTO NASTRAN 
, 

By Robert L. Harder*, Richard H. MacNeal;k, and Robert V. Doggett, Jr.** 
'4 

V h e  MacNeal -Schwendler Corporat i on 
*?kNASA Langley Research Center 

SUMMARY 

. This  paper summarizes a study whose resul  t s  a re  presented i n  de ta i  1 i n  
reference 1 . The purpose o f  the study was t o  de f ine  the modi f i c a t  ions requi  red 
t o  add a e r o e l a s t i c  c a p a b i l i t y  t o  NASTRAN. A p re l im ina ry  design f o r  the new 
c a p a b i l i t y  was developed, i nc lud ing  the subd iv is ion  o f  the task i n t o  func t iona l  
modules, the s p e c i f i c a t i o n s  o f  t he  mathematical content o f  t he  modules, and the 
arrangement o f  modules i n t o  f l ow  diagrams f o r  new NASTRAN r i g i d  formats. The 
development o f  the p r e l  iminary design revealed the ex is tence o f  a number o f  
computational problems t o  whose s o l u t i o n  p a r t i c u l a r  a t t e n t i o n  was d i  reeted. 
The mathematical and computational d e t a i l s  o f  the study are contained i n  
reference I .  

PRESENT NASTRAN CAPABILITIES 

The NASTRAN d i g i t a l  computer program f o r  s t r u c t u r a l  ana lys is  i s  a f i n i t e  
element program w i t h  an extremely broad range o f  app l i ca t ions .  I t s  problem 
s o l v i n g  c a p a b i l i t i e s  are, a t  present,  separated i n t o  the  f o l l o w i n g  twelve 
" r i g i d  formats ," each of  which en ta i  1 s a predetermined sequence o f  ca l cu la t i ons  
t h a t  are performed by " func t iona l  modules" under the  con t ro l  o f  a f l e x i b l e  
execut ive sys tem: 

S t a t i c  Analysis 

1 .  ( ~ a s i c )  S t a t i c  Analys is  

2. S t a t i c  Analys is  w i t h  I n e r t i a  R e l i e f  . 

3. S t a t i c  Analys is  w i t h  D i f f e r e n t i a l  S t i f f n e s s  

4. Piecewise l i n e a r  Analys is  

E l a s t i c  S t a b i l i t y  

5 .  Buck1 i ng  

Dynami cs 

6. V ib ra t i on  Mode Analys is  

7. D i rec t  Complex Eigenvalue Analys is  

8. D i r e c t  Frequency and Random Response Anal ys i s 



9. Di rec t  Transient  Response Analys is  

10. Modal Complex Eigenvalue Analys is  

1  1  . Modal Frequency and Random Response Anal ys i s  

12. Modal Transient  Response Analysis 

It w i  11 be noted t h a t  dynamic response and complex eigenvalue problems may 
be solved e i t h e r  by a "d i rec t "  method o r  by a "modal" method. I n  a  d i r e c t  
method the degrees o f  freedom are  phys ica l  components o f  displacement. I n  a  
modal method the degrees o f  freedom are  general ized modal coordinates. L i k e  
a1 1 o the r  general purpose s t r u c t u r a l  programs, NASTRAN employs the f in1 t e  
element approach. The s t r u c t u r a l  model t h a t  i s  analyzed cons is ts  o f  "elements" 
such as beams, p la tes  , and concent rated spr i ngs, t h a t  a re  connected together a t  
a f i n i t e  number o f  " g r i d  po in ts . "  The e q u i l i b i i u r n  equations o f  t he  r i o d e i a r e  
expressed and solved i n  terms o f  the  components o f  motion a t  g r i d  po in ts .  The 
s o l u t i o n  o f  l a rge  problems, w i t h  hundreds o r  thousands o f  s t r u c t u r a l  elements, 
i s  emphasized i n  t h e d e s i g n  o f  NASTRAN. I t  i s ,  i n  add i t i on ,  a  h i g h l y  user- 
o r i en ted  program w i t h  a  l a rge  number o f  convenience features i nc lud ing  auto- 
mat ic  load generat ion, p l o t t i n g ,  and r e s t a r t  c a p a b i l i t i e s .  It a l s o  includes 
prov is ions  f o r  incorpora t ing  nons t ruc tu ra l  components, such as con t ro l  systems, 
i n  the s t r u c t u r a l  model. 

A t  present,  the  s o l u t i o n  o f  ae roe las t i c  problems i s  accomplished i n  
NASTRAN by means o f  "d i  r e c t  input"  matr ices which may be rea l  o r  complex and 
which may be added to  the s t r u c t u r a l  mass, damping, o r  s t i f f n e s s  matr ices and 
included i n  the s o l u t i o n  o f  any o f  the seven dynamic r i g i d  formats. Th is  
p rov i  s  ion  i s regarded as inadequate' f o r  the f o l  lowing reasons : 

a. I t  requi res the use o f  separate computer programs f o r  t he  generat ion  
o f  the aerodynamic inpu t  matr ices, thereby causing del ays and increas- 
i ng  the frequency o f  e r ro rs .  

b. I t  places the burden o f  achiev ing geometric c o m p a t i b i l i t y  between the 
aerodynamic forces and the s t r u c t u r e  e n t i r e l y  on the user of the  
p rogram. 

c. I t  prov ides very l i t t l e  s t a t i c  ae roe las t i c  c a p a b i l i t y  and i t  automates 
none o f  the specia l  ized features o f  ae roe las t i c  ana lys is ,  such as the 
s e l e c t i o n  o f  con t ro l  surface de f l ec t i ons  f o r  trimmed f l  i g h t ,  and the 
p l o t t i n g  o f  V-g f l u t t e r  curves. 

OBJECT1 VES 

The purpose o f  the  study was t o  de f ine  the mod i f i ca t ions  t h a t  w i l l  be 
requi red t o  make NASTRAN an e f f e c t i v e  t o o l  f o r  ae roe las t i c  ana lys is .  Due t o  
i t s  modular character ,  the a d d i t i o n  o f  new capabi l  i t y  t o  NASTRAN i s  not  inher-  
e n t l y  d i f f i c u l t .  The mod i f i ca t ions  requ i red  t o  add a  p a r t i c u l a r  new c a p a b i l i t y  
may invo lve  changes i n  e x i s t i n g  func t iona l  modules, the  generat ion o f  new 
func t i ona l  modules, o r  the  compi la t ion  o f  new r i g i d  formats. A l l  o f  these 
measures w i l l  be requ i red  t o  add ae roe las t i c  c a p a b i l i t y .  



One o f  t he  major ob jec t i ves  o f  the study was t o  de f i ne  an ae roe las t i c  
> 

c a p a b i l i t y  f o r  NASTRAN which w i l l  p rov ide a degree o f  automation and a  range 
o f  appl i c a t i o n  comparable t o  t h a t  which p resen t l y  e x i s t s  f o r  the s o l u t i o n  o f  
pure ly  s t r u c t u r a l  problems. Advanced aerodynamic conf igura t ions ,  such a% the  
Space Shut t le ,  i nd i ca te  a  need f o r  a  more soph js t i ca ted  approach t o  aeroelas- 
t i c i t y  i n  o rder  t o  eope w i t h  the  at tendant  s t r u c t u r a l  and aerodynamic complex- 
i t i e s .  Our study o f  these matters has l e d  t o  the  f o l l o w i n g  l i s t  o f  requirements 
f o r  a general purpose aeroelast  i c  program: 

1 .  Broad App l i ca t i on  

a. Many types o f  s t ruc tu res  

b. Many aerodynamic con f i gu ra t i ons  

c. Subsonic t o  hypersonic f l o w  regimes 

d. Many classes o f  s t a t i c  and dynamic ana l ys i s  

e. Compa t ib i l i t y  w i t h  o the r  aspects o f  s t r u c t u r a l  ana lys is ,  such as 
s t ress  ana lys is ,  and con t ro l  system i n t e r a c t i o n  

2. Soph is t i ca t i on  

a. Ab i 1 i t y  t o  use advanced aerodynamic theor ies  

b. Accurate and e f f i c i e n t  computational procedures 

c. Many degrees o f  freedom 

3. Automat i on  

a. Minimum user e f f o r t ,  f o r  both c l e r i c a l  and i n t e l l e c t u a l  tasks 

b. Checkpoint and r e s t a r t  c a p a b i l i t i e s  

4. Ease o f  mod i f i ca t i on  t o  inc lude new o r  improved features 

The requirement f o r  broad a p p l i c a t i o n  i s  important from an economic view- 
po in t ,  because i t  reduces the number o f  separate computer programs, and, there- 
fore,  reduces development cost .  I t  a l s o  e l im ina tes  the t ime tha t  the  user 
would spend i n  l ea rn ing  t o  apply several  separate programs, and i n  prepar ing 
several  d i f f e r e n t  sets  o f  i npu t  data. 

The q u a l i t i e s  l i s t e d  under Soph is t i ca t i on  and Automation a re  the  q u a l i t i e s  
t h a t  are u s u a l l y  associated w i t h  l a rge  user-or iented computer programs, and 
they are now l a r g e l y  taken f o r  granted i n  s t r u c t u r a l  ana lys is ,  i f  no t  y e t  i n  
ae roe las t i c  analys is .  Ease o f  mod i ' f i ca t ion  t o  inc lude new o r  improved fea tures  
i s  p a r t i c u l a r l y  important due t o  the  long length  o f  the  development cyc le  f o r  
la rge  scale computer programs, and the  r a p i d i  t y  o f  recent techn ica l  progress. 

The hea r t  o f  an a e r o e l a s t i c  ana l ys i s  i s  the  theory used t o  c a l c u l a t e  
aerodynamic forces,  and the requi rements 1 i sted above f o r  the complete computer 
program can a lso,  very l a rge l y ,  be app l i ed  t o  t he  se lec t i on  o f  aerodynamic 
theor ies.  Since no e x i s t i n g  theory has the desi red range o f  app l i ca t i on ,  the  



I abi 1 i t y  t o  inc lude several d i f f e r e n t  aerodynamic theor ies ,  perhaps even i n  the  
same problem, i s  recognized as a  requi  rement. Advanced theor ies  should be 
included, and a l s o  simple theor ies  which are  usua l l y  b e t t e r  f rom the  standpoint 
o f  computational e f f i c i e n c y .  One o f  the tasks undertaken i n  the study was t o  
i nves t i ga te  candidate unsteady aerodynamic theor ies  w i t h  respect t o  t h e i r  range " 
o f  appl i ca t  ion,  accuracy, e f f i c i e n c y ,  user convenience, and general compat i - 
b i l i t y  w i t h  a f i n i t e  element approach t o  ae roe las t i c  ana lys is .  

CLASS 1 F I  CAT I O N  OF AEROELAST I C PROBLEMS 

i t  i s  expected t h a t  ae roe las t i c  c a p a b i l i t y  w i l l  be implemented i n  NASTRAN 
by a  number o f  d i f f e r e n t  r i g i d  formats w i t h  names such as "Divergence," 
"F lut ter , "  and "Frequency Response" t h a t  correspond t o  d i f f e r e n t  types of 
analys is .  A f i r s t  task, before d iscussing the  proposed measures f o r  i nc lud ing  
a e r o e l a s t i c i t y  i n  NASTRAN, i s  t o  c l a s s i f y  ae roe las t i c  problems according t o .  
type o f  so lu t i on .  The c l a s s i f i c a t i o n  w i l l  be separated, f o r  convenience, i n t o  
s t a t i c  a e r o e l a s t i c  problems, f l u t t e r ,  and dynamic response problems. 

S t a t i c  Aeroe las t i c  Problems 

A s t a t i c  ae roe las t i c  problem may be def ined as a problem i n v o l v i n g  the  
response o f  a  f l e x i b l e  s t r u c t u r e  t o  aerodynamic loading i n  which terms propor- 
t i o n a l  t o  the  v e l o c i t i e s  and acce le ra t ions  o f  the s t r u c t u r e  a re  assumed t o  be 
independent o f  time. Thus, i n e r t i a  forces, i f  they en ter  a t  a l l ,  are  assumed 
t o  be constant i n  time. The th ree  common types o f  s t a t i c  ae roe las t i c  problems 
are 

a. Ca l cu la t i on  o f  s t a t i c  response, i nc lud ing  loads and stresses i n  t he  
s t ruc tu re .  

b. Ca l cu la t i on  of  s tab i  1 i t y  and c o n t r o l  der iva t i ves ,  i . e . ,  t he  ca lcu la -  
t i o n  o f  the  changes i n  the  aerodynamic loading (and, more p a r t i c u l a r l y ,  
o f  the  changes i n  i t s  resu l t an ts )  due t o  small changes i n  t he  mot ions 
o f  the  veh i c le  and o f  con t ro l  sur face de f l ec t i ons .  

c. Divergence, which i s  an i dea l i zed  s t a b i l i t y  problem i n  which the  
determinant o f  the s t i f f n e s s  ma t r i x ,  i nc lud ing  both s t r u c t u r a l  and 
aerodynami c terms, van i shes, 

Each o f  the above s t a t i c  ae roe las t i c  problems may be f u r t h e r  c l a s s i f i e d  as 
t o  whether the s t r u c t u r e  i s  supported o r  f r e e  t o  move. I f  i t  i s  f r e e  t o  move, 
the i n e r t i a  forces due t o  (steady) acce le ra t ions  must be taken i n t o  account. 

An a d d i t i o n a l  d i s t i n c t i o n  occurs i n  the determinat ion o f  t he  s t a t i c  
response of a f r e e l y  moving s t ruc tu re ,  w i t h  respect t o  the manner i n  which t h e  
v e l o c i t y  components and the  c o n t r o l  sur face d e f l e c t i o n s  o f  t he  s t r u c t u r e  a re  
determined. I n  some cases the  ana lys t  spec i f i es  a l l  o f  the  components o f  
v e l o c i t y  and the con t ro l  sur face de f l ec t i ons  and accepts whatever acce le ra t ions  
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they produce. He may, on the  o the r  hand, request t h a t  some o f  t h e  v e l o c i t y  
components and con t ro l  surface de f l ec t i ons  be evaluated so as t o  pu t  the forces 
on the veh i c le  i n t o  equ i l i b r i um,  i . e . ,  i n t o  a  trimmed f l i g h t  cond i t ion .  

8 

The general task o f  fo rmula t ing  and c l a s s i f y i n g  s t a t i c  aeroelast  i c  prob-c 
lems f o r  s o l u t i o n  i n  NASTRAN i s  addressed i n  Appendix B o f  reference 1. ft i s  
shown there  th.at a1 1  o f  t he  problem types mentioned above may be solved w i th  
the f o l l o w i n g  three r i g i d  formats: 

-- Aeroe las t i c  Divergence 

-- Untrimmed S t a t i c  Aeroe las t i c  Response 

-- Trimmed S t a t i c  Aeroe las t i c  Response 

!n p a r t i c u l a r ,  the c a l c u l a t i o n  o f  s t a b i l i t y  and c o n t r o l  d e r i v a t i v e s  i s  
t r ea ted  as a  subcase o f  s t a t - i c ,  aeroe las t  i c  response. 

F l u t t e r  

F l u t t e r  i s  the  dynamic ae roe las t i c  s t a b i l i t y  problem and i t  i s  appropr i -  
a t e l y  analyzed as an eigenvalue problem, It i s ,  however, a  m u l t i p l e  eigenvalue 
problem because the  speed and a l t i t u d e  a t  which the  o s c i l l a t i o n s  become 
unstable a re  desi red items o f  in format ion.  The unsteady aerodynamic forces a re  
func t ions  of reduced frequency (o r  Strouhal number) , Mach number, a  i r dens i t y  , 
and perhaps o f  o the r  parameters. A standard general approach t o  f l u t t e r  
ana lys is  i s  t o  evaluate t he  frequency o f  the  o s c i l l a t i o n s  and t h e i r  damping 
(o r  equ i va len t l y  the  s t r u c t u r a l  damping requ i red  t o  make them neu t ra l  l y  s tab le )  
f o r  d i f f e r e n t  values o f  t he  parameters, and then t o  c ross-p lo t  the  r e s u l t s  t o  
f i n d  s t a b i l i t y  boundaries i n  the  parameter space; Several v a r i a t i o n s  o f  the  
general approach a re  explored i n  reference 1, resul  t i  ng i n  the recornmendat ion 
t h a t  two d i f f e r e n t  methods o f  f l u t t e r -e igenva lue  ana l ys i s  be implemented i n  
N A S f  RAN. These methods, whi ch a re  the  conventional reduced frequency method 
and the  Hassig P-K method, reference 2, can be implemented w i t h  the  same r i g i d  
formats. 

The abi  1 i t y  t o  have b o t h  'Id i rec t "  and "modal methods o f  so l  u t  ion, noted 
e a r l i e r  as an e x i s t i n g  NASTRAN c a p a b i l i t y ,  i s  a l s o  important f o r  f l u t t e r  
analys is ,  a1 though the modal method i s  usual l y  more e f f i c i e n t .  Separate 
"d i  rec t "  and "modal" r i g i d  formats a re  proposed f o r  f l u t t e r  ana lys is .  

Dynamic Response 

The steady s t a t e  response o f  an ae roe las t i c  system t o  s inusoidal  e x c i t a -  
t i o n  can prov ide the  basis  f o r  t he  c a l c u l a t i o n  o f  d e f l e c t i o n s  and st resses due 
t o  loads caused by osc i  1 l a t o r y  v i b r a t i o n ,  random v i b r a t i o n ,  and t r a n s i e n t  
e x c i t a t i o n .  The frequency response c a l c u l a t i o n  requ i res  the s o l u t i o n  o f  a 
system o f  simultaneous complex a lgeb ra i c  equations, The t r a n s f e r  func t ions  
t h a t  r e s u l t  from the c a l c u l a t i o n  can be used t o  compute the  s t a t i s t i c a l  prop- 
e r t i e s  o f  the response o f  l i n e a r  systems t o  s ta t i ona ry  random e x c i t a t i o n .  I n  



add; tion, Fourier integral transform theory provides the basis for using 
frequency response data to compute the response of 1 inear systems to transient 
excitation. 

The latter abil ity is particularly important for aeroelastic analysis 
because all advanced unsteady aerodynamic theories are formulated in the 
frequency domain. Their conversion to the ti-me domain in order to numerically 
integrate the equations of motion appears to be prohibitively awkward unless 
gross approximations are made. For this reason, ,the study concludes that 
transient aeroetastic response calculation should be implemented by the Fourier 
Integral Method only, at least initially. 

Dynamic aeroelastic response, therefore, results in four NASTRAN rigid 
formats corresponding to frequency response analysis and transient response 
analysis (by the Fourier lntegral Method) using either a direct or a modal 
formulation. Random analysis i s  treated, as i n  the present NASTRAN rigid 
formats, as a subcase of frequency response. 

THE MAJOR TASKS 

The process of solving a linear aeroelastic problem with the aid of a 
structural analysis computer program is conceived as consisting of the follow- 
i ng steps: 

1. Define the properties of the structure in terms of matrices of stiff- 
ness, MSS and (perhaps) damping coefficients that refer to the com- 
ponents of motion at structural grid points (or to generalized modal 
coordinates i n  a modal formulation). I, 

2. Compute a matrix of aerodynamic influence coefficients, relating 
forces to motions, at a set of aerodynamic control points. 

3. Transfer the aerodynamic influence coefficients to the structural 
grid points (or to modal coordinates) and combine them with the 
structural matrices. 

4. Solve the resulting matrix equations by whatever methods are appropri- 
ate for the type of results desired, e.g., by eigenvalue extraction 
for a flutter analysis. 

5. Recover stresses, aerodynamic forces, etc., by means of equations 
relating these quantities to the degrees of  freedom evaluated in 
Step 4. 

In the above list of steps, 

-- Step 1 requies no modification of NASTRAN; 

-- Steps 2 and 3 are who1 ly new; 



-- Step 4 requires some new so lu t i on  techniques t o  accommodate special  
features o f  aeroe las t ic  analysis; 

-- Step 5 requires modi f ica t ion  o f  NASTRAN on ly  t o  the extent  o f  adding 
rout ines t o  reeover aerodynamic quant i t ies .  

Major emphasis was placed, dur ing the study, on formulat ing an approach f o r  
the implementation o f  steps 2 and 3. The foremost ob jec t ives  were t o  provide 
a broad range o f  opt ions w i t h  respect t o  conf igura t ion  parameters and a v a i l -  
able theories, and t a  minimize user e f f c r t .  

Step 2 was div ided i n t o  two tasks: f i r s t ,  subdiv is ion o f  aerodynamic 
surfaces i n t o  subregions (cal led  aerodynamic elements) and the def  i n i  t ion o f  
t h e i r  geometric prope i t ies ;  and second, the ca lcu la t i on  o f  aerodynamic matrices 
f o r  the selected aerodynamic theories. By r e s t r i c t i n g  the range o f  permitted 
aerodynamic element shapes and or ien ta t ions ,  the design o f  a module t o  perform 
the f i r s t  task i s  made independent o f  the second- task. The work requi red to  
add new aerodynamic theories i s  thereby minimiied f o r  theor ies tha t  conform 
geometr ical ly t o  the r e s t r i c t i o n s  that  are imposed. For t h i s  reason consider- 
able a t t e n t i o n  was paid i n  the study t o  the geometric requirements o f  current  
ae rodynami c theor ies . 

Step 3 was d iv ided i n t o  four  tasks as fo l lows,  each performed by a 
d i f f e r e n t  funct ional  module: 

3.1 Generate a transformation mat r i x  tha t  l i n e a r l y  re la tes  displacements 
a t  aerodynamic cont ro l  po in ts  t o  displacements a t  s t ruc tu ra l  g r i d  
points. Calculat ion o f  the transformat ion mat r ix  involves the use 
o f  i n te rpo la t i on  procedures, f o r  which a v a r i e t y  o f  opt ions were 
proposed i n  the study. 

3.2 Compute aerodynamic matr ices as seen a t  the s t ruc tu ra l  g r i d  po in ts  (or  
modal coordinates) f o r  a selected 1 i s t  o f  aerodynamic parameter sets 

(reduced frequency and Mach number) , us i ng the t ransformat ion mat r ix  
from task 3.1, the aerodynamic matrices generated i n  step 2, and, i f  
needed, the mat r ix  o f  s t r u c t u r a l  eigenvectors. 

3.3 In terpo la te  the aerodynamic matrices t o  other values o f  the aero- 
dynamic parameters. 

3.4 Combine the aerodynamic and s t ruc tu ra l  matrices i n  the funct iona l  
module tha t  generates each p a r t i c u l a r  type o f  so lu t ion .  

The accomplishment o f  step 4, so lu t i on  o f  ma t r i x  equations, w i l l  requ i re  
new rout ines f o r  f 1 u t t e r  analys is,  divergence and s t a t i c  aeroe las t ic  response. 
In  our judgement, the e x i s t i n g  NASTRAN procedures are not adequate t o  accommo- 
date the special features o f  these analys is types, although i n  a l l  cases the 
new rout ines resemble e x i s t i n g  rout ines.  

The e f f o r t  required t o  formulate computational procedures f o r  the above 
tasks resul ted i n  some innovations tha t  may be worthy o f  considerat ion i n  o ther  



contexts.  These inc lude the  use o f  e l a s t i c  p la tes  f o r  surface i n t e r p o l a t i o n ,  
reference 1, appendix E, and the  d e r i v a t i o n  o f  a kernel func t ion ,  reference 3, 
t h a t  permi ts  extension o f  t he  subsonic aerodynamic theory known as the  Doublet- 
t a t t i  ce Method, reference 4, t o  supersonic speeds. A 

FLOW D f AGRAMS 

A computer program cons is ts  o f  a set  o f  i n s t r u c t i o n s  t h a t  a re  organized t o  
so lve a v a r i e t y  o f  mathematical problems. The problems themselves are  descr ibed 
by parameter values suppl ied by the  user o f  the program. The computational 
task i s  subdivided i n t o  steps t h a t  a re  performed by d i sc re te  b locks o f  code 
c a l l e d  "Funct ional Modules." I n  NASTRAN, c a l l s  t o  f unc t i ona l  modules a re  con- 
t r o l  l ed  by the "Executive System." A number o f  sequences o f  module ca l  l s ,  
c a l l e d  "R ig id  Formats," a re  s to red  i n  the program. Each r i g i d  format i s  
designed t o  so lve a p a r t i c u l a r  c lass  o f  problems such as "Basic S t a t i c  Analysis," 
"Buck1 i ng ,I1 "Modal Trans i e n t  Response Anal ys i s ,I' e t c .  

The subd iv is ion  o f  computational steps i n t o  Funct ional Modules i s  a r b i -  
t r a r y  a t  l e a s t  t o  the degree t h a t  the  d i v i d i n g  po in t s  t h a t  they i n s e r t  i n  the  
sequence o f  ca l cu la t i ons  can be placed a r b i t r a r i l y .  I n  some cases i t  i s  a l so  
poss ib le  t o  rearrange the order  o f  ca lcu ta t ions .  Computational e f f i c i e n c y  
(and common sense) d i c t a t e s  the  i n s e r t i o n  o f  d i v i s i o n  po in t s  a t  places where 
the data t ransmi t ted  across the  i n te r faces  a re  minimal (NASTRAN requi res t h a t  
a l l  data b locks t rans fe r red  from one module t o  another be f i r s t  placed i n  
per iphera l  s torage) .  Other f ac to rs ,  such as the requirement t h a t  r e s t a r t s  can 
o n l y  be scheduled a t  the beginning o f  a module, o r  t h a t  c e r t a i n  ca l cu la t i ons  
are use fu l  i n  several d i f f e r e n t  types o f  problems, in f luence the subd iv is ion  
i n t o  Funct ional  Modules. 

The subd iv is ion  o f  aeroe las t  i c  anal ys i s i n t o  NASTRAN Funct ional Modules 
and R ig id  Formats, as recommended by the  study, i s  summarized i n  the  f o l l o w i n g  
e x h i b i t s :  

Table 1 : Simpl i f  ied  Flow Diagram f o r  Dynamic Aeroe las t i c  Analys is  

Table 1 presents a sequence o f  f unc t i ona l  module c a l l s  f o r  a1 1 forms 
o f  dynamic ae roe las t i c  ana lys is .  I t  a l s o  provides a very b r i e f  statement 
o f  the  operat ions performed by each module and ind ica tes  whether the module 
i s  an e x i s t i n g  module o r  a new module. 

Table 2: S i m p l i f i e d  Flow Diagram f o r  S t a t i c  Aeroe las t i c  Analys is  

Table 2 i s  analogous t o    able 1. 



Table 3: New Funct ional Modules 

Table 3 l i s t s  the  names o f  the  new func t i ona l  modules contained i n  
Tables 1 and 2 i n  three categor ies:  I 

A. Modules used i n  both s t a t i c  and dynamic ana lys is .  

B. Modules used o n l y  i n  dynamic ana lys is .  

C. Modules used on l y  i n  s t a t i c  analys is .  

Table 4: ~ e w - ~ i ~ i d  Formats 

Table 4 1 i s t s  n ine  new r i g i d  formats f o r  the s o l u t i o n  o f  ae roe las t i c  
problems. Each r i g i d  format corresponds t o  a p a r t i c u l a r  type o f  aero- 
e l a s t i c  ana lys is  and, i n  the  case o f  dynamic a e r o e l a s t i c i t y ,  t o  a p a r t i c -  
u l a r  method o f  analys is .  Add i t iona l  r i g i d  formats w i l l  beo requ i red  f o r  
t r a n s i e n t  ana lys is  w i t h  aerodynamic forces represented d i  r e c t l y  i n  the 
t ime domain, bu t  t h i s  t o p i c  has no t  been researched s u f f i c i e n t l y .  The 
d i f f e r e n t  r i g i d  formats correspond t o  a l t e r n a t e  paths i n  the  f l ow  d ia -  
grams o f  Tables l and 2, o r  t o  the d e l e t i o n  o f  some modules, o r ,  i n  some 
cases, s imply t o  a l t e r n a t e  paths w i t h i n  modules. Separate r i g i d  formats 
are provided f o r  d i r e c t  and modal dynamic analyses, which i s  cons is ten t  
w i t h  e x i s t i n g  NASTRAN p r a c t i c e  f o r  s t r u c t u r a l  dynamics. A separate r i g i d  
format does no t  e x i s t  f o r  the c a l c u l a t i o n  o f  s t a b i l i t y  de r i va t i ves ,  
because t h i s  task can be accomplished w i t h  Format No. 8 ~ ,  Untrimmed S t a t i c  
Aeroelast i c  Response. 

CONCLUD l NG REMARKS 

The a d d i t i o n  o f  ae roe las t i c  c a p a b i l i t y  t o  NASTRAN i s  seen t o  be a s izeable 
task i n v o l v i n g  the  generat ion o f  n ine  new r i g i d  formats and seventeen new 
func t i ona l  modules. The magnitude o f  the task i s  inherent  i n  the  breadth o f  
the sub jec t  mat ter  and i n  the requi  rements f o r  automat ion and general i t y  t h a t  
were assumed. NASTRAN i t s e l f  i s  r e l a t i v e l y  easy t o  modify. 

The quest ion remains as t o  whether o r  no t  the  recommendations o f  the study 
should be implemented. The answer t o  t h i s  quest ion depends i n  turn, on the 
answers t o  the f o l l o w i n g  th ree  quest ions. 

1. I s  there a requirement f o r  an ae roe las t i c  ana!ysis c a p a b i l i t y  w i t h  t he  
degree o f  automation and the range o f  a p p l i c a t i o n  t h a t  were assumed i n  
the study? 

2. Does any e x i s t i n g  computer program meet t he  requirements? 

3.  I s  NASTRAN the 'best program t o  use as a basis  f o r  the new c a p a b i l i t y ?  

The f i r s t  quest i on  can be answered by even a b r i e f  examination o f  the 
conf igura t ions  proposed f o r  the Space Shut t le ,  a1 1 o f  which a r e  charac ter ized  
by a m u l t i p l i c i t y  o f  i n t e r f e r i n g  aerodynamic surfaces and a h igh  degree o f  
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s t ruc tu ra l  complexity. As was mentioned e a r l i e r ,  the examination o f  the aero- 
e l a s t i c  propert ies o f  the Space Shut t le  and o f  other advanced conf igurat ions 
generated the 1 i s t  o f  requi rements tha t  were assumed i n  the study. 

The answer t o  the second question i s  tha t  no computer program e x i s t s  i n  
the publ i c  domain that  even remotely approaches sa t i s fac t ion  o f  the require- 
ments. The c losest  approach i s  probably the COFA series o f  computer programs 
f o r  f l u t t e r  analysis, reference 5, developed under sponsorship o f  the Naval 
A i  r System Command, which includes capab i 1 i t y  f o r  the e n t i r e  Mach number range 
but which i s  severely conf igura t ion  l im i ted.  

The answer t o  the t h i r d  question.depends mostly on one's op in ion o f  NASTRAN 
r e l a t i v e  t o  other ava i lab le  general purpose structures programs. Cer ta in ly  
there can be l i t t l e  quest ion tha t  the modulari ty and soph is t lca t ion  provided by 
general purpose programs are needed, o r  t h a t  the la rgest  and most advanced 
general purpose programs have been developed f o r  s t ruc tu ra l  analysis. NASTRAN's 
chief  competitor would appear t o  be FlRMAT I I ,  reference 6, developed under 
A i r  Force sponsorship. I t  seems l i k e l y  a t  t h i s  date tha t  aeroe las t ic  cap_abi l i ty 
w i l l  be added t o  both programs. 
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Step 

1 .  

TABLE 1. S i m p l i f i e d  Flow Diagram f o r  Dynamic Aeroe las t i c  Analys is  

Modu 1 e Status Func t ions A 

1. Forms s t r u c t u r a l  mass, damping, 
and s t i f f n e s s  matr ices.  xi s t i n g )  

2. Generates geometric data f o r "  
s t ruc tu re .  

I Dynamic Pool  x xi st in^) Organizes tabu la r  data f o r  s t ruc -  
D i s t r i b u t o r  tu re ,  c o n t r o l  systems and loads. 

Finds s t r u c t u r a l  modes. (used f o r  
(Existing) rnodalapproachonly . )  

P l o t t e r  

Moda 1 Dynami c 

Continue 2 

(New) Forms tab les  o f  aerodynamic data. 

1 . Def i nes boundaries o f  aero- 
dynamic elements. 

(New) 2. Locates and o r i e n t s  d isp lace-  

men t components a t  aerody,nami c 
con t ro l  po in ts .  

P l o t s  aerodynamic elements and con- 
(New) t r o l  po in t  displacement direct ions 

i n  3-0 p ro jec t i on .  

Forms . t h e  m a t r i x  r e l a t i n g  d isp lace-  
( ~ e w )  ments a t  aerodynamic con t ro l  po in t s  

t o  s t r u c t u r a l  displacements. 

(New) 
Forms the bas ic  aerodynamic matr ices 
according t o  each aerodynamic theory. 

( 1 .  Decodes con t ro l  system input .  

\ 2.  Reduces d i r e c t  m a t r i x  input .  
(€x i  s t i n g )  3. Assembles complete dynamic 

matr ices (exc luding aerodynamic 
terms) f o r  d i r e c t  approach. 

el xi sting w i t h  Forms dynamic matr ices f o r  modal 
m i n o r m o d i f i -  approach (excludingaerodynamic 
c a t  i on) terms). 



TABLE 1. Simp1 ified Flow Diagram for Dynamic Aeroelastic Analysis 
(cont . ) 

Step Module Status Funct ions 

Continue 2 u 
Forms compos i te aerodynami c 
matrices. 1 1 .  

l nterpolates composite aerodynami c 
Ae rodynami c (New) matrices for di fferent Mach numbers 

Matrix Interpolator and reduced frequencies , as requ i red. 

Flutter Analysis 
** 

Aerodynami c 
Matrix Processor 

1. Combines matrices as required. 

( ~ e w )  

2. Finds roots o f  flutter deter- 
mi nant. 

1 . Generates downwashes. due to 
gusts and reduces them to struc- 
tural grid point loads. 

I 2. Combines gust loads with other 
loads in either time domain or 
frequency domain. 

\3. Finds modal excitation (for 
modal approach). 

Solves matrix equations at discrete 
(€xi sting with frequencies. 
modifications) 

1. Finds physical displacements 
(moda 1 approach). 

16. (Existing 
2. Uses mode acceleration method to 

improve displacements (optional). 

Recovers aerodynamic displacements, 
17. Ne w )  downwashes, pressures, and forces at 

control points (a1 1 optional). 

18. Static Data 

1. Recovers dependent di splacements. 
(optional ) 

  xi st i ng) 2. Finds internal loads and 
stresses. (optional) 

Continue 3 czzl 



TABLE 1 .  Simp l i f i ed  Flow Diagram f o r  Dynamic Aeroeiast ic  Analysis 
(cant.) 

Step Module Status 

A 

Functions 

Continue 3 v 
Random 

19- I Analvsis 

l nverse 
20* 1 Fourier Transform 

output F i l e  
21 1 Processor 

/  xist sting) 

23. gu xi sting w i t h  
modi f icat ions)  

Finds psd, rms value and/or auto- 
c o r r e l a t i o n  funct ion  f o r  any 
response quant i ty .  (opt ional ) 

Finds t ime h i s t o r y  o f  any response 
quant i ty  f o r  Fourier transform 
method o f  t rans ient  analysis. 

Organizes output data f o r  p r i n t i n g  
and p l o t t i n g .  

1. P lo ts  time h i s t o r i e s  (optional). 

2. Makes Bode p l o t s  o f  frequency 
response gutput. (opt ional  ) 

3 .  Makes V-g and V - f  p l o t s  o f  
f l u t t e r  roots. ( ~ e w  feature,  
opt iona l )  

1. P lo ts  s t ruc tu ra l  modes i n  3-D 
pro jec t ion .  (opt ional)  

2. P lo ts  rea l  and imaginary par ts  
of  f l u t t e r  modes i n  3 - D  pro- 
j e c t i o n  (new feature, opt ional).  



TABLE 2. Simplified Flow Diagram for Static Aeroelastic Analysis 

Step Module Status Functions 

Forms structural mass and st i ffness 
1  xist st in^) matrices, rigid body properties and 

nonaerodynarni c loads. 

Aerostat i c  
2. (~ew) 

3 I ( ~ e w )  Element Generator . I Aerodynami 

Aerodynamic 4. (New) 

Forms tables of aerodynamic data. 

1. Defines boundaries of aero ele- 
ments. 

2. Locates and orients displacement 
components at aero control points. 

Plots aerodynamic elements and con- 
trol point displacement directions 
in 3-D projection. 

Forms the matrix relating displace- 

5 (New) ments at aerodynamic control points Interpol a t o r  to structural displacements. 

Forms the basic aerodynamic matrices 
Aerostat i c 

(~ew) and the steady angle of attack 
Matrix Generator vector for each aerodynami c theory. 

Aerodynami c (New) Forms composite aerodynamic matrices. 
Matrix Processor 

Interpolates the composite aero- 
( ~ e w )  dynamic matrices for different Mach 

numbers as requi red. 

I 
1 

Assembles matrices requi red for 
Aerostatic (New) divergence analysis, untrimmed loads 

Matrix Assembler analysis or trimmed loads analysis. 
I 

( Continue 2 ) 



Step 

TABLE 2. Simp1 i f i e d  Flow Diagram f o r  S t a t i c  ~ e r o e i a s t i c  Analys is  
(cant.) 

Modu 1 e Status Funct ions 

Continue 2 0 

Ae rodynam i c 
13. Data Recovery 

(New) 
Fi  nds d i vergence speed (s)  and 
e  i genvector (s) . 

1. Reduces angle o f  a t t a c k  d  i s t r  i - 
(New) 

bu t  ion t o  s t ruct .ura l  g r i d z p o i n t  
1 oads . 

2 ,  Combines a i r  loads w i t h  o the r  
1 oads. 

Solves f o r  displacements i n  e i t h e r  
trimmed o r  untrimmed ana lys is .  

1 .  Recovers aerodynamic d isp lace-  
ments, downwashes, pressures and 
forces a t  con t ro l  p o i n t s  ( a l l  
o p t i o n a l ) .  

2. Recovers ne t  forces and moments 
on veh i c le  f o r  untrimmed con- 
d i t i o n  (op t i ona l ) .  

S t a t i c  Data 
14. 1 . I  xi s t  i ng) 

1  Recovers dependent displacements. 
Recovery Modu 1 es 2. Finds i n t e r n a l  loads and 

I stresses (op t i ona l ) .  

Organizes ou tpu t  data f o r  p r i n t i n g  
15. P rocessor (Existing) and p l o t t i n g .  

loads (Opt ional ) .  

t w 1. P lo t s  divergence mode(s) i n  3 - D  

16. Deformed  xist sting w i t h  p ro jec t i on .  (op t iona l )  
S t ruc tu res  P l o t t e r  A modi f i ca t ions)  2. p l o t s  deformed s t r u c t u r e  due 1-0 



TABLE 3. New Functional Modules 

A. Modules used in both static and dynamic aeroelastic analysis 

1. Aerodynamic Element Generator 

2. Aerodynamic Plotter 

3. Geometry lnterpolator 

4. Aerodynamic Matrix Processor 

5. Aerodynamic Matrix Interpolator 

6 . Aerodynami c Data Recovery 

B. Modules used only in dynamic aeroelasticanalysis 

7. Aerodynamic Pool Distributor 

8. Aerodynam'i c Matrix Generator 

9. Flutter Analysis 

10. Dynamic Aeroelastic Load Generator 

1 1 .  inverse Fourier Transform 

C .  Modules used only in static aeroelastic analysis 

12. Aerostatic Pool Distributor 

13. Aerostatic Matrix Generator 

14. Aerostat i c  Matrix Assembler 

15. Divergence Analysis 

16. Aerostatic Load Generator 

17. Static Aeroelastic Response 



TABLE 4. . ~ e w R i g i d  Formats 

D i r e c t  F l u t t e r  Analysis 

D i  r e c t  Aeroelast i c Frequency and Random Response 

D i  r e c t  Aeroelast i c  Transient  Response by Four ie r  l n teg ra l  Method 

Modal F l u t t e r  Analys is  

Modal Aeroel a s t  i c Frequency and Random Response 

Modal Aeroe las t i c  Transient  Response by. Four ie r  I n teg ra l  Method 

Aeroe las t i c  Divergence 

Untrimmed S t a t i c  Aeroe las t i c  Response 

Trimmed S t a t i c  Aeroelast ic  Response. 

Note: There are twelve NASTRAN r i g i d  formats a t  the present t ime. The 
(A) a f t e r  each r i g i d  format number i n  the  above l i s t  i s  intended t o  symbolize 
ae roe las t i c  analys is .  
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SUMMARY 

Fini te  element analysis of structures using so l id  elements has received 
increasing a t tent ion over the  past few years. Pract ical  experience is cur- 
rent ly  ra ther  l imited.  It i s  anticipated tha t  most immediate pr incipal  
applications w i l l  be fo r  s t r e s s  analysis. This paper presents coding con- 
siderations for  implementation of general isoparametric sol ids  i n to  a dis- 
placement method analysis program. The user interfaces (input and output) 
w i t h  such a program are discussed. The thoughts presented herein have been 
or  are being implemented in to  ATLAS, Boeingt s integrated structural. analysis 
and design program. No discussion of s t ruc tura l  synthesis using so l id  
elements i s  presented here ,  nor does t h i s  paper concern i t s e l f  with axisym- 
metric elements o r  contain any new t h e o r e t i c d  developments . 

INTRODUCTION 

A constant s t r a in  tetrahedron was introduced by Argyris ( ref .  1) i n  
1965. General so l id  elements using three  degrees of freedom per node in- 
clude the  4 corner tetrahedron, the  6 corner wedge and the  8 corner brick 
( f i g .  1) with nodes coinciding with the  corners as well as higher order 
elements with addit ional nodes along the edges, on the  boundary surfaces or 
i n  the in te r io r .  General elements with more than three  degrees of freedom 
per node have a lso been introduced, see re f .  2. Such elements w i l l  not be 
considered i n  t h i s  paper. Reference 3 cdntains a recent state-of-the-art 
review of so l id  elements and a comparison of some isotropic  tetrahedra and 
hexahedra. This reference points out c lear ly  the advantage of elements with 
varying s t r a in  capabil i ty over those with constant s t r a i n  for  s t ress  analysis. 
This e f fec t  is  more pronouncea i n  three- than i n  two-dimensional problems. 

m e  family of isoparametric so l i d  elements represents the current 
state-of-the-art f o r  three-dimensional analysis,  using the displacement 
method with t rans la t iona l  freedoms only. (1n t h i s  paper, r'isoparametric" 
connotes shape f'unctions ident ical  t o  coordinate mapping functions and 
thus includes volume coordinate representations),  All but the  simplest of 
the members of t h i s  family are capable of inclusion of varying s t ra in .  
They all have an inherent monotonic convergence t o  the  t rue  solution 
(assuming no numerical problems) and the  element derivation i s  concise and 
elegant and lends i t s e l f  t o  a power=, general, purpose coding, The use of 
numerical integration should be considered only a minor disadvantage tha t  
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can be offset  by e f f ic ien t  coding but the a b i l i t y  of higher order members of 
the family t o  conform accurately t o  curved boundaries i s  a major asset .  

For the i n i t i a l  implementation of so l i d  elements in to  NASTRAN, the  
isoparametric br ick,  tetrahedron and wedge should be chosen ( i n  t h a t  order 
of pr ior i ty) .  The coding should be arranged t o  recognize commonalities 
between the dif ferent  topological types and the  principles of the  "deviation 
from l inear i ty"  technique should be used for  easy implementation of higher 
order elements. Generation CP-times are  re la t ive ly  high for these elements 
and major areas of CP-time consumption (congruent transformations) should 
be ident i f ied and coded as separate,  general routines t h a t  can be replaced 
with FORTRAN callable routines coded i n  assembly language which can reduce 
the  run time by recognizing the  par t icular  hardware characterist ics.  This 
principle applies t o  all types of element generation but i s  becoming more 
important fo r  higher order isoparametric so l id  elements. 

Although it i s  assumed throughout t h i s  paper t h a t  the  reader i s  familiar 
with isoparametric elements, some derivations fo r  the 8 vertex brick are 
contained i n  Appendix A t o  es tabl ish  referenceable notations. The ideas 
presented i n  t h i s  paper are applicable t o  a l l  so l i d  isoparametric elements 
but expressed specif ical ly  fo r  the 8 corner brick. 

NOTATIONS 

Matrix transforming elemental nodal displacements i n to  strain 

6 x 6 matrix transforming s t r a in  i n to  s t r e s s  i n  l oca l  ( m a t e r i d )  
reference frame 

6 x 6 matrix transforming s t r a in  in to  s t r e s s  i n  glob& reference 
frame 

Matrix of body force loads 

Unit matrix 

Jacobian matrix ( 3  x 3) 

Elemental s t i f fness  matrix, transforming elemental global 
displacements in to  elemental global loads 

Matrix of displacement shape functions 

Displacement shape f'unction 

Body force interpolation matrix 

Surface load interpolation matrix 



Thermal load interpolat  ion matrix 

I n i t i a l  s t r a i n  interpolation matrix 

Matrix of surface loads 

Elemental s t ruc tura l  nodal loads 

Nodal loads equivalent t o  body forces 

Nodal loads equivalent t o  surface loads 

Nodal loads equivalent t o  thermal loads 

Nodal loads equivalent t o  i n i t i a l  s t r a in  

Matrix of elemental nodal global displacements 

Matrix of elemental nodal l oca l  displacements 

Elemental. nodal global displacements i n  the  xi direction 

Coordinate transformation matrix 

Matrix of thermal loads 

Displacement i n  the  direction 

Nodal value ( a t  node k )  of u. 
1 

Integration weights 

Global. coordinate 

u - 8 i s  number of edge nodes e 

a - as i s  number of i n t e r i o r  nodes i 

as - a i s  number of boundary surface nodes e 

Matrix expressing deviations from "ear l ier  displacements", 
see appendix A 

Matrix transforming r in to  r t  

Matrix of elemental s t r a i n  

Matrix of i n i t i a l  s t r a i n  

Local coordinate 

Matrix of thermal expansion coefficients 



Matrix of element s t r e s s e s  

St ress  matrix 

CODING ORGANIZATION 

There a re  th ree  areas of major concern f o r  t h e  coding of matrix 
generation f o r  s o l i d  isoparametric elements. They are ( a )  t h e  rider of 
ari thmetic o p e r q i o n s  involved, p a r t i c u l a r l y  f o r  the  congruent matrix 
transformation B D I B  t h a t  i s  required a t  each in tegra t ion  point of t h e  
s t i f f n e s s  matrix generation; (b )  the amount of core storage required f o r  
higher order  members of t h e  family of s o l i d  elements t h a t  may make t h e  
generation phase core storage c r i t i c a l  (which it may be anyhow) i f  t h e  
t r a d i t i o n a l  (and simplest)  approach with a core contained generation i s  
used; ( c )  t h e  desire t o  be as general a s  pass ib le  by recognizing commonali- 
t i e s  between di f ferent  s o l i d  elements and organize a l i b r a r y  of "element 
generat ion support routinest1. To i l l u s t r a t e .  points  ( a )  and (b ) above l e t  
us examine how n$ltiplications and words of s torage t h e  congruent 
transformations y ( B D ' B ) ~  requi re  i f  we disregard matrix sparseness. 

6600 CP time 

Storage 

N i n t .  poin ts  . I 
For timing purposes etc.  , values t y p i c a l  f o r  a Control Data 6600 computer 
w i l l  be used through t h i s  paper. The cen t ra l  processor (cP) times are 
computed assuming 6 microseconds (ps)/rnult and add f o r  matrix mult ipl ica-  
t i o n s  which i s  t y p i c a l  f o r  FORTRANFgenerated code. The storage i s  what 
i s  required t o  hold D l ,  B, y ,  K, B D I B  i n  core simultaneously. It i s  qu i t e  
obvious from t h e  t a b l e  t h a t  both t h e  storage requirement and t h e  computer 
time increase rapidly with the  rider of nodes. It i s  a l so  qu i t e  obvious 
t h a t  an i n t eg ra t ion  technique should be used which requires as few integra-  
t i o n  points  as possible f o r  a ce r t a in  l e v e l  of accuracy. Gauss1 method 
( re f .  4 )  meets t h i s  requirement. 

To decrease the  computer CP-time the re  a re  two possible improvements 
t o  make: avoid zero operat ions and use assembly code f o r  t h e  most c r i t i c a l  
operations. The number of non-zero mul t ip l ica t ions  is  approximately 50% 
of the  t o t a l  number (B and y are approximately "half-populated") and the 
CP-time per  mul t ip l ica t ion  can be reduced t o  1 ps/mult with appropriate 



COMPASS code. Thus the  CP-time reductions due t o  f a s t  "inner loops" i n  
the  matrix multiply operations are much more pronounced than those of 
coding fo r  non-zero "custom-made"* arithmetic. For t h i s  reason and beoause 
the assembly-coded routines w i l l  be more generally applicable, they should 
be preferred t o  "customaadef' FORTRAN code. However, a vector i n n e r  
product subroutine w i l l  s t i l l  be l e s s  than optimum since the  inner products 
are very short for  the bulk of the  operations (6 or 3 depending upon i f  
zeros are recognized o r  not)  and ca l l ing  times of 20-30 ps are typical ly  
required fo r  such subroutines. There fore a FORTRAN-callable routine t o  
multiply a matrix by a vector should be used. 

No out-of-core generation should presently be considered fo r  the  
reasons t ha t :  (1) the  performance of higher order elements i s  now known 
we= presently and they may prove t o  have i n  some cases the  deficiencies 
t h a t  l e a s t  square f i t s  with higher order polynomials quite often display 
(2 )  analyses using higher order sol ids  w i l l  normally require so much 
arithmetic t h a t  they w i l l  be performed on hardware on which suff ic ient  
core should be available. Noweversthe allocation of core for  the  elemental 
matrices should be dynamic ( typical ly  using the  FORTRAN idea of blank 
common) t o  allow fo r  execution on smaUer core when l a r e r  order elements 
are used, 

To make the code fo r  s t i f fhes s  matrix generation as general as  possible 
the  following steps should be recognized: 

1. Set up vectors of integration coordinates and weights 

2. Set up D* = T - ~  D T 

3. For each integration point ,  
a Ni 

3a. Establish - and 3 rows of I-@ 
aEj a N~ 

3b. Set up and inver t  the  Jacobian J and establ ish  - 
axi 

J 

3c. Establish B 

3d. Add XB~D'B 

4. Finally af'ter the loop compute 

The number of integration points (which may be different i n  di f ferent  
directions ) should be set t o  default values t ha t  are consistent with the  
element order. The user should have the  option t o  overrule these default 
values. Successful numerical in tegrat ion using only a few integration 
points has been reported ( r e f .  4 ) .  

* "custom-made" means t ha t  the  code i s  organized t o  recognize the  par- 
t i c u l a r  features of the  problem, i .e .  locations of zeros i n  matrices, e tc .  



Use of fewer points fo r  the shear term contributions i s  not recommended 
since it is  undesirable t o  b ias  an element intended for  general application 
toward any s t  rain energy component. 

For other types of isoparametric elements, only s tep  3a of the  proposed 
coding sequence needs t o  be modified i n  essence, Further it i s  noted t ha t  
variable material properties are available by forming D1 ( s tep  2 )  inside 
the  integration loop ( s tep  3). 

Six rows of the  s t r e s s  matrix are obtained from the  matrix product DTBy, 
where the B-matrix (and D, i f  variable material properties are used) must 
be evaluated a t  the point where the  s t resses  are t o  be determined. This 
$g done simply by coding s t ep  3 of the  s t i f fness  matrix generation so t ha t  
I - 

96 
may be obtained a t  any point. The coding i n  steps 4 and 5 then apply 

diJectly t o  the  s t r e s s  matrix generation. As  a default option, s t resses  
should be generated a t  the  corner nodes (48 s t r e s s  components) ; but, 
evaluation a t  other points should a lso be available a t  the user 's  option. 

Equivalent n o d d  load matrices should be generated using the  same 
shape functions t o  describe the  loading tha t  are used f o r  the displacements. 
For most pract ical  applications there  are re la t ively  few load cases and 
the  nodal load matrices should be kept ins ide the  summation. Integration 
is performed as  for  the s t i f fnes s  matrix generation. 

Dynamic core al location i s  recommended both for  s t r e s s  m t r i c e s  and 
equivalent nodal loads matrices . 

Convenient input data formats are important fo r  any structural analysis 
program. The problem of devising simple but powerf'ul formats i s  particu- 
l a r l y  pronounced for (higher order)  so l id  elements since only a few elements 
suffice t o  describe the t o t &  s t ructure  and each element w i l l  require a 
substant ia l  amount of information. Many users think t h i s  information should 
be determined by the  program i t s e l f .  In t h i s  section we sha l l  study the  8 
corner brick element with edge nodes only but what i s  s ta ted  applies i n  
principle t o  other bricks and t o  tetrahedra and wedges as well. Both d i r e c t  
element input requirements and some thoughts on a grid generator for so l id  
elements are presented. Data generation by modified repet i t ion e tc .  i s  
naturally desired and normally available i n  a shte-of-the-art progma but 
does not apply t o  s o l i d  elements i n  particular and w i l l  not be discussed. 

Direct Input 

For stiff 'ness matrix generation one needs the element type, i t s  user 
ident i f icat ion,  node numbers and material data (code, property orientation 
and temperature), Input formats for  t h i s  except the node l i s t  are t r i v i a l .  
The l i s t  of nodes should begin with the  eight corner nodes i n  the order 



defined i n  f ig.  2 and contain addit ional nodes i f  there  are nodes on one or  
more edges of the  brick. The following formats of nodal input are proposed: 

NP , NP , a * , ,  NP 1' N1, N2¶  * * * ,  Ng, El 
4 

E2 E12 
2 )  N1, N2, .'., N8, Nodes on El, N2, Nodes on E2, N3, * * a s  

Nodes on El*, Ni 
3 N1, N2, -..., N8 %C 
where 5, .. . , N8 denote corner nodes; E ... , E12 stand for  edge 1 

through edge 1 2  (with directions defined, see %Ig. 2) .  In 1) there  are 
exactly p nodes i n  each se t  N' (p = 0, ...). Thus the t o t a l  nuiber of 

Ei 
nodes input is 8 + 12p. Zero end f i l l  i n  N' i s  used t o  degenerate the  edge 

E2 
t o  a lower order form. In the second foruat'which uses delimiters ( the  end 
corner of the  edge) zero fill within the  edge node l i s t s  i s  not allowed. 
The program should dist inguish between formats 1 and 2 by checking for  oc- 
currence of comer nodes i n  the  nodes following N Format 3) contains 

8' only corner nodes and a radius RrlC ( r e d )  which ins t ruc t s  the  program t o  
include all nodes enclosed withrn a cylinder with t he  given radius along 
s t ra igh t  l i ne s  defining the  edges. 

If non-default s t r e s s  generation i s  desired (default  i s  s t resses  
with respect t o  material  axes a t  the  eight corners) ,  additional informa- 
t ion  i s  needed. Available options would be s t resses  computed at any node 
o r  a t  any specified coordinate (@obal). In each case 6 s t r e s s  components 
w i l l  be computed a t  each user specified point and i n  the  order they are 
specified by the  user (order of rows of the s t r e s s  matrix). Input of 
s t r e s s  generation information should be done i n  a separate record i n  which 
node n u b e r s  ( in tegers)  are mixed with t r i p l e t s  of f loat ing point numbers. 
The program should dist inguish the  type of the  number input. 

Element loading input i s  more complex. Primarily due t o  the  input 
volume, it should not be contained i n  the  basic element input record. 
Thermal loads, i n i t i a l  s t r a in s  and body force loads require exactly as 
many values per load case as  there are nodes (input i n  the  nodal data 
order) .  One input value by default  refers t o  constant loads ( s t r a in s )  
while 8 input values r e f e r  t o  the  corner nodes and imply t ha t  the  basic  
corner shape functions should be used as load interpolation functions. 
Surface loading i s  input as nodal values surface by surface. The surface 
i s  iden t i f i ed  by an  integer between 1 and 6 and the  nodal values are input 
according t o  edge order (from lower t o  higher, l a s t  node on edge not in- 
cluded). For any one load component, there should be default options of 
one o r  four values available indicating constant load or  load a t  the  four 
comers. Loading values re fe r  t o  i n t ens i t i e s  per actual  area of the  sur- 
face. 

Due t o  the large amount and complexity of input data fo r  so l i d  brick 
elements, it i s  important t o  define and implement as many data checks as 
possible. Such checks would include t e s t s  fo r  



(a) reentrant corners and warping of the  6 quadrilaterals formed 
by the eight corners 

(b )  determining tha t  intermediate edge nodes f a l l  within a user 
defined cylinder between corner nodes 

( c )  determining tha t  each element defined i s  topologically 
feasible (has a single i n t e r io r )  

(d )  determining tha t  points where s t resses  are t o  be computed 
l i e  on o r  within the element 

Grid Generator 

A typical  feature of input data fo r  solid elements i s  t ha t  msny of the  
nodes are not used t o  define the geometrical configuration of the  s t ructure  
but rather t o  obtain a certain refinement of the results, Thus a gr id  
generator fo r  so l id  elements should prove t o  be very e f f ic ien t .  The user 
only needs t o  input the surface geometry and the desired gr id  refinement 
and the grid generator can then produce nodal and elemental data. If a 
grid generator i s  used f o r  nodes and elements, it i s  imperative t ha t  it be 
extended t o  element loads, nodal loads and boundary constraints as well ;  
since the user loses control over de ta i l s  of the produced data. Some work 
has been i n  progress within Boeing over the  past year t o  generate data for  
so l id  f i n i t e  element analysis. Currently a simple grid generator fo r  
&node bricks i s  available, The basic principle used i s  that  any body tha t  
i s  topologically equivalent t o  a brick can be assigned a rectangular user 
g r i d  (and thereby "userbrick" elements ) t o  define i t s  geometry. Within 
each "userbrick" the nodal refinement and any nodal loads may be defined. 
Known deficiencies are the  requirement of topological equivalence t o  a 
cube, that  grid refinements do not u t i l i z e  higher order elements and that  
a grid generator i s  not very useful  unless there i s  a post processor 
available for  the  results, since there i s  no de t a i l  user control over node 
and element ntmibers. 

OUTPUT 

Preparation of input data for  analysis with so l id  elements i s  quite 
cumbersome but the interpreta t ion and use of the  output 
s t resses )  i s  even more so i f  non-selective printout of s t r e s s  components 
in  global coordinates i s  the  only available option. Selective display 
of s t r e s s  data i s  necessary for  e f f ic ien t  analysis of sol ids ,  a t  lkas t  
t h i s  i s  strongly indicated by recent experience within The Boeing Company. 
I f  a grid generator i s  used for  data preparation, selective output fo r  
geometrically defined regions i s  imperative. 

The reason tha t  extraction of  s t resses  i s  the  most valuable output 
feature i s  the fact tha t  no or  l i t t l e  addit ional processing i s  needed 
for the s t resses .  However other options such as computation and display 



of p r inc ipa l  s t r e s s e s  and t h e i r  d i rec t ions  would also be valuable. O f  
p a r t i c u l a r  i n t e r e s t  i s  t h e  entployment o f  some y i e l d  or f a i l u r e  c r i t e r i a  
such as H i l l ' s  yield function ( r e f .  5 )  t o  allow f o r  a computerized seafch 
f o r  c r i t i c a l  conditions. To s impl im fa t igue  analys is  it would be useful  
t o  have t h e  program f i n d  t h e  m a x i m  t e n s i l e  stress i n  c e r t a i n  surfaces 
of t h e  structure. 
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Figure 1 Tetrahedron, wedge and brick sol ids  

Figure 2 8 node brick 



APPENDIX A 

DERIVATIOIJ OF ELEMENTAL MATRICES FOR AN EIGHT CORNER ISOPAFUMETRIC BRICK 

The der iva t ions  out l ined here in  a re  b r i e f .  For addi t ional  information 
on displacement method theory i n  general ,  t h e  reader i s  re fe r red  t o  C. A. 
Fe l ippals  excel lent  repor t  on t h e  subjec t ,  r e f .  6 ,  while f o r  p a r t i c u l a r s  on '  
isoparametric elements he i s  r e fe r red  t o  r e f .  7. 

St i f fness  Matrix 

Let t h e  displacement ui (component along global  xi a x i s )  be 
8 

i 
+ u = C Nk ui (bas ic  8 node b r i ck )  

k=l 

(addi t ion  f o r  nodes on edges ) 

C1 ci 
J + zSPlk !u: -ze Bkjui ) (addit ion f o r  nodes on boundary 

k=a, +l J =l surf  aces ) 

k -- + ,?N (ui -zS f3 uj ) 
kj i 

(addi t ions  f o r  nodes i n  t h e  
k=a$l j=l i n t e r i o r  ) 

The shape fbnctions Nk f o r  the  edge nodes (k = 9 ,  . . . a, ) a re  zero-valued 
f o r  the  corners (as wel l  as f o r  t h e  o the r  edge nodes ) , Ehose f o r  the  
boundary surfaces have zero values on the  edges (and corners)  and f o r  o ther  
surface nodes while those f o r  t h e  i n t e r i o r  disappear on t h e  t o t a l  boundary 
and on other  i n t e r i o r  points .  The coef f i c i en t s  B . simply take  the  values 
of N .  at point k.  Using matrix notat ion t h e  disp$dcement function u can 
be w4it ten as i 

where N i s  a (row) vector  of shape functions,  r a matrix of nodal displace- i 
ments i n  t h e  x. -d i rec t ion ,  8 a (lower diagonal) matrix t h a t  represents  
11 deviat ions from 1 previous displacements ." r t  = (I  - ~ ) r ~  i s  an independent 

i s e t  of l i n e a r  combinations of nodal. displacements ( i n  t h e  xi-direction). 

The functions N a re  easily expressed as functions of  t h e  na tu ra l  k coordinates Si rather than as ftmctions of the  global ( ca r t e s i an )  co- 
ordinates xi. The transformation from na tu ra l  coordinates t o  global  
coordinates i s  expressed by 



where xk i i s  the xi-coordinate ~f node k.  

The vector E of element strain i s  

where 

in which i s  a row vector, the k t h  element of which i s  aNk and r is 
axi - 

a vector of all nodal displacements ( i n  nodal order). r' iixi a vector 
of  l i nea r  combinations of r ( i n  freedon order ra ther  than nodal order) 
and y i s  a 3*ai square matrix t ha t  is  made up from elements of the matrix 
(I - ) (other transformations such as change of coordinates, o f f se t s ,  
e t c .  can be include? in y ) .  



The element s t i f fness  matrix K re la t ing  global displacements r t o  
associated nodal forces R (force components expressed i n  a dual base) i s  

where the in tegra l  is  t o  be taken over the  t o t a l  volume of the element. 
The matrix D (6  x 6 )  represents the  consti tutive equations with respect 
t o  material a x i s  directions which could be dif ferent  from those of the  
a o b d  coordinate system and T i s  a (6 x 6 )  matrix t ha t  transforms s t resses  
o r  s t r a in s  from the global reference system t o  the material reference frame. 
T - ~  D T i s  symmetric. 

No closed form expression fo r  the  K-matrix i s  known and it i s  evalua- 
ted by means of numerical integration.  Most conveniently it i s  evaluated 
a f t e r  the change of integration variables t o  those of the  natural  coordi- 
nate system i s  made which leads t o  the following summation: 

where J i s  the  ( 3  x 3 )  Jacobian matrix fo r  the trensformation defined by 
ax 
j aNk k J = ICL = C -  

i 3  
X a t i  Xi j 

By use of partial derivatives o f  Nk with respect t o  global coordinates 
can be obtained from those of N with respect t o  natural  coordinates, The 
choice of integration weights #and abscissas 5 can be done according t o  
a variety of numerical techniques but Gauss numerical integration i s  pre- 
ferred by many since it w i l l  require few integration points for  high 
accuracy. 

Stress Matrix 

The s t r e s s  vector 0 (components with respect t o  the material axes) i s  

where the matrices D ,  T and B are established at the  point where the  
s t resses  are sought. I f  s t r e s s  components with respect t o  another refer- 
ence frame are desired then T'-~ w i l l  transform a t o  the  proper reference 
f r y .  T1 i s  an appropriate s t r e s s  transformation matrix. The product 
T 1  DTBy makes up 6 rows of the  s t r e s s  matrix cs 

m* 



Surf ace Loading 

2r 
Let t h e  loading p on the  surface B P be 

where p i s  a vector  of nodal i n t e n s i t i e s  of t h e  pressure loading (corn- 
ponents i n  global system) and N* t h e  load in te rpo la t ion  f'unctions. The 
vector  R (of equivalent nodal loads i s )  

P 

R = x  P 
P yT ITT dA p 

Body Forces 

'L 
The loading f i s  expressed by t h e  in te rpo la t ion  formula 

where f i s  a vector  3f qodal i n t e n s i t i e s  of t h e  body forces (components 
i n  global system) and N t h e  body force in te rpo laJ~ ion  functions. The 
vector  R, of equivslent  nodal loads i s  

I n i t i a l  S t r a i n  

%I 

The i n i t i a l  s t r a i n  E~ i n  terms of n%dd s t r a i n  values co i s  

'b 
E 0 = N ~ O  Eo  

E 
where N 0 i s  a matrix of i n i t i a l  s t r a i n  in te rpo la t ion  functions. The 
vector  R, of equivalent nodal loads i s  

0 

X = iyT gT D' ~ € 0  dV c0 
€ 0  

Thermal Loads 

'L 
The temperature t i n  t e r n  of nodal temperature values t is  

where N~ i s  a matrix ef i n i t i a l  s t r a i n  in te rpo la t ion  functions.  The 
s t r a i n  equivalent t o  t i s  

where q i s  a matrix of thermal expansion coeff ic ients .  The vector  Rt of 



equivalent thermal nodal loads is 
A 
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ON THE REDUCTION OF PROLIFERATION OF 

FINITE ELEMENT PROGRAMS 

By T .  G .  B u t l e r  

NASA Goddard Space F l i g h t  Cen te r  

INTRODUCTION 

Even i n  t h e  f a c e  of  a  p r o d i g i o u s  amount of  s t r u c t u r a l  
a n a l y s i s  c a p a b i l i t y  by f i n i t e  e lement  methods,  some o r g a n i z a -  
t i o n s  a r e  g e n e r a t i n g  new programs which e s s e n t i a l l y  d u p l i c a t e  
t h e  c h a r a c t e r i s t i c s  o f  c u r r e n t  programs.  The purpose  o f  t h i s  
pape r  i s  t o  examine t h e  e f f e c t s  o f  p r o l i f e r a t i o n .  Arguments 
a r e  p r e s e n t e d  which w i l l  show t h a t  t h e  b e n e f i t s  d e r i v e d  from a 
r e d u c t i o n  i n  p r o l i f e r a t i o n  r e s u l t  i n  b e t t e r  communication, 
reduced  c o s t ,  and i n c r e a s e d  d i s s e m i n a t i o n  o f  c a p a b i l i t y .  

Large f i n i t e  e lement  programs a r e  expens ive  t o  g e n e r a t e  
because  t h e y  c o n t a i n  g r e a t  volumes o f  code .  Technology i s  moving 
s o  f a s t  i n  t h e  mechanics  o f  f i n i t e  e l e m e n t s ,  i n  numer ica l  ana lys i s  
i n  f i n i t e  f i e l d s ,  and i n  computer hardware and s o f t w a r e ,  t h a t  
t h e s e  l a r g e  f i n i t e  e lement  programs r a p i d l y  become o u t d a t e d .  
The combinat ions  o f  p a t h s  th rough  l a r g e  programs a r e  s o  g r e a t  t h a t  
we can say t h a t  t h e y  w i l l  neve r  be f u l l y  checked o u t ,  so t h e y  
a r e  c o n s t a n t l y  i n  need o f  s e r v i c i n g  a s  usage  b roadens .  To s t a y  
a b r e a s t  o f  t echno logy  changes and e r r o r  d i s c o v e r i e s ,  l a r g e  f i n i t e  
e lement  programs shou ld  be m a i n t a i n a b l e  and shou ld  be ma in ta ined  
i n  o r d e r  t o  a c h i e v e  u s e r  c o n f i d e n c e .  Maintenance i s  c o s t l y  b u t  
much l e s s  s o  t h a n  complete  program replacement  i n  b o t h  d o l l a r s  and 
t ime .  Anything t h a t  would compound t h e  c o s t  o f  p r o v i d i n g  f i n i t e  
e lement  a n a l y s i s  c a p a b i l i t y  t o  t h e  s t r u c t u r a l  community would be 
c o n s i d e r e d  u n d e s i r a b l e ;  t h e r e f o r e ,  p r o l i f e r a t i o n  i s  bad.  There 
a r e  many o t h e r  f a c t o r s  b e s i d e s  c o s t  t h a t  would de te rmine  an  a t t i t u d e  
toward p r o l i f e r a t i o n ,  b u t  c o s t  i s  a  s u f f i c i e n t  b a s i s .  

Before  we can  champion a  c a u s e ,  we have t o  g e t  d e f i n i t i o n  o f  
i t .  What c o n s t i t u t e s  p r o l i f e r a t i o n  o f  f i n i t e  e lement  programs 
i n  t h e  eyes  o f  s t r u c t u r a l  a n a l y s t s ?  If a known c a p a b i l i t y  e x i s t s  
and an e f f o r t  i s  i n i t i a t e d  t o  d u p l i c a t e  t h a t  c a p a b i l i t y ,  t h e r e  
i s  p r o l i f e r a t i o n  so  long a s  t h e r k  i s  n o t  something un ique  t h a t  i s  
be ing  o f f e r e d  w i t h  r e s p e c t  t o  t h e  f o l l o w i n g  g e n e r a l  c h a r a c t e r i s t i c s :  



Problem size 
f l  

C General purpose Object of the analysis Special purpose 

Method of approach 

Solution capability 
# 
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Let us also get a definition of proliferation from a negative 
sense. In no wise is there an implication that existing pro- 
grams that are in use which have overlapping capability consti- 
tute proliferation in the sense of this discussion. Programs 
such as Boeing's SAMECS, Jet Propulsion Lab's SAMIS, or Wright 
Field's FORMAT have been in use long enough to have proven them- 
selves as production tools. In'terms of efficiency for certain 
types of problems it would take analysts, who have become expert 
at operating these existing programs, much longer to convert 
to a new program than to continue using those with which they are 
familiar. Only when analytical needs exceed the capabilities of 
the older programs should the analyst be coaxed toward programs 
with prospects for extensive longevity. It becomes proliferation 
only when attempts are made to put new capability into programs 
that are not readily maintainable. Programs with limited capa- 
bility which are costly to modernize should be allowed to phase 
out in favor of the maintainable programs when the technological 
advancements render them out-of-date. 

MAINTAINAB ILITY 

The policy which I hope to convince you of is that with a 
good, modular, maintainable program any characteristic which is 
found to be insufficient can be arighted by directly modifying 
the offending portion. Since this is a NASTRAN User's Colloquium, 
it is forgivable if we examine the suitability of this policy 
with respect to NASTRAN as being representative of a good, modu- 
lar, maintainable program. Its suitability will be examined 
according to the above set of characteristics. 



Problem S ize  

Right  now NASTRAN does a c r e d i t a b l e  job handl ing problems 
from 100 t o  10,000 degrees  o f  freedom. For problems under4100 
degrees  of  freedom t h e  overhead c o s t  of  a r r a y i n g  t he  l a r g e  amount 
of  gene ra l  purpose sof tware  onto  t h e  computer and s tepp ing  through 
t h e  op t i ons  accounts  f o r  over  95% of t h e  c e n t r a l  p rocess ing  u n i t  
(CPU) charge  t ime.  If one i s  conf ron ted  with heavy t r a f f i c  i n  
small  s i z e d  jobs it would d e f i n i t e l y  pay t o  abandon a gene ra l  
purpose program and go t o  a s p e c i a l  purpose program. The overhead 
c o s t  o f  NASTRAN on v a r i o u s  s i z e s  of  computers i s  t a b u l a t e d  a s  
fo l lows  : 

Computer CPU O'verhead Time 

IBM 360 Model 95 20 Sec 

LBM 360 Model 8 5  20 Sec 

I B M  360 Model 7 5  35 Sec 

IBM 360 Model 65 52 Sec 

I B M  360  Model 50 217 Sec 

CDC 6600 1 2  Sec 

CDC 6400 1 8  Sec 

UNIVAC 1108 17 Sec 

A problem i n  s t a t i c s  o r  e igenva lues  f o r  a  smal l  problem of l e s s  
than  1 0 0  degrees of  freedom us ing  a s p e c i a l  purpose program 
should t a k e  about  3 seconds on the  360/95. General purpose p ro-  
grams cannot  compete w i th  s p e c i a l  purpose programs on smal l  s i z e d  
problems. 

Fo r  ve ry  l a r g e  problems a computer s t r a t e g y  of  breaking 
t h e  problem up i n t o  p i e c e s  and condensing t h e  p i ece s  be fo re  j o i n -  
ing  them t o  r e p r e s e n t  t h e  t o t a l  s t r u c t u r e  i s  c a l l e d  s t r u c t u r a l  
p a r t i t i o n i n g .  Experimental  v e r s i o n s  o f  s t r u c t u r a l  p a r t i t i o n i n g  
f o r  NASTRAN a r e  a l r e a d y  working, so  t h e  ex t ens ions  t o  ve ry  l a r g e  
s i z e d  problem i s  a l r eady  e s t a b l i s h e d  f o r  bo th  s t a t i c s  and dynamics. 

Type o f  Computer 

The scheme f o r  making NASTRAN adap t ab l e  t o  many d i f f e r e n t  
computers was t o  make the  program modular. Some modules d e a l  
on ly  w i t h  t h e  management of  t h e  program and a r e  c a l l e d  execu t ive  



I 

modules, whi le  o t h e r  modules d e a l  w i th  t h e  ope ra t i on  of t h e  
s o l u t i o n  p rocess  and a r e  c a l l e d  f u n c t i o n a l ,  mathemat ica l ,  and 
u t i l i t y  modules. A l l  excep t  some of t h e  execu t ive  modules a r e  
machine independent ,  so t h e  problem of adapt ing NASTRAN t o  a .( 

new computer i s  t o  r e w r i t e  on ly  c e r t a i n  o f  t he  execu t ive  modules 
which a r e  machine dependent.  The f e a s i b i l i t y  f o r  making an 
adap t ion  was demonstrated i n  t h e  p i l o t  convers ion t h a t  was done 
f o r  t h e  IBM 3 6 0  Model 67 computer ope ra t i ng  under t ime shar ing  
ope ra t i ng  system. The a d a p t a b i l i t y  i s  f u r t h e r  being a t t e s t e d  
by t h e  work t h a t  i s  c u r r e n t l y  underway t o  conver t  NASTRAN t o  
t h e  Honeywell 635 computer. - A c t i v e  i n t e r e s t  i s  being shown i n  
adapt ing it a l s o  t o  t h e  Xerox Sigma c l a s s  of computers.  

Object  of t h e  Analys is  

A program can be designed f o r  gene ra l  purpose o p e r a t i o n  o r  
f o r  s p e c i a l  purpose s o l u t i o n s .  NASTRAN i s  obviously  a l r eady  a  
gene ra l  purpose program, and,  i f  i t  i s  no t  a l r eady  obvious ,  it 
w i l l  be amply shown subsequent ly  t h a t  i t  can be extended i n t o  
f u r t h e r  g e n e r a l i z a t i o n .  The r e a l  ques t i on  i s  what can we do 
about s p e c i a l  purpose needs? Can one t r u n c a t e  t h e  program? 
Can one s t r i p  ou t  t h e  o p t i o n s ?  The answer t o  bo th  of t h e s e  ques-  
t i o n s  i s  ye s .  Take f o r  example, t h e  need f o r  a  s p e c i a l  purpose 
sub program t o  so lve  t r u s s - l i k e  s t a t i c s  problems f o r  l a r g e  b r idges  
de sc r ibed  i n  r e c t a n g u l a r  coo rd ina t e s ,  s u b j e c t  t o  p o i n t  f o r c e  l oads  
a t  g r i d  p o i n t s  on ly .  The source  code would be c u l l e d  of  a l l  exec- 
u t i v e  c o n t r o l  f u n c t i o n s  except r e s t a r t .  The case c o n t r o l  would 
r e t a i n  on ly  l a b e l l i n g ;  subcases  f o r  r e g u l a t i n g :  load  s e t s ,  
boundary s e t s ,  m u l t i - p o i n t  c o n s t r a i n t  s e t s ,  ou tpu t  s e t s  of f o r c e s ,  
d i sp lacements ,  and s t r e s s e s ;  and p l o t s  of  on ly  rod e lements .  The 
execu t ive  r o u t i n e s  would be  reduced t o  a  ske l e ton  amount of  i n p u t  
d a t a  checking,  a f i x e d  assignment of  d a t a  b locks  t o  d i s c s  and 
t a p e s  i n s t e a d  o f  dynamic ass ignment ,  a  f i x e d  OSCAR (ope ra t i ng  
sequence c o n t r o l  a r r a y )  w i t h  a  few v a r i a b l e  flags i n s t e a d  of 
v a r i a b l e  a r r a y s ,  and a smal l  parameter  t a b l e .  The bulk  d a t a  ca rds  
would c o n s i s t  of a  G R I D ,  a CONROD, a MAT 1, a  FORCE, an SPC, an 
M P C ,  a d e l e t e ,  and an OMIT.  The o rgan i za t i on  i n t o  l i n k s  would 
be abandoned bu t  an ove r l ay  s t r u c t u r e  would probably  be kep t .  

The beauty  of having t h e  r i g i d  formats  w r i t t e n  i n  DMAP 
language i s  t h a t  t h e  l o g i c  of  reducing t h e  program t o  s p e c i a l  
purpose form can be t e s t e d  by ope ra t i ng  i t  i n  t h e  environment 
of t h e  e x i s t i n g  gene ra l  o r g a n i z a t i o n  by u s ing  ALTER cards t o  
e l i m i n a t e  ba tches  of o p e r a t i o n s .  P l o t  r o u t i n e s  would be k e p t ,  
bu t  t h e i r  framework would be w h i t t l e d  t o  n e c e s s i t i e s .  Analys ts  
involved i n  p r o d u c t i o n - l i k e  r e p e t i t i v e  ana lyses  of t h e  same 
type  may want t o  do a s c a l i n g  down o p e r a t i o n  l i k e  t h i s  a s  a 
r o u t i n e  m a t t e r .  



There i s  even ano ther  kind of s p e c i a l  r educ t i on  i n  which 
a given s t r u c t u r e  i s  f rozen  i n t o  t h e  program and t h e  on ly  v a r i a -  
b i l i t y  t h a t  i s  r e t a i n e d  i s  i n  t h e  type  of  load  o r  the. s o l u t j o n  
ca se  type.  Thus a l l  s o r t s  of unneeded d a t a  checking r o u t i n e s  
and decomposit ion r o u t i n e s  could  be e l im ina t ed  i n  favor  of 
load  v e c t o r  format ion and forward-backward pa s s  o p e r a t i o n s .  

Recap i tu l a t i ng  t h e n ,  it i s  p o s s i b l e  t o  s t r i p  ou t  g e n e r a l i t y .  
from t h e  code t o  reduce some p o r t i o n s  t o  a minimum of o p e r a t i o n s  
and op t i ons .  The remaining p o r t i o n s  o f  t h e  code could success -  
f u l l y  f u n c t i o n  i n  s p e c i a l  purpose  form t o  g a i n  t h e  advantages 
o f  t a i l o r e d  programs. 

Method of Approach 

P rov i s ion  was made o r i g i n a l l y  i n  NASTRAN t o  so lve  f i n i t e  
element problems by t h e  d isplacement  method, t h e  f o r c e  method, 
and by DMAP ( d i r e c t  mat r ix  a b s t r a c t i o n ) .  One whole l i n k  i s  
s t i l l  r e se rved  f o r  t h e  f o r c e  method t h a t  never d i d  g e t  i n t e -  
g r a t e d .  I f  a new force method such a s  an approach v i a  s t r e s s  
f u n c t i o n s  were developed i t  could  be incorpora ted  by l o c a t i n g  
i t  i n  t h e  r e se rved  f o ~ c e  l i n k  o r  by adding e n t i r e l y  new l i n k s ,  
because t h e  o r g a n i z a t i o n  i s  open-ended w i t h  r e s p e c t  t o  l i n k s .  
E n t r i e s  would have t o  be  made i n  execu t ive  t a b l e s  and t o  o u t -  
p u t  p r o c e s s o r s ,  bu t  t h e s e  t a b l e s  and p roces so r s  a r e  a l s o  open- 
ended. Th is  imp l i e s  t h a t  d i s t i n c t  new approaches t o  f i n i t e  
element a n a l y s i s  can be  added o r  e x i s t i n g  ones can be r ep l aced  
by improved ones because of  t h e  modula r i ty  and open-endedness 
t o  t h e  o v e r a l l  program des ign .  

S o l u t i o n  C a p a b i l i t y  

If a  b e t t e r  method of decomposit ion i s  found,  i f  an improved 
e igenva lue  r o u t i n e  appears ,  o r  i f  a d i f f e r e n t i a l  equa t ion  i n t e -  
g r a t i o n  r o u t i n e  has a s p e c i a l  f e a t u r e ,  one of  two p o s s i b i l i t i e s  
can be  invoked i n  each i n s t a n c e .  The e x i s t i n g  r o u t i n e  can be  
r ep l aced  by t h e  cand ida te  r o u t i n e  w i t h i n  t h e  r e s p e c t i v e  modules 
o r  new l o g i c  can be in t roduced  t o  a l low an o p t i o n  between t h e  
e x i s t i n g  r o u t i n e  and t h e  added c a p a b i l i t y .  The second a l t e r n a -  
t i v e  w i l l  i nvo lve  a d d i t i o n a l  new e n t r i e s  i n  ca se  c o n t r o l  and 
bulk  d a t a ,  The f a c t  t o  no te  he r e  i s  t h a t  t h e  new r o u t i n e s  can 
be en t e r ed  wi thout  d i s t u r b i n g  t h e  code o u t s i d e  o f  t he  module. 

Turning our  a t t e n t i o n  t o  t h e  nex t  l e v e l  o f  complexity above 
a* sub rou t ine  t o  a module, i t  i s  p o s s i b l e  t o  r e p l a c e  modules 
wi thou t  d i s t u r b i n g  any o t h e r  p a r t  o f  t h e  program. Each module 
has  a p r e s c r i b e d  i n t e r f a c e  w i th  t h e  execu t ive  on ly  and d e f i n i t e l y  
eschews any i n t e r a c t i o n  w i th  any o t h e r  module. A module can be 
d r a s t i c a l l y  overhauled and w i l l  cause  no r epe rcus s ions  o u t s i d e  
of  t h i s  module so long a s  t h e  replacement module r e t a i n s  t h e  



same i n t e r f a c e  w i t h  t h e  execu t ive  t h a t  the prev ious  module d id .  
A p a r t i c u l a r l y  convenient  f a c i l i t y  c a l l e d  a dummy module has  
been provided i n  NASTRAN t o  t e s t  o u t  a new module w i t h i n  t h e  
NASTRAN environment wi thout  d i s r u p t i n g  any th ing .  A l l  e n t r i e s  
f o r  dummy modules have been made i n  t a b l e s  and l i s t s .  When a 
module is  ready t o  be t e s t e d ,  t h e  symbolic dummy e n t r i e s  a r e  
r ep l aced  by named q u a n t i t i e s  p e r t a i n i n g  t o  t h e  new module. 
I n  t h i s  t e s t  mode, t h e  f i n a l  grooming can be worked on w i th  
impugnity. I t s  u l t i m a t e  performance a f t e r  i n t e g r a t i o n  can be 
p r e c i s e l y  p r e d i c t e d  from i t s  performance i n  t h e  dummy module 
mode. 

Going back now t o  the t o p i c  of r o u t i n e s ,  t h e r e  i s  a new 
c a p a b i l i t y  being developed c a l l e d  a  Dummy Element. Inpu t  c a rd s ,  
t a b l e  e n t r i e s ,  parameter  e n t r i e s ,  m a t e r i a l  c a l l s ,  and p l o t  c a l l s  
w i l l  a l l  have symbolic dummy e n t r i e s .  This w i l l  soon a l low 
a new element r o u t i n e  t o  be added o r  be  s u b s t i t u t e d  i n  a  f a sh ion  
s i m i l a r  t o  t h e  dummy module by simply p rov id ing  named q u a n t i -  
t i e s  f o r  t h e  symbolic dummy e n t r i e s  a t  t h e  t ime of i n s e r t i n g  
t h e  element r o u t i n e  code. - Element r o u t i n e s  a r e  the on ly  r o u t i n e s  
being provided f o r  t e s t i n g  i n  a  s p e c i f i c  dummy f a sh ion .  If one 
d e s i r e s  t o  t e s t  o t h e r  r o u t i n e s  i n  dummy fashion t h e  module f o r  
which it i s  d e s t i n e d  can be copied excep t  f o r  the new r o u t i n e  
and be opera ted  a s  a  s e p a r a t e  dummy module so  t h a t  the  new and 
o l d  can be d i r e c t l y  compared. 

A t  the h i g h e s t  l e v e l  of complexity a complete r i g i d  format 
( i . e .  a s t r u c t u r a l  c a s e  type)  can be c r e a t e d  and can be en t e r ed  
as an a d d i t i o n a l  s o l u t i o n  s t r i n g .  The number o f  r i g i d  formats  
l i k e  many o t h e r  systems i n  NASTRAN i s  open-ended. DMAP language 
i s  used t o  w r i t e  the  r i g i d  format o p e r a t i o n s .  E n t r i e s  a r e  made 
i n  t h e  execu t ive  s o l u t i o n  t a b l e ,  t h e  execu t ive  module p rope r ty  
l i s t ,  and t he  c a t a l o g  of  r e s t a r t  o p t i o n s  i s  pu t  i n .  A l l  of 
t h e s e  new f e a t u r e s  ope ra t e  d i s t i n c t l y  from any o t h e r  s o l u t i o n  
s t r i n g s ,  so they  can be  added o r  d e l e t e d  w i t h  freedom. 

A s  p r o o f  o f  t h i s  power t o  add r i g i d  formats, t h e  a b i l i t y  
t o  so lve  h y d r o - e l a s t i c  problems was implemented as s e v e r a l  new 
r i g i d  fo rmats .  A e r o - e l a s t i c i t y  s o l u t i o n s  a r e  being contemplated 
as s e v e r a l  more. Thermal ana lyzer  modules may e v e n t u a l l y  occupy 
over f i v e  r i g i d  fo rmats .  E x i s t i n g  r i g i d  formats  w i l l  be revamped 
t o  i nc lude  s t r u c t u r a l  p a r t i t i o n i n g .  What i s  i n d i c a t e d  here  i s  
s o l i d  a c t i v i t y  i n  r e p l a c i n g  and augmenting t h e  number of r i g i d  
fo rmats ,  proving t h a t  t h e  c la im t o  m a i n t a i n a b i l i t y  i s  r e a l l y  so .  

Mode of Operat ion 

Programs can u s u a l l y  be c l a s s i f i e d  as e i t h e r  f o r  app l i ca -  
t i o n s  work o r  f o r  developmental work. Some e x c e l l e n t  develop- 
ment work i s  being c a r r i e d  o u t  a t  t h e  Un ive r s i t y  o f  Wales, Brown, 



Liege,  Co rne l l ,  Vermont, Arizona,  Hawaii, M . I . T . ,  and C a l i f o r n i a .  I 

Most of t h e  wel l  known programs, however, a r e  a p p l i c a t i o n s  type .  
I t  was t h e  i n t e n t i o n  a l s o  t h a t  NASTRAN be an a p p l i c a t i o n  p ro-  
gram; bu t  because of  i t s  l i n k  s t r u c t u r e ,  a l i n k  can  be devoted 
e n t i r e l y  t o  developmental purposes wi thout  impeding any of  t h e  
a p p l i c a t i o n s  f e a t u r e s .  A l i n k  can be o rgan ized  t o  have coun te r -  
p a r t  o p e r a t i o n s  o v e r l a i d  a t  t h e  same l e v e l  w i t h  an o p t i o n  t o  
choose between them f o r  comparison purposes .  A l l  o f  t h e  a p p l i -  
c a t i o n s  l i n k s  w i l l  be e n t i r e l y  i n s e n s i t i v e  t o  a l l  of  t h e  f e a t u r e s  
w i t h i n  t h e  exper imenta l  l i n k .  There fore ,  u n l e s s  t h e  e x p e r i -  
menta t ion  would invo lve  execu t ive  o p e r a t i o n s ,  NASTRAN can r e a d i l y  
p rov ide  a handy v e h i c l e  f o r  module exper imenta t ion ,  and t hus  
obv i a t e  t h e  expense o f  gene ra t i ng  exper imenta l  programs. 

I must no t  over look t h e  i m p r a c t i c a l  a s p e c t s  o f  us ing  NASTRAN 
a s  an exper imenta l  program i n  i t s  p r e s e n t  form. There i s  an 
expensive ,  f i x e d  overhead i n  i t s  p r e s e n t  form. I t  would be f o l l y  
t o  e x e r c i s e  t h e  whole program i n  an exper imenta l  mode f o r  an 
e x t e n s i v e  schedule  of  exper imenta l  work. I t  would be b e t t e r  
t o  s t r i p  the unnecessary  r o u t i n e s  o u t  o f  t h e  execu t ive  t o  min i -  
mize t h e  overhead,  and t o  condense a l l  o p e r a t i o n s  i n t o  a s i n g l e  
l i n k  program f o r  conserving s t o r a g e  space.  I n  some r e s p e c t s  
t h e  d i s t i l l i n g  o f  an exper imenta l  v e r s i o n  from t h e  complete 
program i s  ak in  t o  s e p a r a t i n g  o u t  of  a  s p e c i a l  purpose program. 
The amount of  work t o  e x t r a c t  an exper imenta l  v e r s i o n  from 
NASTRAN i s  much sma l l e r  than  w r i t i n g  an e n t i r e l y  new program 
and worry through a check-out  phase.  

A d i s t i n c t  mode of  o p e r a t i o n  w i t h i n  t h e  realm o f  a p p l i c a -  
t i o n s  programs, i s  t h e  o n - l i n e ,  d i r e c t - i n t e r a c t i o n  mode 
o p e r a t i n g  from a cathode r a y  scope command t e rmina l .  There 
i s  no t e c h n i c a l  impediment towards adap t ing  NASTRAN t o  an  on- 
l i n e  mode. Money i s  needed t o  s u b s i d i z e  such  c a p a b i l i t y ,  bu t  
p r i o r  t o  t h i s ,  a  de s ign  s t udy  should  be conducted i n  o r d e r  t o  
determine (a)  t h e  s u i t a b i l i t y  o f  r e l a t i v e  s i z e s  o f  co re  r e s i -  
dency between the  scope g r aph i c s  and t h e  a n a l y s i s  program, (b) 
t h e  degree  of  a n t i q u i t y  of r e c a l l a b l e ,  p r i o r  a n a l y s e s ,  (c)  and 
t h e  o r g a n i z a t i o n  o f  scope d i s p l a y s  f o r  r a p i d  i n t e r p r e t a t i o n  
and subsequent  a n a l y s i s  commands. Such o n - l i n e  o p e r a t i o n  i s  
t h e  apogee toward which a complete ly  gene ra l  purpose program 
should aim. 

Here we have shown t h a t  t h e  l ink/over lay/modular  con- 
s t r u c t i o n  a l lows  f o r  a d j u s t i n g  t o  a d e s i r e d  mode of  ope ra t i on .  

Accuracy 

There a r e  t imes  when r o u t i n e s  o r  modules have poor con- 
vergence p r o p e r t i e s  except  f o r  p a r t i c u l a r  ranges  of parameter  
va lue s .  There i s  con t inua l  a c t i v i t y  t o  remove t h e s e  imper fec t ions .  



I When algorithms wi th  improved accuracy a r e  per fec ted  a proper 
course of ac t ion  would be t o  expedite i t s  incorporat ion i n t o  
appropria te  modules of a  maintainable program l i k e  NASTRAN. 
I t  i s  insupportable  t o  make an i s o l a t e d  advancement i n  the  
s t a t e  of t h e  a r t s  t he  b a s i s  t o  launch i n t o  a competit ive o r  
redundant venture.  Recent a c t i v i t i e s  along these  l i n e s  t o  
c r e a t e  a l l  new code a r e  u n j u s t i f i e d  and should be i n t e r d i c t e d .  

Ef f ic iency  

Large,  maintainable programs a re  being sc ru t in i zed  from 
many d i f f e r e n t  po in t s  of view. The m u l t i p l i c i t y  of pa ths  
versus  the independent range of parameter values  can produce 
ins tances  of s luggishness .  Such ins tances  should be r e c t i f i e d  
and not  be made occasions of scorn.  The stamp of i n e f f i c i e n c y  
can be a f f i x e d  t o  an algorithm when improvements i n  numerical 
ana lys i s  o r  supporting software admit of designs of s w i f t e r  
execution.  In  t h i s  event t he  module containing the  offending 
code should be replaced wi th  due has t e .  There i s  cu r ren t  
a c t i v i t y  along these  l i n e s  i n  NASTRAN. I n e f f i c i e n c i e s  i n  
p l o t t i n g ,  matr ix  packing, reading a matr ix  into core ,  and mul t i -  
p l i c a t i o n s  a r e  being at tended with  consequent ind iv idua l  run- 
ning time reduct ions  by f a c t o r s  of 2 up t o  1 0  and i n  combina- 
t i o n  a s  high a s  4 0 .  Such ins tances  a r e  not  su rp r i s ing .  In  f a c t  
it i s  expected t h a t  a t t e n t i o n  t o  e f f i c i e n c y  w i l l  be a  continuing 
maintenance a c t i v i t y .  

Convenience 

Needs of a n a l y s t s  i n  organizing input  da t a ,  i n  successive 
manipulations of incremental  s o l u t i o n s ,  and i n  the production 
of p l o t s  a r e  a s  mutable a s  s lang i n  a modern language. Dissa t -  
i s f a c t i o n  wi th  an e x i s t i n g  method o f  t r e a t i n g  a s i t u a t i o n  i s  
no cause f o r  abandoning a  maintainable program i n  favor  of the  
development of a  new program. The very word maintainable 
implies t h a t  replacements a r e  poss ib le  and economically f e a s i b l e .  

Using NASTRAN as an example aga in ,  a  bas i c  po l i cy  was 
decreed towards genera t ion  of input  d a t a .  The format o f  bulk 
da ta  input  was t o  be  a s  convenient ye t  general  as poss ib l e .  
On the  o the r  hand automatic generat ion of input  d a t a  was not 
t o  be made p a r t  of the  bas i c  program. Generator programs were 
t o  be a u x i l l i a r y  and sepa ra t e .  The r a t i o n a l e  behind t h i s  po l i cy  
was an attempt t o  keep th ings  manageable. NASTRAN was a s i zeab le  
t a s k  t o  manage without having t o  burden it with d a t a  processors .  
More important ,  however, was the  prospect  t h a t  small generator  

were expected t o  spr ing  up f r equen t ly  and would very 
l i k e l y  have shor t  l i v e s .  Rather than incorporate  these  programs 
i n t o  the  mainbody of NASTRAN and r e q u i r e  a l i n k  e d i t i n g  of t h e  



overlay s t r u c t u r e  every time one of them became supplanted,  
i t  appeared much more l o g i c a l  t o  r equ i re  these  generator  pro-  
grams t o  be  d i s t i n c t  e n t i t i e s  t h a t  would be simple t o  opera te .  

I 

Returning t o  t h e  t o p i c  o f  convenience wi th in  t h e  program, 
the re  has been a  recent  r a s h  of improvements i n  d i agnos t i c s .  
A major r ev i s ion  of  curve p l o t t i n g  has been proposed t o  give 
more v e r s a t i l i t y  . A modif icat ion t o  t h e  eigenvalue r i g i d  
format t o  al low mul t ip l e  subcases f o r  boundary value changes 
has been put  forward. A l l  such convenience f e a t u r e s  and s e r -  
v i ce  code a r e  r e a d i l y  implementable because of the modular nature  
o f  NASTRAN. Constant a t t e n t i o n  t o  items o f  convenience w i l l  
br ing about remarkable s t reaml in ing .  

Hopefully, it has been demonstrated t h a t  a  l a r g e  general  
purpose program l i k e  NASTRAN i s  maintainable i n  each of the  
ca t egor i e s  deemed important.  Thus it should be poss ib le  t o  
s t a y  ab reas t  of t h e  s t a t e - o f - t h e - a r t s  by cont inua l  enhancement 
o f  a maintainable program without having t o  r e c r e a t e  e n t i r e l y  
new programs a s  technology advances. 

BENEFITS 

One of the  s t ronges t  arguments t o  i n h i b i t  dup l i ca t ion  of 
e f f o r t  i s  t h e  amount of d i r e c t  bene f i t  t h a t  would be  der ived.  
The argument i s  based on t h e  assumption t h a t  finite element 
s t r u c t u r a l  a n a l y s i s  i s  needed and t h a t  t he  many d i f f e r e n t  
organiza t ions  which do ana lys i s  would have access t o  the  gen- 
e r a l l y  accepted programs. 

The f i r s t  b e n e f i t  would be i n  communication. Engineers 
working on the  same mission and doing a n a l y s i s  with the  same 
program can feed da ta  between each o the r  i n  s i t u a t i o n s  where 
one ana lys i s  needs t o  have information suppl ied from seve ra l  
sources .  An example of t h i s  would be  a v i b r a t i o n  ana lys i s  o f  
a  space mission launch conf igura t ion .  The v i b r a t i o n  ana lys t  
could draw on a n a l y s t s  who had used the  common program t o  study 
t h e  rocke t ,  t h e  spacec ra f t ,  the shroud, and the experiments 
mounted wi th in  the spacec ra f t .  Models of each o f  these  com- 
ponents could a l ready  have been on magnetic tape.  The v i b r a -  
t i o n  ana lys t  need only read the  s t r u c t u r a l  modelling data from 
the  tape r e s u l t i n g  from each p o r t i o n  of t h e  launch configura-  
t i o n  and add a few con t ro l  cards  t o  h i s  computer run t o  do an 
ana lys i s  f o r  f ind ing  the  important f requencies  and mode shapes 
o f  t he  e n t i r e  s t r u c t u r e  a t  launch. To make th ings  go smoothly 
it would be wel l  t o  a n t i c i p a t e  such an o v e r a l l  ana lys i s  so 
t h a t  the  i n t e r f a c e  compa t ib i l i t y  condi t ions  could be  provided 
f o r  i n  advance of the  f i n a l  ana lys i s .  General Purpose programs 
which a r e  adaptable  t o  many computers can provide t h i s  communi- 
ca t ion  veh ic l e .  



I 

The second b e n e f i t  would be cos t  savings.  B i g ,  general  
purpose, f i n i t e  element programs a r e  expensive t o  bu i ld  and 
t o  maintain.  Rather than have each organiza t ion  t h a t  does 
ana lys i s  bear the  c o s t  of developing i t s  own f i n i t e  element 
program and continue t o  pay f o r  maintenance, a  well  subsidized,  
s i n g l e  development and maintenance e f f o r t  t o  provide a  pro-  
gram t h a t  meets the  requirements o f  t he  ind iv idua l  organiza-  
t i o n s ,  would suppress the  unnecessary dup l i ca t ion  of expense. 
There can be an obverse t o  t h i s  expense p i c t u r e  i n  t h a t  organ- 
i z a t i o n s  can save t h e i r  fe l low organiza t ions  new development 
c o s t s .  Consider the  s i t u a t i o n  i n  which a  program i n  wide use 
has a  published program of planned enhancement. Consider a l s o  
an organiza t ion  that has need of a  c a p a b i l i t y  e a r l i e r  than it 
i s  scheduled i n  the  enhancement plan.  If t h i s  organiza t ion  
were t o  a c c e l e r a t e  t h e  development of t h e  sub jec t  c a p a b i l i t y  
by doing i t  o r  paying t o  have i t  done i n  time f o r  i t s  own use,  
t h i s  c o s t  could be amortized aga ins t  t h e  budget f o r  the  miss ion-  
needing t h e  ana lys i s .  This added c a p a b i l i t y  could then be 
donated t o  t h e  general  program f o r  d i s t r i b u t i o n  t o  a l l  users,  
thus  f r e e i n g  funds,  earmarked f o r  t h i s  p a r t i c u l a r  c a p a b i l i t y ,  
t o  be reassigned t o  augment some o the r  f a c e t  of the  program. 

The t h i r d  b e n e f i t  would be the  r ap id  disseminat ion of 
advancements i n  a n a l y t i c a l  t o o l s .  Many a c t i v e  program devel-  
opers might consider t h i s  disseminat ion a  handicap r a t h e r  than 
a b e n e f i t .  Let me frame t h e  argument f o r  disseminat ion on 
t h e  bas i s  of  what our Ad Hoc Group found when it canvassed 
the  aerospace indus t ry  i n  1964. Most programs were p ropr i e t a ry  
i n  1964 and each company was anxious t o  hoard i t s  advantage. 
As a r e s u l t  each company's program had some remarkably a t t r a c -  
t i v e  f e a t u r e s ,  but each a l s o  had a  g r e a t  many d e f e c t s ,  consid- 
e r ing  a l l  t h r e e  d i s c i p l i n e s .  The whole aerospace indus t ry  
suf fe red  from analyses  not being up t o  t h e i r  f u l l  p o t e n t i a l ,  
because of mismatches w i t h i n  these  programs. No doubt t h e  paos- 
pec t  of a  t echn ica l  advantage was a  spur t o  some of t h e  advance- 
ments t h a t  were made i n  t h a t  per iod.  I n  the  f u t u r e  we should 
tu rn  to  o ther  spurs  t o  s t imula t e  t echn ica l  break-throughs. 
Nineteenth century Europe awarded p r i z e s  and o the r  p r e s t i g i o u s  
recogni t ions .  Poss ib ly  the honor assoc ia ted  with  such awards 
from t h e i r  peers  would i n s p i r e  men t o  equal or  more l o f t y  pur-  
s u i t s  than before .  The po in t  t o  be made here i s  t h a t  dissem- 
ina t ion  of the l a t e s t  f i n i t e  element a n a l y s i s  c a p a b i l i t y  
b e n e f i t s  no t  j u s t  aerospace,  but machinery, automotive and 
bui lding segments o f  the  s t r u c t u r e s  community. I t  w i l l  l i f t  
the  c a l i b r e  of a n a l y t i c a l  determinat ions  w i t h  the u l t ima te  e f f e c t  
o f  r a i s i n g  the  s t a t u r e  of our profess ion .  

I f  I have been persuasive on t h e  mer i t s  of reducing pro- 
l i f e r a t i o n ,  it w i l l  e s t a b l i s h  a  credo f o r  u s ,  b u t  i t  f a l l s  sho r t  
of how t o  put  t h e  credo i n t o  p r a c t i c e .  Our problem i s  s imi l a r  



to the practice of eugenics. We know that we want to preserve 
and promote only the best. But, who does the choosing? Who 
declares what is worthy and what shall be expended? To give 
the problem even more reality, here in alphabetical order by 
organization are the important, extant finite element programs: 

Organization Program Name 

Bell Aerosystems Co. MAGIC 
COSMIC 

Boeing Co. SAMECS 
ASTRA 

Brown University Pedro Marcalts Experimental Program 
University of California Wilson Code 
Control Data Corp ./MRI Stardyne 
Convair/San Diego DYNES 
Cornell University Dick Gallagher's Experimental 

Program 
Douglas Aircraft Co. DEMON 
General Electric Cs. MASS 
Grumman ASTUL 
Jet Propulsion Laboratory 

University of Liege 
{:ES 
F. DeVuebeckes' Experimental 

Program 
Lockheed Aircraft Co. {EE 
Marshall Space Flight Center SNAP 
Martin Co. 
Massachusetts Inst. of Tech. Ted Pian's Experimental Program 

ICES/STRUDL 
National Aeronautics 4 Space 
Administration 

CBos8 
NASTRAN 

University of Stuttgart AS KA 
University of Wales Olgierd Zinkiewicz's Experimental 

Program 
Wright-Patterson Air Force Base FORMAT 

There is a fear that if government programs are among the ones 
chosen to be promoted, the free enterprise system will be 
threatened, industry w-ill be bullied by government dictator- 
ship, and the government will dominate all of the developmental 
activity and leave industry on the sidelines as spectators. I 
can only speak for NASA in trying to assuage your fears. An 
attitude that has been expressed at NASA Headquarters has urged 
that NASA should not force anyone to use NASTRAN. The attitude 
is that if NASTRAN is a good program, people will use it volun- 
tarily; if it is not, people will disregard it. 



I I will let our host the NASTRAN System Management Office 
(NSMO) at Langley Research Center speak for themselves, but I 
have their assurance that they want to see active competition in 
future NASTRAN improvements. After all, in the six years since 
the design was set until today when long range maintenance has 
begun, there have been steady technological st~ides made that 
have inevitably invalidated some of the NASTRAN code. There 
is a need for reworking a sufficient number of modules and 
routines that there is room for all to compete and contribute. 
In fact the spirit in which NSMO was set up was very much in 
the spirit of partnership between government and industry that 
pertained in the old NACA days. In this spirit Dick Martin of 

1 

Convair/San Diego several years ago expressed an industry opinion 
to me that is distinctly in this partnership vein. He said, 
"At first I was opposed to government incursion into the indus- 
try province of analysis program development. The longer I 
reflected however, the more I began to realize that there is a 
proper role for government here. The quantity of analytical 
routines that have achieved competence is so great today com- 
pared to several years ago that the cost of developing these 
big, general purpose finite element programs is so great that 
individual companies can no longer afford to write their own pro- 
grams. I think it is a proper role for government to shoulder 
the cost and responsibility for our modern finite element pro- 
grams and serve all industry with such up-to-date analytical 
tools. It doesn't make sense any more for everyone to go his own 
separate way. I personally endorse what you are doing in the 
NASTRAN pro j ect . " 

I have somewhat begged the question by a tangential excur- 
sion into government programs. To get back, regardless of 
which are chosen, the method of how we should practice our com- 
puter program eugenics is the knotty question. I would suggest 
a committee. Horrors, some are no doubt saying. I developed 
a confidence in decision by committee after my experience with 
the dedicated, hard work that the NASA Ad Hoc Group on Computer 
Methods in Structural Analysis did over the years. A committee 
with representatives from the finite element community includ- 
ing government, industry, and universities should set up criteria I 

of suitable program maintainability, solution commensurability, 
user convenience, and machine independence that a program should 
have to be recognized as maintenance-worthy. A criterion is 
also needed for an acceptable rate of modernization with respect 
to the rate of state-of-the-arts advancement f o r  budgetary pur- 
poses. Finally, a criterion is needed for obsolescence of analysis 
state-of-the-arts compared to synthesis state-of-the-arts so 
that there won't be an unnecessary commitment of maintenance 
to a pass6 discipline. 



Once the committee has promulgated !its s e t  o f  c r i t e r i a ,  
then t h a t  committee should s c r u t i n i z e  a l l  e x t a n t  f i n i t e  element 
programs t o  determine which o f  them q u a l i f y  a s  main ta inab le .  
If t h e s e  f i n d i n g s  r e c e i v e  gene ra l  a c c e p t a b i l i t y  by a l l  segments 
o f  t h e  a n a l y t i c a l  community t h a t  a r e  concerned t hen  the  r eqa in -  
i ng  t a s k  i s  t o  o b t a i n  a s o l i d  commitment from a r e l i a b l e  source  
t o  s u b s i d i z e  t h e  maintenance a c t i v i t y  - w i t h  t h e  p a r t i c i p a t i o n  
of an adv i so ry  group,  o f  course .  

I t  could  very we l l  be t h a t  a more sage approach t o  t h e  whole 
t o p i c  of p r o l i f e r a t i o n  of  programs may be t o  l e t  na ture  t ake  
i t s  course .  There could ve ry  we l l  be a law of  n a t u r a l  s e l e c t i o n  
a t  work which should be allowed t o  work. Those programs which 
become ou tda t ed  f o r  l a c k  of  maintenance ( f o r  whatever reason)  
might n a t u r a l l y  be ignored by a n a l y s t s  and on ly  t hose  t h a t  
s a t i s f y  t h e  con t inu ing  needs would su rv ive .  

CONCLUSION 

There i s  one fundamental p r ecep t  f o r  which I would p lead .  
So long as t h e r e  i s  no r e v o l u t i o n a r y  break- through i n  computer 
technology;  t h e r e  a r e  enough good, main ta inab le  programs i n  
e x i s t e n c e  today  t o  v i t i a t e  a g a i n s t  t h e  i naugu ra t i on  o f  any new 
programs. P r o l i f e r a t i o n  should subs ide  as the number of  p ro-  
grams t ha t  a r e  p r o p e r l y  mainta ined reduce t o  a v igorous  few. 
P r o l i f e r a t i o n  impedes t h e  b e n e f i t s  o f  good communication, econ- 
omy, and d i s s emina t i on  which can be de r ived  from main ta in ing  
a small number o f  programs. Before any o f  t o d a y ' s  programs a re  
r e t i r e d ,  however, t h e r e  should be a concensus w i th in  t h e  p ro-  
f e s s i o n  as t o  how b e s t  t o  proceed i n  t h e  f u t u r e .  




