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In Paper No. 7 entitled "Some Applications of NASTRAN to the Buckling of Thin 
Cylindrical Shells With Cutouts" by J e r r y  G. Williams and James H. Starnes, Jr., the 
following pages should be corrected: 

Page 82, line 27: Change "eight circumferential , . ," to "sixteen circumferential . , , 

Page 89, table 11: In third column, change "same as case 5'' to "same as case 4" for 

I t  

cases 6 and 7. 

Page 93, figure 4: 

Page 95, figure 6: 

Model A should not contain a cutout. 

For Model D (clamped case 11, with two holes, 0.91 m X 0.69 m), the 
magnitude P/Pref. should be 0.905. 

Page 97, figure 8: Sublegends should read 
(a) Model C. 

(b) Model D. 
arid 
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NASTRAB: USERS' MPERmCES 

Compendium of papers prepared for t h e  Second NASTRAN Users' Colloquium 

September 11-12, 1972 

NASA Langley Research Center 

FOREWORD 

NASTRAN (NASA I -  STRUCTURAL ANALYSIS) has been available t o  t he  public since 
l a t e  i n  1970. A s  a large,  compehensive, nonproprietary, general purpose, 
f i n i t e  element computer system for s t ruc tu ra l  analysis,  NASTRAN is  finding 
widespread acceptance within NASA, other government agencies, and industry. 

NASTRAN i s  avai lable  to t he  public at  a cost  of $1,790, which covers 
reproducing and supplying the  necessary system tapes. Furthermore, NASA 
has provided for t he  continuing maintenance and improvement of NASTRAN through 
the  establis'hment of a NASTM Systems Management Office located a t  the  
Langley Research Center. At present, NASTRAN i s  i n  use at  over 100 locations, 
including NASA centers, other government agencies, industry, and commercial 
computer data centers. 

Because of t he  widespread in t e re s t  i n  NASTM and because of a desire  to 
b e t t e r  serve the  community of N A S T M  users,  t h e  NASTRAN System Management 
Office organized the  Second NASTRAN Users' ColloquiWn at the  llasngley Research 
Center, September ll-l2, 1972. (The compendium of papers prepared for t he  
F i r s t  NAXTRAN Users' Colloquium held September 13-15, 1971 was  published as 
NASA TM X-2378.) 
cerned it?? opportujiity to par t ic ipa te  i n  a compehensive review of the  current 
s ta tus  of N A S T M  use, including the r a t e  of user acceptance, unique applica- 
t ions,  operational problems, most desired modifications including new c q a b i l -  
i t y ,  and comparisons with other arnl icat ions programs. 

The colloquium was  planned to provide t o  evervone con- 

Individuals act ively engaged in  the  use of NASTRANwere invi ted t o  pre- 
pare pzpers f o r  mesentat ion %t the  cdloquium, 
t h i s  wlume. 
ably consisteat  format and content. 
responsibi l i ty  of the  zuthors and their  respective orgaaizations . 

These pzpers a re  included i n  
Only a l imited e d i t o r i a l  review was  provided to achieve reason- 

The q i n i o n s  acd data presented ar.p, the  

J, P. Raney, Head 
NASTRAN Systems Management Office 
Langle;jr Research Ceiiter 
Hawton, Va. 23363 
September 1972 
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NASTRAN: A PROGRESS REPORT 

By J. Phi l ip  Raney and Deene J. Weidman 
NASA, Langley Research Center 

INTRODUCTION 

During the  in t e rva l  since the  f irst  NASTRAN Users' Colloquium September 

A t  t he  present time N A S T M  i s  ins ta l led  on over 100 computers. 
13-15, 1971 ( re f .  l), t he  number of NASTRAJY users has increased by about 
50 percent. 
Government users include, i n  addition to NASA centers, DOD, DOT, and the  AEC. 
Users i n  the  pr ivate  sector include most aerospace firms, the automotive 
industry, a rch i tec tura l  engineers, and those who use NASTRAN a t  computer data 
centers. A p a r t i a l  sampling of some in te res t ing  domestic NASTRAN applications 
i s  included i n  a NASTRAN benefi ts  study which was conducted for the  Office 
of Technology Uti l izat ion,  NASA Headquarters ( r e f .  2 ) .  On the internat ional  
scene I U S T W  has been made available by American firms a t  computer data 
centers world wide. 
from firms i n  nearly every West European country, Japan, and I s r ae l .  

NSMO has received expressions of i n t e re s t  i n  NASTRAN 

The purpose of t h i s  report i s  to inform NASTRAN users of s ignif icant  
NASTRAN-related events of  the past  year, to describe the  present operation 
o f  t he  N A S T M  Systems Management Office (NSMO), to discuss the new capabili- 
t i e s  and improvements incorporated i n  Level 15 of NASTW, and t o  discuss 
p r i o r i t i e s  for f i t u r e  levels  of  NASTRAN. 

S I G N I F ' I C m  MIUSTONES 

October 1971-September 1972 

Four a c t i v i t i e s  seem worthy of discussion as  s ignif icant  milestones: 
the  NASTRAN Newsletter, the  SPR Log, the  generation of Level 15, and the 2nd 
NASTRAN Users' Colloquium including a NASA-Industry Working Session. 

Newsletter 

The first NASTM Newsletter was published August 20, 1971. Subsequent 
Newsletters w e r e  published December 7, Syi'l, March 13 and July 20, 1972. A 
var ie ty  of topics i s  normally included under NSMO Communications. Other 
items o f  user interest discussed i n  these Newsletters have included Level 15 
Announcements, NASTRAN Publications, Level 12 Errors, DMAP Programs, and 



i g id  Format Alter Packets. 
,000 copies. 

The Newsletter c i rculat ion i s  presently over 

sm 7;og 

A computerized data base of information f r o m  a l l  Software Problem Reports 
(SPR's) was created i n  February. 
Log 16 and was dis t r ibuted by NSMO to 21 organizations f o r  evaluation and corn- 
ment. b g  17 was generated i n  March and was sent to 16 additional organizations 
and t o  COSMIC f o r  m r t h e r  dis t r ibut ion.  
presently available f r o m  COSMIC. 
The f i r s t  par t  i s  an alphabetical sort of the NASTRAN module i n  which the 
error  was discovered. This i s  a br ie f  l i s t i n g  and should be used as an index 
to the  second par t  which i s  a l i s t i n g  by assigned SPR number and includes a 
complete description of the error  and i t s  present s ta tus .  
t h i rd  l i s t i n g  i s  included which lists by SPR number the Level I 2  errors  tha t  
have been corrected i n  Level 15. 

The f i r s t  released SPR Log was designated 

Log 19 was generated in July and i s  
SPR Logs 16 and 17 consist of two par t s .  

In  SPR b g  19 a 

The SPR Log i s  a valuable reference for any NASTRAN user group. It 
provides a rapid assessment of a l l  previously reported errors  i n  any NASTRAN 
module . 

Level 15 

The generation of Level15 posed several formidable problems. Certain 
new capabi l i ty  and improvements which had been developed by the  MacNeal- 
Schwendler Corporation (MSC) i n  t h e i r  Level 11-based NASTRAN were scheduled 
to be incorporated i n  Level 15. 
ments, heat t ransfer  capabili ty and several others. A contractural  require- 
ment s ta ted tha t  Level 15 would be b u i l t  from MCISA's Level 14 which was 
generated by the interim maintenance contractor, Computer Sciences Corporation 
(CSC), from Levels I 2  and 13. 
reproducible fashion and t o  r e t a in  a l l  error  corrections made by CSC i n  Level 
14, the  corresponding decks of both the MSC system and Level 14 were compared 
and the differences analyzed. 
common to both systems were first compared l i n e  f o r  l i n e  using a special  purpose 
computer program. 
comparison showed perfect coincidence of the two decks. 
comparison e f fo r t  resulted i n  changes to 307 decks from Level 14 and 370 decks 
from the MSC system. The remaining 222 decks were t o t a l l y  new design FORTRAN 
decks o r  were machine dependent and were not d i r ec t ly  compared l i ne  fo r  l ine .  
O f  these, 125 decks were new additions from the MSC system, and 97 decks had 
been ed i n  both systems. For these decks the arduous task of hand 
compa was performed. After thorough analysis and discussion, dec 
were made which preserved nearly a l l  previous error  corrections and ass 
tha t  the new 
15 archive system was generated i n  May and incorporated a l l  error  corrections 

These included a new GINO, efficiency improve- 

I n  order to build Level 15 Ln a systematic, 

O f  a t o t a l  of 939 decks 717 FORTXAN decks 

Either the Level 14 or the  MXC deck was modified u n t i l  a 
This computerized 

s would be f ree  from previously reported errors .  The Level 
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which had been made by March 31. 
was  shipped to COSMIC ear ly  i n  July. 

The completed code for  each machine version 

Level 15 documentation was  a pacing item throughout the  year. The cmera- 
ready m a t s  were finished f o r  the  Theoretical Manual SP-221(01) i n  mid-April, 
f o r  the User's Manual SP-222(01) i n  mid-June, f o r  t he  Demonstration Manual 
SP-224(01) i n  mid-June, and for  t he  Programmer's Manual SP-223(01) i n  ear ly  
September. 
manuals to persons ordering Level15 u n t i l  t he  L e v e l l 5  manuals became 
available.  

COSMIC agreed t o  provide compljmentary copies of the Level12 

Pre-release copies of Level 15 were made available i n  June to selected 
NASA centers and industry on the bas i s  t ha t  evaluation reports would be 
returned to NXMO i n  a timely manner and thus preclude the  poss ib i l i t y  of 
serious undiscovered e r rors  exis t ing i n  Level 15 when released through COSMIC. 
Some errors  t ha t  were discovered through pre-release t e s t ing  have already been 
reported i n  t h e  Newsletter and included i n  the SPR b g .  

1972 USERS' COLLOQuruM 

The 2nd N A S T M  Users' Colloquium was held a t  the Langley Research 
Papers were selected on the  basis  of abstracts  

This wlume contains a col lect ion of the 
Center September 11-12. 
received by NSMO by April 17. 
papers presented a t  the  Colloquium. 

An industry working session with representatives from several  aerospace 
firms was held on the  morning of t he  13th. The purpose of t h i s  session was 
t o  provide the  par t ic ipants  with an opportunity to formally apprise NSMO of 
t h e i r  l i s t  of most needed NASTRAN improvements and new capabi l i t ies .  

NSMO ACTIVITIES 

The NSMO staff presently includes the following persons: 

J. P. Raney, Head 
D. J. Weidman 
J. E. Walz 
H. M. Adelman 
J. L. Rogers, Jr. 
Sylvia Harris, Secretary 

The major areas of a c t i v i t y  of NSMO s t a f f  menibers include user com- 
munications, maintenance fbnctions, development and in s t a l l a t ion  of new 
capabi l i t i es .  

3 



Use 

One of the  
man  level of ef 
of  NASTRAN. A t  
s ix ways : 

: 
and also semes on NAxAts NASTRAN Advisory 

NSMO is  represented on the  N a v y r s  NASTRAN 

Group (NAG), 
a re  a lso being made. 

Newsletter: 
r a t e  of about once every four months, The Newsletter provides a means 
of  timely contact with NASTRAN users informing them of all m i n t e n a c e  
a c t i v i t i e s  and should be issued every two months. 

Efforts t o  achieve a working interface with industry 

The NASTRAPT Newsletter has been published by NSMO a t  a 

NAXTW Users' Colloqquia: An annual colloqyium prov5des a unique 
opportunity f o r  users to shwe t h e i r  experiences and evaluation 
of the  NASTW system. 

Talks and Papers: 
and gave numerous presentations to groups at Langley a d  elsewhere, 

h s t  year the  NSMO staff presented three papers 

SPR Log: 
essent ia l  as a guide to known errors  i n  NASTW and can be used t o  
ident i fy  and avoid poten t ia l  p i t f a l l s  i n  previously untried applications 
or solution paths, 

The SPR bg, a spinoff o f  the maintenance ac t iv i ty ,  i s  

Telephone: 
and, therefore, i s  i n  c o n s t a t  use. Telephone consultations alone 
account f o r  most af the time devoted t o  user comunications, 

The telephone i s  an expedient means of cornmicat ien 

Maintenance 

The maintenance ac t iv i ty  currently requires a n e a r u t w o  m a n  level of 
e f fo r t  on the pa r t  o f  NSMO. 
ment schedules and work p r i o r i t i e s  ranging f o r  government W n i s h e d  
computers a re  important aspects of 

Monitoring the maintenance contractor, establish- 

intenance ac t iv i ty ,  

Initial sere ne by NSMO. NSMO receives an average 
of about 10 t o  I 2  h. After an emlut ion,  

or ,  a number and p r io r  
ered t o  the maintenance 

enance of the  N A S T M  maua,ls i s  performed jo in t ly  by NSMO and the 
maintenance contractor. Two edi tors  have been assigned t o  each mam~al. - an 

4 



NSMO ed i tor  and a contractor editor.  
proved t o  be qui te  extensive because of many modifications and the  addition 
of new capabi l i ty  incorporated i n  t h i s  new l eve l  of NASTRAN. 
decided t o  p r i n t  new manuals ra ther  than attempting t o  issue updates t o  the  
exis t ing Level 12 documentation. Documentation was the pacing i t e m  of work 
i n  the  preparation of Level 15. NSMO hopes t o  devote a continuous high l eve l  
o f  e f fo r t  t o  NASTRAN documentation requirements and thereby eliminate a major 
peaking of t h i s  a c t i v i t y  during the  generation o f  l a t e r  leve ls  of  NASTRAN. 

Changes of t he  manuals f o r  Level 15 

It was therefore 

New Capability 

The select ion and development of  new capabi l i ty  a lso accounts for  an 
expenditure of about a two m a n  level-of-effort .  In  addition t o  monitoring 
contracts fo r  the addition of so l id  isoparametric elements and or" a family 
of l i n e a r  s t r a in  elements, NSMO i s  in s t a l l i ng  inhouse a new isoparametric 
quadri la teral  membrane element. 
included i n  t h i s  volume. 
new capabi l i ty  (including efficiency improvements ) and to interface with the  
proposers of new capabi l i ty  fo r  NASTM.  

A paper which describes t h i s  element i s  
Significant time i s  required t o  evaluate and define 

LEVEL 15 
A Comparison With Level 12 

The improvements and modif9cations t o  Level12 tha t  led t o  the  generation 
of Leve l l ?  generally may be described as  providing functional capabi l i t i es ,  or 
efficiency kprovements, or user conveniences. The more s ignif icant  of these 
a re  summarized below. A s ignif icant  e f fo r t  was  a lso made t o  correct as  many 
serious program errors  as  possible.  

Functional Capabili t ies 

1. Dummy s t ruc tu ra l  elements - Provision has been made fo r  dummy 
s t ruc tu ra l  elements t o  allow the  user t o  investigate new s t ruc tu ra l  
elements with a minimum of d i f f i cu l ty .  
t he  user t o  generate the  code fo r  the element matrices, and the  
procedures a re  such tha t  a knowledge of Fortran i s  suff ic ient  
t o  accomplish the task of inser t ing a new element on a t r i a l  basis .  
These elements a re  s t i l l  r e s t r i c t ed  t o  the  six degrees of  freedom 
currently i n  NASTRAN, 

It i s  only necessary f o r  

2. Substructuring - Substructuring procedures have been developed for 
both s t a t i c  and dy~~amic analysis.  
vided i n  Level I 2  were used i n  the  development of the  substructuring 
procedures. Two new modules (INPUTT1 and OUTPUTS) were developed to  
provide the capabili ty f o r  writing matrices on tape and reading 

The basic  matrix operations pro- 
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matrices from tape i n  W T R A N  format. 
modules were rewrit ten for  improved efficiency and capabili ty.  
present,  an auxi l l ia ry  program PARTKEC i s  used t o  generate par t i t ion ing  
vectors. 

Also, the  PARTN and MERGE 
A t  

3 .  Solid polyhedra elements - The basic  sol id  polyhedron element i s  the  
tetrahedron analyzed fo r  constant s t r a i n  and uniform isotropic  
materials.  
dron elements, and are  also elementary constant s t r a i n  elements. 

The wedge and hexahedron are  assembled from basic tetrahe- 

4. Heat t ransfer  - Linear steady-state heat t ransfer  analysis has been 
added. 
separate analysis to determine temperatures or to determine tempera- 
tu re  inputs to be used i n  a l a t e r  r u n  f o r  s t ruc tu ra l  problems. 

The NASTW heat flow capabi l i ty  may be used e i the r  as  a 

5 .  Acoustic analysis - This application includes the  calculation of the 
vibration modes of a compressible f lu id  i n  cavi t ies  with slots. 

Compressible f lu ids  i n  axisymmetric tanks - Compressibility of the  
f l u i d  and the  e f fec ts  of gravity on a f r ee  surface a re  both included 
i n  the  formulation, as  w e l l  as  consideration of the  e l a s t i c i t y  of the 
tank wall. 

6 .  

7. hproved d i f f e r e n t i a l  s t i f fnes s  f o r  p l a t e  elements - An improved 
formulation of the d i f f e ren t i a l  s t i f fnes s  fo r  p l a t e  elements has 
reduced %ne error  fo r  buckling analysis to l e s s  than 10 percent 
with two elements per half’wave. 

8 .  Thermal bending - Provision has been made to include thermal bendkg 
moments created by the  presence of thermal gradients i n  bars and p l a t e  
elements . 

Efficiency hprovements 

A number of important improvements i n  efficiency have been made i n  
Level 15. 

1. General input/output routines (GINO) - Many improvements were made i n  
the  efficiency of this  machine-dependent routine. 
version of GINO was completely replaced with an assembly language 
routine, which also assumes the  task of managing the  secondary storage 
space on the  disc  storage files. 

The IBM FORTRAN 

2. Matrix packing - The logic  of the matrix packing routine was sub- 
s t a n t i a l l y  revised, and t h e  CDC and IBM versions were replacedwikh 
assembly language routines f o r  efficiency. 

Multiply/add (MPYAD) - The inner loops of a l l  multiply/add routines 
were rewrit ten i n  assembly language for  a l l  three machines for  

3 .  
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improved efficiency. 
2 )  was completely p&tten* 

Single precision - Most of the  matrix operation routines on the CDC 
machine were revised t o  use only single-precision arithmetic. Some 
key operations s t i l l  remain i n  double precision, and may be converted 
later. 

In  addition, the  sparse matrix routine (Method 

4. 

5 .  Eigenvalue extraction - Improved sh i f t  decision logic  and symmetric 
decomposition i s  now used i n  the  inverse power method of eigenvalue 
extract  ion. 

6 .  Frequency response - The use of symmetric decompositions and symmetric 
equation solution routines i s  available on an optional basis i n  the  
solution of  frequency response problems. 

7. Equation solution - The inner loops of t h e  equation solution routines 
have been rewrit ten f o r  improved efficiency. 

A tabulation of the  execution (CPU) times f o r  the NASTRAN demonstration 
problems f o r  both Levels 12 and 19 which indicates the  areas of greatest  
improvement i n  efficiency i s  given i n  the Appendix. 

U s e r  Conveniences 

1. Diagnostic output - A number of new types of diagnostic output have 
been provided as  indicated i n  the following p a r t i a l  l i s t .  

DIAG 8 - Pr in t  the s ize ,  form, type, and density o f  matrices as  
they are  formed. 

DUG 13 - Pr in t  the amount of working storage available for  each 
module . 

DIAG 14 - Pr in t  the r ig id  format fo r  a l l  nonrestart runs. 

DIAG 16 - Pr in t  de t a i l s  of the  i t e r a t i o n  steps fo r  t he  r ea l  
inverse power method of eigenvalue extraction. 

User tapes - Two new modules (OUTPUT2 and IlWUTT2) have been provided 
to allow the  user  to  read information from tapes tha t  have been 
wri t ten with external FORTRAN programs and t o  wri te  information on 
tapes inside of NASTRAN t h a t  can be read by external  FORTRAN 
programs. 
other programs. 

Par t i t ioning matrices - Two new modules (VEC and WARTN) have been 
provided t o  make it more convenient f o r  the user t o  pa r t i t i on  matrices 
i n  terms of the  s e t  notation tha t  i s  used in te rna l ly  i n  NASTRAN. 

2. 

This provides an important interface between NASTRAN and 

3 .  
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4. 

5 .  

6 .  

intermixed characters on a card. 

PRIORITIES FOR FUTURE 
I;EvELS OF NASTRAN 

A new l eve l  of NASTRAN i s  generated when the bookkeeping associated with 
error  corrections, system improvements, and new capabili ty becomes excessive. 
At the present time well-defined plans for  f'uture release of NASTW include an 
intermediate version of  Level 15 (Level 15 1/2) with major new capabili ty,  and 
Level 16. 

Level 15 1/2 - January 1973 

1. Complete Heat Transfer allows for  analysis of  steady s t a t e  and t ransient  
heat t ransfer .  Inputs include convection, conduction, and radiation. 

2. Fully Stressed Design Module automatically s izes  the ROD, BAR, TRMEM, 
QDMEM, TRPLT, WPLT, TRIAL, QUAD1, TRW, and QUAD2 elements to 
provide maximum s t r e s s  i n  each element. 

3 .  Space Shuttle Improvments which include gr id  point force balance 
information and output of the element forces fo r  the  element l i s t e d  
under the F u l l  Stressed Design Module. 

4. Error Corrections 

Level 16 - June 1973 

1. 

2 .  

3 .  

4. 

5 .  

6 .  

Solid Isoparanetric Elements developed by Universal Analytics, Inc. 

ed by Bel l  Aerospace Company. 

Ektensive Efficiency Imp rovement s 

Error  Corrections 

Planning fo r  
cer ta in  tha t  at l e a s t  a major update of Level 16 w i l l  occur before July 1, 1973. 

1974 has only recently commenced; however, it appears reasonably 
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The NASTRAN Systems Management Office has operated over t he  last  year 
with a staff of five professionals who divide t h e i r  time between user comunica- 
t ions,  maintenance, and new capabili ty.  Accomplishments of i n t e re s t  t o  NASTBAN 
users have included publishing four Newsletters, d i s t r ibu t ion  of the  new SFR 
Log, generation of Level 15, and organizing the  2nd NASTXAN Users' Colloquium. 
During Fy '73 a major update of Level 15 i s  planned to  incorporate a complete 
heat t ransfer  capabili ty.  Level 16 i s  targeted t o  be released in June and 
w i l l  include major efficiency enhanceaents and new l i n e a r  strain and so l id  
i soparametric elements . 
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WTRAN: DISSEMINATION EXPElU3NCES 

A1M, USER BENEFITS 

By Joseph M. Carlson 
Technology U t i l i z a t i o n  Off ice  

NASA Headquarters 

It has long been contended i n  the  NASA technology t r a n s f e r  program t h a t  the  
a c t  of making computer programs openly ava i l ab le  t o  a l l  U.S. users  would be 
one of the most v i s i b l e  kinds of t r a n s f e r  a c t i v i t i e s  t h a t  we could undertake. 
This is because our o ther  e f f o r t s  tend t o  deal with technology and technica l  
information less e a s i l y  v i sua l i zed ,  less w e l l  packaged, and which o f t en  
requi res  the  aggregation of inputs  from many d i f f e r e n t  research f a c i l i t i e s  
and groups. 
aerospace technology to other  purposes f requent ly  c o n s t i t u t e s  a d i f f i c u l t  
investment decision: 
of the adaptive engineering is a d i f f i c u l t  analysis fo r  the user t o  perform. 
Computer programs, however, come i n  more c l e a r l y  defined packages; the  
elements of the package are usua l ly  a l l  physical ly  present  i n  the  same 
loca t ion ;  and the marginal c o s t s  of adapta t ion ,  while s t i l l  d i f f i c u l t  t o  
judge, seem t o  be r e l a t i v e l y  e a s i e r  t o  est imate  than i n  o ther  kinds of 
technology. 
ava i l ab le  would be a good investment of our l imi ted  resources.  

Likewise the  adaptat ion which is of ten  necessary to  convert 

the share of the  obtainable m a r k e t  compared t o  the cos t  

Thus, i t  has appeared t h a t  whatever we could do to make programs 

NASTRAN, of course,  is too l a r g e ,  s i g n i f i c a n t ,  and unique t o  j u s t i f y  a com- 
p l e t e  ex t rapola t ion  from it t o  our e n t i r e  program fo r  software t r ans fe r .  
However, it is  clear t h a t  i f  w e  can near ly  r e p l i c a t e  the  value t h a t  has 
accrued t o  NASTRAN users  i n  some other  s i t u a t i o n s ,  t he  software dissemination 
program w i l l  be  proven t o  be of g rea t  bene f i t  to the American economy. 

I n  the  p a s t  year ,  a preliminary survey w a s  conducted of the NASTRAN user 
community. 
ava i l ab le  f o r  less than two years: 

Br i e f ly ,  t he  study found t h a t  a f t e r  NASTRAN had been publ ic ly  

. quant i f ied  annual user  cost savings to t a l ed  a t  least $14.5 mi l l i on  

. new product development revenues t o  users  t o t a l e d  a t  least $5.65 

mil l ion  

The s ign i f i cance  of NASTRAN is indicated by the  following, as of  the t i m e  
of the study: 



. users  had spent  a t  least $1.732 mi l l i on  of t h e i r  own funds to  

develop new appl ica t ions  and modifications 

. at least 186 d i s c r e t e  appl ica t ions  had been developed 

. a t  least 667 persons,  pr imari ly  engineers,  were found t o  have 

used NASTRAN 

Applications have included the  design and ana lys i s  of :  

. a i r c r a f t  fuse lages ,  wings and t a i l  assemblies 

. automobile frames and other  motor vehic le  components 

. high speed r a i l r o a d  t racks  

. tu rb ine  blades 

. space vehic les  and r e l a t e d  launch f a c i l i t i e s  

. skyscrapers 

. he l i cop te r  blades 

. a s p o r t s  stadium r o o f ,  and many o thers  

The p a s t  year has been i n s t r u c t i v e  i n  t h a t  we have encountered sane new 
experiences with NASTRAN. 
n i f i c a n t  fore ign  i n t e r e s t  i n  the program, c e r t a i n l y  not  unique t o  NASTRAN 
but  amplified by i ts  except ional  value. 
reviews of our pol icy on foreign dissemination. The many problems i n  
se rv i c ing  the  program, borne pr imari ly  by the Langley NASTRAN Systems 
Management Off ice ,  and the  d i s t r i b u t i o n  problems encountered by COSMIC 
have been unusual because of the sheer  s i z e  of NASTRAN. The observation of 
how the  i n d u s t r i a l  community has r eac t ed ,  including the  a c t i v i t i e s  of s e rv i ce  
bureaus, l a rge  companies, u n i v e r s i t i e s ,  and en t reprenur ia l  groups,has been 
very in t e re s t ing .  We a n t i c i p a t e  t h a t  i f  we are ab le  t o  do another user 
s tudy,  about 18 months to  two years  a f t e r  the release of Level 15, t h i s  
complex user  i n t e r a c t i o n  and response w i l l  prove even more in t e re s t ing .  

These have included the  demonstration of s i g -  

This has contr ibuted t o  seve ra l  

I n  summary, i t  is now clear t h a t  the  economic and technica l  s ign i f icance  
of t he  publ ic  a v a i l a b i l i t y  of t h i s  new too l  is very l a rge  and pervasive,  
and goes a long way to make the  case f o r  Federal  computer software t r ans fe r  
programs. 
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TECNNICAL AND SOCIAL IMPACT 

OF NASTRAN 

Thomas G. Butler 

NASA Goddard Space Flight Center 

SUMMARY 

Some estimates are made as to the direction in which a new generation 

of general purpose applications programs can be expected to migrate. NASA 

has released its new general purpose structures program, NASTRAN (NASA 

STRuctwal ANalysis). Predictions are made as to the impacts that this newly 

available space technology is liable to have within the field of structural 

engineering and on the society in which it interacts. 

INTRODUCTION 

NASTRAN is the first of a new generation of general purpose application programs for 

individual disciplines. It was established for the discipline of structural analysis. There is 

a strong possibility that other disciplines can adapt the NASTRAN format for a general 

purpose approach to their problems, and it is therefore timely to discuss this topic in an 

open forum such as the NASTRAN Colloquium. - -  

The primary feature of NASTRAN as a general purpose management framework that 

should make it attractive for other disciplines is its freedom from semantic implications. It 

can manage a host of problem types without having the individual natures of these 

disciplines influence the logic of the management of the associated problems during the 

solution process on the computer. The basis for this statement will become apparent in 

the following discussion on characteristics. 



CHARACTERISTICS 

Computer Independence 

All interfacing between the problem solution (Functional) Modules and the computer 

operating system is confined to a small section of the program called the “Executive.” This 

allows the program to operate with and under the computer operating system. The Executive 

is organized about a central driver that stays resident in core. The central driver calls 

Executive Modules into core, consults a tape stored scheduler (called by the acronym 

OSCAR, which stands for Operating Sequence Control ARray) for the initiation of each 

module, and consults a file status table for peripheral service needs. The central driver also 

consults core resident tables that do the bookkeeping for file and core assignments and that 

contain the values or names of parameters, depending on whether they are constant or 

variable. These parameters either exert problem control or act as communication links 

between modules. The Executive Modules intercede for a Functional Module in invoking 

support from the operating system, such as reading and writing, or peripheral storage 

assignments. Naturally, some of these Executive Modules must be machine dependent, but 

these are a small fraction (about 1 percent) of the total program code so that there is a 

minimum of machine dependence. 

The other design feature that has contributed to machine independence is the almost 

exclusive writing of Functional Modules in FORTRAN and using FORTRAN wherever 

possible (bven in writing the machine-dependent Executive Modules). The FORTRAN 

language used was derived from the intersection of IBSYS FORTRAN IV, OS 360 FORTRAN 

IV, UNIVAC’s FORTRAN V, and CDC‘s FORTRAN. Certain exceptions were allowed, 

e.g., in the area of nonstandard returns. Hence an interpreter is needed to generate the 

source decks for the CDC 6600 from the basic library. 

The gross link/overlay design is essentially the same on each machine, but here again 

there are certain inherent uniquenesses that have to be accommodated. Thus for almost 

each computer model (not only for each computer manufacturer) there will be an individual 

strategy to build the architecture of the NASTRAN executable. The dimensions of 

NASTRAN level 15.0 are roughly 14 links wide with a depth of 7 levels of overlay in each 

link. To achieve seven levels of overlay on the 6000 class of CDC machines, a separate 

linkage editor/loader had to be written to replace that provided by the SCOPE operating system. 
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Internal Storage Management 

Initially, the operating system will make an assignment of core and an assignment of a 

combination of secondary storage deyices with both serial and random access devices. A 

combined minimum of 30 serial and random access files is required for NASTRAN. From 

this point on, NASTRAN does its own internal dynamic management of files and core. File 

requirements are defined in terms of predetermined sets of data (called data blocks). 

Depending on the peculiarities of a given structural problem, a given physical file during one 

problem execution may have been occupied by a large succession of data blocks entirely 

under the control of a NASTRAN Executive Module. Each Functional Module is overlaid 

into core in a tightly packed fashion so that the maximum amount of remaining core is 

available as working space for the storage of matrices. This management of core and files, 

it must be reemphasized, is internal and is under the control of an Executive Module. 

Modularity, Open-Endedness, and Maintainability 

The working basis of NASTRAN is through the companion pairs, modules, and data 

blocks. It takes the execution of many modules and several link control transfers to achieve 

a total cycle of a problem type relating to a given discipline. It takes a number of subroutines 

to compose the many functional steps of a module through several levels of overlay. A 

predetermined set of input data blocks, output data blocks, and scratch files belongs to 

each module. Information sources for data blocks can be tables or matrices. In nearly 

every instance, these various working parts have been made open ended. For instance, the 

number of links can be extended, the number of levels of overlay can be increased, the 

number of problem types can be expanded, the number of modules can be enlarged, the 

number of entries in tables can be augmented, the quantity of tables can be opened up, and 

the number of subroutines can grow. In rare instances, operational considerations have 

circumscribed the entries in a table, but these are sufficiently rare that it is fair to say that 

NASTRAN is generally open ended. 

The modular design allows for program maintenance. Each module communicates 

only with the Executive and is not allowed to communicate directly with another module. 

Any communication that is needed between modules is accomplished by passing information 

to output data blocks that are used as input data blocks to succeeding modules or by 



passing parameter values to parameter tables that can be accessed by a succeeding module. 

In this way, the interface with the Executive is fixed module by module so that an entire 

module can be replaced or revamped, so long as it maintains the same interface as previously. 

Hence no internal module change of this type has a cascading effect through the program. 

This modularity also allows for an internal input/output routine to process internal quanti- 

ties in a machine-independent fashion. As the technology advances, new subroutines and 

modules can be added or inserted in place of old ones and the program can be kept modern 

without any organizational modification. 

The matrix operations performed by the modules do not require that the amount of 

core working space be of a size to hold an entire matrix or set of matrices at once. Solution 

logic allows only portions of each matrix in an algebraic step to be present at any one time 

while the remaining portions are fed from secondary storage as operations on preceding 

portions are completed. This type of core usage vis-a-vis matrix operation is given the name 

“spill logic” and allows the program to operate on matrices of virtually unlimited size. 

Modules 

Beside Executive Modules, the bulk of the program is composed of three kinds of 

modules: Utility, Mathematical, and Functional. Most of these are useful for any discipline. 

The Utility Modules are certainly disciphe independent (having to do with printing matrices, 

performing coordinate transformations, etc.) and need no further discussion. The 

Mathematical Modules were written to perform operations on large matrices, because those 

routines provided by standard operating systems are not efficient enough to be functional 

for large matrices. “Large” is defined to be a combination of order and density” so that 

the matrix will not fit in core even in packed form. A number of Mathematical Modules 

were written to take matrix characteristics into account, such as sparsity, bandedness, type 

(real or complex), or positive definiteness. Mathematical Modules are immediately adapt- 

able to other disciplines. 

Functional Modules currently favor structural mechanics, but conceivably they would 

be useful to other disciplines under different names. They have names such as Geometry 

*Density is a ratio of the nonzero elements to the maximum possible number of matrix elements. 
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Processors, Constraint Eliminators, Elastic Properties, Mass Properties, Damping Properties, 

Weight Generators, Load Generators, Simultaneous Algebraic Equation Solver, Eigenvalue 

Extraction, Stress Data Recovery, Piecewise Linear Analysis, and Differential Equation 

Integration. If there are other functions that other disciplines require, they can be generated 

and made part of a problem sequence, then their existence can be noted in the Module 

Property Table. 

Internal Compiler and Scheduler 

The heart of its ability to adapt this Executive management to other applications 

programs resides in the way it organizes the functions to be performed. Various problem types 

peculiar to a given discipline (and in this case structural mechanics) are classified into categories 

such as statics, eigenvalue analysis, dynamic analysis, random analysis, and others. The steps 

needed to accomplish the solution of a problem of a given type are presented in an orderly 

sequence of module executions and Utility Executive operations. The statements of these 

solution steps are written in an internal language called “DMAP” (for Direct Matrix Abstrac- 

tion Process). An internal reference library of statements for each problem type has been 

established with appropriate cataloguing. In the spirit of open endedness there is no require- 

ment as to problem types to be kept in the library, so a given discipline (or combination of 

disciplines) can have as many problem types catalogued in the library as is convenient to 

the user. No matter to what discipline a set of statements belongs, the Executive merely 

calls out the set of statements by catalogue number according to an analyst’s command. 

In response to a user’s call in the control section for a particular problem type, the 

Executive selects the corresponding sequence of DMAP statements and directs this sequence 

to the DMAP compiler. The output from the compiler in effect becomes the scheduler of 

module and utility executions. All loops are unwound and all jumps are translated into a 

purely serial string; all associated data block names and their file storage needs are tabulated 

in the scheduler. This scheduler, the OSCAR, is written onto tape and does not occupy 

core or disc space. The Executive central driver consults with OSCAR at the end of each 

module before calling a succeeding module. It is now evident how the Executive can 

operate on any discipline without semantic implications. 



There are two operations that the Executive performs in conjunction with the problem 

type and the control section, to be discussed later. These operations have semantic implica- 

tion and are only quasi-Executive operations. They are called, respectively, the Input File 

Processor (IFP) and the Output File Processor (OFP). The IFP checks on the legality of 

input bulk data and the logic of control section statements and organizes these input data 

into data blocks for eventual processing by the Functional Modules. The OFP does sorting 

on the solution vectors and organizes these results into formats that are suitable for a 

particular discipline. The IFP and OFP would have to be replaced entirely for the Executive 

to manage another discipline. 

Control Versus Sets 

The system to be analyzed is treated as the basic entity for purposes of defining a 

problem. In the case of structures the basic system is the geometric arrangement among. 

elastic members. Most other quantities affecting the problem are less basic and are liable 

to frequent change, such as loads on the system, or constraints on the system, or partitions 

on the system from which response information is desired. The scheme for managing these 

varying conditions is based on sets. 

As many sets of varying conditions that one desires may be assembled in a pool of 

information. These sets will remain dormant until they are individually activated. The 

analyst consequently is in a position to exercise quite precise control in the Case Control 

Section of the program by creating subcases wherein any of a particular load, a particular 

constraint, a particular spectrum, a particular sequence of time steps, or a particular series of 

output quantities and output locations can be activated from the data pool merely by 

specifying the appropriate set identifiers. As many subcases can be prepared for a single 

computer submittal as is convenient for the analyst. 

The quantities that fall under the surveillance of the Case Control Section are kept in a 

table. In keeping with the open-ended spirit of the program, the table can be augmented so 

that unique quantities pertaining to other disciplines can be accommodated. 

Another hierarchy of control is exercised to distinguish among major options within 

the program. This does not operate on the basis of sets but by fixed names. This portion 

is called the Executive Control Section. 



Plotter Independence 

All interfacing between the solution results and the plotters that will be used to display 

them is confined to a section of the program called the Plot Module. The sorting by sets, 

the projection, the orientation, the color, labeling, and the general commands to produce 

these effects are accomplished without regard to the display hardware. A small translator 

subroutine will convert these plot commands from general internal expression to specific 

commands for execution on individual plotting machines. In this instance again, the general 

purpose character has been preserved with essential plotter independence. 

ADAPTATION TO OTHER DISCIPLINES 

The ease with which the current NASTRAN general purpose organization can serve 

other disciplines will be examined by major program units. The reason for adaptation is to 

provide a general purpose applications program as opposed to a special purpose program. 

Executive 

The general purpose character of the Executive Section can make it imme- 

diately adaptable to other disciplines. The link/overlay management amply provides 

for the needs of most applications. The lean organization of having only a central driver 

permanently resident in core along with its vital tables, while all other Executive functions 

are provided by modules that are brought in temporarily to perform their jobs and then 

vacate core, is a concept that warrants preserving. The interrelationships between the 

Executive operations and computer operating systems have already been made and should 

certainly not be duplicated unnecessarily. When other computers have been added to the 

NASTRAN set, these too will become publicly available. 

Modules 

The particulars of a given discipline with respect to Functional Modules are con- 

sidered here. It appears that if a discipline is based on potential theory., just as structural 

mechanics is based on the linear theory of elasticity, the existing Functional Modules could 

nicely serve merely by a change of name. If this is so, the existing forms could be preserved 

in their applications to another discipline simply by providing a new mask for input card 

mnemonics, headings of the output listings, and terms in the diagnostic messages. Because 

electrical engineering is based upon the potential theory. of electromagnetics, we can draw 
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on analogies in NASTRAN. The existing Mass Properties Module could apply to an 

Inductance Property Generator; the existing Elastic Property Module could 

Capacitance Property Generator; and the existing Damping Property Module could apply 

to a Resistance Property Generator. Geometry Processor Modules could apply to the 

description of the Circuit/Nodal Pattern, while the Load Generator Module could apply to 

the External Voltage Array (or. the Potential Gradient) at Nodes. Similar reasoning can be 

used in optics, electronics, and fluid flow. Presuming the universality of some of the 

Functional Modules, it is germane to return to the Executive Modules. IFP's can be 

preserved with respect to data input card reading and data block generation. Adaptation 

to electrical engineering would require a new mask for the terms in diagnostic messages 

concerning legality of input. 

Compiler 

One would not expect too much similarity between the way problem types 

are formed in different disciplines. It is reasonable to assume then that the catalogue 

of statements referring to the module executions for various problem types would be 

completely replaced. Because the sequence of statements is written in DMAP language, the 

creation of 'a new library of problem types is relatively trivial. The compiler and the 

generation of the OSCAR would remain intact. Quite possibly some new Functional 

Modules may want to be added to the existing structural set to round out the field for a 

given discipline, such as the counterpart to the Stress Data Recovery Module. Each discipline 

will probably have unique collateral characteristics recoverable from the solution vector. 

In summary, a new discipline may provide a new name for the solution vector, such 

as acidity, voltage, humidity, light intensity, or population instead of elastic deformation, 

but most of the working portion of the program can probably be preserved with only a 

replacement mask for the names assigned to data. 

The important factor in the ability to convert the program to other disciplines is the 

general purpose management approach in the Executive. Even though a few new modules 

and all new problem types will need to be added, the open-ended design will allow them to 

be easily integrated. Of course, it is a grubby job to comb through the code to prepare a 

new language mask, but the point to be made is that it is a relatively minor task compared 

to the generation of an entirely new general purpose applications program. 
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One of the huge benefits of adapting an existing general purpose applications program 

like NASTRAN to another discipline is the freedom from a major debugging exercise. The 

corollary advantage is the reliance on, future maintenance that NASA is currently practicing. 

IMPACT ON THE STRUCTURES COMMUNITY 

In narrowing the topic of discussion to general purpose programs in structural engineer- 

ing only, it.is interesting to indulge in some philosophical reflections. 

Some sort of analysis has always been part of the design process in structural engineering, 

but until recently, analyses have been limited to the engineer’s ability to solve only simpler 

approximations to the real structure and the usual attempt was to solve a pair of such 

approximations to bracket the real case. Analysis has advanced to the point where a very 

close representation of complicated three-dimensional structures is now possible. Because 

there was uneven advancement of structural analysis capability by problem type, for years 

there was a tendency to limit one’s analytical skill to one or two specialties. A sufficiently 

broad range of structural Frgblem types has advanced enough to warrant the investment in 

general purpose programs. Having access to general purpose programs, the structural 

analyst at long last is abandoning his fragmented approach to analysis and is applying a 

cohesive approach. As a result, analysis is now coming into its own as a vital part in the 

decision-making process of structural design. 

The aerospace industry is a heavy user of analysis for structures. Here a large variety 

of tried-and-true special purpose programs does most of the analytical tasks. The full range 

of structural problems is generally being dealt with analytically in the aerospace industry. 

Engineers, however, are finding an increasing need to communicate analytical data. They 

would like to feed data that are being output from one special purpose program as the input 

to another special purpose program; but they find that they are frustrated by the lack of 

compatibility. A general purpose program on the other hand has the solution capability of 

the combined special purpose programs with no commensurability nor compatibility 

problems. In addition, the continual updating of some of the major general purpose 

programs is causing general purpose programs to enjoy increased popularity. 

The civil engineering profession is rapidly moving toward analysis as an everyday 

tool. Static analyses for stress and deflection responses dominate the activity in civil 

23 



engineering problems; however, vibration analysis is on the increase. Only an occasional 

attempt is made at solving transients and most of these are from seismic excitation. 

Because their problems can become quite large, civil engineers are making use of general 

purpose programs. 

Machinery manufacturers show the most diversity in their attitude toward analysis. 

The automotive and turbine industries head the list of those pledged to analysis; mining 

is the least active. As to the range of problem types, heavy industry is also the most 

varied. Boiler people are about the only oms doing random analyses. Rotating machinery 

designers are analyzing for vibrations. Statics is definitely the most popular. In several 

years, it is expected that heavy industry will become more involved with analysis. 

Economics tends to prevent the use of analysis in consumer goods. Only on 

occasion when a sticky local problem is annoying him will a consumer goods manufac- 

turer ask an engineering analyst to bail him out. Usually such problems are solved by 

consultants rather than by in-house engineers. It is not easy to say how big a part 

analysis will play in the design cycle of consumer goods in the years to come. 

As part of the structures community, universities are showing an increased awareness of 

production analytical tools as opposed to those that concentrate on academic niceties. 

Probably general purpose programs will have the most far-reaching impact on engineering 

colleges and on the way that the engineering profession is practiced. The structural 

field has been fragmented into civil engineers, mechanical engineers, and aeronautical 

engineers. In industry the profession was further fragmented into dynamicists, thermal 

specialists, hydraulic engineers, propulsion specialists, weights engineers, and stochastics 

sr>ecialists. With the advent of general purpose programs, the tools are at the disposal of 

every engineer, enabling him to readily inquire into a host of problems. General purpose 

analytical capability will give rise to the education and training of engineers with broader 

backgrounds. Eventually they will become structural engineers spanning the whole range 

from statics through thermal to dynamics. 

SOCIAL IMPACT 

Increased emphasis on analysis is bound to have an influence on deemphasizing 

some activities and promoting still others. The extensive development of general purpose 
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programs is symbolic of the maturity of analysis. As such, a revolution of sorts is being 

set into motion. The social impact of this revolution will be the realignment of the 

work force. 

Until recently, the structural engineer has depended upon testing to serve two 

masters: as a proof of design and as a proof of manufacture. Constant improvement in 

instrumentation and test equipment has enhanced the dependency on testing. As an 

engineer becomes more proficient at analysis, he will find that the cost of using analysis 

for design certification will be far less than that of testing and that the time lapse between 

the completion of a design and the performance results will be far shorter. Lastly, he will 

discover that he will be able to inquire into the behavior of locations that were too remote 

to be accessible by instrumentation. The triple impact of less cost, less time, and more 

complete information will wean designers away from testing for design certification. We 

predict that analysis will eventually take its proper place so that the roles of analysis and 

testing can be encapsulated as- 

Analysis is for proof of design. 

Testing is for proof of manufacture. 

This does not mean, of course, that no testing will be used for proof of design. For 

instance, photoelastic testing of machine parts with severe stress gradients will certainly 

remain as a practical check of design. For the most part, however, it is safe to say that 

analysis will invade the province of testing as the primary tool for checking on designs. 

What will be the social impact of this shift of emphasis away from testing? It 

means that less mechanical test equipment will be manufactured, fewer testing laboratories 

will survive, and fewer testing personnel will be employed. The demand for the manufac- 

ture of test articles will slacken, with its attendant reduction in the need for model builders. 

As the dependency on analysis increases, the need for digital programmers will be 

felt in the areas of debugging, advanced module writing for updating programs, the writing 

of pre-processors and post-processors to take the drudgery out of data handling, and the 

intensification of the writing of support routines for on-line interactive graphics. The net 

effect will be increased business for software houses and their increased employment 

of programmers. 



Probably the design cycle will change to the extent that some design tasks will be 

done by the computer instead of being strictly the province of the designer. Conceivably 

for highly complicated structures, the task of producing the initial design would devolve 

on a highly creative designer. Subsequent tasks would be performed by structural 

analysts on the computer, first to analyze, then to synthesize in response to the charac- 

teristics shown by analysis, and last to optimize for achieving the most acceptable design 

with respect to a parmeter such as cost or weight. Probably a minimum of demand for 

detailing the parts of the conceptual design will be made during the computer phase of 

the design evolution. At the termination of the computer phase, designers and detail 

draftsmen will be needed to make final manufacturing drawings. The social impact of 

reemphasis on the computer during the design stage will be the increased demand for 

highly creative designers and decreased demand for routine designers and detail draftsmen. 

There will also be an increase in demand for engineers who are structural analysts. 

The shift in emphasis toward analysis should not have a depressing effect on the 

small design office or small consulting businesses. Even though the small offices cannot 

afford to install their own computers, they can nevertheless operate all of the latest 

analytical tools in support of these tasks. Fortunately, hardware technology has kept 

pace with software technology and the little man did not get caught in the squeeze. 

Computer terminals have come to the rescue of the small design offices. They can com- 

municate via the terminals to the central computers operated by such companies as 

McDonnell Automation, CDC's Cybernet, CSC's Infonet, and IBMs Service Bureau. A 

rather complete library of structural analysis programs is available at these central 

computer installations to support the range of problems that the remote offices need to 

solve. 

The social impact of this remote terminal support will be to preserve small business 

and to stimulate competition. Small design and consulting firms will be maintained and 

will possibly grow. Business from these numerous smaller f m s  should contribute to the 

incentives for competition among terminal manufacturers and among central computer 

operators. The demand for repairmen should offer new employment. 

Finally, the increase in structural analysis has produced a further need for plotting 

equipment. The computer printout is an orderly form of record-keeping but is too 
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awkward for digesting the quantity of data that gush from these new analytical pi-ograms. 

Plotters and cathode ray display tubes are starting to fill this need. More and more clever 

ways of presenting plotted data are abetting programming employment. This mode of 

data reduction is also helping the plotter manufacturer and his staff of repairmen as well. 

In presenting the social side of the trends in structural analysis, we plead that we 

have painted only a qualitative picture. We have not braved the more risky path of 

reducing these social effects into quantitative values in manpower or in a time frame. 

Nevertheless, we firmly believe that a minor revolution is currently in motion and that 

this revolution will not reach its full development for another 5 years. NASTRAN is an 

important influence in provoking this ferment. It is well checked out and available to 

the general public at a nominal cost. Its general purpose character and its degree of 

machine and plotter independence make it particularly attractive to those who are looking 

toward longevity of methods. 
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BUCKLING ANALYSIS OF A MISSILl3 INTERSTAGE 

By David P. Dudley 

Aerojet Sol id  Propulsion Company 

SUMMARY 

NASTRAN w a s  used t o  f ind  the  buckling loca t ion  and the  degradation f a c t o r  
due t o  a spec i f i ed  temperature f i e l d  f o r  an i n t e r s t a g e  of a t y p i c a l  t h r e e  s t age  
m i s s i l e .  The model w a s  made up of 6332 independent degrees of freedom. This 
l a r g e  s i z e  required the  use of an IBM 370/195 f o r  evaluation of t he  eigen- 
values.  
load by 3%. 

The e f f e c t  of elevated temperature w a s  t o  lower t h e  c r i t i c a l  buckling 

INTRODUCTION 

A t h r e e  dimensional buckling ana lys i s ,  with and without temperature gradi-  
e n t s ,  w a s  performed on t h e  a f t  s k i r t  of a t y p i c a l  t h ree  s t age  m i s s i l e  using an 
IBM 370/195 computer and t h e  NASTRAN computer program. 

OBJECTIVE 

S t a t i c  s t r u c t u r a l  tests w e r e  performed on t h e  a f t  s k i r t ,  a t  ambient t e m -  
perature. The NASTRAN ana lys i s  w a s  performed t o  provide a temperature degrada- 
t i o n  f a c t o r  f o r  use wi th  t h e  f a i l u r e  loads from t h e  s t r u c t u r a l  test  program and 
t o  demonstrate adequacy of t h e  second s t age  a f t  s k i r t  when subjected t o  load- 
ing ,  including e f f e c t s  of temperature gradients.  The ana lys i s  w a s  t o  provide 
t h e  following information f o r  determination of t h e  degradation f ac to r .  

The c r i t i c a l  buckling f a i l u r e  load f a c t o r  f o r  t h e  a f t  s k i r t  a t  ambi- 
en t  temperature. 

The c r i t i ca l  buckling f a i l u r e  load f a c t o r  f o r  t he  a f t  s k i r t  having 
r a d i a l ,  c i rcumferent ia l ,  and longi tudina l  thermal grad ien ts  computed f o r  
s p e c i f i c  conditions. 

The buckling mode. 

The c r i t i c a l  buckling loca t ion .  
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MODELING 

Basic Grid 

The model used f o r  t h i s  ana lys i s  w a s  designed t o  account f o r  t h e  load 
peaking caused by cu touts ,  and the  e f f e c t s  of doublers and o ther  s t i f f e n i n g  
members, as w e l l  as thermal e f f e c t s .  To minimize t h e  s i z e  of t h e  problems, t h e  
bas ic  model w a s  designed as a 180 degree sec t ion  (from 210" through 360" t o  
30') of an axisymmetric s h e l l ,  using f l a t  q u a d r i l a t e r a l  p l a t e  elements. 
b a s i c  model, as shown i n  Figure 1, included t h e  following s t r u c t u r a l  components: 

The 

An a f t  segment of a second s t a g e  chamber ( t o t a l  segment length = 
1.02 m (39 .7  inches)) including a por t ion  of the  chamber and t h e  a f t  s k i r t .  

The a f t  c losure  w a s  included from t h e  a f t  Y-joint p a r t  way back. 

To achieve r e s u l t s  accura te  t o  5% o r  better '  t he  bas i c  g r i d  w a s  divided 
i n t o  elements approximately square; 5 degrees wide by approximately 0 .063  m 
(2.5 in . )  long. 
(1, 2 ,  3 ,  e t c . ) ,  with odd numbers f o r  t h e  in t e r s t age ,  s k i r t  f l a r e ,  and chamber 
w a l l ,  and even numbers (2 through 10) f o r  t he  a f t  closure.  Each b a s i c  g r id  
nodal po in t  w a s  then i d e n t i f i e d  by a f ive -d ig i t  number, (e.g. ZlOlS), beginning 
with th ree  d i g i t s  f o r  t he  azimuth (e.g. 210") and ending with a two-digit num- 
ber  f o r  t he  c i rcumferent ia l  l i n e  (e.g. 15) on which t h e  point l ies .  

Each c i rcumferent ia l  g r i d  l i n e  w a s  assigned a reference number 

To b e t t e r  represent  t h e  s t i f f n e s s  of t he  Y-joint, t he  a f t  s k i r t  and clo- 
sure  elements w e r e  joined a t  re ference  l i n e  23,  as shown i n  Figure 2 ,  and a 
r a d i a l l y  or ien ted  element was connected between re ference  l i n e  10 on the  a f t  
c losure  and an added l i n e  12 on t h e  s k i r t ,  a t  the  Y-joint crotch.  Representa- 
t i on  of t he  a f t  chamber g i r t h  weld area i s  shown i n  Figure 3 .  

Fina l  Grid 

Modifications w e r e  made t o  t h e  b a s i c  model t o  obta in  t h e  f i n a l  model which 
includes : 

A l l  s k i r t  cu touts  with doublers and debr i s  de f l ec to r s .  

Raceway on chamber s k i r t  and b a r r e l .  

Disconnect bracket.  

1-2 i n t e r s t a g e  attachment r ing .  

1-2 i n t e r s t a g e  raceway cutout. 

1-2 i n t e r s t a g e  ordnance po r t s  and doors. 

1-2 i n t e r s t a g e  long i tud ina l  ordnance ( sp l i ce )  j o i n t s .  



To model i n  openings, doublers, b racke ts ,  etc., a l o c a l  network of nodal 
po in ts  w a s  es tab l i shed ,  forming a p a t t e r n  of q u a d r i l a t e r a l  and t r i angu la r  ele- 
ments encompassing the  shapes of a l l  the  l aye r s  of material t o  be included. 
Wherever two o r  more l a y e r s  of material w e r e  involved, a separa te  set of ele- 
ments w a s  c rea ted  f o r  each l a y e r  and the  appropr ia te  material p rope r t i e s  w e r e  
assigned t o  each set of elements. This p r a c t i c e  r e s u l t s  i n  mul t ip l e  elements 
occupying t h e  s a m e  space, s ince  overlying elements are formed by connecting t h e  
same g r i d  poin ts ,  which are a l l  defined a t  t h e  mean rad ius  of t h e  s k i r t  o r  
i n t e r s t a g e  sk ins .  
ments and nodal po in t s  w e r e  es tab l i shed  a t  loca t ions  where these  components 
were attached t o  t h e  s k i r d i n t e r s t a g e  s t ruc tu re .  
Figure 4. 

Some s t r u c t u r a l  components w e r e  modeled as simple beam ele- 

This model is  shown i n  

Temperatures 

Buckling ana lys i s  runs w e r e  made f o r  both "room temperature" (80°F) and 
f o r  an e leva ted  temperature. Since the  temperatures w e r e  uniform circumferen- 
t i a l l y  except near  t he  raceway and t h e  long i tud ina l  s p l i c e s ,  i t  w a s  assumed 
t h a t  d i s t r i b u t i o n  could be extended c i rcumferent ia l ly  p a s t  360" t o  the  30" 
azimuth. 

For the  motor a f t  chamber and s k i r t  temperatures, a three-dimensional hea t  
t r a n s f e r  ana lys i s  w a s  performed using the  TRW SINDA (Systems Improved Numerical 
Differencing Analyzer) computer program. 

PROCEDURE 

Bandwidth Reduction 

The t i m e  required t o  decompose a matrix i n  NASTRAN i s  propor t iona l  t o  the  
square of t h e  bandwidth and the  f i r s t  power of t h e  s i z e  of t h e  matrix. To 
reduce running t i m e  t o  an acceptable level, t h e  d a t a  deck f o r  NASTRAN w a s  pro- 
cessed by BANDIT. 
Research and Development Center t o  minimize bandwidth f o r  NASTRAN. 
of running BANDIT reduced the  bandwidth by almost an order of magnitude. 
required 10  minutes of computer t i m e  on a UNIVAC 1108. 

BANDIT is a computer program w r i t t e n  by t h e  Naval Ship 
The r e s u l t s  

This 

Ambient Temperature Run 

The f i r s t  NASTRAN run, a t  a uniform temperature of 80°F, w a s  evaluated by 
l e v e l  L11.1.4 on an IBM 370/195. 
104 minutes. 
summary. 

It required 800,000 bytes  of core and r an  f o r  
Table 1 shows t h e  timing information taken from t h e  NASTRAN 
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Elevated Temperature Condition Run 

The second NASTRAN run w a s  similar t o  the  f i r s t .  The major d i f f e rence  w a s  
the  use of temperature data. 

Subsection Elevated Temperature 

Resul t s  of t he  elevated temperature condition run produced a mode of f a i l -  
u re  i n  t h e  b a r r e l  ins tead  of t h e  s k i r t .  To obta in  the  mode f o r  t h e  s k i r t  a 
small s ec t ion  of t he  model w a s  s e l ec t ed  f o r  f u r t h e r  ana lys i s .  

Thesubsectionwas evaluated on t h e  Univac 1108 and CDC 6600 computers 
using l e v e l s  12.1 and CDC NASTRAN. 
run) were input as boundary conditions t o  the  Univac 1108 computer vers ion  of 
NASTRAN. This  vers ion  w a s  used t o  c a l c u l a t e  t h e  equivalent load vec tor  based 
on t h e  input  de f l ec t ions .  
f i nd  the  next  mode of f a i l u r e  using t h e  loads ca lcu la ted  from t h e  Univac run. 
Table 1 a l s o  has t h e  timing da ta  f o r  t h i s  analysis ( R u n  3). 

Deflections from Run 2 (elevated temperature 

The CDC 6600 version of NASTRAN w a s  then used t o  

RESULTS 

The r e s u l t s  of t he  f i r s t  run (room temperature) gave a minimum eigenvalue 
of 1.340, f o r  buckling i n  the  b a r r e l  a t  the  forward end of t h e  model as shown 
by Figure 5. Even though the  lowest mode w a s  found, i t  w a s  no t  t h e  mode of 
f a i l u r e  which w a s  expected based on test data. Indeed, i t  w a s  a mode which w a s  
due t o  t h e  modeling technique and t h e  way the  load w a s  applied. 
uncommon i n  buckling problems of t h i s  s i z e  t o  f ind  modes of f a i l u r e  o the r  than 
those des i red ,  This model has 6500 modes of f a i l u r e :  What is important is  the  
f a c t  t h a t  t h e  lowest mode w a s  found, and experience has  shown t h a t  t h e  modes 
w i l l  be packed together i n  a band. 
mode of f a i l u r e  has an eigenvalue very c lose  t o  1.340. 

It i s  not 

Therefore i t  i s  expected t h a t  t h e  des i red  

The second loading case ( c r i t e r i a  condition temperatures) w a s  run i n  a 
much s h o r t e r  t i m e  by s t a r t i n g  t h e  eigenvalue search a t  a value of (1.3). 
r e s u l t  w a s  1.302 and gave t h e  same mode of f a i l u r e  as loading case one. 

The 

Since t h e  expected mode of f a i l u r e  had not been found and the  approximate 
loca t ion  of t h i s  des i red  mode w a s  known, i t  w a s  decided t~ run a subsection of 
t h e  model t o  f i n d  t h e  next mode of f a i l u r e .  Table 2 l ists  the  dimensional da ta  
t o  descr ibe  t h e  submodel. 
from t h e  r e s u l t s  of t h e  second run, evaluated by using both the  UNIVAC 1108 and 
CDC 6600 computer. 
mode shape. Figure 6 i n d i c a t e s  t h i s  mode of f a i l u r e .  The buckling occurred a t  
250 degrees i n  an area near  t h e  dwnpline port. 

Loading w a s  accomplished by taking displacements 

This submodel gave an eigenvalue of 1.304 and the  c o r r e c t  

Based on t h i s  da t a  t h e  e f f e c t  of temperature i s  t o  lower t h e  buckling 

capacity of t h e  s t r u c t u r e  by a f a c t o r  of - '0302 - - 0.972. 1.340 
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CONCLUSIONS 

The r e s u l t s  of t h i s  computer study s u b s t a n t i a t e  t h e  a b i l i t y  of t h e  a f t  
s k i r t  t o  withstand t h e  e leva ted  temperature condition loads wi th  a p o s i t i v e  
margin of sa fe ty .  Elevated temperatures were found to degrade t h e  buckling 
capacity of t h e  a f t  s k i r t  by a f a c t o r  of 0.972. 
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TABLE 1 

NASTRAN TIMING DATA (MAJOR ROUTINES) 

SMAl 

SCEl 

RBMG 

FBS 

DSMG 

READ 

SDCg 

I T E U T  ION 

TOTALS 

Bandwidth 

I.D.F.* 

COST 

Run 1 (IBM 370/195) Run 3 (CDC 6600) 

CPU T i m e ,  Elapse Time, CPU Time ,  Elapse T i m e ,  
sec sec sec see 

276 

19 

317 

115 

101 

1395 

(277) 

(459) 

2406 

309 

6332 

$2640 (Total) 

343 

69 

441 

326 

1 2  9 

3932 

(373) 

(1718) 

6254 

2 23 263 

-- 7 

64 29 3 

14 33 

261 322 

187 1323 

(55) (78) 

851 2289 

125 

867 

$369 + Print ing Cost 

*Independent Degrees of Freedom 
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TABLE 2 

SMALL PANEL DATA 

I. MODEL DATA 

1. Elements 

B a r  

Quadr i la te ra l  Plates 

Triangular Plates 

2,  Grid Poin ts  

3. Bandwidth 

4 .  Degrees of Freedom 

11. RUNNING .TIME CDC 6600, 1650008 CORE 

1236 Central  Processor, sec 

2964 Input/Output, sec 

2587 Tota l  System, sec 

20 

98 

233 

228 

140 

1,110 

111. SOLUTION EIGENVALUE 

X = 1.303 
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NASTRAN BUCKLING ANALYSIS O F  A THIN-WALLED CYLINDER 

By Ralph B. Wight 

NASA Goddard Space Flight Center 

SUMMARY 

The computer run time required for a buckling analysis using NASTRAN is consid- 
erably greater than for a linear static analysis of the same structure. For this reason it 
is very important to obtain an optimal model size for the structure being analyzed, such 
that the model is neither so large as to increase running time unnecessarily, nor so small 
as to hinder accuracy. This paper studies the problem of critical load accuracy versus 
model complexity for a thin walled cylinder, using both Level 1 2  and Level 15 NASTRAN 
releases. 

INTRODUCTION 

Buckling is generally the failure mode for thin-walled shells carrying axially com- 
pressive loads and NASTRAN has the capability of solving for the critical load of such 
problems. The problem which initially stimulated interest in this study was the buckling 
analysis of a thin,walled cone to be used on a NASA spacecraft. NASTRAN analysis yielded 
a wide range of answers by varying the finite element model used. No analytical solutions 
could be found for buckling of a cone which could be used to verify the NASTRAN results. 
Therefore the buckling analysis of a thin-walled cylinder of approximately the same dimen- 
sions as the Sone was performed to determine the model complexity needed to obtain good 
agreement between NASTRAN and analytical solutions. The cylinder analyzed is 78.12 cm 
in diameter by 55.88 cm long with a wall thickness of 0.102 cm. 

There have been complaints about the crudeness of the NASTRAN plats element for 
buckling analysis. (See, for example, ref. 1.) The majority of the runs made for this 
study used NASTRAN Level 12.1.2 on the IBM 360/95 computer at the Goddard Space Flight 
Center. These results a re  compared to Level 15.1.0 which includes a greatly improved 
plate element for buckling. This improvement was obtained by including an improved al- 
gorithm for the bending effects, whereas Level 12 analysis relied primarily on membrane 
contributions. A procedure was formulated to measure the effect of this improved plate 
element, as well as verify the advertised decrease in running time for Level 15. 
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SYMBOLS 

aa 

K d  
J t  

h 

U 

uc r 

E 

Ir 

t 

m 

L 

R 

P c r  

F 

0 

stiffness matrix 

differential stiffness matrix 

eigenvalue 

eigenvector 

critical stress 

Youngls i n d u l u s  of elasticity 

Poissonls ratic, 

cylinder wall thickness 

number of half sine waves 

cylinder length 

cylinder radius 

critical load 

applied axial compressive load 

angle subtended by one element 

NASTRAN MODEL AND THEORY 

The bulk data required for a NASTRAN buckling analysis (Rigid Format 5 )  is identical 
to that required for a static analysis, with the addition of an EIGB card similar to the 
EIGR card used for normal mode analysis. The steps NASTRAN uses for solving the 
buckling problem as presented in ref. 2 are: 

1. Solve the linear statics problem ignoring differential stiffness and calculate the 
internal element forces. 

2. U s e  the element forces to obtain the differential stiffness matrix. 



3. Find the eigenvalues and eigenvectors from the matrix equation: 

= o  

where the eigenvalue (A) is the factor by which the arbitrary applied load is multi- 
plied to obtain the critical load and the eigenvector (u) represents the buckling 
mode shape. 

Plate elements were used to model the cylinder. The AXIS data generating program 
was used to generate the NASTRAN data deck. (See ref. 4.) This program generates the 
GRID, CQUADB and PQUADB cards for a shell of revolution. The grid points are se- 
quenced along circumferential rows to obtain the minimum band width and no active 
columns. 

The critical load of the cylinder was obtained for various model sizes. All of these 
models were only portions of the complete cylinder, thus yielding only axisymmetric buck- 
ling modes. The effect of the rest of the cylinder is simulated by constraining to zero 
certain degrees of freedom along the edge of the model as described in ref. 3. These 
degrees of freedom are tangential translation, longitudinal rotation and radial rotation. 
(Degrees of freedom 2, 4, and 6 in Figure 1.) 

ANALYTICAL SOLUTION 

The analytical critical stress of a thin walled cylindrical shell under an axial com- 
pressive load is given in ref. 5 as 

12(1 - 112) 
Ucr = 

The number of half sine waves the cylinder buckles in is given by m in the above equation. 
Only the number of half sine waves which produces a minimum u,, is of interest, the 
others being fictitious numbers the cylinder will never see. This minimum occurs when 

Assuming the cylinder being andlyzed is made of aluminum yields: 

m EZ 16 

u,, = 1.0859 x lo8 newton/meter2 

P,, = 2.7076 x lo5 newtons 
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This critical load (PcR) was applied as a static 1 ent model so 
e value of the that the eigenvalues would approach unity as the acc 

force (F) applied to each grid point (See Figure 1) is calculated from 

F = L(L)Pcr 2 360 (4) 

MODEL VARIABLES AND RESULTS 

The model parameters which were varied are: the number of longitudinal elements, 
the number of circumferential elements, the length of the cylinder, the end fixity of the 
cylinder and the type of finite elements used. The eigenvalue (1) for each model was ob- 
tained by using NASI'RAN. 

Longitudinal Elements 

The accuracy of the solution is a function of the number of longitudinal elements, be- 
cause the more elements per half sine wave the closer the actual buckling mode can be 
approximated. The purpose here is to perform a systematic variation of model com- 
plexity to obtain a curve of accuracy as  a function of model complexity. Models contain- 
ing 20, 40, 60, 80 and 120 longitudinal elements were analyzed. A l l  these models were 
one element wide. Figure 2 plots the eigenvalue of each buckling mode for the various 
models as a fuuction of the number of half sine waves. The analytical solution from 
equation (2) is also plotted. As was stated before, the only points on these curves which 
have real meaning are the minimum points. These minima are plotted to obtain thecurve 
of primary interest (Figure 3). The number of elements per half sine wave required to 
obtain a given accuracy can be read directly from the graph. Also, the increased ac- 
curacy obtained from Level 15 can be seen. 

Circumferential Elements 

A model more than one finite element wide, as has been used in ref. 1, does not 
necessarily increase the accuracy of the critical load obtained, because we are  dealing 
with an axisymetric phenomenon. To study this area va.rious models of one, two and 
four circumferential elements were investigated. Table 1 clearly shows that the accuracy 
is not a function of the number of circumferential elements, but only a function of the 
n s e r  of 1ongituiiina.l elements. 

Length 

Equations (1) and (2) show that the critical stress, and therefore the critical load, is 
not a function of length. Table 2 shows how this parameter was varied in  the NASTRAN 
model. The length of the 80celement, single-row model was cut in half and then in half 
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again, keeping the same element size. The theoretical solution was verified - the crit- 
ical load is independent of length. This allows one to decrease the grees of freedom of 
the axisymmetric model and still obtain the same accuracy a s  a full length model. 

Experimental solutions show that the critical load is independent of end fixity for 
long cylinders. (See ref, 6 . )  Ideally, failure of a pinned-pinned cylinder will occur si- 
multaneously a t  each half sine wave along the length, but for a fixed-flxed cylinder the 
failure will occur near the center where the amplitude of the half sine wave is the same 
as that for a pinned-pinned condition as shown in Figure 4. 

Table 3 shows the results of varying the end fixity of the NASTRAN model. The var- 
iation in critical load is less than one percent. This fact relieves the ana3yst of the bur- 
den of accurately approximating the actual end conditions of a thin-walled cylinder expe- 
riencing buckling. 

Type of Finite Elements 

The use of triangular plates instead of quadrilateral plates will double the number of 
finite elements while keeping the degrees of freedom and the bandwidth, and therefore the 
decomposition time, constant. In the problem being studied this was done by dividing 
diagonally the quadrilateral plates, as shown in Figure 5. This substitution increased the 
accuracy of the solution as shown in Table 4. In the case being studied quadrilateral plates 
were more convenient, however, because the AXIS program generates quadrilateral plate 
elements. 

LEVELS O F  NASTRAN 

As was shown earlier in Figure 1,the improved plate element of Level 15 offers a 
great improvement in the accuracy of the critical loads obtained using Rigid Format 5. 
This allows the user to decrease the model size and still obtain the same accuracy as 
Level 12. Another great improvement in Level 15 is the decrease in running time for 
buckling problems. Running time for a fiaite-element model with a given bandwidth and 
number of degrees of freedom is reduced by a factor between 3 and 4, as shown in Table 
5. 

CONCLUDING REMARKS 

Many things can be done to reduce the computer time required to do a NASTRAN 
buckling analysis of a thin-walled cylinder. The optimal number of elements per half sine 
wa,ve can be obtained from the graph of accuracy versus number of elements. For 
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&symmetric buckling no increase in accuracy is obtained by increasing the number of 
rows of elements modeled. The critical load was found to be independent of length, al- 
lowing a reduction in model size. The use of triangular plate elements is recommended 
for improved accuracy, unless a data-generating program that producsa quadrilateral 
plate elements is being used. Finally, Level 15 offers an increase in accuracy and a de- 
crease in running time over the previous Level 12 NASTRAN. 

Although this paper dealt with a thin-walled cylinder, which is easily solved by ana- 
lytical methods, the conclusions reached me applicable to other problems which are more 
difficult to solve analytically. These problems include stiffened cylinders, thin-walled 
cones and cylinders wi€h variable wall thickness. 
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No. of 
Axial 

Elements 

20 

40 

60 

80 

No. of Circumferential Elements 

1 2 4 

2.013 2.013 2.013 

1.252 1.252 1.252 

1,112 1.113 - 

1.062 - - 

Table 3: Variation in End Fixity (60 Element Model) 

Length, No. of 
(cm) Elements 

55.88 80 

27.94 40 

13.97 20 

Lower End 
Fixity 

Free 

Pinned 

Pinned 

Fixed 

Fixed 

Fixed 

P c r  2 

(kilonewto n) 

287.5 

287.5 

287.5 

Upper End 
Fixity 

Free 

Free 

Pinned 

Free 

Pinned 

Fixed 
I 
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P c r  ’ 
kilonewton 

303.0 

301.3 

301.1 

303.1 

301.4 

303.2 



Table 4: h vs Type of Elements 

No. of 
Elements 

20 

40 

60 

80 

.N.ASTRAN Crit ical  Load 
Theoretical Crit ical  Load A =  

CPU Time, sec 

Level 12 Level 15 
Ratio 

132 35 3.8 

250 70 3.6 

430 124 3.5 

556 178 3.1 
F 

Table 5: CPU Time vs Level (IBM 360-95) 
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Figure 1.- Thin-walled cylinder. 
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re 2.- Variation of X with number of half-sine waves. 
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Figure 4.- Buckling mode shapes (60 element cylinder). 



41 

39 

37 

41 

39 

37 

QUADRILATERAL TRIANGULAR 
ELEMENT MODEL ELEMENT MODEL 

Figure 5 . -  Finite-element model. 
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DOUBLE- BUBBLE TANK STRUCTURE 

BY 

James C.  Robinson 
NASA Langley Research Center 
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SUMMARY 

An ana ly t ica l  study of a two-lobed c i r cu la r  arc pressure vessel  
(double-bubble tank) with a loca l  perturbation from the  cy l indr ica l  shape 
has been made. 
a good l inea r  buckling analysis  capabi l i ty  f o r  s t ruc tures  t h a t  cannot be 
handled by other  analysis  techniques. However, a t  t h e  present time, solut ions 
are r e l a t i v e l y  expensive from a computational standpoint. 
additions t o  the  NASTRAN program would be t h e  inclusion of a new beam element 
t h a t  adequately represents  the shear t ransfer  when modeling s t i f f ene r s  on a 
she l l  and t h e  capabi l i ty ,  i n  a r i g i d  format, t o  keep ce r t a in  prescribed loads 
consfant during t h e  eigenvalue extract ion process. 

From t h i s  study, it can be concluded t h a t  NASTRAN provides 

Two worthwhile 

I INTRODUCTION 

Some space s h u t t l e  o r b i t e r  configurations considered i n  the ear ly  
stages of t he  Phase B s tudies  had a two-lobed in te rsec t ing  c i r cu la r  arc 
(double-bubble) pressure vessel  f o r  cryogenic propellant storage.  In the 
o r b i t e r  configuration shown i n  f igu re  1, the tank was integrated in to  the  
o r b i t e r  as pa r t  of t h e  primary fuselage s t ruc ture  and, therefore ,  was 
subjected t o  overal l  s t ruc tu ra l  loads, such as ax ia l  compression, i n  addition 
t o  the  loads induced by in t e rna l  pressure.  The fabricat ion method selected 
fo r  t he  tank required t h a t  sect ions of t he  tank approximately 3.0 m (10 f t )  
i n  length be joined by f u l l  circumferential  welds. Automatic welding was 
selected as the  method t o  provide t h e  weld qua l i t y  required,  but automatic 
welding equipment would not function s a t i s f a c t o r i l y  i n  the  cusp formed by 
the  in te rsec t ion  of t h e  two cylinders.  
t h e  double-bubble shape was required t o  provide an acceptable radius  on the 

Therefore, a loca l  per turbat ion from 
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shell wall, as shown in figure 2. 

The selection of an analysis method for the problem was limited by the 
complexity of the structure. 
shell-of-revolution programs for other than preliminary studies of modeling re- 
quirements and the existing form of a general shell program, STAGS, (ref. 1) was 
incapable of analyzing the shell with the perturbed shape. Thus, recourse to a 
finite element technique was required for detailed analysis. 

The lack of axisymmetry precluded the use of 

The purpose*of this paper is to present the results of a study using 

A secondary purpose is to 
NASTRAN to determine the effect of the shape perturbation on the stress dis- 
tribution and axial buckling load of the tank. 
present some observations based on experience gained during the study in the 
use of NASTRAN for shell analyses. 

PRELIMINARY STUDIES 

Shell-of-Revolution Study 

A preliminary study of a ring- and integral-stringer stiffened cylindrical 
shell having the same diameter and stiffener dimensions as one lobe of the 
tank was made using the shell-of-revolution analysis of reference 2 to gain 
some insight into modeling requirements for the tank analysis. 
supported cylinders with a length equal to (1) a complete lobe between end 
domes, and (2) one bay of a lobe between tank rings were analyzed for a loading 
consisting of positive internal lateral pressure and net axial compressive 
loads. The results of this study (fig. 3) are that the longer cylinder (with 
rings and stringers considered distributed) buckles axisymmetrically and hence 
is independent of the ratio of the hoop stress resultant/axial stress resultant 
(Ny/Nx). The buckling mode half-wave length of 23.0 cm (9.1 in.) approximates 
half the bay length between rings. The shorter cylinder buckles asymmetrically 
for small negative values of N /N but approaches the analytical buckling 
load of the longer cylinder and buckles axisymmetrically with a half-wave 
length of 25.4 cm (10.0 in.) for values of N /N less than about -1.0. 

Y X  
These results and the details of the tank geometry, stiffness, and loads 
(N /N < - 1 for the stiffened area of the tank) suggest that a satisfactory 
approximation to the complete double-bubble tank could be obtained by limiting 
the model to one-half of one bay longitudinally and about twice that distance 
circumferentially to give a model covering an area of 25.4 by 55.4 cm 
(10 by 21.8 in.) (fig. 2a). The effect of the remainder of the structure was 
included by the use of  assumed boundary conditions. 

Simply 

Y x’ 

Y X  

Modeling Detail Studies 

Several short studies were conducted to evaluate the effects of modeling 
details on the NASTRAN results. 
thickness ratio (R/t) on the axisymmetric buckling load of an unstiffened 

rn one study, the effect of radius to 
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cylinder was calculated using NASTRAN with a model composed completely of 
quadri la teral  elements (CQUAD2). For dimensions similar t o  the  NASTRAN 
demonstration problem (R/t of 32,'ref. 3) ,  the  buckling load was 1 .4  percent 

above the c l a s s i ca l  buckling load and the buckling mode shape was the  
c lass ica l  shape of two longitudinal half-waves. 

model containing the  same number of elements (by decreasing the  she l l  thick- 
ness),  the discrepancy between buckling loads calculated with NASTRAN and 
those obtained from c lass ica l  theory increased t o  6.8 percent a t  R/ of 320. 

In addition, t he  NASTRAN analysis predicted a mode shape with s i x  half-waves 
compared t o  seven f o r  the c lass ica l  solution. The increase i n  the number of 
half-waves with an increase i n  R/ requires more severe element deformation 

and i s  probably the  cause for  the increased discrepancy. 
suggest t h a t  f o r  axisymmetric buckling problems, t he  number of elements per 
half-wave should be greater  than the  value of 3.3 obtained i n  the reduced 
thickness demonstration problem (R/t = 320). 

longitudinally s t i f fened  area  of the tank, 
t h e  same dimensions as one bay of the tank loaded by in te rna l  pressure and 
axial  forces was analyzed using NASTRAN. 
were used i n  modeling the s t i f f ene r s  t o  obtain the  proper combination of 
ax ia l  and bending s t i f fnes s  and adequate d e t a i l  of s t r e s s  output. 
modeling of a longitudinal s t i f f ene r  as an o f f se t  BAR element produced un- 
reasonable discrepancies i n  the s t resses  i n  adjacent elements when rad ia l  
expansion of the  end of the cylinder was prevented e i the r  by a r ing  o r  by 
rad ia l  displacement boundary conditions. 
the beam element and the she l l  was used t o  improve the model. 
the stresses due t o  a s t a t i c  loading i n  a longitudinal s t i f f e n e r  with and 
without the  quadri la teral  shear panels i n  the model. 
u i t i e s  i n  the calculated bending s t resses  using the model with the  quadri la teral  
shear panels indicate  t h a t  it is the be t te r  representation of t h e  actual 
s t ructure .  The difference i n  s t r e s ses  r e su l t s  from the mechanism of shear 
t ransfer  i n  the composite section ( s t i f fener  and she l l )  and is  s imilar  t o  
the  problem discussed previously i n  reference 4. 
the shear beam element discussed i n  reference 4,  or  an element with similar 
properties,  should improve the  NASTRAN modeling capabi l i ty  f o r  t h i s  type of 
s t ructure .  

A s  R/t  was increased for a 

t 

t 
These r e su l t s  

Another modeling d e t a i l  study was designed t o  check the modeling of the 
A s t i f fened c i r cu la r  cylinder of 

BAR elements with bending stiffness 

However, 

A quadri la teral  shear panel between 
Figure 4 shows 

The smaller discontin- 

The inclusion i n  NASTRAN of 

The axisymmetric buckling load f o r  the cylinder discussed above, with 
the same boundary conditions as used i n  reference 2,  was calculated using 
NASTRAN. 
the she l l  analysis of reference 2 and the buckling mode shape which had 
two half-waves was the same as tha t  given by the  she l l  analysis.  
appear, therefore,  t h a t  the addition of longitudinal s t i f f ene r s  t o  the 
r e l a t ive ly  t h i n  she l l  with an R/t of 1277 increases the  local  moment of 

i n e r t i a  suf f ic ien t ly  t o  force a longer wave length f o r  the  buckling mode 
shape of the s t i f fened she l l  (10 elements per half-wave) and thus provides 

This buckling load was about 2 percent higher than t h a t  given by 

I t  would 

55 



satisfactory correlation between buckling predictions made with the use of 
classical theory and NASTRAN. 

In the final modeling detail study, the validity of representing a 
complete cylinder by use of a single bay of that cylinder with assumed 
boundary conditions to simulate the remainder of the cylinder was evaluated 
by comparing the axisymmetric buckling load for a complete multi-bay cylinder 
with that for a single bay cylinder with assumed boundary conditions. 
was used to calculate the axisymmetric buckling load and mode shape of a 
complete five-bay cylinder. The cylinder selected (fig. 5) had relatively 
light rings and shorter end bays with rotationally restrained ends to insure 
buckling in the center portion. The loads were internal lateral pressure 
and enforced axial displacement. For the buckling calculation, the axial 
restraint was removed by the use of an ALTER package provided the NASTRAN 
Systems Management Office by Malcolm W. Ice of Boeing Computer Sciences, Inc. 
The buckling load for the five-bay cylinder was essentially the same as for 
the single bay cylinder and the bdckling mode shape (fig. 5) is antisymmetric 
about the centerline, but the node locations do not occur at the frames. 
This may be due to the small frame extensional stiffness which is only about 
12 percent of the shell extensional stiffness in the hoop direction. This 
agreement in the axisymmetric buckling loads for the two cylinders indicates 
that the use of assumed boundary conditions is satisfactory even with the use 
of light rings which do not force nodes to occur at the rings. 

NASTRAN 

DOUBLE-BUBBLE TANK STUDY 

Model and 'Loads 

The tank was analyzed both with and without the shape perturbation to 
determine its effect on deflections, stresses, and buckling loads. 
of the double-bubble tank that was modeled is shown in figure 2, and the 
finite element model, a contour plot of the shape perturbation, and the shell 
thickness are shown in figure 6. The cylindrical portions of the shell were 
modeled with flat quadrilateral elements having membrane and bending 
properties (CQUAD2). The transition section of the perturbation was modeled 
with triangular elements having similar properties (CTRIA2). The integral 
longitudinal stiffeners were modeled as offset BAR elements with quadrilateral 
shear panels to provide a better approximation of the local shear transfer 
mechanism as determined in the preliminary studies (see fig. 4). The frame 
section was composed of rod elements and quadrilateral and triangular membrane 
elements. The frame was considered to elastically restrain the tank in the 
plane of the frame, but buckling of the frame was prevented by the imposition 
of deflection constraints normal to the plane of the frame. 

The part 

To simulate the effect of the remainder of the structure on the portion 
of the tank that was modeled, appropriate restraint conditions were assumed 
for the boundaries of the model. 
along the centerline of the double-bubble tank for both the prestress (static) 
and buckling computations. 

Symmetric boundary conditions were assumed 

Symmetric boundary conditions were assumed along 



the outer  edge p a r a l l e l  t o  the tank center l ine  f o r  both p res t r e s s  and 
buckling computations. 
center l fne,  zero ro t a t ion  i n  the  circumferential d i rec t ion  was assumed f o r  
the pres t ress  calculat ions.  
and antisymmetric r e s t r a i n t s  were used t o  insure t h a t  the minimum value of 
the  buckling load was obtalned. 

On the boundaries a t  the frame and along the  bay 

For  buckling, four combinations of symmetric 

The loads imposed f o r  p re s t r e s s  on the double-bubble tank resul ted from 
a pos i t ive  in te rna l  pressure of 207 kN/m2 (30.0 p s i )  and an enforced axial 
displacement of 0.051 c m  (0.020 i n . ) ,  which corresponds t o  a s t r a i n  of 0,002. 
The enforced displacement was used t o  simulate overa l l  compression of a 
s t ruc tu re  of var iable  thickness a t  a d i s t an t  location from t h e  ends of t he  
s t ruc ture .  This combination of loads produces a stress re su l t an t  r a t i o  
N / N  of approximately -1.1. 

remain constant during buckling. 
the applied ax ia l  load a r e  not physical ly  coupled, it would have been des i rab le  
t o  have the  option of l e t t i n g  only one s t r e s s  r e su l t an t  vary during buckling. 

NASTRAN r i g i d  format 5 requires  t h a t  t h i s  r a t i o  
Y X  

Inasmuch as  the  tank in te rna l  pressure and 

Numerical Results 

The r e s u l t s  of the NASTRAN calculat ions f o r  the  double-bubble tank both 
with and without the  shape per turbat ion a r e  shown i n  f igures  7 through 10. 
A l l  of these f igures  a re  nondimensionalized contour p lo t s ,  where the  contours 
are l i n e s  of constant percentage of t h e  maximum value (shown i n  the s u b t i t l e )  
of the  functions shown i n  the f igu re  t i t l e .  
values f o r  the  tank without the  shape perturbation, and p l o t  (b) presents 
values f o r  the  tank with the  perturbation. 
program t h a t  is a modification of t h e  contour p l o t  program described i n  
reference 5. 

In a l l  f igures ,  p l o t  (a) presents  

The p lo t s  were drawn by a computer 

Comparison of the  contour p l o t s  f o r  t he  r ad ia l  displacement of the tank 
without and with the  per turbat ion (f ig .  7) shows similar contour pa t te rns ,  
but t h e  magnitudes are s ign i f i can t ly  d i f f e ren t ;  the  maximum deflect ion i s  
increased approximately 38 percent by t h e  presence of t h e  perturbation. 

The ax ia l  s t r e s s  resu l tan t  (N,) pat terns  shown i n  f igu re  8 ind ica te  that 
while the  maximum values without tbe perturbation are f a i r l y  uniformly d is -  
t r ibu ted  adjacent t o  the  double-bubble tank center l ine  ( lef t  s ide  of f igure) ,  
the maximum values with t h e  perturbation are concentrated away from the tank 
center l ine  a t  the  lower boundary and near t h e  center l ine  a t  t h e  upper 
boundary. 
value by about 40 percent.  

In addition, t h e  presence o f  the  per turbat ion increases the maximum 

The hoop stress resu l tan t  INy) contour pa t te rns  ( f ig .  9) show considerable 
differences near t h e  double-bubble tank center l ine.  
per turbat ion with i t s  reversa l  of curvature causes the  large hoop stresses 
induced i n  the thickened weld area (upper boundary i n  the  f igure)  t o  be 
diverted around the per turbat ion and even cause some hoop compression a t  the  

The presence of the  
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center l ine  and a l s o  under the frame near the outer  edge of the f igure .  
there  are s igni f icant  differences i n  t h e  d i s t r ibu t ion  of the hoop stress 
resu l tan ts ,  the maximum values are e s sen t i a l ly  the same. 

While 

The herring-bone pa t te rn  i n  the contours near the center  of the  l e f t  
edge, which is pa r t i cu la r ly  not iceable  i n  f igures  8b and 9b, i s  probably 
caused by the presence of high stress gradients i n  an area modeled with 
t r iangular  elements. 

The buckling mode shapes are shown i n  f igu re  10. In both cases, buckling 
occurred a t  an eigenvalue less than 1.0 indicat ing that t h e  assumed p res t r e s s  
loading was higher than the buckling load. 
fo r  the cylinder,  the loca l  value of  N 

of the tank was used. 

For comparison w i t h  t h e  r e s u l t s  
i n  t h e  in t eg ra l ly  s t i f fened  port ion 

X 

For the  s t ruc tu re  without t h e  perturbation, the mode shape i s  f a i r l y  
smooth and involves most of the area of the  modeled s t ruc ture .  A t  t he  outer  
boundary (right edge), the mode shape becomes symmetric due t o  the assumed 
boundary conditions and t h e  presence of the  maximum rad ia l  displacement on 
t h i s  boundary ind ica tes  t h a t  an extension of the  model i n  the  circumferential  
d i rec t ion  would probably be des i rab le  t o  reduce t h e  effect of t h e  boundary 
conditions on the mode shape. A t  buckling, t h e  calculated value of Nx i n  the  

in t eg ra l ly  s t i f fened  area  of the  shell is 242 kN/, (1382 lb / in . ) .  For t he  

s t ruc ture  with the  per turbat ion,  the bwkl ing  mode shape shows local  buckling 
of t he  tank s h e l l  between s t i f f e n e r s  i n  the in t eg ra l ly  s t i f f ened  area.  A t  
buckling, t he  calculated value of N 
236 kN/ 

the  hoop stress re su l t an t s  i n  this area a re  compressive as  shown i n  f igure  9b. 
Therefore, the  presence of the shape per turbat ion reduces the  calculated 
buckling load very l i t t l e  ( less  than 3 percent),  even though the  maximum 
stress re su l t an t s  a r e  increased by amounts up t o  40 percent, probably because 
the  a x i a l  compressive loads do not change g rea t ly  i n  the area where buckling 

i n  the  in t eg ra l ly  s t i f fened  area  i s  
X 

(1347 lb / in . ) .  Local buckling probably occurs i n  t h i s  area because m 

occurs. 

In contrast  t o  t h e  r e l a t i v e l y  small reduction i n  buckling load due t o  
the  perturbation, is  the  reduction i n  the  buckling load of the in t eg ra l ly  
s t i f f ened  port ion of t he  s h e l l  when it comprises a portion of a double-bubble 
tank s t ruc tu re  having var ia t ions  i n  wall thickness and r ing  dimensions r a the r  
than comprising p a r t  of a uniform c i r cu la r  cylinder.  
value of the  buckling load calculated by NASTRAN i s  about 22 percent. 

This decrease i n  the 

COMPUTER TIME 

Some typical NASTRAN run times on the  CDC 6600 computer are shown i n  
The problems vary from about 300 t o  900 degrees of freedom with Table 1. 

cent ra l  processor times varying from 300 seconds t o  2228 seconds. A 
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comparison of the  run times f o r  the first three problems [NASTRAN demonstra- 
t i on  problem and the demonstratlon problem with reduced thickness) shows t h a t  
run times may vary considerably f o r  what appears t o  be a similar problem. 
la rge  increase i n  run t i m e  for level 12.1.0 and R/ = 320 may be due t o  the  

select ion of the range on the EIGB card which was set very low t o  insure t h a t  
the  lowest mode would be obtained. For t h e  reduced thickness demonstration 
problem, leve l  15.1.0 shows a speed advantage of about 4 compared t o  leve l  
12.1.0. A comparison of t h e  two double-bubble runs shown indica tes  t h e  
s ign i f icant  increase i n  run t i m e  required t o  obtain several  eigenvalues. 
The reason f o r  calculat ing more than one eigenvalue is t o  insure that the 
lowest eigenvalue has been determined. For succeeding runs, the eigenvalue 
extract ion range can usual ly  be selected such that only one eigenvalue is 
required which effects a subs tan t ia l  reduction i n  run time. 
t o  make a comparison of the  NASTRAN computation times with t h e  t i m e  required 
by the  SALORS shell-of-revolution analysis  program f o r  f i n i t e  difference 
buckling calculat ions.  For  an assumed axisymmetric representat ion of the 
Apollo-Saturn short  s tack (ref. 6) with 436 f i n i t e  difference points ,  209 
cent ra l  processor seconds were required t o  ca lcu la te  t he  buckling load. In 
comparison, the  present analysis of shells using NASTRAN with quadr i la te ra l  
and t r iangular  elements i s  r e l a t i v e l y  t i m e  consuming. This time consideration 
i s  o f f s e t ,  however, by t h e  f a c t  that NASTRAN may be used t o  analyze s t ruc tures  
t h a t  cannot be analyzed with ex is t ing  she l l  programs. 

The 

t 

It  i s  of i n t e r e s t  

CONCLUSIONS 

An ana ly t ica l  study of a two-lobed c i r cu la r  arc pressure vessel 
(double-bubble tank) with a loca l  per turbat ion from the cy l indr ica l  shape 
has been made. 
good l inea r  buckling analysis  capabi l i ty  f o r  s t ruc tures  t h a t  cannot be handled 
by other analysis  techniques. 
r e l a t i v e l y  expensive from a computational standpoint. 
additions t o  the NASTRAN program would be t h e  inclusion of a new beam element 
t ha t  adequately represents  the shear t r ans fe r  when modeling s t i f f e n e r s  on a 
s h e l l ,  and the  capabi l i ty ,  i n  a r i g i d  format, t o  keep ce r t a in  prescribed 
loads constant during the  eigenvalue extract ion process. 

From th is  study, it can be concluded tha t  NASTRAN provides a 

However, a t  t h e  present t i m e ,  solut ions are 
Two worthwhile 
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Figure 4.- Effect of stiffener modeling details on the NASTRAN calculated 
axial stress distribution in the edge of the stiffener. 
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/ 

(a) Finite element model of double-bubble tank shell. 

Maximum perturbation = 4.03 cm c1.sgg in.] 
Circumferential we Id 

erturbat ion contours 
0 in percent of maximum 

erturb at ion 

She1 St iff ener L - 1  Centerline of frame 

(b) Plot of shell thickness distribution and shape perturbation contours. 

Figure 6 . -  Finite element model and shell details. 
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(a) Without shape perturbation. Maximum displacement = 0.620 cm (0.244 in.) 
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Extent of perturbation 
0 0 0 0 0 0 0 0  0 

0 
0 m 

c, 
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(b) With shape perturbation. Maximum displacement = 0.853 cm (0.336 in. ) 

Figure 7.- Contours of radial displacement under prestress loads for double-bubble 

tank model. 
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Figure 8.- Contours of a x i a l  stress re su l t an t  Nx f o r  double-bubble tank model. 
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(a) Without shape perturbation. 
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(b) With shape perturbation. 

Figure 10.- Contour plot of buckling mode shape for  double-bubble tank model. 
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SOME APPLICATIONS OF NASTRAN TO THE BUCKLING OF THIN 
CYLINDRICAL SHELLS WITH CUTOUTS 

By Jer ry  G. Williahs and James H, Starnes, Jr. 
NASA Langley Research Center 

SUMMARY 

The buckling of isotropic and waffle s t i f fened c i rcu lar  cylinders with 
and without cutouts was studied using NASTRAN's Rigid Format 5 f o r  the  case 
of ax ia l  compressive loading, The results obtained f o r  the cylinders without 
cutouts are  compared w i t h  available reference solutions. The r e su l t s  fo r  the  

isotropic cylinders containing a s ingle  c i rcular  cutout with selected radii 

are compared w i t h  available experimental data. 
cylinder, the effect  of two diametrically opposed rectangular cutouts was  
studied. 

of d i f fe ren t  prebuckling and buckling boundary conditions. 

taken of available symmetry planes t o  formulate equivalent NASTRAN model 

segments which reduced the  associated computational cost  of performing the 

analyses. Limitations of the appl icabi l i ty  of NASTRAN f a r  the  solution of 

problems with nonlinear character is t ics  are  discussed. 

For the  waffle s t i f fened 

A D W  a l t e r  sequence was used t o  permit the necessary application 
Advantage was 
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INTRODUCTION 

Thin-walled circular cylindrical shells are commonly subjected to 
compressive type loading, and hence, buckling of these structures must be 
considered as a possible failure mode. 
of these structures can significantly reduce their load carrying capability 
as well as complicate the buckling analysis. 

The presence of cutouts in the sides 

A limited number of experimental (refs, 1, 2, and 3) and finite- 
difference analytical (refs, 3 and 4) studies ofthe effects of cutouts on 
cylindrical shell buckling behavior have been reported. 
have been limited to isotropic cylinders with unreinforced circular cutouts 
and reinforced and unreinforced rectangular cutouts. 

These investigations 

Current activities at the Langley Research Center include testing and 
analysis of small scale isotropic cylinders and very large waffle stiffened 
cylinders with cutouts. The NASTRAN finite-element program was used to 
perform the analytical studies of the buckling characteristics of these 
cylinders, 
single circular cutout at +,he midlength of the cylinder and a waffle stiffened 
cylinder with two diametrically opposed'rectangular cutouts at midlength, 
The sizes of the cutouts were changed to determine the effect on the buckling 
load. 
presents some of the analytical results, and makes a comparison with exgeri- 
mental results for the buckling of a typical isotropic cylinder with a 
circular cutout. 

Analytical studies were made of an isotropic cylinder with a 

The current paper describes the details of the NASTFUN analysis, 

TEST CYLINDERS 

Isotropic Cylinder 

The isotropic cylindrical shell test specimen studied in this investiga- 
tion was 25.4 cm long, had a shell radius of 10.2 cm and a wall thickness 
of 0.025 cm. The test specimen was made from Mylar polyester film. The 
modulus of elasticity of this material was experimentally determined to be 
equal to 5.0 GN/m 
equal to 0.3. 
'DuPont reg is te red  trademark- 

1 

2 and Poisson's ratio was taken from reference 5 to be 
A series of single circular cutouts with selected radii 
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ranging up t o  approximately 3'11 cm were cut i n to  the cylinder w a l l  at mid- 

length. 
t o  provide a clamped end boundary condition, 

force was applied at the  center of the top end plate .  

Thick aluminum end p la tes  were attached t o  the  ends of t he  cylinder 

A concentrated compressive 

Waffle Stiffened Cylinder 

A large waffle s t i f fened cyl indrical  shell soon t o  be tes ted  i s  i l l u s t r a t -  
ed i n  f igure 1. 

a skin thickness of 0.25 cm. 

modulus of e l a s t i c i t y  of 68.9 GN/m 

in tegra l  waffle s t i f f ene r s  consist  of circumferential r ings and longitudinal 

s t r ingers  each with rectangular cross-section. 
which was selected for the  analyt ical  study has two diametrically opposed 

rectangular cutouts of equal s ize  located at  the cylinder midlength. The 

rectangular cutouts have a circumferential are length of 0.61 m and a 

longitudinal dimension of 0.69 m, 

compression i n  a t e s t  f i x t u r e  which approximates clamped end boundary conditions,  

The cylinder has a radius of 1.53 m, a length of 2.39 m, and 

The cylinder material i s  aluminum which has a 
2 and a Poisson's r a t i o  of 0.333. The 

A potent ia l  tes t  configuration 

The cylinder w i l l  be tes ted i n  ax ia l  

NASTRAN MODELS 

General Comments On Modeling and Boundary Conditions 

A s t ruc tura l  model should involve suff ic ient  detail t o  represent 
accurately the  physical problem yet be as simple as possible t o  reduce the 

computational cost ,  
N A S T W ,  a cyl indrical  shell must be modeled by the use of f la t  p la te  

elements. This l imi ta t ion  requires tha t  a re la t ive ly  large number of 

circumferential g r id  points be used t o  obtain an accurate solution. 

addition, it i s  the recommendation of reference 6 tha t  NASTRAN quadrilateral  

p la te  elements be r e s t r i c t ed  t o  s ide dimension r a t i o s  between 1:l and 1:105* 
Compliance with t h i s  recommendation requires t h a t  a correspondingly large 

number of gridpoints be used i n  the  longitudinal direction. 

Since a curved p la te  element i s  not yet available i n  

In 
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contained within a 

approximately 3 gr id  points 
5 percent for s t i f fened cylinders,while approximately 5 grid points per half  

wave are required fo r  an isotropic cylinder f o r  the same accuracy, 
7 also suggests that the rotat ion about the radial axis be restrained at all 

gr id points f o r  cylinders modeled w i t h  f la t  plates.  
obtained i f  t h i s  r e s t r a in t  i s  not imposed because of the  low inplane rotat ional  

s t i f fness  of two nearly coplanar intersecting f lat  plates.  
i s  discussed further i n  reference 8. 

Reference 

Low buckling loads a re  

This  phenomenon 

The number of gr id  points necessary t o  model a s t ructure  accurately can 

be s ignif icant ly  reduced by taking advantage of exis t ing loading and geometric 
symmetry. 
two planes of symmetry. For the model w i t h  one cutout at cylinder midlength, 

one plane of symmetry contained the  cutout center and the cylinder axis of 

revolution,and the second plane passed through the cylinder at midlength 

normal. t o  the axis of revolution. For cylinders containing two diametrically 

opposed holes at cylinder midlength, a th i rd  plane of symmetry ex is t s  which 
includes the axis of revolution and is normal t o  the cylinder diameter con- 

taining the  two cutout centers. The applied loads were a l s o  symmetric since 
the concentrated load applied t o  the isotropic cylinder and the load resul%ant 
associated with the  uniform end shortening of t he  waffle s t i f fened cylinder 

were col l inear  with the axis of revolution. 

A l l  of the models considered i n  t h i s  investigation had a t  l ea s t  

Taking advantage of these symmetry properties allows a cylinder with 

one cutout t o  be equivalently modeled by a one-quarter cyl indrical  segment 
and a cylinder with two cutouts t o  be represented by a one-eighth segment 

as i l l u s t r a t ed  i n  figure 2. These segments contain e t r u e  boundary ( l i n e  1 

gure 2)  fo r  which bouadary conditions are prescribed t o  represent the 

actual edge conditions. 
l i nes  which have e i ther  symmetric or antisymmetric constraints imposed upon 

them. 
boundary constraints t h a t  can be imposed, and each combination should be 
considered t o  insure tha t  the lowest eigenvalue has been found, In t h i s  

In addition, there  are three a r t i f i c i a l  boundary 

There are eight possible combinations of the  symmetric and antisymmetric 



investigation r e s u l t s  are presented only for  symmetric boundary constraints.  

The buckling capabi l i ty  provided by NASTRAN i n  Rigid Format 5 i s  a 

l i nea r  bifurcat ion buckling analysis for  which the bifurcat ion OCCUTS from a 

l inea r  prebuckling state. 

buckling and buckling boundary conditions t o  be imposed. 
a t h i n  cy l indr ica l  s h e l l  i s  approximated by a l i nea r  bifurcat ion buckling 
analysis,  it i s  often necessary t o  impose different  prebuckling and buckling 

boundary conditions. 

imposed f o r  clamped o r  simple support conditions cons i s t  of one of t h e  fou r  sets 

of d i s t i n c t  boundary conditions a t  each end of  t h e  s h e l l  which accompany t h e  

formulation of' t h e  eighth order p a r t i a l  d i f f e r e n t i a l  equation derived from 
c l a s s i c a l  s h e l l  theory.  

buckling boundary conditions was made poss ib le  i n  t h e  present i nves t iga t ion  

through t h e  use of a DMAP a l t e r  sequence which was provided by t h e  NASTRAN 
Systems Management Office through the courtesy of Malcolm W. Ice of Boeing 
Computer Sciences, Inc. 

This Rigid Format does not permit d i f fe ren t  pre- 

When the buckling of 

The buckling boundary conditions tha t  a r e  usually 

The c a p a b i l i t y  of imposing d i f f e r e n t  prebuckling and 

This DMW sequence i s  presented i n  t h e  appendix. 

The prebuckling and buckling boundary conditions used i n  t h i s  investiga- 
t i on  a re  presented i n  t ab le  I. The numbers 1, 2,  and 3 i n  t h i s  t ab le  represent 

constrained displacements along the radial, circumferential and axial 

direct ions,  respectively (see f i g .  2 )  and the numbers 4, 5 ,  and 6 represent 

constrained rotat ions about these three  axes i n  a system of cyl indrical  
coordinates. In t h i s  investigation one simple support and two clamped 
buckling boundary condition s e t s  were examined. 
support boundary conditions allow uniform f r ee  expansion i n  the radial 

direction. The simple support buckling boundary condition s e t  consisted of 

zero radial and circumferential displacements, zero edge bending moment, and 
a zero ax ia l  load perturbation, 

conditions correspond t o  
boundary conditions allowed ax ia l  displacements t o  occur f r ee ly  and constrained 
a l l  other edge displacements and slopes. 

boundary conditions (case I)  was ident ica l  t o  t h e  prebuckling s e t .  
consistent i n  s h e l l  theory notation t o  se t t i ng  

w , ~  
t o  t he  ax ia l  coordinate. 

The prebuckling simple 

In  the  usual s h e l l  theory notation these 

w = v = Mx = Nx = 0. The clamped prebuckling 

One set of clamped buckling 
This i s  

= 0 where Nx = v = w = w 
'X 

represents the  first derivative of the  radial displacement w i t h  respect 

The second clamped buckling boundary condition s e t  



(case 11) constrained all rotations and displacements. 

she l l  theory notation t o  se t t ing  u = v = w = w = 0 where u represents- the 

axial. displacement. 

This i s  consistent i n  

'X 

Isotropic Cylindrical Models 

Two NASTRAN modeling configurations were used t o  study the isotropic 
cylinder. 

a cutout, and was  used t o  determine the  gr id  point network fineness necessary 
t o  provide an acceptable comparison w i t h  known analyt ical  resu l t s ,  
uniformly spaced network of 720 gr id  points used fo r  th i s  model consisted of 

twelve ax ia l  s ta t ions and s ix ty  circumferential s ta t ions ,  Following the 

suggestion of reference 7,  the rotat ion about the radial axis was constrained 
fo r  all gr id  points,  
case I1 as described above. 
and the applied load resulted from imposing a uniform axia l  displacement. 

The first configuration w a s  a model of the complete cylinder without 

The 

The boundary conditions f o r  t h i s  model were clamped 
The she l l  w a l l  was modeled by CQUAD2 pla te  elements 

The second model configuration w a s  intended t o  simulate an experimental 

parametric study of the  e f fec t  of a single unreinforced c i rcu lar  cutout on 

the buckling of a cylinder loaded by axial compression. 
made it possible t o  represent t h i s  problem by an equivalent one-quarter 

cyl indrical  segment. 

end p l a t e  model i s  presented i n  figure 3(a) .  

modeled by a framework consisting of CBAR beam elements. The framework 
included one CBAR element between the grid point at  the center of t he  end 
p la te  and each of the circumferential g r id  points on the  she l l  boundary, and 

a CBAR element between each circumferential gr id  point around the  cylinder 

Symmetry properties 

A schematic representation of the cylinder geometry and 
The aluminum end p la te  was 

2 ,boundary. The s t i f fnes s  of these bar elements was extremely high (2.9 GN-m ) 

t o  simulate the re la t ive  r i g i d i t y  of t he  end plate .  A concentrated ax ia l  
force w a s  applied at the  gr id  point located a t  the center of the end plate .  

The gr id  point network used for  a typical  c i rcular  cutout with radius a 

i s  presented i n  figure 3(b).  
used i n  the  v i c in i ty  of the cutout i s  presented i n  d e t a i l  A. 

grid point network was  used i n  the v ic in i ty  of the  cutout t o  represent the 

high loca l  prebuckling stress gradients shown t o  ex i s t  i n  th i s  region by 
several authors (e.g., r e f .  9 and 10) .  

An exploded view of the gr id  point refinement 
A very f ine  

The extent of t h i s  highly refined 
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grid point network (detail A) was three hole radii and was guided by the 
prebuckling stress distribution presented in reference 9. 
were considered ranging from approximately 0.406 cm to 1.27 cm and the 
corresponding models contained from 334 to 362 grid points. 
plate elements were used to model the shell wall. 
constraints were considered along the artificial boundary lines to limit the 
computational costs. 

Five cutout radii 

CQUAD2 and CTRIA2 
Only symmetric boundary 

Waffle Stiffened Cylindrical Models 

Four separate models were used in studying the buckling behavior of the 
waffle stiffened cylinder shown in figure 1. Details ofthe four models are 
presented in figure 4. 
the complete cylinder without cutouts. 
grid points used for this model consisted of nine axial stetions and sixty 
circumferential stations. 
eighth cylindrical segment with grid point spacing identical to model A and 
included 80 grid points. 
from model B by removing two grid points and the associated elements in order 
to represent two diametrically opposed cutouts at the cylinder midlength. 
cutouts in the cylinder represented by model C were rectangular and have a 
circumferential arc length and axial length equal to 0.64 ~1 

respectively. 
flat plate elements to represent the skin and CBAR elements to represent the 
rings and stringers. Since the spacing of rings and stringers was closer for 
the actual cylinder than for model C, equivalent properties were assigned to 
the CBAR elements on the PBAR card. Each CQUAD2 element was bounded on all 
four sides by a CBAR element. 
one-eighth cylindrical segment representing a cylinder with two equal 
diametrically opposed rectangular cutouts. Two cutout sizes were considered 
for model D; one with dimensions 0.61 m by 0.69 m,and the other with 
dimensions 0.91 m by 

respectively. 
for model D such that a skin panel bounded by rings and stringers was repre- 
sented by four CQUAD2 plate elements. 

The first configuration (model A )  was a model of 
The uniformly spaced network of 540 

The second configuration (model B) was a one- 

The third configuration (model C) was developed 

The 

and 0. 60 m 
The actual cylinder shown in figure 1 was modeled using CQUAD2 

The fourth configuration (model D) was a l s o  a 

0.69 m in the circumferential and axial directions, 
The grid point network in the vicinity of the hoiz was refined 

CTRIA2 plate elements were used to make 
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the  t rans i t ion  between regions of the she l l  with different  gr id  point spacing, 
The gr id  point refinement i n  the  v ic in i ty  of the hole was  guided by the results 
fo r  model C and by the high loca l  pre'buckling s t r e s s  gradient expected t o  
ex is t  i n  t h i s  region. 

both models C and D were reinforced by rings and s t r ingers  with the  properties 

ident ical  t o  those used i n  the  adjacent in te r ior  s t i f fener  elements. 

Model D contained 424 gr id  points. The hole edges for 

A uniform axia l  displacement was  the  applied loading condition f o r  a l l  

four models. Boundary conditions used for  these models included simple 

support, clamped case I, and clamped case I1 conditions as described i n  tab le  

I. 

Only symmetric boundary constraints were considered along the a r t i f i c i a l  
boundary l i n e s  of models B , C and D. 

The rotat ion about the  rad ia l  axis was constrained fo r  a l l  gr id  points. 

RESULTS 

Isotropic Cylinders 

The r e su l t s  of the NASTRAN study on the e f fec ts  of a c i rcu lar  cutout on 

the  buckling of a cylindrical  she l l  loaded i n  ax ia l  compression are  compared 
i n  figure 5 w i t h  some typical  experimental r e s u l t s  taken from reference 1. 

The buckling loads,  P, of these studies have been nondimensionalized by the 
c lass ica l  theore t ica l  buckling load, PcL, of a cylindrical  she l l  without a 

cutout, These normalized buckling loads are  plotted as a function of a non- 

dimensional geometric parameter 

where a i s  the  cutout radius,  

r = a / ( R t )  1/2  

R is  the she l l  radius,  and t i s  the  she l l  

thickness. 
determined buckling loads have been shown t o  be related t o  t h i s  parameter. 

The experimental r e su l t s  indicate tha t  it i s  possible t o  ident i fy  

Analytical prebuckling solutions (e.g. , r e f ,  9 )  and experimentally 

ranges of the parameter r for  which there were d i f fe ren t  buckling 

character is t ics .  For r less than approximately 0.5, it appears t ha t  
there  was no effect  of the  cutout on the experimental buckling load, and the 

familiar general collapse diamond pattern was always the buckling mode 
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(represented by square symbols on figure 5 ) .  For values of r between 

approximately 0.5 and 1.2 there was a sharp decline i n  the buckling load, and 

the  she l l  s t i l l  buckled i n  the general collapse pattern.  

reference 1 tha t  the  prebuckling s t r e s s  concentration around the hole i s  

apparently of suff ic ient  magnitude t o  cause the  hole region t o  snap in to  a 
loca l  buckling configuration which could i n  turn provide enough of a distur- 

bance at these applied s t r e s s  leve ls  t o  cause general collapse. 

r greater than approximately 1.2 a s table  loca l  buckling mode occurred i n  
the v i c in i ty  of the hole (represented by c i rcu lar  symbols on figure 5 )  which 

was followed by the  general collapse of the she l l  when a small additional load 

was applied. Phe buckling loads continue t o  decline i n  t h i s  range as r i s  

increased but a t  a much lower rate than for  the previous range. 

values of r ,  v i s ib l e  loca l  prebuckling deformations normal t o  the she l l  

surface were observed i n  the region of the cutout implying a loca l  nonlinear 

prebuckling behavior. 

It i s  suggested i n  

For values of 

For the  larger  

The buckling load from NASTRAN f o r  the  complete cylindrical  model without 

a cutout was fourteen percent greater than the c lass ica l  theoret ical  value, 

The mode shape consisted of fourteen circumferential half  waves and one axial  

half  wave. 

circumferential half  wave. 

storage of 300000 words on a Control Data Corporation 6600 computer, A greater 

refinement i n  the circumferential direction did not appear worth the cost. One 

suggestion for  reducing the CPU time required t o  obtain a solution might be t o  
reduce the number of ax ia l  gr id  points since for  the present solution there  

were twelve gr id  points per axial  half  wave. However, t h i s  would increase the 

r a t i o  of s ide lengths of the quadrilateral  elements t o  values well above those 

recommended i n  reference 6 and the accuracy of the resul t ing solution may be 

questionable 

The model therefore had approximately four gr id  points per 

The solution took 4079 CPU seconds with a core 

8 

The NASTRAN resu l t s  fo r  the  equivalent one-quarter cyl indrical  segment 

model fo r  cylinders with cutouts are represented by the dashed curve on 

figure 5. The buckling mode shape predicted by NASTRAN for  a l l  cases con- 

sidered was a loca l  buckling mode i n  the region of the cutout, 
of t h i s  loca l  buckling mode shape gives credence t o  the suggestion tha t  

general collapse i n  the experiment w a s  caused by a loca l  buckling mode fo r  

The existence 
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values of r between 0.5 and 1.2. For values of r l e s s  than approximately 

1.5 the  NASTRAN results provided an upper bound for  the  experimental r e s u l t s  

as should be expected from a solution technique based on the  minimization of 

the t o t a l  po ten t ia l  energy. For larger  values of r the  nonl inear i t ies  of 

the cutout problem become more pronounced and the  l inear  bifurcation analysis 

provided by NASTRAN gives r e su l t s  below the  experimental values. The l i m i t a -  

t ions of using a l i nea r  bifurcation analysis t o  approximate a nonlinear 

buckling phenomenon are  pointed out i n  reference 4 i n  which a comparison i s  

made between l inea r  and nonlinear buckling solutions for  some typica l  t h i n  

she l l  s t ructures  (e.g., the  collapse of a cyl indrical  panel due to, an applied 

concentrated l a t e r a l  load) .  

Waffle Stiffened Cylinders 

A summary of the  NASTRAN resu l t s  f o r  models of the  waffle s t i f fened 

cylinder i l l u s t r a t e d  i n  f igure 1 i s  presented i n  tab le  11, and includes 

eight d i f fe ren t  cases. The c r i t i c a l  buckling loads calculated using NASTRAN 

are normalized by the buckling load f o r  a s t i f fened simply supported 

cylinder without cutouts obtained from the analysis presented i n  reference 11. 

A bar graph i s  presented i n  f igure 6 t o  i l l u s t r a t e  graphically the  differences 

i n  r e su l t s  for  the  eight different  solutions. 

The NASTRAN resu l t s  f o r  the complete cylinder without holes (model A )  with 

simple support end conditions was within two percent of the  reference buckling 

load. 

constraints a lso agreed with t h i s  r e s u l t ,  indicating tha t  the  symmetric 

constraints applied along the a r t i f i c i a l  boundary l i nes  yielded the  minimum 

solution. A NASTRAN generated p lo t  of the buckling mode shape fo r  models A 

and B i s  presented i n  f igure 7. The mode shape included one longitudinal and 

eight circumferential half  waves,which was  the  same as predicted by reference 

11. The CPU time t o  generate these two r e su l t s  was  5.5 minutes f o r  model B 

and 79 minutes f o r  model A. Although a l l  eight combinations of symmetry and 

antisymmetry were not executed fo r  model B, it i s  projected tha t  even i f  they 

had been, the  cumulative t i m e  would have been l e s s  than tha t  required fo r  the 

solution fo r  the en t i r e  cylinder (model A ) ,  In  addition, a larger  core 

storage i s  required fo r  the  execution of the en t i re  cylinder model. 

The one-eighth cylindrical  segment (model B)  with simple support end 
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Buckling results obtained using models C and D for a simply supported 
cylinder containing two diametrically opposed holes are presented in table I1 
as cases 3 and 4. 
due to differences in modeling. 
in relatively close agreement (within eight percent). 
buckling mode shapes for the two mdels is presented in figure 8. 
Displacements have been normalized with respect to the maximum displacement 
amplitude which has been scaled to a value of 100. 
contour plotting technique is presented in reference 12. 
shapes are similar in character with the largest displacements occurring in 
the vicinity of the cutout. 
symmetric constraints exist along the three artificial boundaries (lines 2, 
3, and 4 in figure 2), it may be assumed from a study of the displacement 
contour plots that it probably would not be necessary to exercise a l l  eight 
combinations of symmetric and antisymmetric constraints to obtain the lowest 
eigenvalue. For example, an antisymmetric constraint along line 2 should 
yield essentially the same result as a symmetric constraint along this line 
since the magnitudes of the buckling displacements in the vicinity of line 2 

are relatively small. 
models C and D with clamped case I boundary conditions (cases 5 and 6 )  was 

twelve percent. 
were similar. 

The hole sizes for these two models were slightly different 
The critical compressive buckling loads are 

Contour plots of the 

A discussion of the 
These two mode 

Although it is assumed for this solution that 

The difference in the critical buckling load for 

As for the simple support case, the buckling mode shapes 

There was approximately a five percent decrease in the buckling load 

for cylinders with clamped case I1 boundary conditions (cases 7 and 8 in 
table 11) when the circumferential hole dimension was increased by 
approximately fifty percent. 
vicinity of the hole are sufficiently stiff to allow a redistribution of the 
prebuckling stress to prevent significant decreases in the buckling load. 

Apparently, the rings and stringers in the 



CONCLUDING REMARKS AND RECOMMENDATIONS 

NASTRAN has been used t o  study the  complex problem of the  buckling of 

cyl indrical  shells w i t h  and without cutouts. Reasonably acceptable agreement 
w i t h  known analyt ical  results was achieved fo r  isotropic  and waffle s t i f fened 
cylinders without cutouts when the appropriate prebuckling and buckling 
boundary conditions were imposed. 

buckling and buckling boundary conditions (which i s  usually required fo r  a 
l inear  bifurcation buckling analysis)  was made possible through the use of a 

DMAP a l t e r  sequence. For isotropic cylinders w i t h  cutouts it was found tha t  
NASTRAN provided an upper bound for  available experimental r e su l t s  fo r  s m a l l  

cutouts, and provided solutions lower than the  experimental r e su l t s  fo r  large 
cutouts. 

pronounced, and therefore the l i nea r  bifurcation buckling analysis capabili ty 

of NASTRAN cannot be expected t o  provide more than an approximation t o  the 
solution. 

The capabili ty of imposing different  pre- 

For the large cutouts, the nonlinearit ies of the problem become 

The computational cost of conducting a buckling analysis fo r  a structure 
is  several times the cost of performing a s t a t i c  s t r e s s  analysis fo r  the same 
model. Therefore, the user of Rigid Format 5 should seriously consider ways 

t o  reduce computational costs and the potent ia l ly  high demands placed on 
the computational f a c i l i t y .  In  general, taking advantage of problem loading 

and geometric symmetries can reduce the cost of preforming a buckling analysis. 
An argument can a l so  be made tha t  it i s  usually cost effect ive t o  select  an 

eigenvalue search range on the EIGB card which is l e s s  than the  expected 
eigenvalue t o  insure tha t  the lowest root i s  obtained and therefore,  that  a 

r e s t a r t  is  not required. It i s  recognized that some modules within the Rigid 
Format 5 DMAP sequence have greater  storage requirements than others. 
Additional computational cost reductions and improvements i n  f a c i l i t y  manage- 
ment could be made i f  it were possible t o  determine core storage requirements 

for  cer ta in  DMAP modules before the module i s  executed. With th i s  information 

it would be possible t o  adjust  core storage requirements during the 
execution of a problem t o  a specified minimum and therefore release unnecessary 

core. 
systems or by the user through exercising the NASTRAN checkpoint and restart 
feature . 
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This capabili ty might be achieved automatically on cer ta in  computer 



The systematic approach used i n  formulating a NASTRAN model simplifies 

the task of generating input data for general she l l s  with complex geometries. 

Solutions for t h in  she l l  buckling problems by the use of NASTRAN, however, 

require an understanding of s t ruc tura l  behavior t o  in te rpre t  properly the  

results. Therefore, NASTRAN must be used with discret ion t o  obtain buckling 

loads fo r  general she l l  s t ructures  because of the  complexity of t he  problem, 

and the  l imited reported user experience for these problems. 



APPENDIX 

DMAP ALTER SEQUENCE FOR PRESCRIBING DIFFERENT 
PREBUCKLING AND BUCKLIHG BOUNDARY CO&DITIONS 

ALTER 2 
FILE KDGG=APPEND ,SAVE/KNN=SAVE/GM=SAVE $ 
ALTER 47 
LABEL POINT1 $ 
ALTER 80 
PARAM 
COND POINT2 ,TEST1 $ 

PARAM //C,N9MPY/V,N,NSK1P/C,N,2/C,N,1 $ 
REPT POINT1,l $ 
LABEL POINT2 $ 
ENDALTER 

/ /C ,N , SUB/V ,N ,TESTl/ C ,N ,2/V , N , NSKIP $ 

*ALTER 104 

* - Use ALTER 109 f o r  l eve l  15 ar 104 fo r  l eve l  12.  

The execution of  the  a l t e r  sequence requires three subcases i n  the Case 

Control Deck. 

and 3 govern the  buckling solution. 

Subcase 1 governs the  prebuckling solution and subcases 2 

SUBCASE 1 
LOAD = 
SPC = 
mc = 
OUTPUT 

SUBCASE 2 
METHOD = 
OUTPUT 

SUBCASE 3 
SPC = 
Mpc = 
OUTPUT 
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TABLE 1,- BOUNDARY CONDI~IONS. 

Constrained displacements and rotations& 

Prebuckl in& 

2 *4 96 

112 B4 ,5,6 

192 94 s 5  96 

2 s4 ,6 

3,4 ¶5 

2,4,6 

3 94 9 5  

b Simple support - line 1 
Clamped case I - line 1 
Clamped Case I1 - line 1 
Symmetry - line 2 or 4 
Symmetry - line 3 
Antisymmetry - line 2 or 4 
Antisymmetry - line 3 

a.- Numbers 1,2’, and 3 represent radial,tangential,and axial displacements 
and 4,5, and 6 represent rotations about these axes, respectively in a 
cylindrical coordinate system. 

b.- Lines 1,2,3, and 4 are defined in figure 1. 
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ANALYSIS AND DESIGN OF 

0%-GRADE REINFORCED CONCRETE 

TRACK SUPPORT STRUCTURES 

By F r a n c i s  G. McLean, Rona ld  0. M i l l i a m s ,  
and Lance R. Green ing  

Westenhof f  and Nov ick ,  I n c .  
Chicago, I l l i n o i s  

S U PlM A R Y 

F o r  t h e  improvement o f  r a i l  s e r v i c e ,  The Depar tment  of Trans-  
p o r t a t i o n ,  F e d e r a l  R a i l  A d m i n i s t r a t i o n ,  i s  s p o n s o r i n g  a t e s t  t r a c k  
o n  t h e  A tch i son ,  Topeka, and Santa Fe Ra i lway .  The t e s t  t r a c k  
w i l l  c o n t a i n  n i n e  s e p a r a t e  r a i l  s u p p o r t  s t r u c t u r e s ,  i n c l u d i n g  one 
c o n v e n t i o n a l  s e c t i o n  f o r  c o n t r o l  and t h r e e  r e i n f o r c e d  c o n c r e t e  
s t r u c t u r e s  o n  grade,  one s l a b  and two beam s e c t i o n s .  The a n a l y s i s  
and d e s i g n  of  t h e s e  l a t t e r  s t r u c t u r e s  ( r e f . 1 )  was accomp l i shed  by  
means of  t h e  f i n i t e  e lement  method, NASTRAN, and  i s  p r e s e n t e d  
h e r e i n .  

I N T R O O U C T I  ON 

I n  order t o  p r o v i d e  f a s t ,  economica l  r a i l  s e r v i c e ,  t h e  
development o f  improved,  l o w  maintenance t r a c k  s u p p o r t  systems i s  
r e q u i r e d .  N h i l e  seeming ly  a s i m p l e  problem, t h e  system o f  r a i l -  
f a s t e n e r - s t r u c t u r e - s u b g r a d e  poses complex i n t e r a c t i o n  problems.  
I n  a d d i t i o n ,  a random d i s t r i b u t i o n  o f  asymmet r ic  l a t e r a l  l oads  i s  
a p p l i e d  by moving r a i l  t r a f f i c .  

I n  an  e f f o r t  t o  p r o v i d e  t e s t  d a t a  f o r  use i n  d e v e l o p i n q  such 
s u p p o r t  systems, t h r e e  n o n - c o n v e n t i o n a l  t r a c k  s t r u c t u r e  systems 
a r e  t o  be i n c l u d e d  a s  p a r t s  of  t h e  approx ima te  two m i l e  l e n g t h  o f  
t e s t  t r a c k  t o  be c o n s t r u c t e d  by t h e  U.S. Depar tment  o f  T ranspor -  
t a t i o n  a n d  t h e  Santa Fe R a i l w a y  Company. The t h r e e  non-conven- 
t i o n a l  t r a c k  s u p p o r t  s t r u c t u r e s ,  each 244 me te rs  i n  l e n g t h ,  a re :  
t w i n  c a s t - i n - p l a c e  c o n t i n u o u s l y  r e i n f o r c e d  c o n c r e t e  beams j o i n e d  
by g a g i n g  ( c r o s s )  members; a c o n t i n u o u s l y  r e i n f o r c e d  c o n c r e t e  
s l a b ;  and a system o f  t w i n  p r e c a s t  beams made c o n t i n u o u s  a t  
a b u t t i n g  ends and j o i n e d  by gag ing  members. 

As p a r t  o f  t h e  r e s e a r c h  program r e l a t e d  t o  d e v e l o p i n g  p r a c -  
t i c a l ,  l o w  maintenance,  h i g h  q u a l i t y  t r a c k  s t r u c t u r e s ,  s t u d i e s  
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were c a r r i e d  o u t  ( r e f s .  2 a n d  3 )  t o  p r o d u c e  p e r f o r m a n c e  c r i t e r i a  
a n d  s p e c i f i c a t i o n s  f o r  s u c h  s t r u c t u r e s .  A n a l y s e s  a n d  t e s t s  s h o w e d  
t h a t  d i s t i n c t  s u b g r a d e  p r e s s u r e  p u l s e s  a r e  i m p a r t e d  by e v e r y  
p a s s i n g  a x l e  l o a d ,  a n d  t h a t  s u b g r a d e  d e t e r i o r a t i o n  is  r e l a t e d  t o  
t h e  number  o f  i m p u l s e s .  A s  a r e s u l t  o f  t h o s e  s t u d i e s  i t  was 
c o n c l u d e d  t h a t  t r a c k  s u p p o r t  s t r u c t u r e s  h a v i n g  a h i g h  s t r u c t u r a l  
r i g i d i t y  w o u l d  e f f e c t i v e l y  r e d u c e  t h e  l o a d  c y c l e s  t o  o n e  p e r  
t r u c k .  A s p e c i f i c  s t i f f n e s s  was d e t e r m i n e d  a n d  s p e c i f i e d  a s  
d e s i g n  c r i t e r i a ,  a l o n g  w i t h  v e r t i c a l  a n d  l a t e r a l  w h e e l - r a i l  l o a d  
m a g n i t u d e s ,  T h e s e  c r i t e r i a  f o r m e d  t h e  b a s i s  f o r  t h e  s t a t i c  
a n a l y s e s  p e r f o r m e d  t o  d e s i g n  a n d  e v a l u a t e  t h e  s e c t i o n s  shown  i n  
f i g u r e  1, 

I n  t h e  d e s i g n  a n d  c o n s t r u c t i o n  o f  t h e  t e s t  s e c t i o n s  t h e  g o a l  
o f  r e m o v i n g  a l l  p o s s i b l e  s e c o n d a r y  v a r i a b l e s  a n d  " w e a k  l i n k s "  was 
p u r s u e d  i n  a n  e f f o r t  t o  c r ea t e  s t r u c t u r e s  whose  p e r f o r m a n c e  a n d  
s a f e t y  w o u l d  b e  u n i m p a i r e d .  A t e s t  embankmen t  was d e s i g n e d  a n d  
c o n s t r u c t e d ,  u n d e r  c lose  c o n t r o l ,  t o  create  u n i f o r m  s u b g r a d e  
c o n d i t i o n s  t h r o u g h o u t  t h e  e n t i r e  t e s t  t r a c k .  An u n u s u a l  r a i l  
f a s t e n e r  was s e l e c t e d  t o  i n s u r e  t h a t  it w o u l d  n o t  be  a c o n t r o l l i n g  
"weak l i n k , "  

T h e s e  i n s t r u m e n t e d  systems w i l l  be  i n t e g r a l  p a r t s  o f  t h e  
S a n t a  F e ' s  s i n g l e  t r a c k  m a i n l i n e ,  a n d  w i l l  c a r r y  b o t h  eastward 
a n d  westward t r a i n s  a p p r o a c h i n g  5 0 , O c ) O , O O O  g r o s s  t o n s  a n n u a l l y ,  
a t  s p e e d s  u p  t o  1 2 0  k i l o m e t e r s / h o u r .  T h u s ,  t h e  systems w i l l  b e  
s u b j e c t e d  t o  r i g o r o u s  s e r v i c e ,  a n d  i t  is a n t i c i p a t e d  t h a t  s i g n i f -  
i c a n t  r e s u l t s  f o r  f u t u r e  u s e  w i l l  b e  p r o d u c e d  t h r o u g h  t h e  i n s t r u -  
m e n t a t i o n  a n d  t h e  o b s e r v a t i o n  of  t h e  p e r f o r m a n c e  o f  t h e  c o m p o n e n t s  
o f  t h e  system. 

I n  o r d e r  t o  a c h i e v e  t h e  n e c e s s a r y  s a f e t y  i n  d e s i g n ,  a n d  
h a n d l e  t h e  c o m o l e x  i n t e r a c t i o n  a n d  b o u n d a r y  c o n d i t i o n s ,  t h e  
f i n i t e  e l e m e n t  m e t h o d  was c h o s e n  f o r  a n a l y s i s ,  a n d  N A S T R A N  was 
u s e d  a s  t h e  a n a l y t i c a l  t o o l .  D e s i g n  was a c c o m p l i s h e d  u s i n g  a 
c o m b i n a t i o n  o f  w o r k i n g  s t ress  a n d  u l t i m a t e  s t r e n g t h  m e t h o d s .  A l l  
work  was d o n e  i n  t h e  B r i t i s h  s y s t e m  o f  u n i t s .  

THE F I N I T E  ELEMENT MODEL 

The  f i n i t e  e l e m e n t  m o d e l s  f o r m u l a t e d  f o r  a n a l y s i s  are  shown 
i n  f i g u r e  2. T h e  m o d e l s  r e p r e s e n t  t h e  r a i l ,  r a i l  f a s t e n e r ,  
c o n c r e t e  s t r u c t u r e s  a n d  s u b g r a d e  . 

Rail  

C l a s s i c a l l y ,  l i t t l e  a t t e n t i o n  h a s  b e e n  g i v e n  t o  t h e  t o r s i o n a l  
a c t i o n  o f  t h e  r a i l  i n  t h e  t r a c k  system. H e n c e ,  o n l y  b e n d i n g  
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p r o p e r t i e s  were a v a i l a b l e  and t h e  membrane ana logy  was a p p l i e d  t o  
c a l c u l a t e  t h e  t o r s i o n a l  c o e f f i c i e n t  f o r  use i n  t h e  ana lyses .  
CBAR e lemen ts  were used  t o  r e p r e s e n t  t h e  r a i l  i n  t h e  NASTRAN 
model. 

F a s t e n e r  

The d i r e c t  f i x a t i o n  f a s t e n e r  s e l e c t e d  f o r  t h e  p r o j e c t  p r o -  
v i d e s  r e s t r a i n t  t o  t h e  r a i l  i n  each of  t h e  s i x  degrees o f  freedom. 
The s e l e c t e d  f a s t e n e r  has n o t  been i n  s e r v i c e ,  a l t h o u g h  a s m a l l e r  
s c a l e  v e r s i o n  i s  on  t h e  market .  P r e s t r e s s e d  e l a s t o m e r s  a r e  
u t i l i z e d  t o  p r o v i d e  r e s t r a i n t  c u s h i o n i n g .  The p r o t o t y p e  f a s t e n e r  
was t e s t e d  t o  d e t e r m i n e  an  o r d e r  o f  magn i tude f o r  t h e  l o a d -  
d e f l e c t i o n  r e l a t i o n s  used f o r  t h e  CEAR e lement .  The OFFSET 
p r o v i s i o n  was implemented t o  p r o v i d e  g e o m e t r i c a l  c o m p a t i b i l i t y  
f o r  t h e  r a i l - f a s t e n e r - s l a b  c o n n e c t i v i t y ,  

S l a b  and Beams 

S i n c e  t h e  d i s t r i b u t i o n  o f  subgrade p r e s s u r e s  was d e s i r e d  a s  
a r e s u l t  o f  t h e  ana lyses ,  and t h e  s l a b  and beams were o r t h o t r o p i c  
i n  n a t u r e ,  t h e  CQUAD 2 e lemen t  was used w i t h  a M A T  2 f o r m u l a t i o n  
( r e f  . 4)  t o  y i e l d  o r t h o t r o p i c  p r o p e r t i e s ,  L o n g i t u d i n a l  s t i f f -  
nesses Mere as s p e c i f i e d  by t h e  d e s i g n  c r i t e r i a ,  w h i l e  t r a n s v e r s e  
s t i f  fnesses  were t h e  r e s u l t  o f  t r a n s v e r s e  r e i n f o r c i n g  f o r  temper- 
a t u r e  and  c o n s t r u c t i o n  requ i remen ts .  A l l  d e s i g n  was based on  
c r a c k e d  s e c t i o n  p r o p e r t i e s .  

Subgrade 

The subgrade was r e p r e s e n t e d  by t h r e e  grounded CELAS 1 
e lements  connec ted  t o  each G R I D  p o i n t  h a v i n g  CWUAD c o n n e c t i v i t y ,  
One s p r i n g  was i n  t h e  v e r t i c a l  p l a n e  t o  r e p r e s e n t  a W i n k l e r  
f ounda t ion .  P r o p e r t i e s  used  f o r  t h e s e  s r i n g s  were o b t a i n e d  f rom 
f i e l d  p l a t e  b e a r i n g  t e s t s  ( r e f s .  1 and  5 P a s  shown i n  f i g u r e  3. 
C o r r e l a t i o n  f o r  t h e s e  p r o p e r t i e s  were o b t a i n e d  u s i n g  V i b r o s e i s m i c  
methods ( r e f s .  6, 7 and 8 ) ,  and c o n s t r u c t i o n  c o n t r o l  t e s t s  
o b t a i n e d  d u r i n g  c o n s t r u c t i o n  o f  t h e  t e s t  embankment ( r e f s .  9 and 
10).  Two s p r i n q s  were used i n  t h e  h o r i z o n t a l  p l a n e  ( l o n g i t u d i -  
n a l l y  and  t r a n s v e r s e l y )  t o  r e p r e s e n t  t r a c t i o n s  on  t h e  c o n c r e t e -  
subgrade i n t e r f a c e .  The e l a s t i c  p r o p e r t i e s  were d e r i v e d  f r o m  
f i e l d  t e s t s  ( r e f .  1) u s i n g  l a r g e  s l a b s  w i t h  su rcha rge  p ressu res ;  
t y p i c a l  r e s u l t s  a r e  p r e s e n t e d  i n  f i g u r e  3. 

101 



ANALYSIS PROCEOURES 

A s i n g l e  p r e p r a c e s s o r  was w r i t t e n  t o  g e n e r a t e  t h e  b u l k  d a t a  
r e q u i r e d  f o r  t h e  s t r u c t u r e s ,  v a r y i n g  geometry,  m a t e r i a l  p r o p e r -  
t i e s ,  and c o n n e c t i v i t y  as  r e q u i r e d ,  A l l  a n a l y s e s  were pe r fo rmed  
on t h e  C o n t r o l  Data  C o r p o r a t i o n  Cyberne t  System u s i n g  NASTRAN 
and, f o r  s i m p l e  p a r a m e t r i c  s t u d i e s ,  EASE, R i g i d  Format  1, w i t h  
RESTART, was used f o r  a l l  NASTRAN a c t i v i t y .  

EASE models  o f  a r a i l - f a s t e n e r  system o n  an  i n f i n i t e l y  s t i f f  
s u p p o r t i n g  s t r u c t u r e  were a n a l y z e d  t o  de te rm ine  t h e  i n f l u e n c e  o f  
r a i l  t o r s i o n a l  p r o p e r t i e s ,  and t h e  e f f e c t  o f  v a r i a t i o n  o f  f a s t e n e r  
p r o p e r t i e s ,  on t h e  d i s t r i b u t i o n  o f  l o a d  t o  t h e  s t r u c t u r e s ,  

I n f l u e n c e  L e n g t h  S tudy  

A s i n g l e  a x l e  and s i n g l e  t r u c k  l oad ,  f i g u r e  4, were a p p l i e d  
t o  l o n g  models o f  h o t h  s t r u c t u r e s  (2220 G R I D ,  520 CBAR, 5550 
CELAS 1, and 1272 o r  1440 CQUAD 2, h a v i n g  a b o u t  5.2 degrees o f  
f reedom average p e r  G R I D )  t o  o b t a i n  i n f l u e n c e  l e n g t h s  and  approx-  
i m a t i o n  e r r o r s ,  R e s u l t s  o f  t h e s e  s t u d i e s  i n d i c a t e d  t h a t  o n e - h a l f  
c a r  l e n g t h  models  wou ld  be s a t i s f a c t o r y ,  b u t  l a t e r a l  l o a d  p o s i -  
t i o n i n g  r e q u i r e d  a n a l y s i s  o f  c a r  l e n g t h  models  u n t i l  t h e  occu r rence  
o f  d e f l e c t e d  s t r u c t u r e  symmetry was v e r i f i e d .  

Des ign  Ana lyses  

Car l e n g t h  models  were used t o  a n a l y z e  b o t h  t h e  i n f i n i t e  and  
f i n i t e  (end  o f  t e s t  s e c t i o n )  cases. S i v g l e  P o i n t  C o n s t r a i n t s  
were used t o  c r e a t e  a c o u p l e r  t o  c o u p l e r  model w i t h  p l a n e  o f  
symmetry c o n d i t i o n s  i n  t h e  d e f l e c t e d  s t r u c t u r e ,  w h i l e  M u l t i - P o i n t  
C o n s t r a i n t s  were used t o  g i v e  a m id -ca r  t o  m id -ca r  model w i t h  
a n t i s y m m e t r i c  c o n d i t i o n s  i n  t h e  d e f l e c t e d  s t r u c t u r e ,  Models w i t h  
' 'sof tzner!"  subgrade were a l s o  a n a l y z e d  f o r  t h e  i n f i n i t e  case. 
R e s u l t s  o f  t h e s e  a n a l y s e s  a r e  shown i n  f i g u r e s  5 and  6. 

The f i n i t e  s t r u c t u r e s  were modeled by a l l o w i n g  i n p l a n e  
v e r t i c a l  d i s p l a c e m e n t s  w i t h  no r o t a t i o n s  o f  t h e  GRIDs on  one 
boundary,  w h i l e  a l l o w i n g  comp le te  f reedom on t h e  o t h e r  boundary 
f o r  a l l  b u t  t h e  r a i l  GRIDs.  R a i l  G R I D s  were a l l o w e d  t o  d i s p l a c e  
i n  t h e  v e r t i c a l  p l a n e  w i t h  no r o t a t i o n ,  A compar ison  o f  t h e  
sp read  o f  t h e  beam s t r u c t u r e s ,  o b t a i n e d  f o r  t h e  i n f i n i t e  and 
f i n i t e  cases, i s  shown on f i g u r e  6. 
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DESIGN 

ELFDRCE o u t p u t  was used t o  v e r i f y  t h e  adequacy o f  t h e  des ign 
c r i t e r i a ,  t o  a p p o r t i o n  r e i n f o r c i n g  f o r  t h e  s l a b  and beam s t r u c -  
t u res ,  and t o  des ign  t i e - r o d s  t o  r e s t r a i n  beam spread. The beam 
s t r u c t u r e s  were r e i n f o r c e d  f o r  combined b i a x i a l  bending and 
t o  r s i o n  . Su bg r a de p r e  s su r e d i s  t r i bu t i o n s  an d s t r u  c t u  r e - su bg r a de 
shears were evaluated,  and v a l i d i t y  o f  p r o p e r t i e s  v e r i f i e d .  
Regions o r  i t e m s  o f  probable " h i g h  maintenance'' were l o c a t e d  and 
i n s p e c t i o n  procedures formulated.  

r e i n f o r c i n g ,  and embankment; f o r  s t r e s s e s  i n  t h e  subgrade; and 
f o r  l o a d s  t r a n s m i t t e d  t h r o u g h  t h e  f a s t e n e r s .  I n  a d d i t i o n ,  a 
c a l i b r a t i o n  s e r i e s  o f  s t a t i c  l oads  has been recommended t o  a l l o w  
v e r i f i c a t i o n  o f  t h e  des ign  procedures and a n a l y t i c a l  methods, and 
t o  a l l o w  a c o r r e l a t i o n  base f o r  dynamic readouts and subsequent 
analyses. 

The p r o j e c t  w i l l  be i ns t rumen ted  f o r  s t r a i n s  i n  t h e  r a i l s ,  

CONCLUSION 

The a v a i l a b i l i t y  o f  P!ASTRAN was i n v a l u a b l e  i n  c a r r y i n g  o u t  
t h i s  p r o j e c t  s i n c e  the  sponsor had s p e c i f i e d  t h a t  no new codes 
were  t o  be created.  A more r e a l i s t i c  des ign was achieved than 
would have been accompl ished u s i n g  c o n v e n t i o n a l  methods ( r e f .  111, 
o r  more s i m p l i s t i c  models, which would n o t  have d e f i n e d  t h e  t h r e e -  
d imensional  n a t u r e  o f  t h e  s t r u c t u r e  and would have r e s u l t e d  i n  
an inadequate design. 
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EXPERIENCES I N  INTERFACING NASTRAN 

WITH ANOTHER FINITE ELEMENT PROGRAM 

By Dennis D. Schwerzler and Robert K. Leverenz 

Research Labora tor ies  
General Motors Corporation 

Warren, Michigan 

SUMMARY 

This  paper  deals w i t h  the coupl ing of NASTRAN t o  another  f i n i t e  element 
program which has  been developed by t h e  General Motors Research Labora to r i e s  
f o r  t h e  s t a t i c  a n a l y s i s  of automotive s t r u c t u r e s .  
coupled toge the r  t o  u s e  t h e  s u b s t r u c t u r i n g  c a p a b i l i t y  of t h e  in-house program 
and t h e  normal mode a n a l y s i s  c a p a b i l i t y  of NASTRAN. 
t o  be made t o  t h e  NASTRAN program i n  o rde r  t o  make t h e  coupl ing f e a s i b l e .  
This  in format ion  can be of u s e  t o  o t h e r  NASTRAN u s e r s  s i n c e  t h e r e  are many 
in-house f i n i t e  element programs that are s p e c i a l l y  designed f o r  p a r t i c u l a r  
problems o r  have c a p a b i l i t i e s  no t  found i n  NASTRAN. 
programs toge the r ,  the c a p a b i l i t i e s  of both programs can be  u t i l i z e d .  

The two programs w e r e  

Modif ica t ions  had 

By coupl ing t h e  two 

INTRODUCTION 

An i n t e r f a c e  program w a s  wri t ten t o  a l low an  in-house f i n i t e  element 
program t o  b e  used f o r  the s ta t ic  a n a l y s i s  and t h e  NASTRAN program f o r  t h e  
normal mode a n a l y s i s  of automotive s t r u c t u r e s .  By us ing  t h e  in-house f i n i t e  
element program, t h e  fol lowing b e n e f i t s  were gained: f l e x i b i l i t y  of  subs t ruc-  
t u r i n g ,  an extended element l i b r a r y ,  an e a s i l y  modified program f o r  p a r t i c u l a r  
problems, and reduced c o s t  of execut ion.  A ma jo r i ty  of t h e  geometric d a t a  
had a l r e a d y  been prepared and checked i n  a format compatible wi th  t h e  in -  
house program, thus ,  t h e  coupl ing of t h e  two programs saved r ede f in ing  and 
.debugging t h e  d a t a  f o r  t h e  NASTRAN format.  Since t h e  in-house f i n i t e  element 
program does not  have dynamic c a p a b i l i t i e s  and t h e  NASTRAN dynamic sof tware  
i s  reputed t o  be one of t h e  b e s t ,  i t  becomes a l o g i c a l  choice  t o  couple  t h e s e  
two programs r a t h e r  than  develop a dynamic a n a l y s i s  code o r  u s e  another  
program. n This  paper d e s c r i b e s  how t h e  two programs are coupled toge the r .  The 
informat ion  contained i n  t h i s  paper  i s  based on t h e  use  of NASTRAN v e r s i o n  
12.1 on an  IBM 3701’165 computer. 



EXPLANATION OF INTERFACE PROGRAM DEVELOPED 

When a substructure is modeled with the in-house code, the grid point 
data and the reduced stiffness matrix for the kept grid points are stored 
in a partitioned data set. 
structures is desired, this data, along with other user supplied data, is 
loaded into NASTRAN for the dynamic portion of the analysis by means of the 
interface program. 

When a normal mode analysis of one of these sub- 

The input deck to the interface program is the NASTRAN executive control 
deck, the case control deck, and the bulk data deck, excluding grid point and 
element data. The interface program reads the input deck, converts any 
EBCDIC characters to BCD, and stores the card images in an output file 
for processing by NASTRAN. 
matrix for the substructure is inserted in its sorted position by placing 
the stiffness coefficients on DMIG cards. 
inserted in the bulk data deck in their correct sorted position. 

When processing the bulk data deck, the stiffness 

Likewise, GRID cards are also 

An additional program processes the original data used to generate the 
substructure to determine the mass at each grid point by means of the lumped 
mass method. 
kept grid points surrounding the grid point. 
cards for the masses at each of the kept grid points. 
read in as part of the bulk data input to the interface program. 

The mass at each grid point is then partitioned out to the 
This program then punches CflNM2 

These cards are then 

Dummy rod elements are used to define the shape of the structure for 
plotting the mode shapes. 
are given an elastic modulus value of zero. 

To avoid changing the stiffness matrix, the rods 

Grid point constraints imposed on the structure in the in-house finite 
This avoided element program are duplicated in the NASTRAN bulk data deck. 

calculating extraneous eigenvalues. 

The stiffness values on the DMIG cards are read into the normal mode 
analysis format by means of the ALTER program shown below. 

ALTER 26,27 

MTRXIN, ,~TP~~L,EQEXIN3SIL,/STIF,,/V,N,LUSET/VyN,NflMl/C3N,O/C,N,O $ 

SMAl CSTM ,MPT , ECPT , GPCT , DIT /KGGY , , GPST /V , N , NflGENL /V ,N ,NflK4GG $ 

ADD KGGY,STIF/KGGX/C,N,(l.O,O.O)/C,N,(l.O,O.O) $ 

CHKPNT KGGX,GPST $ 

ENDALTER 

This is similar to the alter program given in reference 1. 
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MODIFICATIONS TO NASTRAN 

Using the DMIG bulk data cards for inputting the stiffness matrix into 
NASTRAN creates several problems. 
symmetric, the entire matrix has to be read in since the direct matrix input 
method does not take advantage of symmetry. This requires reading in nearly 
twice as many cards as would normally be needed. When reading in large 
matrices, such as a 184 by 184, these extra values consume several minutes of 
computer time in order to pass through the input file processor. 

Even though the stiffness matrix is 

Another disadvantage of the direct matrix input method is that only 
single precision values for  the stiffness matrix can be read in. 
IBM 370, single precision is only six significant figures, therefore, round- 
off errors may significantly affect the accuracy of the solution. 
to read in six significant figures in an E field format, the large field 
format has to be used. A sorting problem developed when the large field 
format was used on the second DMIG type header card. The interface program 
outputs the DMIG cards in the correct sorted order such that GJ and CJ were 
in an increasing numerical order. 
CJ in a decreasing numerical order. 
in a decrasing order, NASTRAN sorted them into the correct order of increasing 
CJ number. This problem could not be resolved, so it was reported to the 
NASTRAN system office for further study. 

For the 

In order 

However, NASTRAN sorted the deck with 
When the cards were input with CJ 

The sorting problem does not occur if the small field format is used 
for the second type header cards. However, if the small field format is 
used, a stiffness value must be placed on this header card, and the small 
field width does not allow inputting a stiffness value of six significant 
figures in an E field format. To overcome this restriction, a completely 
constrained fictitious grid point with a zero stiffness value is placed in 
this field. 

After the sorting problem was corrected, problems still occurred in 
trying to pass a large number of cards (20,000) through the input file 
processor. Nine minutes of central processing time failed to pass these 
cards through the XSQRT subroutine. The problem was traced to a double 
D8 L@8P in the XSQRT subroutine in which a check was made for duplicate 
continuation cards. It appeared that in this subroutine each continuation 
card was compared to every other continuation card, resulting in (N)*(N-1)/2 
comparisons. Approximately 19,000 of the 20,000 cards were continuation 
cards resulting in approximately 1.8 x lo8 comparisons. 
seconds for each comparison on the IBM 370/165, it would have taken about 
900 seconds to complete this cycle. 
any other modifications to the subroutine, the 20,000 cards were processed 
by the XS@RT subroutine in 138 seconds. 

At about 5 micro- 

By removing this double D8 L@@P without 

Since most of the bulk data deck was created by 
which had been thoroughly checked out, and since the 
it was felt that most of the checks performed by the 
needed. A very brief, modified version of the XSQRT 

the interface program 
data was already sorted, 
XSgRT subroutine were not 
subroutine was created 



especially for use with the interface program ( 
subroutine reads in the data either from direct , a UMF tape, or a 
check point tape, and outputs the data on the NPTP file tape. 
can only be used for UMF tape or check pointed tape problems that require no 
corrections to the bulk data deck. The new subroutine further reduced the 
time to process the 20,000 cards from 138 to 79 seconds. 

Initially, an attempt was made to read in the entire mass matrix by 
means of DMIG cards, using the ALTER program given in reference 1. However, 
the mass matrix MGG must be opened before the program reaches the ALTER DMAP 
instruction where the mass values, read in by the ALTER program, are added to 
MGG. 
not be possible. 
operation 28, where MGG is formed. 
mass at any grid point. 
diagonal mass terms were needed, and it was found to be easier to read 
in the mass matrix by means of the C@4'!42 cards. 
ill defined mass matrix problem. 

ix). This modified 

This subroutine 

If not, MGG will be an "ill defined matrix," and the addition would 
The mass matrix must be opened by some means at DMAP 

The easiest method is to put in a small 
For the problems that were considered only the 

This method avoids the 

OMITTING ROTATIONAL DEGREES OF FREEDOM 

At first, all the degrees of freedom of each grid point were passed to 
NASTRAN for the dynamic analysis. The rotational degrees of freedom were 
then omitted in NASTRAN, since only the translational degrees of freedom 
were needed to adequately define the fundamental modes of the structures. 
The substructuring program was changed so that it performs a Guyan reduction 
of the stiffness matrix, omitting the rotational degrees of freedom, before 
passing the stiffness matrix to the interface program. 
several advantages. 
substructures, resulting in stiffness matrices which are densely populated. 
The Guyan reduction process, which tends to fill up the stiffness matrix, had 
little effect on the fullness of the stiffness matrix passed, but it did 
significantly reduce the size of the matrix. 
required 20,000 cards to define the stiffness matrix was reduced to 6,000 
cards with very little change in the eigenvalues and eigenvectors. Since 
the number of cards was greatly reduced, the input file processor time 
was reduced from 79 seconds to 27 seconds. 

This change has 
Most of the structures considered are made up from several 

The structure which initially 

This method has the advantage that the reduction process is performed 
with the original sixteen significant figures for each stiffness coefficient, 
instead of the rounded off six significant figures passed to NASTRBN when 
the rotational degrees of freedom are left in. 
degrees of freedom are omitted before being passed to NASTRAN, these degrees 
of freedom have to be constrained in the bulk data deck of the NASTRAN run. 
Back substitution to obtain deflections for the rotational degrees of freedom 
is not possible with this method. 

Because these rotational 
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SPACE FRAME VERIFICATION PROBLEN 

Figure 1 shows a diagram of the structure used to verify the interface 
program. 
connected together by 32 rod elements. The space frame was modeled entirely 
in NASTRAN, and the resulting eigenvalues and eigenvectors were compared to 
those obtained by modeling the space frame in the substructuring program and 
passing the stiffness matrix over to NASTRAN by means of the interface pro- 
gram. A NASTRAN-generated mass matrix was used for both runs, being read in 
as C@m2 data in the interface case. The values for the 66 eigenvalues and 
eigenvectors agreed to four significant figures. This example problem pro- 
vided an assessment of the l o s s  in accuracy due to the restriction of passing 
only six significant figures for the stiffness values. A comparison of the 
static analysis results between the two finite element programs produced 
exact agreement for the displacements. 

The space frame structure shown consists of 22 grid points 

The eigenvalues and eigenvectors for the analysis in which the ro- 
tational degrees of freedom were omitted before the data was passed to 
NASTRAN were closer to the values obtained by using NASTRAN directly than those 
values in which the stiffness values for the rotational degrees of freedom 
were passed to NASTRAN for omitting. 

Omitting the rotational degrees of freedom with the substructuring program 
for the space frame increased the number of card images passed from 1,473 
to 3,674. The reason for the increase was that the stiffness matrix for the 
space frame was very sparsely populated. 
although it reduced the size of the matrix, produced an almost fully populated 
matrix. 

The Guyan reduction process, 

CONCLUDING REMARKS 

The interface program has been used on considerably more complicated 
structures than the space frame shown. 
a car body composed of 15 substructures which together contained over 3,000 
degrees of freedom. The substructuring program was used to reduce the struc- 
ture to 186 translational degrees of freedom for passage to NASTRAN for the 
normal mode analysis. The dynamic analysis of the structure was successfully 
completed in 425 seconds with the input file processor requiring 137 seconds. 
The modifications made to the XS@RT subroutine, and the use of the substructure 
program made this analysis technically feasible and computationally economical. 

The largest structure analyzed was 
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1 4 3 0  CALL OPEN % $ ~ O T U ~ F T R U F % ~ < ? ~ <  
CALL 
CALL WR I T E  %NPTP TI R U F l  ~ 2 0 9  1< 

p E A D %  $1 2507 $1 71 O T  UMf T 1 B U F l  t 20 T 1 T I f L G <  

Gn TO 1 4 3 0  

GO TO 560 
1 2 5 0  CALL CLOSE %UMFI1€ 

1710 WRITEXOUTTPP,1711< 
1 7 1 1  FCRMAT%lHOv23X,27H 2 1 1 1  ILLEGAL EOR ON SCRATCH< 

1 7 3 0  W R I T E X O L T T A P I ~ ~ ~ ~ <  
1 7 3 1  F O R M A T % ~ H O T ? ~ X * ~ ~ H  2 1 3  T ~ L L F G A L  ECF ON OPTP< 

1740 W R I T F Z O U T T A P T ~ ~ ~ ~ <  
1 7 4 1  F O R W A T X L H O T ~ ~ X I ~ S H  2 1 4 r n P T P  COULD NOT RF CPFNFD< 

1 7 5 0  WR I T F % O C T T A P T ~ ? ~ ~ <  
1 7 5 1  FRSVAT.XltJO,23X129H 2151NPTP CnClLD NOT RE OPENED< 

1 8 0 0  WRfTE%OUTTPP,1801< PLUS 
1801. FORwATdAl,23H+**SYSTEM FATAL YESSAGE< 

CALL P E S A G E Z - ~ ~ ~ O T  NSORT< 
NCGP tl -1 
RFTUPN 
E h'D 

GO TR 1 8 0 0  

GC T O  1800 

GC T O  1800 

GO TC' 1 8 0 0  
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DELTA LAUNCH VEHICLE ISOGRID STRUCTURE NASTRAN ANALYSIS 

By Daniel J. Knighton 

NASA Goddard Space F l igh t  Center 

The purpose of t h i s  paper i s  t o  present t he  varied s t r u c t u r a l  analysis 
applications of NASTRAN on the  new i sog r id l  s t ruc ture  of t he  Delta launch 
vehicle. Isogrid i s  a method employed t o  s t i f f e n  the  booster cy l indr ica l  s h e l l  
surface by in t eg ra l ly  machining r i b s  and skin from one piece of metal. The r i b s  
are arranged i n  a r epe t i t i ve  equ i l a t e ra l  t r iangular  pat tern;  t h i s  r e su l t s  i n  a 
s t r u c t u r a l  surface whose s t i f f n e s s  i s  orthogonally isotropic .  For t h a t  s t ruc-  
t u re  both s t a t i c  and general  i n s t a b i l i t y  buckling analysis  w i l l  be described 
and the theo re t i ca l  r e s u l t s  w i l l  be compared t o  t e s t  data. One of the param- 
e t e r s  t h a t  has been included i n  t h i s  analysis  i s  the  e f f ec t  of pressure load- 
ings on the buckling allowable load. I n  addition, a descr ipt ion of a supple- 
mentary GSFC-originated computer program, without which t h i s  analysis could not 
have been performed, w i l l  be presented. 

INTRODUCTTON 

A b r i e f  descr ipt ion of the  Delta launch vehicle and i t s  performance 
advancements w i l l  be given with spec i f i c  a t ten t ion  focused on the IBM 360/95 
computer analysis of the recent ly  innovated Delta external  i sogr id  s h e l l  s t ruc-  
ture .  
employed t o  (1) ver i fy  the  i so t ropic  property of isogrid, (2 )  show the  var ia t ion  
i n  def lect ions and d e t a i l  s t r e s s  l eve l s  depending on loading versus the or ienta-  
t i on  of isogrid,  (3) perform as an engineering l i a i s o n  tool, and ( 4 )  determine 
the  general i n s t a b i l i t y  buckling allowables fo r  i sogr id  tank s t ructures .  

The NASA STructural ANalysis (NASTRAN) program has been successfully 

'Isogrid s t ruc ture  concept was developed fo r  Delta by McDonnell Douglas 
i n  1970. 



SYMBOLS 

a' 

A 

CBAR 

cTRIA2 

d 

D 

E 

E 

f 

f r c  

fsb 

F 

G 

h 

J 

K 

1 

m 

M 

s ide  of i sogr id  t r iangle ,  em ( i n . )  

area, em2 ( in .  ) 

locat ions of CBAR 

NASTRAN bar element 

NASTRAN t r iangular  p l a t e  element 

r i b  height, em ( in . )  

diameter of cylinder, em ( i n . )  

Young's modulus of e l a s t i c i ty ,  kN/m2 ( p s i )  

i sogr id  modulus, kN/m2 ( p s i )  

force, N ( l b )  

rib-allowable compression s t ress ,  kN/m2 ( p s i )  

skin-allowable compression stress, kN/m2 ( p s i )  

force, N ( l b )  

modulus of r ig id i ty ,  kw/m2 ( p s i )  

height of i sogr id  t r iangle ,  em ( i n . )  

moment of iner t ia ,  em4 ( in.4) 

polar moment of iner t ia ,  em4 ( in .4)  

form fac to r  of cross sect ion 

e l a s t i c  s t i f f n e s s  

d i f f e r e n t i a l  s t i f f n e s s  

length, em ( i n . )  

moment, N-m ( in. -1b) 

bending moment, N-m ( in .  -1b) 

i sogr id  general  i n s t a b i l i t y  allowable load, kN/m ( lb/in.  ) 
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N r c  

Nsb 

NX 

P 

P 

R 
- 
t 

t r  

twt. eq. 

T 

U 

f4 
V 

dV 

ox.’ *y 

rw 
w 

rib-allowable compression or crippling load, kN/m ( lb/in.) 

skin-allowable compression or buckling load, kN/m ( lb/in. ) 

equivalent compression load, M/m (lb/in.) 

pressure, m/m2 (psi) 

applied axial load, N (lb) 

radius, cm (in.) 

equivalent skin thickness, em (in.) 

rib thickness, em (in.) 

skin thickness, ern (in.) 

weight equivalent thickness ( accounting for weld land and/or edge 
panel design) 

torque, N-m ( in. -1b) 

linear displacement of CBAR grid point 

eigenvector 

shear, M (lb) 

infinitesimal element volume 

extensi,onal strain, cm/cm ( in. /in.) 

shear strain, cm/cm (in./in.) 

rotation of CBAR grid point 

eigenvalue 

Pcisson’s ratio 

axial stress of isogrid in x, y directions, m/m2 ( p s i )  

shear stress, m/m2 (psi) 

rotation of dV 



DELTA ISOGRID STRUCTURE 

The Delta launch vehicle project began in 1959 shortly after the forma- 
It started with existing stages that were comprised of the Thor 

Since that time it has been 

The current launch 

tion of NASA. 
first stage and Vanguard second and third stages. 
project policy to upgrade the Delta booster fcr increased performance and 
reliability at a minimum cost growth as shown on figure 1. 
vehicle and improved configurations are shown on figure 2. 

One of the many upgraded design features of these new Delta vehicles is 
the incorporation of a cylindrically shaped isogrid structure. This design 
forms the external skin structure of the booster. The new tank skin is 
initially machined from flat 1.27-em (1/2-in. ) thick 14sT6 free-machining 
aluminum alloy plate, brake-formed into curved shapes, and finally welded into 
2.44-111 (8-ft) diameter tank shells. 
waffle and isogrid, are shown in figure 3. Isogrid now replaces the less 
efficient rectangular waffle tank and skin, stringer, and frame interstage and 
fairing structures. The improved Delta isogrid tank construction is about 50 
percent more efficient (weightwise), than the waffle and equivalent in efficiency 
to the built-up assemblies with regards to compressive local and general buck- 
ling capabilities. It is also interesting to note that isogrid is orthogonally 
isotropic in its overall strain characteristics. 

Typical integrally machined structures, 

The first vehicles to employ the isogrid structure are now planned to 
carry the IMP H and TELESAT A spacecraft into orbit by the end of this year. 
Isogrid hardware is not only being fabricated for Delta vehicles but it is also 
being developed for the Shuttle (ref, 1) and Skylab programs under the cogni- 
zance of MSFC and is being proposed for more efficient Delta/Agena replacement 
second stages (fig. 4) in the Versatile Upper Stage (WS) study (ref. 2) t o  
GSFC requirements. Preliminary evaluations performed on Delta and the W S  in- 
dicate that isogrid structures are approximately 50 percent the cost of skin, 
stringer, and frame structures. This was the reason why the interstage and 
fairing were designed using isogrid for new model Deltas. 

ANALYSIS OF ISOGRID BY NASTRAN 

The new structure, a relatively fine rib-node mesh, was modeled using 
NASTRAN program elements and procedures. Both static and buckling analysis 
were performed to give the Delta project a good understanding of the new struc- 
ture being designed for Delta. Loadings applied to the isogrid model initially 
were only compression type but later were expanded to include pressure effects; 
i.e., hoop loadings. The compression loading included axial compression, equiv- 
alent axial compression due to bending, and offsetting axial tension forces 
pR/2 ,due to internal pressure. 
parison only, the effects of an external pressure loading. 

The buckling analysis also included, for com- 
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PROOF OF ISOTROPY OF ISOGRID 
V 

For an isogrid orientation having 
the a' and @a' periodic grid distances 
shown to the right, it has been proven 
(ref. 3) that the material has isotropic 
elastic properties and that it obeys 
Hooke's law. 

P - a' 
2 

where the isogrid elastic modulus 
E Sy E = trE/h. 

E is related to the actual material modulus 

Subsequent to the previous analysis, the rib - and plate elements were 
combined to produce an equivalent skin thickness t such that the booster tank 
could be treated like an equivalent monocoque cylindrical structure. 
equivalent monocoque skin thickness is 

The 

--It+ tr 

1.270 cm 
(0.500 in.) 

t 

The 
( ref. 4), which are 

5 relation is important in solving for  skin and rib compression allowables 

Skin buckling : 



Rib cr ippl ing : 

f r c  = - t 

Isogrid, being isotropic,  does possess an i,-xyncrasy, i . e . ,  i t s  deta 1 
s t resses  must vary in te rna l ly  within the isogrid depending on the  direct ion i n  
which loadings are applied. The reason f o r  t h i s  i s  t h a t  t he  isosceles  t r i -  
angular arrangement i s  oriented s l i g h t l y  d i f f e ren t ly  i n  the x- and y-axis direc-  
t ions.  To learn  more about t h i s  novel s t ructure ,  a small f i n i t e  element model 
was fashioned using NASTRAN bar (CBAR) and t r iangular  p l a t e  (CTRIA2) elements, 
f igure  5. Specifically,  t h i s  model was prepared to check the  overa l l  i so t ropic  
property of the  in t eg ra l  r i b  and skin combination and to review the in t e rna l  
r i b  and skin s t r e s ses  t h a t  r e s u l t  when the same magnitude of loading i s  
placed i n  e i the r  t he  x o r  y direct ions.  

The compression loading was selected from a typ ica l  Delta loading p r o f i l e  
and i s  equated as follows: 

P 4 M  Nx = 3 -I- p = 308.2 kN/m (1760 lb/ in . )  

i r ec -  Nx was applied f i rs t  i n  the negative x and then i n  the  negative y I 

t ions.  The resu l t s ,  including def lect ions and s t r e s s  levels ,  are shown i n  
f igures  6 and 7. Note t h a t  the  overa l l  deflections,  1.346 mm (0.0530 in . ) ,  a r e  
the  same f o r  e i the r  x- o r  y-axis loadings, which indicates  the overa l l  iso-  
t rop ic  cha rac t e r i s t i c  of isogrid.  Further, the  r i b  and skin compressive stress 
leve ls  i n  the  center bay were lower f o r  the x-axis loading d i rec t ion  ( loads 
perpendicular to the  main r i b s )  by 31 and 1 percent, respectively.  Thus, to 
keep the compressive s t r e s ses  a t  a minimum i n  the  isogrid propellant tanks, the  
main r i b s  were located accordingly (on Delta s ta t ions ,  f i g .  5 ) .  

The i n i t i a l  model, f igure  5, was 46.94 e m  (18.48 in.) square and required 
addi t ional  p l s t e  and bar elements. 
load support elements (50 times s t i f fe r  than i sogr id  CBAR members) and multiple 
point constraints  at t he  load g r i d  points and the  same def lect ions and stress 
leve ls  were obtained. 

Two computer runs were made using heavy 

The grid-point r e s t r a i n t s  a r e  as noted on f igure  6. 

A t h i r d  computer run was accomplished using a simpler model as shown i n  
f igure  8. Note t h a t  the  model i s  46.94 by 50.80 em (18.48 by 20.00 in . )  and 
contains fewer p l a t e  elements. The def lect ion and s t r e s ses  are  as shown i n  
figures 9 and 10. The def lect ion and s t resses  a r e  approximately the  same as 
produced by the previous more complicated model. This simpler model was a l so  
u t i l i z e d  f o r  the combined loading analysis, which is  described i n  the  next 
section. 



COMBINED LOADING OF ISOGRID 

The previous NASTRAN models were loaded i n  compression only. Next, the  
preceding model, having a s i n g l e  f ixed  point  ( g r i d  point 28) ,  was loaded with 
a x i a l  compression (308.2 k.N/m (1760 lb/ in . ) )  and hoop tension (414 H / m 2  (60 
p s i ) )  forces.  For the  levels  of loading applied, the r e s u l t s  a r e  as shown i n  
f igures  11 and 12. The r i b  compressive s t r e s s - l e v e l  was 5 1  percent lower and 
the s k i n  buckling l e v e l  was 3 percent higher f o r  the  x-axis loading conditions 
where the compression loadings were perpendicular t o  the main r i b s  ( f i g .  11). 
A close look a t  t h e  a c t u a l  r i b  and sk in  s t r e s s e s  and a d i r e c t  comparison with 
t h e i r  respective allowable s t r e s s e s  i s  given i n  t a b l e  1. Note t h a t  t h e  skin 
a c t u a l  s t r e s s  was c loser  t o  i t s  allowable s t r e s s .  For the  combined loads case 
analyzed, the  skin stress w i l l  be a minimum i f  the compression load i s  i n  
l i n e  with the i sogr id  main r i b .  
l o c a l  s k i n  buckling w i l l  reduce general  i n s t a b i l i t y  allowables (by approximately 
20 percent), it i s  important t o  keep the skin a c t u a l  s t r e s s e s  as low as pos- 
s i b l e .  

Because p a s t  t e s t s  (ref.  5)  indicate  t h a t  

TABLE 1. --Rib and Skin Compression Stresses  

Element 

R i b  

Skin 

Actual 
s t r e s s ,  

m/m2 ( p s i )  

-252 067 
( -36 558) 

Allow able 
s t r e s s ,  

M/m2 ( p s i )  

-424 042 
(14ST651 y i e l d  

corrected f o r  
p l a s t i c i t y ;  
-61,5 00) 

-202 024 
(-29 300) 

Allowable s t r e s s  ( Actual s t r e s s  
percent 

+68 

4-16 

LIAISON COWUTFX ANALYSIS 

During the e a r l y  stages of fabr icat ion,  there  have been occasions when 
i sogr id  s k i n s  have been machined improperly. I n  the  cases where sk in  pockets 
and r i b  thicknesses were undersized a t  random locations,  the small NASTRAN 
model previously described was used ef fec t ive ly .  Having the  a c t u a l  s t r e s s  
l e v e l s  throughout the model, it was q u i t e  easy t o  determine r i b  and s k i n  margin 
of s a f e t y  and whether reinforcements were required. 



ISOGRID TANK STATIC AND BUCKLING ANALYSIS 
(MOVE AND NASTRAN PROGRAMS) 

This analysis was performed to determine the general instability theo- 
retical allowables for axial compression and various tank hydrostatic loadings; 
i.e., negative or external, zero, or  positive or internal pressure loadings. 

The fact that tank pressure loading can be handled quite easily by the 
NASTRAN program made this a more interesting and comprehensive study. 
results of this analysis compared with test data and other methods of analysis 
(ref. 6) will be summarized later. 
a brief description of the theory will be presented. 

The 

Before discussing the model and the results, 

BUCKLING THEORY 

NASTRAN buckling analysis (ref. 7) is based on the elastic an& differen- 
tial stiffnesses of the structure analyzed. The elastic properties of 3. struc- 
ture are generally dependent on shear AG/K, torsion JG, bending EI, and 
axial AE stiffness characteristics. The differential stiffness is based on 
the static loading, displacement, and geometry of the structure. An example of 
a bar element dicferential stiffness matrix is shown in figure 13 (ref. 7). 
The approach presented in reference 7 is essentially based on using Lagrange's 
equations of motion on a structural system with a finite number of degrees of 
freedom . 

The steps (ref. 7) for including differential stiffness in a structural 
problem are as follows: 

(1) Solve the linear static response problem for the structure in the 
absence of differential stiffness and compute the internal forces 
in each element. 

(2) Using the results of (l), calculate the differential stiffness 
matrix for the individual elements and apply the standard reduetior! 
procedure ( constraints and partitioning) to form the differential 
stiffness matrix CKaad] in final form. 

(3) For the buckling problem, find the characteristic eigenvalue and 
eigenvectors for 

For the isogrid cylinder buckling problem, the inverse power method was used to 
determine the eigenvalues. Because the above-deftned set of buckling equations 
are homogeneous, the assignment of one arbitrary eigenvector (within NASTRAN) 
must be made to start the analysis. The solution of the first trial eigenvalue 
permits the determination for convergence; the redetermination of the eigen- 
value, if necessary; and the subsequent final solution of all eigenvector 
ratios (u} or of the mode shape. 
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It is  the  eigenvalue tha t  i s  the  fac tor  by which the applied compression 
s t a t i c  loading i s  multiplied to produce the theo re t i ca l  threshold of buckling. 
Once obtained, the  theo re t i ca l  buckling load i s  multiplied by a 65-percent 
reduction factor .  That f ac to r  has evolved from t e s t ing  fu l l - sca l e  i sogr id  
cylinders and it accounts fo r  manufacturing tolerances and d is tor t ions  t h a t  
a re  present i n  hardware. 

BUCKLING MODEL DESCRIPTION 

During June 1971, th ree  isogrid tank segments (244-em diameter by 244-em 
length (8-ft diameter by 8-ft length) ) were fabricated from free-machining 
2014T6 aluminum; subsequently, compression t e s t ed  with zero i n t e r n a l  pressure. 
The mathematical model was determined, based on those compression t e s t  tank 
s izes ,  i n  order to corre la te  computer r e su l t s  with t e s t  values. 

The NASTRAN model, being an exact rep l ica  of the t e s t ed  tank segments, 

The 
was a ra ther  f i n e  and de ta i led  model. This model s i z e  i s  believed to be the 
l a rges t  s t r u c t u r a l  model analyzed a t  NASA Goddard Space F l ight  Center. 
model was composed of NASTRAN t r iangular  p l a t e  (CTRIAP) and bar (CBAR) elements. 
A complementary computer program, MOVE ( r e f .  8), was u t i l i z e d  to simplify the  
task.  A model such as ours, having 1850 g r i d  points and 7986 elements, would 
have been extremely' d i f f i c u l t ,  i f  not impossible within the time available,  to 
construct had it not been f o r  the  help of the MOVE program. 

The MOVE program was designed to generate repeat bulk data  f o r  s t ruc tures  
having a number of i den t i ca l  segments. All one need do i s  to generate one 
basic NASTRAN bulk data segment and MOVE does the  r e s t .  The s t r i p  model 
selected for our problem was a longi tudinal  segment shown i n  f igure  14. 
moving t h a t  segment 66 times (5.45' per move circumferentially),  t he  complete 
cylinder was generated as shown i n  f igure  15. It should be noted here tha t  a l l  
of t he  undeformed and deformed f igures  i n  t h i s  report  were made by the Stromberg- 
Carlson 4060 p lo t te r ,  which i s  one of several  systems tha t  may be specif ied i n  
NASTW programing. 

By 

When the  MOVE program was f i rs t  programed, it was designed f o r  a r e l a t ive ly  
small s t r u c t u r a l  problem. Thus, the i n i t i a l  t r i a l  of t ha t  program on a large 
s t r u c t u r a l  model was not successful. The reason was t h a t  the MOVE program 
could not handle CBAR continuation cards and a very la rge  number of repeat 
cycles. Further, t he  MOVE program was wri t ten to place i t s  bulk data  output 
on punched cards. This feature  could have been qui te  cumbersome to handle fo r  
our la rge  buckling problem (approximately 8 data card f i l e  boxes, or 8000 
cards).  Including the output data  on tape was a f a r  superior way of handling 
an immense quant i ty  of data. That program, wr i t ten  i n  PL-1 language, was 
subsequently revised to r e c t i f y  the above problem areas and to s to re  i t s  out- 
put data  on magnetic tape. 

Having accomplished the  MOVE programing successfully, the next s tep  was 
to input the data  using NASTRAN programing methods. Here too, i n i t i a l  attempts 
were not good because of an assortment of program problems involving the 



application of the MOVE data tape and the determination of a practical size 
storage requirement for our isogrid structural model. 5he solutions were 
readily available by properly arranging the executive control section of 
NASTRAN and adjusting the storage requirement from 500 000 to 1000 000 places. 
Incidentally, the isogrid tank buckling computer analysis required all but 5000 
places for some of the NASTRAN routines--that was measuring storage qui+,e close. 
Yet still another problem occurred: The computer program timed out at 120 min 
of requested central processing unit ( C P U )  time. Rather than increase the run 
time, the model was reduced, but reduced in such a way that the original size 
tank configuration could be maintained. This was achieved by reducing the 
BASTRAN model to one-quarter the original size, limiting the buckling problem 
by analyzing only the first four symmetric-symmetric modes as shown in figure 
16, and establishing the constraints or degrees of freedom accordingly. 

To accomplish the reduction in model size to one-quarter the original, 
the grid points were modified to include 1 through 13 (fig. 14) only and the 
MOVE rotations (5.45°/rotation) were reduced from 66 to 33. 
was rerun and the reduced data (on tape) were submitted via NASTRAN for a plot 
of the one-quarter-scale model shown in figure 17. 

The MOVE program 

The buckling analysis was again attempted and constraint problems were en- 
countered. A more careful look at the symmetric-symmetric modes and the loaded 
end conditions led to grid-point degrees of freedom revisions that subsequently 
produced good buckling results as shown in table 2. Plots of the statically 
deformed and buckled structure are presented in figures 18 to 24. 

But how dependable was the general instability buckling analysis using 
NASTRAN? To answer this question, the NASTRAN output was compared directly to 
another analysis (ref. 6) and to isogrid tank compression test data (refs. 4 
and 9) as shown in figure 25. For that figure the theoretical buckling values 
were multiplied by a 65-percent test correlation factor (ref. 4) and compared 
to 99 percent probability buckling test values (2.34~ lower than the average of 
nine test data points). The lower than theoretically predicted buckling allow- 
ables thus achieved account for imperfections that are inherent in large struc- 
tures. Such imperfections are generally attributable to built-in residual form- 
ing stresses, slight amounts of tank out-of-roundness, and local rib and skin 
waviness. 

Figure 25 graphically documents instability buckling levels for the Delta 
isogrid and waffle designs as compared to monocoque designs. It also shows the 
allowable skin buckling running load for the isogrid design. The graph has 
been produced by placing the weight equivalent thickness (ht. eq.) along the 
abscissa and the allowable compressive load (NGI or  Nsb) along the ordinate. 

By scanning figure 25, it becomes apparent that the general instability 
allowables obtained through the use of NASTRAN correlate very well with the test 
data point and the cylindrical shell analysis by W. Flugge (ref. 6) and McDon- 
ne11 Douglas H312 analysis. 
appeared to be quite good, further analyses in the asymmetric buckling modes 
were not performed. 

Because the symmetric-symqetric buckling results 
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Note a l s o  t h a t  the  i n s t a b i l i t y  p lo t s  a r e  based on compression loadings and 
To ver i fy  the pressure e f fec t ,  analysis was performed no i n t e r n a l  pressure. 

using NASTRAN f o r  the  conditions of compression loading and 414-kN/m2 (60-psi) 
i n t e rna l  and external  pressure. 
It i s  in te res t ing  t o  observe t h a t  i n t e rna l  pressure (through pressure s t i f f e n -  
ing of skin and r i b )  improves the  zero-pressure buckling allowable by 7 percent, 
and the  external  pressure degrades the  zero-pressure buckling l e v e l  by -22 per- 
cent. 
seen during t e s t ing  of scaled-down lexan isogrid models ( r e f .  5 ) .  

These data  points a r e  a lso shown i n  f igure  25. 

The 7-percent improvement cor re la tes  f a i r l y  wel l  with a 4-percent gain 

Observe a l so  t h a t  isogrid i s  l o c a l  skin buckling c r i t i c a l  from a thickness 
of 2.39 mm (0.093 in . )  and lower. 
lexan i sogr id  t e s t  program, l o c a l  skis buckling leve ls  with and without i n t e rna l  
pressure were evaluated. The r e su l t s  a re  what would be expected--the general 
i n s t a b i l i t y  buckling load l e v e l  was improved by 20 percent by adding an in t e rna l  
pressure loading. The reason f o r  t h a t  improvement was tha t  i n t e r n a l  pressure 
s t i f fened  the  r i b s  and skin pocket areas such t h a t  100 percent of the theore t i -  
c a l  general  i n s t a b i l i t y  l e v e l  could be achieved. 
combined loads ( compression, shear, and in t e rna l  pressure) research and develop- 
ment task  has been proposed. The combined loads would be applied t o  several  
' ful l -scale  aluminum isogrid tank segments (2.44-m diameter by 2.44-m length 
(8-ft diameter by 8-ft length) ) . 

During the previously mentioned scaled-down 

It i s  f o r  t h i s  reason t h a t  a 

CONCLUSIONS 

The NASTRAN program techniques have been advantageously employed on the 
Delta launch vehicle i sogr id  s t ruc ture  i n  the following areas: 

The combined loads i sogr id  model served as an excel lent  ana ly t ica l  
t o o l  i n  accomplishing l i a i s o n  s t r e s s  analysis.  That i sogr id  i s  
orthogonally i so t ropic  was proved by NASTRAN. 

NASTRAN buckling analysis produces good general  i n s t a b i l i t y  buckling 
allowable load leve ls .  
compression, bending, shear, and pressure loadings. Shear e f f ec t s  
were omitted i n  t h i s  analysis i n  order to corre la te  t e s t  and other 
analy s e s . 

It a l s o  has t h e  capabi l i ty  of combining a x i a l  

Buckling analysis of the  i sogr id  cylinder determined t h a t  i n t e rna l  
pressure loading, when combined with a x i a l  compression loading, 
provides a 7-percent improvement i n  the  general  i n s t a b i l i t y  allow- 
able.  Because both l o c a l  skin pocket and i n s t a b i l i t y  buckling 
a l l m a b l e s  are improved by in t e rna l  pressure s t i f f en ing  effects ,  a 
combined loads development task  has been proposed. 
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Figure 1.--Delta performance and cost history. 

DELTA 303 DELTA 1903 DELTA 1913 DELTA 2913 

PRESENT DELTA EXTENDED BOOSTER 

UBT UBT 
TRANSTAGE ISOGR ID 
DIGS TRANSTAGE 
165-cm (65-in.) DIGS 

FAIRING 165-cm (65-in.) 
FAIRING 

UBT = UNIVERSAL BOATTAIL 
DIGS = DIGITAL INERTIAL GUIDANCE SYSTEM 

2.44-m (8-ft) VEHICLE 2.44-m (8-ft) VEHICLE 

UBT 
ISOGRID UBT 
TRANSTAGE ISOG R I D 
DIGS TRANSTAGE 
2.44-m (8-ft) DIGS 

FAIRING 2.44-m (8-ft) 
FAIRING 

PLUS H-1 ENGINE 

'Typical of thiiVehfcle and more advanced rnadelr. 

Figure 2. --Configuration development plan. 
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f =  1.57 mm (0.062 in.) 

Figure 3. --Thor tank g r i d  pat tern.  

HYDROGEN TANK 

cm 
in.) 

f =  2.77 mm (0.109 

( a )  Isogrid,  ( b )  Waffle. 

\ OXYGENTANK 

in.) 

I ISOGRID SHELL I 
ASTRlONlCS MODULE R L 1 OA-3A E NG I NE (NOZZLE R ET R ACTE D) 

Figure 4. --Delta/Agena replacement stage.  
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DELTA STATION 

Y 

4 BSTA 

46 94 cm 
(18 48 In 1 

L 4 6 9 4 c m  I18 48 in 1 -4 
1.19mm 

(0.047 in.) 

FORCE 

I 
B B  

A-A 

Figure  5.  - -Del ta  i s o g r i d  NASTMN 
model.  

COMPRESSION 
308 2 kN/m 
I1760 Ibfin.) v 

1 -135mm 
(-0 053 in I 

ELEMENT NO. STRESS, kN/mZ [psi) 

BAH 93 -9 239 (-1 3401 
BAR 95 -12487 (-1 8111 
BAR 111 -218 234 (-31 651) 
TRIANGULAR PLATE 72T2 -218 758 (-31 727) 

Figure  7. - -Deflect ion and s t r e s s e s ,  
compression 1 oad i n  -y d i r e c t i o n .  

EAR 93 -149 733 (-21 7221 
BAR 95 -149 733 1-21 722) 
BAR 111 66040 I95781 
TRIANGULAR PLATE72T2 -216096 (-31 3411 

Figure 6. - -Def lec t ion  and s t r e s s e s ,  
compression load  i n  -x d i r e c t i o n .  

A A  B B  
127mm 

I O  050 !n 1 

FORCE 4 +I- 
I flbj- 127mm 

119mm 
(0047 in I 

I f (0050'n1 
1 270 cm 

A A  10.500 in I 

Figure  8 . - - ~ e l t a  i s c g r i d  NASTMN 
model ( s i m p l i f i e d ) .  



Y 

A 

COMPRESSION 

ELEMENT NO. STRESS, kN/mz (psi) 

BAR 93 -153 993 (-22 334) 
BAR 95 - 153 993 (-22 3341 
BAR 111 64737 (93891 
TRIANGULAR PLATE 72T2 -222 198 (-32 2261 

Figure 9.--Deflection and stresses, 
compression load in -x direction. 

1.04 mm 
(0.041 in.] 

TENSION 
Y 504.3 kN/m 

(2880 Iblin.) 

1.88mm 1 270 cm 

10.500 in.) (0.072 in.) 

+XI+ ELEMENT NO. STRESS, k N h Z  (psi) 

BAR 123 -122055 (-17 702) 
BAR 125 -122055 (-17702) 
BAR 111 327 954 (47 564) 
TRIANGULAR PLATE 9OT2 -173 637 1-25 183) A.A 1.63mm T 

(0.064 in.] 

Figure 11.--Deflection and stresses, 
compression and tension loadings 
(tension parallel to main ribs). 

-1.35mm 

COMPRESSION 
308.2 kN/m 
(1760 1bIin.l 

STRESS, kN/m2 [psi) ELEMENT NO, 

BAR 93 -6592 (-956) 
BAR 95 -14459 (-2097) 
BAR 111 -21 7 944 (-31 209) 
TRIANGULAR PLATE 72T2 -219 309 (-31 8071 

Figure lO.--Deflection and 
stresses, compression load 
in -y direction. 

Y 
COMPRESSION 

T 
STRESS, kN/m2 (PSI) 

196 473 (28 4951 
196 473 (28 495) 

-252 067 (-36 558) 
-168 059 (-24 3741 

ELEMENT NO. 

BAR 123 
BAR 125 
BAR 111 
TRIANGULAR PLATE 9OT2 

Figure 12.--DefLection and stresses, com- 
pression and tension loadings (compres- 
sion parallel to main ribs). 
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(REDUCED MODEL) 
(FULL MODEL) 244 crn (96 in.) 

125 123 121 119 117 115 113 111 109 107 105 103 101 GRIDPOINTS 
124 122 120 118 116 114 112 110 108 106 104 102 

GRID POINTS 

/ CBAR ELEMENTS 
CTR 1 A2 TR 1 ANGULAR PLATE E LE M ENTS 

LINE OF GRID POINTS 
1 THROUGH 25 

I 

Figure 14. --NASTRAN segment for MOVE program. 

SKIN 

1.78 rnm - 
(0.070 in.) - 

TYPICAL ISOGRID SECTION 

Figure 15.--Isogrid tank structural 
model (1850 g r i d  points; 7986 ele- 
ments). 



2.44-in (8-ft) 
DIAMETER 

MODE FREQUENCY, CYCLES: 2 

2.44 in (8 ft) LONG 

~~ 

MODE FREQUENCY, CYCLES: % 

CIRCUMFERENTIAL MODES 

4 6 8 

LONGITUDINAL MODES 

2% 3% 4% 

Figure 16.--~ymmetric-symaetrie modes f o r  isogrid 
tank 2.44 m (8 ft) in diameter and 2.44 m (8 ft) 
in length. 

$2.44-m (8-ft) LONG CYLINDER 

I 

TYPICAL ISOGRID 
SECTION 

SKIN 4 
1.78 min 

1.27 mm 3 
(0.050 in.) 

Figure 17. --One quarter tank model undeformed (1.24 
(4-ft) length, 1.2-112 (4-ft) radius). Axial compres- 
sion forces include bending moment equivalent force, 
axial force, and offsetting pressure equivalent 
force. 
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Figure 18. --Static de- 
flections, compression 
load plus 414-kN/m2 
(60-psi) external 
pressure. 

Figure lg.--First 
buckling mode, com- 
pression load plus 
414 -k.N/m2 ( 60-ps i) 
external pressure. 

Figure 20.--Second 
buckling mode, com- 
pression load plus 
414-m/m2 (60-psi) 
external pressure. 

Figure 21.--Static de- 
flections, compres- 
sion load plus 414- 
m/m2 (60-psi) in- 
ternal pressure. 
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Figure 22.--First buckling 
mode, compression load 
plus 414-W/m2 (60-psi) 
internal pressure. 

Figure 23.--Static deforma- 
tion, compression load 
plus zero internal 
pressure. 

Figure 24.--First buck- 
ling mode, compression 
load plus zero internal 
pressure. 
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A NASTRAN CORRELATION STUDY FOR VIBRATIONS 

OF A CROSS-STIFFENED SHIP'S DECK 

By Earl A. Thornton 

Old Dominion University 

SUMMARY 

To evaluate the effectiveness o f  NASTRAN for predicting the 
vibration modes of panels with bending-membrane coupling, a cross- 
stiffened ship's deck has been analyzed. In correlations with 
experimental data, one NASTRAN finite element representation gave 
results slightly more accurate th a n  a previous analytical solution. 
Computational time was excessively long due to the Guyan method 
o f  reducing the eigenvalue problem. It is recommended that a 
more efficient method of matrix reduction be implemented for the 
lumped mass formulation. 

INTRODUCTION 

In studies concerning the shock environment o f  surface ships, 
the dynamic behavior of decks is of basic importance. Studies 
(References 1 - 4 )  performed at the Naval Ship Research and Devel- 
opment Center have established that the shock response of a deck 
can be predicted in terms of the input motions of the deck pro- 
vided the modal characteristics o f  the deck are known. 

The classical approach used to analyze the bending behavior 
of stiffened decks has been to use the concept of an  equivalent 
orthotropic plate. After modification to include the effects of 
a few large, widely spaced stiffeners (References 3 and 21,  the 
orthotropic plate approach has been used to successfully predict 
the vibration modes of a cross-stiffened ship's deck. In addition 
(References 3 and 41, the effect of local mass loadings on the 
vibration modes of the deck model has been studied by incorpora- 
ting point masses in the modified orthotropic plate approach. 

The application of this type of analytical representation 
is limited, of course, to highly idealized mathematical models 
o f  realistic ship structures. For this reason, it is of interest 
to evaluate the effectiveness o f  general purpose Finite Element 
programs such as NASTRAN by correlations with previous analytical 
and experimental studies. 
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A s t i f f e n e d  d e c k  m o d e l e d  w i t h  t h e  f i n i t e  e l e m e n t  a p p r o a c h  
u s i n g  a c o m b i n a t i o n  o f  p l a t e  and b a r  e l e m e n t s  i s  c h a r a c t e r i z e d  by  
a c o u p l i n g  b e t w e e n  i n - p l a n e  and t r a n s v e r s e  b e n d i n g  d i s p l a c e m e n t s .  
T h i s  b e h a v i o r  i s  c h a r a c t e r i s t i c  o f  a number o f  o t h e r  p a n e l  
p r o b l e m s  i n c l u d i n g  c o r r u g a t e d  p a n e l s  w h i c h  a r e  among c a n d i d a t e  
t h e r m a l  p r o t e c t i o n  s y s t e m s  f o r  t h e  s p a c e  s h u t t l e .  F o r  t h i s  
r e a s o n  a l s o ,  i t  i s  o f  : n t e r e s t  t o  e v a l u a t e  t h e  e f f e c t i v e n e s s  o f  
NASTRAN f o r  t h e  p r e d i c t i o n  o f  v i b r a t i o n  modes o f  s t i f f e n e d  d e c k s .  

The p r e s e n t  p a p e r  d e s c r i b e s  a c o r r e l a t i o n  s t u d y  p e r f o r m e d  
u s i n g  NASTRAN t o  p r e d i c t  t h e  v i b r a t i o n  f r e q u e n c i e s  and modes o f  
t h e  1 / 4 - s c a l e  mode l  o f  t h e  c r o s s - s t i f f e n e d  s h i p ’ s  d e c k  s t u d i e d  
i n  R e f e r e n c e s  1-4 .  T h i s ’ s t r u c t u r e  was s e l e c t e d  f o r  i n v e s t i g a t i o n  
p r i m a r i l y  b e c a u s e  o f  a v a i l a b i l i t y  o f  p r e v i o u s  a n a l y t i c a l  and 
e x p e r i m e n t a l  r e s u l t s .  The s t r u c t u r e  i s  a l s o  o f  f u r t h e r  i n t e r e s t  
s i n c e  i t s  c o n s t r u c t i o n  d e t a i l s  a r e  r e p r e s e n t a t i v e  o f  a r e a l i s t i c  
s h i p  s t r u c t u r e .  Thus,  t h e  s t u d y  p r o v i d e s  i n s i g h t  i n t o  t h e  
e f f e c t i v e n e s s  o f  f i n i t e  e l e m e n t  m o d e l i n g  a s  used  i n  NASTRAN when 
a p p l i e d  t o  a p r o t o t y p e  s h i p  s t r u c t u r e .  

The s p e c i f i c  o b j e c t i v e s  o f  t h e  s t u d y  were  t o  p r e d i c t  
n a t u r a l  f r e q u e n c i e s  and n o d a l  p a t t e r n s  o f  t h e  mode l  d e c k  and 
c o r r e l a t e  t h e s e  w i t h  t h e  a v a i l a b l e  a n a l y t i c a l  and e x p e r i m e n t a l  
r e s u  I t s .  

The s t u d y  was p e r f o r m e d  f rom t h e  v i e w p o i n t  t h a t  t h e  a n a l y s t  
w o u l d  l i k e  t o  e m p l o y  a d e t a i l e d  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  o f  
a l l  d e t a i l s  o f  t h e  d e c k  c o n s t r u c t i o n  f o r  a c c u r a t e  p r e d i c t i o n  o f  
f r e q u e n c i e s ,  as  w e l l  a s  d e t a i l e d  p r e d i c t i o n s  o f  mode shapes  and 
moda l  s t r e s s  d i s t r i b u t i o n s .  M o r e o v e r ,  i t  w o u l d  be d e s i r a b l e  f o r  
t h e  c o m p u t a t i o n a l  scheme t o  g i v e  a f a s t ,  a c c u r a t e  p r e d i c t i o n  o f  
a l a r g e  number o f  modes i n  o n e  p a s s  u s i n g  an  e i g e n v a l u e  r o u t i n e  
w h i c h  p r o t e c t s  t h e  a n a l y s t  f r o m  o v e r l o o k i n g  modes.  The NASTRAN 
a n a l y s i s  was f o r m u l a t e d  and p e r f o r m e d  t o  s a t i s f y  t h e s e  c h a r a c -  
t e r i s t i c s .  The r e s u l t s  o f  t h e  NASTRAN a n a l y s i s ,  a f t e r  c o r r e -  
l a t i o n  w i t h  p r e v i o u s  r e s u l t s ,  were  e v a l u a t e d  i n  t e r m s  o f  t h e s e  
c r i t e r i a .  

STIFFENED D E C K  MODEL 

The mode l  s h i p ’ s  d e c k  s t u d i e d  i s  t h e  t o p  d e c k  o f  a 1 /4 -  
s c a l e  mode l  o f  a c o m p a r t m e n t  o f  a s u r f a c e  s h i p  c o n s t r u c t e d  and 
used  by  t h e  N a v a l  S h i p  R e s e a r c h  and D e v e l o p m e n t  C e n t e r  f o r  s h o c k  
and v i b r a t i o n  s t u d i e s .  The d e t a i l s  o f  t h e  d e c k  a r e  shown i n  
F i g u r e  1 .  The c e n t e r  p a n e l  o f  t h e  d e c k  b e t w e e n  t h e  t w o  i n t e r i o r  
b u l k h e a d s  was +he s u b j e c t  o f  t h e  p r e v i o u s  i n v e s t i g a t i o n s  r e p o r t e d  
i n  R e f e r e n c e s  1 - 4 .  The c e n t e r  p a n e l  i s  s t i f f e n e d  i n  t h e  t r a n s -  
v e r s e  d i r e c t i o n  b y  a l a r g e  number o f  c l o s e l y  spaced  s t i f f e n e r s  
and i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  by  t w o  w i d e l y  spaced,  deep 



s t i f f e n e r s .  A t t e m p t s  were  made i n  t h e  d e s i g n  and c o n s t r u c t i o n  
o f  t h e  mode l  t o  p r o v i d e  c l a m p e d  b o u n d a r y  c o n d i t i o n s  a t  t h e  t w o  
e d g e s  o f  t h e  p a n e l  s u p p o r t e d  b y  t h e  i n t e r i o r  b u l k h e a d s .  The mode l  
was c o n s t r u c t e d  i n  a N a v a l  S h i p y a r d  u s i n g  f a b r l c a t i o n  t e c h n i q u e s  
r e p r e s e n t a t i v e  o f  p r o t o t y p e  s h i p  c o n s t r u c t i o n .  

PREVIOUS ANALYTICAL METHOD 

The c l a s s i c a l  a p p r o a c h  o f  r e p r e s e n t i n g  t h e  b e n d i n g  s t i f f n e s s  
of s h i p ' s  d e c k s  u s e s  o r t h o t r o p i c  p l a t e  t h e o r y .  T h i s  a p p r o a c h  was 
i n v e s t i g a t e d  i n  R e f e r e n c e  1 .  I t  was d e m o n s t r a t e d  t h a t  t h e  
p r e s e n c e  o f  t h e  t w o  deep l o n g i t u d i n a l  s t i f f e n e r s  l i m i t e d  t h e  
a c c u r a c y  o f  t h e  o r t h o t r o p i c  s o l u t i o n  t o  o n l y  a few l o w e r  modes.  
As an  i m p r o v e m e n t  o n  t h e  o r t h o t r o p i c  t h e o r y ,  t h e  f l e x u r e  o f  t h e  
l o n g i t u d i n a l  s t i f f e n e r s  was c o n s i d e r e d  s e p a r a t e l y  w h i c h  l e d  t o  a 
m o d i f i e d  v e r s i o n  o f  t h e  o r t h o t r o p i c  p l a t e  e q u a t i o n .  T h i s  
a p p r o a c h ,  t h e  S e p a r a t e d  S t i f f e n e r  Me thod ,  g a v e  good a g r e e m e n t  
w i t h  t h e  e x p e r i m e n t a l  f r e q u e n c i e s  f o r  t h e  EC-2 d e c k  f o r  up t o  
n i n e  h a l f  waves a l o n g  t h e  deep s t i f f e n e r s .  

The  d i f f e r e n t i a l  e q u a t i o n  d e s c r i b i n g  t h e  e i g e n f u n c t i o n s  0 o f  
t h e  s t i f f e n e d  d e c k  by  t h e  S e p a r a t e d  S t i f f e n e r  Me thod  has  t h e  f o r m  

where  t h e  e i g e n v a l u e s  A a r e  r e l a t e d  t o  t h e  unknown n a t u r a l  
f r e q u e n c i e s  w, b y  X = w 2 ,  I n  t h i s  d i f f e r e n t i a l  e q u a t i o n ,  t h e  
s t i f f n e s s  o p e r a t o r  L i s  g i v e n  by  

and t h e  mass o p e r a t o r  

I n  t h e  a b o v e  e q u a t i o n s ,  D,, H, D Y  a r e  t h e  o r t h o t r o p i c  p l a t e  
s t i f f n e s s e s ,  D y i  i s  t h e  b e n d i n g  s t i f f n e s s  o f  t h e  i t h  l o n g i t u d i n a l  
s t i f f e n e r  and a s s o c i a t e d  p l a t i n g ,  p i s  t h e  o r t h o t r o p i c  p l a t e  
mass p e r  u n i t  a r e a ,  p i  i s  t h e  beam mass p e r  u n i t  l e n g t h ,  and 6 i s  
t h e  D i r a c  d e l t a  f u n c t i o n .  

For t h e  b o u n d a r y  c o n d i t i o n s  o f  t h e  EC-2 d e c k ,  t h i s  e q u a t i o n  
was s o l v e d  b y  s e p a r a t i o n  o f  v a r i a b l e s  i n  t h e  fo rm,  



where  m and n a r e  i n t e g e r s .  Beam mode shapes  were  used  f o r  t h e  
Yn f u n c t i o n s  i n  c o n n e c t i o n  w i t h  an  e n e r g y  a p p r o a c h  t o  o b t a i n  
t h e  Xmn f u n c t i o n s .  These  r e s u l t s  a r e  t a b u l a t e d  i n  R e f e r e n c e  I .  
I t  may be  n o t e d  f r o m  t h e  f o r m  o f  e q u a t i o n  ( 4 )  t h a t  t h e  S e p a r a t e d  
S t i f f e n e r  Me thod  a l w a y s  p r e d i c t s  s t r a i g h t  n o d a l  l i n e s .  The 
r e s u l t s  o f  t h e  S e p a r a t e d  S t i f f e n e r  a n a l y s i s  w i l l  be  p r e s e n t e d  
l a t e r  f o r  c o r r e l a t i o n  w i t h  e x p e r i m e n t a l  f i n d i n g s  and t h e  r e s u l t s  
o f  t h e  NASTRAN a n a l y s i s .  

NASTRAN ANALYSIS 

NASTRAN F i n i t e  E l e m e n t  M o d e l s  

Two NASTRAN a n a l y s e s  w e r e  p e r f o r m e d .  I n  t h e  f i r s t  a n a l y s i s ,  
NASTRAN Mode l  3 ,  t h e  c e n t e r  p a n e l  o f  t h e  d e c k  was a n a l y z e d  f o r  
d i r e c t  c o m p a r i s o n  w i t h  t h e  p r e v i o u s  a n a l y t i c a l  p r e d i c t i o n s .  I n  
t h e  second  a n a l y s i s ,  NASTRAN Mode l  2, t h e  e n t i r e  d e c k  o f  t h e  
EC-2 d e c k  was r e p r e s e n t e d  i n  hopes  o f  o b t a i n i n g  i m p r o v e d  a g r e e -  
m e n t  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s .  

The  f i n i t e  e l e m e n t  mesh f o r  t h e  t w o  NASTRAN m o d e l s  i s  shown 
i n  F i g u r e  2 .  I n  t h e  NASTRAN Mode l  I a n a l y s i s ,  t h e  i n t e r i o r d e c k  
p a n e l  was mode led  u s i n g  1 / 2  s y m m e t r y .  The d e c k  p l a t i n g  was 
r e p r e s e n t e d  w i t h  220 CQUADZ p l a t e  e l e m e n t s .  A l l  s t i f f e n e r s  
were  r e p r e s e n t e d  w i t h  o f f s e t  CBAR e l e m e n t s ;  240 b a r  e l e m e n t s  were  
u s e d .  The e n t i r e  d e c k  was r e p r e s e n t e d  a s  NASTRAN Mode l  2 u s i n g  
3 / 4  s y m m e t r y .  I n  t h e  NASTRAN Model  2 a n a l y s i s ,  143 CQIJADZ 
e l e m e n t s  and 132  CBAR e l e m e n t s  w e r e  e m p l o y e d .  E l e m e n t  p r o p e r t i e s  
f o r  t h e s e  t w o  m o d e l s  a r e  t a b u l a t e d  i n  T a b l e  1 .  B e f o r e  c o n s t r a i n t s ,  
NASTRAN Mode l  1 had 1265 d e g r e e s  o f  f r e e d o m  and NASTRAN Mode l  2 
had 840  d e g r e e s  o f  f r e e d o m .  

NASTRAN C o m p u t a t i o n s  

A l l  NASTRAN c o m p u t a t i o n s  w e r e  p e r f o r m e d  u s i n g  t h e  lumped 
mass f o r m u l a t i o n .  P r i o r  t o  e i g e n v a l u e  e x t r a c t i o n ,  r o t a t i o n a l  
and i n - p l a n e  d e g r e e s  o f  f r e e d o m  were  o m i t t e a  u s i n g  t h e  NASTRAN 
Guyan r e d u c t i o n  me thod .  E i g e n v a l u e  e x t r a c t i o n  was p e r f o r m e d  f o r  
b o t h  a n a l y s e s  u s i n g  t h e  G i v e n s  m e t h o d .  D e g r e e s  o f  f r e e d o m  a t  
each  s t a g e  i n  t h e  a n a l y s e s  a r e  shown i n  T a b l e  1 1 .  

P l o t s  o f  t h e  n o d a l  p a t t e r n s  f o r  t h e  NASTRAN a n a l y s e s  were  
o b t a i n e d  f r o m  a s e p a r a t e  FORTRAN p r o g r a m .  D u r i n g  e a c h  NASTRAN 
e x e c u t i o n ,  p r i n t e d  and punched o u t p u t  f o r  t h e  e i g e n v e c t o r s  was 
r e q u e s t e d .  A f t e r  e x e c u t i o n  t h e  e i g e n v e c t o r s  w e r e  c o p i e d  f rom 
t h e  p u n c h f i l e  o n t o  a t a p e .  T h i s  t a p e  was s u b s e q u e n t l y  used  a s  
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i n p u t  t o  t h e  FORTRAN p r o g r a m  w h i c h  c a l c u l a t e d  n o d a l  p o i n t s  by  
l i n e a r  i n t e r p o l a t i o n  b e t w e e n  g r i d  p o i n t  d i s p l a c e m e n t s .  N o d a l  
p o i n t s  w e r e  c a l c u l a t e d  b y  f i r s t  m a k i n g  sweeps a l o n g  l i n e s  
p a r a l l e l  t o  t h e  x - a x i s  and t h e n  a l o n g  l i n e s  p a r a l l e l  t o  t h e  y -  
a x i s .  The  r e s u l t i n g  n o d a l  p o i n t s  were  t h e n  p l o t t e d  u s i n g  a D O 1  
p l o t t e r  t o  y i e l d  t h e  n o d a l  p a t t e r n s .  

S i g n i f i c a n t  c o m p u t a t i o n a l  t i m e s  ii, v a r i o u s  m o d u l e s  a s  w e l l  
a s  t o t a l  t i m e s  a r e  t a b u l a t e d  i n  T a b l e  t i l .  A l l  c o m p u t a t i o n s  w e r e  
p e r f o r m e d  o n  LRC, CDC 6600 c o m p u t e r s .  A s a l f e n t  c h a r a c t e r i s t i c  
o f  b o t h  a n a l y s e s  i s  t h a t  a v e r y  l a r g e  amoun t  o f  t i m e  was r e q u i r e d  
t o  p e r f o r m  t h e  Guyan r e d u c t i o n s .  

D I S C U S S I O N  OF RESULTS 

C o m p a r i s o n s  o f  t h e  e x p e r i m e n t a l  and p r e d i c t e d  f r e q u e n c i e s  
a r e  g i v e n  i n  T a b l e  I V .  Measured  f r e q u e n c l e s  a r e  compared w i t h  
t h e  a n a l y t i c a l  s o l u t i o n  p r e v i o u s l y  d e s c r i b e d  and t h e  r e s u l t s  o f  
t h e  t w o  NASTRAN a n a l y s e s .  Measured  n o d a l  p a t t e r n s  a r e  compared 
w l ' t h  NASTRAN p r e d i c t e d  p a t t e r n s  i n  F i g u r e  3.  

The  NASTRAN f r e q u e n c y  p r e d i c t i o n s ,  o n  t h e  a v e r a g e ,  a r e  i n  
s l i g h t l y  b e t t e r  a g r e e m e n t  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  t h a n  t h e  
a n a l y t i c a l  s o l u t i o n .  NASTRAN Model  1, w h i c h  has  t h e  same 
b o u n d a r y  c o n d i t i o n s  a s  t h e  a n a l y t i c a l  s o l u t i o n ,  h a s  an  a v e r a g e  
p e r c e n t a g e  d i f f e r e n c e  o f  8.58 whereas  t h e  a n a l y t i c a l  s o l u t i o n  h a s  
a n  a v e r a g e  p e r c e n t a g e  d i f f e r e n c e  o f  10.9$. The second  NASTRAN 
model, w h i c h  p r e d i c t e d  t h e  f u n d a m e n t a l  f r e q u e n c y  a l m o s t  e x a c t l y ,  
g e n e r a l l y  p r e d i c t e d  l o w e r  f r e q u e n c i e s  t h a n  t h e  e x p e r i m e n t a l  
r e s u  I t s .  

The  f a c t  t h a t  t h e  second  NASTRAN mode l  p r e d i c t e d  f r e q u e n c i e s  
w h i c h  w e r e  g e n e r a l l y  t o o  low may be a t t r i b u t e d  t o  t h e  s i m p l y  
s u p p o r t e d  b o u n d a r y  c o n d i t i o n  assumed o n  t h e  i n t e r i o r  b u l k h e a d s .  
The m o d e l  was d e s i g n e d  f o r  t h e  i n t e r i o r  b u l k h e a d s  t o  r e p r e s e n t  
c lamped  e d g e s .  The e x p e r i m e n t a l  n o d a l  p a t t e r n s  show, however ,  
t h a t  some r o t a t i o n  i s  p e r m i t t e d .  From t h e  s e c o n d  NASTRAN a n a l y s i s  
i t  may be  c o n c l u d e d  t h a t  t h e  b o u n d a r y  c o n d i t i o n s  a t  t h e  b u l k h e a d s  
a r e  m o s t  n e a r l y  r e p r e s e n t e d  a s  f u l l y  c l a m p e d  s i n c e  a s s u m i n g  
s i m p l e  s u p p o r t s  p r e d i c t s  f r e q u e n c i e s  c o n s i s t e n t l y  much t o o  low. 

The n o d a l  p a t t e r n s  p r e d i c t e d  by  NASTRAN Mode l  1 show good 
a g r e e m e n t  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s .  A l t h o u g h  t h e  a n a l y t i c a l  
p r e d i c t i o n  o f  n o d a l  l i n e s  were u n a v a i l a b l e  t h e s e  r e s u l t s  c o n s i s t  
o f  i n t e r s e c t i n g  s t r a i g h t  l i n e s .  NASTRAN p r e d i c t e d  n o d a l  l i n e s  
w h i c h  were  g e n e r a l l y  n o n i n t e r s e c t i n g  and c u r v e d .  

The  d i s a p p o i n t i n g  f e a t u r e  o f  t h e  NASTRAN a n a l y s e s  was t h e  
l o n g  c o m p u t e r  t i m e s  r e q u i r e d  t o  r e d u c e  t h e  d e g r e e o f  f r e e d o m  p r i o r  



to eigenvalue extraction. In the NASTRAN Model 1 analysis, the 
Guyan reduction required approximately 3000 CPU seconds out of a 
total of 5300 CPU seconds. Of the 3000 seconds required in the 
Guyan reduction, over 70% of the time was required in reduction 
of the mass matrix. 

One of the reasons that NASTRAN was relatively inefficient 
in the present analyses is that no attempt is made to take 
advantage of the lumped mass formulation. Considerable time- 
savings would have been accomplished if a distinctlon was made 
between the reduction used for the lumped mass and consistent 
mass formulations. For a considerable number of vibration 
problems (see Reference 51, the gain in computational efficiency 
offered by the lumped mass formulafion more than offsets advan- 
tages of the increased accuracy and bounded nature of the con- 
ststent mass formulation. 

CONCLUDING REMARKS 

To evaluate the effectiveness of NASTRAN f o r  predicting the 
vibration modes of panels with bending-membrane coupling, a 
cross-stiffened ship's deck has been anal-{zed. A fine mesh of 
beam and plate elements was used. To obtain a large number of 
modes and to insure that all modes were obtained, the matrix 
eigenvalue problem was reduced by a Guyan reduction and solved 
by the Given's method. 

for one NASTRAN finite element model, the matrix reduction 
for the stiffness matrix required about 850 CPU seconds, and the 
mass matrix reduction required about 2200 CPU seconds. The long 
computational time was required because of large matrix multipli- 
cations in the Guyan reduction. 

In correlations with experimental data one NASTRAN finite 
element model was slightly more accurate for frequency predictions 
and nodal patterns than a previous analytical method. Agreement 
with experimental results was good. 

it can be concluded that NASTRAN was effective in meeting 
all of  the evaluation criteria with the exception of computat- 
ional time. Excessively large computer time was required because 
of the Guyan method of reducing the mass matrix. It is 
recommended that the NSMO consider investigating and implementing 
other more efficient methods of mass matrix reduction for the 
lumped mass formulation. 
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T a b l e  I l l  

C o m p u t a t i o n a l  T imes f o r  NASTRAN A n a l y s e s  
1 

O p e r a t i o n  ( M o d u l e )  

G e n e r a t e  S t i f f n e s s  M a t r i x  
( S M A  I )  

G e n e r a t e  Mass M a t r i x  
(SMA2 1 

Impose SPC ( S C E I )  

R e d u c t i o n  o f  S t i f f n e s s  
M a t r i x  (SMP I )  

R e d u c t i o n  o f  Mass 
M a t r i x  (SMP2) 

E i g e n v a l u e  E x t r a c t i o n  
(READ 1 

E i g e n v e c t o r  Recovery  f o r  

T o t a l  CPU f o r  Above O p e r a t i o n s  

T o t a l  CPU f o r  a l  I O p e r a t i o n s  

T o t a l  PPU f o r  a l  I O p e r a t i o n s  

25 Modes (SDRI) 

I 4 5 3  

249 

4997 Seconds 

5344 Seconds 

3260 Seconds 

CPU Time ( s e c o n d s )  1 

348 

I18 

1534 Seconds 

1674 Seconds 

927 Seconds 

NASTRAN Model 1 I NASTRAN Model 2 I 
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S e c t i o n  B-B 

See D e t a i  I 
12.70 
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6.985 cm 

D e t a i  I B 

Figure 1.- Cross-stiffened model of ship's deck. 
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TRANSIEfvT ANALYSIS OF AN IVHM GRAPPLE IMPACT TEST 

By R. G. Hill 

I 
Hanford Engineering Development Laboratory 

SUMMARY 

A lumped-mass model has been used t o  represent the impact condition 
between a fue l  duct and an IVHM (In-Vessel Fuel Handling Machine). The non- 
l inear  e f fec ts  of a Bel lvi l le  spring and the  f ree  fa l l  impact of the fue l  
duct on the IVHM were included. The purpose of the  t e s t s  was t o  determine 
the loads on the  f u e l  duct due t o  the impact. 
mental and theore t ica l  r e su l t s  i s  presented. 

A comparison between experi- 

INTRODUCTION 

I n  the operation of the FTR (Fast Test Reactor) an IVHM i s  used t o  handle 
core components under various component and core conditions. The component 
under consideration i s  a fue l  duct which interfaces with the  IVHM by means of 
a grapple mechanism. The grapple grips a nozzle-handling socket mounted on 
the  end of the fue l  duct. Under cer ta in  operating conditions the fue l  duct 
drops a short distance t o  impact on the grapple fingers. A simulated mechani- 
ca l  mockup of the FTR core and the IVHM was set  up, and IVHM fue l  duct with- 
drawal and inser t ion t e s t s  were conducted. During these t e s t s  high accelera- 
t ions were measured on the simulated f i e 1  duct. The experimental data indi-  
cated tha t  the acceleration loads were due to the  impact of the fue l  duct on 
the grapple. This paper describes how the results of the analysis and t e s t s  
of the impact are interpreted i n  terms of the response of the  simulated fue l  
duct and the  I V H M  structure.  

a acceleration 

B scalar damper 

d drop distance 

g s t ruc tura l  damping 

t t i m e  

DESCRIPTIOW OF IVHM 

The FFTF (Fast.Flux Test Fac i l i ty )  simulated core t e s t  f a c i l i t y  and an 
IVHM positioned for  fue l  duct inser t ion are shown i n  figure 1. The IVHM con- 
sists of a motor-driven mechanism mounted on a lead screw and a grapple 
assembly as  shown i n  figures 1 t o  3. Four fue l  duct support f ingers ( f ig .  3 )  
support t he  weight of t he  fue l  duct during insertion and provide fo r  the with- 
d r a w a l  forces. The IVHM i s  used t o  t ransfer  fue l  duct components from the  



active core t o  fixed storage positions located outside the  core region. 
handling problems can occur due t o  dis tor t ion of the individual fue l  ducts and 
the core. The d is tor t ion  e f fec ts  can be induced by s ta inless  s t e e l  swelling 
and thermal creep (ref .  1). 
two leve ls  maintain the l a t e r a l  posit ion and compactness of the  core. 

Fuel 

Twelve core r e s t r a in t  yokes located hexagonally at 

Free Fa l l  Condition 

There a re  two operating conditions of the  IVHM tha t  have been investigates 
i n  t h i s  report .  The first i s  a f r ee  fa l l  impact of the  fue l  duct on the grapple 
and, secondly, a f r ee  fa l l  impact combined with an i n i t i a l  condition of pre-load 
on the  IVHM and fue l  duct. 
core load pad contacts the core ( f ig .  l), and a gap ex is t s  between the  fingers 
on the grapple and the  f u e l  duct. The core r e s t r a in t  yokes a re  retracted,  the 
respective fue l  duct posit ion opens and the  f u e l  duct drops the  gap distance t o  
impact on the  grapple support f ingers.  

During the  inser t ion of the  fue l  duct, the  above 

Pre-Load Conditions 

Certain core conditions ( re f .  1) require tha t  a compressive force be 
applied t o  the  fue l  duct for  insertion. The lead screw on the IVHM i s  used t o  
apply the  compressive force through the grapple (turnbuckle e f f ec t )  t o  the  fuel 
duct. Again, as  the grapple engages the top of t he  fue l  duct for  the compressive 
load a gap ex is t s  between the grapple fingers and the nozzle-handling socket on 
the fue l  duct. 

When inser t ion occurs the fue l  duct experiences a f ree  f a l l  with an i n i t i a l  
condition of pre-load. The compressive pre-load (turnbuckle e f f ec t )  i s  relieved 
on both the  fue l  duct and the IVHM during the f i rs t  milliseconds of f u e l  duct 
f ree  fall .  The f u e l  duct then impacts on the grapple support fingers. The load 
c e l l  oscillogram indicated tha t  the  1000 lb pre-load i n i t i a l  condition was a 
ramp function with a time duration of 0.026 second. 
on the i n i t i a l  acceleration of the fue l  duct i s  unknown. Due t o  the  manner i n  
which the accelerations were recorded, the change i n  f ree  f a l l  time due t o  the 
pre-load could not be determined. 

The effect  of the pre-load 

LUMPED -MASS MODEL 

Basic Model 

After a review of the t e s t  f a c i l i t y  and t e s t  data, it was  decided t o  use a 
re la t ive ly  simple model t o  represent the IVHM and fue l  duct so tha t  the  r e su l t s  
of the  analysis would be available quickly. 
model i n  most cases were calculated fromthe r e su l t s  of load deflection and 
other t e s t s  on the  simulated IVHM. 
chosen t o  represent the  s t i f fnesses ,  masses, and damping properties of the IVHM 
and the fue l  duct. 
freedom w i t h  instrumentation locations and areas of nonlineax response considered 
i n  the selection of gr id  points and lumped masses. 
shown i n  the  NASTFtAN Input ( f ig .  3) were calculated from the  frequency and 
measured s t ruc tura l  damping values (see r e f .  2 for  equation). 

The physical properties used i n  the 

Figure 4 shows the scalar  elements t ha t  were 

The IVHM and f u e l  duct were idealized with s i x  degrees of 

The scalar  damper values 

A s t ruc tura l  
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damping value (g  = 15 percent) w a s  calculated fo r  the assembled IVHM by con- 
sidering the  r a t e  of decay and of successive rebounds of the  fue l  duct on 
grapple support fingers, as shown by the  IVHM load c e l l  oscillogram ( f ig .  6). 
s t ructural  damping value of g = 2 percent was calculated for  fue l  duct. The 
fuel  duct was empty. except for  a lead weight mounted i n  bottom of the duct t o  
simulate the components of the  fue l  duct. 

A 

Nonlinear Considerations 

Two nonlinear conditions were considered i n  the  model shown i n  figure 4, a 
Bel lvi l le  spring w i t h  s t i f fness  different i n  tension than i n  compression, 
Element 4, and the free  f a l l  gap, Element 3 .  
provision of NASTRAN w a s  used. 
use of an additional applied load vector and by means of a t ransfer  function, 
the  NONLIN 1 and TF input cards. 
nonlinear provision requires r i g i d  format 9, Direct Transient Response. 
format ( re f .  3 )  numerical integration of the coupled equations i s  achieved by 
employing a central  difference equivalent step-by-step procedure. It was found 
tha t  the solution became unstable as the time step was  increased or as the value 
of the lum ed masses was reduced. The s t a b i l i t y  problem was evident through 
large and P or plus or minus osc i l la t ing  displacements. A discussion of the s ta -  
b i l i t y  problems described here i s  found i n  appendix C of reference 4. 

For these conditions the nonlinear 
The nonlinear effects  were t reated through the 

(See figure 5 f o r  NASTRAN input.) To use the 
In t h i s  

COMPARISON OF RESULTS 

Results from the lumped-mass model for displacement, force, and acceleration 
parameters are shown i n  figure 7 t o  figure 12 fo r  the 1- 5 in .  and 1- 3 in .  fkee 

16 8 
f a l l  conditions. 
free f a l l  times d = - a t  

( 2  *I 16 8 
The theoret ical  time for  a single mass provides a close approximation of the f ree  
f a l l  time of the t w o  degree of freedom fue l  duct model. The peak displacement 
and acceleration did not occur at f i rs t  time of impact. This i s  shown by both 
the NASTRAN and experimental r e su l t s  and i s  due t o  the response o f  the  m u l t i -  
degree of freedom system ( f igs .  6, 7, and 10). 

On the t w o  displacement curves ( f igs .  7 and 10) the  theoret ical  
f o r  the 1- 5 in .  and 1- 3 in.  gap distances a re  shown. 

A comparison of t he  wave forms between the experimental and NASTRAN resu l t s  
for  the IVHM load c e l l  ( f igs .  6 and 8) indicates t ha t  s t ruc tura l  damping i s  
larger  than the 15 percent value used i n  the  lumped-mass model. 
damping (g = 15 percent) w a s  determined from the rate of decay of successive 
rebounds. 
impact event from the  load c e l l  oscillogram. 

The s t ructural  

It was d i f f i cu l t  t o  determine a consistent damping parameter a f t e r  t he  

It was found from the  NASTRAN results that s t ruc tura l  damping had a very 
s m a l l  e f fect  on the  amplitude of t he  f i rs t  impact event. However, the value of 
s t ruc tura l  damping made a significant change in’ the  response of the  IVHM subse- 
quent t o  the  first impact. Structural  damping w a s  varied from 0 t o  15 percent. 



The response of the IVHM due t o  the i n i t i a l  condition of t he  1000 l b  pre- 
load i s  shown i n  figure 11. 
as a ramp function with a time duration of 0.026 second. 
applied t o  the  fue l  duct Grid Point 5 for the  reasons previously noted i n  t h i s  
report .  
theore t ica l  time because of the increase i n  acceleration of t he  fue l  duct. 
f i g .  10.) 
12 yield an approxirdation of the effect  of the pre-load condition on the IVHM. 

The pre-load was input t o  the model a t  Grid Point 4 
No pre-load was 

Nominally, the f ree  fa l l  time could be expected t o  be l e s s  than the 
(See 

Nevertheless the response character is t ics  shown i n  figures 9, 10, and 

Figures 9 and 12 show the  acceleration response of the fue l  duct and the 
IVHM. The bounce effect ,  due t o  the  multi-degree of freedom response, and the  
successive rebounds are  i l lus t ra ted .  
f ree  f a l l s ,  the accelerations on the  I V H M  a re  higher than on the  fue l  duct. 

In  both instances, the l& in.  and 1 in. 8 
A comparison ( f ig .  13) i s  made of the experimental and NASTRAN r e su l t s  f o r  

the  accelerometer on the top of the fue l  duct and the IVHMload ce l l .  
effect  of the  pre-load i s  t o  reduce the mplitude of acceleration on the fue l  
duct but t o  increase it on the IVHM. 

The 

{See f igs .  9 and 12.) 

CONCLUDING REMARKS 

The experience gained i n  the application of NASTRAN t o  a complex reactor 
component impact condition has been presented. 

Comparison of the r e su l t s  obtained with NASTRAN with r e su l t s  f romthe 
experiments and theory shows NASTRAN t o  be very effective i n  calculating the  
t ransient  response of the IVHM and fue l  duct. 

The fue l  duct loads determined by these t e s t s  and analyses should be con- 
sidered quali tative.  The simulated fue l  duct has different  dynamic properties 
than the  prototype FTR fue l  duct. The two mass models of the  fue l  dvct should 
be extended t o  include the  principal dynamic character is t ics  of the  components 
of the FTR f u e l  duct. 
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FIGURE 4. IVHM LUMPED-MASS MODEL 
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FIGURE 5. NASTRAN COMPUTER INPUT DATA 

N A S T R A N  E X E C U T I V E  CONTROL DECK 12 

I D  GRAPPLE, RUN 102 
APP DISPLACEMENT 
SOL 9,O 
TI ME 15 
DlAG 2,3,5,6,9,13 
CEND 

IVHM GRAPPLE IMPACT 
NONLINEAR BELLVlLLE SPRING - 2 PERCENT STRUCTURAL DAMPING 

CARD 
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28 
29 
30 
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C A S E  CONTROL DECK ECHO 

TITLE = IVHM GRAPPLE IMPACT TEST 
SUBTITLE NONLINEAR BELLVILLE SPRING - 2 PER CENT STRUCTURAL DAMPING 

SET 1 = 3,4,5 
SET 2 = 5,6 

DLOAD = 1  
TSTEP = 10 
NONLINEAR = 100 
TFL = 1000 

SUBCASE 1 

OUTPUT 
LINE = 38 

MAXLINES = 40000 
NLLOAD = 1  
ACCELERATION = ALL 
DISPLACEMENT = ALL 
ELFORCE = ALL 
OLOAD = 2  

PLOTTER CALCOMP, MODEL 765,205 DENSITY 556 BPI 
XAXIS = YES 
YAXIS = YES 
XGRID LINES = YES 
YGRID LINES = YES 
XTITLE = TIME SECONDS 
YTI TLE - DISPLACEENNT IN. 
TCURVE = * * * * GRID PTS, 4 AND 5 * * * * 
XYPLOT DlSP /4(T1) , 6Ul) 

GRID PTS. 4 AND 6 * * * * TCURVE 
XYPLOT DISP /.41T1) , 6Ul) 
YTITLE - LOAD LBS. 
TCURVE - NONLlN FORCE GRID PTS. 4 AND 5 
XYPLOT 
TCURVE - LOAD CELL FORCE ELEMENT 3 
XY PLOT ELFORCE I3121 
MlTLE = ACCELERATION IN./ SEC.2 
TCURVE = ACCELERATION GRID PTS. 4 AND 6 
XYPLOT ACCEl4 Ul) , 6U1) 

OUTPUT HYPLOT) 

p 0 8 0 0  

NONLINEAR / 4 Ul), 5 (TU 

BEGIN BULK 

PAGE 1 



FlGU DATA 
IVHM GRAPPLE IMPACT TEST 
NONLINEAR BELLVIUE SPRING - 2 PERCENT STRUCTURAL DAMPING 72 

CARD 
COUNT 

1' 
2" 
3 *  
4 *  
5' 
6* 
7 *  
8 *  
9*  

10 * 
11 * 
12 * 
13* 
14 * 
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16 * 
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29 * 
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31 * 
32 * 
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38 * 
39 * 
40 * 
41 * 
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. l  f .  2 .  
CDAMP4 101 
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CDAMP4 104 
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CELAS4 1 
CELAS4 2 
CELAS4 3 
CELAS4 6 
cMAss4 11 
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cMAss4 33 
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cMAss4 55 
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DAREA 10 
DAREA 20 
DLOAD 1 
GRID 100 
GRID 200 
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+AB20 0.0 
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TABLED1 200 
+AB40 -0.001 
TF lo00 
+F101 4 
4302  5 
TF lo00 
+F103 3 
+F104 4 
TLOADl 2 
TLOADl 3 
TSTEP 10 
ENDDATA 

+ A B ~ O  ao 

. 3  . . 4 .  
15.92 1 
535.03 2 
398. 3 
4.5 4 
44.26 5 
,040 +6 0 
2.559+6 1 
.714 +6 2 
.421+6 *5 
3.909 1 
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.264 3 
5 
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5 

a0 0.008 

0.0 1.3125 

-.100+3 .O 
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33.0 ENDT 
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MODELING TECHNIQUES OF THIN-WALLED BEAMS 
WITH OPEN CROSS SECTIONS 

By but S .  Skattum 
Research Laboratories 

General Motors Corporation 
Warren, Michigan 

ABSTRACT 

Warping constraints of thin-walled beams of open cross sections may 
significantly add to the torsional rigidity of the beams. 
not included in the conventional beam element available in NASTRAN and makes 
it impossible to model such beams properly. 

This property is 

This paper presents a composite element which includes the effects of 
warping and offset shear centers. 
with thin-walled open beam theory and can easily be incorporated into any 
structural analysis program by use of NASTRAN'S standard elements. 

It is shown to be mathematically consistent 

A numerical example analyzing the vibration of a channel beam is presented, 
and, by using the composite element, the numerical results agreed very well 
with theoretical data. 

INTRODUCTION 

Thin-walled beams of open cross sections are commonly used in automotive 
and aircraft structures where it is imperative to insure maximum flexural 
efficiency without violating practical fabrication and assembly requirements. 
It turns out that for many cases the static and dynamic response of these 
structures depends strongly upon the warping constraints of the members. 
sequently, proper modeling techniques are essential to insure good numerical 
results. 

Con- 

The most general beam element available in the present version of NASTRAN 
(level 12) is based upon the well-known Timoshenko beam theory. 
however, neglects warping displacements and assumes that the elastic and 
centroidal axes -coincide. 
when thin-walled open beams are modeled. 

This theory, 

Both these conditions are usually too restrictive 

Several books and articles have been published treating the theory and 
applications of thin-walled beams of open cross sections. 
tion is found in Vlasov's book (Ref. 1). Timoshenko and Gere have done a 

A thorough presenta- 



buckling analysis (Ref. 2), and contributions to the vibrational analysis 
are due to Timoshenko (Ref. 3 ) ,  Gere (Ref. 4 ) ,  Gere and Lin (Ref. S), and 
Christian0 and Salmela (Ref. 6 ) .  

This paper presents a new element which includes the effects of warping 
and noncoincidal elastic and centroidal axes. 
derived from a variational principle consistent with the thin-walled open beam 
formulation. Also, in addition to being mathematically correct, this model can 
very easily be incorporated into any structural analysis program by using 
elements now available in NASTRAN. 

It is a composite element 

As a numerical example on how the model is constructed, the vibration of 
a channel beam is analyzed, and good agreement between theoretical and numeri- 
cal results are obtained. 

THEORY OF THIN-WALLED OPEN BEAMS 

A thin-walled beam is usually defined by restricting its dimensions so 
that 

L > 10d (1) 

where L is the length of the bar, d the depth of the cross section, and t the 
largest thickness (Fig. 1). The first relation makes it possible to assume 
uniformity of the longitudinal stresses along the axis (St. Vernant's 
Principle) while Eq. 2 is used in making assumptions on the shear stresses in 
the section. Particularly for beams of open cross sections which will be 
considered in this analysis, it will be assumed that the middle surface is 
free of shear. In addition, the material and sectional properties of the beam 
are assumed to be constant along the length, and the displacements are con- 
sidered to be small such that the cross sections do not change shapes during 
deformation. 

Figure 1 shows a general thin-walled open beam. Included is also a 
detail of the cross section giving the locations of the center of gravity (CG) 
and the shear center (SC). The shear center is the point on the cross section 
through which the resultant of the transverse shearing forces always passes. 
Locus of the shear centers along a beam is called the elastic axis, and 
similarly, the centroidal axis passes through the CG of the cross sections. 

Before the differential equations can be presented, it is very important 
to clearly define the coordinate and displacement system used. Referring to 
Fig. 1, the x-coordinate coincides with the centroidal axis of the beam, and 
the y- and z-coordinates are the principal axes of the cross section. 
displacements are defined by 

The 

u = longitudinal displacement of centroid 
v = vertical displacement of shear center 
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w = horizontal displacement of shear center 
8 = rotational displacement of shear center 

and are also indicated in the figure. 

Based on these definitions and the assumptions mentioned above, the 
full set of differential equations for a thin-walled open beam can be written 
as (Ref. 1) 

- -  d 2u EA I '- 

dx2 qx 

d4v E11 - -  
dx4 - qY 

d 4w 
dx4 QZ E12 - = 

e m d20 GJ - = d4e ECw - - 
dx4 dx2 

(3) 

( 4 )  

in which E = modulus of elasticity; G = shear modulus; A = cross sectional 
area; I1 = moment of inertia about z axis; 12 = moment of inertia about y-axis; 
J = torsion constant; CW = warping constant; qx = longitudinal surface load 
applied to the centroid; qy and qz = transverse loads applied at the shear 
center; and me = twisting moment about the elastic axis. 

It should be observed that the above set of differential equations 
differs from the regular beam equation by the fact that v, w, and 8 (and 
correspondingly qy, qz, and me) are displacements (and forces) relating to 
the shear center rather than the centroid, and that the term 

d48 EC, - 
dx4 

relating to the warping of the cross section, has been added. 
four equations are completely uncoupled, a very desirable feature made pos- 
sible by letting some of the displacements be associated with the shear center. 

Also, the 

MODELING OF THIN-WALLED OPEN BEAMS 

The conventional beam element available in the NASTRAN computer program 
is essentially based upon the same assumptions given above, but in addition, 
two other conditions are made: 

1. Plane sections remain plane (i.e., no warping deformations) 
2. Centroidal- and elastic-axes coincide. 
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These two additional restrictions 
by looking at the differential e 

Warping is a phenomenon that occurs in a1 
with the exception of cir 
sections though can the s 
to cause significant cont 
By excluding warpirrg, the rotational st 
two or more is quite common depending upon the cross-sectional properties 
and how the beam rotates. 
ing in the conventional beam element by defining an effective torsional con- 

ted with the warping be large enough 

There have been some attempts to incorporate warp- 

stant Je. 
equation 

From Eq. 6 it is 

GJe 

but it is also noticed that 

observed that this can be accomplished by the 

de d3e GJ - - ECw - 
dx3 

de 
dx dx 
- =  

J, then necessarily must depend upon the solution 
8. For static analysis, this-approach might be used effectively where the 
rotational displacement (3 can be estimated fairly accurately, but for dynamic 
analysis, where different modes are extracted in the same analysis, large 
errors will be introduced. 

When centroidal and elastic axes do not coincide, the beam element 
should be modeled along the elastic axis. 
that the bending moment created by the applied transverse forces will not be 
encountered. 
the bending moment caused by the longitudinal forces which, according to Eq. 3,  
should coincide with the centroidal axis. In many cases, though, the effect 
of axial forces can be neglected. 

Otherwise, it can easily be observed 

This modeling will unfortunately introduce new problems, namely, 

In order to treat thin-walled open beams in a finite element computer 
program and include the effects of warping and offset shear center, it will 
be necessary to either 1) develop a new element that includes these effects, 
2) model the beams by a number of plate elements, or 3)  arrange the avail- 
able finite elements in a way consistent with the thin-walled open beam 
theory. While there exists an element (Ref. 8 )  with the above features, it 
is noL readily available, and in particular, not for NASTRAN users. A beam 
modeled by plate elements usually increases the number of grid points tremen- 
dously. This also increases the degrees of freedom, and the procedure will 
often become impractical and uneconomical. One is thus often left to model a 
thin-walled open beam by the existing beam element which will introduce errors 
as discussed above or create a new composite element. 
presents such an element where the effects of warping and offset shear centers 
are included. 

The following section 
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DERIVATION OF A COMPOSITE ELEMENT 

Before describing a suitable finite element model, a fictitious continu- 
ous beam is presented (Fig. 2).  
and the corresponding boundary conditions for this beam will be derived 
by the Hamilton's Variational Principle 

The differential equations of vibration 

where T is the total kinetic and U the total potential energy of the system. 

Referring to Fig. 2, the fictitious element consists of a rod coinciding 
with the centroidal axis, a beam coinciding with the elastic axis, and two 
flanges displaced h from the elastic axis in a direction parallel to the 
y coordinate. 
strain energy 

The rod accepts only axial deformations, and the corresponding 
over the whole length, L, of the rod can thus be written as 

2 
'R = L  2 EA(g)dx 

0 

where u is the longitudinal displacement of the centroid as defined in the 
last section. 

As indicated in the figure, the beam has all capabilities of a regular 
beam except that the area is neglected such that no axial strain exists. 
The strain energy is then given by 

in which I2* is the moment of inertia about the y-axis while the other 
properties, including the displacements, are as defined earlier. 

The two flanges are displaced from the elastic axis an arbitrary dis- 
tance h which will be determined later. 
for the flanges, and by defining the displacements parallel to the z-axis as wl 
and w2, as indicated on Fig. 2,  the strain energy becomes 

Only bending deflections are admitted 

2 

'F = 2 EIF ~~) +(-)I dx 



The rod is assumed to carry all the mass of the elements such that the 
kinetic energy will be written in terms of the rod displacements u, v*, #, 
and 0*. Neglecting rotational inertia, the kinetic energy is 

where Ip is the centroidal polar moment of inertia and p is the mass density 
of the material. 

The nine displacement parameters used will next be reduced to four by the 
relations 

e* = 0 (13) 

v* = v + czO 
w * = w - c e  

Y 
~1 = w + h0 

cy and cz are the distances between C . G .  and S . C .  in the y and z direction 
respectively. Substituting these equations into the above expressions for 
strain and kinetic energies, Hamilton's equation ( 8 )  can be formed. 
variation is then accomplished by varying u by 6u, v by 6u, w by 6w and 6 by 
60 where it is understood that the variation vanishes at t = to and t = tl. 
This procedure produces the differential equations 

The 

ax2 at2 

a 2~ a% a 4, 
ax4 at2 at2 

pA - - pAcz - E11 - =  - 

a% a 4, a% 
ax4 at2 at2 

+ pAcy - E (I2* + 21~) - = - PA - 

-?- pAcY - (21) ( + cy2 + "> - pAc, - G J  - = -PA cZ2 2E1~h' - - a2v a% a% 
ax2 ax2 A at2 at2 at2 

and the boundary conditions (at x = 0 and x = 1) 
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. w = o  a 3~ 
ax3 
- 

- a u . u = o  
ax 

(2EIFhz - a 30 - 
ax3 

The differential equations presented for the thin-walled open beam, 
Eqs. 3 through 6,  can easily be transformed into the form given for the ficti- 
tious beam by substituting inertia loads for qx, qy, qz, and m 
Equations 18 through 2 1  will then become identical with the thin-walled open 
beam equations if the following two substitutions are made 

(Ref. 1). 0 

It should be observed that the boundary conditions also will be identical 
with these substitutions. 

Because of the mathematical identity between the fictitious and thin- 
walled open beams, a finite element model f o r  the first will also be a model 
for the latter. Figure 3 shows how the fictitious beam can be modeled and how 
the different elements are constrained at the grid points a, and bo. 
elements will be used; a rod, without torsional rigidity, coinciding with the 
centroid; a beam, without axial rigidity and mass, coinciding with the elastic 
axis; and two flanges (or beams), resisting only bending deformations, and 
displaced 

Four 

h parallel to the y-axis away from the elastic axis. The second 



moment of inertia (NASTRAN notation) for the beam and the flanges is as 
defined in E q s .  29 and 30, otherwise the notation given in Fig. 3 refers to 
the original properties of the thin-walled beam. 
chosen, but should be large enough such that Ig* is positive. 

The distance h is arbitrarily 

At each grid point, which is arbitrarily taken to be the centroid, the 
beam is offset by a rigid link to its shear center location. 
that the forces acting on the grid points will be transmitted correctly 
to the beam elements, and the grid point displacements will obey E q s .  13,  14, 
and 15 used in the development of the fictitious beam. 

This will insure 

Similarly, the displacements of the two flanges must be made dependent 
If warping upon those at the shear center as restricted by Eqs. 16 and 17. 

is constrained at the grid point, i.e., 

- -  dB - 0 
dx 

then the connections between the flanges and the centroid can be made rigid. 
Otherwise, as in the case of interior points of a thin-walled open beam, 
warping is admissible, and E q s .  16 and 1 7  imply that 

dwl dw dw2 dw 
d x + Q  d x + d x  

This makes it necessary to create special grid points (al, a2, bl and b2 
on Fig. 3) for the flanges where the transverse displacements are made depen- 
dent displacements, and the rotational displacements 

dWl dw2 
and - - 

dx . dx 

are unrestricted. 
constrained in order to avoid singular matrices. 

The four other displacements must, in this case, be 

The only difference between the composite model and the fictitious 
beam is that while E q s .  16 and 17 are satisfied continuously for the mathe- 
matical beam, they are satisfied only at discrete intervals for the model. 
This implies that the flanges between the grid points will deform according 
to the law of minimum energy, contributing less to the torsional rigidity 
than theoretically assumed. Although usually small, this error can be made 
still smaller by using more grid points along the length of the beam. 

NUMERICAL EXAMPLE 

A numerical example is presented next to illustrate the use of the com- 
posite element and to compare the numerical results with data obtained from 
theory. The example chosen is the dynamic response of a channel beam whose 
properties are given by 
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A = 0.884 in2 p = 0.733 lbs sec2 in-4 
11 = 7.66 in4 C = 3,52 in6 
12 = 0.294 in4 
J = 0.00168 in4 cy = 0.94 in 
E .-- 29 106 I ~ S  in-2 
G = 11 lo6 lbs in"2 

cw = 0.0 in 

L' = 120 in 

In the pure vibration of the channel beam, the differential equation in the 
axial displacement u (Eq. 18) uncouples from the other equations. Since cy 
is zero in this example, Eq. 20 will uncouple also. The problem then reduces 
to a coupled vibrational problem in the v-.and 8- displacements, Eqs. 19 and 
21. For simply supported ends, 

and the theoretical solution, as given by the natural frequencies of vibration, 
pi, can be written as (Ref. 3) 

+ 4Xczubi 2, ti bi w 2 + u  pi2 = ti 
2(1 - ACZ) 

where 

A = -  
0 
I 

I = I  + A  (.2+cz2) 
O P  Y 

and Uti and Ubi are the ith uncoupled frequencies in twist and bending, 
respectively; 

GJn2L2i2 + ECwn4i4 
w 2 2  
ti 

P I o L  

(34) 

(37) 

When warping is not included in the analysis, Uti reduces to 



2, G J.ir2L2 i2 
ti w 

P10L4 
(39) 

The data obtained by using these equations are given in Table 1, cases 
1 through 4 .  
cies more than 100% while an increase of about 5% is seen for the bending 
frequencies by going from uncoupled to the coupled theory. 

It can be observed that warping increases the twisting frequen- 

The channel is modeled by five equal elements 24 inches in length. Seven 
different modeling techniques have been tried, and the result is given in 
Table 1. 
Timoshenko beam element coinciding with the centroidal or elastic axis. 
In the first case only the uncoupled frequencies are obtained, while case 8 
reflects the coupled frequencies without taking warping into effect. 
noticeable are the bending frequencies obtained in case 7,  which because of 
the coupling between v and 0 ,  actually represents the twisting frequencies. 

Cases 5 through 8 show the channel modeled by the conventional 

Also 

Warping is included in the last three cases in Table 1 by using a com- 
posite element similar to the one given in Fig. 3,  but the rod element is 
excluded since no axial forces are present during the vibration considered. 
Because of the boundary conditions, Eq. 33, the flanges must be free to 
rotate at the ends. 
all the interior points with a semi-rigid link where wl and w2 are restricted, 
but the rotations about the y- axis are free. The bulk data cards used for 
case 11 are given in the Appendix. Case 9, where the flanges are rigidly 
linked to the shear center, is included to show how important it is to free 
the rotational coordinates of the flanges, while cases 10 and 11 show the 
composite element properly used, including bending displacement and both 
bending (v) and twisting ( 0 )  displacements, in the numerical analysis. It is 
noticed that good correlation is obtained between theoretical (case 4 )  and 
numerical (case 11) data, the latter results being slightly below the first. 
This can be reasoned by the fact that few elements are used in the analysis, 
which implies 1) reduced torsional rigidity as explained above, and 2) con- 
centrated inertia forces at the grid points instead of a continuous 
distribution. 

This is accomplished by modeling the ends similar to 

Although the example did not use the rod element, this must be considered 
a very special case. 
the effect of excluding the rod can be significant. 
be the case where thin-walled open beams are used as members in between closed 
beams and where the axial load transfer is large. 
though, that 

For other structures and other loading conditions, 
This will especially 

The example has shown, 

(1) 

(2) 

warping effects are properly taken into account by the 
composite element 
inclusion of rotational displacements are necessary 

(3) good results are obtained with few elements. 
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CONCLUSION 

The composite element presented in this paper has been shown both mathe- 
matically and numerically to properly represent the thin-walled open beam. 
Since it is derived upon the differential equations for such beams, the model 
can be made as accurate as the theory is. 
of the element gets smaller and smaller, the composite beam element is an exact 
model of the thin-walled open beam. 

In fact, in the limit as the length 

In conclusion, it is hoped that future editions of NASTRAN can present 
a true thin-walled beam element since the need for proper modeling will 
increase. Until that time, the present composite element is available, it 
is accurate, and easy to use. 
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APPENDIX 

NASTRAN COMPUTER INPUT DECK 

Y A S T K 4 Y  BUFFSIZE=511 
19 SKATTIJY r N 4 S T k A N  
APP D I S D C A C E Y E Y T  
SfIL -4,c-l 
T I q F  5 
C E Y D  
TITLF= T E X T  B O K  F X A Y P L F  O F  
M E T P O D  = 1 3  
Y P C  = l0rr 
O I I T P V T  
D T S p L A C E M F U T S  = ALL 
R F G I Y  SULK 
9 4 R O R  
CR 4s 1 27 1 
+r  91 0.0 
C34R 2 27 2 

CRAK 3 27 3 
+ C S 3  0.0 
CPAR 4 27 4 
+c 134 0.0 
CQAR 5 27 5 
+ c 5 5  0.0 
CRAK 6 2 7 
CHAQ 7 2 8 
C Y A K  R 2 14 
C H A Q  9. 2 13 
C S  I\R 1 2  2 11 
C R 4 Q  1 5 2 12 
C S  A Q  1 4  2 13 
C B 4 P  7 2  2 1 s  
c 3  a n  2 3  2 16  
CRAR 2 4  2 1 7  
C O N Y 2  1 1 
+c21  0.37  h7 
C Y N Y 2  2 2 
+c22  0.1534 
C I N 4 2  3 3 
+C23 0.1F34 
C' lNM2 4 4 
+C 24 0.1534 
C . 3 W Z  5 5 
+C 2 5  0.1534 
CQNMZ b 6 
+C26 0.0767 
EICR 1 3  GI V 0.0 
+13 M 4 X  
G R I D  1 0.0 
GQ I O  2 24.0 
G2 I', 3 48.0 
G R I r J  4 72.3 
G3 I n  5 96.0 
G? ID 6 120.0 
GK ID 7 00 0 

+csz  0 0  c 

C H A N N E L  

2 
-0.34 0.0 
3 
-0.34 0.0 
4 
-0.34 o s 0  
5 
-0.94 0.0 
4 
-0.94 0.0 
11 
15 
9 
l r )  
12 
13 
1 4  
16 
17 
18 
3.9378 

0. 01 56 

0 0  01 56  

0.01 56 

0.01 56 

0.0078 

7003.0 

-0.94 4.0 

20. 1 
+c 61 

+CB2 

+c 83 

+CR4 

+CB5 

0.0 -0.94 0.0 

0.0 -0.94 0.3 

0.0 -0.94 0.9 

0.0 -0.34 0.0 

0.0 -0.94 0.0 

10 

+c21  

+c22 

+C23 

+C 24 

+c25 

+C26 

+13  

1234 

1234 
12345 



GR In ,  
G R I D  
G R I D  
G? I O  
G R I D  
GRID 
G? ID 
GQ I D  
G Y I 3  
G?I3 
GS I n  
Y 4 T 1  
Y P C  
+ Y P 1  
M D C  
+YP? 
YP t 
+UP 3 
YPC 
+YP4 
MPC 
+ Y P 5  
V P G  
+YP6 
YPC 
+MP7 
MP c 
+ Q P 8  
M P C A 3 D  
+ Y  PA 
O Y I T L  
ow1 T l  
+ 3 Y l  
O M I T 1  
PS AI? 
P R A R  
SE OGP 
SE QGP 

P 
9 
19 
11 
1 2  
1 3  
1 4 
1 5  
l h  
17 
18 
2 
1 

2 

3 

4 

5 

h 

7 

8 

103  
8 
5 
6 
1 7  
1256 
2 
27 
7 
12 

SEUGP 14 

29. +6  
11 
2 
12 
3 
13 
c, 
14 
5 
15 
2 
16 
3 
17 
4 
18 
5 
1 

1 
7 
11 
2 
2 
2 
10 2 
3.2 
5.2 

0.0 
120.0 
120.0 
24 e 0 
48.0 
72.0 
96.0 
24.0 
48.0 
72.0 
96.3 
1.1+7 
2 
4 
2 
4 
2 
4 
2 
4 
2 
4 
2 
4 
2 
4 
2 
4 
2 

6 
R 
12 
3 
0.0 
0.854 
8 
16 
18  

-0.94 
- 0 . 9 4  
-0 9 4  
-0.94 
-0.94 
-0.94 
-0.94 
-0.94 
-00'94 
-0.94 
-0.94 

1. 
4 . 0  

4.0 
1.0 
4.0 
1.0 
4.0 
1.0 
-4.0 
1.0 
-4.0 
1.0 
-4.0 
1. 0 
-4.0 
3 

1.0 

9 
13 
4 
0.0 
7.66 
1 . 4  
3.4 
5.4 

-4.0 
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-4.0 
4. 0 
4.0 
4.0 
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-4.@ 

2 

3 

4 

5 

2 

3 

4 

5 

4 

10 
1 4  
5 
0.11 
O m  074 
11 
13 

12345 
12345 
12345 
1345 
1345 
1345 
1345 
1345 
1345 
1345 
1345 

2 -1.0 

2 -1.0 

2 -1.0 

2 -1.0 

2 -1.0 

2 -1.0 

2 -1.0 

2 -1.0 

5 6 

1 6 
15 16 

0.0 
0.00168 
2.2 15 
4.2 17 

+MP1 

+ M P 2  

+M P 3  

+MP4 

+MP5 

+N P6 

tMP7 

+MPB 

7 +MPA 
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2. 4 
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COMPLEX EIGENVALUE ANALYSIS 

O F  ROTATING STRUCTURES 
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INTRODUCTION 

Even though the NASA Structural Analysis (NASTRAN) program 
is  designed to solve numerous structural dynamic problems through 
the use of available rigid formats, an important class of problems, 
where the structures a r e  spinning at  a constant angular velocity, has 
been omitted. Rotating shafts, blades of spinning turbines, rotating 
linkages, and spin stabilized satellites a r e  examples of problems 
falling within this class. These problems differ from the nonspinning 
structures in several significant ways. 
in a nonrotating stationary frame a r e  represented by the second deri- 
vatives with respect to time of the spatial variables. In the case of a 
structure spinning at  a constant angular velocity, expressions for the 
accelerations of the discrete masses  contain te rms  arising from the 
second derivatives of the spatial variables; in addition, they contain 
terms caused by Coriolis accelerations, which a r e  proport:onal to the 
velocities of the masses  in the rotating frame. Finally, these expres- 
sions reflect the variations in steady- state centripetal accelerations 
caused by the small displacements of the masses in the rotating frame. 
The steady-state centrifugal forces set up the steady s t resses  that give 
r i se  to the geometric stiffness matrix. 

The accelerations of the masses 

Since NASTRAN does not construct Coriolis and centripetal 
acceleration matrices,  and a centrifugal load vector due to spin about 
a selected point or about the mass center of the structure, a Fortran 
subroutine to construct these matrices i s  added in NASTRAN. 
rigid translational degrees of freedom can be removed by using a 
transformation matrix T and its explicitly given inverse, T-’. These 
matrices a r e  generated in the above Fortran subroutine and their 
explicit 

The 

expressions a r e  given in Appendix A. 



The complex eigenvalue subroutine of NASTRAN does not 
measure up to the excellence it has shown in assembling the matrices. 
If  the user desires,  an  option is available to write out the matrices 
generated by NASTRAN on a magnetic tape which, in turn, can be used 
as the input to another eigenvalue program. 
in using another eigenvalue program a r e  that the user  may be able to 
solve a larger problem within the available core and he may use a 
more efficient eigenvalue routine if one is available to him. 
required, the user  can write out certain information generated by 
NASTRAN on a magnetic tape unit using the subroutines OUTPUT2 
and WRTAPE used in this program. 

The probable advantages 

If it is 

THEORETICAL DESCRIPTION’’2 

The equations of motion of a spinning structure a r e  briefly 
derived here to show how they differ from those of a nonspinning struc- 
ture. The direct use of the Newton-Euler equations gives 

f o r  the sth rigid body of a flexible appendage; where ms is the mass,  
AS is  the absolute translational acceleration vector. FS and TS a r e  
the sum of the external and connection force and torque vectors, 
respectively. - HS is the angular momentum vector and i denoted 
differentiation in the inertial f rame of reference. 

- - 

For a rigid body of an appendage spinning nominally in the 
steady state with an angular velocity o (fig. l), the expression for 
acceleration is written as 

bd 
dt - - ( c + u s )  t 2 0 x -  ( c + u S ) t ~ x ( ~ x ( c + u S ) ) +  o x ( o x r s )  

bd2 
dt2 - - 

AS = - - - - -  - - -  - - 

id id2 R t - o x ( c + u s  t rS) + - -  dt - dt2 
- -  - 



where c is a vector representing the location of the mass center at 
time t with respect to its steady state position. 
representing the displacement and small rotation, respectively, of the 
sth rigid body from its steady state configuration. 
representing the location of the sth rigid body of the-appendage in i ts  
steady state configuration measured from the steady state mass center 
location. Superscript b 
denotes difTerentiation in the reference frame b imbedded in the rigid 
body with the origin at  the steady state mass  center location. 

us and p s  a r e  vectors - - 

rs i s  a vector 

I s  is the inertia dyadic of the sth rigid body. 

- 

For zero spin (a = 0),  eq. (2) and (3)  reduce to the familiar 
form 

id2 
AS = - (R t 5 t rs t us) - - 

dt2 - - 

In matrix notation the second t e r m  on the righ hand side of eq. (Z), 
which i s  due to Coriolis acceleration, gives r i se  to a skew-symmetric 
matrix; whereas, the third term,  which is  due to the centripetal accel- 
eration, yields a symmetric matrix. The fourth t e r m  in eq. (2)  and (3)  
represents a steady state centripetal acceleration which describes the 
steady state configuration. Stretching forces, moments and rotations ob- 
tained therefrom, give r i se  to the second order geometric stiffness matrix. 
In the absence of angular acceleration, the fifth t e r m  of eq. (2) vanishes. 
If rotational dynamics a r e  the primary concern, the effect of translation 
of the orbit is disregarded and the last  t e rm of eq. (2) also vanishes. 
The last two terms in eq. (3)  w i l l  cancel each other i f  the inertia matrix 
is diagonal with all the te rms  having the same magnitude. 
puter program no such restriction is imposed on the Is matrix. 

In the com- 



Conservation of linear momentum provides the relation 

where M is  the cumulative mass  of a l l  appendages and the central rigid 
body, and n is the total number of masses representing all of the 
appendages. 

Conservation of angular momentum i s  not imposed. As a result, 
the central rigid body is restricted against variations in rotations. 
Conservation of linear momentum permits the translation of the central 
rigid body, thus allowing the coupling of the vibrations of all  the append- 
ages attached to the central rigid body. 

The set  of equations representing the motion of all the rigid 
bodies in the appendage about the steady state configuration i s  obtained 
by substituting eq. (4) into eq. (2) and writing the resulting eq. (2) and 
( 3 ) ,  for all rigid bodies in matrix form: 

[MI] {i} t [GI] {k} t [K' l '  t Ke t Kg] {u} = [F] . 
The steady state equation in matrix form is: 

[Ke t K"'] {u} = {P}' . 
The use of eq. (4) eliminates the remaining translational rigid 

body degrees-of-freedom. As a result, the mass  matrix M1 is  a 
symmetric non-diagonal matrix. Matrix G '  i s  in general, a fully 
populated skew- symmetric matrix of Coriolis acceleration terms.  
Matrix K" ' is  a fully populated non- symmetric matrix of centrifugal 
acceleration terms. Ke and Kg a r e  elastic and geometric (differential) 
stiffness matrices, respectively, (and a r e  obtained from the NASTRAN 
program) and {u} is the vector of generalized displacements about the 
steady state configuration. In the absence of spin, matrices G ' ,  K"', 
and Kg will  all be identically zero, and the eigenvalue problem reduces 
to the standard eigenvalue problem of a free-free structure o r  a canti- 
lever. {u}' is  the vector of the steady state generalized displacements 
from the unstrained configuration {r} of the appendages. Since the 
steady state deformations {u}' a r e  very small compared to the un- 
strained configuration {r}, it is assumed that the steady state config- 
uration i s  given by {r} instead of {r} t {u}'. The steady state force 
vector {P}s i s  used to obtain the geometric stiffness matrix, Kg . 
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Matrices  MI, GI,  and K"' have the following propert ies :  

Relations (7) afford a t ransformation 

Substitution of t ransformation (8) into eq. (5)  gives 

[MI {y} t [GI {k} t [K1'  t [Ke t Kg] T"] {y} = 0 ( 9 )  

where 

u = Vector of displacements f r o m  the steady state config- 
urat ion of the nodal m a s s e s  i n  spinning body frame. 

T = Transformation matrix relates the displacements of nodal 
masses in  the body f r ame  with the origin at steady s ta te  
mass center  t o  the displacements in  another body frame 
obtained by t ranslat ing the above f r ame  to  the instanta- 
neous mass center.  In the absence of vibrations both 
above body f r a m e s  coincide. If the axis of rotation and 
the origin of the body f rame a r e  both fixed in  iner t ia l  
space,  T and T-' become identity mat r ices ,  additionally. 

M = NASTRAN generated mass matrix 

G = Dummy module generated Coriolis accelerat ion matrix 

K" = Dummy module generated centripetal  accelerat ion 
matrix 

Pg = Dummy module generated steady state centrifugal 
force vector 

Kg = NASTRAN generated differential stiffness ma t r ix  using 
the above load vector Pg  

Ke = NASTRAN generated elast ic  stiffness matr ix .  

Explicit fo rms  of the above ma t r i ces  a r e  given in  Appendix A. 
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DMAP DESCRIPTION 

The following information and options a r e  made available through 
the input of vector WW with five elements using DMI* cards. The first 
of the two cards never changes for this program. 
WW( 3) a r e  the components of the spin vector in the body frame. Terms 
WW(4), WW(5) can take the values either 0.0 o r  1.0. If WW(4) = 1.0 
the structure is spinning about the mass center of vehicle, and i f  
WW(4) = 0. 0 the structure i s  spinning about a fixed point in the space. 
The calculation of matrices T and T-',  which removes the rigid body 
translational degrees of freedom, is performed if WW(5) = 1.0. 
WW(5) = 0.0, matrices T and T-' a r e  identity matrices which means 
that the structure is supported and does not have the rigid body trans- 
lational degrees of freedom. 

WW( l),  WW(2), 

If 

The following options can be exercised through the use of WW(4) 
and WW( 5). 

Case I. WW(4) = WW(5) = 1.0, GRID 1 constrained in al.1 six 
The structure i s  spinning about the vehicle mass  center, directions. 

and the rigid body translational degrees of freedom a r e  removed. 
GFUDNo. 1 is connected by a rigid link to the mass center of the 
vehicle in the' steady state configuration and one o r  more appendages 
a r e  cantilevered from GRID No. 1. GRID No. 1 should be constrained 
in all six directions by use of SPC cards o r  permanent SPC on GRID 
cards. 

Case 11. WW(4) = WW(5) = 0. 0, GRID 1 constrained in a l l  six 
directions. 
(GRID 1) fixed in inertial space, e.g., a spinning shaft with GRID 1 
a t  bearing. 

The structure is assumed to be spinning about a point 

Case 111. WW(4) = 1.0 WW(5) = 0.0, GRID 1 constrained in 
all six directions. 
mass  center which is fixed in inertial space. 
about mass  center. 

Node No. 1 i s  rigidly connected to the steady state 
The structure is spinning 

Case IV. WW(4) = 0.0 WW(5) = 1.0, GRID 1 constrained in all 
The structure is spinning about GRID 1 with rigid body six directions. 

translational degrees of freedom removed. 

* Refer to NASTRAN User's Manual for definitions of card names 
used herein. 
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The DMAP sequence given in Appendix B solves eq. (9) and 
eigenvectors yi (PHI 
(PHID in  DMAP) which a r e  the eigenvectors of eq. (8). 

in DMAP) thus obtained a r e  transformed to ui 

It is essential that two subcases a r e  used in the case control 
deck as shown below for successful completion of the NASTRAN run. 

CASE CONTROL DECK 
TITLE 

SUBCASE 1 
DISPLACEMENT = ALL 

SUBCASE 2 
DSCOEFFICIENT = DEFAULT 
BEGIN BULK 

No provision for checkpoint is made since the time taken to 
assemble the matrices is just a fraction of the t i m e  taken to find a 
few eigenvalues. 

FUNCTIONAL MODULE PROGRAMING NOTES 

In writing a functional module for NASTRAN, the concept of 
open core should be employed even if the corresponding logic for an  
open core a r r ay  is not used. 
of later expansions without having to alter the program extensively. 
This does not mean that the fixed dimensioned ar rays  cannot be used 
in NASTRAN functional modules. 
a r e  given in Section 1.5 of the Programer's  Manual. Once the dimensions 
a r e  set  either by open core or  by fixed locations, the next steps a r e  
either to retrieve the data (input blocks) to be used for further compu- 
tations or  to store the computed data (output blocks) in a prescribed 
format within NASTRAN. The data as described in Section 2.2 of the 
Programer 's  Manual may be in the form of a matrix, a table o r  bulk 
data cards. 

This gives the generality and possibility 

The details of the open core concept 

A matrix data a r e  stored in two separate parts. One part 
constitutes the name of the matrix in alpha-numeric form (Header 
Information). 
peripheral equipments. 

The columns of the matrix a r e  stored on random access 



The second part  is called the Trailer Information and is  stored 
in FIAT which is  an executive system table of NASTRAN. The first  
part  is stored a s  a set of logical records: the first record i s  the 
Header information, and the second and subsequent logical records 
until the end of file is reached a r e  the columns of a matrix, The 
Trailer informations, which is  the collection of the properties (size, 
real, complex, symmetric, etc. ) of all the matrices used in NASTRAN 
a r e  given in the Programer 's  Manual but if new matrices a r e  created, 
their Trailer information should be stored according to the instructions 
on page 2.2-2 of the Programer 's  Manual. 
parts describing a matrix can be called, a s  shown later,  without 
disturbing the other. 

Either of the above two 

Each of the matrices,  whether constructed by NASTRAN or 
computed in a functional module and designated a s  an  input o r  output 
block in a particular DMAP statement should be referred to by a file 
number. 
a s  consisting of three digits. The first  digit takes value 1 if  it i s  an  
input block and 2 if it i s  an  output block; the second and third digits 
refer to matrix location in the string of input o r  output data blocks. 
For example, file number 102 in DMAP statement DUMMOD1 given in 
Appendix B refers to the second input block which is  an unreduced mass 
matrix Mgg whereas 2 0 3  refers to the third output block which i s  the 
Coriolis acceleration matrix G. 

The numbering system of a file is standardized by NASTRAN 

In order to read the desired matrix, the following set of calls 
In to subroutines listed below wi l l  unpack and read the matrix data. 

each of the subroutines the file number for the appropriate matrix 
data block must be included in appropriate argument. 

CALL RDTRL 
CALL OPEN 
CALL FWDREC 
CALL UNPACK 

CALL UNPACK 
CALL CLOSE 

The subroutine RDTRL calls on the file number appearing in i ts  argu- 
ment for the Trailer information. A call on RDTRL can also be made 
after calling OPEN, if  desired. Subroutine OPEN opens the file to be 
read. 
thereby skipping the f i rs t  record in this particular example. 

FWDREC positions the requested file forward one logical record 
If for 
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some reason two logical records need to be skipped, FWDREC is  called 
twice. 
record) of a matrix at  a time. 
DO-loop once the information on the number of columns of the matrix i s  
obtained from Trailer information. 
completed the subroutine CLOSE is called to close the file a s  soon as 
practicable. 

Each call to UNPACK allows the reading of one column (a logical 
The call to UNPACK can be put within a 

After the reading of columns i s  

If the data a r e  in tabular form, instead of calling UNPACK, call 
READ to read the data. 
of the data. The programer's  manual should be consulted fo r  structure 
of the record read. 
once the information on the number of records is  obtained from Trailer 
information or  within an unending DO-loop in which case, when the end 
of file i s  reached, the transfer wi l l  be made to a statement number 
appearing in the argument of READ. The set of calls is shown a s  

Each call to READ reads one logical record 

The call to READ can be put either within a DO-loop 

CALL RDTRL 
CALL OPEN 
CALL FWDREC 
CALL READ 

CALL READ 
CALL CLOSE 

If  the data on Bulk Data Cards a r e  desired to be retrieved the 
following set  of calls to subroutines should be employed. 

CALL PRELOC 
CALL LOCATE 
CALL READ 

CALL READ 
CALL CLOSE 

Subroutine PRELOC locates the file on which the bulk data card 
images a r e  stored and LOCATE locates the desired number of cards 
in the file. 

In DMAP statement DUMMOD1 file number 101 which is GEOM1, 
.contains the geometric in formt ion  from Bulk Data Cards. 
number is called in PRELOC subroutine, For each bulk data card 
to be read, subroutine READ should be called. 

This file 



To pack the ma t r i ces  calculated in  a subroutine and appearing 
as output data block the following set of calls t o  subroutines is required.  

CALL OPEN 
CALL FNAME (finds Header information) 
P r e p a r e  T r a i l e r  information (e. g. M(l ) ,  M(2), --M(7) ) 

according to instructions qppearing in Section 2.2-2 
of the P r o g r a m e r ' s  Manual. 

GALL WRITE (writes Header information) 

P e r f o r m  computations. 

CALL PACK ( - - - -  Y - - - -  , WRITE, M) 

GALL PACK 
CALL WRTTRL (M( 1)) 
CALL CLOSE 

Subroutine OPEN opens the file to  be writ ten on and FNAME 
finds and s to re s  the Header information as appearing in DMAP sub-  
routine (e. g., i f  f i le number 204 is r e fe r r ed  in  OPEN, FNAME will 
go to  the fourth output block of DUMMOD1 which is ma t r ix  AA and 
s t o r e  AA as the Header information). 
mation in the vector M according to the instructions in P r o g r a m e r ' s  
Manual with the following exceptions. 
Manual M has  the dimension 6 which is an  e r r o r ,  it should be dimen- 
sioned M(7) and M ( l )  = Fi le  Number 

Next prepare  the Tra i l e r  infor- 

On page 2.2-2 of the P r o g r a m e r ' s  

M(2) = 0 
M(3) = M(2) of the Programer ' s  Manual 

M(7) = M(6) of the P r o g r a m e r ' s  Manual. 

Note that M(2) is se t  equal to ze ro  and not one as implied in the  
P r o g r a m e r ' s  Manual. If M(2) = 1, the information on the number of 
columns s tored  i n  T r a i l e r  information will show one m o r e  than the 
value desired.  Hence when this Tra i l e r  information is used to read  
the columns, the READ will t r y  to take it past  the end of file resulting 
in  fatal e r r o r .  

Subroutine WRITE wri tes  the Header information and then one 
column at a time is packed by subroutine PACK. 
T r a i l e r  information and then ca l l  subroutine CLOSE. 

Cal l  WRTRL to  wr i te  
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If it i s  desired when developing functional modules, the number 

In the development of this 
of input, output blocks and parameters can be altered by altering the 
information in MPL (subroutine XMPLBD). 
program, four functional modules a r e  written. In addition several  
other functional modules for other NASA projects at MSFC have also 
been written. 
given in User 's  Manual. Because the procedure given in NASTRAN's 
program manual a r e  either incomplete or in e r ro r ,  attempts to add 
new functional modules with unique name and unique MPL (Module 
Properties List) have not been met any degree of success. 

All these functional modules a r e  given dummy names as 

It i s  acknowledged that most of the information presented in this 
section may be found throughout the Programer's  Manual. 
it wil l  take a considerable time to assemble and use. 
presented the information we collected through t r ia l  and e r r o r  and 
months of diligent work by two expert programers. We present it 
with the hopes that someone wishing to write their new functional 
modules wil l  not have to encounter the same difficulties. 

However, 
Here w e  have 
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APPENDIX A 

[K"] = 

0 

where 

A- 1 

6n x 6n 
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. 

6n x 6n 
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The inverse of this matrix is  expressed i n  the following form, rather than 
inverting [TI by some matrix inversion technique. 

1 A - 0  0 
‘10 

p2 
‘20 

0 0 1 3  

0 I C -  0 

U F ‘30 

0 0 0  

0 0 0  

0 0 0  

0 0 0  

0 0 0  

0 0 0  

0 0 0  

0 0 0  

0 0 0  

0 0 0  

0 0 .) 
0 0 0  

... 

0 0  1 0 0  0 0 0  

0 0 0  

0 0 0  

0 0 0  

0 0  0 1 0  0 0 0  ... 
0 0  
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0 0 1  
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0 0 0  

- 0  0 p r  
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p2 0 
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s l o  
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0 0  0 0 0 0  

0 0  0 0 0 0  . I .  
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where 

mi 
n 

M, t 22 rnj 
j = l  

i f  the motion of mass  a t  node i in kth 
direction is not constrained to be 
zero 

I o  i f  the motion of mass  a t  node i in kth 
direction i s  constrained to be zero 

where mi i s  the mass at the ith node point of the total of 'n' nodes and 
I! is the moment of inertia of the rigid body at  the ith node, Mo is  the 
mass  of the central rigid body and { w )  is the spin vector. 
Jk 

Matrices [GI, [K"] , [TI , and [T-'1 a r e  the square matrices of 
the dimension 6n x 6n. 
of-freedom which a r e  either constrained to be zero o r  have no mass 
should be removed. 
N is the total degree-of-freedom of the problem. 

Rows and columns corresponding to the degree- 

This w i l l  reduce the above matrices to NxN where 
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APPENDIX €3 

1 R E G I  N 
2 G P l  

3 SAVE 
4 GP2 
5 P L T J E T  

6 SAVE 
7 PRTRSG 
8 SETVAL 
9 SAVE 

10 CDNO 
11 PLBT 

12 SAVE 
13 PRTCSG 
14 L A B E L  
1 5  GP3 
16 T A l j  

17 SAVE 
18 C0ND 
19 PURGE 
20 SMPil 
2 1  SMA2 

22 SAVE 
23 CBND 
24 C0ND 
2 5  GPWO 
26 0 F P  
27 SAVE 
28 L A B E L  
29 E O U I V  
30 C0YD 
3 1  SMA3 
32 L A B E L  
33 PARAM 
34 GP4 

35 SAVE 
36 CBNO 
37 PURGE 

38 E Q U I V  
39 CENO 
40 JUMP 
41 L A B E L  
42 C0ND 
43 GPSP 
44 @ F P  
4 5  SAVE 
46 L A B E L  
47 C0NO 
48 M C E l  
49 MCEZ 
50 L A B E L  

52 CBND 
5 1  EOurv 

EIGENVALUE ANALYSIS O F  ROTATING STRUCTURES. $ 
G E 0 M l , G E B M Z t / G P L r E Q E X I N , G P D T v C S T M , B G P D T , S I L / V , N , L U S E T / C , N ~ l 2 3 /  
VvNvNClGPQT S 

GE0MZ,EQEX4N/ECT S 
P C n B , E Q E X I N , E C T / P L T S E ? X ? P L T f A R ~ ~ P S E T S 1 E L S E T S / V , N q ~ S I L / V , N ,  

N S I L ,  JUMPPLBT S 

/ / V ~ M ~ P L T F L G / C ) N I ~ / V ( N ~ P F I L E / C ; N I D  S 

L U S E T  $ 

JUMPPL0T S 

P L T S E T X / /  S 

P C l F C G i P F I L E  5 
P l  i JUNPPLBT S 
P L ~ P A R I G P S E T S v E L S E T S , C A S E C C , B G P D T I E Q E X I U , S I L , , / P L E T X l / V , N ~  
NSIL/VIN,LUSET/V*N(JUMPPL0T/V,N,PLTFLG/V,N,PFILE S 
JUMPPLBT, P L T F L G ?  P F  I L E  $ 
P L B T X l / /  S 
P 1  S 
G E D M 3 q E Q E X I N r G E B M 2 / 4 L T ~ G P T T / C I N I L 2 3 / V , N , N ~ G R A V / C , U , l Z 3  J 
9 ECT, EPT, B G P 0 T ) S I L  iGPTT,CSTM/EST, t G E I  tECPT,GPCT/V,N,LUSET/C,N, 
~ ~ ~ / V , N ~ N ~ ~ I M P / C , N ~ O / V I N ~ N B G E N L / V ~ N S G E N E L  S 
NBGENLdNBSIMPvGENEL S 
E R R C R l k N B S I M P  d 
BGPST/GENEt  $ 
CSTMvMPT, ECPT ,GPCTbOITfKGGX crGPSTfV?N,NBGENL/V,N, U0K4GG 
CSTM?MPT,ECPT,GPCTbOITIMGGi /V,Y*nTMASS=l*O/V,N*N3MGG/V,N,N0BG~/  
VtY*CBUPMASS=-1  $ 

L B L l r G R D P N T  S 

B G P D T q C S T M ; E Q E X I N , N G G / B G P ~ ~ / V ~ ~ ~ G ~ D P N T ~ - l / V ~ Y ~ ~ T U h S S  S 
~ G P W G ~ ~ ~ , ~ / ~ V I N , C A R O N B  B 

S 

NBMGG S 

ERRBR4iNBMGG S 

CARDNB S 
L B L l  t 
KGGX p KGG/NBGENL $ 
L B L l l q N B G E N L  S 
GEfrKGGX/KGG/ViN,LUSET/V~NbNBGENL/V,NwN0SIMP L 

//CiN,MPY/ViNvNSKIP/CqN*O/C~N?O J 
C A S E C C , G E B M 4 r E Q E X I N r S I L c G P D T / R G v Y S ~ U S E T / V , N , L U S E T / V * N , M P ~ F l / V ,  
N I M P C F ~ / V , N ? S I N G L E / V * N ~ ~ M I T / V I N ~ R E A C T / V I N , N S K I P / ~ ? N , R E P E A T / V ,  
Nv NBSET/V,N+ N 0 L / V s  N,NBA $ 
M P C F l v M P C F Z ~ S I N G L E ~ B M I ~ ~ R E A C T ~ N S K I P ~ R E ~ E A T ~ N ~ S E T ~ ~ ~ L ~ N 0 A  5 

L B L l l  S 

E R U B R S i N 0 L  1 
G M / M P C F l / G B ~ K 0 0 0 , L 0 0 ~ U 0 0 ~ P W ~ U 0 V V , R U 0 V / 0 ~ I T / P S v K F S ~ K S S q Q G /  
S I N G L E / U ~ ~ B V / ~ M I T / Y B S , P B S , K B F S ~ K ~ S S I K D F S ~ K D S S / S I U ~ L E  S 
KGG,KNN/MPCF l /MGGvMNN/MPCFl  $ 
CBL4DeREACT t 
ERR0RZ 6 
L B L 4 D  S 
LBL4,GENEL S 
G P L ~ G P S T I U S E T ~ S I L / ~ G P S T  S 
I I G P S T i l r r  r Y / V v N i C A R D N B  t 
CARDN0 S 
LBL4 t 
L B L 2 r M P C F 2  d 
USET,RG/GM S 
USETIGR~CGGIMGGI r /KNN,MNNpl t 

KNN,KFF/SINCLE/MNN+MFFISINGLE S 
L R L 3 r S I N G L E  t 

L B L Z  J 



53 S C E l  
5 4  LAREL 
55 EQUIV 
56 CBNO 
57 SMPl  
58 LABEL 
5 9  OUMMaol 
6 0  EOUIV 
6 1  RDMG2 
6 2  CDNO 
6 3  SSG2 
6 4  LABEL 
65  SSG3 

66 CBNO 
6 7  MATFPR 
6 8  MATGPR 
6 9  LABEL 
7 0  S O R l  
7 1  DUMM002 
7 2  SAVE 
7 3  MATPRN 
74 C0NO 
7 5  DSRG1 

7 6  SAVE 
77 ADD 
7 8  EQUi V 
79 CaND 
80 MCEZ 
8 1  LABEL 
8 2  E Q U i V  

84 S C E l  
8 5  LABEL 
8 6  EQUfV  
8 7  CBNO 
8 8  SMPX 
8 9  LABEL 

9 1  E Q U I V  
92 MATPRN 
93 MPYAD 
94 MPYAD 
9 5  ADO 
96 DPD 

8 3  CBNO 

90 L ~ R E L  

97 OUTPUT2 
9 8  0UTPUT2 
99 CEAD 

100 SAVE 
101 0FP 
102 SAVE 
103  CBND 
104 MPYRD 
105  MATPW 
106 NBOG 
107 VCR 

108  SAVE 

USET rKNN‘+MNY pt /KFF CKFSIKSS LMFFb q 

L B L 3  z 
K F F C K A A / O M I T / M F F , M A A / O M I T  ‘S 

S 

L H L 5, BM I r $ 
USETI KFF, MFF +, /G0,KAA 9KBUB CLEBb IJBnv MAAp MBBB tM0A01r S 
L B L 5  8 
G E B M l , M G G , E G P O T , W W ~ U S E T , , , / K P , P ~ ~ ~ ; A A , T , T l , R P P , ~ ~ 0 F /  d 
PGePL/N0SET S 
KAA/LLL  tULL  S 
LBL10,NBSET S 
USET GM t.Y S 6 KFS l G 0 t  i PG/ 1 P0, PS t PL d 
L B L l O  0 
L L L I U L L ~ ~ A A ~ P L ~ L B B I U ~ B ~ K ~ B B , P ~ / U L V , U B B V ~ R U ~ V , R U ~ V / V , N , ~ M I T /  
VIYI IRES=-1 S 
LBL9 , IAES $ 
GPL v USETI S I L  rRULV/ /C t N I L  S 
G P L + U S E T + S I L , R U B V / / C , N I 0  S 
L B L 9  d 
USET,PG+ULVfU00V ,YS+GBIGM,PS t KFS tKSS’,/USV rPGG,QG/frN, 1 I C r  N, OSBS 
UGY t t t C V *  t /UGVX+ 9 t 6 b t  ,/VIY$ IUGV=O 

UGVXe t +.*a/ /  S 
LBB,IUGV S 
C A S E C C t G P T T t S I L , E D T , U G V ~ C S T M ~ M P T t E C P T I G P C T , D I T / K P ~ G /  
VtNtDSC0SET d 

d 
IUGV S 

OSC0SEl C 
K P G G ~ K G G X / K D G G / C , Y C A L P H A = ( l r 0 1 0 . O ) / C , Y , B E T A = ( l . O r D . O )  S 
KOGG,KONN/MPCFZ S 
tBLZDtRPCF2 S 
USET,GPI~K, I (DGGrr~/KDNN,r l  d 

KONNIKDFF/FENGLE S 
L B L ~ D I S I Y G L E  S 
USET~KONN,~,/KDFFIKDFS~KDSSII, $ 

L B L 2 0  S 

L B L 3 0  0 
KDFFtKDAA/OMIT S 
L B L S O r 0 M I T  S 
U S E T ~ K D F F ~ b ~ / G B B ~ K D A A , K B B B L c L B B l r U B B l , r r t ~  S 
LEL5D I 
LBB S 
KAAiKDAA/IUGV/GB*GBB/IUGV S 
KAA,GBI+t / /  S 
UOAA * T I  +/KSUM/C 9 N t  O/C r N *  1 /C  cNsO/C t Nv 1 S 
K A A ; T I ~ / K S U M ~ / C I N I O / C I N ~ ~ / C I N I O / C , N ~ ~  d 
K S ~ M , K P / K S U M L / C ~ Y ~ A L P H A r l l ; 0 , 0 l 3 ) / C q Y , B E T A = ( l . O ~ ~ * O )  S 
OYNAMICSaGPL,SILrUSET/GPLD~SILDeUSETDrTFP00L~t,i~~EED~EQOYN/ 
YqNs LUSET/V,NiLUSETD/V(N ,NBTFL/V ,UINBDLT/VI N 9 NBPS DL/ 
Y ~ N ; N ~ F R L / V , N I N B N L ~ T / V ~ N , N B T R L / V , Y I N B E E D / C , N , ~ ~ ~ / V ~ N ~ N ~ U E  $ 
R P P ~ N O B F I T I ~ ~ / / C , Y C P ~ = - ~ / C C Y I P ~ = - ~  S 
M A A ~ U S U M 2 , K S U M i K P ~ G / / C I Y I P L I - l / C ~ Y ~ P 2 = - 1  S 
#SUM1 r G  v M A A p  EED, CASECC/PHI iCLAHA , ECEIGS/Vr N 

OCEIGSICLAMAi,lr//VcN,CARDNB S 

L B L 1 6 r E I G V S  S 
TIIPHI~/PHQD/CiNrO~C~N~l/CINlO/trNIL 2. 
PHZD,PHIII(// $ 
A A i P H I D / / C  I N r-1 $ 
CASECC;EQDYNcU6ETDCPHI 0.9 CLAMAsC / 0 P H I  De/:* N t  C E I G N I  SIN* DIRECT/ 
C t  NrO/V+N*NBD/V* N, NOP/C tN10 

E I GVS L 
EIGVS L 

CARDNB S 

S 
NBOiNBP $ 
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109 C0ND 
110 0FP 
1 1 1  SAVE 
112 LAREL 
113 C0gD 
114 EQUfV 
115 C0ND 
116 S D R L  
117 LABEL 
118 SDR2 

119 0FP 
120 SAVE 
121  LABEL 
122 JUMP 
123 LAREL 
124 PRTPARM 
125 LABEL 
126 PRTPARM 
127 LABEL 
128 PRTPARM 
129 LABEL 
130 PRTPARN 
131 LABEL 
132 END 

LBL15,NBD b 
0 P H I D r  s ( ~ l r  7/VpNtCARDN0 $ 
CARON0 $ 
t R L 1 5  I 
L B t l 6 r N 0 P  B 
PHlDiCPHlPJNBA $ 
lBL17tN0A 4 
USETOIIPHIO,,,GBB~GM~T~FS,~/CPHIPI;QPC/~~N,~/C~N,~'~NAMICS $ 
L B L l 7  B 
C A S E C C # C S T M , M P T ~ O I T ~ € Q D Y N ~ ~ ~ ~ D ~ , ~ ~ C L A M A , Q P C ~ ~ P H ~ P ~ E S T ~ / , 0 ~ P C l ~  
0CPHIPd0ESCl  sOEFCZ(/C~N,CEIG $ 
k7CPHIP40QPClr0EFCt(OE!iCl~~~JV~N~CARDN0 $ 
CARON0 $ 
L B L l 6  1 
F I N I S  $ 
ERRBRl $ 

ERRBR2 §i 
/ / C I N p-21 C I N  r 0  IF FS T LF $ 
ERR0R4 S 
//C,N r-4/CIN F D I  FFSTLFt 
ERRBRS 9 
1 I C  9 N , - 5 / C  I N rD IF FS T LF $ 
FINIS $ 
n 

/ / C  rN , -1 /CINrM0DES$ 



Description of DMAP Operations for Eigenvalue Analysis of Rotating Structures 

2. GP1 generates coordinate system transformation matrices, table of 
grid point locations, and tables for  relating internal and external grid 
point numbers. 

4. GP2  generates Element Connection Table with internal indices. 

5. PLTSET transforms user  input into a form used to drive structure 
plotter. 

7. PRTMSG prints e r r o r  messages associated with structure plotter. 

10. Go to DMAP No. 14 i f  no undeformed structure plot request. 

11. PLOT generates all requested undeformed structure plots. 

13. PRTMSG prints plotter data and engineering data for each undeformed 
plot generated. 

15. GP3 generates Grid Point Temperature Table. 

16. TA1 generates element tables for use in matrix assembly and s t ress  
recovery. 

18. Go to DMAP No. 123 and print e r ro r  message if there a r e  no structural 
elements. 

X 
20 .  SMAl generates stiffness matrix [ K ] and Grid Point Singularity 

~ gg Table. 

21. SMA2 generates mass  matrix [ M 
gg 

23. Go to DMAP No. 285f no weight and balance request. 

] . 

24. Go to DMAP No. 127 and print e r ro r  message i f  no mass matrix exists. 

25. GPWG generates weight and balance information. 

26. O F P  formats weight and balance information and places i t  on the system 
output file for printing. 
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2 9. 

30. 

31. 

34. 

36 

38. 

39. 

40. 

42. 

43. 

44. 

47. 

48. 

49. 

Equivalence [ Kx ] to [ K ] if no general elements. 
gg gg 

Go to DMAP No. 32 if  no general elements. 

SMA3 adds general elements to [ K 

GP4 generates flags defining members of various displacement sets 
(USET), forms multipoint constraint equations [ R ] 
forms enforced displacement vector 

Go to DMAP No. 129 and print e r r o r  message if  no independent 
degrees of freedom a r e  defined. 

X 
] to obtain stiffness matrix [ K 

gg gg ] . 

u = 0 and 
g { S I  

I Y S P  

Equivalence [ K ] t o  f K 1 and f M ] to [ M ] if  no multipoint 
constraints. gg nn . gg nn 

Go to DMAP No. 41 if no free-body supports supplied. 

Go to DMAP No. 125 and print e r r o r  message i f  free-body supports 
a r e  present. 

Go to DMAP No. 46 if  general elements present. 

GPSP determines i f  possible grid point singularities remain. 

O F P  formats table of possible grid point singularities and places it 
on the system output file for printing. 

Go to DMAP No. 50 i f  MCEl and MCE2 have already been executed fo r  
current set of multipoint constraints. 

MCEl partitions multipoint constraint equations [ R ] 
and solves for multipoint constraint transformation k a t r i x  

- - C RmI Rnl 

MCE2 partitions stiffness and mass matrices 

nn K 

-- K mn .:..~ mm and c Mggl = 

- I 

nm 1 ' M  nn M 
t -  - 

M mn "mmJ 
- 



and per forms matrix reductions 

[ K  ] =  nn 

51. Equivalence [ K ] to  [ K ] and [ M ] to  [ Mff] if no single- 
nn ff nn 

Kff ' Kfs  j 
Ksf , S S I  

- + -  K 

point constraints.  

52. Go to DMAP No. 54 if no single-point constraints. 

53. SCEl  parti t ions out single-point constraints.  

L .J 

and 

-1 
! 

fs / 
[ Mnnl= I 

lMsf ' - ss I 
L. J 

55. Equivalence [ K 1 to  [ K ] and [ Mff] to  [ M ] i f  no omitted ff aa aa 
coordinate s . 

56. Go to  DMAP No, 58 if no omitted coordinates; 

57. SMP1 parti t ions constrained stiffness and mass matrices 

' aa 
[ Kffl = and [ Mffl = 1 -  -1 - 

-1  
solves for  t ransformation matrix [ G ] = -[ K ] [ Koa] , 

0 00 

T 
and pe r fo rms  matrix reductions [ K ] = [ Eaa] t [ Koa] [ Go] aa 

T T 
a n d [  M aa 1 = c GaaI f [ Moa] [ G o ] - +  [ Go] [ Moa] 

T 
+ c ~~1 E M ~ , I  c . 
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59. Dummy module DUMMOD1 constructs  cor iol is  acceleration ma t r ix  
[ GI , centripetal  acceleration mat r ix  [ K 
matrix [ TI and its inverse  [ TI ', and centrifugal load vector 
{P } . Rows and columns corresponding to the degrees  of f reedom 
cogstrained to be ze ro  or  have no mass have been removed from 
[ G] , [ K"' ] , r TI , and [ TI -'. 
is i n  g- set  and is  reduced in the following D- MAP statements ,  

1 1 1  1, transformation - 

Centrifugal load vector 

60. Equivalence i f  no constraints applied. 

61. RMBG2 decomposes constrained stiffness ma t r ix  [ K ] = r L,] [ ull] . 
62. Go to DMAP No. 64 i f  no constraints  applied, 

11 

63. SSG2 applies constraints to s ta t ic  load vectors  

6 5. SSG3 solves fo r  displacements of independent coordinates 

solves for  displacements of omitted coordinates 

calculates res idual  vector (RULV) and residual  vector e r r o r  ra t io  
for independent coordinates 
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and calculates res idual  vector (RUOV) and residual  vector e r r o r  
ra t io  for  omitted coordinates 

66. Go to  DMAP No. 6 9  if  res idual  vector is  not to be printed. 

67. P r in t  res idual  vector for  independent coordinates (RULV). 

68. P r in t  res idual  vector for  omitted coordinates (RUOV). 

70. SDRl recovers  dependent displacements 

and recovers  single-point forces  of constraint  

71. DUMMODZ checks if vector  fug] is a null vector. 
is null (geometr ic  stiffness matrix KDGG is a l so  a null matr ix)  
otherwise IUGV = 0. 

IUGV = -1 i f  {ug] 

74. Go to DMAP No. 90 if IUGV = -1. 

75. 

77. 

DSMG1 generates  differential  stiffness matrix [ KggP] . 
ADD elast ic  and geometr ic  stiffness ma t r i ces  in g-set  
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d d 
78. Equivalence [Kgg] to [Knn] i f  no multipoint constraints. 

79. Go to DMAP No. 81 i f  no multipoint constraints. 

80. MCE2 partitions differential stiffness matrix 

I 
I 

t 
1 
I 
I 

- 
d 

K 

d -d T d 
nn and performs matrix reduction [K ] = [Knn] t [G,] [K,,] 

d T d 
+ kmnl P m l  + [GmI [Km1 Em]* 

d d 
nn ff 82. Equivalence [K  ] to [K ] i f  no single-point constraints. 

83. Go to DMAP No. 85 if no single-point constraints. 

84. SCE 1 partitions out single-point constraints. 

[Kd nn 1 
Kf d l  s -;I K ss 

d d 
86. Equivalence [ K f f ]  to [Kaa] if no omitted coordinates. 

87. Go to DMAP No. 89 i f  no omitted coordinates. 

88. SMP1 partitions constrained stiffness matrix 

I;d I d K aa  I a0 
[K,dfl - - l - ~  ~~~~ , 

i Koa 1 ooA L 

d -1 
solves for transformation matrix [Goo] = - [K ] [Kd ] , 

00 oa 



d -d  T d  
aa aa oa 

and per forms matrix reductions [K 1 = [K 1 t [K 1 [Goo].  

d 91. .Equivalence [K ] to [K ] and [G ] to [G ] i f  geometr ic  
aa aa 0 00 

stiffness matrix [ K ~  1 is a null matrix. 
gg 

d 
aa 93. Multiplies the ma t r i ces  [K ] = [KSUM] . 

94. Multiplies the matrices [ K ] [TI-' = [KSUM2 ] . aa 

95. Adds matrix KSUM and the centripetal  accelerat ion matrix [K"'] . 
96. DPD generates  flags defining members  of var ious displacement sets 

used  in dynamic analysis (USETD), tables relating internal  and 
external  gr id  point numbers ,  including ex t ra  points introduced for  
dynamic analysis ,  and prepared  Transfer  Function Pool and Eigen- 
value Extraction Data. 

97. Matr ices  [Rk] , [ NDOF] and a re  output on magnetic tape, 

[RL] is (n  x 4) matrix where n = no. of gr id  points. First three  
columns represent  the coordinates of gr id  points in  basic coordinates 
and fourth column s to re s  the mass data at gr id  points. 

[NDOF] is ( 3  x n) matrix. 
D. 0. F. at a gr id  point is not constrained by SPC,  MPC, OMIT o r  
permanent SPC on GRID cards .  

Value of 1. 5 is writ ten if  the translational 

Otherwise it is writ ten 0.0. 

d 98. Matr ices  [Ma,], [Kaa]  , [Kaa] , [K"' I ,  [ G I  a r e  output on 
magnetic tape. 

[Kaa] 

d [Kaa] is the reduced (elast ic  t geometric) stiffness matrix 

is the reduced elast ic  stiffness matrix 

[K"' ] is the  reduced centripetal  accelerat ion matrix 

[G ] is the reduced Coriolis acceleration matrix. 

99. CEAD extracts  complex eigenvalues f r o m  the equation 
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101. 

103. 

104. 

105. 

106,. 

107. 

109. 

110. 

113. 

114. 

115. 

and normalizes eigenvectors according to one of the following user  
requests : 

(1) Unit magnitude of selected coordinate 
(2)  Unit magnitude of largest component. 

O F P  formats the summary of complex eigenvalues and summary of 
eigenvalue extraction information and places them on the system 
output file for printing. 

Go to DMAP No. 121 if  no eigenvalues found. 

{ @ I ,  the eigenvector of 

[Mp2 t Gp t [KI" t [ K e t K g ]  T-']]{@) = 0 

i s  given by complex eigenvalue analysis step #91. 

{qd> , the eigenvector of 

[MTp2 t GTp t K1" T t Ke t Kg]{$d) = O 

is obtained in this step { $d} = [ T]  -' { @ ]  . 
Eigenvectors {+d) and {$) a r e  printed. 

[ 6 
constructed and printed. 

T 6 1, a ( 3  x 3) matrix for each of the eigenvector { +dl is 

VDR prepares eigenvectors for output, using only the independent 
degrees of freedom. 

Go to DMAP No. 112 if no output request for the independent 
degrees of freedom. 

O F P  formats the eigenvectors for independent degrees of freedom 
and places them on the system output file for printing. 

Go to DMAP No. 121  is  no output request involving dependent 
degrees of freedom or forces and stresses.  

Equivalence {pd) to {PPI i f  no constraints applied. 

Go to DMAP No. 117 if no constraints applied. 



116. SDR 1 recovers  dependent components of eigenvectors 

and recovers  single-point forces  of constraint  

118. SDR2 calculates element forces  and stresses (OESC1, OEFC1) 
and p repa res  eigenvectors and single-point forces  of constraint  
for  output (OCPHIP, OQPC1). 

119. O F P  formats  tables prepared  by SDR2 and places them on the 
sys tem output file fo r  printing. 

122. Go to DMAP No. 131 and make normal  exit. 

124. Normal mode analysis  e r r o r  message  No. 1 - Mass  matrix 
required for  r e a l  eigenvalue analysis.  

126. Static analysis  with differential stiffness e r r o r  message  No. 2 - 
F r e e  body support not allowed. 

128. Static analysis  with differential stiffness e r r o r  message  No. 4 - 
Mass matrix required for weight and balance calculations. 

130. Static analysis  with differential st iffness e r r o r  message  No. 5 - 
No independent degrees  of f reedom have been defined, 
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SUERBUTI NE DUM0Dl 
INTEGER TYPINC TYPBUT) TDGFI SYSBUFr C0RSL 
REAL MI MU13001 
EXTERNAL WRI TE 
EXTERNAL READ 
DIMENSIBN HEADf5 )b  HEAD2151 HEAD3ILS)w HEA)4 (51  I I S i I D ( 2 )  

D jLCBNM(21r  A f 8 ) r  B I 1 3 ) p  R I 4 ) r  R G ( 4 ) v  W ( 5 ) v  art3031 
D T D G F ( 3 0 0 ) r  N D E G F ( 6 r 3 0 0 ) t  NFRE(303) ,  XKP(l .1 
0 t A A 1 3 v 3 0 0 ) q  R P ( 3 0 0 9 3 I r  MM171 
0 IRHEADt 53 

DIMENSICN X I 1 1 1 3 0 0 1  
D i X I 2 1 1 3 0 0 1 r  X 1 . 2 2 D 3 0 0 ) ~  X I 3 1 ( 3 0 0 ) r  X 1 3 2 ( 3 0 3 )  I X 1 3 3 t 3 3 3 )  
D i X M G G ( 3 0 0 )  D B F ( b p 3 0 0 )  

CBMMBV /DUMBPN/ XKP 
CBMM0N /PACKXY TYPIN, TYPBUT, I l l  V l *  INCR 
C0MMBN /UNPAKX/ ITYPEb J J I  Nt  JINCR 
CBMMDN / S Y 9 T E M /  SYSBUFt. OUTAPE 
C0VH0N xxx 
EQUIVALENCE 1 A V l ) I  I D )  

1 p I A b 7 ) c  I A )  
2 r I B 1 2 ) C  IG) 

c c 

c @PEN CBRE ARRAY 
C 

EQUIVALENCE 1 X K P l 2 0 0 0 ) ,  NDEGF) 
E r ( X K P 1 3 8 0 0 ) r  M I 
E r I X K P 1 4 1 0 0 ) r  NFRE 1 
E r ( X K P 1 4 4 0 0 ) r  TDGF I 
E r l X K P 1 4 7 0 0 ) 1  A 3 
E r l X K P t 4 7 0 8 ) ~  B 1 
E r ( X K P I 4 7 2 1 f r  R 1 
E s ( X K P 1 4 7 2 5 ) t  HEAD 1 
E r ( X K P ( 4 7 3 0 1 ,  HEAD11 
E r ( X K P f 4 7 3 5 ) r  HEAD23 
E ( KKP f 4740 b HEAD3) 
E r (XKP ( 4 7 4 5  1 I HEAD43 
E 1 ( X K P t 4 7 5 0 ) 1  A A  3 

EQUIVALENCE. 1XKP( 5 6 5 0 )  9 RP 1 
E r ( X Y P I 6 5 5 0 ) r  MU ) 
E v ( X K P ( 6 8 5 0 ) t  X I 1 1  J 
E r l X K P ( 7 L 5 0 ) ~  X I 2 1  3 
E r I X K P t 7 4 5 0 ) r  X I 2 2  ) 
E r ( X K P ( 7 7 5 0 ) r  X I 3 1  1 
E 1 ( X K P ( 8 0 5 0 ) ,  X I 3 2  1 
E r ( X K P ( 8 3 5 0 1 c  X I 3 3  1 
E r (NDEGF, D0F1 

DATA N A M l r  NAM2r NAM3t NAM4 / 201 i  2029 2031 2 0 4  / 

DMlOOlOO 
DM100230 
DM100330 
DM100400 
DW1005OO 
Dtr100630 
DMlDO730 
DM10@830 
DM100900 
DM101030 
DM101130 
DM101200 
DY1013DO 
W 1 0 1 4 3 0  
DM101530 
D M l 0 1 6 3 0  
DM 10 17 30 
DM101800 
DP101930  
DM102030 
DM102 1 3 0  
DM102200 
DM102330 
O H 1  02400 
OM102530 
OM102630 
OM102700 
OM102800 
OM102900 
DM103000 
O M 1 0 3 1 0 0  
DM103230 
DM103330 
DM103400 
DP103500  
DM103630 
DVL03700  
DH103830 
OM103900 
Dp 1040 3 0 
D F 1 0 4 1 0 0  
D e 1  04230 

DM 1 0 4 4 3 0  
DM104530 
DM104600 
D Y l C 4 7 3 0  

D*X104330 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

I F L f 1 0 1 1  REFERS T 0  CEBM1-THE F I R S T  INPUT DATA BLBCK OF OMAP 

ICBNM REFERS TPI MGG-THE SECBND INPUT DATA BLBCK a F  DUHMPIDL. 

IWW1104) REFERS T 0  MU-THE BLBCK CBYTAINING W-S A V O  'i-T FLAGS. 

STATEWENT DUMMBDL. 

I B G  REFERS T I  BGPOT-THE THSRD I U P U T  DATA BLBCK EF DUMMBDl. 

NAM5 REFERS T 0  USET-THE F I F T H  INPUT DATA B L 0 t K  O F  DUMMBDl. 

THE GENERAL PRBCEDURE F0R READING A DATA BL0CK I S - F I ~ S T I  
OPEN THE F I L E  CBNTAINLNG THE BL0ClG SUCH AS IC0NMeIB; ETC- 
THEN S K I P  THE HEADER RECBRD BY CALLING FHDREC. THE VEXT STEP 
IS T 0  DETERMINE IF THE DATA 16 A M4TRIX ET;. MGG. f 0 i  MATRICESI 

DP104930 
DP 1 0 5  000 
DW105130 
DM105230 
OM105330 
OM105400 
DY105530 
OPI 1 0 5 6 3 0 
DoV 1 0 5 7  3 0 
DM105800 
DM105930 
DM106030 



C THE YEXT STEP IS T0 CALL UNPACK. EAC 
C MEMBRY 0NE'CrdLUMN 0F THE MATRIX, F0R N0N-MATRIX I N  

C EACH RECDRD CAN THEN RE BR0UGHT I N 1 0  MEMBRY BY C A L L I V  DM106430 
C ONE CALL TB READ BRINGS I N  ONE RECBRD. DM 1 0 6 5  30 
C DM106630 
C THE EXCEPTIBN 1.N T H I S  CASE IS DATA READ EXhCTLY AS I T  APPEARS ON DM106730 
C BULK DATA CARDS, FOR THIS5 THE PRBGEDURE I S  CALL PRELBC, THEY DMlO68OO 

C DM107330 
~ + 9 ~ * 4 + ~ + + + ~ ~ + + 4 ~ 1 + + ~ + 4 4 + ~ * ~ + + ~ ~ ~ ~ ~ ~ ~ + ~ ~ 4 * 4 ~ ~ 4 ~ + ~ 4 4 ~ * * * 4 ~ ~ * * 4 + ~ * ~ + ~ ~ * ~ ~ ~ ~ ~ 1 0 7 1 ~ 0  

C STRtJCTURE YUST BE L00KED UP I N  THE NASTRAN PRBGRAMMEI-S MANUAL, DY106330  

C LBCATE. THEN READ FOR EACH EULK DATA CARD. T H I S  IS JSED FBR I F L .  OM106930 

C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 

DATA NAP5; NAN6 / 2 0 5 ,  2 0 6 /  
DATA NAM74NAM8 /207 ,208 /  
DATA I G R I D  / 4 5 0 1 , 4 5 /  I.FL / l O l /  
DATA TkE'v E0R /291/ 
@ATA l C 0 N  / 1 0 2 /  XC0NM / 1 5 0 1 r 1 5 / 1 B G  / 1 0 3 /  

THIS  IS THE MAIN R0UTINE F0R C0MPUTING THE K-Pi l IMEq P - P R I M E ,  G AND 
MASS MATRICES USED I N  S0LVING THE i 0 r A T I N G  F L E X I B L E  STRUCTURE 
PRBBLEM 

READ I N  0MEGA VALUES AND RG + T-INVERSE FLAGS 

I W W  = 104 
ITYPE = 1 
JJ = 1 
N = 5  
JINCR = 1 

C A L L  FWDREC( $lOOOi, I W W  1 
CALL 0 P E N t 6 1 0 0 0 q  I W W ,  X K P S L C 0 L + l ) r  0) 

CALL FNAMEIIWMpI RHEAD(1) )  
CALL UNPACK($lOOOi IWHp W 4  READ) 
CALL CL0SE ( I WWI 1) 

WRITE C0MMENTS 0N OUTPUT L I S T I N G  

DM107290 
DP107330  
OM107430 
DM107530 
DM107630 
DPn107730 
DM107820 
DM107930 
DM108330 
D M 1  0 8  1 3 0  
DM108230 
DM108330 
DE108430  
Df-: 1 08 5 0 0 
DM108630 
DY108730  
DM108830 
OM108930 
DP109500  
DM109190 
DN109230 
DM109300 
DC109400  
DM109530 
DM1096CO 
DN109730  

W R I T E ( 6 r 6 0 1 )  DM109800 
601 F B R M A T f l H I *  - RESTRXCTI.DNS **e-// DM109930 

F -  1. I D  N0*  1 0N GRID CARDS SHBllLD RE USED F0R THE ZENTRAL R IGID- /DM110030  
F- 8EDY BTHERWISE THE TRANSF0RMATI0N MATXICES T A V O  T-INVERSE - / U M l l O L 0 0  

DMl lOZDO F- WILL BE INCBRRECT-/ 
F- 2. THE USE OF THE T AND T-INVERSE PERMIT THE BASE MBTIEN WITH -/DM110300 
F- THE TRANSLATIBNAL R I G I D  B00Y M0110N SWEPT BUT F i 0 M  THE EQS.-/DMlL0400 
F- OF M 0 T I 0 N  - 1  DM110590 

W R I T E t 6 ~ 6 0 4 1  DM1 1 0 6 0 0  
604 F IR f l f tT (1H 9. DM110730 

F -3, I T  19 ASSUMED THAT THE A X I S  OF R0TATI0N PASSES THRBUGH THE-/ DM110830 
F- CENTER OF MASS 0F THE ENTIRE VEHICLE, I F  THE AXIS  0 F  R0TATIBNDMlL0900  
F - l  D M l l l O O O  
F- fS T 0  PAS THR0UGH A P B I N T  0THE HAN THE MASS CENTER, THE-/ D M l l l l O O  
F- CORRESPQN I N G  GRIU PBINT SHBULD BE DEFINED AS > ? I D  N0. 1-1 DM111230 

DM 11 13OO 
6 0 5  FBRMATC DK111430  

F- 4, L 0 C A T I 0 N  0 F  THE CENTER OF RBTATIBN (C.R.1 GBVEXYS THE-/ DM111590 
F DELTA TRANSP RfCES 4ND THE-/ DM1 11630 
RCES WHICH I N  THE GEBMETRIC-/ DM111700 
1x1 THE 0 P T I 0 N  E C.R. IS AVAILABLE-OM111830 

F 1  DM111900 

WRITE L 6 r  605) 

F- THRU DM1 CARDS. W(4110.0-CG IS N0T CALCULATED 4VD C.R. IS-/ DM112000 
F- ASSUMED T 0  BE GRID N0. 11 W(4)=l.O-CG IS CALCULATED AND C.R--DMl12130 
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F /  OM112290 
F-  IS CdG.- DP11230D 

DP112430  
F- W(5 ) * .0 *0  MAKES T AND T-INVERSE IOENTITY MATRICES.-/ Df i112500 
F- I N  GEMERAL THE FBLLBWING CBMBINATI0NS SHBULD BE USED.-/ DML 1 2 6 3 0  
F- W141=W151=0.0 OR W141=W15)=1.OI W14)=W151=0.0 ASSUMES THE-) DM112700 

LlR I T E L 6 9  899) DM112830 
8 9 9  FBRMAT( DP 11 2 9s 0 

F- STRUCTURE RBTATES ABBUT GRID V 0 .  1 AND ONLY THE CANTILEVER-/ DR113350 
F -  MODES ARE AVAILABLE. W14?=,W(5)=1.0 ASSUMES THE STRUCTURE-/ DM113133 
F- R0TATES ABOUT THE C.G, WITH TRANSLATIONAL R IG13  60DY 00F-/  OM113250 
F- SWEPT OUT-/ DH113330 

F-  W15111.0 PERMITS THE CALCULATIBMS OF T AND T-IVVERSE.-/ 

F-- 5. f N  THF CALCULATI0Y 06 THE CENrER OF MASS O F  THE VEHICLE ALL-/DM113430 
F -  THE GRID P B I N T S  WITH MASSES ARE USED. I F  THERE f S  A DUMYY- / OM113530 
F- GRID PBINT F0R THF D E F I N I T I G N  OF THE PLANE F0R CB4R CARDS,-/ DM113530 
F- 00 NBT PUT ANY MISS AT THAT OUMYY GRID P B I N T  OT-IERUISE WRBNS-DM113730 
F /  DP113830 
F- C. M i  WILL BE CBMPUTED-1 Dpl13930 

WRIITE f 63 6061 OM114030 
606 FBRMATt DM114100 

F -  6 ,  THE NUMBfR OF GRIi3 PBINTS I N  THE PReSLEM SHBULI  8E LESS-/ DE"114230 
F- THAN 300; T H I S  ALLBWS UP T0 1803 D0Fe- l  DM114330 

WRITE(6p6021  5 M  11 4430 

FUMMY MBDUCE++*-/) DM1 1 4 6 0 0  
W R I T E k 6 r 6 1 2 1  WLL)$W(EI  r W ( 3 )  DM114730 

6 1 2  FBRHATI/  1H 4 'SPIN RATE .VECTBR*** 0MEZAl  = -F13.4r 5 X t  DM114830 
F -OMEGA2 4 -F10=4* 5 x 9  -OMEGA3 = - F l o e 4 1  OM114930 
IFIU14) .LT. 0.011 W R I T E 1 6 r 6 9 5 )  DH115Ci30 

1 I.-) DM115230 
I F f W 1 4 1  .GT. 0.0) W R I T E f 6 1 6 9 6 )  DM 11 530 0 

1 THE SYSTEM DESCRIBED I N  THE BULK DATA-) DM1 1 5 5 3 3  
I F t W ( 5 1  .LT. 0.01) W R I T E I b v 6 9 7 )  DM1 1 5 6 3 0  

602 FORMATI lHOt-  THE FBLLPIWING DATA WAS TAKEN FR0M GRID CARDS 6 Y  THE DDMLl4530  

6 9 5  FBRMATt lH  ,.-THE FBtL0bi I .YG ANALYSIS ASSUMES RBTATIBN ABBUT GRID N~ .OM115130  

696 F B R M A T l l H  ,.-IN T H I S  ANALYSIS THE STRUCTURE SPINS ABaUT THE C.G. 'JFDM115430 

697. FBRPAT(1H *-THE FBLLOUING ANALYSIS GIVES CANTILEVER MBDES OF A S P I D M l l 5 7 3 0  
FNNING STRUCTURE BY MAKING T.AND-/ lH r-T-INVERSE IDEVTITY MATkICES-DM115830 
F) D P l 1 5 9 3 0  

I F ( W 1 5 )  .GT. 0.0) H R I T E I 6 1 6 9 8 )  DM1 1 6 3 3 0  
698 FBRMAT(1H +-THE FBLLOWING ANALYSIS CALCULATES THE MATRICES T AND TDMl16130  

F-INVERSE THUS SWEEPLNG OUT T H E - / l H  9-TRAFISLATIBNAL XIGSD BBDY Di?F-DM116230 
F )  DP116330  

W R I T E r 6 r 6 L l )  O M 1  1 6 4 0 0  
C OM116500 
C SET UP PACN CBMM0N AND LBCATE END OF C B R E  DM116630 
C DP116700  

611 FBRMAT(1HOs- NBDE O0F MASS I 1 1  I 2 1  I22  DM116800 
F €31 I32 1.33 R 1  R 2  R3-/ )  DM116930 
TYPIN = I DM1 17O3O 
TYPBUT = 1 DM117100 
I 1  = 1 DM1 17200 
INCR = 1 OH1 1 7 3 0 0  
LL = CPIRSZfXXX; XKP) OH117430 
LCBL = L Z  - STSBUF DM117530 
It. = t C 0 L  DM1 1 7 6 0 0  
I X - X  = L Z  - 24SYSBUF -2 DW117730 
IBGR = I X X  - SYSBMF - 1 DW117800 
DE 750 I I ~ l r 3  DH117900  

750 R B I 1 1 1  = 0.0 DM1 1 8 0 0 0  
XH = 0.0 OM118 130 



C 
C LBCAT€ F I L E  THAT GRID P0I.NTS ARE STBRED 0N 
C 

CALL PRELBCl  SlOOOC XKPI I L I ?  I F L )  
CALL t 0 C A T E f  S10001XKPJ L L ) ;  IGRSDI I F L G )  

C 
C LIZICATE F I L E  THAT BASIC GRID POINT C0-ORDINATES ARE ST3RED 0N 
C 

CALL 0 P E N L b 1 0 0 0 t  IBG, XKPf IBGR) 9 01 
CWLL FWDR€C( $7009 I B G l  
N0DE = 0 

C B U I L D  MAS3 AND I N E R T I A  TABLE 
C 
C UNPACR MGG MATRIX T 0  GET MASS AND INERTIAS 
C 

N = 300 

CALL FWDRECls10001 ICBN)  
CALL BPEYLSlOOOp IC0Nb X K P ( I X X ) r  0) 

CALL FNAMEt ICClNp RHEADI 1)) 
C 
C WHEN AN END OF F I L E  IS ENCOUNTERED BY FWDRECe READIVG OF MGG S T O P  
C 

9 5 0  CALL FWI)REC[ $6997 ICON) 
CALL FkOREC(S699r  I C O N )  
NODE = N B D E  + 1 
P4Dl ( N B D E - l 1 * 6  
CALL U N P A C K t s 9 5 1  i IC0N9 XMGGl READ) 
M [ N B D E )  = XMGG(ND143) 
XN = XM + MtNBDE) 

X I l l ( N E D E 1  = XYGGtNDl+4)  

X t 2 1 ( N B D E I  = XYGG(ND1+4) 
X122(N@iDEl  = XMGGfND1+5) 

X f  31(NBDE) = XMGG(ND1+4) 
X I 3 2 1 N B D E I  = XMGGtNDl+5)  
X f 3 3 1 N B D E l  = XMGG(N01+6) 
G 0  TB 9 5 0  

9 5 1  CALL UNPACK(8952 i ICBN, XMGG) READ) 

9 5 2  CALL UNPACK(8953 * XC0Nt XMGGI READ) 

9 5 3  CALL UNPACKIS950 i 1CllN1 XMGGS READ) 

699 h0DE = 0 
700 CBNTINUE 

CALL R E A D I I 7 1 0 i  67109 L F L I  A (  8, 0, I F L G )  
N0DE = N0DE + I 

C 
C E A S f t  GRID P 0 I N T  INF0.  

CALL READtS710; $7101 I B G l  RI 41 0 ,  I F L G )  
C I F  MBTIBN AT A G R I D  P d I J  IS RESTRAINED I N  ALL D I R ~ C T I B ’ J S  THE L 0 G I C  
C I N  THE CBDE CAUSES W E  GRID P 0 I N T  T 0  BE DISREGARDED 
C 

WRITEP6,610) I D ,  I A ,  H (N0DE) r  X I l l ( N 5 D E ) r  X I Z l ( N 0 D E ) r  X I 2 2 l N B D E )  
w , X I 3 1 ( N B D f ) r  X1321!40DE)r X 1 3 3 ( N B D E I r  R ( 2 l r  R13) .  
#I R ( 4 1  

610 F 0 R C A P ( 1 1 5 , 1 1 8 ~ ~  10F10:4) 
I F I W t 4 )  .GT* O o O )  G 0  TB 720 
I F I I D  .GT; 1) G0 T 0  725 
D0 733 1 1 1 1 ~ 3  

733 RGl1 . I )  = R ( I I + . l )  

720 CBNTINUE 

701 R G I L I I  = R G ( I l 1  + H ( N B D E ) * R ( I # + 1 1  

G0 T 0  725 

D 0  701 I I = l r 3  

DH118200 
OF1 1 8 3 0 0  
DM1 1 8 4 3 0  
DP118530 
DPlJ.8630 
OV118730 
DM118830 
DH118900 
OM119030 
DP119130 
DW119230 
DM119300 
DM1194DO 
DN1195 30 
Dt.1119630 
DM 1 1 9 7 3 0  
DN119830 
DM1 19930 
DM 1 2 0 0 3 0  
DM1 20 1 3 0  

’SD’4120200 
D lc l20330  
DP120430 
DP120530 
DM120630 
DM120730 
DF”120800 
DP120930 
DP121000 
on 1 2  1130 
DM1 2 1 2 3 0  
DC121300 
DY121430 
DM121530 
OM121630 
DM 12 1 7 3 0  
DM121830 
DM121930 
Dt4122330 
DM122100 
D P 1 22 2 3 0 
DM122300 
DM122430 
DK122500 
DY122630 
DM122730 
DN 1 2 2 8 3 0  
DM122900 
DM 123Gi IO  
DM123100 
Dfi  1 2 3 2 3 0  
D”123330 
DM123430 
DM123530 
DY123630 
DM123750 
DM.123830 
DM123990 
DM124030 
DP124130 
DM124230 
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C 
C 
C 
C 
C 
C 
C 
C 
e 
C 
C 

672 

6 2  5 

C 

725 C0NTIN i lE  OM124330 
G0 T 0  700 DPI 2 4 4 3 0  

710 C0NTINUE DY124530 
1000 CBNTINUE OM124630 

I F l W ( 4 1  *EB. 0.01 G 0  T 0  719 DM124730 
OB 734 I I = l , 3  DV124800 

734 R G I I I )  = R G l I f I / X H  DF124900  
719 CBNTINUE DM1 2 5  330 

WR I TE t.6 9 6 0 7 )  D P f 2 5 1 3 0  

W R I T E L 6 t 6 f 5 )  CXMt R G l l ) +  R G ( 2 ) t  RG13) OM125300 

F - i  1E15.84 - RG(3)  =-) lE15 .8 )  DM1 2 5 530 
DYL 2 5 6 3 0  

FBF AT EACH NBOE-//- N0UE C0NSTRhINTS T0TAL DBF -1  DM125830 
CALL C L B S E l I F L ,  1) OM125900 
CALL CLBSEIICBN, 1) DP 1 2 6 0 0 0  

C + + ~ + + * i * , + r + + + t + ~ + t # * t + ~ ~ + ~ * t * ~ ~ ~ ~ ~ 4 ~ + ~ + * * ~ * * ~ t + ~ ~ * 4 ~ * * t ~ t t * ~ * ~ * * * ~ ~ ~ ~ * D M 1 2 6 1 0 0  

.&. Dir 1263D0 

607 F 0 R V A T I l H  r-RG GIVES THE CBERDINATES OF THE CENTER OF RBTATICIN-) DM125230 

6 1 5  FBRMAT(1HOr- T0TAL  MASS = - , l E 1 5 . 8 ~  - RG11) t - s l E l 5 . 8 ,  - RG(21  =DM125400 

WR I T E  f 6  9 6201 
6 2 0  FBRMAT[ lHOr  - M 0 T I 0 N  CONSTRAINTS I Y  1 THRU 6 DIRECTIBN AND T0TAL DDM125730 

NA't4112011 REFERS C 0  PG-THE F I R S T  OUTPUT DATA B L 0 t K  a F  DUMMOD1. Di4126230 

NAMBt2081  REFERS 70 DBF-THE EIGHTH OUTPUT 3ATA BLICC OF DUMM'JDL. 

THE PRBCEOURE F0R PACKLNG A MATRIX IS-OPEN THE F ILE(FG.  2 0 l ) t  
CALL FNAME, CALL WRITE T 0  WRITE THE HEADER RECBRDr THEN PACK. 
ALSB B U I L D  THE TRAILER ARRAY, THEN CALL CRTTSL. SEE 2.2-1 0 F  T H E  
NASTRAN PRBGRAMMER-S MANUAL F0R TRAILER INFBRMATIBN- 

ALWAYS t L 8 5 E  THE F I L E S  OUT AS SaBN AS PBSSIBLE 

CALL C L B S E ( I B G i  1) 
CALL DFRElLCBL p N0OE) 
D0 6 7 2  I Ia1,NBDE 
NFRE111)  N O E G F ( 1 , I I I  + N O E G F ( Z r l 1 I  + N D E G F ( 3 e I I )  
NFREE N D E I G F 1 4 r I I Z  + N D E G F I 5 6 I I )  + N D E G F 1 6 r l I )  

W R I T E ( 6 9 6 2 5 )  P l I r  ~ N D E G F ( J J , I f ) t J J = l i ~ I r  T D G F f I I 1 r  I I = l , N 0 D E )  
FBRMATI115*  9 x 4  6 1 1 9  l I l l f  
CALL 0PENLS300r i  N A M l r  X K P I L C B L + l ) r  1) 
CALL FNAVEtNAML, H E A D t I )  1 
CfiLL Y R I T E l N A M l r  H E A D ( 1 ) r  TUB; E0R) 

T D G f l I I )  = NFRE111)  + NFREE 

DM 1 2 6 4 3 0  
DM126500 
DM126630 
DM126700 
DM126800 
DM126900 
DK.127030 
DM127100 
Dv 1 2 7 2 0 0  
DM127300 
DV127400 
OY127500 
DM127630 
DM1 2 7 7 0 0  
OM127850 
DM 1 2 7 9 0 0  
DM1 2 8 0 3 0  
DP128130 
DM128230 
DM128300 
DM1 2 8 4 0 0  

C ZER0 OUT R0WS AND C0LS. DF EACH 6x6 SUBMATRIX WHERE THE DEGREE 0F DM128500 
C FREEDBfl IS NBP USE0 i EG F0R NDEG13) = 0 THIRD RBW AVD G0L ARE ZERBDM128630 
C THE NBN-ZER0 ELEMENTS ARE THEN MBVED T0 THE TEP LEFT CaRNER BF SUBMhTDM128730 
C OM128830 
C ZER0 %PEN CBRE DY128930 
C DM129000 

NC0R = 64hSBDE DFn.129130 
00 817 f I = l t N G 0 R  DM129200 
X K P l I . I I  = 0.0 UP129330 

8 1 F  CBNTINUE , DM1 2 9 4 0 0  
00 818 I I= l ,NldDE DP129500 
D 0  8 1 8  JJmlr6 DM129630 

818 I T T  = N O E G F ( J J i I 1 )  + I T T  DV129700 
CALL KPRIRIN IDEI  W )  DM129830 

300 CBNTINUE OM129900 
CALL C L B S E I N A M l r  1) DM130000 
CALL O P E N ( 5 5 Q l q I  NAM2r XKPELCBL+l)$ 1) DN130130 
CALL FNAMEINAH2r HEADZ(1 )  1 DP130290 



CALL WRITE(NAMZ+ HEADZ(111 TWB,. EBR) 
CALL 0PENlbSUl+ I8Gt XKPIIBGR)., 0) 
CALL FNDRECC $5919 T B G )  
CALL PPRIHIRGC N0DEr bll 

CALL CLQSE(NAM2,. 11 
501 CBNTINUE 

CALL CLBSEIIBG,! 1) 
C 
C ZER0 OUT OPEN C0RE 
C 

D0 2001 II=lvNl 

CALL 0PENL63000r NAM3I XKP(LCBL+l), 1) 
CALL FNAME1NAM3, HEAD31 1) 1 
CALL WRITE(NAM3p HEAD3(1)( TW0r. E0R) 
CALL GMATLXM, N0DEv W )  

CALL CLBSE(NAM3r 1) 

2001 XKPIII) = 0.0 

3000 CBNTINUE 

C 
C Z E R 0  BUT OPEN C0RE 
C 

D0 3DD1 I I ~ l ~ N l  
XKPII.1) = 0.0 

3001 C0NTIhlUE 
CALL 0PEN464003p NAM4) XKP(LCBL+l), 1) 
CALL FNACE INAM49 HEAD4t 1) 
CALL WRITE(YAM4c HEAD4(1lC TWVT E021 

CALL AMATLNBDEI 
CALL CLOSE(NAM4c 11 

CALL 0PENL64000+ NAHSi XKP(LCBL+l)r 1) 
CALL FNAME(NAM5c HEAD4(1)1 
CALL WRITEINAM5, H€AD4(1)$ TW0h E0Rl 
CALL TMATlXM,NBDECW,ITT) 
CALL CLBSE(NAM5, 1) 

CALL OPEN164000r NAM6, XKP(LC0L+l)r 1) 
CALL FVAMEINAM6, HEAD41111 
CALL KRITE(NAM6, HfA04(lfl TW0, E0R) 
CALL TIMAT(N0DE*WiITT;XM) 
CALL CL0SEtNAM6, 1) 

PACK. RP MATRIX 

CALL 0PENC$4000r NAM7i XKP(CCBL+l)r 1) 
CALL FNAME(YAM7p HEAD4( 111 
CALL URITEfNAM7, HEAD4flII TW0v E0R) 
N 1  = N0DE 
MM11) * 207 
PM12) = 0 
MW(3) = NIBDE 
M M 1 4 )  = 2 
MMl5) = 1 
MM(6) = N B D E  
DB 3500 1 1 ~ 1 r 3  
CALL PACK/RP(lrI 

3500 C0N71NUE 
c 
C PACK MASSES 
C 

p N'AM79 WRI Et MM) 

DM13G3OO 
DML 30430 
DM130530 
DM133630 
DP13O730 
DPn130800 
DM130950 
DP131330 
DP131130 
Ubi131230 
DM 13 1339 
DM131400 
DV 131530 
Dfil3 1630 
0413 1730 
OM131830 
DM131930 
OM132030 
DM1 32130 
DM 132 2 '30 
DNl323OO 
DM132400 
DM132500 
DV13 2 630 
Dt-1 13 2 73 0 
OM132830 
DM132930 
DN 13 33 30 

DM133230 
DM133330 
DM133430 
D?4 133530 
DM133630 
DM133730 
DM 13 3800 
DE133930 
DM 1 34 0 0 0 
DY134130 
OM134230 
DP134330 
DI.1.134430 
DM134530 
DE134630 
DM134730 
O M 1  34830 
Dt4134930 
DM135 030 
DM1 35 100 
OM135200 
DM135330 
DM1 3 5400 
DM135500 
DP135600 
DW135730 
DM135330 
DM1 35900 
OM1 36030 
DY136100 
DM136200 
DM136330 

nW 133 130 



CALL PACKlM, NAM7i  WRITE* M M )  

CALL CL0SE(NAM?r 1) 
CALL W R T T R L ( M M t l I 1  

c 
C PACK D0F 
C 

CALL 0 P E N ~ $ 4 0 0 0 ~  NAM8C X K P t L C B L + l ) r  1) 
CALL FNAMEfNAM8, t l E A D 4 ( 1 ) 1  
CALL WRIT€(NAMB+ H E A D 4 ( 1 ) $  TWB, EBR) 
OB 3 5 5 0  I f q l r 6  
OB 3550 J?.~l,N013E 

3 5 5 0  IflNDEGFIIItJll .GT. 0) D B F [ I I I J ~ )  = 1 .5  
N t  = 3 
Y M ( 1 )  = 208 
RMIZ) = 0 
MM(3) = 6 
M M t 4 1  = 2 
MM15) = 1 
M H f 6 )  = 6 
063 3 6 0 0  I l i 1 9 N C J D E  
C A L L  PACKI.  0 0 F l l j l I ) ~ N A M B ~ W R I T E ,  PIM) 

3 6 0 0  CBNTINUE 
CALL WRTTRLIMMI11) 
CALL C L B S E f N A M B r l l  

4 0 0 0  C0NT INUE 
RETURN 
EN0 

D!413640O 
OM136590 
Up4136630 
O f t  1 3 6 73  0 
DN136800 
D ,* 1 3 6  9 0  0 
DP 1 3  7330 
Ob' 1 3 7 130 
DM137200 
OM137330 
DFI 1 374C 0 
DM 13 7530 
D r4 1 3 76 00 
DM137700 
Did137820 
ON137930 
O X  I 3 8 000 
DM138230 
DM138200 
D'13ti3DO 
DM138400 
OH138530 
DF1138630 
Isid 1 3 8 700 
OM138830 

DM139030 
o ~ * i 3 a 9 0 0  

For complete listing of this program on Univac 1108 Computer, 
wri te  to Reference 3, 
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LEVEL 12  NASTRAN EXPERIENCES 

AT GENERAL DYNAMICS, 

COWAIR AEXOSPACE DIVISION, 

FORT WORTH OPERATION 

Merle Allen 
P ro jec t  S t ruc tu res  Engineer 

SUMMARY 

The l e v e l  1 2  NASTRAN has been used t o  support  t h e  NASA/LaRC 
Advanced Transport  Technology study, a predesign, short-response- 
t i m e  e f f o r t .  Aeroelast ic  analyses  were performed. NASTRAN calcu- 
l a t e d  the  v ib ra t ion  modes f o r  t h e  supported a i r f o i l  components and 
the  e n t i r e  unsupported vehicle.  
for the  a e r o e l a s t i c  ana lys i s ,  wi th  procedure i n t e r f a c i n g  accomplished 
through use of t h e  NASTRAN produced restart tape. S t i f f n e s s  matrices 
were used i n  s t a t i c  a e r o e l a s t i c  analyses;  n a t u r a l  v ib ra t ion  modes 
were used f o r  f l u t t e r  and f l i g h t  cont ro l  sys tem def inLtion,  Various 
l e v e l  12  NASTRAN c h a r a c t e r i s t i c s  w e r e  discovered and are discussed; 
e.g,, the  a b i l i t y  t o  so lve  s ingu la r  matr ices  i n  r i g i d  format 1, 
run t i m e s  using mul t ipo in t  cons t r a in t s ,  res tar t  tape problems, and 
the  inaccura te  stresses from the  quad membrane when used wi th  
an i so t rop ic  mater ia l s .  

Other procedures w e r e  then used 

INTRODUCTION 

Two versions of NASTRAN have been acquired a t  the  Convair 
Aerospace Division, Fo r t  Worth operat ion,  from COSMIC a t  t h e  
Universi ty  of Georgia. Level 8.1.0 w a s  implemented 5 May 1970 
and was used u n t i l  1 2  March 1971, a t  which t i m e  the  implementation 
of l e v e l  12.0.0 w a s  f i na l i zed .  Implementation w a s  i n i t i a l l y  on an 
IBM 360/65/65/50 computing system. Current u t i l i z a t i o n  i s  on an 
IBM 370-155 computing system. 
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To date ,  t he  most s i g n i f i c a n t  app l i ca t ion  of l e v e l  1 2  has 
been to  perform an ana lys i s  for the  n a t u r a l  modes of v ib ra t ion  
of t h e  base l ine  conf igura t ion  &f a n  Advanced Transport  Technology 
(ATT) a i rp lane .  This w a s  a predesign, short-response-time e f f o r t ,  
The v ib ra t ion  modes were necessary f o r  use i n  f l u t t e r  ana lys i s  
and as an a i d  i n  def in ing  t h e  f l i g h t  cont ro l  system. The s t i f f -  
ness matr ices  used i n  c a l c u l a t i n g  t h e  modes were a l s o  used f o r  a 
s t a t i c  a e r o e l a s t i c  ana lys i s .  

The f l u t t e r  and s t a t i c  a e r o e l a s t i c  analyses were performed 
i n  procedures fore ign  t o  NASTRAN. The i n t e r f a c i n g  between these  
procedures and NASTRAN w a s  accomplished v i a  the use of the  NASTRAN- 
produced r e s t a r t  tape,  

The following discussion centers around the NASTRAN ATT 
ana lys i s .  It  i s  presented a s  P a r t  I. However, va l ida t ion  OZ 
l e v e l  1 2  NASTRAN w a s  being performed p r i o r  t o ,  during, and 
following the ATT ana lys i s .  This revealed severa l  NASTRAN 
c h a r a c t e r i s t i c s ,  which are presented and discussed i n  Pa r t  11. 

PART I 

ATT SYMMETRIC VEHICLE NORMAL MODES 

P r i o r  t o  ca l cu la t ion  of the  normal modes f o r  t he  symmetric 
vehic le ,  t he  s t i f f n e s s  mat r ices  f o r  t h e  supported wing and t a i l  
components w e r e  ca lcu la ted  i n  NASTRAN and then  used i n  a d i f f e r e n t  
procedure t o  perform s t a t i c  a e r o e l a s t i c  analyses,  Vibrat ion modes 
€or the  wing, t a i l  and f i n  components were then ca lcu la ted  a f t e r  
t he  weights w e r e  defined. The i d e a l i z a t i o n  used f o r  t he  wing i s  
i l l u s t r a t e d  i n  Figure 1. Four frames have been used f o r  the  wing 
p l o t s  i n  order  t o  b e t t e r  i l l u s t r a t e  t h e  d e t a i l s  of t h e  idea l i za -  
t i o n  and the g r i d  sequencing. 

The i d e a l i z a t i o n  for the  hor izonta l  t a i l  i s  shown i n  
Figure 2, The t a i l  component s t i f f n e s s  matr ix  was ca lcu la ted  
i n  a separa te  problem, bu t  t he  gr id-poin t  numbers s t a r t  a t  301. 
This numbering sequence w a s  used so t h a t  t he  same inpu t  data 
cards  could be re-used i n  ca l cu la t ing  modes f o r  t h e  unsupported 
vehicle.  



The vehic le  representa t ion  used to  c a l c u l a t e  symmetric 
v ib ra t ion  modes i s  i l l u s t r a t e d  i n  Figure 3. Advantage has been 
taken of the  symmetry, and only one half  the  vehic le  is  repre-  
sented. The wing and t a i l  representa t ions  are the  same a s  
previously shown i n  Figures 1 and 2, respec t ive ly .  A s  expected, 
t h e  l i n e s  f o r  these components a r e  so  numerous a s  t o  produce a 
smeared appearance. The fuselage,  engine pylon, and nace l l e  were 
represented wi th  a s i m p l e  bar  arrangement. 

Multipoint: c o n s t r a i n t s  were used  to  t i e  the  t a i l ,  wing, and 
fuselage together.  Singfe-point cons t r a in t s  were appl ied along 
the  veh ic l e  plane of symmetry t o  suppress the  antisymmetric modes. 
The SUPORT c a r d  was used t o  enhance the ex t r ac t ion  of the  zero 
frequency roots ,  and t h e  Inverse  Power Method was used t o  c a l c u l a t e  
t h e  f i r s t  seven f l e x i b l e  modes. The f l e x i b l e  modes are i l l u s t r a t e d  
i n  Figure 4. The p l o t  element (PLOTEL) was used t o  reduce the  
dens i ty  of l i n e s  . 

The problem used 331 g r i d s ,  956 degrees of freedom a f t e r  
f i x ing ,  1193 elements (which include 89 lumped masses read i n  
from CMASS 2 ca rds ) ,  11 sets of mul t ipo in t  c o n s t r a i n t s  and 350 
omitted coordinates ,  The CPU t i m e  was 41.3 minutes (69.9 minutes 
w a l l  clock).  
s y s  t e m .  

Execution w a s  on the  ZBM 360/65/65/50 computing 

Four f a c t o r s  i n  t h e  run t i m e  deserve mention. Modules MCEl 
and MCE2, which perform the  mul t ipo in t  c o n s t r a i n t s  required 3.3 
minutes CPU t i m e ,  This i s  considered excessive,  and t h e i r  use 
i n  the  f u t u r e  w i l l  b e  avoided wherever poss ib le .  Module SMP1, 
which o m i t s  the  coordinates ,  required '14.3 minutes CPU t i m e .  
Module READ, which c a l c u l a t e s  t he  frequencies and modes, used 
10.9 minutes. Module SDR1, which backfigures f o r  t h e  de f l ec t ions  
omitted, used 2 , l  minutes. The t i m e  required f o r  ca l cu la t ion  of 
t he  s t i f f n e s s  mat r ix  w a s  i n s i g n i f i c a n t .  

Because the  omitted coordinates  decrease the  dynamic matrix 
s i z e ,  the  execution t i m e  could probably have been reduced by 
omit t ing more coordinates.  This would extend the execution t i m e s  
f o r  SMPl and SDRl bu t  should be  more than o f f s e t  by t h e  decreased 
t i m e  i n  READ. I n  fact ,  had the  dynamic matr ix  been reduced t o  
the  same s i z e  as the number of lumped masses (ice., $91, then the  
transformation method would probably have ca lcu la ted  a l l  the  
frequencies  i n  less t i m e  than t h a t  required f o r  the  Inverse  Power 
Method t o  c a l c u l a t e  seven. 
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PART I1 

SOME LEVEL 12 CHARACTERISTICS 

The decis ion t o  use NASTRAN f o r  t he  ATT ana lys i s  w a s  made 
pr imar i ly  on the  b a s i s  of the  experiences with l e v e l  8 (see 
Reference 1). 
t h i s  t i m e ,  i t  w a s  quickly explored wi th  some s m a l l  inexpensive 
sample problems t o  v a l i d a t e  t h a t  i t  could s a t i s f a c t o r i l y  handle 
the  task.  The r e s u l t s  were pos i t i ve ,  but some c h a r a c t e r i s t i c s  
of i n t e r e s t  were discovered. These c h a r a c t e r i s t i c s ,  together  
wi th  those which became apparent during and following the  ATT 
ana lys i s ,  are presented. 

Since l e v e l  1 2  had been implemented f o r  use a t  

Checkout Preliminary t o  the  ATT Analysis 

U s e  of the  Inverse  Power Method 

The f i r s t  check problem run w a s  a simple unsupported-beam 
v ib ra t ion  problem. The beam frequencies w e r e  known i n  advance, 
t he  f i r s t  being 3.5 Hz. Because the  Inverse  Power Method would 
be used f o r  t he  ATT, i t  w a s  s t i p u l a t e d  f o r  use i n  t h e  check 
problem, and a t i g h t  frequency band (3.4 t o  3.7 Hz) was defined 
on t h e  EIGR card. To economize on computing t i m e ,  t w o  modes w e r e  
requested ( to  i n s u r e  t h a t  mu l t ip l e  r o o t s  could be extracted). 
However, only one mode was ca lcu la ted  because the  procedure 
s h i f t e d  four  t i m e s  (maximum number allowed i n  th'e algoritbm) 
while t racking  the roo t  t h a t  w a s  c o r r e c t l y  calculated.  Two items 
contr ibuted t o  the  l a r g e  number of s h i f t s :  (1) The decomposition 
t i m e  estimate used i n  NASTRAN i s  less than the  a c t u a l  t i m e  used. 
(2) The user -s t ipu la ted  frequency band was too small. This 
caused the  s t a r t i n g  po in t  to  be posi t ioned c lose  t o  t h e  r o o t  and 
the  s h i f t e d  eigenvalues,  ca lcu la ted  during i t e r a t i o n ,  to  be small. 
The s m a l l  numerical values obtained f o r  t he  s h i f t e d  eigenvalues 
made i t  d i f f i c u l t  for  the  algorithm t o  sense convergence. 
t he  t i g h t  frequency band r e s t r i c t e d  the  amount of s h i f t .  

Also, 



The s t i p u l a t e d  frequency band was then changed t o  3 e 4  t o  6 e O  
Hz and a restart  made. One roo t  was estimated to  l i e  wi th in  t h e  
band; two roo t s  w e r e  requested. This i m e  t h r e e  roo t s  were 
obtained, two of which were rigid-body o r  zero-frequency roots ,  
The c o r r e c t  f l e x i b l e  roo t  w a s  f i rs t  obtained, and the  two ri  
body roots were next  obtained by i t e r a t i o n ,  According t o  t he  
documentation (Reference 2), t he  procedure should have moved 
ou t s ide  the  s t i p u l a t e d  band during t h e  search procedure, bu t  
should have searched down to  approximately 3,2 and up t o  approxi- 
mately 6 , l  Hz, 
l e v e l  was  a s u r p r i s e  and i s  undesirable  because not  only i s  i t  too 
f a r  ou t s ide  the  s t i p u l a t e d  band, bu t  t o  e x t r a c t  repeated roo t s  by a 
root- t racking method i s  computationally expensiveo 

Hence, moving a l l  t h e  way down t o  t h e  zero-frequency 

Use of t he  SUPORT Card 

Because of these  r e s u l t s ,  i t  was determined t h a t  t he  SUPORT 
card should always be used when c a l c u l a t i n g  modes f o r  unsupported 
s t r u c t u r e s ,  even though the  frequency band s t i p u l a t e d  on t h e  EJGR 
card may be w e l l  removed from the  zero-frequency pos i t ion .  U s e  
of t h i s  card allows the  ex t r ac t ion  of zero-frequency roots by a 
d i r e c t  method ( i .e . ,  without i t e r a t i o n ) ,  which saves on computer 
t i m e ,  and then r e v e r t s  t o  i t e r a t i o n  f o r  ex t r ac t ion  of the f l e x i b l e  
modes. The disadvantage i s  t h a t  a p r i c e  (however small) i s  paid 
f o r  t he  roo t s  even though they may not be des i red  f o r  use, 

A subsequent restart, using t h i s  type card, va l ida ted  t h a t  
i t  y i e l d e d  s a t i s f a c t o r y  r e s u l t s  and does p r o h i b i t  t he  i t e r a t i o n  
for the  repeated (zero-frequency) roots ,  

Backfiguring f o r  Deflections 

I n  performing the  modal a n a l y s i s  on t h e  simple beam, the  
OMIT card was used t o  e l imina te  seve ra l  coordinates  t h a t  did not  
have lumped masses a t tached.  The de f l ec t ions  f o r  these  eliminated 
coordinates  form a subset  of t he  de f l ec t ions  i n  t h e  eigenvector 
and were not needed f o r  subsequent a n a l y s i s .  I n  NASTRAN, t h e  
eigenvectors f o r  those remaining coordinates  ( the  a c t i v e  set) are 
f i r s t  ca lcu la ted  and then a backfiguring operat ion i s  used t o  
c a l c u l a t e  the  de f l ec t ions  f o r  those e l i m i n a t e d ,  Since the use r  

239 



has the  opt ion of request ing de f l ec t ions  f o r  e i t h e r  t he  
"deflection" set o r  t he  "solution" set ,  i t  w a s  reasoned t h a t  
request ing the  "solution" set would save the  computer t i m e  used 
i n  backfiguring. (The '*solution" set means those coordinates  
used i n  the  so lu t ion ,  egg , ,  modal coordinates ,  g r id  po in t s  and 
e x t r a  po in t s ,  etc.) 
e igenvectors  were pr inted.  Hence, i t  i s  necessary to pay the  
p r i c e  f o r  t he  backfiguring computations, even though the  
de f l ec t ions  f o r  t h e  eliminated coordinates may not  be desired,  

This w a s  done wi th  the  r e s u l t  t h a t  no 

It w a s  l a te r  determined t h a t  the  module which performs the  
backfiguring operat ion,  i.e., SDR1, used only 129 seconds of CPU 
t i m e  during the  ATT modal ana lys i s ,  This i s  r e l a t i v e l y  inexpen- 
s ive ,  

Fai . lure  t o  Punch Modes 

I n i t i a l l y ,  i t  w a s  desired t o  cause NASTRAN t o  punch the  
ca lcu la ted  modes of v ib ra t ion  i n  card deck form. 
t h a t  these  would be used a s  input  da ta  t o  o ther  d i g i t a l  proce- 
dures t h a t  use the  NASTRAN r e s u l t s  i n  ca l cu la t ing  s t a t i c  and 
dynamic a e r o e l a s t i c  response. However, a check problem revealed 
t h a t  NASTRAN w i l l  no t  cu r ren t ly  punch modes. Because of t h i s ,  
and because the  format of the  punchout was unknown, i t  was 
decided t o  code a small procedure t h a t  would read the  NASTRAN- 
produced magnetic tape,  normally used  f o r  r e s t a r t s ,  and e x t r a c t  
t he  d e s i r e d  information. 

It was planned 

The small coding task  was accomplished by a programmer i n  
4 hours. The r e s u l t  was a procedure t h a t  acted as a f r o n t  s t e p  
t o  the  a e r o e l a s t i c  and f l u t t e r  procedures and successfu l ly  used 
the  NASTRAN res ta r t  t a p e  t o  bridge the  i n t e r f a c e  between them 
and NASTRAN. 

Calculation of Masses -I External t o  NASTRAN 
---*- 

When using NASTRAN t o  c a l c u l a t e  na tu ra l  v ib ra t ion  modes, 
dynamic response, o r  "pseudo" s t a t i c  i n e r t i a  r e l i e f ,  the  e a s i e s t  
and most convenient approach i s  t o  allow NASTRAN t o  c a l c u l a t e  
i t s  own mass matrix. 
t i o n a l l y  va l ida ted ,  t he  ca l cu la t ion  of the  mass matr ix  outs ide  
of t he  f in i te -e lement  procedure i n  which i t  i s  t o  be used i s  
sometimes des i r ab le .  It becomes des i r ab le  when (1) the  design 

Even though t h i s  approach had been opera- 
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process  makes t h e  f l i g h t  v e h i c l e  weight d a t a  a v a i l a b l e  i n  a form 
more s u i t e d  t o  manual lumping of  masses, and/or  (2) i t  i s  
necessary  t o  match t h e  s t a t i c  unbalance and p i t c h  i n e r t i a  of an  
a i r f o i l  s t r u c t u r e  w h i l e  s imula t ing  only  t h e  "box" p a r t  o r ,  a t  
least ,  exc luding  t h e  most forward p a r t  of t h e  l e a d i n g  edge and 
t h e  most a f t  p o r t i o n  of t h e  t r a i l i n g  edge. Such w a s  t h e  case 
w i t h  t h e  ATT study.  

The most convenient  means of supplying mass informat ion  
t o  NASTRAN f o r  t h e  ATT w a s  through t h e  u s e  of t h e  CMASS type  
card ;  s p e c i f i c a l l y  CMASS2 w a s  used. This  type  ca rd  w a s  s e l e c t e d  
because t h e  mass d e f i n i t i o n  and g r i d  connect ion were def ined  on 
a s i n g l e  card. Hence, t h i s  t ype  approach w a s  v a l i d a t e d  w i t h  a 
sample problem. 

The sample problem i n d i c a t e d  t h a t  modes are s a t i s f a c t o r i l y  
c a l c u l a t e d  when manually lumped masses are used. Unfor tuna te ly ,  
i t  a l s o  r evea led  t h a t  t h e  v e h i c l e  weight and ba lance  in fo rma t ion  
(normally a v a i l a b l e  under opt ion)  i s  n o t  p r i n t e d  upon r e q u e s t  
when t h e  masses a r e  c a l c u l a t e d  e x t e r n a l l y  t o  NASTRAN. 

Evalua t ion  During t h e  ATT Analys is  

S o l u t i o n  of S i n g u l a r  Mat r ices  

NASTRAN was used t o  g e n e r a t e  t h e  s t i f f n e s s  m a t r i x  f o r  each 
of t h e  t h r e e  ATT supported a i r f o i l  s t r u c t u r e  components (i.e., wing, 
t a i l ,  and f i n )  p r i o r  t o  a s t a t i c  aeroelastic a n a l y s i s ,  The 
matrices were genera ted  by Rigid Format 1, and a s i n g l e  
mechanical l oad  was a p p l i e d  ( f o r  checking) t o  t h e  s t r u c t u r e  f o r  
which d e f l e c t i o n s  and r e a c t i o n s  were c a l c u l a t e d .  The d e f l e c t i o n s  
and r e a c t i o n s  obta ined  served t o  i n c r e a s e  t h e  l e v e l  of  conf idence  
i n  t h e  v a l i d i t y  of t h e  s t i f f n e s s  matrices. 

I n  checking one component, suppor t s  w e r e  n o t  a p p l i e d  i n  
one d i r e c t i o n  ( i n a d v e r t e n t l y ) ,  which allowed a r igid-body degree  
of freedom t o  e x i s t  w i t h i n  t h e  h o r i z o n t a l  p l a n e  of motion. 
mechanical load  c o n d i t i o n  used for  v a l i d a t i o n  w a s  a fo rce -app l i ed  
normal t o  t h i s  h o r i z o n t a l  p lane .  The i n c l u s i o n  of t h i s  r i g i d -  
body degree  of freedom means t h a t  t h e  s t i f f n e s s  m a t r i x  i s  
s i n g u l a r  (i.e.,  i t s  de terminant  i s  zero) .  Algorithms designed 
f o r  s t a t i c  a n a l y s i s  conven t iona l ly  w i l l  n o t  s u c c e s s f u l l y  s o l v e  

The 
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t h i s  t y p e  of matrix.  However, NASTRAN used the  s ingu la r  matr ix  
and obtained c o r r e c t  answers. This w a s  a p leasant  su rp r i se .  

According t o  Reference 3, Section 3.2, a s i n g u l a r i t y  check i s  
performed on the  s t i f f n e s s  matrix.  This check i s  performed by 
module GPSP (DMAP statement 61, Rigid Format 11, However, the  
check simply determines i f  any coordinates which do not  have a 
f i n i t e  value of s t i f f n e s s  assigned remain i n  the  matr ix  a f t e r  
app l i ca t ion  of s i n g l e  and mult ipoint  cons t r a in t s .  When a l l  
coordinates possess f i n i t e - s t i f f n e s s  values ,  module GPSP assumes 
the matr ix  t o  be nonsingular. Hence, a matr ix  which i s  s ingu la r  
because a t  least two rows are l i n e a r l y  dependent (ice., a r i g i d -  
body mode i s  contained) i s  successfu l ly  passed through GPSP. 

Module RBMG2 i s  then used t o  decompose the  symmetric r e a l  
matr ix  i n t o  upper and lower t r i a n g u l a r  form. 
t h i s  decomposition, t he  upper t r i a n g u l a r  matr ix  w i l l  have a zero 
term i n  t h e  l a s t  diagonal pos i t i on  when the  o r i g i n a l  matr ix  i s  
s ingular .  (When the  o r i g i n a l  matr ix  i s  2 t i m e s  s ingu la r ,  t h e  
l a s t  2 diagonals w i l l  be zero,  e tc . )  

A s  a r e s u l t  of 

Deflect ions under load are then ca lcu la ted  i n  module SSG3 
through use of t he  decomposed matrix and the  user-supplied loads.  
The de f l ec t ions  are ca lcu la ted  by performing forward-backward 
subs t i t u t ion .  I n  performing t h e  backward pass,  t he  ca l cu la t ion  
f o r  t he  n t h  d e f l e c t i o n  becomes Un = O/O, which i s  indeterminant. 
The numerator is  zero because a l l  loads a r e  zero i n  the  d i r e c t i o n  
of the  rigid-body def lec t ion .  The denominator i s  zero because 
the  matr ix  i s  s ingu la r ,  

It i s  believed t h a t  because of roundoff e r r o r s ,  the  denominator 
used i n  NASTRAN w a s  not  exac t ly  zero,  The numerator was exac t ly  
zero because loads were user-supplied,  Hence, the r e s u l t  would be 
a determinant s i t u a t i o n ,  i .e. ,  zero def lec t ion .  

Upon completion of the ATT ana lys i s ,  a s m a l l  check problem 
w a s  run which accura te ly  recrea ted  the  above s i t u a t i o n  while 
g r e a t l y  s implifying the  p i c tu re .  The s ta t ic  ana lys i s  was 
c o r r e c t  and did use a s ingu la r  matrix. 

242 



U s e  of Multipoint Constraints  

What has h i s t o r i c a l l y  been termed "beaming" a t  Convair 
Aerospace i s  termed "Multipoint Constraints" (o r  MPC) i n  
NASTRAN. However, t h e  computational expense f o r  MPC's i n  
NASTRAN i s  considered by t h i s  w r i t e r  to  be excessive. The 
symmetric ATT a i r p l a n e  modal ana lys i s  used 10 sets of MPC's 
which weee summed i n  an eleventh set, 
two degrees of freedom. The modules t i m e d ,  MCEl and MCEZ, 
required 200 CPU seconds f o r  execution. 

Each set involved only 

Res t a r t  Tape Problem 

Two restart f a i l u r e s  have occurred. One f a i l u r e  occurred 
during the  ATT ana lys i s ,  which c o s t  a s i g n i f i c a n t  amount of 
execution t i m e .  The second f a i l u r e  occurred on a small check 
problem following the  ATT ana lys i s .  The f a i l u r e s  were of the  
same type and the c r i t i q u e  pr in ted  was "System F a t a l  Message -36, 
Cannot Find F i l e  Named XVPS on Old Problem Tape." 
variable-parameter-set  t a b l e  p r in t ed  on the  restart tape  during 
each CHKPNT operat ion,  

XVPS i s  a 

The so lu t ion  used f o r  t h i s  l a tes t  restart f a i l u r e  was t o  
remove from the  checkpoint d i c t iona ry  the cards punched from 
the  l a s t  CHKPNT operation. This f o r f e i t e d  one milestone, bu t  
the  subsequent restart w a s  successful .  F o r f e i t i n g  one milestone 
was not  s i g n i f i c a n t  s i n c e  the  so lu t ion  of a problem will involve 
from 24 t o  36 milestones,  depending on t h e  r i g i d  format being 
used. 

Post ATT Analys is  - Additional Evaluation 

Following the  ana lys i s  of t he  ATT, two add i t iona l  a r eas  
were explored with s m a l l  problems, 
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One of  t h e  ex tens ions  made i n  l e v e l  12.0.0 was t h e  a d d i t i o n  
of  a t r ans fo rma t ion  method t o  c a l c u l a t e  v i b r a t i o n  modes. Because 
t h i s  method had n o t  been p rev ious ly  used, a s m a l l  test  problem 
w a s  so lved  w i t h  i t .  
p l a t e ,  c a n t i l e v e r e d  a long  one edge, T e s t  modes and f r equenc ie s  
were a v a i l a b l e  f o r  comparison, 

The problem c o n s i s t e d  of a f l a t  a n i s o t r o p i c  

The i d e a l i z a t i o n  used i s  shown i n  F i g u r e  5. D e f l e c t i o n s  
were f i x e d  t o  z e r o  v a l u e  a t  g r i d s  1 through 6 .  Twenty-five 
q u a d r i l a t e r a l  bending p l a t e  (QDPLT) elements  were used, Ninety 
degrees  of freedom e x i s t e d  a f te r  f i x i n g ;  s i x t y  of t h e s e  were 
omi t ted ,  l e a v i n g  a dynamic m a t r i x  of s i z e  30. 

A l l  30 f r equenc ie s  were e x t r a c t e d ,  and t h e  f i r s t  1 2  modes 
were p r i n t e d  and p l o t t e d ,  
minutes ,  It i s  i n t e r e s t i n g  t o  no te  t h a t  t h i s  problem had pre-  
v i o u s l y  been run,  where t h e  I n v e r s e  Power Method w a s  used t o  ca l -  
c u l a t e  on ly  t h e  f i rs t  4 modes, 
minutes  e 

Computer t i m e  r equ i r ed  was 4.0 CPU 

However, t h e  CPU t i m e  was 4 .4  

Only t h e  f i r s t  seven modes and f r equenc ie s  are a v a i l a b l e  from 
test. The c a l c u l a t e d / t e s t  frequency comparison i s  shown i n  Table  
1, T e s t i n g  was accomplished by both  a c o u s t i c  and holographic  
methods; hence, bo th  r e s u l t s  a r e  shown, Note t h a t  t h e  NASTRAN/ 
test  comparison i s  b e t t e r  than t h e  tes t / tes t  comparison. 
f t  tun ing”  w a s  performed i n  t h e  a n a l y s i s ,  Consider ing t h e  crudeness  
of t h e  model, t h i s  i s  cons idered  e x c e l l e n t .  

No 

The f i r s t  seven v i b r a t i o n  modes are shown i n  F igu re  6 .  T e s t  
modes w e r e  n o t  a v a i l a b l e  f o r  i n c l u s i o n  i n  t h i s  r e p o r t ;  however, 
t h e  modes and node l i n e s  compare very  w e l l ,  as would be  expected 
from t h e  frequency comparison, 

S t a t i c  Analys is  of An i so t rop ic  Membrane 

This  problem had p r e v i o u s l y  been so lved  t o  v a l i d a t e  l e v e l  8, 
wherein i t  w a s  d i scovered  t h a t  t h e  q u a d r i l a t e r a l  membrane element 
produced i n a c c u r a t e  stresses when used w i t h  a n i s o t r o p i c  type  
m a t e r i a l s  ( c o r r e c t  stresses w e r e  c a l c u l a t e d  f o r  i s o t r o p i c  
m a t e r i a l s ) ,  The a n a l y s i s  s u b j e c t  w a s  a n  a n i s o t r o p i c  membrane of 
r e c t a n g u l a r  shape. 
t r i a n g u l a r  membrane w a s  used,  

S t r e s s e s  w e r e  c o r r e c t l y  c a l c u l a t e d  when t h e  



Hence, t h i s  problem was again used t o  v e r i f y  t h a t  the  
co r rec t ion  f o r  t he  q u a d r i l a t e r a l  e lement  had been made t o  
l e v e l  11.1 and above (as was ind ica ted  i n  Soft-ware Problem 
Report Number 21). 

The r e s u l t s  showed t h a t  t he  q u a d r i l a t e r a l  e lement  i s  s t i l l  
defec t ive .  
Hence, t he  switch w a s  again made t o  the  t r i a n g u l a r  e l e m e n t  t o  
v a l i d a t e  i t s  accuracy i n  l e v e l  12.0.0. The r e s u l t s  were 
accurate .  Also, so lu t ions  were obtained i n  one computer pass 
t o  the  mul t ip le  loads with d i f f e r e n t  boundary condi t ions.  

(This w a s  reported t o  NASA and logged as SPR 4 4 6 . )  

CONCLUSIONS 

NASTRAN continues t o  be the  most v e r s a t i l e  of any ind iv idua l  
procedure. It  has been successfu l ly  used t o  support  the  ATT 
study, a predesign, short-response-time e f f o r t .  However, i t s  
execution cos t s  a r e  not  y e t  competit ive with i t s  contemporaries. 

Some of i t s  operat ing c h a r a c t e r i s t i c s  a r e  as follows: 

1. When using the  Inverse  Power Method f o r  ca l cu la t ing  
na tu ra l  modes of v ib ra t ion ,  computer t i m e  can be 
saved i f  the  s t a r t i n g  point(s) f o r  i t e r a t i o n  i s  
spaced a reasonable 'd i s tance  away from t h e  roo t ( s )  
t o  be ex t rac ted  ( r a t h e r  than -too c lose) .  TMs i s  
accomplished by s t i p u l a t i n g  a reasonably w i d e  band 
i n  the  inpu t  data .  

2. When ca l cu la t ing  n a t u r a l  modes of v ib ra t ion  f o r  
unsupported s t r u c t u r e s ,  the  SUPORT card should 
always be used. This causes the  rigid-body modes 
t o  be ca lcu la ted  by a d i r e c t  method, whether o r  not 
t he  modes are des i red  f o r  use. I f  t he  SUPORT card 
i s  not used, t he re  i s  the  danger t h a t  t he  repeated 
zero-frequency roo t s  may be ca lcu la ted  by i t e r a t i o n ,  
which i s  an expensive process. 
though these  roo t s  may l i e  w e l l  ou ts ide  the  user-  
s t i p u l a t e d  frequency band. 

This can occur even 
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3. Backfiguring of de f l ec t ions  €or those coo 
eliminated through use of the  OMIT card 
avoided by request ing t h a t  displaceme 
f o r  t he  so lu t ion  set. The eliminated coordinates  . 
form a subset  of t h e  displacements f o r  each eigen- 
vector .  

4. Vibrat ion modes (eigenvectors) cannot be punched 
on cards  a t  present  i n  l e v e l  12.0.0 because of a 
programming error. 

5 ,  NASTRAN w i l l  so lve  s ingu la r  matrices i n  performing 
s t a t i c  
t o  i t s  containing a rigid-body degree of freedom 
and when no mechanical load component i s  al igned 
wi th  t h e  rigid-body degree of freedbm. 

ana lys i s  when the  matrix s i n g u l a r i t y  i s  due 

6, System F a t a l  Message 36 occurred twice during 
r e s t a r t  and t h e  run was aborted. A successfu l  
restart was accomplished by removing from t h e  check- 
po in t  d ic t ionary  those cards  punched during t h e  
l a t e s t  checkpoint operation. This s a c r i f i c e d  t h e  
most recent  milestone traversed. 

7. The use  of Multipoint Constraints  should be avoided 
i n  NASTRAN whenever poss ib le  because i t  i s  compu- 
t a t i o n a l l y  expensive, 
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Figure 3 . -  ATT symmetric vehicle representation. 

Mode 1, fl = 0.95 Hz 

Figure 4.- ATT symmetric vehicle modes. 
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Mode 2; f2 = 2.45 Hz 

I 

Mode 3; f3  = 3 .73  Hz 

Figure 4.- ATT symmetric vehicle modes - Continued. 
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Mode 4; f4 = 5.30 Hz 

Mode 5; f5 = 5.91 Hz 

Figure 4.- ATT symmetric vehicle modes - Continued. 
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Mode 6;  f 6  = 6 . 5 3  Hz 

Mode 7 ;  f 7  = 7 . 5 7  Hz 

Figure 4.- ATT symmetric vehicle modes - Concluded. 



Grid-Point Locations 

Finite-Element Locations 

Figure 5.- Idealization of anisotropic plate .  

257 



Mode 1; fl = 24.6 Hz 

Mode 2; f2 = 78.8 Hz 

Figure 6. - Anisotropic cantilevered p la te  modes. 



Mode 3;  fg = 150 Hz 

Mode 4 ;  f4 = 200 Hz 

Figure 6. - Anisotropic cantilevered plate modes - Continued. 
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Mode 5 ;  fg  
\ 

327 Hz 

\ 
Mode 6 ;  f 6  = 384 Hz 

Figure 6.- Anisotropic cantilevered p la te  modes - Continued. 
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Mode 7; f7 = 455 Hz 

Figure 6.- Anisotropic cantilevered p l a t e  modes - Concluded. 
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NONAPPLICABILITY OF 

LINEAR FINITE ELEMENT PROGRAMS TO THE 

STRESS ANALYSIS OF TIRES 

by Michel Durand and Etienne Jankovich 

KLEBER-COLOMBES, Theoretical Tire Engineering, 
COLOMBES, France 

SUMMARY 

A static finite element stress analysis of an inflated radial car tire 
is carried out. The deformed shape of the sidewall presents an outward bulg- 
ing. The analysis of a homogeneous isotropic toroidal shell shows that the 
problem is common to all solids of this type. The study suggests that the 
geometric stiffness due to the inflation pressure has to be taken into ac- 
count. Also, the resulting large displacements make it necessary for the 
geometry to be up-dated at each load step. 

INTRODUCTION 

The tire is a mass-produced industrial product, and therefore those 
who are not specialists tend to believe that its mechanical behavior is 
well known and precisely analyzed. However, the tire engineer knows that 
this is not the case because of the rather unique characteristics of rubber. 

A survey of available literature shows that most often empirical me- 
thods are used to determine the behavior of existing tires (References 1 ,  
2 and 3). In the design field a few analytical methods are available to de- 
termine the dimensional and inflated geometry of the tire (References 4 ,  5 
and 6). In addition, results of wider applicability have been obtained by 
Zorowski using finite element shell theory type modelization which included 
nonlinear relations of the mid-surface strain (Reference 7). 
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The reasons for the lack of theoretical work are that stress analysis 
of tires is a rather formidable task. It involves large displacement ana- 
lysis, nearly incompressible materials, viscoelasticity and thermal conduc- 
tion and radiation. At the same time one must account for the heat generated 
under dynamic loading conditions. Heretofore it has not been possible to 
solve even part of the problem by the most powerful analytical methods. Re- 
cently, however, large-size finite element methods became available and were 
applied successfully to a number of 'complex problems. Because of the gene- 
rality of these programs, it was thought that the method might be applicable 
to stress analysis of tires. 

The ASKA program was selected because it has a very wide variety of 
finite elements which includes tridimensional elements. Some other programs, 
such as TITUS, developed in France by CITRA, have also been tested. However, 
the most significant results were obtained by means of ASKA. A singular point 
is encountered on the sidewall of the tire. Different solutions are proposed 
and their economical feasability are discussed. 

SYMBOLS 

U 

0- 

Sub script : 
R, Z and T 

displacement , m 
stress , m/m2 

radial, axial, and hoop components 

ANALYSIS OF THE TIRE 

The calculations were carried out on a radial type KLEBER V I 0  RS expe- 
rimental Rallye-Racing tire. A cross-sectional view of the initial shape 
taken as the mold shape of the tire is shown in Figure 1 .  The bead wires 
are made of steel and the flipper is a nylon fabric with the fibers lying 
at 2 T / 4  rad relative to the radius. The carcass is a made of textile with 
fibers having a radial orientation. The belt has four layers of glass-fiber 
cords supplied by OWENS CORNING FIBERGLASS forming an angle of + 0.35 rad 
with the equatorial plan. The tube-type tire is fitted on a 7 5-13 rim. In 
the course of determining the material properties, several problems had to 
be solved. 

I - Rubber - Experimentally it has been established that for deformations 
not exceeding 10-15 X mm/m,the usual HOOKE law applies to vuleanizates. 
The HOOKE's coefficients are determined making allowance for the instante- 
neous geometry of the specimen (Reference 8). For all rubber elements, the 
assumed POISSON'S ratio is 0.49. Tests were carried out on normalized flat 
uniaxial tensile test pieces cut out of the vulcanized tire. 
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2 - 
mined by taking photographs: one before and one after deformation. A network 
of orthogonal lines drawn on the surface of the specimen was used as a bench- 
mark. The aim was to investigate the material properties at low strains in 
the range which obeys the HOOKE's law (Reference 9).  

Composite Materials - The strains in composite specimens were deter- 

Finite element idealization 

The ASKA program, 4.2 Level, was selected to calculate the static 
stresses in the tire. The inflated tire was analyzed with the help of 
TRIAX 6 and TRIAXC 6 linearly varying strain ring elements. The index C is 
relative to a curved-edge element. Both elements can be anisotropic, have 
six nodes,and support only axisymmetric loads. Each node has two displace- 
ment degrees of freedom. 

The idealization shown Figure 2 encompasses about 577 elements and 
1300 nodes. A l l  elements have a ratio of the smaller edge to the larger one 
that is at least equal to 1/7. However, in some places, such as the bead 
wires, the angle of two edges was much smaller than T / 3  rad. 

a - Tread - Half the thickness of the tire's tread was removed. In this 
case, the tread grooves can be assumed to be axisymmetric, and a more real- 
istic tread groove cracking analysis can be carried out. The material is 
assumed to be isotropic. 

b - Belt - It is idealized by means of an orthotropic equivalent material. 
The generalized HOOKE's coefficients are determined using coefficients ob- 
tained by single-layer tests and the equations in Reference IO. 

c - Rubber reinforcement at the edge of the belt - gum tip - isotropic. 
d - The carcass is orthotropic. No provisions were made for making allow- 
ance for shaping the carcass before vulcanization. HOOKE's coefficients 
are determined as for the belt. 

e - Sidewall - isotropic 
f - Rim load transfer rubber - rim cushion - isotropic. 
g - Bead filler - isotropic 
h - 
using the corrected equations in Reference 10 (page 77). 

Flipper - Idealized by means of an equivalent orthotropic material 

i - 
is orthotropic. 

Bead wires are analyzed like the flipper. The equivalent material 

j - Inner liner - isotropic. 

1 - 
to equal zero. The influence of the rim has been taken into account by 

Boundary conditiclns - In the equatorial plane all uz have been assumed 

265 



assuming that the rim is rigid and that the tire takes the form of the rim 
along the contact area. 

One possibility is that the exact contact area may be determined by 
observing the sign of the normal contact stresses and modifying by trial and 
error the assumed boundary displacements. 

2 - Loading cases 
pressure of 0.1 MN/m2 and zero displacement within the initial rim contact 
area. The second case was the study at zero inflation pressure of the ef- 
fect of mounting the tire on the rim. In the third case the two preceding 
cases are combined assuming an inflation pressure of 0.25 MN/m2. 

- In the first case it was assumed that there was a 

RESULTS 

A verification of the input data was carried out by in-house plotting 
packages. A program, for instance, involves plotting the contour of each 
particular material. It is also possible to plot the mesh showing either 
the contour of each element or the location of the nodes. Any element that 
is missing appears as an inlet in the contour line of the material. 

To obtain an image of the stress, ASKA gives only the elemental stres- 
ses of anisotropic materials. Thus, it was necessary to set up a program to 
determine the arithmetic mean for each material separately. Standard de- 
viation was also determined. Stress contours were plotted for the b ~ ,  
dzz ,  ~ T T  and dm. Because the stress distribution is linear across an 
element, the contours cross the elements in straight-line segments. Thus, 
the adequacy of the mesh can be assessed. The results obtained are shown in 
Figures 4 and 5. 

There are two ways to use the information given by the stress contours. 
In the part of the tire where the behavior is linear, the results can be 
used to analyze the tire quantitatively and to predict its fatigue behavior. 
In the range where the behavior is nonlinear, the results can be used for a 
qualitative assessement of the fatigue performance of the particular detail. 
In this case, the magnitude of the stress concentration rather than the 
gross stresses are obtained. The stress concentrations are located in ranges 
where fatigue problems have been actually encountered. 

It may be of interest to the designer to know that inflated tire re- 
sults can already indicate where fatigue problems occur during the service 
life of the tire. For example, cracks tend to grow along the length of the 
groove which is next to the shoulder. However, since the abrasion of a 
racing tire is very rapid, there is not enough time for any cracks to grow. 
Figure 4 shows that at the tread groove location the highest positive stress 
is @zz. Cracks are generally produced normal to the largest tension stress. 
Furthermore, none of the other grooves have a large stress concentration. 
Thus, both the orientation of the crack and its location can be predicted by 
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a finite element stress analysis. Because of the low modulus of the rubber, 
it is to be noted that the strains at the shoulder groove are about 20 % 
mm/mm. 

Another interesting result concerns the inner liner. The analysis shows 
that the inner liner has no effect on the deformation of the tire. Thus, to 
reduce the computation time the inner liner and, more generally, all non- 
load-carrying parts can be analyzed separately by applying to their boundary 
the displacements obtained in a preliminary calculation of the load-carry- 
ing elements of the tire. 

CORRELATION OF TEST AND ASKA RESULTS 

Figure 3 shows a plot of the deformed and initial geometry of the tire. 
On the sidewall, due to small bending stiffness and the large displacements 
occurring in this part, the tire bulges outward. Further, the deformed tire 
has a point of inflection that has never been observed on a tire. 

An experimental check was carried out by measuring the tire's circum- 
ference and its maximum section width. The solid-line curve shows the theo- 
retical results and the triangles show the test points. (See Figures 6-9).  
At a pressure as high as the service pressure of 0.25 MN/m2, agreement bet- 
ween theory and tests is satisfactory on the center line of the tread and 
the adjacent area (Figures 6 and 7). However, as shown by Figures 8 and 9, 
outside this range the computed displacements do not agree with the measured 
ones. Notice that the tire width change is a noplinear function of the pres- 
sure starting from pressures as low as 0.03 MN/m2. 

TOROIDAL SIDEWALL SINGULARITY 

The problem of the sidewall singularity in the tire is a part of the 
very complex tire problem. 

It was therefore decided to study a similar but much simpler solid such 
as a toroidal isotropic shell. The cross-section of the toroidal shell was 
circular, its thickness was m, its YOUNG'S modulus was 2.5 MN/m2 and 
its POISSON'S ratio was 0 .49 .  It was inflated to .0074 MN/m2. Figure 10 
shows the initial and deformed geometry obtained by means of TRIAX 6 ele- 
ments. The same type of behavior as previously observed in the tire occurs 
again. 

Experiments are described in Reference 11 showing the deformed shape of the 
solid described above. A nearly perfect circular cross section was found. 
Thus, the bulging of the sidewall is a purely mathematical problem. At the 
singularity point, one radius of curvature becomes infinite. The problem is 
similar to that of a transversely loaded clamped membrane plate. The equili- 



brim of the forces can only be obtained by taking into account the deformed 
surface of the membrane. In finite element analysis, however, due to the 
fact that curves are approximated by straight lines, the chance of obtaining 
an infinite radius of curvature is very slight. 

The explanation for the singularity that is nevertheless observed was 
given in Reference 12. It was established in the above reference paper that 
the sidewall singularity of the membrane toroid is not removed by introduc- 
ing the bending stiffness. The pressurized shell has a pressure stiffness in 
addition to its bending stiffness. Additional computations are carried out 
presently using small load step increments and up-dating the geometry follow- 
ing a load step. In this case, the singularity is attenuated. But the compu- 
tation time increases linearly with the number of load steps chosen. The 
computation of one load step on CDC 6600/single precision, 3 substructures, 
3 load cqses, with 2 tapes takes 374 s CP, 1721 s PP and a field length of 
47 K CM, for the TRIAX 6 modelization of the tire. 

In the preceding discussion only linear finite element programs have 
been considered. However, programs with nonlinear capability are available. 

In fact, several examples given at the NASTRAN Users' Colloquium show 
that NASTRAN's differential stiffness capability might offer more adequate 
means for solving the problem. Because of the lack of three-dimensional ele- 
ments such a calculation could not be carried out until recently. 

CONCLUSION 

Linear finite element codes are not applicable to the analysis of toroi- 
dal solids because of the toroidal singularity. The geometric stiffness due 
to the inflation pressure must be taken into account. This can be done, for 
instance, by increasing the load step by step and up-dating the geometry. 

Research is being carried out at the present time by KLEBER with the aim 
of developing or identifying finite element methods incorporating the 
above-described modifications to the classical equations. 

In conclusion, the straight-forward stress analysis by means of avail- 
able linear finite element programs is uneconomical, in any event, as long 
as the computation time cannot be reduced. 
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FIG. 2 AXISYMMETRIC FINITE ELEMENT MODEL OF TIRE 
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FIG. 3 INITIAL AND DEFORMED SHAPE 

Loading case : inflation pressure 0.25 MN/m2 and rim 7 J 13 
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4 - URZ SHEAR STRESS 

FIG. 4 STRESS CONTOURS AROUND THE GROOVE 

Loading case : inflation pressure 0.25 MN/m2 
and rim 7 J 13 

Scale 5/1 Stress unit : 0.1 MN/m2 
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3 - E T  HOOP STRESS I 

FIG. 5 STRESS CONTOURS AT THE BELT EDGE 

Loading case : inflation pressure 0.25 MN/m2 
and rim 7J 13 

Stress unit : 0.1 MN/m2 
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Fig 
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A Experiment - mean of 10 meridians - ASKA 
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A COMPARISON OF THE CAPABILITIES OF 
THREE FINITE ELEMENT PROGRAMS 

David D .  Loendorf 
Langley Directorate,U.S. Army A i r  Mobility 

Research and Development Laboratory 

SUMMARY 

Three f i n i t e  element programs are compared t o  assess t h e i r  c a p a b i l i t i e s  
Because of t h e  need f o r  as an anaPysis t o o l  i n  a s t r u c t u r a l  design process. 

r e p e t i t i v e  analyses as an i n t e g r a l  p a r t  of a design loop, a candidate program 
must be capable of  handling l a r g e  problems, ope ra t e  e f f i c i e n t l y  and be 
r e a d i l y  adaptable f o r  use  i n  computer aided design. 
considered i n  t h e  study, ELAS, SNAP, and NASTRAN, range from a r e l a t i v e l y  
small f i n i t e  element program l imi ted  t o  s ta t ic  s t r u c t u r a l  ana lys i s  (ELAS) t o  
a l a rge  complex general  ana lys i s  system (NASTRAN). Results are given i n  t h e  
paper f o r  comparative speeds and computer resources required f o r  each program 
i n  t h e  ana lys i s  of sample fuse lage  problems r ep resen ta t ive  o f  p r a c t i c a l  a i r -  
craft design. 

The t h r e e  programs 

INTRODUCTION 

During t h e  pas t  decade, numerous f i n i t e  element programs have been 
developed and are ava i l ab le  f o r  pub l i c  use. 
programs r e s t r i c t e d  t o  two-dimensional s ta t ic  ana lys i s  t o  l a rge  systems 
capable of handling v i r t u a l l y  any type of three-dimensional s t r u c t u r e  
subjected t o  s ta t ic ,  dynamic,or thermal loads. Most of t h e  f i n i t e  element 
programs i n  cur ren t  use  were i n i t i a l l y  developed t o  analyze a prescribed 
s t r u c t u r a l  design t o  determine, f o r  example, i f  stress l e v e l s  are within 
allowable l i m i t s .  More r ecen t ly ,  however, researchers  have attempted t o  
incorpora te  these  f i n i t e  element programs as an i n t e g r a l  p a r t  o f  an automated 
design process.  In design app l i ca t ions ,  many cyc les  are o f t e n  requi red  t o  
obta in  a converged design, and t h e  efficiency of t h e  automated design procedure 
i s  s t rongly  dependent on t h e  e f f ic iency  of t h e  ana lys i s  t o o l .  

They range i n  s ize  from small 

I t  i s  t h e  purpose of t h i s  paper t o  present s e l ec t ed  ana lys i s  r e s u l t s  
obtained with t h r e e  f i n i t e  element programs i n  cu r ren t  use and d iscuss  some 
of t h e i r  assets and l i a b i l i t i e s  when considering t h e i r  inc lus ion  as t h e  
ana lys i s  phase of an automated s t r u c t u r a l  design program. 
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ANALYSIS REQUIREMENTS FOR AUTOMATED STRUCTURAL DESIGN 

The analysis  program i s  the  backbone of any automated s t ruc tu ra l  design 
procedure and, hence, must e f f i c i e n t l y  handle t h e  r epe t i t i ve  computation of 
stresses and def lect ions following each s t ruc tu ra l  modification. 
s implif ied schematic of a s t ruc tu ra l  design process i s  shown i n  f igure  1. 
has been the  author 's  experience with the  development of t he  fuselage design 
program FADES, reference 1, t h a t  t he  analysis program is executed approximately 
11 times t o  obtain one design and t h a t  t h i s  accounts fo r  more than 75 percent 
of the t o t a l  CPU time required fo r  t h e  design. 
computer cos t ,  t he  f i n i t e  element analysis  program must be evaluated carefu l ly  
t o  determine what design oriented f i n i t e  element capab i l i t i e s  are needed. 
Since it i s  important t h a t  t h e  actual  s t ruc ture  be closely approximated, many 
diverse  f i n i t e  elements are required.  
should be obtained with minimum computer costs .  However, one should not  look 
at eff ic iency alone, but must a l so  consider program capab i l i t i e s  and in te r face  
problems associated with in tegra t ing  t h e  f i n i t e  element program in to  t h e  design 
algorithm. 
s t ruc tu ra l  analysis  program i n  the following areas: 

A very 
I t  

In an e f f o r t  t o  decrease 

A t  t he  same time, ana ly t ica l  r e s u l t s  

These general requirements lead t o  spec i f ic  requirements f o r  a 

1. Efficiency 
a. Core requirements 
b. Execution time 
c.  Bandwidth minimization o r  sparse matrix techniques 

2 .  Generality 
a. S t a t i c ,  dynamic, buckling, etc. ,  capab i l i t i e s  
b. Large problem capabi l i ty  
e.  Checkpoint/restart capabi l i ty  
d. Large l i b ra ry  of  elements 
e. Plot capabi l i ty  

3.  In te r faceabi l i ty  
a. Standardized input 
b. User determined, f i l e  oriented output 
c.  Complete, concise, and accurate documentation 
d. Machine independence 
e. Continued maintenance 

To the  author 's  knowledge, no f i n i t e  element programs cur ren t ly  avai lable  
a re  spec i f i ca l ly  t a i lo red  t o  e f f i c i e n t l y  meet a l l  of t h e  above design oriented 
capabi l i t i es ;  thus,  one must consider su i t ab le  a l te rna t ives  among exis t ing  
programs. Three programs were considered i n  t h i s  study ranging from moderate 
t o  broad i n  capabi l i ty .  The programs a re  ELAS, reference 2,  a r e l a t i v e l y  small 
f i n i t e  element program limited t o  s t a t i c  s t ruc tu ra l  analysis and present ly  used 
i n  t h e  FADES program; SNAP, reference 3, a proprietary s t a t i c  analysis f i n i t e  
element program e f f i c i e n t  f o r  large s t ruc tures ;  and NASTRAN, reference 4,  
NASA's general purpose s t ruc tu ra l  analysis program. 
capab i l i t i e s  are l i s t e d  i n  Table I ) .  

(Some of t h e  more important 



RESULTS AND DISCUSSION 

A s t ruc tu ra l  configuration representat ive of an aircraft fuselage sect ion 
was used i n  the s tud ies  t o  compare t h e  three programs. 
r a t ion  i s  set up so  t h a t  the  number of r ings ,  s t r ingers ,  and f l o o r  members 
was e a s i l y  changed through a model generating program which prepared input t o  
a l l  th ree  programs (see f igure  2 f o r  two sample configurations).  
cedure f a c i l i t a t e d  running iden t i ca l  problems with the  th ree  programs with a 
minimum of intermediate e f f o r t .  Ring elements and t ransverse f loo r  elements 
were modeled using a typ ica l  beam formulation (combined bending and extension). 
Str inger  elements and longitudinal f l o o r  elements were modeled by a rod 
formulation (extensional propert ies  only). Skin sect ions were modeled using 
the constant s t r a i n  membrane p l a t e  element i n  NASTRAN and ELAS, and t h e  Pian 
hybrid membrane i n  SNAP. 
found i n  references 5 and 6. The loading i n  a l l  cases was a self-equi l ibra-  
t i n g  compressive force applied t o  each of  the  gr id  points  of t h e  end r ings .  
Problem s i z e  ranged from 90 g r id  points ,  360 D . O . F . ,  and 267 elements t o  
1530 g r i d  points ,  6102 D.O.F. ,  and 4415 elements. 

A model of t he  configu- 

This pro- 

A comparison of the  membrane formulations may be 

A l l  r e s u l t s  were obtained using the  CDC 6000 series computers a t  the  
Langley Research Center. 
J, and NASTRAN using leve l  15.1.1, a pre-release form of leve l  15. 
ments f o r  t he  SNAP r e s u l t s  tended t o  be about 5 
NASTRAN or  ELAS and t h e  difference i s  a t t r i bu ted  t o  the  r e l a t i v e l y  f l ex ib l e  
hybrid element contained i n  SNAP. 
agreed t o  within 1 percent f o r  a11 cases. 

ELAS was run using version 75, SNAP using version 
Displace- 

percent la rger  than f o r  

The s t r e s ses  obtained f o r  a l l  programs 

The effect of problem s i z e  on core requirements f o r  t he  three  programs 
The s teep slope of the ELAS curve i s  due t o  t h e  fact is shown i n  f igure  3. 

t ha t  ELAS requires the  complete s t i f f n e s s  matrix in-core during execution. 
Both SNAP and NASTRAN are not l imited by t h i s  requirement and, therefore,  
can handle f a i r l y  large problems i n  a minimum of core; the SNAP core require- 
ment i s  the  lesser of t h e  two. 

Total execution times f o r  a number of configuration sizes a r e  shown i n  
f igure 4 f o r  SNAP and NASTRAN. 
problem s ize ;  however, f o r  smaller problems, ELAS and NASTRAN execution 
times are similar. 
increase with increasing problem s i ze .  These a l so  show tha t  t i m e  increases 
with increasing number of  gr id  points  per r ing.  
show run times f o r  SNAP and indica te  t h a t  on the contrary,  execution times 
for  SNAP decrease s l i g h t l y  with increase i n  gr id  points  per r ing .  

ELAS times are not included because of 

The top th ree  curves ind ica te  NASTRAN execution times 

The bottom three  curves 

For NASTRAN, t h e  effect of g r id  points  per r ing  on decomposition times is 
shown i n  f igure  5 .  
NASTRAN i s  t o  be e f f i c i e n t ,  the  analyst  must be ab le  t o  minimize the  problem 
bandwidth, preferably by t h e  use of an automatic bandwidth minimization 
scheme such as BANDIT (reference 7).  

The sharp increase i n  decomposition t i m e  shows t h a t  if 
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The e f f e c t  on so lu t ion  times of using BANDIT t o  generate SEQGP cards f o r  
NASTRAN i s  shown i n  f i g u r e  6. The curve labeled NASTRAN 15.1.1 shows r e s u l t s  
f o r  problem so lu t ions  without any resequencing. 
BANDIT shows execution times of  NASTRAN p lus  t h e  execution times requi red  by 
BANDIT which a r e  shown i n  the  curve marked BANDIT. These r e s u l t s  show t h e  
bene f i t s  r e s u l t i n g  from improved g r i d  poin t  sequencing. Also shown on t h e  
f i g u r e  are execution times f o r  SNAP which ind ica t e  
times are less than t h e  times requi red  t o  resequence g r i d  po in t s  f o r  NASTRAN, 
when SNAP i s  run with a good g r i d  poin t  elimination sequence. 
must input  t h e  reduction sequence f o r  SNAP as t h e r e  are no ava i l ab le  algorithms 
capable of doing t h i s  f o r  t h e  ana lys t .  

The curve labe led  NASTRANI 

t h a t  problem so lu t ion  

However, one 

The r e s u l t s  discussed thus  far have been r e s t r i c t e d  t o  computer time and 
s torage .  
b a s i s .  While computer cos t  algorithms vary among computing cen te r s ,  any 
reasonable algorithm provides a bas i s  f o r  comparison. 
was ca l cu la t ed  by the  cos t  algorithm cur ren t ly  used a t  t h e  NASA Langley 
Research Center which takes i n t o  account operating systems c a l l s  ( O / S  c a l l s ) ,  
CPU time, and CORE. 

A more r e a l i s t i c  comparison i s  t o  put computer resources on a cos t  

Cost presented he re in  

A comparison of SNAP and NASTRAN computer requirements f o r  a l a rge  
problem cons is t ing  of 1530 g r i d  po in t s ,  4415 elements, and 6106 D . O . F .  i s  
shown i n  f i g u r e  7. Both SNAP and NASTRAN were run i n  160 000 o c t a l  core 
loca t ions .  
SNAP i n  a l l  ca t egor i e s .  
while cos t  i s  approximately 4 . 5 : l .  
BANDIT was run f o r  NASTRAN t o  resequence t h e  g r i d  po in t s  i n  an e f f o r t  t o  
minimize NASTRAN c o s t s ,  as SNAP was running under an optimum reduction sequence. 

A s  shown i n  t h e  f i g u r e ,  NASTRAN requirements exceeded those f o r  
In p a r t i c u l a r ,  t he  r a t i o  of t o t a l  time i s  about 5 .3 : l  

These f igures  do not r e f l e c t  t h e  fact t h a t  

The above discussion focuses on t h e  e f f i c i ency  of t h e  so lu t ion  process. 
However, one must not exclude t h e  o the r  po in t s  made e a r l i e r  (2. a-e; 3.  a-e, 
p .  278), as they, too ,  must be considered i n  o v e r a l l  e f f i c i ency  considerations.  
For example, i f  a design program i s  b u i l t  around an e f f i c i e n t  s t a t i c  ana lys i s  
program, no c a p a b i l i t y  w i l l  e x i s t  f o r  mode shapes and frequencies.  
program gene ra l i t y  may be as important as e f f i c i ency  cons idera t ions .  
a case, NASTRAN is t h e  only program of t h e  t h r e e  t h a t  has a broad range of 
ana lys i s  capab i l i t y .  
a t  present ,  it i s  a sepa ra t e  program and requi res  regeneration of  input .  

Thus, 
For such 

The SNAP program has a free v i b r a t i o n  counterpart ,  but 

User conveniences are a l s o  important i f  t h e  ana lys i s  program i s  t o  be 
e a s i l y  in t e r f aced  with a design algorithm. 
documented, standardized input f o r  which an input generating program may be 
developed t o  he lp  reduce e r r o r s  i n  input.  
form of i n t e r n a l  da t a  checking with d iagnos t ic  e r r o r  p r in tou t .  
one of t h e  programs, SNAP, allows t h e  user  t o  de f ine  des i red  output and on 
which f i l e s  it should be placed. 
of automated design i f  d i f f e r e n t  elements are designed a t  d i f f e r e n t  times. 
Current t h e o r e t i c a l  documentation i s  adequate f o r  NASTRAN only. 
ELAS are opera t iona l  on t h r e e  machines, CDC, UNIVAC, and I B M ,  while SNAP is 
operational on CDC and UNIVAC. 

A l l  of t h e  programs have well 

A l l  t h r e e  programs a l s o  have some 
However, only 

This i s  very des i r ab le  from t h e  standpoint 

NASTRAN and 

NASTRAN is  being maintained under cont rac t  by 
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t h e  NASTRAN System Management Office at Langley Research Center; SNAP is  
maintained by i ts  developer; and ELAS i s  being updated by i t s  author a t  Duke 
University . 

CONCLUDING REMARKS 

Three f i n i t e  element programs were s tudied  t o  determine t h e i r  f e a s i b i l i t y  
as the  ana lys i s  t o o l  i n  automated s t r u c t u r a l  design. 
l imi t a t ions ,  ELAS does not appear t o  be s u i t a b l e  f o r  t h i s  purpose. 
speed of SNAP makes it des i r ab le  i n  a design environment where many r e p e t i t i v e  
analyses are required.  However, t h e  gene ra l i t y  of NASTRAN may overshadow t h e  
fact it is less e f f i c i e n t  than SNAP. 
f u t u r e  requirements before  deciding on which program t o  choose. I t  should be  
c l e a r ,  however, t h a t  bandwidth can have a s i g n i f i c a n t  e f f e c t  on computer c o s t s  
and perhaps NASTRAN should be extended t o  include a band optimization scheme, 
o r  t h e  decomposition procedure should be improved. 
complex design system could provide t h e  option of using e i t h e r  SNAP or  NASTRAN 
u n t i l  NASTRAN is extended t o  provide t h e  speed o f fe red  by SNAP. 

Due t o  problem size  
The present  

Thus, one must weigh a l l  present and 

I t  i s  very l i k e l y  t h a t  a 
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Figure 1. - Simplified schematic oE the design process. 



276 Nodes 1098 D.O.F. 752 Elements 

1530 Nodes 6114 D.O.F. 4415 Elements 
Figure 2. - General Configurations. 
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ADAPTATION OF NASTRAN TO AN INTEGRATED SYSTEM OF 

STRUCTURAL DESIGN ANALYSIS 

By Gernot W. Haggenmacher 

Lockheed-California Company 

Burbank, Cal i fornia  

ABSTRACT 

This paper discusses e f f o r t s  t o  i n t e g r a t e  NASTRAN i n t o  a complete s t ruc-  
t u r a l  analysis  system f o r  use by l a rge  airframe design p ro jec t s .  The Loclcheed- 
Cal i fornia  Company i s  implementing t h e  use of NASTRAN as a major f i n i t e  element 
s t r u c t u r a l  analysis  program t o  determine t h e  s t a t i c  and dynamic behavior of 
complete airframes as we l l  as s t r u c t u r a l  components. T h i s  requires  modifications 
and addi t ions t o  NASTRAN, t o  communicate with an ex i s t ing  system, and t o  pro- 
vide f a c i l i t i e s  needed t o  work within the integrated s t r u c t u r a l  analysis .  For 
t h i s  purpose several  s p e c i a l  DMAP modules were developed and introduced in to  
the CALAC version of t h e  NASTRAN system. 

INTRODUCTION 

The decision t o  use NASTRAN as a major analysis  t o o l ,  i m p l i c i t l y  leads,  i n  
our opinion, t o  the need f o r  the user-company t o  a c t i v e l y  pursue t o  a degree i t s  
own development of the lsrogram system. Regardless of the qua l i t y  of t h e  a v a i l -  
able system, t h e  time w i l l  soon a r r i v e  when spec i f i c  company p r i o r i t i e s  do not 
coincide with the  more general  p r i o r i t i e s  of t he  NASTRAN Systems Management 
Office.  
and/or modifications t o  NASTRAN, or development 6f i t s  own system. 
case, i t s  use of NASTRAN would tend t o  diminish. If used ac t ive ly ,  it thus appears 
unavoidable t h a t  a company version w i l l  emerge, which deviates ,  i n  a v a r i e t y  of 
aspects, from the o f f i c i a l l y  released NASTRAN leve l .  

A t  t h i s  time the company w i l l  be forced t o  respond with e i t h e r  addi t ions 
I n  t h e  l a t t e r  

The introduction of NASTRAN as t h e  major program t o  analyze the  e l a s t i c  
behavior of t h e  s t ruc tu re  required i t s  adaptation and connection i n t o  t h e  
complete s t r u c t u r a l  system analysis  process f o r  determining the  response of 
the a i r c r a f t .  
vironment which has a bear ing on t h e  s t r u c t u r a l  i n t e g r i t y  of the a i r c r a f t .  
Analyses t o  be performed include f l u t t e r ,  steady and t r a n s i e n t  maneuver loads,  
gust and ground response, and t h e i r  e f f e c t s  on i n t e r n a l  loads,  s t r e s s e s  and 
def lect ions.  

The purpose of the complete system is the analysis  of t he  en- 

I This adaptation requires  the  in t eg ra t ion  of NASTRAN wi th the  ex i s t ing  set 
of computer codes which provide these analyses and which a r e  complementary t o  
the NASTRAN s t r u c t u r a l  analysis  program. 
a re  made i n  a manner designed not t o  i n t e r f e r e  with e x i s t i n g  NASTRAN capabi l i -  
t i e s  and operations nor with p o t e n t i a l  NASA directed improvements. 

Modifications and addi t ions t o  NASTRAN 



While it may be easy t o  agree on whatcons t i tu tesa  s t r u c t u r a l  analysis  
system i n  i t s  t o t a l i t y ,  agreement on t h e  p r i o r i t i e s  of spec i f ic  developments 
of NASTRAN may not.  It i s  l i k e l y  t o  be an e n t i r e l y  d i f f e r e n t  affair f o r  NASA 
than it is f o r  any one of t h e  i n d u s t r i a l  users.  The readiness of any company 
t o  f u l l y  accept NASTRAN as a standard system depends on i ts  own in-house pro- 
grams and the  ease with which the former can be modified and adapted without 
loss  i n  eff ic iency.  

The present paper i s  therefore  an example only of what t h e  Lockheed- 
Cal i fornia  Company has done, and is  planning t o  do i n  t h e  immediate fu ture ,  t o  
j o i n  NASTRAN as a major (but not t h e  only) f i n i t e  element analysis  program t o  
i t s  s t r u c t u r a l  analysis  system. 

A discussion of t h i s  nature may serve t o  s t imulate  ideas and contribute t o  
t h e  formation of system spec i f ica t ions  from t h e  p r a c t i c a l  operation aspects  of 
la rge  a i r c r a f t  design. 
ing, which proposed an i n d u s t r i a l  user organization working i n  conjunction with 
the System Management Office i n  matters concerning fur ther  development of 
NASTRAN. (See R e f .  1.) 

It may a l s o  revive a concept voiced i n  last  year ' s  meet- 

1. AN INTEGFATED STRUCTURAL DESIGN ANALYSIS SYSTEM 

To discuss  an integrated s t r u c t u r a l  design analysis  system we must def ine 
i t s  scope and then determine t h e  r o l e  of i t s  p a r t s  and programs which a r e  t o  
perform i t s  various functions.  

1.1 The Total  System 

The system which w i l l  be described here b r i e f l y  has i n  s imi la r  form been 
considered throughout the  industry.  The t o t a l  analysis  system may be s a i d  t o  
consis t  of t h e  complete environment which a f f e c t s  the s t r u c t u r a l  i n t e g r i t y  of 
the  a i r c r a f t .  A s  such it must incorporate t h e  following major design analysis  
f a c e t s  : 

1. S t r u c t u r a l  deformation and s t r e s s  analysis  by f i n i t e  element methods 
2. Weight accounting and mass matrix 
3. Aerodynamic forces  
4. 
5. F l u t t e r  analysis  
6. D e t a i l  stress analysis  
7. Design s t rength allowables and margins of safety.  

S t a t i c  and dynamic loads and design conditions 

1.2 The CALAC Analysis System 

To discuss the a c t i v i t i e s  and the plans of t h e  Lockheed-California 
Company (CALAC) f o r  development of t h e  NASTRAN system, we should review the  
s t r u c t u r e  of the in-house analysis  process as it present ly  ex is t s .  This 
includes NASTRAN as a major f i n i t e  element analysis  t o o l ,  which i s  f u l l y  opera- 
t i o n a l  and has been used f o r  severa l  important analysis  jobs. The concept of 
t h e  completed system i s  shown on Table 1. 

The Lockheed-California Company's s t r u c t u r a l  analysis  operations a r e  based 
on i t s  extensive system of matrix algebra and funct ional  modules, ca l led  FAMAS. 
The FAMAS system, o r i g i n a l l y  an acronym f o r  F l u t t e r  and Matrix Algebra System, 



has been developed a t  GALAC and has been expanded i n  scope far beyond these 
narrow l i m i t s .  This system includes the CALAC f i n i t e  element programs of t h e  
force method and severa l  displacement method programs of l e s s e r  scope than 
NASTRAN. These a re  now gradually being replaced by NASTRAN. 

The FAMAS system has completely compatible matrix input/output within a l l  
i t s  programs , contains a very extensive matrix algebra and manipulation system, 
and a large family of funct ional  modules f o r  aerodynamic loads,  s t r u c t u r a l  
response and f l u t t e r  analysis ,  which a r e  of prime importance i n  t h e  present 
context. The system was extensively used during t h e  SST design study, L-1011 
and S-3A programs. It is operated by a simple program ca l l ing  system, and has 
a l so  a compiler f o r  programming s t r i n g s  of matrix equations much l i k e  
FORTRAN algebraic expressions. 
summarized on Table 2. 
and FAMAS systems contain dupl icate  capabi l i t i es .  I n  general ,  however, they 
supplement each other  ext  ens ive ly  . 

The general  c a p a b i l i t i e s  of t h i s  system a r e  
I n  some a lgebra ica l  and funct ional  modules the  NASTRAN 

A v a r i e t y  of theor ies  a r e  used i n  FAMAS t o  ca lcu la te  aerodynamic force 
influence coef f ic ien t  matrices , including important procedures t o  update 
theore t ica l  values with experimental f l i g h t  and wind tunnel  data. 
given by John Lewolt of CALAC a t  t h e  August 1972 meeting of t h e  AIAA, Reference 
2, discusses t h i s  capabi l i ty  i n  considerable d e t a i l .  

A paper 

The FAMAS input/output compatibil i ty permits any matrix, s p e c i f i c a l l y  
s t i f fness - ,  f l e x i b i l i t y - ,  aero- and mass- matrices, r e s u l t i n g  d i r e c t l y  from a 
previously executed program module, o r  f r o m d a t a  s torage,  t o  be used, as  i n  
NASTRAN, as input t o  subsequent vibrat ion,  load and f l u t t e r  analysis .  Any 
design load matrix thus generated can be fed i n t o  an airplane f i n i t e  element 
s t r u c t u r a l  analysis program f o r  determining i n t e r n a l  loads,  s t r e s s e s  and 
deflections.  Any matrix, for example, stress matrices, can be scanned row 
by TOW, t h a t  i s ,  element by element, f o r  t h e  most c r i t i c a l  columns '(design 
conditions),  o r  can fur ther  be processed. 
can be fed i n t o  spec ia l  programs f o r  comparison with data banks of design 
allowables t o  calculate  margins-of-safety. 

I n  addi t ion,  FAMAS s t r e s s  matrices 

The complete analysis  sequence can therefore  be performed by computer 
operations without unnecessary human t ranscr ip t ion  or other  handling of data 
block communication between programs. A s  many analyses s teps  as desired and 
p r a c t i c a l  can be performed i n  a s ingle  job submittal  t o  t h e  computer. In te r -  
ruptions of the  automatic computing flow are d ic ta ted  pr inc ipa l ly  by t h e  need 
to check intermediate r e s u l t s  and introduce human judgement. When t h e  capa- 
b i l i t i e s  of t h e  FAMAS system a r e  joined by the  f i n i t e  element analysis  capa- 
b i l i t i e s  of NASTRAIW through an automatic data  communication, a powerful in te -  
grated analysis  system w i l l  be t h e  r e s u l t .  Table 3 shows a summary of the 
capabi l i t i es  of t h e  combined system, which communicates through tape and d i s c  
storage without human d a t a  handling. 

1.3 NASTRAN's P a r t  i n  t h e  System 

The par t  which NASTRAN is playing i n  t h e  combined system includes,  of 
course,  a l l  i t s  f i n i t e  element analysis  c a p a b i l i t i e s  i n  s t a t i c ,  dynamic, and 
s t r u c t u r a l  s tab i l i ty ,except ing  spec ia l  problems where separate programs may 
be preferable.  There are however, some problem areas  within NASTRAN i tself  
which we feel  must eventual ly  be resolved t o  make i t s  use as a t o o l  f o r  
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f i n i t e  element analysis  of a i r c r a f t  s t ruc tures  b e t t e r  adapted t o  project  needs. 
These concern, i n  our view, the following major areas:  

o Extended analysis  checking capabi l i t i es  f o r  force equilibrium and 
improvement of checking and loca t ion  of matrix s i n g u l a r i t i e s .  

o Improved s t r e s s  analysis  capabi l i ty  pr imari ly  through the addi t ion 
of f i n i t e  elements with b e t t e r  s t r e s s  d e f i n i t i o n  within the  standard 
degrees of freedoms. 

o Substructure coupling i s  of great  importance f o r  la rge  airframe analysis;  
methods t o  streamline t h e  present capabi l i ty  of NASTRAN i n  t h i s  f i e l d  
a re  being pursued at  CAZAC. 

2. NASTRAN MODIE'ICATIONS AND ADDITIONS 

Several  new DMAP modules were added i n t o  NASTRAN, those which serve the  
spec i f ic  purpo'se of connecting NASTRAN with FAMAS, and those which were needed 
t o  amplify i t s  operat ional  capabi l i ty  and f l e x i b i l i t y  within the CALAC analysis  
system. The Job Control Language (JCL) i n  the IBM-360 system permits a s ingle ,  
uninterrupted job run from e i t h e r  NASTRAN i n t o  FAMAS, o r  v ice  versa. 
provides adequate operational f l e x i b i l i t y ,  s ince in te r rupt ions  f o r  the purpose 
of intermediate da ta  checking a r e  required anyway. 

This 

2.1 The Process of Adaptation of NASTRAN 

The new f a c i l i t i e s  designed t o  complement t h e  integrated system were added 
The following general  p r inc ip les  were as  DMAP modules i n t o  the  NASTRAN system. 

applied i n  adding the required features.  

o The modification of ex is t ing  NASTRAN modules and t h e i r  operation under 
the  o r i g i n a l  NASTRAN c a l l i n g  code name w a s  avoided. Instead a new DMAP 
module under a new c a l l i n g  code was formed, cons.isting, i f  necessary, 
of o r i g i n a l  subroutines a s  well  as new subroutines. This prevents the 
disrupt ion of bas ic  NASTRAN c a p a b i l i t i e s  i n  the r i g i d  formats even i f  
NASA makes changes i n  the bas ic  modules a t  a l a t e r  date .  

o Similarly,  var ia t ions  o r  additions t o  ex is t ing  tab les  were given new 
i d e n t i t i e s ,  with a format i d e n t i c a l  o r  similar t o  the  ex is t ing  one if 
feas ib le .  

o To avoid ( f o r  the t i m e  being) the  need t o  define many new bulk da ta  
cards, and the ensuing complications, p i t f a l l s  and delays,  it was 
decided t o  input s p e c i a l  da ta  types by means of the d i r e c t  input t a b l e s  
DTI. These can f a i r l y  wel l  be accommodated t o  a card format similar 
t o  bulk da ta  type cards. 
with new bulk cards introduced by NASA. However, s ince bulk da ta  cards 
are preferable,  an agreement of NSMO, reserving some s p e c i a l  code l e t t e r  
f o r  user  card types might be advantageous. 

This method a l s o  avoids acc identa l  c o l l i s i o n  

o Since the  s p e c i a l  NASTRAN modules added w i l l  not be used frequent ly  i n  
t h e  many standard appl icat ions,  they have not at t h i s  time been intro-  
duced i n  any r i g i d  formats, but a r e ,  when needed, inser ted  instead of ,  
or  i n  addi t ion  t o ,  regular  DMAP sequences by ALTER s e t s .  



2.2 New CALAC-NASTRAN Modules 

To accomplish t h e  connection between the  NASTRAN and FAMAS systems, and 
provide the  addi t iona l  operat ional  f l e x i b i l i t y  necessary, a s e r i e s  of spec ia l  
CALAC-NASTRAN DMAP modules have been added or  are i n  preparation f o r  t h e  
following functions. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 
8. 

User designated data blocks f o r  input  o r  output onto tapes (INPUTT, @l”UT) 
NASTRAN-FAMAS in te r face  matrix t r a n s c r i p t  ion ( FAMASI~) 

Element force and stress output t a b l e  a r e  wr i t ten  i n t o  NASTRAN matrix 
format (ELMAT) 

Generation of a case control  t a b l e s  Tor la rge  numbers of load cases i n t e r n a l  
t o  NASTRAN, based on the content of the displacement matrix (LDCgNTRL). 

Rewriting of NASTRAN matrix p r i n t  output format, and punched card input i n  
t h e  FAMAS format (MATPRN). 

Development of a gr idpoint  load matrix and mass matrix balanced f o r  a given 
ex terna l  load l o c a t  ion (L@’ADGEN). 

Formation of a diagonal matrix (DIAGMAT). 

Generating multipoint constraint  conditions (MPCGEN) (planning s tage) .  

The pr inc ipa l  function and techniques of these new modules a re  described i n  
more d e t a i l  below. 

2.2.1 INPUTT and $klTPUT Modules 

The u s e r  designated tape input and output, a l ready discussed i n  l a s t  year’s  

The two modules permit user  designated da ta  blocks 
colloquium, were wr i t ten  f o r  CALAC by MacNeal-Schwendler Corp. These modules 
are  b r i e f l y  discussed again. 
t o  be wr i t ten  on, o r  input from tape a t  any su i tab le  DMAP sequence locat ion,  
i n t o  a NASTRAN run from other  than, o r  i n  addition t o ,  t h e  checkpoint r e s t a r t  
tape,  With t h i s  capabi l i ty  previously calculated data can be read i n t o  a 
s ingle  run from as many d i f f e r e n t  tapes  as t h e  computer equipment permits. 
This i s  a prime requirement f o r  substructure coupling, but has many other  use- 
f ul ope rat ional  pos s i b i l i t  i e  s. 

2.2.2 NASTRAN-FAMAS In ter face  

The item of prime importance t o  the in tegra t ion  of NASTRAN with t h e  CALAC 
system i s  t h e  in te r face  module. A DMAP module, FAMASIg, accompanied by appro- 
p r i a t e  Job Control Language, permits rewrit ing any set of NASTRAN matrices 
in to  t h e  FAMAS format onto a F M S  system tape, and subsequently continuing w i t h  
any matrix operation sequence i n  the  l a t t e r  system. Similarly,  it i s  possible 
t o  start  with an operat ional  sequence i n  FAMAS, t r a n s i t  in to  NASTRAN, using 
FAMASIP( t o  copy the matrices i n t o  t h e  NASTRAN format f o r  continuation and con- 
clusion of the  run i n  NASTRAN with any type of r i g i d  format or  DMAP operation. 
The importance of t h i s  s t e p  is  v i s i b l e  fromTable 4. 

I n  t h i s  fashion a l l  t h e  design load analysis  c a p a b i l i t i e s  of t h e  FAMAS 
system are joined with the f i n i t e  element analysis  c a p a b i l i t i e s  of NASTRAN. 
Similar ly ,  NASTRAN s t i f f n e s s  o r  s t r u c t u r a l  f l e x i b i l i t y  matrices, v ibra t ion  mode 
vectors, e tc . ,  can be used i n  d i r e c t  l i n k  w i t h  the f l u t t e r  analysis  system i n  
FAMAS, as wel l  as the aero-e las t ic  loads calculat ions.  
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2.2.3 Element Force and S t r e s s  Matrices 

The conversion of t h e  NASTRIW element force and stress t a b l e s  i n t o  matrix 
format has several  appl icat ions.  A t  present t h i s  has been completed f o r  ROD, 
BAR, and SHEAR elements. The s t r e s s  matrix contains a column vector f o r  each 
subcase. The rows correspond t o  element s t r e s s e s ,  row numbers are re la ted  t o  
element numbers according t o  a key given by parameters of the  module. I n  the 
simplest  form the  row number is  i d e n t i c a l  t o  t h e  element number. The most 
important aspect within the  CALAC s t r u c t u r a l  analysis  system i s  the t rans-  
c r i p t i o n  of complete s t r e s s  or force t a b l e s  i n t o  matrix form f o r  subsequent 
t r a n s f e r ,  with FAMASIe(, i n t o  t h e  FAMAS system, where they a re  used i n  an 
e x i s t i n g  scanning program. 
a t  one point)  f o r ,  say, t h e  s i x  l a r g e s t  pos i t ive  values and t h e  s i x  l a r g e s t  
negative values. This provides a quick picture  of c r i t i c a l  design conditions 
i n  a given region of the s t ructure .  

This program scans each row of a matrix ( the  s t r e s s  

The formation of NASTFWY element force and s t r e s s  matrices a l s o  permits, 
through FAMAS5 t h e  use of a v a r i e t y  of margin-of-safety- programs i n  con- 
junct ion with data  banks of s t r e s s  allowables. 

2.2.4 Case Control Module 

To appreciate t h e  s ignif icance of t h i s  module it i s  f i r s t  necessary t o  
explain t h e  arrangement of design load matrices as generated i n  FAMAS and 
transcribed i n t o  NASTRAN. The t o t a l  number of columns i n  the  matrix is  usual ly  
over a thousand, w i t h  each column number permanently assigned t o  a spec i f ic  
load condition. The thousand-order matrix i s  f a i r l y  sparse,  only the few 
hundred columns corresponding t o  load conditions c r i t i c a l  i n  the  region analyzed 
being occupied. Inches o r  f e e t  of meaningless output f o r  n u l l  conditions can 
be avoided i n  NASTRAN w i t h  a n a t e n s i v e  case control,  shown below. One subcase 
i s  ca l led  out f o r  each column of the displacement matrix UGV. 

Case Control 

MPC 
SPC 

Subcase 1 
Subcase 2 
Subcase 3 

Subcase 4 
OLOAD 
SPCFORCES 
ELSTRFSS 
ELFORCE 

Subcase 5 
Subcase 6 

Null Cases 

Non-null Case 

Null Cases 

e tc . ,  f o r  as many subeases as columns i n  EV. 



Writing the cont ro l  cards f o r  these thousands of subcases would be tedious 
work spiked with p o t e n t i a l  e r r o r s  , and requiring previous knowledge of  the  
locat ion of occupied columns i n  the load matrix transcr ibed from FAMAS. The 
module IBCJdNTRL is designed t o  eliminate t h e  human element from wr i t ing  t h i s  
case control  language. The solut ion vector  matrix E V  f o r  the  load matrix, read 
i n  from FAMAS i n  l i e u  of the  NASTRAN solu t ion  generator module SSG1, can 
be obtained by a s ingle  f i c t i t i o u s  LOAD call  i n  CASE COPJTROL. 

This new module LDC@lTRL is ALTERed i n t o  t h e  r i g i d  format of NASTRAN j u s t  
pr ior  t o  t h e  solut ion data recovery module S D E .  It scans the  column headers 
of the displacement matrix UGV f o r  n u l l  and non-null columns, and wri tes  the  
extensive case control  t a b l e  i n  the  format of NASTRAN CASECC, but now designated 
LDCASE. Using t h i s  control  table i n  SDR2 i n  l i e u  of CASECC r e s u l t s  i n  output 
tab les  f o r  non-null conditions only, avoiding a l l  output of zero conditions. 
The subcase numbers ident i fy ing  the  NASTRAN output t a b l e  a re  i d e n t i c a l  t o  t h e  
column numbers of  the non-null vectors  i n  t h e  o r i g i n a l  displacement vectors UGV. 

The s t r e s s  matrix module picks up t h e  subcase numbers from the  s t r e s s  out- 
put tab les  t o  form s t r e s s  columns ident i f ied ,  therefore,  by the same numbers 
as the displacement vectors.  

2.2.5 Matrix P r i n t  Output and Card Input 

The standard NASTRAN matrix input (DMI) and p r i n t  output (MATPNT) were 
found t o  be somewhat inconvenient, the p r i n t  i d e n t i f i c a t i o n  of rows and 
columns not providing a c l e a r  picture .  Intermediate and end r e s u l t  checking 
require an e a s i l y  readable matrix p r i n t  format. Non-rigid format o2erations 
require an easy tabular  form f o r  input.  
using the various CALAC matrix input forms. The NASTRAN matrix p r i n t  MATPITI! 
output was  replaced by the  standard CALAC-FAMAS format. T h i s  output i d e n t i f i e s  
the co lmn and row numbers of a l l  non-zero terms, and does not p r i n t  zero 
terms. T h i s  el iminates the need t o  count l i n e s  when searching f o r  spec i f ic  
elements and is  much e a s i e r  t o  read. A comparison of t h e  two matrix output 
formats is shown on Tables 5 and 6 .  

A new matrix card input was provided 

2.2.6 Load and Mass Matrix Generation 

A DMAP module $ADGEN has been designed t o  generate gridpoint load column 
vectors which load a given l imited s e t  of gr idpoints ,  and which a r e  i n  balance 
with a given general load vector  at a given, non-gridpoint, locat ion.  To 
explain the ra t iona le  and t h e  function of t h i s  module we review t h e  t r a n s i t i o n  
from the  loads o r  mass network t o  the s t r u c t u r a l  network. The two networks 
are, hardly ever congruent , and therefore  a transformation i s  required. Also 
t h e  use of the NASTRAN mass matrix generation f a c i l i t i e s  i s  impractical  Tor 
la rge  a i r c r a f t  par t s .  To r e l a t e  the  mass with model element propert ies ,  
where the s t r u c t u r a l  weight i s  l e s s  than 25% of the t o t a l  a i r c r a f t  weight, and 
t o  keep the  mass data f o r  the structural-dynamic analysis  consistent w i t h  t h e  
weight accounting of t h e  vehicle  i s  an almost insurmountable t a s k  of manual 
calculat ion and bookkeeping. 

It was found necessary t o  form d i r e c t l y  a gridpoint mass matrix which i s  
consistent with weight accounting data. Coordinates of a11 gridpoints a re  
avai lable  i n  NASTRAN, t o t a l  mass and centroLd locat ions of s u i t a b l y  small 
a i r c r a f t  regions a re  given by t h e  weight accounting system. The same ty-peof 
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data  a r e  ava i lab le  f o r  design loads,which a r e  assumed uniform over given 
regions with an establ ished load centroid; t h e  loads net  
es tabl ished by c r i t e r i a  f o r  aerodynamic loads c a l c u l a t i  
cprrespond t o  the s t ruc ture .  

The procedure adopted i n  the  present program t o  determine gridpoint 
loads uses the  following pr inc ip le :  
assigned t o  each NASTRAN gridpoint  of a selected point s e t .  The centroid 
and t h e  i n e r t i a s  of t h e  weighted point s e t  a r e  determined, t h e  given load 
vec tor  i s  transformed from i t s  locat ion t o  t h e  CG of t h e  point set. This 
imparts an accelerat ion t o  t h e  point s e t ,  which i n  t u r n  determines i n e r t i a  
forces  i n  the gr idpoints  from which the load column i s  formed. While t h i s  
approach i s  very general  and f l e x i b l e ,  i t s  successful use depends on the  
ra t iona le  used t o  input the  gridpoint weighting f a c t o r s ,  and requires  carefu l  
evaluation of t h e  resu l t ing  load vector. It can best be used i n  connection 
with an in te rac t ive  or graphic input-output system. Additional. work i n  t h i s  
area i s  yet required t o  determine su i tab le  algorithms t o  mechanize the  deter-  
mination of a r a t i o n a l  gr idpoint  weighting based on the a i r c r a f t  geometry 
and weight accounting . 

A (mass) weighting is judiciouly 

The completed r e s u l t  of t h i s  procedure i s  a load matrix [Lpl i n  a l l  
the  unconstrained D.O.F. f o r  p uni t  load or u n i t  mass regions. A l i n e a r  
combination of these columns r e s u l t s  i n  a proper design condi t ion.for  t h e  
s t r u c t u r a l  model. 

[Lpl i s  t h e  transformation matrix between s t r u c t u r a l  network and aero-loads 
network. 

{Pd] i s  a design load  case i n  the  loads network. 

A mult ipl icat ion with regional masses [Ms] r e s u l t s  i n  a column of gridpoint 
masses 

{MG] = [Lpl * f M s ]  

Conversion of {MG] i n t o  a diagonal matrix r e s u l t s  i n  a diagonal mass matrix 
hGG1 for the s t r u c t u r a l  model. 
t ions  can be ALTERed i n t o  a r i g i d  format t o  replace e i t h e r  or both of SMA2 
and SSGl funct ional  modules which generate the mass and the  gr idpoint  load 
matrices respectively.  

The module and the  corresponding DMAP instruc-  

2.2.7 Diagonal Matrix 

A minor but operat ional ly  usefu l  f a c i l i t y  was the design of DMAP module 
DIAGMAT which rewrites any column of a NASTRAN matrix on the diagonal of a 
square matrix of same order. Alternat ively it generates a diagonal matrix 
of given s ize  and given s c a l a r  value. 

2.2.8 Multipoint Constraint Equation Generator 

A module f o r  t h i s  purpose is i n  the  study stage.  F i n a l  plans a t  W A C  
w i l l  depend heavi ly  on what the  d e t a i l  plans of t h e  NSMO are .  
severa l  requirements which should i n  our opinion be considered i n  t h e  

There a r e  



generation of multipoint cons t r a in t  equations. 
perience with the MPC system and a r e  summarized as follows: 

These a r e  based on our ex- 

o The MPC equations f a c i l i t y  a r e  an extremely v e r s a t i l e  f e a t u r e  with a 
wide range of appl icat ions.  Means should be invest igated t o  reduce 
the computer time expenditure f o r  l a rge  systems. 

o It should be made possible t o  input the MPC equations i n  any of t he  
defined coordinate systems, performing t h e  necessary transformations 
i n t o  the global  system i n t e r n a l l y  t o  the  program. 

o MPC equations can be generated i n t e r n a l l y  based on one or more (con- 
nected) elements which a r e  made r i g i d  t o  c rea t e  a f u l l  r igid body. 
There i s  however a necessary spec ia l  f ea tu re ,  which might be ca l l ed  
a semi-rigid body, which has s i g n i f i c a n t  advantages. Such a s i t u a t i o n  
r e s u l t s  when only pa r t  of the independent element va r i ab le s  of the 
elements used a r e  declared r i g i d .  Thus, f o r  instance,  i f  BAR elements 
a r e  used t o  bu i ld  the semi-rigid body, only bending i n  one plane of an 
element may be r i g i d .  

o Another c a p a b i l i t y  t o  formMPC equations may be provided, which is  the  
r e s u l t  of a fo rce  equilibrium condition between the loads i n  the in- 
dependent D.O.F. and the force i n  the dependent freedom. 

The theory of t he  necessary r e l a t i o n s  has been establ ished and t h e  d e t a i l  
program requirements a r e  now being worked out. The decision t o  go ahead with 
programming w i l l  depend on NASA's plans i n  t h i s  area.  

CONCLUSIONS 

The previous discussions give some examples of t h e  type of development 
which we at  CALAC f e e l  a user-company has t o  undertake i f  it intends t o  adopt 
NASTRAN as a major pa r t  of i t s  s t r u c t u r a l  analysis  system. The use of NASTRAN 
at the Lockheed-California Company i s  s t e a d i l y  increasing, but so i s  the  need 
for in-house development of NASTM. 

It i s  evident t h a t  NASA i s  continuing t o  pursue the  development of capa- 
b i l i t y  improvements of a general  nature. 
ac t ive  user-company w i l l  f i nd  it necessary t o  become int imately f ami l i a r  with 
the NASTRAN system i n  order t o  enable it t o  successful ly  develop t h e  capabi l i -  
. t i e s  within NASTRAN needed t o  f u l f i l l  i t s  p a r t i c u l a r  requirements. 

However, we feel  s t rongly t h a t  an 
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TABLE 1 

CALAC INTEGRATED 
STRUCTURAL DESIGN ANALYSIS  

I 1 

FULLY COMPATIBLE 

DYNAMIC RESPONSE 
FLUTTER ANALYSIS 

3 

NASTRAN 
SYSTEM 

FULLY COMPATIBLE 
1.0. 

1 I 
STRUCTURAL ANALYSIS 
STATIC & DYNAMIC 
RESPONSE 
MATRIX ALGEBRA 

SPECIAL 
CALAC MODULES 

AL LOWABLES 

DATA TRANSLATION 

I FULLY INTEGRATED I SYSTEM 



TABLE 2 

CALAC - FAMAS SYSTEM 

* EXTENSIVE MATRIX ALGEBRA & MANlPlJLATION APPROXIMATELY 50 MODULES 

* SEVERAL FAMILIES OF FUNCTIONAL MODULES FOR AERO-ELASTIC ANALYSIS 
(See Ref. 2) 

AERODYNAMIC LOAD-DEFLECTION INFLUENCE MATRICES 

0 Lifting line theories. 
0 Mach Box (Supersonic) 
0 Kernel Function 
0 Doublet Lattice 
0 Vortex Lattice 
e Piston theory 
0 Reduction of wind-tunnel data and 

subsequent correction of theoretical 
matrices. 

STAB1 L ITY DERIVATIVES 

MASS-MATRICES 

MODAL ANALYSIS, VIBRATIONS 

FLUTTER ANALYSIS 

AIRCRAFT LOAD ANALYSES 

maneuvers 0 steady 
0 Transient 
0 Dynamic Gust Response 

0 

Incl. Power Spectral Density Methods 
Ground Handling & Landing Impact Response 





TABLE 4 

EXAMPLE OF A COMBINED NASTRAN - FAMAS OPERATION 

NASTRAN CONTROL - 0  

NASTRAN - FAMAS 
INTERFACE 

END RUN 1 
T 

0 

0 

0 

NASTRAN STRUCTURAL DATA 

CONSTRAINED STIFFNESS OR 
FLEXIBILITY MATRIX 

NASTRAN CHECKPOINT 

MATRIX OUTPUT IN 
FAMAS FORMAT (FAMASIQI) 

FAMAS CONTROL -/ 0 

0 

0 

0 

0 

- 0  

I 
I 

FAMAS - NASTRAN 
INTERFACE 

1 
NASTRAN CONTROL 

END RUN 2 

0 

0 

0 
0 
0 

FAMAS DATA 

MASS MATRICES 

AERO MATRICES 

READ "NASTRAN" STl FPNESS MATRIX 

MANEUVER 
GUST RESPONSE 1 PROGRAMS 
GROUND RESPONSE 

DESIGN CONDITION MATRICES 

CHECKPOINT RESTART FROM RUN 1 

READ FAMAS LOAD MATRICES (FAMASIfl) 

CONCLUSION OF NASTRAN STATIC 
ANALYSIS a OUTPUT 
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TABLE 5 ORIGINAL NASTRAN MATRIX PP lNT FORMAT MATPPN 
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co~uriq.- L L = - - 3  Ji..-5 - - __ __ _ _  ___ - .__ 

1 . 0 0 0 0 0 E  CC C . 0  1.COCCCE CO 
._ - .. ._ _. . --__ .- - . 

C O L U Y N  2 I = 2 J= 3 

2.00000E cc. 2-.')OCCCE-SO __.-. _ _  --__ ____-__--. 2 ____ - __ 
COLUCIY 3 I = 3 J= 22 

- - __ - - -- -- - _- - __ __ - -I..-_--- - 
3 . 0 9 0 0 C E  CO C.0 c.c 0.0 0 .0 0 .o 0.0 0.0 0.0 0.0 
0 .o 0.0 c.c 0.0 0 .o 0 .o 0.0 1 . 0 0 0 0 0 E  OC 2.0G000E GO 3 . 0 0 0 0 0 E  00 _ _  _________ __. ____ ___ . ._ . - . ___ _ - - _-___ 

COLUMN 4 I = 1 J =  3 

- 1 . 3 0 0 0 0 E  00 4.0CCCCE CO 4.COCCCF 00-. - __ _ _  ______._.I_ _-__ ___- 

CoLuI*# 5 I - 3 J =  3 
- . . - - ______ - __ 

5.63000~0o-- 
__ 

COL\IMN 6 1 __ . _. -__ _____. .~ 2 J- 5 

1.00COOE 0 1  C-OCCCCE 00 -2.CCCOCE CO 3.00000E 00 
- . ._ .-. - 1' J;' _ _____ ~ ___ 

COLU'.lfl 3 

l .COCO0F 00 2 - O C C C C E  CO 7.CCCCCE 00 - __ _._ - 

COLUMN 8 1 = 3 J =  1 4  
cc  c;o __ __ _. - I _.._ - - -- c.c 0.0 0 .o 1 . 0 0 0 0 0 E  00 0.0 0.0 0.0 0.-0-- 

1 . 0 0 0 0 O E  CO 2.OOOOCE 00 

COLUMN 9 I = 2 J =  3 
- - -- . _ _  - - - _ - - 

_. -3.0000OE_00 S.OCCCCE $0 . __ - - ~ 

- _  
COLUMN 10 I = 3 J =  3 

- - -  
1 . 0 0 0 0 O E  01  
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TABLE 6 REVISED MATRIX PRINT FORMAT I N  CALAC NASTRAN SYSTEM 

P A T R I X  B I C l N U  hAME 1 C 2  I I S  A R E A L  10 C C L U H N  X 25 ROY R E C T A V G  M A T R I X .  

COL RCW . . ROh. __ - RCU- -PGw--- - - - R3Y. ~ - ..ROC __________ 
1 3 I.CCCCCE CC 5 1.COCCOE CC 

2 2 2.COOCCF CC 3 2.CCCCOF C C  

3-. 3 3,COOOCE CC.. ~ Z C -  l.CCOCOE. CO- l l _ L O 0 0 0 0 E  O L l Z 3 ~ 0 0 0 0 O E  00 -__-.___ __ 
4 1 -1.CCOOCf CC 2 4.CCCCCE 00 3 4.00"OOE 00 

5 3 ?.CCCCCE CC 
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. __ - . ._ - - _. - - - - . . . - .- - 
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COMPARISON OF NASTRAN AND STARDYNE 
STATIC ANALYSIS OF A GRAPHITE FIBER 
REINFORCED PLASTIC TRUSS STRUCTURE 

By George H. Honeycutt, Frank J. On, 
and Stuart L. Hanlein 

NASA Goddard Space Flight Center 

SUMMARY 

A static and buckling analysis of the ATS-F&G spacecraft 
reflector support truss (RST) and bridge truss assembly using 
NASTRAN has been conducted. The RST is fabricated from a new 
material, graphite fiber reinforced plastic. A comparison is 
made with the NASTRAN results and the results of a similar 
analysis conducted using the STARDYNE program. The results of 
an actual static load test are also compared. 

INTRODUCTION 

The ATS-F&G are a new generation of communication space- 
craft. The predominate feature of these spacecraft is a 30 foot 
parabolic dish high gain antenna as can be seen in Figure 1. The 
reflector dish must be accurately aligned with the feed system 
and this alignment must be held throughout the spacecraft life. 
Because of this rigid alignment requirement, a new material, 
graphite fiber reinforced plastic (GFRP),was selected for the 
reflector support truss (RST) between the feed system and the 
parabolic reflector. The GFRP was chosen because of its extremely 
low coefficient of thermal expansion and its high stiffness to 
weight ratio. Because of the newness of the material, 
particularly in an application as primary structure, there was 
concern about its capability to carry the launch loads. The 
present NASTRAN analysis was conducted to evaluate deflections, 
internal loads, and verify the adequacy of the RST design. 

During launch the reflector dish is wound around a hub and 
the solar arrays are folded down as shown in Figure 2. In this 
configuration, the RST structure must support approximately 180 
kilograms at the top. Static acceleration loads were applied to 
the RST structure as enveloping the dynamic loads during launch. 
The load cases were applied 9.Og thrust plus 3.9g lateral and 
-3.9g thrust plus 3.9g lateral. The desired results of the 
analysis were the buckling strength, internal member loads, and 
deflections. 
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The prime contractor for the ATS-F&G is Fairchild Industries 
(FI). They have used the STARDYNE program to conduct a similar 
analysis (Ref. 1) which allowed a comparison of results. Hercules 
Incorporated is the subcontractor for the RST. The results of a 
qualification static loads test conducted by Hercules (Ref. 2)  
also provided test information for comparison. 

NASTRAN STATIC ANALYSIS 

The results of the static analysis were obtained using Rigid 
Format One in the NASTRAN program. 
finite elements used in synthesizing the NASTRAN model of the RST 
and bridge truss assembly. The overall model had 107 grid points, 
2 0 0  elements and 618 degrees of freedom. Note that the dots 
(grid points) represent the selected points at which discrete 
masses are assumed to be concentrated, and the lines connecting 
these points represent bar elements. 

Figures 3 and 4 depict the 

In the analyses, the RST structure was assumed to be fixed 
to ground via the support fittings at the Earth Viewing Module 
(EVM). The material in the hub, bridge truss, reflector support 
ring and RST stabilizer is 6061-T6 aluminum. The material for 
the RST is graphite fiber reinforced plastic (GFRP) .  Element 
forces, bending moments, stresses, margins of safety and grid 
point deflections were obtained for two cases (Table 1) of 
applied loading. The two cases of loading corresponded to force 
and moment inputs at specific grid points and were derived from 
the acceleration loadings shown. 

Significant results from the NASTRAN static analysis are 
presented in Figures 5 and 6, and Tables 2,3, and 4. Figures 5 anq 
6 show the deformed structure for the specified load cases. In 
Tables 2 and 3, the results are tabulated for the maximum 
compression and tension load members. Table 4 presents a summary 
of grid point deflections €or Case 2. 

COMPARISON OF NASTRAN AND STARDYNE STATIC ANALYSIS 

A similar analysis for the same two static load cases as 
were investigated in the NASTRAN analysis was conducted by FI 
using the STARDYNE program. The STARDYNE results for the maximum 
compression and tension member loads and grid points deflections 
are also summarized in Tables 2, 3, and 4 for comparison with 
NASTRAN results. 



In general, the NASTRAN and STARDYNE results show good 
agreement. Noted discrepancies in bending moment results may be 
attributed to differences in modeling details of the structure 
(e.9. in the STARDYNE analysis, the reflector hub ring was not 
included). 

NASTRAN BUCKLING ANALYSIS 

Buckling analysis for two maximum compression load conditions 
was investigated using Rigid Format Five of the NASTRAN program. 
These two load conditions corresponded to Cases 3 and 4 of 
Table 1. 

buckling was well defined as can be seen in Figures 7 and 8. 
Figure 7 represents the fundamental buckling mode shape which 
corresponds to the eigenvalue of 4.22 for lateral load in the 
x direction (Case 3). For lateral load in the y direction 
(Case 4) the fundamental buckling mode which corresponds to 
the eigenvalue of 4.34 is shown in Figure 8. Since the eigen- 
values are multipliers of the applied loads which will cause 
buckling in the fundamental mode, the results show that, in both 
load cases investigated, the actual applied load must be 
exceeded by a factor of four before buckling will occur. 

From the buckling analysis results, the fundamental mode of 

STATIC LOAD TEST 

The prototype RST was tested to qualification load levels 
by Hercules Incorporated (Ref. 2). The test setup is shown in 
Figure 9. The truss was rigidly fast-ened at the base and a 
simulated bridge truss was mounted on the top. 
and/or tension loads were produced by the two hydraulic rams. 
The lower hydraulic ram produced a load in the axial direction 
and the upper ram produced a moment or shearing load. Dial 
indicators and linear potentiometers were located at the top of 
the RST and at the stabilizer ring to record displacements. 
Thirty-six strain gages were attached to the GFRP tubes and 
fittings at critical locations. The loading of the structure 
was in steps of 25%, 50%, 80%, 90% and 100% of full load. The 
axial and lateral loadings were applied simultaneously. The 
truss was tested both in axial compression and tension with 
transverse loading in the +x and -x directions. Then the entire 
truss assembly was rotated 90°  and the truss was tested again 
in axial compression and tension with transverse loading in the 
+y and -y directions. Thus a total of eight combined loading 
tests were conducted. 
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COMPARISON OF TEST RESULTS WITH ANALYSIS 

Figure 10 compares the deflection test data and the NASTRAN 
predictions for Case 1 (see Figure 5). The test data were 
"normalized" since the actual test was conducted at qualification 
levels. The variations from the predicted values at the higher 
load levels are due primarily to difficulties in reading the 
instrumentation. The durations of the higher load levels were 
not long enough to allow the dial indicator gages to stabilize. 

The maximum internal tube load determined from the strain 
gage data was 24,768 newtons which compares well with 25,760 
newtons from the STARDYNE program and 24,470 newtons from the 
NASTRAN program. It is felt that a more detailed model of the 
composite material would give better values for the loads along 
the tubes. 

CONCLUSION 

The comparison of the results between NASTRAN and STARDYNE 
was good. The differences in the results were due to slight 
differences in the modeling techniques. It must be pointed 
out that the model was fairly simple with bar elements only 
used throughout. With more complex structures and different 
elements, the comparison of results might not be as good. 

The comparison with test results was also good. It is 
believed that a more detailed finite element model of the 
composite material would yield more accurate comparison with 
strain gage test data. 
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TABLE 1 

Applied Load Cases 

1 

2 

3 

4 

Remarks No. 

-3.9g 0.0g 9.0g Force and Moment Equiva- 
- l e n t  t o  F I  STARDYNE Input  

-3.99 0.09 - 3 . 9 ~ ~  

-3.9g 0 -09 9 .Og Accelerat ion Loading 
Buckling Analysis 

0.09 -3.9g 9.0g 

Axial Shear 

N N 
F I 

v1 
Quantity 

Element 
Number End 

I 
NASTRAN -24469.7 -38.7 

134 STARDYNE -25759.7 -28.0 

NASTRAN -24469.7 -38.7 
STARDYNE -25759.7 -28.0 B 

NASTRAN -23.1 0.9 
STAEJIYNE -20.9 -0.9 A 

NASTRAN -23.1 0.9 

TABLE 2 

Shear Torque Moment Moment 

N- cm N- cm M2 N- cm M1 T v2 
N 

25.4 -50.8 -5412.0 -5570.2 
24.0 103.9 -5784.8 -3423.4 

25.4 -50.8 -316.4 -3129.7 
24.0 103.9 -316.4 -2949 .O 

-12.4 7.9 474.5 90.4 
-11.1 -10.2 418 .O 22 -6 

-12.4 7.9 463.2 -11.3 

Comparison of NASTRAN and STARDYNE Results for Case 1 
Maximum Compression Loads 

STARDYNE 
B 

NASTRAN 
15’ STARDYNE A 

NASTRAN 
STARDYNE 

B 

NASTRAN 
142 STARDYNE A 

NASTRAN 
STARDYNE 

1 142 1 

-20.9 -0.9 -11.1 -10.2 418.0 -79.1 

I 
-51.6 0.0 -37.4 -9 .o 926 - 5  -1.1 
-37.8 3.6 -39.6 11.3 971.7 101.7 

-51.6 0.0 -37.4 -9 .o 903 -9 0 .o 
-37.8 3.6 -39.6 11.3 972 -8 67.8 

-24443 .O -25.4 20-0 45.2 -327 -6 2022.4 
-25728.5 -27.1 27.1 -33.9 -1005.6 1853.0 

-24443.0 -25.4 20.0 45.2 -4022.3 L-7445 .7 
-25728.5 -27.1 27.1 -33.9 -4858.3 -7705.6 
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TABLE 3 

Q u a n t i t y  
E l e m e n t  
N u m b e r  

End 

NASTXW 
133 STARDYNE A 

NASTRAN 
133 STARDYNE 

B 

NASTRAN 
STARDYNE 

A 

NASTRAN 
STARDYNE 

B 

EAS TRAN 
STARDYNE 

A 

NASTPAN 
150 STARIIYICE 

B 

NASTRAN 
STARDYNE 

14 1 A 

N A S T W J  
14' STARDYNE 

€3 

C o m p a r i s o n  of NASTRAN and STAREYNE R e s u l t s  fo r  Case 2 
Maximum Tension Loadz 

A x i a l  Shear Shear  Torque M o m e n t  Eoment 

&I1 M2 T 
N K 3 N-cm N-cm N-cm 
F 

22632.6 49.4 13.3 -35 .O -2282.3 7490.9 
22651.6 43.6 10.7 11.3 -1604.4 6281.9 

22632.6 49.4 13 -3 -35.0 -757.0 3705.9 
22881.6 43.6 10.7 11.3 -757.0 3739.8 

49.8 -5.3 -38.2 2.2 915.2 -113.0 
48.0 -5.8 -37.4 -1.1 903.9 -124.3 

49.8 -5.3 -36.2 2.2 949.1 -158.2 
48.0 -5.8 -37.4 -1.1 326.5 -169.5 

12 .0 3.1 -13.3 7.9 497.1 101.7 
15.6 2.2 -12.0 -5.6 452.0 79.1 

~ 

12 .o 3.1 -13.3 7.9 497.1 135.6 
15.6 2.2 -12.0 -5.6 463.2 90.4 

22601.4 23.1 13 .3 19.2 113 .O -2530.9 
22855.0 23.1 12 .o -10.2 90.4 -2429.2 

19.2 -2960.2 7490.9 
-10.2 -2711.6 7457 .O I 22601. -4 23.1 13 .3  

22855.0 23.1 12 - 0  

E n d  A is t h e  element end w i t h  t h e  lowest numbered g r id  point.  



TABLE 4 

Comparison of NASTRAN and STARDYNE Resul t s  for  Case 2 
Grid Point Def l ec t ion  i n  Centimeter8 

+ 

Grid Point 
No. 

9 

23 

14 

28 

29 

30 

33  

34 

4 

5 

19 

18 

37 

40 

38 

39 

53 

54 

55 

56 

57 

58 

59 

NASTRAN 
X 

-0 ,9893 

-0 -9899 

-0 -9970 

-0.9964 

-1 ,0548 

-1.0547 

-1 -0484 

-1.0500 

-1.0474 

-1,0492 

-1 -0510 

-1,0516 

-0.9136 

-0.9969 

-0 -9169 

-0,9885 

-0.2867 

-0,2815 

-0 ,2915 

-0 -2992 

-0 -2994 

-0 ,2741 

-0,2639 

STARDYNE 
X 

-0.9968 

-0 -9974 

-1.0094 

-1.0087 

-1,0748 

-1 -0764 

-1 ,0685 

-1.0724 

-1 -0677 

-1.0719 

-1,0728 

-1.0717 

-0.9153 

-1.0019 

-0,9188 

-1 -0013 

-0.2780 

-0,2666 

-0.2774 

-0 -2891 

-0,2893 

-0.2763 

-0 -2668 

NASTRAN 
Z 

-0.0656 

0.0190 

-0,0717 

0.0152 

-0.0220 

-0.0226 

-0.0280 

-0.0200 

-0.0455 

-0 -03 76 

-0.0327 

-0.0321 

-0,0134 

-0.0212 

-0 ,0138 

-0 -0016 

-0.0350 

-0 -0170 

-0 ,0146 

-0.0333 

0.0197 

0.0051 

0.0039 

STARDYNE 
Z 

-0.0722 

0.0209 

-0.0800 

0 -0148 

-0 ,0213 

-0.0216 

-0 ,0244 

-0,0121 

-0 -0607 

-0,0544 

-0.043.4 

-0.0409 

-0.0150 

-0,0196 

-0,0154 

-0.0002 

-0,0371 

-0,0173 

-0 -0133 

-0.0356 

0.0208 

0.0061 

0,0043 
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I 

Figure 1. ATS-F/G Orbital Configuration 

, BRIDGE TRUSS 

REFLECTOR SUPPORT TRUSS 

Figure 2. ATS-F/G Launch Configuration 





X 

i l  

a 

x 

-8 or 
J 

h 



b 
V 
I M 

cr) 
cn 

2 
I ‘ I  I 

M 

m 9 
__)_ 

crj m M J e )r 1 1  I 

a, 
P 
U 
I m 

m c 
Y 
0 
3 

.- - 
m 

c) 

% 
U 
V 

a, 
-0 s 
D) 
C 

Y 
0 
3 

.- - 
m - 
U 
5 

0 u 
S 
3 
LL 

+ 

E 

f 
0)  

LL 
.- 





AN ISOPARA,bBTRIC QUADRILATERAL 

MEBBRANE ELESIENT FOR NASTRAN 

BY 

Howard M. Adelman, Joseph E. Walz, and James L. Rogers, Jr. 
NASA Langley Research Center 

SUMMARY 

T h i s  paper describes the implementation of an improved quadrilateral  
membrane element i n  NASTRELN. 
properties of the element are  included along w i t h  development of the matrices 
and vectors which characterize the  element. 
small deviations from planeness of the element i s  discussed and the approach 
taken t o  account fo r  these deviations for  the new element is  described. The 
improved accuracy available from the element over the exis t ing quadrilateral  
membrane i s  indicated by a sample calculation for which an analyt ical  solution 

i s  available from beam theory. For the same f i n i t e  element idealization, the 

errors i n  maximum displacement and s t r e s s  were s ignif icant ly  reduced by the  
use of the new element. 

Descriptions of the  geometrical and kinematic 

The necessity for considering 

INTRODUCTION 

One of the more frequently used elements i n  the NASTRAN library i s  the  

quadrilateral  membrane element (CQDMEM) . 
portions of structures for  which membrane action consti tutes the predominant 
contribution t o  the  s t r a i n  energy. An example of one such application i s  t o  
the sk in  of a i r c ra f t  wings. In addition, the  quadrilateral  membrane element 

i s  also used i n  conjunction w i t h  the  quadrilateral  bending element (CQDPLT) t o  

form the membrane-bending elements CQUADl and CQUAD2 needed t o  represent more 
general deformation behavior. 

This  element i s  used t o  represent 

The quadrilateral  membrane element currently available i n  NASTRAN 

i s  composed of overlapping constant strain t r iangles  as described i n  reference 
1. 

problems involving high stress gradients, suggesting tha t  the  current element 
It has been reported tha t  the CQDMEM element does not accurately represent 



needs improvement. The reason for this difficulty is generally attributed to 
the constant strain field provided by this element (ref. 2).  

quadrilateral membrane elements have been developed which have linear strain 
fields (e,g. refs. 3 and 4 )  and these elements should provide improved results 
in membrane element applications. The implementation of an improved quadri- 
lateral membrane element in NASTRAN was undertaken as an in-house project to 
improve the element library by attempting to overcome the noted shortcomings. 

Several improved 

The element chosen for implementation is the linear strain isoparametric 
quadrilateral membrane element described in references 3 and 4. 
for this choice are: 

The reasons 

(1) The element is conforming, 5.e. the displacements of adjoining 
elements are matched along their entire interface. 
the strain energy is an upper bound to the corresponding exact 
energy. 

As a result, 

(2 )  The stresses and strains vary within the element thus providing 
inproved accuracy over the existing element. 

(3) The element is well-documented. 
The purposes of the present report are to present a description of the 

element being implemented and to demonstrate the increased accuracy available 
through the new element by comparison with the existing quadrilateral element 
and an analytical solution. 

SYMBOLS 

[AI 
[ B I  

matrix relating strains and displacements 
transformation matrix relating displacements in mean plane 
to those at actual grid points 
matrix which relates rotations of the mean plane to displacements 
of mean plane 
matrix relating displacements in element coordinate system 
to those in basic coordinate system 
membrane s tr aim 
vector of forces at actual grid points in element coordinate 
system 

[ C I  

[ E l  

e xsey 9exy 
{f 3 a 



vector of forces i n  mean plane 
matrix r e l a t ing  s t resses  and strains 
distance from actual  gr id  point t o  the  mean plane 
thickness of membrane 

Jacobian of transformation from x-y coordinates t o  
coordinates 

s t i f fnes s  matrix referred t o  global coordinate system 
d i f f e ren t i a l  stiffness matrix re fer red  t o  global coordinate 

system 

s t i f fnes s  matrix i n  element coordinate system 

d i f f e r e n t i a l  s t i f fnes s  matrix i n  element coordinate system 
thermal load vector referred t o  global coordinate system 
thermal load vector i n  element coordinate system 
matrix r e l a t ing  element s t resses  t o  global displacements 
matrix r e l a t ing  element s t resses  t o  element displacements 
vector r e l a t ing  element temperature t o  element s t r e s s  
basic t o  global coordinate transformation matrix 

reference or strese-free temperature of t h e  element 
temperature of t he  element above the reference or st ress-free 

temperature 
displacements i n  x-, y-, and z-directions, respectively 

displacements i n  X-, Y-, and Z-directions, respectively,  see 
t ab le  I 
vector of displacements at actual  gr id  point i n  element 

coordinate system 
vector of displacements i n  mean plane 

Cartesian coordinates used i n  t ab le  I 
element Cartesian coordinate d i rec t ions ,  see f igure 1 

element parametric coordinates, see f igure 1 

rota t ions  of the mean plane element about x,y and z axes, 
respectively 

<-q 

Sub sc r ip t s  : 

1, 2, 3, 4 r e fe r  t o  g r id  points 1, 2 ,  3 and 4 respectively,  of the element 



A subscript preceded by a comma indicates p a r t i a l  different ia t ion with 
respect t o  the subscript. 

DESCRIPTION OF THE ELEMENT 

In t h i s  section of the paper, descriptions of the geometry and kinematic 
The element, behavior of the isoparametric element (figure 1) w i l l  be given. 

since it i s  defined by four points, need not be planar; however the development 
of the necessary matrices i s  carried out for  a f la t  element, The treatment of 

the case for  which the four points are  not coplanar w i l l  be discussed i n  a 
l a t e r  section of the paper. The element parametric coodinates 5 and 11 

shown i n  figure 1 vary l inear ly  between zero and one w i t h  the extreme values 
occurring on the sides of  the quadrilateral ,  Further, l ines  of constant 5 
and 11 are  s t ra ight  as indicated i n  the figure,  A set of element Cartesian 
coordinates x ,  y ,  z is  defined as follows: the x-axis i s  along the l i n e  
connecting the f irst  two grid points; the y-axis i s  perpendicular t o  the 

x-axis and l i e s  i n  the  plane of  the element; and the z-axis i s  normal t o  the 
plane and forms a r ight  handed system wi th  the x- and y-axes. Displacement 
components i n  x ,  y, and z directions are denoted by u ,  v ,  and w, 

respectively. 

have the following form: 

As given i n  reference 3, the displacement f i e l d  i s  assumed t o  

where the subscript on a displacement component denotes the gr id  point value 
of the component. 

It may be observed tha t  on l i nes  of constant 5, u and v vary l inear ly  

w i t h  r\ and on l i nes  of constant q, u and v vary l inear ly  with E. In  
par t icular  u and v vary l inear ly  on each edge between gr id  points and as 
a resu l t  the displacements of adjacent elements are matched a l l  along t h e i r  
common edges. 

guarantees tha t  the element w i l l  converge as an upper bound on the s t r a in  energy. 

The element is  therefore of the "conforming" type which 



The required membrane s t r a ins  are related t o  the displacements u and v 
by the familiar re la t ions  

X y  X'?.) 

J =  

Y B ~  Ya,, 

e = v  e = u  + v  (2 1 
'X Y 'Y w BY 'x 

e-- = u 

( 6 )  

where the  comma, indicates 

a re  expressed i n  terms of 
p a r t i a l  different ia t ion.  Since the displacements 

5 and q, the operations i n  equations (2 )  cannot 
be carried out without knowing the relationships between the  (x,y ) coordinates 

and the (6,~) coordinates. These relat ions are  given i n  reference 3 as 

By use of familiar re la t ions involving p a r t i a l  derivatives,  the operations 

indicated i n  equations ( 2 )  may be performed. Thus, for  example, 

where 

and 

t o  equations (3)  for coordinates x and y. Thus the term "isoparametrie" 

i s  applied t o  characterize the element. 

For t h e  special  case of a rectangle it can be shown tha t  the x and 5 
directions are ident ical  as are the y and r\ directions.  In th i s  case ex 
i s  l inear  w i t h  respect t o  y and constant w i t h  respect t o  x, whereas e 
i s  l i nea r  w i t h  respect t o  x and constant with respect t o  y. The shear 

Y 



s t r a i n  var ies  l i nea r ly  with respect t o  both x and y. I n  contrast  t o  t he  
s t r a ins ,  a l l  three stress components vary l i nea r ly  i n  both the  x and y 
directions.  

nonrectangular shapes the  behavior of the s t r e s s  and s t r a i n  components is 
more complicated and i s  not eas i ly  characterized. 

This i s  a d i r ec t  consequence of the const i tut ive equations. For 

IMPLEMENTATION OF THE ELEMENT 

The addition of an element t o  NASTRAN requires the  derivation of a s e t  

of charac te r i s t ic  matrices and vectors as described i n  reference (1) and those 
necessary f o r  the new element are:  

s t i f fnes s  matrix, [Keel 

lumped mass matrix, [Meel 

thermal load vector,  {Pel 

s t r e s s  recovery matrices, [se] and {S,) 

d i f f e r e n t i a l  s t i f fnes s  matrix, 

The development o f  these matrices i s  presented i n  t h i s  section along with a 

description of t he  procedure used when the four gr id  points defining the  
element a re  not coplanar. Final ly ,  t h i s  section contains an out l ine  of the 
matrix transformations required so t h a t  the new element w i l l  be compatible 
w i t h  others i n  NASTRAN, 

S t i f fness  Matrix 

Using equations (1) through (5)  r e su l t s  i n  the  following r e l a t ion  between 
strains and g r i d  point displacements 



ul :I~A1li e Y XY = CAI {riel 

u4 

v4 
\ 

where the elements of the 3x8 matrix [A ]  are functions of 5 and q. The 
stress-strain relation is given by 

where the 3x3 matrix [G ] represents most generally a completely anisotropic 
material. The terms ax, a and a are thermal expansion coefficients 
and e 
temperature, given by 

e 

Y XY 
is the average temperature of the element above the stress-free 

+ t3 4. th) - t' = (tl + t2 1 

The strain energy, V, (apart from thermal effects) is 

and from this expression, the stiffness matrix can be identified as 



The required in tegra t ion  i s  performed numerically by the  use of Gaussian 

quadrature using a 4x4 grid.  

fo r  isopmametric elements, see references 3 and 4. 
For a discussion of Gaussian quadrature as used 

Lumped Mass Matrix 

The mass matrix developed f o r  t he  isoparametric element i s  a lumped mass 

matrix s ince coupled mass matrices for  membrane elements generally r e s u l t  i n  

overly st iff  representations i n  dynamic problems (see  r e f .  1 p. 5.5-5). One 

method of lumping i s  t o  assign one quarter of  the  mass of t h e  element t o  each 

of the  four g r i d  points.  

t he  locat ion of the  center of mass of t he  element. Accordingly, t he  method 

used t o  generate the  mass matrix fo r  the new element is  t h a t  presently used 

i n  NASTRAN f o r  the  ex is t ing  quadr i la te ra l  membrane element. 

i s  based on an averaging procedure which always preserves the center of mass, 

However, t h i s  method usual ly  does not preserve 

This  l a t e r  method 

Thermal Load Vector 

For the  purpose of developing t h e  thermal load vector ,  t h e  contribution 

t o  the poten t ia l  energy, U ,  of the element tenperature above some stress-free 

value i s  wr i t ten  as 

U = h  

T 

t' J dg dq 

Using equations (7)  and (8) i n  equation (12) and discarding an i r re levant  
constant term not involved i n  t h e  solut ion,  r e s u l t s  i n  

txYJ 
and the thermal load vector i s  then recognized as 



Stress  Recovery Matrices 

Expressions f o r  the  element stress components [J and a at  any x’ oy’ X y  
point wri t ten i n  terms of displacements measured i n  the element Cartesian 
coordinate system are  obtained by combining equations (7) and (8) t o  give 

where 

Although the  stress components may vary 

only at  the  intersect ion of the  element 

output. Once the s t r e s s  components a re  

within the  element, they a re  computed 

diagonals for the  purpose of s t r e s s  

obtsined, they a re  used t o  compute the  
pr incipal  s t resses  and direct ions by appropriate formulas given i n  reference 5.  

Differen t ia l  St i f fness  Matrix 

The d i f f e ren t i a l  s t i f f n e s s  matrix, which is  used i n  NASTRAN primarily 
f o r  l i nea r  buckling analyses, is developed by a consideration of the work 

done by stress components ax, aya and 0 during s m a l l  ro ta t ions  wx, 
w and wz about the  three  element Cartesian axes. The expression f o r  the 

work done is taken from reference 1 (section 7.1, equation (16)) given as 

XY 

Y’ 
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where 

d 
[Kwl  = 

and the ro t a t ion  components are given by 

w = -w - 
wx - W S y  Y Ox 

(18) 

1 'Y 
wz = - u 1 

In order t o  evaluate wx and w , the behavior of w i n  the element i s  

required,  and for t h i s  purpose w i s  assumed t o  have the same parametric 

var ia t ion  as u and v ,  thus 

Y 

Combining equations (1), (XI), and (20) r e s u l t s  i n  

where t h e  elements of t he  3x8 matrix [C] are  functions of  5 and 0. 

Subst i tut ing equation (21) in to  equation (17) gives 



and the d i f f e ren t i a l  s t i f fness  matrix i s  recognized as 

The integration i s  performed by use of Gaussian quadrature using a 4x4 grid.  

The values of ax, 0 and 0 at each of the sixteen quadrature points are 

obtained from equation (15)  for  appropriate values of 5 and q. 
Y’ XY 

Use of the Mea Plane 

As mentioned previously, the matrices and vectors associated with the new 

If the four quadrilatera3 membrane element were derived for  a planar element. 

g r i d  points a re  not coplanar they a re  projected onto a so-called mean plane 
which i s  defined i n  the following manner (see figure 2). 

whose end points are gr id  points 1 and 3 and gr id  points 2 and 4 ,  respectively, 

are defined t o  be the diagonals of the  element. 

so tha t  it passes through the midpoint of the perpendicular connector of the 

two diagonals and pa ra l l e l  t o  them (see r e f .  5 p. 4.87-105 ) , 

figure 2 ,  i f  the length of the perpendicular connector i s  2H, then the user 

defined gr id  points a re  a l ternat ively H uni t s  above and below the mean plane 

as one progressively moves around the  element. 

are projected onto a mean plane, a planar element i s  defined and the previously 

derived matrices are applicable, 

Two skewed l ines  

The mean plane i s  defined 

As shown i n  

Once the actual gr id  points 

The authors would l i k e  t o  emphasize t h a t  the use of the mean plane concept 

does not f i na l ly  resolve the question of how t o  deal w i t h  a quadrilateral  

element whose gr id  points are  not coplanar and tha t  fur ther  research on 
t h i s  subject i s  warranted. 

assume the element t o  be planar with the plane defined by three of the gr id  

points,  

because numerical r e su l t s  were sensi t ive t o  the gr id  point numbering sequence 

i n  a s ingle  element, This numerical experiment t o  determine t h i s  sens i t iv i ty  

i s  described i n  the Appendix. 

One al ternat ive t o  the  mean plane i s  t o  

This a l ternat ive was found t o  be undesirable for the  new element 
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Transformation of Matrices and Vectors 

t o  Global Coordinates 

Up t o  t h i s  point the character is t ic  matrices and vectors fo r  the element 
have been derived i n  terms of displacements i n  the element Cartesian 

coordinate system. In  order tha t  the new element be compatible with other 

elements i n  NASTRAN, it is necessary t o  transform the matrices and vectors 

so that they are expressed i n  the global coordinate system. 
involves three transformations: 

This procedure 

(1) transformation from displacements i n  the  mean plane i n  the element 

Cartesian system t o  the displacements at  the user-defined gr id  points 

i n  the element Cartesian system 
( 2 )  transformation from displacements In  the element coordinate system t o  

displacements i n  the NASTRAN basic coordinate system 

(3)  transformation from the NASTRAN basic coordinate system t o  the NASTRAN 

global coordinate system. 
The first transformation i s  based on replacing the s e t  of forces i n  the 

mean plane {fe} by a s t a t i c a l l y  equivalent se t  at  the user defined gr id  points 
(fa)" The first s e t  consists of forces i n  the x and y directions only, 
whereas the second s e t  consists of forces i n  the x ,  y ,  and z directions.  
This statement of s t a t i c  equivalence can be writ ten as 

f 
Y l  

fZ1 where 
Cf I = a 
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The matrix [B] depends on the geometry of the element and 

measure of t h e  nonplaneness of t h e  element. 

transform displacements, thus 

H which i s  a 
This sane matrix i s  used t o  

The second and t h i r d  transformations are required of a l l  elements i n  NASTRAN 

and are discussed f u l l y  i n  reference 1. 

1 the transformation matrix from element coordinates t o  NASTRAN basic  
coordinates i s  denoted by a 12x12 matrix [E] ,  and the  transformation matrix 

In  terms of t he  notat ion of reference 

from NASTRAN basic  coordinates t o  NASTRAN global  coordinates i s  denoted by a 

12x12 matrix [TI. The r e l a t ion  between element and global displacements may 

f i n a l l y  be wri t ten as 

A l l  tha t  i s  now required t o  express the  matrices and vectors i n  the global 

coordinate system i s  t o  subs t i t u t e  equation (27) i n t o  equations (lo), (131, 

(15) , and (22).  The r e s u l t s  a r e  summarized below 

Thermal load vector:  

{P) = [TIT [E][Bl{Pej 

S t r e s s  recovery matrix: 

[SI = [Se l [BIT [ElT [TI 



PRELIMINARY RESULTS 

At the time of writing, the element is in the early stage of being veri- 
A stand-alone program has been written for the purpose of testing the fied. 

element in a NASTRAN-like environment, The first available test case for this 
element is a cantilever beam modeled by 16 equal elements as shown in figure 3 .  
Displacements and stresses were computed using the existing CQ,DMEM element and 
the new isoparametric element based on the same finite element idealization. 
The finite element results are then compared to an analytical solution based 
on elementary beam theory. In figure 3 the analytical solution for displace- 
ments is indicated by the solid line and the finite element results by dashed 
lines. 
element. When comparison is made with the analytical solution, the largest 
error exhibited by CQDMEM is 50% whereas the corresponding error for  the new 
element is 9%. 
the results have been normalized to the maximum stress predicted by elementary 
beam theory. 
point in each element, these stresses are presented as continuous curves. 
Again the exact solution is shown by the solid line and the finite element 
results by dashed lines, The results indicate a significant improvement in 
accuracy by using the new element. The maximum error in stress using the 
C Q D W  element is about 49% whereas that for the improved element is 14%. 

The new element is seen to be a significant improvement over the CQDMEM 

The comparison of stresses is presented in figure 4 where 

Although the finite element stresses were computed at a single 

CONCLUDING RFWKS 

An isopararoetric quadrilateral membrane element which is being 
implemented in NASTRAN by the NASTRAN Systems Management Office is described. 
Included are descriptions of the basic geometry and deformation characteristics 
of the elenent, as w e l l  as an outlime of the derivation of each of the required 
matrices and vectors for the element. Derivations of the stiffness matrix, 
thermal load vector, stress recovery matrices, and differential stiffness 
matrices are given. 
fo r  deviations from plmeness is included along with a description of the 
method used for this purpose in the new element. 

A discussion of the need for some method of accounting 

Finally, a sample 



calculation is carried out in which the displacements and stresses in a 
cantilever beam are computed by the new element and by the existing quadri- 
lateral membrane (C&DMEM) and compared with an analytical solution from beam 

theory, The significant increase in accuracy obtainable with the new element 

is demonstrated by the calculation. 
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APPENDIX 

SENSITIVITY OF MEMBRANE RESULTS TO 

ELEMENT GRID POINT NUMBERING SEQUENCE 

A numerical experiment suggested by Dr. Raphael Haftka, currently a 
National Research Council postdoctoral Fellow at the Langley Research Center, 
is performed on the structure sketched at the top of table I. 
member is non-planar and the vertical member is planar. Both members were 
represented by the new quadrilateral membrane element assumed to be planar 
with the plane of each element being defined by three of its grid points. 
Displacements under two loading conditions were computed by means of a 
stand-alone program. In the calculations, the grid point sequence for  the 
top member was varied as shown in table I, and the effects of these varia- 
tions are shown in table 11. Examination of table I1 (a) shows that for a 
load applied in the X-direction, the displacements both in the X-Y plane and 
normal to it are sensitive to the grid point numbering. 
is a 12% difference among the displacements in the Y-direction as well as 
among the displacements in the Z-direction at grid point 3. For the case of 
loads in the Z-direction there is a difference among the displacements in 
the Y-direction of 46%. 
tempered by the observation that the large errors noted always occurred in 
displacement components which were not in the direction of the applied load. 
By contrast the maximum difference was 1.5% for a displacement in the 
X-direction at grid point 2 in the first loading condition, Although the 
difference for displacements in the direction of the load is small, it is 
felt that the existence of a situation where different answers can be 
obtained with the same finite element model by merely changing the grid 
point numbering sequence for individual elements should be avoided. 

The top 

For example, there 

The consequences of these percentage errors are 
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TABLE EC 

Loading condition 1 

Loading condition 2 

li, 

FX2 = FX3 = 1 N  

FZ = FZ3 = 1 N  

X ,z 

Case 1st Point 2nd Point 3rd Point 4th Point 
I 1 2 3 4 

r 3 
11. 2 3 4 1 

Young's Modulus = 

Poisson's r a t i o  = 

thickness = .0374 

I11 
IV 

(a) Gridpoint Locations 
( a l l  coordinates given i n  centimeters) 

3 4 1 2 

4 1 2 3 
* 

(b) Loading 

125 

.3 

cm 

GN/m2 
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Table 11.- Effect of G r i d  Point Numbering on Displacement of 
a Warped Quadrilateral. ( A l l  Displacements are i n  cm.) 

(a) Displacement due t o  loads i n  X-direction 

6 ? X L O  3 
a w x 1061 
3 

Grid point 
Sequence ( table  I 

- 6 u2 x 1 0  c v2 x 10 I e w2 x 10 - 6 u x LO 3 

5.46 

5.49 

1.46 

1.48 

6.85 

6.84 

.498 

.526 

I 

I1 

1.59 

1.57 -1.08. 

111 5.44 6.86 ,511 -1.20 I 1.56 

1.57 IV 5.41 1.33 6.88 -1.19 1 
1 (b) Displacements due t o  loads i n  Z-direction 

I I I I i 
G r i d  point I Sequence 

6 u2 x 10 

I I -.298 I 6.05 I . h85 * 535 6.41 I -.095 
I I1 .506 365 6.33 1 -.099 1 I11 392 377 .421 

591 354 - .246 IV I 
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I 4 

Figure 1. - Coordinate systems f o r  quadri la teral  membrane element. 

2 Y 

Figure 2.  - Mean plane f o r  quadri la teral  membrane element. (Actual gr id  
points are  indicated by unprimed numbers and projection of 
gr id  points onto mean plane are indicated by primed numbers.) 
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SOME ASPECTS OF THE NASTRAN PROGRAM OUTPUT 
By David J . Gregory Grumman Aerospace Corporation 

Summary 

This paper discusses the Nastran Program Output from a structural analysts point of view, and 
describes the simple modifications which have been made to the program in order to improve it in 
certain areas. In particular, the convenience of  the output for use in original design work is critically 
appraised and compared with the output from Astral. * It is shown that considerable hand calculation 
is necessary in order to extract useful load distribution data from the available Nastran output. For 
this reason, some effort has been directed towards providing additional force output for the Nastran 
shear panel element. 

Introduction 

The output from any finite element structural analysis program must be in a form which is 
immediately useful to the stress or design engineer. The most sophisticated program is not being used 
efficiently if lengthy hand calculations are necessary before useful loads data can be extracted from 
the computer output. It is for this reason that Astral has been refined in a design environment over 
several years to provide a “Force” type output. This is the output that Grumman Engineers have 
found preferable to a stress output in most design situations where the structural model only 
approximates to the real structure. The output from Nastran is definitely not in a convenient form and 
this paper describes some of i ts shortcomings and the modifications made to the program in order to 
provide a force type output for the shear panel element. Similar modifications should also be made to 
the membrane and plate elements. 

b 
d 
F 
n 
Nx 
P 
4 
r 
f ’ 
x, Y 

02 

SYMBOLS 

Shear panel width 
Shear panel depth 
Shear panel corner forces 
Number of loading conditions 
Wing chordwise load distribution 
Shear panel diagonal forces 
Shear flow 
Number of members in idealization 
Shear panel thickness 
Local coordinates 

in. 
in. 
# 

#/in. 
# 
#/in. 

in. 
in. 

Angles defining geometry of shear panel (See Figure 13) 

NASTRAN OUTPUT: COMPARISON WITH ASTRAL 

In this section of the paper, Nastran Output is compared with Astral “M Print” for output format 
and form. 

* Automated Structural Analysis Program developed by Grumman 
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Output Format. Nastran output is grouped by loading conditions whereas Astral groups output by 
member or grid point number. Grouping by loading condition is far less convenient when many 
loading conditions may be present as is often the case in a fuselage analysis. Also, grouping by member 
number enables a maximum minimum search to be made by the program with a minimum of 
additional programming. This maximum minimum output for loads and deflections is an indispensable 
feature of  Astral “M Print” output. 

As an example of  the different grouping strategies, consider a hypothetical structure with r 
members and n loading conditions. Figure I compares the output formats for this structure. 

Output Form. Figure 2 indicates the mdin differences in output between Nastran and Astral for some 
of the most commonly used finite elements. In general, Nastran provides average stresses and scant 
loads data, whilst Astral provides a comprehensive force output on a “node force” basis. Nastran also 
provides a Margin of Safety output for some elements if an allowable stress is specified by the user. 
This margin is based upon average stresses in idealized members and assumes a uniaxial stress field. As 
such it is a “misleading” output and should be disregarded in all but the most elementary truss type 
structure. Of more use, would be a stress ratio of the form: 

Stress 
Allowable Stress 

Stress Ratio = 

Any stress output should be treated with caution, especially in final design work, since stresses 
output by Nastran are only correct if the idealized structure is identical to the real structure - rarely 
the case. In most cases, the Structural Analyst prefers to work with load distributions. 

Axial Force Output. Nastran outputs average forces in rod elements, diagonal forces in shear panels 
and no forces for the membrane element. Hence, the element node forces can not be calculated when 
using membranes, but can be calculated from rod and shear panel output at the expense of tedious 
hand calculations. The following procedure shows how node forces arc obtained from rectangular 
shear panels and rods. Note that for the more general case of non rectangular panels, the required 
calculations are more tedious and an approximate graphical approach would be used in most cases. 

Assume a situation were a rod is bounded by two rectangular shear panels as shown in F$ure 3: 

Nastran Output: Panel I Diagonal forces PI and P2 

Rod Average Force P3 

Panel 2 Diagonal Forces Pd and Ps 
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Required: Node Forces at Rod Ends FI and F2 

Shear Flows Adjacent to Rod q 7 and q2 

Resolving diagonal forces along panel edges, adding and dividing by length of  rod: 

P 4  + P5) 
92 =4-, #/IN 

b2 + d22 

Summing corner forces and rod average force at each end of rod: 

p2 p4 

F 2 = p 3 - 4 7 - 7 + w  

These equations would be modified appropriately if more than two shear panels were adjacent to 
the rod. Typically, for a wing rib and beam intersection, four panels would be involved. 

H3-T Orbiter Wing Analysis 

This analysis has been chosen to illustrate how loads are extracted from both Nastran and Astral 
for use in design work. 

Briefly, the idealization consists of quadrilateral and triangular membranes for the upper and 
lower covers, and rods and shear panels for the ribs, beams (spars) and vertical studs (posts). A drawing 
af the idealization is shown in Figure 4. 

Main features of the idealization are as follows: 

130 Grid Points 
80 Quadrilateral Membranes 
14 Triangular Membranes 

71 Rods 
707 Shear Panels 

364 Degrees of Freedom 
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The Nastran Bulk Data Deck used for the analysis was generated automatically from the Astral 
Input Deck using an in house conversion program. Only the Control Decks were produced by hand. A 
comparison o f  computer running times for the two analyses is shown in Figure 5. 

Load distributions useful to the Structural Analyst and Designer are shown at sample wing 
sections, and the method of  deriving them from the raw program output is detailed, The general 
agreement between the two analyses, as indicated by overall wing flexibility, is good as expected, since 
both use the stiffness method of finite element analysis and both have approximately equivalent 
elements. The difference in wing tip deflection for one typical loading condition amounted to less 
than .02M 

Wing Cover Axial Loads 

Cover axial loads are most often presented at Grumman as a series of chordwise running load 
distributions(#/in.) along each rib line. As an example, the distribution for the upper cover at rib IO is 
determined in Figures 6 and 7 and shown plotted in Figure 8. The Astral node or cap loads are divided 
by the effective panel width. The Nastran average stresses in panels on the inboard and outboard sides 
of the rib must be converted to running load and then averaged. 

Note that both analyses require a finer grid in the area adjacent to the rear beam due to the 
discontinuity at grid points 91 and 92. Additional stringers between the beams which carry through to 
the airplane center line are also needed, in order to predict the shear lag effect caused by the cover 
discontinuity across rib 7 7 .  

Rib and Beam Shear Flows 

All shear flows are output directly by Astral “M Print”. Nastran output consists of maximum and 
average shear stresses which may be converted to shear flows by multiplying by the panel thickness. If, 
however, all four shear flows are required, then the procedure outlined previously for rectangular 
panels or the procedure below for extracting stud loads must be used. Figure 9 shows the extraction of 
maximum shear flows only, for rib 70. 

Stud Cap Forces 

Stud forces or cap forces are the most difficult to extract frcm Nastran output. In this example 
the cap forces for stud 85 at the intersection of rib 70 and beam 5 will be determined. None of  the 
adjacent four shear panels are rectangular; therefore, the simplified equations of  the Appendix 
may not be used. Instead, an approximate graphical approach is taken. First the four shear panels 
are drawn to scale on Figure 7 0 with the diagonal forces and rod average forces as shown. Next, the 
components of the diagonal forces acting alona the stud are scaled and added: 



1.67 1 43 1.39 1.78 
10911 x - At the upper cover: Force = 3055 + 16292 x -- 2514 x -+ 4393 x -- 

2.49 3.17 1.87 2.06 

= 6660 # 

1.71 1.45 1.55 1.67 
3.30 2.35 1.84 2.09 

At the lower cover: Force = 3055 + 2626 x -- 15416 X-+ 12199 X-- 3960~- 

= 1990# 

These stud forces are not in good agreement with the corresponding forces output directly by 
Astral which are 76/0# at the upper cover and 710# at the lower cover. This is probably due partly to 
the graphical approach used, and partly to the relative insensitivity o f  wing flexibility and deflection 
to stud loading. A Nastran wing solution with rigid studs, imposed by multipoint constraints, showed 
only a 4.6% reduction in wing deflections. 

Program Modifications to Improve the Shear Panel Output 

This section of the paper describes in detail the changes made in Nastran Module SDR2 as a first 
step in providing an improved “force” type output. Perhaps the most inconvenient aspect of the 
present output is the use of  shear panel diagonal forces, and it was decided to improve this output as 
quickly as possible. This has been accomplished by modifying the appropriate routines and 
subroutines in Module SDR2 and outputting the additional data directly from this module, without 
recourse to User Modules or changes in the Output File Processor, The additional output includes 
corner forces (#), shear flows(#Jin), panel edge lengths and internal node numbers. This output in no 
way affects the regular Nastran printout which follows it. (See Appendix. ) 

In order to make these changes, the necessary equations were derived for resolving diagonal 
forces into corner forces and combining corner forces into shear flows. Next, a working knowledge of 
how Nastran interfaces “horizontally” between routines and “vertically” between modules was 
obtained, mostly on a trial and error basis, since this information is not specifically given in the 
Programmers Manual, The layout chart for Module SDR2 shown in Figure 11 was then drawn and 
proved invaluable when modifying routines and deciding on the best data paths between routines. At  
first it was hoped to accomplish all data transfer by means of common blocks; however, it was soon 
realized that due to the looping that takes place within the module this was not possible. Instead, use 
was made of the data f i le ESTA when necessary. The necessary changes to module SDR2 are described 
in some detail below and summarized in Figure 12. (See Appendix.) 

The basic problem consists o f  bringing together the diagonal forces and local mean plane 
coordinates, performing the necessary calculations and printing the results. The diagonal forces are 
calculated in subroutine SPA NL2 and the local coordinates in subroutine SPA NL 7. A convenient place 
to calculate the forces and shear flows and print them is in routine SDR2E. The following list of 
modifications to the routines have been made. 



The local coordinates of the four corners of each panel are loaded into common block SDR2X5 
as SPOUT (8) in subroutine SPANLl for transfer to SDR2B. These coordinates are X and Y 
values for corners 1 to 4 (Figure 13). 
In routine SDR2B, the local coordinates from common block SDR2X5 are transferred to Data 
File ESTA for the “vertical” transfer to SDR2E (Figure 11). ESTA assembles a block of  data for 
each shear panel element processed, whereas the common blocks are rewritten for each pass 
through a loop. 
The block data subroutine SDR2BD must be updated to redimension the enlarged ESTA file. The 
block size is increased from 25 to 33 words to include the coordinates. 
The shear panel diagonal forces P13 and P24 are loaded into common block SDR2Xl in SPANL2 
and transferred to SDR2E where they are available as BUFB(2) and BUFB(3) respectively. This 
does not require any additional coding. 
Data f i le ESTA is moved into common as ELESTA in routine SDR2E and element numbers and 
internal grid point numbers are already available as BUFB(I) and EL ESTA (2-5) respectively. 
Hence, all the necessary data is assembled in SDR2E. 

Local Coordinates 
Node Number 
Diagonal Forces 
Member Number 
Subcase Number 

EL ES TA (25-32) 
EL ESTA (2-5) 
BUFB (2-3) 
BUFB (I) 
z (ICC -t I) 

In routine SDR2E the corner forces, shear flows and panel edge lengths are calculated. 
The calculated data is output with appropriate headings. 

Appendix A summarizes the equations used, shows a listing of the major SDR2E module coding 
changes and provides an example of the additional program output. 

Recommended Changes in Nastran Output 

The following changes in the form and format of Nastran Output wouldgreatly ease the task of 
the Structural Analyst in design work. They would reduce the amount o f  hand calculation necessary, 
eliminate the likelihood of not designing to the most critical loading condition and increase the 
accuracy of most load distributions, 

Output Format 

e 
e 

0 

The output should be grouped by member or grid point number, not by loading condition. 
The maximum and minimum loads for each member should be output if more than two loading 
conditions are present. 
Loads should be output in decimal form, not in exponential form, when of  a suitable size. For 
example, a load o f  5650# should be output as 5650.0 or 5650, not as 5.650000E 03 which is far 
more difficult to read correctly. 
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Output Form 

e 

e 

e 

0 

0 

0 

The shear panel should have a shear flow (#/in.) output for all four sides, and the resolved corner 
forces should be used in a “Force ’’ type output including “kick” loads due to warping. 
Rod and bar elements should have cap or grid point forces output, not average forces. These are 
determined using the above panel corner forces. 
The membrane element should have a “force” type output consisting of  shear flows (#/in.) along 
all four sides and cap forces along imaginary rod elements. 
The Margin of Safety output should be deleted. 
The length of all sides of  all panels should be output, together with their direction cosines in the 
global coordinate system. 
A check on the free body equilibrium of  the structure is essential output for any finite element 
analysis. This should be a summation of  all forces and moments about the origin. 

Recommended Additions to Documentation 

e 
0 

Inclusion of  Module Layouts in the Programmers Manual (see Figure 11). 
Inclusion of full instructions for implementation of user modules in the programmers manual. 

Concluding Remarks 

The output from these two finite element analyses, Nastran and Comap Astral, differ in concept. 
Nastran in general outputs average stresses in elements and some forces which are not in an 
immediately usable form. Comap Astral pro vides no stress output (unless specifically requested) but 
gives a comprehensive force type output. Generally in all but the most elementary of structures, the 
force type output is preferred by structural analysts at Grumman. The Nastran Shear panel output is 
particularly difficult to use and the necessary modifications to the program to quickly provide a more 
suitable output have been described. A t  this time work is under way to provide a better output form 
and format for all the commonly used Nastran Elements. 

Reference 

A FFDL-TR-70-118 An Automated Procedure for the Optimization of Pratical Aerospace Structures. 
Section 4.3 “Nodal Stress Method.” 
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APPENDIX 

Summary of Equations: 

Trigonometric Functions: 

y4 

cos =- 

y 3  
cos q2 = 

y4 
cos G2 = 

4 x 2  - X4l2 + Y42 

4 x 3  - X4l2 + (Y3 - Y4I2 

(Y3 - Y4) 
cos e2 = 

sin q2 cos q1 - cos q2 sin q1 

cos F12=p13. 

sin q2 cos 

F32= '13 . sin e2 cos 

+ cos q2 sin 

+ cos e2 sin 

sin G2 cos O2 + cos 92 sin O2 

F42= '24. sin e2 cos q1 - cos e2 sin q1 

F21 - F12 - F21 - F12 - 91 = 
R 1 2  x2 

F41 F32 - F41 - F32 - 43 = 
R34 4 Y 3  - Y4I2 + (x3 - X4l2 

F 4 2 - F l l  - F 4 2 - F l l  - 44 = 
41 4Y42 + x42 

(x3 - x4) 
sin O 2  = 

4 x 3  - X4l2 + (Y3 - Y4)2 

sin $2 cos - cos G2 sin $1 

COS 91 F21 = '24 * 

sin O2 COS q2 - COS O 2  sin q2 

F31 = '13 cos + cos o2 sin 

sin q1 cos $2 + cos ql sin $2 

F41 = '24. sin e2 cos ql - cos o2 sin q1 

#/IN 

#/IN 

#/IN 

#/IN 
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ISN 0 2 7 2  
ISH 0 2 7 3  
ISN 0 2 7 4  
ISN 0 2 ? 5  
ISN 0 2 7 6  
I S N  0 2 1 7  

ISN 0 2 7 9  
I S N  0 2 E O  
I S N  0 2 8 1  
ISN (3282 
I S Y  0 2 8 3  
I S N  0 2 0 4  

. ISN 0 2 6 1  

ISN o w e  

ISN 0 2 f C  

I S N  0 2 @ 5  
ISN 0 2 e 7  

a i c  u =  3 0 0 0 0 2 5 5  
0 0 0 0 2 4 t  
0 0 0 0 2  5 7 
0000258 
0 0 0 0 2 5 5  
0 0 0 0 3 0 0  

E O C  K r  4 0 aGO3O 1 
. 0 0 0 0 3 0 2  51O-CM-L CBCPL2 ( Y )  - 

GO TO E 2 0  0 0 0 0 3 0 3  
-___ _-_ . - 

5 2 0  K t  2 0 0 0 0 3 0 4  
00003C5 Z Z O  CALL STQYE24K) 

GO TO C2C 3000 30C 
5 4 0  u t  4 00003G7 

0 0 0 0 3 0 8  Z E C  CALL CTRCD2(U)_ _ _ _ _  
000 0 3 0 9  GO TO C 2 C  

SeO CALL C9AR2 0 0 0 0 3 1 0  
- - - ~  - - - - 0000311 GO TO E20 

57C AGAIN = .FALSE. 0 0 0 0 3 1 2  
CALL BCCNEZ( SORC I 0 0 0 0 3 1 3  

0000214 GO TO C2C 
SEO-CALL SlRIR21TGRID)  0 0 0 0 3 1 5  

. ____.__I_ - - - 

--_- - - - - 

--__-___ ___ -_ .- __ - - _-- - 

C S C  CALL STRAP2 ( T G R I C  I .. _ _ _  _ _  
GO TO 6 2 0  

0 0 0 0 3 1 7  
o o o o 3 i e  

GO TO 6 2 0  0000316 

___ _. 

c C C  CALL CTORC2 ( T G R I O )  0 0 0 0 3 1 5  
0000120 

E10  GO TO 5 c c  0 0 0 0 3 2 1  
C*****  0000322 
C CALL ELEMENT 2 1 I P E S  F C G  C C C F L E X  VECTCRo IMAGINARY F I R S T .  REAL SECOND0000323 
C CALL ELEWFAT ROLTINE IWICE IF A X I C  PRCBLEM 0 0 0 0 3 2 4  
C ONCE FOR EACH OF THE 2 VECTCfiS I h  CORE 000 03 25 
C*****  000032C 

6 2 0  IF( AXIC . A N ) .  #ICVECohEoO .LhCo IPAART.EO.1 3 GO T O  625 0 0 0 0 3 2 7  
0 0 0 0 3 2 8  
0000329 

C***** 0000330 

-.- ___ ._-- - G O  TO € 2 0  - 

tF( SPAR1 o G E e  K T I P E  ) GC TC 615 

€25  I 'EC = - * 1 o v e c  _ _  - - _.___ -. . . - -  
C FOR CONICAL SHELL C h L I  0000331 

-- - I_ __ - - - - __ 
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Output Format Comparison 

NG. 7 

Member Output Form Comparison 

Node forces at each end of Beam. 
Moments, torque and shear at each 
end of  beam 

Shear Panel Shear flow (#/in.) along all four 

Length of each side 

Quadrilateral 
Membrane 
(Astral Type 8) 
(Nastran Q D M EM) 

Node cap forces along each side 
Shear flow (#fin.) along each 

Length of  each side 

Node cap forces only 

(Nastran TRMEM) 

Nastran Output 

A verage force in bar 
A verage stress in bar 

A verage force in beam 
Moments, torque and shear 
as for Astral. AI1 respective 
stresses 

Four diagonal forces on shear 
panel 
A verage and maximum shear 
stress #/in2 

No force type output 
A verage stresses in local 
x and y directions and shear 
stress 
Principal stresses and maxi- 
mum shear stress 

No force type output 
Stress output as for 
Quadrilateral membrane 

FIG. 2 
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p5% p4 
1 PANEL 2 I 

FIG. 3 ROD AND RECTANGULAR PANEL-EXAMPLE 
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SPAR w 

9 

UPPER COVER - L.H. WING 

LOWER COVER NODES AND PANELS ARE 
NUMBERED ONE GREATER THAN SHOWN' 

STUD NUMBERS ARE THE SAME AS THE 
UPPER GRID POINT NUMBERS 

95 

I 
I 

RIB SCALE: APPROX. 11100 
1 

FIG. 4 ORBITER WING IDEALIZATION 
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Program Running Times - Comparison 

FIG. 5 
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Spanwise Loud Intensity Distribution 

Astral Results (M Print) 

Node Span wise 
Number Load # 

79 +7 700 
87 -4733 
83 -69980 
85 - 730990 
87 - 7 50400 
89 -7 78790 

1 97 -93280 
~ 93 0 

Distance 
From F. Bm in. 

Effective * N ,  
Width in. #jin 

35.63 
70.66 
97.57 
93.66 
88.43 
86.62 
47.57 

6.26 

+3 7 
-59 

- 764 
- 7399 
-7 701 
-7370 
-2240 

0 

Q 
77.3 

747.3 
254.4 
328.6 
43 7 .3 
507.9 
574.4 

* Effective width is equal to the sum of half the panel widths on each side of 
the node. 

Fig. 6 

Nastran Results 

Nx I Panels lnbdof 1 
#jin 

-192 
-325 
-884 

-7377 
-1470 
-757 7 

2 75 
2 77 

~ 279 
28 7 
283 j 285 

-42 7 0 
-76570 
-39820 
-52060 
-5 7 800 
-5 7820 

Panel 

t in 

.0250 

.0250 

.0256 

.0317 

.030 7 
,0369 

N, 1 iet-age I Distance 

#jin Af t  of 
Front Beam 

-7 734 
-7 732 
- 1646 

-705 
-472 

- 7009 
-7552 
- 7 528 
- 7 942 

35.6 
106.3 
797.8 
297.5 
3 79.9 
466.6 

* F, is the average membrane stress in the panel, in the local coordinate system x direction. 

Fig. 7 
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35( 

28 

21 

14 

z 
2 
Y 

. 

7 

2500 

2000 

1 500 

1 OM) 

2 
# 

- 
1 

500 

MAX +Qa CONDITION 
ULTIMATE LOADS 

SPAN W I S E 
NZ DISTRIBUTION 

r--- 
I 
I 
I 

I ' I  I 

r-- 

f 
I 
t 
I 
I 
I 

-- - - .- ... NASTRAN 

ASTRAL 

I t I I I 
100 200 300 400 500 

INCHES AFT OF FRONT BEAM 

I I I I 1 
250 500 750 1000 1250 

CM AFT OF FRONT BEAM 

FIG. 8 ORBITER WING - ASTRAL/NASTRAM COMPARISON 
UPPER COVER RIB 10 LOAD D I ~ R I B ~ T ~ O N  
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Panel 
Vumber 

461 

463 

465 

467 

469 

471 

4 73 

Nastran and Astral Maximum Shear Flows in Rib 10 

Nastran Max. 
Shear Stress #/in. 

11212 

7 04 73 

2086 

17297 

9235 

10915 

19476 

Panel 
Thickness in. 

.02 

.02 

.02 

.02 

.02 

.02 

.02 

Nastran Max. 
Shear Flow #lin. 

224 

210 

42 

346 

185 

218 

389 

Astral Max. 
Shear Flow #lin. 

233 

244 

37 

32 7 

7 60 

289 

343 

FIG. 9 
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RIB AND SPAR PANELS, TO SCALE, WITH APPROPRIATE 
DIAGONAL LOADS AND AVERAGE STUD LOAD SHOWN 

900 

800 

Z, CM 

700 

3( 

16,292 \ 

- 

- 
2, 

- 

- 

360 

340 

320 

IN. 

300 

280 

260 

\ 
'\ @ / 

PANEL / 0 'a \ 

/ 
, 465 \ 

/ 

STUD 
/ 

\ 
\ 

' /' 85 
0.' , 

\ 0 

\ 
0 

0 \ /@ , 
@',, 

15,416 / 

* 

- 

- 

- 

- 

- 

I I I I I t I 1 

i* 

\ PANEL 
467 , 

/ 
\ ' ,  '/ 
/ \ 
/ \  

\ / 
# 

0 ' 0  
\2626* 

X, IN. 
I I I I 

3125 3250 3375 3500 
X, CM 

BEAM- 

4393- z / 10,911* 

1 2,199* \ 

LANDING CONDITION: MAX Qa+ 
LOADS: ULTIMATE 

Y, IN. 
I I 1 I 

600 700 500 Y,CM 
400 

FIG. 10 NASTRAN-EXTRACTION OF STUD LOADS 
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CASECC (IFP1) 

Fig. 11 
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SDR2 

CASECC (IFP1) 

EDT (IFP) 
SIL (GPI) 

3ASECC EDT 

'YY U 

ADDITIONAL DATA FOR 
CORNER FORCE MODIFICATIONS 



Summary of  Changes to SDR2 Module to Provide Shear Panel Corner Force Output 

Routine 

SDR2BD 

SD R2 E 

SD R2E 

SDR2E 

SDRZZE 

SPA NL 7 

SPA NL 1 

Location 

Line 88 
“Data Elem I” 

Line 36 

Line 96 

Line 11 1 

Line 289 

Line 69 
‘%ommon 

Line 791 

Change or Inclusion 

Increase “ESTA ’) block for “shear” element by number of words 
being added (8 in this case) column 40. . . 33 (was 25) 

Add: “Dimension XLESTA (loo), XBUFB (200)” 
These are ‘real’ array equivalents of integer arrays ‘ELESTA ’ 
and BUFB 

Add: “Equivalence (ELESTA (l), XLESTA (l)), (SBUFB ( I ) ,  
BUFB (7))” 

Add Headings for each subcase. This output will appear at the 
beginning o f  each subcase. 

Add: a) calculations for shear flows, etc. 
b) output o f  shear flows, etc. 

In common “/SDR2XS/” and SPOUT (8) (to hold corner 
coordinates) 
Continuation card 3: “3, SPOUT (S), yyyyy (94)” 

Add: SPOUT (1) ,,,, SPOUT (8) = 0.0, 0.0, X2, 0.0, X3, Y3, X4, 
Y4 

Fig, 12 
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FIG. 13 SHEAR PANEL NOMENCLATURE, LOCAL COORDINATES 



A DESIGN STUDY FOR THE ADDITION O F  HIGHER-ORDER 

PARAMETRIC DISCRETE ELEMENTS 

TO NASTRAN" 

By E. L. Stanton 

McDonnell Douglas Astronautics Company 
Huntington Beach, California 

SUMMARY 

Higher -order  paramet r ic  d i scre te  elements a r e  a significant modeling 

advance over s imilar  elements with straight-sided triangular or quadri- 

l a te ra l  planforms. 

NASTRAN poses significant interface problems with the Level 15. 1 assembly 

modules and geometry modules. 

potential problems in designing new modules for higher-order paramet r ic  

d i scre te  elements in both areas. 

separates  grid point degrees  of f reedom on the basis  of admissibility, 

geometric input data are described that facilitate the definition of surfaces 

in  paramet r ic  space. 

However, the addition of such d iscre te  elements to 

The present  paper systematically reviews 

An assembly procedure is suggested that 

New 

SYMBOLS 

Ck Denotes continuity through k derivatives 

The partial derivative of f with respect  to a and /3 

Total differ entia1 of f 
f 'ap 
df 

R Cylindrical radius 

S A r c  length 

U a  

3 

UA 

Elastic displacement in the curvilinear coordinate direction a 

Elastic displacement normal  to the midsurface 

Grid point displacement parameters  required for admissibil i ty 

U 

"This work was performed under the sponsor ship of the McDonnell Douglas 
Astronautics Company Independent Research  and Development Program. 
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UH 
i 

X 

2 
( 5 ,  V I  
Subscripts : 

FP Flat plat e 

C P  Cylindrical panel 

Grid point displacement parameters not required for admissibility 

Grid point coordinates in a reference coordinate system 

Rotations about the x1 coordinate directions 

Patch parameters  analogous to curvilinear coordinates 

INTRODUCTION 

In the main, joining problems a r i se  with higher -order discrete elements 

because the additional grid point degrees of freedom contain te rms  directly 

proportional to element strains. 

ment parameters between geometrically similar elements implies a strain 

continuity that is erroneous if  the elements are of different materials. 

A complete one-to-one joining of displacement parameters between geo- 

metrically dissimilar elements implies a strain discontinuity that is  erron-  

eous if the elements a r e  of similar materials. 

behavior will be given in which the in-plane displacement gradients a r e  

A complete one-to-one joining of displace- 

An example of this latter 

erroneously linked between cylindrical panel elements and flat plate elements. 

To obtain the correct  solution these parameters must either be allowed to 

vary independently or be joined by a constraint equation for in-plane strain 
continuity. 

the minimum constraints required to produce an admissible displacement 

field for the Ritz procedure. As a practical matter this approach is  of little 

help if used uncritically since it can add many unnecessary degrees of f ree-  

dom. 

example, there a r e  48 degrees of freedom that a r e  reduced by admissibility 

constraints to 22 independent degrees of freedom. 

constraints a r e  applied these a r e  reduced to 12 independent degrees of f ree-  

dom. In this case there is nearly a 50 percent reduction when strain contin- 

uity is valid. 

higher-order discrete elements must be flexible enough to take advantage of 
this situation if it is to be efficient. 

In general, any variational problem can be solved by using only 

At the intersection of four MDAC parametric discrete elements, for 

When strain continuity 

Any modification of the NASTRAN assembly modules to process 
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The basic geometric entity used by NASTRAN is the grid point. The 

basic geometric entity need for parametric discrete elements is a mapping of 
two surface coordinates into points on the surface in three dimensions. This 

mapping, called a patch, is approximated locally by interpolation functions. 
These functions must be input to NASTRAN in order to generate element 

matrices {stiffness, etc. ). It is, of course, feasible to input the patch for 

each element directly as par t  of the property data for the element. 

the obvious disadvantage of requiring a great deal of input data; up to 48 items 
for a bicubic patch. To reduce input data requirements, the MDAC para- 
metr ic  plate element program uses  the boundary curve for the entire plate to 
generate patches for each discrete element once a topological mesh has been 

specified (Reference 1). 
data for NASTRAN to facilitate the introduction of parametric discrete elements. 

This has 

The present paper considers new geometric input 

ADMISSIBLE DISPLACEMENT FIELDS 

Admissibility conditions for discrete element displacement functions a r e  

an especially important topic for higher-order discrete elements. 

ical variational mechanics the mater ia l  properties a r e  usually assumed either 

constant or continuously differentiable functions of the spatial coordinates. 

This leads to simple smoothness requirements bTsed on the order of the dif- 
ferential operator in the equilibrium equations (Reference 2). The displace- 

ment u3 in a homogeneous plate bending problem, for example, must be C4 
in the interior and C 3  on a f ree  edge. 

of the natural boundary condition for shear. 

on the continuum displacement solution that the discrete element model must 

converge to in the limit. 

it is the existence of this norm that sets  the admissibility conditions for the 

piecewise polynominal displacement function formed by assembling individual 

discrete elements. 

derived from the s t ra in  energy density which involves at most second deriva- 
tives of u3. 
C 1  between elements the energy norm is well defined. 

dition corresponds to  the absence of a hinge between plate elements and it is 

imposed at the grid points to assemble or build a discrete element model of 

a plate structure. 

In class- 

The latter condition is a consequence 
These are of course conditions 

Convergence is measured by an  energy norm and 

Returning to the plate example, the energy norm is 

As long as the discrete element displacement field is at least 
Physically this con- 

How closely the assumed displacement functions approach 
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this condition between nodes is a problem in approximation theory that is 

intimately related to the question of completeness. This is another issue 

entirely and for the present discussion completeness will be assumed. Again 

returning to the plate example if there a r e  no line moments between elements 

and the mater ia l  i s  continuous, then the strains a r e  continuous, 

constraints can then be used to impose inter-element strain continuity but 

these conditions a r e  not required for admissibility. The solutions obtained 

with and without these additional constraints will often have the same mean 

e r r o r  (Reference 3 )  but the solution with strain continuity will require solving 

fewer equations. 

stiffness matrix may be less than one-half the dimension of the original. 

Additional 

When dealing with higher-order elements the constrained 

When higher-order discrete elements with distinctly different strain- 

displacement equations must be assembled, a clear understanding of the 

admissibility conditions is  essential. 

possible pitfalls i s  with an illustrative example. 

and cylindrical panel elements f rom the discrete element model of the pear- 

shaped cylinder shown in Figure l. Using the Bogner, Fox, Schmit (BFS) 

plate and cylindrical panel elements (Reference 4), there a r e  12 degrees of 

freedom per grid point per element, the three displacement components 

relative to a local curvilinear coordinate f rame u", u3 and the nine gradients 

of these displacement components ua, 1, u*, 2, ua, 12, u3, 1, u3, 2, u3, 12. 

There is  a tendency to erroneously assume the plate displacement gradient 

components a r e  equal the panel displacement gradient components at a com- 

mon node, in particular (u2, 2)Fp = (u2, 2)cp. 

.normal displacement component u3 is  caused by this assumption a s  shown in 

Figure 2 for the pear-shaped cylinder under a uniform axial load. 

admissibility conditions merely require ( u * ) ~ ~  = ( u a ) c p  and ( u ~ , ~ ) F P  

= (u3, a)cp where the curvilinear coordinates have been parameterized such 

that d a  = dS in each element. 

course must exist i f  we a r e  to have continuous midsurface strains, 

Perhaps the best way to describe the 

Consider adjacent flat plate 

A substantial e r r o r  in the 

The 

This allows discontinuities in u2, 2 which of 

3 p2)Fp = (Y2*2)cp+TC U 
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It should be noted that it i s  not necessary to  use Equation (1) a s  a constraint. 

The minimum potential energy theorem ensures that the Ritz procedure for 
2 2 admissible. displacement fields will find (u , 2)FP and (u , 2)cp such that 

equilibrium is satisfied in the limit. 

strain continuity and Equation (1) can be used a s  in Reference 5 as an additional 

constraint which reduces the number of equations to  be solved. 

the pear-shaped cylinder such that the flat panel material  is different f rom the 

cylindrical panel material  then Equation (1) cannot be used since equilibrium 

now requires a strain discontinuity. 

In this problem equilibrium implies 

If we modify 

There a r e  a t  least  two other situations in the assembly of higher-order 

Consider the stiffened cylindrical 

In 

discrete elements that deserve attention. 

panel shown in Figure 3 again modeled using the BFS discrete elements. 

this case, even though adjacent cylindrical panel elements have the same strain 

displacement equations and a r e  made of the same material, there can be dis- 

continuities in u1 

cylindrical panel. 

the three rotations to be equal between adjacent higher-order plate elements. 

Let x = constant be the common edge between two BFS plate elements and 

recall  that the elastic rotations a r e  one-half the cur l  of the displacement. vector: 

Using a Cartesian coordinate system, the rotations a r e  

caused by load transfer between the stiffener and the ' 2  
Consider next an e r r o r  that can occur when constraining 

1 

- U l ,  2 )  
e3  = 1 (. 2 

2 ' 1  

' 2  To ensure the same displacement along the common edge requires ucy 

and u3 If, in additioh, we now require €13 to  be continuous 
this will imply u2 This in turn implies the shear strains a r e  

continuous which is erroneous i f  the plates a r e  of different materials. Admis- 

sibility requires only that 8 and 9 be continuous. 

to  be continuous. ' 2  
i s  continuous. ' 1  

1 2 

These examples illustrate the pitfalls that can occur in the assembly of 

high-order discrete elements when constraints a r e  used that exceed those 
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necessary for admissibility. Unfortunately it is not practical to u s e  only 

admissibility constraints when strain continuity or other grid point con- 

straints are valid. These constraints not ogly reduce the number of 

equations, they usually do not change the structure of the stiffness matr ix  

(if it was banded it will remain banded) and in most cases  they do not increase 

the mean e r r o r .  The design of a new structural  matrix assembly module for 

use with higher-order elements in NASTRAN must take these factors into 

account. 

STRUCTURAL MATRIX ASSEMBLY MODULE 

The structural  matrix assembly module in Level 15. 1 of NASTRAN can- 

not process discrete elements with more than six degrees of freedom per 
grid point. 

for  accurate and efficient design requirements. 

the admissibility conditions must be available a s  a default and grid point con- 

straints must be available for efficiency. The module should be able to  

assemble the existing general elements in NASTRAN with higher-order 

elements of different types. This suggests two categories of grid point 

degrees of freedom for each element; those directly involved in admissibility 

conditions, UA, and all others, UH. All grid point degrees of freedom (in 

element coordinates) for  all  general elements now in NASTRAN fall in the 

f i rs t  category. The new grid point degrees of freedom, UH, a r e  somewhat 

like scalar point variables except they are elastically coupled to  all  the other 

grid point degrees of freedom for an element. As a default value, the number 

of UH at a grid point is equal the sum of the UH associated with that grid point 

f rom each element connected to  that grid point. 

based simply on admissibility. Next, it is necessary to provide for grid point 

constraints that a r e  linear equations, usually identities, among the UH and UA 

at a grid point. This is analogous to multipoint constraint equations with al l  

the degrees of freedom occurring at the same grid point. 

a unique identification scheme for the UH will be needed. The UA of course 

already a r e  identified uniquely by component numbers 1 t o  6. Also, a s  a 

practical matter, an automated grid point constraint generator is needed; one 

that could set all UH components equal for elements of the same type at  a grid 

point. To fix some of these ideas consider a BFS plate element (Reference 4), 

A new module is required for higher-order elements that accounts 

Assemhly based on simply 

This corresponds to  assembly 

As a practical matter 



a CKLO plate element (Reference 5) and a CQDPLT plate element 

(Reference 6) all modeling the behavior of a plate having one common grid 

point. At the element level the CQDPLT element has five degrees  of free- 

dom per grid point, the BFS element has twelve and the CKLO element has 

twelve. 

freedom. 

These are listed in  Table 1, divided into UA and UH degrees  of 

Table 1.  Grid Point Degrees  of Freedom 

Element UA1 UA2 UA3 UA 4 UA5 UA6 UHl UHZ UH3 UH4 UH5 UH6 UH7 

2 3  3 3 
CQDPLTul u U u, 2 -u, 1 

The two higher-order elements have elastic rotations about the x3 axes (c. f. 

Equation 2)  but these a r e  not UA degrees  of f reedom a s  described ear l ie r .  

If the UA degree of f reedom is removed with an  SPCl  card there a r e  19 
degrees  of f reedom at the common grid point, 
same mater ia l  then grid point constraint  equations can reduce this to  14. 
Suppose there i s  a rod normal to  the plate that t ransmi ts  torsion. 

not add a degree of f reedom since UA 

of the BFS element by Equation (2) or equivalently UH2 and UH3 of the CKLO 

element. 

for all combinations of general  elements without the analyst making judgments 

about load paths in his structure.  These decisions will be input via grid point 

constraint equations. 

6 
If the elements are all of the 

This does 

in this case is related to  UH 6 2 and UH4 

As is obvious f r o m  this example, admissibility cannot be determined 

An analogous situation now exists with f rame s t ructures  

when the analyst uses pin flags (cuts  and releases) on the CBAR card to  input 
his decisions about joints. 

PARAMETRIC DISCRETE ELEMENT GEOMETRY 

The initial geometric representation of a complicated s t ructure  is a 

formidable design problem but it i s  one that has been solved by the time a 

discrete  element analysis is required. 

(loft lines, offsets, etc. ) has been prepared and serves  as a data base for 

Some f o r m  of a geometric model 
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the an lyst. 
Severs \ industries piecewise polynomial surface representation is now used 

(Reference 7). This f o r m  of surface representation is the same as that used 

for  parametr ic  d i scre te  element models and consis ts  of patches that m a p  two 

parameters  (5, 11) into spatial  coordinates (x (6,  q), .x  (E;, q), x (6 ,  q), on 

the midsurface of the d iscre te  element. 

that the edges of the element coincide with constant values of the patch para-  

meters (5, q )  as Figure 4 i l lustrates.  The data required t o  define a patch 

with curved edges is obviously m o r e  than the grid point coordinates of the 

corners .  
i i  i t h e n x ,  x ,*, x 

extent the increased data per  grid point is offset by a reduction in the number 

of grid points required to  mode1 the geometry but this is a separate  issue.  

The immediate problem is how t o  efficiently introduce into NASTRAN the 

geometric data required by paramet r ic  d i scre te  elements.  

input as property data f o r  each element or as a separate  enti ty like grid point 

coordinates that can then be referenced on a broader  basis  by all elements.  

Increasingly these models are computer generated and in 

1 2 3 

The patches are constructed such 

If bicubic Hermite polynomials (Coons' surface patches) are used 

and xi are required at each  corner .  To  a large 
'rl '5'1 

This-data can be 

The first approach would require  a minimum change t o  NASTRAN 3ut could 

be very  inefficient in that the same boundary data might be input over and 

over again, once for each element sharing a common edge. 

this reason only the second approach will be considered further.  

P r i m a r i l y  for 

The patches used for paramet r ic  discrete  e lements  are almost  always 

bivariate polynomials although other interpolatory functions are possible. 

These polynomials can be uniquely determined in severa l  different ways, each 

related t o  the other by a l inear  transformation. 

nomial interpolate determined f r o m  corner  coordinates and derivatives a l so  

can be uniquely determined by the coordinates of sixteen points (Reference 1)  
i where four of these must  be inter ior  points for  the x , 

can a l so  be used to  define patches. 

(Reference 8) using piecewise cubic interpolation of a grid line t o  obtain C 

continuity. 

point data is now used in NASTRAN. 

super patch that defines severa l  patches within its boundaries. 

patch is constructed using spline constraints (Reference 9 )  and has  been used b y  

T i m e r  (Reference 10) t o  f o r m  bicubic patches for aerodynamic surface model- 

ing. 

A bicubic Hermite poly- 

Boundary curves  
5'1 

Mallet provides a n  excellent example 
1 

This approach uses  grid line data in much the same way grid 

Another useful representation is the 

The super 

Both the grid line modeling and super patch modeling offer the additional 
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1 benefit of C 

patches. 

C 

constructing grid line data f r o m  a near  minimal  data base. 

continuity along the ent i re  common boundary between adjacent 

Patches derived with the spline constraints  of Reference 9 a l s o  have 
2 continuity and requi re  far less input data. This  suggests a simple way of 

The p a r a m e t r i c  
i i and the gr id  point identification 

numbers  G1, G2, . . . , GN of points on the line are all that's required t o  define 

the line. 

E N' slopes at the two end points, x ,  6 1  a n d x ,  

x , e q l  and x 'S'1N 

If c r o s s  derivative data is des i red  for Coons surface patches then 
1 i are a l s o  required but only at the four c o r n e r s  of a super  

patch. 

s t ra in ts  is shown in Figure 5. 
constraints produce a wavy line that does not model the initial geometry well. 

In this instance the paramet r ic  slopes should be input for e v e r y  grid point on 

the line. 

it will be necessary  to adopt some standard such as 0 i 551 between adjacent 

grid points. 

A prototype data c a r d  for  generating a grid line f r o m  spline con- 

There are of course  situations where spline 

Although no mention of grid line parameter izat ion has  been made, 

REFERENCES 

1. 

2. 

3 .  

4. 

5. 

6 .  

Palacol, E. L. and Stanton, E. L. : Anisotropic Parametric Plate Dis-  
c r e t e  Elements. 
WD 1656, March 1972. 

McDonne11 Douglas Astronautics Company Paper  

Mikhlin, S. G. : Variational Methods in Mathematical Physics.  
Macmillian, New York, Chapter 2, 1964. 

Stanton, E. L. and Schmit, L. A. : A Discrete Element S t r e s s  and Dis- 
placement Analysis of Elastoplastic Plates. AIAA Journal,  Vol. 8, 
NO. 7, July 1970, pp. 1245-1251. 

Schmit, L. A., Bogner, F. K. , and Fox, R. L. : Finite Deflection 
Structural  Analysis Using Plate and Shell Discrete Elements. 
AIAA Journal, Vol. 6, No. 5, May 1968, pp. 781-791. 

Lindberg, G. M. and Cowper, G. R. : An Analysis of a Cylindrical 
Shell With a Pear-Shaped C r o s s  Section- Lockheed Sample Problem 
No. 1. National Research  Council of Canada, NAE Lab., Memo. 
ST-139, June 1971. 

MacNeal, R. H. (Editor): The NASTRAN Theoretical  Manual. NASA 
SP-221, September 1970. 

369 



7. Birkhoff, G. and De Boor, C. : Piecewise Polynomial Interpolation 
and Approximation. Approximation of Functions, edited by 
H. L. Garabedian, Elsevier, New York, 1965, pp. 164-190. 

8. Mallett, R. H. : Formulation of Isoparametric Finite Elements with C 1 

Continuity. Bell Aerospace Co. Report No. 9500-920209, Jan. 1972. 

9. De Boor, C .  : Bicubic Spline Interpolation. Journal of Mathematics and 
Physics, Vol. 41, 1962, pp. 212-218. 

10. Timmer,  H. G. : Ablation Aerodynamics for Slender Reentry Bodies. 
AFFDL-TR-70-27, Vol. 1, March 1970. 

370 



MATER I AL PRO PERT I ES: 

E = 68.95 x lo9 NEWTONS~METER~ 

v = 0.3 

P = 689.5 NEWONS/METER* 

R = 2.54 CM 

L = 2.032 CM 

t = 0.254 CM 

UNIFORM AXJAL L0.AD = 1.751 NEWTONS 

Figure 1 Cylindrical  Shell with Pear-Shape Cros  s-Section 

CURVED 1 FLAT CURVED FLAT 

ARCLENGTH S (CM) 

I I 
OO 5 10 

Figure  2 Effect of Er roneous  Constraints Between Higher- 
Order  Curved and Fla t  Discrete Elements  



Figure  3 Stiffened Panel  Joining Example 

1 -’>. K<= CONSTANT/ 

/ /;I=CONSTANT 

Figure  4 Discrete  Element Geometry Represented by a Patch 
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BULK DATA DECK 

INPUT DATA CARD S P L I M  

DESCRIPTION: 

GRID LINE SPLINE CONSTRAINTS 

DEFINE END SLOPES AND INTERMEDIATE GRID POlwTS FOR 
A TYPE I SPLINE CONSTRAINT EQUATION 

S P L l N l  
+bc 

GLlD CD X l C l  X2C1 X3Q X l C N  X2CN X3CN abc 
G1 G2 GN 

GLlD 

CD 

,. 

GRID LINE IDENTIFICATION NUMBER 

IDENTIFICATION NUMBER OF COORDINATE SYSTEM 
IN WH I CH THE PARAMETRIC SLOPES ARE INPUT 

PARAMETRIC SLOPE XI, 

PARAMETRIC SLOPE X3, 

GRID POiNT IDENTIFICATION NUMBERS OF POINTS 
ON GRID LINE GLlD IN SEQUENCE 

AT GRID POINT 1 

AT GRID POINT N 

GN 

Figure  5 Prototype Bulk Data Card  f o r  Spline Cons t ra in ts  
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MODIFICATIONS AND ADDITIONS TO NASTRAN 
AT MARSHALL SPACE FLIGHT CENTER 

1969 -1972 

By Archie J. Jordan, Jr., and William G .  Ward 
Compute’r Sciences Corporation 

SUMMARY 

Modifications made to NASTRAN at Marshall Space Flight Center, Huntsville, 
Alabama, can be grouped into two general classes: 

1. Those modifications to NASTRAN code which result from the 
location, identification, and correction of errors or operational 
problem areas. 

2. Addition of new capability which is structural, executive system 
oriented, or utility in nature. 

In addition to these modifications to NASTRAN, several important studies have 
been conducted at MSFC relative to NASTRAN efficiencies and inefficiencies. 

INTRODUCTION 

A brief description on some of the major modifications to NASTRAN will be 
discussed. These are modifications which have been made to various levels of 
NASTRAN and which are currently incorporated into MSFC’s version of Level 12. 
Because of the significance of two studies conducted relative to NASTRAN efficiencies 
and inefficiencies, more time will be allotted to discussion of these studies and their 
results. 

Modifications and Additions 

(1) A post-processor was written to stack SC-4020 plot commands generated by 
NASTRAN onto drum, preceded by the MSFC standard identification frame and 
followed by the MSFC standard end job frame. This was written in the form 
of a utility subroutine, but performs as a post-processor in that it is executed 
after all other NASTRAN activities have been completed. This modification 
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was made at the request of MSFC Computation Laboratory management in order 
to solve SC-4020 tape labeling problems on NASTRAN runs coming in from re- 
mote terminals. 

The method of obtaining accumulated CPU time for triangular decomposition 
"time-to-go" checks and other time checks in NASTRAN was changed due to 
a change in the 1108 Executive System's PCT (Program Control Table). 
Accumulated C P U  time is now found by interrogating a locally maintained 
system routine since the format of the PCT appears to be highly evolutionary. 

Additions and modifications to the NASTRAN Executive System were made to 
allow the capability of inputting NASTRAN Executive, Case Control, and Bulk 
Data decks from magnetic tape instead of cards. The user may also require 
the flexibility of inputting the Executive and Case Control decks from cards 
and the Bulk Data decks from a non-UMF formatted tape. This case often 
occurs when a user has generated a large amount of bulk data in a small 
FORTRAN data conversion program and the number of punched cards is pro- 
hibitively large, Both of these options were made available. 

A NASTRAN DMAP functional module, OUTPUT 2,  was developed to write on 
magnetic tape the non-zero terms of the lower triangular portion of a 
NASTRAN symmetric matrix. Options have been recently included in this 
module which allow for writing on tape or punching on cards non-zero terms 
o f a  general matrix in a user specified FORTRAN format. 

A NASTRAN DMAP functional module was developed to punch out NASTRAN 
matrices in the NASTRAN Bulk Data DMI card format. A module similar to 
this will be delivered in Level 15 by NSMO. However, the module developed 
here will punch out single and double precision values instead of just single 
precision values and will also punch complex matrices, such as complex 
eigenvectors 

Modifications to appropriate subroutines in NASTRAN's Executive System have 
been made which will generate a forced checkpoint if the run time on the run 
card is greater than or equal to 30 minutes. The modified code will detect the 
run time, assign a checkpoint tape, generate the card image "CHKPNT YES" 
in the Executive Control deck and allow for the punching of the restart dic- 
tionary. This modification was developed at the request of the MSFC 
NASTRAN Technical Monitor who felt some users were not using the check- 
point feature at all and, as a result, were needlessly using CPU time in sub- 
sequent runs. This inhibits all users from getting machine time. With the 
automatic checkpoint feature, it is not necessary for the user to include the 
T H K P N T  YES" option in his run. A close kin to this capability is the 
development of the NASTRAN Executive System capability of forcing "unde- 
formed structural plots" for NASTRAN runs which qppear to be large (greater 
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than 30 minutes). Again, it was felt that too many users were creating large 
models and making many long runs without ever checking their model by look- 
ing at the wideformed plots. This capability is now being developed. 

A modification was made to the real eigenvalue module to print out the eigen- 
value iteration information as computed and to force exit from the algorithm 
as soon as the first root is obtained. This capability is often desirable in 
buckling problems where only the first mode is desired and run times are long. 

Several functional modules have been developed and incorporated into MSFC Is 
NASTRAN version which allow for a complex eigenvalue solution for a spinning 
flexible body such as NASA's SKYLAB. The user DMAP sequence for this 
capability is available, and a detailed user paper is being presented in this 
colloquium by Dr. Jayant S. Pate1 of Teledyne-Brown Engineering. 

Two DMAP functional modules have been developed which will allow for the 
capability of substructuring in NASTRAN as defined by a segment of the 
MSFC structural analysis NASTRAN user community. Basically, one module 
unpacks and writes NASTRAN matrices on a magnetic tape; the other reads 
matrices from magnetic tape, packs them in NASTRAN matrix format and 
generates corresponding NASTRAN output data blocks. These data blocks 
(matrices) a re  then utilized in a DMAP sequence o r  rigid format to accom- 
plish the substructuring task. This approach can be used to model a structure 
with up to eight substructures. 

Studies on NASTRAN Efficiencies and Inefficiencies 

Two significant studies will be presented relative to NASTRAN efficiencies 
and inefficiencies : 

1. NASTRAN CPU Time Versus Available Core for Triangular 
De c ompos it ion. 

2. Investigation of NTRAN 1/0 Usage in NASTRAN. 

The first study was initiated in order to discover some quantitative relation- 
ship between "core" solutions and "spill logic" solutions for NASTRAN problems 
requiring triangular decomposition on MSFC's UNIVAC 1108 EXEC VIII, For 
large NASTRAN problems, a substantial amount of the total computing time is 
associated with triangular decompos ition, NASTRAN performs this decomposition 
task utilizing all available core. It dynamically allocates its large arrays at execute 
time by employing an "open core" concept. The use of fixed dimensions for large 
arrays is avoided since this automatically restricts the size of the problems that 
can be solved. Instead, FORTRAN routines are programmed to allocate space as 
required and to use all of core available to user programs. When all of core has 

377 



been allocated, NASTRAN then uses "spill logic" to transfer data to scratch files 
and back to core again. NASTRAN calculates the amount of available core ("open 
core") for allocation purposes by determining the number of words available be- 
tween the origin of "open core" and the end of core. 

To demonstrate the relationship between CPU time and available core for 
triangular decomposition, it was decided to develop a problem which would yield 
an !'all core" decomposition for 65K on the UNIVAC 1108 and then decrease the 
amount of available core to NASTRAN in subsequent runs. This decrease in the 
amount of available core would cause the "all coreT1 solution to become a "spill logic" 
solution. Comparisons of CPU run times would give some insight into the excessive 
run times being experienced at this center for decomposition problems. 

Using Version 12 of NASTRAN, the amount of "open core" can be reduced with 
relative ease. By choosing appropriate options on the UNIVAC 1108 Executive Con- 
trol XQT card, a user can limit the amount of core available for his own NASTRAN 
problem, Four runs were submitted for various size models with available core 
figures of: 

1. 65K 
2. 55K 
3. 50K 
4, 42K 

The structural problem developed to use as a test case for this study was a 
rectangular panel made up of quadrilateral plate elements with a bandwidth of 169 
and 480 degrees of freedom. A buckling analysis was performed on the panel, and 
only one eigenvalue was obtained. The CPU run times for the four test runs were 
evaluated by three different methods: 

1. Total CPU run time versus available core. 

2, CPU time spent in the NASTRAN functional module, READ, 
versus available core. This module performs the matrix 
decompos ition and eigenvalue solution. 

3. CPU time spent only in the decomposition portion of READ 
versus available core. It is this portion of the READ module 
which contains the "spill logicf1. 

These run times are given in Attachment A, and the results are plotted in 
Figures 1, 2, and 3 to graphically illustrate the increase in C P U  time in all pro- 
gram areas as the amount of available core is steadily decreased. Since the aim 
of this study was to determine the increase in CPU time due to the use of %pill 
logicI1 in triangular decomposition, it is important to note that the CPU time for 
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the entire program increased 2.4 times (240%) when core was decreased by 1/3 
(33 1/3%), The total decomposition CPU time increased 6.5 times (650%) due to 
the same decrease in available core. It is also important to notice that the increase 
in CPU time in the three areas mentioned is n m  i.e. , the ratio of the change 
in CPU time to the change in available core is not constant. 

Investigation of NTRAN I/O Usage in NASTRAN 

The second study was initiated in order to determine if NASTRAN's NTRAN 
I/O package was hurting NASTRAN performance at MSFC since it was known that 
the NTRAN 1/0 was excessively inefficient. A series of test runs was made in which 
249 word records (FORTRAN buffer size) were written from core to drum by MSFC's 
NTRAN, NASTRAM's NTRAN, and FORTRAN binary 1/0 operations. In addition, 
two approaches to using NTRAN were tested and were designated NTRAN 1 and 
NTRAN 2 as follows: 

NTRAN 1 - A method of NTRAN usage in which a wait in NTRAN occurs 
until all previous operations, for the specified logical unit, 
are complete before stacking any further operations or re- 
turning to the user's program. This approach is the method 
employed by NASTRAN. 

NTRAN 2 - A method of NTRAN usage in which the transmission status 
word is tested in a FORTRAN loop until an error occurs or 
the transmission is successfully completed. 

The results from one such series of tests follow. In these tests, each 1/0 
method was allowed to write as many records as possible (up to 4000) in two 
minutes (CPTJ). 

249 WORD RECORDS (MSFC NTRAN) 

METHOD DEVICE RECORDS TRANSMITTED CPU TIME 

NTRAN 1 DRUM 577 2:oo Min. 

NTRAN 2 DRUM 2 84 2:OO Min. 

FORTRAN DRUM 4000 1 :17 (Min Sec . ) 
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249 WORD RECORDS (NASTRAN NTRAN) 

METHOD DEVICE RECORDS TRANSMITTED CPU TIME 

NTRAN 1 DRUM 4000 25 Sec. 

NTRAN 2 DRUM 1523 2:OO Min. 

FORTRAN DRUM 4000 1:11 (Min,Sec.) 

It was determined that NTRAN 1 or  the wait and unstack approach is vastly 
superior to the NTRAN 2 programming approach and substantially better than 
FORTRAN binary I/O, It was also determined that NASTRAN's NTRAN is substan- 
tially more efficient than MSFC's NTRAN and does not inhibit NASTRAN's 1/0 
performance 

CONCLUDING REMARKS 

Modifications and additions to the local MSFC standard version of NASTRAN 
are only one area of NASTRAN maintenance which occurs at  MSFC; however, it is 
probably the most significant since it hopefully plays a part in keeping NASTRAN 
a meaningful, useful, and evolutionary tool for the structural analysts at MSFC 
instead of the obsolete monster it could become if modification and addition could 
not be performed on this remarkable system. 
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ATTACHMENT A 

A. TOTAL CPU RUN TIME 

UPPER CORE LIMIT 

65K 

55K 

50K 

42 K 

B. CPU TIME 1N READ 

UPPER CORE LIMIT 

65K 

55K 

50K 

42 K 

C. CPU TIME IN DECOMPOSITION 

UPPER CORE LIMIT 

65 K 

55K 

50 K 

42K 

CPU TIME 

20-1 MIN. 

25.5 MIN. 

31.9 MIN. 

48.2 MIN. 

CPU TIME 

13.5 MIN. 

19.3 MIN. 

25.2 MIN. 

41.3 MIN. 

CPU TIME 

4.7 MIN. 

9.7 MIN. 

15.7 MIN. 

30.5 MIN. 
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THE NASTRAN CONTOUR PLOTTER 

By Barbara M. Kel ly  

Naval Ship Research and Development Center 

SUMMARY 

The NASTRAN Contour P l o t t e r ,  a group of subrout ines  and modi f ica t ions  t o  
the  NASTRAN P l o t  Module, enab le s  contour  l i n e s  t o  be superimposed on t h e  p l o t  
of t he  s t r u c t u r a l  model o r  on an o u t l i n e  of t h e  s t r u c t u r a l  model. The NASTRAN 
Contour P l o t t e r  can be incorpora ted  i n t o  NASTRAN Version 12 .  Cons is ten t  wi th  
the  NASTRABJ computer program, i t  i s  o p e r a t i o n a l  on t h e  IBM 360, t he  CDC 6000, 
and t h e  UNIVAC 1108 computers on a v a r i e t y  of p l o t t e r  hardware. 

INT RODUCT I ON 

NASTRAN (NAsa  STRuctural ANa1ysis)program i s  a gene ra l  purpose d i g i t a l  
computer program f o r  t he  a n a l y s i s  of  l a r g e  complex s t r u c t u r e s .  NASTRAN uses  
t h e  f i n i t e  element s t r u c t u r a l  a n a l y s i s  approach which involves  rep lac ing  the  
a c t u a l ,  continuous s t r u c t u r e  by an  i d e a l i z a t i o n  composed of s m a l l  e lements .  

NASTRAN c u r r e n t l y  provides  a p l o t t i n g  c a p a b i l i t y  t o  a i d  i n  the p repa ra t ion  
of t h e  s t r u c t u r a l  model and i n  t h e  i n t e r p r e t a t i o n  of t h e  computed r e s u l t s .  
This s t r u c t u r e  p l o t t i n g  c a p a b i l i t y  produces both deformed and undeformed 
geometr ic  p r o j e c t i o n s  of t h e  s t r u c t u r a l  model w i th  o r  without  displacement 
v e c t o r s  a t  t h e  nodal  p o i n t s .  The X-Y p l o t t i n g  c a p a b i l i t y  produces graphs of 
t r a n s i e n t  response and frequency response,  and the  mat r ix  p l o t t i n g  c a p a b i l i t y  
gene ra t e s  t opo log ica l  d i s p l a y s  of matrices. 

The contour  p l o t t i n g  c a p a b i l i t y ,  an enhancement t o  t h e  s t r u c t u r e  p l o t t e r ,  
w i l l  p l o t  l ines  r ep resen t ing  equal  va lues  on any deformed o r  undeformed 
geometric p r o j e c t i o n  of t h e  s t r u c t u r a l  model. I t  w a s  developed t o  a i d  i n  t h e  
i n t e r p r e t a t l o n  of va r ious  stress and displacement r e s u l t s .  

The contour  p l o t t i n g  c a p a b i l i t i e s  are descr ibed  i n  terms of the  d a t a  card 
s p e c i f i c a t i o n s  which i n d i c a t e  t h e  type of contour p l o t  and d i r e c t  the  contour  
p l o t t e r  t o  superimpose contour  l i n e s  on the  s t r u c t u r a l  model. These d a t a  cards  
are an a d d i t i o n  t o  t h e  s t r u c t u r e  p l o t  reques t  packet  used t o  de f ine  and 
c o n t r o l  t h e  execut ion  of t h e  s t r u c t u r a l  model p l o t  ( r e f .  1). 

Adding t h e  contour p l o t t i n g  c a p a b i l i t y  t o  the  s t r u c t u r e  p l o t  module 
n e c e s s i t a t e d  c e r t a i n  modi f ica t ions  t o  e x i s t i n g  subrout ines  w i t h i n  the  module 
and t o  the  p l o t  DMAP (Direct Matr ix  Abs t rac t ion  Program) s ta tement  i n  t h e  a l l  
r i g i d  formats .  These modi f ica t ions  and a d d i t i o n s  are descr ibed  i n  the  format 
of The NASTRAN Programmer's Manual ( r e f .  2 ) .  
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Figure 1. 

Nine types of stress contour p l o t s  are ava i l ab le :  

- Major and Minor P r i n c i p a l  S t r e s s  [ E;:! } 
I MAXSHEAR - Maximum Shear Stress 

- X,Y,Z Normal Stresses stress = { z:z2 1 
ZNdRMAL I 

} - Shear-XY, -XZ, -YZ . 

Four types of displacement contour p l o t s  are ava i l ab le :  

- t h e  X,Y,Z components of t he  
displacement = displacement vec to r  

(MAGNITUD - the  magnitude of the  displacement vec to r  

Default  f o r  t h i s  parameter i s  MAJPRIN, Major P r i n c i p a l  Stress. 



may be s e l e c t e d .  I n  t h e  set of elements f o r  which a contour  p l o t  can be 
executed (see The PLOT Execution Card),  t h e  average of 21 and 22, M I D ,  is  
app l i cab le  only t o  t h e  CTRlA2 and CQUADZ elements .  The d e f a u l t  i s  Z1. 

The Normal S t r e s s e s  are d i r e c t i o n a l  and are c a l c u l a t e d  i n  t h e  elements  
l o c a l  coord ina te  system. I f  COMMON DIRECTION i s  s p e c i f i e d ,  t h e  contour  p l o t t e r  
w i l l  t ransform t h e  Normal S t r e s s e s  and the  Shear S t r e s s e s  t o  a common 
( c u r r e n t l y  t h e  b a s i c )  coord ina te  system. I f  LOCAL DIRECTION i s  s p e c i f i e d ,  
t h e  contour  p l o t t e r  w i l l  leave t h e s e  stresses i n  the  g l o b a l  coord ina te  system. 
Note t h a t  t he  Normal Z S t r e s s ,  and t h e  Shear-XZ and Shear-YZ are assumed t o  be  
zero  i n  t h e  element 's  l o c a l  coord ina te  system. 
t h e  COMMON DIRECTION. 

Defaul t  f o r  t h i s  parameter i s  

The PLOT Execution Card 

The PLOT Execution Card ( f i g u r e  2) has  been a l t e r e d  t o  inc lude  t h e  
CONTOUR and OUTLINE execut ion commands ( r e f .  4 ) .  

1 S TAT1 C 

TRANSIENT 
PLOT [{MODAL 1 DEFORMATION il,i2,THRU i 3 , i 4 ,  e t c .  

RANGE 11, 1 2  
TIME +13 3-2 

RANGE X1, 12 
TIME t l ,  t 2  [CONTOUR i 1 , i Z  THRU i 3 , i 4 ,  etc.]  > 

> 

[MAXIMUM DEFORMATION d]  > [SET j 1 > [ O R I G I N  k]  > 

SHAPE, VECTOR v 

Figure  2. 

The CONTOUR command w i l l  superimpose l i n e s  r ep resen t ing  equa l  va lue  on 
t h e  s t r u c t u r a l  model o r  on t h e  o u t l i n e  of t h e  s t r u c t u r a l  model. The nonzero 
i n t e g e r s  fol lowing t h e  CONTOUR command r e f e r  t o  subcases  t o  be  p l o t t e d .  
Defaul t  is t h e  subcase fol lowing t h e  DEFORMATION parameter  o r ,  i f  t h a t  
parameter is n o t  s p e c i f i e d ,  a l l  subcases .  In  a d d i t i o n ,  t h e  RANGE o r  TIME may 
be  s p e c i f i e d .  I f  bo th  DEFORMATION and CONTOUR are s p e c i f i e d ,  t h e  contour  
p l o t t e r  w i l l  t ake  t h e  subcase,  range, o r  t i m e  parameters  fol lowing 



DEFORMATION as app l i cab le  t o  t h e  contour  p l o t  as w e l l  as t o  t h e  deformed p l o t .  

I f  a stress contour  p l o t  is  reques ted ,  contour  l i n e s  w i l l  be  p l o t t e d  on 
the  fol lowing elements i n  SET j appropr i a t e  t o  t h e  type  of stress contour  
p l o t  reques ted  ( r e f .  5 ) :  CSHEAR, CTRlAl, CTRlA2, CQUAD1, CQUAD2, CTRMEM, 
CQDMEM . 

I f  a displacement contour  p l o t  is reques ted ,  contour  l i n e s  w i l l  be  p l o t t e d  
The type of  on a l l  two-dimensional elements p l o t t e d  by t h e  s t r u c t u r e  p l o t t e r .  

deformation must be  s p e c i f i e d  f o r  a displacement contour  p l o t .  

The contour  l i n e s  are l abe led  wi th  i n t e g e r s  i n d i c a t i n g  the  contour va lue .  
The i n t e g e r s  are l i s t e d  w i t h  t h e i r  a s s o c i a t e d  contour  va lues  i n  t h e  form of a 
key i n  t h e  P l o t  Module Message s e c t i o n  of t h e  p r i n t e d  output .  

The OUTLINE command has  been added as an  a l t e r n a t i v e  t o  t h e  SHAPE 
command. OUTLINE w i l l  p l o t  connecting l i n e s  between those g r i d  p o i n t s  which 
l i e  on the  boundary of t h e  s t r u c t u r a l  model. 

I f  DEFORMATION i s  s p e c i f i e d  i n  an a d d i t i o n  t o  OUTLINE, t h e  OUTLINE w i l l  
r e f l e c t  t h e  deformed s t r u c t u r e .  I f  a "0" i s  added t o  t h e  deformation subcase 
s t r i n g ,  t h e  undeformed o u t l i n e  w i l l  be  p l o t t e d .  

The OUTLINE command may be s p e c i f i e d  only i n  a d d i t i o n  t o  t h e  CONTOUR 
command. 

CONTOUR PLOT PROGRAM FUNDAMENTALS 

Modif ica t ions  and Addit ions t o  t h e  Funct iona l  Module P l o t  

The a d d i t i o n  of t h e  contour  p l o t t e r  en la rges  t h e  c a p a b i l i t i e s  of t h e  
Funct iona l  Module P l o t  ( r e f .  6) t o  i nc lude  the c a p a b i l i t y  of superimposing 
contour  l i n e s  on s t r u c t u r a l  shapes using a v a r i e t y  of d i f f e r e n t  p l o t t e r s .  I n  
o rde r  t o  inco rpora t e  t h e  contour  p l o t t e r ,  two d a t a  b locks  w e r e  added t o  the  
i n p u t  s t r i n g  of d a t a  blocks brought  i n t o  t h e  P l o t  Module and mod i f i ca t ions  
w e r e  made t o  t h e  e x i s t i n g  subrout ines  i n  o r d e r  t o  add the  new subrou t ines  t o  
t h e  P l o t  Module. 
on the  contour  p l o t .  

A page of p r i n t e d  output  w a s  a l s o  devised t o  g i v e  informat ion  

The d a t a  b locks  ECPT and (dES1 w e r e  added as a d d i t i o n a l  i n p u t  b locks  t o  
the  DMAP c a l l i n g  sequence. The DMAP c a l l i n g  sequence ( r e f .  7) becomes: 

PLgT PLTPAR, GPSETS, ELSETS, CASECC, BGPDT, EQEXIN, SIL, ECPT, 
PLTDSP1, PLTDSP2, @ESl/PL@TX/V,N,NGP/V,N,LSIL/V,N,PLTFLG/ 
V,N,PLTNUM $ 

ECPT is t h e  Element Connection and P r o p e r t i e s  Table and @ES1 is  t h e  Output 
E lemen t  S t r e s s  Table.  I f  t h e  ECPT d a t a  block i s  purged, contour  p l o t s  w i l l  
no t  b e  drawn. I f  t h e  @ES1 d a t a  b lock  is  purged, t h e  stress contour  p l o t s  
w i l l  n o t  be  drawn. 



Modif ica t ions  w e r e  made t o  e x i s t i n g  p l o t  module sub rou t ines  sa t h a t  t h e  
contour  p l o t  d e f i n i t i o n  ca rd  could b e  d e t e c t e d  and so that the CONTOUR and 
OUTLINE commands could be  executed. When t h e  p l o t  module i s  ready t o  gene ra t e  
t h e  p l o t  (subrout ine DRAW), a l l  t he  necessary  parameters  have been set and 
any necessary  r o t a t i o n s  have been made t o  g e n e r a t e  t h e  contour  p l o t .  

The subrou t ine  CONTOR is  c a l l e d  by t h e  sub rou t ine  DRAW t o  p l o t  contour  
l i n e s .  I f  a stress contour  p l o t  w a s  requested,  CONTOR r eques t s  t h a t  t he  p l o t  
set b e  ordered and t h a t  contour  va lues  beq found f o r  each element.  The 
contour  lines are then loca ted  on t h e  s t r u c t u r a l  model, drawn and l abe led .  
If a displacement contour  p l o t  w a s  requested,  t h e  contour  l i n e s  are drawn by 
the  subrout ine  DISPLA which r e t u r n s  t o  t h e  sub rou t ine  CONTOR t o  p l o t  t h e  
l a b  e 1s . 

If an OUTLINE of  t h e  s t r u c t u r a l  model w a s  reques ted ,  t h e  sub rou t ine  DRAW 
calls the  sub rou t ine  BORDER t o  gene ra t e  t h i s  p a r t  of t h e  p l o t .  

The subrou t ine  DRAW, then, ( r e f .  8), has  been a l t e r e d  s o  t h a t  subrout ines  
CONTOR and BORDER can be  
o u t l i n e .  The subrout ine  
t o  ROTATE can be  made t o  
system. 

The seven subrout ines  
descr ibed  below. 

c a l l e d  t o  gene ra t e  contour  l i n e s  and t h e  s t r u c t u r a l  
PLOT (ref. 9 )  has  a l s o  been a l t e r e d  s o  t h a t  a ca l l  
t ransform c e r t a i n  stresses t o  a common coord ina te  

comprising the  contour  p l o t t i n g  c a p a b i l i t y  are 

(1) Subrout ine Name  : R@TATE 

a common coord ina te  system. 

where ELSETS is  t h e  d a t a  block conta in ing  element connect ion da ta ,  

Purpose: t o  t ransform the  Normal Stresses and the  Shear Stresses t o  

Cal l ing  Sequence: CALL R@TATE(ELSETS, GPLST, X) 

GPLST i s  a l i s t  of i n d i c e s  def in ing  t h e  set of g r i d  p o i n t s  a s soc ia t ed  

X conta ins  the  corresponding coord ina tes  of the  g r i d  p o i n t s .  
w i th  t h e  elements ,  and 

Common Blocks: 
/XXPARM/ ( r e f .  10) (see a l s o  Addit ions t o  NASTRAN Tables ,  

page 10 1. 
Method: The subrou t ine  t ransforms the  Normal S t r e s s e s  and Shear S t r e s s e s  

from the  l o c a l  coord ina te  system t o  a common coord ina te  system using the  
fol lowing express ion:  

[TI  = [ e l  [ T ' I  [ e l T  

T T 

where [ T I  = [i is  a symmetric ma t r ix ,  

zx zy z 
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ox) Q , oZ Y 
T T , T are t h e  Shear-XY, -XZ, and -YZ S t r e s s e s  

[ e ]  i s  t h e  r o t a t i o n  matrix which has  as its components t h e  

are t h e  NormalX,Y, and Z S t r e s s e s  r e s p e c t i v e l y ,  

xy' xz yz r e spec t ive ly ,  and 

d i r e c t i o n  cos ines  between the  l o c a l  and common 
coord ina te  systems. 

Since a l l  elements considered by t h e  contour  p l o t t e r  are p l a t e  e lements ,  
t h e  elements  are a l i  assumed t o  l i e  i n  the  l o c a l  X,Y p lane  wi th  t h e  X-axis 
pass ing  from g r i d  p o i n t  one t o  g r i d  p o i n t  two ( r e f .  11 ) .  The subrout ine  
makes use of t h e  assumption t h a t  Q = T = T = 0 i n  t h e  l o c a l  coord ina te  
system. z xz yz 

A new l o c a l  element stress t a b l e  (NEWOES) i s  compiled by the  subrout ine  
ROTATE t o  communicate the transformed stresses t o  t h e  sub rou t ine  CONTOR. 

Addi t iona l  Subrout ines  Required: None. 

(2)  Subroutine N a m e :  C@NT@R 

Purpose: t o  p l o t  and l a b e l  contour l i n e s .  

Cal l ing  Sequence: CALL C@NT@R(GPLST,X,S,U,PEN,DEF@RM) 
where GPLST i s  a l i s t  of i n d i c e s  def in ing  t h e  set of g r i d  p o i n t s ,  

X conta ins  t h e  corresponding coord ina tes  of t h e  undeformed p o i n t s ,  
S conta ins  t h e  corresponding coord ina tes  of t he  deformed p o i n t s ,  
u conta ins  the  displacement coord ina tes ,  
PEN i s  the  l i n e  dens i ty  o r  pen number, and 

DEFORM = { 
Common Blocks: 

0 i f  an  undeformed s t r u c t u r a l  model w a s  reques ted  
1 i f  a deformed s t r u c t u r a l  model w a s  reques ted  

/XXPARM/ ( r e f .12 )  (see a l s o  Addit ions t o  NASTRAN Tables ,  

/PLTDAT/ ( r e f .  13) 

/DRWDAT/ ( r e f .12 )  (see a l s o  Addit ions t o  NASTRAN Tables ,  

page 10 ) .  

page 10 ). 

Method: If t h e  contour  p l o t  i s  t o  be  a displacement contour  p l o t ,  
CONTOR cal ls  the  sub rou t ine  DISPLA t o  p l o t  t he  contour  l i n e s .  I f  a stress 
contour  p l o t  w a s  reques ted ,  CONTOR calls  the  sub rou t ine  CREATE t o  p repa re  a 
t a b l e  conta in ing  t h e  contour  va lue  and the  c e n t r o i d  f o r  each element i n  t h e  
p l o t  set .  The subrout ine  ORDER is  then  c a l l e d ,  i f  necessary ,  t o  provide a 
t a b l e  of a l l  g r i d  p o i n t s  i n t e r n a l  t o  the  s t r u c t u r a l  shape and a l l  elements 
t h a t  sha re  a common g r i d  p o i n t  i n  the  cu r ren t  p l o t  set. 

Once these  t a b l e s  are a v a i l a b l e ,  CONTOR estimates a contour  va lue  
f o r  each i n t e r n a l  g r i d  p o i n t  using a weighted average of d i s t a n c e  from t h e  
cen t ro ids  and contour  va lues  of surrounding elements .  Contour l i n e s  are 
found w i t h i n  a t r i a n g l e  formed by connecting a n  i n t e r n a l  g r i d  p o i n t  and two 
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adjacent elements' centroids.  Contour l i n e s  are p l o t t e d  with the  assumption 
t h a t  the contour values vary l i n e a r l y  between v e r t i c e s  of t h i s  t r i ang le .  

Labels are placed on the  completed contour p l o t  and the  subroutine 
PLTOPR is  ca l l ed  t o  p r i n t  the  contour p l o t  key as p a r t  of the p l o t  messages. 

Additional Subroutines Required: ORDER, CREATE, DISPLA. 

(3)  Subroutine N a m e :  CREATE 

block and ca l cu la t e  the centroid of each element i n  t h e  p l o t  set .  

where GPLST is  a l i s t  of ind ices  defining the  set of g r i d  po in t s ,  

Purpose: t o  e x t r a c t  the stress contour values from the  appropriate da ta  

Calling Sequence: CALL CREATE(GPLST,X,U,DEF(&M,C(8NMIN,C@JMAX,ELMTID,ST@RE) 

X , U  contain the  corresponding undeformed and deformed coordinates 

DEFORM = { 
CONMIN,CONMAX are t h e  minimum and maximum of the contour values,  and 
ELMTID,STORE are temporary s torage  areas f o r  the element 

respec t ive ly ,  of the  g r i d  po in t s ,  

0 i f  an undeformed s t r u c t u r a l  shape w a s  requested, 
1 i f  a deformed s t r u c t u r a l  shape w a s  requested 

i d e n t i f i c a t i o n  number and the contour value found on 
the stress da ta  block. 

Common Block: 
./=PAW/ ( re f  .14) (see a l s o  Additions t o  NASTRAN Tables, page 10 ) . 

Method: After determining which stress d a t a  block contains the contour 
values f o r  t h i s  contour p l o t ,  t he  appropriate da t a  block i s  opened and t h e  
temporary s torage  area is  f i l l e d .  The contour values are se l ec t ed  from the 
i n f  onnation on Fibre Distance , d i r e c t i o n ,  subcase, and i f  appl icable ,  range 
o r  t i m e  spec i f i ed  by the  user.  Then the  ELSETS da ta  block i s  read to  supply 
information on element types,  elements i d e n t i f i c a t i o n  numbers, and i n t e r n a l  
g r i d  po in t  numbers of elements contained i n  the  cu r ren t  set .  

The subroutine makes two assumptions concerning the stress da ta  block 
and the ELSETS da ta  block. It assumes t h a t  element types are ordered i n  the 
same sequence and t h a t  f o r  each element type, element information i s  ordered 
by increas ing  element i d e n t i f i c a t i o n  number. Element types f o r  which contour 
l i n e s  cannot be drawn are ignored as are elements no t  included i n  the  cur ren t  
p l o t  set. 

F ina l ly ,  t h e  cent ro id  is ca lcu la ted  f o r  each element i n  the p l o t  set 
and a temporary t a b l e  is made containing the element i d e n t i f i c a t i o n  number, 
the contour value, and the centroid.  

Additional Subroutines Required: CENTRE . 



(4) Subrout ine N a m e :  @RDER 

Purpose: t o  f i n d  f o r  each g r i d  p o i n t  i n  the  p l o t  se t ,  a l l  elements 
which con ta in  t h a t  g r i d  p o i n t  and t o  o r d e r  those  elements surrounding i n t e r i o r  
g r i d  p o i n t s .  

where GPLST i s  a l i s t  of i n d i c e s  de f in ing  t h e  set of g r i d  p o i n t s  and 
ID,REST are temporary s t o r a g e  areas f o r  element and g r i d  p o i n t  

Cal l ing  Sequence: CALL @RDER(GPLST, I D ,  REST) 

information.  

Common Blocks: None. 

Method: The subrout ine  ORDER e x t r a c t s  from the  EGPT (Element 
Connections and P r o p e r t i e s  Table)  d a t a  block the  l i s t  of elements connected 
t o  each g r i d  p o i n t  f o r  each g r i d  p o i n t  i n  t h e  p l o t  set. Since the  g r i d  
p o i n t  
form, ORDER uses  t h e  S I L  t a b l e  t o  f i n d  the  i n t e r n a l  g r i d  p o i n t  numbers 
a s soc ia t ed  wi th  each element .  For each g r i d  p o i n t  i n  t h e  p l o t  set ,  ORDER 
f i n d s  a l l  two dimensional elements i n  the  p l o t  set  conta in ing  t h a t  (p ivo t )  
g r i d  p o i n t .  The elements are then ordered  s o  t h a t  ad jacen t  elements con ta in  
a second common g r i d  p o i n t .  A f l a g  i s  set i n d i c a t i n g  whether t h e  p i v o t  g r i d  
p o i n t  i s  i n t e r i o r  t o  the  s t r u c t u r a l  shape o r  on the  boundary of t he  s t r u c t u r a l  
shape. 

numbers g iven  i n  t h e  ECPT d a t a  block are i n  SIL (Sca lar  Index L i s t )  

A temporary t a b l e  i s  compiled conta in ing  one record  f o r  each g r i d  
po in t  i n  t h e  c u r r e n t  p l o t  se t .  Each record  conta ins  a f l a g  i n d i c a t i n g  
whether t he  g r i d  p o i n t  i s  i n t e r i o r  t o  t h e  s t r u c t u r a l  model o r  on the  boundary 
of the  S t r u c t u r a l  model, and a list of elements connected t o  t h e  g r i d  p o i n t .  
For boundary g r i d  p o i n t s ,  t h e  t a b l e  conta ins  two g r i d  p o i n t s  f o r  each element 
t h a t  are connected by element boundary l i n e s  t o  t h a t  g r i d  p o i n t .  

Addi t iona l  Subrout ines  Required: None. 

(5) Subrout ine N a m e  : CENTRE 

Purpose: t o  f i n d  t h e  i n t e r s e c t i o n  of two l i n e s .  

Cal l ing  Sequence: CALL CENTRE(Xl,Y1,X2,Y2,X3,Y3,X4,Y4,CENTER), 
RETURNS (RETURNl) 

where X 1 , Y l  and X3,Y3 are the  end p o i n t s  of one l i n e ,  
X2,Y2 and X4,Y4 are the  end p o i n t s  of t he  second l i n e ,  and 
CENTER i s  re turned  as the  p o i n t  of i n t e r s e c t i o n .  

Common Blocks: None. 

Method: The subrout ine  CENTRE i s  used i n  the  c a l c u l a t i o n  of the  c e n t r o i d  
of an element.  The nonstandard r e t u r n  is  taken i n  t h e  event  t h a t  e i t h e r  of t h e  
l i n e s  has  i n f i n i t e  s lope .  It i s  assumed t h a t  t h e  t w o  l i n e s  are n o t  p a r a l l e l .  

Addi t iona l  Subrout ines  Required: None. 
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(6) Subrout ine Name:  DISPLA 

Purpose: t o  draw displacement contour  l i n e s .  

Ca l l ing  Sequence: CALL DISPLA(GPLST,X,S,U,PEN,DEFORM,LABEL,PT) 

X , S  conta in  the  corresponding undeformed and deformed 

U con ta ins  the  g r i d  p o i n t  displacement coord ina te s ,  
PEN is t h e  l i n e  d e n s i t y  o r  pen number, 

DEFORM = { 
LABEL con ta ins  t h e  contour  l i n e  l a b e l i n g  informat ion ,  and 
PT con ta ins  t h e  coord ina tes  of t he  t r i a n g l e  formed t o  c a l c u l a t e  

where GPLST i s  a l ist  of i n d i c e s  de f in ing  the set of g r i d  p o i n t s ,  

coordinates,  r e s p e c t i v e l y ,  of t h e  g r i d  p o i n t s .  

0 i f  an undeformed s t r u c t u r a l  shape w a s  requested 
1 i f  a deformed s t r u c t u r a l  shape w a s  reques ted  , 

contour  l i n e s .  

Common Blocks : 
/XXPARM/ (ref .15)  ( see  a l s o  Addit ions t o  NASTRAN Tables ,  page 10 ). 

/PLTDAT/ ( r e f  .15) ( see  a l s o  Additions t o  NASTRAN Tables ,  page 10 ) .  

Method: The subrou t ine  DISPLA uses  t h e  ELSETS d a t a  block t o  e x t r a c t  
t h e  two dimensional elements i n  the  p l o t  s e t .  Each element i s  then broken 
down t o  one o r  more t r i a n g l e s  and contour  l i n e s  are drawn w i t h i n  the  
t r i a n g l e s  wi th  the  assumption t h a t  t he  contour va lues  vary l i n e a r l y  between 
g r i d  p o i n t s .  

. I t  i s  assumed i n  the  DISPLA subrout ine  t h a t  t he  u s e r ' s  coord ina te  
system i s  a right-handed coord ina te  system wi th  coord ina te  axes X , Y , Z .  I f  
the  AXES card  ( r e f .  16)  i s  used t o  change t h e  o r i e n t a t i o n  of t he  s t r u c t u r a l  
model, i t  w i l l  have no e f f e c t  on t h e  component of displacement used t o  draw 
the  contour  p l o t .  

Labeling informat ion  i s  maintained on a temporary f i l e  t o  be added 
t o  the  p l o t  by the sub rou t ine  CONTOR. 

Addi t iona l  Subrout ines  Requested : None. 

( 7 )  Subrout ine N a m e  : B@RDER 

Purpose: t o  draw the  s t r u c t u r a l  o u t l i n e .  

Ca l l ing  Sequence: CALL B@RDER(GPLST, X ,  U, DEF@RM) 
where GPLST i s  a l i s t  of i n d i c e s  de f in ing  t h e  set of  g r i d  p o i n t s ,  

r e s p e c t i v e l y ,  of t h e  g r i d  p o i n t s ,  and 
X,U con ta in  the  corresponding undeformed and deformed coord ina tes  , 

DEFORM = { 0 i f  an  undeformed s t r u c t u r a l  shape w a s  requested 
1 i f  a deformed s t r u c t u r a l  shape w a s  reques ted .  

Common Blocks: None. 

Method: The subrout ine  BgRDER uses  t h e  t a b l e  c rea t ed  by t h e  subrout ine  
@RDER. 
sets boundary. A l l  g r i d  p o i n t s  connected t o  t h i s  g r i d  p o i n t  by element 

BORDER e x t r a c t s  from t h e  t a b l e  those  g r i d  p o i n t s  t h a t  l i e  on the  p l o t  
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boundary lines are s o r t e d  t o  f i n d  the  two element boundary l i n e s  which form 
the s t ruc tu ra lboundary .  The BORDER subrout ine then draws two connecting 
l i n e s  f o r  each g r i d  po in t  so  t h a t  the s t r u c t u r a l  o u t l i n e  w i l l  be  of dens i ty  
two. 

Addit ional  Subroutines Required: None. 

Additions t o  t h e  NASTRAN Tables 

The NASTRAN Functional Module P l o t  uses  labe led  common t o  communicate 
information concerning p l o t  reques ts ,  p l o t  ca l cu la t ion  parameters,  and p l o t t e r  
hardware c h a r a c t e r i s t i c s  among subrout ines .  
added t o  two of t he  labe led  common blocks t o  pass contour p l o t t e r  information. 
These a d d i t i o n a l  parameters are described here  ( r e f .  17) .  

Addit ional  parameters have been 

(1) C@MM@N/DRWDAT/ SET , . . . ,VECTOR, C@N , EDGE 

where C@N 
EDGE i s  an in t ege r  i nd ica t ing  t h e  o u t l i n e  opt ion.  

i s  an in t ege r  i nd ica t ing  the  contour p l o t  op t ion ,  and 

(2) CO~ONIXXPARMIPBUFSZ, ..., XY(ll,3),NCNTR,CNTR(5O),ICNTVL,~ERE,DI~CT, 
SUBCAS,FLAG,VALUE,SET 

In t h e  following desc r ip t ions ,  t h e  va lue  i n  parenthes is  t o  the r i g h t  of 
the  v a r i a b l e  name is  the  d e f a u l t  va lue ,  and t h e  let ter i n  parenthes is  t o  the  
r i g h t  of the explanat ion p e r t a i n s  t o  the  type of v a r i a b l e  (I i s  in t ege r ,  and 
R is  real.). 

Contour P l o t t i n g  Data 

NCNTR(~O)  - Number of contour va lues  t o  be p l o t t e d  ( I )  
CNTR - Contour va lues  (R) 
ICNTVL(3) - Type of contour p l o t  ( I )  
WHERE(1) - Fibre  Distance of stress contour va lue  ( I )  
DIRECT(2) - Stress vec to r  d i r e c t i o n  opt ion  ( I )  
SUBCAS - Current subcase ( I )  
FLAG(O.0) - Data i d e n t i f i c a t i o n  ind ica to r  (R) 
VALUE - Current eigenvalue o r  t i m e  s t e p  (R) 
SET - L a s t  p l o t  set processed by contour p l o t t e r  ( I )  

Local Table Descr ipt ions 

Three t a b l e s  are formed f o r  t he  u s e  of the  contour p l o t  subrout ines .  The 
t a b l e s  are compiled and used wi th in  t h e  s t r u c t u r e  p l o t  module. 
desc r ip t ion  of each t a b l e  fol lows t h e  f i l e  name, 

The 

1. SCR1, sc ra t ch  f i l e  1 - compiled by the subrout ine CREATE t o  be used by 
the  subrout ine  CONTOR. 
GOPEN. The t a b l e  is compiled from information contained i n  t h e  ELSETS d a t a  
block ( r e f .  18) and the  O E S l  d a t a  block ( r e f .  19)  o r  t he  NEWOES t a b l e  ( see  
below). 

The header record is  w r i t t e n  by the  subrout ine 
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Table Format : 

Record Word Type Item 
0 

1 

2 

1 

2 

I 

I 

3 R 

435 R 

(4m+2) I 

Header Record 

I d e n t i f i c a t i o n  
Number 

S t r e s s  Value 

. I t 
d 

0 
End-of-File 

r epea t  f o r  
} each element 

type i n  
contour type 
set 

Note: m = t h e  number of elements of cur ren t  type i n  the  p l o t  set. 

2. SCR2, sc ra t ch  f i l e  2 - compiled by t h e  subrout ine ORDER t o  be used by 
the  subrout ines  CONTOR and BORDER. 
subrout ine GOPEN. The t a b l e  is compiled from information contained i n  the  
ECPT d a t a  block ( r e f .  20) and t h e  SIL  t a b l e  ( r e f .  21). 

The header record is w r i t t e n  by t h e  

Table Format: 

Record Word Type Item 
0 
1 1 

2 

I 

I 

4 I . 

Notes : 
1) n = t h e  number 
2) m = t he  number 
3)  Flag = -1: 

Word 
4 
- 

( 3 W  

Header Record 

Number of elkments, m. 

Grid po in t  i n t e r n a l  

Flag 

number 

element containing 

Contents dependent 

repeated f o r  each 

t h e  g r i d  poin t .  

on Flag. 

repeated f o r  
} each g r i d  poin t  

i n  p l o t  se t  

of g r i d  po in t s  i n  the  p l o t  set, 
of elements i n  cu r ren t  record.  

Item xYE!E - 
I Element i d e n t i f i c a t i o n  number . 
I 
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4) Flag = -2: 
I t e m  Word X Y E  - 

4 I Element i d e n t i f i c a t i o n  number 
5 I Grid p o i n t  i n t e r n a l  number 
6 I Grid p o i n t  i n t e r n a l  number 

(3m+l) I Element i d e n t i f i c a t i o n  number 
(3m+2) I Grid p o i n t  i n t e r n a l  number 
(3m+3 ) I Grid p o i n t  i n t e r n a l  number 

3.  NEWOES - compiled by t h e  sub rou t ine  ROTATE t o  be used by t h e  sub rou t ine  
CREATE. There i s  no header record .  The t a b l e  i s  compiled using stress 
va lues  contained i n  t h e  O E S l  d a t a  b lock  ( r e f .  22). 

The f i r s t  record i n  each s e t  of two r eco rds  on NEWOES is  a copy of 
The second r eco rd  of each t h e  corresponding record  of t h e  O E S l  d a t a  block.  

set  con ta ins  changes i n  conten t  f o r  t h e  fol lowing element types :  

Element types CTRIA1,  CQUAD1, CTRIA2, CQUAD2 

Word 

2 
3 
4 
5 
6 
7 
8 
9 
10  
11 
12 
13 
14  
15 
16 
1 7  

Con t e n t s  

z1 
Normal X S t r e s s  a t  Z 1  
Normal Y S t r e s s  a t  Z 1  
Normal Z S t r e s s  a t  Z 1  
Shear XY a t  21 
Shear XZ a t  Z 1  
Shear YZ a t  Z 1  
Maximum Shear a t  Z 1  
22 
Normal X S t r e s s  a t  22 
Normal Y S t r e s s  a t  22 
Normal Z S t r e s s  a t  22 
Shear XY a t  22 
Shear XZ a t  22 
Shear YZ a t  22 
Maximum Shear at  22 

Element types  CTRMEM, CQDMEM 

Word Contents  

2 Normal X S t r e s s  
3 Normal Y S t r e s s  
4 Normal 2 Stress 
5 Shear XY 
6 Shear XZ 
7 Shear YZ 
8 Maximum Shear 
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NASTRAN DATA GENERATION AND MANAGEMENT USING 

INTERA c TIVE GRAPHICS* 

By M. Smoot Katow 
and Barry M. Cooper 

Jet  Propulsion La bo rato r y  

SUMMARY 

For effective use of NASTRAN, the input bulk data must accurately model 
the structure to be analyzed and result from a minimum of time and money 
expended. 
large portion of the input bulk data with visual checks of the structure and the 
card images i s  described. The generation s tar ts  f rom GRID and PBAR cards. 
The visual checks result from a three-dimensional display of the model in any 
rotated position. 
of this method may be judged, and i ts  potential as a useful tool for  the struc- 
tural  analyst may be established. 

A method of using an interactive graphics device to generate a 

By detailing the steps, the time saving and cost effectiveness 

INTRODUCTION 

The generation of NASTRAN input bulk data to correctly simulate or  
model a large structure to be analyzed usually consumes many man hours and 
much time. Sketches and/or drawings a r e  necessary to define the GRID num- 
bers connected by structural elements identified with EID numbers and their 
property identification PID numbers. After the constraints are organized, a 
list f o r  keypunching must be prepared. After the cards  a r e  keypunched and 
inputted to the computer, more time i s  required to debug the input data for 
compliance with the NASTRAN formats before an answer is outputted. De- 
bugging procedures usually employ plotting capabilities available in NASTRAN 
to provide visual checks of the structural model. Normally, further checking 
follows by noting values in the load vectors generated by gravity loadings, the 
coordinates of the center of gravity, and symmetry o r  equating of the single- 
point constraint values to the input load vectors. 

Besides the schedules time deadlines, the total cos t  of the analysis must 
Procedures o r  processes that can reduce the time of prepar- be considered, 

ing input data invariably reduce costs.  If during these processes the correct-  
ness of the model can be raised to a high level before input to a computer, the 
NASTRAN computing costs can be reduced. 

This paper presents the results of one phase of research carr 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 Admini st ration. 
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At JPL, with the installation of the UNIVAC Advanced Graphics Display 
System to the UNIVAC 1108 - EXEC 8 t ime-sharing computer used for  scien- 
tific computing purposes,  the development of the use of interactive graphics to 
generate and check NASTRAN bulk data has  proceeded, 

CONFIGURATION DESCRIPTION 

The UNIVAC Advanced Graphics Display System is composed of two ma jo r  
units: the display control ler  minicomputer (Type 1557) and the display con- 
sole (Type 1558). The purpose of the minicomputer i s  to  provide computing 
and control capabilities to handle, internally, display functions and programs 
that a r e  ta i lor-made by the u s e r  to mee t  NASTRAN bulk data requirements.  
It a l so  s e r v e s  a s  an  interactive device to the UNIVAC 1108 processor  to  pro-  
vide additional la rge-sca le  processing capabilities. 

The display console consis ts  of a cathode r a y  tube (CRT) display, key- 
board, display control,  and light pen. 
points, line vec tors ,  alphanumeric cha rac t e r s ,  and special  symbols necessary  
for  the NASTRAN program. 
accommodate the wide var ie ty  of graphic displays. 

The unit is designed fo r  display of gr id  

It fea tures  a high-speed, high-precision CRT to  

The basic configuration of the sys tem interfaces  directly with an input/ 
output channel of the UNIVAC 1108 processor .  
minicomputer contains 81 92 locations. 

The basic s torage for  the 

GRAPHICS PROGRAMMING LIBRARY 

A p r i m a r y  purpose of the UNIVAC 1108 - EXEC 8 computer and Graphics 
Programming Library  (GPL)  is  to provide easily manipulated data s t ruc tures  
that descr ibe and define a displayable image f o r  the 1557/1558 graphics  mini- 
computer/display console. 

The GPL permi ts  both the graphics enti t ies which constitute the images 
to  be displayed and nongraphic associated o r  managerial  data to be defined 
and s tored in  the data base. Entit ies of both types can be grouped to f o r m  
single higher level or parent  groups capable themselves  of being grouped to 
f o r m  still higher-level groups,  giving r i s e  to a hierarchical ly  organized data 
structure.  

A la rge  cen t r a l  data base is required to support  the NASTRAN package; 
thus many automatic facil i t ies a r e  included in the sys tem to make management 
of this  data both convenient and efficient. In o rde r  to maintain the integrity of 
the data file, it is  accessible  only through the G P L  subroutines. 
routines pe rmi t  total  flexibility i n  defining, manipulating, and displaying 
images on the display screen.  

These sub- 

Interaction control tables  (ICTs) provide a unique approach to the problem 
of defining and accomplishing the processing to be performed i n  the 
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minicomputer. These tables handle the function of basic attention handling, 
analyze and change both its data base and display fi le,  and send-and request  
information to and f r o m  the cent ra l  computer as required.  The ICTs are a 
hardware - independent, interpretively executed, inte rac tively oriented lan- 
guage i n  which processing performed by the minicomputer is  programmed by 
the use r .  

THE USE O F  INTERACTIVE GRAPHICS 

Structure  Development P r o g r a m  

In the normal  analysis,  the preparation of the input bulk data c a r d s  starts 
with the GRID cards .  
sketch o r  drawing. 
ascer ta ined direct ly  o r  by calculations on a desk machine. Normally, these 
coordinate values a r e  described within the precision limits of the computer,  
although in  the real s t ruc ture  the re  a r e  l a rge r  e r r o r s .  These e r r o r s  can  be 
evaluated a s  to their  effects on the answers  f r o m  the analysis  as one m o r e  
separate  problem in  s t ruc tura l  analysis  to be considered. Because of the 
symmetr ica l  nature of many structures, prec ise  coordinate values usually aid 
in  debugging a s  well  as enhancing the use  of par t ia l  section analysis ,  thereby 
reducing the t ime and cos t  of analysis.  

The gr id  point numbers  of these c a r d s  a r e  defined on a 
Also, f r o m  these pictures  the coordinate values a r e  

For  this method of interactive graphic adaptation, the GRID c a r d s  a r e  
keypunched to suit NASTRAN format.  
only CBARS are used, so PBARs are keypunched next. 

For  this discussion we will a s sume  that 

At this  point, these NASTRAN c a r d s  a r e  input to a catalog file i n  the 1108, 
and the 1557/1558 unit through G P L  is activated so that the CBARs can  be 
generated o r  completely l isted and keypunched for  observation and updating by 
interactive graphics.  The NASTRAN graphics package cons is t s  of th ree  sub- 
programs: a s t ruc ture  development subprogram fo r  the CBAR generation, a 
rotation subprogram fo r  visual  demographics,  and a data edit  subprogram for 
ca rd  image alterations.  Each  subprogram can be used i n  a stand-alone mode 
or  can  be  subroutinized to operate interchangeably. 

The graphics  tube face layout has  been designed f r o m  a human engineer- 
ing standpoint, with speed and efficiency coordinated at each user /hardware 
operation. The tube face is  divided and overlayed by windows, each r ep re -  
senting a segment of the visual  data s t ructure .  
which informs the u s e r  of his cu r ren t  status in  the program. These window 
and menu concepts can  be seen i n  figure 1. 

One window contains a "menu'' 

In the left window, the gr id  point identification numbers f r o m  the catalog 
fi le a r e  l is ted in columns. 
To the r ight  side of the gr id  ID, t he re  is space for  displaying the generated 
CBAR data. 

Above it are listed the PID numbers  of the PBARs. 
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The right window of the tube displays, a s  point vectors, the grid point 
locations initially a s  they appear normal to the X Y  plane. 
either X, Y, o r  Z on the keyboard, the views in XY, XZ, o r  Y Z  planes, 
respectively, can be displayed. 

Then by pressing 

The light-sensitive pen i s  then pointed to the first GA of the desired 
CBAR. The screen responds by displaying a f "local indicator" next to the 
listed GA as well as the point vector on the right window. 
the GB, PID, and GO a r e  selected via light pen interaction; then a I1Ct1 in the 
keyboard enters the CBAR, which is shown by an entry in the CBAR connec- 
tion list data in the left window and a directional vector between the point 
vectors of the GA and GB. 
of the screen after some CBARs have been developed (fig. 1). 

When in succession, 

The formats described a re  shown by a photograph 

At any time during this development of the structural model the rotation 
subprogram may be called and the model can be visually checked from any 
oblique angle. 
around the X and Z axes of 30 degrees each, Figure 3 shows the complete 
development at a -30 deg angle about the X axis. 

Figure 2 shows the model of figure 1 viewed by rotations 

Rotation Subprogram 

This monitor (a 1557 software operating system) performs three-dimen- 
sional rotation on the two-dimensional screen, which gives the user  complete 
control of visual: structure demographics: rotation about any axis, a t  any 
incremental angle, a t  any speed. 
mated" movement in three dimensions f o r  visual analysis and to hard copy 
graphics of the structure. 

This combination of control leads to "ani- 

If at this time the card images of a GRID or  CBAR require changes, the 
grid data may be edited by a call to the data edit subprogram. 
play i s  shown in figure 4. 
made in the card image inputs. 

A typical dis- 
By use of the keyboard, specific changes can be 

Data Set Edit Subprogram 

The data set  edit routine can be utilized a s  a stand-alone procedure to 
update an existing NASTRAN data package or  a s  a subroutine in a structure 
development production. 

The data set  edit routine presents the "card image" run s t ream by paging 
data and control messages across  the screen at  the user 's  discretion. 
each page, the user  has control o r  editing options and can direct the program 
direction. 
card image which represents a CBAR or  PBAR, while maintaining all struc- 
ture credibilities connected to the member unless entirely deleted. 

On 

The user  can change a card image, delete a card image, and add a 
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The user  can switch the rotation monitor on and visually check his struc- 
ture,  flag a member,  and automatically have the program page to the card 
image representing the member for further analysis and editing. 

To prevent loss of completed connections a page of 25 CBARs is automat- 

This program has restart capabilities in case of computer failure 
ically stored in the user 's  FASTRAND file. 
be entered. 
o r  ''current" analysis changes. 

In turn, the next 2 5  CBARs may 

When the visual checks of the interactive graphics output signal a good set  
of GRID, CBAR and PBAR cards,  the final exit can be made by requesting the 
1108 to punch out the edited cards  as presently programmed, or, in the 1108, 
it is possible to have data files read into a catqlog file so that an immediate 
NASTRAN run can be made from the remote terminal used for the 155?/1558 
unit. 

ADVANTAGES O F  INTERACTIVE GRAPHICS 

The replacement of the normal listing of CBARs and subsequent keypunch- 
However, the greatest ing with the use of interactive graphics wil l  save time. 

values should result from the opportunity to make intermittent three-dimen- 
sional visual checks of the structural model. 
accuracy of the  model as well a s  provide an opportunity for study to  optimize 
the geometric arrangement. 

The analyst can insure the 

As the system i s  now working, using many satellite ICT routines and self- 
contained monitors with the minicomputer, minimum demand time i s  required 
of the 1108. The current cost of working the system is  approximately $50/hr. 
This includes "roll-in/roll-outl' of the three monitors and full user utilization 
in a demand environment. 
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Figure 1. -The XY plane image, data  development program 
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Figure 2. -Rotated par t ia l  development, rotation subprogram 

Figure 3 .  -Rotated full s t ructure ,  rotation subprogram 
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The BANDIT Computer Program f o r  t h e  Reduction o f  

Matr ix  Bandwidth f o r  NASTRAN 

By Gordon C. Eve r s t ine  

Computation and Mathematics Department 

Bethesda, Maryland 20034 
Naval Ship Research and Development Center 

SUMMARY 

This  paper  desc r ibes  a computer program c a l l e d  BANDIT, which has  been 
developed f o r  use  as a preprocessor  t o  NASTRAN t o  au tomat ica l ly  resequence t h e  
g r i d  p o i n t  numbers f o r  reduced ma t r ix  bandwidth. 
a s t anda rd  NASTRAN d a t a  deck as i n p u t ,  resequences the  g r i d  p o i n t  numbers f o r  
reduced bandwidth ( i f  p o s s i b l e ) ,  and gene ra t e s  a set  of SEQGP ca rds  f o r  
i n s e r t i o n  i n t o  t h e  NASTRAN bulk d a t a  deck. BANDIT uses  t h e  Cuthill-McKee 
s t r a t e g y  f o r  resequencing g r i d  p o i n t s .  The program i s  ope ra t iona l  on the  
CDC 6000 series of computers, t h e  IBM 360,  and t h e  UNIVAC 1108. 

The BANDIT program accep t s  

INTRODUCTION 

The s t r u c t u r a l  matrices formed during a NASTRAN a n a l y s i s  are normally 
With a s u i t a b l e  choice of  t he  numbers ( l a b e l s )  both symmetric and spa r se .  

ass igned t o  t h e  g r i d  p o i n t s ,  t h e  matrices are a l s o  banded (i .e. ,  the  
non-zero e n t r i e s  i n  each matrix are c l u s t e r e d  about the  main d iagonal ) .  
Matr ix  bandwidth i s  important  t o  t h e  NASTRAN u s e r  f o r  both computer s t o r a g e  
and running t i m e  cons ide ra t ions .  Indeed, many of t h e  r o u t i n e s  used i n  
NASTRAN f o r  t h e  s o l u t i o n  of l i n e a r  equat ions  and f o r  t h e  e x t r a c t i o n  of eigen- 
va lues  ope ra t e  most e f f i c i e n t l y  when t h e  bandwidths of t h e  s t r u c t u r a l  matrices 
are minimum. I n  such r o u t i n e s ,  t h e  number of c a l c u l a t i o n s  r equ i r ed  (and 

hence t h e  computer running t i m e )  is of o rde r  NB2 f o r  l a r g e  N and B,  where N 
and B are t h e  matrix o r d e r  and bandwidth*, r e s p e c t i v e l y .  

Thus, i t  i s  c l e a r l y  e s s e n t i a l  t o  t h e  NASTRAN u s e r  t o  have matrices wi th  
s m a l l  bandwidth. On t h e  o t h e r  hand, NASTRAN c u r r e n t l y  p l aces  the  burden on 

* For a s t r u c t u r e  wi th  g r i d  p o i n t s  numbered 1 through N ,  t h e  bandwidth (BW) 
is  def ined  as the  maximum numerical  d i f f e r e n c e  between any two connected g r i d  
point numbers. A p a i r  of g r i d  p o i n t s  are "connected" i f  t h e r e  is an e x p l i c i t  
connect ion between them o r  i f  they appear  i n  t h e  same element.  
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t h e  use r  t o  number h i s  s t r u c t u r e  s o  as t o  provide such a bandwidth. I n  many 
cases, t h i s  i s  an excessive burden, p a r t i c u l a r l y  f o r  l a r g e ,  complex 
s t r u c t u r e s  o r  f o r  those  emanating from automatic  d a t a  gene ra to r s .  I n  any 
case, t h e  burden i s  unnecessary s i n c e  several a lgor i thms have been developed 
f o r  t h e  express purpose of permuting g r i d  p o i n t  sequences t o  reduce matrix 
bandwidth. 

Although t h e r e  might be m e r i t  i n  inc luding  such an a lgor i thm w i t h i n  
NASTRAN, t he  d e s i r e d  e f f e c t  can be achieved e x t e r n a l l y  by means of t h e  
SEQGP bulk  d a t a  cards .  These ca rds  d e f i n e  a look-up t a b l e  g iv ing  t h e  
correspondence between t h e  o r i g i n a l  g r i d  numbers used by a s t r u c t u r a l  a n a l y s t  
i n  de f in ing  h i s  problem and a new set of numbers t o  be used i n t e r n a l l y  f o r  a l l  
c a l c u l a t i o n s .  

This  paper  desc r ibes  a computer program c a l l e d  BANDIT ( r e f .  1) developed 
f o r  use  as a preprocessor  t o  NASTRAN t o  au tomat ica l ly  resequence the  g r i d  p o i n t  
numbers f o r  reduced ma t r ix  bandwidth. BANDIT accep t s  a s tandard  NASTRAN 
d a t a  deck as i n p u t ,  resequences the  g r i d  p o i n t  numbers f o r  reduced bandwidth 
( i f  p o s s i b l e ) ,  and gene ra t e s  a se t  of SEQGP punched cards  f o r  i n s e r t i o n  i n t o  
t h e  NASTRAN bulk  d a t a  deck. 

THE RENUMBERING STRATEGY 

The h e a r t  of any bandwidth-reduction program i s  i ts  renumbering s t r a t e g y .  
The need t o  r e s o r t  t o  " s t r a t e g i e s "  a t  a l l  becomes ev iden t  when one cons iders  
t h a t  N g.rid p o i n t s  can be sequenced i n  N I  d i s t i n c t  ways. Thus, wi th  any 
s t r a t e g y ,  t h e r e  is  no guarantee  t h a t  an optimum numbering w i l l  be  achieved 
a t  accep tab le  c o s t .  

The renumbering s t r a t e g y  used i n  BANDIT i s  a f a s t ,  d i r e c t  method developed 
by C u t h i l l  and McKee ( r e f .  2 ) .  Considerable exper ience  gained over t he  p a s t  
two y e a r s  h a s  shown t h i s  s t r a t e g y  t o  perform w e l l  c o n s i s t e n t l y  f o r  t h e  types 
of s t r u c t u r e s  of i n t e r e s t  t o  t h e  Navy use r s  of NASTRAN. Consistency is  
emphasized s i n c e ,  by i t s  very n a t u r e ,  the  bus iness  of bandwidth reduct ion  i s  
very h e u r i s t i c .  Indeed, no a lgor i thm i s  b e s t  f o r  a l l  s t r u c t u r e s .  
Comparisons between the  Cuthill-McKee approach and o t h e r  schemes appear both 
i n  r e fe rence  2 and a seque l  by C u t h i l l  ( r e f .  3 ) .  

Although a complete d i scuss ion  of the  Cuthill-McKee s t r a t e g y  appears  i n  the  
source  paper  ( r e f .  2), the main i d e a s  are presented  h e r e  f o r  completeness. 

For t h e  purposes  of t h i s  d i scuss ion ,  t h e  degree of a g r i d  p o i n t  ( o r  node)* 
i s  def ined  as the  number of neighboring nodes t o  which it is  connected. A 
s t a r t i n g  node i s  one g iven  t h e  new l a b e l  1. The s t r a t e g y  first involves  
t h e  s e l e c t i o n  of one o r  more p o s s i b l e  s t a r t i n g  nodes. 
are normally of low degree,  t h e  one even tua l ly  chosen t o  be t h e  s t a r t i n g  node 

Although these  nodes 

* Throughout t h i s  paper ,  "gr id  point ' '  and "node" are used in te rchangeably .  
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need no t  b e  of minimum degree.  

Af t e r  t h e  s e l e c t i o n  of  a s t a r t i n g  node, t h e  remaining nodes are 
re l abe led  according t o  t h e  fol lowing p r e s c r i p t i o n :  The nodes ad jacen t  ( i . e . ,  
ad jo in ing)  t o  t h e  s t a r t i n g  node are l abe led  i n  sequence i n  t h e  o rde r  of t h e i r  
i nc reas ing  degree.  These nodes are s a i d  t o  be  a t  Level 1. (The s t a r t i n g  
node c o n s t i t u t e s  Level 0.) I n  g e n e r a l ,  Level n i s  t h e  s e t  of a l l  nodes 
ad jacent  t o  Level n-1 nodes and n o t  prev ious ly  assigned t o  a level.  

Once Level l n o d e s  have been sequenced, t h e  Level 2 nodes are numbered 
as fo l lows:  For each node of Level 1 and i n  sequence, t h e  Level 2 nodes 
are numbered i n  the  o r d e r  of t h e i r  i nc reas ing  degree.  The numbering 
cont inues  i n  t h i s  f a sh ion ,  level-by-level ,  u n t i l  a l l  nodes have been numbered. 
I n  the  event  of a "tie" among several nodes t o  receive a g iven  l a b e l ,  t he  
f i r s t  node t o  q u a l i f y  is  chosen. 

The above procedure i s  c a r r i e d  ou t  f o r  each p o s s i b l e  s t a r t i n g  node 
previous ly  s e l e c t e d .  The sequence y i e l d i n g  the  lowest bandwidth i s  f i n a l l y  
chosen. 

It i s  apparent  t h a t ,  i n  t he  absence of ties f o r  a g iven  l a b e l ,  t h e  
r e l a b e l i n g  sequence is  independent of t h e  o r i g i n a l  numbering once a s t a r t i n g  
node has  been selected. .  Thus t h e  o r i g i n a l  nodal  numbering has  almost no 
e f f e c t  on t h e  f i n a l  numbering. 

T h i s . r a t h e r  s imple approach t o  bandwidth reduct ion  has  proved t o  be 
s u r p r i s i n g l y  e f f e c t i v e  i n  product ion use.  

PROGRAM CAPABILITIES 

BANDIT'S primary reason f o r  e x i s t e n c e  i s  t h e  gene ra t ion  of t h e  NASTRAN 
SEQGP d a t a  ca rds  t o  e f f e c t  low m a t r i x  bandwidth. A s  a by-product, BANDIT 
can a l s o  be used t o  r igh t - ad jus t  a NASTRAN bulk d a t a  deck. I n  e i t h e r  case, 
fol lowing t h e  execut ion  of  BANDIT, t h e  complete r igh t -ad jus ted  d a t a  deck i s  
a v a i l a b l e  on d i s k  f i l e .  I n  a d d i t i o n ,  t h e  use r  can elect t o  have punched 
card ou tpu t  f o r  e i t h e r  t h e  e n t i r e  deck o r  the  SEQGP ca rds  a lone .  

The i n p u t  d a t a  deck f o r  BANDIT c o n s i s t s  of a s t anda rd  NASTRAN d a t a  deck 
( I D  card  through ENDDATA card ,  i n c l u s i v e )  wi th  t h e  a d d i t i o n  of appropr i a t e  
$ cards  (comment ca rds  t o  NASTRAN) i n d i c a t i n g  what t h e  u s e r  wants BANDIT 
t o  do. 

Although BANDIT accep t s  a n  entire NASTRAN deck as i n p u t ,  resequencing 
r e q u i r e s  on ly  t h e  fol lowing NA'XRAN cards :  BEGIN BULK, ENDDATA, and a l l  

GRID ca rds  are n o t  processed by BANDIT. Input  bu lk  
d a t a  ca rds  may have e i t h e r  8- o r  16-column f i e l d  wid ths .  
deck can b e  unsorted,  except  t h a t  each cont inua t ion  t o  a connect ion ca rd  
must immediately fo l low t h e  pa ren t  card.  

conn'ection" ca rds .  I 1  

I n  gene ra l ,  t h e  
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The user  is a l s o  allowed t o  spec i fy  g r i d  poin ts  which he wants ignored 
during the  resequencing. 
and hence would normally be assigned by NASTRAN t o  a c t i v e  columns. This 
fea tu re  lets the  user  spec i fy  po in t s  which he f e e l s  should be re lega ted  t o  
active columns by NASTRAN. Unfortunately, i t  is  o f t en  very d i f f i c u l t  t o  
i d e n t i f y  such poin ts .  

Such po in t s  appear last i n  the  new nodal sequence, 

COMPUTER CONFIGURATIONS 

The BANDIT program w a s  developed p r inc ipa l ly  f o r  use on the  CDC 6000 
series of computers and hence has some machine-dependent f ea tu res .  However, 
f o r  use on o the r  computers, a "machine-independent" vers ion  has a l s o  been 
developed. This version is cur ren t ly  opera t iona l  on the  IBM 360 and 
UNIVAC 1108. 

On CDC machines, BANDIT functions as a variable-core program. Hence, i t  
is e s s e n t i a l l y  open-ended with respect t o  t h e  number of gr id ,  po in t s  t h a t  can 
be handled. The program w i l l  load with less than 50000 words of core,  i n  

which space t y p i c a l  s t r u c t u r e s  of less than 500 g r i d  po in t s  can be handled. 
For l a r g e r  s t r u c t u r e s ,  more core is  usually required,  although r a r e l y  are 
more than 600008 words needed. 

8 

Typical running t i m e s  on a CDC 6400 computer are of t h e  order of two t o  
three-minutes.  For example, a 1000-grid-point s t r u c t u r e  w a s  recent ly  
processed i n  four  minutes. A s  a rough rule-of-thumb, run t i m e s  increase  i n  
proportion t o  the  number of g r i d  poin ts .  

DISCUSSION AND EXAMPLES 

It would be appropriate t o  include a t  least one example of BANDIT'S 
performance. Comparisons among the  various algorithms f o r  r e a l i s t i c  l a r g e  
s t r u c t u r e s  are rare. Equally rare (at NSRDC, a t  l e a s t )  are s t r u c t u r e s  
which demonstrate a meaningful "before and a f t e r "  comparison. The la t te r  is  
due t o  the  n a t u r a l  tendency of s t r u c t u r a l  ana lys t s  t o  make no se r ious  manual 
attempt a t  achieving s m a l l  bandwidth when aware of t h e  ex is tence  of an 
automatic c a p a b i l i t y  

The example included here  (Figure 1 )  is a s o l i d  s t r u c t u r e  containing 
1686 g r i d  poin ts .  
Although both manual and automatic renumbering attempts w e r e  made, the  
smallest bandwidth obtained w a s  202. Subsequent use of the  Cuthill-McKee 
approach f u r t h e r  reduced t h e  bandwidth t o  151. 

It w a s  analyzed on a program other  than NASTRAN. 

Examples such as t h i s  tend t o  g los s  over t he  important r o l e  played by t h e  
modeler i n  achieving a small matrix bandwidth. Even with good automatic 



d i r e c t  resequencing c a p a b i l i t i e s  ava i l ab le ,  i t  s t i l l  i s  undesirable f o r  t h e  
ana lys t  t o  d is regard  bandwidth considerations i n  h i s  modeling. Some of the  
complications can be i l l u s t r a t e d  by two simple examples. 

The f i r s t  example (Figure 2) shows the  reduction of bandwidth poss ib le  
merely by switching from q u a d r i l a t e r a l s  t o  t r i ang le s .  Here t h e  bandwidth 
has been cu t  almost i n  h a l f .  
NASTRAN Users' Colloquium by R.H. B r o l l i a r  ( r e f .  4 ) ,  who indica ted  a c e n t r a l  
processor t i m e  saving of 78%. 

This example w a s  reported a t  t h e  f i r s t  

The second example, obtained from Livesley (ref. 5 ) ,  shows t h a t  bandwidths 
can sometimes be reduced by t h e  additiorr of extra nodes. This is i l l u s t r a t e d  
i n  Figure 3, where the  addi t ion  of th ree  nodes e f f ec t ed  a bandwidth reduction 
from 4 t o  3. 

These two examples serve t o  i l l u s t r a t e  t h a t  t he  s t r u c t u r a l  ana lys t  has 
cont ro l  over bandwidth considerations t h a t  are beyond the  scope of automatic 
bandwidth reduction programs. 
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Figure 1. Example with 1686 Nodes. 
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(a) Quadrilateral Modeling (BW = 18). 
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(b) Triangle Modeling (BW = 11). 

Figure 2. Example Showing Bandwidth Reduction Possible by 
Using Triangles Rather than Quadrilaterals. 
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(a) Without Extra Nodes (N = 13, BW = 4). 
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(b) With Extra Nodes (N = 16, BW = 3). 
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Figure 3. Example Showing Bandwidth Reduction Possible by 
Addition of Extra Nodes. 
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USE OF NASTRAN AS A m C H I N G  A I D  

By Michael T. Wilkinson 

Louisiana Tech University 

SUMMARY 

Recent experiences wi th  incorporating NASTRAN as a teaching tool 
i n  undergraduate cowses has been found pedagogically sound. Students 
w i t h  no previous computerized structures background are able to readily 
grasp the program's logic and begin solving r e a l i s t i c  problems rapidly. 
The educational benefit  i s  s ignif icant ly  enhanced by NASTRAN's plot t ing 
feature.  However, the cost of operating the leve l  12 version presently 
makes the program d i f f i c u l t  to jus t i fy .  

SEJ3CTION OF A FINITE EI.XMENT PROGRAM 

Undergraduate instruction i n  the area of s t ruc tura l  analysis must 
begin by placing major emphasis on the fundamentals such as s t r e s s ,  s t ra in ,  
Mohr's c i r c l e ,  flexure formula, e tc .  However, a l l  too often the under- 
graduate's progress does not extend far beyond problems i n  which a beam 
i s  e i ther  bent, sheared, twisted or buckled under a wide variety of end 
conditions. 

It seems highly desirable that the undergraduate should also be 
exposed to more r e a l i s t i c  s t ruc tura l  problems such as are encountered 
i n  practice.  
obstacles -- 1) they axe usually too large fo r  hand calculations and 
2 )  they often cannot be analyzed using the simple formulas w i t h  which 
the studect is  familiar.  

These r e a l i s t i c  problems generally present two major 

It i s ,  of course, c lear  t h a t  the addition of large s t ruc tura l  
-problems in to  the undergraduate curriculum should not precede a study 
of the fundamentals. However, r e a l i s t i c  problems not only give the 
senior-level student a prac t ica l  f e e l  for  the resu l t s  but a lso provide 
a s ignif icant  motivation factor .  That i s ,  students generally f e e l  a 
greater sense of achievement when they successfully solve a s ignif icant  
engineering problem. 

With t h i s  purpose i n  mind, the general f i n i t e  element programs 
have s ignif icant  potent ia l  as a teaching aid. In the selection of a 



f i n i t e  element program, the instructor  must consider the following 
character is t ics  of the programs: 

1) IS it easy to use? 

2)  W i l l  it handle a suf f ic ien t ly  broad c lass  of problems? 

3 )  Is it a program the student could be expected to 
encounter a f t e r  graduation? 

4) IS it expensive to use? 

With regard to the first question, it i s  important t h a t  a min imum 
amount of classroom time i s  spent "checking out" the student on the 
program. 
and extensive e r ror  checks. 
ment fo r  a program which i s  dependable -- nothing dampens student 
enthusiasm l i k e  a program which fa i ls  to work! 

Consequently, the program must be user oriented w i t h  easy input 
A corollary to t h i s  question i s  a require- 

The second question concerns the v e r s a t i l i t y  of the program. This 
requirement a r i s e s  fo r  several  reasons. 
senior l e v e l  design work, the var ie ty  of problems w i l l  almost cer ta inly 
require a general program. Furthermore, many students remain f o r  graduate 
school and want to use the program as a research tool. Thus, while it 
i s  not  mandatory, it cer ta in ly  i s  desirable to acquaint the undergraduate 
student w i t h  a program which can also be used f o r  graduate research. 

If the program i s  used f o r  

The t h i r d  question asks not only i s  the program presently widely 
used by s t ruc tu ra l  engineers, but a lso i s  it one of l a s t ing  quali ty? 
This question i s  very d i f f i c u l t  to answer and tends to be more of an 
opinion than anything e l se .  All too frequently the answer i s  biased 
wi th  how well the instructor  can use the program i n  comparison to similar 
programs with which he is  familiar. Fortunately, it is  not imperative 
that  the student be l'trained" on a univeral  program, provided the program 
used has the same major character is t ics  of the more commonly used ones. 

The f i n a l  question i s  more pragmatic and i s  one which cannot be 
ignored i n  view of the current f inancial  pressure on ins t i tu t ions  of 
higher learning. The cost  of operating the  program depends s ignif icant ly  
on the txpe of computer i n s t a l l a t ion  and the method of charging f o r  
computer services.  It is  important that  the instructor  monitor the 
computer expenses to ensure they do not ge t  out of hand. 

While several  excellent f i n i t e  element programs are available 
(Ref. l), the NASTRAN program w a s  selected f o r  the present study f o r  
the following reasons. F i r s t  and foremost, the author f e l t  NASTRAN 
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st ruck a proper balance between easy usage and v e r s a t i l i t y  (Ref. 2 ) .  
w a s  a lso f e l t  t h a t  the government's commitment (Ref. 3) t o  maintain and 
improve the program w i l l  assure an even wider acceptance of NASTRAN i n  
the future.  With regard t o  the question of cost ,  it is  acknowledged 
t h a t  NASTRAN is an expensive system t o  operate (Ref. 2 ) .  
the s ignif icant  time savings available between Levels 12 and 15, it 
appears the cost of operation can s t i l l  be reduced. 

It 

However, with 

PROGRAM UTILIZATION 

The presentation of computer methods of s t ructures  primarily 
consists of three topics with which the student is unfamiliar: 

1) Struc tura l  theory 

2)  Computer code 

3) User experience 

The ins t ruc tor  i s  faced with the problem of maintaining a proper balance 
between the three.  If he devotes h is  time exclusively t o  presenting 
s t ruc tu ra l  theory, he creates an "ivory tower" product who may make an 
excellent graduate student but a poor prospect f o r  industry. On the other 
hand, t o t a l  emphasis on user experience produces a "technician" who knows 
how to use a "black box" but who knows very l i t t l e  about how the %lack 
box" works. 

A balanced approach has been taken by the author i n  two separate 

The two courses. d i f f e r  i n  t h a t  the 
senior-level courses -- one i n  a i r c r a f t  s t ructures  and another i n  machine 
design i n  mechanical engineering. 
a i r c r a f t  s t ructures  course has an  assigned problem of a small a i r c r a f t  
component whereas the machine design course allows the students t o  se lec t  
individual projects .  
students are: 

Typical projects  which have been selected by 

1) Automobile brake drum 

2)  Concrete beam with spliced reinforcing s t e e l  

3 )  Automobile car  roof 

4)  Railroad tank car 

5 )  Motorcycle helmet 

6) Outboard motor propellear 



The d ivers i ty  of subjects points out the wide var ie ty  of in te res t s  and 
backgrounds among engineering students 

In each course it has been found possible to start w i t h  a sequence 
By relying upon of lectures  on how t o  use MSTRAN fo r  s t a t i c  analysis.  

the physical concepts of the f i n i t e  elements, it has been found that  
three periods are suf f ic ien t  to check out students who have had no previous 
s t ruc tu ra l  programming experience. This i n i t i a l  check out enables the 
students to spend the remainder of the course working on t h e i r  par t icu lar  
s t ruc tu ra l  problem. Following the f irst  three periods, the remaining 
lectures  are devoted to s t ruc tu ra l  theory and computer coding. 

The topic  of computer coding i s  covered w i t h  a presentation of a 
simple f i n i t e  element program wri t ten by the instructor  to i l l u s t r a t e  
the major s teps  i n  program code development. Explanation of t h i s  simple 
program i s  intended to show the student the ar t  of building a program. 
Thus, the student i s  spared the time consuming labors of writ ing h is  own 
computer code, debugging it, and f ina l ly  t rying to obtain some prac t ica l  
r e su l t s  before the course ends. The f ac t  tha t  the student can understand 
how to use NASTRAN before he has the s t ruc tu ra l  theory and coding back- 
ground s igni f icant ly  increases the amount of time he cam spend developing 
first-hand experience. 
picture" before becoming entangled i n  the de t a i l s  

Thus, i n  a sense, he i s  able to see the "big 

.Based upon student accomplishments, understanding, and endorsement, 
t h i s  par t icu lar  approach has apparently been successful. Its greatest  
shortcoming is  t h a t  MSTRAN i s  expensive to operate. 
on an IBM 370/145 computer w i t h  256K core. 
are figured at  $400 per CPU hour. 
s t ructures  course used approximately one hour of CPU time, whereas the 
machine design students required an average of two CPU hours. Thus, the 
compter costs per student f e l l  within the range of $400-$800. 
comparison, a similar study on course instruct ion i n  basic  Fj6RTRAN was 
found to cost l e s s  than $40 per student. 

The program was run 
The charges f o r  t h i s  machine 

The average student i n  the aerospace 

For 

The author's experience has also shown t h a t  use of NASTRAN's p lo t t ing  
feature dramatically improves student acceptance of the r e su l t s .  The 
importance of the student seeing a scaled model of the s t ruc ture ,  as 
opposed to simply scanning pages of numbers, cannot be over-emphasized. 
After gaining a f e e l  f o r  his  problem, he i s  much more wil l ing to study 
the tabulated r e su l t s .  

PROPOSED WORK 

A t  f irst  glance, students tend to be overwhelmed by the magnitude 
and bulk of the NASTRAN User's Manual. This i n i t i a l  shock could be eased 
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with the ava i l ab i l i t y  of a "Mini-Manual" which describes the essent ia l  
steps f o r  writing a NASTRAN program. 
simple example problems. After graduating from the "Ivlini-Manual, the 
student can then use the more extensive documentation contained i n  the 
present User's Manual. 

This manual should a l so  contain 
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STRUCTURAL ANALYSIS FOR A 40-STORY BUILDING 

By Lo-Ching Hua 

Professional Services Division 
CONTROL DATA CORPORATION 

SUMMARY 

NASTW was chosen as the principal analytical tool for structural 
analysis of the Illinois Center Plaza Hotel Building in Chicago, Sllinois. 
The building is a 4O-story, reinforced concrete structure utilizing a 
monolithic slab-column system. The displacements, member stresses, and 
foundation loads due to wind load, live load, and dead load were obtained 
through a series of NASTRAN runs. These analyses and the input technique 
are described in this paper. 

INTRODUCTION 

The demands of a prosperous economy, combined with advancements in 
material technology, have created a high-rise building boom all over the 
world. In most cases, these buildings have complicated structural con- 
figurations for the purpose of accommodating the multiple functions 
required. The traditional structural analysis of buildings has been 
limited to simplified methods, such as plane frame or truss analysis. 
These methods often lead to erroneous results. 
accuracy, manual iteration has been used at the expense of higher compu- 
tation and labor costs. Occasionally, model testing techniques have been 
employed. However, the measured results did not necessarily yield better 
accuracy. They are more generally accepted as an indication to insure the 
conservatism of the designer. 

To improve solution 

In the last few years, the finite element method has gained wide 
recognition in this field. Unfortunately, most of the finite element 
programs available do not have the capabilities necessary to analyze a 
theoretically desirable model of a large building. They are either 
insufficient in capacity, or lacking essential finite elements. The 
emergence of the NASTRAN program has served to alleviate these shortcomings. 

The Illinois Center Plaza Hotel is located near Lake Michigan in down- 
It is a 40-story reinforced concrete building which includes 

The structural system of the building is 

There are no drop panels or haunches at 

town Chicago. 
1,000 guest rooms, several restaurants, parking facilities, and large 
conference rooms and ballrooms. 
the unique slab-column system, in which, the thin floor slabs are poured 
monolithically with the columns. 
the slab-column junctions. The savings in construction costs associated 
with this simplification makes the slab-column system a very competitive 
one in comparison to the conventional beam-column-slab system. However, 
more analytical work is necessary to insure an adequate design of this type 
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of system. 
between t h e  s l a b  and coiumn become a necessary p a r t  of t he  ana lys i s .  

The stress concentrations a t  t h e  junctions,  and the  i n t e r a c t i o n  

The h o t e l  bu i ld ing  i s  symmetrical about i t s  shor t  a x i s  (X-axis) as 
shown i n  Figure 1. 
The mathematical model represent ing  t h i s  ha l f  bu i ld ing  consisted of 1718 
GRID po in ts ;  5000 CBAR elements, with maximum nodal d i f f e rence  of 81; and 
3600 concentrated fo rces  and moments. NASTRAN was  chosen f o r  t h i s  app l i -  
ca t ion  on t h e  b a s i s  of so lu t ion  accuracy, problem capac i ty ,  and mul t ip l e  
cons t r a in t  and restart c a p a b i l i t i e s .  
described herein.  

Therefore, only one-half of t h e  s t ruc tu re  was  analyzed. 

The ana lys i s  and r e s u l t s  are 

SLAB-COLUMN INTERACTION ANALYSIS 

S t r u c t u r a l l y ,  t h e  s l abs  of a h igh- r i se  bui ld ing  have two functions.  
They support t h e  live and dead load and t r a n s f e r  them t o  t h e  columns and 
footings.  
pressure on t h e  building. 

On t h e  o ther  hand, they  a l s o  resist  shear fo rces  due t o  wind 

The models used i n  t h i s  ana lys i s  are shown i n  Figures 2 and 3 .  The 
model i n  Figure 2 cons i s t s  of 777 GRID poin ts ,  124 C B A R f s ,  618 CQUAD~IS, 
and one CTRIA2. CBAR elements w e r e  used t o  represent  columns, while 
CQUAD2 and CTRIA2 elements w e r e  used t o  represent f l o o r  s l a b  and shear 
w a l l s .  Because t h e  point of i n f l e c t i o n  of a column i s  approximately 
midway between two f l o o r  s l a b s ,  t h e  length of t h e  columns were taken t o  
be half of t h e  f l o o r  height.  The model shown i n  Figure 3 is  s i m i l a r  t o  
t h e  f . i r s t  one, with 152 GRID poin ts  and 234 CBARls .  
same as i n  t h e  f i r s t  model, whereas, t h e  s l abs  are represented by a n  
equivalent beam system. 
t h e  s l ab  thickness as t h e i r  depth, and t h e  reduced s l a b  width as t h e i r  
width. 
displacement ana lys i s  which i s  described i n  t h e  following paragraphs. I n  
t h e  case of t h e  shear w a l l s ,  t h e  t o t a l  c ros s  sec t ion  was  considered t o  be  
e f f e c t i v e  i n  formulating t h e  replacement CBAR elements, 

The columns are t h e  

The equivalent beams are f i c t i t i o u s  beams with 

The amount of width reduction i s  determined by t h e  means of t h e  

Since the  inplane r i g i d i t y  of t h e  s l a b  i s  r e l a t i v e l y  s t i f f ,  t h e  la teral  
displacements of t h e  column ends which are not connected t o  s l abs  are t i e d  
together with mul t ip l e  cons t r a in t s .  
more real is t ic  d i s t r i b u t i o n  of shearing f o r c e  among t h e  columns. 

This constraining condition y i e l d s  a 

The slab-column model was  analyzed with t h r e e  loading condi t ions ;  l ive  
load, dead load, and wind load. The i n d i v i d i a l  r e s u l t s  were a l s o  combined 
i n  accordance with loca l  bu i ld ing  codes. The live load and dead load 
ana lys i s  determined the  r e l a t e d  bending and shearing stresses, as w e l l  as 
displacements of t h e  slab.  It a l s o  provided t h e  d i s t r i b u t i o n  of column 
loads. I n  t h e  wind load a n a l y s i s ,  t h e  t o t a l  accumulation of wind load was 
applied a t  t h e  top of t h e  model, and t h e  wind load of t h e  p a r t i c u l a r  
s t o r y  was  appl ied  a t  t he  s l a b  level. 
shearing displacement of t h e  p a r t i c u l a r  s t o r y ,  and the  shearing and bending 
stresses i n  s l a b s  and columns due t o  wind load. 
v a r i a t i o n  across  the  width of t h e  s lab ,  an  i n i t i a l  width was determined f o r  
t h e  equivalent beams i n  t h e  beam-column model. 
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This r e s u l t e d  i n  t h e  computation of 

By inspection of t h e  stress 



Then, t h e  s a m e  wind load was applied t o  ob ta in  t h e  shearing d isp lace-  
ment. 
which provided t h e  same displacement as t h e  slab-column model. These two 
models are displacement compatible models. Obviously, the  motivation f o r  
t h i s  i s  s t r i c t l y  economical. In t h i s  i nves t iga t ion ,  t h e  s i z e  of t h e  
problem w a s  reduced by 80%. Y e t ,  it s t i l l  provided a reasonably r e l i a b l e  
wind stress ana lys i s .  

The width of t h e  beams was  varied t o  search f o r  a configuration 

SPACE FRAME BUILDING STRUCTURE ANALYSIS 

Once t h e  simple equivalent model was  obtained through t h e  ana lys i s  
described i n  t h e  previous paragraphs, t h e  t a s k  of assembling t h e  model f o r  
t h e  whole building was  a s t r a i g h t  forward one. 
frame shown i n  Figure 1. 
only ha l f  of t h e  bui ld ing  w a s  necessary f o r  t h i s  model. 

It re su l t ed  i n  t h e  space 
Because t h e  bui ld ing  has one plane of symmetry, 

There were two NASTRAN runs i n  t h i s  ana lys i s .  
analyze t h e  displacements and stresses due t o  live load, dead load, and 
wind load a c t i n g  i n  t h e  d i r e c t i o n  of t h e  sho r t  a x i s  of t h e  bui ld ing ,  with 
symmetrical boundary condi t ions  a t  t h e  g r i d  poin ts  along the  sho r t  ax is .  
The second run w a s  t o  analyze t h e  displacements and stresses due t o  wind 
load a c t i n g  along t h e  d i r e c t i o n  of t h e  long a x i s  (Z-axis) of t h e  bui ld ing ,  
with anti-symmetrical boundary conditions along t h e  shor t  a x i s ,  

The f i r s t  one w a s  t o  

The r e s u l t s  showed t h a t  t h e  bui ld ing  shortens about 3.6 centimeters 
under combined live and dead load. It a l s o  d r i f t s  8.6 centimeters and 
17.8 centimeters under wind load i n  t h e  d i r e c t i o n  of long and shor t  a x i s ,  
respec t ive ly .  
Figure 4. They a l l  conform t o  Chicago bui ld ing  code. 
i s  considered t o  be an  important criteria f o r  design. 
n a t u r a l  frequencies of t h e  bui ld ing  and, hence, t h e  response of t h e  
bui ld ing  t o  wind loads. 
such a s  determining r e in fo rc ing ,  s i z ing  concrete sec t ions ,  and required 
material s t rengths .  The Single Point Cons t ra in t  Forces a t  t h e  base of 
t h e  bui ld ing  were used f o r  t h e  design of t h e  foundation system. 

The p r o f i l e s  of t h e  d r i f t  of t h e  building are shown i n  
The amount of d r i f t  
It determines t h e  

The stress r e s u l t s  were used f o r  design purposes 

PREPROCESSOR 

Since a l a rge  por t ion  of t h e  building layout was  uniform, the re  was  
I n  order  t o  take  advantage a g rea t  d e a l  of r e p e t i t i o n  of t h e  bulk data. 

of t h i s  and s impl i fy  da ta  preparation, a shor t  preprocessor was w r i t t e n  t o  
generate bulk da ta  cards from a few key cards. E s s e n t i a l l y ,  t h e  
preprocessor was  a c o l l e c t i o n  of counters and bulk da t a  Formats. 
func t ion  of t h e  counters was  to repea t  and ex t r apo la t e  the  da ta  on key 
cards. 
Approximately 11,000 input card images w e r e  generated on magnetic t a p e  
from 1,500 cards input t o  t h e  preprocessor program. 

The 

The bulk data Formats were required t o  genera te  card images. 



The operation of l ink ing  t h e  preprocessor, s t o r i n g  and t r a n s f e r r i n g  
da ta ,  as w e l l  as executing NASTlRAN, were done on a CDC 6600 computer under 
t h e  SCOPE 3.3 operating system. A l l  toge ther ,  seven SCOPE con t ro l  cards 
were required f o r  t h i s  e n t i r e  operation. Therefore, t h e  amount of d a t a  
preparation work was  minimal. 
86% when compared t o  a l l  manual work. 

It represented an approximate reduction of 

CONCLUDING REYKUCS 

The s l a b  column i n t e r a c t i o n  ana lys i s  presented here in  i s  believed t o  
be t h e  f i r s t  of i t s  kind i n  t h e  f i e l d  of h igh - r i s e  bui ld ing  ana lys i s .  It 
bypassed t h e  requirement of conventional assumptions and, t he re fo re ,  
provided more r e l i a b l e  r e s u l t s .  

The average nodal d i f f e rence  i n  the  bui ld ing  model w a s  41, with a 
maximum of 81 occurring a t  t h e  t r a n s f e r  g i r d e r  f loo r .  However, t h e  
maximum nodal d i f f e rence  occurred only i n  a few elements. This made it 
i d e a l  f o r  t he  app l i ca t ion  of t h e  active column approach u t i l i z e d  i n  
NASTRAN. A s  a r e s u l t ,  t h e  so lu t ion  t i m e s  were competitive with some of 
t h e  f a s t e s t  f i n i t e  element codes i n  t h e  f i e l d .  

I n  add i t ion  t o  being f a s t  and accura te ,  t h e  f l e x i b i l i t y  on NASTRANls 
1/0 rout ines  and da ta  management, coupled with a s i m p l e  preprocessor, 
g r e a t l y  reduced input t i m e .  This i s  e s s e n t i a l  i n  solving l a rge  s t r u c t u r a l  
problems. 
being 'developed i n  research i n s t i t u t i o n s ,  never the less ,  t h e  present degree 
of soph i s t i ca t ion  i s  genera l ly  cons is ten t  with cur ren t  procedures used i n  t h e  
design and cons t ruc t ion  of a h igh- r i se  building. 

The cur ren t  vers ion  of NASTRAN may not have t h e  b e s t  elements 
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STRUCTURE OF THE HOTEL BUILDING 
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APPLICATIONS OF NASTRAN TO MJCIZAR PR0BI;EMS 

By Embertus Spreeuw* 
NASA Langley Research Center 

SUMMARY 

The usefulness of NASW fo r  nuclear applications has been investigated. 
For t h i s  purpose the extent t o  which suitable solutions may be obtained for one 
physics problem and two engineering type problems i s  traced. 
t o  be a prac t ica l  t oo l  t o  solve one-group steady-state neutron diffusion equa- 
t ions.  
allow time-dependent temperature calculations are developed. 

NASTRAN appears 

Transient diffusion analysis may be performed after new levels  t ha t  

NASTRAN Piecewise Linear Analysis may be applied t o  solve those p l a s t i c i ty  
problems for which a smooth s t ress-s t ra in  curve can be used t o  describe the non- 
l inear  material behavior. The accuracy decreases when sharp t ransi t ions i n  the  
s t ress-s t ra in  re lat ions are  involved. 
obtained when nonlinear material capabili t ies are extended t o  axisymmetric ele- 
ments and t o  include provisions for  time-dependent material properties and creep 
analysis. 
and normal-mode analysis of a nuclear fuel  element. 

Improved NASTRAN usefulness w i l l  be 

Rigid Formats 3 and 5 proved t o  be very convenient fo r  the buckling 

INTRODUCTION 

In  addition t o  N A S T M  finding i t s  way in to  leading U.S. aerospace indus- 
t r i e s  and research ins t i tu tes ,  it i s  also more md more used i n  other areas of 
s t ructural  analysis such as c i v i l  engineering and the  automotive industry. In  
the  past much duplication has occurred with respect t o  the  development of f i n i t e -  
element computer programs, but at present it i s  worthwhile t o  investigate the 
appl icabi l i ty  of NASTRAN before deciding t o  write a finite-element routine or t o  
add large extensions t o  existing programs. 
purpose program w i t h  assured continuous management and maintenance and i s  avail- 
able a t  a l o w  price. 

NASTRAN i s  an easy-to-use general- 

The domain of nuclear problems is  an important f i e l d  of application outside 
the area for  which NASTRAN was  originally developed, and the present paper dis- 
cusses the use of NASTRAN for  some characterist ic nuclear engineering and physi- 
ca l  problems. The recently released Level15 allows the solution of physical 
problems since a functional for  neutron diffusion calculations, which shows a 
close relationship t o  one used for  thermal analysis, was derived. Except for  
the computation of a neutron-flux distribution, the paper deals with two struc- 
tural example problems; one discusses the e l a s t i c  and p l a s t i c  deformation of 
nuclear fue l  cladding, and the other concerns the  normal-mode and buckling ana- 
l y s i s  of a fue l  element. 

*Postdoctoral Research Fellow, European Space Research Organization. 
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The example problems chosen do not cover the  whole axea of finite-element 
applications suitable fo r  nuclear research and design nor are  all deta i l s  of 
them investigated. Therefore, the paper cannot provide suff ic ient  information 
needed t o  decide whether t o  use NASTRAN or not and m a y  only serve as a guideline 
t o  more directed research. 

ONE-GROUP NEUTRON DIFFUSION 

Recently, different authors ( refs .  1, 2, and 3 )  have applied finite-element 
techniques t o  solve problems from nuclew physics. 
describe heat t ransfer  and neutron diffusion show a close similari ty,  and only 
a f e w  minor modifications of heat t ransfer  programs are necessary t o  allow 
neutron diffusion calculations. 
and NASTRAW al terat ions t o  give neutron-flux dis t r ibut ions w i l l  be outlined. 

The equations used t o  

Functionals f o r  both phenomena w i l l  be discussed 

The resu l t s  fo r  one par t icuiar  

For the case i n  which all 
(velocity) group, the equation 

application are presented. 

neutrons are  assumed t o  belong t o  the same energy 
of neutron diffusion reads (ref.  4) 

crpl+s=o (1) 

Here the summation convention is  used while v stands for velocity, D fo r  the 
diffusion coefficient, $ f o r  t he  scalar  flux, cr for  the macroscopic absorp- 
t ion  cross section, and source term S for  the r a t e  of production of neutrons 
per uni t  volume per second. 

The boundary conditions applied t o  equation (1) involve continuity of f lux 

The general form of the boundary con- 
and current at interfaces, and vanishing of f lux a t  extrapolated boundaries o r  
r e t w n  current at the actual boundaries. 
di t ions reads 

where y and q 
the functional: 

r p l + q = o  ( 2 )  

axe constants. Equations (1) and (2) can be comlbined t o  obtain 

where the t r i p l e  integrals  axe t o  be extended over the volume V, and the double 
integrals  over the surface A of this  volume. Functional F reaches a minimum 
value with respect t o  all admissible variations of flux dis t r ibut ion $. 



The functional most commonly 
ta t ion  i s  

used for  finite-element heat conduction compu- 

which reaches a minimum value w i t h  respect t o  all admissible variations of tem- 
perature dis t r ibut ion 8. The symbol Qo i s  used for  volumetric heat genera- 
t i o n  ra te ,  p f o r  density, and c for  specif ic  heat while A stands f o r  the 
coefficient of heat conductivity. The coefficient of heat t ransfer  between the 
structure and i t s  surrounaing medium i s  represented by a and the temperature 
of the  surrounding medium by 6,. Comparison of expressions ( 3 )  and (4) shows 
tha t  duali ty of finite-element temperature programs i s  obtained when f o r  neutron 
diffusion calculations the following substi tutions are made: - for pc; 

D fo r  A; S fo r  Qo; - - fo r  em; and 7 fo r  a. Moreover, the heat 

capacity matrix has t o  be generated using a coefficient of thermal capacity 
equal t o  u and added t o  the heat conduction matrix. As  yet  NASTRAN heat flow 
capabili ty can be used f o r  stationary problems only and i n  t h i s  way applications 
t o  the  calculation of neutron-flux dis t r ibut ions have t o  be r e s t r i c t ed  t o  steady- 
s t a t e  conditions. The calculations can be performed by carrying out the substi- 
tut ions mentioned and the inser t ion of an ALTER package ( f ig .  1). 
the heat capacity matrix cannot be generated direct ly .  However MAT1, MAT2, or 
MAT3 cards can be used t o  submit values fo r  the mass density equaL t o  those 
desired f o r  the thermal capacity and module SMA2 can be executed to obtain the 
mass matrix. The ALTER package allows the generation of matrix MGG and the addi- 
t ion  of it t o  the heat conduction matrix KGGX. Module SCE2 removes additional 
matrix elements implied by MGG and undesired i n  the heat capacity matrix. The 
method described has been used t o  determine the flux dist r ibut ion i n  the basic 
area of symmetry i n  a fuel-moderator mixture located between a square array of 
cruciform control rods. The rods are  black t o  thermal neutrons and a uniform 
slowing density has been assumed. Figure 2 shows the geometry together w i t h  the 
idealization and calculated l i nes  of constant neutron flux. 
been investigated by Semenza e t  al. (ref. 2) and the agreement looks reasonable. 

1 
v 

Y 

In Level 17.1.1 

The problem has a l so  

DEFOFOLATION OF PaUCIXAR-FUEL CLADDIXG 

One of the most important problems i n  the design of nuclear fue l  elements 
i s  the interact ive deformation of f u e l  pe l l e t s  and the surrounding cladding 
(fig. 3 ) .  For most of the current cladding and fue lmater ia l s ,  the temperatures 
at which the loadings are applied w i l l  cause creep and p l a s t i c i t y  t o  occur. 
Moreover, the nuclear i r rad ia t ion  leads t o  swelling, introduced by helium bubble 
formation, and embrittlement of t he  materials; thus, two more complications must 
be deal t  with i n  analyzing the deformations. 

With the exception of contact forces implied by the cladding, the pe l le t  i s  
only loaded thermally. The cladding i s  subject t o  



(1) Different ia l  pressure between coolant on the outside and released 
f i ss ion  gas on the inside 

(2) Contact pressure and ax ia l  forces due t o  swelling and thermal defor- 
mation of the f u e l  

( 3 )  Thermal load caused by heat t ransfer  through the clad w a l l  

The magnitude of these loadings depends on time, neutron dose, and power output 
of the reactor. 

NASTRAN permits the calculation of deformations both e l a s t i c a l l y  and 
p las t ica l ly .  
elements. After a choice has been made with respect t o  the gr id  points where 
contact occurs, multipoint-constraint equations could provide expressions for  
the displaceme.nts of internal  cladding gr id  points in  terms of external pe l l e t  
g r id  points and the undeformed gap. The idealization and the deformed shape are 
given i n  figure 4, and the  results show close agreement with solutions obtained 
from other programs (ref .  5 ) .  

A s t a t i c  solution could be obtained by use of solid-of-revolution 

P la s t i c i ty  calculations of cladding deformations as a r e su l t  of  mechanical 
loading have been performed using Piecewise Linear Analysis. Because t h i s  
feature i s  as yet  not applicable for  solid-of-revolution elements, the cladding 
w a l l  has been idealized by pa ra l l e l  p la te  elements ( f ig .  5 ) .  In  using t h i s  
model, all axia l  displacements were restrained and a l l  elements were kept par- 
a l l e l  during deformation while interelement distances remained constant. More- 
over a l l  coll inear gr id  points remained coll inear and on the same rad i i .  A l l  
these res t r ic t ions  could easi ly  be accomplished by multipoint and single point 
constraints leading t o  a number of independent degrees of freedom equal t o  1. 
The application of this  model means t h a t  rad ia l  s t resses  are neglected. These, 
however, proved t o  be of minor importance and are par t ly  counterbalanced by the 
assumption of constant interelement distances. 

During each pass through the Piecewise Linear Analysis loop a new value for  
the s t ress -s t ra in  slope i s  estimated by using 

where oai and 
a f t e r  application of the i t h  load increment and 

are the uniaxial equivalences of s t r e s s  and s t r a i n  obtained ‘a 
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where + denotes the load increment during the i t h  load factor m d  F denotes 
a user-supplied tabular function of s t resses  and s t ra ins .  

If a strain-hardening law i s  applied, the model requires t ha t  within a 
s m a l l  increase of load, a l l  elements deform beyond the e l a s t i c  l i m i t .  
a l l  r i g i d i t y  decreases considerably i n  the p las t ic  stage and a load increment 
beyond the yielding point causes a s t r a i n  increment which may be many times 
greater than *at registered during the e l a s t i c  deformation. 

The over- 

This i s  why the use of expression (6) t o  predict the s t r a i n  due t o  the next 
load factor  can lead $0 great ly  underestimating the s t r a i n  and, i n  such cases, 
the value used f o r  El w i l l  be much too large.  The present levels  of NASTRAN 
do not contain a check on the accuracy of E i .  For the model described, accept- 
able r e su l t s  could only be obtained by choosing the piecewise l inear  factors  i n  
such a way tha t  each of the nonlinear elements w i l l  be loaded up t o  the yielding 
point for  one par t icular  load factor.  

This approach is  of course very laborious and not feasible  for  structures 
with many nonlinear elements. 
relationship between s t resses  and s t ra ins  can be described by a smooth curve 
and if s m a l l  load increments are used. 

However, the accuracy can be improved i f  the 

Thermal s t resses  are an important factor  i n  the analysis of the cladding. 
When these s t resses  a l ternate ,  as i s  the case during startups and shutdowns of 
the reactor, they become of even more importance and a stepwise increase of the 
cladding diameter, called "thermal ratchett ing,  '' may be observed. 

In Piecewise Linear Analysis (PLA), thermal loading can be taken in to  
account by generating the  relevant load vector separately and adding it stepwise 
t o  the mechanical loading a f t e r  the mechanical loading has been f u l l y  accumu- 
la ted  during repeated execution of the PZA. loop. The deviating values of Ei 
and the al ternate  direction of s t r a i n  increments fo r  elements compressed by the 
thermal s t r a i n  could be accomplished by application of Direct Table Input. 
These tables  can subst i tute  the regular element summary, connection, and prop- 
e r ty  tables  fo r  nonlinear elements, but once again the approach proved t o  be 
laborious and useless fo r  prac t ica l  applications. NASTRAN did not allow creep 
calculations o r  the consideration of time-dependent material properties intro-  
duced by the influence of nuclear i r radiat ion.  

BUCKLING AND NORMAL-MODE ANfLLYSIS OF FUEL ELEMENT 

In many types of nuclear reactors, the heat generated by nuclear f i ss ion  
i s  removed by a gaseous o r  l iqu id  coolant flowing longitudinally along the f u e l  
rods. 
environment, it does not matter whether the f lu id  i s  assumed t o  flow through o r  
along the tube, and the  c r i t i c a l  value of the f l u i d  velocity can be found by 
solving the d i f f e ren t i a l  equation f o r  steady f l o w  of the f l u i d  through the tube: 

Considering the buckling of these rods when subjected t o  the flowing 
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Here z stands fo r  the transverse displacement, v f o r  f l u i d  velocity, and E 1  
for  the bending s t i f fnes s  of the tube. This agrees ( ref .  6) with the equation 
for  a pipe carrying a l a t e r a l  load p and an axial load of p g .  When 2 i s  
used for the  length it means tha t  buckling of the pipe w i l l  occur when 

therefore, the c r i t i c a l  velocity i s  

NASTRAN allows accurate' determination of the buckling load, and therefore the 
c r i t i c a l  velocity, when the pipe i s  idealized by only a few collinear BAR ele- 
ments. 
i c a l  veloci t ies  i n  complete fue l  elements. 
degrees of freedom, a NASTRAN fuel-element analysis has been performed by use of 
an a r t i f i c i a l  element with fewer fue l  rods than usual but with a length-to-width 
r a t i o  i n  agreement with existing fast-breeder reactor designs. The element con- 
sidered contains 37 fue l  rods arranged i n  a hexagonal pattern with an 8-mm pitch. 
The 6-mm-diameter rods occupy the fu l l  800-mm length of the element. 

Therefore, t h i s  program may a l s o  be used fo r  the computation of c r i t -  
In order t o  reduce the number of 

To support the rods i n  the transverse directions, the element i s  equipped 
with four intermediate honeycomb-like grids; thus, all transverse displacements 
are equated at  gr id  locations. The element i s  assumed t o  be clamped i n  the 
lower element supporting plate ,  whereas only longitudinal displacements are pos- 
s ib le  i n  the upper plate .  

Every f u e l  rod i s  idealized by 10 collinear BAR elements of equal length 
while each side of the hexagonal prismatic container i s  modeled by a rectangular 
pattern of QUAD1 elements with 10 elements over the length and four elements 
over the width. 
modes 1, 2, and 5.  The first four modes show vibrations of the f u e l  rods and 
mode 5 represents the impact of the lowest container frequency on the  behavior 
of the fue l  element also. 
velocity is found t o  be 5.7 m/sec. 
obtain 195 degrees of freedom i n  the a-set. 
f igure i s  too high t o  produce a significant reduction i n  CPU time. 
with res ta r t ing  proved t o  be profitable when other eigenvalue ranges of i n t e re s t  
had t o  be investigated. 

Figure 6 gives the undeformed element together with normal 

When l iqu id  sodium i s  used for  cooling, the c r i t i c a l  
Matrix par t i t ioning has been applied t o  

For the problem concerned, t h i s  
Checkpointing 

'0.16 percent deviation f o r  three elements. 
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CONGLUDING REPJfiRKS 

The use of NASTRAN f o r  the solution of three nuclear problems has been 
investigated. In  view of the fact t h a t  NASTRAN was developed for  solution of 
problems i n  aerospace structures, it i s  not astonishing tha t  it is somewhat 
limited i n  the scope of nuclear problems tha t  it w i l l  solve and requires more 
user e f for t  than special-purpose nuclear programs. 
from the analysis of the chosen examples can be s ta ted as follows: 

In  summary, the conclusions 

1. Steady-state one-group neutron-flux dis t r ibut ions can be computed very 
One of the next o f f i c i a l  levels  featuring conveniently by the  use of WTRAN. 

transient-temperature calculations w i l l  a l s o  permit the solution of time- 
dependent diffusion equations. The applicabili ty t o  multigroup diffusion and 
other problems from nuclear physics may be investigated. 

2. A t  t h i s  time, Rigid Format 6 seems unsuitable when a strain-hardening 
law i s  used and alternating thermal loads are involved. In order t o  improve the 
present approach used i n  Piecewise Linear Analysis (PIA) it may be advisable t o  
repeat the calculation i n  those cases where a laxge deviation between the e s t i -  
mated and actual s t ra ins  occurs. 
native approach i s  shown t o  be desirable. Other areas of in te res t  f o r  nuclear 
users w i l l  be t o  have PLA available for  solid-of-revolution elements also and t o  
be able t o  apply NASTRAN for  creep calculations. 

Reference 7, 8, o r  9 may be useful if an a l t e r -  

3 .  Buckling and normal-mode analysis can be applied d i rec t ly  t o  nuclear 
problems and t o  permit calculations of c r i t i c a l  f l u id  velocit ies.  
matrix parti t ioning reduces the number of independent degrees of freedom without 
loss  of accuracy. 
these r ig id  formats, and a provision t o  perform creep-buckling analysis would 
mean a considerable improvement. 

The use of 

More emphasis on creep applications i s  a l s o  desirable for 

The cr i t ic ism expressed did not show t o  fu l l  advantage the many important fea- 
tures such as checkpointing, substructuring, and multipoint constraints which 
are not found in  any known computer code for  nuclear use. These features give 
NASTRAN the lead over i t s  competitors. The general and f lex ib le  applicabili ty 
of NASTRAN consti tutes i t s  main power, and especially when more e f for t  can be 
spent t o  improve nonlinear material capabili t ies,  BASTRAN w i l l  have a l m g e  
potent ia l  i n  the area of nuclear research and design. 
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One quar te r  p a r t  of t h e  cross section of a cruciform control rod 
/ 

Fi 
I 

gure 2.- Idealization and l ines  of constant neutron flow i n  
mixture area between cruciform control rods. 

a fuel-moderator 
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(a) Interactive deformation. (b) Thermally expanding 
pe l l e t  . 

Figure 3 . -  Pel le t  and cladding. 
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Plane of symmetry 

Figure 4. - Computed interactive deformation of pe l l e t  and cladding. 
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Figure 5.- Idealization of a tube for  Piecewise Linear 

Y 

Analysis. 
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Undef ormed Mode 1 Mode 2 Mode 5 

Figure 6.- Normal modes of nuclear fue l  element. 
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NASTRAN THERMAL ANALYZER 

A GENERAL PURPOSE FINITE-ELEMENT HEAT TRANSFER COMPUTER PROGRAM 

Hwa-Ping Lee and James B. Mason 

NASA Goddard Space Flight Center 

SUMMARY 

A general purpose heat transfer analysis capability based on the finite-element 
method has been added to the NASTRAN system. The program not only can render tem- 
perature distributions in solids subjected to various thermal boundary conditions, includ- 
ing effects of diffuse-gray thermal radiation, but is ful.1~ compatible in capacity and in 
the finite-element model representation with that of its structural counterpart in the 
NASTRAN system. The development history of the finite-element approach for determin- 
ing temperatures is summarized. The scope of analysis capability, program structure, 
features, and limitations a re  given with the objective of providing NASTRAN users with 
an overall view of the NASTRAN Thermal Analyzer. 

INTRODUCTION 

The NASTRAN Thermal Analyzer is a general purpose heat transfer computer pro- 
gram based on the finite-element approach. It is fully capable of rendering temperature 
distributions and heat flows in solids subjected to various boundary conditions, including 
the modes of convection and radiation, in both steady-state and transient problems. This 
computer program has been achieved by the addition of new capabilities to NASTRAN in- 
cluding new elements and solution algorithms. The resulting Thermal Analyzer is both 
self-contained and user-oriented but remains totally compatible in capacity and in the 
finite-element model representation with that of its structural counterpart in the NAS- 
TRAN system. Therefore, thermal and structural analyses of large and complex struc- 
tural configurations utilizing a unified finite-element representation have become a 
reality. 

The purpose of this paper is to provide the NASTRAN users with an overall view of 
the NASTRAN Thermal Analyzer describing its scope, program structure, features and 
limitations. The practical needs which motivated the development of this thermal analy- 
sis capability are given. A brief survey of early works with regard to heat transfer 
analysis by the finite-element method is included. Also described are studies conducted 
at GSFC which investigated element behaviors, obtainable accuracy and solution efficiency 
of various schemes used in conjunction with the finite-element method, the feasibility of 
adding thermal analysis capability to the NASTRAN system, and the various approaches 
for treating problems with emphasis on radiative exchanges. 



BACKGROUND OF DEVELOPMENT 

The main objective of a research and development program at GSFC, titled the 
Structural-Thermal-Optical Program (STOP) (ref. l), is the devlopment of analytical 
methods and procedures which can yield reliable predictions of thermal deformation and 
optical degradation in an orbiting spacecraft (ref. 2), or in a simulated environment. 
This multi-disciplinary project is intended to render analytical services to projects such 
as LST (Large Space Telescope), SAS (Small Astronomy Satellite), EOS (Earth Observa- 
tory Satellite), etc. To predict alignment or optical performance of a large spacecraft- 
telescope system, NASTRAN is relied upon for structural analysis to compute thermally 
induced deformations and stresses. For a reliable structural solution, the thermoelas- 
tically uncoupled structural analysis requires accurate temperature data as an input to 
the NASTRBN structural model. Prior to the existence of the NASTRAN Thermal Analy- 
zers available general purpose thermal analysis computer programs were designed on the 
basis of the lumped-node thermal balance method (e.g. ref. 3). They were not only.limi- 
ted in capacity but seriously handicapped by incompatibilities arising from the model 
representations inherent in the two distinct approaches. The intermodel transfer of 
temperature data was found to necessitate extensive interpolation and extrapolation. 
This extra work proved not only a tedious and time-consuming process but also resulted 
in compromised solution accuracy. To minimize such an interface obstacle, the STOP 
project undertook the development of a general purpose finite-element heat transfer 
computer program. 

Preliminary studies were then conducted at GSFC to investigate the feasibility of 
achieving such a computer program as an integrated part of the NASTRAN system. 
When this task began, the theoretical foundation of the finite-element approach had been 
established for both steady-state and transient thermal field problems (ref. 4-6). Efforts 
aimed at broadening its scope were found in literature such as an extension to axis- 
symmetric problems (refs. 7, 8), a consideration of inhomogeneous material using higher 
order elements (ref. 9), a demonstration of procedure enabling the achievement of an 
efficient solution by reducing the order of the set of equations (ref. lo) ,  and many special 
applications (ref. 11-13). All  of these studies, however, were limited to thermal conduc- 
tion with linear boundary conditions. Since radiation is a dominant mode of the heat 
transfer process in space-oriented applications and introduces a fourth-power nonlinear 
temperature term in the boundary conditions, the in-house studies were directed princi- 
pally to include these nonlinear radiation effects. Other investigations into solution 
feasibility, accuracy and efficiency, and element behaviors in combined modes of heat 
transfer analysis were also undertaken. The in-house studies consisting of two parallel 
efforts were : 

(1) the structural version of NASTRAN was employed directly to solve heat trans- 
fer problems by utilizing mathematical analogies together with manipulations of 
available elements and solution routines (refs. 14, 15). The concept of treating 
the radiative fluxes as nonlinear loads was demonstrated successfully for simple 
radiative problems. The solution scheme, however, was restricted in that all 
nonlinear radiation problems had to be solved using the direct transient 
integration algorithm available in the program. 
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(2) the derivation of heat elements including radiative effects from the governing 
equation and boundary conditions approached via a variational principle, and 
studies centered on heat elements with associated different solution schemes 
(ref. 16). Two distinct approaches to nonlinear radiative problems were investi- 
gated and studies of radiative exchanges between element surfaces of known 
and unknown temperatures were included. A direct steady-state solution via the 
consistent linearization method and using an iterative process proved to be able 
to yield a solution more efficient than using a transient route. The other ap- 
proach, the direct energy distribution method, which had been illustrated inde- 
pendently in a simple problem (ref. l?), in fact, shares the same theoretical 
basis as that employed by a direct use of the structural version of NASTRAN 
(ref. 14, 15). A prototype computer program based on the direct energy distri- 
bution method was coded (ref. 18), and studies of element behaviors and solution 
accuracy were also conducted. 

While the NASTRAN System Management Office at Langley Research Center planned 
the extension of the NASTRAN system to include linear conductive heat transfer analysis 
capability only, GSFC-STOP was seeking the implementation of a full-fledged finite- 
element heat transfer computer program. The software capability was finally developed 
and implemented by the MacNeal-Schwandler Corporation under a subcontract from Bell 
Aerospace Company. It must be stressed, however, that a cooperative financial and 
technical effort between these two NASA centers made possible the emergence of this 
vital new capability. 

SCOPE OF ANALYSIS CAPABILITY 

The NASTRAN Thermal Analyzer is capable of solving both steady-state and trans- 
ient heat transfer problems in large size systems. of arbitrary configuration. The gov- 
erning heat equation together with the boundary conditions may be expressed, following 
the finite-element technique, in matrix form as 

where 

{u) = vector of grid point temperatures 

hi1 = rate change of temperature vector 

[r<l = thermal conductance matrix 

[B] = thermal capacitance matrix 

= vector of grid point heat fluxes 
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Iru> = vector of temperature-dependent nonlinear heat fluxes 

With appropriate interpretation of the matrices appearing in Eq. (l), three basic types of 
problem can be identified. They are distinguished by the numerical solution algorithms 
required for their solutions. 

(1) Linear Steady-State Problems 

Letting {u> = {N) ={O) and [Id Eq. (1) is reduced to a linear steady-state 
equation of the form 

where k,] is a constant thermal conductance matrix. This equation is analogous to the 
basic linear static analysis of the structural version and is treated by the solution 
algorithm present in Rigid Format 1, (Ref. 19). 

(2) Nonlinear Steady-State Problems 

b t t ing  {d = {O) and [Id =[K21, Eq. (1) has the form 

where [K,j may be temperature-dependent. The permitted nonlinearities may arise from 
temperature-dependent conduction and convection properties as well as diffuse radiation. 
A new iterative solution algorithm, which includes test for convergence, has been added 
to the program for this type of problem. 

(3) Linear and Nonlinear Transient Problems 

Equation (1) directly represents the general transient heat transfer problem in 
which {PI is allowed to be a time-dependent heat flux vector. The permitted nonlineari- 
ties may arise from the effects of radiation or from user specified nonlinear elements. 
The new solution algorithm accommodated for this type of problem is implicit and is a 
combination of forward and backward differencing embracing a free parameter P that 
allows the user to select the amount of each. While a default value exists for the param- 
eter which assures stability in linear problems, an override option is provided which al- 
lows the user to trade stability for efficiency. An option is also available which permits 
the user to linearize the effects of radiation. 

PROGRAM STRUCTURE 

The NASTRAN Thermal Analyzer has been designed to perform thermal analysis 
utilizing input and output formats compatible with those of the structural version. This 
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capability has been achieved by making maximum use of existing elements and system 
capabilities needed to satisfy the unique requirements posed by thermal problems. All 
input quantities as well as output displays are physically meaningful to users in the 
thermal field. 

Features such as nonlinear and scalar elements, multipoint constraints, transfer 
functions, DMAP, etc. are automatically inherited from NASTRAN. The user, therefore, 
is provided with a powerful tool to include effects not normally modeled by other ele- 
ments as long as those effects can be described by zero or first order system of equations 

The essential points which characterize this thermal analyzer are summarized as 
follows : 

(1) Geometry Description 

The body to be analyzed is idealized as an assemblage of appropriate finite 
elements. NASTRAN grid, scalar, and extra points remain valid for use in this descrip- 
tion. However, only one degree-of-freedom is associated with a grid point because of 
the nature of the scalar temperature field problem. 

(2) Types of Elements 

The program contains elements in three general categories: 

Heat conduction elements - The constant gradient line, triangle and tetra- 
hedra are the basic elements and utilize linear temperature gradients in 
one, two and three dimensions, respectively. All elements share common 
descriptions with their structural counterparts and are summarized in 
Table 1. Quadrilateral elements are composed of overlapping triangles, 
and wedges and hexahedra from sub-tetrahedra. Solid-of-revolution ele- 
ments of triangular and trapezoiidal cross-section are available for analyz- 
ing axisymmetric problems. Lumped capacitance matrices a re  used with 
all conduction elements to account for the effect of heat storage. 

Boundary elements - XHBDY elements are used to define surface heat flux 
input and to describe convective and radiative exchanges between boundary 
elements. More than one boundary element can be connected to any one 
heat conduction element to account for multiple boundary heat inputs, in- 
cluding convection and radiation. A special cylindrical element with an 
arbitrary user specified elliptic cross-section is included for convenience 
in treating vector heat inputs. With this one dimensional element the ef- 
fects of directional radiant heat inputs are automatically included in that 
peripheral energy inputs over the lateral surfaces are integrated internally. 

Special elements - Several element types are available for the indirect in- 
clusion of effects which cannot be otherwise modeled if only heat conduction 
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elements together with boundary elements were used. These special ele- 
ments may be employed to enhance the analysis capability of the program. 

inputs are included in this category. In heat transfer problems, scalar 
spring elements are analogous to thermal ccnductors and scalar dampers 
to thermal capacitance. 

Scalar elements, nonlinear elements, trans functions, and direc ix 

(3) Material Properties 

Isotropic and anisotropic material behaviors are included. The treatment of 
nonlinearities arising from temperature-dependent thermal conductivity and convective 
film coefficient requires an iteqative solution algorithm and this has been automated for 
steady-state problems only. The process involves the supply of temperature-dependent 
data in the form of tabulated functions which are interrogated at the beginning of each 
iterative step. In transient cases, however, the user must rely on the use of nonlinear 
elements to treat the nonlinear effects as additional thermal loads that are evaulated at 
the previous integration time step, 

(4) Constraints and Partitions 
* .  

Constraint and partitioning features of the structural version remain valid. 
Single-point constraints are used for the specification of prescribed temperatures, and 
multipoint constraints a re  used to describe known temperature dependency between tem- 
perature degrees of freedom. The omitted degree-of-freedom capability employs the 
well-known .Guyan reduction technique to reduce the problem size of the solution set. 

(5) Boundary Conditions, Initial Conditions, and Thermal Loading 

Convective exchange along the boundary can be specified between a surface and 
an ambient zone of known temperature, or between two or more surfaces or zones of 
unknown temperakres. Constant temperatures are specified directly by using constraints 
while temperatures which are arbitrary functions of time are  specified indirectly by 
using simple modeling procedures which avoid unnecessary retriangularization when 
solving transient problems. Arbitrary initial temperature distributions can be specified 
in transient analysis. 

Several options are available to users for the specification of thermal flux in- 
put. Steady or time varying scalar heat flux can be described at the element and/or grid 
point level. Vector heat flux, such as that of radiant flux from a distant source, is 
described by specifying the flux intensity and vector direction. Both the flux intensity 
and vector direction may be time dependent and tbis allows, for example, the automated 
accommodation of rotating bodies in a vector heat flux field. Volumetric heat generation 
can be specified at the element level. 

Required input data for diffuse-gray thermal radiation problems consists of the 
Stefan- Boltz mann's constant, reference absolute temperature, ther mo-physical proper ties 
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and an array of exchange coefficients together with a list which identifies the elements 
that are radiatively interacting. The array of radiative exchange coefficients A F  is a sym- 
metric matrix according to the reciprocity rule. It is the product of the emitting surface 
area A and the geometric view factor F between the emitting and receiving surfaces. 
The Thermal Analyzer accepts radiation data via card or tape. 

(6) Graphics Capability 

The structural plotting feature for data checkout is available. Included options 
are orthotropic, perspective or stereoscopic projection capabilities. Time-history data 
of element heat flux, thermal loads, and temperatures at grid points can all be graphically 
shown in x-y plots. 

(7) Integrated Thermo-Structural Analysis 

The thermo-elastically uncoupled thermal and structural analyses are performed 
in two passes through the NASTRAN System, but may be made to appear as a single con- 
tinuous run by the use of computer system control language. In the case of transient 
analysis, temperature distributions computed by the NASTRAN Thermal Analyzer are 
recorded on magnetic tape or punched cards at predetermined time intervals and, sub- 
sequently, employed for static structural analysis. Back-to-back thermal and structural 
analyses require that the grid point locations must be identical in both models on a 
point-to-point basis. 

A VIEW FACTOR GENERATION COMPUTER PROGRAM 

In computing temperatures involving radiative inter changes between surfaces, the 
geometric view factors between any two radiatively active element surfaces are neces- 
sary to form the exchange coefficients as input to the Thermal Analyzer. In an in-house 
STOP project effort, GSFC has developed an IBM-360 program named "VIEW" which 
computes the view factors and the required exchange coefficients between radiating 
boundary elements. VIEW has compatible input-output formats with the Thermal 
Analyzer and possesses other programming features similar to those of NASTRAN. A 
detailed description of this program is presented in an associated paper titled V I E W  - 
A Modification of the RAVFAC View Factor Program for Use  with NASTRAN Level 15." 

FURTHER STUDY IN EFFECT OF VIEW FACTOR COMPUTATIONS 

In studying accuracy, one of the factors that might influence the result of solution 
involving radiative exchanges between elements is the method that computes the amount 
of net radiant energy on the element level which is then evenly distributed to its vertices. 
This approximation involves the computation of view factors which are computed on the 
element sur€ace to element surface basis associated with the element temperature which 
is an average of those temperatures at the vertices. An alternate approach is to form an 
isothermal area of the temperature at the grid point by dividing the origin elements into 
subelements and assembling the subelements from the adjoining elements to that grid 



point while subelements are formed by connecting the centroid to each midpoint on the 
side of an element. The difference of the view factor results from these two approaches 
is evident in view of a demonstration of the view factor FA-B between two shaded areas 
as shown in Figure 1. 

A direct computation of FA-B gives 0.23344, the result obtained from a summation 
of one-third of the view factors computed on the basis of element surface to element 
surface is 0.12471, and the result obtained from summing up the view factors on the 
basis of subelement to subelement following the rule of the view factor algebra is 0.233989. 
It is to be noted, however, that these computations took into consideration the view 
factor alone. A study combining the effects of temperatures and view factors which in- 
volves a modification of a prototype computer program to assess the quantitative influence 
to the solution accuracy is in progress and will be reported separately, 

ILLUSTRATIVE PROBLEM 

Since the delivery of the IBM-360 NASTRAN Thermal Analyzer to GSFC in June of 
1972, the system check-out phase has proceeded. A problem was designed to demon- 
strate program capabilities and features including: inter-element and inter-program 
(with regard to VIEW program) compatibilities, coordinate transformations, combined 
thermal modes of operation, vector heat flux input description, and the application of the 
different solution algorithms. The problem is that of a fin-like bentplate, whose dimen- 
sions, thermophysical properties and finite-element model are shown in Figure 2 where 
the input parameters with the subscript t refer to the tube and those without any refer to 
the plate. 'The underside of the plate is insulated thermally, and the upper face is exposed 
to a directional heat flux of S. The flowing fluid has a temperature Tin = 1200 K at the 
entrance and a linear temperature drop of 60 K across the tube which has a wall 
thickness r = 1 cm and an outer radius ro = 20 cm. Determine temperature distribu- 

the plate for the following cases: 

The upper face dissipates heat to the surroundings of T a i  = 300 K with a con- 
vective film coefficient ha i r  = 1.135 W/cm -OK. 

A radiative enclosure of a temperature T, replaces the convective environment 
in the preceding case, and radiative interchanges between all surface elements 
are taken into consideration. The solution is approached by the direct nonlinear 
steady-state solution algorithm. 

The plate has a uniform temperature at To = 300 K initially. The temperature 
response of the plate is determined by the nonlinear transient solution algorithm. 
The process starts with an activation of the flow into the tube which has identi- 
cal tube-fluid conditions as previously described. 

In view of the length that would be required to embed the complete meaningful com- 
puter print out of this problem, which consists of detailed card descriptions of the con- 
trol and input data decks and the output results, solutions are not included in this report 
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but have been prepared in a separately bound copy (ref. 20) which will be made avail- 
able to the audience of this colloquium as well as to any interested reader who will make 
a request to the authors. 
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TABLE- 1 
HEAT CONDUCTION ELEMENTS 

TRMEM, TRIAI, TRIA2, 

(-4.4.0) 

Figure I .  

(0.-4.0) (4.-4.0) 

PLANE-A 
I ’* (0.-6.3) 

PLANE-6 

Sub-elements joined at two common vertices to form two isothermal radiative surfaces. 
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QVECT - 
S = 0.14 W/cm 2 

SP~INT - 
T, = 77.78 K 

55 

k = 0.161 W/cm-K 

C = 0.492 J/g-K 

ht = 0.8 h = 1 . 1 3 5 ~  10-3W/cm2-K 
at= et = 0.8 a = E = 0.9 

Figure 2. Finite-element model of a bent fin-tube configuration with boundary conditions. 
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VIEW - A MODIFICATION O F  THE RAVFAC VIEW FACTOR PROGRAM 

FOR USE WITH THE NASTRAN THERMAL ANALYZER 

By Edward F. Puccinell i  and Clifton E. Jackson, Jr. 

NASA Goddard Space F l ight  Center 

INTRODUCTION 

The NASTRAN Thermal Analyzer w i l l  include the capabi l i ty  t o  
perform complete thermal analyses on s t ructures .  One of the in- 
puts t o  NASTRAN required t o  simulate radiat ive heat  t ransfer  
between surfaces w i l l  be the view fac tors  (a l so  cal led shape 
factors ,  form factors ,  configuration factors)  between those sur- 
faces. The purpose of the VIEW program is t o  compute these view 
factors  and produce appropriate RADMTX and RADLST output t o  be 
used a s  NASTRAN Bulk Data. 

VIEW assumes t h a t  the view factors  between surfaces i s  a 
function only of t h e i r  geometries and r e l a t ive  locations i n  
space. .The e f fec t s  of emissivity, absorptivity,  transmissivity, 
and multiple re f lec t ions  are not taken in to  account, though 
provision has been made i n  the program design fo r  t h e i r  incor- 
poration i n  a future version. 

The view fac tor  from surface S l  t o  S2 ( these surfaces of 
area Sl and 5 2 ,  respectively) may be found by considering the 
or ientat ion of two i n f i n i t e s i m a l  surfaces dS1 and dS2, located 
respectively on S1 and S2 (see figure 1) . 

The derivation of the view factor  formula for  computing 
*dSl-+dS2 ( the  view factor  between dSl and dS2) can be found i n  
reference 1 as: 
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I n t e g r a t i n g  over both su r faces  the view factor f r o m  S1 t o  S2 
becomes 

Program VIEW can compute v i e w  factors by i n t e g r a t i n g  this 
equat ion using e i t h e r  f i n i t e  d i f f e r e n c e  o r  contour i n t e g r a t i o n  
{ re fe rence  1). The former method r e q u i r e s  less computer t i m e ,  
whi le  the l a t t e r  g ives  m o r e  a ccu ra t e  s o l u t i o n s  i n  c e r t a i n  cases, 
The u s e r  i s  allowed t h r e e  op t ions  i n  s e l e c t i n g  t h e  method t o  be 
used: 

1. He may r eques t  f i n i t e  d i f f e r e n c e  i n t e g r a t i o n  only,  

2 ,  H e  may r e q u e s t  contour i n t e g r a t i o n  only,  

3 .  H e  may a l l o w  the program t o  make i t s  own s e l e c t i o n  on 
the b a s i s  of a use r  s p e c i f i e d  area- to-dis tance r a t i o .  

The t h i r d  opt ion  i s  the m o s t  common user  s e l e c t i o n .  

I N P U T  DESCRIPTION 

The major i ty  of the i n p u t  t o  the program c o n s i s t s  of a 
d e s c r i p t i o n  of  t h e  su r face  shapes and their  l o c a t i o n s  i n  space. 
The VIEW program allows the use r  a choice of t w o  d i s t i n c t  i npu t  
formats.  F i r s t ,  one may desc r ibe  the sur face  shape and l o c a t i o n s  
using NASTRAN formatted i n p u t  ( t ha t  is, using GRID cards ,  CORD 
cards ,  CHBDY cards ,  etc. , see f i g u r e s  2 and 4) . Second, he may 
desc r ibe  the problem using the s a m e  i npu t  format requi red  by the 
RAVFAC program (see f i g u r e  3 ) .  Third,  h e  may elect  t o  combine 
the t w o  types of i npu t  da ta .  
run a t  once, as shown i n  f i g u r e  4. 

I n  add i t ion ,  s eve ra l  cases may be 

The c o n t r o l  ca rds  r e q u i r e d  are very simple. T h e  f i rs t  con- 
t r o l  card of every case is  a t i t l e  card. This c o n s i s t s  of any 
e igh ty  characters and i s  p r i n t e d  o u t  as the output  heading. 

The second c o n t r o l  card is  the VIEW case c o n t r o l  card, w h i c h  
i s  n o t  t o  be confused w i t h  NASTRAN case c o n t r o l  cards. On th i s  
c a r d  the user specifies such i t e m s  as  t h e  method of i n t e g r a t i o n  
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t o  be used, the input data device t o  be used (cards or tape) I the  
output data device(s) I and other program variables,  These a re  
a l l  described i n  greater  d e t a i l  i n  the  program documentation, 

The t h i r d  control card i d e n t i f i e s  the  type of data which is  
t o  follow. I f  NASTRAN data i s  being used a s  input, the user 
punches "NASTRAN DATA" i n  columns one through twelve. I f  it is  
RAVFAC data, he  punches "RAVFAC DATA" in  columns one through 
eleven. 

This card i s  followed by e i the r  the NASTRAN or  RAVFAC b u l k  
data deck, which i n  turn is  followed by a control card specifying 
the end of the case ( the  user punches "ENDCASE" i n  columns one 
through seven). I f  no other cases a re  t o  follow, the next con- 
t r o l  card signals the end of the run and has "ENDRUN" punched i n  
columns one through s ix .  

If another case i s  t o  follow, the control card following 
trENDCASE" would be a new t i t l e  card. The input format would then 
repeat i t s e l f  a s  described. See figures 2, 3 and 4. 

W e  now come t o  the hea r t  of the input: those cards which 
describe the surfaces and t h e i r  posit ions i n  space. The RAVFAC 
input  format w i l l  be ignored i n  t h i s  paper but  can be found i n  
reference 1. However, it i s  worth noting t h a t  the surface shapes 
which may be described by RAVFAC input are: 

a. rectangular 

b. d i s k  ( r ing  and/or section) 

c. trapezoidal 

d. cyl indrical  ( r ing  and/or section) 

e. conical ( r ing  and/or section) 

f .  spherical  ( r ing  and/or section) 

g. c i rcu lar  parabolic ( r ing  and/or section) 

NASTRAN input allows fo r  the description of the following surface 
shapes: 

a ,  so l id  d isk  (POINT element) 

b, rectangle (LINE element) 

c ,  cone o r  cylinder (REV element) 
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d. t r iangle  (AREA3 element) 

e. quadrilateral  (AREA4 element) 

A t  t h i s  point it i s  necessary to  define the following 

"elements" - The u n i t s  i n  which a s t r u c t u r e  i s  modeled 

terminology: 

(called f i n i t e  elements in  NASTRAN) 

"sub-elements" - The units into which an element may be 
divided (used only, i n  VIEW). 

Therefore, the surface shapes previously defined w i l l  hence- 
forth be referred t o  as element shapes, or j u s t  elements. 

Basically, the NASTRAN user models (appr0ximates)his struc- 
ture by reconstructing it i n  space using NASTRAN elements. 
For an analysis involving radiation the user i s  allowed the use 
of the elements described previously. 

The N A S T W  input acceptable to  the VIEW program is  there- 
fore: * 

a. CHBDY cards - which describe the element shape 

b. PHBDY cards - which describe properties of the elements 

c. GRID, CORD, and GRDSET cards - which describe the loca- 

d. 

t ion i n  space of the elements 

ENDDATA card - defines the end of the surface descrip- 
t ion cards. Any other type of card (with one exception 
t o  be explained l a t e r )  is  ignored by the program, and a 
message i s  printed s ta t ing how many cards were ignored. 

The exception j u s t  mentioned is  a card designed specifically 
for the VIEW program called, appropriately, a VIEW card. On  t h i s  
card the user specifies whether an element can be shaded by 
another element and whether it can shade some other element. 
This is  not required input (as the program can determine such 
relationships automatically), b u t  i t s  use can save computer t i m e .  
Also on the VIEW card the user may specify tha t  an element is  t o  
be divided into nxn sub-elements. The default i s  1x1, meaning 

*No double f i e l d  input allowed. 
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f a c t o r s  are 
view f a c t o r s  
sub-elements 1s u 
should be used whenever two elements shar 
are known t o  have a non-zero v i e w  f a c t o r  between t h e m ,  

CONFAC 
* CASE F1 - (7x7) 

lPLAl0 - 8COPLA -27337 
lPLAl0 - l P L A l l  -21136 
lPLAl0 - 1PLA9 .06201 
1PLA12 .-t 8COPLA .11370 
1PLA12 -t 1PLA9-9R ,07183 
1PLA12 4 l P L A l l  .04187 
lPLAll lPLAl0 .30435 
1PLA9-9R -3 1PLA12 -067 33 

Once a run has  been made a l l  the NASTRAN Bulk D a t a  cards  
may be recovered f r o m  t h e  VIEW inpu t  deck. These cards ,  a long 
with t h e  RADLST and RADMTX c s j u s t  produc be used 
as inpu t  t o  NASTRAN t o  p rov i  a d i a t i v e  co a t i o n  f o r  
a h e a t  t ransfer  a n a l y s i s .  

VIEW 
(10x10) 

(588 SUB-ELEMENTS) 

.27556 

.21339 

.06157 

.11278 
-07 227 
.04051 
.30815 
-06773 

COMPARISON OF VIEW TO CONF'AC I1 

These r e s u l t s  s a t i s f a c t o r i l y  demonstrate the a b i l i t y  of the VIEW 
program t o  account f o r  shading r e l a t i o n s h i p s  i n  view f a c t o r  
c a l c u l a t i o n .  

PROGRAMMING REMARKS 

As a f i n a l  note ,  it should be mentioned that the VIEW pro- 
gram has  been designed t o  be as much l i k e  NASTRAN as poss ib l e ,  i n  
t ha t  it (1) has a restart c a p a b i l i t y ,  (2)  i s  organized i n  over- 
l a y s  t o  minimize the core required t o  load the program, and 
(3) dynamically a l l o c a t e s  co re  space so tha t  the user may run any 



s i z e  problem he desires, i f  he reques ts  a s u f f i c i e n t  amount of 
core space. A major d i f f e rence  which remains i s  that the VIEW 
program i s  w r i t t e n  i n  For t ran  I V  and assembly language f o r  IBM 
360 
CDC 

1. 

2. 

computers, and conversion would be necessary f o r - i t s  use on 
o r  Univac machines. 
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/END DATA -SIGNALS END OF RUN 

NASTRAN CARDS 

CARD IDENTIFYING TYPE 
-OF DATA WHICH FOLLOWS 

-CASE CONTROL CARD 12 -TITLE CARD 

Figure 2. Typical Run, 1 Case, NASTRAN Input Only.  

TITLE i 
Figure 3 .  Run One Case Using NASTRAN 

and RAVFAC Input Combined. 

TITLE 

I END CASE 

TITLE 

Figure 4.  Run 2 Cases, both NASTRAN Input. 
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Structural Dynamic and Thermal Stress Analysis of 
Nuclear Reactor Vessel Support System 

BY 
Dr. James Chi-Dian Go 

Computer Sciences Corp. 

ABSTRACT 

A nuclear reactor vessel is supported by a Z-ring and a box ring girder as  indi- 
cated in Figures 1 and 2. 

The two proposed structural configurations to transmit the loads from the Z- 
ring and the box ring girder to the foundation are  shown in Figures 3 and 4. 
Figure 3 illustrates the cantilever concrete ledge transmitting the load from 
the Z-ring and the box girder via the cavity wall to the foundation while Figure 
4 depicts the loads being transmitted through one of the six steel columns. Both 
of these two supporting systems were analyzed by using rigid format 9 of 
NASTRAN for dynamic loads and the thermal stresses were analyzed by AXISOL 
Ref. 1. The six column configuration was modeled by a combination of plate and 
bar elements and the concrete cantilever ledge configuration was modeled by 
plate elements. Both configurations were found structurally satisfactory; how- 
ever, nonstructural considerations favored the concrete cantilever ledge. 

Each of the NASTRAN models has about 600 dynamic degrees of freedom. Be- 
cause of structural and loading symmetry, only 30 and 15 degree, circumfer- 
entially, models a s  shown in Figures 3 and 4 were required. The bulk data was 
re-sequenced by BANDIT to minimize the run time. Time steps in the range of 
2 to 1 0  MS were used for different runs and the total response times were kept 
a t  about 130 MS. Various structural damping coefficients were applied in this 
analysis. Many structural and X-Y plots were produced. Average run time 
was about 20 minutes CPU and 40 minutes wall clock. 

The basic computer hardware consists of a UNNAC 1108 central processor 
with 131K core memory, 2-22, 020, 096 words FASTRAND, 5-FH432 drums, 
8-UNISERVO VIII magnetic tapes and two 30-inch CALCOMP drum plotters. 

STRUCTURAL CONFIGURATIONS 

The 6-column configuration is shown in Figures 1, 2 and 4. These steel 
columns are  built up sections with two horizontal supports at the third points. 
Each column is bolted to the Z-ring. The concrete cantilever ledge configu- 
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ration is shown in Figure 3. The box ring girder shown in Figure 2 is supported 
by the concrete ledge. 

STRUCTURAL MODELING 

In a 30 degree column configuration model, the Z-ring is modeled by 7 plate 
elements per 2 degrees of azimuth for a total of 150 plate elements while the 
box ring girder and column are modeled by 15 and 18 bar elements respec- 
tively. The concrete cantilever configuration was modeled by 18 plate elements 
per 3.75 degrees of azimuth o r  total of 72 plate elements. 
bolts a re  assumed rigid. 

All  the connecting 

DYNAMIC LOADING 

The dynamic loads consist of an up load and a down load as shown in Figure 5 .  
The load paths for the two proposed structural concepts are shown in Figures 
2 and 3. These dynamic loads are specified on TLOADl cards and combined 
on DLOAD cards. 

DYNAMIC RESPONSE 

The transient dynamic stresses, element forces, deflections, velocities and 
accelerations were printed and plotted for selected critical elements and grid 
points. 

The dynamic load factor, DLF, is the ratio of the peak dynamic displacement 
to the static displacement produced by a static load with magnitude equal to the 
peak dynamic load. The DLF for the 6-steel columns and the concrete canti- 
lever ledge are calculated to he about 1.6 and 1.2 respectively. The results 
are summarized in Tables 1 and 2. 

THERMAL STRESSES ANALYSIS 

AXISOL, which is a finite element computer program for stress o r  strain 
structural problems, was used for the thermal analysis. The structural model 
and resulting thermal stresses are shown in Figure 6. The thermal stresses 
in the concrete ledge a r e  significant. These stresses were combined with the 
dynamic stresses and shown in Table 1. 
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SUMMARY 

The analyses reported in this paper pertain to the preliminary structural 
design phase. The results obtained from NASTRAN and AXISOL are 
satisfactory for this purpose. Due to the versatility of the NASTRAN input 
format, design changes, additional analyses o r  modeling refinement can 
easily be effected. Some simple lumped mass models with one to €ive degrees 
of freedom with nonlinear material properties were analyzed independent of 
NASTRAN. The hasic structural dynamic responses were within 10 - 20% of 
NASTRAN results. The satisfactory results of this analysis clearly indicate 
the applicability and usefulness of NASTRAN to heavy civil engineering type 
of structural design and analysis. 

Re €e rence 

1. Prof. E. Wilson, University of Calif. AXISOL Axisymmetric Solid Finite 
Element Structural Analysis Program. 



Summary of Maximum Deflections, Stresses and Dynamic Load Factors 

1% and 2% uniform structural damping 
E = 23.0 X lo6  
Poisson's ratio = .3 

#-Sec2 F Mass  density = .000733 

Box girder filled with concrete 
* Static load set equal to peak dynamic down load 
** - Compression, + Tension 

I Max Force (106#) 

Column 'Beam Columr 
I Location Forces Stress (ksi) (in) 

I i Support -49.1 -43.0** 14.8 .93 
I +34.7 +30.5** 

1 Quarter Span 1-1 -45.5 -40.0 3.01 

'.Quarter Span1 ;3a6$e4 1 2.8 1 
-43.6 -38.3 

Mid Span +39.0 +34.1 6 .3  
TOP TOP 

Support -53.0 -46.7 15.9 1.00 
+35.0 4-31.1 
Base Base 

+33.1 +29.1 

2uarter 'pan 3.1 -48.9 -42.8 

Mid Span TOP TOP 7.0 

3upport -51.0 -43.8 15.7 -95 
+51.7 4-45.3 
Base Base 

Quarter Span 2.9 

-46.7 -41.0 
+47.4 441.0 

Mid Span TOP TOP 6.6 

Power, 
ie gawat t I 

sec 

35 0 

2% 
Damping 

150 

2% 
Damping 

350 

1% 
Damping 

150 

1% 
Damping 

DLF,Ratio of 
Dynamic and 
Static 
Deflections 

1.2 

1.5 

1.3 

1.66 

Table 1 
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MAXIMUM PRINCIPAL STRESSES 

Case Number & Description KIPS/Sq. In. 

A. 150 megawatt-sec 

33. 

C. 

D. 

E. 

F. 

G. 

H. 

I. 

J. 

K. 

350 megawatt-sec 

20 x lo6  # Static Load 
at the Cantilever Ledge 
Tip 

Thermal with Heating 

Thermal without 
Heating 

Combination of A&D 

Coxhbination of A&E 

Combination of B&D 

Combination of €3 &E 

Combination of C&D 

Combination of C&E 

or 00 CTZ 7 
-3.2 -1.0 -.4 1.65 
+2.3 + . 9  ' 

-3.3 -1.0 -.4 1.70 
+2.55 + .9  

-2.21 - .72 -.25 1.16 
+1,60 + .56 

- .19 -2.1 -.04 .05 
+ .19 +1.0 

- .08 - .9 -.04 .01 
+ .08 + . 4  

-3.39 -3.1 -.44 1.70 
+2.49 +1.9 

-3.28 -1.9 -.44 1.66 
+2.38 +1.3 

-3.49 -3.1 -.44 1.75 
+2.64 +1.9 

-3.38 -1.9 -.44 1.71 
+2.63 +1.3 

-2.40 -2.82 -.29 1.21 
+1.79 +1.56 

-2.29 -1.62 -.29 1.17 
+1.68 + .96 

or is the radial bending stress. 
oz is the vertical bending stress. 
oe is the hoop stress. 
T i s  the shear stress. 
-compression. 
+tension 

Maximum Shear at 
40" Ledge & Max. 
Bending Stress, 
D ~ ,  in Cavity Wall. 

At Upper Cantilever 
Tip. 

Table 2 
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Key Plan 

470 



-I 3 0 7 . 0 ' q  
Q 

Z-Ring 

4 

3 

2 

Figure 2 
Section A-A 

L-4 17.25" 

I 

'7 8 
P 

~ 20.375" 

Box Ring Girder 7 

9 0  

Z -Ring, Box Ring Girder & Columk 



Figure 3 
Concrete Cantilever Ledge 
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Figure 6 
Concrete Ledge Thermal Stress 

Hoop Stress Contour 
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HIGH PRESSURE TURBINE BLADE STRESS ANALYSIS 

Robert R. Van Nimwegen and Samuel Tepper 
AiResearch Manufacturing Company 

Torrance, Cal i f o r n i a  

Summa rv  

One o f  the c r i t i c a l  areas i n  j e t  engine design i s  the h igh  pressure 
turbine (fig. 1). 
strong t rans ients  i n  both temperature and r o t a t i o n a l  speed f ie lds,  make 
the stress analyst  conscientious about construct ing a reasonably good 
model t o  study t h i s  p a r t i c u l a r  area. 
blade d e f i n i t i o n  and r e s u l t s  o f  the analysis.  

Combinations o f  h igh temperature gradients associated w i t h  

The present repor t  pertains t o  the 

Since the same model should l a t e r  be used t o  def ine some dynamic 
cha rac te r i s t i cs  and c e r t a i n  areas would requi re a non-linear analysis, 
NASTRAN was chosen as a convenient program t o  manage the several a l t e r -  
natives. 
i n  other areas o f  j e t  engine design. 

Previous experiences w i t h  the program were h i g h l y  sa t i s fac to ry  

I n t  roduct ion 

The Garret t  ATF3 fan j e t  engine has a high pressure turb ine w i t h  
r o t o r  blade cool ing conf igurat ion b a s i c a l l y  a three-cavity, convection- 
cooled design. The cool ing a i r  i s  d i s t r i b u t e d  t o  each blade by inser ted 
tubes which a l s o  serve the purpose o f  locking the blades i n  t h e  disk. 
The c a v i t i e s  must be designed i n  such way t h a t  the cool ing path i s  optimum 
f o r  the ove ra l l  performance o f  the blade, under cen t r i f uga l  loads and 
temperature f i e ld ,  especia l ly  considering the t rans ients  i n  both f i e l d s .  

A t  design tu rb ine  i n l e t  temperature the metal temperature map a t  
3 sec transient, f o r  a 5-second accelerat ion i n  a standard day a t  sea 
leve l  condition, i s  ind icated i n  Figure 2. 

The blade has a large amount o f  t w i s t  w i t h  a low hub-t ip r a t i o .  
The object  o f  the present study i s  t o  obta in  the best mechanical design 
compatible w i t h  the several condi t ions abovementioned. 

Mechanical Desiqn and Model 

Due t o  the strong t w i s t  and the cen t r i f uga l  load a s i g n i f i c a n t  
torque i s  developed. Shear stresses r e s u l t i n g  from t h i s  torque are 
reduced by the a d d i t i o n  o f  two shear webs i n  the blade. 

A previous stress analysis o f  the d i sk  f i r - t r e e  area defined the 
blade root  stress cha rac te r i s t i cs  (Figure 3). Considering the p a r t i c u l a r  



b lade c o n f i g u r a t i o n  i t  was decided t o  analyze the  p a r t  by  us ing the  
NASTRAN program s e l e c t i n g  the  PTRIA2 p l a t e  element t o  c o n s t i t u t e  t h e  
s h e l l - l i k e  s t ruc tu re .  

The blade was d i v ided  i n t o  915 t r i a n g u l a r  p l a t e  elements shown i n  
F igure  4. 

NASTRAN Analys is  

The ana lys i s  consis ted o f  t he  f o l l o w i n g  th ree  par ts :  

a) Stress d i s t r i b u t i o n  due t o  c e n t r i f u g a l  forces only, t o  ob ta in  
t h e  r o t a t i o n &  speed p a r t i c i p a t i o n  i n  t h e  o v e r a l l  ana lys is .  

Stress d i s t r i b u t i o n  due t o  combined s teady-state thermal and 
c e n t r i f u g a l  loads. Th is  case corresponds t o  the  normal opera- 
t i n g  cond i t ions .  

b) 

c)  St ress d i s t r i b u t i o n  due t o  combined t r a n s i e n t  thermal and 
c e n t r i f u g a l  loads. Th is  case was the p a r t i c u l a r  i n t e r e s t  
cons ider ing bo th  creep and low cyc le  f a t i g u e  ana lys is  and 
the  p o s s i b i l i t y  o f  d e f i n i n g  non- l inear  ma te r ia l  character- 
i s t i c s  a t  l o c a l  po in ts  t o  e s t a b l i s h  b lade l i f e  c h a r a c t e r i s t i c s .  

I n  Figures 5 and 6 several o f  t he  s t ress  maps obta ined from the  
compu!er runs a re  depi cted. 

Conclusions 

As a r e s u l t  o f  the  analysis, minor mod- i f icat ions have been made t o  
reduce the  stresses i n  two c r i t i c a l  areas. The forward shear web has 
been scal loped a t  the  roo t  sec t i on  t o  reduce t h e  h igh  shear stresses a t  
the  base o f  the  web. Add i t i ona l  ma te r ia l  has been added t o  the  t r a i l i n g  
edge o f  the  b lade by c u t t i n g  back the  core t r a i l i n g  edge a t  the roo t  o f  
t he  b lade t o  reduce the  peak s t ress .  

With respect t o  the  use o f  t he  NASTRAN program i t s e l f ,  several consi- 
dera t ions  could be summarized. W i t h i n  an environment where numerous 
computer programs a re  i n  use dur ing  the l a s t  t e n  years, t he re  i s  a na tu ra l  
i n e r t i a  against  s t a r t i n g  the  use o f  another l a rge  program, espec ia l l y  o f  
t he  NASTRAN s ize .  However, once the  ana lys t  has become more f a m i l i a r  
w i t h  the  several features o f  NASTRAN he becomes more aware and conscious 
o f  the s t rong a n a l y t i c a l  p o s s i b i l i t i e s  o f  the  present program. For 
example, i n  the  ana lys i s  mentioned above t h e  c a p a b i l i t y  o f  having a model 
t o  run dynamic ana lys i s  and non- l inear  ma te r ia l  behavior, p lus  p l o t t i n g  
the  model and shapes, was a dec i s i ve  f a c t o r  i n  the  use o f  t h i s  program. 
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EFFECTIVE STRESS LINES FOR HIGH-PRESSURE TURBINE 
BLADE & DISK FIR-TREE CONNEC?I~N - KSI & (W/m2) 
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FIGURE 3 
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AF'PLXCATIONS OF NASTRAN SUBSTRUCTITRING 

By R. Narayanaswami 
NAXA Langley Research Center 

* 

SUMMARY 

This paper describes the application of substructuring techniques for  

Presently, m u l t i -  
two example problems, (i) a square p la te  and ( i i )  the s t a t i c  analysis of a 
frame-wall interaction problem i n  multistory structures.  
point constraint forces are  not retrieved i n  NASTRAN. 
calculating the multipoint constraint forces i s  also presented herein. 

A DMAP routine f o r  

INTRODUCTION 

The use of substructuring techniques i n  NASTRAN i s  well  documented 
(references 1 and 2) .  However, it i s  f e l t  t ha t  example problems involving 
large degree of freedom (d.o .f . ) systems would bring out the advantages of 
substructuring i n  greater d e t a i l  and w i l l  be of help t o  the NASTRAN user 
community. This i s  attempted i n  this paper 

There are several  cases where the  analyst w i l l  be interested i n  evalu- 
a t ing the multipoint constraint forces - for example, the frame-wall 
interaction problem i n  multistory structures o r  the  nuclear f u e l  pellet-clad- 
ding problem i n  nuclear engineering. 
i n  EASTRAN. A DMAP routine, based on the Lagrange multiplier technique, i s  
presented herein f o r  the calculation of multipoint forces of constraint. 
When this DMAP routine i s  applied f o r  large d.0.f. problems, the computing 
e f fo r t  needed i s  so great as t o  make it impracticable. The substructuring 
feature in NASTRA;E(T overcmee t h i s  diff icul ty .  
tu re  par t i t ioning and the Lagrange multiplier technique t o  re t r ieve the 
interaction forces between the shear w a l l  and frame of a multistory 
structure. 

These forces a re  not presently retrieved 

This paper uses the substruc- 

DESCRIPTION OF PROCEDURE 

The de ta i l s  of  substructure parti t ioning are  explained i n  the  NAXTRAIV 
User's Manual (ref. 2 )  and will not be described here. 
static analysis, the method i s  b r i e f ly  outlined i n  the  following paragraphs. 

With reference t o  

%AS-NRC Post-Doctoral Resident Research Associate. 
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The c o q l e t e  structure i s  divided into a number of substructures, the 
boundazies of which may be specified arbitrarily.; however, for  convenience, it 
i s  preferable t o  make s t ruc tura l  par t i t ioning correspond t o  physical parti- 
tioning. Each substructure i s  first analysed separately, assuming that a l l  
common boundaries ( jo in ts )  with the  adjacent substructures a re  completely. 
fixed. (In NASTRAN, t h i s  i s  called the Phase I operation.) 
analysis, the displacements of a l l  i n t e r io r  p i n t s  i n  each substructure with 
the  adjacent substructure boundaries fixed are  evaluated. These boundaries 
are  then relaxed simultaneously and the boundary displacements are determined 
from the equations of equilibrium a t  the ljoundary jo in ts  (the Phase I1 NASTRAN 
operation) Each scbstructure can now be analysed fo r  boundary displacements . 
Adding these t o  the  Phase I displacements, (displacenents of in te r ior  points 
i n  each substructure with adjacent boundaries fixed) we get the  final displace- 
ments. 

From t h i s  

(This is  achieved i n  N A S W  i n  Phase I11 o;?eration.) 

The addition of the reduced substructure boundary loads and s t i f fness  
matrices t o  obtain the t o t a l  boundary load and s t i f fness  matrix for the  
complete structure,  and the pa r t i t i on  of the boundary displacement of  t he  
complete s t ructure  in to  the  boundary displacements of the separate substruc- 
tures  i s  achieved with the a i d  of par t i t ioning vectors. The parti t ioning 
vector for each substructure i s  a vector of s ize  n x lwhere  n i s  the t o t a l  
degrees of freedom i n  the  a-set. 
the  par t i t ioning vectors are  explained i n  re f .  2. 
gr id  points i n  the  total  s t ructure  have been numbered dis t inct ly ,  the par t i -  
tioning vectors can be formed as follows: 

The various steps i n  the construction of 
For cases where a l l  the 

1. 'Arrange the gr id  points i n  the a-set, i n  ascending sequence. 
L i s t  the  connected degrees of freedom at these grid points 
(the components of the a-set)  as scalar  point in te rna l  
indices i n  ascending numerical sequence s ta r t ing  w i t h  1. 
T h i s  gives the s ize  n of the parti t ioning vector. 

2. The par t i t ioning vector f o r  each substructure i s  obtained by 
entering r e a l l ' s  i n  all locations where the substructure under 
consideration has connection components with any other substructure. 

The formation of the  par t i t ioning vector when one substructure has 
connection with two or more substructures and when the grid point numbering 
fo r  the  t o t a l  structure shows discontinuities i s  i l l u s t r a t ed  i n  Example 
Problem Number 2. 

EXAMl?T;E PROBLEMS 

Problem Number 1 

The s t ruc tura l  problem consists of a square p l a t e  with hinged supports 
on a l l  boundaries. The 10 x 20 model, as shown i n  Fig. I, uses one-half 
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of the structure and symmetric boundary constraints on the midline i n  order t o  
reduce the order o f  the problem and the band w i  
the bending modes are desired, 
t o  the plane are constrained. 
the NASTRAB demonstration manual (ref. 3) .  

by one-half. Because only 
ions and rotations normal the inplane 

This i s  the same problem as that solved in  

The model i s  divided into f ive substructures. (This i s  not the best 
division of the problem; however, since the purpose herein i s  t o  demonstrate 
the use of identical substructures and the second stiffness reduction i n  
Phase 11, no attemp'c i s  made t o  choose the best subdivision.) 
consist of ( i )  points on the boundaries of the substructures, 12 thru 22, 88 
thru 98, 154 thrm 164, 220 thru 230 and ( i i )  additional points i n  each sub- 
structure needed t o  define 
analyst's judgement), 55, 60, 65, 121, 126, 131, 187, 192, and 197'. Note 
that Phase I yuns are made only for  two substructures, substructure 1 and 
substructure 2 (Sub-5 i s  identical t o  Sub-1; Sub-3 and Sub-4 are identical 
t o  Sub-2). There are 53 a-set points with 3 d.0.f per grid point (Total 
d,o .f . = 139). Applying the boundary condition y = 0 along X = 0, 7 d.0 .f . 
are eliminated; applying the condition uz = 9, = 0 along X = 10, 14 d.o .f. 
are eliminated; th i s  leaves 3-58 d.0.f. i n  a-set. 
i n  the boundaries are not needed for reasonably satisfactory dynamic response 
of the structure, a second stiffness reduction i s  done i n  Phase 11. The grid 
points omitted are 13 thru 16, 18 thru 21, 89 thru 92, 94 thru 97, 155 thru 158, 
160 thru 163, 221 thru 224, and 226 thru 229 ( to ta l  of 32 points each of 3 
d.o .f . ). 
structure i n  Phase 11. The natural frequency comparisons w i t h  and without the 
second stiffness reduction of Phase IS i s  given in  Table 1. 

The a-set points 

dynamic response (this i s  largely. based on the 

Since a l l  the grid points 

There are thus only 42 d.o .f , i n  the f ina l  solution of  the pseudo- 

Problem Number 2 

This problem deals with the analysis of  a multistory structure. The 

The shear 
The frame i s  

Phase I analysis i s  performed for 7 of the 

shear w a l l  and frame are treated as separate structures and they are discretized 
and divided into substructures as shown i n  Figures 2 through 5. 
wall i s  divided into 30 substructures (three f o r  each story). 
divided into 10 substructures. 
30 substructures of the shear w a l l  and 2 of the 10 substructures of the 
frame (due t,o the repetitive geometry, it i s  enough i f  3 substructures of 
shearwall  and P o f  frame are analysed for Phase I; however, t o  reduce the e-set 
points, the former approach i s  used). 

Substructure 1 has connection points with substructures 2 and 4; sub- 
structure 4 has connection points with substructures 1, 2, 5 ,  and 7. 
point numbering for the t o t a l  structure i s  available, even though it i s  not 
continuous serially. Under these conditions, the partitioning vectors for 
a l l  the substructures can be formed as shown below. 

The grid 

(1) Arrange the grid points i n  the boundaries i n  ascending 
sequence: 

191~-1924, 1973-1980, 2029-2036, 2085-2092 , 2141-2148, 2197-2204, 

49-36, 1@-3J2, 161-168, 217-224, 273-280, 329-336, 
385 -392 , 441-448 , 497-5 04 , 1749-1756, 18~5- 1812 , 186i- 1868, 

290!j-2907, 292-2914, 2919-2921, 296-2928> 2933-2935 3 2940-2942 , 



2947-2949, 294-2956> 2961-2963, 2968-29702 3105-3107, 3132-3114, 
3119-3121, 3126-3128, 3133-3135 3140-3142, 3147-3149, 3154-3156, 
3161-3163, 3168-3170, 
(u and v), the components of the a-set are l i s ted  as scalar point 
internal indices i n  ascending numerical sequence start ing with 1 
as follows: 

Since each point has 2 degrees of fredom 

A-Set 
grid point 

Scalar point 
internal index 

49 1 

50 

5 1  

1;49 

175 0 

e . 
e 

29Q3 

2906 

e 

3105 

3106 

e 

0 

8 

3170 

2 
3 
4 
5 
6 

e 

e 

e . 
3;5 
35 0 
351 
352 

4 b  
408 

(2) The partitioning vector for each substructure is  obtained by 
entering rea l  1 ' s  i n  a l l  locations where the substructure under 
consideration has connection components with any other substructure. 
The partitioning vectors for 2 sample substructures i s  shown on the 
following pages (size of partitioning vectors 408 x 1): 
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Scalar point 
fnt ernal Index 

1 
2 
3 
, 4  
5 
6 
7 
8 
9 

10 
ll 
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1  
22 
23 
24 
25 
26 
27 
28 
29 
30 
31. 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 

Substructure 1 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
l a 0  
2.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

Substrycture 4 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1a0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1 .o 
1.0 
1.0 
1.0 
1.0 
1.0 
1a0 
1.0 
1.0 
1.0 
1.0 
1.0 
L O  
1.0 



Scalar point 
Internal Index 

49 
50 
5 1  
52 
* . 

2i9 
290 
291 
292 
293 
294 
2% 
296 
297 
2 98 
299 
300 
301 
302 
303 
304 . 

0 

468 

Substructure 1 

1.0 
L O  
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 
1-0 
1.0 
1.0 

The a-set points for the frame are 5, 9, 13, 16, 20, 24, 27, 31, 35, 38, 
429 46, 49, 53, 573 60, 649 68, 71, 75, 79, 822 869 909 93, 979 101, 104, 108, 
ll2. Since there are 3 d.0.f. per grid point, (u, v, and 0,) the a-set com- 
,ponents t o t a l  90. The partitioning vectors f o r  the substructures of the frame 
(size 90 X 1) can be formed easily. 

Since it i s  of interest to know how the frame and the wall acting alone 
w i l l  r es i s t  the l a t e ra l  wind load, the frame and the shear w a l l  are analysed 
separately- a t  first. 

T h i s  exmple w i l l  also be used to i l lus t ra te  the use of multiple level 
substructuring. The multistory structure i s  to be analysed for different 
first story heights of 12 f t ,  13 f t ,  15 ft, and 20 f t .  In  order that  the 
entire calculations are not to be repeated, a Phase 11 ( In i t i a l )  run i s  made 
where substructures 4 thru 30 of the shear wall are combined into a "super- 
substructure"; so also substructures 2 thru 10 of the frame. 
(Final) run consists of combining the f i r s t  story substructures to the super- 
substructures of shear wall and frame, respectively. 

height of the multistory structure, the Phase I run fo r  the substructures of 

The Phase 11 

The data recovery of 
s of interest  i s  achieved i n  Phase 1x1. For a different f irst-story 

490 



the first s t o r y  and Phase I1 (Final) runs are  repeated with the necessary 
Phase I11 runs. 

The s t i f fness  matrices with respect to the  active degrees of freedom 
of the  w a l l  and frame, respectively, are merged by means of vector of s ize  
498 x 1. The interaction of the w a l l  and frame i s  studied using multipoint 
constraint equations; the  conditions to be satisfied being (i) u and v 
displacements a t  corresponding points of w a l l  and frame are equal and (ii) BZ 
of f r a e  a t  connection points with the wall should be equal t o  the f i c t i t i o u s  gz 
values of the  w a l l  obtained by dividing the difference of the ve r t i ca l  dis-  
placements at  the two ends of the l e f t  wall  a t  each f loor  l eve l  by the width. 

The value of  the  maximum displacement for  w a l l  alone, frame alone, and 
frame-wall interaction f o r  the’case of the l a t e r a l  wind load is  given i n  
Table 2. It i s  to be pointed out tha t  without substructuring, each of the 
cases investigated would have involved considerably more computing effor t .  
For example, the frame-wall interaction problem has a t o t a l  of 3210 degrees 
of freedom. In  a direct  analysis of the t o t a l  s t ructure  the  s t i f fness  matrix 
of 3210 x 3210 has t o  be decomposed; whereas i n  substructuring, 6 substructures 
i n  each of which the s ize  of matrix does not exceed 112 X 112, 2 of s i ze  30 x 30, 
1 of s ize  54 x 54, and 1 o f  s ize  468 x 468 are solved. 

A s  seen from Table 2, f o r  solving s i x  different  probLems, a t o t a l  time 
of about 900 sec i s  only needed while using substructuring techniques whereas 
fo r  %he solution of one shear-wall problem alone, about 2450 see i s  needed 
without substructuring. 
structurring w i n  be exhorbitantly high (the bulk o f  the time i s  spent on decorn- 
position of the large s t i f fness  matrix). It should be mentioned tha t  this wide 
discrepancy i n  t i m e  with and without substructuring i s  largely due t o  the repeti-  
t i ve  nature of the structure geometry of th i s  problem and also that  Phase I11 
runs are  performed only at  the portion of i n t e re s t  i n  the structure. 
l ess ,  time savings are bound t o  resu l t ,  i n  general, w i t h  the  use of substructwing. 

The t o t a l  t h e  f o r  solving a l l  the cases without sub- 

Nonethe- 

EVALUATION OF M?JLTII?OIN!II CONSTRAINT FORCES 

In NASTRAN, the multipoint constraint forces are  not retrieved. A 
DMAP program i s  writ ten here to re t r ieve these forces. 
f o r  th i s  D W  routine l i e s  i n  the use of the Lagrange multiplier technique. 

The theoret ical  basis 

From the  minimum potent ia l  energy principle, we have the f’unctional 

where so i s  the surface upon which the tractions are  prescribed. 



The coJlection of multipoint constraint equations can be writ ten i n  
the  form [.I (dl = O 

To account f o r  such constraints, we invoke the  method of Lagrange 
multi-plers, and defining the  vector 4 A of these multipliers,  we have the 

. I  

augmented f’unctional 

n,, = {tr b] {A} - f A Y { P }  + { A T  [c  

After applying the  first necessary conditions, we have [+y] { = 

A This equation can now be solved f o r  { A ). Note tha t  the system of 
equations, i n  general, i s  not now posit ive def ini te ,  and hence the unsymmetric 
decomposition routine of N A S T W  has t o  be used fo r  the solution. 
the stand point of units, k s  have the uni t  of lb/in. or  in-lb/in. 
depending on whether the par t icular  multipoint constraint equation equates 
displacements o r  rotations. 
standpoint, the h t s  represent the  average value of the distributed force o r  
moment needed t o  satisfy- the  multipoint constraint equation. 

From 

This discloses tha t  from a purely physical 

Forkthis problem the a-set s t i f fness  matrix f o r  the w a l l  i s  of size  

An 
408 x 408; t ha t  for  the frame i s  90 x 90; and there are  30 multipoint con- 
s t r a i n t  equations. 
unsymnetric decomposition of t h i s  matrix on CDC 6600 machine with l40K (oc ta l )  
storage w i l l  require about 18.5 minutes. 
a l ternat ive formulation is  used herein. 
of the w a l l  i s  reduced t o  20 x 20 (retaining only the d.0.f. a t  each connec- 
t ion  point with the frame); the 90 x 90 a-set s t i f fness  matrix of the frame 
i s  reduced t o  30 x 30 (retaining only the d.0.f. a t  each connection point 
with the w a l l ) ;  thus, with 30 multipoint equations, the augmented matrix 
of s ize  80 X 80 need only be unsymmetrically decomposed. The reduction of 
a-set s t i f fness  and load matrices and the solution of the augmentedmatrix 
took only about 88 sec on CDC 6600 with 140K (octal)  storage. 
package f o r  this  frame-wall interaction problem, including the s t i f fnes s  
reductions mentioned above, is given i n  the Appendix. 

Thus the augmented matrix i s  the s ize  328 X 528. 

Since this i s  very expensive, an 
The 408 x 408 a-set  s t i f fness  matrix 

The DMAP 

Even though the procedure described herein f o r  the calculation of 
multipoint constraint forces i s  genera3 and can be used fo r  problems tha t  
do not involve and/or necessitate substructuring techniques, it has t o  be 
q h a s i z e d  that f o r  large problems, the method can be used only with sub- 

shorten the. coqut ing  effor t .  
of large matrices w i l l  involve unacceptably high coqut ing  costs. 

structuring. Even then, an additional s t i f fness  reduction would considerably I 
This i s  because unsy-fnmetric decomposition 
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CONCLUDIPJ%; REMARKS 

The NASTRAN substructuring techniques have been applied for the 
solution of a s t a t i c  and a dynamic problem. 
i s  found to result  i n  considerable saving of computing effort. The multiple 
level substructuring technique, which faci l i ta tes  the efficient reanalysis 
of the structure when only a portion of the structure is  modifed, has been 
applied for  a frame-wall interaction problem. I n  NASTRAN, the multipoint 
constraint forces are not presently retrieved. 
retrieving the multipoint constraint forces has been written and has been 
successflxlly used i n  calculating the interactive forces between the frame 
and shear wall of a multistory structure. 

In both problems, substructuring 

A DMAS routine for 

1. MacNeal, R .  H., ed.: The NASTRAN Theoretical Manual, NASA SP-221, 
Sept . 1970 (Revised 1972) . 

2. McCormick, C. W., ed,: The NASTRAJY User's Manual, NASA SP-222, 
Sept. 1970 (Revised 1972). 

3 .  NAXTRAJY Demonstration Problem Manual, NASA. SP-224, Sept. 1970. 
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Table 2. Value  of mmdmm displacement, in. ft., 
due to lateral wind of 1 kip/sq. ft. 

Frwne-WaU. interaction 

Case 1-First 
s t o r y  height = 12' 

m. 1 snd Ph. 2 160 + 140 

(with a first story height of Ut) xithwt the use of substructuring 

Total time on CM: 6600 for solving the p b h  of shear wall alone 

but using amit d.0.f. 
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DESIGN OF NASTRAN DEMONSTRATION PROBLEMS 

By Alvin Levy" 
Grumman Aerospace Corporation, Bethpage , New York 

SUMMARY 

Criteria and procedures are supplied for the selection, evaluation and 
maintenance of an optimum set of demonstration problems to be used for the 
purposes of checking out the NASTRAN program and demonstrating NASTRAN's 
capabilities. 
Manual that will better assist the user community in the selection of NASTRAN 
options and preparation of input data as well as allow the user to isolate 
the various options used in the set of demonstration problems. 

Also, suggestions are made for a new Demonstration Problem 

INTRODUCTION 

I The versatility and scope of N A S W  are large and increasing with each 
new release. For this reason a set of demonstration problems is used to 
checkout the NASTRAN program as well as to demonstrate its capabilities, 
use of demonstration problems in this manner is a good practice and should 
be continued in the future as new features are added on to NASTRAN. 
care must be taken in the construction of this set of problems. 
many options available in NASTRAN, the set of demonstration problems should 
be both complete and efficient, irer, it should utilize all the options 
of NASTW in a limited number of problems. 
paper to supply criteria and procedures for the selection, evaluation and 
maintenance of an optimum set of demonstration problems. 
out our objective a catalogue is constructed which lists all the PJASTRAN 
options which are to be explicity checked out. 
to evaluate the present set of demonstration problems and a procedure is out- 
lined for the construction of an optimum set of demonstration problems. 

The 

However, 
Because of the 

It is the intention of this 

In order to carry 

This catalogue is then used 

It is a lso  suggested that a new Demonstration Problem Manud be supplied 
which w i l l  assist the user community in the selection of NASTRAN options 
and preparation of input data, 
Manual (ref. 1). 
of the aforementioned objective, a complete listing of the options available 
in NASTRAN in an organized format. Also a complete catalogue of the present 
demonstration problems is constructed in a matrix form, This catalogue is 
displayed in the Appendix and can be used as a reference to locate the use 
of a particular option in the set of demonstration problems. 

This will be a useful supplement to the User's 
To this end the present paper includes, as a by-product 

"Gmunman-Langley Industry Associate, NASA Langley Research Center 
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CONSTRUCTION OF CATALOGUE 

The f i r s t  s tep i n  constrbcting a catalogue i s  t o  organize the  NASTRAN 
features  in to  general groups, 
based on the  flow through the NASTRAN data  deck and represent t he  main 
features  t h a t  the user i s  concerned with i n  order t o  s e t  up h i s  problem cor- 
r ec t ly  and completely. The present Demonstration Problem Manual ( r e f .  2 )  
contains a similar l i s t i n g .  

These general groups, shown i n  Figure 1, are  

Next, an evaluation i s  made t o  determine which options must be exp l i c i t l y  
checked out. 
unnecessary bookeeping, 

This w i l l  helg insure completeness and avoid duplication and 
This evaluation leads t o  the  following considerations: 

1. All the modules i n  NASTRAEJ must be thoroughly evaluated. However, 
only those modules not used i n  the r i g i d  formats w i l l  be l i s t e d  i n  
the  catalogue (See A5.DMAP of Appendix). These modules can then 
be a l te red  i n t o  the r i g i d  formats or included i n  a separate DMAP 
program, In  t h i s  way we will guarantee t h a t  a l l  t h e  modules are 
being used, In  addition, all parameter options should be checked 
i n  a separate D W  program. 

2. The case control cards t h a t  a r e  used f o r  select ing bulk data input 
are  not exp l i c i t l y  included i n  the l i s t  of data  cards. These w i l l  
automatically be checked when the  corresponding bulk da ta  cards a re  
used. 
are  l i s t e d  i n  the Appendix under C. B u l k  Data Deck Options. Also see 
section 2.3.1 of the User's Manual for  t h i s  purpose. 
control cards TITLE, SUBTITLE, and LABEL a re  used i n  most problems 
and are  therefore deleted from the l i s t  t o  be demonstrated. 

The case control cards necessary for  select ing bulk data  cards 

The case 

3. Those bulk da ta  cards t h a t  a re  necessarily referred t o  by other 
bulk data  cards are  not included i n  the  catalogue. Generally, 
these a re  property cards. Other bulk data  cards t h a t  f a l l  i n  t h i s  
category a re  EIGP, AXIC,  AXSLOT, AXIF, ADUMi, DAREA and RANDPS. 

Denoted by (*) i n  t he  catalogue l i s t  are  those bulk dat'a cards 
t h a t  are  necessarily required fo r  one or more r i g i d  formats. 
included the  following cards (along with the  corresponding r i g i d  
formats): 
EIGC (7), and TSTEP (9, 12) .  

4. 
This 

EIGR (3, 11, 12), DSFACT (4) ,  EIGB (5),  PLFACT ( 6 ) ,  

All the  NASTMN options a re  l i s t e d  under t h e i r  appropriate headings. 
The f i n a l  product, l i s t e d  i n  the  Appendix, contains a complete and e f f i c i en t  
l i s t i n g  of all the  options i n  NASTRAN which have t o  be exp l i c i t l y  checked 
out. 
under any category of s t ruc tu ra l  consideration the  user can see at  a glance 
the options available and which da ta  cards a re  necessary fo r  each option. 

Also, the  catalogue i s  constructed i n  an eas i ly  usable manner, e ,g , ,  
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CONSTRUCTION OF OPTIMUM SET OF DEMONSTFiATION PROBLEMS 

Select ion of Problems 

In general, s m a l l  prototype problems will be selected. This w i l l  enable 

A number of large-scale problems w i l l  a l so  be included 
the user t o  analyze prototype problems before attempting the  solution of 
large-scale problems. 
t o  checkout such things as s p i l l  logic.  
kept r e a l i s t i c  while u t i l i z ing  as many different options as feasible.  
inkeeping with the desired objective, namely, t o  u t i l i z e  a l l  the options 
available i n  NASTRAN i n  an e f f i c i en t  manner. 

An individual problem w i l l  be 
This i s  

The i n i t i a l  s e t  of demonstration problems w i l l  be comprised of those 
presently being used t o  checkout NASTRAN. 
typical  problems tha t  w i l l  be considered as  additions t o  o r  replacements 
f o r  the i n i t i a l  se t .  
on a simple t russ .  
In problem 2 we a re  considering the buckling of a simply supported square 
plate  under edge compression. 
incorporate all the  p la te  elements into one problem, There are nine such 
elements. Th i s  problem checks out the r e l i a b i l i t y  of the s t a t i c  s t i f fness  
and d i f f e ren t i a l  s t i f fnes s  matrices of p la te  elements, We note tha t  i n  
both these problems there  are many options ( i n  a given category) used i n  a 
single problem, making it possible t o  use a l l  the options i n  fewer problems, 
or, more appropriately, i n  l e s s  computer t i m e .  
the nonlinear behavior of a rotat ing beam under ax ia l  compression. 
addition t o  demonstrating the d i f fe ren t ia l  s t i f fnes s  of the CBAR element, as 
presently demonstrated i n  demonstration problem 4-1, the  present problem also 
includes the following; (1) the use of CELASl and CELAS2 elements, which have 
not been demonstrated in  any current demonstration problem, (2) the use of 
a negative spring t o  simulate a rotat ing mass, and (3) an ALTER which allows 
the load factors,  specified on the DSFACT bulk data card, t o  be applied t o  
load P while not affecting load q (presently a l l  loads are  multiplied by 
the load factors). 

Figure 2 represents three 

In problem 1 subcase def ini t ions are demonstrated 
This problem uses all the static subcase options. 

Instead of using j u s t  one element we 

In problem 3 we are  analyzing 
In 

Evaluation 

A table i s  now s e t  up i n  matrix form and can be used t o  evaluate a 
set of demonstration problems. A similar idea was suggested by Cuthill  e t  al. 
i n  r e f .  3. 
catalogue, while the columns r e fe r  t o  the different  demonstration problems. 
For each problem we check off the options used, 
problems i s  catalogued, we can eas i ly  see from our matrix which options are 
used for a given problem, which problems u t i l i z e  a given option, and i n  
par t icular ,  which options have not been used. 
t ion  problems used t o  check out level. 15 has been made, and the complete 
evaluation matrix i s  given i n  the Appendix, 

The rows of the matrix are the NASTRAN options, l i s t e d  i n  the  

A f t e r  a se t  of demonstration 

An evaluation of the demonstra- 

The general observation i s  
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tha t  the present set of demonstration problems u t i l i z e s  most of the main 
features of NASTRAN, but t ha t  there  are  many minor options which are not 
used. 

Construction and Maintenance 

We can see at  the outset  t ha t  there  i s  no unique set of optimum problems 
feasible ,  
e f f ic ien t  s e t  of problems. The method outlined here i s  an i t e r a t ive  procedure, 
as shown i n  Figure 3.  
catalogue and evaluate them as outlined previously, then update them by 
a l te r ing  and deleting old problems and adding new problems. 
of problems can then be made more e f f ic ien t  by combining options i n  different  
ways, or possibly by combining problems, 
can be repeated as often as necessary. 
easi ly  maintain the  se t  of demonstration problems. As new features are added 
t o  NASTRAN, the  cataloguing tab les  are updated and the demonstration problems 
are  a l tered or added t o  and the cycle repeated. 
e f f ic ien t  s e t  of demonstration problems which can be maintained w i t h  a minimum 
of e f for t .  

In f ac t  it would be very ineff ic ient  t o  t r y  t o  find the most 

Starting with a given se t  of demonstration problems, 

The updated se t  

The cycle of evaluating and updating 
We must a l so  make sure tha t  we can 

This w i l l  lead t o  an 

Once we have a set of problems we can demonstrate them on NASTRAN. With 
our cataloguing procedure we w i l l  know exactly which options are  being checked 
out and which options remain t o  be checked out,  Ultimately, we w i l l  have a 
complete set of problems, tha t  i s  t o  s a y ,  a se t  of problems tha t  u t i l i z e s  a l l  
the  features of NASTRAN. 

DEMONSTRATION PROBLEM MANUAL 

The proposed Demonstration Problem Manual w i l l  consist of a description 
of the demonstration problems, as appears presently ( re f .  2 ) .  
addition w i l l  be the  catalogue of NASTRAN options, 
reader t o  follow and understand the selection of options used f o r  a given 
problem. 
of the present s e t  of demonstration problems, 
i so l a t e  the use of a given option i n  the se t  of problems. 
t ha t  the data decks f o r  the  demonstration problems a lso  be included i n  t h i s  
manual for easy reference and completeness. 
Cuthil l ,  e t  al. i n  reference 3 .  Whether the data decks are included 
i n  the manual, since they are  supplied t o  the user from COSMIC, they 
should include comments t o  help explain any misunderstandings tha t  m i g h t  
a r i se  i n  the preparation of data. 

A useful 
This  w i l l  enable the 

Also included, for easy reference, should be the evaluation matrix 
This w i l l  allow the user t o  

It i s  suggested 

This has also been suggested by 



CONCLUDING REMARKS 

The present t ex t  outl ines procedures for constructing an optimum se t  
of demonstration problems (one which u t i l i z e s  a l l  the options i n  an 
e f f i c i en t  manner) and a format fo r  a new Demonstration Problem Manual (one 
which readi ly  lends i t s e l f  t o  i so la t ing  the  use of individual options). 
This w i l l  allow both the  management and user 
b e t t e r  advantage of the use of denionstration 
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CATAMX;UE OF NASTRAN OPTIONS, LETEL 15 

A. Ekecutive Control Deck Options 

1. Rigid Format - APP DISP/SOL K1, K 2  
1.1 Sta t i c  Analysis 
1.2 
1.3 Normal Mode Analysis 
1.4 
1.5 Euckling Analysis 
1.6 Piecewise Linear Analysis 
1.7 Complex Eigenvalue Analysis, Direct Formulation 
1.8 

Response Analysis, Direct Formulation 
genvalue Analysis, Modal Formulation 

1.11 Frequency and Random Response Analysis, Modal Formulation 
1.12 Transient Response Analysis, Modal Formulation 

2.1 Create o r  Edit - UMFEDIT 
2.2 

3.1 Checkpoint - CHKPNT 
3.2 Restart - RESTART 

S ta t i c  Analpsis with Ine r t i a  Relief 

S t a t i c  Analysis with Different ia l  St i f fness  

Frequency and Random Response Analysis, Direct Formulation 

2. User's Master F i le  

Use i n  Execution - UMF K1,  K 2  
3. Checkpoint and Restart 

3.2.1 Restart with Rigid Format Change 
3.2.2 Restart with Case Control Change 
3.2.3 Restart with Bulk Data Change 

4. Alter Rigid Format 

5. 
ALTEE K/ALTER KX, W / E N D A L ~  
Direct Matrix Abstraction Programming (DMAP) 
fPP DMAP/BEGIN/END 
5.1 Ut i l i t y  Modules 5.2 Matrix Operation Modules 

MATPRN ADD PAETN 
MATPRT ADD5 s OLVE 
SEEDTAT DECOMP SMPYAD 
TAEPRT FBS TRNSP 
T B P T  MERGE W R G E  
VEC J!Jil?YAD WARTN 

5.3 User Generated 1/0 5.4 User Tape Modules 
INPUT (a = 1, 7) INJ?UTTl OUTPUT1 
ourem3 INPUTT2 OUTPUT2 

6. 
7. Time - TIME N 

Diagnostic Output - DIAG K (K = 1, 31) 

B. Case Control Deck Options 

1. Subcase Definition 
SUBCASE SYM WCASE 
SUBCOM SYMCOM MODES 
SUBSEQ SYMSEQ 
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B. Case Control Deck Options (cont.) 

3.1 
3.2 
3 03 
3.4 
3 -5 
3.6 
3 -7 
3.8 
3.9 

2. Printed Output Selection 
ACCEIXRATION MaxLLNEs 
KXISYMZFLUID MLLW 
DISP, VECTOR, PRESSURE OFREQUENCY 
ECHO OLOAD 
FORCE, ELLFORCE SACCELERATION 
HARMomcs SDISP , SVECTOR 
LINE SET 

3. Plot ted Output Selection 
P lo t te r  (1) DD (2) CAIXOMP ( 3 )  SC (4) EA1 
Undeformed Plot 
S t a t i c  Deformation Plot 
Modal Deformation Plot  
Transient' Deformation Plot  
Undefomed and Deformed Plot 
Frequency Response Plot 
Transient Response Plot 
Structural  Plot Options 
ORTHCGXAPHIC PROJECTION AXES 
PERSPECTIVE PRaJECTION ORIGIN 
STEREOSCOPIC PROJECTION VIEW 
PROJECTION PIANE SEPARATION FIND 
OCULAR SEPABATION CAMERA 
VANTAGE POINT SYMBOTdj 

C. B u l k  Data Deck Options 

1 .* Geometry 
1.1 Coordinate Systems 

1.2 Geometric Grid Points 

1.3 Scalar Points 
1.4 
1.5 Fluid Points 

Resequencing Grid and Scalar Points 

1.6 S l o t  Surface Points 
1.7 Conical Shel l  Points 

2, Elements 
2.1 Bar 

Offset Bar connection, CBAR 
2.2 Rod 

SPCFORCES 
STRFSS, ELSTRESS 
rnLOcITY 
THETF/IAL 
VELOCITY 
(SORT2 ) 
(PUNCH) 

( 5 )  BL 

Case Control Bulk  Data 

CORDlC 
CORDlR 
CORDlS 
coRD2c 
CORB2R 
coRD2s 
GRDSET 
GRID 

SEQGP 
FREEPT 
FSZIST 
GRIDB 
RINGFL 
GRIDP 
GRIDS 
RINGM 
SECTAX 

sporm 

BAROR 
CBAR 
Offset 
CONROD 
CROD 
CTUBE 2.3 Tube 



C .  Bulk Data Deck Options (cont.) 

2.4 Shear Panel 
2.5 T w i s t  Panel 
2.6 Two-Dimensional Membrane 

Case Control. Ihtlk Data 

2.7 Two-Dimensional Bending 

2.8 Two-Dimensjonal Combined Membrane 
and Bending 

2.9 Conical Shell ,  Isotropic 
2.10 Toroidal Shell., Isotropic or Orthotropic 
2.11 

2.12 Scalar Spring 

Revolved Ring, Isotropic o r  Orthotropic 

2.13 Fluid 

2.14 Slot-Acoustic Cavity h a l y s i s  

2.17 Three-Dimensional, Isotropic 

2.16 General 
2.17 Heat Boundary 
2.18 Direct Input Matrices and 

Input Tables 
2.19 Plot 

3. Material Properties 

CSHEAR 
CTWIST 
CgDMEM 
CTFiI%EM 
CgDpLT 
CTRBSC 
CTEPLT 
CQUADl 
CQUAD2 
CTRIAl 
C T R W  
CCONEPX 
CT ORDRG 
CTRAPRG 
C T R M G  
CELAXl 
CEZAX2 
CELAS3 
C E W k  
CAXIF2 
cAXIF3 
CAXIF4 
CFLUID2 
CFLUID3 
CFLUID4 
CS LOT3 
CSLoT4 
C H M A l  
c m 2  
CTETM 
CWEDGE 
G m L  
CHBDY 
DMI 
DTI 
PLOTEL 

Linear, Temperature Independent ; 
Is0 t ropic  
Ani sotropic 
Ortho t ropic 
Linear, Temperature Dependent; 

Isotropic 
Anisotropic 
Ortho t ropic 
Conduction Properties ; 
Isotropic 
Ani sot ropic 
Nonlinear Material 

MAT1 
MAT2 
MAT3 
TABI;EM1 
TABLE242 
TAB- 
TABLE%& 

TENPERATURE MATT1 
(MATERIAL) MATT2 
TW(MAT) MATT3 

IvIAT4 
MAT5 
TABLES1 
MATS1 
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C. Bulk Data Deck Options (cont.) Case Control Bulk Data 

4. S t a t i c  Loads 
4.1 Concentrated Load 

4.2 Pressure b a d  

4.3 Gravity Load 
4.4 Combined b a d  
4.5 Centrifugal Load 
4.6 Thermal Load 

4.7 Conical Shel l  Load 

5 =  

LOAD 
LOAD 
LOAD 
LOAD 
LOAD 
LOAD 
LOAD 
LOAD 
LOAD 
LOAD 
LOAD 
LOAD 
TEMPERBTURE: 
(LOAD 1 
TEMP(LOAD) 
TEMP ( LOAD) 
TEMP ( LOAD) 
TEMP ( LOAD) 
LOAD 
LOAD 
LOAD 
LOAD 
TEMP ( LOAD) 

4.8 Enforced Deformation DEFOM 

4.10 Different ia l  St i f rness  Scale DSCO 

4.U Piecewise Linear Scale Factor,*g) PLCOEFF 
Dynamic Modeling 
5.1 Structural  M a s s ,  MATi 
3.2 Nonstmctural Mass 

4.9 Heat Conduction LOAD 

Factor, *(4) 

5.3 Concentrated Mass 

5.4 
5.5 Viscous Damping 
5.6 Modal Damping SDAMP 
5.7 Direct Input Matrices B2PP 

K2PP 
M2m 

Structural  Damping, MATi or Prop. 

5.8 Transfer Functions TFL 
5@9 k t r a  Points 

5.10 Scalar Damping 

6. Constraints and Part i t ioning 
6.1 Ml t ipo in t  Constraints MPC 

MPC 
W C  

FORCE 
FORCE1 
FORCE2 
MOME1\TT 
MOMENT1 
MOMXN"2 
SLOAD 
PLOAD 
PLOrn2 
GRAV 
LOAD 
RFORCE 
TEMP 
TEMPD 
TElJlpPl 
TEMPP2 
TEMPP3 
TEMPRB 
FORCEAX 
M O W  
POINTAX 
PRESAX 
T W A X  
DEFORM 
W D Y  
DSFACT 

PLFACT 

St. Mass 
CMASSL 
CWS2 
cMAss3 
cMAss4 
COMMl 
c o w  
St. Damp. 
CVISC 
TABDWl 
DMIG 
DMIG 
DMIG 
TF 
E O I N T  
S E W  
C D W l  
CDAMP2 
CDAMP3 
CDAMP4 

WC 
MPCADD 
MPCAX 

505 



. Bulk Data C. Bulk Data Deck Options (concluded) Case Control 

6.2 Single Point Constraints SPC 
SPC 
SPC 
SPC 

6.3 Part i t ioning 

Dynamic, Gayan Reduction ( O M I T ,  MET) 
6.4 Free Body Support 

6.5 Fluid Constraints 
6.6 Fluid-Structure Boundary 
6.7 Slot Boundary E s t  

7.1 Determinant (DET) 
7.2 
7.3 Givens (GIV)  

8. Dynamic Excitation 
8.1 Frequency Response Dynamic Load DLOAD 

DLOAB 
8.2 Transient Response Dynamic Load DLOAD 

7. Eigenvalue Extration Method, *(3,5,7,11,12) 

Inverse Power w i t h  Shif ts  (larv) 

8.3 Dynamic Load Tabular Function 
8.4 had ing  Phase Angels 
8Q5 had ing  Time Lags DLOAD 
8.6 Combined b a d s  DLOAD 
8.7 Transient I n i t i a l  Condition I C  
8.8 Transient Time Step,*(9, 12) T S W  
8.9 Random Analysis Power Spectral; RAZ\IDOM 

Density Table 
8.10 Frequency Selections fo r  FREQUENCY 

Frequency Response Problem FREQUENCY 
FREQUENCY 

8.U Nonlinear Transient Response Load NONLINEAR 

Grid Point Weight Generator 
Structural  Mass Coefficient 
Generates Coupled Mass Matrices, (Also CPelement) 
Uniform Structural  Damping Coefficient 
Pivotal  Frequencies for Damping, Rigid Format9 
Print ing of Residual Vectors 
Frequency Range of Modes, +(lO,ll,l2) 

Mode Acceleration Method, Rigid Format 11, 12 
Optional Decomposition f o r  Frequency Response 
Generates Conductivity Matrix 

10. Miscellaneous 
10.1 Delete from OPTP or UMF 
10.2 Comment 
10.3 

3. Rigid Format Optional Parameters, PAFiAM 

} 

Large Field Bulk Data Card 

SPC 
SPCl 
SPCADD 
SPCAX 
OMIT 
OMIT1 
OMITAX 
MET 
M E T 1  
Gwan 
SWORT 
SWAX 
FLXYM 
BDYLIST 
SLBDY 

EIGm 
EIGm 
EIGm 

RLOADl 
RLOAD2 
TLOADl 
TLOAD2 
TABLEDi 
DPHASE 
DELAY 
DLOAD 
TIC 
TSTB 
RAMIT1 
TABRNDl 
Fm 
m u  
FREQ2 
NOLINi  

GRDPNT 
WTMAXS 
COWMASS 
G 

IRES 
L,mREQ 
INODES 
MODACC 
DEC OMOPT 
OPT. HEAT 

w3, w4 

I 
$ 
iYPE* 



DEMONSTRATION PROBLEMS 

PROB. NO. DESCRIPTION * 
Delta wing with biconvex cross section 
Delta wing - Restart, load change 
Delta wing - Restart, r e a l  eigenvalue analysis 
Spherical she l l  with pressure loading 
Spherical s h e l l  - Restart, boundary condition change 
Free rectangular p l a t e  with thermal loading 
Free rectangular p l a t e  - User generated input 
5x50 long, narrow, orthotropic p l a t e  
5x50 p la te  - User generated input 
51r5O p la t e  - Restart,, modified output 
5x60 long, narrow, orthotropic p l a t e  
5x60 p la t e  - User generated input 
5x60 p la t e  - Restart, modified output 
Nonsymmetric bending of a cylinder of revolution 
Solid disc  with rad ia l ly  varying thermal load 
Spherical shel l ,  external pressure loading 
lx4xlO cantilever beam using cubic CHEXAl elements 
2x2~10 fixed-free beam using rectangular CKExA2 elements 
Thermal bending of a bar  
Simply supported rectangular p l a t e  with thermal gradient 
Heat conduction through a washer, surface f i lm heat t ransfer  
Ine r t i a  r e l i e f  analysis of  a- circular  r ing 
Vibration of a 10x20 p la t e  
Vibration of a 10x20 p la te  - User generated input 
Vibration of a 20x40 half p l a t e  
Vibration of a 20x40 half p l a t e  - User generated input 
Vibration of a compressible gas i n  a r ig id  spherical  tank 
Vibration of a l iquid i n  a half  f i l l e d  r ig id  sphere 
Acoustic cavity ana lmis  
Different ia l  s t i f fness  of a 100 c e l l  beam 
Symmetric buckling of a cylinder 
Piecewise l inear  analysis of a cracked panel 
Complex eigenvalues of  a 500 c e l l  s t r i ng  
Complex eigenvalues of a 500 c e l l  s t r ing  - User generated input 
Complex eigenvalues analysis of a cas-f i l led thin cylinder-haxmonics 3 
Complex eigenvalues analysis of a gas-f i l led th in  cylinder-harmonics 5 
Frequency response of a square p la t e  - 10x10 mesh 
Frequency response of a square p l a t e  - User generated irrput 
Frequency response of a square p l a t e  - 20x20 mesh 
Frequency response of a sqmre plate - U s e r  generated input 
Transient analysis with direct matrix input 
Transient analqsis of a 1000 ce l l  s t r ing  
Transient analysis of a 1000 c e l l  s t r i ng  - U s e r  generated input 
T r a n s i e n t  analysis of a f lu id- f i l l ed  elastic cylinder 
Complex eigenvalue analysis of a rocket control system 
Frequency response and random analysis of a 10 c e l l  beam 
10 c e l l  beam - Restart, s t a t i c  analysis 
Frequency response of a 500 c e l l  s t r i ng  
Frequency response of a 500 c e l l  s t r i ng  - U s e r  generated input 
Transient analysis of a f ree  100 c e l l  beam 
1972 U s e r  Master f i l e  - demonstration problems 

LA 
lB 
1c 
2A 
2B 
3 A  
3B 
4A 
4B 
4c 
4D 
4E 
4F 
5 
6 
7 
8 
9 

10 
11 
12 
13 
1 4 A  
14B 
1 4 C  
1 4 D  
15 
16 
17 
18 
19 
20 
2 s  
2x6 
22A 
22B 
33A 
23B 
23C 
23D 
24 
25A 
25 B 
26 
27 
28A 
28B 
2% 
29B 
30 
31 

1- 1 
1- 1A 
1- lB 
1- 2 
1- 2A 
1- 3 
1- 3 
1-4 
1- 4 
1- 4 A  
1- 4 
1- 4 
1- 4A 
1- 5 
1- 6 
1-7 
1- 8 
1- 9 
1- 10 
1- 11 
1- 12 
2- 1 
3- 
3- 1 
3- 1 
3- 1 
3-2 
3- 3 
3-4 
4- 1 
5-1. 
6- 1 
7- 1 
7- 1 
7- 2 
7- 2 
8-1 
8- 1 
8- 1 
8- 1 
9- 1 
9-2 
9-2 
9- 3 
10- 1 
11- 1 
11- lA 
11- 2 
11- 2 
12- 1 

* Descriptions re fer  to l i s t i n g  of demonstration problems f o r  level 15. 

507 



DESIONSTRATION PROBLENS - EVALUATION MATRIX 
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