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FOREWORD 

NASTRANO (NASA STRUCTURAL ANALYSIS) is a large, co~rqrehen- 
sive, nonproprietary, general purpase finite element cmputer 
code for structural analksis which was devel~ped under NASA 
sponsorship and became available to the public in \ate 1970. It 
ca.1 be obtained through COSMIC3 (Computer Software Management and 
Information Cznter), Athens, Georgia, and is widely used by NASA, 
ether government agencies, and industry. 

NASA currently provides continuing maintenance of NASTRAN 
through COS%IC. Beczuse of the widespread interest is NASTRAN, 
and finite elzment methods in general, the Thirteenth NASTRAN 
Users' Colloquium was organized and held at the Eack Bay Hilton 
Hotel, Boston, Xessachusetts, May 6-10, 1985. (Papers from 
previous colloquia held in 1971, 1972, 1973, 1975, 1977, 1978, 
1979, 1980, 1982 and 1983, are published in NASA Technical 
Memorandums X-2378, X-2637, X-2378, X-2893, X-3275, X-3428, and 
NASA Conference Publications 2018, 2062, 2131, 2151, 2249, 2284 
and 2328.) The Thirteenth Colloqcium provides some comprehensive 
generat papers on the application of finite element methods in 
engineering, comparisons with other approaches, unique 
applications, pre- and post-processing or auxiliary programs, and 
new methods of analysis with XASTRAN. 

Individuals actively engaged in the use of finite elemtn2s 
or NASTRAN were invited to prepare papers for presentation at the 
Colloquium. These papers are included in this volume. No 
editorial review was provided by NASA or COSMIC; however, 
detailed instructions were provided each author to achieve 
reasonably consistent paper format and content. The opi~iona and 
data presented are the sole responsibility of the authors and 
their respective organizations. 

NASTRANO and COSMIC@ are registered trsdemarks of the h'ational 
Aeronautics and Space Administration. 
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NEW ENHANCEMENTS II APRIL 85  HASTRAN RELEASE 

by Gordon C. Chan 
S p e r r y  S y s t e m s  Management Group 

H u n t s v i l l e ,  Alabama 

INTRODUCTION 

S e v e r a l  new f e a t u r e s  h a v e  b e e n  a d d e d  t o  C O S M I C  NASTRAN, a l o n g  w i t h  
some e n h a n c e m e n t s  t o  i m p r o v e  o r  u p d a t e  e x i s t i n g  c a p a b i l i t i e s .  Most  o r  
t h e  new f e a t u r e s  a n d  e n h a n c e m e n t s  were n o t  d e v e l o p e d  b y  C O S M I C ;  t h e y  
h a v e  b e e n  p r o v i d e d  by i n d u s t r y  u s e r a  t o  b e  i n c o r p o r a t e d  i r t o  BASTRAN 
f o r  wider  u s e .  T h e  m a j o r  new f e a t u r e s  a n d  e r r h a n c e m e n t s  a r e  d i s c u s s e d  
h e r e .  

NEW FEATURES 

1. D I A G  4 8  

D I A G  4 8  b a s  b e e n  a d d e d  t o  p r o v i d e  a s y n o p s i s  o f  t h e  significant 
d e v e l o p m e n t s  i n  t h e  p a s t  NASTRAN r e l e a s e s  ( A p r i l  8 3 ,  A p r i l  8 4 ,  a n d  
A p r i l  8 5 )  a n d  t o  p r o v i d e  a n  i n d e x  l i s t i r g  o f  a l l  D i a g n o s t i c  O u t p u t  
H e s s a g e s  a n d  O p e r a t i o n  R e q u e s t s  (DOMOR). The s y n o p s i s  p r o v i d e s  a 
t i m e l y  c o m m u n i c a t i o n  b e t w e e n  COSMIC HASTRAN a n d  i t s  u s e r s ,  a n d  k e e p s  
t h e  l a t t e r  b e t t e r  i n f o r m e d .  T h e  s y n o p s i s  a l s o  i n d i c a t e s  r e f e r e n c e s  
where  a d d i t i o n a l  m a t e r i e l s  c a n  be found.  The d i a g n o s t i c  i n d e x  l i s t i n g  
g i v e s  u s e r s  c o m p l e t e ,  - a c c u r a t e ,  h n d  u p - t o - d z t e  i n f o r m a t i o n  abori-, # . - -  

D i a g n o s t i c  R e q u e s t s  c u r r e n t l y  a v a i l a b l e .  The DOHOR is a l s o  l i s t e d  i n  
t h e  Usersv Manua l ,  b u t  t h e  manua?. i s  i n f r e q u e n t l y  upda ted .  T h e r e f o r e ,  
i f  t h e r e  i s  a n y  d i s c r e p a n c y  b e t w e e n  t h e  two  s o u r c e s ,  t h e  l i s t i n g  f r o m  
D I A G  4 8  s h o u l d  be used.  

D I A G  4 8  w i l l  b e  u p d a t e d  i n  e a c h  f u t u r e  NASTRAN r e l e a s e .  

2. VOLUME ABD SURFACE COMPUTATION OF THE 2-D AND 3-D ELEMENTS 

The  v 3 l u m e s  a n d  t h e  s u r f a c e  a r e a s  o f  t h e  2 - d i m e n s i o n a l  a c d  3-  
d i m e n s i o n a l  e l e m e n t s  c a n  k e  r e q u e s t e d  f o r  o u t p u t  by t h e  PARAM c a r d ,  6s 
b o l  l o w s  : 

PARAM VOLUHE m 
PARAM SURFACE n  

w h e r e  m a n d  n  a r e  s c a l e  f a c t o r s ,  g r e a t e r  t h a n  z e r o .  T h e  c a l c u l a t i o n s  
are a c t u a l l y  d o n e  i n  :he E l e m e n t  M a t r i x  G e n e r a t i o n  (EMG) modu: e ,  w i t h  
t h e  r e s u l t s  t a b u l a t e d  a n d  p r i n t e d  b e f o r e  t h e  t e r m i n a t i o n  o f  t h e  module .  



Zn t h e  A p r i l  8 5  NASTRAN r e l e a s e ,  t h e  E M G  m o d u l e  h a s  b e e n  e x p a n d e d  t o  
i n c l u d e  o n e  more  o u t p u t  data  b l o c k  s u c h  t h a t  t h e  e l e m e n t  I D ' S  v o l u m e s ,  
s u r f a c e  areas a n d  a s s o c i a t e d  g r i d  p o i n t s  a n d  t h e i r  c o o r d i n a t e s  c a n  b e  
s a v e d .  T h i s  new o u t p u t  d a t a  b l o c k  c a n  b e  G I N O  w r i t t e n  f i l e ,  t o  b e  
u s e d  i n t e r n a l l y  w i t h i n  t h e  NASTRAN s y s t e m ,  o r  a FORTRAN b i n a r y  f i l e ,  
i n t e n d e d  f o r  e x t e r n a l  u se .  The  c o n t e n t s  o f  t h i s  o u t p u t  d a t a  b l o c k ,  t h e  
c h o l c e  o f  G I N O  o r  FORTRAN f i l e ,  a n d  t h e  d e f i n i t i o n s  o f  t h e  s u r f a c e  
areas a r e  p r e s e n t e d  i n  A p p e n d i x  A ,  p a g e s  2.4-222 a n d  2.4.222b. 

3. NOLIN5 INPUT C A R D  

A new n o n - l i n e a r  l o a d ,  NOLIN5, h a s  b e e n  a d d e d  t o  t h e  f a m i l y  o f  
NOLINi b u l k d a t a  c a r d s .  T h e  f i r s t  f o u r  (NOLIW1 t h r o u g h  NOLIN4) a r e  
a p p l i c a t i o n s  o f  t h e  n o n - l i n e a r  l o a d s  a s  f u n c t i o n s  o f  t h e  d i s p l a c e m e n t ,  
a n d  t h e y  a r e  d e s c r i b e d  i n  t h e  User's m a n u a l .  T h e  new BOLIN5 c a r d  
o f f e r s  n o n - l i n e a r  l o a d  as a f u n c t i o n  o f  b o t h  d i s p l a c e m e n t  a n d  v e l o c i t y ;  
t h u s  a 1  l o w i n g  w i d e r  a p p l i c a t i o n  o f  t h e  n o n - l i n e a r  l o a d  i n c l u d i n g  
d a m p i n g .  See A p p e n d i x  A ,  p a g e s  2 . 4 -  205a  a n d  2.4-  205b ,  f o r  t h e  
f o r m u l a t i o n  a n d  s p e c i f i c a t i o n  o f  t h i s  new l o a d .  

4. NASTRAN PLOTOPT=N ( w h e r e  N = 2 , 3 , 4  o r  5 )  

T h e  u n d e f o r m e d  p l o t  o f  a N A S T R A N  m o d e l  i s  p a r t i c u l a r y  u s e f u l  i n  
p r e - a n a l y s i s  s t r c c t u r e  c h e c k i n g .  H o w e v e r ,  i n  a l l  p r e v i o u s  NASTRAN 
re leases ,  s u c h  a p l o t  c a n  be  o b t a i n e d  o n l y  i f  t h e r e  i s  no  e r r o r  i n  t h e  
i n p u t  aeck .  A m i s s i n g  ma te r i a l  c a r d ,  f o r  e x a m p l e ,  w h i c h  i s  p r a c t i c a l l y  
n o t  n e e d e d  i n  p l o t t i n g ,  w o u l d  t e r m i n a t e  a NASTRAN r u n .  A new P l o t  
O p t i o n  h a s  b e e n  a d d e d  t o  t h e  NASTRAN c a r d  i n  t h e  A p r i l  85  release.  The  
new NASTRAN PLOTOPT h a s  a d e f a u l t  v a l u e  o f  z e r o  (N=O) i f  t h e r e  i s  n o  
p l o t  t a p e  a s s i g n e d  i n  a NASTRAN j o b ,  o r  o n e  ( N = l ) ,  i f  a p l o t  t a p e  h a s  
b e e n  a s s i g n e d .  T h e  o t h e r  o p t i o n s  ( N = 2  t h r o u g h  5 )  c a n  b e  u s e d  f o r  
v a r i o u s  e r r o r  c o n d i t i o n s  i n  t h e  B u l k  Data a n d  i n  p l o t  c o m m a n d s  a s  
i n d i c a t e d  i a  t h e  A p p e n d i x  A,  p a g e  2.1-5. 

5. SHRINK-ELEMENT PLOTS 

A new S h r i n k - E l e m e n t  o p t i o n  h a s  b e e n  a d d e d  t o  t h e  p l o t t i n g  
c a p a b i l i t y .  T h e  u s e r  c a n  s p e c i f y  t h a t  a l l  e l e m e n t s  i n  a p l o t  a r e  t o  
n s h r i n k  i n  p l a c e n  b y  a g i v e n  p e r c e n t a g e .  T h i s  o p t i o n  s h o u l d  b e  v e r y  
u s e f u l  I n  p r e - a n a l y s i s  s t r u c t u r e  c h e c k i n g ,  o r  i n  g r a p h i c  p r e s e n t a t i o n  
o f  t h e  s t r u c t u r e  mode l .  The  f o l l o w i n g  d i a g r a m s  i l l u s t r a t e  t h e  u s e  o f  
S h r i n k - E l e m e n t  p l o t t i n g .  The  m o d e l  i s  a s i m p l e  p a n e l ,  s u p p o s e d l y  made 
rap o f  1 5  CQUAD1 e l e m e n t s .  T h e  p l o t  o n  t h e  l e f t  s i d e  i s  a NASTRAN 
r e g u l a r  p l o t .  T h e  p l o t  o n  t h e  r i g h t  s i d e  c l e a r l y  s h o w s  a m i s s i n g  
e l e m e n t .  The  m i d d l e  p l o t  c a n  be u s e d  i n  m o d e l  p r e s e n t a t i o n ;  i t  g i v e s  a 
b e t t e r  d e f i n i t i o n  o f  t h e  c o n n e c t i n g  e l e m e n t s .  The command f o r  S h r i n r -  
E l e m e n t  p l o t s  i s  i n c l u d e d  i n  A p p e n d i x  A ,  p a g e s  4 .2 -25 ,  4 .2 -29  t h r o u g :  
4.2-31 



NASTRAN R e g u l a r  S h r i n k - E l e m e n t  p l o t  S h r i n k - E l e m e n t  P l o t  
P l o t  (SHRINK=. 9 0 )  i S h r i n k = . 3 5 )  

6 .  OUTPUT SCAN 

A n e w  o u t p u t  SCAN f e a t u r e  h a s  b e e n  a d d e d  t o  NASTRAN. T h i s  i s  a 
m a j o r  c o n t r i b u t i o n  t o  t h e  A p r i l  85 r e l e a s e ,  a n d  c a n  s i g n i f i c a n t l y  
r e d u c e  t h e  a m o u n t  o f  o u p u t  t h a t  a n  a n a l y s t  m u s t  r e v i e w .  U s i n g  t h i s  
S C A N  f e a t u r e ,  t h e  u s e r  c a n  i n d i c a t e  3 n l y  t h e  t o p  "nu  ( a n d  b o t t o e :  " n u )  
v a l u e - ,  o r  v a l u e s  a b o v e  'xn ( o r  b e l o w  " y n )  o f  s t r e s s e s  a n d / o r  f o r c e s  
w h i c h  are t o  b e  p r i n t e d .  The u s e r  c a n  a l s o  r e q u e s t  SCAN o n  a n y  e l e m e n t  
SET,  i n  a n y  SUBCASE, SUBCOM, o r  i n  t h e  m a s t e r  ; e t  ( 1 . e .  a b o v e  a l l  
s u b c a s e s ) .  B o t h  SORT1 a n d  SORT2 t y p e s  o f  d a t a  b l o c k s  c a n  b e  s c a n n e d .  
Any n u m b e r  o f  t h e  SCAN c a r d s  c a n  b e  u s e d  i n  a  NASTRAN j o b ,  a n d  a r e  
p l a c e d  i n  t h e  Case C o n t r o l  s e c t i o n o f t h ?  B u l k  D a t a .  A SCAN r e q u e s t  i n  
t h e  Master S e t  i s  common t o  a l l  S u b c a s e s .  H o w e v e r ,  u n l i k e  t h e  ELSTRESS 
o r  ELFORCE c a r d s ,  a  S C A N  r e q u e s t  i n  a S u b c a s e  l e v e l  w i l l  n o t  o v e r r i d e  a  
S C A N  r e q u e s t  i n  t t e  Maste- S e t .  T h e  f i n a l  r e s u l t s  a r e  s o r t e d  a n d  
p r i n t e d  i n  a d e s c e n d i n g  o r d e r .  The  d e s c r i p t i o n  o f  t h e  SCAN i n p u t  c a r d  
i s  p r e s e n t e d  i n  A p p e n d i x  A ,  p a g e s  2.3-41a t h r o u g h  2.3-41f. 

T h e  O u t p u t  S c a n  o p e r a t i o n  i s  d r i v e n  b y  a new SCAN m o d u l e  w h i c h  h a s  
t h e  f o l l o w i n g  DMAP s p e c i f i c a t i o n :  

SCAN CASECC,OESi,OEFi/OESFi/C,N,ELEMENT/C,N,COMPONENT/C,N,TOPN/ 
C,N,MAX/C,N,MIN/C,N,LCS;/C,N,LCS2/C,N,COklPONENTX $ 

w h e r e :  
i 
ELEMENT 
COMPONENT 

TOPN 
M A X ,  M I N  

LCS 1 ,  LCS2 

COMPONENTX 

= 1  ( f o r  SORT1 o u t p u t  d a t a  b l o c k s ) ,  o r  2  (SORT2 d a t a ) ,  
i s  a n  e l e m e n t  BCD name,  
i s  a  c o d e d  w o r d  w h o s e  b i t ( s )  i s  s e t  t o  c o r r e s p o n d  t o  t h e  
f i e l d  n u m b e r ( 8 )  ( 1  t h r o u g h  3 1 )  o f  t h e  o u t p u t  p a g e  w h o s e  
v a l u e s  are t o  b e  s c a n n e d ,  
i s  t h e  number  o f  n t o p u  a n d  w b o t t o m u  v a l u e s  t o  b e  p r i n t e d ,  
d e f i n e  a r a n g e  o f  v a l u e s ;  v a l u e s  o u t s i d e  t h i s  r a n g e  o n l y  
are  p r i n t e d ,  
a r e  t h e  b e g i n n i n g  a n d  e n d i n g  e l e m e n t  I D ' S  t o  b e  s c a n n e d  
(SORT1) ;  o r  SL'BCASE I D f s  ( S O R T 2 ) ,  
i s  s a m e  a s  COMPONENT, e x c e p t  f o r  f i e l d  n u m b e r ( s 1  3 2  
t h r o u g h  62. 



T h e  SCAt! m o d u l e  h a s  b e e n  i n c o r p o r a t e d  i n  a l l  IJASTRAN r i g i d  
f o rma t s .  S i n c e  t h e  SCAN i n p u t  c a r d  i n  t h e  Case C o n t r o l  s e c t i o n  h a s  
b e e n  d e c o d e d  b y  t h e  I n p u t  F i l e  p r o c e s s o r  ( I F P ) ,  a n d  a l l  u s e f u l  
i n f o r m a t i o n  s t o r e d  i n  t h e  CASECC d a t a  b l o c k ,  t h e  DMAP f o r  SCAN i n  t h e  
r i g i d  format t a k e s  o n  a s i m p l d r  form, w i t h  most o f  t h e  p a r a m e t e r s  n o t  
n e e d e d :  

SCAN CASECC,OESi,OEFi/OESFi/C,N,*RF* $ 

On t h e  o t h e r  h a n d ,  i f  t h e  SCAN m o d a l e  i s  c a l l e d  b y  t h e  u s e r  v i a  
DMAP-a l t e r ,  and  no SCAN i n p u t  c a r d  i s  u s e d  i n  t h e  B u l k  Data ( t h e r e f o r e  
no  SCAN d a t a  s a v e d  i n  CASECC), t h e  f o l l o w i n g  f o r m  s h o u l d  b e  u s e d  f o r  a 
n s t r e s s - S c a n n  : 

SCAN, , OESi,/OESX/C,N,ELEMENT/C,N,COMPONENT/C,N,TOPN/ 
C,N,MAX/C,N,MIN/C,N,LSCl/C,N,LSC2IC,N,COPONENTX $ 

anC f o r  a "force-SCANn: 

SCAN, ,,OEFi/OEFX/C,W,ELEMENT/C,N,COMPONENT/C,N,TOPN/ 
C,N,MAX/C,N,MIN/C,N,LSCl/C,N,LSC2/C,N,COMPONENTX $ 

h o r m a l  l y ,  t h e  O u t p u t  F i l e  P r o c e s s o r  (OFPI s h c u l d  b e  c a l l e d  i m ~ e d i a t e l y  
t o  p r i n t  t h e  s c a n n e d  d a t a  i n  OESX, o r  OEFX. 

The  SCAN m o d u l e  a c t u a l  1 y  r e - p r o c e s s e s  t h e  d a t a  b l o c k s  o r i g i n a l  l y  
g e n e r a t e d  f o r  t h e  OFP - e.g. t h e  s t ress  d a t a  b l o c k  O E S I ,  a n d  f o r c e  
d a t a  b l o c k  OEFI .  I t  i s  o b v i o u s  t h e n  t h a t  SCAN c a n n o t  o p e r a t e  o n  d a t a  
w h i c h  h a s  n o t  b e e n  g e n e r a t e d .  F o r  e x a m p l e ,  i f  t h e  s t r e s s e s  f o r  
e l e m e n t s  1  t h r o u g h  1 0 0  were r e q u e s t e d  t o  b e  o u t p u t  f r o m  a n  ELSTRESS 
c a r d ,  a SCAN r e q u e s t  f a r  e l e m e n t s  1 0 1  t h r o u g h  2 0 0  w o u l d  p r o d u c e  z e r o  
v a l u e s  ( n o t  a f a t a l  e r r o r  c o n d i t i o n ) .  I t  js a l s o  o b v i o u s  t h a t  t h e r e  
2 s  a n e e d  f o r  a NOPRINT ~ p t i o n  i c  t h e  STRESS a n d  FORCE r e q u e s t  c a r d s  t o  
e l i m i n a t e  m a s s i v e  o u t p u t  p r i n t i n g  a n d  make SCAN much more  u s e f u l .  S e e  
t h e  NOPRINT o p t i o n  d e s c r i b e d  b e l o w  f o r  more d e t a i l s .  

I n  a s p e c i e 1  c a s e  w h e r e  t h e  u s e r  r e q u e s t s  SCAN o n  t h e  e l e m e n t  
s t r e s s e s ,  a n d  t h e r e  i s  no ELSTRESS ( o r  STRESS) c a r d  i n  t h e  Case C o n t r o l  
d e c k ,  t h e  I F P  m o d u l e  w o u l d  a u t o m a t i c a l l y  g e n e r a t e  i n t e r n a l l y  a STRESS 
i n p u t  c a r d  w i t h  t h e  f o l l o w i n g  a r g u m e n t s :  

ELSTRESS (SORTl,NOP9INT,REAL) r ALL 

S i m i l a r y ,  a n  ELFORCE c a r d  wou ld  b e  g e n e r a t e d .  

C u r r e n t l y  SCAN h a n d l e s  o n l y  t h e  s t r e s s  a n d  f o r c e  o u t p u t  d a t a  
b l o c k s .  I t  i s  p o s s i b l e  i n  t h e  n e a r  f u t u r e  t h a t  o t h e ?  o u t p u t  d a t a  
b l o c k s ,  s u c h  a s  d i s p l a c e m e n t ,  v e l o c i t y ,  PSD, e tc . ,  m i g h t  be i n c l u d e d  i n  
t h e  S c a n  O p e r a t i o n .  



IMPROVEMENTS 

1. NOPRINT OPTION ON STRESS A N D  FORCE OUTPUT REQUEST CARDS 

A new NOPRINT o p t i o n  h a s  b e e n  a d d e d  t o  t h e  o u t p u t  r e q u e s t  PRINT o r  
PUNCH of  t h e  STRESS ( o r  ELSTRESS) a n d  FORCE ( o r  ELFORCE) c a r d s .  T h i s  
new o p t i o n  a l l o w s  NRSTRAN t o  c o m p u t e ,  s a v e  d a t a  i n  t h e  o u t p u t  d a t a  
b l o c k ,  a n d  not  t o  p r i n t  ( b y  OFP). T h i s  i s  n o t  t h e  same o p t i o n  a s  NONE, 
w h i c h  i a s t r u c t s  NASTRAH t o  s k i p  o v e r  s t r e s s  o r  f o r c e  c o m p u t a t i o n  a n d  
n o t  t o  w r i t e  a n  o u t p u t  d a t a  b l o c k .  T h e  n e w  NOPRINT o p t i o n  i s  
p a r t i c u l a r l y  u s e f u l  i n  t h e  SCAN a n d  PLOT o p e r a t i o n s ,  w h e r e  t h e  u s e r  c a n  
c o m p u t e  w i t h o u t  m a s s i v e  p r i n t o u t  a l l  of t h e  e l a m e n t  stresses c r  f o r c e s  
a n d  h a v e  t h e  r e s u l t s  s c a n n e d ,  a n d / o r  p l o t t e d .  S e e  t h e  u p d a t e  p a g e s  i n  
A p p e n d i x  A ,  p a g e s  2.3-17 a n d  2.3-18. 

2 .  AUTOMATED FIND A N D  NOFIND OPTIONS ON THE PLOT C A R D  

T h e  A p r i l  85 NASTRAN r e l e a s e  w i l l  p r o v i d e  a n  a u t o m a t i c  FIND f o r  
p l o t  SCALE, O R I G I N ,  a n d  VANTAGE POINT. T h u s ,  f o r  e a c h  PLOT SET n 
command, t h e  s c a l e  w i l l  b e  d e t e r m i n e d  s u c h  t h a t  t h e  e l e m e n t s  i n  SET n  
w i l l  f i l l  t h e  i m a g e  a r e a  o f  a p l o t .  T h i s  a u t o m a t i c  o p t i o n  c a n  b e  
d i s e n a b l e d  by t h e  NOFIND keyword  o n  t h e  PLOT c m m a n d .  The PLOT NOFIND 
w i l l  p r o d u c e  a n  i m a g e  u s i n g  t h e  i m m e d i a t e l y  p r e c e d i n g  SCALE, O R I G I N ,  
a n d  VANTAGE POINT. S e e  t h e  u p d a t e  p a g e s  i n  A p p e n d i x  A ,  p a g e s  4 .2 -25 ,  
4 .2-29  t h r o u g h  4.2-31. 

3 .  IMPROVED FULLY-STRESSED DESIGN 

TRIM6, QDWEM1, QDMEM2, a n d  I S 2 D 8  h a v e  b e e r .  a d d s d  t o  t h e  e l e m e n t  
l i s t  t h a t  c a n  b e  i n c l u d e d  i n  t h e  f u l l y - s t r e s s e d  d e s i g n  c o m p u t a t i o n  a n d  
i t e r a t i o n  p r o c e s s .  

P r e v i o u s l y ,  t h e  f u l l y  s t r e s s e d  d e s i g n  p r o c e s s  a1  t e r e d  t h e  e l e m e n t  
p r o p e r t i e s  b y  u s e  o f  a l i n e a r  r a t i o  o f  c a l c u l a t e d  s t r e s s  t o  t h e  
a l l o w a b l e  s t r e s s .  T h a t  i s ,  i n  t h e  ca se  of  a BAR o r  R O D  e l e m e n t ,  t h e  
c r o s s  s e c t i o n a l  area was c h a n g e d  t o  f o r c e  t h e  a p p l i e d  stress t o  e q u a l  
t h e  a l l o w a b l e  stress. T h i s  p r o c e s s  c o u l d  y i e l d  n o n - c o n v e r g e n t  r e s u l t s  
f o r  a ca se  o f  p u r e  b e n d i n g  o f  t h e  QUAD2 e l e m e n t ,  w h e r e  t h e  a l t e r e d  
p r o p e r t y  i s  t h e  t h i c k n e s s .  I n  t h e  A p r i l  85 r e l e a s e ,  t h e  p r o g r a m  h a s  
b e e n  c h a n g e d  t o  p r o v i d e  more r a p l d  c o n v e r g e n c e  t h a t  i n c l u d e s  t h e  
s i t u a t i o n  o f  e q u a l  s t r e s s e s  o f  o p p o s i t e  s i g n ,  o n  u p p e r  a n d  l o w e r  
extreme f i b e r s  o f  t h e  p l a t e  e l e m e n t s .  T h i s  i m p r o v e d  p r o c e s s  i s  o ~ l y  
a c t i v e  i f  t h e  u s e r  d o e s  n o t  s p e c i f y  a v a l u e  f o r  t h e  I t e r a t i o n  f a c t o r  
gama o n  t h e  POPT c a r d .  

4 .  HIGH-LEVEL PLATE ELEMENTS 

T h e  t h i c k n e s s  c a l c u l a t i o n s  o f  t h e  t r i a n g l e  f o r  t h e  h i g h - l e v e l  



e l e m e n t s  (TRIM6, TRPLT1, a n d  TRSHL) a r e  p r e s e n t e d  i n  t h e  T h e o r e t i c a l  
M a n u a l ,  p a g e  5 .8 -45 ,  e q u a t i o n s  16 a n d  17 a n d  i n  t h e  P r o g r a m m e r ' s  
Manua l ,  page  8.24-6, e q u a t i o n s  35 a n d  37. These  s i m p l e  e q u a t i o n s  w e r e  
e v a l u a t e d  i n c o r r e c t l y  i n  t h e  m a n u a l s ,  and  t h e  r e s u l t s  w e r e  r e p e a t e d l y  
u s e d  i n  t h e s e  h i g h - l e v e l  e l e m e n t  f o r m u l a t i o n s .  E q u a t i o n  2 8  o f  t h e  
T h e o r e t i c a l  Manua l ,  page  8.24-8 is  e l s o  i n c o r r e c t ,  where  ( -b )  s h o u l d  be 
(b).  T h i s  mey p a r t i a l l y  e x p l a i n  why t h e s e  e l e m e i l t s  n e v e r  p r o d u c e d  good 
a n s w e r s  i n  t h e  p a s t .  I n  a d d i t i o n ,  t h e  G r i d  P o i n t  W e i g h t - a n d - B a l a n c e  
t a b l e s  v e r i f i e d  t h e  f a c t  t h a t  t h e  c o n s i s t e n t  m a s s  m a t r i c e s  o f  t h e s e  
h i g h - l e v e l  e l e m e n t s  g a v e  e x t r e m e l y  bad r e s u l t s .  T h e s e  e r r o r s  h a v e  b e e n  
c o r r e c t e d  i n  t h e  A p r i l  85 r e l e a s e  f o r  t h e  c a l c u l a t i o n s  i n  s t i f f n e s s  
m a t r i c e s ,  t h e r m a l  l o a d s ,  and  s t r e s s  r e c o v e r i e s ,  and  t h e  c o n s i s t e n t  mass 
m a t r i c a s  h a v e  b e e n  r e p l a c e d  Sy t h e  lumped  m a ~ s  f o r a u l a t i o n ;  t h e s e  h i g h -  
l e v e l  p l a t e  e l e m e n t s  b e e i n  t o  y i e l d  r e a s o n a b l e  r e s u l t %  I t  i s  hoped 
t h a t  t h e  c o n s i s t e n t  mass  m a t r i c e s  w i l l  b e  c o r r e c t e s  i n  t h e  n e a r  f u t u r e .  

5 .  EIGENVALUE MESSAGES 

The r e a l  e i g e n v a l u e  e x t r a c t i o n  p r o c e d u r e s  h a v e  b e e n  e n h a n c e d  by 
i u c l u d i n g  a n  a u t o m a t i c  m a t r i x  t o p o l o g y  a n a l y s i s ,  a n d  by t h e  a d d i t i o n  o f  
u s e r  i n f o r m a t i o n  m e s s a g e s .  D u r i n g  t h e  m a t i r x  d e c o m p o s i t f o n  o f  t h e  
d y n a m i c  m a t r i x ,  t h e  l e a d i n g  p r i n c i p a l  m i n o r s  i n  t h e  S t u r m ' s  s e q u e n c e  
a r e  c o u n t e d  e a c h  t i m e  t h e  s i g n  c h a n g e s .  T h i s ,  i n  t u r n ,  i n d i c a t e s  t h e  
n u m b e r  o f  r o o t s  b e l o w  t h e  ~ i g e n v a l u e  s h i f t - p o i n t ,  a  p r o p e r t y  o f  t h e  
S t u r m l s  s e q u e n c e .  The i m p o r t a n c e  o f  t h i s  i n f o r m a t i o n  i s  t h e n  t r a n s l a t e d  
i n t o  u s e f u l  m e s s a g e s  a n d  p r o v i d e s  f o r  a  m o r ~  c o m p l e t e  e v a l u a t i o n  o f  t h e  
e i g e n v a l u e  r e s u l t s .  T h e  m e s s a g e s  ( 1 3 3 0 7 ,  1 3 3 0 8 ,  a n d  1 3 3 0 9 )  i n d i c a t e  
w h e t h s r  o r  n o t  t h e  l o w e s t  e i g e n v a l u e  h a s  b e c n  f o u n d ,  o r  i f  t h e r e  i s  a  
m i s s i n g  mode i n  t h e  f r e q u e n c y  r a n g e  t h e  u s e r  s p e c i f i e d .  H o w e v e r ,  
o c c a t i o n a l l y  no c o n c l u s i v e  m e s s a g e  c a n  Se  i s s u e d  d u e  t o  l a c k  o f  b a s i c  
i n f o r m a t i o n  d u r i n g  t h e  decomposit :on p r a c e s s .  

The p r i n t o u t  o f  t h e s e  m e s s a g e s  c a n  b e  s u p p r e s s e d  by t h e  u s e  o f  
D I A G  43. 

6 .  ANSI 77 rORTRAN CODE 

A 1 1  FORTRAN s o u r c e  c o d e  o f  COSMIC NASTRAN h a s  been  u p g r a d e d  t o  t h e  
ANSI 77 s t a n d a r d .  T h i s  b e g a n  w i t h  t k e  U N I V A C  ASCII v e r s i o n  o f  NASTRAN 
i n  t h e  A p r i l  84  r o l e a s e .  ( T h e  U N I V A C  FOATRAN V v e r s i o n  i s  n o  l o n s e ? .  
s u p p o r t e d . )  I n  t h i s  new A p r i l  85  r e l e a s a ,  t h e  C D C  v e r s i o n  o f  NASTRAN 
i s  u p g r a d s d  f r o m  FORTRAN 4  t o  t h e  FORTRAN 5 ,  a s u b s e t  o f  ANSI 7 7  
FOaTRAN. P r e v i o u s l y ,  t h e  V A X  v e r s i o n  r e q u i r e d  many c u s t o m  c h a n g e s ;  
e s p e c i a l l y  i n  t h e  s o u r c e  c o d e  t h a t  h a n d l e s  c h a r a c t e r - w o r d  ( b y t e )  
m a n i p u l a t i o n .  A s e t  o f  c h a r a c t e r - w o r d  f u n c t i o n s  i s  s t a n d a r d i z e d  i n  t h e  
ANSI 77 s o u r c e  code ,  s u o h  t h a t  a l l  f o u r  m a c h i n e s  (CDC, IBM, U N I V A C ,  and 
VAX) wiil o p e r a t e  i d e n t i c a l l y .  I n  a d d i t i o n ,  t h e  l a b e l e d  commons t h a t  
c a r r y  t h e  o p e n - c o r e  w o r k i n g  s p a c e  i n  a l l  ANSI 7 7  FORT?AN s o u r c e  c o d e  
h a v e  b e e n  s t a n d a r d i z e d ,  s o  t h a t  t h e  NASTRAN 1 5  l i n k j  a r e  s i m i l a r y  



s t r u c t u r e d  i n  a l l  ?our  machines .  A t  p r e s e n t ,  o n l y  a v e r y  few r o u t i n e s  
r e m a i n  machine-dependent .  

The i n p u t  c a r d  d e s c r l p t i c n s  f c m  t h e  new f e a t u r e s  S C A B ,  POLIU5, 
Shr ink-Element  P l o t ,  FISD, l n d  ROPIBD, VOLUME,  SORI'ACE a r e  p r e s e n t e d  i n  
Append4x A. The p a g e s  i n  t h i s  a p p e n d i x  a r e  w r i t t e n  i n  RASTRAI Users* 
Macual  f o r m n t ,  s o  t h a t  they ?an  be c o p i e d  and  r o v e d  d i r e c t l y  i n t o  t h e  
u s e r s t  own m a n u a l  f o r  F u t u r e  r e f e r e n c e .  The  p a g e  n u m b e r s  a t  t h e  
b o t t o m s  o f  t h e s e  p a g e s  i n d i c a t s  w h e r e  t h e y  s h o u l d  b e  i n s e r t e d  i n  t h e  
I9AStRAH Userst Manual as  p u b l i s h e d  i n  S e p t s m b e r  1983. 
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U S E  COlPTROL DECK 

Case Contro? Data Card ELCBRCE - Element Force Output Request 

Description: Requests form and type of element force output. 

Format and Example(s): 

SORT1 PRIhT 

NgPRINT PHASE 

ELFBPCt: = ALL 

ELF0RCE(REAL, PUNCH. PRINT) = 17 

ELFBRCE 5 25 

eFPRCE(S@Rl2, NBPRINT) = ALL 

Out*? w i l l  be presented as a tabular l i s t i n g  o f  e:ements f o r  each load, 
freqwncy, eigenvalw, o r  time, depending on the r i g i d  forrst. SmT1 i s  not 
available i n  Transient problems (where the defaul t  i s  SBRT2). 

htpv? w i l l  be presented as a t a h l a r  l i s t i n g  o f  load, frequency, o r  t i a e  f o r  
each element type. SORT2 i s  available only i n  Sta t ic  Analysis, Transient and 
Frequency Response problems. 

PRINT The p r i n te r  w i l l  be the output media. 

PUNCH The card punch w i l l  be the output media. 

NgPR INT FBRCE output w i l l  not be pr inted nor punched. 

REAL o r  Requests real  and imaginary output on tollplex Eigenvalw o r  Frequency Response 
1% problems. 

PHASE Reguests magnitude awl phase (0.0" s phase . 360.0") on Complex Eigenvalw o r  
Frequency Response problems. 

ALL Forces f o r  a l l  elements w i l l  be output. 

N~NE Forces f o r  no elements w i l l  be output. 

Set ident i f i ca t ion  of a previously appearing SET card. Only forces o f  e l e a ~ n t s  
whose ident i f i ca t ion  numbers appear on t h i s  SET card rill be output (Integer > 
0) - 

Remarks: 1. Both PRINT and PUNCH may be requested. 

2. An output request f o r  ALL i n  Transient and Frequency response problems generally 
produces large awunts of printout. An al ternat ive t o  t h i s  would be t o  define a SET 
of interest. 

3. I n  Stat ic  Pnalysis o r  Frequency Response problems, any request for SBRT2 output 
causes a1 1 output to  be SBRT2. 

4. FBRCE i s  an al ternate form and i s  en t i r e l y  equivalent t o  ELFIRCE. 

5. ELFmCE = NmE a1 lows overriding an overal l  request. 

6. In heat transfer analysis, ELFBRCE output consists of heat f law through and out o f  
the elemnts. 



NASTUN DATA DECK 

Case Control Data Card ELSTRESS - E l s e n t  Stress Output Request 

Description: Requests form and type of element stress output. 

Fo rw t  and Exaqlt(s1: 

1 PRINT 

)I = 1 AkL I ELSTRESS [(m , , 
MPRINT PHASE W E  

ELSTRESS = 5 

ELSTRESS = ALL 

ELSTRESS(SORT1, PR:WT, PUNCH. PHASE) = 15 

ELSTRESS(WtT2, NWRINT, REAL) = ALL 

Opt ion Meaning 

Output w i l l  be presented 3; a tabclar l i s t i n g  o f  t l m t s  for each load, 
frequency, eigenvalw, o r  time, depending on the r i g i d  format. SBRT1 i s  not 
available i n  Transient problems (where the default i s  SBRT2). 

Output w i l l  be presented as a tabdlar l i s t i n g  of load, frequencj, o r  time f o r  
each element type. SMT2 i s  available oniy i n  Sta t ic  Aralysis, Transient and 
Frequency Response problems. 

PRINT The pr in ter  w i l l  be the output media. 

PUNCH The card pbnch w i l l  be the output media. 

WR I NT STRESC cutput w i l l  not be printed nor punched. 

REAL o r  Requests real  and imaginary output on Ccmplex Eigenvalw o r  Frequency Response 
IMG problem. 

Requests magnitude and phase (0.0' r phase 360.0') cn Canplex Eigenvalue or  
Frequency Respnse probl ens. 

ALL Stresses f o r  a l l  elenents w i l l  be output. 

Set ident i f i ca t ion  of a previously appearing SET card (Integer > 0). Only 
stresses f o r  elements whose ident i f i ca t ion  nuhers  appear on r h i s  SET card w i l l  
be output. 

NgNE Stt-esses f o r  no elemnts w i l l  be output. 

Remarks: 1. Both PRINT and WNCH may be requested. 

2. An output request for ALL i n  Transient and Frequency response problems generally 
produces large amunts o f  pr intout .  An al ternat ive t o  t h i s  would be t o  define a SET 
o f  interest. 

3. I n  Stat ic  Analysis o r  Frequency Respons? problems, any request f o r  3RT2 output 
causes a l l  output t o  be SBRTZ. 

4. STRESS i s  an alternate form and i s  en t i re ly  equivalent t o  ELSTRESS. 

5. ELSTRESS = NEE allows overridil?g an overal l  reauest. 



CASE CONTROL DECK 

6. I f  element stresses i n  sa ter ia l  coordinate system are desired (only f o r  TRIA1. 
TRIAL', QUAD1 and WAD2 elements and cnly i n  Rigid Format 1). the parameter STRESS 
(see the description of the PARAH bulk data card I n  Section 2.4.2) should be set t o  
be a posi t ive integer. If, i n  addit ion to  element stresses i n  material coordinate 
system, stresses a t  the connected g r id  points are also deslred, tile parameter STRESS 
should k set t o  0. 
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Case Control Data Card SCdlL - Output Scan Requast. 

m r  W output data m d  e l l m i n a h  va iws  that  do not mot the s p . c l f i u t l o n  sot by t h i s  

SCAN card. 

SCAN (STRESS, CBAR, AXIAL) = 10 

SCAN (STRESS, BAR. AXIAL, SA-LHX: = 15. SET 102 

SCAW (FIRQ, fUl, 2, 3) = 8 17 

SCAN ( F m ,  3, m, 2) +2000., -1MO., SET 102 

SCAN (Rm, SHEAR. FHICE, TOW) = 50UO.n 400. 

SCAN (HLP) 

STRESS Reqwst scan on Stress f i l e ,  of W 1  or am2 format. (BCD). 

FlRCE m w s t  scan on Force f l l e .  of SBRTl a SM2 format. ( 0 0 ) .  

e l a e n t  Any NASTRAN elmant nas, with or wlthout the leading l e t t e r  "CW. 

a r p o m n t  Om or nore mponents spec1 f led by keywords, or by nurnrlc codes. The n w l c  cod.s 

are the f l e l d  n h r s  on the headlng of the output page, whose values are t o  be 

scannod. (Each element has It: a n  page heading.) Sea Remark 11 fo r  t h e  keyrads and 

t h e i r  cwresponding f l e l d  nmbors. (BCD(s) or Integar(s) > 0). 

mx,mln 

SET I 

The hlgnest n values, and the lowest n valws, found by SCAN I n  the f l e l d (s )  s p c i f l e d  

by ccmponent are pr lnted out2 e.g., top n tenslon and top n ccmpresslon stresses. 

(Integer > 0). 

Values uccesdlng wax, and belo* mln, I n  the f i e l d (s )  specif led by coponant are 

pr lnted out. (Real). 

E l ~ n t  w t  I&n?l f lcat lon of a previously appearlng SET card. Only forces or 

s t r e s u s  of e lmants whose Ident l f  l c r+ !m numbers appear on t h l s  SET card r l  l l be 

S C l n ~ d  fo r  output (integer > 0). 



CASE ONm OEa 

SCAN (Cont.) - 
NLP A -10 of the caponent keyrads and tblr corrmspondlng f l e l d  n d r r  w i l l  k 

pr I ntmd Immd l atel  y k f  w e  the 0 J 1 k Data echo, and job a n t  l files. 

6N-LIL I tquest  SCAN operatfon t o  k rua on - l lm  w&r MI-tlw o n v l ~ t .  

m a :  1. f4ult lple S A Y  cards can be requested I n  s UASTRAN run. They do not o v e r r l b  one 
anott.er. 

2. A SClH card specif les  only one el-t types an element typa can have m e  than on 
SCAN card. 

3. ebre than om carpomnt f l e l d  can ba requested I n  a SCAN card. Hasver, theso f le lds 

w l l l  ba scanned together as a group. 

4. XAN sorts and p r i n t s  the scannrd v a l w s  I n  descending order. A l l  f l e l ds  of tho san 

output l i n e  w e  prlnted. 

5. I f  the omponent keyword I s  misspelled, a I l s t  o: the va l l d  naes  and t h e l r  

corresponding f i e l ds  w l l l  be printed a u t ~ a t l c a l l y .  Job w l l l  be flagged f a  fa ta l  

wror tsnnlnatlon. 

6. Sane cmponent keywords l~aply murt l - f le ld scans e.g., "AXIALN m y  Imply axial forces 

fo r  gr:d points 1, 2, 3, etc. 

7. Canponent n u e r l c  code spec l f le j  f l e l d  nrnbers 1 through 62 only. 

8. Nanal l y SCAN w I  I I scan only data already generated f o r  the Output F I  I e  Processor 

( f fP ) .  That Is, SCAN cannot scan data tha t  have not been created. Haever, I f  no 

ELSTRESS (or  STRESS) card I s  specif led before a stress SCAN card, a m S S  card l o  

generated Internal ly  In the fol lowing form: 

STRESS (SBRTI, NBPRINT, REAL) = ALL 

Forms are handled s lml lar ly .  

9, The Label l i ne  (a f te r  TITLE and SUBTITLE) I s  I la l ted  t o  36 characters. The res t  of 

the I I ne i s  replaced by SCAN header. 

10. When the 6N-LINE optlon I s  requested, a l l  other Inp!rt parmeters arm not m b d  on the 

SCAN card. These parmeters w l  l l ba prompted on the CRT scrmn by the conputer system 

when the SCAN module I s  executed. 

(Cont I nued) 
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SCAN iCont.1 - 

1 1 .  Th. component keywocdr for stress and for-, and tholr  cornspondlng output f l e l d  

nuberr, are l lsted k l w r  

ROD, TUBE, WROO 

STRESS AXIAL 2 

STRESS TORSIOISAL 4 

STRESS WARGIN 3, 5 
FORQ AXIAL 2 

FORE T P W E  3 

SIEM, TWIST 

STRESS 

STRESS 

SiRESS 

STRESS 

FORQ 

FORCE 

FORCE 

FORE 

EUX-SIR 2 

MARGIN 4 

AVG 3  

EUX 2 

FORE- 1 2 

FORCE-2 3 

W E N T -  1 2 

W N T - 2  3  

TRIAI, TRIA2, QUAD1, WAD2, TRBSC, THPLT, QOeLT 

STRESS NORM-X 3, 11 

STRESS W Y  4, 12 
STRESS SHEAR-XY 5, 13 

STRESS MJM 7, I5 

STRESS MINOR 8, 16 

STRESS MAX-SIR 9, 17 

FORCE CCm hT-X 2 

FORCE M E N T - Y  3  
FORE SHEAR-X 5 

FORE SHEAR-Y 6 

TWEM, ODNEM, 00WEY1, QOMEm 
STRESS W X  2 

STRESS m Y  3 

STRESS SHEAR-XY 4 

STRESS MhJaR 6 

m s s  MINOR 7 

STRESS &!AX-SHR 8 

(Continued) 



SCAN (Cort.) - 
FOR(T/STRESS L(EYW[IW TPUT 

ELASI, ELASP, ELAS3, 1S2D8 

STRESS OCT-SHR 

FORCE ClRCUM 

FORCE FORCE-1 

FORCE FORCE-2 

FORCE FORCE-3 

FORCE FORCE-4 

BAR, ELBOW 

STRESS 

STRESS 

STRESS 

.TnESS 

FORCE 

FORCE 

FORCE 

FORCE 

FORCE 

CONE AX 

STRESS 

STRESS 

STRESS 

STRESS 

STRESS 

STRESS 

F O R E  

FORCE 

FORCE 

F O R E  

SA* 
SB-w 

MARGIN 

AX1 N 

AXIAL 

TORQUE 

SEAR 

MOMENT-A 

MOMENT-8 

mv-u 
NORM-v 

SHEAR-UV 

MAJOR 

MINOR 

MAX-SIR 

MDENT-U 

MOMNT-V 

SHEAR-XY 

SHEAR-YZ 

TR l ARG 

!3RESS RADIAL 

STRESS C l R W M  

STRESS AXIAL 

STRESS SHEAR 

FORCE RADIAL 

FORCE CIRCUM 

FORCE AXIAL 

(Continued) 
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T R r n  

STRESS 

m s s  
.FlRESS 

STRESS 

m s s  
FORCE 

FORCE 

FORCF: 

TORORG 
STRESS 

STRESS 

STRESS 

STRESS 

STRESS 
FORCE 

FORCF 

FORCE 

FORCE 

FORCE 

IHCXI, lHEX2 

STRESS 

STRESS 

STRESS 

m E S S  

STRESS 

!TRESS 

STRLSS 

STRESS 

STRESS 
STRESS 

RADIAL 

CI RCUM 

AX I AI. 

SEAR 

.wu-FORC 
RMlN 

Ct mu 
AXIAL 

CEM-T 
KM-C 

FLEX-T 

FLEX-C 

SHR-FORC 

RADIAL 

C1 R U M  

AXIAL 

M N T  

WRY 

NORM-x 

WEAR-XY 

PRlNC-1 

MAN 
N O W r Y  

SHE AR-YZ 

PR I NC-2 

NORnz 

SHEAR-M 

ESTRESS 

(Continued) 

3, 22, 41, 63 ... ETC. 

4 ,  23, 42, 61 ETC. 

5, 24, 43, 62 ... ETC. 

9, 28, 47, 66 4 . .  ETC. 

11, 30, 49 68 ... ETC. 

12, 31, 50, 69  . a .  ETC. 

13, 31, 49, 67 . -, . ETC. 

17, 36, 55, 74 ... ETC. 

18, 37, 56, 75 ... ETC. 

19, 38, 57, 76 ... ETC. 



lHOU 

. w s s  
STRESS 

STRESS 

STRESS 

m s s  
W S S  

m s s  
STRESS 

! XSS 

m s  

TRIM);, WAX 

STaESS 

m s c  

STRESS 

STRESS 

m s s  
STRESS 

FORQ 

F m  
FORE 

mtn 
AXlK 

CIRaJM 

s b c  
nt-x-T 

FlMC 

WQI u 
C l R u m  
AXl K 

COHPCNENT (OUTPUT FIELD NO.) 

U r  c u t p ~ t  f l a l d  nubers(s) t o  specify ocrcpone~:t(s) for eleomts or k e p r d s  not 

l l r h d  above. See sections 2.3.51 and 2.3.52 of th. W S W  Proqamer's Manual 

f a  a d d l t l ~ l  e l a m t  stress and farce cmpomnt deflaltfuns. 
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Inpu; Data Drd =INS - Nonlinear Transimt Response Dynamic Lord 

Description: Defines nonlinear transient forcing functions a f  the form. 

Pi(t) = S T(xj ( t ) )  I i j ( t ) l  i j ( * ) .  i f  W s 6 

P t  = s T x j  1 x t  1 x t  i f  W 1 10 

F o r v t  and Exaqle : 

1 2 3 I s 6 7 a 9 10 

Field Gatents 

SID Nonlinear load set fdent i f icat ion n:-r (Integer > 0) 

INS 

INS 

6 r i d  o r  scalar o r  extra point ident i f icat ion nuder  a t  rh ich  ncnlinear load i s  
t o  be appiied (Integer > 0) 

Caponefit nluber i f  61 i s  a g r i d  p o i ~ t  .(0 Integer r 6); blank o r  zero i f  61 
i s  a scalar o r  extra pcint  

510 

21 

S Scale factor (Real) 

(iJ Grid or  scalar o r  extra point ident i f fca t ion  nuber  (Integer > 0) 

Cocponeot nurber :f GJ i s  a g r i d  poif i t  (0 < Integer s 6; !1 r Integer s 16); 
blank o r  zero or 10 i f  61 i s  a scalar o r  extra point (See R a a r k  4 below) 

61 

3 

T I d tn t i f i ca t i on  rider o f  a lABLEDi c a d  (Integer > 0) 

Remarks: 1. Nonlinear loads must be selected i n  the Case Control Oeck (N@NLINEAR=SID) t o  be used 
by NASTRAN. 

C! 

4 

2. Noni inear loads nay not be referenced on a card. 

3. A l l  coordinates referenced on NRINS cards u s t  be lenbers of the solution set. 
This means the ue set f o r  wda l  formulation and the ud = ue A ua set f o r  
d i m t  formulation. 

4. The permissible value, f o r  the colponent nmber CJ are giver, i n  the fo l lauing table: 

-- 
CJ S 

2.1 

(Continued) 
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T SJ 

2 

Scalar or extra point 

0 or blank 

10 

Grid point 

1 

Displacement (x .) 
J 

Velocity ( i 5 )  

6 

1 r Integer r 6 

11 r Integer s 16 
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k t e  that velocity carponents are represented by intcgcrs tccl greater than the 
corresponding d i z p l a c a n t  copocmts . 

5. Velocity ( i . )  i s  determined fnn thc relat ion 
J 

&e re  & t  i s  the t i r  i n c r a m t  a d  a .  a d  x . are the d isp lacar l t s  r t  
J .t ~ U t - 1  

t ir t and a t  the previous t i r  step respcciivtiy. 

6. Since ei forcing functions Pi(t) i s  a prodwt of TMKEDi, dirplacerrrt, velocity 

and tnc scale factor 5. any zero value of these quantities rill u k t  Pi(t) cqw l  

t o  zero. Chis condition nay occur \Irm i n i t i a l  displrccrcl t  or  velocity are zem, 

a d  no obthcl lord app? fed t c  the structure 



r. - *loam1 In  static 1 ~ I y s 1 s  ( r lg ld farrt 1). Tbls p a r  oontrols 

th. )~~MIOII at - to nu a t w a r  gtr (only 

far lRIA1, TRIM, -1 .rd 0 1 .  I f  It I s  8 p o r l t l n  Intopr, tk - fa W elammats - trrtrfard to ttm I l r I . 1  arerrdlndm s y s t a .  

If It I s  zero, Hrosos ut tA. aruct.d g l d  pol- am elso ~ g u t . d  In &I- 

tla to tho o l a a ~ t  - i n  tk r t r l a l  w d l h  systm. A lntr 

gw valw rosaltr I n  no frrrrfautla of th. Hrmses. Th. &fault va lw Is -1. 

a. Zn#lw - a p t l a l  'n z M l c  .lulysls ( r lg ld fmmat 1). Tnls prrr)r eocmols 

tho h-nrfWlar d 01- s t r 8 l n s / m . t r a  to tk m l u l a l  w d l n + h  

systm (only far TRIAI, TRIM. -1 glllYIl elamts) .  I f  It I s  a pos l t lw  

I-. * s t r a l d m a t n r a s  f a  olmonts +. t r m s f a n d  to tA. ~ t u r l a l  

w d i n h  gh. I f  It Is  m-0, + t r e l w / m a ~  at th. anmchd grld pol- 

u e  8I lo olprt.d In  .ddltfon to th. 01- s t ra ln r /a rv . t va  In ttm -1.1 

aoadlmah q s h .  A mg8tlva In* v a l u  results it m tr.nsfomatlan of th. 

stra ldanwatut l r .  l?m M o u l t  v a l u  I s  -1. 

o. l l m  - rJptlonal In r tat tc  malysls ( r lg ld fumt 1). A p o s l r l ~  l n t e p  v a l u  

of *la prrwtrr specif la th. nukr jf clamst Indspnm pol* to k mod 

!a tL. !ntwpolutlcm f a  colpr t .14 sfraus a stralns/~lcystur# a t  grld pol* 

(only tor TRIA1, lRl&!, 0 1  a d  -2 elrrr+3). A nrgst:ve Integw valw ar 

0 qmclt 1.s t k r t  a l l  lad.gwwlnt polntr are )o b. used In  thu Int.rpl8t lon. Tho 

Walt  v a l u  I s  0. 

9. - o p t l a d  In a l l  r lg ld  fma*r. The w l r r  cmputatlons far th. 2-0 n d  3-0 

e l m  a m  at lvatod by th ls  parm~ter d m  thoy - gllwm In  016. TA. r r ru l ts  

u o  r l t l p l i e d  by th. MI v a l u  of th is  pwsrtar. If th. 7th atput dat. black of 

l lm  86  module m sp.clf Id (vla MI IPa l t r ) ,  th. 01' ID'S. volmos. surf- 

m (sw (4) klor). SIL. and grld polnt w d l m t o s  wuld k smd I n  M. mta 
blodr, e 61100 mr1tt.n f l le. I f  ttw 7th orrtput data b i d  m arr of M. IWI  

(1-1.2.3 ..... 9.T) f l l o ,  M. +: eI.wcrt data would k swod, I n  8 FaRTRlW b l m q  

rfthn fll.. fh. follcJulq *I* -If.$ the data k l n g  wed. 



wMCWm MTA OEO( 

4+N 

4*1 

4*2,3,4 

2 

LAST 

E ~ e n t  of the f i rst e l#nt ,  BCD 

€1- 10, lrr).gw 

V o l u  ( w l t i p t l . 6  by r o l e  tutor n:, or z r o .  roar 

(Ib. of rurf-)':a + ilb. of g i d  points). I- f 

surf- rru of first wrf# -1 

Svfaa of N-th surf#r. l-081 

SIL of th. flrst g r ld  polnt, irrtagar 

x,y,z curd:-  of th. fire gr ld  polnt. foal 

R.p.at last 4 urQ fa othm gr ld  points 

A m o x d  s l m i i ~  to rscord 1 .'a the smamd m l m o n t .  

Last r n a d  f a  M. last e l m .  

Th. )ral lar of th. m u t  data block has the f o l i a l n g  Infcnetion: 

-3 1 = UST (Ib. of mar& rrlttsn, headw acludod), 

e d s  2 +hru 6 c m h l n  no useful Infamatlon. 

aq. 2EME - opt:asri In a l l  r l g l d  formats. Thm omputatloris of t?m act#nal surface 

areas f a  t tm 2-0 ma 3-0 e lmat ts  am act lvabd by t h i s  p a r e  uhm ttwy am 

g ~ c r s k d  I n  816. Th. results w nu l t lp l l ed  by the mi va!w of *his pa ra tw r .  

S.. tap) f a  M. casewhue th. wrfsor armas sn to k saved I n  an ouput f l le. 

T b  surfam arms of the 3-0 elamwts au &finad bnla: 

Brick (8 a rm gr ld  pointc): 

1 1 *BmCaD G 

2 1.B.F.E E 

3 0, C* Go F 

4 C*D,H*G C 

5 D, 1 ,EsH 1 - 
6 E,F,G.H 

lbdge (6 gr id  points): 

(Continued) 
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P A M  (Cart.) 



STRUCTURE PLOTTING 

Structure Plot  Data Card - Plot  h e r a t i o n  

Oescri t ion: Specffies a l l  p l o t  parameters so as t o  cause p lo ts  t o  be generated f o r  the selected 
y d -  

F o n u t  : - 

(3. etc.] ::: ::I] 
tl. t2 

[SET j l l i lR I61N 

YlAPE 
V E I m R v  
W C .  VECTP 
WLINE 
HIDDEN 
SHRINK s 

[SET j2][PR16IN k2] .... etc. 

Option Meaning 

1. STATIC Plot  s ta t i c  deformations i n  Rigid Formats 1. 2. 4. 5, 6 and 14; k a t  Rigid 
F o m t s  1 and 3; Aero Rigid Foradt 11. 

ma Plot  mcre shapes i n  Rigid Fomats 3. 5. 13 and 15. 

c m A L  Plot  mode shapes i n  Aero Rigid Fomat 10. 

FREQUEYCY Plot  frequency deformations - . Rigid Fornrats 8 and 11 and k r o  Rigid Fomat 11. 

TRANSIENT Plot  transient defotmations i n  Rigid F o m t s  9 and 12; Heat Rigid Fonnat 9; 
Aero Rigid Format 11. 

2. DEFBRMATION Nonzero integers( i )  foilowing refer t o  subcases that  a re  t o  be plotted. 
Default i s  611 subcases. See SHAPE ana VECTOR for use o f  "6" cornrand. 

VELBCITY Nonzero integers( i1 following refer t o  subcases that  are t o  be plotted. 
Oefaul t i s  a l l  subcases. 

ACCELERATIBN Nonzero integers( i )  fo l lon ing  re fer  t o  subcases that  are t o  be plotted. 
Default i s  a l l  subcases. 

3. CBNTBUR Refers t o  stress or  displacemnt contour l ines  and values. I f  d e f o m d  plots 
are requested, then the contours w i l l  be drawn on the defonned shape. I f  an 
underlay i s  requested (v ia 'Ow i n  the subcase str ing),  the contours w i l l  be 
drawn on the undefonned shape. 

(Continued) 



STRUCTIJRE PLOTTING 

PLbT (Cont. ) - 
RXY or  RXZ o r  RYZ - requesting vector sua of two coiqmnents 

R - requesting to ta l  vector de forwt ion  

- used wi th  any of the above ccabinat+~ns t o  request no 
underlay shape be dram. 

A l l  p lo ts  requesting the VLCTIR option sha? 1 have an underlay generated o f  the 
undeforPad shape using the saoe sets, PEN 1 o r  DENSITY 1, a:~d symbol 2 ( i f  
Z " w S  i s  specified]. I f  W E  and VEClbR a n  specified, the underlay w i l l  
a -  -nd on uhether 'Om i s  used wi th DEFflRfMTIYI. It w i l l  be the d e f o n d  shape 
h not wed and w i l l  bc both d e f o m d  and undefomed shapes when i t i s  used. 
The p x a  of  the vestor a t  the ~ r i d  point  w i l l  be the t a i l  when the u&Tay i s  
undefotmed and the head wner! it i s  deformed. If the 'Ma parameter i s  used w i th  
VECTOR, no shape w i l l  be dram but other options such as S W L S  w i l l  s t i l l  k 
valid. 

Connecting l ines  between g r i d  points t ha t  l i e  on the boundary of the structural  
mde l  w i l l  be plotted. The out l ine  w i l l  re f lec t  the d e f o d  shape unless "On 
i s  included i n  the subcase str ing. The WTLINE option w i l l  be ignored i f  the 
C9tcrduR option i s  not  also requested. 

17. HIDDEN Provides a hidden image p l o t  o f  the elements i n  the p l o t  set. The HIDDEN 
option w i l l  be ignored i f  the CBNTBUR option i s  also requested. The W E 1  
option should not be used wi th the HIDDEN option. 

18. SHRINK s The real  value (s) i s  the factor  used t o  shrink o r  reduce elements w i th in  
connecting g r i d  points. The value s i s  l im i ted  t o  0.1 t o  1.0 wi th a defaul t  
value of 0.75. 

19. WFIND Disenables the automatic FIND f o r  t h i s  plot. That is ,  the SET defined f o r  the 
present p l o t  w i l l  be drawn using the SCALE, VANTAGE WIN1 and BRIGIN from the 
previous PLBT comand. 

Remarks: 1. The p l o t  card i s  re  u i red t o  generate plots. Each log ica l  card w i l l  cause one -4a7 picture t o  be generate o r  each subcase, Inode o r  time step toquestec!, using the 
current parameter values. 

2. I f  only the word PLBT appears on the card, a p icture of the undef~rned structure 
w i l l  be prepared using the first defined set  and the f i r s t  defined or ig in.  

3.  I f  no FIND card i s  given a f te r  the previous PLBT card, the specif ied set  on the PLBT 
card i s  used t o  perform an Automatic Find operation. 

Examples : 

Following are some examples i l l u s t r a t i n g  the use o f  the 'LBT card: 

1. PLBT 

Undefcrmed SHAPE using f i r s t  defined SET, f i r s t  defined BRIGIN and PEN 1 (or DENSITY 
1). 

2. PLBT SET 3 O R I G I N  4 PEN 2 SHAPE SYMWLS 3 LABEL 

Undeformed SHAPE using SET 3, BRIGIN 4, PEN 2 (or  DENSITY 2) wi th each g r i d  point  o f  
the set having i + placed a t  i t s  location, and i t s  i den t i f i ca t i on  number pr inted 
adjacent t o  it. 

(Continued) 



PLOTTING 

PLBT (Cat.) - 
3. PLflT m L  DEF)RIY\TIBN 5 SHAPE 

W a l  de fomt ions  as defined i n  subcase 5 using f i r s t  defined SET. f i r s t  defined 
BRICII, and PEN 1 (or DENSITY 1). Subcases u s t  have previously been defined i n  the 
Case Control Deck v i i  the use of W E S  cards, otheruise a l l  nodes w i l l  be i?: an 
assuntd subcase 1. 

4. PLflT STATIC DEFflWTIbN 0. 3 THRU 5, 8 PEN 4. SHAPE 

Sta t ic  defamations as defined i n  subcases 3, 4, 5 and d,  deformed SHAPE; drawn wi th 
PEN 4, using f i r s t  defined SET a t~d @RIGIN, underlayed wi th ~ndeformed SHAPE dram 
with PEN 1. This c m n d  w i l l  cause four p lots t o  be generated. 

5. RBT STATIC DEFWTIBN 0 THRU 5s 

SET 2 MIGIN 3 PEN 3 SHAPE, 

SET 2 PIGIN 4 PEN 4 VECT@RS XYZ SYl6fiS 6, 

s n  35 SHAPE 

Deformations as defined i n  subcases 1, 2, 3, 4 and 5, undeforned underlay wi th PEN 
1, consist ing o f  SET 2 a t  BRIGIN 3, SET 2 a t  WIGIN 4 (wi th an placed a t  each g r i d  
point  location), and SET 35 a t  BRIGIN 4. Deflected data as follows: SHAPE using 
SET 2 a t  BRIGIN 3 (PEN 3) and SET 35 a t  BRIGIN 4 (PEN 4); 3 VECTBRS (X, Y and Z) 
drawn a t  each g r i d  point  o f  SET 2 a t  BRIGIN 4 (PEN 4) ( less any excluded g r j d  
points), wi th 0 placed a t  the end c f  each vector. 

6. PLflT STATIC DEFflWlATIBNS 0, 3, 4, 

SET 1 MIGIN 2 DENSITY 3 SHAPE, 

SET 1 S m R Y  Z SHAPE, 

SET 2 WIGIN 3 SHAPE, 

SET 2 SWETRY Z SHAPE 

Sta t ic  deformations as defined i n  subcases 3 and 4, both halves o f  a problem solved 
by syAlnetry using the X-Y pr inc ipal  plane as the plane o f  symnetry. SET 1 a t  BRIGIN 
2 and SET 2 a t  BRIGIN 3, wi th the deforned shape plot ted using DENSITY 3 ard the 
unde:ormed structure plot ted using DENSITY 1. The deformations o f  the "opposi ten 
ha l f  w i l l  be plot ted t o  correspond t o  synnetric loading. This conrrdnd w i l l  cause 
two plots t o  be generated. 

PLBT TRANSIENT DEFBRHATIBN 1. TIHE 0.1, 0.2, MXIMUM DEFBRHATIBN 2.0. SET 1, BRIGIN 1, PEN 2, 

Transient deformations as defined i n  subcase 1 f o r  time = 0.1 t o  time = 0.2, using 
SET 1 a t  BRIGIN 1. The undefonned shape using PEh or  DENSITY 1 wi th an a t  each 
g r i d  point locat ion w i l l  be dram as an underlay f o r  the resultant deformation 
vectors using PEN or  DENSITY 2 wi th an typed a t  the end o f  each vector drawn. I n  
addition, a p lot ted value of dmX/2.0 (where dm, i s  the value specified on the 

MAXIMUM DEFBRMATIBN card) w i l l  be used f o r  the single maximum d e f o m t i o n  occurring 
on any o f  the plots produced. A l l  other deformations on a l l  other p lots wi!l be 
scaled re la t ive  t o  t h i s  single maximum defonnation. This c m a n d  w i l l  cduse a p lo t  
t o  be generated for  each output time step which l i e s  between 0.1 and 0.2. 

(Continued) 



STRUCTURE PLOTTING 

PLBT (Cont.) - 
8. PLOT C)I#UIL OEF0RHATIPN PHASE LAG 90.. SET 1 VECTM R 

The imaginary par t  of the corplex node shape w i l l  be plot ted f o r  SET 1. 

9. RPT CONTOUR 2 

P L ~ T  CYTWR 2 WTLINE 

CWWR MINPRIN 

ROT STATIC D E ~ W T I O N  CBNTWR 1 WTLINE 

The f i r s t  PLbT card w i l l  cause Major Principal Stress contours t o  be plot ted on the 
undefornrd shape o f  the complete nodel and the second PLBT card w i l l  cause the 
out l ine  o f  the d e l  t o  be plot ted due t o  the defaults associated w i th  the CHITBUR 
card. Contour stress p lo ts  of the Minor Principal Stress w i l l  be p lo t ted  on the 
out l ine  o f  the deforned shape by the t h i r d  PLBT card. 

10. FL@T X T  10 SHRINK .85 

The undeiormed shape of the elements defined by SET 10 w i l l  be drawn, wi th elmlent 
sizes reduced t o  85 percent o f  the scaled size. Grid locations w i l l  be 
at tomatical ly scaled t o  f i l l  the image area. 

11. SET 10 = %.L 
SET 20 = fCO THRU 200 
FIND SCALE O R I G I N  1 SET 10 
PLBT SET I 0  
PLBT SET 20 N@FIND 
PLBT SET 20 

T5ere w i l l  t e  3 frames o f  the undefonned structure plotted. Tne f i r s t  w i l l  display 
the ent i re  structure, scaled t o  f i l l  the image area. The second frame w i l l  display 
elemnts 100 thru 200, using the scale for the previous plot .  The t h i r d  frame w i l l  
display elements 100 thru 200. scaled :3 f i l l  the image area. 



ABSTRACT 

IMPROVED ACCURACY IN SOLID ISOPARAMETRIC ELEMENTS 

USING SELECTIVELY REDUCED INTEGRATION 

Dr. W. R. Case 
R. S. Mitchell 

R. E. Vandegrift 

NASA/Goddard Space Flight Center 
Greenbelt, Maryland 

Currently COSMIC NASTRAN uses the same Gaussian int~gration 
order for every term in the stiffness matrix of the solid 
isoparametric elements. This results in overly stiff elements 
under some conditions. This paper describes a modification to 
the CIHEX1, CIEEX2 and CIHEX3 elements which provides the user 
with the capability of controlling the order of integration for 
selected terms in the stiffness matrix. A study giving examples 
of improved accuracy using selectively reduced integration will 
be provided. 



CRACK ELEMENTS FOR cOSMIC/NASTRAN 

P. J. Woytowitz and R. L. C i t e r l e y  
Anamei. ' k b o r a t o r i e s ,  Inc . ,  San Car los ,  CA 94070 

SUMMARY 

A new crack  element  has  been developed ar,d i n c o r p o r a t e d  i n t o  COSMIC/ 
NASTRAN. The element is cons idered  l i n e a r ,  i s o t r o p i c ,  and homogeneous. Mode 
I and I T  s t r e s s  i n t e n s i t y  f a c t o r s  a r e  ~ . u t o m a t i c a l l y  c a l c u l a t e d .  Comparisons 
t o  t h e o r e t i c a l  p lane  s t r a i n  s o l u t i o n s  f o r  s e v e r a l  g e o ~ ~ e t r i a s  a r e  p resen ted  and 
demonstra te  t h e  accuracy of  t h e  developed element. Extensfons o f  t h e  element 
< r ,  xhree dimensions,  a c i s ~ t r o p i c  m a t e r i a l ,  and p l a s t i c  a n a l y s i s  &re ? i scussed .  

INTRODUCTION 

Crack o r  s i n g u l a r  eleruailts have been developed f o r  f i n i t e  element a n a l y s i s  
f o r  a lmost  a s  long  a s  f i n i t e  element codes  have been a v a i l a b l e .  These e lements  
u s u a l l y  a r e  c l a s s i f i e d  a s  e i t h e r  hybr id  o r  s i n g u l a r  element f o r ~ u l a t i ~ n s .  Nan? 
o f  t h e  e lements  developed s u f f e r e d  from e i t h s r  l a c k  o f  acc;lracy, g e n e r a l i t y ,  o r  
cons i s tency .  Earsoum ( ~ e f .  1 ) p o i n t s  out shortcomings of s e v e r a l  d i f f e r e n t  
e lements .  These shortcomings i n c i u d e  i n a b i l i t y  t o  model r i g i d  body o r  c o n s t a n t  
s t r a i n  modes, i n a b i l i t y  t o  i n c l u d e  thermal  o r  body f o r c e  e f f e c t s ,  and l a c k  o f  
compat ibi l f  t y  wi-th o t h e r  e lements .  

The eiements  developed by Barsoum ( ~ e f .  1) and Henshe l l  ( ~ e f .  2) r e c t i f i e d  
many of t h e  p oblems d e s c r i  ed above; however, t h e s e  e lements  were l i m i t e d  t o  9 disp lacement  o f  t h e  form r1 2. Consequently,  they  could only model s t r a i n  
s i n g u l a r i t i e s  of t h e  form r-1/2. Recent ly ,  S t e r n  ( ~ e f .  3 )  and more r e c e n t l y ,  
Hughes and Aikin ( ~ e f .  4) have in t roduced  f a m i l i e s  o f  consistent, conforming 

Y e l e n e n t s  which al low d i sp lacements  of t h e  form r . Whil.e t h e  S t e r n  e'ement 
appears  to  have t h e  r e s t r i c t i o n  t h a t  0 < y < 1, t h e  element of Hughes and 
A i k i n  is v a l i d  f o r  a l l  y > 0. The element desc r ibed  h e r e i n  is based upon 
s h ~ . ? e  f c n c t i o n s  suggested by Hughes and M k i n  ( ~ e f .  4). 

The element p resen ted  h e r e  posseqaes  t h e  r e q u i r e d  r i g i d  body and c o n s t a n t  
s t r a i n  mcd63. It proper ly  models thermal ,  body f o r c e ,  and p r e s s u r e  l o a d i n g  
condi t lons .  A d d i t i o n a l l y ,  i t  is compat ible  w i 9 l  s t a n d a r d  l i n e a r  o r  q u a d r a t i c  
i u ~ p a r a m e t r i e  e lements  and can possess  e i t h e r  5 o r  6 nodes. F i n a l l y ,  i t  can 

c used a s  a nons ingula r  element with  a v a r i a b l e  number of nodes. 



ELEMENT PORKULATIOB 

The S ~ l l c w i n g  de r ive t ion  fo ; l~ws  Hughes and Aikin ( ~ e f .  4). Refer r ing  t o  
Fi,?urc f ,  the  stbnCar? b i l i c o a r   hap f'uncti,?ns a r e  used f o r  noGes 1 through 
4 : 

The shape func t ions  f 3 r  nodes 5-8 m e  chosen as: 

where 

It can be e a s i l y  shown t h a t  the &spe f i inct ians f o r  nodos 5-8 reduce t o  
the  s tandard quadra t ic  s e r end ip i ty  element wher. y of Squation (7)  is s e t  equal  
t o  2. I1 sat a l s o  be seen t h a t  t he  shape funct ion f o r  nodes 5-5 s a t i s f i e s  t h e  
i n t e rpo la t i on  property a t  sl l  rides of the elemect. That is: 

( )  = 6 and N ( s ?  = (  
1~ i j id 

where r .  and s .  a r e  values of r and s at node j and 6 i a  the  Kronecker 
J i ' del ta .  J~owever ,  the  s h a p  func t ions  e.ssocieted with nddes 1-4 do not s a t i s f y  

t he  iE t e rpo le t i on  property a t  nodes 5-8. Fallowine the  s tandara  technique 
! ~ e f .  4) ,  tne shape func Lions for nodes 1 - 4  a r e  mcdj f i e d  4s followz: 



where t h e  + reads  ; "is replaced by. " 

It can now be ;den t h a t  the shape funct ions  f o r  all e igh t  nodes s a t i s f y  
t h e  r e q u i - 4  i c t e r p o l a t i o n  property. Addit ional ly,  t he  sha f m c t i o n a  are 

Y F Y  2 ca-papeble op exac t ly  r ep resen t ing  the aonomials l , r , s , r  ,rs,s ,r s, and s r. 
The ,:nsence of 1 ,r and s ensure r ep resen ta t ion  of r i g i d  body anti cons tant  
s t r a i n  modes. The presence of  ry allows exact  r ep resen ta t ion  of displacements 
o f  the.,cpn ry. Note t h a t  t h i s  rill r e s u l t  in a l i n e  s i n w l a r i t ~  of the  
f o r e  r ' upon d i f f e r e n t i a t i o n .  

I n  order  t o  represent  poin t  s i n g u l a r i t i e s ,  the  q u a d r i l a t e r a l  must be 
degenerated i n t o  a t-%angle. ?his is done by coalesc ing  nodes 4, 8, and 1 as 
can be .one f o r  s tandard isoperametric  e l e a e n t s  (~ef. 5) and as is shown 
s c h e ~ a t i c a l l y  in Figure 2. Thus, f i n a l l y ,  f o r  a point  s i n g u l a r i t y ,  the shage 
function associa ted  with node 3 is replaced iitth: 

This  is e a s i l y  programmed i q t c  the element routine.  The gene ra l i t y  of 
t he  ahove de r iva t ion  allow8 use of the  same shape func t ions  a s  the  b a s i s  of  
three-dimensional elements which possess line s i n g u l a r i t i e s .  

In summary, f o r  the  6 node t r i a n g l e ,  t he  shape funct ion  associa ted  with 
node 1 is given by h u a t i o n  (5). the  shape funct ions  assocj.ate0 with nodes 2 
and 3 a r e  given by N2 and  N3 c; Equation (41, and the shape func t i cns  
assoc ia ted  with nodes 5 through 7 are g3.ven by B5 through N7 of  Q u a t i o n  (2). 

Given the  shape funct ions  fo-r' t hz  element, c a l c u l a t i o n  o f  t h e  s t i f f n e s s  
matr:~, thermal loaC vector ,  an5 w a v i t y  load vec tor  fo l lcws  the s tandard 
procedcre ~s d e a c r i b d  in  Reference 6 .  These q u a n t i t i e s  a= the re fo re  given 
88 : 



where 

an$ I is e 2 x 2 i d e n t i t y  matrlx. - 
See Reference 6 f o r  ncre  d e t a i i s .  The a c t u a l  i n t eg ra t i o r .  is perfomed v ia  
Causaiaq quadrature. That is, the  ~ n t e g r a l s  are approxinate3 as:  

Due to  the fornulat ior . ,  i t  can be shown t h a t  along the  s d i r ec t ion ,  the  
i n t e e r a t i o n  order  needs t o  be, a t  ~ a s t ,  3 -h 0r3er  tO e rac t1g  iztegr:te :he 
element. For art undis tor ted  element, a  neximum -htegrat . ion order  of 3 is nec- 
essary ,  a l t h o u e  o f t en  an i r . t eg ra t i on  c rde r  of 2 y i e l d s  r e s u l t s  j u s t  as good. 
Alonq the r d i r e c t i o n ,  the  method f o r  an exact  f n t e g r a t i o n  bas not  been ascer -  
tained. Current ly,  an i n t e g r a t i o n  order  of 4 o r  5 seems t o  s x i f i c e  along t h e  
r d i r ec t ion .  An exac t  i n t e g r a t i o n  formula analogclus t o  t he  formula r r e sen t ed  
i n  Reference 3 o r  Reference 7 will hopeful ly be derived in the  near  fu tu re .  

Calcu la t ion  of the s l r e s s  i n t e n s i t y  f a c t o r 3  a r e  pe r f c rm~d  using the 
equations: 



G l i r a  12. 1 /2 

where the  nomenclature is shovn % Figure 3. Al terna t ive ly ,  similar e q u a t i o ~ s  
in terms of stresses can be used. It has been found here  and noted e lseunere  
(Ref. 3) t h a t  Equation (8) y i e l d s  more accura te  r e s u l t s  than the s i m i l a r  
equations in t e rn  of s t r e s ses .  The values of  t he  stress i n t e n s i t y  f a c t o r s  
a r e  ca lcula ted  a t  each of the  i n t e g r a t i o n  poin ts  along the  r d i r e c t i o n  and 
ext rapola ted  to rrO using 'Lagrangian i n ~ e r p o l a t i o n .  

Extension of the above f o m u l a t l o n  t o  t h r e e  dimensiolzs is s t ra ight forward .  
As discussed in Reference 4, t he  three-dimensional shape funct ions  a= simply 
products  of  the  ?wo-dimensional shape funct ions  in r s 6 t h  the  des i red  
one-dimensional shape funct ion  in t. For example, t h e  s?lape funct ions  f o r  t h e  
three-dimensional element of  Figure 4 are given *: 

The above element fo rau l s t i on  nay be extended t o  an i so t rop ic  ma te r i a l s  by 
using the  a y ~ r o p r i a t e  an i so t rop ic  n n t e r i a l  matrix D in Equation (6). When 
apprcpr ia te .  D could be d i f feren:  a t  each in tegra t ior i  pc i r t .  

11; order  to incorpora te  p l a s t i c i t y  e f f - c t s ,  it is suggesft* t h a t  s tandard 
techniques cu r ren t ly  used f o r  p l a s+ , i c i ty  i n  reguldr  element5 could a l s o  be 
applied to the  present  element. That is, a f t e r  each load increment, each 
i n t e g r a t i o n  poin t  in the element would be checked to see i f  i t  has gone p l a s t i c  
o r  not. I f  p l a s t i c i t y  has occurred, then en algori thm such a s  r ad ia l - r e tu rn  
(Ref. 9) would be used to  br ing  the s t r e s s  back t o  the  y i e ld  sar face .  The 
demen t  's i n t e s n a l  forces ,  used to ca l cu la t e  t he  out-of-balance loed vec tor  
would be givzn in standard form as: 



Addi t io ra l ly ,  -ihe order  of the  s t r a i n  s ingularLty  would have t o  be updated, 
depending upcn the  hardenirig p rope r t i e s  of t h e  material (Ref. 10). 

Impiementatioc of t he  creck element i n t o  HASTRAN w a s  performed v i a  t h e  
dummy element 0 W 1 .  mis procedure is covered in Reference 11. The present  
element was modeled a f t e r  t he  QDnMl element rout ines ,  due to t h e i r  s i m i l a r i t y .  

The f i r s t  s t e p  was t o  c r e a t e  a subrout ine  KDUnl which genera tes  th?  
s t i f f n e s s  and mass matrices. The mass matr ix may be e i t h e r  cons i s t en t  o r  
lumped. When the  mass matrix is used f o r  c a l c u l a t i o n  of g rav i ty  leads,  t h e  
cons i s t en t  mass matr-2 should be spec i f ied .  This subrout ine  is eventua l ly  
l inked to  UASTRAN L I N K  8. 

For computation of  thermal loads,  t he  subroutine EIYl!L must be modified to 
make a c a l l  to SSGETD before c a l l i n g  the  rou t ine  ?:TI. The d u q  coding i n  
r o u t m e  L'ml is then modified t o  c a l c u l a t e  t he  thermal laad vec tor  based on 
the  cr,nnecting g r id  poin t  temperatures. Option.illy, the  element c e n t r o i d a l  
temperature could hr--e been used, although t h i s  is genera l ly  not recommended 
s ince  temperature g rad ien t s  near th crack could not be accura?elg represented 
i n  t h i s  uaj. After modifying EETL and DUll , they must be i inked k~ UXSTRAN 
LINK 5. 

F ina l ly ,  t he  dummy coding f o r  the SEMI 1 and SilUnl2 rou t ines  must be 
modified so t h a t  they perform the  required operat ions.  SDUnll performs t h e  
~ r e l i m i n a r y  geometry ca l cu la t ions  and c r e a t e s  the S matr ix which r e l a t e s  
elzment stresses ( ~ n c l u a i n ~  stress i n t e n s i t y  f a c t o r s )  t o  t he  element's g r i d  
point  displacements. SDUn12 then uses the S metrix,  id point  displacements, 
a& teaiperatures t o  compuC& the  cen t ro ida l  s t r e s s e s  and stress i n t e n s i t y  
f a c t o r s  and wr i t e s  them to  the output  f i l e .  After  modifying the SDUR11 and 
SDUni2 coding, i t  i~ linked to  BASTRAN LINK 13. This completes t he  
implementation i n t o  UASTRAU. 

I n  order  t o  a s s e s s  t he  accuracy of  the present  element, four  d i f f e r e n t  
crack geome:ries/loading condi t ions  w i t h  knoun so lu t ions  were analyzed. 
Figure 5 shows the  d i f f e r e n t  geometries analyzed. Figure 6 presen t s  four  
d i f f e r e n t  mesh s i z e s  which were used to analyze the  f i r s t  t h ree  crack geomc- 
tries. Figure 7 shows the  boundary condi t ions  used. For t he  edge crack with 
a poin t  load, Figure 7 is modified so  t h a t  t he  load is a?plied a t  the  edge o f  
the  crack. Table 1 presents  t he  e r r o r s  assoc ia ted  with both the crack opening 
displacement (COD) and the  mode I s t r e s s  i n t e n s i t y  f a c t o r  KI. A s  can be seen,  



t h e  COD is less s e n s i t i v e  t o  t he  mesh she,  while the  KI values appear t o  be 
converging to t h e i r  exact  so lu t ions .  However, t h e  edge crack with a poin t  
load s o l u t i o n  appears t o  overshoot the  exact  by about 5%. It should be men- 
tioned t h a t  t h e  "exact" s o l u t i o n  f o r  t he  edge crack specimen v i t h  a point  load 
is conside:ed to be accura te  t o  within 2%. The o the r  exac t  s o l u t i o n s  were 
consicered to  have accurac ies  better than 1%. These exact  so lu t ions  were 
obtained from Reference 12. 

Figure 8 presents  a model of a c e n t r a l  crack i n  a f i n i c e  p la te .  To ascer-  
t a i n  t h e  accuracy of tlte element's mode I1 s t r e s s  i n t e n s i t y  f a c t o r ,  KII, t h e  
model of  f igure  8 (a )  was used. The r e s u l t s  f o r  both K and KII a r e  presented 
in Table 2. h can be seen, t he  KII is n t h f n  about 41 c f  t h e  exact  so lu t ion .  

I n  summary, both COD and stress i n t e n s i t y  f a c t o r s  appear t o  be accurately 
represented even f o r  r e l a t i v e l y  course meshes. The a c ~ i l r a c i e s  cbthined a r e  
well wi th in  the  accurac ies  required .by t y p i c a l  engineoring ca icula t ions .  This  
is due to  the f a c t  t h a t  the  s c a t t e r  alone,  in the  KI va lces  during a t y p i c a l  
t e s t ,  may be 10%. 

CORCLUSIONS AND FUT-JRE REEARCH 

An element formulation has been presented t h a t  accu ra t e ly  models singu- 
l a r i f i e s .  The form of the  s i n g u l a r i t y  is general  and the  two-dimensional 
element developed may be e a s i l y  extended to t h r e e  dimensions. Addi t ional ly ,  
t h e  element may be used as a standard,  var:able number of  nodes quadra t ic  
element. The element has been incorporated i n t o  NASTM and compared t o  
s e v e r a l  known solu t ions .  

Future research w i l l  include more tests of the element aga ins t  known 
exact s o l u t i o ? ~ ~ .  Addit ional ly,  an exact  i n t e g r a t i o n  r u l e  is des i r ab le ,  and 
work t o  develop t h i s  w i l l  be performed. The element formulat ion w i l l  then be 
extendel  to t h r e e  dimensions and t h e  co3e w i l l  be incorpcrated i n t o  IASTUIi. 
F ina l ly ,  exte..lsions t o  include an i so t rop ic  n a t e r i a l s  and p l a s t i c i t j  a r e  
poss ib le  and s h o u l  be s tudied  fu r the r .  
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Figdre 1 Nomenclature for Eight Node Isoparametric Element 

Figure 2 Degeneration of the  Eight  Node Element t o  a Six Node 
Triangular  Element 



crack 

Fiqure 3 Nomenclature for  Crack Geometry 

Figure 4 A ?ossi b l e  Threc-Oimensional General izat ion of the 
Two-Dimensional Element o f  Figure 2 









( a )  load ing  condi t ion  f o r  KII c a l c u l a t i o n  

( b )  load ing  cond i t i on  f o r  KI c a l c u l a t i o r ~  

Figure 8 Model of Central  Crack i n  F i n i t e  P l a t e  



A FOUR-NODE BILINEAR ISOPAWETRIC ELEHENT 

IN ROCKWELL HASTRAN 

C. LIAO and R. E. ALLISON 

ROCKWELL INTERNAT I O N N  

NORTH AMERICAN A I RCRAFT OPERAT IOtiS 

EL SEGUNDO , CALIFORNIA 

Development and evaluat ion of the Rockwell NASTWH four-node quadr i la tera l  
(4UMJ) elenent i s  presented. The element der i va t ion  u t i l i z e s  b i l i n e a r  
isrlparametric techniques both f o r  membrane and bendjng character is t tcs .  The 
QUAI24 element coordinate system, membrane propert ies, lumped mass matrix, and 
treatment of warping are based upon the SOSMIC/NASTRAN QDHEnl element whi le  the 
bending character is t ics  are based upon a paper by T. 3. R. Hughes. The effects 
of warping on the bending st i f fness,  cocsistent mass, and ~ e m t r i c  s t i f f ness  
are b a d  upon a paper by R. H. MacNeal . Numerical i n ieg ra t ion  i s  accmpl ished 
by Gaussian quadrature on a 2 x 2 g r id .  Pract ica l  user suppor'; features iacludm 
vai i ~ 5 l e  element thickness, thermal ana l y j i s  and layer26 composi t~ mater ia l  
def in i t 'ons.  

Rockwell NASTRAN i s  the NASAICOSMIC re1 eased !iASTRAN w i th  Rockwell 
developed technical and ef f  i r i ency  enhancements incorporated. k t o t a l  of n ine 
Rockwell d iv is ions fund the NASTRAN Group Service a c t i v i t i e s  which include user 
consul ta t ion,  deve loyent  , riiintenance, and val i da t i on  of the production 
program. Rockwell NASTRAN i s  i n s t a l l e d  on I e M  and CDC computing systems a t  
three aeograph ,cal 1 ocations. The prograr i s  being used by the pa r t i c i pa t i ng  
divSsions which are located i n  Cal i fornia,  Oklahoma, Ohio, Michigap and 
Pennsyl van i a. 



The Rockwell QUAC4 has beeri develaped i n  order t o  provide our users wi th  a 
state-of-the-art general quadri 1 a te ra l  e l  emeat. The improved e f f i c i ency  and 
greater accuracy provided by t h i s  element el iminate the need of avy o f  the other 
COSMICINASTRAN quadr i la tera l  elements. Pract ica l  user support features 
incorporated i n  the developmot include varying elecnent thickness, thermal 
strains,  and laminated compcsi t e  mater ia l  inputs. The e:ement der i va t ion  
u t i l i z e s  b i l i n e a r  isoparametric techniques both for membrane and bending 
character is t ics  wi th  numerical in tegra t ion  be i r  3 acconpl ished by Gaussian 
quadrature on a 2 x 2 gr id.  

The QUAD4 element coordinate system, membrane properties, luinped mass 
matr ix and treatment of warping are based upon the COWIC/NASTRAN QDMEMl element 
whi le the bending propert ies are based upon a recent paper by T. J. R. Hughes 
( f  1 The e f fec ts  o f  warping on the bending st i f fness, consistent mass, and 
geocnetric s t i f f ness  are based upon a paper by R. H. kcNea l  ( re f .  2). The 
theory adopted from reference 1 appears t o  minimize o r  preclude sone o f  the 
ctnnplications a1;uded t o  i n  reference 2. I n  par t i cu la r ,  no special loca l  
Cartesian system o r  se lect ive in tegra t ion  procedure i s  required t o  achieve a 
reasonably good element bzhavior. 

General theoret ica l  background of the element s t i f fness matr ix  i s  presented 
i n  equaticns 1 through 35 of the theoret ica l  background section. Derivat ion of 
the equivalent thermal applied load vector i s  presented i n  equations 38 through 
41. 

The evaluation of element t e s t  resu l t s  as propcsed by reference 3 are 
presented ir, tab le  1. The t e s t  resu l t s  f o r  s t a t i c  analysis o f  various 
structures, mechanical ioadings, and thermal analysis are presented i n  tables 2 
through 8. The resu l ts  fo r  the rea l  eigenvalue t e s t  case are presented i n  tab le  
9. The transverse central  def lect ion computed fo r  the three composite mater ia l  
t es t  cases using the lYSC/QUAD4 and the Rockwe~l/QUAD4 element i s  presented i n  
tab le  10. 

THEORETICAL BACKGROUND 

The re la t ionship between forces and s t ra ins  ( inc lud ing thermal terms) i s  
t aesc-ibed by the fo l lowing matr ix where the vectcrs E and i x  1 are t h e m 1  

generated s t ra ins and curvatures, respectively. 



O O C  

where 

( £ 1  = 1 :: 1, mmbtane~orcapr mi t  iergth 
f x y  

1 rn 1 = I :: I , M i n g  n r n t s  p r  mit ~eng* 
=xy 

, d r a m  strains in means planeh ( 5 )  

f xv 

{ 7 1 = 1 I , transverse i k r  strains 

The t e r n  A, B and D are  defined Cy the fol lowing integra ls:  



and C = H, Gj 

The l i m i t s  on the in tegra t ion  are from the bottom surface t o  the top 
surface o f  the plate. The matr ix  o f  mater ia l  moduli, [Gel , has the fo l low ing  
form fo r  or thot rop ic  mater ia ls:  

Here, vl E2 = u2 El , i s  required t h a t  the matr ix  of e l a s t i c  modul i be 

sycmetric. The [G3] i s  a 2 x 2 matr ix  of e l a s t i c  coe f f i c ien ts  fo r  transverse 

shear. HS, the ef fect ive thickness for  transverse shear, has a de fau l t  value o f  

tis / H = 516 ,  which i s  the cor rect  value f o r  a homogeneous p l a te  w i th  an 

actual membrane thickness o f  H. 

Figure 1 depicts a p la te  composed o f  the e i gh t  laminas. For t h i s  case, A, B and 
D are definea as follows: 

Le t  A~ and Na denote the area and shape functions, respect ively,  o f  an element, 

where n i s  the number of element nodes. For the case of a homogeneous, 

isot rop ic ,  l i n e a r l y  e l a s t i c  p l a te  c ~ f  thickness H ,  the element s t i f f n e s s  matr ix,  

K ~ ,  may be defined as fol lows. 



where 

(16) 

bending stiffness (17 

shear st if fness (18) 

The formulat ion o f  the element s t i f f ness  matr ix  fol lows the procedure 
b defined i n  reference 4 and 5. Then R ' s  can be w r i t t en  i n  the fo l lowing form: 

The shear s t i f f ness  i s  obtained by the technique mentioned i~ reference 1. 
The deta i led procedures are discussed next. 

Geometric and k i n e m t i c  data are defined i n  f i gu re  2, and the d i r ec t i on  

vectors have u n i t  length (e.g. IlellJ( = 1, etc.). Let  Ua qnd oa denote the 

transverse displacement and ro ta t i on  vector, respect ively,  associated w i t n  node 

a. Throughout, a subscript b w i l l  equal a+ l  modulo 4. 

The d e f i n i t i o n  o f  the element shear s t ra ins  may be described i n  the 
f o l l o w i r .  5teps. 

(1) Fcr each element side, def ine a shear s t r a i n  compol,ent a t  the 
midpoint, i n  a d i r ec t i on  pa ra l l e l  t o  tne side. 



( 2 )  For  each node, def ine a shear s t r a i n  vector .  (See f i g u r e  3 g e o m t r i c  
i n t e r p r e t a t i c n  of t h i s  process.) 

I n t e r p o l a t e  the  nodal values by way of the  b i l i n e a r  shape functions 
(Na1s)  

For t h e  transverse shear s t r a i n  i n t e r p o l a t i c r s  der ived  i n  the  previous sect ion,  

R' takes on the io:lowing form: 



The element stress resu l tants  may be obtained from the fol lowing re la t ions:  

bending moments (36)  

shear resu l tants  (37 

where 

de = element displacement vector 

F ina l l y ,  thermal expansion i s  represented by a vector of thermal s t ra ins  

where at = thermal expansion coef f ic ients  

T = Temperature a t  any po in t  i n  the element 

To = reference temperature of the mater ia l  

An equivalent e l a s t i c  s ta te  o f  stress t ha t  w i l l  produce the same thermal 
stress i s  



An equ iva lent  se t  of general ized loads P app l ied  t o  g r i d  p o i n t s  o f  t he  
element i s  obtained by 

The equ iva lent  thermal moment vec tor  i s  def ined as 

where T '  i s  the  thermal grad ient  a t  a cross-section o f  the  p la te .  

NUMERICAL EXAMPLES 

The t e s t  problems have been selected f r o n  reference 3.  The elements tes ted  
inc luded the COSMIC/QUADZ, the MSClQUAD4 and the Rockwell/QU4D4. The t e s t  runs 
f o r  QUAD2 and QUAC4 were performed on an IBM 3081 computer a t  t he  Rockwell 
Western Computing Center wh i l e  the  MSCICI'P.94 r e s u l t  were obtained by u t i l  i z i n g  
vers ion 62 o f  MSCINASTRAN on the Rockwell S c i e n t i f i c  Computing Center CDCICYBER 
equipment. 

The grading system f o r  f i n i t e  elements proposed by reference 3 i s :  

Grade Range 

A 2% z E r r o r  
B 10% r E r r o r  > 2% 
C 20% r Er ro r  > 10% 
D 50% r E r r o r  > 20% 
F E r ro r  > 50% 

- 
I he s t ruc tu res  analyzed t o  evaluate the  t e s t  elements inc luded a patch t e s t  

p l a t e  ( f i g u r e  4),  a s t r a i g h t  c a n t i l e v e r  beam ( f i g u r e  5), a curved c a n t i l e v e r  
beam ( f i gu re  6), a rec tangu lar  p l a t e  w i t h  d i f f e r e n t  aspect r a t i o s  ( f i g u r e  7) ,  a 
Scordel is-Lo r o o f  ( f i g u r e  81, and a simply supported p l a t e  ( f i g u r e  9) f o r  normal 
modes and layered composite analys is.  



Table 1 o r ~ s e r t ;  ine sumnary of gradina resu l t s  fo r  the tested elements. 
The r ~ i u i t  f o r  each of the ind iv iduz l  t e s t  cases are reported i n  tables 2 
through 10. The patch t es t  resu l t s  presented i n  Table 2 are reported i n  the 
form of percentage e r ro r  o f  the cmputed stresses. The resu l t s  reported i n  
tables 3 through 7 are show? i n  normalized form where the computed displacement 
data has been d iv ided by the theoret ica l  value. The most d is tu rb ing  f a i l u r e  o f  
the QUAD2 element i s  i t s  i n a b i l i t y  t o  get a passing grade f o r  the s t r a i gh t  beam 
in-plane shear and t w i s t  cases. QUAD2 also f a i l e d  i n  the curved beam and 
Scordelis-Lo roof problems. Nei ther of the QUM4's o r  the QUAD2 could achieve a 
passing grade f o r  the s t r a i gh t  beam in-plane shear w i th  trapezoidal shaped 
elements. I n  general, our published resu l t s  agree, but there are some 
differences from those reported i n  reference 3. I n  par t i cu la r ,  the resu l t5  o f  
the t w i s t  case fo r  a l l  element conf igurat ions o f  the s t r a i gh t  cant i levered beam 
problem do no t  agree w i th  the resu l t s  presented i n  reference 3. We be l ieve tha t  
t h i s  was due t o  a problem wi th  version 63 o f  MSCIYASTRAN as i n s t a l  l ed  or  our CDC 
equipment a t  the t ime we were making our t e s t  case rcns. 

CONCLUSION 

I n  t h i s  paper, we have examined the behavior o f  the new four-node 
quadri 1 a te ra l  e! ement i n p l  emented i n  Rockwell NASTRAN. The e l  emeni; has been 
shown t o  behave we1 1 f o r  a va r ie ty  o f  p l z  ,e problems and has retained simp1 i c i t y  
i n  the fornulat ion.  The formulat ion enabled straightforward generation o f  a 
l i nea r  t r i angu la r  bending element, which has a lso been successful ly implemented 
i n  Rockwell INASTRAN . 
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Table 1 Surmary of Test Results 

Element KT/ -7- 
Test Table Shape QUAD4 QUAD2 QUAW 

1 Patch Test, Membrane 
2 Patch Test, Bending 
3 Straight Beam, Extension 
4 Straight Beam, In-Plane Shear 
5 Straight Bmn, In-Plane Shear 
6 Straight Beam, at-of-Plane Shear 
7 Straight Beam, Out-of-Plane Shear 
8 Straight Beam, Twist 
9 Curved Beam, In-Plane Shear 

10 Curved Beam, Out-of-Plane Shear 
11 Rectangular Plate (N=4) 
12 Scordelis-Lo Roof ( ~ d )  

2(a) Irregular 
7 (b) Irregular 
3(a,b,c) All 
3(a) Regular 
3(c) Irregular 
3(b,c) Regular 
3(b,c) Irregular 
3(a,b,c) All 
4 Regular 
4 Regular 
5,6(a) Regular 
7 Regular 

Failed Test Grade (Ills and F1s) 

Table 2 Patch Test Results [Figure 4 )  
Max. Errors ( O )  of Stress 

(a) Membrane Plate 

(b) Bending Plate - 
mx = my 4.2 

m x ~  0.9 

y'uy 4.2 



Table 3. Results for Straight Cantilever Beam (Fig. 5) 
Normalized Tip Displacement in Direction of Load 

Tip Loading 
Direction 

Rectangular Elen~ents - 
Extension 
In- Plane Shear 
Out-of-Plane Shear 
Twist 

Trapezoidal Flements - 
Ex tensim 
In- Plane Shear 
(Xlt - of -Plane Shear 
Twist 

(c) Para1 lelogram Elements 

Extension 0.996 
In- Plane Seal- 0.808 
Out-of-Plane Shear 0.978 
'hist 0.849 

Table 4 Results for Curved Beam (Fig. 6) 
Nomlized Tip Displacement in Direction of Load 

Tin Loading Direction - RI/QuAD4 !J!!& !EWE!?! 
In- Plane Vertical 
Out-of -Plane 

Table 5 Results for Rectangular Plate Simple Sqports (Fig. 7) 
with Ccxentrated Load 

Normalized Transverse Deflection at Center 

(a) Aspect Ratio = 1.0 

Mesh Size(N)* 

(b) Aspect Ratio = 5.0 

* only one quadrant is discretized 



Table 6 Results for Iiectangular Plate Clamped Supports 
(Figure 7) With a Uniform Load 

Normalized Lateral Defl.ection at Center 

(a) Aspect Ratio = 1.0 

Mesh Size (N) 

Mesh Size (N) 

(b) Aspect Ratio = 5.0 

Table 7 Results For Scordelis-Lo Roof (Figure 8) 

Normalized Vertical Deflection at Midpoi-+ of Free Edge 

Table 5 Comparison of Analytical, QUAD4, and QUAD1 
NASWM DEMO 1-11-1 (Reference 6) 

M a x .  
Category Analytical Q!!% !?l!E!? 

- 
Displacement 6.2898~10 

2 



Table 9 Natltral Freq-zy Coaparison, cps m 
N~.smAN/oerO 3-1-2 (4x4) 

Mode No. -- 'Iheoretical R I / o 4  !z!E 

Table 10 Transverse Central Deflection of Simply Sqported 
Casposite Square Plate Under a Uliform Pressre (~igure 9) 

No. of P:ies 'Qpc of h n a t e  R1/w!-M( IM) - IcwquAw (CDC) 



Ref e r ~ n ~ e -  . - -  
Surface 

i z 

Figure 1. Laminat& Plate 

Figure 2. Geometric and Kine..ratic Data for the Four- 
Node Qu2-lril iateral Elere.. , 

1- 'b 1 --I 
Figure 3. Definition of Ndal Transverse Shear Strair? Vector 



Location of Inner %odes: 

(a) 3kmbrane 

(b) Bendinu; 
-7 7 7 

w = 10 (x-+xy+y-)/2 
- 3 

t9 = 10 (y+x/?j 
X -3  e = l o  ( - X - Y - / ~ )  
Y 

Figure 4 .  Patch Test for Plates 
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I I I I f I 

4 

(a) Regular Shape Eleiaents 

(b) Trapezoidal Shape Elements 

(c )  Parallelogrm Shape Elements 

Length = 6.0; Heig.lt = 0.2; 'Ihickness = 0.1 
E = 1.0 x lo7; w = 0.3; Mesh = 6 x 1 
Loading: U n i t  forces a t  free end 

Ex ters ion 

4 I 

In-plane shear 

a t -o f -p lane  shear 

Figure 5. Straight Cantilever Beam 



Inner radius = 1.12; k t e r  radius = 4 . 3 2  
ted 

Loading: hit forces a t  t i p  

In-plane shear &it -of -plane _.hear 

Figure 6. Curved Beam 
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a = 2.0; b = 2.0 o r  10.0; v = 0.3 
Thickness = 0.001; E = 1.7372 x 10' 
Boundaries = simply supported or  clamped 
Mesf, = S :; h (on 114 af plate)  - 4  
Loading: Uniform pressure q = 10 o r  

-4 Central load p = 4.0 x 10 

Figure 7. Rectangular Plate 

Radius = 25.0; Length = 50.6; l'hickness = O.iS 
v = 0.0; Loading = 90.0 per uni t  area in  - 2  direct ion 
E = " - 3 2  x 10'; Ux = Ul = 0 on a n r e d  edges 
Mesh = N x N on shaded arTa 

Figure 8.  Scordelis-Lo 2wf 



6 6 
E = 20. x 10 ; E, = - 5  x 10 ; G = .25 x 10 

6 
1 - 

Loading Condition: 0.5 p s i  uniforn pressure 

Case 1 : 2 p i l e s ,  material angle of f iber  90"/Or 

Case 2 : 3 p i l e s ,  11 I t  0°/900/00 

Case 3 : 1 p i l e s ,  I t  I f  90°/00/900/00 

Figure 9. Simply Supported Square Plate for  a layered S t ruc t l~re  



LAYERED COMPOSITE ANALYSIS CAPABILITY 

FOR NASTRAN 

Dr. R. (Swami) Narayanaswami and Pr. J. G.  Cole 
Caaputerized St ructura l  Analysis and Research Corporation 

SUMMARY 

Laminated cmposi t e  materi a1 construct ion i s gaining popular'ty w i t h i n  
indust ry  as an a t t r a c t i v e  a l te rna t i ve  to me ta l l i c  designs where high strength a t  
reduced weights i s  o f  prime consideration. This has necessitated the de~elopment 
o f  an e f f ec t i ve  analysis capab i l i t y  fo r  the s ta t i c ,  dynamic and buckling analyses 
o f  structurd! c-mponents constructed o f  layered cmposi tes. Theoretical and user 
aspects o f  layered cmposi te  analysis and i t s  incorporat ion i n t o  C.S.A.R. Corpora- 
t i on ' s  propr i  ztarj version o f  the NASTRAN* program, CSA/NASTRAN*, are d i  scussed. 
The a v a i l a b i l i t y  o f  s t ress based and s t r a i n  based f a i l u r e  c r i t e r i a  i s  describad 
which aids the user i n  reviewing the voluminous output normally produced i ;h 
analyses. Simple s t ra teg ies to obta in  minimum weight designs o f  canposi tt uc- 
tures are d i  scussed. Several example problems are presented t o  demonstrate the 
accuracy end user convenient features of the capabi l i ty.  

INTRODUCTION 

As s t ruc tu ra l  designers t u r n  more of ten to high strength l i g h t  weight 
composite mater ia ls  to solve c r i t i c a l  design problems, the i n t ~ r n a l  loads and 
stress analysis tasks become more complex. The f i n i  tr: element m d e l  s generated 
to describe composite lami nates using ex i  s t ing  wZTRAN capabi 1 i t i e s  e i t he r  requi re  
a considerable number o f  membrane elements "stackedh 9n top o f  one amther  to 
represent the p l i e s  o r  requi re  some fonn o f  1 umpi ng/del umpi ng procedure .&en us: 29 
a s ing le  element to  represent the p l ies .  Both mthods of modeling are used t a  
overcome the substantial amount o f  work involved i n  determiniqg the mater ial  
properties to be referenced by an element. Neither method i s  wi thout 1 t s  drawbacks. 
The "stackedn wmbrane model requires a considerable number o f  elements and ac!~lects 
bending i f  facts while the s i  ngle element representation requires pre-processi ng 
functions to gcqerate an appropriate se t  o f  element and material proper t ies  and also 
requires post-processi ng to obtain +.he i ndividual  p l y  stresses and strains.  The 

*CSA/NASTRAN i s  an advanced propr ie tary  version o f  the WSTRANe general 
purpose s t ructura l  analysis program. NASTRAN i s  3 feg i  stered trademark of  NASA. 
CSA/NASTRAN i s developed, maintained and mrke ted  by the C .S. A.R. Corporation, 
Northridge, Cal i forn ia .  



method o f  colnposi t e  material construction analysis discussed i n  t h i s  work and 
incorporated i n t o  CSAINASTRAN m p l  oys the s i  ngle e l  einent technique. The user 
describes the laminate by mans o f  new P C W ,  PCOMPI , PCOHP2 and MAT8 bulk data 
cards. 

The f i n i t e  eleaents used t o  model the cmposi t e  structure must be capable o f  
representing coupl i ng between the laenobrant r,nd bending actions t o  handle the 
general case o f  unsymnetrical p l y  layups aadlor element plane o f f se t  from the 
plane o f  the g r i d  points. Since none o f  the ex is t ing NASTRAN combination 
membranelbending p la te  elements consider coupling, some work on the f i n i t e  elements 
available was a1 so required t o  implement th:s new layered somposi t e  anaysis capa- 
b i l i t y .  After sonre review o f  the current e:ement formulations and implementations, 
a decision was made to incorporate new qeneral purpose combined niembranelbending 
p late elements. The two new elements added t o  the CSAINASTRAN l i b r a r y  are the 
CQUk04 and CTRIA3. The CQUAQ4 i s  a 4-node b i l i nea r  isoparametric general quadri- 
l a te ra l  element. It i s  capable of membranelbendi ng coupl i ng, variable thickness 
over the element surface and considers the ef fects o f  transverse shear f l e x i b i l i t y .  
The CTRIA3 i s  the 3-node tr iangular shaped companion t o  the CQUAD4 element. 

User convenient features to scan the volum~nous output normally produced i n  
such analyses are provided. The evaluation o f  a * f a i l u r e  index" f o r  each element 
based on the cannonly used f a i l u r e  theories (maximum stress, maximum strain, H i l l ,  
Hoffman and Tsai-Mu) a1 lows the user to review a t  a glance whether any laminate 
i s  stressed (o r  strained) beyond allowable l im i ts .  Some simple techniques t o  
obtain minimum weight designs o f  layered cmposi t e  structures are a1 so d l  scussed. 

THEORETICAL DISCUSSION 

Before discussing the theoretical de ta i l s  o f  the implementation o f  the layered 
composite analysis capabi l i ty,  the theory o f  the CQUAD4 and CTRIA3 elements i s  
discussed br ie f l y .  

The CQUAD4 E:enent 

The CQUAD4 element i s  a four-node b i l i nea r  isoparametric element capable o f  
representing membrane, bending (wi th transverse sliear ef fects)  and membrane-bending 
coupling behavior. Geometric and kinematic data for the element are shown i n  
f igure 1. 

Shape o f  the Elenrent 

Standard isoparametric theory i s  used to  represent the shape o f  the element. 
A 5:: of  element parametric co-ordi nates (3,") have been selected which vary 
1 inearly between zero and one with the -extreme val des occurring on the sides of 
the quadri lateral . Lines o f  constant 3 and 1 i nes of constant 7 are indicated on 
f igure 1. 



El e w n t  Co-ordi nate System 

The x-axis i s  along the l i n e  connecting the f i r s t  two g r i d  points; the y-axis 
i s  perpendicular t o  the x-axis and l i e s  i n  the "plane" o f  the element. I f  a l l  four 
g r i d  points do not l i e  i n  a plane, a wan plane i s  defined as disct~ssed below. 
F inal ly ,  the z-axis i s  normal t o  the plane o f  the element and farms a right-handed 
coordinate system with the x- and y-axes. 

Mean-Pl ane 

If the four g r i d  points o f  the CQUAD4 elenent do not l i e  i n  a plane, a mean- 
plane containing the projections of the four points i s  defined such tha t  the four 
points are a1 ternately H uni ts  above and H un i ts  below the mean-plane as shown i n  
f lgure 2 and reference 1. 

Membrane Behavior 

An enhanced formul a t i  on o f  the four noded i soparametric quadril ateral  membrane 
element avai!able i n  the NASTR.W@ program, the CQDKM1 element, i s  used t o  represent 
the membrane behavior o f  the CQUAD4 element. The enhancement consists o f  using 
reduced integrat ion to  the i n-plane shear representation (s ingle point integration, 
a t  the center o f  the element, instead o f  2x2 integration). A l l  o 3 e r  deta i ls  o f  the 
element fornulat ion are the same as tha t  discussed i n  reference 2. 

I f  the element i s  non-pl anar, mean-p; ane transformations tha t  produce only 
forces and not moments a t  g r i d  points are used t o  expand the 8x8 st i f fness inatrix 
to 12x12 to  allow f o r  three displacements per g r i d  point. 

Bendi ng Behavior 

A simple, inexpensive to  formulate and accurate bending behavior i s  a necessary 
prerequisi te f o r  p late elements tha t  are t o  be used i n  a layered composite analysis. 
The four-node b i1  inear i soparanvtric e l  einent d i  scussed by Hughes and Tezduyar 
( ref .  3) possesses these qua l i t ies  and i s  therefore used t o  represent the bending 
behavior of the CQUAD4 element. Detailed derivation o f  the element st i f fness, 
load vector calculations and the stress resultants ame provided i n  reference 3; 
sa l ient  points from the deri va t i  onr are discussed be1 ow. 

The concept i s t o  have the transverse d i  spl acement i nterpol ated v ia  n i  ne-node 
Lagrange shape functions and the r otations v ia four-node b!1 inear shape functions. 
The transverse shear strains are calculated i n  a special way independent o f  the 
m i  d side and center node d i  spl acement degrees o f  freedom; hence four-node b i l  i near 
shape functions may be used f o r  transverse displacement 31 so. I n  other words, 
the use o f  special calculations f o r  transverse shear s t ra i  i?s allows the use o f  
b i  1 inear shape functions f o r  transverse d l  spl acement, rotat ions and transverse 
shear strains together with the benef i t  t o  the element o f  quadratic accuracy with 
respect t o  K i  rchof f modes. 



The implementation o f  the element fo l lows standard isoparametric theory. 
Interested readers may consul t  references 3 and 4 f o r  addi t iona l  deta i ls .  

I f  the element i s  non-planar, mean plane transformations are derived t o  
ensure t h a t  the element i s  i n  equi l ib r ium when the s t i f f n e s s  matr ix i s  transformed 
from g r i d  po in ts  on the mean-piane t o  the actual g r i d  po in t  locations. 

Membrane/Bendi ng Coup1 i ng Ef fec ts  

The membrane and bending act ions are decoupled f o r  p l a te  theory. However, 
p rac t i ca l  s i tua t ions  may necessitate use o f  CQUAD4 elements t o  model bending o f  
p la tes about an ax is  o f f s e t  from the geometrical neutral  axis. Membrane-bendi ng 
coupl i ng  e f f ec t s  have t o  be included t o  analyze such models; these e f f ec t s  a lso 
occur i n  unsymmetric laminates. The CQUAD4 element i s  therefore designed t o  in -  
c l  ude membrane-bendi ng coupl i ng behavior. 

The CTRIA3 Element 

The CTRIA3 element i s  a three-node 1 i near element capable o f  r e p r e s e ~ ~ t i n g  
membran?, bending (w i th  transverse shear e f fec ts )  and membrane-bendi ng coupl i ng 
behavior. The element and the element co-ordinate system are shown i n  f i gu re  3. 
The memb~~ane behavior i s modeled using the TRMEM e l  ement formulat ion (reference 
2 ) ,  the bending and membrane-bending cou?ling behavior are modeled using a pro- 
cedure analogous to  t h a t  used fo? the CQUAD4. Being a l i n e a r  element, the CTRIA3 
element i s  not  as accurate as the b i l i n e a r  CQUAD4 element. It musc, therefore, 
be mentioned i n  t h i s  context t h a t  the CQUAD4 element i s  t o  be used f o r  a l l  p la te  
modeling reqcireii~ents; the CTRIA3 element i s  t o  be used only where geometrical 
cons iderat io~ ls  preclude the use o f  the CQclAD4 element. 

The PSHELL Bulk Data Card 

The propert ies f o r  both the CQUAD4 and the CTRIA3 elements are spec i f ied 
using the new PSilELL element property bulk data card. The PSHELL card data inpu t  
format provfdec for spec i f i cd t ion  o f  element thickness, moment o f  i n e r t i a  para- 
meter, transverse shear thickness parameter, stress t+ecovery coe f f i c ien ts  and 
mater ia l  property references. Provisions are made f o r  specffy ing up t o  four  
d i f f e r e n t  materi a1 , ~ r o p r r t y  i d e n t i f i c a t i o n  numbers t o  separately represent mem- 
brane, bendi ng, tridnsverse shear and coupl sd membranejbendi ng behaviors. 

Force-Dicpl acernent Relationship 

The re la t ionsh ip  between forces and s t ra ins  used f o r  the CQUAD4 and CTRIA3 
elements i s  



r 

where membrane forces per u n i t  length 

bending moments per u n i t  length 

transverse shear force per u n i t  length 

membrane strains i n  mean plane 

transverse shear strains 



G1 i s  the 3x3 e l a s t i c i t y  macrix f o r  membrane ac t ion  
G2 i s  the 3x3 e l a s t i c i t y  matr ix  f o r  bending act ion 
G3 i s  the 2x2 e l a s t i c i t y  matr ix  f o r  transverse shear a c ~ .  
Gq i s  the 3x3 e l a s t i c i t y  matr ix  fcl* membrane-bendr ng coup1 I ng action. 
t i s  the element thickness 
1 i s  the element moment o f  i n e r t i a  
tS i s  the e f f ec t i ve  thickness f o r  transverse shear 

LP.YERED COMPOSITE ANALYSIS 

Composi t e  1 ami nates have a number o f  1 ami nae stacked a t  various o r i en ta t  i orrs 
(see f i gu re  4 and reference 5 ) .  Idea l ly ,  a f u l l  3-dimensional analysis using 
anisotropic maie:ial propert ies i s  t o  be performed. However, lamination theory 
i s  a good s ta r t i ng  po in t  t o  perform 2-dimensional analysis t ha t  gives sa t i s fac to ry  
resu l t s  a t  a much reduced cost. 

Assumptions Used i n  Lamination Theory 

The fo l lowing asscmptions are us'd i n  1 amination t .dory: 

( i )  Lamina i s  i n  a s ta te  o r  plane stress. 

( i i  ) Perfect  bonding ex is ts  between layers so t h a t  I;(, slippage o f  one 
lamina re l a  live t o  another occurs. 

( i i i )  There i s  no z-var ia t ion o f  the transverse displacerent; i n  other words, 
t h i n  p l a te  theory can be used. 

A1 l o f  the above assumptions are found t o  be reasonable i n  p rac t i ce  (espe- 
c i a l l y  i n  cases where the thickness o f  the lanf  nate i s  c*al l  i n  comparison w i t h  
the l e ~ g t h  and width). 

For un id i rect iona l  composites, two orthogonal planes o f  symmetry ex is t .  One 
plase i s pa ra l l e l  t o  the f i b e r s  and the other i s  transverse t o  the f ibers .  Know- 
iny  the mater ia l  proper t ies  i n  t h i s  system, the 3x3 e l a s t i c i t y  matr ix  [GM] can be 
evaluated f o r  each lamina. Knowing the o r ien ta t ion  o f  each lamina, the e l a s t i c i t y  
matrrx [GM! can be trcnsformed t o  [GE] i n  a common element system. Kncwing the 
e l a s t i c i t y  matr ix  [GF! f o r  a l l  laminae i n  the :omnon element coordinate system, 
the membrane, bendi ng membrane-bendi ng and transverse shear e l a s t i c i t y  matrices 
f o r  the laminate are calculated as fol lows: 



The [G31 matrix i s  calculated by asswing t t 3 t  the equations o f  equi l ibr ium 
simi:ar t o  the simple beam theory can be developed independently f o r  the X- and Y- 
directions. It i s  t o  be noted tha t  t h i s  i s  an ap?ffiximation and tha t  the in te r -  
laminar stresses evaluated by l a n i  nation theory are on?y approximate. However, 
i t  i s  f e l t  tha t  t h i s  approximate analysis i s  be t tz r  than an analysis neglecting 
the effects o f  t ranverse  shear matrix [G3]. 

USER INPUT 

Cornposi t e  laminate cnalysis requires input o f  laminate data and the ortfro- 
tropic material prpserty i n f o m t i o n .  This i s  acconrpl i shed by designing the 
following new bulk data cards shown i n  the Appendix: 

MAT8: two-dftnensional orthotropic material data 

PCOW, PCOWl , PCW2: Property cards f o r  cornposi tes 

User specif ies the property ident i f i ca t ion  nunber o f  a PCOMP (or  PCOMPl o r  
PCuMP2) property card instead o f  ?SHELL property card f o r  the CQUAD4 and CTRIA3 
elements f o r  use as a layered composite element. PCOCIP, PCOk(P1 and PCOMP2 cards 
re fer  to the material properties o f  each lamina using MAT1 , MAT2 ot MAT8 cards. 

OUTPUT FROM LAYERED COMPOSITE AN, L Y S I S  

The stresses 3nd st ra ins output f o r  each lamina f o r  a l l  the elements y i e l d  
v~lbminous output. Same of  these output items are sirown i n  f igure 5(a) ant 5(b)  
(stresses and strains i n  each lamina). The concept o f  Failure index f o r  each 
laminate i s  introduced t o  review the output easi I!. Five camonly used f a i l u r e  
theories are provided f o r  t h i s  purpose. These are ( i )  maximum stress theory, 
( f i )  rnaxinwrl s t ra in  theory, ( i i i )  H i l l ' s  theory, ( i v l  Hoffman's theory, and 
(v) Tsai-Yu theory. Based oti the user specif ied fa-, lure theory, the state o f  
stfess (or s t ra in)  i n  each lamina i s  used t o  evaluate a f a i l u re  index fo r  the 



lamina. The highest fa i lu re  index value m n g  a l l  'aninae o f  the laminate and 
the interlaminar stress t o  allowable bondilg stress r a t i o  i s  defined as the 
fa i l u re  Index o f  the laminate. By examining the fa i lu re  index table, the resul ts  
o f  the analysis can be easi ly rev:ewed to see whether any lamina has fa i l ed  
according t o  the spe:ified cr i ter ion.  A sample output o f  the f a i l u r e  index 
table i s  shown i n  f igirre 5(c). 

MSTRAN HODIF ICATIONS 

The design o f  the layered composite analysis capabi l i ty  tha t  has beer i n -  
cor~ora fed in?.) C5h/NASTRAN was ariven by two inportant requirements. The f irst 
was tha t  the c r>,bii i t y  has maxi- ve rsa t i l i t y  and convenience i n  describing the 
composite lauindte wi th a a i n i u  o f  user action necessary. The second was tha t  
mdi f i ca t iuns  u, exist ing HASIRAN functional capabi l i t ies be kept to d m i n i m .  
To achieve the f irst requirement, seven new bulk data card types shown i n  the 
Appendix, and a new functf ona; nodule were designed and added to the program. 
The second requi r e n t  was sa t is f ied  without corsiderable e f f o r t  when the decisioq 
was made t o  impleaent new f i n i t e  element technology, rather than c~ t r y  and adapt 
the exist ing -rar?c/bend5ng plate elements to the layered composite en\irorwent. 
This decision a1 so reduced the r i s k  o f  inadvertantly d is turb i  ng sane aspect o f  
tke exist ing f i n i t e  element i~ lementa t ions .  Thus, :he m d i f i c a t i c - i s  made to the 
MSTRAH program f o r  tree layered composite analysis capabi l i ty  can be divided i n t o  
two parts: (1) those required f o r  the addition o f  the new general purpose QUAD4 
and TRIM f i n i t e  elements, and (2)  those required for the specif icat ion and data 
recovery o f  the coawsi t e  l aa i  nate i tsel  f . 

The incarporation o f  the new 4-node qusdrilateral shaped p l  ste and 3-node 
tr iangular shaped plate f i n i t e  elements i n t o  NASTRAN has been achieved w i t h  the 
addition o f  only three new bulk dat3 cards. These new cards are the f i n i t e  
element conntztion cards, CQUIW4 and CTRIA3, and the element property card, PSHELL, 
uhirh i s  referenced by both elements. This new general purpose capabi l i ty  required 
the f o l l h t n g  modifications t o  ex is t ing areas of the NASTRAq program f o r  Stat ics 
and Nomal Modes solution sequences: 

" Pref3ce IFSiP and IFXiBD roctines t o  process the CQUAD4, CTRIA3 and 
PSHELL bul k data cards 

O 6PTABD block data routine t o  add the internal descriptions o f  the new 
f i n i t e  elements t o  the NASTRAN elerrant l i r r rary and establ ish various 
e l  emen t-depenaent poi nter data 

" TA1 table processo: module routines t& process the material property 
or ientat iof i  7g1e def in i t ion  options available on the COUAD4 and CTRIA3 
element ,:on~~,ctinn cards 

O EMG modulc EMGPRO rnutine t o  c a l l  the new element matrix generation 
sv-,routines 



" SSGl llodule T W L  rout ine t o  c a l l  the new eleaent thermal load vector 
generation subroutines 

" SDRL module r a t i n e s  to c a l l  the new element stress data reccvery 
subroutines 

OFP mdule  routines to provide addit ional output f i l e  page headings f o r  
the CQUAD4 and CTRIA3 eleaent forces and stresses 

Modifications to the DSHGl m a l e  and RMWm modules are presently underway to  
extend t h i s  capabi l i ty  t o  d i f ferent ia l  s t i  ffrless/buckl i ng  and the dynamics 
sol u t ion  sequences. 

The incorpo~.ation o f  the composite laminate specif icat ion capabi l i ty  has 
been achieved wi th the addit ion o f  only fcur new bulk data cards. These new 
cards are the HAT8 card which describes the material properties o f  p l y  layers, 
and the PCWP, P C W 1  and PCW2 cards which describe the laminate p ly  layup 
with varying degrees o f  generality and ~or~venience. One new functional module 
was a:so required which perfoms composite element p l y  stress data recovery 
operations. A preface processor converts the supplied P C W  afid MAT8 data 
i n t o  e y i v a l e n t  PSHELL and WT2 data, updates element connection data 
references t o  property data and adds the PSHELL data to the eleaent property 
table (EFT) and the MAT2 data t o  the material prc9erty table (UPTI. The preface 
then alsa sets a W parameter to  control data recovery operations based upon 
whether canposi t e  e l  enent properties are referenced. The 1 ayered c m o s i  t e  
analysis capabil i t y  required the f o l  lw i  ng m d i  f icat ions t o  the NASTRAN code: 

O Preface IFSiP and IFXiBD routines t o  process the PCOMP, P C W l ,  PCW2 
and PAT8 bulk data cards 

" A new preface processor, IFP6, which generates equivalent PSHEL; 
MAT2 bulk dati! from the PCW and MAT8 data supplied; IF36 also updates 
the GEOM2 data block to re f l ec t  the element references t~ the newly 
generated property data and adds the data t o  the EPT and MPT 

XWtDO rout ine t o  establ ish mdu?e properties f o r  the new cmposi t e  
element stress data recovery processor, SDRCW 

FREMAT/MAT material property processing rout ine t o  handle the MAT8 data 

' SDRCOMP, a new functional module added t o  generate individual p l y  
stresses and st ra ins fnr the larered c q o s i t e  elements and t o  generate 
a f a i l u r e  index table o f  p l y  data based upon several available fa i l u re  
theories 

O OFP module to  process the new cmposi t e  element Fai lure Index Table, p l y  
stress data block and p ly  s t ra in  data block 

The action required on the par t  o f  the user t o  access t h i s  new layered cmposi t e  
analysis capabi l i ty  i s  considered t o  be very minimal. The user imrst inser t  the 



appropriate PC018 and FAT8 data wnich describe the colposi t e  laminate i n t o  the 
Sulk data deck, Then i f  the user w~shes t o  have p ly  data recovery operations 
perfonned, a STRAIN= case control request must be present and the SDRCW and 
OFP aodl~les must be a1 tered i n t o  the r i g i d  f o m t .  

Once the i n i t i a l  cayabil i tj ver i f i ca t ion  test ing process was sa t is fac tor i l y  
coupleted, modifications were made t o  the NASTRAN r i g i d  fo- i  data base to 
provide the necessary CHKPNTIRESTMT functions associated w i th  the addit ion o f  
the new bulk data cards. Qua l i t y  assurance test ing procedures were then cdq le ted  
sa t i  s factor i  l y  demonstrating the incorporation o f  the 1 ayered colposi t e  analysis 
capabi l i ty  as a general purpose feature o f  CSAINASTRAN. 

CAPABILITY VERIFICATION ,ESTING 

When any new capa3i 1 i t y  i s  added to MASTRAW, a series o f  tests  i s  perfonned 
t o  ensure tha t  the capabi l i ty  has been incorporated properly, These tests are 
designed to ensure? tha t  the new capabtl i .y perfonus according t c  design speci- 
f i ca t ions  and tha t  ex is t ing functions; c c - - 5 i l i t y  has not  been adversely 
effected by the new featurus. The capab" t y  ve r i f i ca t i on  tests perfomed to 
ensure s a t i  sfactory implementation o f  the 1 ayered c m o s i  t e  analysis feature 
were divided i n t o  two categories, The f i r s t  series o f  tests  were designed to 
val idate ta le  proper i ns ta l l a t i on  of the new CQUAD4 and CTRIA3 f i n i t e  elements. 
They deaans the accuracy o f  the elements under various geaaetry, material 
property and loading configurations, Several of the t e s t  cases were taken from 
those (roposed i n  reference 6, The remainder o f  the tests were designed t o  
demns.rrate implementation correctness and not necessarily theoret ical  accuracy. 
The t e c t  problems considered t c  be most important are now b r i e f l y  described: 

O Patch t e s t  - measitres the a b i l i t y  o f  the element t o  represent constant 
s t ra in  states o f  deformation. The model g e m t r y  and resu l ts  are shown 
i n  f igure 6. 

Tlri sted beam - measures the e f fec t  o f  warping on the element. The model 
geometry and resul ts  are shown i n  f igure  7 .  

" Equil ibrium tests - each column/row o f  the elenental s t i f fness  matr ix wrs 
sunned about some point  (say, node me)  o f  the e l e n t  t o  ensure tha t  the 
matrix represented a set o f  forces tha t  were i n  e q u i l i b r i u ~ .  This t e s t  
was performed on several conf i guratibns which 4 nc? uded non-rectangul a r  
shapes and element warping. I n  a1 1 instances, the resu l t ing  su~llpations 
were computational zeroes. An addit ional set o f  tests  were also run which 
extracted the free-free mde shapes of the p late using u n i t  masses a t  each 
degree o f  freedoin. This t es t  resulted i n  extract ioi l  o f  s i x  d i s t i n c t  r i g i d  
body mdes which fur ther  guarantees equil i brium o f  thc s t i f fness  matrix. 

Several other elemental tests  were performed t o  ensure tha t  the elements p e r f o m d  
according t o  specifications. These tests are the same as thase ~esc r ibed  i n  
reference 6 and the twisted ribbon problem dgscr i bed i n  reference 3. The resul ts  
frat1 these tests are summarl zed i n  tab1 e I . 



ii; addit ion to the tests performed t o  validate the addit ion o f  new f i n i t e  
eleaents, a series o f  tests  were also performed t o  val idate the i ns ta l l a t i on  o f  
the layered conposi t e  analysis capabi 1 i t y  i nto CSAINASTRAN. Once agai n , many 
sample problems were run to demonstrate tha t  the capabi l i ty  performed up t o  
design specifications. These tests included exercising a l l  o f  the various options 
available on the P C M Y  , P C W 1 ,  and PCW2 bulk data cards. Two example problems 
were run t o  demonstrate the theoret ical  correctness of the implementation. These 
problems were taken from reference 7. The geometry fo r  the f i r s t  problem, a 
s ta t ic  analysis o f  a simply supported square p late subjected t o  sinusoidall) 
varying pressure load, i s  presented i n  f igure  8. The g e m t r y  for the second 
problem, a mda l  analysis o f  a simply support& cylinder, i s  presented i n  f igure 
9. The modal analysis was accomplished using the cyc l i c  symmetry analysis capa- 
b i l  i t y  w i th in  NASTRAN. The resul ts  o f  these example problems are presented i n  
table 2. 

EXAMPLE APPLICATION 

To i l l u s t r a t e  the appl icat ion of the layered composite capabi l i ty  i n  CSAI  
HASTRAN f o r  design o f  pract ica l  composite structures, the example o f  an o p t i m  
design aluminum rectangular p late !tef. 8, 9 and 10) i s  analyzed using 8-ply 
laminated corposi t e  made o f  graphi telepoxy (comercia1 l y  ident i f ied  by Type T 300/ 
5208). The geometry, loading and f i n i t e  element nodeling i s  shown i n  f igure 10(a) 
and 10( b) . The material properties and a1 lowaLle stresses used i n  the example 
are those specif ied i n  reference 5. Star t ing frr~ll the optilmally des j~ned aluminum 
plate thickness f o r  the various element groupings, the thickness for  the composite 
model i s  obtained i n  2 o r  3 i te ra t ions  using the enhanced f u l l y  stressed design 
a1 gori thm imp1 emented i n  CSAINASTRAN . The thickness f o r  the 1 ayered composite 
p late and the aluminum plate are shown i n  f igure 10(c). The mass f o r  the composite 
wde1 i s  0 -40275 kg (0.8879 1 bs) versus the mass o f  1.034 kg (2.28 1 bs) reported i n  
reference 8 and 1.0796 kg (2.38 lbs)  reported i n  reference 9 and 0.9487 kg j2.0915 
lbs) reported i n  reference 10. It i s  t o  be noted tha t  i t  i s  aossible t o  obtain 
other optimum designs f o r  the layered composite model. The design shown i n  f igure 
10(c) i s  a feasible design (design tha t  sa t is f ies  a l l  specif ied constraints). The 
objective here was t o  f i n d  &he weight savings possible between layered composite 
construction and a1 uminum on a pract ical  example problem subjected t o  stress and 
d i  splacement constraints. The capabi 1 i t i e s  provided i n  CSAINASTRAN a1 1 ows the 
engineers the option o f  reviewing such "optimum" designs t c  select the most 
economical designs f o r  t h e i r  needs. 

WORK I N  PROGRESS 

Several cdGi ti ons and extensions to  the 1 ayered composite analysis capabi 1 i t y  
are current ly underway. Tor versat i l  i ty, two addit ional p la te  cleinents are being 
f o m l a t e d  and added t o  the CSAINASTRAN f i n i t e  element 1 i b r a y .  These elemrits 
are the 8-node isoparametric general quadri lateral element CQUAD8 an6 i t s  6-node 
tr iangular companion, the CTRIA6. Coth elements n i l  1 be able t o  reference cm- 



posi t e  material properties. An optlo9 t o  model the composite elements fo r  membrane 
behavior only (without arby reference to  '.ending, transverse shear or  nwnbrane- 
bending coupling) t o  f a c i l i t a t e  modeling the upper and lower covers r.f a wingbox, 
f o r  example, i s  now available. This option niyi be e ~ i Z ~ d 2 d  t o  include property 
optimization methods t o  consider the thicknesz- or  o r i e n t q t i o ~  o f  each individual 
p l y  as a design variable. The OPTPR1 and @ P T ? R ~  modules are being enhanced t o  
i ncorgorate evaluation o f  design sensi ti v i  t y  coef f ic ients so tha t  structural  opt i -  
mization using mathematic.-i programing tcc,nniques can be perfomed i n  addit ion 
t o  f u l l y  stress design resizing. 

CONCLUSION 

The theoret ical  formulations c " 1 ayered composite analysis capabi i i t y  f o r  
addit ion t o  the NASTRAN program are presented i n  t h i s  paper. The need to  have 
siirq:c?, accurate plate elements fo r  layered ccnnposSte elements i s  discussed. The 
addit ion o f  two such elements, the CQUAD4 and CTRIA3 elements, and the layered 
~ a ~ p o s i t e  capabi l i ty  i n t o  the CSA/NASTRAN program, an enhiinc~d oroprietary version 
o f  the Apr i l  1984 release o f  NASTRAN, developed and maintainea by C.S.A.R. Corpora- 
t ion, i s  described. Ver i f i ca t ion  problems and examp;e 3ppt i ca t i on  problems t o  
i l l u s t r a t e  the useful features available to  engineers t o  analyze and obtain opt i -  
urn designs of layered composite strucrrires are also presented. 
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Tib'e 1. Surry o f  Test Results f o r  CU/NASTRAN CQUAM Plate E lcwnt .  

fiiegular means tha t  el-nt shape has not been intentional l y  dl s w r t c d  
t Theoretical resul ts are taken frm a f i r le mesh f i n i t e  element sclut ion 

Remarks: 1. Let ter  grades are used to indicate the fol lowing error  percentages: 

b 

1 
NO. 

1. 
2. 
k. 
3b. 
3c. 
4. 
5a. 
5b. 
6. 
7a. 
7b. 
8a. 
8b. 
8c 
9. 

10. 
l l a .  
1 1 b. 
12a. 
12b. 
12c. 
12d. 
13. 
14. 
15a. 
15b. 
15c. 
16a. 
16b. 

A: Error < 2%; B: Z % < E r r o * < l O X  C. 1 ~ 4 < E r r o r ( 2 U %  
0. 20% < 2 r o r  2 50%; F. Error > 50%- 

Test 

Patch Test 
Patch Test 
Stra ight  B e e  - Extension 
Straight B e r  - Extension . Straight B c r  - Eatemlon 
Straight B e e  - Bending 
Straight B e e  - Beding 
Straight B e r  - Bending 
Stra lght  B e r  - Bending 
Stra ight  B e r  - Bending 
Straight B e r  - Bending 
Stra ight  B e e  - Twist 
Straight Be- - Twist 
Straight Bern - Twist 
Curved Beam 
Curved Beam 
Twisted Beam 
Twi stcd Beam 
Rect. Plate (ss-u.N-4, b/a=5) 
Red. Pldte s~-c.N=4.b/a=5) I Rect. Plate cc-u.N=4,b/a=5) 
Rect. Plate (cc-c,N=4, b/a=5) 
Scordelis-Lo Roof i N 4 )  
Spherical Shell ( N 4 )  
Thick-Ualled Cylinder v=.43 
ThickYal led Cylinder ~2.499 
Thick-Ual led Cylinder v=.4999 
Tw!sted Ribimn (Case A. L=:O) 
Twisted Ribbon (Case B. L=10) 

2. Let ter  grades show fo r  problem set  numbers 3, 5, 7, 8, 11, 12 and 15 have been 
a s s i ~ l e d  by averag,ng the absolute er ror  for  each protlccn i n  the set. 

Element 

In-Plane 

X 

X 
X 
X 
X 
X 
X 

X 

X 

X 
X 
X 

3. For detai ls  o f  t es t  problem descriptions 1-15. consult the March 1984 USCINASTRAN 
Appli c a ~ . c n  Note i n  the HSC!NASTRAII Application Manual of the Madeal-Schwendler 
Corporation. 10s Angeles, CA; f o r  problan 16, re f r -  t o  'Finite Elements Based Upon 
Ui ndl i n Plate Theory w i  t h  part icular  reference t o  the Four-node Bi  1 inear 
Iso a rme t r i c  Element' by T.J.R. Hughes and T.E. Trzbyar, Journal of Applied 
necknics, September 1981. 

Element 
Shape* 

I r regular  
I r regular  
Rectangle 
Trapezoid 
Para1 l e l o g r a  
Rectangle 
Traperold 
Para! l e l o g r a  
Rectangle 
Trapezoid 
Para1 l e l o g r a  
Rectangle 
Trapezoid 
Para1 lelograa 
Rectzngle 
Rectangle 
Regular 
Regular 
Regular 
Regular 
Regular 
kegular 
Regular 
Regular 
Regular 
Regular 
Regu: s r 
Regular 
Regular 

3 1 
: , 

Loading 

Out- 
Of-Dlanc 

X 

X 
X 
X 

X 

X 
X 
X 
X 
X 
X 
X 

X 
X 

Number o f  Failed Tests (0's and F's) 

6 '  
R 
A 
0 
E 

A 
A 

A 

B 

F 

B 
I 

A I 
C 

0 
B 

A 

B I 
A 

F 

B 
I 
I 

Theory 

Flgcre 6 
Figure 6 

3 . m 5  
3.000-5 
3.000-5 

.I0810 

.I0810 

.I0810 
-43210 
.43210 
.43210 
.03208 
.33208 
.0320: 
.M734 
.SO220 
,005424 
.001754 

12.97 
16.96 
2.56 
7.23 

.3024 

.0940 
5.0399-3 
5.0602-3 
5.0623-3 
C.0291+ 
C.0291+ 

D l s p l a m c n t  

QUA04 
Model 

Figure 6 
Ffgure 6 
2.985-5 
2.976-5 
2.997-5 

A97632 
,007668 
.008734 

.a1611 

.a2216 

.03017 

-423B9 

.03433 
-02534 
.04441 
.47305 
.005373 
.001721 

12.6976 
15.1614 

.31623 
::;: 

.09288 
4.2523-3 
1.803-3 
2.649E-4 
0.02774 
0.02774 



TABLE 2. Compsifc Ekmcrrt A c c u r q  TGst Rcsulfr 

.SQUARE PLATE - S t a t i c s  

Center p o i n t  dr #/ec f ; o n  a aimply supported s q w e  

p/ute a h  fo r s ~ r u s o i d a  / Iy  varylny pressure load 

&'umber o f  
P/ie s 

2 
3 
4 

a 

Harmonic 
N u m b e r  

1 

2 

3 

JYpe a f  

Lamma te 

L(nsymmetrrc 

S y m m c t r r c  

Unsymnetrrc 

1 0 r ) ~ i t u d l n r  I 
Ha If wa w e  

/ 
3 
5 

I 
3 
5 

I 
3 
Z 
u 

+ 
Cen t a r  f i r h t  De Ctc c t ion 

4.93t 
14.578 
2 4 . 4 9 4  

2- 

Theory 

0.0/002 9 
0.000 3534 7 
0.0 00 4 2  J 75 

4 .s43 
i4.368 
20.404 

- 
I 
2 

. F R E Q U E N C Y  (rad/sec) . 

NASTRAN 
0.010056 

0.000 36245 

0.00042L22 

T h e o r y  

18.608 
46, LO5 
41. 435 

9.391 
27.214 
4 1.842 

4.274 
IS.  895 
30.804 

NASTRA N 
M.576 
46.426 
G O . 8 1 0  

9.377 
27.143 
41. 535 

G .230 
19. 864 
30.644 









F i p v r c  4. Larntnac I d & ;  kcr t ia  f o r  X-p$t L r m i n r t e  



ACCESS PRWRAM EXAMPLE PROBLEM FEBRUARV 1, 1985 CSA/NASTR+. 101 1/84 PAGE IS 
N*SA LANOLEV OPTIHIZATION CONFERENCE - L A. SCm1T ET K 

M COrPOBITES INSTEAD OF KVnlNUn 

S T R E S S E S  I N  L A V E R E D  C O M P O B I T E  E L E M E N T S  ( C Q U A D 4 )  
ELLMENT PLY STRESSES IN FIBRE AND MATRIX DIRECTIONS INTER-I 4HINAR STRESSES PRINCIPAL STRESSES (ZERO SHEW) MAX 

ID ID I W W - 1  hOmU-2 SHEAR-12 SHE14R-12 WAR-22 ANOLE MAJOR MINOR SHEAR 

101 1 -8.94110€+02 -9 83429E+03 '..L0752€+02 l.L52OtE+O; 5 06403E+00 37 24 -7 71930E-02 -1 10561EL03 1 6&840€+02 

101 2 -5 00005€+03 -3 20859E+O2 -' C4373E+02 2.019736b01 2.49705€+01 -84.14 -4.73212€+02 -5.047&9E+03 1 28723EM5 

101 3 -4 71933€+03 -2 46935€+02 2 78624€+02 2 24036€+01 3.69024E+Ol 8L.45 -2.2Zb67E+O2 -4 736508+03 2 25641E+03 

101 4 -2. 4453(5+03 - 4.39937€+01 -2.29645E*01 2.25379E+01 4.96633E+Ol -89 45 -4 .3774MM1 - 2  44538€+03 I .  20090EM3 

101 5 2 44536€+03 4 39937E+01 2 29645E'Oa 2 24036€+01 3 b9024E+Ol 0 55 2 44558F+03 4.37740E+Ul 1 20W0€+03 

101 6 4 7'923E+03 2.40935€+02 -2.78W4E+O2 2.0197J+01 2 49705€+31 -3 05 4 7365OE+03 2 23667E+02 2 25b41E+03 

101 7 5 0000M+03 5 20859E+02 4 64373E+02 1. 65201E+Ol 5. 08402E+00 3 86 3. 047L9€+03 4 73222E+O2 2. 28713E+07 

1b1 8 8 941 10E+C3 9. 83429, +02 - 1. L0732E+02 0. 0 -3.78227E-04 -52 7L 1 1056lE+03 7.719308+02 S.66840€+02 

102 1 1 R32W+03 -9 13424E+02 1 33344€+02 7 16597E+00 3.239OS+00 2 81 1 83933€+03 -9 220748+02 1.38070€*03 

102 2 -4 08235€+03 -4 2939VE+02 -3.28776E+02 8.76106€+00 1.59OWE+01 -81 93 -3.54397E+02 -4 1573=+03 1 90?4BE+03 

102 3 -3 89688E+03 -1.97373E+02 3. 1726X+O2 9. 71811€+00 2.35104€+01 85 13 -1. 70342€+02 -3.923b9E+03 1 8767LE+03 

102 4 -2 37724E+03 -2 08959E+O1 -1 93348E+01 9.77636€+00 3 16419E+O1 -B? 53 -2.273718+01 -2.37740€+03 1.17833E+O3 

132 3 2 37724€+03 2.08959E+01 1 933486+01 9.71811€+00 2.33106€+01 0 47 2.37740€+03 2 07371E+Cl 1 17833E+03 

102 3 89688EM3 1 97373€+02 -3.17245€+02 8.76106E+00 1.59--201 -4 87 3 32389E+03 1 70342E+02 1 87L7LE+03 

102 7 4 0823%+C3 4 29399E+02 5 2877S+O2 7.16597€+00 3 23905E+00 8 07 4.15735~+03 3.543978+02 1 90148E+03 

102 9 -1. 83260E+93 9 154246+02 -1 33344E+02 0 0 -2.4097CE-06 -67.19 9 22374E+O2 -1 83933E+C3 1 3807M+03 

Figure 5 ( a ) :  Stress Output f o r  Layered Composite Element; 
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Point X Y 
I .o+ .02 
2 . I 6  -03 
3 -16 -06  
4- - 08  . O 8  

Mcm brame Borin&rlr C o m ~ ; t ; o r s  : 

4 = ( ~ + f  9 ) ~ ~ ~ - 3  ~ r -  ( + X + ~ > ~ I O - ~  

Test R e s u l t s  : 
r 

Element Output Qurnt i t ,  

&- P l a ~ e  St ro i r l s  E, , d,. , 3 c  

i 
S t r e s s e s  Q, 

Shear Stress xl 
&ndmj Mm*rt p e r  u ~ r  c lit j t k  0% - my 
8endmg Momeat p e r  urrrt Icfijth lYx 
Surtttce Stresses 5 
Sur4a.e S h a ~  Stress rsJ 

Theory 

1.0 x lo-' 
1333. 

400. 
/. / I /  x 

0.333 * 10" 
20.617 
= 0.200 

NA S TRA N 

!. o loe3 
1333. 

400. 
/ . / I /  r !o-7 

0.333 x 10" 

20.647 
2 0 . 2 ~ 1  



fined 
End 

Length = 12.3 m 

Wldtk = 1.1 m 

Depth = 0.32 m 

T w i s t  = 90° Croot fa tip) 

2 9 . 0 1 1 0 ' ~ / r n ~  V = O - z z  

I Ptspkrurrrts rr L p r W  Brrfvtlon 1 
Zp Dtrectron Lard Th hwr ttw l 1 NASTRAN 
f i - p l m e  Shear 0.005424 

Out - oS-p/rar Shear 0.06 17 5 4  

. 
0.005373 

0.00172l - 



Simpfv Supported G m p o s i  tc 
square Plat* Subjec t ed  to 
S~nusoi  da Ill vc r y r a g  Pressure 
Laadrng of t h e  /e ra  

p(r,y) = f sln(7-)sin(??) 

Finite E l e r e n t  Mode 

2-PLY -- 3- PLY 4-  PLY 

Figure 8. S,mrlv  Supper t r d  C o m r m i  te  Pls f c Exdmple 



Finitr 
Elenen t 
Model 

v t a  

CVCLIC 

S I m m Y  

20 Q U A D 4  Elements 
8end,n3 , Men brame and 

7iunsversc Shear ECPacft 

Boundary Conditions 

Edge a b  : 
U s  = 0 
ec " B* = 0 

Edge  cd : Slmrly Surprtd 
4rsUo e 0 
GZ O 

YVa l i  th tckness = 0.5 
72 S y m r n t s  
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(Values denote t o t a l  thickness o f  8-ply graphite,' 
epoxy laminate (mass = 0.8879 l b s ) .  Values i r ~  
parentheses denote thickness f o r  alurninum(mass = 
2.0135 I b s . ) )  

( c )  P la te  Thickness fo r  Optimum Design. 

Figure 13. Rectangular P la te  f o r  Optimum Design w i t h  
Stress and Displacement Constraints. (Cont. ) 



APPENDIX 

CSA/HASTRAN Cul k Data Card Descriptions 



CSA/&ASTRAN BULK DATA DECK 

Inpu t  D a b  Card C Quadr l l r ter r l  Element Connectlon 

Dcscrfptlon: Deflnes a q u a d r l l a k r a l  p l a t e  element (QUALM) o f  the s t ruc tu ra l  rodel .  Thls i s  an 
l s o p a r r r t r l c  membrane-bending element. 

F o m t  and Example: 

1 2 3 4 5 6 7 8 9 10 

F i e l d  - Contents 

EID Element i d e n t i f i c a t i o n  n u b e r  (un!que in teger  > 0) 

PID I d e n t i f i c a t i o n  n-er o f  a PSHELL o r  PCOMP property card ( In teger  > 0 o r  blank, 
defaul t  i s  EID) 

Gl,G2,63,G4 Gr id  p o i n t  i d e n t i f i c a t i o n  nmbers o f  connection points  ( In tegers > 0, a l l  unique) 

e Material  property o r ien ta t ion  spec i f i ca t ion  (Real o r  blank; o r  0 < Integer 
< 1,000,000). I f  Real o r  blank. speci f l e s  the mater ia l  property z r i e n t a t i o n  angle 
i n  degrees. I f  Integer, the o r ien ta t ion  of the material  x-axls i s  along the projec- 
t i o n  onto the plane o f  the eleaent o f  the x-axis o f  the coordinate system speci f led 
by the In teger  value. The sketch b e l w  gives the s ign convention f o r  . 

11 .T2.T3,14 Membrane thickness o f  element a t  g r f d  po ints  G I  through 64. (Roal , 0. o r  blank. 
no t  a l l  zero. See Renark 4 fo r  default.) 

G 1 
(Continued) 

'element 



CSAINASTRAN BULK DATA DECK 

Remarks: 1. E l c m t  identification nubcrs  must be unique with respect to fi other element - 
Idcnt l f i ca t lon  n b t r s .  

2. Grid points 61 through G4 r u s t  be ordtrcd constcutlvely around the per lat ter  o f  
the e l cun t .  

3. A l l  the In te r i o r  angles r u s t  be less then 180'. 

4. The continuation carJ I s  optional. I f  It I s  not supplltd, then T1 through 1 4  
w i l l  be set eqw l  to the value o f  T an the PSHELL data card. 

5. Stresses a n  output i n  the element coordinate system. 



CSAINASTRAN BULK DATA DECK 

Input OItr Card CTRIA3 Triangular Element. Connection 

Descrlptlon: Deflnes a t r iangular  p la te  e l a r n t  (TRIA3) of the structural  
model. This I s  m i sopa ruc t r l c  meabrane-kndlnq element 

F ie ld  - Contents 

EID Element ident l f l ca t ion  number ;Unique Integer * 0 )  

PI0 Ident l f lcat lon nulbcr of a PSHELL property card (Integer > 0 c r  blank, default I s  
EID) 

CTRIA3 

CTRIA3 

61.62.63 6 r l d  polnt  l d t n t i f l c a t l o n  numbers of connection points (Integers > 0, a l l  unique) 

G2 

1201 

0 Material property or fentat lsn speclt lcat lon (Real o r  blank; o r  0 < lntegcr < 
1,000,000). I f  ileal o r  blaak. specif ies the n a k r l a l  property orTentatton angle i n  
degrees. If I n t e p r ,  the or lentat ion of the m t e r l a l  x-axis I s  along the projection 
on to the plane o f  the element of the x-axis o f  the coordinate system specif ied by 
the Integer value. The sketch below gives the sign convention for 6. 

+TR3 

EID 

401 

Tl,T2.13 Wcaarane thickness o f  element a t  g r l d  points 61. 62, and 63 
a11 zero. See Rcvrk  2 f o r  default.) 

yel emen t 
A 

W 

1401 

(Real t 0. o r  

PI0 I GI 

11 

.83 

not  

8 

7.5 101 
2 

(Continued) 

CTR3 1001 

12 

.81 

13 

.74 



CSA/NASTRAN BULK DATA DECK 

Reaarks: 1. E i c w n t  ident i f l ca t lon  nunbers must be unlque with respect t o  fi other element - 
ident l  f i ca t ion  nubers. 

2. The ~ o n t ~ n u e t l o n  card i s  optlonal . If it  I s  not suppl led, then TI  through T3 
w l l l  be set e w a l  t o  the value o f  T on the PSHELL data card. 



CSA/NASTRAN BULY DATA DECK 

Input  Data Card Mater ia l  Property Dc f ln i t i on ,  F o m  8 

bescript lon: Defines t!!r Ykrirl property f o r  m or tho t rop ic  v t e r f a l  

F i e l d  - 
MID 

El 

Contents 

Material  I D  (1,000,000 > In teger  > 01 

mT6 

mT8 

Modulus o f  elasticity i n  longi tud ina l  d i rec t ion  (a lso dcffned as f f b r e  d i rec t ion  o r  
1-d i rect ion)  (Real # 0.0) 

Modulus o f  e l a s t i c i t y  I n  transverse direction (a lso &fined as matr ix  d i r e c t i o n  o r  
2-d i rect ion)  (Real l 0.0) 

Poisson's r a t i c  (%/e,for un iax ia l  loading i n  1 - di rect ion) .  Note t h a t u 2 1  = ' 1 / ~ ~  

+ABC 
t 

E I D  

101 

6 1 , ~  

2 . 6  

un iax ia l  loadins i n  2 - d i r e c t i o n  i s  re la ted  t o  y q ,  El. €2 by the r e l a t i o n  
q 2 E 2  = Pz1~i. Real. 

Inplane shear modulus (Real > 0.0) 

6 2 , ~  

1.54 

RHO 

0.62 

Transverse shear n o b l u s  f o r  shear i n  1-2 plane (Real > 0.0 o r  blank) 

E l  

28.4 +ABC 

Transverse shcar s a b l u s  f o r  shear I n  2-2 plane (Real > 0.0 o r  blank) 

h 

+DEF 1.34 

Hass density (Real 

Tbemal expanston c o e f f i c i e n t  i n  l - d i r e c t i o n  (Real 

Thermal expansion c o e f f i c i e n t  i n  2-d i rect ion (Real 

4 

1.24 

A1 

24 .6  

612 

1.+5 

+3EF 

E2 

.5+6 

k 

1.44 

F12 

v12 

0.25 

A2 

1.4-6 

I 

TRD 

70. 

5 

1.+3 

y t 

1.3+3 

y c 

1.1+3 



CSA/WTRAN BULK DATR DECK 

kt,x, Alltmable stnxzes i n  tension and capmsion. respectively. I n  the l o n g i ~ d i n r l  
direction- Rqi t ' r ed  I f  faf lure index i s  desired. (Real > 0.0) (Default ra lu t  for 
x, i s  Xt? 

It. Yc Allorrb?c rtre;sts i n  tenslon and capresfon, rapect!vtly. i n  thc transverse directio 
Rqulrcd i f  fllllirt Index I s  dtslred. :Real > 0.0) ikfwlt value fo r  Yc i s  Yt) 

5 Allowable stress for inplam shear (Real , 0.0) 

k Structural *I ng ~ ~ f f l c i t n t  (peal 1 

F12 1nteract:on tern i n  tkt tensor polynuial  thcorj of  Tsai-Mu (litat). Required if 
fai lure index by Tsai-WI theory I s  dtrlrcd and if value of F12 i s  d l f fermt  fro 0.0. 

Rarrks: 1. If GI,: ancr 62.2 values a r t  not supplied, tht i n - p l m  shear a l u s  rill be used. 



CSA/NhSlRAN BULK DATA DECK 

Inpvt Data Card #IIP Layerrd -site Elcrtnt mrty 

Fie ld  - conmts 

P I D  P ~ r t y  I D  (1,000,030 > !n-r > 0 )  

f"cmP 

pCplp 

20 Distance frm the r e f e m n a  p l a n  t o  tht bottom surface (Real 1 (Decwl t  = 
-11'2 the thickness of the element) 

NW Wo+structural u s s  per k n i t  area ( L a 1  1 

sb Allarable shear stress of Vie bonding m t e r i a l  ( a l l w b l e  i n t e r - : r i m r  shear 
stresr). Rcq.rired if fa i l u re  index i s  desired. [Real > 0.61 

% F.T. 

TREF 

6E 

TREF 

4.+3 

RID1 

+@C I 1J 
1- 

Fai lure UWGQ to be used t~ t e s t  whether the e l a n t  f a i l s  o r  not  (BCD1. m e  
follarr!ng t k e ~ r i - r  *re presently r l l a d :  

HFT 

n 

0.25 

01 

0. 

HIL i  fo r  the H i l l  thcov 
W F  f o r  the Hoffman t h c o y  
TSAI for t R t  Twi-Mi thcrv 
STRESS f o r  u x i m m  stress thcoiy 
STRAIN f o r  u x i u r  s t ra in  theory 

Reference ttaperature (Real) 

I 
*rW: 

7 

i 
I 

Dlrpinq coef f i c ien t  (Real) 

6E 

I 

SIL71 

YES 

~4 

WT 

s 

B 2  

45. 

U I U ~  

MID2 

4 

12 ~ l l l ~ 2  

B j  ~4 

9EF 

~3 1 MIM 
4 

90. . i 



CSA/NASTRAW BULK DATA DECK 

Codt 
0 al l  plies am specifled 

1 ply lay* - i f i d  I s  s ~ l c t r i c a l ;  r l y  the plies cn orrc sldr of the 
cr -rllne are syclf ied 

2 a 'stack' of labrane-oaly e l a n t s  will be gmcrated for each elacnt 
that references this card 

optlorn my be c a d t n d  by H n g  the s$ecific codr values 

k m a l  I0 of tLc v r r l w  plies. UID: > 0. RW.. . . . .RIM > 0, or blmk. The 
p:la are IJrntIfted ty  serlrlly ndcrilg them f r a  1 a t  the b o t t a  l y c r .  
MIDr t refer to mil. Ml2. or MTB tul k data cards. (Intcgcr > 0) 

m l c k r s e s  of me various pllcr (Real; 11 > 0.0. 12, T3,..> 0.0 o- blank) 

Q' tmtr t iom tq le  of the longitudinrl d lmt ion  of m k  ply d t h  thc material 
uls of the el-t. ( I f  tibe material angle OP tht e l c m t  connection card i s  
0.0. Ute r t e r i a l  uls a d  s ib 1-2 of the el-t colncidtl. The plles a r t  to 
k ndtrcd serially S t r r t i q  w i t h  1 a t  th, b o t t a  layer (the b o t t a  layer i s  
deflnd as the surface with Ube l a q e s t  -2 v a l e  i n  the e l aen t  coordinate 
sysum). (Real 

SWi Stress output *red (TES) or not (10) for tkc variovs zlles (BCD) (Default = 
a) 

mrb: 1. fhc default vndcr RIW. fl103. .... I s  the l as t  dtflmd &I? card. in this case 11101; - so for 72. 73, .... al l  mse t h i cknes~s  *ill be cqvrl to T I .  

2. A t  least om of the four values (YIJi.  Ti. e4 . Wli) mist be p n s m t  for r ply 
to exfst. 

3. TREF given on the PUKJ card *ill be used for a l l  plies cf tht e l m : ;  i t  r i l l  
orcrridc vrl rrs wppl id  on u t e r i r l  c a d s  for individual plies. 

4. cE giver on the PCClP card will be used for the e l a n t ;  i t  r S  11 override values 
s i~p l i ed  on u t e r i r l  cards for I ndividurl plies. 



CSAINASTRAN 3ULK DATA DECK 

Input Data Card -1 Layered t o p o s l t e  E l a n t  Property - Alternate Fom 1 

Dtscrlption: Defines the propcrtles o f  m n-ply copoc l t e  v t e r l r l  l u l n a t e ,  a l l  p l l es  k i n g  o f  
-1 thickness. 

Format a d  Exuple: 

1 2 3 4 5 6 7 b 9 10 

7 I 
P I  D h r01 sb F.T. 1 1 0  T OPT I 

I I"" I 
I 

I- 891 -1.0 18.7 4.+3 STRAIN 10 0.25 

F ie ld  - Contents 

P i  D Pr~pcrty I D  (1,000.W > Integer > 0 )  

Dictance frtrr the tcference p l a r ~  to the bottom surface (Real) (Default = -1/2 
tRe thickness o f  the e l u e n t )  

NP1 Won-structural .ass per u n l t  m a  (Real 

sb A l i a r b l e  shear stress o f  'Jw bonding u t t r l a l  ( a l l w b l e  Inter- laainar shear 
s t r tcs l .  Requlrtd i f  f a i l u re  lndex i s  desfred. (Real > 0.0) 

Faflure theory to be used to t es t  whether the e l a t n t  f a l l s  or not (BCC;. The 
f o l  lodng theories i r e  presently a1 lar td:  

H I L L  for  the HI11 W r y  
WF f o r  the Hoffman theory 
TSAI hr the T u 1 - h  theory 
STRESS f o r  m x l u a  stress theory 
STRAIN f o r  u x i m m  stra ln Wry 

Material I G  o f  each ply. The p l i es  are ldent l f led  by ser fa l l y  ~ m b t r f n g  t h m  
fra 1 a t  the b o t t a  layer. The H I D  u s t  refer  to MTl, M??, or  M e  bulk 
data 3 r d ~ .  (Integer > 0)  

Thickness of each ply. A l l  p l i es  have the saae thicknes;. (Real > d.0) 

(Continued) 



CSAINASTRAN BtiLK DATA DECK 

L w n r t l o n  gcnerrtlon option codes ( Intcgrr  1 0 )  

codr 
0 a l l  p l i es  rr? s p d f l e d  

1 ply  l ryup speclfie4 i s  s y ~ c t r i c a l ;  ~ n l y  the p l i es  on tm side of the 
centerllne a r t  speclfltd. 

2 a 'stack' o f  d r a w  only elements w i l l  k generated f o r  tach element 
tha t  refet.mces t h l s  PCW card 

Opttans u y  k c&inrd by rdding the s p t c l f i c  code v a l e s  

Orlentatlon a q i e  o f  thr longl tudinr l  d f r t c t i on  of each ply  dth ffie mattr fa l  
u i s  o f  the clement. ( I f  the m t t r i a l  angle on the e l a n t  connection card i s  
0.0, the u tc+ ia l  axis and sfde 1-2 of thc e l a m t  cofnclde). The p l l cs  are 
ta k num4cmd ser la l ly  rtartlq rlth 1 a t  the buttam layer (the bottam layer 
I s  &fined ac- the surface dth tht l a w s t  -7 value i n  tht t leaent coordinrtc 
system). (Real) 

1. Stress and s t ra in  output w i l l  be gcmrrtcd f o r  a l l  p l l es  I f  r case ccntrol 
STRESS request i s  present. Ses tht KOWP u r d  dcscrlption for  r r t b d  o f  
reducing the awwnt of output jcnerrted. 



CSAINASTRAN BULK DATA DECK 

Inpu t  Data Card PC-2 Laycr td C a p o s i t e  Element Prcpcr ty  - Al ternate Form 2 

Descript ion: Defines the proper t ies o f  m n-ply c a p o s i t *  material  l as ina te  

F o r v t  m d  E x l e :  

1 2 3 4 5 6 7 8 9 10 

Fie1 d - contents 

PI0 Property ID (1.000.000 > In teger  > 0) 

zo Distance frm the reference plane to the bottom surface (Real) (Defaul t  = 
-112 the thickness o f  t i le element) 

Moll Won-structural .ass per u n i t  area (Real) 

A l l r d b l e  shear s t ress of the bonding n a t e r i a l  (a1 locrable i n t e r - l a a i  nar shear 
stress).  Requtmd i f  f a i l u r e  index i s  desired. (Real > 0.0) 

MID 

Fa i lu re  theory to be used t o  t e s t  rrhcther the element f a i l s  o r  n o t  (BCD). The 
f o l  low1 ng theor l  es are presently a1 ! m d :  

HILL f o r  t h e  H i l l  theory 
H@FF f o r  the  Hoffman theory 
TSAI f o r  the  Tsai-Mu theory 
STMSS for  u x i n m  st ress theory 
STRAIN f o r  maximu s t r a i n  theory 

Nate:ial ID of the various p l i i s .  The p l i e s  are i d e n t i f i e d  by s e r i a l l y  nunber- 
l n g  them from 1 a t  the b o t t r r  layer .  me MID must r e f e r  t o  MATI. NAT2. o r  
MAT8 bul  k data cards. ( In teger  > 0 )  

(Continued) 



CSA/NASTRAN BULK DATA DECK 

OPT 

Remarks: 

P C W Z  (Continued) 

L r i n a t i o n  generation option codes ( Integer . 0 )  

0 A l l  p l i es  a n  specif ied 

1 p ly  layup specif ied i s  s y l c t r i c a l ;  only the p l ies  on one side 
o f  the centerl ine are sp tc i f l cd  

2 a 'strck' of membrane only elements w i l l  be guncrated f o r  each 
element tha t  references t h i s  PCOnP card 

Options may be combined by adding the specif ic code values 

Thickness o f  the various @l ies  (Real; 11 > 0.0. 12. i 3 . . . >  .0 or  blank) 

Orientation angle o f  the longi tudlnal d: recticrl  o f  each aly wi th the material 
axis o f  the elment. ( I f  thc material angle on the e lc rcn t  conncctioa card i s  
0.0, the material axis and Side 1-2 of the e l c w n t  coincide). The p l ies  a n  t o  
be Pqnrbend se r i a l l y  s thr t ing  w i t h  1 a t  the bottom layer ( the  bottom layer i s  
dtflned as the surface wi th the largest  -2 val w i n  the element coordinate 
systmj.  (Real) 

1. A t  least  one o f  the two ualues. (Ti  ,oil must be presttrt for a p ly t o  exist. 

2. Stress and s t ra in  outout w i l l  be generated for a l l  p i ies  if a care control 
STRESS request i s  present. See the PCOnP card description for a metnod o f  
reducing the a u n t  o f  stress output generated. 



CSA/NASTMN BULK DATA DECK 

Input  Data Card PSHELL Shel l  Element Property 

Descript ion: Defines the RnSrane, bending, transverse shear, and coup1 i n g  F . o p r t i e c  3 f  t h i n  
shel l  e l c r n t s  

F o m t  mj Example: 

1 2 3 4 5 6 7 8 9 10 

F i e l d  - 
PI0 

WID1 

T 

MID2 

121113 

MID3 

Remarks : -- 

PID 

PSHELL 101 

Contents 

T 

0.25 

MID1 

700 

Property i d e n t i f i c a t i o n  n u b e r  ( In teger  > 0 )  

Material  i d e n t i f i c a t i o n  n u b e r  f o r  the m r a n e  ( In teger  : 0 o r  blank) 

MID2 

701 

+ SHL 

Defaul t  value f o r  the #drane thickness (Real ) 

MIM 

Material  i d e n t i f i c a t i o n  n r d e r  f o r  bending ( In teger  > 0 o r  blank) 

Bending s t i f fness parameter (Reat o r  blank, de fau l t  = 1.0) 

1211~3 

1.1 

i 

i 
I 
I 
I 
I 

z1 

.I25 

Material  i d e n t i f i c a r i o n  n u b e r  f o r  transverse shear ( In teger  > 0 o r  blank), 
w s t  be blank unless MI02 > O )  Q f a u l t  = WIDZ. 

22 

-.I25 

Transverse shear thickness d iv ided by the membrane t h i c b e s s  (Real o r  blank. 
de fau l t  = .833333) 

MID3 

703 

Wonstructural mass per u n i t  area (Real) 

F iber  distances f o r  s t ress ccmputation. The p o s i t i v e  d i r e c t i o n  i s  determined b. 
the r ighthand r u l e  and the order f n  which the g r i d  po in ts  are l i s t e d  on the 
connection card. (Real o r  blank, see Remark 11 f o r  defaul ts) .  

TSIT 

-5 

Material  f dent1 f i c a t i o n  nuaber f o r  mbrane-bending coup1 i n g  ( In teger  > 0 o r  
blank, must be b l a i k  unless MIDI , 0 and MID2 > 0, may n o t  equal MID1 o r  MID2) 

NP1 I 
I 

7.88 PSHL I 
I 

1.  A l l  PSHELL property cards must have unique i d e n t i f i c a t i o n  nunhers. 

2. The s t ruc tu ra l  m s s  i s  computed from the density uslng the membrane thlckne 
and m b r a n e  mater ia l  propert ies. 

(Continued) 



CSA,'NASTKAN BULK DATA DtCK 

The r e s ~ l t s  o f  leav ing an MID f i e l d  blank are: 

MID1 No mmbrane o r  coupling s t i f f n e s s  
HID2 k bending, coupling, o r  transverse shear s t i f f n e s s  
MI33 MID2 w i l l  be used as defau:t f o r  MID3 
MID4 No bendi ng-redrane c a r p l i  ng 

The continuat ion card i s  n o t  required. 

The s t ruc tu ra l  dmpf ng ( f o r  dynamics r f g f d  fo r ra ts1  uses the values 
defined f o r  the MID1 material .  

The MID4 f i e l d  should be l e f t  blank i f  the mater ia l  proper t ies are synnetr i t  
w i th  respect to the  middle s u r f a c c c f  the shel l .  I f  tne eleaent cen te r l i ne  
I s  o f f s e t  fro11 the plane o f  the g r i d  points, the  MID4 f i e l d  may be used 
f o r  110de1lng the o f f s e t  but  i t  ievolves ? a b o r i w s  ca lcu lat ions t h a t  produce 
phys ica l ly  u n r e a l i s t i c  st!ffness matr ices ('negative terns on fac to r  
dfagonalg) i f  lone incorrect ly .  

This  card i s  used i n  connection w i t h  the CTRIA3 and CQUAD4 cards. 

For s t ruc tu ra i  problms.  PSHELL cards may reference WT1, HAT2 o r  MAT8 
material  property rerds. 

I f  the  transverse shear mater ia l ,  MID3, references a W.T2 data card, the G l  
612 and 622 values w i l l  be used to obtafn the s y n e t r i c  2x2 [G3] matr ix  f o r  
the element. 

For heat t rans fe r  problems, PSHEL? cards may reference PAT4 o r  HATS materia. 
property cards. 

The de fau l t  f o r  Z1 i s  -T!2, and f o r  22 i s  +T/Z. *her- T i s  the l o c a l  p l a t e  
thickness. 



NPLCT: AN INTERACTIVE PLOTTING PROGRAM FOR 
NASTRAN FINITE ELE'JIENT MODELS 

Gary K. Jones and Kelly J .  McEntire 
NASA/Goddard Space Flight Center 

Greenbelt, Maryland 20771 

NPLOT ( NASTRAN Plot ) is an 
interactive computer graphics program 
for  plotting, undeformed and deformed 
NASTRAN finite element models. It 
has becn developed a t  NASA's Goddard 
Space Flight Center. It provides 
flexible element selection and grid 
point, ASET and SPC degree of freedom 
labelling. It is easy to use and 
provides a combination menu and 
command driven user interface. 
NPLOT also provides very fast hidden 
line and haloed line algorithms. The 
hidden line algorithm in NPLOT has 
proved to he both very accurate and 
several times faster than other existing 
hi4den line algorithms. It uses a fast 
spatial bucket sort and horizon edge 
computation to achieve this high level 
of performance. The hidden line and 
the haloed line algorithms are the 
primary features that make NPLOT 
unique from o,.her plotting programs. 

INTRODUCTION 

Structural analysts a t  the Goddard 
Space Flight Center, GSFC, have 
always bad the need to be able to 
gra~hica l ly  display finite element 
models quickly and accurately. Plots 

with depth cues give a much better 
visual representation and aid the 
analyst in interpretation and error 
checking. On a vector type of graphics 
device ( such as Tektronix 4014's or 
pen plotters ) the two best ways to show 
depth is via hidden line plotting or by 
haloed line plotting. The problem with 
the available hidden line algorithms is 
that they are norrn?lly time consuming 
and interfere with the quick response 
time dd i r ed  in interactive graphics. 
One of the authors, Gary Jones, has 
developed a hidden line algorithm that 
satisfies these needs. This algorithm 
provides fast and accurate hidden line 
plotting of finite element models. The 
response time to plot a hidden line view 
of a model is near that for a normal 
all lines visible plot and provides 
linear time performance. A variation 
of this algorithm was used to produce a 
fast haloed line plot routine. A haloed 
line plot shows all a f t  lines broken to 
show depth. It is particularly well 
suited for plotting models composed of 
many line elements and few surface 
dements. For this class of models, 
hidden line plotting is not an effective 
tool. 

This paper describes the current 
version of NPLOT. First, the 
development of NPI-OT is discussed. 
Second, a description of NPLOT is 



given, describing the many useful 
.*eatures found in NPLOT. ihird,  a 
detailed discvssion of the hiddenlhalo 
line algorithm is presented along with 
benchmark performance data of 
NYLOT compared with other hidden 
line algorithms. Finally, concluding 
remarks are presented followed by 
references and figures. 

NPLOT DEVELOPPIENT / GOALS 

The development of NPLOT was 
informally initiated in 1981 as simply a 
base for testing haloed and hidden line 
algorithms. Once these algorithms were 
developed and had proved to be very 
effective tools for  model display, the 
main goal became to develop NPLOT 
into an effective tool for the structural 
analyst. NPLOT was and is currently 
being developed to meet specific goals 
and targets. The prime development 
target for NPLOT is that it must be an 
effective state-of-the-art graphics tool 
for GSFC structural analysts. Some 
specific requirements are: 

1. NPLOT must effectively support 
the NASTRAN structural analysis 
code being used at GSFC. 

2. NPLOT must run on the Digital 
Equipment Corporation VAX 
computers used by the Engineering 
Directorate at GSFC and support 
the available graphic: hardware; 
i.e., Tektronir. and Raster Tech- 
nology terminals and Htwlett 
Packard pen plotters. 

3. NPLOT must providz fast inter- 
active performance together with a 
easy to use human interface. 

4. NPLOT must provide effective 
graphic tools such as haloed and 
hidden line plotting. 

NPLOT used as  its starting point 
the PLOT code developed s t  GSFC by 
M. We~ss and M. Johns for the plotting 
of NASTRAN finite element models; 
however, a t  its c-rrent state of 
development, NPLO: contains almost 
none of that original code. Origii~al 
algorithms and routines were developed 
fo; haloed line, hidden line, and 
horizon edge computation. A new 
executive was developed together with 
a better and more complete NASTRAN 
interface. It is expected that NPLOT 
will continue to evolve to meet ncw 
requirements; some of the near term 
activity will focus on: 

1. Develop and add a fast shaded 
color hidden surface algorithm to 
NPLOT. The preliminary concept 
for the algorithm has been 
developed but it remains to be 
implemented and debugged. This 
algorithm would enable NPLOT to 
provide effective support for 
displaying model stresses, energy 
levels, and temperatures. 

2. Add mode shape animation 
capability to NPLOT. This feature 
would make use of the multiple 
bit planes on the Raster Tech- 
li010gy terminals to provide film 
strip animatio.1. 

3. Interface NPLOT with the 
integrated Analys i~  Capability, 
IAC, program [1,2] developed by 
Boeing Aerospace Company for 
GSFC. This would provide NPLOT 
with zood access to a wide 
spectrum of useful NASTRAN 
output data. 

4. Investigate the feasibility and 
effectiveness of running NPLOT 
on an IBM PC-AT desktop 
cow.puter system. 



DESCRIPTION OF NPLOT 

NPLOT hns provtd to be a vcry 
useful and versatile computer graphics 
program. It meets most of the plotting 
requirements for those who use 
NASTRAN at  GSFC. I t  is also in use 
at NASA/LaRC, NASA/JSC and 
several GSFC contractors. In this 
section the NPLOT implementation 
will bc discussed first, fallowed oy o 
descriptios of NPLOT's features and 
thell a few words on NPLOT's user 
i ~ t t r f a c e .  

Implementation: 

NPLOT was developed on a DEC 
VAX computer running the VMS 
operating system. The graphics was 
developed using a Tektronix 40XX 
storage tube terminal and a Tektronir. 
4105 raster terminal. NPLOT makes 
graphics calls to Precision Visual's 
D13000 graphics subroutines. This 
subroutine package follows the Core 
standard. Making calls to DI3000 
allows NPLOT to be device inde- 
pendent and therefore can be run on 
any terminal that has a DI3COO device 
driver. For those sites that do not have 
a license for DI3000, a set of interface 
routines have been developed that 
translate the Dl3000 ca!ls used 
NPLOT into Tektronix PLOT10 calls. 

Extensive use of the structured 
programming constructs and character 
ma~ipula t ion  functions of FORTRAN 
77 are incorporated i?to the computer 
code. The character manipulation 
functions allow NPLOT to efficiently 
process NASTRAN free field bulk data 
decks. Non-standard FORTRAN 77 
statements were avoided to allow the 
code to be transportable. The only 
problem that may occur when 
compiling NYLOT with a non 
VAXIVMS FORTRAN 77 compiler 
may be with a few open statements. 

Note however, NPLOT does make use 
of the virtual memory featurz of 
VAX/VMS to speed operatimi and 
simplify implementatioc; this fbct 
could make transfer of NPLOT to a 
non-lrirtual memory computer diff-  
icult. 

Geometry may be entered in 
rect, .gular, cylindrical, and spherical 
coordinate systems uzing thc CORD2R, 
CORDZC and CORD2S NASTRAN 
cards. The CORDIR, CORDlC and 
CORDIS cards are not supported. The 
coordinate systems may reference other 
coordinate systems since i t  is not a 
requirement that each reference the 
oasic system. rhis combination allows 
a tree structured geoilletric system to 
be processed. The NPLOT user may, a t  
his command, o u t i ~ ~ t  a table to disk 
containing the grid point ID': and the 
XYZ coordinates in t h t  basic system. 

Features: 

Clearly the most important feature 
of NPLOT is its ability to create 
hidden lir,: and haloed line views of 
mathzmatical models both quickly and 
accurately. The hidden line algorithm 
generates views of models with all 
hidden lines removed, figure 1 .  The 
haloed line algorithm displays vie\.s 
with a f t  lines broken i r  an effort t r  
show depth while keeping the entir 
mods1 visible, figure 2 . A discussion 
of these algorithms follows in the next 
section. NPLOT, of course, also can 
plot a normal all lines visible view of a 
model usually referred to as a wire 
frame view, figure 3. 

Another important feature of 
NPLOT that allows it to perform post 
processing is its ability to plot 
deformed shapes, figure 4. NPLOT 
reads the displacements from a 
NAS *'RAN F06 file. It can read either 
static displacements or eigenvectors. 



All subcases or mode shapes can be 
read in a t  once. The displacements arc 
written into a unformatted scratch file 
where they are available for rapid 
access when the user wishes to display 
a deformed shape. It is then a simple 
matter to enable the deformed shape, 
change subcases or mode shapes and 
change the scale factor for subseq~ent  
plcts. 

NPLOT allows the user to specify 
elemeo t filters which select specific 
elements for plotting. Elements can be 
selected based upon t t  .r type, 
property, and ID. Elements can aiso be 
selected 5~ a model segment. This is 
a:complished by inserting special 
segment delimiters in the bulk data 
deck and then specifying the delimiter 
label during the interactive session. 
Any or all of these filters c: I be 
activated a t  the same time to allow a 
great deal of selectivity. The clemeats 
can then be labelled with their 
respective ID'S with a simple command 
once the plot i3 dicplayed on the 
screen, f igure 5. 

NPLOT also allows the user con- 
siderable Leribility in specifying which 
grid points are to be labeled with their 
grid point ID'S. Specific grid point 
ID'S can be selscted and an eight 
character name tag can be associated 
with each grid poirrt. The name tag can 
be useful for distinzt identification. 
The user can aiso specify SPC sets, 
ASET and OMIT grid points to be 
labelled. These grid points will then be 
labelled with name tags indicating thc 
degrees of freedom involved, figure 6. 

NPLOT allows the standard display 
operations such as rot-tion and 
perspective. l* also allows different 
view planes io be selected. These are 
X-Y, Y-Z and X-Z viewing planes. A 
;.oom functior. is also allowed on 
terminals with a locator such as a 
grapllics cursor, tablet, light pen or joy 

stick. The center of the area desired 
for zooming is selected with the locator 
and then a numeri: key is pressed to 
indicate the zoorning scale factcrr. 
Another display feature available is 
the Z-axis cut option which allows the 
user to cut away 3 percentage of the 
fore part of the model. figure 7. This 
is xseful because i t  can reveal detail on 
the inside of a nodel. 

The calculation of the model's 
horizon edges ( edges where visibilty 
can change ) is normally used just to 
speed up the hidden line computation. 
Howcver, missing elements can lie 
cieariy located 10; qos t  models by just 
plotting the horizon edges. NPLOT lets 
the user toaglc the display set from all 
edges to just the horizon edges. 
Illustrnted in figure 8 is a wire frame 
plot of t i e  horizon edges for a model 
with a missing eiemcnt. 

Another feature that aids the user 
is the plo! fi!e generator. Before 
beginning a plot the user can toggle on 
the plot file generator which will write 
all subsequent plot labels and screen 
vectors into a plot file until the toggle 
is turncd off again. This plot fiie can 
then be read by other p r ~ g r a m s  such a 
pen plctter program. The HP7580A pen 
plotter is used by GSFC's Mechanical 
Engineering Branch when larger and 
more precise plots are desired. 

User Inter faL-e: 

NPLOT'S user interface is in- 
tended :o make NPLOT easy and quick 
to use. i t  is also intended to allow 
frequent users to become eff iciel t  a t  
using the program. Frequent use will 
enable users to takc short cuts once 
thcy are familiar with the instruction 
,et. This aim is accomplished by using 
a combination of menu and command 
driven user interface with available 
help menus for detailed information 



concerning ezch command. NPLOT is Within each s f  these menus sre 
controlled via commands from two commands that invoke sub-menus. The 
mlin menus. The basic command/nenu input menu is used for selecting 
structure is: elemtnt sets, element labels, grid lateis 

and deformation sets. The plot menu 
is used to select the display operations 
and then to execute the plot option 
desired. Once the plot is on the screen 
the interface becomes commaiid 
driven. The same commands that were 
available from the preceding menus are 
now available for immediate 
execution. This enables the frequent 
user to avoid returning to the men3 
every time he wisna to manipulate the 
display or execute a command. 

I 
I 
I <---- INPUT bUfLK DATA DECK 

I 
I 
+< ----. .----- --+ 

I I I 
I 
I 
+---- > ELEMENT SELECTION MENU 

I 
I 
+----> LOAD DEFORMATIONS MENU 

COMMAND MENU STRUCTURE 



HIDDEN LINE / HALOED LINE 
ALG0WITHI.S 

Hidden Line: 

The development of a new hidden 
line algorithm was not taken lightly. 
Tetht iques to perform hidden line 
plotting have been much discussed 
beginning with the advent of computer 
graphics in the early 1960's arid 
continuing into the present err. Given 
the bulk of this prior wo;k [3-11,. why 
develop a new method? The answer is 
that t b s e  prior methods, as  of 1980, 
appeared to lack the speed necessary 
for ef;:ctive interactive use, lack 
features necessary to plot NASTKAN 
models, or the referenced papers 
provided i~su f f i c i en t  implementation 
details. Except for the Watkins 
technique [ I  11, coded algorithms were 
not available. Experience iu using the 
Yatkins technique had shown it to be 
not acceptab!~ for  hidden iice p lo t t~ng  
of NASTXAX models. Refsrences 12 
through 16 werr ~ubl i shed  efter our 
algarithm had L e n  s~bstant ial iy 
completed. 

Several different variations of 
the s lme basic hidden line method 
havr k e n  sequentially developed by 
G. Jones in the course of this effort. 
To kecp track of the different 
versions, they were assigned names 
JONES/A through JONES/E. JONES/D 
was u s ~ d  in the first productio2 version 
of NPLOT and was described in 
reference 17. The fastest and most 
rrcent version of the hidden iine 
algorithm, JONES/E, is incorporated 
into the current version of NPLOT. 
The basic flow for JONF.S/E is as 
follows: 

1. INPUT: The main inputs to 
JONES/E from NPLOT are the 
globai edge list, giobal surface list, 
edge/surface adjacency table and 

grid point table. It should be 
ndted that NPLOT operates to 
produce nonredundant global edge 
and surface lists. The global 
surface list uses r four node flat 
surface representation; NPLOT 
processes triangles through 20 node 
solid elements to this sur'ace data 
format. 

2. PREPARATION: The edge and 
surface lists are 2rocessed to 
produce arrays for edge and 
surface data. For example, the 
minimum/naximum X, Y, and Z 
values for e?ch edge and surface 
are computed. The horizon edges 
of the object for the viewing 
trarlsformarion are computed. 
Fpatial sorting of the edge and 
surface data  is performed. 
Illustrated in figure 9 is a 
simplistic view cf thz spatial sort 
cells used by JONES/E. Based on 
the complexitj- cf the model, N x N 
mesh X-Y sort cel:s are iiaposed ori 
the model s a d  lists of pointers to 
horizon edge data and surface data 
are generated for eacii cell \-ia 
bucket sorting. Different mesh 
densities arc  csed for edge and 
s u r f ~ c e  sorting. The mesh density 
used for  the horizon edge sort is 
based on the total number of edges 
in the model. The mesh density 
for surface sorting is based on the 
number of surfaces In t5e model. 
The functional relationship 
between these measures of model 
complexity and mesh densities are 
set heuristically by varying the 
mesh density and observing the 
resulting performance for a 
number of models. JONESjE 
currently uses mesh definitions 
derived for JONES/D and so may 
not be optimum. After the cell 
lists are created, they are dr1:ih 
sorted based on the depth of the 
horizon edge or surface. 



3. EDGE VISIBILITY: The global edgc 
list is precessed in two passes. On 
the first pass only the horizon 
edges are processed and the 
remaining edges are processed on 
the second pass. In either case the 
silbsequcnt loop operations arc the 
same. The edge cell coordinates for 
the cdgc arc dctermincd via a 
look-up table. The cdge cells 
associated with the cdgc are binary 
searched to find the depth to limit 
the search for horizon edges that 
intersect wrth the cdge. !ts inter- 
sections with all horizon edges, that 
have not been found to bc invisible 
by a prior calculatiov, arc 
determined. The edge is broken into 
segments s i n g  its end points and 
the points of intersectian. Each 
segment is either ail visible or all 
invisibl:. Thr 3id-point of each 
se;mcnt is computed and checked 
against the appropriate cell surface 
list to ascertain visibility. This 
requires computing the surface cell 
coordinates fc r  the mid-point and 
thcrl performing a binar) search to 
find the depth in the surface cell 
list to l i m ~ t  the search for obsc~r ing  
surfaces. Containment and depth 
computations arc then performed to 
ascertain mid-point visibility, and 
hence, segment visibility. 

This algorithm was tailored to 
support the plotting of NASTRAN 
models, therefore in the current 
implementation: 

1. A line penetrating a surface usually 
results in a visible plot error. This 
is desirable for NASTRAN plotting 
since this usually indicates a 
modelling error. 

2. Grid pcints a r t  required where 
e l e m ~ ~ t s  meet. This is normally :he 
case in NASTRAN models. 

3. Surfaces must bc ~ ' a n a r  Cor 
accurate plotting. Thic is true for 
commonly used NASTRAN clc- 
ments. 

In operation, the algorithn; is 
remarkably fast for plotting NASTRAN 
mdels .  There are two chief reasons for  
:his speed. The first being the efficiency 
of the spatial sort and the horizon cdge 
technique in reducing the number of 
edgc to edgc compares in computing the 
required line intersections. Thc second 
being the effectiveness of the spatial 
sorts in reducing mid-point to surfacc 
compares in computing edge scgment 
visibility. 

i h e  spatial sort func t ims  as a 
diviac and conquer technique; this is 
facilitated by the fact that in general 
NASTRAN models have fairly uniform 
topologica1 granularity and the relative 
granule size decreases as  model size 
increases. Thus. the spatial sort serves to 
linearize th= operation of the algorithm. 
It is worth noting that Writtram 1141 in 
a article published concurrently with 
the development of NPLOT riszd a 
horizontal strip form 3f spatial sort to 
achieve a high speed hidden line algor- 
ithm. The form of the spatial sort in 
JONES/E, and in the prior JONES/D. 
algorithm ia somewhat different from 
Whittrrm's in that the spatial cells are 
boxes not strips and the fact that in 
JONES/€ ( a1.d JONES/D ) the hidden 
line de~ermiqation does not make use or 
tt.e concept of an active edge list or an 
active polygon list to reduce the 
computations. 

The main difference between the 
current JONES/E algorithm and the 
prior JONES/D is the addition of the 
horizon edgc method to the algorithm. A 
horizon edge is any model edge across 
which visibility can change. The 
concept of using horizon edges in 
hidden line computaiion was noted by 
Appel [I%] and nrcrc rzcently used by 



Hornung [16] to generate a very high 
speed hidden linc algorithm for closed 
single surface objects. In JONESiE, 
horizon cdges arc computed 2nd used to 
drastically reduce the number of edgc 
ccmpare cs ra t ions .  On a per cell 
basis, the reduction in operations is 
from the order o; total edges squared 
to horizon edges times total edges. The 
net effect of using horizon edges was 
to speed up  the a:ljorithm by about 50 
percent. 

The a u i h o r ~  make no claim to 
havc "solved the hidden line problem'. 
Contrprv to  vdha- some havc claimed, it 
appear< Inat ns existing algorithm is 
effei:;ivc; for @he full  5p:ctrum of 
coramor ior;clogi=o, for example curbed 
suifaccs. Inaacquate research and a 
la:-k of understanding of the problem 
are usually evident when such claims 
are put forth. JONES/€ was simply 
designed to prccess NASTRAN models 
or other similar topologies iri an 
efficient manner. 

Haloed Line: 

The use of haloed linc plotting 
wzs lirst discussed by Appe; [5 ] .  In 
haloed line plotting, the a f t  edges are 
broken whcrc they intersect with more 
forward edges; this produces a well de- 
fined depth effect for the viewer, 
figure 2. The initial haloed line code 
for NPLOT was written by T. 
Carnahan, GSFC, based on the tech- 
niqges defined by .Appel [5 ] .  The haloed 
line algorithm in the current version of 
NPLOT has been recoded by one of the 
authors ( G. Jones ) to incorporate the 
same spatial sort techniques as in the 
JONES,'E hidden line algorithm and 
thereby increase its speed of operation. 

Haloed line computation re7uires 
much m9re line intersection calculation 
than hidden line plotting thereby 

increasing the cpu time. Whereas 
hiddzn line plotting effectively 
truncates the total edgc list. haloed !inc 
p l ~ t t i n g  operates to increase the total 
edgc list by sp!itt;ng up edges ifito 
sebcrat wegents  Thus, haloed line 
plottin$ generates more terminal i /O 
thao wire frame or  hiddcn line 
plotting. For these reasons, haloed line 
plotting should be s l ~ a c r  tnan the 
other plot types. 

In haloed line plotting the 
SPLOT user can specify the size of the 
gap sa as to produce different effects. 
Haloed line plotting can be very 
effective in certain situations: 

1. For models with few ~ u r f a c c  
elements but many iine elements, 
CBAR's and CROD's, haloed linc 
plotting is very effective a t  show- 
ing depth information. Hidden tine 
plotting is ineffective for this type 
of mitdel. 

2. When the user wants to peer inside 
a model but retzin depth cues. 
haloed line plotticg i s  dr! efiective 
technique. This is similar to 
allowing transparency in hidden 
surface plotting on taster devices. 

The basic performance of the 
three plots type in NPLOT were 
assessed by measuring their 
performance with a collection of 20 
NASTRAN modele. The model sizes 
ranged from 55 grids/126 edges167 
surfaces up to 3730 grids/7547 edges 
/3626 surfaces. Wire frame and hiddcn 
line plots or  the largest riicdel are 
shown in figures 10 and 11. The 
performance of the algorithms werc 
measured in terms of a processing rate 
expressed in terms of edges per cpu 
second. The cpu times were aeasured 
on a normally loaded V A X  l li780 



computer and included the time to 
perform any preparatory work, execute 
the plot function module ( wire frame, 
haloed. hidden ), run the PLOT10 
module, and perform the 110 to paint 
the object on the screen. 

Shown in figure !2 is a graph of 
the measured performance of the three 
algorithms. All three algorithms show 
fairly linear performance f c r  the range 
of modcls used in the tests. Wire frame 
plotting yielded an average ratc of 
about 300 edges per cpu sccond, hiddcn 
line plotting was somewhat slower a t  
about 150 edges per cpu second and 
haloed linc plotting was t5c slowest a t  
around 100 edges per cpu second. Wall 
clock response time for hiddcn line 
plotting was about the same as that for 
wire frame plottine. This -.?as due to 
the fact that hidden line plotting 
involves less terminal I/O than wire 
frame plotting. Haloed linc plotting 
was the slowest but this was expected. 
Even so, haloed line plotting was 
sufficiently fast to meet the demands 
of the interactive user. Haloed line 
plotting is the preferred ploi type 'or 
modclz with few surfaces and many 
line elements. 

Thc net effect of the v ~ r i 3 u s  
optimizing techniques employcd In the 
hidden line algorithms can be seen from 
our experience in plotting onc of the 
test models. The first - cut hidden line 
aigorithm was a basic brute force line 
intersection technique with little code 
optimization; its processing rate for  the 
test model was about 2.5 eJges per cpu 
second. A subsequerrt verslon with 
more code optimization and a few 
sinplc short cuts worked .it a rate of 
about 18 edges per cpu cecond. The 
JONES/D algorithm, which used the 
X-Y spatial sort, performed a t  a rate of 
about 100 edges per cpu second. The 
IONES/E algorithm in the current 
version of NPLOT uses the X-Y spatial 
sort together with the horizon edge 

technique. and achieves a precessing 
rate of about 175 edges per cpu second 
for  this particular model. Thus in th i j  
instance JONES/E performs about 70 
times quicker than a brute force 
method. 

How fast can an  optimum hidden 
linc algorithm run? A reasonable 
bounding upper limit might be the 
speed for wire frame plotting. For the 
particular hardware / software used a t  
our computer facility ( VAX 11/780, 
FORTRAN 77, Tektronix terminals 
using 9600 baud ) the wire frame 
process ratc was a b u t  300 edges per 
sccond, thereby implying that no 
hidden line algorithm could run more 
than twice as fast as  JONES/E for this 
particular computing environment. 

The Watkins hidden !ine/surface 
method [I I] and Hedglcy's algorithm 
were compare0 to the JCNES/E 
algorithm via comparative testing. The 
MOVIE program uses the Waikins 
method for hidden line and hiddtn 
surface computation. A VAX imple- 
mentation of MOVIE was used f ~ r  this 
;tudy. The MOVIE implementation of 
Watkins does not support line element 
types so an all surface model was used 
to make the comparison. The test 
model consisted of 857 surfaces and 
1242 edges. The cpu time for  just the 
hidden line generation ir. MOVIE was 
41.5 seconds; the corresponding time 
for NPLOT was 6.9 cpu seconds. The 
SKETCH hidden line routine develcped 
by Hedgley [I31 was obtained and 
converted to the VAX 11/780 c o m o ~  
er. The routine as delivered w;s 
limitcd to about 250 polygons; 
therefore, a relatively small model was 
used for  testing, 183 surfaces/324 
edges. The cpu time for  SKETCH was 
19.3 cpu seconds and the time for the 
JONESIE algorithm in NPLOT was 1.9 
cpu seconds. The level of performance 
f ~ r  SKETCH, about 9 polygons per cpu 
second, s c m s  cmsistent with the data 



presented by Hedgley [13& In ref- 
erence 13 the procc,sing rate for  
SKETCH on a CDC 6500 computer, 
which is about the same speed as a 
VAX 111780, was given as about 10 
polygons per cpu second. 

CONCLUDING REMARKS 

The NPLOT computer graphics 
program has been shown to be an 
effective tool for  the interactive 
display of NASTRAN finite element 
models. It offers a variety of na t c  of 
the a r t  t w l s  to  aid the analyst. It is 
easy to use and provides an  on line 
help facility for the inexperienced 
user. N P L 3 T s  very fast hidden line 
and haloed line algorithms are unique 
and effective graphics tools for the 
analyst. Analysts using NPLOT usually 
prefc: hidden line or haloed line plots 
in place of wire frame plots due to the 
more realistic model display. Current 
activity is focused on increasing the 
post-processing functionality of 
NPLOT. 
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ABSTRACT 

The c a p a b i l i t i e s  provided by the  PATRAN-COSMICINASTRAN in te r face  are 
d i~Cl~SSed.  While the  t r a n s l a t o r  c a p a b i l i t i e s  g i v e  some i n d i c a t i o n  o f  the 
i n t e r f a c e  q u a l i t y  between the two proqram, c e r t a i n l y  t he re  are o tner  
a t t r i b u t e s  t o  be consi tered.  T l~e  ide31 i n t e r f a c e  would Lie a user- t ransparent  
union of the  two programs so t h a t  the engineer could move f r ~ m  one program t o  
the  o ther  f l u ~ n t l y  3r,3 n a t u r a l l y .  Hence, a v a l i d  assessment o f  the  i n t e r f a c e  
completeness must consider how c lose the  cur ren t  c a p a b i l i t e s  are t o  the  
i dea l i zed  case. An example problem i s  presented t o  demonstrate how 
COSMICINASTRAN and PATRAN can be used together t o  meet t he  requirements o f  an 
ac tua l  engineering app l ic f i t ion .  

INTROOUCT I O r i  

PATRAN [ l ]  i s  a three-dimensianal s o l i d  modeling and f i n i t e  element pre-  
and postprocessing program developed and marketed by PDA Engineering i n  Santa 
Ana, C a l i f o r n i a .  Using the  l a t e s t  interactive computer graphics technology, 
PATRAN provides a v i sua l  means t o  de f i ne  a f i n i t e  eleinent model and i t s  
environment, and review i t s  r e s c l  t a n t  model behavior. A1 though PATRAN o f f e r s  
l i n e a r  s t a t i c s  and eigenvalue ana lys is  c a p a b i l i t y  as an opt ion ,  a more 
d e t a i l e d  ana lys is  i s  o f t e n  required.  More than 25 t r a n s l a t o r  programs have 
oeen developed t h a t  move data among PkTRAN and external  f i n i t e  eleinent, f i n i t e  
d i f f e rence ,  and boundary element ana lys is  proarams [ Z ] .  It i s  these 
i n te r faces  t h a t  b r i n g  the  advanced ana lys is  methods avai  l a b l e  i n  
general -purpose f i n i t e  element programs t o  the PATRAN nodel er ,  and one 
impor tan i  i n t e r f a c e  i s  t o  COSMIClNASTR4N 131. 

The COSMICINASTRAN i n t e r f a c e  i s  comprised o f  two t rans l3 to rs :  an 
ana lys is  t r a n s l a t o r  and a r e s u l t s  t r a n s l a t o r .  The ana lys js  t r a n s l a t o r  accepts 
a PATRAN neu t ra l  outpd: f i l e  and produces a HASTRAN bu lk  data f i l e .  The 
forward t r a n s l a t o r  i s  named PATCOS t o  i nd i ca te  the t r a n s l a t i o n  from PATRAN t o  - 
COSMICINASTRAN. For postprocessing w i t h i n  the  PATRAN system, i t  i s  necessary - 
t o  execute a second program a f t e r  t he  analysis. This inverse t r a n s l a t o r  i s  
c a l l e d  COSPAT, because i t  accepts the  COSMICINASTRAN r e s u l t s  and produces 
f i l e s  i n  a format which PATRAN can read. P SPAT a lso  provides the  op t i on  o f  
t r a n s l a t i n g  an e x i s t i n g  a n a l y s i s  i npu t  deck i n t o  a PATRAN neu t ra l  f i l e .  Both 
ana lys is  and r e s u l t s  t r a n s l a t o r s  are easy t o  use i n  t h a t  they are menu-driven, 
execute qu i ck l y ,  and are h i g h l y  automated. The PATRAN-COSMICfNASTEAN i n t e r f a c e  
1s i l l u s t r a t e d  i f ,  F igurs  1. 



ANALYSIS MODEL I NG 

PATCOS cac produce 59 d i f f e r e n t  COSMICINASTRAN bu lk  data card types, 
i nc lud ing  29 d l f f e r e n t  f i n i t e  elements. The l i s t  s f  bu l k  data cards supported 
i s  presented i n  Tdble 1. The complete ana lys is  model can be def ined i n  PATRAN 
t o  inc lude not  on ly  the f i n i t e  element mesh bu t  a l so  element proper ti?^, 
boundary cond i t ions  z i d  app l ied  loads. PATRPN a l s o  provides v i sua l  model 
v e r i f i c a t i o n  techniques t o  check parameters such as element aspect r a t i o  o r  
p roper ty  assignment. 

There are several ways t o  add the  requ i red  EXECUTIVE and CASE CONTROL 
cards t o  the  bu l k  data deck. The s implest  method i s  t o  use a t e x t  e d i t o r  and 
e i t h e r  (1)  i n s e r t  the  c o n t r o l  cards manually, o r  ( 2 )  copy them i n  from an 
e x i s t i n g  f i l e .  

RESULTS RECOVERY 

The r e s u l t s  ( o r  inverse)  t r a n s l a t o r ,  COSPAT, provices the  c a p a b i l i t y  t o  
reformat ana lys is  r e s u l t s  i n t o  PATRAN compatible f i l e s .  The i npu t  f i l e  t o  
COSPAT i s  a b ina ry  OUTPUT2 f i l e  generated du r ing  COSMICINASTRAN execution. The 
output  f i l e s  conta in  nodal displacements, element cen t ro ida l  and nodal s t ress,  
s t r a i n  or  temperature. To generate an OUTPUT2 f i l e  dur ing  a COSMICINASTRAN 
execut ion of a s t a t i c  ana lys is  (SOL I ) ,  t he  f o l l ~ w i n g  d i r e c t i v e s  must be added 
t o  the COSMICINASTRAN inpu t  deck. S i m i l i a r  ALTER sequences can be used fo r  
o the r  s o l u t i o n  approaches: e.g. 

ALTER 143 $ 
OUTPUT2 OUGV1,OES1I IC,N, -1 IC,N,11IV,N,Z $ 
ENDALTER 
CEND 
DISP = ALL 
STRESS = ALL 

PATRAN can then be used t o  combine the  r e s u l t s  in fo rmat ion  w'th t he  
f i n i t e  element model t o  evaluate model b e h a v i ~ r .  Using graph ica l  methods such 
as animation and co lo r  b r i n g  unpara l le led  i n s i g h t  i n t o  understanding the  
voluminous output  data o f t e n  generated from a complex ana lys is ,  The engineer 
can i n t e r a c t i v e l y  view any p iece o f  the  model from any perspect ive  and see 
c o l o r  v a r i a t i o n s  of r e s u l t s .  Hence one simple exerc ise f o r  PATRAN might  be t o  
crack open an egg and d i s p l a y  the  v a r i a t i o n  i n  c i r cumfe ren t i a l  s t ress  on the  
i n s i d e  o f  t he  s h e l l .  



MODEL TRANSLATION 

COSPAT a l s o  p rov i des  t h e  c a p a b i l i t y  t c  r e f o rma t  C O S ~ : C ~ N A S ~ R ~ I ~ ~  arralysi.: 
i n p u t  da ta  i n t o  PATRAN n e b t r a ?  format .  Th i s  method n o t  o n l y  b r i n g s  a l l  PATRAN 
postproce5sing c d p a b i l i t i e s  t o  bear on e x i s t i n g  COSMICINASTRAN models 
(generated by o t h e r  means or by hand),  b u t  a l s o  suggests a medium i n  which t o  
conver t  a COSMIC/NASTRAN i n p u t  deck t o  t h a t  o f  another  a n a l y s i s  program 
format .  The COSPAT model t r a n s l a t o r  c u r r e n t l y  recognizes t h e  58 d i f f e r e n t  
ca rd  t ypes  as l i s t e d  i n  Table 2. 

Wh i le  t h e  t r a n s l a t o r  c a p a b i l i t i e s  g i v e  some i n d i c a t i m  o f  t h e  i n t e r f a c e  
q u a l i t y  between t h e  two programs, i t  i s  c l e a r  t h a t  t h e r e  a r e  o t h e r  a t t r i b u t e s  
t o  be cons idered.  The i d e a l  i n t e r f a c e  would be a use r - t r anspa ren t  un ion  o f  t h e  
two programs so t h a t  t h e  engineer  cou ld  move from one program t o  t h e  o t h e r  
f l u e n t l y  and n a t u r a l l y .  Hence, a v a l i d  assessment o t  t h e  i n t e r f a c e  
completeness must cons ider  bow c l o s e  t h e  c u r r e n t  c a p a b i l i t e s  .?re t o  t h e  
i d e a l  i zed  case. Th is  can be exp lo red  th rough  t h e  use o f  an example problem. 

One corrmor, s t ep  i n  t h e  a n a l y s i s  o f  a p a r t  o r  s t r u c t u r e  i s  t o  determine 
t h e  s t r u c t u r a l  response t o  an imposed thermal  er,v ironnent . Th is  i n v o l v e s  
c r e a t i n g  a thermal  model sub jec ted  t o  va r i ous  thermal  cond i t i ons ,  s o l v i n g  f o r  
a r e s u l t a n t  temperature d i s t r i b u t i o n ,  and then c a l c u l a t i n g  t h e  s t r esses  
induce6 by t he  app l i ed  thermal  loads. Both a thermal  and a s t r u c t u r a l  a n a l y s i s  
must be performed, ve ry  o f t e n  us i ng  a s t r u c t u r a l  a n a l y t i c a l  model o f  a 
d i f f e r e n t  mesh d e n s i t y  than  t h a t  of  t h e  thermal  a n a l y s i s .  The fo l lo !d ing  
example demonstrates how PATRAN and COSMICINASTRAN can be used t oge the r  t o  
model, analyze, and eva lua te  a therma: s t r e s s  problem. 

Problem D e f i n i t i o n  

The example chosen i s  a p i p e  w i t h  stepped c o o l i n g  f i n s  sub jec ted  t o  $n 
i n t e r n a l  f l u i d  temperature o f  500°F and an o u t s i d e  ambient temperature o f  70 F 
( F i g u r e  2 ) .  The s t r u c t u r e  c o n s i s t s  o f  a 6 - i n c h  (0.5 f t )  s t a i n l e s s  s t e e l  p i p e  
w l t h  14.4- inch (1.2 f i )  c o o l i n g  f i n s .  The emphasis here  i s  n o t  on t h e  a c t u a l  
dimensions and p r o p e r t i e s  o f  t h e  model b u t  r a t h e r  t h e  techn ique  app l ied .  The 
o b j e c t i v e  i s  t o  use ax isyr rmetr ic  elements w i t h  hea t  boundary elernents t o  s o l v e  
f o r  a l i n e a r  s t eady - s ta te  temperature d i s t r i b u t i o n .  Then, de te rmine  t h e  s t r e s s  
induced by t h e  r e s u l t i n g  temperatures on t d o  d i f f e r e n t  s t r u c t w a l  models: ( 1 )  
a f i n i t e  element mesh match ing t h e  thermal  mesh, and ( 2 )  a non-uniform 
s t r u c t u i ' a l  mesh w i t h  h i g h e r  element d e n s i t y .  



Thermal Model 

The thermal  model i s  rep resen ted  w i t h  a x i s y m e t r i c  t r a p e z o i d a l  r i n g  
elements (CTRAPRG). The o n l y  m a t e r i a l  p r o p e r t y  r e q u i r e d  f o r  t h i s  element i s  a  
thermal  r 9 n d u c t i v i t y  equal  t o  15 B t u l h r - f t -  O F .  The convec t ion  su r faces  a r e  
de f ined  by hea t  boundary l i n e  elements (CHBDY). The m a t e r i a l  p r o p e r t y  f o r  t h i s  
element i s  t h e  convec t i ve  f i l m  c o e f f i c i e n t  equal  t o  12 B t u l h r - f t - " F  on t h e  
i n s i d e  o f  t h e  p i p e  and 3  B t g l h r - f t - O F  on t h e  o u t s i d e  o f  t h e  f i n .  The 
a p p r o p r i a t e  PATRAN d i r e c t i v e s  a r e  ~ s e d  t o  d e f i n e  these  da ta  (Tab le  3 ) ,  namely 
element c o n n e c t i v i t y  (CFEG) , e l  enent geometr ic  p r o p e r t i e s  (PFEG) , and m a t e r i a l  
p r o p e r t i e s  (PMAT). The o n l y  o t h e r  va lue  t o  be de f i ned  i s  t h e  ambient 
temperatures re fe renced  by t h e  convec t ion  su r faces .  Because PATRAN o r i g i n a t e d  
from s t r u c t u r a l  ana l ys i s ,  t h e r e  i s  c u r r e n t l y  no s t r a i g h t f o r w a r d  way t o  d e f i n e  
t h i s  r e l a t i o n s h i p .  Hence, a s p e c i a l  technique must be used. Th is  tec i .n ique 
c o n s i s t s  o f  f i r s t  c o n s t r a i n i n g  s c a l a r  p o i n t s  t o  t h e  a p p r o p r i a t e  f i x e d  
temperatures and then  - e fe renc i ng  these s c a l d r  p o i n t s  i n  t h e  element assoc i a t e  
da ta  f i e l d  as t 9 e  convec t ion  su r f ace  elements a re  c rea ted .  The complete l i s t  
o f  PAT.WN d i r S e c t i v e s  r e q u i r e d  t o  generate t h e  therm2l  model i s  1  i s t e d  i n  Table 
3. The f i n a l  model i s  i l l u s t r a t e d  i n  F i gu re  3. 

PATCOS i s  then executed t o  t r a n s l a t e  t h e  PATRAN n e u t r a l  o u t p u t  f i l e  i n t o  
COSMICINASTRAN b u l k  data.  A m inor  coding m o d i f i c a t i o n  t r a n s l a t e d  t h e  element 
da ta  assoc ia ted  w i t h  t h e  hea t  boundary elements as t h e  ambient r e f e r e n c e  
p o i n t s .  The EXECUTIVE and CASE CONTROL cards  were added and i nc l uded  two 
impo r t an t  d i r e c t i v e s :  ( 1 )  THERMAL(PUNCH) = ALL t s  w r i t e  t h e  r e s u l t a n t  nodal  
temperatures t o  a  punch f i l e  and ( 2 )  OUTPUT2 t o  save t h e  temperatures f o r  
PATRAN pos tp rocess ing  d i s p l a y s .  A sampl ing o f  t h e  COSMICINASTRAN i n p u t  f i l e  i s  
shown i n  Table 4 .  

COSPAT can be executed t o  read t h e  OUTPUT2 f i l e  and genera te  PATRAN 
postprocess~r :q  f i l e s .  F i gu re  4 i l l u s t r a t e s  t h e  temperature d i s t r i b u t i o n  t h a t  
r e s u l t e d  from ;he l i n e a r  s t e j d y - s t a t e  hea t  t r a n s f e r  ana l ys i s .  

S t r u c t u r a l  Model (Mesh 1 )  

The f i r s t  s t r u c t u r a l  model i s  c rea ted  by s l i g h t l y  m o d i f y i n g  t h e  thc-ma1 
model us i ng  PATRAN. The heat  boundary elements a r e  de l c t ed ,  t h e  s t r u c t u r a l  
p r o p e r t i e s  f o r  t h e  CTRAPRG elements a r e  de f ined ,  and ax isymmetr ic  boundary 
cond i t i on ;  a re  added. For t h i s  case, Young's modulus i s  g i ven  as 194,400 
l b l f t ,  Po isson 's  r a t i o  i s  0.3, and t h e  c o e f f i c i e n t  o f  thermai expansion i s  
0.00009 f t l f t -  F. 

PATCOS i s  then used t o  genera te  t h e  co r respond ing  COSMICiNASTRAN b u l k  
data.  T k ~ i s  t i m e  t h e  app rop r i a t e  EXECUTIVE and CASE CONTkOL cards  a r e  added, as 
w e l l  ds a s f n g l e  p o i n t  constraint ca rd  t o  e l i m i n a t e  a1 1  degrees o f  freedom 
except  t h e  i n -p l ane  ax isymmetr ic  mot ion .  Also, Secause t h e  s t r u c t u r a l  mesh 
corresponds i d e n t i c a l l y  t o  t h e  p reced ing  thermal  mesh, t h e  punch f i l e  
generated d u r i n g  t h e  thermal  a n ? l y s i s  can be appended d i r e c t l y  t o  t h e  
s t r u c t u r a l  COSMICINASTRAN i n p u t  f i l e .  C l e a r l y ,  t h i s  i s  a most des ' rab le  
s i t u a t i o n  and, f o r  t h i s  reason, many thermal  models a r e  commonly over-modeled 
such t h a t  a  s t r u c t u r a l  a n a l y s i s  can be performed e a s i l y  a t  a  l a t e r  t ime .  



The OUTPUT2 f i l e  generated du r ing  the  COSMICINASTRAN run  i s  processed by 
COSPAT and PATRAN i s  used t o  p l o t  t h e  deformed shape (F igure  5 )  and s t ress  
contours ( F i g w e  6 ) .  

S t ruc tu ra l  Model (Mesh 2)  

The nex t  s tep i s  perhaps the  most d i f f i c u l t ,  i n  t h a t  a new s t r u c t u r a l  
mesh i s  t o  be def ined but  subjected t o  the temperature distribution ca lcu la ted  
i n  t he  i n i t a l  thermal analys is .  Many schemes have been devised t o  i n t e r p o l a t e  
r e s u l t a n t  temperature f i e l d s  onto new s t r u c t u r a l  mesnes. The inherent  
c a p a b l i l  i t y  t o  the  PATRAN approach o f  d e f i n i n g  a model ' s  environment i n  terms 
o f  t he  model geometry and not  t h e  f i n i t e  element mesh shows g rea t  p o t e n t i a l  t o  
so l v ing  t h i s  problem. However, d i r e c t  methods have no t  y e t  been developed. 

The approach taken here i s  t o  d e f i n e  PATRAN data patches (sur faces)  t h a t  
l i e  i n  the  thermal d i s t r i b u t i o n  f i e l d .  PATRP'I data e n t i t i e s  ( l i n e s ,  surfaces, 
and vo:unes) can be created t o  represent  a parametr ic c(:bic v a r i a t i o n  o f  any 
sca lar  f unc t i on  [ 4 ] .  These data s w f a c e s  can then be apo l ied  t o  t he  geometry 
independent o f  t he  f i n i t e  element mesh dens i ty .  This i s  made poss ib le  by 
tak ing  advantage o f  the  axisymnetr ic  na ture  o f  t he  problem. It i s  noted t h a t  
the  s p a t i a l  o r i e n t a t i o n  o f  t he  model i s  complet ly  de f ined by X -  and 
Z-coordinates and t h a t  the Y-coordinate i s  always zero. Hence, a 100- l ine  
FORTRAN program, developed i n  two hours, combines the  s p a t i a l  model 
coordinates w i t h  t he  nodal temperatures t o  d e f i n e  PATRAN geometric po io t s  
( g r i d s )  i n  a PATRAN neu t ra l  f i l e .  The th ree coordinates o f  these g r i t i  p o i n t s  
are spec i f i ed  as X, TEMP, Z so t h a t  they a c t u a l l y  l i e  i n  t he  temperature 
f i e l d .  

The next  s tep  i s  t o  d e l e t e  a l l  f i n i t e  elements and noCes i n  t h e  PATRAN 
axisymmetric model, leav ing  on ly  t he  model geometry. The temperature neu t ra l  
f i l e  i s  ther! combined t h  the PATRAN model and these new g r i d  po in t s  a re  used 
t o  de f i ne  PATHAN data patches. The cubic data patches are  def ined by 
spec i f y i ng  sca lar  values t h a t  l i e  i n  t h  d i s t r i b u t i o n  f i e l d .  Hence, i t  i s  an 
easy task t o  have PATRAN e x t r a c t  t he  r -coordinates of selected g r i d  p o i n t s  t o  
d e f i n e  the  des i red  data patch ( sca la r  f unc t i on ) .  

A new s t r u c t u r a l  mesh i s  def ined w i t h  a non-mi fo rm element dens i t y  
(F igure  7 ) .  Then, eac9 patch i s  lodded w i t h  i t s  corresponding data patch and 
each f i n i t e  element node i s  assigned automat ica l l y  a temperature depending on 
i t s  l c c a t i o n  i n  the  data patch func t ion  (F igure  8). Geometric patches were 
constructed t a  show the  temperature d i s t r i b u t i o n .  

PATCOS then t rans la tes  t h i s  new model and loading combination i n t o  
COSMICINASTRAN bu lk  data.  The EXECUTIVE and CASE CONTROL cards are  addsd and 
the  ana lys is  i s  run. COSPAT i s  used t o  generate the  postprocessing f i l e s  t h a t  
lead t o  the  f i n a l  Z-X  shear s t ress  p l o t s  f o r  t he  c r i t i c a l  area shown i n  F igure  
9. 



CONCLUO: NG REMARKS 

An overview o f  the  cu r ren t  capabi l  i t i e s  provided by the  
PATRAN-COSMIC/NASTRAN i n t e r f a c e  IS described. While the  ex tent  o f  these 
capabi l  i t e s  i s  important  i n  assessing the i n t e r f a c e  qua1 i t y ,  t h e  example 
problem i l l u s t r a t e s  the  wide range o f  f l e x i b i l t y  provided. PDA Engineering, i n  
i t s  shor t  h i s t o r y  o f  i n t e r f a c e  development, hs; made major s t r i d e s  i n  l i n k i n g  
up the unique ana lys is  t o o l s  found i n  many fl ~ f f e r e n t  programs. Improvements 
have been made which were p r i m a r i l y  due t o  a c lose working r e l a t i o n s h i p  w i th  
the engineering community. We were thus ab le  t o  de f ine ,  anc: meet, t h e  r i s i n q  
needs and expectat ions of the  analysts.  

The f u t u r e  ho lds  a g rea t  promise f o r  more e f f i r i e n t ,  complete, and 
soph is t ica ted  methods i n  sof tware and Plardrzre networks, : o solve a growing 
d i v e r s i t y  o f  engineering problems. PDA's i n t e r f a c e  developments a l ready are 
c a n ~ i d p r i n g  new approaches t o  thermal modeling, subs t ruc tur ing ,  and cumposite 
ma te r i a l  modeling. I t  i s  c l e a r  t h a t  PDA i s  comnitted t o  p rov id ing  the 
engineer ing comnunity w i t h  the  h ighest  q u a l i t y  modeling and ana lys is  sof tware 
through more e f f i c i e n t ,  complete, and accurate data d e f i n i t i o n  and t r a n s f e r  -- 
vzry o f t e n  based on user recomnendations. 
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Table 1 
COSMICINASTRAN Card Types Supported By PATCOS ( 5 0 )  

Coordinate Framec - 
CORDZC 
CORD2R 
CORDZS 

Node Coordinates 

G R I D  

Element D e f i n i t i o n s  

CBAR 
CELAS2 
CHBDY 
CHEXAl 
CHEXA2 
CIHEXl 
C IHEX2 
C IHEX3 
CON142 
CQDMEM1 
CQDMEM2 
CQDPLT 
CQUADl 
CQUAD2 
C ROO 
CSHEAR 
CTETRA 
CTRAPHG 
CTRBSC 
CTRIAl 
CTRIAZ 
CTRIARG 
CTRIM6 
CTRMEM 
CTRPLT 
CTRSHL 
CWEDGE 

Element Proper t ies  - - 
PBAR 
PHBOY 
PIHEX 
PQDMEMl 
PQDMEM2 
PQDPLT 
PQUAD 1 
PQUAD2 

PSHEAR 
PTRBSC 
PRTIAl 
PTRIA2 
PIHIM6 
PTRMEM 
PTRPLT 
PT?SHL 

Ma te r i d l  P r ~ p e r t i e s  

Pressure Loads - 

PLOAL 
PLOAD2 
PLOAD3 

Node Forces 

FORCE 
MOMEYT 

Spec i f ied  
Node D ~ s D ~  acements 

SPC 

Const ra in ts  

Tevperatures 

TEMP 

Bar Deformation - 

DEFORM 

CNGRNT 



T a b l e  2 
COSMICiNASTRAti Ca rc i s  S u p p o r t e d  By COSPAT (58) 

A. C o c r d i n a t e  f r a m e s  
CORDZC, COROZR, COROZS 

B. G r i d  p o i n t s  
GRID ,GRDSET 

BAROR , T R I A I ,  CBAR , CTRIA3, C W D  , CQOMEMI 
CTRBSC, CTRIPRG, CTRIAZ, CTIMEM, CQUADI, CQDMEMZ 
CSHEAR, CTRAPRG, CQDMEM, CQL'ADZ, CHEXAZ, CUEOGE 
CIHEXZ, CTRPLT , CTETRP, CQDPLT, CTRIM6, 
CTRSHL, CTRPLTI,  CHEXAI, C IHEXI ,  

PBAR , ?BEAM , PROD , PTRIAZ, PTWEPI 
PQUAD1, PQUAD2, PQDMEM, PTRIAZ, PHEX 
PSOLID, PHBOY , PSHEAR, PSHELL 

E. M a t e r i a l s  

F. F n r c e s  a n d  C o n s t r a i n t s  

SPC , S P C l  , FORCE , MOMENT, TEMP , DEFOW 



Table 3 
PATRAN Input Di rect ives To Create Thermal Clodel 

€0 
1 
l 
2 
'I I 
1 
BOO 
6R,1,, .45 
GR,2,, -5- 
Gii,3,, -95 
64,4,,1.75 
i1.3C.26, ,lT3,34 
L I  .#,TR,1/.3,1 
L I  ,#,TR,// .15,2 
L I  ,#,TR,/! .05,3 
PA,7#,2L, ,113,416 ! Fin ish geometry creat ion 
6F,Pl, ,417 ! Define thermal mesh 
6F.92, ,414 
6F,P3, ,1312 
CF,PIT#,QUADI417 ! Define axisymnetric quad. elements 
L I  ,4# ,26, ,6/8/1015,7/3/4/1 ! Create geometry for  convection boundary 
6F,lOL,,7 ! e s h  boundary 
6F,4L/715, ,4 
GF,8L,,3 
6:,6L,,13 
6F,3L,,2 
COLOR, BAR, BLUE 
GRID,100, ,100 
6RID,200, ,200 
CF, lOL,BARl2/5 
1 
G 
100 
4 
CF,4LT4,BARl2/5 
1 
G 
200 
4 
E 
2 
3 

! I n i t i a l i z e  PATliAN 

! Change view t o  X - Z p l m e  

! w i n  geanetry creat ion 

! Define scalar p i n t s  

! Define convection elements 

! Reference ambient source 

! Use menu sytem t o  optimize bandwidth 



Table 3 [Continued) 

! Define s-a lar  po in ts  f o r  ambient tmpera tu re  

N 
2 
1 
Y 
7 
3 
3 
1 
NODE, 100 ,ADD 
1 
1 
100.0 
5 
NODE, 200, AW! 
1 
1 
200.0 
5 
P:SP,NIOO,ADD,l ! Specify ambient t e m ~ r a t u r e s  
500. C 
OISP,NZOO,ADD,l 
70.0 
PF,PlT3,QUAD/4/7, ,Hl ! Assign mater ia l  types 
PF,lOL,BAR/2/5,2,i 
?F,4LT9,0AR/2/5,3,3 
PMAT,l,TIS,15 ! Specify mater ia l  propert ies 
P)IIAT,2,TIS,12 
fWAT,3,TIS,3 
E 
5 ! Create PATRAN neut ra l  f i l e  
1 
1 
AX:SYMETRIC COOLING FIN (THEfMAL MODEL) 
N 
STOP 



Table 4 
Sampling O f  NASTRAN Thermal Analysis Input 

I 3  DHL,NASTRAN 
APP HEAT 
"IL 1 
TIHE 90 
DIAG 14 
ALTER :09 S 
P A W  I t  C,N,MOP/V,N,TRUE=-1 
EQUIV HOUGVl,OUGVl,/TRUE $ 
OUTPUT2 , , , ,//C,N,-:/C,N,Q2/V,ti,Z S 
0UTPUT2 OUGV1 , , , ,//C,N,O/C,N,92/V,N,Z S 
ObTPUT2 ,,,, //C,N.-9/C,N,92/V,N,Z f 
ENDALTER 
CEND 
TITLE = LINEAR STEADY STATE CONDITION THROUGH A COOLING FIN 
SUBTiTLE = AXISYWETRIC RING ELEMENTS, FILM HEAT TRANSFER 
OUTPUT 
TdERHAL(PR1NT. WNCH) =ALL 
OLOAD = ALL 
SPC = 1 
BEGIN BULK 
SAXISYWETRIC COOLING FIN (THEWAL MODEL) 
$--BULK DATA CARDS PRODUCED BY "PATCOS" VERSION 1.6A: 09-JAN-85 15.54: 40 
SPC 1 100 i 500.000 
SPC 1 200 1 70.0000 
GRID  1 0.45000 0. 0. 
GRID 2 0.48333 0. 0. 
GRID  3 0.48333 0. 0.05000 
GRID  4 0.45000 0. 0.05900 
GRID  100 100.0000 0. 0 . 
GRID  200 200.0000 0. 0. 
CTRAPRG 1 1 2 3 4 0.000 1 
2TRaPRG 2 2 5 6 3 0.000 1 
CTRAP96 3 5 7 8 6 0.000 1 
CTRAPRG 4 4 3 9 10 0.000 1 
CHBDY 40 2REV 26 22 E 40 
+E 40 100 100 
CKBDV 41 2REV 22 18 E 41 
+E 41 100 100 
CHB!IY 42 2REV 18 14 E 42 
+E 42 1 OC! i 00 
CHBOY 43 2REV 14 ; 3 E 43 
+E 43 100 100 
CHBDY 69 3REV 64 63 E 69 
+E 69 200 200 
PHBDY 2 2 
PHBDY 3 3 
MAT4 1 15.0000 
MAT4 2 12.00Q0 
MAT4 3 3.00000 
ENDDATA 



Figure 1 
PATRAN - To - COWIC/MSTRAN Interface 

( Augus t 1984) 

PATRAN ---+ Neutral F i  1 e r [-=-lbLl 
NASTRAN 

h l k  data 

anal ys i s  

1- 1 F i l e  I 

Figure 2 - Pipe With Cooling Fins 
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TWO INTERACTIVE GRAPHICS POSTPROCESSORS FOR NASTRAN 

Robert R.  Lipman 

David W. Taylor Naval Ship Research and Development Center 
Numerical Structural Mechanics Branch 

Bethesda, Maryland 20084-5000 

SUMMARY 

Two new interact ive computer graphics postprocessors, MAGGRAF and NASTEK, 
used for displaying NASTRAN-generated resu l t s  are  described. NAGGHAF is capa- 
ble of displaying magnetic potentials or f i e ld s  c3mputed from resu l t s  gen- 
erated by a NASTRAN magnetostatic analysis. NASTEK is capable of d i s ~ l a y i n g  
NASTRAN-generated PLT2 f i l e s  on most Tektronix terminals. Examp; ,. 'he 
plot t ing capabi l i t ies  for each of tne programs d i l l  be presented ' ', 
plots  of the magnetic f ie ld  around a ferromagnetic sphere and ?' a z i  . , l o t s  
drawn w i t h  solid and dotted l ines .  

MAGGRAF 

Introduction 

MAGGRAF is an interact ive computer graphics pozfprocessor used to  display 
magnetic potentials,  t o t a l  f i e ld s ,  ar  f i e ld  components computed from resu l t s  
generated by a NASTRAN magnetostatics analysis. 14s type of analysis com- 
putes magnetic potentials about ferromagnetic bodies due t o  source magnetic 
f ie lds .  MAGGRAF computes the magnetic f i e l d s  or potentials from the prolate 
spheroidal harmonic expansion coefficients generated by NASTRAN. Magnetic 
f i e ld s  or  potenttals can be displayed outside the prolate spheroidal surface 
a t  single points, along l ines ,  or on planes in the form of X-Y graphs, two- 
dimensional (2D) ccntour pl- ts, or three-dimensimal (3D) surface plots.  

Solving for the Magnetic Potential 

The tb1eory behind the governing equations for determining the magnetic 
potential  around a ferromagnetic body is  described in reference 1. Solving 
for the magnetic potential  in  HAGGRAF requires the solution of Laplace's equa- 
t ion i n  prolilte spheroidal coordinates. The solution is given by 



where 
4 = reduced magnetic scalar potential 

6 , n,B = prolate spheroidal coordinates - o = cocrdinate of the interim prolate spheroieal zurface 
m n: 
Pn.Q, = Legendre functions of the first and second kind, respectively 

- prolate spheroidal harmonic expansion coefficients A m * & ?  - 

E in*) ! 
(2n+l) ---- 

(n+m) ! sin q n ,  el~: (n) an  
Bm 

t,(?,!-j) = distribution of potential 0 on prolate spheroidal s~rface f = f 
r, 

If the user has included in the finite element model a prolate spheroidal 
surface which encompasses all of tne ferromagneti2 materiai. then NASTRAN can 
compute the prolate spheroidal harmonic expansion coefficients and store them 
on a Fortran-readable file. IIAGGRAF accesses these coeff:cients and solves 
equation (1) for any point outside the surface. 

Input 

Several quantities must be input to %GGRAF before the program car! com- 
pute the magn 'ic potential or field including the name of the file containing 
the prolatc spheroidal t rmonic expansion coefficients, a user-defined title, 
the type of graphic output to be generated. the component of ttir? magnetic 
field strength or i~~duction to be computed, and the odtput rnits. The type of 
graphic output selected determines the input, i.e., the coordilates of the 
points which define the X,Y,Z locations at which the magnetic field or poten- 
tial is to be computed. For example, to define a set of poin:s on a line, the 
Y and Z coordinates, the beginning and endtng X coordinates, and the rum@-r of 
increments in X are input. To definc! a rectangular grid cf points on a plane, 
the Y coordinate, the bounding X and Z coordinates of the plane, and the 
number of increments in X and Z are input. Li.iear combination factors are 
also input. These factors multiply the v a l e  of the source maglletic fields 
specified in subcas,~s in the NASTRAN data deck to produce a total source mag- 
netic field from various combinations of individual sources. 

output 

All of the examples of out,pm.t generated by MAGGRAF s h ~ m  in figures 1-ri 
ar cf a component of the magnet .c field strength or induction aro~nd 3 fer- 
romagnetic sphere. An X-Y graph is shown in figure 1. A 2D ,x>ntour plot is 



stown i n  f i g u r e  2. A 3D p e r s p e c t i v e  s u r f a c e  p l o t  is shown i n  f i g u r e  3. A 30 
o--thogonal s u r f a c e  p l o t  w i t h  h i d i r o  i i i i e ~  rcz;ve? is st== i n  flgnrc a .  

To g e n e r b t e  a 2D wn';our p i o t ,  con'tour l i n e 2  a r e  drawn i n  r e c t a n g l a r  
r e g i o n s  foruied 3y f o u r  a d j a c e n t  p o i n t s  a t  which t h e  magnet ic  f i e l d  o r  poten- 
= i a l  was c a l c u l a t e d .  For each  r e c t a n g l e ,  a f i f t h  p0ir.t is i n t e r p o l a t e d  i n  che 
c e n t e r .  The f i v e  p o i n t s  d e f i n e  f o ~ r  t r i a n g u l a r  subreg ions .  Gi ren  t h e  v a l u e s  
o f  a con tour  l i n e  and of  t h e  magnet ic  f i e l d  o r  p o t e n t i a l  a t  t h e  f i v e  p o i n t s ,  
t h e  c o o r d i c a t e s  o f  tine p o i n t s  a t  which a c o n t o u r  l i n e  w i l l  c r o s s  ' h e  s i d e s  o f  
t h e  t r i a n g u l a r  s u b r e g i o n s  can  be determined.  

The e l e v a t i o n  o f  a 3D s u r f a c e  correspond? t o  t h e  v a l u e s  o f  t h e  a a g n e t i c  
f i e l d  o r  p o t e n t i a l .  To remove t h e  hiddeg l i n e s  i n  t h e  3D s u r f a c e  p l o t ,  t h e  
s u r f a c e  is r o t a t e d  such  t h a t  p o i n t s  a long  a d i a g o n a l  o f  t h e  Grid o f  p o i n t s  a t  
which t h e  magnet ic  f i e l d  o r  p o t e n t i a l  was computed h a l l  appear  a l c n g  a v e r t i -  
c a l  l i n e  on t h e  p l o t  ( r e f .  2 ) .  Then MAGGRAF can  c w p u t e  t h e  p o i n t s  t h a t  a r e  
v i s i b l e  a l o n g  any v e r t i c a l  l i n e  on t h e  p l o t .  

NASTEK 

NASZZK p l o t s  NSTBAN-generated PLT2 fi les on T e k t r o n i x  4010, 4050, 4100. 
and 4110 series t e r m i n a l s  ( r e f .  3).  Maray c p t i o n s  a r e  a v a i l a b l e  i n  NASTEK. 
Any frame i n  t h e  PLT2 f i l e  can be p l o t t e d ,  o r  t h e  e n t i r e  f i l e  cari be p l o t t e d  
a u t o m a t i c a l l y  w i t h  a hardcopy made of  each  frame. Frames can be reduced o r  
e n l a r g e d  by s e t t i n g  a s c a l e  f a c t o r .  F l o t s  can be drawn w i t h  s o l i d ,  d o t t e d ,  
dashed, o r  c o l o r e d  l i n e s  by u s i n g  t h e  P E N  o p t i o n  on t h e  PLOT c a r d .  Four 
s t y l e s  o f  d o t t e d  o r  dashed l i n e s  a r e  a v a i l a b l e .  E i g h t  d i f f e r e n t  c o l o r e d  s o l i d  
l i n e s  a r e  a v a i i a b l e  on t h e  c o l o r  Tek t ron ix  t e r m i n a l s .  

Output 

F i g u r e s  4 8  a r e  examples o f  plot- .  genera ted  by NASTEK. F i g u r e  5 is a 
p i o t  o f  d i sp lacement  cont.ours.  F i g u r e  6 is an e n l a r g e d  p l o t  o f  t h e  frequitncy 
ae format ion  o f  a s t r u c t l ~ r e .  F i g u r e  7 is an e n l a r g e d  p l o t  o f  t h e  undeformed 
shape o f  a s t r u c t u r ? .  F i g u r e  8 is an en la rged  p l o t  o f  the same s t r u c t u r e  a s  
i n  f i g u r e  7, p l o t t e d  w i t h  d i f f e r e n t  t y p e s  o f  d o t t e d  l i n e s  t o  d i f f e r e n t i a t e  
p t r t s  o f  t h e  s t r u c t u r e .  Colored l i n e s  could bave been used i n s t e a d  o f  iko 
d o t t e d  l i n e s .  

COMPUTER CODE 

Both MAGGRAF and NASTM a r e  w r i t t e n  i n  F o r t r a n  77. MACGRAF and NASTEK 
a r e  approximately  4000 and 600 l i n e s  l o n g ,  r e s p e c t i v e l y .  C u r r e n t l y ,  bo th  pro- 
grams -e w r i t t e n  w i t h  s u b r o u t i n e s  from t h e  Tek-ronix TCS and Advanced Graph- 
i n g  I1 l i b r a r y  o f  g r a p h i c s  s u b r o u t i n e s .  The f u t u r e  v e r s i o n  of MAGGRAF w i l l  b e  
r e w r i t t e n  w i t h  Metagekls  TEMPLATE g r a p l ~ i c s  s o f t w a r e  and u i l l  produce p l o t s  i n  
c o l o r .  The f u t u r e  v e r s i o n  of NASTEK w i l l  be  s o f t w a r e  independent .  
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FERROHRQNETIC SPHERE 
Z COHPOWENT OF HAONETIC FIELD IMDUCTrOM UERSUS X COORDINATE POSIT1OM 

n COORDIW1)TE (IWrTRs) 

F i g t ~ r e  1 - X-Y graph 



Figure  2 - 2D contour p l o t  





FERROnhQNETIC SPHERE 
V CORPONENT OF HAONETIC FIELD STRENGTH 

1 1 WI4ItI . -6.32452E-81 LtRPS/nETEI! 
IJNHk m d.3245EE-81 4RPSsnETER 

I I ZWIrl  - -20 .0  RETERS 
?Rk?. = 20.0 IIETERS 

I 4 
1 0.w e . a  

Figure  11 - 31) surf'ace plot w i t h  hidden lines removed 
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A N  TJNUSUAL APPLICATION OF NASTRAN CONTOUR 

PLOTTING CAPABILITY 

S. Mit ta l ,  k!. G a l l o  and T. Wang 
BELL AERgSPACE TEXTRON 

A s imple  p rocedure  t o  o b t a i n  con tour  p l o t s  of any physic11 q u a n c i t y  d e f i n e d  on 
a  number of p o i n t s  of t h e  s u r f a c e  of a  s t r u c t u r e  i s  p r d s e n t e d .  R ig id  Format 1 of 
HEAT approach ir  Cosjnic NAST2AN i s  ALTERED t o  e n a b l e  u s e  of con tour  p l o t t i n g  capa-  
b i l i t y  f o r  s c a l a r  q u a n t i t i e s .  ALTERED D F W  sequrnce  and exzmples a r e  i n c l u d e d .  

INTRODUCTION 

I n  many e n g i n e e r i n g  s i . tuat i0n.s  e i t h e r  a  u s e r  h a s  t h e  need f o r  v i s ~ ! d l  v e r i i i c a -  
t i o n  of t h e  i n p u t  d a t a  f o r  s t r u c t u r a l  a n a l y s i s ,  e . g . ,  t empera tu re  d i s t r i h u t i o n  f o r  
the rmal  s t r e s s  a n a l y s i s  i n  h e a t  exchangers  o r  might  wish  t o  o b t a i n  c o n t o u r  p l o t s  of 
a  n o n s t r u c t u r a l  e n g i n e e r i n g  q u a n t i t y  l i k e  f l u x  o r  a n g l e s  of i n c i d e n c e ,  e t c .  Most 
o f t t n ,  a  d e t a i l e d  s t r u c t u r a l  a n a l y s i s  of t h e  same p i e c e  of t h e  hardware i s  a l s o  re- 
q u i r e d ,  f o r  which a  NASTRAN f l n i t e  e l e m e r t  model i s  a l r e a d y  a v a i l a b l e .  I n  such  
s i t u a t i o n s ,  t h e  concour p l o t t i n g  c a p a b i l i t y  i n  NASTRAN c a n  be v e r y  c o n v e n i e n t l y  used 
t o  g e n e r a t e  d e s i r e d  p l a t s .  I n  KASTRAN con tour  p l o t s  can  a n l y  be o b t a i n e d  f o r  s u r -  
f a c e s  t h a t  have 2-dimensional e lements .  However, f  o r  model- w i t h  s o l i d  e lements  
o n l y ,  dummy l a y e r s  of v e r y  t h i n  p l a t e  e l e m e n t s  have been used t o  s u c c e s s f u l l y  draw 
con tour  p l o t s  even i n  t h e  i n t e r i o r  of t h e  s t r u c t u r e .  

Heat anproach,  s o l u t i o n  1 i n  COSMIC NASTRAPJ i s  p r e f e r r e d  :or t h i s  a p n l i c a t i o n  
because i t  p e r m i t s  d e f i n i n g  a  s c a l a r  q u a n t i t y  a t  a  g r i d  p o i n t  and ma' .e t h e  d a t a  
p r e p a r a t i o n  e a s i e r .  P rocedure  i s  i n e x p e n s i v e  because a lmos t  a l l  :hr s o l u t i o n  s t e p s  
i n  t h e  R i g i d  Format a r e  sk ipped  and o n l y  t h e  p l o t t i n g  c a p a b i l i t y  1s r a d e  u s e  o f .  

The a p p l i c a t i o n  of t h e  p r e s e n t e d  t echn ique  r e q u i r e s ,  f o r  l a r g e  problems,  some 
a d d i t i o n a l  computer programming e f f o r t  where g r i d  p o i n t  d e f i n i t i o n  d a t a  i s  r e a d  from 
a  NASTXAN deck ,  the  p h y s i c a l  q u a n t i t y  i s  computed on t h e  c o o r d i n a t e s  of g r i d  p o i n t s  
and t h e  r e s u l t s  a r e  w r i t t e n  o u t  on NASTRAN f o r m a t t e d  SPC c a r d s .  A l t e r n a t i v e l y ,  f o r  
s m a l l  problems,  t h i s  d a t a  can be manual ly  i n p u t  on hPSTRAN c a r d s .  

CONTOUF PLOTTING PROCEDURE 

To o b t a i n  con tour  p l o t s ,  a  r e g u l a r  NASTRAN r u n  w i t h  DMAP a l t e r s ,  p r e s e n t e d  i n  
Appendix A a s  p a r t  of a  sample e x e c u t i v e  deck ,  i s  r e q u i r e d  t o  be s u b m i t t e d .  Normal 
in l -u t  d a t a  p r o c e s s i n g  f o r  geometry d e f i n i t i o n  i n  terms of G R I D  and e lement  connec- 
t i o n  c a r d s  and p l o t  s e t  d e f i n i t i o n s  i s  done a s  b s u a l .  



The p h v s i c s l  q u a n t i t y  must be def ined  a s  enforce.  . .:olacement 
SPC ca rds  f o r  each g r i d  p o i n t .  The m t i r e  s o l u t i o n  sequence i s  ski?p. d  and a n  equiv-  
a lence  's made between t he  s i n g l e  p o i n t  c o n s t r a i n t  set(Us)  and t i e  s t , u c t u r a l  s e t  
(Ug) ( ~ e f e r e r c e  i). This  s t e p  r e d e f i n e s  t h e  i n p u t  a s  output  s r  - *3t the  output  
Ivector  can now be processed t o  genera te  p l o t s .  Once the user  nc s  t he  SPS ca rds  
t he  r e s t  of t he  procedure i s  automatic .  

The ca se  c o n t r o l  deck conz iscs  of t he  s e l e c t i o n  of SPC s e t  and p r in t i i l g  o u t ,  i f  
d e s i r e d ,  of tile phys i ca l  q u a n t i t y  a s  temperature.  The   lotting i t s e l f  i s  requested 
v i a  r e g u l a r  NASTRAN ca ld s .  A simple case  con t ro l  deck i s  shown i n  Appendix B. 

Buik d a t a  must i nc lude  GRID c a r d s ,  -.le~nent connect ion ca rds  t o  d e f i n e  two dimen- 
s i o n a l  s u r f s c e s  and dummy proper ty  and m a t e r i a l  ca rds .  I n  a d d i t i o n  t he  SPC c a r d s  
con t a in  t he  information r equ i r ed  t o  gexera te  t he  contour  p l o t s .  A p p e ~ d i x  C shows a  
sample Bulk Data deck. 

EXAMPLES 

The f i r s t  r.red a t  B e l l  Aerospace Textron f o r  t h i s  uncommon a p p l i c a t i c n  a rose  
dur ing  thermal  s t r e s s  a n a l y s i s  of cooled l a s e r  m i r r r c s .  The tomperatlire d i s t r i b u t i o n  
on t he  mi r ro r  su r f ace  and t he  i n t e r i o r  was used a s  one of L e  load ing  cond i t i ons  f o r  
t he  s t r e s s  ana ly s i s .  The temperature had Deen computed u s i  ., a  f i n i t e  d i f f e r e n c e  
hea t  t r a n s f e r  program. An intermedicit _ FORTRAN prog-am genera ted  LASTRAN i n p u t  d a t a  
cards.  A s  a  v e r i f i c a t i o n  of i n p u t  cilta i t  wan decided t o  ob t a in  contour  p l o t s  of 
the i n p u t  t enpe ra tu r e  d i s t r i b u t i o n .  Typica l  temperature contour  p l o t  obtained is  
shown i n  F jzure  1. This  -2presen ts  t he  temperature d i s t r i b i r i o n  on t he  mi r ro r  f ace .  
This  p roces s  helped d e t e c t  --I$ c o r r e c t  e r r o r s  i n  t he  i n p u t  a ~ . r , l  For subsequent s t r u c -  
t u r a l  ana ly s i s .  

A second example of t he  succes s fu l  a 7 p l i c s t i o n  of t h i s  tect.nique r e i a t e s  t o  t h e  
angle of i r x idence  p l a t s  f o r  a i rbo rne  r ada r  a p p l i c a t i o n s .  S t r u c t u r a l  a n a l y s i s  of a 
t y p i c a l  radome housing was r equ i r ed  and a NASTRAN f i n i t e  element model was a l r eady  
ava i l ab l e .  The c u r r e n t  technique helped o b t a i n  contour  p l o t s  o t  the  angle of i n c i -  
dence on the  radome sur f  ace.  Th i s  provided user 'ul i n f o m :  on a t  r e l a t i v e l y  l i t t l e  
cos t .  A. s h o r t  FORTRAN program was w r i t t e n  t o  compute ang: s of inc idence  a t  a  given 
po in t  ny veading t he  coo rd ina t e s  of g r i d  p o i n t s  and computing normals t o  t he  neigh- 
boring e l e~uen t s .  Typica l  contour  p l o t  i s  shown i n  F igure  2. 

CONCLUDING REMARKS 

1. A s imple and inexpensive method of ob t a in ing  contour  p l o t s  of any nons t ruc t l l r a l  
q u a n t i t y  has been presen ted .  

2. This  method i s  most e f f i c i e n t  when a s t r u c t u r a l  f i n i t e  element model of t he  
su r f  ace on which coratour p l o t s  a r e  d e s i r e d ,  i s  a l r eady  a v a i l a b l e .  

3.  The phys i ca l  q u a n t i t y  i s  def ined  on SPC cards .  Usua l ly ,  an  i n t e rmed ia t e  com- 
pu t e r  program i s  h e l p f u l  i n  genera t ing  i npu t  d a t a  f o r  l a r g e  problems. 

h .  D M  ALTERS t o  be used i n  HEAT approach, Rigic' "ormat 1 a r e  provided. 



5. A9pl icat ions  a t  B e l l  Aer~aspace Tevtron have been varied and have pro-ridcd use-  
f u1 quick-look information. 
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1. --- The NASTRAN User ' s  Manual, NASA SP-221(C6), Sectior.  1.4.5, September 1933. 



APPZWIX A 

SAMPLE EXECUTIVF CONTROL DECK 

NASTRAN BANDIT=-1 
I U SECL!IG-' EXAiWLE 
APF HEAT 
SJL 1 
T IHE  3 
ALTER 3 3 ~ 8 0  
PAF:AM / , / t N O F f  / ? I = - 1  $ 
ERUIU YSvHUGViPl $ 

SDR2 C A S E C C ~ C S T M ~ ~ P T ~ D I T ~ H E ~ E X I N ~ H S I L ~ G F ' T T ~ F I I T ~ B G P ~ ~ ~ T ~ ~ H U G U ~ ~ E ~ T ~ ~ /  
rrHOUGVJ9vvHPUEVl/SSTATICS* 3 

OFP HOUGUl r , r r , I S 9  N Y CARnNO $ 

ENDALTER 
CENa 



APPENDIX B 

SAMPLE CASE CONTROI DECK 

'T ITLE = NASTKAN USEK'S COLLORUIH # 13 
SUBTITLE = CONTOUR PLOTS O F  I N C I I i E N T  ANGLES 
LABEL = RADOHE SURFACE 
!$PC = 1 
THERMAL i F'PINT i = AL.L 
OUl PUT (PLO T i 
PL.OTTER NAEiTf L TI  HOI!EL D, 0 
F'APEK S I Z E  10.5 BY 3.0 
VIEW 0 + 0 . 3 t O 1 0 + 0  
AXES ZpX9Y 
S T  1 = R I J A D ~ I T R I A ~  
F I N D  SCALE-SET I Y O R I G I N  1 
13TITL..E = FRONT V I t W  
CUNTOUF tiAGNZTUD*LIST 0 + 0 9 1 0 ~ 0 1 2 0 ~ 0 9 3 ~ ~ 0 ~ 4 0 + 0 9 S 0 ~ 0 : 5 2 ~ 5 ~ 5 5 ~ @ 1  

57.51i0.0~62~5~65.0~~7.5~70~0~72.5~75.0~7~+5~~~.@~?0+0 
PLOT CONTOURI SET 1 9  O R I G I N  l r  OUTLINE 
BEGIN BULK 



APPENDIX C 

SAXPI-E BU1.K DATA DECK 

G R I D  420 9,816 8 , 6 3 3  2,439 
CRUAD2 420 101 420 520 C? .-s .l 1 421 
CTfi ' IA2 217 201 215 317 313 
IZ'QUAD2 10 I 1001 .001 
IZ 'TRlA? 201 1001 ,001 
HAT4 1001 1 ,O  
SPC 1 420 1 
ENDPATA 
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ISOPARAMETRIC 3-0 FINITE ELEMENT MESH GENERATION USING INTERACTIVE 

COMPUTE2 GRAPHICS 

Cuneyd Kayrok m a  Dr. Tulga Ozsoy 
Department o f  Mechanical Engineer i  ng and Mecharli cs 

Lehi  gh l ln i  v e r s i  t y  

SUMMARY 

An isoparametr ic  3-0 f i n i t e  element mesh generator was developed w i t h  d i r e c t  
i n t e r f a c e  t o  Lehigh developed i n t e r a c t i v e  geometric modeler program c a l l e d  
POLYGON. POLYGON defines t h e  model geometry i n  terms o f  boundaries and mesh 
r e g i ~ n s  f o r  t h e  mesh generator. The mesh g ~ n e r a t o r  con t ro l s  t he  mesh f l o w  through 
t he  2-dimensional "spans o f  reg ions"  by us ing  t h e  t opo log i ca l  data def ines t he  
connec t i v i t y  between regions. The program i s  menu d r i ven  and t h e  user  has a 
con t ro l  o f  element dens i ty  and b ias ing  through t h e  spans and can a l so  apply 
b ~ u n d a r y  condi t ions,  1 oads i n t e r a c t i v e l y .  

INTRODUCTION 

The POLYGON (1) package developed a t  t h e  CAD Laboratory o f  Lshigh Un i ve rs i t y  
has been q u i t e  successful  i n  p rov id i ng  t h e  user w i t h  t o o l s  f o r  3-D w i r e  frames t o  
B-REP type  so l  i d  model representat ions conversion process. POLYGON can accept 3-2 
w i re  frame data from o ther  CAD systems e i t h e r  d i r e c t l y  o r  through format ted f i l e s .  
P3LYGON a1 so provides some geometry generat i  on and manipu la t ion capa t i  1 i t i e s .  
Furthermore, d i f f e r e n t  f i l e s  can be w r i t t e n  from POLYGON t o  be i npu t  f o r  o ther  
s o l i d  modelers use 0-REP type  representat ions. The f i n i t e  element modeling 
package was developed as a sub module w i t h i n  POLYGON, thus i t  has a d i r e c t  access 
t o  t h e  w i r e  frame data as w e l l  as t o  t h e  bounded surfaces, "regions" created by 
POLYGON. The main purpose o f  t h i s  i n t eg ra ted  approach i s  t o  reach a h igh degree 
o f  automation dur ing  t h e  mesh generat ion by reducir lg t h e  model p repara t ion  t i t t l e  
w i t h  l ess  requ i red  user inpu t .  Mesh f l c ~  i s  au tomat ica l l y  d i r ec ted  through t he  
number o f  spans which can be def ined us ing  t h e  t opo log i ca l  data f o r  regions. 
Cu r ren t l y  on ly  f ou r  and/or three-s ided regions are a i  lowed. I n  each reg ion nodes 
are created us ing  c u r v i - l i n e a r  coord inate system and quadra t i c  shape funct ions 
2 ) .  Supported element types a re  1 i near o r  parabol i c t r i a n g u l a r  and quadri  1 a t e r a l  
elements. Loads and r e s t r a i n t s  can a l s o  be app l iod  ?n t -e rac t i ve l y  t o  t h e  model. 
F i n a l l y ,  f i l e s  can be w r i t t t . n  f o r  i npu t  t o  COSMIC NASTRRN and SDRC's SUPERB f i n i t e  
element ana lys is  programs. F u l l  c o l o r  v i s u a l i z a t i o n  o f  t h e  f i n i t e  element mod.1 
i s  poss ib le  a t  any stage w i t h  extens ive view con t ro l  c a p a b i l i t i e s  such as dynamic 
r o t a t i o n ,  sca l ing,  t r a n s l a t i o n ,  zooming, etc.  I n t e r a c t i v e  menus 1 inked  i n  a t r ee -  
l i k e  s t r u c t u r e  a l lows users a na tu ra l  way o f  communication w i t h  t he  system. The 
program c u r r e n t l y  has been implemented on DEC ' s  l!S11 r a s t e r  te rmina ls  w i t h  16 
co lo rs  at tached t o  a VAX 11/780, and i s  supported by Lehigh developed VS11-3D 
Graphics Package (3).  



CURREYT CAPABILITIES OF THE FEM SYSTEM 

F i n i t e  element model c r e a t i o n  cons is ts  o f  s i x  bas ic  steps: 

1. Geonietry c rea t ion :  POLYGON prov ides user w i t h  some geometry c rea t i on  and 
manipu la t ion c a p a b i l i t i e s .  Points,  l i n e s ,  arcs, conics and cub ic  sp l ines  a re  
c u r r e n t l y  supported w i r e  frame e n t i t y  type;. Thus, 3-0 w i r e  frame geometry 
can be e i t h e r  created from sc ra tch  w i t h i n  POLYGON o r  on a ~ o t h e r  CAD system 
and then can be t r a n s f e r r e d  t o  t h e  POLYGON program. F igure  i i s  an example 
o f  part-geometry us ing  3-0 w i  r e  frame representat ion.  

Region c rea t ion :  Bounded surfaces o f  p lanar,  r u l e d  and sur face o f  r e v o l u t i o n  
t ype  can be def ined au tomat i ca l l y  and/or manually a t  t h i s  step. The same 
geometry g iven i n  F igure  1 i s  shown i n  F igure  2 w i t h  a l l  reg ions defined. 
These bounded surfaced (polygons), " reg ions"  must be e i t h e r  f o u r  o r  three-  
s ided  because o f  t h e  mesh generat ion scheme used. Once reg ions a re  def ined 
they can be ordered e i t h e r  c lockwise o r  counter-c lockwise automat ica l ly .  The 
edges o f  t h e  reg ions a re  converted i n t o  pa rabo l i c  t ype  and t h e  reg ion  data i s  
format ted i n  a way so i t  can be used d i r e c t l y  by t h e  FEM module. 

3. Span generat ion:  Span def ines t h e  f l ow  o f  mesh generat ion through t he  
regions connected by oppos i te  edges. Using t h e  edge and reg ion  data t he  
program can c rea te  spans automat ica l ly .  Spans can be h i g h l i g h t e d  f o r  user 
checking (F igure 3 and F igure  4 ) .  Spans can a l c g  be created and/or extended 
mandally t o  inc lude  more regions (Figure 5). Number o f  elements across t h e  
span and b i a s i n g  can be entered by se l ec t i ng  i n d i v i d u a l  spans o r  system 
prov ided d e f a u l t  values can be used. 

Search f o r  t h e  spans i s  b a s i c a l l y  d e f i n i n g  t h e  oppos i te  edge o f  
t he  cur rent  reg ion and t h e  o ther  reg ion shares t he  same edge. Region data 
conta ins t h e  edge loop and t h e  edge data conta ins t h e  reg ion  numbers a t tached 
t o  it. A span ends when t he re  i s  no more reg ion at tached t o  t h e  cu r ren t  edge 
( f r e e  edge) o r  i f  t h e  f i r s t  edge o f  t h e  span i s  reached. Each reg ion  w i  11 be 
crossed by two spans. A f t e r  t he  f i r s t  span has been def ined, search 
cont inues t c  de f ine  a l l  o ther  spans c ross ing  a l l  t h e  regions i n s i d e  t h e  
f i r s t  span. Automatic search ends when a l l  t h e  regions i n  t h e  model are 
crassed by two d i f f e r e n t  spans. 

4. Yesh generat ion:  Once t h e  spans a re  def ined, me3b i s  generated throughout 
the s t r u c t u r e  a t  once (F igure  6). F i r s t  nodes a re  gener..ted us i ng  t he  number 
o f  d i . i s i o n s  and b i a s i n g  in fo rmat ion  g iven across t h e  spans. Node gener3t ion 
i- performed i n  parametr ic  space us ing  c u r v i - l i n e a r  coora inate system and 
quadrat ic  shape func t ions  w i t h  m i  4-s i  de nodes p l  aced ha 1 f-way between corner-  
nodes, then they a re  mapped i n t o  t h e  cu r ren t  coord inate sys s. A f t e r  a1 1 
t he  nodes have been d e f i n e i  t he  elements a re  generatad. Since t h e  nodes a re  
generatnd i n  an ordered manner t he  g e n e r a t i x  o f  e l ~ ~ e n t s  i s  a t r i v i a l  
process. Fade- and elements a r e  l abe led  au tomat i ca l l y  du-;nq t h e i r  
generat ion ( F i g l ~ r e  7 and F igure 81. Cur ren t l y  on ly  l i n e a r  o r  parabo l i c  
t r i ang t i l  a r  and quadr i  l a t e r -  1 isopararnstr i  c element types a re  supported. 



5. F i n i t e  element mods1 preparat ion:  For each reg ion  d i f f e r e n t  mate r ia i  t ype  
numbers can be assigned t o  t h e  elements. Ma te r i a l  p roper ty  values can be 
inpu t  by t h e  user and s to red  i n  mate-ial t ab les  which then can be accessed by 
mater ia l  type numbers. De fau l t  r e s t r a i n t  and load  d e f i n i t i o n s  can be e d i t e d  
and they can be app l ied  t o  t h e  se lected nodes o r  along t h e  edges o f  t h e  
region. D i f f e r e n t  c o l o r  codings and arrow heads a re  used f o r  d i f f e r e n t  load 
types and r e s t r a i n t s  t o  enhance t h e  use r ' s  v i sua l  i za t i on .  

6. Creat ing i npu t  data f o r  f i n i t e  element analys is :  Once t h e  f i n i t e  element 
model in fo rmat ion  i s  generated, i npu t  f i l e s  can be w r i t t e n  f o r  e i t h e r  COSMIC 
NASTRAN o r  SDRC's SUPERB f i n i t e  element ana lys is  packages. 

CONCLUDiNG REMARKS 

The cur ren t  approach uses t h e  extended concept o f  regions w i t h  span 
d e f i n i t i o n .  Region re fers  t o  a bounded area i n s i d e  a span and i t s  p o s i t i o n  i s  
t o p o l o g i c a l l y  defined. Spans can be referenced as o ther  t ype  o f  f i n i t e  elemznt 
e n t i t i e s  but a t  h igher  leve! than regions. Thus a data se t  assigned t~ a span can 
be app l ied  t o  a l l  t h e  o ther  lower l e v e l  r e l a t e d  e n t i t i e s ,  i.e. regions, elements, 
nodes, etc., such as grouping f o r  app l i ca t i on  o f  boundary condi t ions,  o r  b lank ing 
f o r  b e t t e r  v i sua l i za t i on .  By us ing  span d e f i n i t i o n  remarkable savings can be 
reached e a s i l y  by reducing t h e  number o f  user i n t e r a c t i o n s  requ i red  a t  model 
preparat ion stage. T r a d i t i o n a l l y  a l l  t he  regions a re  def ined oqe ~y one, then t h e  
mesh i s  generated i n  each of them i n d i v i d u a l l y .  I n  F igure  2 t he  p a r t  contains 47 
regions but t he re  a re  on ly  15 spans. Since t h e  in fo rmat ion  r e l a t e d  t o  t h e  number 
o f  d i v i s i o n s  and b ias ing  across t h e  span i s  entered a t  span l e v e l  but  not a t  
region l e v e l  considerable tinle savings can be reached a+ t h i s  stage o f  t h e  model 
preparat ion process. 
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A NEW NASTRAN CAPABISiTY FOR DATA REDUCTION 

Michael Gallo and S. Mittal 
Bell Aerospace Textron 

SUMMARY 

A new m. -e, MODB, for the data reduction of NASTRAN results is described. 
N.4STRAN analysis results can be filtered and sorted for minimum/maximum values and 
the printed output resulting from large NASTRAN runs can be limited based on a 
number of available user options. The sorting is done on stresses, forces and 
vector quantities like displaceme?ts, velocity, and acceleration. The module can 
be accessed via DMAP alters to existing rigid formats, and has been used on a 
large number of statics and dynamics problems at Bell Aerospace resulting in 
considerable savings in cost, time, and the amount 3f printing. 

INTRODUCTION 

The high computational speed and large storage capacity of modern computers 
have enabled the analysis of large and complex structures. As a consequence, the 
structural engineer devotes much of his time to visually scanning, processing, and 
interpreting a larse amount of finits element analysis results. This process is 
both time-consuming and error-prone. The way to alleviate the problem is to 
ackomate, whenever possible, the scanning and interpretation of the results, and to 
give the analyst the option to reduce the antount of coctputer output according to his 
engineering requirements. 

The need for these capabilities has been felt for some time and a number of 
proprietary ,~ost-processors have been developed by various NASTRAM users. However, 
none have been integrated into COSMIC/NASTRAN for general use. Bell Aerospace has, 
therefore, developc3 an engineering-oriel-ted module for data re3uction which h ~ s  
been intc.grated into and offered to COSMIC/NASTRAN. M03B is currently in SOSMIC/ 
KASTRAN release April, 1984, at Bell Aerospace Textron. No new Case C ~ r i  31 or 
Bulk Data cards are required for input definition, only existing PARAM ,.. .d DTI cards 
are used. 

This papec describes the dat? reduction module and its capabilities and deman- 
strates its application on an actual analysis. 

DESCRIPTION 3F MODB 

MODB can process any real or complex OFP data block in SORT1 format. This 
includes eiemmt stresses, element forces, loads, displacements, forces of SPC, 
eigenl xtors, velocities, and accelerations. MODB currently contains coding for 
the 75 elemiits that existed in NASTRAN release April, 1982. The code is easily 
modifiable to include new OFP data blocks hnd elements as the need arises. 



User requests are processed to m t e  program conC~ls usat2 to suppress 
elements and to iderrtify vector or el-t type components to be used for 
filtering and/or sorting. For corrplex wectors, stresses, or forces, the user can 
specify a real w n e n t  n-r. T3te vector mrpontnt specified for either real 
or complex vectors rcst be in the range of 1 to 6. Fcr bcth real b-rd -1ex 
stresses and forces, t h  aser irwt component nuher is checke to determine if 
it is in :he ta~.qe of valid coqomnt r.uk?rs for that p&rtlcular element. The 
input data block undergoes a nmber of checks to insure it is valid f ~ r  the current 
version of !UXIB. 

The stress, force, or vector quarhtities in the OFP data block are filtered 
and stored in ccmpatt form in -ry for mbseqwmt use. The packed data is 
sorted and efficiemt data reduction is performed in accordance with the user's 
requiraents, The filtered/sorted data black is output in stan&ard OFP faxmat 
with appropriate labels and printed bf the exiscing CrP aodule, 

llDWl m y  be run either in conjamction vith NASTRAN as c single job or as a 
separate rur. f9llouing a regular WSTRAN analysis for which the n+cessary OPP 
data blocks to be filtered/sortcd have been saved via CHECICPT or by using 
2aAsTmK.s OVrPVfil or otm'ulT2 dules. 

m e  following is a brief description of the different capabilities presently 
available in KiUB: 

c)utput Selection 

NASTRkN Case Control Set cards are used to define lists of node point n e r s ,  
elerent nubers.or frequencies fcr use in output requests in the normal aanner. 
The ml08 user can then limit the data reduction process to selective element 
types and caqomnts t h u g h  Direct Table Input ;UFI) if ht so desires, 

The user has the option to filter/sort element stresses and forces or1 any 
selected stress or force amporrent. Vectors can also be filtered and/or 
sorted on a user specified ccnvponent. In all cases, a default coqmmnt will 
autolatically be selected by the program dependiny on the valw of ~ther 
filter/sort parameters input by the user. 

C )  Mrting: Output in a Preferred Sequence 

Sorting on laaxiru  magnitude, linimm mgnitude, raxiru algebraic valw, or 
minimwn algebraic value is possible, as uell as no sorting in cases whre only 
filtering is desired. Wltiple sorts in the same run m y  be requested. 

D) Filtering: Envelopes of Stresses, Forces, and Vector Quantities 

The user ray define a value which defines a lower bound beyord which the 
search for sorting is to begin. Stresses and forces are filtered on a 



specified stress or force amponent, Vecclors are initially filtered using all 
SIX ooqonents and then or. the user selected omponent, All line it- falling 
below the filter value are not printed. 

El racased output 

The user can contF~l the nvmber of Zincs of printed output. A lutivr of N 
lines w j  11 be output after filtering and,'or sorti? ha - been performed. 

The main input to llOOB coles from MASTECXN OFP type data blocks generated by 
the regular analysis. 2'3e Case Control deck SET cards define the actual elcvmt 
identification nrrkrs and ride .~tabers to be output for each suttase in the 
usual ranncr. The Bulk Data deck contains the main inforamtion requ;~-ecl for 
Qta reduction by mDB, *is infomation is i-t ttrrougA the use of existing 
PARM and DTI cards u.rlass defaults are used, 

In order to use m08, the following DHW staterents lust be inclrded in the 
Emmatiw Control deck either as a replacement for or an addition to the existing 
WP rodule in an-1 rigid format that uses .-l type OF3 data blocks. 

The data block and parameter nares used in the 3bove #UIP statestents rust be 
chanqed depending on the particnrlar rigj-d f o m t  rlsed and CFP *ta block to be 
processed by MKB, The Appendix contains a description of the ixzput ant! output 
data blocks, and parareters used by HUDEL 

A listing of the caqlete input and a sample of the output generated by mDB 
are given in figures 1 and 2. 

Scanning of analysis results and data reduction aay be perforred with the 
aid of HODB in an autmted fashion, thereby eliainating possible errors and 
waste of valuable man hours, hth of which occur rrher~ performing Qta reduction 
in a manual and/or visual ma, As a result, tha analyst is free to devote a 
larqer portion of his time to engineering-oriented dczision rraki~g based upon 
results cbtained in an organized and mmprehensive form. 

The use  of MODB provides the analyst with an efficient and convenient tool for 
the study of KSTRNU analysis results and their presentation for project docu- 
mentation. 
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APPENDIX 

ENTRY POIN-l': MDB 

PURPOSE 

To filter and/or sort SORTl OFP formatte3 data blocks. 

M A P  CALLING SEQUFNCE 

IWDB O F P D , I N D T I / O F P D X / C , Y , N I ~ = + O / C , Y ~ B I G E R = O . O / C , Y , S R = O  C,N,STRELTYP=O $ 

INPUT M A  BLOCKS 

OFPD--- Any of the following OFP SORTl data blocks. 

Elenent forces (Majo-: ID = 4 or 1004) 
Element stresses (Major ID = 5 or 1005) 
Displacements (Major ID = 1,1001,15 or 1015) 
Lcads (Major ID = 2 or 1002) 
Force of SPC (Major ID = 3 or 1003) 
Eigenvectors (Paior ID = 7,1007,14 or 1014) 
Velocities (Major ID = 10,1010,16 or 1016) 
Accelerations (Major ID = 11,1011,17 or 1017) 

INDTI--- User input DTI vhich can co3trol the elenents and components to be 
sorted. INDTI may be purged. 

The DTI table consists of pairs of values B .  and C.. 
1 1 

i 
- Element type identification number (Integer). If the 8 .  value is 0, then the 

1 correspondirig C. value is assumed to be a vector component. 
1 

C. - Stress/Force compnent identification number on which sorting is to be per- 
1 

Lonned (Integer) , 

If the C. value is -1, the element type will be suppressed on the output file. 
1 An exampAe of this feature could be as follows: If an element type is to be 

sorted on two different values and output twice, this can be accomplished by 
two calls to WDS with two mique DTI tables. 

NCTES: 

a- Data block OFPD must be Soft",* real or complex. 
b. If OFPP is purged 9r not recognized by MODB, then a non-fatal error will be 

generated and MODB will retura. 
c. If I!JTrI is purged, the defarxlt sorting code will be determined by the value 

that satisfies the condition defined by parameter SRTOPT. 
d. INDTI can be used to modify the SORT codes as follows: 



APPENDIX, con't, 

e. %ch entry is one of the following: 
1) For element types with existing data, two (2) words are used: 

a) Element type code (vectors tise a zsro). 
b) Stress item code. 

f, The data item "ENDRECn must appear following tbe last wrd of the last entry 
input. 

g, A limit of 100 stress items may be handled. New element types having more 
than 1CO items of stress data per element entry cdnnot be handled, The 
TRPLTl elencents have 65 items per element entry. 

t 

OUTPUT DATA BLXKS 

OFPDX--- Filtered and sorted OFP data block. 

1 

Note: OFPDX may not be purged. - 

0 D7I ' 

PARAMETERS 

I 1 INDTI 

NUm3VT--- Ifiteqer-input-default=O, NiJHOUT controls the number of output lines. 

I 

MJMOUT=O implies that all items will be output after filtering and/or 
sorting has ken  done as controlid by parameters SRTOPT and BIGER. 

! 

I DTI 

NUHCfJT=+N implies that only a maximum of N lines will be output after 
filtering and/or sorting has been done as controlled by parameters 
SRTOFT and BTGER. 

INDTI 

BIGER--- Real-input-default=O.0, BIGER is the filter value below which items 
will not be output, 

1 

Since magnitudes are compared against BIGER, the default value of BIGER 
resalts in IIO filtering. 

+A 

(en 

Stresses and Forces are filtered versus a specific stress or force 
compnen t . 

et~. 

rryl) 

Vectors are filtered initially only if all six (real) degrees of 
freedom are less than BIGER and later, on only the component deter- 
mined by default or IjTI inpat. 

+B 

etc +B 

I (eqtry2) 

. 
+A 

etc. 1 
j +z 

+Z etc . 
I L i . i ~ N D R E C  i 

L 
i 



APPENDIX, con't. 

SRTOPT--- fntegrr inpct-default=O. Controls the sorting option to be performed. 

Value - Descripti2il 

-1 WI s-~rting, 
0 Sort oil maximum magnitude. 
1 Sort on minimum magnitude. 
2 Sort on maxknum algebraic valve, 
3 Sort or. minimum algebraic value. 

STREI-TY P--- Integer-input-default=O, Controls the element type ta be processed 
for stresses and forces, 

'.fa lue - Description 

C All element types will be processed. 
,GT.O Only element type STRELTYP will be processed. 



t
 

+
O

 
-
s
 

W
L

Y
 

r
e
 

H
 Z

O
 

-1
a
L

 
a

x
&

 
L

i
~

a
 

x
 

t
a

-
 

H
S

 
m

'
=

 
-
I 

W
 

r
N

 
3
 

1
 A
'
 

P
 

C
 

i
D

C
 H

 
2
 

a
 

H
Z

 
'

C
W

P
 

S
P

W
"

 
+

m
=

a
~

~
n

a
a

 
-

=
a

o
&

a
-

+
u

 
~

m
~

i
e

o
n

~
e

 



SPHERICAL SHE1.l. U17H PRESSURE LOADING, NO MOMkNTS ON BOUNDARY FEBRUARY 1 1 ,  t Y B 5  RELEASE ACR. 1984 
hASTWAN DEl4ONClRATlON PROBLEM NO. 1-2 

SORTED OW MAXIMUM MAGNITUDE VAI.lIF. . COBPONENT 7 , BIGER 8 .0  , NUMOUT -1  

S T R E S S E S  I N  L E N E R ~ L  ~ R I A N G U L A R  E L E ~ E N T S  ( C I N I A 2 )  
( I N  ELEMENT COORDINATE SYSTEM) 

ELEMENT 
I D .  

F I B R E  
DISTANCE 

STRESSLS IN L L ~ M E N T  CDOWD SYSTEM PRINCIPAL STRESSES (ZERO SHEAR) 
NORMAL-X NORMAL-Y SHEAR-XY ANGI.E l4AJOR MINOR 

M X  
SHEAR 

FIGURE 2 - SAMPLE OUTPUT 
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Sf'HEHICAL SHCLL UITH I'RESSLIHE LUADINL. NO Ml1Ml:NTS ON BOUNLARY FELkUARY 11, 1985 RELEASE APH. 1984 
PASTRAli DLtlONSTKATION PR0BLI:M dO. 1-2 

MIWE GALLO 

S T R E S S E S  I N  G E N E H ~ L  T R I A N G U L A R  E L E N E ~ T S  ( C T R I A Z )  
( I N  ELEHENT COORDlNATE SYSTEM) 

ELENENT FIBRE STHCSSCS I N  EL.EHENT COORD SYSTEPI PRINCIPAL STRESSES (ZERO SHEIR) 
ID. DISTANCE NORMAL - X  NORMAL-Y SHEAR-XY ANbLE Hb JOR MINOR 

1 -1.500000E+00 -9.680287Et00 -6.203754Et01 4.088985E*QI 28.6850 1.269313E+01 -8.441093€*01 
1.500000E*00 5.144141€*00 4.7U4821E*00 -6.393283€+01 -44.9195 6.889757E+81 -5.896868Et81 

2 -1.589008Et00 -9.912994Et08 -3.837282E+01 -6.326425Et0 -38.6617 4.878197€*01 -8.898776Et0t 
1.588008E*00 1.066493E+01 3.094138€*01 3.609838E+OI 52.8434 5.829845E+81 -t.6684166+81 

3 -1.500000E+80 -1.715546E+81 -3.093681E+01 5.419623E+01 41.3778 3.858648E*81 -7.867865E+01 
1.500008E+80 4.598263Et00 -4.491492€+00 -6.051071E+01 -4?.8542 6.873822E*81 -6.863145E*01 

4 -1.508000E+80 4.138046E+01 -6.584657E+01 5.593094€+01 23.1059 6.524388€*81 -8.978999EtOI 
1.580880E*00 -3.934612€+01 4.803261E*01 -5.221292€*01 -64.9605 7.2,2371E*01 -6.373721€+0t 

5 -1 . 508800E+00 4.430872€+01 -6.295383E+01 -1 .043 l I lE*01  -5.5032 4.53t371E+e1 -6.395!382E+81 
1.50@000E+O0 -6.589410EtQI 5.121202€+01 4.214071Et88 87.9276 5.136458E+81 -6.5246SBE+81 

6 -1.500000E+30 3.484644Et01 -4.621033€+01 -5.478094€+01 -26.7525 6.246129E+81 -7.382518E+81 
1.588888Et00 -3.348335Et01 4.244918E*01 5.737177Et81 61.7475 7.327938E*8t -6.43(35SE+81 

7 -1.508000€+00 -2.855817E+01 --1.985608€+00 -5.398062E+01 - 5 l . o I 3 7  4.831970E+81 -7.8863.14Lt81 
1.580000E+00 2.370406Et01 2.549191E401 4.41675IE+Ol 45.5798 6.877454E*81 -1.95785BE*8t 

8 -1.500000E+00 -8.938426Et00 -1.011365€+01 4.800084€+01 44.6493 3.847841€*01 -5.753447E*81 
1.588808E+OB -5.091111E+00 -?.327359E*QI -6.755052E*OI -41.1674 5.397716E*81 -8.234186EtOt 

9 -1 .500000€+00 4.464894et01 -4.239378Et81 5.931770E+Ql 26.8432 7.4618ClE+81 -7.236285Et81 
1.500000E*80 -5.381t95E+01 7.738R75E+81 -7.078654E+01 -5T.Tl85 6.839183E+81 -9.491583E+OI 

I 0  -1.500000E+00 5.715228E+01 -3.838950E+01 -2.978342€+00 -1.7838 5.724534€*01 -3.8482256*81 
1.500000E+00 -9.398326E+01 2.643570Et01 -3.380356E+00 -88.3894 2.653098E+81 -9.487553E*81 

11 -I.S0080BE*00 5.413382E+01 -2.574419Eb01 -1.229937L401 -8.5582 5.598473Et81 -2.75950YE+Bi 
1.500000E*00 -7.413164€+01 1.872682E*81 1.496099E+01 81.9097 2.107776E+81 7.646?57E*8' 

12 -1.500000E+00 2.539616€+01 -1.386382E*81 -2.269194C+01 -24.5698 3.57705IE*01 -2.423817Et81 
1.500000€*80 -6.009029E+01 1.216897E*0l 2.753471E+01 71.3443 2.146523€+81 -6.938L52€+01 

NAK 
SME AP 



AUTOMATIC DYNAMIC AIRCRAFT MODELER (ADAM) FOR THE COMPUTER PROGRAM NASTRAN 

Hugh Griff is  
Nuclear Survivability Group 
System Survivability Branch 

ASD/ENSSS 
Wright-Patterson AFB OH 45433-6503 

Large general purpose f in i t e  element programs require users t o  develop large 
quantities of input data, General purpose pre-processors are used t o  decrease the 
effort  required t o  develop struct.ura1 models. Further reduction of effort  can be 
achieved by specific application pre-procesjors. Automatic Dynamic Aircraft Modeler 
(ADAM) is one such application specific pre-processor. 

INTRODUCTION 

General purpose preprocessors use points, lines and surfaces to  describe 
geometric shapes. Specifying that ADAM is used only for aircraft  structures allows 
generic structural sections, wing boxes and bodies, t o  be pre-defined. Hence w i t h  
only gross dimensions, thicknesses, material properties and pre-defined boundary 
conditions a complete model of an aircraft  can be created. 

NASTRAN models generated by ADAM include the executive, case control and the 
bulk data se t s  for normal modes analysis. The bulk data cards generated by ADAM 
are: GRID, CQDMEM2, CSHEAR, CROD, PQDMEH2, PSHEAR, PROD, WT1, WT2, CONH2, SPC1, 
ASET1, EIGR and PARAH (REFI). Additionally, the case control deck is setup t o  plot 
the f i r s t  ten eigenvectors. 

WING BOXES 

Geometric Modeling 

Geometric modeling is completed by using simple quadrilateral surfaces. 
Surfaces are easily defined, meshed and connected t o  other surfaces. The upper wing 
surface coordinates must be deflned, then the lower surface coordinates may be 
defined or automatically generated. The surfaces use CQDMEM2 elements t o  represent 
the aircraft  skin. Once the upper and lower surfaces are defined, they are 
automatically connected by CSHEAR and CROD elements. CSHEAR elements represent 
spars and ribs, while CROD elements represent spar and r ib  caps, Figure 1 shows the 
type cf data required for each quadrilateral surface. 

The software's logic allows multiple quadrilateral wing s:ctions to  be created 
separately and then la ter  connected to  generate a complete wing. When multiple wing 
sections are connected, the duplicate grid points are deleted and the element 
connectivity list along w i t h  the grid identification ( G I D )  for constraints and 
active degrees of freedom (DOF) are altered accordingly, Grid points which are 



w i t h i n  ERROR d i s t a n c e  a p a r t  a r e  t r e a t e d  as d u p l i c a t e  g r i d  p o i n t s .  The ERROR 
d i s t a n c e  is a u s e r  i n p u t  value.  

S u r f a c e  e lement  t h i c k n e s s  is a u t o m a t i c a l l y  t a p e r e d  inboard  (maximum t h i c k n e s s )  
t o  outboard (minimum t h i c k n e s s ) ,  w h i l e  e lement  t h i c k n e s s  from t h e  l e a d i n g  edge t o  
t h e  t r a i l i n g  edge remains  c o n s t a n t .  F i g u r e  2 shows how t h e  a c t u a l  s t r u c t u r e  v a r i e s  
from t i l e  f i n i t e  e lement  model. The s k i n  t a p e r i n g  r o u t i n e  is a v a i l a b l e  f o r  
homogenous and composi te  m a t e r i a l s .  In-plane composi te  m a t e r i a l s  a r e  s i m u l a t e d  by 
s t a c k i n g  elements .  Each l a y e r  h a s  its own f i b e r  o r i e n t a t i o n  d e s c r i p t i o n  which is  
def ined  from a r e f e r e n c e  o r i e n t a t i o n .  

Mass Modeling 

S t r u c t u r a l  and n o n s t r u c t u r a l  mass (NSM) modeling is a v a i l a b l e  i n  ADAM. 
S t r u c t u r a l  mass i n c l u d e s  s k i n ,  s p a r s ,  r i b s .  s p a r  and r i b  caps .  N o n s t r u c t u r a l  mass 
i n c l u d e s  f u e l ,  a v i o n i c s ,  crew and a l l  o ther* n o a s t r u c t u r a l  m a t e r i a l s .  ADAM'S 
s t r u c t u r a l  mass modeling o n l y  r e q u i r e s  t h e  m a t e r i a l  d e n s i t y ,  t h e n  NASTRAN 
d i s t r i b u t e s  t h e  mass t o  g r i d  p o i n t s  by u s i n g  t h e  e lement  t h i c k n e s s  and a r e a  

Mass = Thickness  x Area x Densi ty .  

N o n s t r u c t u r a l  mass is a p p l i e d  t o  t h e  e lement  a rea .  NASTRAN r e q u i r e s  t h e  u s e r  t o  
i n p u t  t h e  NSM a s  

NSH = NSM Thickness  x Densi ty .  

NASTRAN d i s t r i b u t e s  t h e  mass t o  g r i d  p o i n t s  by u s i n g  t h e  e lement  a r e a  

Mass = NSM x Area. 

C a l c u l a t i o n  o f  NSM t h i c k n e s s  f o r  each  element  i n  t h e  wing box is  a t e d i u s  job. 
Hence ADAM c a l c u l a t e s  t h e  NSY t h i c k n e s s  o f  t h e  wing by u s i n g  t h e  c o r n e r  p o i n t s  of 
each  element  

2 t h i c k  = a~ upper  - 2 lclwer) 
0 ..I 

Y t h i c k  = =Y upper  - Y lower)  
8 

Thickness  = s i n  (wing d i h e r a l )  x Y t h i c k  + cos (wing d i h e r s l )  x 2 t h i c k .  

Half  o f  t h e  t h i c k n e s s ,  hence t h e  NSM is a p p l i e d  t o  t h e  upper  e lement  and t h e  oLher 
h a l f  o f  t h e  NSH is a p p l i e d  t o  t h e  lower element.  S i n c e  ADAM c a l c u l a t e s  t h e  
t h i c k n e s s ,  t h e  u s e r  is o n l y  r e q u i r e d  t o  i n p u t  n o n s t r u c t u  .~1 mass d e n s i t y .  
T y p i c a l l y ,  n o n s t r u c t u r a l  mass d e n s i t y  f o r  a wing s e c t i o n  is n o t  known, t h u s  t h i s  
v a l u e  is changed u n t i l  t h e  g r o s s  weight  is c o r r e c t .  

Boundary Condi t ions  

ADAM h a s  s i x  wing s e c t i o n s  w i t h  d e f a u l t  boiindary c o n d i t i o n s :  v e r t i c a l  wing 
w i t h  f r e e  boundary c o n d i t i o n s ,  h o r i z o n t a l  wing w i t h  free bou~idary  c o n d i t i o n s ,  
h o r i z o n t a l  wing c a r r y  through,  v e r t i c a l  c e n t e r l i n e  wing c a r r y  th rough ,  v e r t i c a l  
c e n t e r l i n e  wing w i t h  symmetric boundary c o n d i t i o n s  and v e r t i c a l  c e n t e r l i n e  wing r i t h  
anti-symmetric boundary c o n d i t i o n s .  F i g u r e  3 shows t h e  c r o s s  s e c t i o n a l  view o f  t h e  
above wing s e c t i o n s .  
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H o r i z o n t a l  and v e r t i c a l  wing c a r r y  th rough  s e c t i o n s  a r e  des igned  for uncoupled 
w i n g - M y  no t ion ,  x i t h  t h e  i n b o a r d  p a r t  o f  t h e  wing f ixed .  However, coupled 
wing-body motion can  be c o r r e c t l y  modeled by manual ly  changing t h e  i n b o a r d  
c o n s t r a i n t s .  Geometric modeling f o r  w i n g - k y  c o u p l i n g  is more d i f f i c u l t ,  hence  is 
n o t  used uless s t r o n g  c o u p l i n g  is expected.  

C e n t e r l i n e  wing s e c t i o n s  o n l y  model h a l f  of t h e  s t r u c t u r e  and t h e  s k i n  o n  t h e  
c e n t e r l i n e  is n o t  generated.  Gr id  p o i n t s  on t h e  c e n t e r l i n e  are c o n s t r a i n e d  for 
symmetric or anti-symmetric a n a l y s i s .  Symmetric boundary c o n d i t i o n s  a l l o w  l o t i o n  i n  
t h e  Z d i r e c t i o n  a l o n g  t h e  c e n t e r l i r e  

SPC 1 

w h i l e  a n t i - s y m e t r i c  boundary c o n d i t i o n s  a l l o w  motion i n  t h e  Y d i r e c t i o n  a l o n g  t h e  
c e n t e r l i n e  

SPC 1 GID 

A c t i v e  Degrees o f  breedom 

ASETl c a r d s  are a u t o m a t i c a l l y  g e n e r a t e d  for e a c h  wing s u r f a c e .  An o p t i o n a l  
s w i t c h  g e n e r a t e s  ASETl c a r d s  for upper  and lower s u r f a c e s  o r  for t h e  upper  sbrface 
only. L i t t l e  error i s  i n t r o d u c e d  by u s i n g  ASET1 c a r d s  on t h e  upper  s u r f a c e  o n l y  and 
t h e  a c t i v e  d e g r e e s  of freedom a r e  c u t  i n  h a l f .  Another o p t i o n  a l l o w s  t h e  u s e r  t o  
s p a t i a l l y  d i s t r i b u t e  t h e  ASETl c a r d s  i n  t h e  chord and span  d i r e c t i o n s .  T h i s  o p t i o n  
g i v e s  t h e  u s e r  an au tomat ic  method o f  a s s i g n i n g  GET1 c a r d s  t o  s e l e c t e d  g r i d  p o i n t s  
f o r  each wing s u r f a c e .  

Reducing s i x  d e g r e e s  o f  freedom t o  one  for eacn g r i d  p o i n t  can  i n t r o d u c e  l a r g e  
error. However, by a s s i g n i n g  t h e  a c t i v e  d e g r e e  o f  freedom i n  t h e  dominant d i r e c t i o n  
o f  motion t h e  e r r o r  can be reduced t o  t h e  e n g i n e e r i n g  accuracy  of t h e  o r i g i n a l  
model. Once t h e  d e s i r e d  accuracy  h a s  been reached,  f u r t h e r  r e d u c t i o n  o f  t h e  
a n a l y s i s  set can be acheived by s e l e c t i n g  a s m a l l e r  set of g r i d  p o t n t s  w i t h  t h e  same 
a c t i v e  degrees  o f  freedom. S i n c e  each  wing s e c t i o n  is uniform i n  terms o f  mass and 
s t i f f n e s s ,  s p a t i c a l  d i s t r i b u t i o n  of ASET1 c a r d  c a u s e s  no  loss of accuracy. However, 
h igh  frequency modes may be l o s t  i f  t o o  many g r i d  p o i n t s  a r e  skipped.  A convenien t  
r u l e  o f  thumb t o  de te rmine  t h e  maximum number o f  modes t h a t  a r e  c a l c u l a t e d  for a 
g iven  d i r e c t i o n  is 

number o f  modes = number ASETl c a r d s  - 1 

A d d i t i o n a l  c a r e  must b e  used when l a r g e  concen t raced  masses a r e  used. The lser must 
e n s u r e  t h a t  each g r i d  p o i n t  w i t h  l a r g e  mass h a s  t h e  a p p r o p r i a t e  a c t i v e  degree  of 
freedom s i n c e  ADAH o n l y  d i s t r i b u t e s  ASET1 c a r d s  s p a t i a l l y .  

BODIES 

Geometric Modeling 

Geometric modeling is completed by d e f i n i n g  an  X s t a t i o n  w i t h  s e v e r a l  r a d i a l  
v e c t o r s ,  a n g l e s  and magnitudes. The o u t e r  r a d i u s  d e f i n e s  t h e  s k i n  l o c a t i u n .  CQDMEH2 
e lements  r e p r e s e n t  t h e  sk in .  The i n n e r  and o u t e r  r a d i i  d e f i n e  t h e  h e i g h t  o f  t h e  



frames and l o r ~ e r o n s .  C S W  e l a e n t s  r e p r e s e n t s  fr-s and lcagerons,  uhile C R O  
*laments r ep resen t  f r m  and longeron caps. F igu re  4 show Ihe %ype of data 
requl red  f c r  each body, 

Colplex body Shapes can e a s i l y  be crea ted ,  hence the  v o l r r e  o f  inpeat d a t a  is 
l a r g e  when c w r e d  t o  t h e  wing i n p u t  data, G e a e t r i c  m d e l i n g  of bodies does n o t  
support  s k i n  t a p e r i n g  and corposite materials, bovtver  automatic  renumbering for 
d u p l i c a t e  g r i d  p i n t s  is avai lab le .  

S t r u c t u r a l  and nonstruct ;ual  mass -ling it a v a i l a b l e  tor bodies, Thls 
s e c t i o n  is xden t i ca l  t o  t h e  u ing  mass modeling except  for tbe t h i c k m s  c a l c u l ~ t i o n .  
A9AN c a l c u l a t e s  t h e  cross s e c t i o n a l  t h i ckness  of t h e  body far each element 

r t r i  c k n t s s  = UP inner - Y ou te r )  
2 

The la?rs is only appl ied  t o  t h e  g r i d  p o i n t s  defined by t h e  o u t e r  r ad ius ,  

Boundary Condit ions 

ADAH h a s  fou r  body s e c t i o n s  wi th  d e f a u l t  boundary condit ions:  u s e r  defined 
a c t i v e  degree of freedom, a l l  p o i n t s  f i xed ,  c e n t e r l i n e  body wi th  symetric boundary 
cond i t ions  and c e n t e r l i n e  body wi th  a n t i - s y m e t r i c  boundary condi t ions .  F iga re  5 
shows t h e  above body sec t ions .  

Only h a l f  o f  t h e  s t r u c t u r e  is modeled i f  t h e  c e n t e r l i n e  body op t ion  is chosen. 
Grid po in t s  on t h e  c e n t e r l i n e  are cons t ra ined  f o r  symetric or a n t i - s y m e t r i c  
ana lys is .  Symetric boundary cond i t ions  allow motion i n  t h e  Z d i r e c t i o n  a long t h e  
c e n t e r l i n e  

SPC 1 G I D  12456, 

whi le  anti-syaaeLric boundary cond i t ions  allow motion i n  t h e  Y d i r e c t i o n  a long t h e  
c e n t e r l i n e  

GID 

Active Degree o f  Freud.a 

ASETl c a r d s  a r e  au tomat ica l ly  generated f o r  each body sec t ion .  T h i s  s e c t i o n  is  
i d e n t i c a l  t o  wing modeling except  t h a t  ASETl c a r d s  a r e  only  assigned t o  g r i d  p o i n t s  
def ined  by t h z  o u t e r  radius.  

S t r u c t u r a l  and nons t ruc tu ra l  mass can automat.ically be d i s t r i b u t e d  f o r  wings 
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.sd bodies. Add&ti&ly, -8tcd - W -1C8lly b kw to the 
-st gr id  point. ADAH drkrdoe8 the -t gr id  point thca c8lcul .k~ tbc 
offtrt d i w .  'Ibis routioe requires n l 8 t i v e l y  brge m t  of caput# time, 
bcacc is k r r d  off  ratil me f l n 8 l  S t n r t v l l  model is completed, 

I n  additioa to the USTRAM -1, AM!I 8lao gemerates 8 table. The 
t ab l e  is aainly the ioput at8 dth appropriate labels, Other labels denote 

vhich iaput  v8luea u e  used for wit, coastnint, m%erial .ad ass .odtlig. 
fb+# labels prowide coarcaieat guidelines whca dewgglw W ' s  3- &ta. me 

wie is ~ ~ t k a  r - i y  m~ tk iqput d.ta is nd, bcacc the a- on 
the -y t8b le  is camrnaieutly i n  the art order. 

C o o r d i ~ t e s  of Ute comer gr id  points of e8cb ulw sect ion are cllculatcd fra 
tk input 8ogle data, Ttc coonlirutts rad the GID's for the ooract poi- of each 
wing section are wittar on the -y table after a l X  dupl lc r te  g r id  points have 
been deleted. This &?a .ids the user u k n  r u l t i p l e  wing sections are k i n g  
coaoected. 

Warming mesaages are u r i t k n  oa the m r y  tab le  &en and 
el-+& hove tbru or less usiqut grid points. Typic8lly. the rantiac vhich 
deletes duplicate gr id  points t r i gge r s  t h i s  warning mesage and cra be corrected by 
decreasing t h  ERUQR distance. 

The logic b u i l t  i n t o  ADAM reduces t h e  effort .ad browledge required to build 
c a p l e x  aircraft s t ruc tura l  mdels.  ADAN'S pr-fincd wing boxes and bodies gives 
even novice HASTEAN users  advaoced modeling skills. Advaoced NASTEU wers w i l l  
f iod that the  Z e d i u  of data generation fo r  parametric and desigo s t u d i t s  is grea t ly  
reduced. In geacral, wpne who builds s t ruc tu ra l  models with AMP4 w i l l  be -re 
productive aad t6sptablc to  desiga changes, 
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rpar (NSP )II/ I -\ 

Top view of wing planform. If p t . 1  i r  rotatad ruch that  pt.1 equal8 pt .2 ,  
the quadrilateral* degenerate into triangle.. 

FIGURE 1 WZNG GEOMETRtC DEFINITZONS 
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CADS 

A COMPUTER AIDED DESIGN SYSTM 

Victoria A. T ischler  and Elizabeth M. Copenhaver 
A i r  Force Wright Aeronautical Laboratories (AFWAL/FIBRA) 

Wright-Patterson A i r  Force Base, Ohio 45433 

Michael C. Less and Susan Manuel 
Rockwell In ter t la t ional ,  North Aclerican Ai rc ra f t  Operations 

Los Angeles, Cal i fornia  90009 

CADS, a Computer Aided Design System, runs on tne  DEC VAX 11/780 minicomputer. 
m e  system supports  s i x  funct ional  modules control led  by an Executive Monitor. A l l  
c f  these  aodules comunicate with a da ta  base through a d a t a  manager. The d a t a  base 
r~tsists of  2 da ta  f i l e s ,  one f o r  model geometry and one f o r  program output.. CADS 
can be in ter faced with r e l a t i v e  ease with any given f i n i t e  element program. The CADS 
modular organization and its c a p a b i l i t i e s  a r e  examined i n  d e t a i l .  Several examples 
a r e  used t o  i l l u s t t * a t e  its broad band of  c a p a b i l i t i e s .  

INTRODUCTION 

The widespread use of  a l a r g e  v a r i e t y  of f i n i t e  element based s t r u c t u r a l  analy- 
sis and optimization programs both i n  indust ry  and t h e  Air Force has focused a t ten-  
t i o n  on a common problem: t h e  r e l a t i v e l y  l a rge  amount of time and e f f o r t  required t o  
perform data  preparation,  d a t a  va l ida t ion ,  and i n t e r p r e t a t i o n  of  r e s u l t s .  To reduce 
t h i s  time and e f f o r t  a unique, i n t e r a c t i v e  graphics,  minicomputer based, command 
driven,  Computer Aided Design System (CADS) has been developed. This system is 
modular i n  nature  with various funct ional  modules accessed through a common Executive 
Monitor and makes use of common d a t a  base rout ines .  CADS includes mesh generation 
and d a t a  va l ida t ion  c a p a b i l i t i e s  a s  preprocessing func?tions as well a s  g raph ica l .1~  
postprocessing ana lys i s  o r  optimization code's output data .  

The system is designed f o r  a 32-bit minicomputer and is wri t ten  i n  Fortran 77. 
CADS graphics is accomplished through DI-3000 (Ref. I ) ,  a device independent graphics 
package. A s  a r e s u l t  CADS can be executed on a v a r i e t y  of  graphics terminals. CADS 
is compiled once. A t  nxecutlon time the  user chooses a graphics device t o  be run 
with the  system. A t  the  present  time the  CADS software is implemented on a DEC VAX 
11/780 with secondary t e s t i n g  f o r  t r a n s p o r t a b i l i t y  having been performed on an IBM 
4341 and a PRIME 850. 

To d a t e  CADS has been in ter faced with th ree  f i n i t e  element programs: NASTSAN, 
ANALYZE (Ref. 2) and OPTSTAT (Ref. 3) .  ANALYZE is an Air Force developed s t a t i c  
ana lys i s  program f o r  in-house s t u d i e s  i n  s t r u c t u r a l  ana lys i s ,  and OPTSTAT is an Air 
Force developed optimization code f o r  the  optimal design of s t r u c t u r e s  subjected t o  
s t a t i c  loads. The t r i angu la r  and quadr i l a t e ra l  membrane elements i n  OPTSTAT can be 
used with i so t rop ic ,  or thotropic  o r  layered composite materials .  CADS was espec ia l ly  
designed t o  provide f o r  composite mater ia l  property input and output. A key fea ture  
is the  ease with which the  experienced user may i n t e r f a c e  CADS t o  any given f i n i t e  



element based program. 

This paper w i l l  present  a3 in-depth look a t  t h e  CADS organization and its capa- 
b i l i t i e s  and w i l l  i l l u r l t r a t e  these  c a p a b i l i t i e s  with severa l  examples. 

OVERVIEW 

CADS is a cmand-dr iven program which i n t e r p r e t s  and executes individual  user 
commands. Coaands a r e  entered i n  free format using commas, blanks o r  oqual s i g n s  a s  
del lmi ters .  I n  general  a l l  c m a n d s  can be executer' using a two character  abbrevia- 
t ion ,  t h e  f i r s t  two l e t t e r s  o f  t h e  command. The CAD3 program is modular I.n nature  
with processors ac t ing  under t h e  modulm. Flgure 1 shows the  CADS program design. 
me program is control led  through an Executive Uonitor which c a l l s  i n  the  READ, OUT- 
PUT, SET, DISPLAY, EDIT and BND funct ional  modules. The READ module reads  i n  bulk 
data  o r  model generation steering files. The OUTPUT module outputs  data  base infor-  
mation in a spec i f i ed  bulk da ta  format. The SBT module de f ines  sets of nodes and/or 
e l a e n t s  f o r  p lo t t ing  and o the r  f'unctions. The DISPLAY module d isplays  information 
a t  a graphics  terminal  through t h e  SET module. The EDIT module e d i t s  the  GEM data  
bass f i le  and saves it as a permanent file. The END module terminates t h e  CADS 
program and r e t u r n s  control  t o  the  host  processor. A l l  o f  these funct ional  modules 
c o a u n i c a t e  with the CADS da ta  base through a d a t a  manager, which is s common Se t  of 
input and output subroutines. The da ta  base cons i s t s  of two data  f i l e s ,  iden t i f i ed  
a s  GEM and POST. The GEOH da ta  base f i le  w i l l  contain a l l  model geometric da ta ,  
element connect iv i t ies ,  and t h e  a t t r i b u t e s  associated with each type of data.  The 
POST da ta  base f i l e  is generatsd using the  CADS Post Processor, CADSPP, and w i l l  
contain se lec ted  output of  the  f i n i t e  element program. The r o l e  of  t h e  Executive 
Monitor, a l l  the  modules, and CADSPP w i l l  be discussed i n  d e t a i l  i n  subsequent 
paragraphs. 

The Executive Monitor con t ro l s  a l l  program a c t i v i t i e s .  It i n i t i a l i z e s  the  user 
session,  maintains communications between t h e  v a r i o ~ s  funct ional  modules and t h e  user 
during the  sess ion,  and t e l n i n a t e s  the  session.  The Executive Monitor invokes the  
functional  modules i n  response t o  user  commands. The user  may request  t h e  READ 
module, t h e  DISPLAY and EDIT modules and the OUTPUT module i n  a t y p i c a l  sess ion t o  
generate,  d isplay,  va l ida te ,  and output a new model. I n  another sess ion only CADSPP 
and the  DISPLAY module m y  be invoked t o  i n t e r p r e t  the  f i n i t e  element ana lys i s  
r e s u l t s  quickly aqd accurately.  l lodulari ty o f  t h e  Executive Monitor is a necessary 
requir-ent f o r  a mu.'.tifunctional program such as CADS. 

I n  the  i n i t i a l i z a t i o n  of  CADS t h e  usek must speci fy  t h e  format of  the  input 
da ta ,  1.e. e i t h e r  NASTRAN, ANALYZE, OPTSTAT o r  NATURAL. The NATURAL format implies 
a model generation s t ee r ing  f i l e .  The contents of t h i s  s t e e r i n g  f i l e  w i l l  be dia- 
cussed i n  d e t a i l  i n  the  d iscuss ion of  the  READ module. The Executive Monitor prompts 
f o r  each command with the  prompt s t r i n g  ?CADS. A t  t h i s  pc i9 t  any of t h e  funct ianal  
modules may be speai f ied .  



READ MODULE 

Th3 READ module is used t o  read a f i n i t e  element model's d a t a  and t o  t r a n s l a t e  
it t o  t h e  CADS GE3H d a t a  base fi le.  Bas i ca l ly ,  t h i s  involves  t h e  developnsnt o f  
t r a n s l a t o r  i n t e r f a c e s  which a r e  oapable o f  decoding inpu t  bulk d a t a  information so  
t h a t  it can be  s t o r e d  i n  t h e  d a t a  base through t h e  d a t a  manager. The prompt s t r i n g  
f o r  t h i s  module is ?READ. A t  t h e  present  time t h e  READ module suppor ts  folw proces- 
s o r s  where a processor  d e f i n e s  t h e  type o f  t r b n s l a t i o n  t o  be performed. : e four 
processors  a r e  NASTRAN, ANALYZE, OPTSTAT, and NATURAL. 

The NATUPAL processor  provides t h e  use r  with t h e  c a p z b i l i t y  t o  genera te  nodes, 
elements and element a t t r i b u t e s  f o r  f i n i t e  element models. Three submodules a r e  
a v a i l a b l e  i n  t h e  NATURAL processor:  NODE, GLEMENT and PROPERTY. The NODE submodule 
is used f o r  node d a t a  genera t ion ,  t h e  ELEMENT submodule is used f o r  element ccnnec- 
t i v i t y  d a t a  genera t ion ,  and t h e  PROPERTY submodule is used f o r  element a t t r i b u t e  gen- 
e r a t i o n .  Each o f  t hese  submodules w i l l  be examined i n  g r e a t e r  d e t a i l .  A schematic 
r ep resen ta t ion  o f  t h e  NATURAL processor  and i ts  submodules and subprocessors  is given  
i n  Figure 2. 

NATURAL PROCESSOR - NODE SUBMODULE 

The NODE subnodule c o n t r o l s  f i v e  subprocessors: DIRECT, SHAPES, FREEDOM, TRANS- 
FORM and LOAD. Together t hese  subprocessors  a l low t h e  u s e r  t o  genera te  coord ina t e s ,  
apply boundary cond i t ions ,  and develop e x t e r n a l  load  da ta .  Each o f  t he  subprocessors  
provides t h e  use r  with a s p e c i f i c  s e t  of  poss ib l e  commands. 

The DIRECT subprocessor  provides commands f o r  coordina te  d e f i n i t i o n s  on a point-  
by-point, a l i n e a r  i n t e r p o l a t i o n ,  a b iased  l i n e ,  and a r e p e t i t i o n  f a c t o r  bas i s .  An 
A X I S  command a l lows t h e  user  t o  s p e c i f y  t h e  o rde r  o f  t h e  coordina te  d a t a  i npu t  with 
r e spec t  t o  t h e  axes.  A MIRROR command mi r ro r s  t h e  generated nodes about a spec i f i ed  
a x i s  o r  axes  incrementing t h e  node numbers by a u se r  s p e c i f i e d  value. A PERCENT 
command can be used t o  b i a s  t h e  d e f a u l t ,  e q ~ a l l y  spaced,  i n t e r p o l a t i o n  process,  t o  a 
use r  defined percent  process. An EQUATE command al lows the  user  t o  change previously 
defined node numbers t o  new numbers. A NODE command can be used t o  s p e c i f y  t h e  node 
numbers and t h e  coordina tes  of  t h e  nodes t o  be genera ted  along a l i n e  i n  space.  
Equal increments a r e  used t o  space  t h e  generated nodes. If a PERCENT command had 
been s p e c i f i e d ,  t h e  nodas would be  biased by those  percent  values. A REPEAT command 
al lows t h e  user  t o  r epea t  t h e  previous NODE command t o  genera te  r e p e t i t i v e l y  loca ted  
nodes. I n  gene ra l ,  commands i n  CADS have s e v e r a l  parameters. When these  a r e  chosen 
jud ic ious ly ,  a p a r t i c u l a r  command's c a p a b i l i t y  can be cons iderably  expanded. 

The SHAPES subprocessor  provides commands f o r  genera t ing  nodss along c i r c l e s ,  
e l l i p s e s ,  and a r c s  of parabolas.  In each case  t h e  user  b a s i c a l l y  provides t h e  in fo r -  
mation t o  determine t h e  c o r r e c t  equation f o r  t h e  command. A PERCENT command can be 
used t o  spec i fy  t h e  spacing o f  t h e  nodes along t h e  c i r c l e ,  e l l i p s e  o r  pnrabola. 

The FREEDOM subprocessor  provides commands f o r  changing t h e  c o n s t r a i n t s  of  t he  
model. The nodes c rea t ed  by t h e  DIRECT and SHAPES subprocessors  a r e  without con- 
s t r a i n t s  and a r e  f r e e  t o  both t r a n s l a t e  and r o t a t e .  A SUPPRESS command can be used 
t o  de f ine  t h e  motions t o  be suppressed and t h e  nodes t o  be cons t ra ined .  An SFREE 
colmnand f r e e s  a previously def ined  supprension from a g iven  node. 



The TRANSFORM subprocessor provides commands f o r  transforming the  coordinates of 
a user defined l o c a l  system t o  t h e  model's g loba l  system. An OFFSET command followed 
by X, Y and Z values can be used t o  move t h e  l o c a l  system or ig in  t o  the g lobal  system 
coordinates. A ROTATE command followed by X,  Y ,  and Z r o t a t i o n a l  angles can be used 
t o  r o t a t e  a loco1 system i n  order t o  a l i g n  it t o  t h e  g lobal  system. A NODES o r  
POINTS command czn be used t o  have the  necessary t r a n s l a t i o n s  and/or r o t a t i o n s  
computed. 

The LOADS subprocessor provides the  user with the  means t o  apply ex te rna l  forces  
t o  a s e t  of nodes. The CASE command i d e n t i f i e s  tne  s3se o r  load condit ion number for  
the load o r  moment commwds whhh follow it. The FL and FM comm?ads def ine  :he s c a l e  
f a c t o r s  f o r  t h e  applied LOAD o r  MOMENT commands. The C I D  corn-ahnd s p e c i f i e s  the  
coot*dinate system reference number f o r  the  applied '-ads o r  moment.?. The LOAD and 
MOMENT commands def ine  the  t r a n s l a t i o n a l  force  o r  r c .  ~ t i o n a l  monent vector d i rec t ions  
t c  be applied t o  a given list of nodes. 

NATURAL PROCESSOR - ELEMENT SUBMODULE 

The ELEMENT submodule provides the  means f o r  generating element types,  groups, 
and connect iv i t ies  f o r  a wide va r i e ty  of d i f f e r e n t  elements. A l l  of the  ANALYZE and 
CPTSTAT elements a r e  supported, while twenty-two of the  most commocly used NASTRAN 
elements a r e  supported. The ANALYZE and OPTSTAT elements include the  rod,  t h e  mem- 
brane t r i a n g l e  and quadr i l a t e ra l ,  and the  shear  panel. The NASTRAN elements include: 
the  simple beam, the  rod, shear panels and t w i s t  panels,  p l a t e s  aqd membranes, 
axisymmetric s o l i d s ,  so l id  polyhedrons and i soparane t r i c  s o l i d  hexakedrons. Each of 
the elements has a separa te ,  unique name a s  p a r t  of  the  NATURAL 2rocessor. For 
example a membrane t r i ang le ,  CTRMEM i n  NASTRAN o r  a 3 i n  ANALYZE and OPTSTAT, is 
cal led  TM, a srlear pane?., CSHEAR, is czl.led QS4, and a simple beam, CBAR, is ca l i ed  
82. A l l  elements a r e  referred t o  by t h e i r  na tu ra l  element type name i n  the  NATURAL 
processor. There a r e  no subprocessors i n  t h i s  submodule. One of  the  ways CADS 
s p l i t s  a s t r u c t u r a l  model i n t o  s a a l l e r  and more e a s i l y  displayed p a r t s  is t o  de f ine  a 
group of elements where each e l e ~ e n t  i n  the  group i s  of ,he same type. A GROUP 
command s p e c i f i e s  the  group number t o  be used f o r  those new elements which a r e  t o  be 

~ e r a t e d .  The TYPE command s p e c i f i e s  the  element type o r  name and i ts  connsc- 
i t i e s .  This comand allows t h e  generation of  a s t r i n g  of  elements. The REPEAT 

d a n d  permits the  user t o  repeat  on the  previou3ly defined element type and its 
node connectvity a given number of times , j  a spec i f i ed  increment. The DUPE ccmand 
dupl ica tes  a previously defined group. The connec t iv i t i e s  of  the  f inst  group arc 
incremented by a speci f ied  value t o  def ine  the connec t iv i t i e s  of  the  new group. 

NATURAL PROCESSOR - PROPERTY SUBMODULE 

The PROPERTY submodule controls  two subprocessors: DIRECT and ANISOTROPIC. 
Together these subpi-ocessors allow the  user t o  speci fy  element s i z e s  and mater ia ls .  

The DIRECT subprocessor provides commands f o r  generating mater ia l  and element 
propert ies.  A t  t he  present time CADS supports  mater ia l  proper t ies  defined i n  
material  t a b l e s  MAT1 and MAT2 f o r  s t r u c t u r a l  analys ia  and MAT4 and MAT5 f o r  heat  
t r ans fe r .  The commands a r e  MAT1, MAT2, MAT4, and MATS. Corresponding t o  each unique 
element name i n  the  NATURAL processor is a corresponding property command. For 



example corresponding t o  t h e  R4 and QS4 elements is property cotmuand PID and corre-  
s p n d i n g  t o  t h e  82 element is proper ty  c m a n d  PB2. These proper ty  caauands spec i fy  
t h e  element p rope r t i e s  defined i n  PTWIEPI, PSHEAR, PBAR, etc. The element s i z e s  and 
materials are appl ied  t o  previously defined element groups twough t h e  use o f  tile 
following four  commands. The GROUP comaand d e f i n e s  t h e  d e f a u l t  s i z e s  and material 
p rope r t i e s  t o  be appl ied  t o  t he  e n t i r e  group o f  e l m e n t s .  Ttre PLIST, IUIST, and 
CHAW33 commands s e l e c t i v e l y  change t h e  s i z e s  o r  p rope r t i e s  o f  p a r t i c u l a r  elements i n  
t h e  grour, defined by t h e  GROUP coemand. Any number of  PLIST, HLIST and CHANGE com- 
mands may fol low a GROUP c a d .  

The ANISOTROPIC subprocessor provides commands f o r  genera t ing  s i z e s  and material 
property inpu t s  f o r  e i t h e r  o r tho t rop ic  o r  a n i s o t r o p i c  membrane elements using b a s i c  
lamina c h a r a c t e r i s t i c s .  The BASIS command de f ines  t h e  zerc-degree d i r e c t i o n  f o r  t h e  
composite lamina. The angle  between t h i s  d i r e c t i o n  and t h e  ind iv idua l  element axes 
i o n s  t h e  material o r i e n t a t i o n  ang le  a s soc ia t ed  with each indiv idual  e lenent .  The 
C I D  ccwand i d e n t i f i e s  a t a b l e  o f  lamina material p r o p e r t i e s  f o r  t h e  d e f i n i t i o n  o f  
m a p o s i t e  laabates using t.he PLIES command. Typical information s p e c i f i e d  by each 
C I D  coamand inc ludes  t h e  lcangitudinal , tra *:er 3e and s h e a r  moduli, Poissons s r a t i o ,  
t he  tniclcless  o f  an  ind iv idua l  ply,  thermal .and moisture exwns ion  c o e f f i c i e n t s  and 
allowable stress data.  The GROUP coaaaand d e f i n e s  a group o f  elements %? ins t  which 
the  PLIES coaaands w i l l  be processed. The PLIES command de f ines  t h e  number and t h e  
o r i en ta t ion  o f  t h e  indiv idual  lamina which make up t h e  element laminates.  

A t y p i c a l  s e s s ion  i n  t h e  NATURAL proces3or t o  gene ra t e  a small composite p l a t e  
would produce t h e  following s t e e r i n g  file: 

BEGIN 
BEGIN 
BESIN 
AX IS 
NODE 
REPEAT 3 
NODE 
END 
BEGIN 
SUPPRESS 
END 
BEGIN 
CASE 
FL 
LOAD 
LOAD 
END 
END 
BEGI!! 
GROUP 
Qnl 
REPEAT 3 
e n D  
BEGIN 
9EGIN 
PID 
GROUP 
END 
BEGIN 

NATURAL 
NODE 
DIRECT 
X Y Z  
1 0.0 0.0 0.0 TO 10 9.0 4.0 2.0 
10 0.0 3.0 0.0 10 0.C 2.0 0.0 
41 0.0 12.0 0.0 TO 50 9.0 12.0 2.0 

PREEDCM 
TX T I  TZ NODE 1 TO 41 BY 10 

LOAD 
1 
500.0 
X=1.0 Y=1.0 2 ~ 0 . 0  NODE 10 TO 50 BY 10 

Z=1.0 NODE 10 50 

ELEMENT 
1 
1 2 12 11 TO 9 10 20 19 
8.10 

PROPERTY 
DIRECT 
1 T=.50 
1 PID 1 



C I D  
C I D  
BASIS 
GROUP 
PLIES 
PLIES 
PLIES 
PLIES 
PLIES 
PLIES 
PLIES 
PLIES 
END 
END 
END 

The f i n i t e  element model o f  t h e  composite p l a t e  has  50 nodes and 36 c a p o s i t e  ele- 
ments. Nodes 1, 11, 21, 31 and 41 are constrained i n  t h e  X, Y and 3 d i r e c t i o e s .  
mere is o n l y  one loading condi t ion .  A 500 lb .  load is appl ied  t o  nodes 10, 20, 30, 
42 and 50 i n  t h e  X and Y d i r e c t i o n s  and t o  nodes !O and 50 i n  t h e  Z d i r e c t i o n .  A l l  
$he elements  are i n  group 1, and t h e  t o t a l  laminate th'clmess is .50. me z e r o  
degree d i r e c t i o n  f o r  the lminate is def inzd  by nodes 1 and 12. The aaterial proper- 
ties def ined  f o r  t h e  laminate  are t h e  long i tud ina l ,  t r ansve r se ,  and s h e a r  m o d u l i  
Po issongs  r a t i o ,  and Lhe l a y e r  thickness.  A 1 1  t h e  elements  are s tandard  0°1+450;900 
:aminates with elements 1 t o  18 having 40 lamina, 10 lamina i n  each d i r e c t i o n ,  and 
elements 19 t o  36 having 80 lamina, 20 l a a i n a  i n  each Giree t ion .  A p l o t  o f  t h e  c a -  
pos i t e  p l a t e  is shown fr! Figure  3. A t  t h e  use r ' s  r eques t  CWS w i l l  d i s p l a y  t h e  model 
as it is being generated a t  t h e  terminal .  

GUTPUT EODULE 

me OUTPUT module is used t o  output  t h e  model i n  a s p e c i f i c  d a t a  format. This  
module w i l l  t r a n s l a t e  information from t h e  GEOn d a t a  base f i le  t o  a s p e c i f i e d  d a t a  
f o m a t  through t h e  use o f  a s e p a r a t e  t r a n s l a t o r  i n t e r f a c e  f o r  each program. The 
prompt s t r i n g  f o r  t h i s  module is ?OUTPUT. The OOTPUT module suppor ts  t h r e e  
processors: NASTRAN, ANALYZE and OPTSTAT. 

SET MODULE 

The SET module is used t o  d e f i n e  node o r  e l anen t  sets f o r  p lo t t i ng .  There are 
three kinds  o f  coamands i n  t h e  SET module: gene ra l ,  node and element set d e f i n i t i o n ,  
and set a lgebra .  The prompt s t r i n g  f o r  t h i s  module is ?SET. 

There are fou r  genera l  comands: CLEAR, PRINT, LIST and DISPLAY. The CLEAR 
camand erases a l l  sets c u r r e n t l y  defined.  The PRINT colnand lrsts a l l  t h e  members 
o f  a g iven  set. The LIST c m a n d  lists t h e  nodes o f  t h e  model o r  t h e  element group 
t ab le s .  The DISPLAY coaaand sends a node o r  element set t o  t h e  DISPLAY module and 
begins execution o f  t h a t  module. 

A l l  set names a r e  assigned by t h e  user .  Node set names must begin with t h e  
letter 8. A l l  node set d e f i n i t i o n  coamands begin with t h e  node set name followed by 



an equals  s l g n  and command keywords. The ALL kefword places a l l  o f  the  model's nodes 
iato a node set. A spec i f i ed  iist o f  nodes or a generated list o f  nodes may be 
placed i n t o  a node set. The SPHERE, CYLINDER and BOX keywords place  a l l  nodes i n s i d e  
t h e  given shape i n t o  a node set. The SLIB keyword places  a l l  nodes on o r  within a 
defined s l a b  Into the  node set. A carraad byword can a l r o  be the name o f  a m v i -  
ously defined element set i n  which case all t h e  nodes referenced i n  t h e  element s e t  
uould be placed in t h e  node set. 

Element sets are general ly  used f o r  most displays ,  since they w a t a i n  the cm- 
nectirities betrsesa t h e  nodes. The element set name must begin with t h e  letter E. 
The f o m a t  o f  t h e  element set d e f i n i t i o n  -ds is t h e  sare as t h a t  given f o r  a 
node set. The ALL keywrd def iqes  an element set containlog all o f  t h e  d e n t s  In 
t h e  given model. In t h e  IATWRAL processor, Elerent  s u h o d u l e ,  t h e  c m c e o t  o f  a gmup 
was defined as a way o f  s p l i t t i a g  a s t r u c t u r a l  model i n t o  scaller and more e i r s ~ l y  
displayed par ts .  The IASTRAI@, AIALIZE and OPTSTAT p r o c c s x r s  i n  t h e  READ rodule 
a u t a a t i c a l l y  separa te  t h e  var ious  element types i n t o  individual  groups. The GROUP 
keyword places all t h e  elements i n  a spec i f i ed  group i n t o  an element set. Selected 
e l ~ t s  r k a  a s p e c i f i c  grcup o r  severa l  group3 may be placed :n an  elesertt set. A 
specified list o f  e!.emeats may d e f i n e  an element set. A k e p r d  can be an element 
tune f r a  t h e  E l a e n t  subrodule of t h e  UATURAL processor o r  a UASTRAR e l e w n t  type. 
For exarple,  ESR=RI o r  E S E T = m .  Element sets can also be defined from 
previously generated node sets usiw a combination o f  operator and/or t y p e  
parameters. me va l id  opera tors  are OPEN and CLOSE. OPEll requires  t h a t  a t  l e a s t  one 
o f  the element's nodes be i n  t h e  given node set before t h e  element is placed i n  t h e  
e l u e n t  set. CLOSE requires  t h a t  a l l  of  the  element's nodes be i n  t h e  &e set 
bsfure it is added to  t h e  e l e r e n t  set. An element type can also be used to  def ine  a 
new element set f r c a  a node set. For example EI=OPER CROD 15 u i l l  genera te  an  
eleneat set E l  containing a l l  CROD elements which have a t  lwt o m  node i n  node set 
m- 

The set algebra -ds allow t h e  user to  perform set algebra on previously 
defined sets i n  order t o  genera te  a new set. In  using these  commands a l l  sets must 
be of  the  s&me type, 1.e. e f t n e r  n d e  sets or 1-11 element se ta .  The i n t e r s e c t i o n  
colaad, I, def ines  a new set by t h e  in te r sec t ion  of  tm  old ,  previously defined 
sets. The union carand, U, def ines  a new set by t h e  union o f  tw o l d  sets. me 
exclusion camand, E, def ines  a new set by excluding t h e  first set f r a  t h e  second 
set on t h e  c o l a n d  l ine .  

DISPLAY MODULE 

The DISPLAY module is used t o  i n t e r a c t i v e l y  d i sp lay  the  f i n i t e  element model a t  
the  teninal. A v a r i e t y  o f  c m a n d s  are ava i l ab le  t o  obta in  a p a r t i c u l a r  d i sp lay  o r  
p lot  format. The prompt s t r i n g  f o r  t h i s  module is ?DISPLAY. In  addi t ion t o  support- 
ing its o m  set of c o r a n d s ,  the  DISPLAY module supports  the  following th ree  sub- 
modules: ATTRIBUTE, PLOT, and GRAPH. De ta i l s  of the  DISPLAY c m n d s  and each sub- 
module w i l l  be examined f u r t h e r  i n  t h e  following paragraphs. 

The DISPLAY module J m a n d s  are: HARGIN/NOnARGZN, TITLE, ROTATE, DISTORT, 
DEFINE, LIST, CASE, MODE and D€FORn/N3DEFORn. The HARGIN/NCWRGIN c o r a n d  allows t h e  
user t o  have square labeled o r  rec tangular  non-labeled displays.  The 8a rg in  infoma- 
t i o n  c o n s i s t s  of  ro ta t ion  angles,  d i s t o r t i o n  f a c t o r s ,  s i g h t  d is tance ,  model refer-  
ence, d a t e  and t he .  The TITLE c o r a n d  can be used t o  def ine  a t i t l e  of  up t o  72 
characters which is printed a t  the  top  o f  each display.  The ROTATE comand define9 



t h e  amount o f  r o t a t i o c  about an a x i s  i n  degrees. The keyword SCALE is a v a i l a b l e  on 
the  ROTAT2 corand where! t h e  value o f  SCALE is used t o  f a c t o r  o r  scale t h e  defoma- 
t ions .  The D13fORT comand allows t h e  user to d i s t o r t  t h e  hor izonta l  and/or v e r t i c a l  
a x i s  o f  t h e  p l o t  i n  order t o  take f u l l  advantage of t h e  d i sp lay  window. The DePINE 
comwkd is used to  d i r e c t l y  de f ine  a nev set f o r  p l o t t i n g  ins tead of  re turning t o  t h e  
SET module. The L I S  -d lists t h e  nodes of tho  model o r  t h e  element gmup 
tables .  The CASE colaand is used t o  speci fy  t h e  load case  nmber  o r  rode shape n u -  
ber f o r  output  displays.  For NASTRAN t h i s  ntmber is t h e  subcase n u b e r  c a l l e d  o u t  i n  
t h e  NASTRAN case con t ro l  deck. The MODE -d is used tc define or redef ine  t h e  
type o f  output LO be processed. Ihis is also ava i l ab le  i n  t h e  ATTRIBUTE s u b  
module and w i l l  be discussed t h e r e  in more d e t a i l .  The DEFORWWODEFO~ comaand 
allows t h e  user t o  request defamation plots.  DEFORH can a l s o  be used as a keymrd 
on t h e  ROTATE cauand. 

Tbe ATTRIBUTE submodule is used t o  de f ine  t h e  output  d a t a  components t o  be d i s -  
played. Ihis output d a t a  r e s i d e s  ic t h e  POST da ta  base file. Its p r a p t  s t r i n g  is 
?ATTRIB and t h e  va l id  coraads are PROG, WDE, NAME, and CLEAR. The PROG c m a n d  is 
used t o  spec i fy  t h e  type of  output d a t a  t o  be re t r ieved.  The va l id  types are 
NASTRAN, AIALTZE o r  OFTSTAT. The MODE camand is as defined above. m e  types  o f  
output which can be processed include el-t stresses (STRESS), element forces  
(FORCE), node point  displacements (DISPLACE), and mode shapes (SICEN). For each 
element i n  the  element l i b r a r i e s  supported by CADS, ava i l ab le  component types are 
tabulated f o r  both e leaent  forces  and element stresses i f  applicable.  For exaaple, 
f o r  t h e  CBAR element ava i l ab le  element force  output includes: t h e  bendrng moment a t  
61, A2, B1, and B2, the  shear a t  points  1 and 2, t h e  a x i a l  force,  and the  torque. 
Also f m  t h e  CBAH elenent ,  ava i l ab le  e lenent  stress output includes: the  stress a t  
A 1 ,  A2, A3 ami A4, the  a x i a l  stress, the  minirrn and maximu s t r e s s  a t  A, t he  margin 
o f  s a f e t y  i n  t e m i ~ n  and compression, the stress at  B1, B2, B3 and 84, and t h e  
r i n i r u  and maximu stress at E. Por the  3 e l m e n t  in OPTSTAT, 1.e. t h e  membram? 
t r i a n g l e ,  ava i l ab le  stress output inc1;des: the  X, Y and XY l o c a l  element s t r e s s e s ,  
the  e f f e c t i v e  s t r e s s  r a t i o ,  t h e  t c t a l  s t r a i n  energy and the  margin of safe ty .  
PISPLACE and ZIGBN output includes node point  t r a n s l a t i o n s  and ro ta t ions  i n  t h e  X, Y 
and 2 direct ions .  The NAME coaaand references e i t h e r  an  element name f r a  the  
Element submodule of  t h e  NATURAL processor o r  t h e  word NODE. 'Ihe keyword on the  NAME 
camand is COWOWeRT which references one of the  ava i l ab le  tabulated component types. 
For example, t h e  following coanands w i l l  request a x i a l  stresses t o  be displayed f o r  
a l l  CROD elements and s t r e s s e s  i n  the  X, Y and XY d i r e c t i o n  tr, be displayed f o r  a l l  
C Q m l  elements. 

MODE STRESS 
CROD A 
CQDllWl sx SY sxr 

The CLEAR command erases  o r  c l e a r s  t h e  i n t e r n a l  switches f o r  e i t h e r  a speci f ied  
element name, a l l  previcusly defined components, o r  the  word NODE. 



PLOT S m m E  

ihe PLOT submodule executes  t h e  p l o t  r eques t s  t o  be d isp layed on t h e  screen.  
Ihe PLOT corand is t h e  on ly  c o r a n d .  Keyuords on t h e  p l o t  c n d  provide a l l  t h e  
d i s p l a y  op t ions ,  and mul t ip l e  keywords may be s p e c i f i e d  for a given p l o t .  lhesr key- 
words apply  o n l y  t o  the  c u r r e n t  d i s p l a y  and must be en te red  each t h e  infonuat ton  is 
requested. Each keyuord is listed and described.  DASH - The membrane e l m w n t s  are 
displayed with dashed l i n e s  i n s t e a d  o f  s o l i d  l i n e s .  NODE - me nude nwa3ers are 
displayed.  EL- - The element n u b e r s  are display&. MIS - The element local 
a x i s  is disp layed on a l l  p l ana r  elements. LABEL - The e l m e n t  type (e.g. CROD, CBAR) 
is disp layed on t h e  e l e r e n t s  . C0ORI)IUAIE - The X, T and Z coordina tes  o f  t h e  nodes 
are displayed.  TYPE - An element type is s p e c i f i e d  and ou tpu t  va lues  are disp layed 
f o r  t h a t  elcment type only. B R W  - m e r e n t s  are disp layed shrunken about  t h e i r  
c e n t r o i d s  and disconnected fra their nodes. SHRINK - ?he u s e r  s p e c i f i e s  a f a c t o r  
between 0.0 and 1.0 which is used t o  scale the e l e r s n t s .  This  keyword mwt be used 
along with  BREAK. SCALE - A scale f a c t o r  is s p e c i f i e d  and used t o  scale t h e  output  
element stress and fo rce  d iso laya .  

SIZE - The major s2te va lue  of the  elements  is disp layed (e-g. rod area, mem- 
brane th ickness) .  KAl%'RIAL - hn element material t a b l e  component s p e c i f i e d  by th* 
user is d i s p l a p C .  The a v a i l a b l e  components are a s u b s e t  o f  t hose  g iven  on t h e  HAT1 
and MAT2 cards. .WP?RES!S - The u s e r  s p e c i f i e s  one o r  no re  suppressed degrees  o f  
f'reeda, t h e n  on ly  .rlodeb with t h o s e  suppress ions  are n u b e r e d  i n  t h e  d i sp l ay .  A 
srall set o: a x i s  arrows on each node i n  t h e  d i r e c t i o n  o f  t h e  suppressed degrees o f  
freedom caa a l s o  be displayed.  BIDE - The model Is disp lsyed  with a l l  hidden l i n e s  
reroved. CADS uses  t h e  hidden-line r o u t i n e  developed t y  David R. Bedgley, Jr, st 
IWCTIYDEN (Ref. 4).  A p l o t  o f  a composite wing with hidden l i n e s  removed is shoun 
in Figure  4. 

COUTOUR - Surface  coa toc r s  o f  stresses, f~rces ,  and s e l e c t e d  m a t e r i a l  p r o p e r t i e s  
can be d isp layed.  The stress and force cor?tor;rs -411 d i s p l a y  t h e  first c o n p o n e ~ t  
S p e  defined f o r  each o f  t h e  element types. The coasand PLOT CCXTQGR STRESS a s  
appl ied  to  t h e  example g iven  i n  t h e  desc r ip t ion  cf t h e  ATTRIBUTE su'laodule wil l  con- 
t ou r  &, t h e  a x i a l  stress, f o r  t h e  CROD element and SX, t h e  stress i n  t h e  X-direction, 
f o r  t h e  CQJHR41 eiement. Only laminate  material p r o p e r t i e s  A l l  through A 3 3  as 
defined on t h e  UAT2 card can be contoured. LEVELS - The number o f  contour l e v e l s  t o  
be used on a contour p l o t  is specified. The use r  a l s o  de f ines  t h e  va lues  f o r  t h e  
contour l e v e l s  on t h e  contour d i sp l ay .  If  LEVELS is no t  s p e c i f i e d ,  CADS will estab-  
l i s h  between 10 and 15 l e v e l s  a t  even spacing by d e f a u l t .  A contour p l o t  o f  SX, t h e  
stress i n  t h e  X-direction, f o r  t h e  t o p  s k i n  o f  a metallic w i n g  is shown i n  Figure 5. 

STRESS - The element stress values  are displayed on t h e  ind iv idua l  elements. 
The component types  requested i n  t h e  ATTRIBUTE submodule are displayed f o r  t h e  given 
load case. A p l o t  of  AVRS, t h e  average shea r  stress, along t h e  s p a r s  o f  a m e t a l l i c  
wing is shown i n  Figure 6. FORCE - The element f o r e  va lues  are disp layed on t h e  
ind iv idua l  e l eaen t s .  DISPLACE - The g r i d  poin t  displacements  are disp layed a t  t h e  
nodes. BOTH - The deformed shape is displayed on t o p  o f  t h e  undeformed shape f o r  a 
given deformation s e t .  The deformed shape is disp layed i n  dashed l i n e s  while t h e  
undeformed shape is displayed i n  s o l i d  l i n e s .  EIGEN - A s p e c i f i e d  mode shape is 
displayed e i t h e r  a lone  o r  on t o p  o f  t h e  undeformed shape. A p l o t  o f  t h e  first mode 
o f  a m e t a l l i c  wing is shown i n  Figure  7. 

After a p l o t  is completed, one o f  f i v e  c h a r a c t e r s  can be entered  t o  cont inue  
processing. A W cha rac t e r  w i l l  i c i t i a t e  t h e  window d e f i n i t i o n  process f o r  blowing up 



displays.  After t h e  U is entered,  t h e  cross-hairs w i l l  appear on the  screen. They 
are then posit ioned t o  t h e  cen te r  o f  t h e  area t o  be blown up and an in teger  n u b e r ,  1 
t h r o w t  9 is entered t o  de f ine  t h e  window. A window represents  t e n  percent o f  t h e  
o r i g i n a l  p l o t  centered about the  cross-haim. Aa each window is defined,  a 29 char- 
a c t e r  t i t l e  can be input. Up t o  nine window can be defined. To d i sp lay  a specific 
window, t h e  keyword WINDOW followed by an in teger  n u b e r  is used. The vindow is 
blown-up t o  occupy t h e  e n t i r e  screen. Several  o f  t h e  previously defined keywords can 
a l s o  be spec i f i ed ,  e.g. RODE o r  ELWEBIT. P l o t s  of a wiadow defined on a c a p o s i t e  
viag are shorn i n  Figures 8a  and 8b. 

A P character  w i l l  i n i t i a t e  window d e f i n i t i o n s  though a por t  o r  box. Again t h e  
cross-hairs wil l  appear and a box wil l  be defined by posit ioning t h e  cross-hairs  on 
the  diagonal end points  and en te r ing  an in teger  n u b e r .  Up to  nine por t s  can be 
defined, and a t i t le  can be entered fo r  each port .  To d i sp lay  a specific port, the  
keyword PORT f o l l o w d  by an in teger  n u b e r  is used. The por t  is blown-up t o  occupy 
the  e n t i r e  screen. As with the  WINDOW severa l  o f  t k e  previously defined keywords can 
also be speci f ied .  P l o t s  o f  a por t  defined on a composite ulng are shoun i n  Figures 
9a and 9b. 

A V character ,  f o r  view, al low t h e  expansion of a boxed area o f  the  cur ren t  
d i sp lay  t o  another area of  t h e  same d i sp lay  without erasing t h e  screen. After t h e  
cross-hairs  appear t h e  first box is defined as for t h e  port .  Another box is deflned 
i n  a clear sec t ion  o f  the  d i sp lay  i n  t h e  same manner. If t h e  f i rs t  character used to 
define t h e  f i r s t  box is a D, then t h e  first box is d i s t o r t e d  i n t o  t h e  second box. If 
any character  besides a D is used to  define t h e  first box, then a square box is plot- 
ted  i n t o  a square box with no d i s to r t ion .  A p l o t  of a view defined on a composite 
wing is shown i n  Figure 10. 

An L character  w i l l  request  de ta i l ed  composite l a y e r  information f o r  composite 
layered elements. The cross-hairs  a r e  used t o  pick up t o  nine d i f f e r e n t  elements. A 
p lo t  of  c a p o s i t e  lamina information is shown f o r  se lec ted elements on t h e  top  s k i n  
o f  a c a p o s i t e  wing i n  Figure 11. 

A K character  keeps t h e  current  d isplay,  but  allows t h e  user  t o  add more infor-  
mation t o  the  display.  A subsequent E character  adds t h e  element nunbers t o  t h e  
display,  and an N character  adds t h e  node numbers t o  t h e  Oisplay. 

GRAPH SUBnODWiE 

The GRAPH submodule provides commands f o r  d isplaying sets o f  values as an X-Y 
graph. The user s p e c i f i e s  up t o  f i v e  sets o f  values,  titles, and legends which a r e  
then used t o  bui ld  the  a c t u a l  X-Y display.  In  addi t ion t o  accessing values from the 
CADS da ta  base, the  user may a l s o  e n t e r  lists o f  r e a l  values f r o a  the  terminal  f o r  
display.  The prompt s t r i n g  f o r  the  GRAPH submodule is ?GRAPH. The TITLE command 
allows the  user t o  def ine  a t i t l e  f o r  the  X-Y graph. The t i t l e  w i l l  be pr in ted a t  
the  top of  the? graph and can be as 1 ?g as two l i n e s  where each l i n e  is 72 charac- 
ters. The XTITLE comand is used t o  speci fy  t h e  X-axis t i t le ,  while the  YTITLE 
colmtand s p e c i f i e s  the  Y-axis t i t le.  B0t.h a r e  one-line t i t l e s  o f  a t  most 48 charac- 
ters. The CURVES c-nd is used t o  speci fy  the  number of  sets of values t o  be plot- 
ted as separa te  curves. The CASE command is used t o  def ine  those load cases  from 
which the  da ta  w i l l  be taken. The XVALUE and YVALUE commands a r e  used t o  spec i fy  the  
s e t s  o f  values t o  be plot ted  a s  X-Y curves. Keywords f o r  t h e  XVALUE and WALUE corn- 
manda include AXIS, DISPLACE, TIME, EIGEN, and NODE. The AXIS keyword implies t h a t  



Ttie CADS Post Processor (CADSPP) is a stand-alone program on the VM 11/780 
which reads an 80 c o l u a  card image output f i le  generated by the  f i n i t e  element 
proppm, t rans la tes  the information, and s to re s  it i n  the  POST data  base file. It 
stores element stresses and forces,  g r id  displacements and mode shapes. As refer- 
enced i n  the ATTRIBUTE submodule t he  stress and force components supported fo r  each 
element are tabulated i n  Reference 5. Since CADSPP establ ishes  the KIST data  base 
f i l e ,  it must be run separately before trying t o  obtain deformation o r  stress and 
force value p lo t s  ir! CADS. 

CONCLUSIONS 

mot a l l  the  camands avai lable  i n  CADS were described and those comaads that 
were referenced w e r e  not a l l  described i n  t h e i r  ent i re ty .  Rphas is  was placed on the  
modular nature of the CADS organization and its basic capabi l i t ies .  A ds ta i led des- 
w ip t ion  of CALS is available i n  References 5 and 6. Assistance i n  maintaining and 
upgrading the CADS soft- is avai lable  in  Reference 7. 
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e i t h e r  t h e  X, Y o r  Z coordinate values of  t h e  nodes w i l l  be p lo t t ed  along the  X o r  Y 
axis.  The OISPLACE keyword implies t h a t  a ~ p e c i f i e d  displacement component w i l l  be 
plot ted  along t h e  X o r  Y ax i s .  TIME implies t h a t  a time s t e p  i n t e r v a l  w i l l  be speci- 
f i e d  f o r  the  X o r  Y values. The EIGEN keyword i r p i i e s  t h a t  a spec i f i ed  mode shape 
component w i l l  be p lo t t ed  along t h e  X o r  Y axis .  The NODE keyword def ines  t h e  nodes 
t o  be used i n  t h e  given X-Y plot .  The LEGEND command permits t h e  user t o  de f ine  a 
s h o r t ,  12 character  legend f o r  each curve. The TERMINAL corarand is used to  start t h e  
i n t e r a c t i v e  input  of  values f o r  X-Y p l o t t i n g  from t h e  terminal. A p l o t  of  the  Z dis-  
placaaents along the  t r a i l i n g  edge o f  a meta l l i c  wing is shorn i n  Figure 12. 

EDIT MODULE 

The EDIT module is used t o  e d i t  the GEOn d a t a  base f i l e  by adding, de le t ing  and 
changing nodal, element, ma te r i a l  and property Oata. The prompt s t r i n g  f o r  t h i s  
module is ?EDIT. The EDIT module supports  four processors: NODE, ELEMENT, PROPERTY, 
and MATERIAL. 

The NODE processor provides commands f o r  modifying the current  nodal data .  The 
LIST c m a n d  allows the  user  t o  list p a r t  o r  a l l  of  t h e  node numbers, coordinates and 
cons t ra in t  information s to red  on t h e  GEOn da ta  base file. The DELETE command d e l e t e s  
spec i f i ed  nodes from t h e  d a t a  base. The CHANGE caamand is used t o  change t h e  coordi- 
nate  locat ions  o r  suppressions of  speci f ied  nodes. The ADD command uses t h e  NODE 
coasand i n  t h e  NODE submodule of  the  READ module f o r  adding new nodes and t h e i r  
coord? nates .  

The ELEMENT processor provides coumands f o r  modifying t h e  current  element 
connecti; t y  data.  73e LIST coamand lists a l l  element da ta  v i a  t h e  element group. 
Group ambers ,  t h e  number of  elements i n  each group, and a l l  o r  p a r t  of t h e  element 
d a t a  i n  a s p e c i f i c  group can be listed. The DELETE command d e l e t e s  spec i f i ed  el@- 
ments from t h e  data  base. The CHANGE command is used t o  change the  element connec- 
t i v i t y  of spec i f i ed  elements. The ADD coanaand adds elements t o  a spec i f i ed  group. 

The PROPERTY processor provides commands f o r  modifying element property data .  
The LIST command is t h e  same a s  the  LIST command described f o r  the  ELMENT processor. 
The CHANGE command allows t h e  user t o  change element s i z e s  f o r  speci f ied  elements. 
A l l  changes must be made by reference t o  the  group i n  which t h e  element res ides .  

The MATERIAL processor provides commands f o r  modifying mater ia l  property data .  
The LIST command e i t h e r  lists t h e  mater ia l  data  associa ted  with a s p e c i f i c  group or  
lists a l l  the  mater ia l  values i n  t h e  MAT1 t a b l e s  where I is 1, 2, 4 or  5. The ADD 
cormand is used t o  add new mater ia l  property values t o  MAT1 and MAT2 mate r i a l  tables .  
The CHANGE command is used t o  change the  mater ia l  proper t ies  of s p e c i f i c  lists of  
elements within a given group. 

The ELEMENT, PROPERTY, and MATERIAL processors provide a HELP command. The HELP 
camand gives  information on t h e  v a l i d  mater ia l  and property types f o r  the  d i f f e r e n t  
element types o? groups. The HELP ELEM lists a l l  of the  elements supported by CADS 
and the  property type name f o r  each element. The HELP command followed by a property 
type name lists a l l  t h e  element names which reference t h a t  property type. The HELP 
MAT TYPE lists a l l  the  keywords f o r  the  speci f ied  mater ia l  property t a b l e  type,  i .e .  
MAT1, MAT2, MAT4, o r  MATS. 
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RLTZ PROCEDURE FOR COSMIC/NASTRAN 

R. L. C i t e r l e y  and Y. J. Woytowitz 
Anamet Laboratories ,  k c . ,  San Carlos, CA 94070 

An a n a l y s i s  procedure has been developed and incorporated i n t o  COSMIC/ 
NASTRAN t h a t  permits l a r g e  dynamic degree of freedom models t o  be processed 
accu ra t e ly  with l i t t l e  o r  no e x t r a  e f f o r t  required by the  user. The method 
employs e x i s t i n g  c a p a b i l i t i e s  without t he  need f o r  approximate Guyan reduct ion  
techniques. Comparisons t o  e x i s t i n g  s o l u t i o n  procedures p re sen t ly  wi th in  
NASTM a r e  discussed.  

INTRODUCTION 

The search f o r  an e f f e c t i v e  methe f o r  performing a dynamic a n a l y s i s  of  
complex s t r u c t u r e s  has  been under continuing study f o r  many decades. In  order  
t o  reduce t h e  number of governing equations,  the  usual  approach was t o  use  
modal coordinates.  These modal coordinates a r e  develcped by employing c l a s -  
s i c a l  eigenvalue ex t r ac t ion  procedures. With t h i s  approach as the  accepted 
a n a l y s i s  procedure, a concerted e f f o r t  start in^ in the 1950's was made in 
developing var ious  eigenvalue e x t r a c t i o n  methods. Several  of these  op t ions  
p re sen t ly  e x i s t  i n  NASTRAN t o  develop these  dynamic proper t ies .  

In pu r su i t  of e f f i c i e n t  and accura te  eigenvalue methods, Jennings ( ~ e f .  1 )  
g ives  a r a t h e r  b r i e f  but complete review of methods f o r  s c lv ing  dynamic equa- 
t i ons  to determine c h a r a c t e r i s t i c  responses. The Lanczos method was repor ted  
a s  one o f  the more e f f i c i e n t  methods f o r  the so lu t ion  of  s t r u c t u r a l  eigenvalue 
problems. Further  i n v e s t i g a t i o n  by Nour-Ornid e t  a l .  ( ~ e f .  2). i l l u s t r a t e d  
t h a t  the Lanczos method had tremendous advantages over o the r  c l a s s i c a l  
eigenvalue ex t r ac t ion  methods. With a l l  t he  various eigenvalue procedures 
ava i l ab le ,  the choice of  which numerical procedure should be used f o r  so lv ing  
a dynamic response problem depends upon the  problem c h a r a c t e r i s t i c s  and 
s o l u t i o n  requirements. 

The so lu t ion  process f o r  the dynamic ana lys i s  developed i n  NASTRAN i s  
separated i n t o  th ree  phases: assembly, so lu t ion ,  and response recovery. A s  
pointed out i n  Sect ion 4.0 of the  NASTRAN Theore t ica l  Manual, a s  problem s i z e  
increases ,  the  cos t  of the  f i r s t  and t h i r d  phases inc reases  l i n e a r l y ;  whereas 
the  second increases  cubica l ly  with the  number of degrees of freedom. The 
eigenvalue so lu t ion  phase is usua l ly  considered the  most cos t ly .  



Wilson (Ref. 3) demonstrated how the  eigenvalue procedure could be c i r -  
cumvented. He c l a s s i f i e d  i t  a s  t he  "Ri t? . "  method. Arnold e t  a l .  (Ref. 4 ) ,  
demonstrated how the  R i t z  procedure could be incorporated i n t o  MSC/NASTRAN and 
showed t h a t  i t  would be l e s s  c o s t l y  and more e f f i c i e n t  than previous techniques. 
Reference 4 a l s o  d i scus ses  the r e l a t i o n s h i p  between Lanczos and Ritz .  

Other methods using t h e  bas i c  concept of Lanczos have been suggested by 
Gupta (Ref. 5 )  using a Lanczos-Householder algori thm, Newman and Flanagan 
(Ref. 6 )  using FEEX, and by Newmen and Mann ( ~ e f .  7) us ing  complex FEER 
methods f o r  COSKIC/NASTRAN. These methods d i f f e r  from the  present  case in the  
s e l e c t i o n  process of t he  s t a r t i n g  vectors .  Also, t he  method of  obta in ing  t h e  
a d d i t i o n a l  vec to r s  is d i f f e r e n t .  

TECHNICAL DISCUSSION 

Xlthouph the  use of R i t z  vec to r s  can be appl ied  t o  t he  dynamic a n a l y s i s  
ot' any l i n e a r  system, it is p a r t i c u l a r l y  w e l l  s u i t e d  t o  ap; l icat ion i n  t h e  
f i e l d  of dynamic s t r u c t u r a l  ana lys is .  The na ture  of c e r t a i n  dynamic loadings,  
o r  r a t h e r  the  h n a l y t i c a l  r ep re sen ta t i on  of the  loadings,  a l lows the  R i t z  
approach t o  almost assuredly  use fewer modes f o r  t he  same accuracy a s  a  conven- 
t i o n a l  a n a l y s i s  using n a t u r a l  f requencies  and mode shapes. The use of a s t a t i c  
load vec tor  i n  the dynamic e x c i t a t i o n  d j r e c t i o n  i n  de r iv ing  the  s t a r t i n g  R i t z  
vec tor  e l imina t e s  t h e  need f o r  a  s t a t i c  co r r ec t ion  due to  h igher  order  modes. 

A s  menticned e a r l i e r ,  the  s o l u t i o n  of the  eigenvalue problem f o r  l a r g e  
systems is the  major computational task involved i n  dynamic ana lys l s .  F3r 
very l a r g e  systems, t h i s  -;ask is of ten  not even p r a c t i c a l ,  and i n ~ t e a d  is 
supplemented with an a d d i t i o n a l  s t e p  of s t a t i c  condensation ar.l Guyarl reduc- 
t i o n ,  o r  by use of subs t ruc tu r ing  techciques. A l l  these  techniques a r e  
acceptable  and a r e  i n  s tandard p r a c t i c e  with COSMIC/NASTRAN today; however, 
a l l  involve the  so lu t ion  nf l a rge  eigenvalue prsblems even i f  the  t o t a l  
problem ?.as been reducttd i n t o  workable subs t ruc tures .  The R i t z  algori thm, t o  
be defined i n  d e t a i l  l i t e r ,  a l lows the  ana lys t  t o  bypass the  s o l u t i o n  of a  
l a rge  eigenvalue problem, and ins tead  so lve  a  smal le r  e igenvalae  problem 
involv ing  vnly t he  P i t z  modes of s ign i f i cance  t o  the ana lys i s .  Nour-Omid and 
Clough ( ~ e f .  3) have shorn how even t h i s  s t e p  could be el iminated.  Also 
presented here is a method of us ing  an e r r o r  norm t o  de f ine  t he  n~.mber of R i t z  
vec to r s  requi rad  t o  obta in  accura te  dynamic a n a l y s i s  r a s u l t s .  

Deri-vation of Ri tz  Vectors 

Given a phys ica l  system whose mass and s t i f f n e s s  p r o p e r t i e s  have been 
d i s c r e t i z e d  t o  N degrees of freedom given by the  s t r u c t u r e  mass matr ix,  F1, and 
s t r u c t u r e  q t i f f n e s s  matr ix,  K, t he  i n i t i a l  s t e p  in the  algori thm is t o  f a c t o r  
K such t h a t  



The s t a r t i n g  vec tor  x* c a r  then be obtained by so lv ing  
1 

where f  is a a t a t i c  load vec tor  which r ep re sen t s  t he  s p a t i a l  d i s t r i b u t i o n  of 
t he  dynamic loading. 

Once the f i r s t  Ri tz  vec to r  x7 is obtained,  an i t e r a t i v e  process is begu~; 
f o r  the  s o l u t i o n  of a  f u l l  L s e t  of Ritz  vec tors .  This process ..an be divided 
i n t o  t h r e e  s t eps  which a r e  given below. 

S t ep  1: Solu t ion  f o r  x* is made using the  f ac to red  s t i f f n e s s  matrix from 
Equation (1 ) i 

Step  2: i = i + 1 , i f  i < L go to  1 ,  otherwise proceed 

Step 3: Orthogonalize xy with r e spec t  to  prevj.ous i - 1 v e c t o r s  

and normalize with r e spec t  t o  M t o  f ind  xi 

The r e s u l t  of t h i s  i t e r ~ . t i v e  process is an N by L matr ix of vec to r s ,  X, which 
i s  mass orthogonal ,  but st i l l  must be orthogonalized with r e s p s c t  t o  t h e  
s t i f f n e s s  matrix. The f i n a l  s e t  of Ri tz  vec to r s  muat be mass and s t i f f n e s s  
orthogonal to uncouple t he  equat ions of motion, and t h i s  or thogonal iza  t i o n  can 
be acccmp-ished by so lv ing  the fol lowing eigenvalue problem f o r  zi, 



where 

The f i n a l  matr ix of Ri tz  vec tors ,  OX, is then obtained using the  matri: of zi 
vec tors ,  2, a s  a t ransformation f o r  X,  

ox = xz (I c!) 

Error  Norm Def in i t i on  

The de f i r i i t i on  of a? e r r 3 r  norm is a key element in a p p l i c a t i o n  of t h e  
R i t z  algorithm. Wilsoii o r i g i n a l l y  devised an e r r o r  norm defined a s  

where 

T 
'j 

= OX .f = part ic=pat j- , i l  f a c t o r  
J 

and the vectiors Ox. a r e  the  f i n a l  mass and s t i f f n e s s  or thogonal  Ritz  vec to r s  
obtained from E!qua$ion (I  0j. This e r r c r  norm v a r i e s  from e = 1.0 i f  no vec- 
t o r s  a r e  used, to  e = 0.0 i f  a l l  vec tors  a r e  used. Arnold, C i t e r l e y ,  e t  a i . ,  
used t h i s  same d e f i n i t i o n  of e r r o r ,  but appl ied  it using the  non-s t i f fnsss -  
or thogonalj  zed R i t z  vec to r s  x r a t h e r  than ox . .  This d e f i n i t i o n  then permit? 

j' e r r o r  e s t ima t ion  pr!.or to  eigenvalue extraot iot l  performed on Equation (7). I n  
add i t i on ,  they e s t ak l i shed  another  e r r o r  norm t o  quan t i fy  the  i n f luence  of the  
input  e x c i t a t i o n  frequency content  on the  adequacy of t h e  s e l ec t ed  B i t z  
vec tors .  Examination of t h i s  type of e r r o r  norm w i l l  be requi red  f o r  high 
frequency inpu t  exc i t a t i on .  



IMPLEMENTATION INTO NASTRAN AND NUMERICAL RESULTS 

The R?.tz procedure :;as implemented i n t o  NASTRAN using the DMAP capa- 
b i l i t i e s .  A flow cha r t  of  a t y p i c a l  MAP a l t e r  is shown in R g u r e  1. The 
procedure has been incorporated i n t o  SOL 3, 11, and 12. Although d a t a i l o  o f  
t h e  MAP a l t e r  a r e  s l i g h t l y  d i f f e r e n t  f o r  each r i g i d  format, the  flow cha r t  of  
Figura 1 o u t l i n e s  the  general  procedure. 

Block 1 of  Figure 1 processes the s t a t i c  loads. A s  many subcases a s  
necessary a r e  input  by the  user  t o  genera te  t he  s t a t i c  loads which a r e  t o  
represent  the s p a t i e l  d i s t r i b u t i o n  of the dynamic loads. Modules SSGI, SSG2, 
and SSG3 a r e  used f o r  the  processing and sllbsequent s e t  r e d u c t i o ~ ~ .  

Block 2 of  Figure 1 uses the  love r  t r i ~ n g u l a r  f a c t o r  of the s t i f f n e s s  
matrix (L of Equation (1 )) t o  so lve  f o r  t he  f i r s t  s e t  of  vectors. Block 3 is  
a loop, which c a l c u l a t e s  a d d i t i o n a l  vec tors  described previously. 

Block 4 uses a du module, MODB, t o  orthonormallze the  generated vec- 
t o r s  ( see  Bquntions ( 4 3 ) .  Block 5 then r l c u l a t e r  the g e n e r a l i e d  mass and 
s t i f f n e s s  matr ices of Equations (8) and (9). Block 6 uses the  REX9 module t o  
perform the eigenvalue/eigenvect.r ana lys i s  of Equation (7)  and form the Ri tz  
vec tors  using Equation (10). F ina l ly ,  Block 7 equivalences the Ri tz  vec tors  
t o  the regular  A s e i  eigenvectors  (PHIA) f o r  subsequent use in the  MAP r i g i d  
format. 

A dummy module, MOD9, was wr i t t en  to  perform seve ra l  tasks  de?ending 
upon the  input  parameters. It is used in Block 3 t o  append the  newly 
ca lcula ted  vec tors  t o  the previous vectors .  Addit ional lg,  although not shown, 
i t  was found necessary t o  n o m a l i ~ e  the  newly corcputed vectc''s i n  Block 3 
a f t e r  each pass through the  loop i n  order  to prevent numerical round-off 
problems. This was a l s o  perfarmed by the  dumn~y module. The dumnpr modu: .'s 
f i n a l  job was t o  orthonormalize the vec tors  I n  Block 4, using the  Gram-Schnidt 
orthonormalizst ion procedure. 

The Ri tz  procedure was p~*eviously implemented i n t o  the MacNeal-Schwendler 
version of NAETRAB. Comparisons of tine Ritz procedure t o  MSC/NASTRAN's Gener- 
a l i zed  Cynamic Procedure have been reported (Ref. 3). The Ritz  procedure was 
a l s o  compared to  COSMIC/NASTRAl's FEW method. Table 1 presents  frequency 
comp~r i sons  and t o t a l  CPU time using the FEER method and the Ri tz  method or a 
r e l a t  -?ly small  problem. A s  can be seen, both nethods y i e ld  s i m i l a r  r e s u l t s ,  
the Rita method being s l i g h t l y  f a s t e r .  

However, i t  is not proper t o  dLrec t ly  compare the FEEFi method with Ri tz ,  
s ince  they a r e  intended t o  serve d i f f e r e n t  purposes. The FEM (or any ocher 
eigen-extract ion) rou t ine  is designed to  f ind  a l l  the  e igenva l~ le s  and a ~ s o c i -  
a ted  eigenvectora below a c e r t a i n  user  s p e c i f i d  number. These modes may o r  
may not be good r ep resen ta t ions  f o r  use i n  a forced dynamic response. Often 
i t  is found t h a t  only c e r t a i n  modes p a r t i c i p a t e  due to  t he  na ture  of t h e  
forc ing  function.  The Ritz  method uses s t a t i c  r ep resen ta t ions  of the dynamic 



forces applied as a bas is  fo r  its "eigenvectors". The only "modes" a l c u l s t e d  
correspond to those excited by the forcing furction.  Therefore, fewer un- 
necessary modes a r e  used; addi t ional ly ,  a s  pointed out previously, s t a t i c  
correc1;ions (such as Modal ~ c c e l e r a t i o n )  tech- iques a r e  not necessary, s i n c e  
the W t z  vectors necessari ly accurately represent the t o t a l  force  applied t o  
the s t ructure .  

The R i t ~  procedure f o r  dynamic analys is  has been preaented. The procedure 
is re l s t ed  to other popular methods of eigenvalue/eige~.vector analjrsia; how- 
ever, it does not httempt to  obtain a l l  the modes of the system. Instead, 
only l tose  "modes" which a r e  excited bg the dynamic loading are obtainea. 

A flow char t  of the IMAP impleme2tation has been presented. RASTRAH's 
DUAP capabi l i ty ,  a l o a  d t h  +\le use of a dummy module, made t h i s  irplementation 
f a i r l y  simple. The method was compared to the PEER method f o r  one problem. 
The predicted frequencies compared ue l l ,  while the cost  of the Ritz method was 
less.  The same conclusions were shown by Arnold, Citerley,  et al .  with more 
dramatic cos t  savings fo r  very l a rge  analys is  problems. These r e s u l t s  c l e a r l y  
demonstrate the impact tha t  the Ritz algorithm can have on reducing ana lys i s  
cost. 

The benef i t s  of the Ritz algorithm in dynamic ana'qsis can therefore be 
summerized as: 

1. Order of magnitude ;,duction i n  deriving eigenvalues and eigenvectors f o r  
mode superposition analysis .  

2. Better  accuracy f o r  fewer vectors. 

3. No s t a t i c  correction needed f o r  higher order modes. 

4. No s t a t i c  condensation o r  Guyan reduction required f o r  l s r g e  systems. 

5- Error estimation can be made to  determine the adequacy of se lec ted Ri le  
vectors. 
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TABLE 1 

FREQUEWY AWD TINE RESULTS FOR A W L  ma, 
R I T Z  VERSUS FEER 

~ I C  FREQUENCY 

FEER (tIZ) 

2 -83647 1E+02 

5.01 5972EW 

7 -401 528EW 

8.7921 %EM2 

9 -876671 E+02 

1 ,18921 OEM3 

1 -691 335€+03 

2.1 65648EW3 

2.467984EHI3 

2.9061 39E+03 

270 

R I n  (HZ) - 

1 

2 

3 

4 

5 

6 

7 

8 

3 

I 10 
I 

Total Run Time 
(cpu-sec) 

2.836471 € 4 2  

5 -01 5972E+02 

7.41 8652E+02 

8.908411 E+02 

9.876880€+@2 

1 ,18921 3E+03 

1 .902981E+G3 

2.1 78580EN3 

2.852047E+O3 

3.239252Ei03 

218 
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SWETRIC CWPOSITE LAMINATE STRESS ANALYSIS 

T. Uang, K. F. Smolinski,  and S. G e l l i n  
B e l l  Aerospace Textron, Buffalo,  New York 

I n  t h i s  paper i t  is demonstrated t h a t  COSMIC/%STRAN may be used t o  ana lyze  
p l a t e  a rd  s h e l l  s t r u c t u r e s  made of symmetric composite laminates .  Although g e n e r a l  
composite laminates  cannot be analyzed us ing  K4STRAN, t h e  t h e o r e t i c a l  development 
presented he re in  i n d i c a t e s  t h a t  t h e  i n t e g r a t e d  c o n s t i t u t i v e  laws of a  symmetric 
composite laminate resemble those  of a homogeneous a n i s o t r o p i c  p l a t e ,  which can be  
analyzed us ing  NASTRAN. h d e t a i l e d  a n a l y s i s  procedure is presented ,  a s  w e l l  a s  a n  
i l l u s t r a t i v e  example. 

INTRODUCTION 

Composite lamina tes  have been used i n  many engineer ing  s t r u c t u r e s  recer i t ly ,  
a d  r e sea rche r s  i n  t h i s  f i e l d  have developed many f i n i t e  element programs [ I ] .  To 
d a t e ,  t h e  composite laminate theory has n o t  been inccrpora ted  i n t o  any NASTRAN 
p l a t e  element formulat ion [2] .  

The governing equi l ibr ium equat ions  f o r  symmetric lamina tes  resemble those  f o r  
a n i s o t r o p i c  p l a t e s  [ 3 ] .  Since  MSTRAN possrsse-  t h e  c a p a b i l i t y  t o  ana lyze  aniso-  
t r o p i c  p l a t e s ,  symmetric lamina tes  can b e  analyzed us ing  NASTRAN i f  t h e  equ iva l en t  
a n i s o t r o p i c  p l a t e  material p r o p e r t i e s  can be obtained.  

The purpose of t h i s  s tudy is t o  o b t a i n  equ iva l en t  a n i s o t r o p i c  p l a t e  m a t e r i a l  
p r o p e r t i e s  f o r  symmetric laminates  c o n s i s t e n t  wi th  t h e  governing p l a t e  theory ,  and 
thus  extend t h e  c a p a b i l i t y  of  NASTRAN t o  inc lude  a n a l y s i s  of symmetric lamiirates. 
This  t h e o r e t i c a l  formulat ion is given i n  t h e  next  s ec t ion .  Subsequsn:ly, a s tep-  
by-step a n a l y s i s  procedure and ar. i l l u s t r a t i v e  example problem a r e  presented.  

THEORY 

The c l a s s i c a l  laminate theory [ 4 ]  w i l l  be used. A Car t e s i an  c o o r d i r ~ a t e  system 
is assumed w i t -  :he x-y plane loca ted  a t  t h e  midplane of t h e  laminate.  The normal 
coo rd ina t e  is ., and t h e  t o t a l  lamiiiate t h i ckness  is h. The laminate  c o n s i s t s  of 
p e r f e c t l y  bonded laminae. I f  h  is considered smal l  compared t o  t h e  x and y dimen- 
s i o n s  of t h e  laminate,  :he Kirchoff hypothes is  may be assumed t o  be  app l i cab l s .  
The displacements  can then be w r i t t e n  a s  



where Uo, Vo, and Wo a r e  t h e  midplane d i sp lacements  i n  t h e  x, y ,  and z d i r e c t i o n s ,  
r e spec t i ve ly .  The s t r a i n s  a t  d i s t a n c e  from t h e  midplane can be w r i t t e n  a s  

where 

The c o n s t i t u t i v e  l a v  a t  any po in t  i n  t h e  lcmina te  nay be  v r i t t e n  i n  t h e  form 

where (a,., Oy, T ~ ~ )  a r e  t h e  stresses and t h e  qij a r e  t h e  reduced moduli. 

Re l a t i ons  between t h e  s t r e s s  and morent r e s u l t a n t s  ard t h e  s t r e t c h i n g  and 
cu rva tu re  s t r a i n s  a r e  ob ta ined  by i n t e g r a t i n g  Equation (4)  through t h e  th ickness ;  
s p e c i f i c a l l y ,  

where 

P re sen t ly ,  t he  gene ra l  form Equation (5) is not  used f o r  a;:y p l a t e  element i n  
NASTRAN; however, i f  t h e  lamina te  is symmetric, then  Bij=O, and t h u s  t he  inplal ie  
ex tens ion  and out: of p lane  bending e f f e c t s  decouple. Equ iva l e~ l t  a t ~ i s o t r o ~ i c  
c o n s t i t u t i v e  laws can be w r i t t e n  f o r  each e f f e c t .  For i n  p lane  ex tens ion ,  t he  
equ iva l en t  s t r e s s - s t r a i n  law i s  



and f o r  bending i t  is 

The c o e f f i c i e n t s  i n  Equations (7)  and (8) a r e  denoted a s  t h e  equ iva l en t  a n i s o t r c p i c  
m a t e r i a l  p rope r t i e s .  S ince  NASTRAN can be used f o r  t h e  stress a n a l y s i s  of a hon~ge -  
neous a n i s o t r o p i c  p l a t e ,  i t  can thus  b e  used f o r  symmetric lamina te  stress s n a l y s i s .  

THE ANALYSIS PROCEDlTRE 

incorpora t ing  the  aforementioned theory i n t o  NASTRAN f o r  symmetric lamina te  
s t r e s s  a n a l y s i s  is not  a s t r a igh t fo rward  task .  The a n a l y s i s  procedure may be out- 
l i n e d  a s  fol lows:  

(1)  The t h e o r e t i c a l  development presented above is used t o  c a l c u l a t e  t h e  coef- 
f  i c i e n t s  of Equations (7) and (8).  The r e s u l t s  a r e  input ted  t o  NASTRAS 
by using MAT2 cards .  

(2 )  To ana lyze  p l a t e  o r  shal low s h e l l  s t r u c t u r e s , p l a t e  elements CTRIAl and/or  
CQUADl a r e  used, w i th  a s soc i a t ed  MAT2 cards.  Output w i l l  i nc lude  g r i d  
point  2icplacements and t h e  midplane s t r e t c h i n g  and cu rva tu re  s t r a i n s  of 
each element. 

(3) The s t r a i n s  i n  each l a y e r  of t h e  element a r e  c a l c u l a t e d  us ing  Equation (2) 
and t h e  s t r e s s e s  i n  t h e  l aye r  a r e  ca l cu l a t ed  us ing  Equation (4).  

(4)  The s c r e s s e s  i n  each l aye r  a r e  transformed t o  t h e  p r i n c i ? a l  m a t e r i a l  
d i r e c t i o n s  and t h e  f a i l u r e  c r i t e r i o n  151 

is used f o r  p ly  f a i l u r e  evnlue,inn. I f  t h e  va lue  of F exceeds u n i t y ,  
t h a t  l aye r  is f a i l e d .  

EXAMPLE PkOBLPI 

A Kevlar 49*/Epoxy cylindrical s h e l l  wi th  [-60/0/60] 3s layup is  used t o  i l l u s -  
t r a t e  t h e  a n a l y s i s  procedure. The geometry 2i.d f i n i t e  element mesh a r e  shown i n  
Figure 1. The mechanical p r o p e r t i e s  i n  p r i n c i p a l  m a t e r i a l  d i r e c t i o n s  1 and 2 of a 
u n i d i r e c t i o n a l l y  r e in fo rced  lamina a r e  



where t h e  1 and 2 d i r e c t i o n s  a r e  p a r a l l e l  and normal t o  t h e  f i b e r  d i r e c t i o n ,  
r e spec t ive ly .  The u l t i m a t e  s t r e n g t h s  of t h e  lamina a r e  

S,, = 6.00X lo7  Pa 

where T and C denote t ens ion  anti coxpression,  r e spec t ive ly .  The s h e l l  was sub- 
j ec t ed  t o  6895 Pa ( 1  p s i )  uniform p re s su re  and its psr iphery  was pinned. 

The equ iva l en t  homogeneous a n i s o t r o p i c  p lace  c o n s t i t u t i v e  l a w  f o r  i n  p lane  
c a l c u l a t i o n  was c a l c u l a t e d  a s  

while  f o r  bending i t  was 

The i npu t  t o  NASTRAN was made according t o  S tep  (2)  of Che procedure given above. 

The output  displacement  contours  i n  t h e  x, y, and z d i r e c t i o n s  a r e  shown i n  
Figures 2 ,  3, and 4, r e spec t ive ly .  Note t h a t  t he se  deformations a r e  n o t  symmetric 
wi th  r e s p e c t  t o  t h e  c e n t e r l i n e s  of t h e  s h e l l .  This  is due t o  t h e  presence of t h e  
Dl, and D2, terms. 

Table 1 summarizes t he  l a y e r  s t r e s s e s  i n  p r i n c i p a l  m a t e r i a l  d i r e c t i o n s  f o r  a  
t y p i c a l  clement. The small  va lues  of F i n d i c a t e  t h a t  no p ly  f a i l u r e s  occur .  

*Kevlar 49 aramid f i b e r s ,  manufactured by E. I. duPont de Nemours & Co., Iqc .  



CONCLUSIONS AND SUGGESTIONS 

NASTWN has been demonstrated t o  be  a f e a s i b l e  t o o l  f o r  t h e  stress a n a l y s i s  of 
symmetric composite laminates ,  though equiva len t  a n i s o t r o p i c  m a t e r i a l  p r o p e r t i e s  
and l a y e r  stress c a l c u l a t i o n s  must b e  performed o u t s i d e  t h e  NASTRAN framework. To 
inc rease  t h e  NASTRAN a n a l y s i s  c a p a b i l i t y  t o  unsymmetric lamina te  and t o  s imp l i fy  
t h e  a n a l y s i s  procedure, i t  wocld be worthwhile t o  i nco rpo ra t e  tile- newly developed 
composite lamina te  f i n i t e  element programs i n t o  N.rSTRAN i n  o rde r  t o  ana lyze  t he  
ever - increas ing  number of composite laminate s t r u c t u r e s .  
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01 THE IIOTERCOIVIiECTIOh OF INCOMPATIBLE 
SOL13 FINlTE ELEWElYT MESHES USING MULTIPOINT CO3sTRAIIOTS 

Gary L. Fox 
Hughes Dri l l ing  Equipnent 

Division o f  Hughes Toal Corporation 
Torrance, Cal i fornia  

Incompatible meshes, i .e .  meshes t h a t  physicnlly must ;lave a common boun2ary, 
but do not necessar i ly  have coincident g r i d  poirits, can at-?se i n  t h e  course of  a 
f i n i t e  e l e e n t  a a l y s i s  . For example, two subst ructures  ma4- have been developec! a t  
d i f f e r e n t  times f o r  d i f f e r e n t  purposes and it oecones necessary t o  interconnect  t h e  
two models. A t e c h i q u e  that uses only mult ipoint  cons t ra in t s ,  i-e. KT cerds ( o r  
MPCS cards  i n  subst ructur ing) ,  is presented. Since t h e  apthe3 .ass  only KPC's, t h e  
prmedure may apply a t  any s t a g e  i n  an  analys is ;  no p r i c t  pla~ning o r  s p e c i a l  S a t e  
is necessary. 

When two se-prate f i n i t e  element s o l i d  neshes a r e  combined with a common bound- 
ary, t h e  degrees of freedom on t h e  c o m n  sur face  of one o f  t h e  models be 
eliminated. The el imination prccess nust preserve the comptitibility o f  t h e  joined 
su r face  when t h e  model is subjected t c  ex te rna l  loads which cause t h e  i n t e r f a c e  sur-  
face t o  deform. The use o f  !PC's can .-rovide t h i s  c a p a b i l i t y  t o  first order,  i.e. 
l i n e a r  i n  t e r n s  of g r i d  point d i sp lacemnts .  

The MPC equations presented are a e d  on a l i n e s -  su r face  sp l ine .  A t h r e e  
dimensional surface  s p l i n e  is a mathematical t o o l  used t o  f ind  a fluxtior?, f!u,=.,v! 
f o r  a l l  points  (x,y,z) when '( u(x,y,z), v(x,y,z), w(x,y,z) is knovn f3r s d i s c r e t e  
set o f  points,  (xi,yi,Zi) a..J (u,v,w) a r e  displacements i n  t h e  (x,y,z! d i rec t ions .  
The three dimensional su r face  s p l i n e  given here is based on t h e  shape function of  
t h e  l i n e a r  displacement te t rahedra .  Th5s s h p  function w i l l  produce compatible 
su r face  deformations f o r  models using 1ir:ear elements. 

The example presented implements t h i s  method by assunir,o t h a t  one surface  is 
compsed o f  a set of imaginary t r i a n g l e s  formed by g r i d  points cn one o f  t h e  mating 
surfaces.  The ve r t i ces  of  a t r i a n g l e  form a unique su r face  descrii-4d by (xi,yi,zi 1, 
where i = 1,2,3. Grid points o f  t h e  surface  t o  L .  interconnected zhat  l i e  within 
t h e  boundary of t h e  t r i a n g l e  a r e  MPC'ed t o  t h e  d i s ~ i a c e m e n t  o f  t h e  ve r t i ces ,  
( u ~ , v ~ ~ w ~  I ,  based O? t h e  s p l i n e  functions f (  u(xi,yi,zi ), v(xi,yi,zi),  w ( x ~ , Y ~ , z ~ )  I .  
Results of  a p rac t i ca l  example i n  subst ructure  analys is  a r e  presented. A computer 
program tha-L autonmt.ically wr i t e s  t h e  MFT cards is included i n  t h e  Appendix. 

Contider a planar t r i a n g l e  i n  space defined by t h r e e  points;  A, S and C, as 
shown i n  Figure 1. 

The vector [ A )  represents  t h e  d is tance  from t h e  o r i g i n  t o  point  A; s imi la r ly  
fo r  points B, C and 0. The sub jec t  of  t h i s  paper is t h e  determination of t h e  



re la t ionsh ip  between displacements o f  points A, B, C and 0 when 

such that t h e  point  0' lies ir, the  plane described by t h e  t r i a n g l e  i n  space defined 
by t h e  three points A',  B* and C'. 

I n  t h e  appl icat ion described, t h e  points A, 3 and C l ie on t h e  surface  cI' a 
region Cescribed by a group o f  f i n i t e  elements; t h e  point  "0" is a g r i d  ( o r  node) i n  
t h e  same o r  fr? a d i f f e r e n t  group of  f i n i t e  elements def ining a region t h a t  hss a 
physically congruent undeformed boundary t k a t  t h e  points A, E, C and 0 lie on. 

I n  t h e  notation used here, { 1 is a row vector and f 1 is a scalar quantity. 
A matrix m l t i p i i c a t i o n ,  { ] [ 1 [ ) r e s u l t s  i n  a sca la r ,  as indicated by t h e  left 
and r i g h t  elements; similarly, [ ) { ! would ind ica te  e matrix r e s u l t .  I n  t h e  text 
a s c a l a r  w i l l  o f t en  be v r i t t e n  vi thout  t h e  brsces. 

SELJXTIOA OF THE SPLINE P3HCTION 

Some r u l e  must be se lec ted  t h a t  relates t h e  displacement o f  any point  i n  t h e  
plane o f  t h e  t r i a n g l e  with t h e  m t i o n  o f  t h e  three referonce points A, E and C, 5.e. 
a s p l i n e  f u n c t i ~ n .  The shcpe function of a l i n e a r  tiispiaceoant te t rahedra  is used 
f o r  t h i s  purpose. Hovever, i n  order  t o  use t h i s  shape function, a te t rahedra  a u s t  
be constructed from t h e  reference t r i ang le .  This is easily accomplished by forming 
a cross product o f  t h e  vectors [ p b  and jVac1; 

[va?) = [vab) X I1Pc) ( 2  1 
where 

[ v i j )  = [vj) - [ v i )  

The r e s u l t  of equation (2 )  is -,he forlaation o f  a reference i n t ,  P, which forms t h e  E? fourth vzr tex o f  t h e  reference tetrahedra.  Clearly, i f  [V8 ) ant2 [ P C )  are lmique, 
then point P v i l l  be unique. 

The shape f'nction f o r  a linear displacement t e t rahedra  is [ ~ e f e r e n c e  i, Section 
5.121 

where 

ui = t h e  displacement of t h e  ith vertex i n  t h e  x coordinate d i rec t ion  

Tvo add i t iona l  sets of equaticns, similar t o  equation (31,  r e l a t e  v and w, +,he 
y and z displacement, t o  t h e  undetermined coef f i c ien t s ,  [D) . The displacement o f  a 

I1 11 point 0 is, i n  t h e  x d i r e c t i o n  

{uO) = Dl + D2X0 + D3Y0 + D4Z0 ( 4 )  



o r  From t h e  so lu t ion  o f  equation ( 3 )  
;,c; ; ii xc i~ - n i r - i r  

L. 1 1 u 1 1 2 )  

where 

[S] = [ T ) - ~  

Similar equations e x i s t  fo r  v and v. 

It is useful  t o  c i t e  equation ( 4 )  i n  t h e  fcllowfng fern! for t h e  displacements 
i n  t h e  t h r e e  coordinate di rect ions:  

vhere 

and 

u! = displacement o f  point (XI ,  yf ,  2:) i n  X d i r e c t i o n  
vf = .lisplacemellt of point i x l ,  y l ,  zf ) i n  Y d i r e c t i o n  
v1 = displacement of point (xl, yl, z l )  i n  Z d i r e c t i o n  

Now qua-c ian  ( 5 )  is i n  t h e  form of E multipoint cons t ra in t  (MPC) re la5ionship  
[~ieference 1, sec t ion  3-51. The coef f i c ien t s  A, B, C and P are constants t h a t  depend 
only on t h e  constrained geometry. Equation ( 5 )  cannot be used d i rec t ly ,  however, 
s ince  point P does not a c t u a l l y  ex i s t .  Point  P must be r e m v c l  from t h e  set o f  
equations. 

The m t i o n  o f  point P, i n  terms of t h e  m t i o n  c f  point A and t h e  r o t a t i o n  vec- 
t o r ,  [a ,  6, y), of t h e  t r i a n g l e  is [ ~ e f e r e n c e  1, Section 3-51: 

where 

a, 6, and y = ro ta t ion  about x, y, z axes. 

CALCULATION OF THE ROTATION VECTOR 

It is nezessary t o  determine t h e  r e l a t i v e  angular displacement of t h e  un- 
s t ra ined  and s t ra ined  t r i a n g l e s  i n  terms of t h e  displacements of points A, B and C. 
Equation (6)  can be wr i t t en  i n  matrix form f o r  t h e  th ree  points A, B and C and 
t h e  ro ta t ion  vector (a, 6, ).! as: 



or, symbolically 

[R][a, = [AU) 

wher 

low a unique solution to equat.ion (7) exists so lorig as the triangles (A, B, C) 
and ( A ' ,  B', C') are unique. Physically this must be the case, otherwise s zero 
strain would result. The solution is [Reference 21 : 

Equation (8) gives the rotation vector, for small awles, when the d:splacemnts 
are known at the triangle vertices. 

Eqwtion (61, when [a 1 is determined from equation (8)  becomes: 

where 

[QI = [Ii](RTFt)-l 

Equation (91, when ccmbined with equation ( 5 )  provides the W relationship 
that is a f'unction of the displacements of the original four points of the tetra- 
hedra, A, B, C and P. 

Equation ( 9 )  written in detail is: 

The displacement of point P can be determined from the displacements ua, ub 
and uC in accordance with equation (9), i.e. 



UP = ( 1 + Q17 - Qil)ua + (Qll - )ub + (Q14 - Q ~ ~ ) u C  

+ (318 - Q12)V8 + (Q12 - QIS)vb + (Q15 - &i8)vC 

+ (Qly - Q13 + (Q13 - ~ 1 6 ) ~ ~  + (616 - Q ~ ~ ) ~ C  
and s imilar ly  l'or vP and wP. 

SPLINE EQUATION FINAL l!VRM 

Substituting equation (10) i n to  the !QC equation ( 5 )  gives t h e  f ine1  farm of 
the sp l ine  equations: 

u(x0, yo, 20) = 

4 x 0 ,  yo, z0) = 

w(x0, yo, 20) = 

A SIMPLE NUMRICAL EXPMLE 

Consider a t r i angle  with ver t ices  at. ~ = ( 1 , 0 , 0 ) ,  E(0.1,0)  and C=(0,0,1). The 
point, 0, t o  be removed is a t  0=(1/3, 1/3, 1/31. This po: .7t lies i n  t h e  plane of 
t h e  t r iangle  ABC with the  distance t o  the  or igin of I/**. V9lues of the  various 
a c a h - s ,  vectors, and matrices used i n  calculating the  WC cceff ic ients  a r e  gisen 
below. 





and f ina l ly ,  

I f  t h e  displacements of points A, B, and C each move along t h e  x, y and z axes, 
respect ively ,  a s  shown i n  Figure 2, then 

and point 0 '  = (.6667, -6667, .6667). It is use fu l  t o  note t h a t  s ince  P = 0 t h e  
MPC equations (11) reduce to :  

u(x0, yo, z0) = A ua + B ub + C uC 

v(x0, yo, zo) = A va + B vb + C vC 

Thir, s i t u a t i o n  apparently r e s u l t s  when t h e  point t o  be removed, 0, l i e s  i n  t h e  
plane of t h e  t r i a n g l e  formed by points A, B and C. 'n.e equations derived a r e  such 
t h a t  t h e  s t r a i n  perpendicular t o  t h e  t r i a n g l e  ABC a r e  nu l l .  Points ly ing i n  t h e  
plane of t h e  t r i a n g l e  have non-null s t r a i n s  only ic t h e  plane of t h e  t r i ang le .  

A PRACTICAL APPLICATION 

The technique presented i n  t h i s  paper was developed during t h e  course of a 
f i n i t e  element analys is  o f  a bolted, flange-type coupling used i n  marine r i s e r s  
[3,4]. Figure 3 shows t h e  coupling components i n  t h e  bolt-up condition. The 
coupling is modeled as t h r e e  separate  substructures ; t h e  Pin, Box, and Bolt, as 
shown i n  Figures 4, 5, and 6. Advantage is taken o f  t h e  cyc l i c  symmetry o f  t h e  
coupling, hence a 22.5' p i e  sect ion i s  modeled with t h e  appropriate boundary 
conditions. The f i n i t e  element mesh o f  t h e  Pin i n  t h e  a rea  o f  t h e  countersink used 
very small elements i n  order t o  properly ca lcu la te  stress concentrations. The 
corresponding a rea  of t h e  Bolt, a t  t h e  Pin-Bolt in terface ,  need not be modeled with 
a mesh t h i s  f ine .  



A ccnsiderabLe savings i n  computer run t i m e  is achieved i f  t h e  i n t e r f a c e  of t h e  
Pin and Bolt can be made consis tent  with t h e  boundary conditions but allow a lower 
density mesh on t h e  Bolt. Grid points on t h e  Pin t h a t  were not coincident with 
g r id  points on t h e  Bolt were removed. The r e s u l t s  of a s t r e s s  analys is  of t h e  Pin 
a r e  shown i n  Figure 7. These r e s u l t s  show t h a t ,  i n  t h e  region of the grids  t h a t  
were removed by MPCS cards, a smooth and consis tent  s t r e s s  pa t t e rn  r e s u l t s .  
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F1m 4 - H I C X H  L I E  Via W ttPf PIN, 22.5' PIE SECTIOII 



FIGURE 5 - HIDDEN L I E  VIEW OF W BOX, 22.5' PIE SECTIM 



FIGURE 6 - HIDDEW LIE VIEW OF HIF: BOCT, 22.5' PIE SECTIQW 





APPENDIX 

This  Appendix g ives  t h e  source  code of a FORTRAN compu+,er 
program t h a t  reads  a c o n t r o l  f i l e  (BI)YldPC.INPj, t h e  NASTRAN 
g r i d  card  f i l e  (BDYYPC.BDF), and produces UFC c a r d s  f o r  i nc lus ion  
t o  t h e  XASTRAN Bulk Data F i l e .  Fjgure  A - 1  shows t h e  c o n t r o l  
f i l e  for  t h e  sample problem. The f i r s t  l i n e  g ives  t h e  number 
of po in t s ,  NG, t o  be MPC'ed and t h e  t h r e e  GRID I D ' s .  The next 
NG l i n e s  c o n t a i n  t h e  GRID I D ' s .  The group may be repeated as many 
times a s  necessary.  F igure  A-2 shows t h e  GRID c a r d s  and Figure  A-3 
shows a l i s t i n g  of MPC c a r d s  generated f o r  t h e  sample problem. 
The source  l i s t i n g  is given i n  Figure  A-4. 





GRIL 
GRID 
GILD 
GRID 

FIGURE 6-2 SAMPLE PROBLgy GRID CARD INPUT 



$DEBUG 
SNO?LOATCALLS 

PRoGBAn B D m x  
C 
C 
c . uart 11 . IMP CONTROL INPUT DATA, CORNER GRID ID @S 
C NO. AND ID'S OF INTERNAL GRIDS 
C 
C W I T  12 *.BD? NASTRU GRID CARDS OF FEf4 
C 
c WIT 13 *.nx m t m ~  OF NASTMN n x  CARDS 
C 
C UNIT 14 *.DIA DIAGNOSTIC AND CHECK OUTPUT 
C 
C 

InKICIT RWt.8 (A-H.0-I) 
DIIUWSIW Apt31 mQ(3.9) OR Z9.3) (4.41 OS (4.4) oRT (3.91 0mR(3.3) 
6.8T31(3.3) oH(3.3) oBtRIRT(3o9) 
dU1UCTER DUW8 
am)lON m ~ m ~ ( l 9 ) . I M ; ~ 3 ~ . L I u t . X ( 3 )  
OP?N (ll~CIL&~'BDYPlPC~INP' .STATUS-@OLDe) 
Oe~(l2.?ILE-@BDYn#:.BOF@.STAr0S-*OtD*~ 
OPEN (13.PILt='BDYHeC.HPC@ .STATUS-*NEWa) 
OPEN (14.PfLE=@BDY~PC.DIA@ .STATUS-@NEWm) 
NCR-9 
LINE-1 
xnFC(l)=-1.1 
DO 199 1-1.4 

109 T(I.1)-1.1 
C 
C START LOOP W R  EACH REION 
C 
115 RWD(llrS~MD~lO9Q)NG~IDC 
5 PORHAT(BM.418) 

WRITt(14~1)ffi~IDG 
1 PORCUT(lXo*NO. OF INTERNAL GRIDS - '.I8 

r e a  coatr~~ GRID ID-s *.31s) 
UCP-9 

C 
C FIND CORHER GRID 1D*S 
C 
197 REWIMD 12 
119 RSAD(12.2.END-2909) WIN. 1D.IDUU.X 
2 COPMT(EM~A8,218~3E8.1) 

URITE(1484) W ~ r I D ~ I D O N ~ X  
4 W-T(lX.A8r218.3El2.S) 

I? (ID,NE.IOG(NCF+l)) GO TO 110 
WIIITE(14.' (1X) ') 
tJCP-NC?+l 
00 129 1-1.3 

120 T(NC?rI+l)-X(I) 
I?(#C?.EQ.3) COT0 131 
GOTO 197 

139 COWTINUE 
C 

FIGURB 6-4 COMPUTER PROGRAM SOURCE CODE LISTING 



PI- A 3 SAMPLE YP(I CABD 



T(4,2)-T(l,Z)+AP(l) 
T(4,3)=T(lr3)+AP(Z) 
?(4,4)=T(l,I)+AP(3) 
CALL MINV4 (T,S) 

rOBn R AND H MATRICES 
N M I  THAT ZCAm-ZAC, ETC. 



00 135 11-113 
00 135 Jlllr9 
RT(Il.Jl)=R(Jl,ll) 
CONTINUE 

T 
FORn R R = RTR 

FORM RTRIeRT 

WRITE(l4e3) ((R(IL,JL) ,Jt-1.3) ,IL=1,9) 
- (  T(IL,JL),JL=1,4),ILIIrl) 
&I(( RTR(IL,JL),JL-I,3I,IL=I,3) 
C , ( (  ~RI(IL,JL)~JL*l,3)~fL~~,3) 
L ,AP 
L, ((RTRIRT(IL,JL) ,JL*189) ,IL=1,3) 
&I ( (  Q(IL,JL) ,JLml,9) ,IL=l,3) 
PORMAT(lX,' MATRIX R ',/9(/3F8.4) 
L,//lXte aTRIX T ',/4(/4?8.4) 
L,//lXO' HATRIX RTR ',/3(/3F8.4) 
6,//1X,' MATRIX RTRI ',/3(/3F8.4) 
&,//lXr9 VtCTOR AP '@/3?8.4 
L,//lX,' MTRIX RTRIRT ',/3(/9P8.4) 
L,//lX#' MTRIX Q ',/3(/9?8o4) ) 



START LOOP FOR EACH GRID TO BE HPC'tD - GRID ID IS THE KEY 
DO 299 IllO~1,ffi 
READ (llpf, END=3999 ) IDR 
kR2R=IICLl+l 
REWIND 12 
R ~ ( ~ ~ , ~ , P I D = ~ ~ Q Q ) D U ~ , I D , I D U ~ , X  
It(1DolBoIDR) GOT0 149 

CUC OF A,B,C,P 
ALL ARB FUNCTIONS OF GRID COORDINATE M BE REMOVED, X(l),X(2),X(3) 

A-S (Irl) 
B-S (1,2) 
C-S (1,3) 
P-S (1,4) 
DO 150 1=1,3 
A-A+S (I+l,l)*X(I) 
B-B+S (I+l,Z)*X(l) 
C=C+S(1+1,3)*X(I) 
P-P+S(I+l,4)*X(I) 
CONTINUE 
WRITE (l4,6) A,B,C, P 
PoWAT(lX,/lX,'A= ',F19.4,' B 'F1.4' C= ',P10.4 

r , '  P- ',~la~4,/ix 

CALC COGF POR DIRECTION 1 AND WRTIE MPC CARDS ON UNIT 13 

XMPC(~)= ~*(1+~(1,7)-~(1,1) )+A 
xnoc(3)- P*( Q(1,1)+(1,4) )+B 
XHDC(4)= P*( Q(1,4)-Q(1,7) )+c 
mPC(S)= P*( Q(l,8)-Q(1,2) ) 
mX(6)- P*( Q(1,2)-Q(l,S) ) 
mR=(7)= P*( Q(1,S)-Q(l,8) ) 
XHPC(8)= P*( Q(1,9)-Q(1,3) ) 
mff(g)= P*( Q(1,3)+(1,6) ) 
mPC(lg)=P*( Q(lr6)-Q(l,9) ) 
CALL M E R  (1, IDR) 
LIWE=LINB+4 

xnoc (2 
m X ( 3  
XMoc (4 
xnlc(5  
XMff  (6 
XMPC(7 
xnX (8 
XnPC (9 
Xn#:il 
CALL n 
LTNE=L 

= P*( Q 
= P*( Q 
= P*( Q 

1 -  PO(l+Q 
1 -  P*( Q 
= P*( Q 
= P*( Q 
= P*( Q 
l)=P*( Q 
ER (2, IDR 
:m+4 



c CALC COBF FOR D I ~ I O Y  3 AND WRITE n#: CARDS ON UNIT 13 
C 

XRPC(2)- P9( Q(3,7)-0(3,1) 
XMR(3)- Pa( Q(3rl)-Q(3rl) 
XMPC(4)- Pa( O(3,4)-Q(3 7) ) 
XnPC(S)- pa( 0(3,d)-QOr2) 
XnPC(6)- P*( 3(3,2)-0(3rS) 1 
rnpc(7)- P*( ac3,s)-oc3,8) I 
mPc(a1- P*(l+~(3,9)-0(3,3) )+A 
mpc(9)- Pa( Q(383)-Q(3,6) )+B 
~~ff:(lg)-P*( Q(3#6)-Q(3,9) )+C 
CALL MPCR(3rIDR) 
LI NB=LINE+4 

C 
299 CONTIKUt 

GOTO 195 
1009 STOP 
2990 WRITB(l4,*) ' ERROR NO. 2999' 

STOP 
3990 WRITE (140.) ' ERROR NO. 3109' 

STOP 
eM) 

C 
C 
c. - 
C 

SUBROUTINE HINV4 (CIA) 
C 
C A-IWV(C) C IS NOT DESTROYED. ONE-A*C FOR CHECK 
C 

IMKICIT REAL.8 {A-HpO-Z) 
DIHENSION ONE(4,4) 
DIMtNSlOL A(4~~),C(4,4)~B(4,4),IPVOT(4),IIDEX(4,2),PIVOT(4) 
N-4 
H-9 
Do 999 1-1.N 
DO 999 J = ~ , N  

999 A(I,J)rC(I,J) 
WRITE(l4,l) ((A(I8J),J*1,4) 81=1,4) 

1 FORMAT (1X8 'IUPUT IUTRIX TO MINV4 ' ,/1X84 (/1X84F12.4) 8/1x ) 
97 DET=l.ODO 

DO 17 J=l,N 
17 IPVOT(J)-Q.QD9 

DO 135 I-lrN 
C 
C FOLLOWING 12 STHTS StARCH POR PIVOT ELEMENT 
C 

T-9 . OD9 
00 9 Jm1,N 
IF(IPVOT(J9-1) 13,9,13 

13 W 23 K=l,N 
IF(IPVOT(K)-1) 43p23,81 

43 IF(ABS(T)-ABS(A(J,K))) 83823823 
83 IROW-J 

ICOLmR 



?=A (J ,K) 
COllTIYUE 
COYTINUE 
IPVOT (ICOL)=IPVOT (ICOL) +l 

~ O L L O W I Y ~  1s STHTS TO POT PIVOT ELEMRUT OW THE DIAGOUAL 

Il(1BOW-ICOL) 73,1Q9,73 
o m = - o m  
DO 12 L=lrN 
T=A (IROW* L) 
A(IROW,L)=A(ICOL,L) 
A(ICOLrL)=T 
IF (n) ro9,lo9, 33 
DO 2 L=i,n 
T=B(IBOW8L) 
B(IW,L)=B(ICOL,L) 
B(ICOLrL)=T 
IYDEX (I ,l)mIUW 
ImIX (I #2)=ICOL 
PIVOT (I)=A (ICOL, ICOL) 
DM=DET+PIVOT (i 

NtXT 6 STMTS TO DIVIDE PIVOT ROW BY PIVOT ELtnENT 

A (ICOL,ICOL) =l.QDQ 
DO 205 L=l,M 
A(ICoL,L)~A(ICOL8L)/PIVOT(I) 
CONTINUE 
IF cn) 347,347,66 
LO 52 t=i,n 
B(ICOL,L)=B (ICOL8L)/PIVOT (I) 

NIXT i0 STMTY REDUCE NON PIVOT ROWS 

DO 135 LI=1861 
IP(L1-ICOL) 21,135 821 
T-A (L I 8 ICQL 1 
A(LI,IUOL)=O.ODO 
DO 89 La1,N 
A(LI,L)~A(LI,L)-A(ICOLIL)*T 
I? (H) 135 8 135 8 18 
DO 68 L=l,n 
B(LI,L)-B(LJ. ,L)-B(ICOL,L)*T 
CONf INUE 

I g X I  11 INTERCHANGE COLUMNS 

DO 1 111,M 
LW-1+1 
I~(INDtX(L,l)~IWDtX(L,2)) 19,3,19 
JROW=IYDtX (L, 1) 
JCOL-INDEX (L, 2) 
DO $49 K=l,Y 
TmA (r, JROSI) 



A(R,Jm)=A if ,JCOL) 
a(K,JCQL)-T 

549 COmXlOl 
3 COITfllOS 
81 CDICTIWE 

WRITB (~,9)2) ( (A(L,CI) ,H-~,Y) .t-l.~) .m 
992 mmt(/lX,' INWS@SS MhtUIX IM H I W 4  ',/lX,4WlX,4?8*41 

&,/lX,' D m  T ',lPSl2*4) 
C 
C IIIYICRSE ZRIZt ')I) MI* 14 
C 

00 i2l Iml,N 
W L21 3=l,Y 
om(1 ,J)-a-ma 
00 U I  11-1.w 
-:I eJ)rclenr(I,J)+A(I.lt)*CIK,J) 

12a CowTfrOL 
W81TUf14,991) meOUS 

991 ~CPIAt(lX,//l%, ' C I I E K  INV OPOIE OF mTEIX * ',14,//U 
&,4 (/lX,4?8.4)) 
mlT 
ea, 

C 
C 
C 

S W ~ I M d  (T, S) 
C 
c S-INV(~) T IS am msmtorrc~. OYZ-S"~ FOR cnmc 
C 

InDtICI t RtAL.8 (A-8.0-2) 
DImSIOll ?(3,3),S13.3),=(3,3),B(3) ,C(3) ,A(4,4) 
DATA oua/9*a.a/,B/3L#~I/.C/3*#~m/,U16*#~a/ 

C 
C MKS SURE CIISI PIVOT IS rn ZERO 
C 

u -4 
m-u-i 
msTs(l4,3) ((?(L,H) ,H-l,W) ,L=l,=@) 

3 ~omt(ix,//,u,~ mmrr T *,/lx,3(/xx,3m-41 1 
A(l,ll=l*sDB 
00 la I-1.m 
00 la G-1,- 

18 A(I+leJ+l)r+(I ,J) 
A(l,t)-l.~/a(l.l! 
DO I I ~  H-1,- 
U*+l 

50 DO 61 1ml.H 
B(I)##.lDcl 
00 6a J-1.n 

61 B(I)*B(I)+A(I,J)*A(J,K) 
04.ma 
00 71 Ial,H 

79 DID+A(K,K)*B(II 
O-W(It,U) 

A(f ,U)mL.a/D 



00 8# I=l,n 
d9 A(1,Kj--B(I)*A(K,Kl 

00 9a J4.n 
C(J)=#.A)a 
00 9a I-1.n 

9a C(J)lc(J)+A(K,I)*A(I J) 
m 1 w  J-1.n 

lea A(K,J)e(JIeA(U,U) 
m m , n  
DO 11a J-1.n 

11a A(I .J)=A(I,2)-B(I).A(K .J) 
00 111 1-1,- 
rn 111 5-1,111 

111 S(1,;)-A(I+l,J+l) 
WPITI (14.2) ((n(t,n) .n-i,r) ,L=I,MI ,D 

2 m m ~ ~ l x , *  1-1 OI - T *,/1~,4~~,4m.1) 
&,/lX,' om T * *.l?8l204) 

C 
c cnmc rmnsr ~ l l o  -1- m WIT 14 
C 

m 12a I-l,m 
00 12a J=l,IQ 

.J)=a.me 
00 121 R-1,131 
WE(1,J)oOYE (I.J)+S(I,K)*T(KeJ) 

12a  TIW WE 
WIITE(14,1) W,OUE 

1 PO~T(l)[,//lX, ' CHECK I W  ORDER OF MTRIX = ',14,//1X 
&,3(/1X,3?8.4)) 
mzw 
miD 

C 
C 
C 

S ~ I M E  n m  (ICOR, I I ~ R )  
InPLICIT REAL.8 (k8.0-2) 
amitam= nx*8,sPamea, 0rr.2 

AW- MR(11) ,IDG(3) ,LIBI,X[3) 
DATA ~R.sP~.P)~/*~R , I * .*+ns/ 
I SIO-312 
11-1 
12-2 
13-3 
wRITI(l4,l) IIOR, ICOR. x, XnPC 

1 mUUT(U[.' APC EQOATIOlSt GRID *, 
&18,* DIRBCTIa *,14,4X,/lX,4?l2o4, 
mx,n.r.* on a,n.r,' tm 9 . 4 ,  *, 
2/1X,?9o4,*Vh 9 4  W *,?9o4,' VC ', 
3/lX,?9.4,* lm *,F9.4,' la ',?9.4,@ lc * )  
tl-trrr 
W-LIBt+l 
L3=LISE+2 
L4=tIlE+3 
YPITE(13.2) Nff, ISID, IIDR, ICQI, XLIR(1) 
~ . I ~ ~ ( ~ ~ , I ~ , ~ ~ ~ ~ ) , ~ P ~ , P I I , U , P ~ , L ~ , S P ~ , I ~ ; ~ ~ , I ~ , ~ ~ ~ ~ ~  





MASTRAN'S APPLICATION I N  4GRIC'JLTUfb" ENGINEERING 

TE4CHING AIfD RESEARCH 

Garrett L. Van U i ~ k l e n  
Agricultural Engineering (kpartment 

Ul iversi t y  o f  h r g i a  

Fin i te element analysis has been recognized as a valuable solution method by 
agricultural engineers. NASTRAW has been obtained by the Agricultural Engineering 
Ckpartnent a t  the Ikii.tersi t y  of Georgia. The NASTRAN Them1 Analyzer has been used 
i n  the teaching program for an undergraduate course i n  heaz transfer and w i l l  be 
used f o r  a new graduate course i n  f i n i t e  element analysis. The NASTRAN Themal 
Analyzer has also been applied t o  several research problems i n  the Agricultural 
Engineering Department. 

Twenty years ago as engineers and c q u t e r  scientists were i n i t i a t i n g  work 011 
WASTCiAW, I am certain that  they never thought that the i r  f i n i t e  element analysis 
program rnuld be applied t o  the solution o f  engineering problems i n  agriculture. I n  
fact, mny people are l i k e l y  unaware of the existence o f  agricultural engineering. 
The most popular misconception of an agricultural engineer i s  that o f  a grease- 
covered farrnhand t inkering with a sputtering tractor. Uhile aqricul tural  engineers 
deal with the design, production, and test ing o f  farm machinery, they are involved 
with a wide range o f  engineering problms. Agricultural engineers also work i n  the 
areas o f  farm structures and the i r  environmnts; soi l ,  water, and plant relat ion- 
ships; food production and processing; the application o f  microelectronics t o  
agriculture; and the management of agricultural wastes. Agricultural engineers 
face a wide realm o f  problems and must u t i l i z e  the la tes t  technology and techniques 
t o  solve thein. It i s  l i t t l e  wonder that agricultural engineers have become in-  
volved with the f i n i t e  element method as a solution method f o r  pioblerns i n  a l l  the 
previously mentioned areas. 

The use o f  f i n i t e  element analysis by agricultural engineers began i n  1974. 
An instructional workshop on the use o f  the f i n i t e  element mthod was presented a t  
the 1974 Winter Meeting o f  the k r i c a n  Society o f  Agricultural Engineers. The 
workshop was organized by Drs. Larry Segerland and Robert Gustafson. Segerlind and 
Gustafson have e c h  published numerous research papers which apply the f i n i t e  
eiement mthod t o  agricultural problems; organized courses a t  Yichigan State 
University and the Ur.iversi t y  o f  Minnesota, respectively; and have uri t ten software 
t o  encourage the use o f  f i n i t e  elemnts. Segerlind has writ ten an excellent tex t  
f o r  a f i r s t  course i n  f i n i t e  element analysis enti t led, l i e d  F in i te  Elemnt Anal 
ysis (1 ). Several research papers have been published since % 7 - g m r a ' l  
engineers u t i l i z i n g  the f i n i t e  elernent rnethod f o r  such problems as determining the 
shrinkage stresses o f  soybeans during drying (2); modeling stomata1 guard ce l ls  i n  



plant leaves (3) ; measuring the  mechanical and thermal strength of  avian eggs (4) ; 
the freezing r a t e s  of food products (5); and the t h e m  i analysis  of livestock 
housing (6). 

Agricultural engineers, 1 i ke engineers of other discipl ines ,  have employed the 
finite element package programs such a s  NASTRAN, STRUW, and ANSYS. NASTRAN was 
obtained by the Agricultural Engineering Departmeit a t  the  University o f  Geor~ ia  in  
July, 1983. I t  has since been incorporated into an undergraduate course in heat 
t ransfer ,  and w i l l  soon become part  of a graduate course in  f i n i t e  element analysis. 
the NASTRAN T h e m 1  Analyzer (NTA) has been useful f o r  analysis in  several projects 
i n  areas  such a s  s t ructural  environments, post-harvest hand1 ing of vegetables, and 
biomass fuels. The purpose of t h i s  paper is t o  describe the application of NASTRAN 
t o  the teaching and research program of the Agricultural Engineering Department a t  
the University of Georgia. 

INSTRUCTIONAL APPLICATION 

A basic course in heat t ransfer  is required of a l l  students majoring i n  
Agricultural Engineering a t  Georgia. This course, taught during t h e  junior year, 
is designed t o  introduce the students t o  conduction, convection, and radiation heat 
t ransfer .  Approximately 25 percent of the course is devoted t o  an introduction t o  
numerical methods f o r  solutioil of heat t ransfer  problems. The f i n i t e  difference 
method is intmduced i n i t i a l l y ,  followed by an introduction t o  f i n i t e  element 
analysis. Usually three, simple, one dimensional t ransfen t  conduction problems a re  
assigned f o r  solution using f i n i t e  differences on a microcomputer. These same 
problems a r e  l a t e r  solved using NASTRAN t o  i l l u s t r a t e  the benefits of a packaged 
program. The students a r e  a l so  exposed t o  several example NASTRAN programs during 
their laboratory period t o  show how easy i t  is t o  use f i n i t e  element analysis  t o  
solve "c~~lp l ica te t i "  problems. Students a r e  encouraged t o  use NASTRAN t o  attempt t o  
solve larger ,  applied problems. To i l l u s t r a t e  the effectiveness of the f i n i t e  
element analysis,  actual data from a simple c l a s s  rlemonstration is compared t o  data 
generated by a WTRAN model. The demonstration usually consis ts  of  monitoring the 
t ransient  cooling of a piece of f r u i t  instrumented w i t h  themcouples .  Using 
WSTRAN has allowed students t o  be exposed t o  f i n i t e  element analysis without dis-  
couraging them by lmgthy discussions of i ts  theory and computing methods. The 
students gain an ins tan t  appreciation f o r  nunerical methods a s  a solution technique. 

A graduate course in f i n i t e  element analysis has recently been approved by the 
faculty of the University of Georgia College of Agriculture. The course w ~ l l  l i ke ly  
be taught during the Sunmer Quarter, 1985. Since the Agricultural Engineering 
Department is the only engineering discipl ine offered a t  the University of Georgia, 
the expected enrollment is f i ve  t o  +,en students per quarter. The course is 
designed w i t h  the assumption tha t  th is  is a first course in  numerical methods f o r  
the student and tha t  t h e i r  background w i l l  consis t  of only a br ief  introduction t o  
f i n i t e  element analysis a t  the undergraduate level.  The course w i l l  consis t  of the 
basic concepts of the f i n i t e  element method including the various elements and 
domain discret izat ion,  the methods of equation formulation, solution procedures, 
computer implementation, and a san~pl ing of software packages. Before u t i  1 izing 
software packages, students w i l l  be required t o  develop their own computer solution 
for  a nuinber of m a l l  problems using a microcomputer. The m a l l  c l a s s  s i ze  will 
of fe r  the opportunity fo r  students t o  develop individual term projects.  These 
projects w i l l  require a student t o  choose a par t icular  problem, hopefully re la ted 



t o  t h e i r  thesis area, t o  which a f i n i t e  elefnent analysis may be applied. The 
numerical resu l ts  w i l l  be compared t o  experimental and analyt ical  data taken by the 
student. NASTRAN w i l l  be used as an example of a software package avai lable on the 
mainframe computer, and should be an important too l  which students use f o r  the term 
project. Anticipated projects w i l l  involve thermal modeling o f  animal housing and 
greenhouses, f r u i t  and vegetable processing, i r ro ta t i ona l  f low o f  groundwater, and 
the structural  i n t e g r i t y  o f  agr icu l tura l  structures and machinery. A s imi la r  coarse 
taught since 1979 a t  Auburn University (7; resulted i n  the fol lowing in terest ing 
array o f  student projects: the structural  analysis o f  a bow s t r ing  t russ f o r  a 
center p ivot  i r r i g a t i o n  system; v ibrat ion analysis of a rotary mower cu t te r  blade; 
steady state water seepage i n  pourous media; and an evaluation of the s t ra in  d is-  
t r i bu t i on  i n  a proposed load transducer f o r  use i n  a t i l l a g t  implement force system 
measurement. As was the case w i th  i t s  use i n  the undergraduate colrrse, NASTRAN w i l l  
al low the graduate students t o  use f i n i t e  element analysis f o r  solut ion o f  more 
rigorous problems without drowning w i th  involved computer programing and develop- 
m n t  . 

RESEARCH APPLICATIONS 

The NASTRAN Thermal Analyzer (NTA) has been applied t o  several problems urlder 
study i n  the Agricul tural  Engineering Department a t  the University o f  Georgia. A 
short discussion o f  each project w i l l  be given t o  i l l u s t r a t e  the a p p l i c a t i o ~  o f  the 
HTA t o  agr icu l tura l  research. 

Passive Solar Hal l  f o r  Poultry Brooding 

The poul t ry  industry i s  very important t o  the agr icu l tura l  economy o f  Georgia. 
Bro i le r  chickens, which are slaughtzred a t  seven weeks o f  age, accounted f o r  over 
$610 m i l l  ion i n  sales a t  the farm level  i n  Georgia during 1982. Birds less than 2 
weeks o ld  require supplemental heat, usual ly provided by LP gas bilrners, t o  maintain 
t h e i r  body temperature. Although Georgia has a re la t i ve l y  mi ld  winter climate, the 
primary factor i n  poul t ry  house design i s  the sumner heat. On?y recent ly have en- 
closed, insulated, f i n  vent i lated poul t ry  houses been b u i l t  i n  Georgia. A tremen- 
dous amount o f  brooding hea; i s  necessary du r i i ~g  the winter mnths regardless o f  the 
type of house construction because o f  vent i la t ion  a i r  f low necessary t o  l i m i t  heat 
and moisture, and because o f  brooding temperatures between 29 and 35 C. 

One method t o  reduce the heat consumption i s  t c  use pa r t i a l  house brooding where 
birds are contained i n  only a port ion o f  the house t o  reduce the a i r  volume heated. 
The use o f  solar heat has also been studied, pr imar i ly  using act ive systems. In-  
stead o f  an act ive system, th2 Agricul tural  Engineering 'kpartment explored the 
feas ib i l i t y  of using a south facing, passive solar wall. The wall could be con- 
structed of poured concrete and t i l t e d  i n t o  place as a r e t r o f i t  on ex is t ing  houses 
with a southern exposure, or  easi ly  included i n  new construction. A project was 
i n i t i a t e d  t o  invsst igate the f e a s i b i l i t y  o f  a concrete passive solar wall i n  a 
Gecrgia b ro i l e r  house using pa r t i a l  house brooding. The design process could be 
most e f f i c ien t ly  handled by a thermal model using the NTA f o r  f i ~ i t e  element 
analysis. This pro ject  consisted o f  (a) a wall thickness and conduct iv i ty test,  
(b j  a ver i f i ca t ion  of the f i n i t e  element application, and (c) the simulation of the 
en t i re  b ro i l e r  house. The wall thickness and t h e m 1  conductivity were examined by 
using z, model consisting o f  one dimensional elements (Fig. I j .  The outside wall 



surface was exposed t o  the same set of boundary conditions as the wall thickness 
and conductivity were varied. The thermal lag  time for the ins ide surface t o  reach 
a given temperature was the c r i t e r i a  used t o  select wall character ist ics f o r  the 
larger simulation. Concrete wal l  thicknesses of 0.1, 0.2, and 0.25 m having a 
thermal conduct iv i ty of 0.42 W/mC were found t o  del iver  the major i ty  of the solar 
heat t o  the brooding area beginning a t  8 p.m., and were chosen f o r  use i n  the 
simulatio:, o f  the en t i re  house. 

This appl icat ion o f  the f i n i t e  element method was ve r i f i ed  by comparing data 
from a vacant, instrunented warehouse t o  the simulated results.  The actual and 
s im la ted  data were qui te close (Figure 2). 

The b r o i l e r  house simulated was 11 x 91.5 m, containing 13,000 chickens. Heat 
and moistlrre production data for b i rds a t  ages 1, 2.5, and 4 weeks o f  age were used 
(8). Temperature and solar data were chosen for a clear, Decemkr 21 day a t  Athens, 
G4. The passive solar wall occupied the south wall i n  the pa r t i a l  house brooding 
area. Half  ar.d one-third house brooding were simulated. Radiation and convective 
boundary conditions were used i n  the f i n i t e  element model consisting o f  one 
dimensional elements (Figs. 3 and 4). 

Results o f  the simulation indicated tha t  the wall produced 1321 kw-hr o f  heat 
f o r  a clear, December 21 day using h a l f  house brooding. The benef i t  o f  the solar 
wall was detemined by comparison t o  the temperature wi th in a s imi lar  b r o i l e r  house 
without the wall. The solar wall raised a i r  temperatures w i th in  the house 3 C above 
the conventional house for b ro i le rs  1 week old. This temperature difference be- 
tween house types decreased as the birds became older because i t  became necesqary 
t o  ir-crease the vent i la t ion  rate (Figs. 5, 6, and 7). The outer wall surface was 
found t o  re-radiate heat a f t e r  dark t o  the outdoors. It was necessary t o  use an 
insulated cur ta in (R= 1.06 mZC/W) t o  cover the solar wall a t  night. This cur ta in 
might also r e f l e c t  solar radiat ion fror,~ the wall during warm weather. It was con- 
cluded that  the passive solar wall constructed o f  concrete and u;~ J ' +his manner 
was unfeasible without using addit ional heat sources. The cost and manab-vent o f  
an insulated cur ta in are an added burden. 

Insulat ion Requirements f o r  Buried Thermal Storage 

Georgia i s  among the nation's leaders i n  biomass production, pr imar i ly  wood. 
There has been interest  by the poul t ry  industry i n  providing brooding heat birds by 
burning biomass furnaces. While some studies involving forced a i r  systms have not 
proven feasible (9), c i rcu la t ing  heated water through heat exchangers i n  the brood- 
ing area has been more promising. Concrete septic tanks are inexpensive and can be 
used t o  store the heated water. To improve the thermal efficiency o f  a system, the 
storage tank can be buried and i nsu l~ ted .  The NTA was used t o  model the heat loss 
from a 3785 l i t e r  tank during typ ica l  winter conditions a t  various locations. A 
two dimensional f i r i t e  element model was used (Figure 8). The f i n i t e  element model 
was veri f ied by ~ a n i t o r i n g  the heat loss from a 3785 l i t e r  ;eptic tank buried 0.3 m 
below grade and comparing i t  t o  data generated by the simulation. The heat loss 
simulated by the f i n i t e  element analysis exceeded the actual heat loss by 13.1 per- 
cent over a 12 hour period. 

Results o f  t h i s  study indicated tha t  during a 12 hour n ight  heat storage period 
i n  January, an uninsulated 3785 l i t e r  concrete tank buried 0.3 rn below grade and 
f i l l e d  with dater heated to  60 C w i l l  lose 15 percent more heat than the same tank 



2 insulated w i th  a material having a thermal resistance o f  0.87 m C/W (one inch o f  
smooth skit; polystyrene). Addition o f  an ident ica l  second layer o f  insulat ion 
would only reduce the heat loss from the tank an addit ional 2 percent. Based on 
reported burning eff ic iencies and system 10s es ( lo) ,  addit ion o f  an insulat ion 
material wi th a thermal resistance o f  0.87 f C/W w i l l  require approximately 18 per- 
cent less cord wood than a system with an uninsulated tank. 

Thermal Analysis o f  Nursery Containers 

Comnercial plant nurseries comnonly grow plants i n  black and green nursery con- 
tainers. The growth media i n  the containers can reach temperatures o f  50 C o r  
greater as a resu l t  o f  solar radiation. Plant root  growth retardat ion generally 
occurs above 30 C, while growth cessation occurs above 28 C. Root damage may occur 
a t  media temperatures greater than 45 C (11). Several attempts have been made t o  
a1 lev ia te  the thermal stress suffered by p lant  mo ts  i n c l  udi t~g using perforated 
containers, white p las t ic  containers, and evaporative cooling (12). Most studies 
o f  container s o i l  temperatures have been empirical (11). A f i n i t e  element analysis 
using the NTA i s  current ly  i n  progress t o  quantify the t h e m 1  environment o f  a 
nursery container exposed t o  sumner solar radiation. A three dimnsional model 
comprised of wedge elements i s  being used (Figure 9). I n  hopes o f  reducing high 
media temperatures, the following parameters are being investigated: a) container 
surface color, b) media composition, c)  container geometry, and d) the container 
dimensions. 

Post-Harvest Cooi in9 o f  Southern Peas 

The development and use o f  pea harvesting combines has resulted i n  more 
eff ic ient and economical harvesting and a1 lowed f o r  an increase i n  planted acreage 
(13). An ind i rec t  problem resu l t ing  f r o m  t h i s  improvement i n  mechani7ation and 
larger pea harvest i s  post-harvest qual i t y  deter iorat ion due t o  excess ive tempera- 
tures o f  the peas before they can be cooled a t  the processing plant. Qua l i t y  loss 
begins when the pea temperature reaches 25-30 C. Temperatures o f  peas harvested 
during s m e r  when the a i r  temperature i s  32 C frequently r i s e  t o  approximately 
45 C as the peas are loaded i n  bins f o r  transport f r o m  the f i e ld .  Agricul tural  
engineers are invest igat ing the use o f  convective and evaporative cooling o f  the 
post-harvest peas while enroute t o  the processing plant. An i n i t i a l  f i n i t e  element 
model using the NTA i s  being used t o  investigate the required a i r  ve loc i ty  t o  
produce su f f i c i en t  convective cooling t o  maintain pea qual i ty .  A two dimensional 
f i n i t e  element model o f  an individual pea i s  being evaluated (Figure 10). Modeling 
of several peas i n  a bin wi th void spaces f i l l e d  w i th  a i r  i s  current ly  being 
devel oped. 

CONCLUSION 

The f i n i t e  element method has been applied t o  a wide array o f  agr icu l tura l  
problems. NASTRAN has been very beneficial i n  applying the f i n i t e  element analysis 
i n  research projects, and i n  developing a posi t ive a t t i tude f o r  numerical solut ion 
methods i n  the students who are i n  the inst ruct ional  program. Engineers are able 
t o  use the f i n i t e  element analysis as a solut ion technique without becoming mired 
i n  computer programing and the theoret ical  background of the method. Use of 
NASTRAN w i  11 expand i n  the Agricul tural  Engineering Department a t  the University 



o f  Georgia beyond the current use of only the NTA. Student and facu l ty  in terest ,  
a1 ready evident, w i  11 apply NASTRWY t o  several new appl ications. 
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Figure 8 .  Finite element model of a burled thermal storage tank. 



Figure 9 .  F in i t e  element model o f  a nursery p lant  container.  



Figure 10. Fini te  element model of a southern pea. 



USE OF COSYIC NASTRAN IN A DESIGN DEPARTMENT 

Richard C. Coddington aad Jose 0. Nazario 
John Decre Dutcque Works 

Dubugue, Iowa 52001 

Application of COSMIC NASTRAN to product development in a 
design department requires low cost, rapid model construction and 
interactive evaluation of results. The NASTRAN processor 
developed by Jose 0. Nazario Eeets these requirements by auto- 
mating many of the modeling activities. 

INTRODUCTION 

The proliferation of finite element codes in today's 
competitive environment complicates the choice, "Which code is 
best for me?". Ge. zrally the user prefers to use one general 
purpose code that covers most of his or her applications. 

NASTRAN is an ideal candidate for several reasons. It is 
thoroughly tested with thousands of practical applications :n 
diverse situations. It handles large scale problems. It is well 
documented and well supported. 

In the past, lack of automation of model construction, of 
model checking and of display of results hindered efficient use 
of NASTRAN. This was especially true in a product engineeriitg 
environment. Jose Nazario's NASTRAN INTERFACE PROGRAM (NASTI) 
overcomes these objections by fully automating these needed 
functions. 

PURPOSE 

The main purpose of this paper is to highlight the manner in 
which NASTI automates model preparation, model checking and 
display of results. The writers will emphasize the features that 
make NASTI a cost effective tool for structural analysis in a 
product engineering department. 

We will create a simple nodel of a bucket (Figure 1) to 
illustrate the many automation features in NASTI. Later, we will 
include applications of finite element models to three frames. 
These applications ill- str rate the level of detail included and 
the size of models run to date. 



FEATURES OF NASTRAN INTERFACE PACKAGE 

NASTI contains four main parts. 

Digitize the mgdel 
* Plot and check the aodel 
* Create the bulk lata and submit J o b  
* Display the results 

On line documentation in each of the main parts assists the user 
in executing the variety of options available. 

D ~ g i t i z e  the Model 

While in DIGITIZE MODEL the user can create regions using 
the tablet, the screen or the keyboard (this geometry is three- 
dimensional), can generate the finite element mesh and can save 
either the regions, the mesh o r  both. 

Plot and Check the Model 

While in PLOT AND CHECK MODEL the user has a myriad of 
options that automate modal construction and data checks. 

Create the Bulk Data 

CREATE BULK DATA formats the bulk data. It creates the 
executive and case control statements and automatically generates 
SPC's and MPC's. Elements clrrrently supported include CBAR, 
CTRIA, CQUAD, CWEDGE, CTETRA, CTRSHL and CHEXA. 

Display the Results 

Is not a picture worth a thousand words? NASTT permits the 
user to plot the results of the analysis. Options include: 

* Plot deformed geometry 
* Plot stress or strain contours 
* Plot stress vectors 
* Plot Von Mises stresses 

The more important display features include: 

* Automatic location and display of maximum 
displacement 

* Automatic location and display of maximum and 
mini m u m  stresses or strains 

* Interactive zoom and window of plots 



DIGITIZING T H E  MODEL USING NASTI 

NASTI p r o v i d e s  a  f o u r  s t e p  p r o c e s s  t o  c r e a t e  a f i n i t e  
e l e m e n t  mesh.  S u g g e s t e d  s t e p s  i n c l u d e  c r e a t e  r e g i o n s ,  g e n e r a t e  
t h e  mesh ,  s a v e  t h e  mesh  a n d  s a v e  t h e  r e g i o n s .  E d i t i n g  a n d  
g r a p h i c a l  o p t i o n s  p e r m i t  t h e  u s e r  t o  c h a n g e  a n d  v i e w  t h e  r e g i o n s  
a n d / o r  m t c h  a t  a n y  c o n v e n i e u t  j n t e r m e d i a t e  s t e p .  

Creat i n g  r e g i o n s  

To s t a r t  t h e  u s e r  d i v i d e s  t h e  s t r u c t u r e  i n t c  a c o l l e c t i o n  o f  
f o u r  s i d e d  r e g i o n s .  The  s i d e s  o f  t h e  r e g i o n s  may b e  s t r a i g h t ,  
c u r v e d ,  o r  a c o m b i n a t i o n  o f  t h e  two.  F i g u r e  2 s h o w s  t h e  s e v e n  
r e g i o n s  we p i c k e d  t o  f o r m  t h e  s i d e  o f  t h e  b u c k e t .  

R e g i o n s  c a n  b e  c r e a t e d  t h r u  t h e  d i g i t i z i n g  t a b l e t ,  t h e  k e y -  
b o a r d ,  t h e  s c r e e n  o r  by c o p y i n g  r e g i o n s  f r o m  a f i l e ,  I n  many 
a p p l i c a t i o n s  t o  new d e s i g n s  u s e  o f  t h e  d i g i t i z i n g  t a b l e t  i s  mos t  
c o n v e n i e n t .  We w i l l  d e s c r i b e  mesh c r e a t i o n  u s i n g  t h e  t a b l e t .  

The u s e r  d e f i n e s  r e g i o n s  c r e a t e d  t o  b e  i n  t h r e e - d i m e n s i o n a l  
s p a c e .  T h e  s u r f a c e s  c r e a t e d  may b e  f l a t  o r  c u r v e d .  The  u s e r  
s i m p l y  i n p u t s  t h r e e  p o i n t s  ( x i , y i , z i ) ,  i = 1 , 2 , 3  t o  d e f i n e  a  f l a t  
p l a n e .  A s  e a c h  r e g i o n  i s  c r e a t e d ,  i t  i s  a u t o m a t i c a l l y  c o n n e c t e d  
t o  n e i g h b o r i n g  r e g i o n s  t o  f o r m  a " p a t c h w o r k "  t h a t  makes  u p  t h e  
p l a n a r  p a r t .  

F r e q u e n t l y  f r a m e  s t r u c t u r e s  c o n s i s t  o f  i n t e r s e c t i n g  f l a t  
p l a t e s .  I n  t h i s  c a s e ,  e a c h  f l a t  p l a t e  i s  c r e a t e d  i n d i v i d u a l l y .  
N A S T I  a u t o m a t i c a l l y  t i e s  c o n t i g u o u s  p l a t e s  t o g e t h e r  a l o n g  t h e i r  
common e d g e .  

F o r  a  c u r v e d  s u r f a c e  t h e  u s e r  c r e a t e s  p o i n t s  a l o n g  t h e  
c u r v e d  s i d e s  o f  t h e  r e g i o n .  L a t e r  h e  c a n  f o r m  t h e  r e g i o n s  u s i n g  
t h e  c u r s o r  o r  k e y b o a r d ,  

Copy f e a t u r e  a u t o m a t e s  c r e a t i o n  o f  r e g i o n s  

The c o p y  f e a t u r e  i n  NASTI s i m p l i f i e s  c o n s t r u c t i o n  o f  r e g i o n s  
f o r  b o t h  f l a t  a n d  c u r v e d  s u r f a c e s .  To construe; r e g i o n s  w i t h  
c u r v e d  s i d e s ,  t h e  u s e r  s i m p l y  c o p i e s  t h e  " k e y "  n o d e s  a l o n g  t h e  
c u r v e d  b o u n d a r i e s  t o  t h e  d e s i r e d  l o c a t i o n  a n d  t h e n  u s e s  t h e  
c u r s o r  o r  k e y b o a r d  t o  f o r m  r e g i o n s .  



The u s e r  may a l s o  c h o o s e  t o  c o p y  r e g i o n s  t o  t h c  d e s i r c d  
l o c a t i o n  ( S e e  F i g u r e  3 )  a n d  l a t e r  d e l e t e  u n w a n t e d  r e g i o n s  
( r e g i o n s  8 t h r u  14). The  u s e r  t h e n  u s e s  t h e  c u r s o r s  t o  f o r m  t h e  
b a c k  o f  t h e  b u c k e t i r e g i o n s  16 t h r u  20) .  F i g u r e  4 s h o w s  t h e  f i n a l  
" p a t c h w o r k "  o f  r e g i o n s  f o r m i n g  o n e - h a l f  o f  t h e  t o t a l  b u c k e t .  
The  p l a n e  z = 0  i s  a  p l a n e  o f  s y m m e t r y .  L a t e r ,  t h e  s y m m e t r y  
g e n e r a t o r  c a n  b e  u s e d  : o  a u t o m a t i c a l l y  f o r m  t h e  " o t h e r  h a l f "  o f  
t h e  b u c k e t .  

R e g i o n s ,  k e y  n o d e s  o r  b o t h  may be  c o p i e d  a s  d e s i r e d  t o  f o r m  
new r e g i o n s .  The  f l e x i b i l i t y  a n d  e a s e  o f  t h i s  f e a t u r e  g r e a t l y  
r e d u c e s  mode l  c o n s t r u c t i o n  t i m e .  

G e t a e r a t i n g  t h e  f i n i t e  e l e m e n t  mesh  

Once t h e  u s e r  h a s  h i s  r e g i o n s  i t  i s  e a s y  t o  a u t o m a t f c a l l y  
g e n e r a t e  t h e  e l e m e n t s .  The  u s e r  s i m p l y  s e l e c t s  t h e  g e n e r a t e  
o p t i o n  t o  s p e c i f y  t h e  number  o f  e l e m e n t s  a l o n g  t h e  f i r s t  two  
s i d e s  f o r  e a c h  r e g i o n .  He c a n  d o  t h i s  i n d i v i d u a l l y  f o r  e a c h  
r e g i o n  o r  f o r  a l l  r e g i o n s  i f  t h e y  a r e  t o  b e  t h e  s ame .  F i g u r e  5 
s h o w s  t h e  mesh  g e n e r a t e d  f o r  o n e - h a l f  o f  t h e  b u c k e t .  

I n t e r a c t i v e  d o c u m e n t a t i o n  a i d s  c a s u a l  u s e r s  

O n - l i n e  d o c u m e n t a t i o n  g u i d e s  t h e  u s e r  i n  s e l e c t i n g  e a c h  
o p t i o n .  The  e x p e r i e n c e d  u s e r  c a n  e n t e r  o p t i o n s  w i t h o u t  t h i s  a i d  
w h e r e a s  t h e  i n e x p e r i e n c e d  u s e r  c a n  p r e s s  t h e  RETURN k e y  f o r  h e l p .  
The  i n t e r a c t i v e  d o c u m e n t a t i o n  a l s o  h e l p s  j o g  t h e  memory o f  t h e  
o c c a s i o n a l  u s e r  who may n o t  r e c a l l  w h i c h  o p t i o n  t o  u s e  n e x t .  

S a v i n g  t h e  r e g i o n s  a n o  mesh 

Once t h e  u s e r  i s  s a t i s f i e d  w i t h  t h e  m e s h ,  t h e n  h e  c a n  s a v e  
b o t h  t h e  mesh a n d  t h e  r e g i o n s  f o r  l a t e r  r e c a l l  s h o u l d  t h e  d e s i g n  
b e  m o d i f i e d  a t  a  l a t e r  d a t e .  He i s  t h e n  r e a d y  t o  g o  o n  t o  
p l o t t i n g  a n d  c h e c k i n g  t h e  m o d e l .  

PLOTTING A N D  CHECKING THE MODEL 

The u s e r  n e e d s  t o  c h e c k  t h e  f i n i t e  e l e m e n t  mesh  f o r  a c c u r -  
a c y .  P o t e n t i a l  e r r o r s  c o v e r  a  b r o a d  s p e c t r u m  o f  p o s s i b i l i t i e s .  
Some o f  t h e s e  i n c l u d e  wrong  d i r e c t i o n  f o r  c o n n e c t i v i t y ,  i n c o r r e c t  
c o n n e c t i v i t y ,  h o l e s  a n d  o v e r l a p s  w i t h  t h e  mesh ,  e r r o r s  i n  
g e o m e t r y ,  wrong  m a t e r i a l  s p e c i f i c a t i o n s  a n d  many o t h e r s .  



In addition to checking the model, this part of NASTI 
permits the user to efficiently alter the geometry of the part to 
reflect a design change. Constraints on material, manufacturing 
process, part fitup, cost of the part, use of existing parts and 
many other reasons may dictate the need for h lesign change. For 
whatever reason, this change must be easy and fast to acclmplish. 
Otherwise, results of the analysis may arrive too late to ai,l 
in final design decisions. 

NASTI has four main parts to facilitate model checking and 
modification. Thzse parts include preset options, graphic 
options, edit options and input of loading and boundary 
conditions. Once again, as the user selects an option, 
interactive help is available to assist the user in proper use of 
the option. 

Stringing together commands saves time 

Many of the available options are not necessary but are 
extremely handy in automatfng model checking and changes. It is 
also very helpful to be able to string options together. This 
capability saves considerable time for the experienced user while 
not hindering the casual user. The casual user simply enters one 
option at a time. With experience the user gains confidence and 
starts to string options together. The following two examples 
illustrate the idea. 

EXAMPLE 1 

R A 30 150 0 0 N T N G N P 

The meaning of this string of commands is as follows: 

COMMAND MEANING 

R A 30 150 0 Rotate the view using angles 30,150,O degrees 

0 N Turn off the outlfke (Let's user see elements) 

T N Turn the element tag off 

G N Turn grid number tag off 

P Plot the structure 



T h e  o p t i o n s  s e l e c t e d  b y  t h e  u s e r  r e m a i n  a c t i v e  u n t i l  t u r n e d  
o f f .  T h u s  t h e  u s e r  n e e d  n o t  r e p e a t  t h e  o p t i o n s  e a c h  t i m e .  F i g u r e  
6 s h o w s  t h e  o u t l i n e  o f  t h e  p a r t  p r i o r  t o  e x e c u t i o n  o f  t h e  o p t i o n s  
s h o w n .  F i g u r e  7 s h o w s  t h e  r e s u l t .  T h e  u s e r  c a n  m a g n i f y  t h e  
v i e w ,  t a g  t h e  e l e m e n t s  a n d  p l o t  t h e  r e s u l t  w i t h  t h e  f o l l o w i n g  
s t r i n g  o f  o p t i o n s :  

EXAMPLE 2 

COMMAND M E A N I N G  

Z Y T u r n  t h e  zoom o p t i o n  o n  

T Y T a g  t h e  e l e m e n t s  

P P l o t  t h e  r e s u l t s  

F i g u r e  8 s h o w s  t h e  p a r t  p r i o r  t o  e x e c u t i o n  o f  t h e s e  
o p t i o n s .  F i g u r e  9 s h o w s  t h e  r z s u l t .  

P a r t  I d e n t i f i c a t i o n  w i t h  s t r u c t u r e  

F r e q u e n t l y  t h e  t o t a l  s t r u c t u r e  c o n s i s t s  o f  many d i s t i n c t  
p a r t s .  I t  i s  c o n v e n i e n t  t o  i d e n t i f y  t h e  i n d i v i d u a l  p a r t s  t o  
f a c i l i t a t e  t h e  c h e c k i n g  p r o c e s s .  I t ' s  u s u a l l y  e a s i e r  t o  c h e c k  
e a c h  p a r t  i n d i v i d u a l l y  t h a n  c o l l e c t i v e l y .  I n  a d d i t i o n ,  i t  i s  
c o n v e n i e n t  t o  d i s p l a y  t h e  r e , u l t s  a s  c o n t o u r  p l o t s  f o r  i n d i v i d u a l  
p a r t s  o f  t h e  t o t a l  s t r u c t u r e .  T h u s  i d e n t i f i c a t i o n  u f  i n d i v i d u a l  
p a r t s  b y  p h y s i c a l  p r o p e r t y  t y p e  s e r v e s  a d u a l  p u r p o s - -  

T h e  w r i t e r s  c h a n g e d  t h e  m a t e r i a l  s p e c i f i c a t i o n  f o r  t h e  
l e a d l n g  e d g e  o f  t h e  b a c k  o f  t h e  b u c k e t  f r o =  4 t c  5 .  T h i s  c h a n g e  
p e r m i t s  f l e x i b i l i t y  t o  s p e c i f y  a s t r o n f e r  m a t e r i - :  f o r  t h e  
c u t t i n g  e d g e  o f  t h e  b u c k e t .  

C h e c k i n g  t h e  M o d e l  f o r  C r a c k s  a n d / o r  C o n n e c t i v i t y  

F i g u r e  10  s h o w s  t h e  o u t l i n e  o f  t h e  b u c k e t .  T h e  t o p  r i g h t  
p o r t i o n  r e p r e s e n t s  t h e  s i d e  o f  t h e  b u c k e t  a n d  t h e  b o t t o m  l e f t  
p o r t i o n  t h e  b a c k  o f  t h e  b u c k e t .  T h e  o u t l i n e  o n  t h e  b o t t o m  r i g h t  
p o r t i o n  o f  t h e  b u c k e t  i s  i t s  c u t t i n g  e d g e .  

T h e  l i n e  b e t w e e n  t h e  b a c k  a n d  s i d e  o f  t h e  b u c k e t  c o u l d  
i n d i c a t e  e i t h e r  d i f f e r e n t  m a t e r i a l s ,  a  c r a c k  e x i s t s  b e t w e e n  t h e  
b a c k  a n d  t h e  s i d e ,  d o u b l e  e l e m o n t s  ( o n e  o n  t o p  o f  a n o t h e r )  e x i s t ,  
e l e m e n t s  a r e  d i s c o n n e c t e d  o r  e l e m e n t s  a r e  m i s s i n g .  L e t ' s  d e t e r -  
m i n e  w h i c h  o f  t h e s e  a l t e r n a t i v e s  a p p l y .  



Select the edit option thru the cursors by entering U C . 
These options include: 

Change element connectivity 
List grid points and element properties 

* Form or delete elements 
* Align grid points along a line or in a plane 
* Measure distances between grid points 

Copy or interpolate grid points 
Show relati ~e element connectivity 

Use the V option to show differences (if they exist) in 
the connect'vity of each element. A plus sign in each element 
indicates t ~ a t  no elements are missing. By turning the outline 
option off and the element tag option on, the user can verify 
that no doutle elements exist. Next the user can plot the 
elements associated with material 2 by using the preset option 
for material groups in the main menu. The result is a plot cf 
the side of the bucket anly. This result indicates that 
differences in material cause the line shown between the side and 
the back of the blade. 

Automating Design Change to include a hole in the bucket 

Suppose the designer decides to include a circular hole in 
the back of the bucket after completion of the model. This 
modffication is easily dane by deleting elements in the area 
where the hole is to go, hy using a local coordinate system to 
create grid points on the edge of the hole and by forming 
elements usfng the cursors. Figures 11 thru 16 show the 
sequence of options to rapidly modify the initial design to 
include this circular hole. The steps include: 

Act ian Figure(s) 

* Delete elements in region where hole is to occur 1 1  
* Use copy option to create nodes on radius of hole 

about a local x-axis 12 
* Use the elign option to place the nodes in the 13 

surface of the blade 
* Use the interplolate and copy options to create 

additional nodes for mesh near the hole 14 
* Fill in elements around the hole and display the 

back of the bucket 15 
* Rotate the view to check that all elements in the 

back of the bucket are in the surface of this part 16 



Automated Mesh Generation 

After the analyst corpletes checking the model he is ready 
to generate the other half oE the bucket. To do so the user 
merely specifies the plane of symmetry, the grid point increment 
(for numbering the new nodes) and the element increment (for 
numbering the new elements). For flexibilitp the user can save 
grid points, elements or both. Further, the user can choose to 
translate the "master set' of elements and/or grid points if 
desi red. 

Interactive application of Constraints and Loads 

Once the model geometry is complete (See Figure 17) the user 
is ready to apply loads and to restrain the structure where i t  
attaches to other components or to the ground. The user first 
selects the material number that identifies the part where he 
will apply constraints. Next he rotates this part to a conven- 
ient view. Be can either 3utomatically generate constraints f n  
user specified directions or manually apply them using the 
CUrSorS. 

Figure 18 shows the fore-aft constraints on the back of the 
bucket. They might represent the the restraining actioc of a 
hydraulic cylinder on the back of the bucket. 

Application of point loads is easily and quickly done by 
specifying the part, picking a good view, stating the force 
components and by using the cursors to show where they apply. 
The final step is to check the accuracy of the information by 
plotting the parts where the constraints and loads occur and 
selecting the display option for this information. 

Figure 18 displays the pry load acting on the cutting edge 
of the bucket. 

CREATION OF THE BULK DATA 

NASTT fully automates the creation of the bulk data prior to 
job submission. Even on a large problem (over 10 000 degrees of 
freedom), the time to create the bulk data is under five minutes. 

Removal of Singulari t fes and Selcct ing Material Properties 

The first step in creating the bulk data in NASTI is to 



pply the single and multipoint constraints to remove the singu- 
arities from the stiffness matrix. Nazario developed an algor- 
thm to automate the caiculation and application of these 

constraints. The actual calculation is transparent to the user 
and normllly takes Zess than one minute to complete, 

The remaining steps to complete the bulk data include the 
following specifications: 

Number of load cases 
Thickness for each material 
natcriai properties 

After this input is complete, NASTI informs the user that 
the bulk data is complete and lists totals for the number of 
elements and grid points. 

Submitting the Job for Batch Processing 

NASTI fully automates the clerica; work involved in 
preparing the executive control, the case control and file 
msnipulation. Input inciudes: 

Job Name and Project Nurser 
f Desttnation for Output 
f Time estimate for solution 
f Job Priority 
f Nase fcr Ouput Data Set 

C%ecks for creation of checkpoint tape  
* Che-ks to see if Restart Dictionary is to be used 
* Number of subcases 
* OK to submit job for batch execution 

If the use: :*ants to use non-standard options, then he 
elects not to submit ;?r execution. He can then interactively 
edit the executive conerol, the case control or any feature in 
the bulk data to suit his needs. 

DISPLAY OF RESULTS 

Rapid data reduction is essential to e f f e c t i ~ e  use of finite 
element technology in today's modern design department. The 
design engineer must get the reduced data at a tire where he can 
use i t  to make tireiy design decisions. 



NASTI s h r i n k s  t h e  t i m e  f o r  d a t a  r e d u c t i o n  by a u t c  a t i c a 1 : y  
s o r t i n g  t h e  o u t p u t  f o r  maximum p r i n c i p a l  s t r e s s e s ,  m i n i k u a  
p r i a c i p a l  s t resses ,  maximum s h e a r i n g  stresses a n d  maximum Von 
U i s e s  stresses. The  u s e r  c a n  e x p l o i t  t h i s  d a t a  t o  q u i c k l y  z e r o  
i n  o n  r e g i o n s  o f  h i g h  s t ress  a n d  by  u s i n g  t h e  i n t e r a c t i v e  
p l o t t i n g  f e a t u r e s  t o  d i s p l a y  t h e s e  r e g i o n s .  

D i s p l a c e m e n t  P l o t s  g i v e  C i u e  t o  O v e r a i l  S t r u c t u r a l  R e s p o n s e  

F i g u r e  2 0  s h o w s  t h e  d e f o r m a t i o n  o f  t h e  b u c k e t  d u e  t o  p r y  
l o a d s  o n  t h e  c u t t i n g  e d g e .  R e l a t i v e  movement o f  t h e  s i d e s  a n d  
b a c k  o f  t h e  b u c k e t  g i v e  a q u a l i t a t i v e  ' f e e l '  o f  r e s p o n s e  o f  t h e  
b u c k e t  t o  p r y  l o a d i n g .  T h e  p r i n t e d  maxjmum d i s p l a c e m e n t  
q u a n t i f i e s  t h i s  movement o f  material .  

C o n t o u r  P l o t s  o f  S t r e s s  a n d  S t r a i n  

E i g h t e e n  s t a n d a r d  c o n t o u r  p l o t s  a re  a v a i l a b l e  t o  d i s p J . a y  t h e  
d i s t r i b u t i o n  o f  s t ress  o r  s t r a i n  i n  t h e  s t r u c t u r e .  The  o p t i o t s  
i n c l u d e  : 

P r i n c i p a l  S t r e s s  C o n t o u r s  
P r i n c i p a l  S t r a i n  C o n t o u r s  

* S h e a r i n g  S t r e s s  C o n t o u r s  
* S h e a r i n g  S t r a i n  C o n t o u r s  

Von U i s e s  S t r e s s  C o n t o u r s  
Von U i s e s  S t r a i n  C o n t o u r s  

The  u s u a l  o r o c e d u r e  i s  t o  se lec t  t h e  m a t e r i a l  t o  p l o t ,  
r o t a t e  t o  a  c o n v e n i e n t  v i e w  a n d  p i c k  t h e  d e s i r e d  c o n t o u r  p l o t s .  
R o t a t e ,  window a n d  zoom f e a t u r e s  p e r m i t  t h e  u s e r  t o  f o c u s  o n  
a reas  w i t h  l a r g e  s t ress  o r  s t r a i n  g r a d i e n t s .  

F i g u r e  2 1  s h o w s  t h e  ! + s t r i b u t i o n  o f  s t r a i n  o n  t h e  f r o n t  
s u r f a c e  o f  t h e  b a c k  s i d e  o: t h e  b u c k e t .  F i g u r e  2 2  s h o w s  t h e  
d e t a i l e d  maximum p r i n c i p a l  s t r a i n  d i s t r i b u t i o n  w h e r e  t h e  
h y d r a u l i c  c y l i n d e r  a t t a c h e s  t o  t h e  b a c k  o f  t h e  b u c k e t .  



PRODUCT EVALUATION USING COSUIC NASTRAN 

Engineers at the Dubuque Vcrks use COSUIC NASTRAN to evalu- 
ate structural response of new snd current products. The appli- 
cation to the design of frames, booms, buckets, castiags and 
veldments has been particularly fruitful. 

The level of complexity and model size used for the 
simulatSons depends cn the particular application, the time fraae 
for the analysie and the cost limits for the evaluation. The 
three examples included below illustrate the larger models used 
tor evaluation of frames on our motor graders, our four wheel 
drive loaders and our two wheel drive loader-backhoes. 

Pigsre 23 shows a schematic of the motor grader main frame. 
'he aadel of this frame contains quadrilateral plate elements, 
riangular plate elements and bar elements. I t  has about 5000 

elements, 4700 grid points and 24 900 degrees of freedom. As 
the design progressed the analyst used thls model to try various 
plate thicknesses, reinforcements, and geometry changes to "tune 
the design" for irproved performance. 

Figure 2 4  shows a schematic of the engine frame on a four 
wheel drive loader. The oodel of this fraae contains q~adrilat- 
era1 plate elements, triangular plate elements, solid elements 
and bar elements. It has about 7200 elements, 3300 grid points 
and 20 000 degrees of freedom. The analyst used this model to 
conduct "numerical tests" of the structure to evaluate its 
performance for different types of loading. 

Figure 25 shows a schematic of the main frame of a two wheel 
drive loader-backhoe. The model of this frame contains quadri- 
lateral plate elements, triangular plate elements, solid elements 
and bar elements. It has about 18 000 elements, 10 000 grid 
points and 50 000 degrees of freedom. The analyst used this 
model to evaluate design options for the mast and for its inter- 
action with the main channel of the frame. 



CONCLUSIONS 

The NASTPAN INTERFACE PROGRAM (NASTI) fully automates 
construction, checking and data reduction in finite element 
models using COSMIC NASTRAN for structural analysis. This 
automation is essential to the fast paced environment that exists 
in nev product design. 

Design changes 'on the fly' mandate the need for rapid and 
accurate data to support decisions on the proposed changes. The 
NASTI program meets this need by shrinking the time to "test" 
more proposed changes. The significant impact on our business 
is a better performing product at lower cost. 
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AN ELASTIC ANALYSIS OF A PLATED BONE TO 

DETERMINE FRACTURE GAP MOTION 

Francis W. Cooke and William M. Vannah 
Bioengineering Department, Clemson University 

SUMMARY 

An elastic analysis to determine fracture gap motions occuring 
in the osteotomized and plated canine femur was performed using 
the finite element program NASTRAN. The femur was idealized as a 
hollow right cylinder, and transverse anisotropy was assumed for 
the elastic properties of the bone. A 3-D 360 degree model 
consisting of 224 isoparametric qaadrilateral h~xahedral and 11 
beam elements was created. A range of plate stiffnesses was tested 
by varying the modzlus of elasticity of the plate from 207 GPa to 1 
GPA. Moments were applied in the plane of the plate, about the 
axis of the plate, and in the plane of the screws. 

Results showed that, for plates of typical geometry and 
elastic modulus under 10 GPa, the contribution to fracture gap 
motion occuring due to deformation in the bone was negligible 
compared to that contribution from deformation in the plate. 
Fracture gap motion for bone-plate systems using plates in this 
modulus range could therefore be estimated using beam theory. 
Deformations occr.rring in the bone were relatively unaffected by 
plate stiffness. The rel-ationship of gap motion to plate stiffness 
was non-linear above 10 GPa due to thy decreasing contribution of 
the plate's deformation. 

INTRODUCTION 

The use of a compression plato as a method of treating severe 
bone fractures is a currently accepted practice in orthopedics. In 
this design (Figure l), the plate is applied in such a manner that 
it locks in a small amouat of press-fit between the fragments; the 
applied force and close fit of the fragments induces the bone to 
grow faster. However, the demand for this close, solid fit means 
the compression plate must be stiff - so stiff, in fact, that the 
plate continues to carry much of the load on the bone even after 
the fracture has healed. Most bones neei strains imposed on them to 
maintain their size and strength; in the absence of these strains, 
they atrophy in a manner similar to unused muscles. It has been 
shown experimentally (8,9,10,11) that the application of a stiff 
bone plate to an intact bone will generally letd to a long-term 



loss in the volume of bone under the center of the plate. The 
resulting decreased wall thickness under the plate midspan makes 
the bone prone to refracture after plate removal. 

To solve the problem of stress shielding, a number of 
researchers have experimented with an increasingly more flexible 
series of plates. The m o s ~  obvious lower bound to plate flexibility 
occurs when the plate permits so much motion of the fragments that 
it is no longer possible for the fracture gap to be bridged. As the 
plate stiffness approaches the non-union point, the tire required 
for the fracture to heal increases to infinity. In mcch of this 
research, the osteotomized canine femur has been used as a model. 
Selected results of these tests, in terms of elapsed time before 
union of the fracture versus plate stiffness, are shown in Table I. 

We were interested in the possibility of a resorbabie plate 
but, since the resorbable material we were working with was fairly 
flexible, we were unsure whether we could make a plate sciff enough 
to be above the non-union bound. While estimates of the value of 
this bound could be made from the data of other researchers, we 
wished to define it as accurately as possible before making oar own 
plates. Before starting a series of implantation studies in dogs to 
define this bound, we performed a mechanics analysis to determine 
the characteristics of the bone-plate system, This analysis is the 
subject of this report. 

METHODS 

It was assused that motion at the fracture gap was the 
governing variable determining whether or not a fixed fracture 
would go to union. To determine the total deflection at the gap, it 
was necessary to determine how much of the total deflection was due 
to plate deformation and how much was due to bone deformation. 
While it was easy to estimate the plate bending using beam theory, 
defining the bone deformation required a complex mechanics analysis 
easiest done, and perhaps only possible, with the finite element 
method. It was expected that the application of loads from the 
relatively narrow plate to the bone might cause the bone to deflect 
significantly in the area of the plate. This was especially true 
because odr plate design created a line contact betwezn the plate 
and bone. Since this effect could not be simulated with a two 
dimensional (2D) ~odel, it was decided to create a three dimen- 
si~nal ( 3 0 )  model with the bone composed of solid quadrilateral 
elements, and the plate and screws of one dimensional (ID) beam 
elements. 

The dog femur was modelled as a hollow right cylinder. The 
wter radius of 9.5 mm and the inner radius of 6.9 mm were 
deterniined from inspecti~n of availhble femurs and the published 
data of other investigators, and are intended to represent dogs in 
the 18 to 27 kg ranga. The length of bone modelled was chosen to be 
thc length covered by the plate plus one bone diameter more past 



the end of the plate to allow point loads appl~ed at the end to 
spread out. 

The geometry of the plate (Pigcre 2 )  had been prsviously fixed 
as a preliminary to the manufacture of prototype plates. It was 
intended that factors such as orientation of the composite layers 
and percentages of resin would be varied to produce the desired 
stiffneses. This effect was simulated in the model by simply 
varying the modulus of elasticity of the beam elements. The high 
stiffness plate used the elastic modulus of 316L stainless steel. 
The geometry and size of our plate was apptoximately what would be 
chosen to fix a bone this size in clinical practice. The results 
for the high stiffness plate could therefore be considered to 
represent a typical case where stress shielding might be a problem. 
The modulus used for the medium stiffness plate was chosen to 
produce a stiffness slightly above the estiaated non-union bound. 
The modulus used for the low stiffness plate produced a stiffness 
below the non-union bound. 

Values for the elastic modulus of canine bone were available 
in the literature, but were taken under conditions inappropriate 
for the loadings anticipated in this study. The material properties 
used were those deternined for human cortical bone by Reilly and 
Burstein ( 7 ) :  these properties assume transverse anisotropy. The 
bone was idealized as being composed of purely cortical bone, no 
attempt was made to model cancellous bone. 

With these dimensions settled, a model was then created using 
the NASTRAN finite element program. The input deck to NASTRAN was 
generated using the PATRAN graphics pre- and post-processor. The 
model was made to be roughly the maximum size that would allow 
reasonable executicn times on the DEC VAX-11/780 computer. The 
model consisted of 224 solid isoparametric quadratic CIHEX2 
elements and 11 CBAR beam elements, and executed in eight hours cpu 
time. b smaller, faster executing 180 deqrze model was also 
constructed for use in those cases where it was possible to assume 
symmetry about the plane of the screws(Pigure 3). It was not 
pcssible to run a Kore finely divided model to test for conver- 
gence. The results snown in this report will be checked against 2 
similar physical model in an experimental program currently 
underway. Additlonally, a modcl si~ilar to the 180 degree model 
with nearly identical mesh but isotropic material properties was 
tested against a strain-gauged test model by Cheal et ai. ( 5 )  and 
shown to be accurate. 

In order to most efficiently utilize the available computer 
time, only those cases which would produce the most significant 
deflections were run. Axial compression was not applied since it 
was felt that, because loads were applied to the axis of the piate, 
this loa? case would result in on1.y minor deflection in the plate 
and a saall shear deflection in the bone. A force camins a moment 
in the plane of the screws, directed so as to open the osteotomy, 
was applied on the axis of the plate at the far end of the bone. 
This is referred to here as the bending open or BO load case. A 



moment was applied about the axis of the plate; this axial torque 
is referred to as the TA load case. A force causing a moment in the 
plane nornal to the axis of the screws was applied on the axis of 
the plate at the far end of the bone. This moment, which produced a 
bending against the plate's stiffest direction, is referred to here 
as the BA load case. 

In the final =load casem, an axial torque was again applied, 
and also a configuration change was made. The plate-bone contact 
was changed  fro^ a line contact at the axis of the plate to a two 
line contact. These lines were at the axis of the plate and the 
outer edge of the plate which would be driven into contact with the 
bone by an axial torque. This load/configuration case, which 
modelled a mwide-uheelbasem plate, is referred to as the UW load 
case. 

RESULTS 

The fracture gap motions resulting from the various load cases 
are presented in Table 11. The deformed shapes are presented in 
Figures 4a-d. 

DISCUSSION 

The bighest deflections were produced by the 00 and TA load 
cases. The BA load case produced deflections which were alnost 
negligibly small in comparison, 

For the BO load case, the deflection took place primarily in 
the plate. This was especially true for the lower stiffness plates. 
With the high stiffness plate, significant deflection (accounting 
for 34% of the mo~ion at the gap) occurred in the bone. This was 
not a whole-scale bending of the bone, but iiistead appeared to oe a 
local deformation under the plate, This was especially visible as a 
raised dimple under the screw closest to the fracture. A shallow 
depression under the fa: end of the plste vas also visible. This 
would seem to indicate that the area under the screws (where load 
transfer OCCUKS~ was highly stressed, consistent with the prolif- 
eration of bone seen in this area on X-rays. A possible hypothesis 
is that what really affects fracture gap motion is not che bone's 
moment of inertia as a cylinder, but the stiffness of the wall 
under the plate. However, this is not a critical point since, for 
the low stiffness plates, the motion at the gap was almost entirely 
a f'lnction of the plate stiffness. 

Deformation under axial torsion (TA) also took place primarily 
in two modes. The first node, responsible for the great majority of 
the motion at the gap, was twist of the plate in the span between 
the f~acture gap and the closest screw. The second mode was twist 
of the bone cylinder itself. This was less visible on the plots 



with flexible plates because the twist of the plate was greatly 
increased, making the bone twist appear relatively small (the 
deflections for plots were scaled by the computer for readibility). 
The torsional twist of the bone appears to be an action of the 
whole bone, rather than a local action as was the case under the BO 
load. 

The BO and TA load cases produced roughly the same amount of 
deflection at the fracture gap for equivalent applied moments. 

Bending in the plane of the plate took place mainly as a 
bending of the plate. The beam element bent against their stiffest 
direction. The fracture gap aotion produced was more than an order 
of magnitude less than the deflections produced by either the BO or 
TA load cases, on an equivalent applied moment basis. 

Changing the plats bone contact to the wide wheelbase config- 
station and applying an axial torsional load produced a noticeable 
flattenin? of the bone cylinder under the outer plate edge. The 
bone appeared to be more distorted in this case than in any other, 
yet fracture gap motion was only decreased by one-third. This leads 
to the conclusion that the wide wheelbase plate design may not be 
necessary if the screw/plate fit can be relied upon to provide 
rotational stiffness. 

The fracture gap motions predicted are quite high compared to 
what might be expected to be the maximum movement allowable for 
healing. Carter et al. ( I ) ,  implanted strain gauges on the femur of 
a 35 kg dog and studied the strains txder normal gait. Prom these 
strains, they calculated the loads at the instant of maximum net 
loading of the mid-femoral diaphysis as a 250 N axial compression, 
a 2 5 N-m bending moment directed to produce tension anteriorly, a 
1.4 N-m bending m o ~ e n t  producing tension laterally, and a torsional 
moment of 0.56 N-n where the vector points proximally. These loads 
produce hypothetical fracture gap motions oE 52 to 0.33 mm dae to 
bending moments, and 9.0 to 0.44 mm due to torsional moments, 
depen6ing on the stiffness of the plate used. With the medium 
stiffness plate, the predicted fracture gap deflections are 5.0 and 
1.1 ma, for bending and torsional loads respectively. A possible 
hypothesis is that these magnitudes are realistic, but thac the 
deflections in bending stay low because the plate is positioned so 
that it is usually in tension (i.e., bending to open the osteotomy 
doesn't occur), and khat the torsional displacements do occur and 
are the relevant concern in the design cf fixation plates. In cases 
of fractures, the interdigitation of the ragged fracture edges 
could be expected to lend support and there may be some stiffening 
due to the surrounding tissues; neither of which was considered in 
this model. The main conclusion from this result though is that 
unusual care probably would have to be taken of a fracture 
stabilized with a flexible plate. 

The total deflection of the system was a product of the 
deflections of the plate, the sctews in the bone, and the bone 
itself. In this analysis, only the plate stiffness was varied, and 



therefore the deflection in the bone and screws was relatively 
constant (altnough affected somewhat by the bracing action of the 
plate). The two ends of the deflection-stiffness curve, that is the 
respnse at very high and very low plate stiffnesses, could then be 
estimated. In the case of very flexible plates, the plate would 
deform so much that the defornation of the bone and screws would be 
negligble by comparison. In this case, the deflection would vary 
with the inverse of the stiffness and have a constant slope which 
could be calculated by beam theory. In the case of an infinitly 
stiff plate, the deflections present would all occur in the bone 
and screws. Therefore, in this case the deflection would be 
constant; that is, it would not vary (or would vary only a negli- 
gible amount) as the beam stiffness was varied. Using this 
reasoning to predict the shape of the tail-s, the general shape of 
the deflection curve can be predicted (Figure 5 ) .  

The calculated results show that the deflections varied in 
nearly exact proportion with the plate flexibility across the range 
of the two lower stiffness plates tested. Even as the plate 
stiffness greatly increased to the stiffness of a typical solid 
stainless steel plate, the bending in the bone contributed only a 
small portion of the fracture gap motion. This implies that, for 
flexible plates, the fracture gap motion is a function solely of 
the plate stiffness and can be directly calculated from beam 
theory. 



TABLE I. Materials evaluated using the canine femur model 

Investigator Material EI (Nm2) Results (weeks) 

Bradley (I) SS 16.80 
GEC 5.48 
GPC 1.45 

Brown (2) PA 0.49 
PBT 0.41 
PBT 0.23 
PBT 0.49 

Brown (3) PA 0.265 
PBT 0.221 
PP 0.239 
UHMPPE 0.161 

Zenker (11) GFMM 3.01 U 

NASTRAN model high 6.02 
med i urn 0.29 
1 ow 0.029 

Legend : 

GFMM - graphite fiber reinforced methyl methacrylate 
S S - stainless steel 
GEC - glass-epoxy resin composite 
GPC - graphite reinforced polysulfone 
PA - polyacetal 
PBT - polybutyleneteraphtalate 
PP - polypropylene 
UHMWPE - ultrahigh molecular weight polyetylene 
U - proceeded to union, no exact time given 



TABLE 11. Calculaked fracture gap motions 

................................................................... 
Load case :.late stiffness Slope (l/Nm) Fracture gap (mm/Nm) 

................................................................... 

high 

med i um 

low 

high 

medium 

low 

WW high 0.00440 0.167 

BO - bending to open the osteotomy 
TA - axial torsion 
WW - axial torsion, wide wheelbase plate 
BA - bending in the plane of the plate 
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LEARJET MODEL 55 WING ANALYSJS 

W I  fH LANDING LOADS 

Rcbert R. Boroughs 
Gates Lear je t  Corporation 

NASTRAN analysis has been usea t o  determine the impact O F  new landing loads on 
the Lear je t  Model 55 wing. These new landincj '{lads were t h ~  r e s u l t  of a performance 
improvement e f f o r t  t o  increase the landing weight o f  the a i r c r a f t  t o  18,000 10s. 
f rom 17,000 Ibs .  and extend the 1 i f e  of the t i r e s  and brakes by incorporat ing la rqer  
t i r e s  and heavy duty brakes. Landing loads for  the o r i g i n a l  17,000 l b .  a i rp lane 
landing conf igurat ion werc appl ied t o  the f u l l  a i rp lane NASTRAN model. These 
ana ly t i ca l  r e s z l t s  were cor re la ted w i t h  the s t r a i n  gage data fro;,; the o r i ~ i : i s l  land- 
i n g  load s t a t i c  tes ts .  Then, the landing loads fo r  the 18,000 Ib ,  a i rg lane were 
appl i e d  t o  the f u l l  a i rp lane N.I\FTi?AN model , and a comparison was made ~ii t h  the o r i g -  
i n a l  Model 55 data. The r e s u l t s  9f t h i s  comparicon enabled Lear je t  t o  determine the 
di f ference i n  ..tress d i s t r i b u t i o n  i n  the wing due t o  these two d i f f e r e n t  sets o f  
landing loads, and consequently, t h i s  comparison he1 ped Lear je t  t o  reduce the number 
o t  i e s t s  t h a t  would have otherwise been necessary. 

INTRODUCTION 

The Lear je t  Model 55 wing has evolved from the Lear je t  28/29 wing (see re f .  1). 
Both the Model 55 and 28/29 wirgs i r e  s i m i l a r  t o  the L e z r j e t  35/36 wing geometr ical ly  
(see ref .  2)  except t h a t  the two f o o t  wing extension and t i p  tank on the Model 35/36 
wing i s  replaced by a s i x  f o o t  extension and a wingle on the Moael 28/29 and Model 
55 wing. The Model 55 win9 i s  fabr icated using e i g h t  spars and e i 5 h t  r i b s  per side. 
This network o f  spars and r i b s  i s  covered w i th  a -.lchined aluminuin sk ip  oii both the 
top and bottom surfaces. However, the sk in  thicknesses and spar s e c ~ i o n  proper t ies  
are very d i f f e r e n t  from the previous Model 35/36 wing (see r e f .  1). 

Attachment of the wing t o  the fuselage i s  accomplished t h r o c j h  e i g h t  f i t t i n g s .  
The f i t t i n g  l cca t ions  are d i s t r i b u t e d  equal ly between the r i g h t  a i ~ d  i e f t  \ r i t h  four  
attachment pg in ts  on each s ide of the Fuselage. These four p ~ i n t s  i n  the wing are 
located a t  spars two, f ive ,  seven and e ight .  A center1 ine sp: i c e  p la te  provides 
the carry-through c a p a b i l i t y  t o  connect the r i g h t  hand and the l e f t  hand halves o f  
the wing, thus al lowing the wing t o  be continuous through the fuselage. 

The main landing gear i s  supported i n  the wing a t  the forward end o f  thc 
t runnion arm by a f i t t i n g  in teg ra l  w i th  spar f i v c  and a t  the a f t  end o f  the t runnion 
arm by a f i t t i n g  in teg ra l  w i t h  spar seven. These two support. f i t t i n g s  also s e n e  
as the p i v o t  po in ts  for  landing gear extension and re t rac t ion .  Actuation o f  the 
main landing gear i s  achieved by a hydraul ic cy' inder which ..Staches t 3  the landing 
gear cy l inder  a t  the outboard end and a t  spar seven on the inboard end. The qain 
landing gear i s  a dual wheel a i r - o i l  type gear w i t h  an aluminum cy; inder and a s tec l  
p i  ston. 



BACKGROUND 

The Lear jet  Mcdel 55 a i r c r a f t  1.3s o r i g i n a l l y  c e r t i f i e d  by the Federal Aviat ion 
Administration i n  March of 1981. I n  1984 a oerformance imprcvement package was made 
avai lable for the Model 55 a i r c r a f t  as an opt ion t o  the basic conf igurat ion.  This 
opt ion permitted an increase i n  takeoff and landing weight w i t h  the incorporat ion o f  
a larger set  of t i r e s  a ~ d  brakes on the rnain landing gear. The takeoff weight was 
increased t o  21,500 Ibs.  from 21,OOC lbs., and the landing weight was increased t o  
18,000 lbs. from 17,000 lbs.  

This increase i n  takeoff  and landing weight 'tccessitated the developnertt of a 
new set o f  loads f o r  these cc.ldit  ions. The resu l t s  of these new load ca lcu la t ions 
revealed tha t  the increase i n  landing weight had more of an ingzct  on the wing 
structure than the increase i n  takeof f  weight. Consequently, most of the ana iy t i ca l  
e f f o r t  was directed tokard resolv ing the di f ferences between the o r i g i na l  Hodel 55 
landing locds and the new landing loads. The o r i g i na l  landing loads fo r  the Model 55 
were developed usiag conventional s t a t i c  aeroelast ic methods. but  since the tim when 
these data were generated, Lear je t  has developed the ana ly t i ca l  capabil  i t y  t o  gener- 
ate f l e x i b l e  body dynamic landing loads. These f l ex i b l e  body dynamic loads have been 
demcnstrated t o  be more rea l  i s t i c  than the more conservative s t a t i c  aeroeiast ic 
landing loads for many iippl icat ions.  Dynamic f l e x i b l e  body loads ie-e a lso a l m s t  
always lower than the s t a t i c  aeroelast ic landing loads. Conseauently, there was 
good reason t o  bel ieve tha t  the landing loads developed w i th  the f l e x i b l e  body 
dynamic methods for an 18,000 1 b. a i rp lane could be less than o r  equal t o  the landing 
loads developed w i t h  s t 3 t i c  aeroelast ic methods for  a 17,000 lb .  airplane. 

Since the la rd ing  loads on the wing consisted of one "G" ai r loads as we11 as 
main landing q.ar ;oads, a method was needed t o  v e r i f y  tha t  the net  effect o f  the new 
18,000 lb .  a i r c r a f t  landing loads on the wing was less severe than t ha t  o f  the o lder  
17,000 Ib .  a i r c r a f t  landing loads. NASTRAN analysis was proposed as a method t o  help 
determine the impsct of the new 18,000 l b .  landing weight loads on the Hodel 55 wing 
structure. A f i n i t e  element model was ava i lab le  of the complete Lear je t  Model 55 
a i rc ra f t ,  and these types of load condit ions had been run e a r l i e r  for  the 17,000 Ib .  
landing weight condit ion. 

MuDELING CRITERIA 

The NASTVN model f o r  the Lear je t  55 a i r c r a f t  i n c l ~ d e d  the f u l l  fuselage, v e r t i -  
cal  t a i l  and complete wing and consisted o f  over 16,000 elements and 26,000 degrees 
of freedom. The o r i g i na l  model used substructuring techniques (see re f .  3) i n  the 
f i n i t e  element analysis mainly due t o  the l im i t a t i ons  and r e s t r i c t i o n s  on computer 
resources tha t  were avai lable during tha t  time p e r i ~ d .  Howver, since then, Lear je t  
has acquired and i ns ta l  l ed  an I B M  3033 and an IBM 3081. Both o f  these main frames 
are much faster and have more memory and disk space than was ava i lab le  on the pre- 
vious in-house IBM 370-158. These new computers allowed Lear je t  t o  run the f u l l  
a i r c r a f t  model without using substructure techniques on a regular overnight turn- 
around basis. 

Geometry i n  the f i n i t e  element model i s  defined extensively through the use of 
loca l  coordinate systems. Almost a1 1 i ns ta l l a t i ons  i n  the a i r c r d f t  rmdel are 
defined in a local  coordinate system which i s  more or iented t o  the geometry o f  t ha t  
' ns ta l la t ion  as opposed t o  the basic coordinate system de f i n i t i on .  Anotter reason 
for using loca l  coordinate systems i s  t o  provide f l e x i b i l i t y  f o r  future modif icat ions 



and addi t ions such as a fuselage plcg. These changes could then eas i l y  be accom- 
modated by simply changing the o r i g i n  of the appropriate 1 ocal coordinate systems. 
Su f f i c i en t  i n te rva ls  i n  node 2nd element nlimbering were a lso establ iched t o  f a c i l  i- 
t a t e  t h i s  type of m d e l  revis ion.  A t o t a l  of 102 loca l  coordinate system are used 
i r ~  the model w i th  t h i s  number being almost squal ly  d iv ided between rectangular and 
c y l  i r tar ica l  coordinato system. 

The wing and main landing gear are modeled using f i v e  ioc3 l  rectangular coordi- 
nate sjsteins. The r i g h t  hand ha i f  of the w i f i s  i s  modeled i~ one loca l  rectangular 
system and the l e f t  hand ha l f  of the king i s  modeled i n  a second loca l  rectangular 
system. .4 t h i r d  i-ectangular system i s  used t o  mGel the wing center l ine r i b  which 
i s  i n  a plane pa ra l l e l  t o  the center1 ine plan€ of the airplane. Each main landing 
gear i s  defined i n  a loca l  rectangulsl- system w i t h  the pos i t i ve  "i" axis  d i rected 
a f t  from the forward p i v o t  po in t  t o  the a f t  p i v o t  po in t  and w i t h  the pos i t i ve  "X" 
axis  po in t ing  down (see f i g .  1). Since tlle landing gear elements are t o  simulate 
the s t a t i c  t e s t  condi t ions wi th  the main concern being the wing and wing support 
structure,  the hydraul ic character is t ics  o f  the Soar are not  inc?zded i n  the NASTRAN 
model. The landing gem was modeled w i th  the i n t e c t  o f  representing ttte geometry 
and s t i f fness of the gear so t h a t  the landing loads would te t ransferred accurately 
i n t o  the wing structure.  

Attachment o f  the wing t o  the fuselage i s  act-npl isned through four  f i t t i n g s  on 
each side o f  the fuselage. Those e i gh t  f i t t i n g s  are represented i n  the m d e l  w i t h  
the appropriate s t i f fness and degrees of freedom t o  r e f l e c t  the load paths from the 
wing t o  the fuselage. The wing i s  bo l ted  t o  the fuselage a t  these f i t t i n g  po in ts  
w i th  a s ing le  bo l t ,  and each j o i n t  i s  modeled t o  simulate a pinned connection. Hob- 
ever, the f i t t i n g  a t  spsr f i v e  i n  the wing i n  add i t i on  t o  k i n g  pinned a lso trans- 
fers drag load, and t h i s  degree of freedom had t o  be included a t  tha t  j o i n t .  

A complete representat ior~ of the fuselage s t r u c t ~ r e  i s  includc9 i n  the NASTRAN 
analysis bas ica l l y  because tne model was already i n  t h i s  format, and t h i s  version 
could eas i l y  be run overnight. Another reason for using t h i s  conf igurat ion was t ha t  
an accurate d e f i n i t i o n  was desired of the wing t o  fuselage in te rna l  l06ds and the 
wing in terna l  loads and stresses i n  the members adjacent t o  the attachment points.  
The fuselase geoinetry i s  general ly defined w i t h  g r i d  po in ts  on the outside contour 
being loczted a t  r r ~ a , ~  and s t r inger  intersect ions.  Almost a l l  of these g r i d  po in ts  
were def iced i n  loca l  c y l  i r12r ica l  coordinzte systems which were establ  ished a t  each 
frame l u c z t i m  I n t e r i o r  g r i d  p o i ~ r s  such as those on bulkheads were usual l y  located 
a t  the in tersect ions of k3ms and intet-rostals.  These ir,:erior g r i d  po in ts  were 
defined i n  loca l  rec ta lgu la r  coordinate systsms which were a lso created a t  each 
frame locat ion (see r e f .  3 ) .  

The outer surface o f  the fuselage, o r  sk in  covering, i s  modeled using the 
QDMEM2 rnxbrane element (see r e f .  4). Simulation of tne frame wmbers bending 
capabil i t y  i s  acconpl ished using B,1R eleiriints. Str ingers are represented using the 
ax ia l  load capab i l i t y  i n  the CONROD elzment, and in te rcos ta ls  and beams are modeled 
using BAR elements. QUAD1 elrnents are used t o  simulate the aluminum honeycomb a f t  
pressure bulkhead and the baggage f l o o r  over the wing. A s ign i f i ca . i t  feature simu- 
l z t e d  i n  the fuselage model i s  the cabin door and the escape/baggage door. These 
members are modeled wi th  a double row of nodes along the door boundary. One row o f  
nodes defines the cutout i n  the fuselage. and the second row of nodes defines the 



edge of the door. The cabin door i s  s p l i t  a t  the mid-line i n t o  an upper an3 lower 
door with the upper h a l f  being hinged on the upper edge and the l w e r  ha l f  bein!, 
hinged a t  the lower ed9e. I n  the closed posi t ion the door i s  secured by shear pins 
and tension lugs along the forward ar;d a f t  edges. The escape/baggage door i s  o f  
s imi lar  type construction except that  t h i s  nrmber i s  a one-piece t jpe construction 
and i s  hinged only on the upper edge, and tension lugs are not used. 

Anothsr major feature sinulated i n  the fuselage section with considerable de ta i l  
i s  the cutout t o  allow the wing t o  pass through the fuselage. The lower p o r t i o i  of 
the fuselage a t  the wing intersect ion i s  essent ial ly designed around the wing. 
Structure i n  t h i s  region had t o  have the capabi l i ty  of t ransferr ing fuselage bending 
and pressure loads around the wing. The forward port ion of the cutout i s  sealed by 
a pa r t i a l  bulkhead a t  frame 24, while the a f t  port ion of the cutout i s  sealed by 
another pa r t i a l  bulkhead a t  frame 31. fin aluminum honeycomb f loor  panel i s  ins ta l led  
j u s t  above the wing to  seal the upper w r t i o n  of t h i s  cutout i n  the cabin pressure 
vessel. Once the wing i s  attached to  the fuselage, a rennvable keel bean! i s  
ins ta l led  across the lorrer port ion of t h i s  cutout connecting frame 24 and frame 31. 
m e  keel beam basical ly extends from Lhe forward pressure bulkhead almost a l l  the 
way to  the ver t ica l  i a i l  attachment s t r i c tu re  i n  one form o r  another. I n  the forward 
fuselage t h i s  structure i s  of dual "I" beam cwtstruction and extends from the forward 
pressure bulkhead t o  the forward edge of the wing cutout i n  the f~se lage a t  frame 24. 
Beneath the wing the keel bean; i s  fabricated as a closed box section (see t i g .  2 8  3). 
This type of construction i s  also used a f t  of the n i ~ g  cutout i n  the fuselage, 
although i n  t h i s  port ion of the fuselage the keel beam i s  integrated with the frame 
and str inger constrcction. 

Elements used t o  represent the structure i n  the pa r t i a l  bulkhead a t  frame 24 are 
BAR men&ers fcrr the beans and st i f fners and QDP1EM2 membranes f o r  the webs. Kodeling 
of the pa r t i a l  bulkhead a t  frame 31 i s  accompl ished using BAR elements for the beams 
and s t i f f ne rs  and QUAD2 p1at.s f:r the bulkhead webs. The keel beam i s  basical ly  
modeled u s i ~ g  CONRODS for the caqs end SHEAR elements for the ver t i ca l  webs. 
Beneath the king, where the keel beam i s  a closed box section, QWEM2 panels are 
used t o  s i m l a t e  the skin covers. Additional deta i ls  on the fuselage model can be 
found i n  re f .  3. 

WING 

The en t i re  wing i s  simulates i n  the f- .ni te element model by duplicating the 
r i g h t  hand half from the l e f t  hand half. i2rh ha l f  o f  the wing i s  modeled i n  a 
separate 1 ocal rectangular coordinate sys tern. The i ocal coordinate system f o r  the 
l e f t  wing had the X axis posit ive aft ,  the Y axis posit ive l e f t  hand outboard, and 
the Z axic, posit ive dowr,. The local rertan3u;ar system for the r i g h t  hand wing i s  
oriented wirh the X axis pcs i t ive forward, the Y axis posi t ive r i g h t  hand outboard, 
and the Z axis pcs i t ive down. Since the centerl ine r i b  i s  not rea l l y  oriented i n  
e i ther  one of these coordinate systems, t5's member i s  modeled i n  a t h i r d  local 
rectangular coordinate system. This local system i s  establ ished with the X axis 
posi t ive aft ,  the Y axis posit ive l e f t  har.d outboard, and the Z axis posi t ive down. 

Grid points for the wing are locater, a t  the outer contcl~r along the spar mold 
l ines. Since the Learjet 55 wing i s  basical ly  an eight spar wing i n  the inboard 
section and a ten spar wing i n  tne oatbjard section no more g r i d  points w r e  added 
i n  between the spars. The spacing betlieen i s  much greater than the spacing 
between the spars, and consequently the distance between r i bs  i s  divided i n to  four 



o r  f i ve  bays i n  order t o  obtain square panels as best as possible. 

The Lzar je t  55 wing i s  an a1 1 aluminum type fabr icat ion. Spar members are 
bas ica l l y  designed t o  be continuous whi le most of the r i b s  are designed as segmented 
e lemn ts  w i th  the exception of the center l ine r i b  and the landing gear r i b  a t  the 
outboard end of the wheel -11. Xing skins are generally fabricated i n  two pieces 
w i t h  a wing skin sp l i ce  i n  the outboard section a t  W.S. 181. Centerl ine sk in  spl ices 
on the top and bottom are used t o  j o i n  the r i g h t  hand and l e f t  hand halves o f  the 
wing. R3D elements are used t c  m d e l  the spar caps and r i b  caps while SHEAR elements 
are used t o  reoresent the spar and r i b  webs. The sk in  and sk in  spl ices are simulated 
using QMEn? mnkrane eiements. F i t t i r l gs  and other attachment members are generally 
mdeled uslng BAR elements. 4ddi t ional  de ta i l s  on the wing model car be found i n  
re f .  1. 

WING TO FUSELAGE ATTACWENT 

Attachmnt o f  the wing t o  the fuselage i s  acconpl ished w i t h  four f i t t i n g s  on 
each side o f  the .uselage. These f i t t i n g s  are synmetrical ly located from the r i g h t  
hand side t o  t-!M? l e f t  hand side and are posi t ioned i n  the wing a t  the in tersect ion 
o f  tk fuselage at txhment  r i b  a t  spars two, five, seben and eight.  A l l  r i b s  i n  the 
wing are located on constant wing s ta t i on  1 ines except the fuselage attachment r i b  
which f c l l w s  the outer contour o f  the fuselage. The attachment a t  spar tw i s  a 
l inkage type j o i n t  w i t h  a s t rap pinned a t  both the fuselage and wing ends. The fit- 
t i n g  a t  spar f i v e  hrs the capabil i t y  t o  t ransfer ve r t i ca l ,  side, and drag loads, 
whi le the f i t t i n g s  a t  spars seven and e igh t  can only t ransfer ve r t i ca l  and side 
loads (s ing le  oinned j o i n t ) .  

Four frame locat ions were created i n  the fuselage t o  match the four f i t t i n g  
po in ts  on the wing. These support po in ts  are frame 25 which tatches the wing f i t t i n g  
a t  spar two, frame 27 which corresponds t o  the spar f i ve  wing f i t t i n g ,  frame 29 
which i s  located over the spar seven wing f i t t i n g ,  and frame 30 which i s  posi t ioned 
above the wing f i t t i n g  a t  spar eight.  These frames are ac tua l l y  double frames wi th  
a p la te  connecting the inner flanges t o  form a closed box cross section. This 
reinforcement i s  necessary t o  provide s u f f i c i e n t  s t i f fness  and an adequate load path 
and red i s t r i bu t i on  system f o r  t ransfer r ing wing reactions i n t o  the fuselage. 

Each of the double frames over the wing at tach f i t t i n g s  are modeled using BAR 
elements. The use of BAR elements helps t o  reduce the number o f  degrees af freedom 
that  would have otherwise been required t o  simulate t h i s  structure.  BAR elements 
are a lso used t o  represent the fuselage at tach f i t t i n g s  a t  the bottom of the double 
framesat a l l  four locat ions on each side o f  the airplane. The lower end of these 
f i t t i n g s  i s  p i n  flagged i n  the t h i r a  ro ta t iona l  degree o f  freedom, and the f i t t i n g s  
a t  frames 29 and 30 are also p i n  flagged i n  the fore and a f t  t rans la t ional  degree 
o f  freedom. 

Attachment f i t t i n g s  on the wing are generally separated i n t o  t ha t  por t ion  of 
the f i t t i n g  t ha t  i s  in terna l  t o  the wing and tha t  por t ion which extends outside the 
wing contour. The por t ion o f  the wing f i t t i n g  tha t  i s  inside the wing contour i s  
general l y  designed t o  reinforce the loca l  in te rna l  structure t o  carry  large concen- 
t ra ted  loads. These loads are transferred t o  the f i t t i n g  from the adjacent spars, 
r ibs ,  and wing skin. BAR elements are used to  simulate these in terna l  f i t t i n g  
members i n  the NASTRAN f i n i t e  element model. The p o r t i ~ n  o f  the wing f i t i i n g  which 
extends above the wing contour i s  a lso modeled using BAR elements. These members 



provide load transfer capabi l i ty  i n  a l l  s i x  degrees of freedom a t  the lower end, but 
a t  the upper end of the BAR element the rotat ion about the fore and a f t  axis i s  p in  
flagged a t  a l l  four f i t t i n g s  per side, and the drag translat ional degree of freedom 
i s  p in  flagged a t  spars me, seven, and eight. The drag load capabi l i ty  i s  not 
released a t  spar f i v e  since t h i s  f i t t i n g  i s  designed as the main drag load reaction 
path. Arrangement of these f i t t i n g s  i n  the f i n i t e  elecnent model can be seen i n  
figures 3 and 4. 

LANDING GEAR 

Each main landing gear i s  modeled i n  a separate local rectangular coordinate sys- 
tem. These local rectangular systems are defined with respect t o  the wing local 
rectangular system wi th the landing gear local Z axis oriented along the gear 
ret ract ion p ivot  axis and point ing aft .  The landing gear cyl inder i s  defined i n  the 
X-Z plane so that  when the main landing gear i s  extended the X axis posi t ive direc- 
t i o n  i s  point ing down toward the wheels. Consequently, the pos'tive Y axis i s  always 
oriented toward the r i g h t  for both the l e f t  hand and r i g h t  hand gears i n  the down 
posit ion. 

Since the main landiag gear s i m l a t i o n  was t o  Se a par t  of a much larger f i n i t e  
element model, a simpl i f ied representation of the gear was established f o r  t h i s  pro- 
ject. The geomtry of the gear i s  defined with the piston i n  the 25 percent com- 
pressed posit ion. This geometry was incorporated t~ f a c i l i t a t e  the aro l icat ion o f  
the c r i t i c a l  landing loads which were defined with the landing oear i n  t h i s  posi t ion 
This posi t ion of the gear was used on the previous Model 55 s t a t i c  tests, and the 
main concern i n  t h i s  analysis was t o  be able to  correlate the NASTRAN resul ts  with 
the s t ra in  gage datd on the wing rather than simulating the functional characteris- 
t i c s  of the main landing gear. The effect o f  the piston s l id ing  inside the cyl inder 
and the compressibil i ty o f  the a i r - o i l  mixture i n  the piston and the cyl inder are 
not simulated i n  t h i s  model. Using these guidelines, g r i d  points are located along 
the center o f  the cylinder, piston, and axle to  represent not only the center 1 ine 
geonetry, but a1 so the major points where section property changes occur i n  t-hese 
nembers. BAR elements are used t o  model a l l  parts o f  the cylinder, piston and axle. 

Extension and ret ract ion of the gear i s  achieved by means o f  a hydraulic actua- 
t o r  which attaches t o  a l ug  on the landing gear cyl inder on the outboard end and t o  
a f i t t i n g  on spar seven on the inboard end (see f i g .  5). This actuator i s  basical ly  
pinned a t  each end, and when the gear i s  extended the actuator has a locking mecha- 
nism which locks the gear i n t o  the down posit ion. Since t h i s  system i s  pinned a t  
each end, a ROD element i s  used t o  represent the actuator system st i f fness (see 
f ig .  6). 

Attachment of the main landing gear t o  the wing i s  achieved a t  three support 
points (see f i g .  5). Two of these points are a t  the upper end of the landing gear 
assembly. The f i r s t  point, or  forward support, i s  located a t  spar five, while the 
second point, or  a f t  support, i s  located a t  spar seven. A group of four BAR elemnts 
i s  used t o  simulate each o f  the trunnion f i t t i n g s .  A l l  four BAR elements are 
connected a t  one end t o  the g r i d  point whicb defines the intersect ion of the trunnion 
p ivot  axis and the mid-plane of the support f i t t i n g  lug. Two o f  these BAR elements 
are connected t o  two separate points on the upper spar cap while the other two BAR 
elenients are connected to  two separate points on the lower spar cap. This connec- 
t i v i t y  arrangemnt i s  very s imi lar  f o r  both the forward and a f t  trunnion support 
f i t t i n g s .  The t h i r d  attachment point  for the main landing gear i s  the actuator 



support f i t t i n g  located on spar seven a t  the inboard end of  the wheel wel l .  This 
f i t t i n g  i s  a lso modeled w i t h  EAR elements using the Same conce?t as the other two 
f i t t i n g s  (see f i g .  6). The g r i d  po in t  which represents the inbuard actuator support 
po i n t  i s  defined a t  the loca t ion  where the actuator i s  pinned t o  the support f i t t i n g .  

CONSTRAINTS 

Since the loads t o  be appl ied t o  the a i rc raF t  model cons is t  of landing gear and 
a i r  loads on the wing and balancing loads on the fuselage, only a minimai number o f  
constraints are required t o  maintain equi l ibr ium. The constra;i ts on the model are 
established mainly t o  neut ra l ize any unbalanced ro ta t ions  ra ther  than serving as 
major react ion points. Consequently, const ra in ts  are establ ished a t  two po in ts  02 

the forward pressure bulkhead and a t  two po in ts  on the top o f  the vel-tica: t?il. 
The two points on the forward pressure bulkhead are located on the maximum breadth 
1 ine of tha t  fuselage cross sect ion a t  the outside contour on the l e f t  hand and 
r i g h t  hand sides. These g r i d  po in ts  are constrained i n  the three t rans la t iona l  
degrees o f  freedom,. Constraints on the v e r t i c s l  t a i l  are located a t  the two out- 
board po in ts  o f  the hor izontal  t a i l  p i v o t  f i t t i n g  where the hor izonta l  t a i l  attaches 
t o  the ve r t i ca l  t a i l .  The hor izontal  t a i l  i s  not  included i n  t h i s  analysis, since 
t h i s  s t ructure i s  not  necessary f o r  t h i s  load case, and the removal o f  tn's assembly 
from the f i n i t e  element model reduces the size of the problem. A i l  three t rzns la-  
t i ona l  degrees o f  freedom are constrained a t  these g r i d  pu in ts  on the top of the 
ve r t i ca l  t a i l  as was done on the two g r i d  po in ts  on the forward pressure bulkhead. 

LOADS 

Landing loads appl ied t o  the wing cons is t  o f  the main landing gear sp in  up and 
spr ing back condi t ions w i t h  one "G" wing a i r  loads. Generally speaking, the main 
gear spin up condi t ion i s  the most c r i t i c a l  f o r  t h i s  analysis. The loads appl ied t o  
the main gear are d i s t r i bu ted  on a 60% and 40% basis between the outboard wheel and 
inboard wheei respect ively.  This d i s t r i b u t i o n  i s  appl ied t o  both the ve r t i ca l  and 
drag load conponents. Wheel loads are appl ied t o  the main gear axle a t  the center- 
l i n e  o f  the wheel w i t h  the ve r t i ca l  and drag components being normal and pa ra l l e l  t o  
the ground, and i n  the NASTRAN mdoel these loads are defined i n  the basic coordinate 
system (fuselage reference system). The one "G" wing a i r  loads are appl ied t o  simu- 
l a t e  the a i r  loads experienced by the wing a t  the ~noment o f  touchdown by the a i r -  
c ra f t .  These loads are d is t r ibu ted  over the outboard por t ion  of the wing and are 
located taward the a f t  chord o f  tne wing, since t h i s  i s  a maximum nose down torque 
condit ion. 

The loads for  the increased landing weight cases were gerlerated using a dynamic 
landing computer program wh'ch was not  ava i lab le  dur ing the o r i g i n a l  Model 55 c e r t i -  
f i ca t i on  e f f o r t .  9 r i g i na l  Model 55 1 anding loads were developed using a conventional 
s t a t i c  aeroelast ic program. These loads are conservative, since the s t a t i c  aero- 
elas 'c theory d i d  no t  account f o r  the a i r c r a f t  f l e x i b i l i t y  and response. Landing 
loads calculated using the rlew dynamic landing program normally gave lower loads for  
the same condi t ions as opposed t o  the s t a t i c  aeroelast ic program. Consequently, 
there was good reason t o  e x ~ z c t  t h a t  the impact o f  the new landing loads on the wing 
wobld be less than o r  equal t o  the o l d  landing loads. The one "G" wing a i r  loads 
are d is t r ibu ted  so as t o  produce the cor rect  shear moment and iGrque defined about 
the e l as t i c  ax is  of the wing. Both the landing gear loads atid the one "G" w i ~ g  a i r  
loads are appl ied t o  the NASTRAN model using FORCE cards. The balancing fuselage 



loads are appl ied symnetr ical ly between the r i g h t  hand side and l e f t  hand side of tho 
fuselage a t  the maximum breadth po in t  of the frames and a t  the engine support points, 
and these loads are a lso defined using FORCE cards. 

ANACYTICAL RESULTS 

NASTRAR runs were mde  f o r  the c r i t i c a l  landing condit ions. Since the wing sk in  
st7esses were below the buckling allowable, a wing sk in  buckl ing s imulat ion was not  
performed on t h i s  p ro jec t  as has been done on previous maximum wing bending condi- 
t ions.  The f i r s t  ser ies of NASTRAN runs were made f o r  the o r i g i na l  Model 55 landing 
condit ions w i th  a 17,000 lb .  landing weight. A co r re la t ion  analysis wac norformed 
w i t h  these data and the s t r a i n  gage data from the Mode! 55 landing condi t i o r  s t a t i c  
tes t .  P lo ts  were made of the upper and lower sgar cap NASTRAN stresses and the 
s t r a i n  gage data for  spars f ive, seven and eight.  Spar f i v e  was the gear forward 
support po in t  and the forward boundary o f  the wheel wel l ,  and spar seven served as 
the gear a f t  support po i n t  and the a f t  boundary of the wheel wel l .  These data have 
been p l o t t ed  i n  f i gu res  7 through 12. A comparison of the NASTRAN ana ly t i ca l  r esu l t s  
w i t h  the s t a t i c  t e s t  s t r a i n  gage data shown i n  these f igures indicated tha t  the 
NASTRAN data agreed very wel l  w i t h  the experimental data i n  almost a l l  areas. Con- 
sequently, the NASTRAN analysis was considered a j u s t i f i a b l e  approach for  comparing 
the o r i g i na l  Model 55 landing condi t ions a t  the 17,000 lb .  landing weight w i t h  the 
new Model 55 landing condi t ions using an 18,000 1 b. landing weight. 

The second ser ies of NASTRAN runs were made wi th  the neu Model 55 landing condi- 
t ions a t  the 18,000 lb .  landing weight. Loads appi i e d  i n  these condit ions wsre 
developed using the dynamic landing methods whi le the o r i g i na l  Model 55 loads were 
generated using the s t a t i c  aeroe last ic  techniques. The resu l t s  of these runs were 
a lso p l o t t ed  along w i th  the o r i g i na i  Model 55 ana ly t i ca l  r esu l t s  and t e s t  data and 
can be seen i n  f igures 7 through 12. Stresses i n  the spar caps f o r  the new landing 
condi t ions were general ly less than the stresses i n  the spar caps f o r  the o r i g i na l  
Model 55 landing candi t ions.  I n  those areas where the stresses due t o  the new 
18,003 l b .  landing weight loads were not  less than the stresses due t o  the o l d  
17,000 Ib .  landing weight loads, the marqins of safety were normally qu i te  high. A 
comparison o f  the stresses resu?t ing from these two load condi t ions can be seen i n  
these s i x  figures. 

Sincz t h ~  highest stresses i n  almost a l l  areas o f  the wing were lower f o r  the 
new loading condit ions, o r  the margins of safety were qu i t e  high i n  those sreas 
where the stresses for  the new load condit ions were sreater than the stresses due t o  
the o lder  losd condit ions, Lear je t  was able t o  reduce the number o f  s t a t i c  t e s t  con- 
d i t i ons  tha t  were required f o r  t h i s  program. The need f o r  a f u l l  schedule o f  wing 
t es t s  using the new landiog load condit ions was el iminated from the c e r t i f i c a t i o n  
program as wel l  as many of the ind iv idua l  landing gear s t a t i c  tes ts .  

CONCLUDING REMARKS 

A ser ies of NASTRAN f i n i t e  element analyses have been performed on the Lear je t  
Model 55 a i rc .  ..ft t o  help determine the strucSura1 impact of increasing the a i r c r a f t  
landing weight t o  18,000 lbs.  from 17,000 i bs. The cor re la t ion  o f  the NASTRAN analy- 
s i s  for the 17,000 lb .  a i r c r a f t  landing c o n d i t i ~ n  w i t h  the s t r a i n  gage data from the 
corresponding s t a t i c  t e s t  demonstrated tha t  the NASTRAN resu l t s  simulated t h i s  con- 
d i t i o n  very c losely.  Therefore, the NASTRAN model was considered t o  be an accurate 



representation o f  the wing and wing support structure.  A comparison o f  the NASTRAN 
resu l t s  using the landing loads for  an 15,000 l b .  a i rp lane w i t h  the NASTRAN resu l t s  
using the landing loads f o r  a 17,000 lb .  a i rp lane revealed t ha t  the highest stresses 
i n  almost a l l  areas o f  the wing were less due t o  the new load condit ion. I n  those 
areas of the wing where the stresses due t o  the new loads exceeded the stresses due 
t o  the o r i g i na l  Model 55 loads, margin of safety ca lcu la t ions indicated t ha t  the 
s t ructure was more than adequate. Consequently, the resul  t s  of t h i s  NASTRAN analysis 
helped Lear je t  t o  s i g n i f i c a n t l y  reduce the number o f  s t a t i c  t e s t  condi t ions t ha t  had 
t o  be conducted during the development o f  t h i s  performance improvement capabi 1 i t y  for 
the Lear je t  Model 55 a i r c r a f t .  
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Figure 2 - Learjet 55 NASTRAN model 
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Figure 5 - Main Landing Gear 
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FILLET WELD STRESS USING FINITE ELEMENT METHODS 

Ter ry  F. Lehnhoff 
U n i v e r s i t y  o f  Missouri -Rol la  

Gerald W. Green 
U n i v e r s i t y  of Missouri -Rol la  

Average e l a s t i c  Von R i s e s  e q u i v a l e n t  stresses were c a l c u l a t e d  a l o n g  t h e  t h r o a t  of' 
a s i n g l e  120 f i l l ~ t  weld. The average  elastic stresses were compared t o  i n i t i a l  y i e l d  
as well zs t o  p l a s t i c  i n s t a b i l i t y  c o n d i t i o n s  t o  modlfy c o n v e n t i o n a l  d e s i g n  fo rmulas  s o  
t h a t  t h e y  can  be used t o  p r e d i c t  e i t h e r  extreme of  f a i l u r e  by y i e l d i n g .  A new mul t i -  
p l y i n g  fac to r8  f o r  t h e   convention^; d e s i g n  formulas  is presen ted .  The f a c t o r  is a 
l i n e a r  f u n c t i o n  o f  t h e  t h i c k n e s s e s  o f  t h e  p a r e n t  p l a t e s  a t t a c h e d  by t h e  f i l l e t  weld. 

I n  t h e o r e t i c a l  a n a l y s e s  o f  stresses i n  welds ,  approximatLons have n o t  o n l y  been 
t r a d i t i o n a l l y  a c c e p t e d  b u t  have been c o n s i d e r e d  a p p r o p r i a t e .  Much o f  t h e  j u s t i f i c a t i o n  
f o r  t h i s  h a s  been based on t h e  presumption t h a t  a n a l y t i c a l  means f o r  a c c u r a t e  s o l u t i o n s  
are n o t  a v a i l a b l e .  Fur thermore,  t h e  l i m i t e d  q u a l i t y  c o n t r o l  t h a t  is p o s s i b l e  w i t h  many 
welding p r o c e s s e s  h a s  suppor ted  t h i s  viewpoint .  Welding technology  is, kc~wever, 
~ t e a d i l y  improving a l o n g  w i t h  t h e  q u a l i t y  c o n t r o l  t h a t  is n e c e s s a r y  t o  znsl ; re  c o n s i s -  
t ency  as well as r e l i a b l y  welded j o i n t s .  '3:s improvement. w i l l  c o n t i n u a  -s welding 
becomes an even more s i g n i f i c a n t  part. of f u t u r e  macufaclut . ing p rocesses .  

?he purpose o f  t h e  p r e s e n t  i n v e s t i g a t i o n  was t o  e s t a b l i s h  more p r e c i s e  des ign  
formulas f o r  s i n g l e  :=ID f i l l e t  welds s u b j e c t e d  t o  t e n s i l e  load ing .  The s t u d y  h a s  
revea led  a complexi ty  i n  v k a t  a p p e a r s  t o  be a r e l a t i v e l y  s imply  geometry ( f i g .  1  1. In 
a d d i t i o n ,  it i n d i c a t e d  t h a t  . r a r i a t i o n s  i n  t h e  t h i c k n e s s e s  o f  t h e  ge lded  p l a t e s  have an  
i n f l u e n c e  on such  welds. D i f f e r e n t  p l a t e  t h i c k n e s s e s  affect t h e  geometry as w e l l  as 
t h e  load p a t h s .  The change i n  geometry is r a t h e r  obv tous ,  b u t  t h e  a d d i t i o n a l  becding 
l o a d ,  uh ich  is a n a t u r a l  consequence of t h e  change i n  geometry,  h a s  n o t  been cons idered  
i n  t h e  c o n v e n t i o n a l  t h e o r y .  

BASIC THEORY 

Because t h e  t h r o a t  area o f  a weld a s  i n d i c a t e d  by l i n e  BD i n  figire 1 is t h e  mini- 
mum a r e a  th rough  which l o a d s  must be t r a n s f e r r e d ,  it is t h e  most p robab le  a r e a  o f  
f a i l u r e .  Leg BC is loadeZ predominant ly  i n  s h e a r .  whereas l e g  BE is p r i m a r i l y  i n  t en-  
s i o n .  The t h r o a t  must %hen be subjec5ed t o  a combinat ion o f  t e n s i o n  and s h e a r .  
Sh ig ley  and M i t c h e l l  (ref .  1 )  showed t h a t  t h e  l a r g e s t  p r i n c i p a l  s t r e s s  on a t h r o a t  a r e a  
is d e f i n e d  a s  



and t h e  miximum shea r  stress as 

i n  which F is t h e  app l i ed  l o a d ,  P t h e  l e n g t h  o f  t h e  weld i n  a d i r e c t i o n  normal t o  t h e  
page, and h t h e  l e g  length .  These s t r e s s e s  are c a l c u l a t e d  as averages  f o r  t h c  e n t i r e  
t h r o a t .  Norr i s  ( r e f .  21, Salak ian  and Claussen ( r e f .  31, and Bagci ( r e f .  4 )  showed 
t h a t  t h e  stresses vary s i g n i f i c a n t l y  a long  both l e g s  and t h a t  t h e  t h r o a t  has  a  l a r g e  
s t r e s s  concen t r a t i on  a t  p o i n t  B. Thus, a l though equa t ions  ( 1 )  and ( 2 )  are known t o  
g ive  average r e s u l t s ,  Sb iq ley  and Mi t che l l  ( r e f ,  1  1 noted t h a t  f o r  des ign  purposes,  it 
is customary  ti^ base %he s h e a r  s t r e s s  on t h e  t h r o a t  a r e a  and t o  n e g l e c t  t h e  normal 
s t r e s s  a l t o g e t h e r .  On t h i s  b a s i s ,  t h e  equa t i on  f o r  average s h e a r  s t r e s s  becomes 

and r from equa t ion  ( 3 )  is 1.27 times g r e a t e r  than  from equat ion  ( 2 ) .  Obviously, an 
unknown s a f e t y  f a c t o r  has  been incorpora ted  i n  equa t i on  :3!. 

The p r e s e n t  s t udy  brought o u t  t h e  f a c t  t h a t  t h e r e  is a l o g i c a l  r a t i o n a l e  f o r  a 
mul t ip ly ing  f a c t o r  somewhat d i f f e r e n t  than t h e  one used i n  ':ion (3).  Because t h e  
f a i l u r e  o f  mechanical components from e i t h e r  static o r  f a t i  load ing  was s h o r n  by 
Shig ley  and Mi t che l l  ( r e f .  1 )  t o  be r e l a t e d  t o  t h e  Von i4ises-Hencky equ iva l en t  stress, 
it is used e x t e n s i v e l y  i n  t h e  d i s cus s ion  which fo l lows .  

If it is a s s ~ m e d  as i n  equa t ion  ( 3 )  t h a t  t h e  t h r o a t  is s u b j e c t e d  t o  pure  s h e a r ,  
then t h e  e q u i v a l e o t  Von Mises stress can be shown t o  be 

In  t h e  p r e sen t  i n v e s t i g a t i o n ,  t h e  f i n i t e  elemer? method was used t o  determine t h e  
a c t u a l  d i s t r i b u t i o n  of t n e  Von Mises stresses a long  t h e  t h r o a t  f o r  s e v e r a l  weld con- 
f i g u r a t i o n s .  Averages of t h e  r e s u l t s  from e l a s t i c  ana ly se s  were ob ta ined ,  and t h e s e  
were compared wi th  t h e  r e s u l t s  from some p l a s t i c  ana lyses .  

MODELS 

Models were prepared,  and ana ly se s  were performed by s e n i o r  mechanical eng inee r ing  
3 tudents  a t  t h e  Univers i ty  of  Mis sou r i -R~ l l a .  The f i n i t e  elemont method was used t o  
develop t h e  models shown i n  f i g u r e s  1 and 2. Seve ra l  t ypes  and re f inements  o r  meshes 
were used a t  va r ious  s t a g e s  of  t h e  work. Four-node q u a d r i l a t e r a l  and three-node tri- 
angu la r  e lements  as wel l  a s  eight-node q u a d r i l a t e r a l  and six-node t r i a n g u l a r  e lements  
were used i n  t h e  models. I n  each  model, e l a s t i c .  ana ly se s  were performed wi th  t h e  e l e -  
ment dimensions va ry ing  from 0.0635 (0.025) i n  most of the weld t o  0.254 mm (0.010 
i n . )  i n  the area of the aost s ign i f i cac t  s tress  concentration (point B i n  f i g .  1 ) .  
For t h e  e l a s t i c  ana ly se s ,  t h e  maximum number OL nodes was 2121, and t h e  maximum number 
of e lements  was 806. For t h e  p l a s t i c  ana ly se s ,  t h e  maximum number o f  nodes was 411, 
and t h e  maximum number of  e lements  was 160. The maximum computer t ime on an  IBM 4341 
f o r  t h e  e l a s t i c  ana ly se s  was 92 min, and t h e  maximum f o r  t h e  p l a s t i c  ana ly se s  was 10 
min. P l a s t i c  ana ly se s  f c r  which a r e f i n e d  mesh was used r e q u i r e d  a lmos t  f o u r  hours  
and were deemed imprac t i ca l  f o r  mu l t i p l e  analysts. 



-.. % 
illc g r i d  s i z e  was s e l e c t e d  s o  t h a t  a f t e r  s u f f i c i e n t  ref inement  i n  t h e  a r e a  of  

po in t  B t h e  nodal  s t r e s s e s  from a l l  e iements  surrounding a given node were t h e  same 
t o  a t  least one s i g n i f i c a n t  f i g u r e .  Point  B was an except ion  because of t h e  s t e e p  
stress g rad ien t s .  

EL :L' STIC ANALYSIS 

E l a s t i c  s t u d i e s  were performed ?or p l a t e  t h i cknesses  vary ing  from 6.35 (0.25) t o  
22.22 mm (0.875 in . )  i n  3.18 mm (0.125 i n . )  increments. The weld l e g  l eng th  was kep t  
cons tan t  a t  6.35 mm (0.25 in . )  f o r  a l l  p l a t e  th icknesses .  Only t h e  da t a  f o r  models 1 
(Green), 2  (Morlock), and 3 (O1brian) a s  def ined  i n  f i g u r e  1 have been shown i n  subse- 
quent f i gu re s .  S imi l a r  r e s u l t s  were obtained f o r  t h e  o t h e r  models. 

Three load  and c o n s t r a i n t  con f igu ra t ions  were s e l ec t ed .  The f i rs t  one, which is 
shown i n  f i g u r e  2a (Case I ) ,  was an  a t tempt  t o  s u b j e c t  t h e  weld as nea r ly  as p o s s i b l e  
t o  a d i r e c t  load without  a  moment. Complete e l imina t ion  o f  any moment would have been 
d e s i r a b l e  bu t  was impossible  f o r  t h e  unsymmetrical geometry of  t h e  conf igura t ion .  The 
loading  and r e s t r a i n i n g  cond i t i ons  f o r  p r a c t i c a l  a p p l i c a t i o n s  a r e  shown i n  f i g u r e s  2b 
(Case 2) and 2c (Case 3 ) .  These a r e  considered more r e a l i s t i c ,  because t h e  l oads  i n  
most phys i ca l  components would be uniformly t r a n s f e r r e d  through t h e  thickness.  

Because t h e  r e s u l t s  i n  Case 3 f o r  symmetric geometry and loading  were no t  s i g -  
n i f i c a n t l y  d i f f e r e n t  from Case 1 ,  they a r e  n o t  d i scussed  i n  d e t a i l  here.  

Figure 3 shows a deformed p l o t  c f  a s i m p l i f i e d  vers ion  of  Case 1. It i l l u s t r a t e s  
t h a t  a l though t h e  loading  and r e s t r a i n t s  were a l i gned ,  t h e  unsymmetrical geometry 
caused t h e  weld t o  r o t a t e  somewhat. 

F igs re s  4a-4c show t h e  gene ra l  t r ends  o f  t h e  s t r e s s  contours  f o r  maximum p r inc i -  
pa l  stress, ~ in imum p r i n c i p a l   tress and maximum shea r  s t r e s s  f o r  t h e  same moOel and 
load ca se  a s  shown i n  f i g u r e  3. These a r e  r e p r e s e n t a t i v e  of  t h e  s t r e s s  d i s t r i b u t i o n  
l.hroughout t h e  weld. 

Figure 5 shows t h e  d i s t r i b u t i o n  of  t h e  Von Mises equ iva l en t  s t r e s s  a long  t h e  weld 
t h r o a t  (BD i n  f i g .  1 )  f o r  Case 1. F igure  6 shows t h e  same Vnn Mises equ iva l en t  s t r e s s  
as f i g u r e  5. The l a r g e  stress a t  po in t  B has  been omit ted t o  show more c l e a r l y  t h e  
v a r i a t i o n s  occasioned by t h e  p l a t e  t h i cknesses  i n  t h e  va r ious  models. 

Figure 7 shows t h e  d i s t r i b u t i o n  of  t h e  Von Mises equ iva l en t  s t r e s s  along t h e  
t h r o a t  f o r  Case 2. Figure 8 shows t h e  same Von Mises s t r e s s  a s  f i g u r e  7 ,  and, aga in ,  
t h e  l a r g e  s t r e s s  a t  poin t  B has  been omit ted t o  show t h e  v a r i a t i o n s  occasioned by t h e  
p l a t e  t h i cknesses  i n  t h e  var;ous models. 

Figures 5 and 7 a r e  o f  d i f f e r e n t  s c a l e s  b e c a ~ s e  o f  t h e  l a r g e  s t r e s s e s  a t  po in t  B. 
However, f i g u r e s  6 and 8 a r e  o f  t h e  same s c a l e  and can be overlayed f o r  t h e  purpose of  
comparing t h e  e f f e c t s  of t h e  l oads  o f  Cases 1 and 2. 

PLASTIC ANALYSIS 

E l a s t l c  p e r f e c t l y  p l a s t i c  ana lyses  were condu2ted f o r  an  AWS E80XX e l e c t r o d e  wlth 
a t e n s i l e  s t r e n g t h  of  552 MPa (80 k p s i ) ,  a y i e l d  s t r e n g t h  of 462 MPa (67 k p s i )  and an  
assumed i d e n t i c a l  parent  p l a t e  ma te r i a l .  I n  g e n e r a l ,  t h e  c a l c u l a t i o n s  were performed 
with i nc reas ing  load increments  u n t i l  t h e  s t r e n g t h  became uns tab le .  



The less r e f i n e d  models w i th  nominal element dimensions o f  0.635 mm (0.025 i n . )  
were used i n  t h e  p l a s t i c  s t u d i e s .  This  was necessary ,  because t h e  i t e r a t i v e  s o l u t i o n  
procedure was more demanding of  computer resources .  F igures  9 ,  10 and 11 show t h e  
development o f  t h e  p l a s t i c  zones a s  t h e  load on a  weld o f  u n i t  l e n g t h  was i nc r ea sed  
t o  t h e  po in t  o f  i n s t a b i l i t y .  The r e s u l t s  i n  f i g u r e  9 a r e  f o r  model 1  (Green) wi th  
Case 2 load ing .  The r e s u l t s  i n  f i g u r e  10 a r e  f o r  model 2  (Morlock) wi th  Case 2 
load ing ,  whereas t h e  r e s u l t s  i n  f i g u r e  11 a r e  f c r  nodel  3 (OIBr ian)  v i t h  Lase 2 
loading.  S imi l a r  r e s u l t s  were a230 obta ined  f o r  t h e  o t h e r  models def ined  i n  f i g u r e  1. 

DISCUSSION 

The average e l a s t i c  Von Mises s t r e s s e s  a long  t h e  t h r o a t  shown i n  f i g u r e s  5 
through 8 a r e  suggested as being more i n d i c a t i v e  o f  f a i l u r e  than  t h e  t r a d i t i o n a l  rela- 
t i o n s h i p  g iven  by equa t ion  ( 3 ) .  F a i l u r e  i n  t h e  s t a t i c  s ense  car) be e i t h e r  t h e  i n i t i a -  
t i o n  o f  y i e l d i n g  o r  t h e  p o i n t  o f  p l a s t i c  i n s t a b i l i t y  where a weld ha s  e s s e n t i a l l y  
y i e lded  a long  t h e  e n t i r e  l eng th  of its t h r o a t .  

For t h e  models def ined  i n  f i g u r e  1 i n  each  of  t h e  e l a s t i c  ana ly se s ,  t h e  load  was 
taken  as 4.448 N (1.0 l b )  a c t i n g  on a  weld of  l e g  l e n g t h  6.35 mm (0.25 i n . )  and l eng th  
25.4 mm (1.0 in . ) .  For t h e s e  cond i t i ons ,  t h e  cunvent iona l  t heo ry  a s  expressed by 
equa t ion  ( 4 )  i n d i c a t e s  a n  average  Von Mises stress o f  67538 Pa (9.796 p s i ) .  Fur ther .  
more, t h e  convent iona l  t heo ry  does n o t  inc lude  p l a t e  t h i cknes s  a s  a  va r r ab l e .  

With Case 1 ( f ig.  2 )  and 4.448 N (1.0 l b l  l oad ing ,  f i g u r e s  5 a ~ d  6 show t h a t  t h e  
s t r e s s  does n o t  vary s i g n f f i c a n t l y  wi th  p l a t e  th ickness .  The average  stress was de- 
termined t o  be 58086 Pa (8.425 p s i ) .  With Case 2 ( f ig .  2 )  and 4 448 N (1.0 l b )  
load ing ,  t h e  average Von YLses s t r e s s  was determined t o  be 105699 Pa (15.331 p s i )  f o r  
model 1 ,  178470 Pa (25.886 p s i )  f o r  model 2  and 2148207 Pa (jb.001 p s i )  f o r  model 3. 
Case 2 l oad ing  t h u s  shows a  d e f i n i t e  dev i a t i on  from convent iona l  theory .  

If it is  assumed t h a t  t h e  f i n i t e  element r e s u l t s  i n d i c a t e  a  c o r r e c t  average Von 
Mises s t r e s s ,  then  t h e  convent iona l  equa t ion  should be m u l t i p l i e d  by 58086167538 = 
0.86 f o r  Case 1 type  loading.  I f ,  i n s t e a d  o f  assuming pure shea r  as i n  t h e  conven- 
t i o n a l  approach,  i t  is assumed t h a t  t h e  Von Mises s t r e s s  corresponding t o  equa t i ons  
( 1 )  and ( 2 )  is app rop r i a t e ,  then a  m u l t i p l i e r  of 0.82 f o r  equa t ion  ( 4 )  should be t h e  
r e s u l t .  The most a ccu ra t e  convent iona l  t heo ry ,  t h e r e f o r e ,  d e v i a t e s  by only  4 pe rcen t  
from t h e  f i n i t e  e lement  method. However, by exp re s s ing  equa t ions  ( 3 )  and ( 4 )  a s  t hey  
should be app l i ed  f o r  Case 1 ( f i g .  2 )  load ing ,  one ha s  

and 

Now t h e  m u l t i p l i e r s  i n  equa t i ons  ( 3 )  and (43 f o r  Case 2 ( f i g .  2 )  l oad ing  should be 
1.57 f o r  model 1 ,  2.64 f o r  model 2  and 3.68 f o r  model 3. Thus, convent iona l  theory  is 
inadequate  when t h e  p l a t e s  a r e  t h i c k e r  and t h e  l oad  is d i s t r i b u t e d .  

The comparison g iven  above i n  equa t i ons  ( 5 )  and ( 6 )  shows what is necessary  t o  
make t h e  convent iona l  formulas  f o r  t h e  average shea r  s t r e s s  on a  p l a s t i c  weld t h r o a t  
and t h e  corresponding Von Mises equivalent,  normal s t r e s s  ag ree  w i th  more a c c u r a t e  
c a l c u l a t i o n s  of  t hose  s t r e s s e s .  However, t h e  o b j e c t i v e  of t h e  de s ign  engineer  is t o  



be a b l e  t o  p r e d i c t  n o t  on ly  t h e  beginning of y i e l d i n g  b u t  t h e  f u l l y  p l a s i i r :  i n s t a b i l i t y  
cond i t i on  a s  w e l l .  Consequently, one must r e l a t e  equa t i ons  (5) and ( 6 )  t o  t h e s z  v l e l d  
condi t ions .  

P l a s t i c  a n a l y s e s  a l low ons t o  a d j u s t  t h e  convent iona l  formulas  (eqs .  ( 3 )  through 
( 6 ) )  s o  t h a t  e i t h e r  i n i t i a l  y i e l d i n g  o r  p l a s t i c  i n s t a b i l i t y  can be pred ic ted .  To de- 
termine t h e  cons t an t  f o r  t h e  i n i t i a t i o n  o f  y i e l d i n g ,  it is assumed t h a t  t h e  load a t  
which y i e l d l n g  f i r s t  occurs  corresponds t o  t h e  load  when an  element  i n  t h e  pa ren t  
ma te r i a l  immed5ately t o  t h s  l e f t  o f  t h e  corner  a t  p o i n t  B ( f i g .  1 )  has  experienced 
g e n e r a l  y i e l d i n g ,  and t h e  cc rne r  element  i n  t h e  weld has  j u s t  s t a r t e d  t o  y i e l d .  It 
was noted dur ing  t h e  numerical experiments  t h a t  a t  t h i s  load t h e  weld a l s o  begins  t o  
y i e l d  i n  t h e  reg ion  of  po in t  D. For each of t h e  models, t h i s  load was d iv ided  by t h e  
load a t  which p l a s t i c  i n s t a b i l i t y  occur red .  The average of  t h e s e  r a t i o s  was approxi-  
mately 213 f o r  a l l  o f  t h e  models f o r  both Case 1 and Case 2 loading.  None of  t h e  
models va r i ed  s i g n i f i c a n t l y  from t h e  213 value.  Thus, t h e  r a t i o  o f  t h e  load f o r  
i n i t i a l  y i e l d i n g  t o  t h e  load f o r  p l a s t i c  i n s t a b i l i t y  is  r e l a t i v e l y  c c n s t a q t  f o r  t h e  
models and f o r  t h e  m a t e r i a l  i l l u s t r a t e d  i n  f i g u r e s  9 through 11 2s w e l l  as f o r  t h e  
o t h e r s  noted i n  t h e  t a b l e  o f  f i g u r e  1 f o r  both Case 1 and Case 2 loading.  

It remains t o  show how t h e  average  e l a s t i c  Von Mises equ iva l en t  s t r e s s  r e l a t e s  t o  
e i t h e r  i n i t i a l  y i e l d i n g  o r  p l a s t i c  i n s t a b i l i t y .  F igures  9 through 11 show t h e  pro- 
g r e s s i o n  o f  t h e  p l a s t i c  deformation zones f o r  t h r e e  of  t h e  models. A s  noted e a r l i e r ,  
t h e  paren t  m a t e r i a l  and weld were assumed t o  be i d e n t i c a l  wi th  a  y i e l d  s t r e n g t h  of 462 
MPa (67 k p s i ) .  For t h i s  m a t e r i a l  and an e l a s t i c  p e r f e c t l y  p l a s t i c  assumption, t h e  
va r ious  models became uns t ab l e  a t  t h e  next  load  increment.  That i s  i n  f i g u r e  9 f o r  
m d e l  1 ,  t h e  i n s t a b i l i t y  is  shown t o  have occurred betwekn 17.8 (4.0) and 18.7 kN 
(4.2 k i p s ) ,  and i n  f i g u r e  10 f o r  model 2  t h e  i n s t a b i l i t y  is shown t o  have occurred 
between 10.7 (2.4) and 11.6 kN (2.6 k i p s ) ,  whereas i n  f i g u r e  11 ,  t h e  i n s t a b i l i t y  is 
shown t o  have occurred between 8.0 (1.8) and 8.9 kN (2.0 k i p s ) .  Furthermore, f o r  
Case 1 l oad ing ,  t h e  i n s t a b i l i t y  is shown t o  have occur red  a t  approximately t h e  same 
load f o r  a l l  r o d e l s  and was between 33.8 (7.6) and 35.5 kN (8.0 k i p s ) .  

The l o a d s  a t  which t h e  average e l a s t i c  Von Mises s t r e s s  e q u a l s  t h e  y i e l d  s t r e n g t h  
of t h e  m a t e r i a l  were determined. This  was done on t h e  presumption t h a t  gene ra l  p l a s -  
t i c  y i e l d i n g  and i n s t a b i l i t y  occur  when t h e  average e l a s t i c  Von Mises equ iva l en t  
3 t r e s ~  is equa l  t o  t h e  y i e l d  s t r e n g t h  of t h e  ma te r i a l .  To determine t h e s e  l o a d s ,  t h e  
y i e l d  s t r e n g t h  was d iv ided  by t h e  a-rerage e l a s t i c  Von Kises  s t r e s s e s  as i n d i c a t e d  i n  
f i g u r e s  5 through 8. For Case 2 load ing  f o r  model 1 ,  t h e  ratio is 19.4 kN (4.37 k i p s ) ,  
and f o r  model 2 ,  t h e  r a t i o  i s  11.4 kN (2.59 k i p s ) ,  whereas f o r  model 3 ,  t h e  r a t i o  is 
8.3 kN (1.86 k i p s ) .  For Case 1 load ing ,  t h e  load  when t h e  average Von Mises s t r e s s  
equaled t h e  m a t e r i a l  y i e l d  s t r e n g t h  was 35.4 kN (7.95 k i p s ) ,  and it was approximately 
t h e  same f o r  a l l  models. The l o a d s  a r e  compared i n  Table 1 where it is  ev iden t  t h a t  
t h e  average e l a s t i c  Von Mises s t r e s s  a long  t h e  t h r o a t  i a  an  e x c e l l e n t  i n d i c a t c r  of 
p l a s t i c  i n s t a b i l i t y .  

Because equa t i on  ( 6 )  permi ts  a more a c c u r a t e  c a l c u l a t i o n  of t h e  average Von Mises 
equ iva l en t  s t r e s s  a long  t h e  t h r o a t  o f  t h e  weld, it a l s o  p r e d i c t s  t h e  f u l l y  p l a s t i c  in -  
s t a b i l i t y  cond i t i on  when t h e  c a l c u l a t e d  Von Mises s t r e s s  e q u a l s  t h e  y i e l d  s t r e n g t h  of  
t h e  m a t e r i a l .  Furthermore, equa t i on  ( 6 )  can be used t 9  p r e d i c t  t h e  o n s e t  of y i e l d i n g  
when t h e  c a l c u l a t e d  s t r e s s  e q u a l s  213 of t h e  m a t e r i a l  y i e l d  s t r e n g t h .  

To o b t a i n  a  des ign  equa t ion  f o r  t h e  onse t  o f  y i e l d i n g ,  equa t ion  (6 ;  can be rnulti- 
p l i e d  by 312 as fo l lows:  



When t h e  appl ied  load  F is such t h a t  a equa l s  t h e  m a t e r i a l  y i e l d  s t r e n g t h ,  t hen  f o r  
Case 1 loading ,  t h e  weld w i l l  experience t h e  i n i t i a t i o n  of y ie ld ing .  For Case 2 
loading ,  t h e  0.96 fackor  must be rep laced  by 1.57, 2.64, and 3.68 f o r  models 1 ,  2, 
and 3 r e spec t ive ly .  A l l  o f  t h e  cons t an t s  a r e  l i s t e d  i n  Table 2 The da t a  f o r  load  
Case 2 from Table 2 a r e  p l o t t e d  i n  f i g u r e  12. Because t h e  cons t an t s  a r e  r e l a t e d  
l i n e a r l y ,  one can w r i t e  equat ion ( 7 )  a s  fol lows:  

i n  which 

f o r  Case 2 ,  and k lh ,  t h e  p l a t e  t h i ckness  t o  weld l e g  l eng th  r a t i o ,  must be g r e a t e r  
than o r  equal  t o  one. Equations ( 7 )  and ( 8 )  ~ r o v i d e  t h e  b a s i s  f o r  t h e  des ign  of 
s i n g l e  l a p  F i l l e t  joLnts  f o r  t h e  i n i t i a t i o n  of  y i e l d i n g  of t h e  weld t h r o a t .  E q u a t i ~ n  
(6  al-lows f o r  f u l l y  p l a s t i c  design.  However, t h e  i n f luence  of  s t r a i n  hardening wl.11 
usua l ly  make equat ion  ( 6 )  somewhat conserva t ive .  
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TABLE 1.-RELATION OF AVERAGE ELASTIC VON MIS= AHIj PLASTIC LOADS 

Load f o r  Average 

PLATE THICKNESS 
7on Mises S tres s  Load Range f o r  

LOAD CASE Equal t o  Material P l a s t i c  I n s t a b i l i t y  
mm ( i n . )  Yield Strength kN (kips)  

k:: ( k i p s )  

TABLE 2.-CONSTANTS FOR EQUATION 7 

LOAD CASE 
PL.ATE THXKNESS CONSTANTS FOR 

mm ( i n . )  EQUATION 7 

All 3.16 
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THE STRUCTURAL FINITE ELEMENT MODEL OF THE C-5.1 

Gisela W. McClellan 
Lockheed-Georgia Company 

SUMMARY 

A substructured NASTRAN model of the C-5A was analyzed for several different 
lcad conditions. The size 3f the model as well as the number of load cases used 
presented special problems in computer file ar,d space management. This also 
resulted in revisions to the in-hous? NASTM code. Despite the problems encoun- 
tered the analyses were completed with excellent results. 

The C-5A is a very large trcnsport aircraft. The primary structure of the 
aircraft is composed of frames connected by stringers and covered by skin panels 
in the fuselage and of ribs and spars covered by integrally stiffened skin panels 
In the wing. Tire C-5A contaits a cargo floor and a second floor to carry troops. 
It has a hinged visor a: the forward end which opens upward and a large cargo door 
at the aft end. Hinged ramps and removeable ramp extensio~s on either end pornit 
drive-through loading of this unique aircraft. 

During the late 1960's the C-SA was modeled using a Lockheed-developed finite 
element analysis Drogram called FAHAS. The analysis used a force metkod. The 
FAMAS program limited the size of a model more severely than tiASTRAN does. Thus 
the original raodel was substructured into relatively small modules. The forward 
fuselage was idealized as a full model (left and right sides) as was the afc fuse- 
lage. The center fuselage and wing were represented as a half model since that 
portion of the aircraft is essentially symmetric about the center line. Since 
FAW5 uses a left handed coordinate system, only the left side was actually mielled. 
The center fuselage substructures and the wing were also coupled. However, a ccm- 
piete coupling of forward, aft and center sections was never carried out. To reduce 
the size of individual substructures, the FXWS model contained much lumping, both 
for frames and stringers. 

In order to provide an improved quality of the predicted stresses and stress 
distrtbutions for damage tolerance atd durability analyses, to provide compatibility 
with detail structural models of the C-SA, and to ensure a modern, state-of-the-art 
analysis tool., the FAHAS C-5A mdel was comrerted to a NA!!TFiA.N model. The basic sub- 
structure configurations of the FAHAS model were retained with the exception of a 
360-inch-iong section of the forward fuselage. This section had previously been 
represented by repeated couplings of a 40-inch barrel section and was converteunto 
two completely new substructures. Further changes include gecmetry alterations :inere 
structural modifications had been incorporated, a switch to a Lockheed-develo~ed 
semi-mnocoque element to represent skin-stringer combinations, and flexibility 
changes where errors were detected or material or structural changes had occurred. 



NASTRAN Made1 Gee-etry 

Tbe U T R A N  C-5A model has tk3 levels of substructures. The model is divided 
into 27 basic substructures which are grouped into 3 sections. Section 1, the 
forvard fuselage, contains substructures one through twelve; Section 2, the oft 
fuselage, contains substructures it! through 27; and the center fuselage, Section 3, 
zontains substructures 13 through 17 including substructure 14 which represents the 
entire outer wing. The reason for grouping the substructures into sections will be 
explained later. 

The model is composed of rod, beam, shear, triangular membrane, and rigid 
elements all af which are standard NASTRAN elements, and the previously mentioned 
Lockheed-de\~aloped semi-mnocoque element for skin-stringer c~mbination representa- 
tion. Rods and beams are used primarily to represent fuselage frames, longitudi~al 
b e a s ,  wing spars acd ribs, and intercostals. Shear elements represent beam -debs, 
bulkhead webs, spar webs, and in a rew instances, skin panels. Rigid eloaents 
represent extremely stiff structural members usually found in fittings. Triangular 
membrane elements occur both as isotropic and anisetropic elements - the anisotropic 
elements represent stringers and overlay isotropic elements representirlg the skia 
panels in the same location. Finrlly, the semi mnoccqire elements represen: skiv 
stringer combinations and specify stringer size, spacing and orientation and percen- 
tage of s ~ i n  effectivity. 

The C-5A X4!!TRAN model retains one of the FAMAS model idiosyncracies - the 
pseudoframe. Normally, if a substructure boundary falls at a frame lxation, in a 
substxuctured mdel, the frame wuld appear in both substructures with half of the 
area represencerl for =hat frame ic each substruccurc. In this instance, the full 
frame is contained in one substructure while only the ski;.-stringer connecting grid 
pints appear in the adjoining substructurgcreatinpc a phantom - or pseudoframe. 
This s~thod creates some problems in specifying the degrees of freedom which are 
coupled between substructu~es since, for example, the substructure containing the 
frame could react bending rorces while the sl~bstructure containing the pseud~frame 
could not. It was demed simpler to keep the FAMAS configuration, however, than to 
create a r.ew frame for the pseudotrame substructure and change the agpropriate 
properties and connectivities in the two affected substructures. 

A further leghcy from the FAMAS model are the half inodels in the center fuselage 
section. Since the FAWS model was never completely coupled through from ;lose to 
tail, the existence of k l f  models only in the center fuselage presented no problems 
in the FAEMS analysis and served to reduce the model ~ i z e  signiffcantly. Ia the 
NASTRAN analysis the haif models result in an exLrs step in the Phase 2 analysis. 
The half models mtst be equivalenced and mirror imaged, then coupled to each other 
before the coupled center fuselage section can be combined with the full model aft 
and forward sect ions. 

The complete S-5A model is reacted externally in six degrees of freedom on 
three points in substructure 13 in the center fuselage. Since all the points lie on 
coupling boundaries, and since substructure 13 is a half model, the reacticn points 
are actually located in 6 equivalenced and coupled substructures. In checking the 
external reaction forces against internal loads this distribution caused a problem 
in retrieving all the data since so many numbers were involved. 



APPLIED LOADS 

The C-5A NASTRAN m d e l  w a s  analyzed with th ree  d i f f e r e n t  systems of applied 
loads. During the  f i r s t  i t e r a t i o n  a system of loads re fe r red  t o  a s  SRS loads was 
applied.  SRS loads a r e  s i n g l e  reference s t a t i o n  u n i t  loads which a r e  applied a t  
6 locat ions  cn  the  a i r p l a e .  Six components of a load a r e  applied a t  each locat ion.  
An addi t ional  ioad case c o n s i s t s  of a u n i t  i n t e r n a l  pressure  applied t o  a l l  elenente 
within the pressure boundary of the  a i rp lane .  SRS 13ad.s were, u n t i l  recent ly ,  used 
t o  ,-letermine s t r e ss / load  r a t i o s  f o r  use i n  f r a c t ~ r e  analys is .  The disadvantage t o  
SRS loads is t h a t  a a s w r s  can be considered accurate  f o r  a given load only a t  a 
point  r e l a t i v e l y  f a r  removed from tt-L point  of load appl ica t ion.  

During the  secocd i t e r a t i o n  of the  analys is ,  two design loads  which had pre- 
viously been applied t o  the  FAMAS model and had a l s o  been used i n  a c t u a l  specimen 
t e s t i n g  were appl ied  t o  the  C-5A NASTRAN model. The r e s u l t s  were compared t o  pre- 
vious answers t o  assess the  NASTRAN model accuracy aad l o c a t e  poss ible  problem a reas  
o r  e r ro r s .  

During the  t h i r d  and most important i t e r a t i o n  of the  ana lys i s  a system of loads  
ca l l ed  MRS (mult iple reference  s t a t i o n )  loads were applied t o  the  C-5A NASTRAN model. 
This system of loads was recent ly  developed a t  Lockheed and involves bcth n new 
loading approach and a new computer program f o r  ca lcu la t ing  load d i s t r i b u t i o n s .  
Previous repeated loads  analyses u t i l i z e d  a very l imi ted  d e f i n i t i o n  of ex te rna l  (SRS) 
loads. S t r e s s  spect ra  f o r  use i n  f r a c t u r e  analyses were generated using, a t  =st, 
s i x  load components near the  ana lys i s  a rea  of i n t e r e s t .  This approach is adequate 
f o r  simple lording condi t ions  and i n  s i t u a t i o n s  wnere a l l  external loads a r e  remote 
from the  a r e a  of i n t e r e s t .  However, i n  a conplicated s t r u c t u r e  such a s  the  cen te r  
fuselage of a n  a i r c r a f t  where complex load sources (aerodynamic, landing gear,  
cargo, ecc.) a f f e c t  the  s t r u c t u r e  t h i s  approach may be inaccurate.  Furthermore, 
h i s t o r i c a l  rey.:ated loads  analyses were l imi ted  t o  six load components by load 
phasing cons t ra in t s .  This problem has been solved i n  the  MRS system by allowing the  
combination of many ex te rna l  loads i n  a repeated loads system and r e s u l t i n g  i n  more 
accurate  i n t e r n a l  loads. *!o new technology wzs required i n  the  F'E24 analys is .  How- 
ever a much l a r g e r  number of un i t  load condi t ions  applied t o  the  FEM model a r e  
required t o  generate s t r e ss / load  r a t i o s  f o r  a l l  ex te rna l  load sources. A t o t a l  of 
733 separa te  load cases  a r e  applied during the  MRS NASTW ana lys i s  of the  C-5A 
rtodel. This unusual number of load cases  ( a t  l e a s t  a t  -Lockheed) causec! problems 
with the  NASTRAK code - t h e  l i m i t s  or? the  number of load cases  t h a t  could be applied 
had to  be extended. Furthermore, checking the  output f o r  t h a t  many load cases  f o r  
poss ibie  e r r o r s  became a monumental t a s k  f o r  the  27 subst ructures  involved. To 
check ex te rna l  react ion forces  agains t  i n t e r n a l  l aads  a s p e c i a l  DHAP ( d i r e c t  matrix 
abs t rac t ion  prograa) was wr i t t en  t o  sum the  react ion loads contained i n  t h e  var ious  
subst ructures  f o r  a l l  load cases. In order  t o  streamline t h e  recovery of s t r e ss / load  
r a t i o s  by future  c s e r s  the  output was a l so  wr i t t en  t o  tape and then s tored i n  a 
separa te  Relational  Informhtinn Management (XIM) database f o r  c s e r  access. 

DATA MIU'AGEMENT 

.l nodel with 27 s*~bs t ruc tu res ,  each of w5ich contains from 150 t o  1400 g r id  
points,  r equ i res  q u i t e  a b i t  of data  management. Automated subst ructur ing ana lys i s  



requires access to geometry and property data, load data, SOF (Substructure Operating 
File) files, output files and restart tapes. In order to simplify the bookkeeping, 
a separate file for geometry and property data was assigned to each substructure. 
Since several engineers were involved in the analysis, another file was established 
to contain the runstreams for all analysis stages for all substructures. This was 
done so that any one engineer could easily locate the clppropriate information for 
making any M T R A N  run. A separate loads file was also established for each 
substructure. 

SOF files presented a challenge. Because the SOF files needed to be manipulated 
separately ue tried to keep them relatively small. This was not a problem for the 
first Lwo iterations. With the initiation of the MRS iteration the problem of esta- 
blishing a size which could accomnodate the 733 load cases surfaced. Largely by 
trial and error we 2ventualPj mded up with SOF files which required 317,000 kilo- 
bytes (kb) of mass stouage. 

Because we wanted to take advantage of graphic display capabilities for both 
geostry a d  output such as deflections and stresses, the output for the first two 
iterations was stored in another set of files. Because of space limitations this 
was nat possible for the MRS iteration. 

Along with some intermediate files required for the Phase SOLVE step the 
total amount of computer mass storage for all the required files for the MRS itera- 
tion came to 421,000 kb! In addition, 27 restart tapes and 36 output tapes were 
required for the NRS analysis. 

ANALYSIS FLOW 

The analysis of the model followed the normal NlSTRAN automated substructuring 
analysis with a few twists. The first step c~nsisted ~f che checkout of each indivi- 
dual substructure. The checkout procedure included both coaputer program checks 
which search the geometry and property data for format errors as well as graphic 
display checks. Visual display of geometry allows checking connectivity data and 
locating missing or duplicate elements. Visual display of properties allows check- 
ing of property data accuracy, property trends and continuities between substructures 
Possibly the most time consuming check concerns the A-Sets for the boundaries, parti- 
cularly for substructures which connect to four or five other substructures. Once 
each substructure has been checked, the Phase 1 runs can begin. 

As mentioned earlier, the model was not only substructured but divided into 
three primary sections. One of the reasons for this further subdivision was the 
allocation of SOF files. Since we wished to keep the size of the SOF files small 
and since NASTRAN allows a maximum of 10 physical SOF files, the SOF files used in 
Phase 1 were assigned to the primary sections. One set of SOF files was used for 
substrucrures in the forward fuselage, one set for snbstructures in the aft fuselage, 
and one set for substructures in the center fuselage. Because the load cases applied 
differed from substructure to substructure, the PG (static applied laads) matrix 
for each substructure in Phase 1 was written out onto a PG loads file. Beyond 
these changes, the Phase 1 runs were normal. for an automated substructuring static 
analysis. 



The Phase 2 runs, again, followed normal Phase 2 procedure for the substructures 
in Sections 1 and 2. In Secrion 3, the individual substructures required equivalenc- 
ing and mirror imaging first, then coupling with the mirror images before they could 
be coupled to other substructures. Once all substructures in each Section were com- 
bined and reduced an intermediate step was taken before the SOLVE could be accom- 
plished. All -trices for the last pseudo structure in each Section were read into 
an intermediate SOF file. Using this intermediate file the SOLVE was then accom- 
plished along with the BRECOVER for the three last pseudo structures. The matrices 
for these pseudo structures were then copied back into their respective Section SOF 
files. 

Phase 3 could then be accort~lished. Since a different set of load cases was 
applied to each substructure originally, the PG matrix written out during Phase 1 
was read back in during Phase 3. This was 02r solution to the NASTRAN logic problem 
which prohibits load case number incompatibility between Phases 1 and 3. Although 
we had a total nvmber of applied load cases of 733, not every case was applied to 
every substructure during Phase 1. However, during the SOLVE operation in Phzse 2, 
all the load cases were combined with LOAD C cards. During Phase 3, the load case 
number compatibility once agai~ had to be restored and thus the Phase 1 PG matrix 
was read in externally. A Restart RECOVER was then performed for each individual 
substructure. In the case of the first two iterations the OCq1, OESl and OUGVl 
matrices were output on a file for later graphic display. During the MRS iteraticn, 
the EST and OESl matrices were written out to tape for storage in the stress/l~ad 
ratio database. 

SPECIAL PROBLEMS 

Tbe first two anaiysis iterations presented few special problems r > : ~ - - *  for the 
intermediate Phase 2 steps described above. The major problems arose with thc VRS 
analysis and its 733 load cases. As mentioned before, changes had to be made in the 
code to accummodate this many load cases. A small problem, but an annoying one, vas 
the huge volume of the output. Although only an average of 50 load cases was 
actually recovered for each substructure, the volume of paper that this generated 
for the 27 substructures was enormous. Keeping all the output separated and properly 
bound and labeled became a chore especially since several errors detected after 
completed runs necessitated reruns. Our work areas soon became labyrinths made up 
of stacks of computer output. 

A new problem surfaced when we tried to limit output size by including sets for 
certain substructures. We discovered a limit on the number of elements which conld 
be included in a set and this limit had to be eliminated in the code. 

When the MRS iteration began we tried to determine how much space would be 
required for the SOF files and found no accurate method of determing SOF file sizes. 
It became a matter of trial and error to find the required size and also brought to 
light the fact that once a size for a SOF file has been used, the physical file 
cannot be reduced in size k-ithout creating havoc. 

Our most aggravating problem, however, was the space requirement that this model 
had for the MRS iteration. Our NASTRAN ar.alyses are run using a UNIVAC 1100 main 
frame computer. Our FEM group is allocated approximately 1,000,000 kb mass storage. 



As mentioned above, the model required 4i2,000 kb of storage space. Moreover, 
several substructures required 120,000 kb HICORE allocation to run which severely 
crimped the space available to other users of the system. The amount of mass storage 
used also created space binds for other models concurrently in the works. This space 
bind caused a very close monitoring of file sizes all during the analysis. 

CONCLUDING REMARKS 

The NASTRAN automated substructuring analysis of the C-5A was successfully 
conpleted for three different loading systems. Correlation of stresses between the 
original FAMAS model and the converted NASTRAN model was very good where direct 
comparison was possible. The NASTRAN analysis resulted in better correlation with 
actuhl test data and provided better and more complete results. For example, stresses 
in triangular elements are now available and stringer stresses are output directly - 
no complicated delumping process is required. Grid point loads for use as load input 
for detail models are now available and the NASTRAN model now reflects all major 
structursl chcnges incorporated since the FAMAS analysis was completed. 

The analysis process ;.I its third iteration uncovered several problems in the 
NASTRAN code of which anyone attempting a substructured model of this scale should 
be auare. For 3 model requiring a large number of load cases, the code must be 
altered to acccmodate ?he load cases. If output for a large model is to be limited 
with a s ~ t  definition card, the set niiber limitation in the NASTRAN code must first 
be removed. 

A further consideration in constructing very large models is the availability of 
mass storage space. Space requirements dictate that a very large model must be 
analyzed -1sing a large main frame computer. In addition, a good data management 
system is essential for a successful analysis of a large substructured model. 

The system of grouping the substructures of a large model into larger sections 
is very efficient since it allows several engineers to work on a sing1.e model inde- 
pendently of each other while totally maintaining the integrity of the model. 
Finally, inechanizing the modeling process, from geometry generation to geometry 
and property plots to force summation to deflection, load and stress plots, is an 
invaluable asset to completing an analysis of a large substructured model with many 
applied load cases in an efficient and timely manner. 
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FIGURE 1: COMPOSITE PLOT OF SUBSTRUCTURED C-5.4 MODEL 
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ABSTRACT 

USING NASTRAN TO HODEL MISSILE INERTIA LOADS 

Ron Marvin 
Craig Porter 

Naval Weapons Center 
China Lake, California 

An important use of NASTRAN at the Naval Weapons Center is 
in the area of structural loads analysis on weapon systems 
carried aboard aircraft. Specifically, the center uses the 
program to predict beading mamznts and shears in missile H i e s ,  
when subjected to aircraft induced accelerations, The zissile, 
launcher and a,.-craft wing are idealized, using rod and beam type 
eleaents for solution econany. Using the inertia relief 
capability of NASTRAN, ttre &el is subjected to vazious 
acceleration combinations. Difficulty modeling the launcher sway 
braces and hooks has occurred, These transmit compression only 
or tension only type forces respectively. A simple, but time 
consuming, iterative process has been developed to overcome this 
modeling difficulty. A proposd c d e  modification would help 
model compression or tension only contact type problems. 



EXPERIENCE WITH FREE BODIES 

1.6. BUTLER 

BUTLER AWMYSES 

I t  i s  encouraging t o  see tha t  analysis and tes t  a c t i v i t i e s  are moving 
away from c a p e t i t i v e  postures and t m r d  mutually benef ic ial  coopera- 
tion. When solle structure i s  examined fo r  i t s  v ibrat ion characteris- 
t i c s  by both analysis and test, and the resul ts  are t o  be compared; the 
matching o f  boundary conditions brcores 3 probler. Free bodies can be 
s i m l a t e d  eas i ly  by both disciplines, so i t  i s  of ten the condit ion t o  be 
prescribed by a project. I n  order f o r  a free body analysis t o  be va l i d  
i t  w s t  exh ib i t  s i x  clean r i g i d  body (zero frequency) modes. Free body 
ani.lyses are s g e  o f  the easiest kinds o f  analysis t o  perform i f  one 
does everything r ight .  They can be real  headaches i f  one goofs too 
much. This paper deals w i th  s a e  o f  the problems tha t  confront an ana- 
l y s t  irl modeling, i f  he i s  t o  s a t i s f y  r i g i d  body conditions; and w i th  
sore resedies f o r  these p r o b l ~ ~ ~ .  It also deals w i th  the problems o f  
detecting these cu lp r i t s  a t  various levels  w i th in  the analysis. The 
paper concludes w i th  the publ icat ion o f  a new method w i th in  MASTRAW fo r  
checking the model f o r  defects very ear ly  i n  the analysis without requi- 
r i n g  the analyst t o  bear the expense o f  an eigenvzlue analysis before 
discovering these defects. 

Single point constraints (SPC's), multipoSnt constraints (MPCms), and 
springs t o  ground are candidates fo r  in te r fe r ing  w i th  free body motion. 
The ways tha t  they in te r fe re  are obvious i n  solre cases, b l ~ t  fo r  others 
are f a i r l y  subtle. These topics w i l l  be elaborated i r i  order; f i r s t  
SPCms. There i s  a need t o  constrain the rotat ional  degree o f  freedom, 
o f  g r i d  points t o  which only plates connect, about the normal t o  the 
plate. MSTRACI reports a s ingu lar i ty  f o r  any f a i l u r e  t o  apply such con- 
straints.  These constraints are usual ly invoked on the 6RID card and, 
a f t e r  i n i t i a l  debugging, usual ly end up wi th the necessary --and only-- 
the necessary rotat ional  constraints appl ied. Overconstrai n t s  inev i  tab1 y 
ar ise when changes t o  a design occur and nodi f icat ions are made t o  i t s  
analyt ica l  model. Any n w  constraints always get added, but many o f  the 
o l d  constraints, which now need t o  be purged, are of ten overlooked, re-  
sul t i n g  i n  overconstraints. Thus when the analysis for r i g i d  body 
eigenvectors i s  run, sore o f  the s i x  r i g i d  body modes don't appear and 
e las t ic  modes erupt i n  t he i r  place. The only remedy fo r  points overcon- 
strained by SPC's i s  t o  fe r re t  them out. Various ways t o  detect them 
w i l l  be explored la ter .  

Another amre subtle case arises when the nonnal t o  a p late i s  not 
aligned with one o f  the displacement coordinate axes. NASTRAN's 'GPSP" 
module i s  sa t is f ied  i f  a rotat ional  freedm about any one o f  the coor- 
dinate direct ions i s  constrained, j us t  so the constrained coordinate 
rovides a cornponer~t i n  the d i rect ion o f  the normal t o  the plate. Sat- 

Psfying GPS? i s  not ecough for purposes o f  free notion. There remains a 
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connection t o  ground i n  the constrained rotat ional  degree o f  freedom, 
such tha t  a component o f  e las t i c  act ion s t i l l  feeds t o  ground, so i t  
sabotages the r - i g id  body mode. See f igure 1. 

4 
There are a t  least  3 ways t o  remedy t h i s  in to lerable si tuat ion, and 
s t i l l  sa t i s f y  GPSP- 

A. Change the displacement coordinate system a t  the r~f fending g r i d  
point so tha t  one coordinate axis i s  aligned wi th the noma;; 
then constrain tha t  rotat ional  dof. 

B. Opt not t o  constrain the n o n a l  rotation, but provide instead 
an a l ternate e las t ic  path many orders o f  magnitude so f te r  than 
the neighboring elements. Two simple devices can be employed: 
81. Use a CONROO between the point i n  question and some 

neighbor, o r  
02. Use a CELASZ between the point  i n  question and (a) some 

neighbor o r  (b) t o  ground. 

The reason tha t  the grounded e las t i c  scalar works i s  tha t  the amount o f  
force developed i n  a s o f t  scalar, fraa i t s  connnection t o  ground i s  so 
small tha t  the r i g i d  body motion i s  e f fec t i ve l y  not in ter fered with. The 
value o f  the s t i f fness  should be s o f t  enough tha t  i t  does not cause a 
disrupt ion t o  the e las t i c  behavior, but not so small tha t  i t  causes ma- 
t r i x  i l l -condi t ion ing.  

There i s  a very special set o f  conditions i n  which t h i s  analyst got 
trapped. The s i tua t ion  involves a BAR element, aligned w i th  a coordi- 
nate axis, making a perpendicular connection w i th  a plate. See f igure 
2. The BAR r ides i n  a sleeve bearing a t  the connection t o  the plate 
which makes i t  irnpossi b le for the BAR to  transmit tors ion t o  the GP. 
One sets a p in  f l a g  i n  element dof 4 o f  the BAR. Now comes the trap. 
Since the p late doesn't involve moments about the normal and since the 
moment from the BAR about that same axis i s  pinned, the s i tua t ion  seems 
r i pe  fo r  producing a singular i ty.  Constraining the rotat ional  dof about 
the normal t o  the p late seems log ica l  t o  avoid a singular i ty.  This s i t -  
uation was a par t  o f  a much larger model which fa i l ed  t o  produce a r i g i d  
body mode i n  ro ta t ion  about the ver t ica l  when the constraint was 
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applied, but d id  exh ib i t  the r i g i d  body mode when the constraint was 
r-ved. It forces one t o  rethink the situation. Yhat's wrong? What 
does the g r i d  point see? Uhat does the constraint do? Yhat i s  happn- 
ing  i n te rna l l y  i n  the BAR ? A s m l l  p i l o t  problem, depicted i r i  f igure 
2, was run t o  tes t  the condition. 

The g r i d  point sees e las t ic  paths i n  5 dof coming from the plates. But, 
does i t  also see only 5 e las t ic  paths coming from the BAR? Yes. This 
i s  confimed by glancing a t  the s t i f fness  matrix o f  the sample problem 
above, which was modeled as intended, for dof 6 o f  GP 24. This i s  cc;- 
m 24 of K6G. Mte :  COT 24 o f  the matr ix i s  nul l .  

COLJHN 23 ROYS 3 THRU 29 (GP 24 DOF 5) 
5.44896Et00 -4.84359Et03 1.60435E+03 0.00000E+00 0.00000E+00 
0.00000E+00 1.20968Ei-03 1.33302E+04 4.45448€+03 0.00000E+00 
0.00000E+00 0.00000E+00 -7.76474Et03 4.84359€+03 2.10148E+04 
0.00000Ei-00 6.00000€+05 0.00000E+00 6.5496iEM3 -1.17895€+03 
4.03848Et06 0.00000E+00 -6.00000E+05 0.00000E+00 0.00000E+00 
0.00000E+00 2.00000Ei-06 

(No contr ibut ions) 
COLUMNS 24 MRU 24 ARE E. (GP 24 DOF 6) (from p l a t e o r  ) 

(bar) 
COLUMN 2 5 ROUS 19 THRU 36 (GP 25 DOF 1' 

-1,20000Et05 0.00000E+00 0.00008€+00 0,00OOOE+00 -6.00000E+05 
0.00000E+00 4.94767Et05 3.32340Et05 0.00000E+00 0.00000E+00 

-6.00000Et05 2.12132Et05 -3.74767Et05 -3.32340Et05 0.00000E+00 
0.00000E +00 0.00000E+00 2.121 32Et05 

For a s imi lar  orientation, but w i th  a f u l l  6 dof connection, the 
st i f fness matrix shows that  for  column 12 corresponding t o  dof 6 8 GP 22 
the matrix i s  non-null. 



COLUnN 11 R O f i  3 THRU 35 (GP 22 M)F 5) 
7 .?6474E+03 4.84359EM3 2.10148E+04 0.0000CIE 9 0  6.00000E+05 
0.00000E+00 -6.54961Et03 -1.178%€+03 4*03848E+06 0.00000E+00 
0,00000E+00 0,00000E+00 -5.44896E+00 -4.84359E+03 1,60435E+03 
0.0[r00CE+00 Q.OOOOOE+OO 0.00000€+@0 -1.20968€+03 1.33302€+04 
4.45448EM3 0.00000E+00 0,00000E+00 0.00000€+00 0.00000E+OG 
0.000WEtOG 0.00000E+00 0.00000E+00 -6.00000€+05 0.00000€+00 
0. W000E+00 0.00000E+00 2,00000E+(ib 

COLW 12 ROWS 12 THRU 36 (GP 22 DOF 6)==Non nu l l .  

COLUm 13 ROHS 2 THRU 20 (GP 23 DOF 1) 
4.66418€+05 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00 

-4.69925E+05 -3.50688E+03 0.00000E+00 0.00000E+00 0.03000D00 
0.00000E+00 1.87269€+06 -4.66418E+05 0.00000E+00 0.00000E+00 
0.00000E+00 0.00000E+00 -1 ,40276E+06 3.50688E+03 

If t h i s  p i l o t  mde l  i s  run without dof 6 o f  GP 24 being constrained, it 
aborts i n  the decmposi t i o n  o f  KOO. This sh'ows tha t  there i s  a 
s ingu lar i ty  and tha t  a constraint i n  dof 6 i s  needed. The o r i g ina l  
suspicion i s  confirmed; the model i s  run through eigenvalues w i th  the 
constraint i n  dof 6 o f  GP 24 i n  place. A l l  6 r i g i d  body modes appear so 
one can say tha t  t h i s  i s  a model o f  correct behavior. The question 
s t i l l  remains, what happened t o  the large model t o  cause the r i g i d  body 
nodes t o  be in ter fered with? To investigdte t h i s  problem, modifications 
were made t o  the p i l o t  model. I f  there i s  a mistake i n  the model such 
tha t  the z coordinate o f  one o f  i t s  points, say GP 23 i s  above the plane 
o f  the other three points by a small amou~t, sayA=.08*, the mean plane 
of the quad i s  not perpendicular t o  the z-axis. This anomoly was run 
w i th  and without the constraint on dof 6 o f  GP 24 i n  place, Figure 3 
shows the postion o f  the mean quad i n  dotted l ines. 



The r e s u l t s  o f  the three runs are tabulated. 

The const ra in ts  @ -GP8s 21;23, L 24 provide in ter ference w i t h  components 
o f  the e l a s t i c  ac t ion  coming from the p l a t e  and sabotage the  r i g i d  body 
node. Note t h a t  the  two f i r s t  e l a s t i c  modes are  almost independent o f  
the mistake i n  model ing, but a f t e r  t h a t  d i f fe rences separate t h e i r  beha- 
v ior .  This turns ou t  t o  be a p a r t i c u l a r  case o f  the problem i n  f i g u r e  1 
above w i t h  the canted plate,  except t h a t  i t  appears t o  s h i f t  t he  blame 
t o  the BAR instead o f  po in t ing  t o  the mislocated g r i d  point. The BAR 
acted as a decoy. This i s  a c lass ic  case o f  the ana lys t  swearing t h a t  
"he knows t h a t  everything i s  correct ,  but  the computer..", o r  "but 
NASTRAN.. ... ." i s  g iv ing  these crazy resul ts."  I n  the data t h a t  fo l lows 
i t  i s  remarkable t h a t  a small g l i t c h  can cause g-r-e-a-t d isrupt ion.  We 
can c a l l  t h i s  case the "out-of-plane" type o f  SPC d i f f i c u l t y .  

PK~@J€TXI&S of NET~K E L A ~ ~ R ~ ~ U D ~ S  

MECHANI SMS-MPC 

Mu1 t i po in t  const ra in ts  (MPC8s) are less conspicuous offenders. One's 
i n t u i t i o n  seelns comforted by the idea t h a t  i f  two dof 's  are required t o  
move together, t h i s  i s  a k ind o f  a r i g i d  body motion and should be 
compatible w i t h  the execution o f  general r i g i d  motion. The answer i s  
sometimes yes and sometimes no. An example, f i g u r e  4, t h a t  i s  easy t o  
v isua l ize ,  i s  a p a i r  o f  po in ts  t h a t  are constrained so t h a t  motion 
transverse t o  the l i n e  between the points i s  always t o  be the  same. 

23(6) WARPED & 24(6) NOT SPC 

1.066318Et02 
1.893587Et02 
3.050661 E+02 
3.719919Et02 
2.653362Et03 
3.209373Et03 

AS INTENDED 23(6) WARPED & 24(6) SPC 

1.068969E+02 
1.892820E+02 
2.989922Et02 
3.107471E+02 
3.214566E+02 
3.018417Et03 

> 

1.064876Et02 
1.893139Et02 
2.866197Et02 
3.076286Et02 
6.107463E+02 
3.073824Et03 



NASTRAN i s  a f a i t h f u l  servant i n  car ry ing out such an assignment. I f  
the analyst says tha t  these two po in ts  sha l l  always move up and down 
together no matter what, NASTRAN w i l l  see t o  it. Thus, any attempt by 
the body t o  perform a ro ta t i on  about an ax is  perpendicular t o  the paper 
i s  s t e rn l y  opposed. External forces are set  up t o  create couples t o  
balance the e l a s t i c  moments produced by neighboring elements tending t o  
r o ta te  the 1 ine betwzen A & B. These are ca l led  MPC forces, and they 
i n t e r f e r e  w i t h  f ree  r i g i d  body movement. I n  t h i s  case the MPC would 
i n t e r f e r e  w i t h  the r o ta t i on  about X. Does t h i s  r u l e  out the use o f  
PlPC's? Not a t  a l l .  Does t h i s  mean t h a t  a l l  r i g i d  elements are o f f  l i m -  
i t s ?  Not a t  a l l .  I f  the analyst  r e f e r s  t o  eqn (56) i n  sect ion 3.5.6.3 
o f  the theoret ica l  manual, he w i l l  see t h a t  the formulat ion o f  the r i g i d  
elements includes ro ta t ions  so tha t  the r e l a t i v e  distance from A t o  B i s  
maintained invar ian t  f o r  a1 1 small displacements, and causes no i n t e r -  
ference w i t h  r i g i d  body motion. I f  the analyst  wr i tes  h i s  own MPC'S f o r  
two points, he must also ensure t ha t  there i s  no resistance t o  r i g i d  
body motion. 



MECHANISMS-SPRINGS 

Non-small scalar spr ing elements are a lso less conspicuous agents for  
opposing free Sody motion i f  they are connected t o  ground. Since any 
grounding opposes f ree  body motion, forces develop i n  the elements when 
displacements are imposed i n  the freedoms which - *e contained i n  the 
scalar springs. These scalar springs t o  ground must be removed. because 
they operate contrary t o  a model o f  a f ree body. The purpose f o r  :he 
springs being there i n  the f i r s t  place has t o  be re-examined. 

DETECTION 

I f  a po in t  i s  orerconstrained w i t h  GRID  SPC's tha t  were unintended, 
NASTRAN doesn't g ive a f a t a l  message. It assumes t h a t  the analyst  knows 
what he i s  doing and d u t i f u l l y  puts the SPC's i n t o  operation. The un- 
wanted behavior i s  u l t ima te ly  seen i n  the eigenvalue resu l ts .  Even 
these could be overlooked, i f  the analyst  bravely presumes nothing would 
go wrong and spec i f ies  a frequency range over the e l a s t i c  spectrum o f  
i n t e res t  on ly  wi thout inc lud ing the zero par t  o f  the spectrum. This 
would be foolhardy. When doing a f ree  body analysis i t  i s  prudent t o  
check t o  see t ha t  the body i s  t r u l y  f ree  by ensuring t h a t  a l l  r i g i d  body 
modes are present. As a minimum the analyst  should (1) use 0.0 as the 
spec i f i ca t i on  f o r  the lower frequency bound on the EIGR card so t ha t  he 
w i  I 1  get a repor t  on how many modes were zero frequency modes. (2 )  The 
EIGR request f o r  eigenvectors should embrace 6 i n  add i t i on  t o  the expec- 
ted  number i n  the e l a s t i c  range i n  order t o  recover a l l  ca lcu la ted r i g i d  
body mode shapes. I f  fewer than 6 natural  frequencies are zero, there 
i s  something i n  the model opposing some f ree motion. Inspect ing the 
eigenvectors (both p lo t ted  and pr in ted)  f o r  the missing act ions w i l l  
g ive a h i n t  as t o  the k ind o f  unintended constraints t ha t  are i n h i b i t i n g  
the f ree  movement. I n  addi t ion t o  these two minimun requirements the 
analyst  i s  advised t o  request (3 )  SPCFORCES = ALL and (4 )  MPCFORCES = 
ALL. He w i l l  no t  get page a f t e r  page o f  zeroes f o r  having spec i f ied 
a l l ,  he w i l l  get a repor t  o f  only those points where s ing le  po in t  con- 
s t r a i n t s  are appl ied v ia  an e l a s t i c  path t o  ground i n  each mode. SPCF 
should be zero f o r  every r i g i d  body mode and f o r  every non-zero f r e -  
quency mode. I f  some o f  the 6 r i g i d  body modes are not present, the low 
frequency modes should be examined f o r  sing1 e po in t  const ra in t  forces; 
these modes could be candidates t o  be repaired and f o r  convert ing i n t o  
r i g i d  body modes. The associated dof 's o f  these forces w i l l  g ive ev i -  
dence as t o  the place where the f ree  motion i s  being i n t e r f e red  with. I n  
the case o f  mu l t i -po in t  constraints, they should be able t o  a c t  wi thout 
developing opposing forces dur ing r i g i d  body deformation. So, by ca l -  
l i n g  f o r  MPCFORCES = ALL, there w i l l  be a repor t  a t  only those points 
where forces a r i se  i n  attempting t o  perform one o f  the s i x  r i g i d  body 
motions. I f  MPCFORCES are not zero, f o r  any o f  the f i r s t  s i x  modes, 
t h i s  argues f o r  reformulat ing the MPC so as t o  be f ree  o f  oppostion t o  
r i g i d  body motion. 



The aforementioned four measures f o r  detect ing e r ro rs  i n  modeling o f  
f ree bodies are expensive and time consuming i n  t ha t  they are displayed 
on ly  a f t e r  an eigenval ue analysis has been performed. They should always 
be csed, but no t  as the primary means o f  checking. There are ways, 
wel l  upstream o f  the DPD module, t o  discover offenders against f ree mo- 
t ion.  One way i s  t o  run through the GPWG ( g r i d  i n t  weight generator) 
and e x i t  i n  order t o  f i n d  the center o f  g rav i t y  P" C.G.). Apply SPC's i n  
the 3 displacement dof 's a t  the C.G. and do s t a t i c  analyses w i t h  three 
subcases. The loading i n  edch subcase i s  a one-a "GRAV" load i n  one o f  
the 3 coordinate direct ions.  Cal l  "or SPCF = ALL and HPCF = ALL, and 
c a l l  f o r  displacements on opposite s id f  o f  the C.G. Nonzero SPCF and 
MPCF a t  other than the C.G, w i l l  g ive d. ;ect  evidenw as t o  offenders. 
Displacenlent outputs w i l l  e xh i b i t  any tendency t o  r o ta te  about the C.G. 
due t o  externals other t han - i ne r t i a  e f fec ts .  This i s  a much cheaper and 
much quicker way than running an eigenvalue analysis. 

A useful  bgt  not  too spec i f i c  check i s  t o  look f o r  a repor t  o f  the epsf- 
l on  sub E (gE) value t h a t  i s  reported inmediately a f t e r  condensation t o  
the A-set. No repor t  i s  issued i f  the residue i s  small. When the energy 
check computes t o  a value t ha t  i s  not  small, NASTRAN reports i t s  value. 
The message appears a f t e r  the user informat ion message 3023 about the 
value o f  parameters f o r  the decomposition o f  KOO. 

There i s  a r i g i d  body check i n  NASTRAN based on use o f  the R-set and 
der i v ing  a r i g i d  body t ransfornat ion matr ix  based on the s t i f f ness  ma- 
t r i x .  

= (-)[~11]-1[~1r] 

I x r  and calculates a net e r r o r  check 4 = - 
IIKrr ! 

which does not  p inpoin t  trouble. Matr ix  [x] i s  no t  output and would be 
d i f f i c u l t  t o  use f o r  loca t ing  t rouble.  This has useful  appl icat ions 
espec ia l ly  when i t  i s  important t o  prescr ibe the r i g i d  body coordinate 
direct ions.  It i s  a good idea t o  get clean r i g i d  body modes without the 
R-set f i r s t ;  the3 introduce SuDORT cards i n  a f i n a l  run. 

I f  a s t a t i c  run precedes the eigenvalue analysis, a useful  check occurs 
i n  module SSG3 i f  the analyst  sets the parameter IRES. The residual  
matr ix  RUL7 i s  output. It gives diagnostics f o r  every do f  i n  the L-set. 

An even quicker and cheaper approach t o  diagnosing i s  t o  impose a r i g i d  
body t e s t  t o  the "K" ( s t i f f n e s s )  matr ix  immed!ately a f t e r  i t  has been 
generated. This method was ca l led  t o  the author's a t t en t i on  by 
Dr. Cheng L i n  o f  the Aerospace Corp. By de f i n i t i on ,  a r i g i d  body trans- 
formation "D" i s  one tha t  i s  stress free. This impl ies t ha t  r e l a t i v e  
displacements are zero. I f  r e l a t i v e  displacements are zero then the 
work computed by the product o f  s t i f f ness  i n t o  r i g i d  body displacement 



(K x D) i s  zero. I f  i t  i s  other than zero, local impediments t o  free 
body motion w i l l  cause local perturbations i n  displacements which i n  
turn resu l t  i n  non-zero work. The beauty o f  t h i s  diagnostic too l  i s  
that i t  operates a t  the level  o f  G-set so tha t  i t s  non-zero terns are 
d i rec t  locators. One needs t o  be sure t o  run w i th  DIAG 2: 22 turned on 
i n  order t o  correlate the locat ion from internal sequence t o  external 
sequence. The method passed on by Cheng L i n  needed implementing i n  
NASTRAN. The r i g i d  body transformation matrix 'DMm i n  the normal 
NASTRAN s t a t i c  solut ion stream tomes a f t e r  the s t i f fness  matr ix i s  
decomposed; i .e. DII = (-)[KL~]- X fK RI . The use o f  the 'DM' matrix 
from t h i s  source i s  1 ike sen inp the box t o  guard tk - chicken coop. What 
i s  needed i s  a 'Dm matrix basec sole ly  on geoaetric re lat ions rather  
than st i f fness relations. Hew -.lcJules dealing wi th seismic analysis 
were delivered t o  COSMIC by the author during 1984. One o f  these named 
"RBTM" produces a 'Dm matrix based soley on geometry cal led "HAICH'. 

The output 'HAICH' froa the R B Y  module i s  the it- around which a H A P  
ALTER i s  written. The OtlAP ALTER that ful!nws operates under the con- 
d i  t ional  jumps associated wi th the three succeeding matr ix par t i t ions  
once the G-sized "K' and "Dm matrices are generated. It cal:s f o r  run- 
ning a K x D check a t  the G-level , the N-level , the F-level and the A- 
level. The check on the 6-level s h o ~ l d  cr tch any overconstrained GRID 
SPC's and grounded scalars. The check on the N-level should catch any 
improper MPC's. The check on the F-level should catch any GRID and gen- 
eral  SPC's. The check en the P-level should provide a net check Qver a l l  
levels. The sequence i n  which the non-zero values appear i n  any o f  the 
part i t ioned products w i l l  tend t o  i so la te  what kind o f  constraint i s  
causing interfence. It i s  advisable t o  c a l l  for  D I A G  21 ti 22 so as t o  
locate the external do i  where non-zero tennr i n  the KD product appear i n  
the partit ion: f o r  N, F, and A. Experience on the VAX computer has shown 
that a1 1 values i n  the KD product should be < 10-8 to ensure no impedi- 
ment t o  free motion. Whenever t h i s  c r i t e r i on  i s  met, a1 1 s i x  frequen- 
cies o f  the r i g i d  body modes compute t o  values < 10-4. The ALTEZ packet 
to r  RF 3 o f  the APR 84 release o f  NASTR9N i s  included below. Note the 
mdu l  e encircled. RBTH must be obtained from COSMIC t o  ilaplenent the 
DMAP packet. 

ALTER 41 
BGPDT,CSTH,EQEXIN, ,USET/HAICH, ,HlRY6, /500/+2/*CIRECT* $ 
KGG. HAICH. /BALANCE/0/+1 I010 $ FOR STAT1 C CHECK 

MATPRN BALANCE,,,,// $ CHECK G-S!Zk 
ALTER 53 
VEC USET/NVEC/*G*/*N*/XCOMP* $ 
PARTN HAICH, ,NVEC/NRIGID, , ,/+1/0 $ 
MPYAD KNN,NRIGID. /NBACNC/O/+l/O/O $ 
MATPRN NBALNC , , , ,// $ CHECK N-S I ZE 
ALTER 57 
VEC USET/FVEC/*G*/*F*/*COMP* $ 
PARTN HAICH,,FVEC/rRIGID,,,!+l/O $ 
MPYAD KFF,FRIGID, /FBALNC/O/+1/0/0 $ 
MATPRN FBALYC,, ,I/ $ CHECK F-SIZE 
ALTER 70 



VEC USET/AVEC/*s+/*A*I*~ $ 
PARTN HAICH, ,AVEC/ARIGI 0, , ,/+1/0 $ 
WYNI KAA.AR161 D,/RBAL~/O/+l/O/O $ 
HATPRN ABALNC, , , ,// $ CHECK A-S IZE 
ENDALTER 

The reason that  i t  i s  useful t o  run a counter check oa the A-sized m- 
t r i ces  i s  tw- fo ld,  First ,  the effects on the .I(' matrix o f  r w v i n g  
overconstraints and non-rigid ccrnstraints i s  reflected. It acts as a 
doubie check on thc tw previous part i t ions, Secondly, the A-sized ma- 
t r i ces  are passed t o  systems analysts who cab ine  c a p n e n t s  o f  severa: 
structures i n to  a caprehenrive analysis. I t  serves as a publ ic c e r t i f i -  
cation that  the transait ted matrices t r u l y  sa t i s f y  r i g i d  body require- 
m t s  so that combined matrices can be free o f  cross-product t e r n  be- 
tween structures . 
The KD diagnostic was applied t o  the 3 cases o f  the p i l o t  model. Their 
resul ts  are tabulated. 

I n  cases o f  high condensation the KDA results can be many orders higher 
i n  magnitude than KDG, KDN, o r  KDF, because, depending on the nature o f  
the error  and the nature o f  the condensation, the errors can be swept 
together and intensif ied. The advantages o f  the KD check are (A) that 
one can checkpoint and e x i t  a f te r  each o f  the 6. W. F, and A par t i t ions  
then proceed econmically without high investment i n  capu te r  time; and 
(8) the trouble i s  located and cleared up well before entering eigen- 
value analysis. 

This paper has come t o  the fol lwing conclusions that deal with problems 
i n  a n ~ l y s i n g  free bodies. 

1. Mechanisms that in ter fere with r i g i d  body motion are: 
Single point cocstraints (SPC'S) 

A. Overconstrained, 8. Canted, C. Out-of-plane 
Mu1 t i -po in t  constraints (MPC'S) 
CELAS'S that are grounded. 



2. Remedies fo r  recovering r i g i d  body motion an: 
El im iwte  S K ' S  from an elast ic  path 
Fomrlate WC's so as to generate prn r i g i d  body motion 
El iminate grounded scalars. 

3. Detection o f  interferetue t o  r i g i d  M y  ro t ion from any of: 
The appearance of a mn-zero frequency fo r  any o f  the first s ix 

d s  . 
Defomt ion  that  departs fra r i g i d  body mtim i n  the candidate 

lor frequency ;rode shapes. 
Ikn-zero SUFORCES for  any lode. 
Ibn-zero mFORCES for  any o f  the f i r s t  s ix mdes 
Ikn-zero SKFORCES outside o f  the C.6. under s ta t i c  acceleration 
Ikn-zero IBCtVRCET outside o f  the C.6. uclder s ta t i c  acceleration 
Epsilon elast ic  L-R r i g i d  body check 
Existence o f  an Epsilon sub E report f o l l w i n g  decaposition o f  KOO 

for codesation. 
Non-zero values for  the KD products i n  part i t ions 6 t h m  A. 

It i s  that the ALTER packet fo r  the UD pmduct be made sbn-  
Qrd practice when perforring free body eigenvalue analyses. It i s  
simple, effective, and tk 'east expensive o f  a l l  the checks that can be 
applied. Taking an e x i t  a f ter  each par t i t ion o f  the four KD checks un- 
til each has a clean b i l l  o f  health would prevent wasteful and costly 
condensations and e i  genval ue analyses o f  defective rodel s. Mhen h is  
model has passed the KD check, an analyst can have high expectations o f  
recovering 6 clean r i g i d  body lodes fm the eigenvalue analysis. 

Even tbwgh the KO check was designed as a twl for  diagnasing a model 
for free eigenvalw analysis, i t  can serve at-y other type o f  analysis 
i f  there i s  concern tor  overconstraints. 
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This rcpor t  presents a study of the effectiveness o f  the MASTRAW 
capu te r  code for predict ing structural response t o  nuclear b las t  
overpressures. MSTRAN' s effectiveness i s  cfetemi ned by caclpari ng resul t s  
against shock tube tests used t o  simulate nuclear overpressures. Seven 
pane!s o f  various configurations are canpared i n  t h i s  study. Panel 
deflections are the c r i  ceria used to measure NASTRANas effectiveness. This 
study i s  3 resu l t  o f  needed improvements i n  the survivabil i t y /vu l  nerabil i t y  
analyses capabi 1 i t i e s  o f  weapon systms subjected t o  nuclear blast. 

I NrnDUCT IOU 

The objective of t h i s  project was t o  research WASTRMas effectiveness 
i n  analyzing nuclear b las t  overpressure ef fects on panels as simulated by 
shock tube tests. Ultimately, t h i s  detemines WASTRANas effectiveness i n  
predict ing sure safe panel response t o  nuclear b las t  overpressure ef fects 
f o r  survivahil i tylvulnerabi l  i ty analysis. Acconpl i s k n t  o f  t h i s  objective 
was achieved by conparing NASTRM data t o  experimental shock tube tes t  data 
which the Defense Nuclear Agency (DM) collected wi th the Roeing M i l i t a ry  
Airplane Company under contract OM-001-76-C-0084 and pub1 i shed i n  DNA 
report DMA-4278F, Volumes 1 through 4 (heref nafter addressed as reference 
1). Shock tube tests are an accepted method fo r  simulating the ef fects c f  
nuclear b las t  overpressures. Therefore, comparing NASTRAN data t o  shock 
tube tes t  data i s  an e f fec t ive  method f o r  val idat ing NASTRAN as an 
overpressure analysis technique. 

NASTRAN i s  a f i n i t e  element structural analysis camputer code tha t  i s  
universally accepted i n  the structural analysis cornnrrnity. The version o f  
NASTRAN used i n  the analysis f o r  t h i s  report i s  COSMIC, a l inebr  analysis 
v a l i d  only fo r  predicting panel response t o  the y i e l d  point. Experimental 
data used fo r  comparison wi th NASTRAN came from shock tube tests performed 



upon seven panel configurations. These configurations varied i n  thickness, 
edge support constraints, m g n i  tudes of subjected overpressures, geometry, 
and materials (see Table 2 and Figures 13 through 15). Fagnitude o f  f i r s t  
def lect ion was the c r i t e r i o n  used to  reasure NASTRAWeS effectiveness. 
Stress was not used as a c r i  ter ion because deflection data i n  reference one 
i s  o f  more consistent quality. Deflection and stress exh ib i t  a l inear  rela- 
t ionship i n  a nater ia l 's  e las t ic  range. Therefore, deflection i s  a va l id  
measure o f  NASTrUW ' s effectiveness fo r  predict ing sure safe panel response, 
This i s  discussed i n  fur ther  deta i l  i f i  the Discussion. 

Shock tube t es t  are perforwed by generating a shock rave tha t  propaga- 
tes d m  a tube and st r ikes a specimen. Experimental data used for cot- 
parison i n  t h i s  project was performed a t  Sandia Corporation's THUWMWIPE 
shock tube i n  A1 buquetque, Mew Hexico. The THUMRPIPE shock tube genera- 
tes a shodr wave by pr imcord explosives. Figure 1 i s  taken from DHA report 
Dm-4278F and i l l us t ra tes  the dimensions of the Thunderpipe Shock Tube. The 
reader should real ize that  t h i s  i s  a re la t i ve l y  large tes t  f a c i l i t y .  

SHOCK TUBE TEST DATA 

Researching HASTRAN'S effectiveness for reproducing structural respon- 
ses obsened i n  shock tube tests required development o f  the data interpre- 
t r t i o n  methodology introduced i n  t h i s  section. This development i s  divided 
i n t o  the two subsections: Data Interpretat ion and Error Effects. Large 
erperillental data fluxuations required C v e l  opment o f  a data interpretat ion 
methodology. This methodology provides a conststent method o f  interpret ing 
the pressure t i n e  history data reported i n  reference 1. The irrterpreted 
data i s  input i n to  the NASTRAN model b u f l t  to simulate the tested structure, 
Error Effects i s  a study o f  the ef fects upon MASTRAN analysis if data con- 
tains an inherent interpretat ional error. 

Data Interpretat ion 

Validating any numerical analysis technique requires accurate and con- 
s is tent  methods fa r  reading experimental data used as analyt ical  input data. 
The following i s  a methodology developed f o r  reading experimental data of 
pressure t i ne  h is tor ies produced i;; the THUNMRPIPE shock tube. Ideal 
overpressure curves fo r  ref lected pressure time h i  stor ies are the guide1 i nes 
f o r  data interpretattons. 

The reference used f o r  ideal b las t  waves i s: The Effects of Nuclear 
Uea ons, compiled and edited by Samuel Glasstone an2 Phi l  i + p J. Dolacr, 3rd 
e 1 Ion, published by the United States Department o f  Defense and the Eqergy 
Research and Development Adninistration (hereinafter addressed as ref--ence 2). 
Ideal curves fo r  b las t  waves s e l d a  correlate exactly to  experimental shock 
tube data. Thus, i t  i s  emphasized that  ideal curves are used only as gufde- 
l ines. The methodolc,j developed pertains to ideal curves fo r  surface b las t  
naves that s t r i ke  nonnal t o  f l a t  and curved panels. Figure 2 and Defini t ions 
o f  Terms w i l l  enhance the reader's understanding o f  the methodology. 

Reflected pressure spikes are the most important consideration when 
f nterpreting pressure t ine  history data. Spike peaks and widths are depen- 
dent upon post-reflected peaks. Therefore, interpret ing experimental 



ref lected pressure data requires that  post-refl ected curves be detemi ned 
f i r s t ,  followed by in terpretat ion of spike peaks and then spike peak widths. 
F i t teA curves w i l l  va y fra one interpreter  to another, but the differences 
w i l l  be negl ig ib le i f  the guidelines for t h i s  methodology are followed. 

Pos t-Ref1 ected Curves 

Experimental shock wave Q t a  exhibi ts extreme fluxuations i n  the post- 
ref lected pressure zone (see Figure 3). These fluxuations are due to the 
cambined effects o f  mu1 t i p l e  detonations during i gn i t i on  o f  the primacord, 
close proximity o f  the t e s t  specimen to  the explosive, and possible experi- 
mental data noise. A r e a l i s t i c  approach t o  analysis requires t h i s  data be 
approximated as a smooth curve. Tine steps required to  analyse actual 
experimntal  data f luxuations would resu l t  i n  unnecessary expenditure o f  
computer time. Selecting the post-reflected curve i s  accapl ished by 
approximating a least  squares f i t  to the experimental data i n  the post- 
ref lected pressure wne. The method o f  leas t  squares i s  a numerical analy- 
s i s  technique f o r  selecting a par t i cu la r  curve t o  f i t  same given data. When 
approximating a least  squares fit, the approach i s  t o  maintain an area under 
the f i t t e d  curve tha t  equals the area under the experimental curve. The 
app l i cab i l i t y  o f  t h i s  approach t o  in terpret ing shock tube tes t  data i s  
ver i f ied i n  Figures 11 and 12 and discussed i n  Error Effects. 

Large data fluxuations i n  the experimental shock wave data d ic ta te  the 
need fo r  an approximated leas t  squarer f it instead o f  a computational fit. 
A major character ist ic o f  the actual computational method of least  sa.iares 
i s  tha t  it puts great emphasis on large fluxuations and l i t t l e  emphas~s on 
small fluxuations. As a result ,  extreme fluxuations i n  the recording of 
data usually dominate the results. 

Figure 3 i s  a typical  p l o t  o f  experimental post-reflectelr data 
f i t t e d  w i th  the correspondi no approximated least  squares curve. Note 
the f i t t e d  post-reflected curve follows the general path o f  the 
experimental data, while ignoring 1 arge fluxuations. Ideal post-ref1 ected 
curves character is t ica l ly  exh ib i t  a steady decline i n  pressure wi th time; 
however, experimental curves rnay decline more errat ica l  l y  as a resul t of 
t e s t  conditions. Uhatever the post-ref l  ected curve p r o f i l e  nay be, post- 
reflected peaks (Pr) always occur a t  the i n i t i a l  stagnation time ( t S )  of the 
pos t - r e f l  ected zone. 

Figures 4 through 6 represent panels tha t  have ideal stagnation times 
( t s )  o f  approximately .004 seconds (accordi ng to  Glasstone calculations) . 
Interpretat ions o f  Figures 4 througb 6 y i  e l  d experimental stagnation times 
( t s )  between .004 seconds and .007 seconds. Ideal stagnation times were 
used as guide1 i nes to  predict  ranges where experimental s t a ~ n a  t i on  times 
should occur. 

Spike Peaks 

Experimental spike peaks are dependent lipon the i r  associated post- 
ref lected pressure peaks. Relationships between spike peaks and unreflected 
peaks are developed i n  deta i l  i n  reference 2. This section develops the 
general appl icat ions o f  these !deal relationships as appl ied to experimental 
pressure data. 
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Reflected pressure spikes are charac te r i s t i c  of shock waves t rave l ing  
non-paral le l  paths r e l a t i v e  t o  the surface uhich they s t r i ke .  Ideal spike 
peaks f o r  re f lec ted  shock waves that  s t r i k e  a t  nomal  incidence t o  a f l a t  
surface are given by: 

Yhere: Pr = Reflected spike peak (ps i )  
Po = Ambient pressorXe, ahead o f  the shock f ront  (ps i  ) 

P = Peak incident overpressure, behind the shock f r on t  
( ps i )  

Peak incident overpresstlres were read from the experimental data 
labeled Tunnel Wall Incident Overpressure Time History. r t  was found that  
subs t i tu t ing  post-relected peaks (Ps) f o r  peak overpressures (0 )  y ie lds  
accurate resu l t s  f o r  reading the experimental data. 

Table 1 l i s t s  Pr t o  Ps re la t ionsh ips w i t h i n  the range o f  the experimen- 
t a l  data. These re la t ionsh ips are used t o  apjwoximate spike peak magni tug% 
Speci f ic  magnitudes are detennined by the data p r o f i l e s  w i t h i n  the approxi- 
aated regions. Examples of spike peak readings are given i n  Figures 4 
through 6. 

Spike Peak Uidths 

Reflected pressure spike peak widths are determined by experimental 
data p r o f i l e s  a t  the spike peak. Ideal  b l as t  waves do not exh ib i t  spike 
peak widths; however, t e s t  condit ions can induce t h i s  phenmenon. Spike 
peak magnitude and width are the most important data p ro f i l es  t o  be read, 
since they i n i t i a t e  the greatest struct : l ra l  and mater ia l  responses. Figures 
4 through 6 exh ib i t  data taken from various experimental plots. 
Corresponding r ~ o t a t  ions define the approach applied i n  i r i t e rp re t  ing both 
spike peak nagni tude and width. 

E r ro r  E f fec ts  

Analyt ical  def lect ions are dependent upon in terpreta t ions of the 
experimental re f lec ted  pressure time h is tor ies .  The in te rp re ta t ion  methodo- 
logy developed i n  the previous sect ions i s  subject t o  var iat ions from one 
i n t e rp re te r  t o  another. Considering these variat ions, the fo l lowing study 
was made t o  gain some ins igh t  t o  the degree of  e r ro r  induced. This study 
consists o f  two approaches as f o l  l w s :  spike peak width variat ions, and 
complete displacement o f  the pressure time h is tor ies .  Results of t h i s  study 
are covered i n  Discussion. 

Spike peak ~ i d t h  var ia t ions were ana l y t i ca l l y  applied t o  a 
22"x22"x.193" f l a t  unst i f fened panel w i t 9  2 sides clamped and 2 sides 
pinned. A pressure time h i s t o r y  was developed f o r  the f i r s t  shot and the 
spike peak width was a l tered f o r  the subsequent shots two and three. These 
curves were developed so le l y  f o r  the purpose o f  observation and do not 
necessar i ly  represent ideal pressure time h is to r ies  as developed by 
reference 2. The spec i f i c  pressure time h is to r ies  developed are l i s t e d  w i t h  
t h e i r  corresponding p l o t s  i n  Figure 7. Result ing def lect ions a re  p lo t ted  i n  
Figure 8. 



Complete displacement of pressure time h is to r ies  were studied to  
observe the e f f ec t s  of general var ia t ions i n  the in terpretat ions o f  iden- 
t i c a l  shock tube blasts. Actual in terpretat ions were developed by the 
arethodology covered i n  the section t i t l e d  Data In terpretat ion.  Ideal 
i nte rp re ta t i  ons were developed f ran exper fmnta l  data measured i n  the 
regf ons o f  the shock tube walls. These curves were developed f o r  the sole 
purpose o f  prov id i  ng various in terpretat ions for  ident ica l   hock tube 
blasts, and do not  necessari ly represent ideal  pressure time h i s to r i es  zs  
developed by reference 2. Two conpari sons were made on 22"x22"x.192" f l a t  
unst i f fened panels, one w i t h  a l l  sides clamped and another w i t h  a l l  sides 
hinged. The ideal  verses actual in terpretat ions are l i s t e d  w i t h  t h e i r  
corresponding p l o t s  i n  Figures 9 and 11. Resulting deflections are p lo t ted  
i n  Figures 10 and 12. 

NASTRAtJ ANALYSIS 

A t o t a l  o f  seven NASTRAN models were developed t o  simulate s t ruc tu ra l  
response t o  shock tube overpressur -s. NASTRAN models were dev:l oped and 
compared against shock tube tes ts  performed upon four f l a t  panels, one f l a t  
s t i f fened  panel, and one honeycomb panel. One curved panel was studied 
qua l i t a t i ve l y  since i nsu f f i c i en t  t e s t  data was provided f o r  a quant i ta t ive 
study. The four f l a t  panels and the curved panel were constructed w i t h  
CQUAD2 elements. For the f l a t  s t i f fened  panel, CQUAD2 elements were used 
f o r  the sk in  and CBAR elements were used f o r  the s t i f feners.  CQUADl ele- 
ments were used t o  construct the honeycomb panel. Refer t o  "The Nastra2 
User's Manual' for  deta i led explainations of  these elements. The seven 
NASTRAN models developed are presented i n  t h i s  secticn. Refer to  Table 2 
for  general model speci f icat ions, Figures 13 tnrough 15 f o r  model g e m t r y .  
C r i t e r i on  f o r  bu i ld ing  NASTRAN models i s  s imp l i c i t y  of desian. This assures 
t h a t  NASTRAtJ's e f f e ~ t i v ~ n e s s  w i l l  be researched from both aspects of economy 
and accuracy. 

Panel def lect ions are used as the c r i t e r i a  f o r  comparisons between 
NASTRAN analysis and shock tube data. Stress was not used as a c r i t e r i o n  
because def lect ion data i n  reference one i s  o f  more consistent qual i ty.  
Def lect ion and stress exh ib i t  a l i nea r  re la t ionship i n  a mater ia l 's  e l a s t i c  
range. Therefore, def lect ion i s  a v a l i d  measure of NASTRAN' s effectiveness 
for  pred ic t ing sure safe panel response. This i s  discussed i n  fu r ther  
de ta i l  i n  the sect ion t i t l e d  Discussion. Deflections are compared a t  panel 
centers. Tables 3 through 9 1 i s t  the interpreted pressure time h i s to r i es  
f o r  each panel analyzed. Figures 18 through 24 p l o t  the corresponding 
def lect ions f o r  each panel. Results o f  th.? comparison are a1 so covered i n  
Discussion. 

DISCUSSION 

Results o f  the NASTRAN analysis and shock tube t es t  comparisons are 
1 i s t ed  i n  Table 10. Results o f  the e r ro r  e f fects  studies are l i s t e d  i n  
Table 11 through 13. F i r s t  deflections character i  s t i ca l  l y  exh ib i t  the 
l argest def lect ion responses f o r  aperiodic loading; therefore, magnitudes 
o f  f i r s t  def lect ions are the comparison c r i t e r i a .  Times o f  def lect ions do 
not  d i c t a te  stress leve l  s and are therefore considered ins ign i  f icant .  



Percent e r ro r  between magnitudes of f i r s t  def lect  ions was the measure o f  
ef fect iveness i n  both the NASTSAN versus shock tube comparison and the e r ro r  
ef fects studies. 

A hand ca lcu la t ion  shows the cor re la t ion  between def lect  ion and s t ress 
response. The ca lcu la t ion  determines edge stress for Panel 1 from NASTRAN's 
predicted de f lec t  ion and compares t h i s  t o  edge stress data measured during 
the shock tube test .  Equations are taken from Formulas For Stress and --- 
Stra in  5 th  Ed., Raymond 3. Roark and Warren C. Young. -' 
For r e c t a n g ~ l a r  plates, a l l  edges fixed, 
uniform load over e n t i r e  p la te :  (TEDGE = Dl q b2/t2 

Vhere: & 
= 0*3078 1 Constants f o r  a square p l a te  ~ i t h  

CX = 0.0138 aspect r a t i o  = 1.0 
q = Uniform s t a t i c  load 
b = 22.0 i n  - long edge, a1 1 edges the came f o r  panel 1 
t = .I92 - l a t e  thickness 
E = 11.0 x log - Yaungs modulus 

OEDGE = Maximum st ress a t  edge 
Z ~ X  = .219 i n  ( f i r s t  de f lec t ion  maximum). 

F i r s t ,  ca lcu la te  the equivalent s t a t i c  t o  dynamic uniform load: 

q = (.219 i n )  (11.0 x 106 psi ;  i.192 in)3/(0.0138) (22.0 in14 

q = 5.27 ps i  

Second, ca lcu la te  maximum st ress a t  the edge: 

a~~~~ = & q b2!t2 

%OGE 
(-.3078) (5.27 p s i )  (22.0 in)2/(.192 in)2  

%os€ 
= 21297.18 ps i  

Shock tube t e s t  edge s t ress measurements f o r  panel 1 show a maximum value: 

 EDGE = 25000 ps i  

Thus: 

% ERROR = NASTRAN - Test I x 100 I Test 



% ERROR = 14.8 

= 
% ERROR 

Th is  correspon$is t o  a  12.4% e r r o r  i n  t he  d e f l e c t i o n  comparison f o r  panel 1. 
Therefore, s t ress  ana lys is  does c o r r e l a t e  very c i o s e l y  w i t h  d e f l e c t i o n  ana- 
l y s i s ,  as i s  expected s ince s t ress  and d e f l e c t i o n  e x h i b i t  a  l i n e a r  r e l a -  
t i o n s h i p  w i t h i n  a  ma te r i a l s  e l a s t i c  range. 

21297.18 - 25000 25000 I x  100 

Stress ana lys is  w i t h  NASTRAN requ i res  the appropr ia te  model. Such a  
model should incorpora te  a  center  element and re f i ned  elements a t  the middle 
o f  the  longest  f i x e d  e d ~ e  o f  the panel. A center  element i s  required t o  
c a l c u l a t e  s t ress  a t  t he  panel center. Ref ined elements a t  the  middle o f  the 
longest  f i x e d  edge are requ i red  t o  c a l c u l a t e  the maximum s t ress  fo r  a  f i x e d  
edge panel. The ref inement o f  elements i s  necessi tdted by the sharp s t ress  
g rad ien t  t h a t  occurs a t  a  panel 's  f i x e d  edge. D e f l e c t i o n  models do not  
r e q u i r e  such element refinement, and the re fo re  r e q u i r e  less  computer t ime 
than s t ress  models. For  these reasons d e f l e c t i o n  was used as the c r i t e r i o n  
f o r  comparing NASl'RAN result:, w i t h  '.he shock tube t e s t s  neasurements. 

Inherent  e r ro rs  o f  i n t e r p r e t a t i o n s  o f  pressure t ime h i s t o r i e s  taken 
f rom Boeing M i l i t a r y  A i rp lane Company shock tube t e s t  data are a  source o f  
e r r o r  i n  the  PiASTRAN ana lys is  comparison. The E r r o r  E f f e c t s  sect ion s tud ies  
two poss ib le  e r r o r  e f f ec t s .  F i r s t ,  a  study was conducted t o  observe the  
e r r o r  e f f e c t s  o f  spike peak w id th  va r i a t i ons .  Second, a  study was conducted 
t o  observe the  e r r o r  e f f e c t s  o f  c o n p l e t e l j  d i sp lac ing  the  pre5sure t ime 
h i s t o r y .  

Table 11 l i s t  f i r s t  and secortd de f l ec t i ons  f o r  shots 1, 2, and 3 o f  the 
sp i ke  peak w id th  study. The term shot r e f e r s  t o  a  pressure t ime h i s to ry .  
F igu re  7 p l o t s  the th ree shats and l i s t  t h e i r  corresponding pressure t ime 
h i s t o r i e s .  Corresponding d e f l e c t i o n  data i s  p l o t t e d  i n  F igure  8. These are 
consId?red reasonable va r i a t i ons  o f  i n t e r o r e t a t i o n s  f o r  spixe peaks repre-  
senteo by ';ie Boeing W i c h i t a  shock tube tL-t  data. 

S i x  poss ib le  e r r o r  e f f e c t s  are taken from t h i s  study and the r e s u l t s  
a re  l i s t e d  i n  Table 12. The procedure o f  t h i s  s tudy observes each shot as 
an ac tua l  and measures the e r r o r  e f f e c t  o f  the two subsequent shots as 
i dea l s .  Resul ts  o f  t h i s  study show t h a t  i t  i s  reasonable t o  expect approxi- 
n a t e l y  20% e r r o r  from a  spike peak and 37.4% e r r o r  i n  a  worse case. I t  i s  
emphasized nere t h a t  not  a l l  of THUNDERPIPE'S pressure t ime h i s t ~ y  data  i s  
sub jec t  t o  such inherent  i n t e r p r e t a t i o n a l  e r ro r .  

Complete di,,!acement o f  the pressure t ime h i s t o r y  curve i s  the second 
e r r o r  e f f e c t  study. F igures 9 through 12 p l o t  the  pressure t ime h i s t o r i e s  
and r e s u l t a n t  de f l ec t i ons  of the two cases. Table 13 l i s t  magnitudes f o r  
t h e  f i r s t  and second d e f l e c t i o n  p e ~ k s  and t h e i r  r e l a t i v e  percent errors.  
Times o f  de f l ec t i ons  are not  l i s t e n  s ince comparisons are made against  iden- 
t i c a l  IiASTRAN models, which r e s u l t s  i n  i d e n t i c a l  t imes of de f lec t ions .  

Each case represents two i n t e r p r e t a t i o n s  f o r  sn i d e n t i c a l  shock tube 
tes t .  Observing f i r s t  de f lec t ions ,  a  39.2% e r r o r  i s  found i n  the  worse case. 
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While t h i s  does not  represent a  reasonable inherent  i n t e r p r e t a t i o n a l  e r r o r  of 
the Boeing M i l i t a r y  A i rp lane Company shock tube data, i t  i s  noteworthy i n  
t h a t  i t  emphasizes the e f fec t  of the sp ike  peak. Spec i f i ca l l y ,  i t  takes 
r e l a t i v e l y  l a rge  va r ia t i ons  i n  i n t e r p r e t a t i o n s  of complete displacements t o  
produce the equivalent  e r r o r  r e s u l t i n g  from small va r ia t i ons  i n  i n te rp re ta -  
t i o n s  o f  spike peak cha rac te r i s t i cs .  This fo l lows basic aspects o f  dynamic 
s t r u c t u r a l  response f o r  long pulse durat ions, such as those induced on the 
panels i n  t h i s  study. The general r u l e  f o r  long pulse durat ions, those twice 
the  natura l  per iod  of the osci  1  l a t o r ,  i s  t ha t  s t r u c t u r a l  response depends 
p r i m a r i l y  on peak pressure and becomes i n s e n s i t i v e  t o  impulse. 

Resul ts  o f  the comparison I ?tween the NASTqAN ana lys is  and shock tube 
t e s t  are l i s t e d  i n  Table 10. F i  lures 18 throuqh 24 p l o t  the corresponding 
d e f l e c t  ions. As aforementioned, percent e r ro rs  between magnitudes o f  f i r s t  
de f l ec t i ons  are the  measurement c r i t e r i a  of effect iveness. 

Panels 1 through 4 e x h i b i t  very c lose comparisons between NASTRAN data  
and shock tube t e s t  data -- ranging from 6.5 t o  15.3% e r ro r .  These four 
panels are f l a t  and homoqeneous. Tney d i f f e r e d  i n  alumintim a l lcy ,  panel 
thickness, boundary consr .aints, and pressure t i n e  h i s to r i es .  Shock tube 
t e s t  data f o r  these four panels were we l l  def ined by Boeing M i l i t a r y  
A i rp lane Company, and there fore  considered t o  be c o r r e c t l y  modeled by 
Y ASTRAN . 

Trends f o r  e r r o r  due t o  modeling techniques cannot be deduced by c o w  
pa r ing  these f o u r  panels. By r e l a t i n g  panel descr ip t ions  i n  Table 2 t o  
r e l a t i v e  percent e r ro rs  i n  Table 10, i t  i s  determined tha t  ne i the r  boundary 
constra ints,  panel thickness, or mater ia l  p roper t ies  are propor t iona l  t o  
magnitude o f  e r ror .  

Panels 5 and 6 are f l a t  nonhomogeneous panels. Panel 5 i s  a h~jncycomb 
const ruc t ion  and panel 6 i s  a  s t i f fened panel. Shock tube t e s t  data t o r  
papel 5 was wel l  Jef ined by Boeing Wichita, and there fore  considered t o  be 
c o r r e c t l y  modeled by NASTRAN. Accordingly, panel 5 exh ib i  t j  a  very c loso 
comparison a t  7.2% er ro r .  Panel 6 e x h i b i t s  the worst case f o r  d e f l e c t  i c r  
comparisons a t  42.69% e r ro r .  

Factors tha t  nay have a f fec ted the r e s u l t s  o f  panel 6 are: i nco r rec t  
boundary ccndi t ions,  inherent  i n t e r p r e t a t i o n a l  e r r o r  o f  the pressure t ime 
h  i s  t,ory, and exceeding the 1  inear analys is capabi 1 i t i e s  o f  NASTRAN . This 
panel was modeled w i t h  boundary const ra in ts  as s ta ted  i n  the Boeing Wich i ta  
f i n a l  report .  Since de f l ec t  ion  frequencies between the NASTRAN and shock 
tube t e s t  data ~ u i n c i d e ,  i t  i s  assured t h a t  boundary condi t ions are def ined 
reasonably we1 1. Inherent i n t e r p r e t a t i o n a l  e r ro rs  o f  pressure time 
h i s t o r i e s  have been addressed i n  the  study on e r r o r  e f f e c t s  and show t h a t  
considerable e r r o r  can be induced. NASTRAN uses l i n e a r  f i n i t e  element ana- 
l y s i s ,  making i t  r e l i a b l e  i n  the e l a s t i c  range o f  a  mate ria?'^ response. 
Table 3 shows tha t  panel 6 was subjected t o  a  maximum r e f l e c t e d  overpressure 
o f  4.75 ps i .  P l a s t i c a l l y  y i e l d i n g  de f l ec t i ons  dur ing shock tube t e s t  exhi-  
b i t  substant i a1 l y  1  arger de f l ec t  ion  magnitudes than NASTRAN, since NASTRAN 
continues l i n e a r  past  the y i e l d  po in t  on the s t ress  s t r a i n  curve. Roeing 
M i  i i t a r y  Airp lane Company documents tha t  panel 6 p l a s t i c a l l y  deformed dur ing  
four shock tube tes ts .  F igure 23 ind ica tes  tha t  p l a s t i c  deformation may 
have occured dur ing  t h i s  shot; v e r i f y i n g  the p o s s i b i l i t y  t h a t  NASTRAN1s 
e l a s t i c  1imits.may have been exceeding. 



Panel 7 i s  used f o r  q u a l t t i a t i v e  comparisons only, since there i s  no 
experimental de f lec t ion  data ava i l  able. It i s  a curved hawgeneous panel 
which was subjected t o  a maximum overpressure o f  10.5 p s i  -- the ia rges t  o f  
a l l  panels studied. Figure 24 shows the de f lec t ion  response predicted by 
NASTRAN. The magnitude o f  the f i r s t  de f lec t ion  i s  r e l a t i v e l y  ma1 1, a t  .043 
inches, f o r  the s ize o f  re f lec ted  pressure experienced, This coincides 
reasonably w i th  Boeing M i l i t a r y  Airplane Company documentation t b s t  panel 
seven exh ib i ted no permanent deformation a f t e r  the test .  

CONCLUSIONS 

(1 )  NASTRAN i s  an accurate analysis code for pred ic t ing e l a s t i c  
s t ruc tu ra l  response t o  shock tube t es t s  used t o  simulate nuclear b l a s t  
overpressure ef fects.  

(2) Accurate pressure time h i s t o r i es  o f  shock b l a s t  are extremely 
v i  t a l  f o r  accurate predict ions of s t ructura l  response. 

( 3 )  NASTRAN's modeling f l e x i b i l  i t i e s  a1 low f o r  greater analysis capa- 
b i l i t i e s  of nuclear b l a s t  overpressure e f f ec t s  than are allowed w i th  present 
nuclear e f f ec t s  analysis codes. 

( 4 )  NASTRAN' s programing e f f i c iency  r esu l t s  i n  less computer time 
required than w i t h  present nuclear e f f ec t s  analysis cades. 

( 5 )  NASTRAN's accuracy i n  overpressure analysis requires accurate 
mode! generation, which i s  dependent upon accurate s t ruc tu ra l  and 1 oad inpu t  
data. 

Ps ( p s i 1  Pr ( p s i )  

Table 1 - Pr t o  PS re la t ionsh ips for  
approximating spike peak magnitudes. 
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PANEL 1 PANEL 2 PANEL 3 

PANEL 4 

TIME 
( sec - 

TABLE 4 

TIME 
( sec 1 - 

PANEL 5 

TABLE 6 

PANEL 7 . 

PRESSURE 
(psi  1 

PRESSURE 
(ps i )  

TABLE 7 

TINE 
( sec 1 - PRESSURE 

(psi  1 

TARLE 5 

PANEL 6 

TIME 
( sec 1 - P9ESSURE 

(ps i )  

TARLE 8 

Tables 3 - 9: 

Pressure Time HistarSes 
;nput i n t o  NASTRAN 
for Panels 1 - 7 

TABLE 9 
399 



1 s t  and 2nd Peak Deflections 

(1 )  x Error = I MASTRAN; ~ e s t  lo5 
T t I 

(2)  Test Data Not Avai:able 

Panel / 
Ikf'- 

l! lst 

1/2nd 

2 / l s t  

Table LO 

400 

9 

Time (sec) 

2/2nd 

3 / l s t  

312nd 

4 / l s t  

412nd 

5 l l s t  

512nd 
I 

6 / l s t  

6/2nd 

I 

7/lst 

7/2nd 

' L E r r o r ( 1 )  

16 .I 

7.7 

d 

36 .4 

i nches 

s ~ r m r  (1)  

12.4 

45 -0 

15 -3 

~UST~UH 

.M35 

.MI70 

.WMO 

Mgn 

WASTW 

.219 

- .088 

.I73 

l e s t  

.0030 

,0065 

.0044 

i tude ( 

l e s t  

.250 

- 160 

.I50 

-.OW 

.113 

-.a59 

.029 

-.@I2 

.I54 

-.039 

.066 

-.042 

.043 

- ,065 

.130 

- .067 

.031 

-. 009 

.I66 

- ,060 

,115 

- .030 

38.5 .0130 1 .OC90I 44.4 I 

-.015 

13.1 

11.9 

6 -5 

33 .3 

7 -2 

35 .O 

42.6 

40.1) 

(21 I - 
I 

. o w  

.OW5 

.0025 

.0050 

-00 18 

.0036 

.0025 

.OM0 

,0025 

.0045 

.OMO 

.Om0 

.0030 

.0055 

,0032 

.0057 

.@032 

.0055 

(2) 

n.o 

6.3 

16.7 

9.1 

43.8 

36.9 

21.9 

9.1 



Spike Peak 
Width Effects 

(1s t  and 2nd Deflection Peaks) 

Spike Peak 
Wf dth Effects 

(1st  Deflection) 

Defl . 
( inches 

.I412 

- -0572 

.I779 

-.092EI 

.I940 

-.lo91 

Shot/ 
Oefl . 
l l l s t  

112nd 

2 l l s t  

212nd 

3 l l s t  

312nd 

Table 11 Table 12 

Xime 
( sec 1 

.0039 

.0084 

.0039 

.0084 

.0045 

.0086 

Complete Displacement Effects 
(1s t  and 2nd Deflections) 

d 

Shot 
Ideal /Actual 

112 

113 

211 

213 

311 

312 * 

% Error (1) , 

20.6 

27 -2 

2€ .o 

8.3 

37 .C 

9.1 

Tabie 13 

( 1) s Error = Ideal - Actual x 100 1 1ct..1 1 

Case/ 
Defl . 
l / l s t  

112nd 

2 l l s t  

2/2nd 

Actucl 
Den . 

(itches) 

.219 

- .0@8 

.I73 

-.ON 

Ideal 
Den. 

(inches) 

.2162 

- ,0656 

. 2 W  

-.0739 

S Error ( 1  

1.3 

25.5 

39.2 

84.8 





DEFINITIONS OF TERm 

Reflected Pressure (Pr) - The i n i t i a l  pressure experienced by surfaces sub- 
jected t o  shock waves s t r i k i ng  a t  non-para1 l e l  paths re la t i ve  to  the 
surface. resul t ing i n  a greater pressure experienced by the surface 
than i s  present a t  the shock front. 

Reflected Pressure Tine History - A n w r i c o l  account ( tabular or  graphical 
o f  the pressure as a function o f  time experienced by a surface subjected 
t o  shock waves t ravel ing non-parallel paths re la t i ve  to  the surface. It 
i s  the additlor: of incident overpressure, dynmic pressure, and 
ref lected pressure effects. 

S ta~nat ion  Time ( t  1 - The t i ne  a t  which reflected pressure effects subside, 
leaving only fncident overpressure and dynamic pressure effects. It i s  
a function o f  panel geometry and shock wave velocity. Ideal ts i s  
calculated from reference 2. 

S tayat ion  Pressure (PSI - The post-reflected peak pressure tha t  correspond; 
t o  stagnation time ( ts).  

Ideal Pressure Curve - Developed i n  reference 2. Major characteristics are 
an i n i t i a l  reflected pressure effect u n t i l  time ts, f o l l m e d  by a 
steady and sore gradual decrease o f  the post-reflected pressure. 

SPIKE REFLECTED 

TYPICAL REFLECTED PRESSURE 
TIME HlSTORY CURVE 

Figure 2 - A typical  curve f i t t i n g  of a reflected pressure time history 
From the Boeinp; Wichita shock tube t e s t  data. 



ORIW4.L PASE 
OF POOR QUAi-m! 

LEAST SQUARES FIT 

Figure 3 - Approximated least squares fit on a typical plot of 
experimental post-reflected data. 



INTERPRETATIONS 

REFLECTED PRESSURE TIME HISTORY 

Figure i - An example of data interpretation. 

Curve F i t t i n g  for  Figure 4 

Apply a l eas t  squares approximation t o  curve fit post-ref; ected data. 
Note t ha t  experimental data f luxuat ions suhsf de around .028 seconds, g iv ing  
an ind ica t ion  o f  where tbe optimum approximated pressure leve ls  are for  the 
f i t t e d  curve. The post-ref lected peak (Ps) i s in terpreted t o  be 0.5 p s i  a t  
an experimental stagnation time (t,) j u s t  over ,006 seconds. 

Table 1 indicates the re f lec ted peak (P,) f s approximately 1.2 psi. 
Therefore, the i n i t i a l  experimental peak i s  taken as P a t  1.3 p s i  and the 
second experfmenral peak i s  disregarded since i t  i s  wel l  above the expected 
range of P,. F i t t i n g  only one po in t  i n  the range o f  Pr resu l t s  i n  the 
absence o f  a spike peak width. 



REFLECTED PRESSURE TIME HISTORY 

Figure 5 - An example of data interpretation. 

Curve Ff t t i n g  for  Ff gure 5 

Approxim~te a l eas t  squares curve t o  f f  t post-ref lected data. 
Experimental data f l uxua t f  ons subsf de around 0.022 seconds and 0.03 seconds, 
g iv ing  an ind ica t ion  o f  optimum f i t t e d  curve pressure levels. There are 
several data f luxuatfons before 0.016 seconds tha t  are ignored. The post- 
re f lec ted peak (PS) f  s in terpreted t o  be approximately .65 psi, 
correspondfng t o  an experfmental stagnation time ( t S )  around ,005 seconds. 

Calcu7ating the re f lec ted  peak y i e l ds  P approximately equal t o  1.3 p s i  - re fe r  t o  Table 1. The f n f t f a l  experimentaF peak f  r recorded as Pr a t  1.4 
p s i  and the second experimental peak i s  df sregarded since f  t i s  not w i th in  
the expected range o f  P,. There f  s no spfke wfdth because only one po in t  i s  
f i t t e d  i n  the range of Pr. 



REFLECTED PRESSURE TIME HISTORY 

Figure 6 - An example of data interpretation. 

5.0 - 

Curve F i t t i n g  f o r  Figure 6 

Curve f i t  the post-ref1 ected data w i t h  a l eas t  squares approximation. 
Post-ref lected data c l ea r l y  deviates from theory between tS and 0.012 
seconds. This i s  shock tube phenanenon and i s  recorded as f i t t e d  data since 
p ro j ec t  object ives are t o  va l idate  EJASTRAN against  shock tube test .  Near 
0.032 seconds experimental data f luxuat ions subside, g iv ing  an ind ica t ion  o f  
optimum approximate pressure leve ls  f o r  the f i t t e d  curve. The post- 
re f lec ted peak (P,) i s  in terpreted t o  be approximately 2.3 psi ,  
corresponding t o  an experimental stagnation time t s )  ,0045 seconds. Note 
t h a t  PS i s  defined as the i n i t i a l  pressure of the post re f lec ted  curve. 

I 
I I I 

0 FITTED CURVE - 
pr- 

Table 1 approximates the re f lec ted peak Pr a t  4.5 psi. Experimental 
data contains two po in ts  a t  t h i s  pressure range; therefore, a spike width 
does e x i s t  as indicated by the f i t t e d  curve. This deviates from the ideal 
bu t  i s  recorded i n  order t o  dupl icate shock tube phenomenon. Smooth spike 
peak widths are f i t t e d  and experimental data f luxuat ions a t  the peak are 
disregarded. 

- - 
r o - - I  II 



0.0 .01 .Ot 

t lYE (We) 

SRESSURE TIME HISTORIES 

Figure 7 - Error Effects Study #l. Spike peak width interpretation variations. 

SPIKE WIDTH DEFLECTION EFFECTS 

Figure 8 - Error effect study #l. Deflections resulting from pressures depicted 
in Figure 7. 



OR4G)DIUL Fk'i;c is 
OE POOR QUALITY 

l#.L A C T W  
TYY I mcm T W  mE.8. 

LO 4 0.0 6.0 )IUL lmTg-TATD. ::EM . 0.10 0.0.OI 1 .1 
ACTUAL IM-TAt#(r 0.0 1 1  0.08 0.002 O.a 

0.01I 0 .  0.001 0.0 
0.011 0 .  0.0110 0.40 

IJ 0.011t 0.- - 0.- 0.0 
i " 

i ., 1.0 
Y 
I a 

O J  

a0 .o 1 .Ot .OD 

PRESSURE TIYE HlSTOlllE S 

Figure 9 - Error effect study 1 2 .  Complete displacement interpretation variation. 

IDEAL vs. ACTUAL Df FLECTIOUS 

Figure 10 - Error effects study #2. Deflections resulting from 
pressures depicted in Figure 9. 



PRESSURE TIYE HISTORIES 

Figure 11 - Error effects study #3. Complete displacement interpretation variation. 

0.0 0.Ot 0.04 0.M O.0O 0 . 1 0  O . I t  0 I I 0 . 0  a t 0  

lrnt (urll 10.' 

IDEAL 1s. ACTUAL BEFLECTIOMS 

F i ~ u r c  L2 - Error +ffec:s study #3. Deflections resulting from pressures depicted in Figure 11. 



Figure 13 - NASTRAN finite element model for Panels 1 through 5. Refer to Table 2 for specific 
panel characteristics. 
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Ftgure 17 



Figure 18 - WASfRAW versus sbock tube deflections. 

PUNEL TWO 

Figure 19 - WT'RAN versus shock tube deflections. 



PANEL THREE 

Figure 20 - UASTRAN versus shock tube deflections. 

PAWEL FOUR 
Figure 21 - NASTRAN versus shock tube deflections. 



PANEL FIVE 

Figure 22 - NASTRAN versus shock tube deflections. 

PAME L 81% 

Figure 23 - NASTRAN versus shock tube deflections. 



PANEL SEVEN 

Figure 24 - NASTRAN analysis deflection. 



FINITE ELEMENT PREDICTION OF LOSS FACTORS FOR STRUCTURES 
WITH FREQUENCY-DEPENDENT DAMPING TREATMENTS 

Gordon C. E v e r s t i n e  and Melvyn S. Marcus 

Numerical Mechanics D i v i s i o n  
David T a y l o r  Naval Sh ip  IUD Center  

Bethesda,  Hary land 20384 

A f i n i t e  e lement  p rocedure  is d e s c r i b e d  f o r  c a l c u l a t i n g  t h e  l o s s  f a c t o r s  f o r  
e l a s t i c  s t r u c t u r e s  t o  which frequency-dependent v i s c o e l a s t i c  damping t r e a t m e n t s  
have been a p p l i e d .  The f requency dependence of  t h e  v i s c o e l a s t i c  damping m a t e r i a l  
is t r e a t e d  by approx imat ing  i ts  s h e a r  modulus w i t h  a  second-order  polynomial  s o  
t h a t  t h e  s t i f f n e s s e s  a s s o c i a t e d  w i t h  t h e  c o n s t a n t ,  l i n e a r ,  and q u a d r a t i c  t e rms  
c a n  be combined, r e s p e c t i v e l y ,  w i t h  t h e  s t i f f n e s s ,  damping, and mass m a t r i c e s  
assembled f o r  t h e  rest o f  t h e  s t r u c t u r e .  A s ; n g l e  complex e i g e n v a l u e  a n a l y s i s  is 
t h e n  performed i n  which t h e  e i g e n v a l u e s  a r e  p u r e l y  imaginary.  The l o s s  f a c t o r  is  
computed by t h e  modal s t r a i n  energy  (MSE) approach f i r s t  fo rmula ted  i n  1962 by 
Ungar and Kerwin and r e c e n t l y  r e c a s t  i n  t h e  f i n i t e  e lement  c o n t e x t  by Johnson, 
Kienholz ,  and Rogers. I n  t h e  HSE approach,  t h e  l o s s  f a c t o r  o f  a composi te  
s t r u c t u r e  v i b r a t i n g  i n  one o f  i t s  n a t u r a l  modes may be v i s l a l i z e d  a s  a  weighted 
average  o f  t h e  l o s s  f a c t o r s  o f  t h e  component p a r t s ,  w i t h  t h e  r e l a t i v e  s t o r e d  
e n e r g i e s  a s  we igh t ing  c o n s t a n t s .  The f i n i t e  e lement  procedure ,  which c a n  t r e a t  
ve ry  g e n e r a l  geomet r i es ,  is i l l u s t r a t e d  f o r  t h e  c a s e  o f  a  v i b r a t i n g  c o n s t r a i n e d -  
l a y e r  damped p l a t e .  

INTRODUCTION 

Damping t r e a t m e n t s  a r e  f r e q u e n t l y  a p p l i e d  t o  e n g i n e e r i n g  s t r u c t u r e s  t o  
reduce bo th  v i b r a t i o n  and no i se .  For example, l amina ted  p l a t e s  composed of  
a l t e r n a t e  l a y e r s  o f  e l a s t i c  and v i s c o e l a s t i c  m a t e r i a l s  have been used a s  
s t r u c t u r a l  members which can  d i s s i p a t e  v i b r a t o r y  energy a s  w e l l  a s  m a i n t a i n  t h e  
r e q u i r e d  s t r u c t u r a l  i n t e g r i t y .  

 he f i n i t e  e lement  p r e d i c t i o n  of t h e  dynamic r e s p o n s e  of such s t r u c t u r e s  is 
compl ica ted  c o n s i d e r a b l y  by t h e  frequency-dependence o f  t h e  v i s c o e l a s t i c  m a t e r i a l  
p r o p e r t i e s .  Because t h e  s t r u c t u r e ' s  s t i f f n e s s  m a t r i x  i s  frequency-dependent,  t h e  
f i n i t e  e lement  e q u a t i o n s  a r e  n o n l i n e a r  r a t h e r  than  l i n e a r ,  and c o n v e n t i o n a l  
a n a i y s i s  cannot  be used. For example, t h e  c a l c u l a t i o n  o f  time-harmonic f o r c e d  
response  by a  d i r e c t  approacn ; i n  t h e  p h y s i c a l ,  r a t h e r  than  modal, c o o r d i n a t e s  o f  
t h e  s t r u c t u r e )  vould r e q ~ * : r e  t h e  complete  re-assembly and s o l u t i o n  o f  t h e  system 
e q u a t i o n s  f o r  each  d r i v e  f requency.  Also, w i t h  most f i n i t e  e lement  codes ,  t h e  
o v e r a l l  damping c h - r q c t e r i s t i c s  of t h e  s t r u c t u r e  canno t  be de te rmined  by s o l v i n g  
t h e  complex e i g e n v a l u e  problem s i n c e  t h e  frequency-dependence of  t h e  c o e f f i c i e n t  
m a t r i c e s  r e s u l t s  i n  a  n o n l i n e a r  e i g e n v a l u e  problem. 

T h i s  paper d e s c r i b e s  how c o n s t a n t  c o e f f i c i e n t  m a t r i c e s  i n  f i n i t e  e lement  
a n a l y s i s  c a n  be r e s t o r e d  s o  t h a t  t h e  d i f f i c u l t i e s  a s s o c i a t e d  w i t h  f requency-  
dependent  matcr i .a l  p r o p e r t i e s  can  be reduced. I n  e s s e n c e ,  a  frequency-dependent 
m a t e r i a l  p r o p e r t y  is approximated by a polynomial q u a d r a t i c  i n  t h e  c i r c u l a r  
f requency w, and t h e  c o c f f i c i a n t ~  of  t h e  f i r s t  and second o r d e r  terms of  t h e  



polynomial  a r e  combined w i t h  t h e  sys tem damping and mass m a t r i c e s ,  r e s p e c t i v e l y .  
The main r e q u i r e m e n t s  f o r  t h i s  approach a r e  ( 1 )  t h a t  t h e  frequency-dependence can  
be a d e q u a t e l y  r e p r e s e n t e d  by a  q u a d r a t i c ,  and ( 2 )  t h a t  t h e  f i n i t e  e l ement  code 
can  h a n d l e  complex s t i f f n e s s ,  damping, and mass m a t r i c e s .  NASTRAN, f o r  example,  
a l l o w s  t h e s e  a a t r i c e s  t o  b e  complex. 

T h i s  paper  d i s c u s s e s  two problems f o r  s t r u c t u r e s  t o  which f requency-  
dependent  v i s c o e l a s t i c  damping t r e a t m e n t s  have  been a p p l i e d :  

1. f o r c e d  time-harmonic r e s p o n s e  a n a l y s i s  u s i n g  p h y s i c a l ,  r a t h e r  t h a n  
modal, c o o r d i n a t e s  ( c a l l e d  " d i r e c t  f r equency  response"  ; n NASTRAN), and 

2. p r e d i c t i o n  o f  t h e  o v e r a l l  sys tem l o s s  f a c t o r  ( s t r , : c t u r a l  damping 
c o e f f i c i e n t ) .  

Convenient  s o l u t i o n  o f  t h e  f i r s t  problem r e q u i r e s  o n l y  t h e  q u a d r a t i c  
polynomial  approx imat ion  t o  t h e  f r equency  dependence o f  t h e  v i s c o e l a s t i c  m a t e r i a l  
p r o p e r t i e s .  For t h e  second problem, t h e  approach t a k e n  h e r e  i s  t o  u s e  t h e  
q u a d r a t i c  f i t  o n l y  f o r  t h e  r e a l  p a r t  of t h e  v i s c o e l a s t i c  modulus, and t h e n  t o  
s o l v e  a n  undamped ( b u t  m a t h e m a t i c a l l y  complex) e i g e n v a l u e  problem and a p p l y  t h e  
modal s t r a i n  ene rgy  (HSE) approach t o  e x t r a c t  t h e  sys tem l o s s  f a c t o r .  

APPROXIMATION FOR FREQUENCY-DEPENDENT PATERIALS 

The f o r m u l a t i o n  a f  a  s t r u c t u r a l  dynamics problem f o r  f i n i t e  e l ement  so1l;tion 
r e s u l t s ,  i n  t h e  t i m e  domain, i n  t h e  m a t r i x  e q u a t i o n  

where M, B,  and K a r e  t h e  mass, v i s c o u s  damping, and s t i f f n e s s  m a t r i c e s ,  
r e s p e c t i v e l y ,  u  is t h e  v e c t o r  o f  unknown d i sp lacement  components a t  t h e  g r i d  
p o i n t s ,  and F is t h e  v e c t o r  of a p p l i e d  f o r c e s  a t  t h e  g r i d  p o i n t s .  

For time-harmonic l o a d i n g ,  

where w and Fo a r e ,  r e s p e c t i v e l y ,  t h e  c i r c u l a r  f r equency  and complex ampl i tude  o f  
t h e  a p p l i e d  f o r c e ,  and uo is t h e  complex ampl i tude  of t h e  d i s p l a c e m e n t  r e sponse .  
I n  t h a t  c a s e ,  t h e  time-harmonic form of Equatron ( 1 )  i s  

Cons ide r  a  s t r u c t u r e  made o f  one o r  more m a t e r i a l s ,  o n l y  one o f  which is  
damped. Assume t h a t  t h e  damped m a t e r i a l  (which may be a n i s o t r o p i c )  is modeled 
m a t h e m a t i c a l l y  by t h e  complex modulus a proach,  i n  which t h e  modulus o f  
e l a s t i c i t y  i s  t h e  complex number E ( l + i n y ,  where s is t h e  l o s s  f a c t o r  f o r  t h e  
m a t e r i a l .  Assume a l s o  t h a t  a l l  moduli  f o r  t h a t  m a t e r i a l  have t h e  same l o s s  
f a c t o r  0 and,  hence,  t h a t  t h s  P o i s s o n ' s  r a t i o s  a r e  r e a l  and f requency-  
independent .  S ince  e v e r y  term of  t h e  f i n i t e  e lement  m a t e r i a l  m a t r i x  D (which 
c o n v e r t s  t h e  s t r a i n  v e c t o r  t o  t h e  s t r e s s  v e c t o r  f o r  a n  e l e m e n t )  i s  p r o p o r t i o n a l  
t o  one o f  t h e  e l a s t i c  modul i ,  t h e  f r equency  dependence can be f a c t o r e d  o u t  a s  
a  common d i m e n s i o n l e s s  s c a l a r  f a c t o r :  



where Co is a  r e a l ,  f requency-independent  r e f e r e n c e  m a t e r i a l  m a t r i x ,  a(@) i s  
a  d i m e n s i o n l e s s  f a c t o r  which e x p r e s s e s  t h e  f requency dependence of t h e  r e a l  
p a r t  of t h e  e l a s t i c  moduli ,  and n(w) i s  t h e  frequency-dependent l o s s  f a c t o r  f o r  
t h e  m a t e r i a l .  I n  e f f e c t ,  Do i s  t h e  m a t e r i a l  m a t r i x  f o r  some a r b i t r a r y  f requency 
wo, and c D o  is t h e  r e a l  p a r t  of t h e  m a t e r i a l  m a t r i x  f o r  some o t h e r  f requency w; 
t h u s ,  a(wO) = 1. It t h e r e f o r e  f o l l o w s  t h a t  t h e  s t i f f n e s s  m a t r i x  Kd f o r  t h e  
p o r t i o n  of t h e  s t r u c t u r e  made of t h e  damped m a t a r i a l  i s  o f  t h e  form 

where KO is t h e  r e a l  p a r t  of  Kd a t  t h e  r e f e r e n c e  f requency wc.  The s t i f f n e s s  
m a t r i x  f o r  t h e  remainder  of t h e  s t r u c t u r e  ( t h e  undamped p o r t i o n )  w i l l  be denoted 

K e *  
With damping modeled u s i n g  t h e  complex modulus approach,  M i n  Equa t ion  ( 4 )  

is r e a l ,  B = 0 ( u n l e s s  v i s c o u s  damping is a l s o  p r e s e n t ) ,  and K i s  complex. The 
r e a l  p a r t  of K i n c l u d e s  t h e  c o n t r i b u t i o n s  from a l l  components and m a t e r i d l s  i n  
t h e  s t r u c t u r e .  However, i f  on ly  one m a t e r i a l  h a s  complex modul i ,  t h e  imaginary 
p a r t  of t h e  system s t i f f n e s s  m a t r i x  K a r i s e s  on ly  from t h e  damped m a t e r i a l ,  t h u s  
a l l o w i n g  t h e  s t i f f n e s s  m a t r i x  £?r t h e  damping m a t e r i a l  t o  be  e x t r a c t e d  from t h e  
o v e r a l l  sys tem s t i f f n e s s  mat r ix .  I f  t h e  l o s s  Eac to r  ( s t r t c t u r a l  damping 
c o e f f i c i e n t )  f o r  t h e  damping n a t e r i a l  is s p e c i f i e d  a s  u n i t y  on t h e  f i n i t e  
e lement  m a t e r i a l  p r o p e r t i e s  d a t a  c a r d ,  

The s t i f f n e s s  m a t r i x  K, f o r  t h e  reinainder o f  t h e  s t r u c t u r e  ( t h e  undamped 
p o r t i o n )  is t h e n  o b t a i n e d  by s u b t r a c t i n g  from t h e  sys tem m a t r i x  K t h e  
c o n t r i b u t i o n  from t h e  damping a a t e r i a l :  

where K i s  t h e  (complex) s t i f f n e s s  m a t r i x  f o r  t h e  e n t i r e  s t r u c t u r e  assuming t h a t  
n = 1 i s  s p e c i f l e d  f o r  t h e  damped p o r t i o n .  

It w i l l  be c o n v e n i e r ~ t  t o  w r i t e  Equat ion ( 6 )  i n  t h e  form 

where 

I f  t h e  dependence of a and on w were q u a d r a t i c ,  it is c l e a r  from Equat ion (4 )  
t h a t  t h e  frequency-dependent terms could be absorbed i n t o  t h e  sys tem 's  mass and 
v i s c o u s  damping m a t r i c e s ,  the reby  t r a n s f o r m i n g  t h e  problem i n t o  s t a n d a r d  form 
(a l though  w i t h  complex c o e f f i c i e n t  m a t r i c e s ) .  

There fore ,  we a t t empt  t o  approximate  a ( @ )  and B(w) w i t h  t h e  q u a d r a t i c  
polynomials  

The s i x  unknown c o e f f i c i z n t s  i n  Equa t ious  ( 1 1 )  and ( 1 2 )  can be determined by 
s t a n d a r d  l e a s t - s q u a r e s  p rocedures  (which a r e  summarized i n  t h e  nex t  s e c t i o n ) .  



With q u a d r a t i c  f requency-dependence  o f  t h e  damping m a t e r i a l ,  t h e  
c o e f f i c i e n t  m a t r i c e s  M, R, and K i n  Equa t ion  ( 4 )  c a n  Le r e p l a c e d  by new complex 
m a t r i c e s  M*, B*, and K* d e f i n e d  by t h e  e q u a l i t y  

where Ke i s  t h e  s y s t e m  s t i f f n e s s  m a t r i x  f o r  t h e  undamped p a r t  o f  t h e  s t r u c t u r e ,  
B i s  t h e  damping m a t r i x  f o r  t h e  v i s c o u s  dam?ers,  i f  any,  and M i s  t h e  o r i g i n a l  
mass m a t r i x  f o r  t h e  e n t i r e  s t r u c t u r e .  Thus, by e q u a t i n g  c o e f f i c i e n t s  o f  l i k e  
powers o f  w i n  Equa t ion  ( 1 3 ) ,  we o b t a i n  

where Ke is d e t e r m i n e d  from Equa t ion  (8).  I n  t h i s  form, t h e  new c o e f f i c i e n t  
m a t r i c e s  M*, B*, and K* are complex and independen t  o f  f r equency .  

Tc summarize,  t h e  f r e q u e n c y  dependence  o f  t h e  r e a l  and imag ina ry  p a r t s  o f  
t h e  modul i  of  t h e  v i s c o e l a s t i c  m a t e r i a l  i s  r e p l a c e d  by a  q u a d r a t i c  s o  t h a t  such  
dependence  c a n  be abso rbed  i n t o  t h e  sys t em mass and damping m a t r i c e s .  The 
p r i n c i p a l  a s s u m p t i o n s  made a r e  ( 1 )  t h a t  t h e  f r e q u e n c y  dependence  o f  t h e  m a t e r i a l  
c a n  be d e s c r i b e d  by a  s i n g l e  s c a l a r  f u n c t i o n ,  ( 2 )  t h a t  t h i s  f u n c t i o n  c a n  be 
a d e q u a t e l y  r e p r e s e n t e d  by a  q u a d r a t i c  po lynomia l ,  and ( 3 )  t h a t  t h e  E i n i t e  e l e m e n t  
code  is g e n e r a l  enough t o  a l l o w  complex c o e f f i c i e n t  m a t r i c e s .  

CURVE-FITTING 

Let  y ( x )  r e p r e s e n t  one  o f  t h e  two f requency-dependent  m a t e r i a l  p r o p e r t y  
f u n c t i o n s  a(u) and B[w) d e f i n e d  i n  E q u a t i o n  (9) .  Assume t h a t  y ( x )  is  known a t  
n  p o i n t s  ( x i , y i ) ,  i = 1 , 2 ,  ... ,n.  We wish  t o  approx ima te  y ( x )  by t h e  q u a d r a t i c  
po lynomia l  

i n  such  a  way t h a t  t h e  r e s i d u a l  

is minimized,  where r; is t h e  w e i g h t i n g  f a c t o r  f a r  p o i n t  i. T h i s  is t h e  
c l a s s i c a l  l e a s t  s q u a r e s  problem. To min imize  t h e  s q u a r e s  of t h e  a b s o l u t e  e r r o r s ,  
wi = 1. To min imize  t h e  s q u a r e s  o f  t h e  r e l a t i v e  e r r o r s ,  w; = l / y i2 .  

The po lynomia l  c o e f f i c i e n t s  which m i n i a i z e  t h e  r e s i d u a l  R a r e  t h e  so11:t ions 
o f  t h e  symmetr ic  sys t em [ l j  



where a l l  summations a r e  from i = l  t o  n. 

MODAL STRAIN ENERGY APPROACH TO DAMPING 

The r e l a t i o n s h i p  between damping and energy concep t s  £0- nonhomogeneous 
s t r u c t u r e s  was a p p a r e n t l y  f ' r s t  formulated by Ungar and Kerwin i n  1962 [ 2 ] .  I n  
g e n e r a l  t e rms ,  they showed t h a t  t h e  l o s s  f a c t o r  of a  composi te  s t r u c t u r e  may be 
computed a s  a  weighted average  of t h e  l o s s  f a c t o r s  of t h e  component p a r t s ,  w i t h  
t h e  r e l a t i v e  s t o r e d  e n e r g i e s  a s  we igh t ing  f a c t o r s .  The Ungar-Kerwin i d e a s  were 
r e c e n t l y  r e c a s t  i n  t h e  f i n i t e  e lement  c o n t e x t  by Johnson, Kienholz ,  and Rogers 
[3 -51 .  For completeness ,  we s u m a r i z e  ( i n  a  s l i g h t l y  d i f f e r e n t  form) t h e  a s ? e c t s  
of t h i s  work needed here .  

The complex Raylelgh q u o t i e n t  f o r  a  damped s t r u c t u r e  may be w r i t t e n  i n  t h e  
f  orm 

where KT = s t i f f n e s s  m a t r i x  ( r e a l )  f o r  t h e  e n t i r e  s ' r u c t u r e  
Kd = s t i f f n e s s  m a t r i x  ( r e a l )  f o r  t h e  p a r t  of t h e  s t r u c t u r e  which i s  

damped (i .e. ,  t h e  v i s c o e l a s t i c  m a t e r i a l )  
nd = l o s s  f a c t o r  ( r e a l )  f o r  t h e  v i s c o e l a s t i c  m a t e r i a l  
M = mass m a t r i x  ( r e a l )  f o r  t h e  e n t i r e  s t r u c t u r e  
+d = complex e i g e n v e c t o r  (mode shape)  f o r  a  damped mode of t h e  s t r ~ c t u r e  
w = c i r c u l a r  n a t 2 r a l  f requency ( r e a l )  f o r  t h e  mode 
n = composi te  l o s s  f a c t o r  ( r e a l )  f o r  t h e  e n t i r e  s t r u c t u r e  

For l i g h t l y  damped s t r u c t u r e s ,  t h e  damped mode shape  Od may be approximated by 
t h e  r e a l  e i g e n v e c t o r  + o b t a i n e d  by s o l v i n g  t h e  r e a l ,  undamped p igenva lue  problem. 

Using t h i s  approximat ion ( I $ ~  = 4) and e q u a t i n g  t h e  imagina- p a r t s  of  
Equat ion ( 2 0 )  t o  each o t h e r  y i e l d s  

S ince  t h e  r e a l  e ige i tvec to r  + s a t i s f i e s  

we o b t a i n  

where k ~  i s  t h e  g e n e r a l i z e d  s t i f f n e s s  of t h e  mode. and kd i s  the  c o n t r i b u t i o n  of 



t h e  v i s c o e l a s t i c  m a t e r i a l  t o  :he g e n e r a l i z e d  s t i f f n e s s .  S ince  t h e  g e n e r a l i z e d  
s t i f f n e s s  f o r  a  mode is  e q u a l  t o  twice  t h e  e l a s t i c  s t r a i n  energy  i n  t h e  mode, 
Equat ion (24) may be i n e e r p r e t e d  a s  s t a t i n g  t h a t  t h e  r a t i o  of  t h e  composi te  l o s s  
f a c t o r  n t o  t h e  l o s s  f a c t o r  of t h e  v i s c o e l a s t i c  m a t e r i a l  i s  e q u a l  t o  t h e  f r a c t i o n  
of t h e  t o t a l  s t r a i n  energy con ta ined  i n  t h e  damping m a t e r i a l .  

More g e n e r a l l y ,  f o r  s t r u c t u r e s  c o n t a i n i n g  s e v e r a l  damping m a t e r i a l s  w i t h  
i n d i v i d u a l  l o s s  f a c t o r s  n 1 ,  n2,  n3, ..., t h e  composi te  l o s s  f a c t o r  f o r  t h e  
s t r u c t u r e  is 

n = q l ( k l / k T )  + n 2 ( k 2 / k ~ )  + (25) 

where k; i s  the  c o n t r i b u t i o n  of  t h e  i t h  damping m a t e r i a l  t c  t h e  t o t a l  g e n e r a l i z e d  
s t  i f  f n e s s  k ~ .  

Equat ion (24)  i s  implemented w i t h i n  t h e  f i n i t e  e lement  procedure  by 
performing a n  uridamped e i g e n v a l u e  a n a l y s i s  and e x t r a c t i n g  f o r  each mode t h e  t o t a l  
s t r a i n  energy  2kT and t h e  s t r a i n  energy 2kd c o n t a i n e d  i n  t h e  v i s c o e l a s t i c  
m a t e r i a l .  I n  t h e  undamped a n a l y s i s ,  t h e  damping m a t e r i a l  i s  modeled and a s s i g n e d  
a  z e r o  l o s s  f a c t o r .  

NASTRAN IMPLEMENTATION 

With NASTRAN a n a l y s i s ,  t h e  s p e c i f i c a t i o n  o f  q u a d r a t i c  f requency dependence 
f o r  p a r t  of a s t r u c t u r e  r e q u i r e s  t h a t  t h e  s t i f f n e s s  m a t r i x  f o r  t h a t  p a r t  be 
a v a i l a b l e  and t h a t  v a r i o u s  s c a l a r  m u l t i p l e s  of t h a t  m a ~ r i x  be c o m b i r  1 with  t h e  
o r i s i n a l  s t i f f n e s s ,  mass, and damping m a t r i c e s  f o r  t h e  e n t i r e  sys te r  . 

A conven ien t  way t o  o b t a i n  t h e  s t i f f n e s s  m a t r i x  f c r  a  s u b s e t  of e l e m e n t s  
( t h e  v i s c o e l a s t i c  m a t e r i a l )  i n  a  s t r u c t u r e  i s  t o  s p e c i f y  a  u n i t  m a t e r i a l  damping 
c o n s t a n t  (g  = 1)  on t h e  m a t e r i a l  c a r d  f o r  t h a t  s u b s t r u c t u r e .  I n  t h a t  c a s e ,  t h e  
r e f e r e n c e  e l a s t i c  s t i f f n e s s  m a t r i x  8, f o r  t h e  damping m a t e r i a l  i s  merely  t h e  
NASTRAN d a t a  block K4GG. Thus, Erom Equat ion ( 8 ) ,  t h e  e l a s t i c  s t i f f n e s s  m a t r i x  
Ke f o r  t h e  r e s t  of the  s t r u c t c r e  ( a l l  m a t e r i a l  e x c e p t  t h e  damping m a t e r i a l )  i s  

K, = KGGX - K4GG (26)  

where KGGX i s  t h e  NASTRAN d a t a  block c o n t a i n i n g  t h e  r e a l  p a r t  of t h e  complete  
system s t i f f n e s s  mat r ix .  With t h e  use  o f  NASTRAN d a t a  b lock  terminology,  
Equa t ions  ( 1 4 )  - (16)  t h e n  become 

K* = KGGY + ( a o  - 1  + i S o )  K4GG (27)  

B* = BGG + ( 8 1  - i a l )  K4GG (28)  

where t h e  n e r  complex m a t r i c e s  K*, B*, and M* r e p l a c e  t h e  o r i g i n a l  m a t r i c e s  KGGX, 
BGG, ar.d MGG, r e s p e c t i v e l y .  T h i s  replacement  i s  e f f e c t e d  w i t h  an ALTER t o  t h e  
r i g i d  format.  ' f i e  s c ~ l a r  m u l t i p l i e t s  i n  Equa t ions  ( 2 7 )  - ( 2 9 )  a r e  d e f i n e d  i n  
NASTK4N u s i n g  t h r e e  complex paramete r s  : 

PARMK = ( a o  - 1 ,  8,) 

PARMB = ($1,  -a1) 



where the a's and fl's are the coefficients of the quadratic curve fits in 
Equations (11) and (12). 

Forced Response 

For the calculation of forced time-harmonic response (NASTRAN's Rigid Format 
8) ,  an ALTER to effect Equations ( 2 7 )  - (29) would be sufficient to enforce 
quadratic frequency dependence of the properties of one material. The DMAP ALTER 
vhich implements these changes is shown in Figure 1. The first section (ALTEK 
41) replaces the original coefficient matrices with the new matrices K*, M*, and 
B* defined in Equations (27) - (29). The other three sections replace NAVRAN's 
functional modules SMPl and SMP2, which perform the static condensation (Cuyan 
reduction) on the stiffness, mass, and damping matrices. These replacements are 
needed because SMPl and SMP2 do not allow ccmplex input. 

ALTER 41 $ APR 84, R.F. 8, FREQ-DEP U T L  
PARAM //*MPY*/NOBGI;/l/l $ YES BGG 
P A q W  //*MPY*/NOK~GG/ 11-1 $ NO K4GG 
ADD KGGx, K~GG/KBAR//C,Y, PARMK $ NEW K 
ADD MGC , K~GG/MBAR//C,Y, PARMM $ NEW M 
ADD BGG ,K4GG/BBAR//C,Y,PARMB $ NEW B 
EQUIV KBAR, KGCx//MBAR,MGG/ /BBAR, BGG $ NEW K, B ,M 
PURGE K4GG $ 

ALTER 78,78 $ REPLACE SMPl FOR C0MPl.c.X K 
UPARTN USET,KFF/KAAB,KOA,,KOO/*F*/*A*/*O* $ 
SOLVE EOO,KOA/GO/l/-1 $ 
MPYAD KGA,GO,KAAB/KAA/~ $ 
DIAGONAL KAA/AVEC/*COLUMN*/O. $ VECTLR OF ONES 
ADD AVEC,/PVEC/(O.O,O.O) $ VECTOR OF ZEXOS (P-VEC) 
MERGE KAA, , , ,PVEC, /KAASYM/-1/16 $ DUMMY MERGE FOR K 
EQUIY KAASYM,KAA $ KAA TRAILER NOW SYMMETRIC 

ALTER 80,80 $ REPLACE SMP2 FOR COMPLEX M 
UPAR'IN USET,MFF/MAAB,MOA,,MOO/*F*/*AC/*OX $ 
MPYAD MOO,GO,E' \X/TEMP1/1 $ 
MPYAD GO,TEMPl,MAAB/TEMF2/1 $ 
MPYAD MOA, GO,TEMPZ/MAA/ 1 $ 
MERGE MAA,,,,PVEC,/MAASYM/-1/16 $ DUMMY MERGE FOK M 
LQUIV E:AASYM,MAA S MAA TRAILER NOW SYMMETRIC 

ALTER 83,83 $ REPLACE SMP2 FOR COMPLEX B 
UPARTN USET, BFFIBAAB, BOA,, B0O/*F*/~A*/*Of $ 
MPYAD BOO, GO,BOA/TEMP3 / 1 $ 
MPYAD GO,TEMP3, BAAB/TEMP4/ 1 $ 
MPYAD BOA,GO,TEM?4/BAA, 1 $ 
MERGE BAA,, , ,€'VEC, /BAAsYM/-1/16 $ DUMMY MERGE FOR B 
EQUIV BAASYM,BAA $ BAA TRAILER NOW SYMMETRIC 

ENOALTXR $ 

Figure 1 - DMAP ALTER far Rigid Format 8 for Time-Sermonic 
Response of Structures with Frequency-Dependent Material Properties 



To summarize, tho  NASTRAN procedure  f o r  c a l c u l a t i n g  t h e  t i m e - h a m n i c  
response  o f  a  s t r u c t u r e  w i t h  one frequency-dependent damping m a t e r i a l  is a s  
f  01 lows: 

I .  Perform a  l e a s t  s q u a r e s  q u a d r a t i c  f i t  t o  one o f  t h e  elastic modul i  t o  
d e t e r n i n e  t h e  a ' s  and P ' s  i n  Equa t ions  (11)  and (12).  For v i s c o e l a s t i c  
m a t e r i a l s  (e.g., r u b b e r ) ,  t h e  s h e a r  modulus G i s  u s u a l l y  used,  i n  which c a s e  

and P ( w )  is d e f i n e d  i n  Equa t ion  (10).  Go is t h e  r e f e r e n c e  material p r o p e r t y  
and may be  t a k e n  t o  be  1  p s i .  I n  Equa t ion  ( l o ) ,  n ( u )  is t h e  l o s s  f a c t o r  f o r  
t h e  v i s c o e l a s t i c  m a t e r i a l .  

2 .  Spec i fy  t h e  m a c e r i a l  earnping c o n s t a n t  g  = 1 and r e f e r e n c e  e l a s t i c  p r o p e r t i e s  
(e.g., s h e a r  m ~ d u l u s  G = Go) o n  t h e  l a t e r i a l  c a r d  f o r  t h e  v i s c o e l a s t i c  
m a t e r i a l ;  s p e c i f y  t h e  mass d e n s i t y  aad P o i s s o n ' s  r a t i o s  correct1:r .  S p e c i f y  
g = 9 on t h e  m a t e r i a l  c a r d  f o r  t h e  undamped m a t e r i a l .  

3. Perform f requency  response  a n a l y s i s  ( R i g i d  Format b )  w i t h  t h e  CHAT ALTER of 
F i g u r e  1 and t h e  pa ramete r s  d e f i n e d  i n  Equa t ion  (30) .  

Loss F a c t o r s  

Forced response  p r e d i c t i o n s  f o r  s t r u c t u r e s  w i t h  one damping r a t c r i a l  r e q u i r e  
on ly  t h e  replacement  of t h e  o r i g i n a l  K,  t4, and B m a t r i c e s  v i t h  t h e i r  complex 
c o u n t e r p a r t s  K*, W, a n l  B* d e f i n e d  i n  Equa t ions  ( 2 7 )  - (29). Hovcver, t h e  same 
replacemect  cannot  be used t o  s o l v e  t h e  complex e i g e n v a l u e  problem ( R i g i d  Format 
7) t o  o b t a i n  danping, because  t h e  assumed time deperidence is d i f f e r e n t  between 
Rigid  Formats 7 and 8. Specifically, f o r  f o r c e d  r e s p o n s e  c a l c u l a t i o n s ,  NASTRAN's 
t i r e  dependence is o f  t h e  form eiat ,  v h e r e a s  i n  t h e  complex e i g e n v a l u e  problem, 
t h e  ime dependence is  o f  t h e  form e P t  f o r  complex p. The modal s t r a i n  ene rgy  
(MSF) ~ p p r o a c h  is  a  m a n s  o f  a v o i d i n g  t h i s  d i f f i c u l t y ,  s i n c e  o n l y  undamped 
n a t u r a l  f r e q u e n c i e s  a r e  computed, i n  which c a s e  

i n  Equat ions  ( 2 7 )  - (30) .  A  complex e i g e n v a l u e  a n a l y s i s  is s t i l l  r e q u i r e d ,  
hawever, s i n c e  t h e  damping m a t r i x  B* i s  p u r ~ l y  imag ina ry ;  K* and X* a r e  b o t h  
r e a l .  

To complete  t h e  c a l c u l a t i o n  o f  t h e  ~ o m p o s i t e  l o s s  f a c t o r  n i n  Equa t ion  (24) ,  
ve f i r s t  n o t e  t h a t  Equa t ion  (24)  i s  z q u i v a l e n t  t o  

where ko i s  t h e  g e n e r a l i z e d  s t i f f n e s s  f o r  t h e  damping m a t e r i a l  w i t h  some 
r e f e r e n c e  l e v e l  of m a t e r i a l  p r o p e r t i e c  chosen (e.g., s h e a r  modulus G = 1  p s i ) ,  
and ke i s  t h e  g e n e r a l i z e d  s t i f f n e s s  f o r  t h e  r emain ing  m a t e r i a l .  S ince  a is  
zrequency-dependent, i t  is conven ien t  t o  l e t  NASTRAN compute ke  and ko f o r  e a c h  
mode and t o  u s e  a  p o s t  - 3 c e s s o r  t o  compute 7 f o r  each  mode. 

The DMAP ALTER wh~r!t implements a l l  t h e s e  changes  i n  NASTRAN's -omplex 
e i g e n v a l u e  a n a l y s i s  ! R ~ g i d  Format 7) is shovn i n  F i g u r e  2. The f i r s t  s e c t i o n  
(ALTER 41)  r e p l a c e s  t h e  o r i g i n a l  c o e f f i c i e n t  m a t r i c e s  w i t h  t h e  new m a t r i c e s  K*, 



*, and R* d e f i n e d  i n  Equa t ions  (27)  - (29) .  The second s e c t i o n  (ALTER &0,80) i s  
t h e  r e p l a c e l e n t  f o r  NASTRAN's s tat  !c c o n d e n s a t i o n  m d u l e  SXP2. The t h i r d  s e c t i o n  
(ALTER 127) computes t h e  g e n e r a l i z e d  s t i f f n e s s e s  ko and ke f o r  e a c h  mode. These 
g e n e r a l i z e d  s t i f f n e s s e s  a s  w e l l  as t h e  l ist  o f  e i g e n v a l u e s  ( c o n t a i n e d  i n  d a t a  
b lock  CLAW) are v r i t t e n  o n  a n  OUTPUT2 f i l e  f o r  p o s t p r o c e s s i n g  t o  e v a l u a t e  rl f o r  
e a c h  mode a c c a r d i n g  t o  Equa t ion  (33) .  

To s u ~ u r i z e ,  t h e  NASTRAN procedure  f o r  c a l c u l a t i n g  loss f a c t o r s  o f  
s t r u c t u r e s  v i t h  one  f requency-dependent  damping m a t e r i a l  is a s  f o l l o v s :  

1. Perform a least s q u a r e s  q u a d r a t i c  f i t  t o  one  o f  t h e  e l a s t i c  l o d u l i  t o  
d e t e r m i n e  t h e  a's i n  Equa t ion  (11).  For  damping m a t e r i a l s  ( such  as r u b b e r ) ,  
t h e  s h e a r  modulus G is u s u a l l y  u s e d ;  see E q u a t i o n  (31) .  

2. S p e c i f y  :he m a t e r i a l  damping c o n s t a n t  g  = 1 and r e f e r e n c e  e l a s t i c  p r o p e r t i e s  
(e-g., s h e a r  modulus G = Go) on t h e  material c a r d  f o r  t h e  v i s c o e l a s t i c  
m a t e r i a l  ; s p e c i f y  t h e  mass d e n s i t y  and P o i s s o n ' s  r a t i o s  c o r r e c t l y .  S p e c i f y  
g = 0 on t h e  m a t e r i a l  c a r d  f o r  t h e  undamped m a t e r i a l .  

3. Perform complex e i g e n v a l u e  a n a l y s i s  ( R i g i d  F o ~ t  7) v i t h  t h e  DXAP ALTER d f  
F i g u r e  2. Use t h e  p a r a m e t e r s  d e f i n e d  i.1 Equa t ion  (30)  v i t h  f10 = B1 = $2 = 0. 
R e t a i n  t h e  OUTPUT2 f i ? e  (UT1). 

.ALTER 4 1  $ APR 84, R.F. 7, FREQ-DEP MTL 
P A W  //*MPY*/NOBGG/~/~ $ YES BGG 
P A W  //*HPY*/NOK~CC/~/-~ $ NO K 4 G  
DIAGONAL KWX/  IDENTG/*SQUARE~/O. $ G SET IDENTITY XATRIX 
XPYAD IDENTG,KCGX,K4GC/WT2/1/1/-1 $ 
ADD,KGGx,K~Gc/KBAR//C,Y,PAW $ NEW K 
ADD XGG ,K~cT-/F~BAR//C,Y,PAR~~ $ NEW X 
ADD BGG ,K~GG/BBAR//C,Y,PAME $ NEW B 
EQUIV KBAz,KGGX,'/XBAR,)(CG/ /BEAR, BGG $ NEi K, B, 

ALTER 80,80 $ REPLACE s n ~ 2  FOR COXPLEX B 
3iAGONAL KM/AVEC/*CCLU!IHI/O. $ VECT'JR OF ONES 
ADD AVEC,/PVEC/(O.O,O.O) $ VECTOR OF ZEROS (P-VEC) 
UPARTN USET,BFF/BkAB,BOA, , BOO/*F*/*A* !* Of $ 
UPYAD BOO, GO, BOAlTEtlP3 / 1 $ 
MPYAD CO,TEW3, BMB/TEMP4/ 1 $ 
YPYAD BOA, GO,TEH.?~/BM/ 1  $ 
HERGE BIU, ,, ,PVEC,/BMSYH/-1/16 $ DUUUY XERGE FOR B 
EQUIV BMSYM,BM $ BAA TRAILER NOW SYMHETRZC 

ALTER 127 $ GENERALIZSD STIFFNESSES 
SHPYAD CPHIP,K4W ,CPHIP., ,/GKXAT1/3////1/1 $ 
SXPYM CPHIP,KUT2,CPHIP,,,/CKXAT2/3////1/1 $ 
DIAGONAL GKHATl/kl $ 
DIAGONAL GKHAT2/K2 $ 
WTFRN K~,R~,CLAXA, , / /  $ 
OUTP'Jii K l  ,K2,CLAYA,, / I  $ 

ENDALTER $ 

F i g u r e  2  - DHAP ALTER f o r  R ig id  Forma: 7 For Loss F a c t o r s  o f  
S t r u c t u r e s  w i t h  Frequency-Dependent M a t e r i a l  P r o p e r t i e s  



DISCUSS ION 

A f i n i t e  e l e w n t  p rocedure  h a s  been d e s c r i b e d  f o r  p r e d i c t i n g  t h e  l o s s  
f a c t o r s  o f  s t r u c t u r e s  t o  which f requency-dependent  v i s c o e l a s t i c  damping 
t r e a t n e n t s  have been a p p l i e d .  T h i s  procedure ,  used on t h e  s i m p l e  test problem o f  
a t h r e e - l a y e r  p l a t e ,  y i e l d e d  p r e d i c t i o n s  s i m i l a r  t o  t h o s e  o f  a genera l ly -accep ted  
a n a l y t i c a l  p rocedure  f o r  i n f i n i t e  p l a t e s .  

The pover  of t h e  f i n i t e  e lement  procedure ,  however, is t h a t  i t  is n o t  
r e s t r i c t e d  t o  such s i m p l e  geametry b u t  c a n  r e a d i l y  h a n d l e  such compl ica t iu t l s  
a s  d i f f e r e n t  boundary c o n d i t i o n s ,  v a r i a b l e  p l a t e  t h i c k n e s s ,  and l o c a l i z e d  
t r e a t m e n t s .  !?one of  t h e s e  e f f e c t s  c a n  be t r e a t e d  by t h e  i n f i n i t e  p l a t e  theory.  
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6 .  With n p o s t p r o c e s s o r ,  r ead  t h e  UTl f i l e  and compute f o r  each  mode t h e  l o s s  
f a c c o r  n a c c o r d i n g  t o  E s u a t i o n  (33) .  

EXAMPLE 

The procedure  f o r  c a l c u l a t i n g  c r m p o s i t e  l o s s  f a c t o r s  w i l l  be  i l l u s t r a t e d  f o r  
t h e  :hree-layer sandwich p l a t e  shown i n  F i g u r e  3. Ye assume t h a t  t h e  s h e a r  
modulus G and l o s s  f a c t o r  n f o r  t h e  midd le  l a y e r  a r e  g i v e n  by 

~ ( f )  = 104 + 9f ( p s i )  ( 3 4 )  

where f  is frequency i n  h a .  These r e l a t i o n s  imply c o n s i d e r a b l e  f requency  
dependence, s i n c e  between z e r o  and 10,000 Hz, G v a r i e s  by a f a c t o r  of t e n ,  and 
n v a r i e s  by a  f a c t o r  o f  f i v e .  The t o p  and bot tom l a y e r s  a r e  made o f  steel. 

The p l a t e  was modeled w i t h  t h r e e  l a y e r s  s f  20-node i s o p a r a m e t r i c  ("br ick")  
f i n i t e  e l e a e n t s .  A 1 3 x 5 ~ 2  mesh o f  e l e m e n t s  was csed. These e l e m e n t s  were used 
r a t h e r  t h a n  p l a t e  e l e m e n t s  because o f  i n t e r e s t  i n  f a i r l y  t h i c k  p l a t e s  of v a r i a b l e  
t h i c k n e s s ,  i n  uh ich  c a s e  t h e  e n g i n e e r i n g  p l a t e  t h e o r y  no l o n g e r  a p p l i e s .  Guyan 
r e d u c t i o n  was a p p l i e d  t o  t h i s  a o d e l  i n  such a  way t h a t  t h e  o n l y  d e g r e e s  of  
freedom r e t a i n e d  were t h e  normal t r a n s l a t i o n s  a t  t h e  c o r n e r  nodes o f  each  
e lement  on t h e  t o p  and bot tom faces .  

The compos i t e  l o s s  f a c t o r  computed u s i n g  t h e  f i n i t e  e lement  p rocedure  
d e s c r i b e d  i n  t h e  p reced ing  $ e c t i o n s  is compared i n  F i g u r e  4 w i t h  a  c a l c u l a t i o n  
based on c l a s s i c a l  i n f i n i t e  $ l a t e  theory  p r e s e n t e d  by Ross, Ungar, and Kerwin 
[ 6 ] .  That  f i g u r e  i n d i c a t e s  a  good agreement between t h e  two p r e d i c t i o n s .  The 
i n f i n i t e  p l a t e  t h e o r y  is g e n e r a l l y  thought  t o  p r c v i d e  a  reasonab ly  a c c u r a t e  
p r e d i c t i o n  of the  composi te  l o s s  f a c t o r  f o r  p l a t e s  wi th  t h i s  s i m p l e  geometry,  
and hence s e r v e s  as a good check on t h e  f i n i t e  e lement  r e s u l t .  
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ABSTRACT 

A fuze assembly. vhich cons i s t s  of th ree  major par ts .  i.e., nose. c o l l a r  
and sleeve. w a s  designed t o  survive severe t ransverse  impact giving a maxi~um 
base acce le ra t ion  of 20.000 G. Experiments shoved t h a t  hoop f a i l u r e  occurred 
i n  the  c c l l a r  a f t e r  the  impact. They a l s o  shoved that by bonding t h e  c o l l a r  t o  
the  nose. the  c o l l a r  was ab le  t o  survive the  same impact. To f ind out the  
ef fect iveness  of the  bonding quan t i t a t ive ly .  a x i s m e t r i c  s o l i d  elements TRAPAX 
and TRIAAX vere  used i n  modelling t h e  fuze and d i r e c t  t r ans ien t  analys is  was 
performed. The dynamic s t r e s s e s  i n  se lec ted elements on the  bonded and 
unbonded c o l l a r s  vere  compared. The peak hoop s t r e s s e s  i n  the  unbonded c o l l a r  
vere  found t o  be up t o  th ree  times higher than those i n  the  bonded co l l a r .  
IUSTBLLA r e s u l t s  successful ly  explained t h e  observed hoop f a i l u r e  i n  the  
mbonded co l l a r .  I n  addit ion.  s t a t i c  and eigen value runs vere  performed a s  
checks on the  aodels  p r i o r  KO the t r ans ien t  runs. Their r e s u l t s  a r e  compared 
v i t h  experiments. Coarents on the use of the  I4PCAX cards. the  exis tence  and 
contr ibutors  of the  ca lcula ted  f i r s t  severa l  near ly  i d e n t i c a l  na tu ra l  
frequencies, a r e  a l s o  addressed. 

INTRODUCTION 

The H732 E2 A r t i l l e r y  Proximity Fuze corpr i ses  an aluminum fuze body vhich 
houses a sa fe ty  and arming module. detonator bulkhead, and pover supply a f t  of 
a center  bulkead. Forward of the  bulkhead is the  fuze processor e l ec t ron ics  
and loop o s c i l l a t o r .  The o s c i l l a t o r  is housed i n  a 30% g l a s s  reinforced 
modified Polypheoylene Oxide (PPO) nose cone vhich is secured t o  the  fuze body 
v i t h  a 30% g l a s s  reinforced PPO threaded re ta in ing  co l l a r .  See Figcres 1 and 
2 - 

When a p r o j e c t i l e  i s  f i r e d  f r m  a gun. the fuze is subjected t o  s ide  loads 
approaching 20.000 G ' s .  I n  the  laboratory. a machine -Jas developed t o  simulate 
t h i s  loading. The fuze is secured t o  a r a i l  guided e tee l  f i z t c r c  v t i c h  is 
s t ruck  from the  s i d e  by a s t e e l  weight. The impact is t a i l c z t d  co give a 
20.000 G peak l a t e r a l  acce le ra t ion  v i t h  a 30 f p s  ve loc i ty  ..zc;ge. 

While fuzes a t  ambient temperature experienced no Ca . -u res  -&en subjected 
t o  the t e s t ,  fuzes vhich vere  temperature conditioned a t  - 40J ,  :ailed v i thou t  
exception. The major f a i l u r e  mode, named hoop fa i lu re ,  appeared t o  be hoop 
s t r e s s  on the  re ta in ing  c o l l a r  causing a longi tudinal  crack frcm end t o  e ~ 3 .  
See Figure 3. 



It w a s  discovered t h a t  by solvent bonding t h e  re ta in ing  c o l l a r  t o  the  nose 
cone during assembly. t h e  low temperature f a i l u r e s  could be avoided. Since the  
mechanism by vhich t h e  solvent bond a l l e v i a t e d  the  problem was not well  
understood nor was the  sa fe ty  f a c t o r  of the  bond lmovn. it was feared t h a t  
fu tu re  modifications t o  the  fuze could not be evaluated v i t h  respect  t o  the  
impact on the  fuze j o i n t  in tegr i ty .  Therefore. HASTRAN vas used t o  w d e l  the  
forward sec t ion  of t h e  fuze i n  an att-pt t o  b e t t e r  understand t h e  behavior of 
the  current  design. ana b e t t e r  predic t  the  behavior of fu tu re  designs. 

The given fuze forward sec t ion  cons i s t s  of th ree  major parts. i.e., nose. 
c o l l a r  and sleeve. A s  depicted i n  Figures 4a. 4b. and 4c. 105 W A X  and 9 
T B W  elements were used t o  model t h i s  fuze and it* i n t e r i o r  e l ec t ron ic  par ts .  
These e l m e n t s  a r e  inter-connected a t  180 d i f f e r e n t  r ings  o r  c i r c l e s .  S t a t i c  
and eigen value analyses were perfcrmed p r i c r  t o  the  f i n a l  t r ans ien t  runs. 
Wlnerical r e s u l t s  f r a  the  s t a t i c  and eigen value runs were ca re fu l ly  m i n e d  
and compared wi th  the  ava i l ab le  experiment data. Constraint  condit ions and 
boundary conditons had been modified accordingly. We w i l l  d iscuss  i n  more 
d e t a i l  l a t e r .  

TEST WDEI. I 

A canti levered.  hollow slender c y l k d e r .  a s  depicted i n  Figure 5a. was 
modelled by TRAPAX eleaents  a s  a preliminary study. S t r e s s  analys is  of t h i s  
cylinder was performed. Axial presscre  load o r  concentrated t ransverse  t i p  
loading was separa te ly  applied. M e r i c a l  r e s u l t s  from these t e s t  cases 
provided bas ic  understanding on TRAPAX'S behavior and charac te r i s t i c s .  Axial 
pressure loading condit ion was f i r s t  considered. see  Figure 5b. A s  expecred. 
HASTRAN r e s u l t s  showed t h a t  the  cyl inder ' s  cross  sect ions  vere  d i ~ ? l a c e 4  
uniformly and a x i a l  s t r e s s  was developed uniformly across each cross  section.  

Figure 5c shows the  t r a r sve rse  t i p  loading condition. The cyl inder  was 
modelled by regular  8 x 2. 16 x 2. 32 x 1. 32 x 2. 64 x 1 meshes. Both the  t i p  
de f l ec t ion  and the  bending s t r e s s  a t  point  A were checked f o r  convergence v i t h  
respect  t o  mesh refinement. A s  noted '.n Table 1. with the same number of 
elements. 64 x 1 mesh gave b e t t e r  r e s u l s  than 32 x 2 mesh. Blsed on t h i s  
observation,  we used only one l aye r  across  the  thickness of the  r e a l  model. 

TEST HODEL I1 

A canti levered.  hollow s lender  cyl inder  of d i f f e r e n t  s i z e  (Figure 6 )  vas 
used i n  the remaining preliminary s tudies .  It was modelled a l s o  by TRAPAX 
eiements but with 4 x 1 o r  5 x 1 mesh. This model served f o r  t e s t i n g  MASTUN 
r i g i d  formats 3. 9, and 12. simulating the  gresecribed base accelera t ion.  and 
a l s o  f o r  t e s t i n g  NASTRAN checkpoint and r e s t a r t  fea tures .  

Free v ib ra t ion  ana lys l s  was performed on the  canti levered lo?low cylinder 
i n  Figure 6a. Different  frequency ranges were speci f ied  requesting the  
ex t rac t ion  of na tu ra l  frequencies and mades, 



Given V lc 30 f t l s e c  a f t e r  t he  impact and the  maximum acce le ra t ion  of 
20,C)OOg. t he  dura t ion  of t h e  impulse depends on the  assum t i o n  of i t s  shape. PI For a 8 i n ~ t  shaped impulse. t h e  dura t ion  is aboot 70 x 10 sec. For a s i n ' w t  
shaped impulse, t h e  dura t ion  is about 90 x 10 sec. Impulses of both shapes 
were t e s t ed  on We1 11. Howver, only t h e  s i n A o t  shaped impulse was employed 
i n  t he  ana lys i s  of t he  r e a l  model because it sirrulter the  r e a l  impulse more 
closely.  

Several schemes t o  input t he  prescribed base acce l e r a t i on  a ( t )  were a l s o  
ca re fu l ly  examined. F i r s t .  a near ly  r i g i d  layer  with huge mass X was at tached 
t o  t he  bottom of t he  o r ig ina l  cyl inder .  Dynamic fo rce  F ( t )  = Xa(t) was then 
appl ied t o  t h i s  l a y e r  i n  severa l  vays t o  achieve t he  desired prescribed base 
motion. The dynamic force  can be d i r e c t l y  applied t o  t he  COSINE term of t he  
r i n g  l o .  2 i n  Figure 6b. It can a l s o  be applied, using POINTAX cards. a t  
s e l ec t ed  points  i n  t h e  bottom layer.  A s  observed i n  t he  test runs. both 
approaches gave the  same re su l t s .  The "WINTAX" approach was taken on the  r e a l  
model. 

The appropriate  Elp r a t i o  was determined t o  be of t he  order  of 10- . This 
s p e c i f i c  r a t i o  gave an uniform base acce l e r a t i on  a s  desired. I n  addt i t ion .  
both C O W  and TRAPM elements were t e s t ed  ou t  IS t he  base layer.  The TWAX 
e le sen t  was employed i n  t h e  r e a l  model. 

Modal t r ans i en t  ana lys i s  was performed on t h i s  test model. r -ever. a s  
noted from t h e  eigen value ana lys i s  on t h e  r e a l  model, t he re  a r e  a la rge  number 
of na tu ra l  modes i n  the  lov frequency raoge. Also. t he  impulse durat ion i s  so  
sho r t  t ha t  modes with extremely high frequencies  a r e  expected t o  p a r t i c i p a t e  i n  
t h e  dynamic response, Obviously. modal t r ans i en t  approach w i l l  not be accurate  
without using a l a rge  number of modes. vhich i n  tu rn  w i l l  make it extremely 
time-consuming. Therefore. d i r e c t  t r ans i en t  approach was taken f o r  t he  
ana lys i s  of r e a l  model. 

STATIC AYALYSIS 

S t a t i c  ana lys i s  of both bonded and unbonded cases were performed a s  checks 
on the fuze model. The load condition considered was t ha t  of 100 lbs .  
t ransverse ly  applied a t  node 9. 

For t h i s  loading case. def lec t ions  a t  the load point and nodes 17. 21. a r e  
l i s t e d  f c r  d i f f e r e n t  choices of harmonic terms. (See Table 2 )  Based on i ts  
converaence c h a r a c t e r i s t i c s .  AXIC = 3 was spec i f ied  f o r  t he  t r ans i en t  ana lys i s .  
This means one constant and three  harmonic funct ions were combined t o  descr ibe 
the  deformation f i e l d  along the  circumferent ia l  d i rec t ion .  S t r e s s  d i s t r i b u t i o n  
i n  d i f f e r e n t  p a r t s  were lxamined, and the  MPCAX cards were modifid accordingly 
t o  achieve appropriate  cons t r a in t s  between nose. c o l l a r  and p l a t e .  

In order t o  c a l i b r a t e  the  model, simple experiments were devised t o  
perform s t a t i c  t e s t s  on the  fuze nose cones. A force gage was used t o  apply a 
s t a t i c  load onto the  t i p  of t he  fuze. The fuze was mounted i n  a r i g i d  base and 
a d i a l  ind ica tor  was used t c  record the  fuze de f l ec t i on  a t  t he  point  of t he  
load. The test se tup  is shown i n  Figure 7. 



Loads were applied near the tip of the fuze, incrementing the load from 20 
lbs. to 140 lbs. and recording the deflection of each increment. This test was 
performed for bonded sample of the fuze. Comparison of NASTRAN and experiment 
results is in Table 3. Note that the noticeable differences say have been 
caused by the fact that the tip of the force gage made a slight indentation in 
the surf ace of the nose cone. 

EIGEN VALUE ANALYSIS 

Eigen value analysis vere performod to further check the appropriateness 
of the N A S m  model. WPCAX condition; between nose-collar-plate were 
repeatedly examined and modified. The final arrangement of these conditions is 
listed in Table 4. This specific arrangement induces only relatively low 
stress in the plate while maintaining stability of the model. It is worth 
mentioning that in the seventh field of the WCAX Card, the HID number should 
take he form of (Integer 20) instead of (Integer 70). Otherwise. undesirable 
rigid body modes may be present in the model. 

Ten fundamental frequencies and modes were extracted for both bonded and 
unbonded cases. As listed in Table 5, the first 9 eigen values of both cases 
are exactly the same. Also from Table 5, the lowest four frequencies are very 
close together at 30 cps. It was identifed, very interestingly. that each 
harmonic contributed to one of them. 

DIRECT TRANSIENT ANALPSIS 

- 4  
Transient responses from t = G sec to t = 270 x 10 sec, which was three 

times the woulse duration, vere obtained for both bonded and unbonded cases. 
Solution convergence with respect to different time steps is listed in Table 6. 
at = 2 x lo-' sec was chosen for the time increment in the analysis. The base 
displacement time history compared very well with the prescribed one. The 
dynamic stresses in the plan? of impact in elements 104 and 105 were plotted 
and compared between both cases (see Figures 8-11). 

Figures 8 and 10 show the hoop stress time histories of both cases. The 
peak hoop stress ic unbonded collar is up to about three times higher than that 
in the bonded collar. This explains the hoop failure in the unbonded collar as 
was observed from experiments. 

Figures 9 and 11 show the axial stress time histories of both cases. The 
peak axial stress in bonded collar is significantly higher than that in the 
unbonded collar. 

CONCLUSION 

The NASTRAN results presented in Figures 8 through 11 lead to the 
following conclusion: 

By bonding the nose and the collar, the nose joint will take dynamic load 
mainly in the form of axial stress. The peak hoop stress experienced in the 
bonded collar will thusly be reduced by a factor of 4. Hence. the hoop failure 
was effectively avoided in the bonded collar. 



TABLE I. SOLUTION CONVERGENCE WITH RESPECT TO MESH REFINEMENT 

EENDING 
STRESS 

AT POINT A 

--- 

798 

2151 

2085 

2314 

2292 

TIP DEFLECTION 

0.001832 

0.003029 

0.003568 

0.003631 

0.003775 

0.0039 18 

MESH 

8 x 2  

16 x  2  

32 x 1 

32 x 2 

64 x 1 

ANALYTICAL 

ASPECT 
RATIO 

7.5 

3.75 

0.94 

1.875 

0.47 

---- 



TABLE 2.  CONVERGENCE OF LATERAL DEFLECTION 

U l T H  RESPECT TO THE NUMBER OF HARMONICS (BONDED COLLAR) 

TABLE 3. COMPARISON OF STATIC RESULTS 
(TmSVERSE LOAD AT 0.27" FROM NOSE TIP) 

NO. OF 

HARMONICS 

3 

4 

7 

1 

LATERAL DEFLECTION 

NODE 9 

-0.00676 

-0.00737 

-0.00767 

NASTFUN 

-0.00676 

-0.0082 1 

-I 

Y 

CASE 

i3Oh'DED 

UNBOLXIED 

EXPERIMENT 

-0.014 

-0.020 

NODE 17 

-0.OG467 

-0.00467 

NODE 21 

-0.00375 

-0.00375 

-0.00467 ! -0.00375 



TABLE 4. CONSTRAINT CONDITIONS ON HARMONICS 
BETWEEN NOSE, CCLm AID PLATE 

C 

CONSTRAINED 
RING 

PAIRS 

35 

3 7 

40 

43 

4 6 

L 9 

52 

55 

5 8 

6 0 

63 

6 4 

6 5 

70 

BONDED 

235 

237 

240 

243 

246 

249 

252 

255 

258 

260 

263 

364 

365 

370 

UNBONCZD 

z 

0- 3 

0- 3 

G- 3 

0-3 

0-3 

0- 3 

0- 3 

0- 3 

0-3 

0-3 

0-3 

0 

0.1 

0.1 

r 

0-3 

0- 3 

0-3 

0-3 

0-3 

0-3 

0-3 

0-3 

0-3 

0-3 

0-3 

--- 

0.1 

--- 

r 

0-3 

0-3 

0-3 

0- 3 

0-3 

0- 3 

0-3 

0-3 

0-3 

0-3 

0-3 

! 

--- 

0.1 

--- 

8 

0- 3 

0-3 

0-3 

0-3 

0-3 

0-3 

0- 3 

C-3 

0-3 

0-3 

0-3 

--- 

--- 

--- 

8 

0-3 

0-3 

0- 3 

0-3 

0- 3 

0- 3 

0- 3 

0- 3 

z 

0- 3 

0- 3 
I 

0-3 I 
0- 3 

0- 3 

0-3 

0-3 

0-3 

I 

--- I 
1 0-3 

I 

--- I 0-3 

i --- i 0-3 
I 

--- ' 0 

I --- 
I O v l  I 

--- 0 . 1  



E I G E N  VALUE ANALYSTS BONDED NOSECONE 

W D E  EXTPACTION 
NO. CRDEP 

E I G E N V A L U E  

EIGEN V A L V E  ANALYSIS UNi3ONDED NOSECONE 

lWDE EXTRACTION 
NO. ORDER 

I A N  C Y C L I C  
F R E Q U E N C Y  FREQUENCY 

R E A L  E I G E N  

RAP1 AN 
3 E O U  ENCY 

V A L U E '  

C Y C L I C  
FREQUENCY 

TABLE 5. FIRST TEN NATURAL FREQUENCIES OF 
FUZE EXTRACTED FROM NASTRAN 



TABLE 6 .  CONVERGENCE OF TRAKS?EK SOLUTIOKS WITH 
RESPECT TO TIME STEP SIZE 

- 
I 

r i E M O T I O K  r t = . p ~ e c  

1 Acceleration A t :  
I 

a t - 1 ~ ~ ; ~  . I ~ = ? P S ~ C  A t = o . 5 b ' S ~ C '  

5-92 x 105 

j 
t = !UU sec  --- 0.22 x lo5 I 9 .13  x l o5  9 .09 x : J ~  

1 
I 

, Displacement At: 

t = 8 sec  

t = IOU sec  I 
I 
! I 

6.08 x lo5 5.98 x 105 I t = 8 r  sec  6 . 7  x 105 









Figure 4a - Finite Elemznt Mesh 
Of The Fuze Assembly 
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Figurc 5b- Axial Pressure Loading 

Condition 
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Figure5a - Test Model I 
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F'i.gy!re 5c-  Transverse Tip Loading 
Conditio,~ ( 8  x 2 biesh) 



Figure 6 - Test Model I1 

"guret, FEN Model For 
Free Vibrat!on A..aiysis 

( 4 x 1 Mesh) 
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Figure6b - FEN Mo?-' An; Base 
E;-citarrcns Transient Analysis  

(5  x 1 Mesh) 
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& experimental heat pmp tnat uses a rare earth elcnnt as the retrigerant is 
W e l e d  usicg UETLUI.  The refrigerant is a ferromagnetic metal whose temperature 
rises vhta a lagnetic field is applied and falls uben the magnetic field 5s 
removed. The htzt p mp is used as a refrigerator to r m v e  heat from a reservoir 
ad Cischaree it through a heat exchanger. I C  the MASTRAM -1 the CoIponents 
&led are represented by onediaensiimal ROD elements. T!w? analysis acccunts for 
heat flow in the aoliGs. heat trrsport in the fluid, and hert transfer beween the 
solids and fluid. The problem is rildlv nonlinear 3ince the heat capscity of the 
refriberatt is te!aperature-dcpendent,. Cne simulation run conrists of a series of 
transient aalyses, each representing one strowe of the heat p p .  b. auxiliary 
program -3 written that uses the results of one IZmtW analysis to generate data 
for the next MASTRAN analysis. C a p u t t d  results are oarpara with experimental 
data. 

An experimental heat pump king developed at the David Y. Taylor Naval Ship 
R&D Center (DTNSRDC) uses me or Eore rare earth elements as the working substance. 
These elements are frrrosag;~etic retals whose temperature increases when a magnetis 
field is applied and decreases when the field is removed. nris thermodynamic pro- 
perty is used in a tuo-stroke cpclt to pump heat fram a reservoir and discharge it 
into the surrounding air. Thus. a refrigeration cycle is implied and the heat pump 
tiill be referred to as a refrigeratar. Using rare eartn elements as the rofri- 
gerant rakes possible magnetic refrigerators that discharge heat at r a m  tempera- 
ture and refrigerate to very low tcsperatures. Brown (Reference 1) gives con- 
siderations that are required tc  make magnetic refrigeration practical for such 
applications and (Reference 2) several configurations that have been proposed for 
qnetic heat pups. In the apparatus developed at DTWSRK, a regenerator serves 
as the reservoir f r a  which %eat is removed and discharged through a heat 
exchanger. Figure 1 is a s~neaatic description of this test apparatus. Heat is 
3arried by a fluid, compressed nitrogen, that moves through the refrigerator. The 
refrigerant is forred into thin bands that are wrapped aromd landrels to form 
coils. These coils are formed with gaps between the layers through which fluid can 



Figure 1. The Hagnetic Refr igera tor  

flow. Severa l  c o i l s  a r e  s tacked i n  a s t a i n l e s s  steel chamber. The chamber is ccn- 
nected on the cool  side to the regenera tor  and on t h e  warm s i d e  to t h e  hea t  
exchanger. The f l u i d  c i r c u i t  is coopleted by a cy l inde r  conta in ing  a p i s ton  t h a t  
m v e s  t h e  f l u i d  back and f o r t h  through t h e  chamber, regenera tor ,  and hea t  
exchanger. The l a r g e  magnetic f i e l d  rega i red  through the r e f r i g e r a n t  is provided 



by a superconduct ing magr.et . 
The cooling cycle consists of two strokes which will be calied the exhaust and 

intake strokes. During the exhaust stroke the magnetic field is applied to thc 
refrigerant, raising its temperature, and fluid drawn through the cooled regenera- 
tor passes over and cools the refrigerant. T k  heat acquired ~y the fluid during 
the exhaust stroke is discharged by a heat exchanger. During the intake stroke, 
the magnetic field is removed: the temperature of the refrigera~t falls, and fluid 
dram through the heat exchanger and passing over the refrigerant in the opposite 
direction is cooled and in turn cools the regenerator. 

To achieve very low temperatures. a refrigerator with several stages operating 
at progressively lower temperatures will be needed. Several rare earth elements or 
alloys of these elements will be used as refrigerants: each has a temperature ran&e 
at uhich it works m s t  effectively. Om rare earth elenent, gadoliniw, has its 
largest temperature change with a change in magnetic field at about 300 K which is 
near room temperature. Other rare earth metals that may be used are terbium and 
dysprosiue which have largest temperature c3anges near 225 K and 180 K. respec- 
tively. 

REQUIREHEWE FOR THE l4ATHEUTICAL ANALYSIS 

Different designs for the refrigerator, using various materials must be tested 
to determine which configurations and material properties hold the most promise for 
effective and efficient operation. It is lore efficient to model the refrigerator 
analytically and simulate its operation with different designs and materials than 
to rake coils cf various materials and then build and test experimental refrigera- 
tors, 

Since PTUSRDC has considerable experience with the IASTRAN program, it was 
decided to use its heat transfer capability for this problem. However, several 
aspects of the problem make it a non-ro~tine application. The material properties 
of the refrigerant are sufficiently temperature-dependent in the temperature rbnge 
used to make the problem nonlinear. Also, each test run of the refrigerator con- 
sists of many strokes. Each stroke corresponds to a t i e  segment in the solution 
with initial ccnditions different from, but determined, by the final conditions of 
the previous segrent. NASTRAN provides for neither nonlinear material prcperties 
nor changing temperature values during a transient analysis. To accoamodate these 
requirements, a sequence of WASTRAM analyses is used, one for each stroke. An aux- 
iliary program HEATSTEP was developed that uses results from the NASTRAN analysis 
of the previous stroke, computes the initial conditions for the next stroke, and 
prepares data for the next NASTRAN analysis. 



A number o f  s impl i fy ing  assumptions f o r  t h e  mathematical model keep t h e  
a n a l y s i s  manageable. Only t h e  r e f r i g e r a n t .  t h e  cha lber ,  and t h e  f l u i d  passing 
through t h e  chamber are m d e l e d ,  and a simple approximation is made o f  the hea t  
capaci ty  o f  t h e  tubing  leading  from the ch-r to t h e  regenera tor .  S ince  the 
l a y e r s  of r e f r i g e r a n t  and f l u i d  and t h e  s t a i n l e s s  steel chamber wall are t h i n ,  it 
5s  assumed t h a t  t h e r e  is no s i g n i f i c a n t  temperature v a r i a t i o n  through t h e s e  l aye r s .  
It is a l s o  assumed t h a t  t h e r e  is no s i g n i f i c a n t  temperature v a r i a t i o n  a c r o s s  t h e  
t h e  chharber. Therefore,  t h e  temperature o f  each type  9f material is assumed to 
vary only  along t h e  length  o f  t h e  r e f r i g e r a n t  chamber, t h a t  is, t h e  problem is 
one-dimensional. S ince  seve ra l  seconds a r e  requi red  to apply and r m v e  t h e  mag- 
n e t i c  f i e l d ,  it is assumed t h a t  a t  t h e  begin t ing  o f  each s t r o k e  t h e  temperature o f  
t h e  f l u i d  equa l s  the temperature o f  the r e f r i g e r a n t  a t  the  same pos i t ion .  The tep- 
pera tu re  d i s t r i b u t i o n  i n  t h e  chamber wal l  is assumed not to change whi le  t h e  mag- 
n e t i c  f i e l d  is changing. The r e f r i g e r a n t  coils are stacked one on t o p  o f  another., 
so t h e r e  is a r e l a t i v e l y  small thermal connection between t h e  c o i l s ,  and it is 
approxiamcet by a co~duc-tor wi th  a r e l a t i v e l y  small thermal conduct iv i ty .  

During t h e  i n t a k e  s t r o k e  t h e  hea t  exchanger, and during t h e  exhavst  s t r o k e  the 
regenera tor ,  a r e  assumed to provide sources  o f  f l u i d  wi th  oons tant  temperatures. 
Therefore, during t h e  in t ake  s t roke ,  t h e  temperature o f  t h e  f l u i d  flowing i n t o  t h e  
r e f r i g e r a n t  c h e r  equa l s  t h e  ambient temperature. Determining t h e  temperature o f  
t h e  f l u i d  e n t e r i n g  t h e  chamber dur ing  t h e  exhaust  s t r o k e  is not  so s t ra ight forward .  
It is assused t h a t  the t e m p e r a ~ u r e s  o f  t h e  f l u i d  and t h e  tubing  on t h e  co ld  s i d e  
are equal  and cons t an t  during t h e  exhaust  s t r o k e ,  and a t  t h e  beginning c f  t h e  
in t ake  s t r o k e  t h e  t eape ra tu re  o f  t h e  cold  s i d e  is the same a s  it was dur ing  :he 
l a s t  exhaust  s t roke .  Therefore,  t h e  temperature o f  t h e  f l u i d  e n t e r i n g  t h e  refri- 
ge ran t  chamber dur ing  t h e  present  exhaust  s t r o k e  is computed by t ak ing  a weighted 
average of  t h e  average temperature o f  f l u i d  en te r ing  t h e  regenera tor  dur ing  t h e  
prereding i n t a k e  s t r o k e  and t h e  temperature o f  f l u i d  leaving  t h e  regenera tor  dur ing  
t h e  preceding e x h a m t  s t roke .  I n  computing t h e  average, t h e s e  temperatures a r e  
weighted by t h e  va lues  of  t h e  hea t  capac i ty  o f  t he  f l u i d  moved dur ing  one sSroke 
and t h e  hea t  capaci ty  o f  the  cool side o f  t h e  apparatus,  respec t ive ly .  The tep- 
pera tu re  change dur ing  one s t r o k e  is a t  most a few aegrees ,  so t h e  temperature- 
dependent ma te r i a l  p r o p e r t i e s  a r e  determined f o r  t h e  i n i t i a l  temperatures f o r  each 
s t roke  and remain cons t an t  during t h e  s t roke .  

EiE EQUATIONS THAT DESCRIBE THE REFRIGERATOR HODEL 

The p a r t i a l  d i f f e r e n t i a l  equat ions  t h a t  desc r ibe  t h e  temperature d i s t r i b u t i o n  
i n  t h e  r e f r i g e r a n t  and t h e  chamber wal l  a r e  one-dimensional hea t  equations.  A 
loading term on t h e  r i g h t  hand s i d e  r ep resen t s  f i l m  convection o f  hea t  t.o t h e  
f l u i d .  These equat ions  a r c  o f  t h e  form 



rhere m = r, s or f for refrigerant, stainless steel or fluid 

m = density of material 

c = heat capacity of Inaterial 
m 

km 
= conductivity of material 

Am = area of the surface between the material and fluid 

"m 
= volue of material 

Tm 
= temperature of material 

h = convection coefficient 

The partial differential equation that describes the temperature distribution 
in the fluid is 

The term containing aT /ax represents transfer of heat due to the flow of the 
f 

fluid. The two terms on the ribht hand side represent Til& convection to the 
refrigerant and stainless steel chamber dall. Boundary conditions fcr the one- 
dimensional heat equation consist of the initial temperature distribution in the 
chamber and specified temperatures or derivatives of the temperature at the ends of 
the chamber. The boundary conditions are provided by the initial temperatures and 
constraints carrtained in the NASTRAN input data. 

THE FINITE ELEMENT W D E L  

The problem is sclved using the HASTRAN transient thermal analysis rigid 
format. The refrigerant, stainless steel, and flcid are modeled by NASTEAN one- 
dimensional ROD elements. The thermal contacts betweer; the coils of refrigerant 
are represented by YASTRAW ELAS1 elements. Transf?r of heat to aad from the fluid 
from the refrigerant material and the stainless steel chamber is modeled using HBDY 
elements of type LINE. Figure 2 Is a schematic representation of the finite 
elelnent model. 
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Figure 2. The Finite Element W e 1  

The term in the fluid differential equation containing the spatial derivative 
of the fluid temperature is obtained by a finite difference approximation using a 
NASTRAN transfer function. This term is included in the differential equation by 
applying a load to the appropriate node using the capability for applying nonlinear 
loads. For example, to compute the finite difference approximation for the fluid 
node number 32, a value, u is assigned to an extra point, number 732, by the 
equation 732 

for '732 = (uh2 - u ) /  Ax, where Ax is the distance between adjacent nodes, and 
32 

u is the temperature at node number 32, so B = AX, A1 = -1, and A 32 = 1. The 

preceding approxination is for fluid flowing in the direction of increasing nodal 
identification numbers; for fluid flowing in the other direction the approximate 
value is 

'732 
I (up - uZ2 I /  AX 

The term with aT/ax is added in the form of a load using a NASTRAN NOLIN card where 

'732 
t aT/ax is the load and p c vV is a scale factor. 

f p  

The temperature of the fluid entzring the chamber is maintained by a large 
source specified by a TLOADl card. The magnitude of this force multiplied by a 
large scale factor M is given on a DAREA card and applied to a scalar point. A 
large conductor from the scalar point to ground is specified by an ELAS4 element 



t h a t  has  conduc t iv i t y  equal  t o  the Scale f a c t o r  H. Thus, t h e  va lue  assigned t o  t h e  
s c a l a r  po in t  is cons t ra ined  t o  equal  t h e  i npu t  temperature,  and then  t h e  appropri- 
a t e  f l u i d  g r i d  po in t  temperature is cons t ra ined  by a mu l t i po in t  c o n s t r a i n t  t o  equal  
t h i s  value.  The temperature of  t h e  f l u i d  e n t e r i n g  t h e  r e f r i g e r a n t  chamber is main- 
t a i n e d  by a t t a c h i n g  t o  t h e  f l u i d  node loca t ed  where t h e  f l u i d  enters t h e  chamber, a 
l a r k e  l i n e a r  conductor represented  by a NASTRAN ELAS4 element, and applying t o  t h i s  
node a source  o f  hea t  wi th  a magnitude t h a t  w i l l  enforce  t h e  r equ i r ed  temperature. 

THE PROGRAM HEATSTEP 

The program HEATSTEP, developed a t  DTNSRDC, is run a f t e r  each ;!ASTRAN a n a l y s i s  t o  
prepare d a t a  f o r  t h e  fo l lowing  NASTRAN run.  To determine t h e  temperatures  a t  t h e  
end o f  the s t r o k e  and t h e  average temperature of  the f l u i d  l eav ing  t h e  r e f r i g e r a n t  
chamber du r ing  an i n t a k e  s t r o k e ,  HEATSTEP reads  t h e  f i l e  of  nods1 temperatures  pro- 
duced by NASTRAN. Using t h i s  information it computes t h e  temperature drop o r  rise 
a t  each r e f r i g e r a n t  node depending on whether t h e  preceding s t r o k e  was an in t ake  o r  
exhaust  s t roke .  The program then  determines t h e  temperature o f  each r e f r i g e r a n t  
and s t a i n l e s s  steel node f o r  t h e  beginning o f  t h e  fol lowing s t roke .  The program 
a l s o  computes hea t  c a p a c i t i e s  f o r  each r e f r i g e r a n t  element. 

HEATSTEP determines :he temperature of  t h e  f l u i d  t h a t  w i l l  be pass ing  i n t o  t h e  
chamber on t h e  fol lowing s t r o k e ,  and selects t h e  f l u i d  g r i d  p o i n t  t o  which t h e  
incoming f l u i d  temperature const . raint  is t o  be appl ied .  This  is accomplished by 
s e l e c t i n g  t h e  one o f  two MPC3 which connects  t h e  app rop r i a t e  f l u i d  g r i d  po in t  t o  
t b e  s c a l a r  po in t  whose t e e p e r a t u r e  has  been spec i f i ed .  For an i n t a k e  s t r o k e ,  t h e  
temperature of  t h e  f l u i d  g r i d  po in t  n e a r e s t  t h e  h e a t  exchanger is cons t ra ined  t o  
equal  t h e  ambiefit temperature. The r a t i o r i a l e  f o r  t h i s  average is given i n  t h e  sec- 
t i o n  on Assumptions. The inpu t  temperature T is given by t h e  equat ion  

I N  

where C is t h e  h e a t  capac i ty  o f  t h e  volume of  f l u i d  moved dur ing  one s t r o k e  and C 
F T 

is che hea t  capac i ty  o f  t n e  tub ing  on t h e  co ld  s i d e ;  T~~~ 
is t h e  average tempera- 

t u r e  of f l u i d  leaving  t h e  chamber dur ing  t h e  preceding in t ake  s t r o k e ,  and T. 
LAST is 

t h e  temperature T f o r  t h e  l a s t  exhaust  s t roke .  
I N  

F i n a l l y ,  HEATSTEP prepare3  an inpu t  f i l e  f o r  t h e  next  NASTRAN run t h a t  incor-  
po ra t e s  t h e  new d a t a  it has  computed. 



RESULTS AND DISCUSSION 

Severa l  ana lyses  were made us ing  t h i s  method. Some of  t he se  ana lyses  were 
made t o  g e t  r e l a t i v e  i n d i c a t i o n s  of  t h e  performance o f  proposed con f igu ra t ions .  
One a n a l y s i s  modeled t h e  experimental  device ;  r e s u l t s  from t h i s  a n a l y s i s  a r e   lot- 
t e d  i n  F igure  3. 
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Figure 3. Compsrison o f  Computed and Experimental Temperatures 

Y - 
W 
a 
3 
no 

a 
W 
0 

5 
'-260- 

250- 

Severa l  f a c t o r s  may c o n t r i b u t e  t o  improving agreement between t h e  computed and 
experimental  r e s u l t s .  To avoid pene t r a t i ng  t h e  pressur ized  chamber, thermocouples 
were mounted on t h e  o u t s i d e  su r f ace  of  t h e  s t a i n l e s s  s t e e l  r e f r i g e r a n t  chamber. 
S t eps  a r e  being taken t o  move t h e  tinermocouples i n s i d e  t h e  chamber t o  more accu- 
r a t e l y  record  t h e  temperature of  t h e  r e f r i g e r a n t  and f l u i d .  The f i n i t e  element 
model uses  a simple r ep re sen ta t i on  o f  t h e  regenera tor  and probably jts hea t  capa- 
c i t y  is under represented ;  a l a r g e r  hea t  capac i ty  would l i k e l y  slow t h e  temperature 

- 

- 
EXPERIMENTAL - COMPUTED - 



drop, prodacing b e t t e r  agreement i n  t h e  r e s u l t s .  I t  is a l s o  l i k e l y  t h a t  b e t t e r  
values  may be obtained f o r  t h e  f i l m  convect ion c o e f f i c i e n t s  and thermal conduc- 
t i v i t y  of t h e  c o n t a c t  between r e f r i g e r a n t  c o i l s .  These imprcvements w i l l  be made 
during future  work. 
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