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ABSTRACT 

T h i s  r e p o r t  d e s c r i b e s  t h e  e x p e r i m e n t a l  stress a n a l y s i s  and low c y c l e  
f a t i g u e  t e s t  o f  one  24" X 24" X 24"  s c h e d u l e  1 0  s t a i n l e s s  s t e e l ,  ANSI 
B16.9 tee  performed by Combustion E n g i n e e r i n g ,  I n c .  The tee  was 
i n s t r u m e n t e d  w i t h  230 r e c t a n g u l a r  s t r a i n  gage  r o s e t t e s ,  E las t ic  
d a t a  was o b t a i n e d . f o r  1 2  l o a d i n g  c b n d i t i o n s  c o n s i s t i n g  o f  i n t e r n a l  
p r e s s u r e  and o r t h o g o n a l  p u r e  moments and o r t h o g o n a l  d i . r e c t , f o r c e s  
a p p l i e d  i n d i v i d u a l l y  t o  t h e  free b r a n c h  and r u n  e n d s  o f  t h e  tee. 

. One o f  t h e  rl.in ends  o f  t h e  tee was " b u i l t  i n "  t h r o u g h o u t  t h e  tes t .  
A l l  l o a d s  w e r e  a p p l i e d  t h r o u g h  p i p e  e x t e n s i o n s  welded t o  t h e  tee. 
The tee was f a t i g u e  t e s t e d  t o  f a i l u r e  by  a p p l y i n g  a c y c l i c  i n - p l a n e  
moment t o  t h e  b ranch  o f  t h e  .tee assembly .  A th rough- the -wa l l  
f a t i g u e  c r a c k  o c c u r r e d  a t  234'4 c y c l e s .  S i g n i f i c a n t  test  r e s u l t s .  
are summarized and compared w i t h  d e s i g n  v a l u e s  t a b u l a t e d  i n  t h e  
ASME A oiler and P r e s s u r e  V e s s e l  code ,  S e c t i o n  111, 1971. 

p r e p a r e d  by: Approved by : Approved by: 
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NOMENCLATURE 

'T- - - 

"mi n - - 

subsc r ip t s  

primary p lus  secondary s t r e s s  index 

ou t s ide  diameter,  i n .  ' 

l o c a l  s t r e s s  index 

e l a s t i c  s t r e s s  amplitude i n  p ip ing f o r  f a t i g u e  
considera t ion ,  p s i ;  o r  s t r e s s  i n t e n s i t y ,  p s i  

. I 

nominal s ec t i on  modulus, i n .  

s'hear s t r e s s  

r o t a t  ion , .  radians  

most pos i t i ve  p r inc ipa l  s t r e s s ,  p s i  

l e a s t  p o s i t i v e  p r inc ipa l  s t r e s s ,  p s i  

normalized p r i n c i p a l  s t r e s s  (most p o s i t i v e )  

normalized, p r i n c i p a l  s t r e s s  ( l e a s t  p o s i t i v e )  

normalized s t r e s s  i n t e n s i t y  

branch 

run 

planes f o r  t h e  t h r e e  ends of t h e  t e e  piping 
conf igura t ion  . . 
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1 . 0  INTRODUCTION 

I n  ea r ly  1 9 6 9  t h e  oak R i d g e  N a t i o n a l  L a b o r a t o r y  (ORNL) issued a 
c o n t r a c t  t o  c o m b u s t i o n  E n g i n e e r i n g ,  I n c .  t o  c o n d i ~ c t  e x p e r i m e n t a l  
stress a n a l y s e s  a n d  low c y c l e  f a t i g u e  t es t s  o n  f o u r  2 4 - i n c h  
d i a m e t e r  ANSI B16.9 c a r b o n  s t ee l  tees. T h i s  e x p e r i m e n t a l  work  i s  
p a r t  o f  t h e  ORNL p i p i n g  p r o g r a m  t o  d e v e l o p  d e s i g n  c r i t e r i a  for 

I* n u c l e a r  s e r v i c e  p i p i n g  c o m p o n e n t s .  T h e  p r o g r a m  is  t h e  u.S.  
E n e r g y  R e s e a r c h  a n d  D e v e l o p m e ~ t  A d m i n i s t r a t i o n  s u p p o r t e d  p o r t i o n  
o f  a j o i n t  ERDA-Indust ry  p r o g r a m  t o  d e v e l o p  d e s i g n  i n f o r m a t i o n  
f o r  n u c l e a r  s e r v i c e  p i p i n g  c o m p o n e n t s ,  pumps,  a n d  v a l v e s .  ORNL 
l a t e r  a d d e d  t w o  2 4 - i n c h  d i a m e t e r  A N S I  1316.9 t ees  t o  t h e  c o n t r a c t .  

T h e  C o m b u s t i o n  ~ n g i n e e r i n g  t e s t s  are  for tees  numbered  T-10 
t h r o u g h  T-13, T-16, a n d  T-17 s u p p l i e d '  b y  t h e  oak R i d g e  N a t i o n a l  
L a b o r a t o r y  f r o m  a series of 1 7  ANSj 8 1 6 . 9  tees  b e i n g  s t u d i e d  
u n d e r  t h e  0 R N L . r i p i n g  P r o g r a m  (1). T h e  tees i n  t h e  C-E t e s t  
series a r e  as f o l l o w s :  

T e e  Number Nomina l  S i z e  

T-10 ( c a r b o n  s tee l )  24"  X 2 4 "  X 2 4 "  s c h  4 0  
T-11 ( c a r b o n  s tee l )  2 4 "  X 24"  X 2 4 "  s c h  1 6 0  
T-12 ( c a r b o n  s tee l )  24"  X 2 4 "  X 1 0 "  sc:h 4 0  
T-13 ( c a r b o n  s teel)  24" X 24"  X 1 0 "  s c h  1 6 0  
T-16 ( s t a i n l e s s  s tee l )  24"  X 2 4 "  X 2 4 "  s c h  1 0  
T-17 ( s t a i n l e s s  s t ee l )  24"  X 2 4 "  X 1 0 "  s c h  1 0  

The  t e s t  r e s u l t s  f r o m  t h e  T-10 tee,  T-11 t e e ,  T-13 tee,  a n d  t h e  
T-12 t e e  a,re p r e s e n t e d  i n  R e f .  ( 2 )  , R e f .  ( 3 )  , R e f .  ( 4 )  , a n d  
R e f .  (S), r e s p e c t . i v e l y .  I n  t l ~ i s  r e p o r t  t h e  t e s t  r e s u l t s  f rom.  
t h e  T-16 tee,  w h i c h  w a s ,  t h e  f i f t h  .tee t o  be t e s t e d ,  a re  p r e s e n t e d .  
A l s o  c o v e r e d  is a de t a i l ed  d e s c r i p t i o n  o f .  t h e  t e s t  p r o c e d ! l r e s ,  
t e s t  e q u i p m e n t ,  t e s t  t e e  a s s ; e m b l y ,  e l a s t i c  r e s p o n s e  tes ts ,  
c o m p u t e r  p r o g r a m s ,  da ta  a c q u i s i t i o n  e q u i p m e n t  a n d  l o w  cycle 
f a t i g u e  tests. A c o m p a r i s o n  i s  made b e t w e e n  t h e  n o r m a l i z e d  
stress i n t e n s i t i e s  d e t e r m i n e d  f r o m  t h e  t e s t  d a t a  a n d  t h e  d e s i g n  
v a l u e s  t i b u l a t e d  i n  t ' h e  ASME A oiler a n d  p r e s s u r e  V e s s e l  Code ,  
S e c t i o n  111, 1 9 7 1 .  

' ~ u m b e r s  i n  brackets d e s i g n a t e  R e f e r e n c e s  a t  e n d  o f  p a p e r .  



I n  r e g a r d  t o  t h e . f a t i g u e  t e s t ,  a c o m p a r i s o n  i s  a l s o  made be tween  
t h e  a c t u a l  number of c y c l e s  t h a t  c a u s e d . a  f a t i g u e  f a i l u r e  and  
t h e  number of c y c l e s  c a l c u l a t e d  u s i n g  t h e  S i m p l i f i e d  Elas t ic-  
p l a s t i c    is continuity A n a l y s i s  i n  S e c t i o n  I11 o f  t h e  ASME 
Code ( 6 ) .  



2.0 LABORATORY EQUIPMENT 

2 . 1  Load Frame. The t e s t  frame . c o n s i s t s  o f  an assembly o f  wide 
f langed beams bo l t ed  t o  foundation anchor p o i n t s  a t  e igh t  
p l a c e s  ( 7 ) .  The t e s t  frame was designed f o r  t h e  following 
loading conditions ' :  

 ending moment 
Tors ional  moment 
Axial  load 

9,600,000 in - lbs  
9,600,000 in - lbs  
800,000 l b s  

The foundation c o n s i s t s  of four  l a r g e  rec tangu la r  beams of  ': 
s t e e l  r e in fo rced  concre te  arranged i n  a  " rec tangu la r  donut" 
conf igura t ion .  Approximately 126 cu. yds. of concre te  and 
7300 l b s .  of r e i n f o r c i n g  s t e e l  were u t i l i z e d  i n  t h e  foundat ion.  
Each anchor po in t  was designed t o  r e s i s t  a  load combination 
of  57.1. k i p s  upward o r  downward and a  r e s u l t a n t  fo rce  of 
70.7 k i p s  h o r i z o n t a l l y .  

To apply bending moments, t o r s i o n a l  moments, and a x i a l  loads ,  
t h r e e  load c y l i n d e r s  were designed with l a r g e  rec tangu la r  
f l anges  loca ted  a t  one end. These load c y l i n d e r s  a r e  b o l t e d  
t o  s p e c i a l  24-inch weld neck f l anges  welded t o  t h e  o u t s i d e  
diameter  of t h e  run p ip ing  components. Figure 1 shows a  
t e e  i n  t h e  load frame. 

Various hydrau l i c  jack assemblies a r e  used t o  apply t h e  
d i f f e r e n t  loads t o  t h e  ' t e s t  t e e  assembly. Most of  t h e  jack 
assemblies  were provided with swivels  conta in ing  b a l l  bear ings  
a t  each end (F ig .  2 ) .  Each jack assembly has been c a l i b r a t e d  
on a  hydrau l i c  un ive r sa l  t e s t i n g  machine. A hydrau l i c  system 
capable of accura te  p ressu res  up t o  10,000 p s i  i s  employed 
t o  provide necessary p r e s s u r e  f o r  a l l  jacks.  Spec ia l  b a l l  
bear ing  and r o l l e r  bear ing  type  suppor ts  were designed t o  
support  t h e  t e s t  t e e  assembly (Fig .  3 ) .  

Data Acquis i t ion  and Processing Equipment. A computer 
c o n t r o l l e d  d a t a  a c q u i s i t i o n  .system was employed f o r  t h e  
s t r a i n  gages,  thermocouple, and LVDT ins t rumenta t ion  ( 7 )  . 
This  system c o n s i s t s  o f  an Astrodata  Model 2000 analog-to- 
d i g i t d l  conver ter  and an IBM 1620 d a t a  process ing  system. 
The Astrodata  Model 2000 u n i t  is a s p e c i a l  purpose random 
access  mul t ip lexer  and d a t a  measuring instrument  which i s  
automat ica l ly  c o n t r o l l e d  by t h e  IBM computer o r  manually 
c o n t r o l l e d  by i ts  own f r o n t  panel  switches.  The system 
i s  designed t o  measure t h e  output  s i g n a l  f o r  any of 
2000 channels.  





Fig. 2 View of 100 Ton Jack Assembly with Swivels 





Dur ing  a t y p i c a l  t e s t ,  a l l  tests r e s u l t s  are punched  o n  c a r d s  
w i t h  a l i m i t e d  number of t h e  more i m p o r t a n t  tes t  r e s u l t s  
d i s p l a y e d  on  t h e  1620  t y p e w r i t e r .  A t  t h e  c o n c l u s i o n  o f  a 
t e s t  t h e  punched  cards a r e  t r a n s m i t t e d  t o  t h e  C o r p o r a t e  
Computer C e n t e r  v i a  a n  IBM 7711  t a p e  r e c e i v e r  a n d  t e l e p h o n e  
l i n k .  The t e s t  data  i s  t h e n  p r o c e s s e d  o n  a n  IBM 370/165 
compu te r  , 

When it is  d e s i r e d  t o  p l o t  s p e c i f i c  data ,  a m a g n e t i c  t a p e  
X-y drum s y s t e m  i s  u t i l i z e d  i n  Windsor .  T h i s  
p e r m i t s  c o m p l e t e l y  a u t o m a t i c  p l o t t i n g  of a l l  desired 
i n f o r m a t i o n .  

2.3 F a t i q u e  ~ e ' s t  Equipment .  The f a t i g u e  t e s t .  equ ipmen t  u t i l i z e d  
fo r  p r e s s u r i z i n g  t h e  tee c o n s i s t s  o f  a n  MTS c l o s e d - l o o p  
s e r v o  c o n t r o l  s y s t e m , .  a h y d r a u l i c  power supp ly ,  f i v e  
i n t e n s i f i e r s ,  a ~ e i s e  p r e s s u r e  g a g e  a n d  a  p r e s s u r e  t r a n s d u c e r ,  
T i t l e  t o  t h e  MTS s y s t e m ,  h y d r a u l i c  power s u p p l y ,  a n d  t h e  
f i v e  i n t e n s i f i e r s  i s  v e s t e d  i n  t h e  U.S. Government.  The  
a r r a n g e m e n t  o f  t h e  f a t i g u e .  t es t  equ ipmen t  is  shown i n  
F i g u r e  17.  A brief d e s c r i p t i o n  o f  s o m e  of t h e s e - i t e m s  w i l l  
be p r e s e n t e d  below: 

MTS Sys tem - T h i s  system i s  p r i m a r i l y  d e s i g n e d  for  s t r u c t u r e  
a n d  materials t e s t i n g .  It i s  a s i n g l e - c h a n n e l  s y s t e m  t h a t  
u t i l i z e s  o n e  S e r v o  C o n t r o l l e r  (SERVAC) . The s y s t e m  employs  
a " c l o s e d  l o o p "  t h a t  i s  a c o n t i n u o u s  p a t h  of i n t e r a c t i n g  
e l e m e n t s .  The basic components  i n  t h e  s y s t e m  are  a S e r v o  
C o n t r o l l e r ,  Servo-Valve ,  command i n p u t  module ,  f u n c t i o n  
g e n e r a t o r ,  c o u n t e r ,  h y d r a u l i c  power s u p p l y ,  a n d  p r e s s u r e  
t r a n s d u c e r .  

Wi th  t h i s  s y s t e m  it i s  p o s s i b l e  t o  a p p l y  p r e s s u r e  t o  t h e  t e s t  
components  a t  v a r i o u s  c y c l i c  r a t e s ,  d e p e n d i n g  o n  t h e  c a p a c i t y  
df t h e  h y d r a u l i c  s y s t e m ,  a n d  u s i n g  d i f f e r e n t  f u n c t i o n s .  An'  
" i n v e r t e d  h a v e r s i n e "  f u n c t i o n  i s  g e n e r a l l y  u s e d  f o r  p r e s s u r e  
c y c l i c  t es t s .  The MTS Sys tem h a s  v a r i o u s  i n t e r l o c k s  t o  
e n s u r e  p r o p e r  t e s t  p rog ram o p e r a t i o n .  T h e s e  a r e  l i s t e d  be low:  

( A )  L i m i t  Detector ( . p r e v e n t  e x c e s s  p r e s s u r e  rise) 
( B) Low A m p l i t u d e  Measurement ( p r e v e n t  u n d e r s h o o t  d u r i n g  

p r e s s u r e  c y c l e )  
( C )  P r e s s u r e  R e l i e f  V a l v e  o n  H y d r a u l i c  Power S u p p l y  ( c a n  

be a d j u s t e d  t o  l i m i t  maximum p r e s s u r e  a t t a i n a b l e  b y  
MTS Sys tem)  



H y d r a u l i c  .Power S u p p l y  - The h y d r a u l i c  power s u p p l y  c o n s i s t s  
of a  v a r i a b l e  volume pump c a p a b l e  o f  d e l i v e r i n g  up  t o  35 
gpm of h y d r a u l i c  o i l .  It is a  s e l f - c o n t a i n e d  u n i t ,  c o n t a i n i n g  
a n  o i l  r e s e r v o i r ,  o i l - w a t e r  h e a t  e x c h a n g e r ,  s a f e t y  r e l i e f  
v a l v e ,  p r e s s u r e  r e g u l a t o r ,  v a r i o u s  i n d i c a t o r s , .  a n d  f i l t e r s  .. 
~t is d e s i g n e d  f o r  p r o v i d i n g  a h y d r a u l i c  p r e s s u r e  of 3000 p s i .  

~ n t e n s i f i e r s  - One t o  f i v e  o i l  t o  o i l  i n t e n s i ' f i e r s  a r e  u s e d  
w i t h  t h e  MTS Sys tem t o  p r o v i d e  s u f f i c i e n t  o i l  volume t o  
a c h i e v e  t h e  d e s i r e d  p r e s s u r e  i n  o n e  s t r o k e -  o f  t h e  i n t e n s i f i e r s .  
The i n t e n s i f i e r s  h a v e  a n  i n t e n s i f i c a t i o n  r a t i o  o f  3 . 3 1  
and  w e r e  m a n u f a c t u r e d  b y  o r t m a n - M i l l e r .  

P r e s s u r e  T r a n s d u c e r  - A BLH G e n e r a l  P u r p o s e  p r e s s u r e  c e l l  
t y p e  GP i s  u s e d  for  f a t i g u e  tests.  It h a s  a  maximum p r e s s u r e  
of 20 ,000  p s i .  



3.0 TEST MODEL 

3 . 1  F a b r i c a t i o n  ~ e t a i l s  o f  Tee .  The tes t  t ee  was p r o v i d e d  by 
ORNL. T h e ' t e e  i s  c o n s i d e r e d  a wrough t  f i t t i n g  f a b r i c a t e d  
from ASTM A-240-70, 304L s t a i n l e s s  s t ee l .  p l a t e . .  The lo t . .  
number a.nd m i l l  h e a t  number of t h e  material  are P-6453 
and  500281-1A r e s p e c t i v e l y .  The t ee  was f a b r i c a t e d  i n  
a c c o r d a n c e  w i t h  ASTM S p e c i f i c a t i o n  A-234 wh ich  i s  r e q u i r e d  
b y  t h e  ANSI B16.9 s p e c i f i c a t i o n  f o r  wrough t  f i t t i n g s .  
P h y s i c a l  p r o p e r t i e s  of t h e  material  w e r e  o b t a i n e d  f r o m  t h e  
p l a t e  m i l l  t e s t  r e p o r t  and  are  l i s t e d  be low:  

Y i e l d  S t r e n g t h  - 3 8 , 0 0 0  p s i  
T e n s i l e  S t r e n g t h  - 8 3 , 0 0 0  p s i  
P e r c e n t  E l o n g a t i o n  - 53.0 

3.2 " A s - B u i l t "  ~ i m e n s i o n s  of Tee .  - B e f o r e  w e l d i n g  p i p e  e x t e n s i o n s  
t o  t h e  tee ,  p l a s t e r  o f  p a r i s  casts w e r e  made of t h e  i n s i d e  
a n d  o u t s i d e  o f  t h e  tee.  S e v e r a l  c o n t o u r s  t r a c e d  f r o m  t h e s e  
casts are  shown o n  C-E Dwg. E-62873-003 i n  Appendix  " A " .  

The s u r f a c e s .  on  the ' .  tee which  w e r e  t o  be i n s t r u m e n t e d  w e r e  
p o l i s h e d  a n d  t h e  c e n t e r l i n e s  of t h e  s t r a i n  gages e s t a b l i s h e d . .  
 or f u t u r e  r e f e r e n c e  t h e  X-Y-Z c o o r d i n a t e s  of e a c h  s t r a i n  
g a g e  c e n t e r l i n e  w e r e  e s t a b l i s h e d .  T h i s  was  a c c o m p l i s h e d  
by f i r s t  e s t a b l i s h i n g  c e n t e r l i n e s  f o r  t h e '  t e e  a n d  t h e n  
m a c h i n i n g  t h e  w e l d  p r e p s  p e i p e n d i c u l a r  t o  t h e s e  c e n t e r l i n e s .  
By u s i n g  t h e  w e l d  p r e p  t o  p o s i t i o n  t h e  tee o n  a marble 
tab le ,  t h e  d e s i r e d  c o o r d i n a t e s  wou ld  be r e a d i l y  a c q u i r e d  
u s i n g  a v e r n i e r  h e i g h t  g a g e .  

The a c t u a l  measurements  w h i c h  w e r e  made are shown o n  C-E 
Dwg. B-62675-041 i n  Appendix "A". A l s o ,  t h e  e q u a t i o n s  
wh ich  w e r e  used t o  establish t h e  X-Y-Z c ~ o r d i n a t e s  f rom t h e  
c e n t e r l i n e  of t h e  t ee  are  shown o n  t h i s  d r a w i n g .  

The  X-Y-Z c o o r d i n a t e  d i m e n s i o n s  for  t h e  c e n t e r  of e a c h  
s t r a i n  gag& rosette are t a b u l a t e d  o n  d a t a  s h e e t s  i n  Appendix.  
"A". The d i m e n s i o n s  n o t  shown o n  t h e  d a t a  s h e e t s  c o u l d  
n o t  be , e s t a b l i s h e d  s i n c e  t h e s e  s t r a i n  g a g e  rosettes w e r e  
l o c a t e d '  a t  t h e  we ld  r e n t e r l i n e s .  A f t e r  t h e  w e l d s  w e r e  made 
it was n o t  f e a s i b l e  t o  e s t a b l i s h  t h e s e  d i m e n s i o n s .  

3 .3  T e s t  A s s e m b l y .  F i f t y - i n c h  l o n g  p i p e  e x t e n s i o n s  of 
SA-312 Type 304 s t a i n l e s s  s teel  m a t e r i a l ,  w i t h  e l l i p s o i d a l  
c a p s  a t t a c h e d ,  w e r e  w e l d e d  t o  t h e  tee .  It was n e c e s s a r y  t o  



weld t h e  extension run piping assembly a f t e r  t h e  remainder 
of t h e  t e e  assembly had been completed and a l l  i n t e r n a l  
instrumentat ion had been i n s t a l l e d .  A l l  welding procedures 
were qua l i f i ed  i n  acco'rdance with Sect ion 9 of t h e  ASME 
Boi ler  and Pressure  Vessel.Code and a l l  welds were of nuclear  
q u a l i t y . '  The root  passes were made using t h e  gas tlingsten 
a r c  welding .method. Both t h e  q u a l i f i c a t i o n  welds and t h e  
a c t u a l  p ipe ,welds  were examined, by magnetic p a r t i c l e  t e s t s  
and by radiography. I n  add i t ion ,  t h e  q u a l i f i c a t i o n  welds 
were subjected t o  t e n s i l e  t e s t s ,  bend t e s t s ,  and Charpy 
imgact t e s t s .  

Specia l  weld neck f langes  were welded t o  each p ip ing extension 
t o  make provis ion  f o r  t h e  app l ica t ion  of load t 6  t h e  t e e  
assembly. The mating sur face  of t h e  f l ange  was posi t ioned 
75%-inches from t h e  c e n t e r l i n e  of t h e  t e e  t o  f i t  properly 
i n  t h e  load frame. Nozzles were provided i n  t h e  pipe 
extension <or f i l l i n g ,  vent ing,  and p ressur iz ing  of t h e  t e e .  
Nozzles were a l s o  provided f o r  s p e c i a l  glands used f o r  
s ea l i ng  approximately 1000 lead wires  connected t o  t h e  i n t e r n a l  
s t r a i n  gage instrumentat ion.  Spec ia l  anchor pads were a l s o  
provided f o r  attachment of LVDT hardware used f o r  determining 
f l e x i b i l i t y  fac to r s . ,  The completed t e e  and pipe  extension 
sub-assembly and t h e  extension run piping sub-assemblies and 
f i n a l  t e e  assembly were heat  t r e a t e d  a t  1 1 5 0 ~ ~ .  . See Dwgs. 
SE-11559 and SD-11558 i n  Appendix "B" f o r  drawings of  t h e  
sub-assemblies and f i n a l  t e e  assembly. 

The s t r a i n  gage glands were prepared by i n s t a l l i n g  
polythermalese coated 26 gage copper wire  i n  s p e c i a l  
p ipe  f i t t i n g s .  and po t t i ng  t h e  glands with an epoxy mate r ia l .  
The glands were hyd ros t a t i c a l l y  t e s t e d  before  being 
i n s t a l l e d  i n  t h e  t ee '  assembly. 



4 . 0  ELASTIC RESPONSE TEST 

E l a s t i c  d a t a  w e r e  o b t a i n e d  f o r  t w e l v e  l o a d i n g  c o n d i t i o n s  ; 
i n t e r n a l  p r e s s u r e ,  s i x  p u r e  b e n d i n g  moments, a n d  f i v e  d i r e c t  
force l o a d i n g s .  

4 . 1  I n s t r u m e n t a t i o n .  Two basic t y p e s  of i n s t r u m e n t a t i o n  w e r e  
u s e d ;  s t r a i n  g a g e s  t o  m e a s u r e  s t r a i n  d i s t r i b u t i o n s  and  
LVDT's t o  measu re  d i s p l a c e m e n t s .  

A p p r o x i m a t e l y  230 Micro-Measurement Type8EA-09-125RA-120 
r e c t a n g u l a r  roset te  s t r a i n  g a g e s  w i t h  a g r i d  l e n g t h  o f  
0 .125- inch  w e r e  cemented  o n  t h e  tee  as sembly .  C o o r d i n a t e  
a x e s  from t h e  tee w e r e  a s s i g n e d  as f o l l o w s :  

The X a x i s  c o i n c i d e d  w i t h  t h e  r u n  c e n t e r l i n e .  The p o s i t i v e  
Y a x i s  c o i n c i d e d  w i t h  t h e  b r a n c h  c e n t e r l i n e .  The Z  a x i s  
was m u t u a l l y -  p e r p e n d i c u l a r  t o  t h e  X a n d  Y a x e s  and  t h e  
p o s i t i v e  d i r e c t i o n  was c h o s e n ~ s u c h  as t o  p r o v i d e  a 
c o n v e n t i o n a l  r i g h t - h a n d e d  s y s t e m  as shown i n  F i g u r e  4. 
The t ee  was h e a v i l y  i n s t r u m e n t e d  i n  t h e  +Z, +Y, +Z r e g i o n  
a n d  t h e  -X, +Y, -2 r e g i o n  on  b o t h  t h e  i n s i d e  a n d  o u t s i d e  
s u r f a c e s .  The i n s t r u m e n t a t i o n  i n  e a c h  of t h e s e  r e g i o n s  
was  a r r a n g e d  i n  f i v e  rows as shown i n  t h e  i n s t r u m e n t a t i o n  
d r a w i n g s  i n  Appendix "B". 

To e s t a b l i s h  t h e  row l i n e s  223O i n c r e m e n t s  w e r e  marked o f f  
o n  i n s i d e  a n d  o u t s i d e  d i a m e t e r s  of a l l  t h r e e  e n d s . o f  t h e  
tee .  The t e e  was t h e n  p o s i t i o n e d  w i t h  t h e  w e l d  p r e p  on  o n e  
o f  t h e  r u n s  of t h e  t ee  f l a t  'on a marble tab le .  A s  i n d i c a t e d  
i n  S e c t i o n  3.2  t h e  w e l d  p r e p s  w e r e  a l l  machined  p e r p e n d i c u l a r  . . 
t o  t h e  a x i s  o f  t h e  tee .  Then,  u s i n g  t h e  223O i n c r e m e n t s ,  
row l i n e s  w e r e  c o n s t r u c t e d  b y  s c r i b i n g  a p p r o p r i a t e  h o r i z o n t a l  
l i n e s  o n  t h e  b r a n c h  and  v e r t i c a l  l i n e s  o n  t h e  r u n .  The 
" c r o t c h  l i n e "  was  c o n s t r u c t e d  b y  c o n n e c t i n g  t h e  i n t e r s e c t i o n s  
o f  t h e s e  h o r i z o n t a l  and  v e r t i c a l  l i n e s .  

Gage l o c a t i o n  o n  e a c h  row l i n e  w e r e  d e t e r m i n e d  b y  u s i n g  
d i v i d e r s .  Thus t h e  t r u e  s u r f a c e  d i s t a n c e  be tween  g a g e s  may 
v a r y .  T h i s  was n o t  c o n s i d e r e d  d e t r i m e n t a l  a s  - a c t u a l  X, Y,  
and  Z c o o r d i n a t e s  of e a c h  g a g e  w e r e  measu red .  I n  a d d i t i o n  
t o  t h e  g a g e s  t h a t  w e r e  o n  t h e  row l i n e s  four gages w e r e  
mounted o n  t h e  " c r o t c h  l i n e "  midway be tween  a d j a c e n t  r o w s .  
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T h i s  same p r o c e d u r e  was used t o  l a y  o u t  b o t h  t h e  i n s i d e  and 
o u t s i d e  s u r f a c e s  o f  t .he two r e g i o n s  t h a t  were  h e a v i l y  
instrumented ' .  Because o f  t h e  method employed i n  l o c a t i n g  
t h e  g a g e s ,  c o r r e s p o n d i n g  g a g e s  on t h e  i n s i d e  and o u t s i d e  
o f  t h e  tee may n o t  be e x a c t l y  o p p o s i t e  e a c h  o t h e r .  

Once t h e  t e e  was l a i d  o u t  i n  t h i s  manner t h e  a c t u a l  
"X, Y, and 2" c o o r d i n a t e s  f o r  e a c h  gage  w e r e  measured and 
a r e  t a b u l a t e d  i n  Appendix " A "  . F i v e  i n s t r u m e n t a t i o n  'drawings 

. showing t ' h e ' l o c a t i o n s  o f  t h e  i n s i d e  and o u t s i d e  s t r a i n  g a g e  
i n s t r u m e n t a t i o n  a r e  p r o v i d e d  i n  Appendix "B". 

F i g u r e  4 shows a  t y p i c a l  a r rangement  o f  i n s t r u m e n t a t i o n  i n  
one  q u a d r a n t  o f  t h e  tee.  The. h i g h e s t  s t r e s s e d  r o s e t t e s  f o r  . .  

p a r t i c u l a r  l o a d i n g s  have  been i d e n t i f i e d  i n  t h i s  view. A l l  
s t r a i n  g a g e s  w e r e  m o j s t u r e  p r o o f e d .  A t h r e e  l e a d - w i r e  sys tem 
was employed i n  w i r i n g  t h e  s t r a i n  g a g e s  t o  t h e  d a t a  
a c q u i s i t i o n ' e q u i p m e n t  t o  p r e v e n t  t e m p e r a t u r e  changes  i n  t h e  
l ead-wi re  from c a u s i n g  i n a c c u r a c i e s  i n  t h e  s t r a i n  g a g e  d a t a .  

A s  s t a t e d  e a r l i e r ,  t h e  p i p e  assembly  f o r  t h e  r u n  o f  t h e  tee 
was welded a f t e r  i n s t a l l a t i o n  o f  i n t e r n a l  s t r a i n  gages .  The 
t e m p e r a t u r e  o f  t h e  tee  was moni to red  d u r i n g  t h e  w e l d i n g  
o p e r a t i o n  by u t i l i z i n g  t h r e e  chromel-alumel t h e r m o c o ~ ~ p l e s  
which were  l o c a t e d  a d j a c e n t  t o  t h e  r o s e t t e  s t r a i n  g a g e s  
n e a r e s t  t h e  w e l d . '    he the rmocouples  were  r e a d  f r e q u e n t l y  
t o  e n s u r e  t h a t  t h e  t e m p e r a t u r e  o f  t h e  m a t e r i a l  i n  t h e  r e g i o n  
where t h e  s t r a i n  g a g e s  w e r e  l o c a t e d  d id  n o t  exceed  I50 
d e g r e e s  F. 

S i x  LVIYFas w i t h  s p e c i a l  s u p p o r t  ha rdware  were  employed t o  
measure  t h e  r e l a t i v e  d i s p l a c e m e n t s  and r o t a t i o n s  o f  t h e  r u n  
and b r a n c h  e n d s  o f  t h e  tee .  These  d a t a  w e r e  u t i l i z e d  t o  
c a l c u l a t e  f l e x i b i l i t y  f a c t o r s  f o r  each t y p e  o f  l o a d i n g .  The 
i n s t r u m e n t a t i o n  and d a t a  a c q u i s i t i o n  equipment  can  d e t e r m i n e  
d i s p l a c e m e n t s  t o  t h e  n e a r e s t  0.0001 i n c h .  F i g .  5 shows t h e  
ar rangement  o f  t h e  LVDT s u p p o r t  hardware .  S p e c i f i c  d imens ions  
a t  assembly ,  LVDT numbers, and LVDT s u p p o r t  a r rangements ,  
and p h y s i c a l  l o c a t i o n s ,  u t i l i z e d  i n  t h e  t es t  program. are 
shown o n  C-E ~ w g .  D-62874-027 . i n  Appendix "B" .  Complete 
computer  1 i s t i n g s  of a l l  t h e  measured d i s p l a c e m e n t s ,  t h e  
r o t a t i o n s  c a l c u l a t e d  from t h e s e  d i s p l a c e m e n t s  and t h e  
c a l c u l a t e d  f l e x i b i l i t y  f a c t o r s  have  been  s e n t  t o  ORNL. 
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Fig. 5  View of LVDT Support Arrangement



T e s t  P r o c e d u r e .  It i s  p o s s i b l e  t o  l o a d  a tee w i t h  a n y  of t h e  
t w e l v e  m e c h a n i c a l  l o a d i n g s  shown i n  F i g .  6  o r  w i t h  i n t e r n a l  
p r e s s u r e .  The  " r i g h t  hand r u l e "  i s  u s e d  as t h e  moment v e c t o r  
c o n v e n t i o n  i n  F i g .  6, The m e c h a n i c a l  l o a d i n g s  may be v i s u a l i z e d  
b y  c o n s i d e r i n g  o n e  of t h e  r u n  e n d s  of t h e  tee  e x t e n s i o n  
p i p i n g  as  b u i l t  i n .  T h r e e  o r t h o g o n a l  p u r e  moments and  t h r e e  

. o r t h o g o n a l  d i r e c t  forces may t h e n  be a p p l i e d  i n d i v i d u a l l y  t o  
e i t h e r  t h e  free b r a n c h  e n d  or t h e  free r u n  e n d  t o  create t h e  
t o t a l  of t w e l v e  m e c h a n i c a l  l o a d i n g s ,  S u p e r p o s i t i o n  may t h e n .  
be u s e d  t o  o b t a i n  a n y  c o m b i n a t i o n  o f  m e c h a n i c a l  l o a d i n g s  a n d  
i n t e r n a l  p r e s s u r e .  A l l  of t h e s e  l o a d i n g s  w e r e  imposed  
s e p a r a t e l y  on  t h e  tee  e x c e p t  F3X which  was  o m i t t e d  d u e  
t o  l i m i t a t i o n s  o n  t h e  s t r e n g t h  of t h e  t es t  frame. T a b l e  1 
p r o v i d e s  a  summary of t h e  maximum a p p l i e d  l o a d s  a n d  r e s u l t i n g  ' 

stresses. 

I n i t i a l l y ,  a s u f f i c i e n t  number of l o a d - u n l o a d  c y c l e s  was 
imposed  o n  t h e  t ee  f o r  e a c h  of t h e  t w e l v e  e las t ic  r e s p o n s e  
tests t o  a s s u r e  "shakedown" t o  l i n e a r  e las t ic  b e h a v i o r  as  
e v i d e n c e d  b y  98 p e r c e n t  of t h e  s t r a i n  gages r e t u r n i n g  t o  z e r d  
w i t h i n  - +20 m i c r o i n . / i n .  The  component was  t h e n  l o a d e d  i n  
f o u r  i n c r e m e n t a l  s t e p s  w h i c h  w e r e  r e p e a t e d  i n  t h e  u n l o a d i n g  
p r o c e s s ,  p r o v i d i n g  a t o t a l  o f  n i n e  sets of d a t a  fo r  e a c h  
l o a d  cycle, To a s s u r e  r e p e a t a b l e  a p p l i c a t i o n  of l o a d  and  ' 

measurement  of tes t  d a t a ,  a minimum of two l o a d  c y c l e s  w e r e  
a p p l i e d  fo r  e a c h  o f  t h e  t w e l v e  e l a s t i c  r e s p o n s e  t e s t s  a n d  
t h e  r e s u l t s  compared f o r  c o n s i s t e n c y .  The m o s t  h i g h l y  
s t r e s s e d  s t r a i n  g a g e s  w e r e  m o n i t o r e d  d u r i n g  t h e  l o a d i n g  
p r o c e s s  t o  a s s u r e  t h a t  t h e  y i e l d  s t r e n g t h  of t h e  tee was n o t  
e x c e e d e d .  

D a t a  A c q u i s i t i o n  and  E v a l u a t i o n .  F i g .  7 i l l u s t r a t e s  t h e  s i x  
s t e p s  i n v o l v e d  i n  t h e  d a t a  a c q u i s i t i o n  a n d  e v a l u a t i o n  scheme. 
The  a c t u a l  data a c q u i s i t i o n  a n d  m o n i t o r i n g  o f  t h e  most 
e s s e n t i a l  d a t a  i s  d o n e  i n  t h e  f i r s t  s t e p .  The r e m a i n i n g  . 

f i v e  s t e p s ,  i d e n t i f i e d  h e r e i n  as  r h a s e  1-5,  a r e  e s s e n t i a l l y  
t h e  c o m p u t a t i o n  o f  a l l  of t h e  e n g i n e e r i n g  p a r a m e t e r s  o f  
i n t e r e s t ,  s c r e e n i n g  o f  t h e  d a t a  fo r  v a l i d i t y ,  and  p r e p a r a t i o n  
o f  o u t p u t  as  b o t h  h a r d  copy  l i s t i n g s  fo r  d o c u m e n t a t i o n  and  
compu te r  p l o t s  t o  f a c i l i t a t e  r a p i d  comprehens ion  o f  t h e  t e s t  
r e s u l t s .  The f u n c t i o n  o f  e a c h  major p h a s e  i s  d i s c u s s e d  
be low : 

A t  t h e  t i m e  o f  d a t a  a c q u i s i t i o n  t h e  ' t e m p e r a t u r e ,  s t r a i n ,  
stress, and d e f l e c t i o n s  a r e  computed o n  t h e  IBM 1620 a n d  a l l  
of t h e  r e s u l t s  punched  o n  cards.  The  company p rog ram p e r m i t s  
i n p u t  of l i m i t s  on  s t r a i n ,  no rma l  stress, and  s h e a r  stress 
which  e n a b l e s  m o n i t o r i n g  o n l y  t h e  m o s t  s i g n i f i c a n t  r e s u l t s  o n  
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TABLE 1 Summary o f  Maximum Loads and S t r e s s e s  

~ o a d  Maximim Nom i na 1 Maximum S t r e s s  1 

Condi t ion Applied ~ o a d  P i p e  S t r e s s  ' I n t e n s i t y  i n  Tee 
-. 

1. M3X 518 -874 i n -k ips  4.7 k s i  15.2' k s i  
2 .  M3Y 772.070 in -k ips  7.0 k s i  22.5 k s i  . 3. M3Z 748.000 in-k ' p s  6 . 8  k s i  19.8 k s i  3 5. F3Y 24.000 k i p s  1 . 3 k s i  ' 4.0 k s i  
6 .  F3Z 7.720 k i p s  -5.4 k s i  17.9 k s i  
7 .  M2X 444.672 in -k ips  4 . 1 . k s i  13.8 k s i  
8. M2Y 1200.997 in -k ips  11.1 k s i  .. 1 2 . 1  k s i  
9. P12Z 518.784 in -k ips  4 .7  k s i  11.8 k s i  ' 

10. F2X -64.339 k i p s  -3.4 k s i  -12.4 k s i  
11. F2Y 3.088 k i p s  .. 4.9 k s i  13.2 k s i  
1 2 .  F2Z 10.723 k i p s  16.9 k s i  22.0 k s i  
13. P 120 p s i .  5.8 . k s i  12.7 k s i  

I -, Because t h e  maximum stress i n t e n s i t i e s  w e r e  l i m i t e d  t o  35 k s i  
loads  were s e l e c t e d  t o  ach ieve  a maximum s t r e s s  i n t e n s i t y  i n  
t h e  t e e  o f  approximately  30 k s i .  

C 

The stress i n t e n s i t y  i n  t h e  t e e  was s m a l l  f o r  t h i s  load .  The 
magnitude o f  t h e  load  was l i m i t e d  due t o  t h e  s t r e n g t h  of t h e  
load frame. 



ACQUISITION 0 - 
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a )  C o m p u t e  ~ n g i n q e r i n g  
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t h e  console typewri ter .  ~ h e s e  l i n t i t s  a r e  ra i sed  a s  t h e  load 
i s  r a i s ed  t o  keep o ~ t p u t  on tine typewri ter  t o  an' acceptable 
l eve l .  Addit'iol- ally,. s p e c i f i c  instrumentat ion rnay be p rese lec ted  
and monitored on t h e  typewr i t e r  i r r e spec t i ve  of whether it 

/ 

exceeds t!:ie spec i f i ed  l i m i t s .  The capab i l i t y  of a  computer- 
c o r t r o l l e d  da ta  processing system t o  allow r e a l  t ime evaluat ion  
of  t h e  most c r i t i c a l  instrumentation. i s  an invaluable a id  i n  
assl.lring a good t e s t .  A l l  t h e  remairking da ta  processing i s  
performed on t h e  IBM -370/165 computer a t  Corporate Headquarters. 

The Phase I program computes, s o r t s ,  and l i s ts  a l l  of t h e  
r e s u l t s  f o r  a l l  t ransducers .  For s t r a i n  gages, da ta  co r r ec t i ons  
a r e  made f o r  de sens i t i z a t i on  of t h e  Wheatstone bridge due 
t o  lead wire length and f o r  t r ansverse  s e n s i t i v i t y .  A l i s t i n g  
i s  provided f o r  uncorrected s t r a i n ,  correc ted  s t r a i n ,  
maxim.lm and r r t i n i m i ~ m  s t r a i n ,  p r i n c i p a l  s t r e s s ,  angle o f ,  
p r i nc ipa l  s t r e s s ,  s t r e s s  i n  d i r e c t i o n  -0.f and perpendicular  
t o  " ray"  l i n e ,  and shear  s t r e s s .  For LVDT'S t h e  
displacements and f l e x i b i l i t y  f a c t o r s  a r e  computed. 

The Phase I1 program screens a l l  of t h e  s t r a i n  gage da t a  , 

f o r  l in 'ear  response of s t r a i n  t o  appl ied  load. It  i s  
e s s e n t i a l l y  divided i n t o  two por t ions .  The 'load ad jus t ing  
por t ion  uses a  technique based on t h e  assumption t h a t . a l l  of 
t h e  s t r a i n s  should be d i r e c t l y  propor t ional  t o  t h e  applied 
load (8)  . 
Hydraulic jacks,  previously ca l i b r a t ed  on a  hydraul ic  
universa l  t e s t i n g  machine, were used t o  apply t h e  load 
t o  t h e  t e e .  Load c e l l s  a r e  not used due t o  physica l  l im i t a t i ons  
of t h e  frame. Therefore,  t he r e  was a  p o s s i b i l i t y  of some 
s l i g h t  inaccuracies  i n  app l ica t ion  of t h e  loads.  On a  
s t a t i s t i c a l  b a s i s ,  t h e  s t r a i n s  from a  l a rge  number of s t r a i n  I 

gages were a  more accura te  r e f l e c t i o n  of t h e  applied load 
and represented a  logical.means, f o r  a d j : ~ s t i n g  t h e  applied 
load t o  ob ta in  tile be s t  l i n e a r  . r e l a t i o n  between s t r a i n  
and applied load. Bas ica l ly ,  t h e  technique cons i s t s  of  
"normalizing" t h e  s t r a i n  f o r  each gage i nd i ca t i ng  s i g n i f i c a n t  J 

s t r a i n  by d iv id ing t h e  s t r a i n  a t  maximllm load,. A t  each load 
increment an ave rage : i s  obtained f o r  t h e  normalized s t r a i n s  
and t h i s  i s  used a s  t h e  ba s i s  f o r  ad jus t ing  t h e  numerical 
value of t h e  applied load. A n  i t e r a t i v e  technique is used 
i n  which.gages a r e  excluded whose normalized s t r a i n  d i f f e r s  
s i g n i f i c a n t l y  from t h e  average normalized s t r a i n .  The 
i t e r a t i o n  i s  continued u n t i ?  t h e  applied load ad'justment 
between successive i t e r a t i o n s  is i n s ign i f i c an t .  T h e  applied 
load adjustments a r e  usual ly  l e s s  t11an 2 percent .  



The second portion of Phase 11 checks the  l i n e a r i t y  of s t r a i n  
readings against  adjusted applied load fo r  each gage for  t he  
nine data points  i n  t he  load-unloaded seqllence. A l ea s t  
square l i nea r  curvef i t  i s  used and a  to lerance band is  
established.'above and below the  curvef i t  l i ne .  The 
"tolerance hand c r i t e r i a "  l imi t s  t he  data  points  t o  a  
deviat ion of + 2 0  microin./in. fo r  s t r a i n s  up t o  300 microin./in. 
The data points  having s t r a i n s  larger  than 300 microin./in. 
a r e  limited t o  a  deviat ion of 6.66 percent of t he  s t r a i n .  
I f  a l l  data points  l i e  w i t h i n  t he  tolerance. band, t he  data 
a re  accepted. Otherwise, the  datum point which f a l l s  
f a r thes t  outs ide  the  tolerance ba.nd i s  excl1.1ded and another 
l i nea r  cl.1rvefi.t performed. This procedl.lre i s  continued 
u n t i l  the  data e i t h e r  pass the  tolerance c r i t e r i a  o r  u n t i l  
th ree  of the  nine da ta .po in t s  a re  excluded, which cons t i tu tes  
t o t a l  re jec t ion  of t he  data fo r  t h a t  gage. Usually no more 
than three  ac t ive  s t r a i n  gage elements were re jected,  out of 
the  700 t o t a l  using t h i s  procedure. Gages which were constantly 
re jected as  the  t e s t  program progressed were changed t o  an 
inact ive  s t a t u s .  A t  t he  conclrlsion.of t he  t e s t  program 
these gages numbered approximately 2 1  out of 700. The slope 
f o r  a l l  gages having an acceptable curvef i t  was retained 
for  use i n  rhase 111. 

The phase I11 program uses the  slopes from the  l i nea r  cu rve f i t s  
of rhase I1 t o  compute the  normalized s t r e s ses .  

The Phase I V  program uses the  output of rhase I11 and p lo t s  
24 graphs (twelve fo r  i n t e rna l  gages.and twelve for  
external  gages) which completely describe the  s t r e s s  
d i s t r ibu t ion  along the  20 instrumented ray l i n e s  f o r  each 
load case. For easy 'v i sua l iza t ion  of t h e  s t r e s s  d i s t r ibu t ion  
the  normalized pr inc ipa l  s t r e s ses  and twice t h e  shear 
s t r e s s  were plot ted.  The abscissa es tabl ished the  physical 
location of t he  s t r e s s e s  on the  t e e  as  a  non-dimensional 
d is tance r a t i o .  They may be fur ther  c l a r i f i e d  as  follows: 

Referring t o  Fig. 4 ,  t h e  dashed l i n e  representing the  in ter-  
sect ion of t h e  branch and run i s  used a s  the  or ig in .  The 
dis tance r a t i o  fo r  gages on t h e  r u n  which a r e  ' fur theres t  
from t h e  dashed l i n e  i s  -1. For points  between the  dashed 
l i n e  and the  fu r the res t  gages on the  r u n  t he  surface distance 
r a t i o  is  comp!lted by dividing t h e  surface dis tance from the  
dashed l i n e  t o  the  gage by the  surface dis tance from the  
dashed l i n e  t o  fur theres t  gage fo r  t h e  pa r t i cu la r  ray l i n e  



i n  question, I n  a  l i k e  manner, gages on t h e  branch weld 
are  ident i f ied  by a  surface distance r a t i o  of +l. The 
surface distance r a t i o  for  gages between t h e  dashed l i n e  and 
the  branch weld i s  s imi l a r i ly  computed by dividing t h e  surface 
distance from the  dashed l i n e  t o  the  gage by the  surface 
dis tance from the  dashed l i n e  t o  the  branch weld for  the  
pa r t i cu la r  ray i n  question. A s  noted i n  paragraph 4.1 ac tua l  
surface distances a r e  not measured. surface distance r a t i o s  
were established by using dividers.  

One typ ica l  p lo t  of "Normalized pr incipal  Stresses  vs 
Surface Distance Ratio" fo r  the  M3X 1oading:is shown 
i n  Fig. 8- For addi t ional  c l a r i t y  t h e  r e l a t i v e  locations 
of the  s t r e s ses  have been graphically presented i n  t h i s  
f igure.  T h i s  i s  typ ica l  fo r  a l l  p lo t s  generated f o r  t h i s  
t e e  t e s t  program. 

The Phase V program a l so  uses the  output from rhase I11 
and s o r t s  on t h e  absolute value of e i t h e r  t h e  maximum 
normal s t r e s s  o r  twice t h e  maximum shear s t r e s s ,  whichever 
is grea te r ,  and orders the  output from the  most highly 
s t ressed gage t o  the  l eas t  s t ressed gage, 

4.4 E las t i c  Data ~ e s t ' ~ e s u 1 t s  

S t ress  Data. A very large amount of computer data.was acquired 
during t h e  t e s t  program. To more e a s i l y  v isua l ize  t h e  
s t r e s s  d i s t r ibu t ion  i n  t he  t e e  and t o  provide a basis  fo r  
conlparison of t e s t  r e s u l t s  i o r  various t e e  s i zes ,  it was 
considered advantageous t o  normalize the  ' s t resses .  The 
nominal s t r e s s  t o . b e  used i n  t h e  normalization i s ,  t o  a  large 
extent ,  a rb i t ra ry .  For t h i s  program it was decided t h a t . t h e  
nominal pr incipal .  s t r e s s  would be establishe'd fo r  a l l  
loadings by calculat ing t h e  s t r e s s  t h a t  would ex i s t  a t  t h e  
outermost f i b e r  of an idealized 24-in. sch 10 pipe. For 
transverse force loadings the  pipe was assumed t o  have a  
length from the  load appl icat ion.point  t o  the  branch-run 
center l ine  intersect ion.  

Based on t h e  aforesaid,  t he  nominal s t r e s s  in tens i ty  is ; 

calculated as  twice the  value of the  nominal shear s t r e s s .  
This value i s  used as  the  nominal s t r e s s  t o  prbvide 
correla t ion w i t h  khe shear s t r e s s  theory of f a i l u r e  generally 
used fo r  duc t i l e  materials .  Specif ical ly ,  t h e  following 
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~ i g u r e  8 ~ o r m a l i z e d  r r i n c i p l e '  Stress fo r  r o w  1, q u a d r a n t  +x, +Y, +z 
f o r  M ~ X  l o a d i n q  



t h r e e  e q u a t i o n s  a r e  u s e d  as d e f i n i t i o n s  i n  t h e  p r e s e n t a t i o n  
o f  r e s u l t s  : 

7 nom no, 

~ o r m a l i z e d  p r i n c i p l e  stress 

nom 

i - - ( ~ m a x )  meas 
max 

S 
nom 

T a b l e  2  sh'ows t h e  maximum v a l u e  of t h e  n o r m a l i z e d  stress 
i n t e n s i t y ,  (is) max, f o r  t w e l v e  l o a d i n g  c o n d i t i o n s ,  The . . 

nomina l  stress i n t e n s i t y  and  n o m i n a l  p i p e  p r o p e r t i e s  are 
a l so  i n c l u d e d  i n  T a b l e  2.  As p r e v i o u s l y  m e n t i o n e d ,  the 
F3X t e s t  was  n o t  pe r fo rmed .  The F3Z l o a d i n g  was a p p l i e d  
77  i n .  (3 .2  p i p e  d i a . )  f r o m  t h e  . b ranch - run  i ~ . l t e r s e c t i o n  
p r o d u c i n g  anM3X moment. The  stresses d u e  t o  t h e  b e n d i n g  
force ' a n d  t h e  r e s u l t s  w e r e  e s s e n t i a l l y  i n '  agreement  w i t h  
t h o s e  for  t h e  M3X moment l o a d i n g .  The  F2Y and  $22  l o a d i n g s .  
w e r e  a p p l i e d  1 7 3  i n .  (7 .2  p i p e  d i a . )  f r o m  t h e  b r a n c h - r u n  
i n t e r s e c t i o n  p r o d u c i n g  M2Z a n d  M2Y moments r e s p e c t i v e l y .  
Aga in  t h e  stresses d u e  t o  t h e  moment d o m i n a t e d  a n d  t h e  
r e s u l t s  w e r e  e s s e n t i a l l y  i n  a g r e e m e n t  w i t h  t h e  moment 
l o a d i n g s .  

 or' r e f e r e n c e  p u r p o s e s  a l l  of t h e  p l o t s  g e n e r a t e d  for  e a c h  
. . 

l o a d  case are  i n c l u d e d  i n  Appendix ' ! B U .  

F i g s .  9 t h r o u g h  16 show t h e  stress d i s t r i b u t i o n  on  t h e  
i n s i d e  a n d  o u t s i d e  ' s u r f a c e  f o r  t h e  r a y  wh ich  i n c l u d e s  
t h e  h i g h e s t  n o r m a l i z e d  stress i n t e n s i t y  f rom T a b l e  2. 
~ h e s e  c u r v e s  w e r e  e s s e n t i a l l y  t r a c e d  f r o m  ' t h e  compu te r  
p l o t s  d e v e l o p e d  b y  r h a s e  I V ' c o m p u t e r  program. The c u r v e s  
f o r  t h e , F 3 Z  a n d  F2Z l o a d i n g s  are n o t  p r e s e n t e d  b e c a u s e  
t h e y  are  e s s e n t i a l l y  i d e n t i c a l  t o  t h e  c u r v e s  for 
M3X and  M2Y l o a d i n g s ,  r e s p e c t i v e l y .  

~ l e x i b i l i t y  F a c t o r s , .  B a s i c a l l y  a f l e x i b i l i t y  f a c t o r  is  a 
r e l a t i o n s h i p  u s e d  t o  c o r r e l a t e  d e f l e c t i o n s  a n d  r o t a t i o n s  
c a l c u l a t e d  u s i n g  nomina l  p i p e  d i m e n s i o n s  and e l e m e n t a r y  



TABLE 2 Summary of N o r m a l i z e d  S t r e s s  I n t e n s i t y  a n d  c o m p a r i s o n  

. . 
w i t h  t h e  ASME Code S t r e s s  I n d i c e s  

~ o a d  C a s e  A p p l i e d  N o r m .  s t r a i n  I. D. 5 ,  Nominal  ASME Code  
a n d  N a m e  L o a d s  S t r e s s  Gage NO. S t r e s s  

1 
CK I n d e x  

I n t e n .  no.  I n t e n s i t y  

( is) max 
. . 

M ~ X  5 . 1 9 ~ 1 0 ' i n -  l b  
M 3Y -7 .  7 2 x 1 0 5 i n - l b  
M3Z 7 . 4 6 x 1 o 5 i n - l b  
F 3~ 2 .  4 0 x 1 0 4 1 b  
F ~ Z ( M ~ X )  7 .  72x1031h  
M2X 4. 4 5 x 1 0 5 i n - l b  
M2Y -1. 2 0 x 1 0 6 i n - l b  
M2Z 5 . 1 9 ~ 1 0 ~ i n - l b  
F2X - 5 .  43x1041h  
' F ~ Y ( M ~ z ) ~  3 . 0 9 ~ 1 0 ~ 1 k :  
F ~ Z ( M ~ Y )  1. 07x1041b  
P 1 2 0  p s i  

Nomina l  p i p e  p r o p e r t i e s  u s i n g  d i m e n s i o n s  from ASA B36.10-1959 for  
7 2 4  i n .  s c h e d u l e  1 0  p i p e  

Do = 2 4 . 0  i n .  

t r  = 0 . 2 5 0  i n .  

3  Zr = 1 0 9 . 6  i n .  

Ar = 1 8 . 7  i n .  2  

2 
p r e s s u r e  C1 - 1 . 5  Moment c = C2 = 0 . 6 7 ( R m / ~ r )  = 8 - 7 5  

3 
T h e s e  f o r c e s  p r o d u c e  moments i n d i c a t e d  i n  p a r e n t h e s i s .  

4 
I d e n t i f i e s  w h e t h e r  h i g h  stress i n  o n  t h e  ex te r ior  (e) or  t h e  i n t e r i o r  
( i)  of t h e  tee  . . 

- 5 See ~ i g u r e  3 for loca t ion  



S u r f a c e  D i s t a n c e  R a t i o  j 

~ i g l l r e  9 ~ o r m a l i r e d  P r i n c i p l e  Stress. for  row 2 ,  q u a d r a n t  -X, +Y, -Z 
for. M ~ Y -  x o a d i n g  

4-15 



. . 

I n t e r n a l  Gages 

I n t e r n a l  Gages 

E x t . e r n a 1  Gages . . 

-1.0 - 0 - 8  -0.6 -0.4 -0.2 . 0 0 . 2 .  . 0 . 4  0.6 0.8 1.0 

S u r f a c e  D i s t a n c e  R a t i o  

.d 
~ i ~ u r e  10 ~ o r m a l i z e d  p r i n c i p l e  S t r e s s  fo r  row 3 ,  q u a d r a n t  -X, +Y, -.z 

f o r  M.32 l o a d i n g  



S u r f  ace Distance Rat"io 

11 Normalized principle Stress for row 2 ,  quadrant -X, +Y, - 2  
for F2Y loading 



Figure 12 Normalized Principle Sttes is for  row 2 ,  quadrant -X, +Y, -2 
for M2X loading 
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F i g u r e  1 3  N o r m a l i z e d  P r i n c i p l e  stress. fo r  row 2 ,  q u a d r a n t  -X, + Y ,  -Z 
for  M2Y l o a d - i n g  



Surface Distance Ratio '  

. .- 
~ i g : ~ r e  13 ~ormal ized  pr inc ip le  S t ress  for  row 2 ,  quadrant -X, +Y, -z 

for  V 2 Z  loading 
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Figl:!re 15 Normalized p r i n c i p l e  S t r e s s  f o r  row 2 ,  quadrant  -X, +Y, -2 
f o r  F 2 X  loading 
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4B i E x t e r n a l  Gages 
max 

A i E x t e r n a l  Gages 
min 

' . S u r f a c e  D i s t a n c e  R a t i o  

F i g l j r e  1 6  Normdlized p r i n c i p l e  S t r e s s  f o r  row 5 ,  q u a d r a n t  +X, +Y, +Z 
f o r  ~ n t e r n a l ' p r e s s u r e  Loading  . 



s t r e n g t h  of n a t e r i a l s  equat ions  wi th  n~eas~ l red  r o t a t i o n s  and 
d e f l e c t i o n s .  A s i n g l e  f l e x i b i l i t y  f a c t o r  is  normally 
:jot s ! i f f i c i e n t  t o  desc r ibe  a l l  of t h e  load-displacevent 
r e l a t i o n s h i p s  f o r  a  con:pone~:t. For symmetrical t e e s  42 
non-zero indepe-.dent f l e x i b i l i t y  f a c t o r  have beer. 
hypothesized ( 9 )  . 

~ l e x i b i l i t y  f a c t o r s  can be def ined  i n  s e v e r a l  d i f f e r e n t  
ways. The most obvious d e f i n i t i o n  and t h e  'one used i n  
t h e  ASME Code ( 6 )  . is:  

where -Bab = t h e  measured r o t a t i o n  of end, a, of a  
p ip ing  corrlponent wit?! r e spec t  t o  end, b. 

= value  ca lcu la ted  using nominal p ipe  dimensions 
and simple bean: theory.  

Another d e f i n i t i o h  o f  f l e x i b i l i t y  f a c t o r  given i n  Ref. 10 
is: 

where + = is  t h e  r e l a t i v e  r o t a t i o n  on a one-diameter 
length of  pipe.  

Reference 10 d e s c r i b e s  each of t h e s e  f l e x i b i l i t y  f a c t o r s  
i n  d e t a i l  and compares numerical va lues  obta ined  using each 
of t h e s e  d e f i n i t i o n s .  

A problem. common t o  both of  t h e s e  d e f i n i t i o n s  i s  t h a t  t o  
experimental ly  determine K ,  '%b mi.lst b e  measured. I n  
most cases  both p lane  a ,  and plane b ,  do not remain 

. plane  a f t e r  deformation. ~ h e r e ' f o r e  t h e  d e f i n i t i o n  used 
f o r  f l e x i b ' i l i t y  f a c t o r s  i n  t h i s  s tudy was: 



where  . Tilea = t h e  measured  r o t a t i o n  be tween  EVDT 
s u p p o r t  h a r d w a r e  a t t a c h m e n t  p o i n t s .  

+ c o r r  = t h e  r o t a t i o n  c o r r e c t i o n  computed b y  . 

s imp. le  beam t h e o r y  for  ' t h e  l e n g t h  of 
p i p e  be tween  t h e  t ee  w e l d  l i n e s  and  t h e  
a t t a c h m e n t  p o i n t  fo r  t h e  LVDT ha rdware .  
A c t u a l  p i p e  d i m e n s i o n s  w e r e  used  f o r  
t h i s  c o r r e c t i o n .  

&nom = t h e  nomina l  r o t a t i o n  computed by s i m p l e  
beam t h e o r y  be tween  w e l d  l i n e s  o n  t h e  tee 
u s i n g  nomina l  p i p e  d i m e n s i o n s .  Nominal 
l e n g t h  f o r  t h e  b r a n c h  is .  measu red  from 
t h e  b r a n c h  w e l d  l i n e  t o  t h e  b r a n c h - r u n  
c e n t e r l i n e  i n t e r s e c t i o n .  I 

The d i m e n s i o n s  u s e d  i n  these c a l c u l a t i o n s  are g i v e n  o n  
C-E Dwg. D-62874-027 i n  Appendix "B". It s h o u l d  be n o t e d  
t h a t  u s i n g  t h i s  d e f i n i t i o n  n e g a t i v e  v a l u e s  of K are p o s s i b l e  
w h e r e a s  t h i s  i s  n o t  t h e  c a s e  when K i s  d e f i n e d  a s  i n  t h e  
ASME Code ( 6 )  . 
The s u b s c r i p t  o n  t h e  f l e x i b i l i t y  .factor i d e n t i f i e s  
t h e  ax i s  a b o u t  w h i c h . t h e  r o t a t i o n  is t a k e n  a n d  t h e  two  
p l a n e s  of r e l a t i v e  r o t a t i o n  a s  shown i n  F i g u r e  6 .  F o r  
example ,  Kx31 is t h e  f l e x i b i l i t y  factor  r e p r e s e n t i n g  
r o t a t i o n s  abo: i t  t h e  X a x i s  of t h e  " 3". p l a n e  w i t h  r e s p e c t  , 

. t o  t h e  " 1 "  p l ane :  1.n a l l  i n s t a n c e s  t h e  " 1 "  p l a n e  r e p r e s e n t s  
t h e  b u i l t - i n  e n d  which  i s  u s e d  as  t h e  r e f e r e n c e  p l a n e .  

T a b l e  3 summar izes  tt.e f l e x i b i l i t y  f a . c t o r s  f o r  n i n e  l o a d i n g :  
c o n d i t i o n s .  It i s  i n t e r e s t i n g  t o  n o t e  t h a t  many of t h e  
f l e x i b i l i t y  f a c t o r s  are  l a r g e r  t h a n  one .  . r r e v i o u s l y  t e s t e d  
tees w i t h  h e a v i e r  w a l l s  d i d  n o t  e x h i b i t  t h i s  t y p e  of b e h a v i o r .  

An o v e r a l l  c h e c k  of t h e  l o a d i n g  and  g a g e  a c c u r a c y  c a n  be 
o b t a i n e d  from t h e  r e c i p r o c a l  d e f l e c t i o n  t h e o r e m  ( 7 )  . T h i s  
t h e o r e m ,  fo r  t h i s  a p p l i c a t i o n ,  s tates t h a t  i f  a moment, MA, 
i s  a p p l i e d  t o  a l i n e a r  e l a s t i c  s y s t e m  a t  p o i n t  A a n d . p r o d u c e s .  
a  r o t a t i o n  -OjB a t  some p o i n t  B, t h e n  t h e  same moment ( m a g n i t u d e  
and  d i r e c t i o n )  a p p l i e d  a t  p o i n t  B w i l l  p r o d u c e  a r o t a t i o n  a t  
A of +jAai3. 



TABLE 3  Summary o f  ~ ' l e x i b i l i t y  F a c t o r s  

RIJN - 
K 

BRANCH 
K I< 

Load s ! l b s c r i p t  Magnitude S u b s c r i p t  Magnitude - 

7. M2X X2 1 0.65 X31 0.55 
8. 'M2Y Y21 0.37 Y31 0.42 
9. M2Z 221 2.5 23 1 2.5 

10. F ~ X ~  22 1 231 
11. F2Y (M2Z) 22 1 .2 .5  231 2.0 

3  1 2 .  F2Z(M2Y) Y 2 1  0 .31  Y31 1.2  
1. M3X X2 1 X31 '1 . 2 
2. . M3Y ' Y21 0.37 ' Y31 . 1.0 
3 .  M3Z 22 1 2 . 4  231 3.3 
5. , F ~ Y *  221 . 231 1.5 
6.  F3Z(M3X) X2 1 1.5  X3 1 1 . 2  

The f l e x i b i l i t y  f a c t o r s  f o r  t 5 e  F2Z load ing  can not  be  de f ined :  
consequent ly  on ly  t h e  r o t a t i o n  f o r  t h e  maximum load  a r e  p re sen ted  
i n  Table  4. 

The magnitudes of  t h e  s t r e s s e s  and d e f l e c t i o n  due t o  t h i s  load  a r e  ' . . 
snial l .  Consequently,  it i s  f e l t  t h e  f l e x i b i l i t y  f a c t o r ,  ~ 2 1 ,  f o r  t h i s  
load is u n r e l i a b l e .  

. . 

These f o r c e s  produce moments a s  i n d i c a t e d  i n  pa ren these .  



The following tabulat ion indicates  how the  t e s t  data compare 
w i t i l  t he  reciprocal  def lect ion theorem in ' two o f . t h e  instances 
where cross-c'hecks were possible.  ~ o o d  asreement e x i s t  
i n  a l l  of t he  comparisons. 

Load Condition k subscript  K magnitude 

A few comments, r e l a t i v e  t o  ro ta t ions  t h a t  a r e  due t o  a  moment 
b1.k t h a t  a r e  i n  a  d i rec t ion  d i f f e ren t  from.the d i rec t ion  of . 

the  moment, .seem appropriate.  Several of these  measurements 
were made and t h e i r  magnitudes were found t o  be negligible.  
s ince  no formal de f in i t i on  of a  f l e x i b i l i t y  fac tor  based on 
these '  ro ta t ions  has been agreed upon, most piping f l e x i b i l i t y  
analyses a re  not able t o  inclllde these  rotat.ions. Table 4 : 

, -. 
summarizes the  measured secondary ro ta t ions  r e su l t ing  . , 

from these moments. The secondary ro ta t ions  f o r  t he  end 
forces and in t e rna l  pressure a r e  a l so  presented i n  Table 4.  
A l l  secondary ro ta t ions  a re  fo r  maximum loads. 



' TABLE 4  Summary o f  S e c o n d a r y  R o t a t i o n s  (amea) 

Load C a s e  A p p l i e d  
RUN - 

M a g n i t u d e  
BRANCH 

M a g n i t u d e  
a n d  N a m e  ~ o a d  -. S u b s c r i p t  ( R a d i a n s )  S u b s c r i p t  ( R a d i a n s ) .  

7 .  M2X 5  
4 .45X10.  i n - l b  

1 

8. -M2Y 6 .  -1.20X10 i n - l b  
9. M2Z 5'  

5 . 1 9 x i 0  i n - l b  
1.0. F2X -6 .  43x1041b  
13.. F2X 4  

-6.43X10 l b  
11. FZY(M2Z) 3 . 0 9 ~ 1 0 ~ 1 b  
1 2 .  F ~ Z ( M ~ Y )  1 . 0 7 ~ 1 0 ~ 1 b  
' 1. M3X 5 5.19X10 i n - l b  

2 .  -Y3Y 5 -7.72X10 . i n - l b  
3 .  M3Z 7  . 4 8 x 1 0 5 i n - l b  
5. F3Y 2 .  40x1041b  
6.- F ~ Z ( M ~ X )  7 .  72x1031b  

.1 ace,, c a n  be c a l c u l a t e d  u s i n g  n o m i n a l  p i p e  d i m e n s i o n s  a n d  t h e  
a p p r o p r i a t e  l e n g t h  a s  g i c e n  o n  C-E Dwg. W62874-027-0 of 
A p p e n d i x  " C " .  

. . 2  .. .:. 
: T h e s e  f o r c e s  p r o d u c e  m'oments a s  i n d i c a t e d  i n  p a r e n t h e s i s .  



5.0 LOW CYCLE FATIGUE TEST 
1 

A low c y c l e  f a t i g u e  tes t  o f  t h e  tee was pe r fo rmed  by a p p l y i n g  
a c o m p l e t e l y  r e v e r s i n g  d i s p l a c e m e n t ,  +6 t o  t h e  b r a n c h  o f  t h e  
tee.  The t ee  was p r e s s u r i z e d  t o  t h e  2 r s i g n  p r e s s u r e  o f  300 p s i  
t h r o u g h o u t  t h e  f a t i g u e  t e s t .  A s p e c i a l  l o a d i n g  a s sembly  b o l t e d  
t o  t h e  t e e  assembly  w a s  u sed  f o r  t h i s  t e s t  as shown i n  F i g u r e  17 .  
Two a c t u a t o r s  l o c a t e d  187 i n c h e s  a p a r t  a p p l i e d  e q u a l  and  o p p o s i t e  
f o r c e s  t o  t h e  l o a d i n g  a s sembly .  One a c t u a t o r  was e q u i p p e d  w i t h  
a l o a d  c e l l  t o  measure  t h e  a p p l i e d  f o r c e  and a n  LVDT t o  measure  
t h e  d i s p l a c e m e n t ,  6 ,  of  t h e  r a m .  The d i s p l a c e m e n t  o f  t h e  ram 
was a l s o  checked u s i n g  a d i a l  i n d i c a t o r .  

The magni tude  o f  t h e  l o a d i n g  was b a s e d  o n  a n  e x p e c t e d  f a t i g u e  
f a i l u r e  w i t h i n  t h e  r a n g e  o f  500 t o  l O O , O O O  f u l l y  r e v e r s e d  
c o n t r o l l e d - d i s p l a c e m e n t  c y c l e s .  The l o a d i n g  was choosen  so as 
p r o d u c e  a f a i l u r e  i n  a p p r o x i m a t e l y  7000 c y c l e s  wh ich  i s  t h e  
log-mean v a l u e  be tween 500 and 100 ,000  c y c l e s .  u s i n g  M a r K l ' s  
e q u a t i o n  f o r  a u s t e n i t i c  s t a i n l e s s  s t ee l  a t  room t e m p e r a t u r e  
( 1 1 )  t h e  m a x i m u m  stress a m p l i t u d e ,  CZKZS, c a n  be c a l c u l a t e d  as 
f o l l o w s :  

. . 
where  C2K2 a r e . s t r e s s  i n d i c e s  as used  i n  S e c t i o n  NB-3653.6 o f  

Ref .  6  

S  i s  t h e  nominal  stress a m p l i t u d e  ( n o t  r a n g e )  o c c u r r i n g  
i n  t h e  component 

and  N i s  t h e  number o f  c y c l e s  r e q u i r e d  t o  p r o d u c e  a 
. . t h r o u g h - t h e - w a l l  f a i l u r e  

Thus u s i n g  7 0 0 0 ' a s  ' t h e  r e q u i r e d  number of cycles t o  f a i l u r e  

-.2 
C2K2S = 562,000 (7000)  = 95 ,700  p s i  

. F a t i g u e  l i f e  c a l c u l a t i o n s  w e r e  a l s o  made u s i n g  t ' h e  s i m p l i f i e d  
E l a s t i c - P l a s t i c  D i s c o n t i n u i t y  A n a l y s i s  f rom t h e  ASME Code, S e c t i o n  
111 ( 6 ) .  I n  t h e s e  c a l c u l a t i o n s  b o t h  t F i e  v a l u e  o f  C2K2 s p e c i f i e d  
i n  t h e  Code and  t h e ' e x p e r i m e n t a l l y  d e t e r m i n e d  v a l u e  of C2K2 were  

.. used .  The c a l c u l a t i o n S  c a n  be found i n  Appendix "C" and t h e  
r e s u l t s  a r e  sumrnerized below: 





where N~ i s  t h e  design l i f e  ea1culate.d using t h e  code va lue  
f o r  C2K2 

Ne is  t h e  design l i f e  c a l c u l a t e d  using experimental ly  
determined va lues  f o r  C2K2 

- Nt i s  t h e  l i f e  of  t h e  t e e  a s  measured i n  t h i s  t e s t  

To determine t'he displacement t h a t  would be requi red  t o  produce 
t h i s  maximum s t r e s s  amplitude a p l o t  was made of  t h e  a c t u a t o r  
displacement versus  t h e  maximum s t r e s s .  The va lue  o f  E used 
was 28.3X10 p s i  and ~ o i s s o n ' s  r a t i o  was assumed ' to  be 0.3. 
The maximum s t r e s s  was l i m i t e d  t o  20,000 p s i  t o  ensure  t h a t  t h e  
t e e . w a s  not p l a s t i c a l l y  deformed. Once t h i s  curve was e s t a b l i s h e d  
it was ex t rapo la ted  t o  f i n d  t h e  d e f l e c t i o n  requi red  t o  produce 
an apparent maximum s t r e s s  amplitude o f . 9 5 , 7 0 0  p s i .  By "apparent ,  
maximum s t r e s s "  i s  meant t h e  s t r e s s  t h a t  would be c a l c u l a t e d  
assuming l i n e a r  e l a s t i c  behavior.  

The f i r s t  2 2  cyc les  of t h e  f a t i g u e  t e s t  were performed with 
t h e  s t r u c t u r a l  loading system i n  t h e  manual mode. ~ u r i n g  t h e s e  
cyc les  approximately 35 r p s e t t e s  i n  t h e  h ighes t ,  s t r a i n e d  a reas  
of  t h e  t e e  assembly were monitored. These gages were,  a l s o  
moni'tored f o r  cyc les  435, 602, and 1201. The complete computer 
l i s t i n g s  f o r  t h e s e  cyc les  have been s e n t  t o  ORNL. 

Figure& 19 and 19 summarize t h e  .response of t h e  t e e  assembly 
dur ing  t h e  f a t i g u e  t e s t .  F igure  18 i s  a  p l o t  of  Actuator  
Displacement versus  ~ p p l i e d  Load f o r  s e v e r a l  cyc les .  The Applied 
Load was measured using t h e  load c e l l . .  To c a l c u l a t e  t h e  magnitude 
of t h e  moment a p p l i e d  t o  t h e  branch t h e  appl ied  load can be 
mul t ip led  by 187, inches.  F igure  19 is a p l o t  of  Actuator  
Displacement versus t h e  Maximum Apparent S t r e s s .  These p l o t s  
i n d i c a t e  t h e  -amount of "shake-down" t h a t  occurred 'during t h e  t e s ' t .  . 

A t  2344 cycles  a  through-the-wall crack developed. With 300 p s i  
. p r e s s u r e  appl ied  t o  t h e  t e e  and no moment loading t ransformer  
f l u i d  d id  not leak , through ' t h e  crack. However, a s  soon a s  t h e  

. . 
moment loading was . increased  s l i g h t l y  leakage was evident .  From 
t h e  .outs ide  of  t h e  t e e  t h e  crack appeared t o  be approx.imately 2% 
inches ' long. The craCk l o c a t i o n .  i s  shown i n  Fig. .  6 .  The crack 
occurred i n  t h e  branch weld near t h e  t o p  of  t h e  t e e  i n  t h e  v i c i n i t y  

. '  of s t r a i n  gage r o s e t t e  no. 34. This  is near t h e  n e u t r a l  a x i s  
' 

of t h e  branch and oppos i te  t h e  f ixed  end of  t h e  t e e .  . A t  p resent  
. . 



Figa re  18 P l o t  of Actuator  Disp1acem.er.t versus  Applied Load 
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no s a t i s f a c t o r y  e x p l a n a t i o n  for  why ' t h e  tee - f a i l e d .  i n  t h i s  
l o c a t i o n  c a n  be g i v e n ,  x - rays  t a k e n -  a t  t h e  t i m e .  t h e  weld  was 
made showed a n  a r e a  o f  p o r o u s i t y  less t h a n  1/32 i n .  i n  d i a m e t e r  
i n  t h i s  r e g i o n .  S i m i l a r  i n d i c a t i o n  were  no ted  i n  a r e g i o n  

0 a p p r o x i m a t e l y  90 away from t h e ,  p o i n t  w e r e  f a i l u r e  o c c u r r e d ,  
It s h o u l d  b e  n o t e d  t h a t  a l t h o u g h . t h i s  tee was o r d e r e d  a s  a 
Sch 10 t e e ,  t h e  m a n u f a c t u r e  i n d i c a t e d  t h a t  it . is  s t a n d a r d  
p r a c t i c e  t o  m a n u f a c t u r e  t h e s e  tees a s  Sch 20 tees and b o r e . o u t  
t h e  s t r a i g h t  s e c t i o n s  t o  mate  w i t h  Sch 10 p i p e .  

It is  assumed t h a t  . m e t a l l o g r a p h i c  examina t ion  o f  t h e  f r a c t u r e  ' 

w i l l  p r o v i d e  i n s i g h t  as t o  why t h e  f a i l u r e  o c c u r r e d  i n ' t h i s  r e g i o n ,  

Dur ing t h e  performance  o f  t h e  f a t i g u e  tes t  u l t r a s o n i c  i n s p e c t i o n s  
. were  . p e r f o r m e d '  p e r i o d i c a l l y .  No s i g n i f i c a n t  i n d i c a t i o n s  were  

d e t e c t e d .  . . 

0 



6.0 COMPARISON OF RESULTS WITH ASME CODE, SECTION I11 

The methods used t o  o b t a i n  t h e  normal ized  stress i n t e n s i t y  a r e  
i n  agreement  w i t h  t h e  d e f i n i t i o n  o f  stress i n d i c e s  i n  t h e  ASME 
Code ( 6 ) .  I n  t h e  Code t h e  secondary  stress i n d i c e s  are r e p r e s e n t e d  
by "C" and t h e  peak stress i n d i c e s  by  "CK" where  "K" i s  a local 
stress index .  I f  t h e  s e n s i n g  e lement  o f  t h e  s t r a i n  gage  .is 

f 

? s m a l l  w i t h  r e s p e c t  t o  t h e  s t r a i n  g r a d i e n t s ,  a s  i n  t h e  p r e s e n t  
tes ts ,  t h e  g a g e  i n d i c a t e s  peak s t r a i n s  and it is  n o t  p o s s i b l e  t o  

I s e p e r a t e  t h e  C and K i n d i c e s  w i t h o u t  supp lementa ry  i n f o r m a t i o n .  
i T h e r e f o r e ,  it i s  a p p r o p r i a t e  t o  compare t h e  maximum normal ized  

stress i n t e n s i t y  from t h e  p r e s e n t  tests w i t h  t h e  CK i n d e x  i n  
t h e  Code a s  shown i n  T a b l e  2 .  

Next, t h e  f l e x i b i l i t y  f a c t o r s  a r e  compared t o  t h e  ASME.Code.. The 
Code s t a t e s  t h a t  t h e  l o a d  d i s p l a c e m e n t  r e l a t i o n s h i p  f o r  ANSI B16.9 
tees s h a l l  be o b t a i n e d  by assuming t h a t  t h e  r u n  p i p e  and b r a n c h  
p i p e  e x t e n d  t o  t h e  h t e r s e c t i o n  o f  t h e  r u n  p i p e  c e n t e r l i n e  w i t h  
e h e  b r a n c h  p i p e  c e n t e r l i n e .  The imag inary  j u n c t i o n  i s  assumed 
t o  be r i g i d .  T h i s  i s  e q u i v a l e n t  t o  d e f i n i n g  t h e . f l e x i b i l i t y  
f a c t o r  as 1.0. The f l e x i b i l i t y  f a c t o r s  ' c a n  e a s i l y  be compared 
t o  2.0 by r e f e r r i n g  t o  T a b l e  3 .  



7.0 CONCLUSIONS 

1. The' normal ized  stress i n t e n s i t y  v a l u e s  f o r  a l l  l o a d i n g s  
were  d e t e r m i n e d  t o  be less t h a n  t h o s e  found by u s i n g  t h e  
ASME Code ( 6 ) .  T h i s  ' i n d i c a t e s  t h a t  t h e  Code v a l u e s  a r e  
c o n s e r v a t i v e . f o r  t h e  l o a d i n g s  a s  a p p l i e d  t o  t h i s  tee.  

2.  Many o f  t h e  f l e x i b i l $ t y  f a c t o r s  were  d e t e r m i n e d  t o  b e  
g r e a t e r  t h a n  1.0. F l e x i b i l i t y  f a c t o r s  r anged  from 0 . 3 1  
t o  3 . 3 .  

3 .  A low c y c l e  f a t i g u e  t e s t  was r u n  by l o a d i n g  t h e  tee '  
a s sembly  w i t h  a c y c l i c  i n - p l a n e  bend ing  moment o f  +3 ,085 ,500  - 
i n - l b  .and t h e  t o t a l  qumber o f  cyc les . ,  Nt, u n t i l  a th rough-  

.. t h e - w a l l  c r a c k  deve loped  w a s  d e t e r m i n e d  t o  be. 2 ,344.  
I n d i c a t i o n s  w e r e  n o t  d e t e c t e d  by  . u l t r a .  s o n i c  e x a m i n a t i o n .  
ASME Code ( 6 )  c a l c . u l q t i o n s  y i e l d e d  a  d e s i g n  l i f e ,  Nc, o f  
5  c y c l e s .  S i m i l a r  c a l c u l a t i o n s  were  made u s i n g  e x p e r i m e n t a l  
v a l u e s  o f  C2K2 and y i e l d e d  a. d e s i g n  l i f e ,  Ne t  ,o'f 360 c y c l e s .  
The r a t i o s  o f  t h e s e  d e s i g n  l i v e s  t o  t h e  measured l i f e  a r e :  

4. D e t a i l e d  e x p e r i m e n t a l  stress a n a l y s i s  d a t a  w e r e  a c q u i r e d  
f o r  t h i s  t ee  f o r  numerous l o a d i n g  o p e r a t i o n s .  The c o o r d i n a t e s  
o f  each  s t r a i n  g a g e  r o s e t t e  w e r e  a c c u r a t e l y  e s t a b l i s h e d .  
The t e s t  d a t a  have  b e e n  documented and o r g a n i z e d  i n  a n  o r d e r l y  
f a s h i o n  f o r  e a s y  r e f e r e n c e .  T h i s  e x p e r i m e n t a l  d a t a ,  t h e r e f o r e ,  
s h o u l d  b e  q u i t e  b e n e f i c i a l  i n  e s t a b l i s h i n g  t h e  r e l i a b i l i t y  o f  
new a n a l y t i c a l  methods such  a s  t h e  t h r e e - d i m e n s i o n a l  f i n i t e  
e l ement  a n a l y s i s  f o r  d e t e r m i n i n g  t h e  stress d i s t r i b u t i o n  i n  
tees .  

5. The f a t i g u e  f a i l u r e  t h a t  o c c u r r e d  was i n  a n  unexpected  l o c a t i o n .  
X-rays o f  t h e  weld  i n  t h i s  are showed i n d i c a t i o n s  o f  less 
t h d n  1 / 3  i n c h  d i a m e t e r .  S i m i l a r  i n d i c a t i o n s  w e r e  no ted  i n  
o t h e r  a r e a s  o f  t h e  weld .  It i s  recommended t h e  m e t a l h o g r a p h i c  
examina t ion  be performed t o  l e a r n  more a b o u t  t h e  f a i l u r e .  
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5.522 
5-59 

5 4 2  
5b5.7 
dC&B 
3-7/ - 
579' 

577 
52.90 
5-2533 

5296 
589 

592 
~-9~5- 

3-38 -- 
&/ 
&9 
ha7 
4/47 
41 5 
6 /& 

I'Z" 

-//. 2 5 9  -- 
-/I, //o 
-/&, 590. 
--/OD g27 
-/& BZ7 
-/&bib4 
-&. 2265 
-,@# /9& 
-8, /99 
-B - Z?9 
-&.5&7 
- - & H Z  
-B. e % G  
- 8.334 
-&, 2@7 
- B, Z@7 
- #.3/9 
-+* 435 
- Liz/ 427 
-4.453 
- 4. h32 
- 4,9/2 
-40 &&& 
- 4494 
- 4, 494 
- 4.523 

"x" 
-4 774 

42 @ ? !  

'u, 880 
aaOG' 

Q,t5zDd 

' t y "  

4 b34 

/&19&3 
/S&bZ 
/g07b9 
/3.783 

/9 .m 
&Z2 
62s 
bZB 

I 

- . , 9 
- 
- / I 8  <48 

-BL7/ 7 

- 445 
-B4_9&4 

- A-9 79 

-// 4 h 7 . 4  

- 
-/2,743 

4,575 
+? 492- - .- 

4 455 
4,455 
4,442 

/h49&9 

/ 5 / z@ 
/3,256 
//. 4.30 

9/6/0 
8 .755  
,&5Zs 
B0 290 
B8 238 
Bt 238 

Zci.9 
/&,9&9 
/S';S~Z 

- /4/ 207 

- /Q.? 
- , R8/ 
- 21 
-/4 525 

I 

/ ZB95 
//! 721 

- / '  /'.o 
73-i 

/k7,7sz' 
/fl&'/& 



SHEET NO* 8 

X-Y-Z COORDINATE LOCATIONS 

TEE NO* /b 







A P P E N D I X  B 

1. Fabr ica t ion  D w g s .  f o r  T-16 T e e  

2. I n s t r u m e n t a t i o n  Dwgs. for  T-16 T e e  

3 .  P l o t s  of Stress I n t e n s i f i c a t i o n  v e r s u s  
Surface D i s t a n c e  R a t i o  fo r  Each L o a d  C a s e  
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ROW 1 QUAD. +X r+Y ,+Z ( E )  

5 

4 

3 

2 

I 
f 
"7 0 
V) 

k - I  
I- * - 2  

- 3 

- 4 

' - 5  

-ID -.8 76 9 :2 0 ..2 .4 .6 .8 LO . 

SURFACE D I S T A N C E  R R T I O  

ROW 1 QUAD. -X I+Y I-Z ( E )  

-ID -.8 -.6 -.4 72 0 .2 .4 .6 .8 ID 

SURFACE DISTRNCE R R T I O  

ROW' 1 QUAD. +X ,+Y r+Z ( 1') 

. . 

-LO 78 76 :4 72 0 .2 .4 .6 .8 1.0 

SURFACE D I S T R N C E  R A T I O  

ROW 2 QUAD. +X g+Y j+Z ( E )  
z .  

.. -1.0 ;6 .2 0 .2 .4 .6 .8 I? 

SURFACE ,DISTANCE RRT I 0  . 

ROW 1 QUAD. -X  ,+Y I-z (I) - . 

ORNL TEE TEST PROGRAM 
T-16 TEE ( ~ 3 . x )  
LOAD CASE . 1 
INTERVAL 2 

' ROW 2 WUHU. -X  ,+Y ,-z ( E )  

6URFflCE D I S T A N C E  RAT) n 

ROW 2 QUAD. +X ,+Y r+Z (I ) 

SURFACE D I S T A N C E  R A T I O  . - . . ...... -" -. I 

-1.0 78 .-6 -,4 72 0 .2 .4 .6 .8 1.0 

SURFACE. D I S T A N C E  R A T I O  

ROW 2 QUAD - X  ,+Y 5-Z (I ) 

I SURFACE D l STANCE RAT I 0  .:. 
-. 

LEGEND . 
+ - SIGMA MAX 
X - S.IGMA M I N  
0 - 2 TAU MAX 

(1 ) - INTERNAL 
.( E )-EXTERNAL 



ROW 3 .QUAD. +X >+Y I + Z  ( E )  

-10 -8 :6 74 -.2 0 .2 .4 .6 .8 1.0 

. SURF3CE DISTANCE R A T I O  

5 

4 

3 

2 
L .z I ' - 
m 0 
m 
iJ - , '  
(i: t 

l U  :; 
I -10 -8 -6.-,4 .2 0 .2 .4 .6 8 IT) 
I 
I SiJ?F:?CE J! STANCE RRT! 0 

ROW 3 QUAD. +X ,+Y ,+Z ( I )  . .' 

1.0 :8 -,6 -3 -2 0 .2 .4 .6 .8 I 0  . 

SURFACE DISTANCE R A T I O  

ROW 4 QUAD. +X ,+Y ,+Z . (E )  

SURFRCE DISTANCE RATIO 

-1.0 a -.6 :4 7 2  0 .2 .4 .6 .8 IT) 

I RON' 3 QufiD. -x ,+Y ,-z C I ) 

" SURFACE DISTANCE R A T I O  

I Ro1.l ' 1 1  QUAD. - x  ,+Y :-z ( E )  

I SURFRCE DISTANCE R A T I O  

ORNL TEE TEST PROGRAM 
T-16 TEE ( M 3 X )  
LORE CRSE 1 
INTERVAL 2 

ROW 4 QUAD. +X ,+Y ,+Z ( I )  

SURFRCE D!STRNCE RAT!O 

LEGEND 
+ -. SIGMA MAX 

= SIGMA M I N  
0 - 2 TAU MAX 

( I )-INTERNAL 
(E>-EXTERNRL ' 



ROW 5 QUAD. +X >+Y ,+Z ( E >  ' 

5 

4 

3 

2 

I- I 
f 
ro 0 
m 
g - I  
t- 

* - 2  

- 3 

- 4 

- 5 

-1.0 -,8. 76 :4 -.2 0 .2: ' .4 .6 .8 1.0 

SURFACE DISTANCE R A T  1 0  

ROW 5 QUAD. - X  >+Y 7-Z ( E >  l------ 

. -1.0 -.8 -.6 74 72 . 0 .2 .4 .6 .8 1.0 

SURFRCE DISTANCE R A T I O  

ROW 5 QUAD. + X  > + Y  >+Z ( I  > 

-1.0.:8. :6 -P -2 0 .2 .4 .6 .8 1.0 

SURFACE DISTANCE RAT I 0  

ROW 5 QUAD. -X >+Y >-Z ( I > 

-1.0 :8 :6 -.4 72 0 .2 .4 .6' .8 1.0 

SURFACE DISTANCE R A T I O  

ORNL T E E  T E S T 4 P R O G R A M  
T - 1 6  TEE '  (1"13x) 
L C j A D  CRSE 1 
I T d T E R V A L  2 

LEGENn' 
i . - S IGMA MAX 

X - SIGMfi M IN  
0 - 2 Tf iU MAX 

(1) - INTERNAL 
.(E)-EXTERNAL 



ROW 1 QUAD. +X 1+Y :+Z ( E )  

-LO 78 76 -.4 72 0 .2 .4 .6 .8 1.0 

SURFACE DISTANCE RRTIO 

I ROW 1 QUAI). -X ;+Y 5-2 (E )  

SURFFICE OISTANCE RRTIO 

ROW 1 QUAD. +X ,+Y I+Z ( I )  

4 
. . 

3 

2 

I-. ' 
Z - 
ul 0 
ul W 

- I  
ul 

- 2 

- 3 

- 4 
-1.0 78 :6 -.4 :2 0 .2 .4 .6 .8 1.0 

SURFACE DISTRNCE R A T I O  

ROW 2 QUAD. +X ,+Y ,+Z ( E )  

-LO ~8 % 74 72 0 .2 .(1 .6 .8 1.0 

SURFACE DISTANCE R A T I O  

ROW 1 QUAD. -X ,+Y 1-2 ( I )  

ROW 2 QUAD. +X >+Y r + Z  ( 1 )  

' ROW 2 QUAD. -X ,+Y i -Z ( E )  

SURFACE DISTANCE R A T I O  

SURFACE DISTRNCE R R T I O  

SURFACE OISTANCE R A T I O  

ROW 2 QUAD. -X :+Y > -Z  (I) 

I SURFACE DISTANCE R A T I O  I 

OR'NL TEE TEST PROGRAM 
T-16  TEE ( M 3 Y )  
LOAD CASE 2 
I N T E R V A L  2 

I FGFNn 
+ - 'SIGMA MAX 
X - SIGMA M I N  
0 . -  2 TAU MAX 

( I 3  - INTERNAL 
(E)-EXTERNAL 



ROW 3 QUAD. +X ,+Y ,+Z ( E )  

-1.0 -.8. -.6, 4 72 0 .2 :4 ,6 .8 1.0 

SURFACE DISTANCE RATIO . 

ROW 3 WUHU. -X , + Y  > - L  (t) 

. -1.0 78 :6 -2 72 0 .2 5' .6 .8 ID 

SURFACE DISTANCE RRTIb 

ROW 3 QUAD. +X >+Y ,+z (I) 

4 

2 

G I  
z ,-. 
ln 0 
ln W 

E - I  
W .  z 

- 2 

- 3 

-4 
-1.0 :8 76 -.4 7 2 :  0 .2 .4 .6 :8 LO 

SURFACE DISTANCE RATIO 

ROW 3 QUAD. -X ,+.Y 9-Z ( I ) 

4 

3 

2 

G '  
t 
' 0 0  
ln W 

E - I  
ln 

; 2 

;3 

-4 
. . -1.0 78 76 74 72 0 .2 .4 .6 .8 1.0 

SURFACE DISTANCE RATIO 

ROW 4 QUAD. +X >+Y >+Z (E )  

-1.0 .:8 76 ~ 4 .  -2 0 :2 ..4 .6 B 1.0 

SURFRCE DISTRNCE RATIO.  

ROW 4 QUAD. -X ,+Y ,-Z ( E )  

3 

2 

I' 
z 
w 

l n o  
'ln W 

F - I  
ln 

- 2 

- 3 

4 
-1.0 78 +' :4 :2 0 .2 .4 .6 .8 LO . 

SURFACE DISTANCE RATIO 

ORNL TEE TEST PR0,GRAM 
T -16  TEE ( M 3 Y )  
LOAD CASE 2 

. Ib ITERVAL 2 

ROW 4 QUAD. +X ,+Y ,;z (I) 

4 

3 

2 

G I  
t 
ln 0 
ln W 

E -.I 
ln 

- 2  

7 3 

- 4  
-1.0 --8 -.6 .-.4 -2 0 . .2 ,4' 4 B 1.0 

SURFACE DISTRNCE RATIO 

ROW 4 QUAD. -X ,+Y ,-Z (I) 

4 

3 

2 

G I  
5 
" 7 0  
ln W 

E -.I 
ln 

- 2 

- 3 

- 4 
-1.0 '-.8 76 74 7 2  0 .2 .4 ' .6 .8 1.0 

SURFRCE DISTRNCE RATIO 

LEGEND 
* - SIGMA MAX 
X - SIGMA MIN  
0 - 2 TAU MAX 

(1) - INTERNAL 
(E)-EXTERNAL 



ROW 5 QUAD. +X >+Y 1+Z ( E )  

4 

3 

2 

< ' 
Z 
U 

cn 9 
cn 
W 
'E - I  
cn 

- 2 

- 3 

- 4 
-1.0 -8 -6 -4 -2 . 0 2 4 6 '8 1.0 

SURFRCE DISTRNCE R A T I O  

ROW 5 QUAD. -X ,+Y 5-Z ( E >  

-l.0L8.-6 - 4  -2 0 2 4 6 8 110 . 

SURFACE DISTRNCE R A T I O  

ROW 5 QUAD. +X ,+Y >+Z ( I > 

4 

3 

2 

c O 
t, 
cn -0 
cn 
W 

. - I  
cn 

- 2 

- 3 

- 4 
-1.0 -8 -6 -4 -2 0 2 .4 6 8 1.6 

SURFACE DISTANCE RATIO  

URNL TEE TEST PROG-RAM 
T-16 TEE ( M ~ Y )  
LOAD CASE 2 
INTERVAL  2 

... - -- 
ROW 5 QUAD. -X ,+Y 9-Z ( I) 

4 

3 

2 

c ' 
5 
cn . o  
cn 
UI 
LT + - 1  
cn 

- 3 

% .  

- 4 
' -1.0-.% - i  -6 -2 0 ,  2 . 4 6 8 1.0. 

SURFACE DISTANCE. RATIO , 

LEGEND 
+ - SIGMA MAX 
)( SIGMA MIbI 
n - 2 TAU MAX 

( I >-INTERNAL 
(E)-EXTERNAL 

- -  



ROW 1 OUAD. +X ,+Y I+Z (1 ' )  

3 

2 

< I  Z - 
U) 0 
U) 
W LL 

$ - I  

- 2 

- 3 

-1.0 7 8  ~6 ~4 72 0 .2 ,4 .6 .8 1.0 

SURFRCE DISTANCE R R T I O  

ROW 1 QUAD. +X ,+Y >+Z (E)  

3 

2 

I < 
f 
"7 0 
V) 
W r Y  

$ - I  

- 2 . 

- 3 

. -1.0 78 ~6 :4 :2 0 .2 .4 .6 .8 1.0 

SURFACE DISTANCE R A T I O  

ROW 2 QUAD. +X ,+Y r+Z ( E )  

-10 -.8 76 :4 :2 0 .2 .4 .6 .8 1.0 

SURFACE DISTANCE R A T I O  

. 

ORNL TEE TEST PROGRAM 
T-16,  TEE ( M 3 Z )  
LOAD' CASE 3 
. INTERVAL 3 

ROW 2 QUAD. -X  ,+'I' 9-2 ( E )  
' ROW 1 QUAD. -X I+Y >-Z ( E )  

I 

ROW 2 QUAD. +X ,+Y >+Z  ( I  ) 

ROW 1 WUHU. - X  ,+Y 1-2 ( I  > 

SURFACE DISTRNCE R A T I O  ' 

I SURFACE DlSTf lNCE R A T I O  

SIJRFACF n l  STANCE .RRI.IQ 

LEGEND 
+ - SIGMA MAX 
x - s i m n  PIII~ 
0 - 2 TAU MAX 

( I  )- INTERNAL ' 

(E)-EXTERNAL 

ROW 2 OUAD. -X ,+Y I -Z ( 1 )  

. 

3 

2 

I 
i 
Z 
m o  
m 
W w 
$ - I  

- 2 

- 3 : 
' ::. 

-LO -.8 -.6 -.4 -.2 0 .2 ,.4 .6 .8 .'.l.O' 

SURFACE DISTANCE R A T I O  I I.: ... ........ 

. 

. . .  



ROW 3 QUAD. +X ,+Y >+Z (E )  

3 

2 

I 
t - : .  
z - 
"3 0 
U) 

k. z - I  

- 2 

- 3 

' -1.0 78 % 74 ~2 0 .2 .4 .6  .8 1.0 

SURFACE D I S T A N C E  R A T I O  

ROW 3 QUAD. .+X Y+Y ,+Z (I) 

3 

2 

I' 
C 

5 
m O  
V) 
W (r 

k- - I  
fJl 

. - 2  

- 3 

-1.0 -8 -.6 +I -.2 0 . 2  . 4  .6 .8 1.0 

SURFACE D I S T A N C E  RATI 'O . . 

ROW 'l QUAD. +X >+Y ,+Z ( E )  

3 

2 

I < 
Z 
U) 0 
In 
W LL 

; - I  

-- 2 

- 3 

-1.0 -8 7 6  -.4 7 2  0 . .2 .4 .6 .8 1.0 

SURFACE D I S T A N C E  R A T I O  

ROW 4 QUAD. +X ,+Y >+Z  (I) 

-1.0 78 6 7 4  7 2  0 . 2 . . 4  .6 .8 LO 

SURFACE D I S T R N C E  R A T I O  

ROW 3 QUAD. -X ,+Y ,-Z (E)  

-10 -8 -.6 .:4 72 0 .2  .4 .6 .8 1.0 

SURFACE D I S T A N C E  R A T I O  

ROW 3 QUAD. -X ?+Y ,-Z ( I ) 

' I  

ROW 4 QUAD. -X I+Y 9-Z ( E )  

-1.0 -8 -6 -.4 -.2 0 .2 4 . 6  .8 1.0 

SURFACE D I S T R N C E  R A T I O  ' I  

ORNL TEE TEST PROGRAM 

. . 
T-16 TEE ( M 3 Z )  

. LOAD CASE 3 .. 

INTERVAL 3 

-LO -8 7 6  -.4 72 0 .2 4 .6 .8 10 

SURFACE D I S T A N C E  R A T I O  

ROW 4 QUAD. -X I+Y 3-2 ( I ) , 

3 

2 

I 
t-: - 
"3 0 
V) 
W LL 

z - 1  

- 2 

- 3 

-10 -8 7 6  + ~2 0 .2 .4 .6 .8 10 

SURFACE DISTANCE ROT10 

' LEGEND 
+ - SIGMA MAX 
X - SIGMA M I N  
0 - 2 TAU MAX 

(1 ) - INTERNAL 
. (E)-EXTERNAL 



ROW 5 QUAD. +X ,+Y ,+Z '(E) 

-1.0 -B '-6.'-.4 -.2 '0.: .2 .4 .6 .8 .  1.0 

SURFACE DISTANCE RATIO 

. . .  ROW 5 QUAD. -X ,+Y 3-Z ' ( E )  

SURFACE DISTANCE RATIO 1 

ROW 5 QUAD. +X ,+Y ,+Z ( I ) 

3 

2 

I 
c 
f, 
cn 0 
cn 
W 
(II =;. - 1  

- 2 

.- 3 

,. -lp :8 '76 74 '-2 . 0' .2 .4 .6 B 10 

SURFACE DISTANCE RATIO 

ROW' 5 QUAD. -X ,+Y ,-Z ( I  ) 

3 

2 

. . I  
t- 

f, 
c n o  
cn . 
W 
w 
=; ,-I 

. - 2  

- 3 

. .. -110 -.8 -.6 ' 74 72 0 .2 .4 .6 " .8 ' 1.0 

SURFACE. DISTANCE RATIO . . ' 

ORNL' TEE '; TEST PROGRAM 
T-16 TEE GM3Z) 
LOAD CASE . 3 
1NTER.VAL 3 

LEGEND 
+ - SIGMA MAX 
X ' SIGMA M I N  
0 - ' 2  TAU MAX 

( 1 . ) - I  NTERNAL 
( E )  -EXTERNAL 



ROW 1 QUAD. +X ,+Y >+Z ( E )  

7 

6 
5 
4 
3 

2 
I- 

f I 
m . o  
$ -I 
LL 
I- -2 m 

-3 
- 4 
-5 
-6 
- 7 

-10 -8 -.6 -.4 -2 0 .2 .4 .6 .8 1.0 

'. SURFACE OlSTRNCE RRTIO 

ROW 1 QUAD. -X ,+Y 3-2 (E )  

7 

6 
5 
4 
3 

< 2 

5 1 
m o  
$ - I  
LT 
I- -2 m 

-3 
-4 
- 5 
- 6 
-7 

-1.0 -.8 -6 -.4 -2 0 .2 .4 .6 .8 10 

SURFACE DISTANCE RATIO 

ROW 1 QURD. +X >+Y  ,+Z (I) ' 

-1.0 -.8 -6 -.4 -.2 0 .2 4 .6 .8 10 

SURFACE DISTANCE RATIO 

ROW 1 QUAD. -X ,+Y 3-Z ( I) 

7 
6 
5 
4 

3 

< 
t I 
u l o  
3 - 1  
w 
I- -2 m 

- 3 
- 4 
- 5 
-6 
- 7 
-10 -.8 -6 7.4 -.2 0 :2 3 .6 8 1.0 

SURFACE OISTRNCE RATIO 

ROW 2 QUAD. +X ,+Y ,+Z ( E )  

7 
6 
5 
4 
3 

< 2 
. I  ... 

m 0 m 
W yl 
w 
I- -2 In 

-3 
- 4 
- 5 
- 6 
- 7 

-10 s.8 -.6 -,4 -2 0 .2 .4 .6 .8 1.0 

SURFACE DISTANCE.RRTI0 

ROW '2 QUAD. -X >+Y 3-Z ( E )  

-1.0-8 -.6 -.4 0 .2 .4 .6 .8 ID 

SURFACE DISTRNCE RATIO 

ORNL TEE TEST PHOGKHIVI 
T - 1 6  TEE (F3Y) 
LOAD CASE 5 
INTERVAL 1 

ROW 2 QUAD. +X >+Y ,+Z (I) 

SURFACE OISTRNCE RRTIO 

ROW 2 QUAD. -X ,+Y ,-Z ( I) 

SURFACE OISTRNCE RATIO 

LEGEND 
+ - SIGMA MAX 
X - SIGMR M I N  
0 - 2 TAU MAX 

( T ) - INTERNAL 
( E )  -EXTERNAL 



ROW 3 QUAD. +X ,+Y i + Z  (E )  

7 
6 
5 
4 
3 

1-: 
I - 

'" . o  
fi - I  
[L 
c - 2  
'" 

- 3 
- 4 
- 5 
-6 
- 7 

-1.0 -.8 -.6 -.4 -.2 0 .2 .4 .6 .8 1.0 

.SURFACE OISTANCE RATIO 

ROW 3 QUAD. -X ,+Y i - Z  ( E )  

-1.0 -8 -6 -4 -2 0 .2 .4 .6 .8 10 

SUHkH_CE UlSlHNLt KHI IO 

ROW 3' QUAD. +X ,+Y ,+z (.I) " 

-1.0 -8 -.6 -.4 7 2  0 .2 .4 .6 8 LO 

SURFACE DISTANCE RATIO 

ROW 3 QUAD. -X ,+Y 3-Z ( I ) . 

7 
6 
5 
4 
3 

< 5 . I  
v, '0 
2 - I  
F .  - 2  
v, - 3 

- 4 
- 5 
- 6 
- 7 
-1.0 -,8 -6 74 -.2 0 .2 .4 .6 .8 1.0 

SURFACE D I S T h l 4 C E  R A T I O  

ROW 4 QUAD. +X ,+Y ,+Z ( E )  

7 
6 
5 
4 
3 

1-: 
5 '  
"7 0 
fi - I  
[L 

- I -  - 2  
v, 

- 3 
- 4 
- 5 
- 6 
-7 

-1.0 78 -6 -.4 -.2 0 .2 .4 .6 .8 1.0 

SURFACE OISTANCE RATIO 

ROW 4 QUAD. +X i + Y  i + Z  ( I )  

. -1.0 -8 -.6 -.4 -2  0 .2 .4 .6 8 1.0 

SURFRCE OISTANCE RATIO 

ROW 4 QUAD. -X ,+Y ,-Z (I) 

7 
6 
5 
4 
3 

< 2 

t I 
'" 0 
fi - I  
IL 
c- -2 
'" - 3 

-4 

- 5 
-6 
- 7 

- 1.0 -.8 -.6 -.4 7 2  0 .2  .4 .6 .8 1.0 

EURFRCE OISTRMCS RATIO 

I 
F3Y-ROWS 3 a n d 4  

O R N L  T E E  T E S T  PROGRAM 
T -16  T E E  (F3Y)  
L O A D  C A S E  5 
I N T E R V A L  1 

L E G E N D  
+ - S I G M A  MAX 
x ' -  S I G M A  M I N  
0 - 2 T A U  MAX 

( 1 ) - I N T E R N A L  
(E )  - E X T E R N A L  



ROW 5 QUAD. +X ,+Y ,+Z ( E >  

I SURFACE DISTANCE RATIO  

.: ' Ro'W 5 QUAD. -X ,+Y 1-Z CE) 

-1.0 -.8, -,6. -.2 . 0 .2 .4 ..6 - .8 1.0 

SURFACE DISTANCE RATIO  

. 

ROW 5 QUAD. -X ,+Y 9-Z (I > 

-1.0 -.8' -.6, -.4 72 0 .2 .4 .6 . 8  1.0 

SURFACE DISTANCE RATIO  

ROW 5 QUAD. +X 7+Y ,+Z ' ( I ) 

7 
6 
5 
4 

3 

G 2 

I 
" 3 0  
m 
W - 1  5 L2 
m 

- 3 
- 4 

- 5 
- 6 
- 7 

-1.0 -.8 -.6 -.4 -.2 0 .2 .4 .6 .8 ID 

SURFACE DISTANCE R A T I O  

ORNL T ~ ~ .  TEST PROGRRM 
T - 1 6  TEE (F3Y)  
LOAD CASE 5 
INTERVAL  1 

LEGEND 
+ - SIGMA MAX 
X - SIGMA M I N  
0 - 2 TAU MAX 

( 1 ) - I N T E R N A L  
( E ):EXTERNAL 



ROW 1 QUAD. +X j+Y j+Z ( E )  

5 

4 

3 

2 

I 
t 
ul . o  
ul 

$! - 1  
+ m 

- 2  

- 3 

- 4 

- 5  
-1.0 -.8 -.6 -4 -2 0. .2 4 .6 8 1.0 

SURFRCE DISTANCE R A T I O  

ROLl 1 QUAD. -X >+Y ,-Z ( E )  

I SURFACE DISTANCE R A T I O  I 

ROW 1 QUAD. +X ,+Y ,+Z (I) 

5 

4 

3 

2 

I 
f 
u , o  
m 
$! - I  
I- ul 

- 2 

- 3 

- 4 

-.8 -.6 7.4 -.2 0 .2 .4 .6 .8 1.0 
, 

SURFACE DISTANCE R R T I O  

ROW 2 QUAD. +X g+Y l+Z (E )  

5 

4 

3 

2 

I z +.. 

u, 0 
In 
% - I  
I- m 

- 2  

- 3 

- 4 

- 5 
-1.0 -.8 -.6 -.4 - 2  0 .2 .4 .6 .8 1.0 

SURFACE DISTANCE R R T I O  

SURFACE DISTANCE R A T I O  

ROW 1 QUAD. -X >+Y 5-Z (I ) 

SURFACE DISTANCE R A T I O  

R0L.I 2 QUAD. -X :+Y ,-Z ( E )  

ORNL TEE TEST PROGRAM 
T-16 TEE ( F 3 Z )  
LOAD CASE 6  
INTERVAL 2 

ROW. 2 QUAD. +X j+Y ,+Z' (I) 

5 

4 

3 

2 

6 I 
f 
m 0 
ul 

!$ - I  
I- ul 

- 2 

- 3 

- 4  

- 5 
-ID 78 -.6 -.4 7 2  0 .2 9 .6 .8 1.0 

SURFRCE DISTANCE R R T I O  

ROl4 2 QUAD. -X ,+Y T-Z (I ) 

I SURFACE DISTANCE R A T I O  

'LEGEND 
+ - SIGMA MAX 
X - SIGMA M I N  
0 - 2 TAU MAX 

(1 ) - INTERNAL 
(E)-EXTERNAL 



ROW 3 QURD. +X >+Y ,+Z ( E )  

' SURFACE DISTRNCE R A T I O  

1 .  ' - ~ O W  3 QUAD. - - X , I Y , . Z  ( C )  

I SURFACE DISTANCE R A T I O  

SURFACE DISTANCE R R T I O  

ROW 3 QURD. +X I+Y I+Z (I) " 

SURFRCE DISTANCE R R T I O  

ROW II QUAD. +X ,+Y r+Z ( E )  

5 

4 

3 

2 

t-: I 
f 
ul 0 
0 

L - I  
I- ul 

- 2 

- 3 

-4 

- 5 
-10 -.8 -.6 -.4 72 0 .2 .4 .6 .8 1.0 

SURFACE DISTANCE R R T I O  

RO1.J 3 QUAD: -X ,+Y 1-2 ( I ) 

5 

4 

3 

2 

I-' I 
f 
u l o  
Ln 

!$ - I  
+ ul 

- 2 

- 3 

- 4 

- 5 
-10 7 8  -.6 -.4 -.2 0 .2 .4 .6 .8 10 

ROM ' 4  QUAD. -X I+Y 1-2 ( E )  

SURFACE DISTANCE R A T I O  

ROW II QURD. +X ,+Y I+Z ( I )  

SURFRCE DISTRNCE R R T I O  

SURFACE DISTANCE R A T I O  

ORNL TEE TEST PROGRAM 
T-16 TEE ( F 3 Z )  
LOAD CASE 6 . 
INTERVAL 2 

LEGEND 
+ - SIGMA MAX 
X = SIGMA M I N  
0 - 2 TAU MAX 

(1 ) - INTERNAL 
(E)-EXTERNAL 



ROW 5 QUAD. +X >+Y ,+Z ( E )  

5 

4 

3 

2 

c I 
5 
cn 0 
cn 
W 
Lli - I  
C .  
cn 

- 2 

- 3 

. - 4  

- 5 
-1.0 78 -.6 -.4 -.2. 0 .2 .4 .6 .8 1.0 

SURFACE D I S T A N C E  R A T I O  

ROW 5 QUAD. -X ,+Y ,-Z ( E )  

-1.0 78 -.6 -.4 -.2 0 .  .2 .4 .6 .8 1.0 

. .. SURFRCE D I S T A N C E  R A T I O  

ROW 5 QUAD. +X ,+Y >+Z ( I ) 

5 

4 

3 

2 

I 
f; 
cn 0 
cn 
W 
w - 1  
b- 
cn 

- 2 

- 3 

- 4 

- 5 
-1.0 78 -.6 -.4 72 0 '  - .2 .4 .6 .8 1.0 

SURFRCE D I S T A N C E  R A T I O  

ROW 5 QUAD. -X  ,+Y ,-z ( I ) 

-1.0 -.8 -.6 74 -.2 0 2 .4 .6 .8 1.0 

. SURFACE D I S T A N C E  R A T I O  

ORNL TEE TEST PROGRAM 
T - 1 6  TEE ( F 3 Z )  
LOAD C R S E .  6 
INTERVAL 2 

LEGEND 
+ - SIGMA MAX 
X - SIGMA MJN 
0 - 2 TAU MAX 

( I )- INTERNAL. 
. (E)-EXTERNAL 



I ROW 1 QUAD. +X ,+Y ,+Z ( E )  

4 

3 

2 

I 
3 
"7 . o  
"7 W 

: - I  
ul 

- 2 

- 3 

- 4 
-1.0 -.8 -.6 74 7 2  0 .2 .4 .6 .8 LO 

:SURFACE OISTANCE*RATIO 

ROW 1 OUAD. -X  ,+Y 5-Z (E )  ' 

I 

4 

3 

2 

I 

0 

- I  

- 2 

- 3 

- 4 
-1.0 -.a -.6 -4 -.2 0 .2 .4 .6 .8 1.0 

SURFACE D! STPh'TF RAT TO 

ROW 1 QUAD. +X ,+Y ,+Z (I) " 

4 

3 

2 

< 
5. 
"7 0 
ul W 

- I  
ul 

- 2 

- 3 

-4  
-078- .6  -.4 72 0 .2 .4 .6 .8 LO 

SURFACE DISTANCE RATIO 

ROW 2 QUAD. +X ,+Y ,+Z ( i ~ )  

I 

SURFACE DISTANCE RRTIO 

ROW 2 QUAD. +X ?+Y ,+Z ( I )  

4 

3 

2 

c I 
5. 
u l o  
"7 W 

E - I  
ul 

- 2 

- 3 

- 4 -LO 78 76 74 -2 , 0 .2 4 .6 8 1.0 

SURFRCE DISTANCE RATIO 

1 ROW 1 OUAD. -X  I+Y ,-Z ( 1 )  

.8 -6 -.4 72 0 .2 4 .6 .8 1.0 

SURFRCE DISTRNCE RATIO - . . .. .. ... .. ..-...- 

ORNL TEE TEST PROGRAM 
'T-16 TEE ( M 2 X )  
LOAD CASE ' 7 
INTERVAL ' 3 

t ROW 2 QUAD. -X ,+Y 9-Z ( I) 

4 

3 

' 2  

< 
5 
"7 0 
"7 W 

F - I  
"7 

- 2 

- 3 

- 4 -1.0 78 -.6 -4 -2 0 .2 - 4 .6 .8 1.0 

SURFACE OlSTANCE RATIO 

M2X- ROWS' I an42 

LEGEND 
+ - SIGMA MAX 
x - SI&H MIN 

0 - 2 TRU,MAX 
(1 ) - INTERNAL 
(€)-EXTERNAL 



ROW 3 QUAO. +X I+Y 1+Z ( E )  

4 

3 

2 

< 
f 
u l .  0 
In W 

F - I  
ul 

- 2 

- 3 

- 4 
-1.0 -h -.6 74 72 0 .2 A .6 .8 'LO 

'. SURFACE DISTRNCE RATIO 

R0.W 3 QUAD. -X ,+Y ,-Z (E )  

4 

3 

2 

< 
f 
'0 
ul W 

- I  
V ) .  

- 2 

- 3 

-!LO -8 -.6 -4 72 0 .2 A .6 .8 1.0 

SURFACE DISTANCE RATIO 

ROW 3 QUAO. +X ,+Y ,+Z (I) " 

4 

3 

2 

c I 
5 
"7 0 
V) 
W 
E + - 1  
ul 

- 2 

- 3 

- '4 
-LO -.8 76 74 72 - 0 .2 A 6 B 1.0 

SURFACE DISTANCE ,RATIO 

ROW 3 QUAD. -X ,+Y 9-Z ( 1 )  

-1.0 -.8 -.6 -.4 '72 0 .2 .4 .6 8 1.0 

SURFACE DISTANCE RATIO ' 

ROW q Q U ~ D .  +X ,+Y ,+z ( E )  

- 1 0 ~ 8  76 -.4 72 0 .2 A 6 .8 1.0 

SURFACE DISTRNCE RATIO ' 

ROW. II QUAD. -X ,+Y ,-Z ( E )  

4 

3 

2 

c I 
f 
"3 ' 0  
V) W 

- I  
V) 

- 2 

- 3 

- 4 
-1.0 78 -.6 -.4 .-32 '0  .2 .4 .6 .8 LO 

SURFACE DISTANCE RATIO 

ROW 4 QUAD. +X 1+Y ,+Z ( I ) 

-LO -.8 -.6 -4 72 0 .2 A 8 .8 1.0 ' 

. SURFACE D!STRNCE RATIO 

ROW 4 QUAD. -X ,+Y ,-Z (I) 

4 

3 

2 

< 
Z 
ul 0 
ul W 

- I  
In 

- 2 

- 3 

- 4 
-1.0 78 -.6 -.4 72 0 .2 4 .6 .8 LO 

SURFACE DISTANCE RATIO 

M2X-ROWS 3 a n d 4  

ORNL ,TEE T E S T *  PROGRAM 
T-16 TEE (M2X)  ' 

. . LOAD CASE 7 . 
INTERVAL 3 

LEGEND 
u S 1 Gl ln  Fin)( 

. X - SIGMA M I N '  
0 - 2 TAU MAX 

(1 ) - INTERNAL 
< E )  -EXTERNAL , 



ROW 5 QUAD. + X  ,+Y ,+z ( E )  

4 

3 

2 

2 I 
t 8 

(D 0 
( D .  
W 
IX 
I- - 1  
(D 

- 2 - 3 

- 4 
-1.0 -.8 -.6 74 72 0 . .2 6? ..6 8 1.0 

'SURFACE DISTANCE RATIO 

- .4 - 
ROW '5 QUAD. -X  ,+Y 7-Z ( E )  

-1.0 -8 -.6 74 -.2 0 .2 '.4 .6 .8 1.0 

SURFACE o I STANCE RAT I o 

ROW 5 QUAD. +X',+Y ,+Z (I ) 

I . SURFACE DISTANCE RATIO . ' I 

ROW 5' QUAD. -X' ,+Y ,-Z ( I j . ' 

4 

' 3  

. 2  

c I 
t, 
"3 0 
(D 
W 

E - 1 .  
(D 

- .2 

- 3 

- 4 
-1.0 -8 76 -4 .-.2 0 ' .2 .4 .6 . .8 1.0 

SURFACE DISTANCE R A ~ I O  

ORNL TEE. TEST PROGRAM 
T-16' TEE ( M 2 X >  
LOHU', LHSE 

1NTER.VAL 3 

LEGEND 
+ - SIGMA MAX 
X - SIGMA MIIq 
0 - 2 TAU MAX 

, ( I ) - 1.NTERNAL ' 

( E )  -EXTER'NAL 



ROW 1 QUAD. +X ,+Y ,+Z ( E )  

-1.0 -.8 -.6 -.4 72 0 .2 4 .6 .8 10 

'SURFACE D I S T A N C E  R R T I O  

ROW 1 QUAD. -X I-1-Y ,-Z' (E )  

4.0 -8 -.6 -.4 -.2 0 .2 4 .6 .8 1.0 

SURFACE D I S T A N C E  R A T I O  

ROW. 1 QUAD. -X >+Y i -Z  ( I )  

-1.0 -8 76 74 -2 0 .2 .4 .6 8 1.0 

SURFACE D I S T A N C E  R A T I O  

ROW 2 QUAD. + X  i+Y ,+Z ( E )  

-1.0 -8 -.6 -4 -2 0 .2 .4 .6 8 1.0 

SURFACE D I S T A N C E  R A T I O  

ROW '2 QUAD. -X ,+Y 5-Z ( E )  

-1.0 -.8 -.6 74 -.2 0 .2 4 .6 .8 1.0 

SURFACE D I S T A N C E  R A T I O  

ORNL TEE TEST P ~ O G R A M  
T-16 TEE ( M 2 Y )  
LOAD CASE 8 
INTERVAL 3 

LEGEND 
+ - SIGMA MAX 
X S I GEln P I  I PJ 
0 - 2 TAU 'MAX 

( 1 ) - I N T E R N A L  
(€) -EXTERNAL 

1 ROW 2 QUAD. +X ,+Y ,+Z ( I) 

I SURFACE D I S T A N C E  R A T I O  I 

ROW 2 QUAD. -X ,+Y 3-2 (I) 

I SURFACE O I S T A N C E  R A T I O  I 



ROW 3 QUAD. +X ,+Y ,+z' ( E )  

-LO 

- 1.5 

-20 
-1.0 -.8 -.6 74 -.2 0 .2 .4 .6' .8 LO . 

SURFACE DISTANCE R A T I O  

ROW 3 QUAD. +X ,+Y ,+Z . ( I )  

4 0  7 8  -.6 -4 72 0 .2 .4 .6 .8 1.0 

SURFACE DISTANCE R A T I O  

ROW 4 QUAD. +X I +Y  >+Z (E )  

m .  

- 1.0 

-1.5 

-20 
-10 -8 -6 ;.4 -2 0 .2 ' .4 .6 .8 1.0 

SURFRCE DISTANCE R A T I O  

' '  ROW 4 QUAD. +X ,+Y ,+z' ( I ) 
, 

. . 

- 1.0 

- 1.5 

-2. 
. 20 -.8 .6 -.4 72 0 .2 . .4 .6 .8 1.0 

SURFACE DISTANCE R A T I O  

ROW 3 QUAD. -X I+Y 3-Z ( E )  

-1.0 -,8 -.6 74 -2 0 .2 .4 .6 .8 1.0 

SURFACE DISTANCE R A T I O  

- ROW 3 QUAD. -X ,+Y 3-2 ( 1 )  

-1.0 

- 1.5 

-2.0 
-1.0 -.8 -.6 -4 72 0 .2 4 .6 .8 1.0 

SURFRCE DISTANCE R A T I O  

ROW '4 QUHD. -X ,+Y ,-L (t) 

- 1.0 

- 1.5 

-29 
-1.0 -.8 -.6 74 72 0 .2 .4 .6 B 1.0 

SURFACE DISTANCE R A T I O  

ROW 4 WUHU. -X ,+Y 9-2 .( I > 

-LO 

- 1.5 

-2.0 
-LO -.8 76 -.4 -.2 0 .2 .4 .6 .8 1.0 

SURFACE DISTANCE R A T I O  

O R N L  TEE TEST P R O G R A M  
T-16  TEE ( M 2 Y )  
L O A D  CASE 8. . 

INTERVAL 3 

LEGEND 
+ - SIGMA MAX 
X - SIGMA M I N  
0 - 2 TAU MAX 

( I )-INTERNAL 
( E )  -EXTERNAL 



ROW ' 5 QUAD. +X ,+Y.r+Z ( E >  

SURFACE D ISTANCE R A T I O  
. . 

ROW 5 QUAD. -X ,+Y 3-Z ( E >  

4.0 -8 -.6 74, -2 0 .2 .4 .6 .8 1.0 

SURFACE DISTANCE R A T  1 0  

ROW 5 QUAD. +X ,+.Y ,+Z ( I > 

-1.0 -8 -.6 74 72 0 .2 .4, .6 ' .8 1.0 

SURFRCE DISTANCE RATIO 

ROW 5 QUAD. -X 9+Y 9-Z ( I > 
. . 

-1.0 -8 .  -.6 '-.4 72 0 . .2 .4 .6 .8 1.0 

SURFACE DISTANCE' RAT I o 

ORNL TEE T E S T  p~~~~~~ 
T - 1 6  TEE ( M 2 Y )  
LOAD CASE 8 
INTERVAL 3 

LEGEND 
. * - SIGMA MAX 

x - SI&MA.MIN 
" 0 - 2 TAU M A X '  

(1 ) - INTEKNHL 
( E )  -EXTERNAL 



ROW 1 QUAD. +X ,+Y j'+Z ( E )  
, I 

. . 

4 

3 

2 

. I 
I- 

Z 
m .  0 
m W 

t" - I  
U) 

- 2 

- 3 

-4 
-LO 78 76 74 .2 0 .2 .4 .6 .8. LO 

SURFACE DISTANCE RATIO 

ROW 1 QUAD. -X ,+Y ,-Z ( E )  . 

10 7 8  76 -4 :? n 7 4 .6 .8 1.0 

SURFRCE OISTANCE RATIO 

ROW 1 QUAD. +X ;+Y ,+Z. (I) 

SURFACE 'DISTANCE RATIO 

ROW' 2 QUAD. +X ,+Y ,+Z ( E )  

SURFACE OISTANCE RATIO 

ROW 2 QUAD. +X ,+Y ,+Z (I) 

I 
4 SURFACE DISTANCE RATIO 

. ROW 2 QUAD. -X I+Y >-Z (I) 1 

ORNL TEE TEST PROGRAM 
T-16 TEE ( M 2 Z )  
LOAD CASE 9 
INT'ERVAL 1 

LEGEND 
+ - slbmH PIRX 
X - SIGMA M I N  
0 - 2 TAU MAX 

(1 ) - INTERNAL 
(E )  -EX I'ERNHL 



ROW 3 QUAD. '+x t+Y ,+Z ( I) '. 

-10.78 t6 74 72. 0 .2 .4 .:.6 .8 ' 10 , , 

SURFACE OISTANCE R A T I O  , 

- . . . . . . . -. 

ROW 3 QUAD. +X t+Y 9;~' ( E )  
, 

. 

-1.0 78 76 7 4  72 0 :2 .4 .6 .8 1.0 

' SURFRCE DISTANCE R A T I O  

, . 

ROW 4 QUAD. +X ;+Y t+Z ( E )  . 

. . 

. . 

. -LO :8 76 74 -.2 0 .2 .4 .6 .8. 1.0 

' SURFRCE DISTANCE R q T I O  

SURFACE DISTANCE R A T I O  

.. 

. .  

. 

/ 

1 SURFACE D I S t P N C E  R A T I O  

ROW 4 QUAD. +X 1+Y >+Z ( I ) 

dI.0 a 4 74 -.2 0. . 2  .4 .6 . 8  1.0 . . 
SURFACE DISTANCE R A T I O  

ROW 3 QUAD. -X  ,+Y ,-7 ( F )  

I SURFACE D I S T A N C E . R A T I 0  

. . 

SURFACE DISTANCE R A T I O  

. . 

, 

, . .  

M2Z-ROWS 3 .,4 
ORNL TEE TEST PROGRAM 

T-16  TEE ( M 2 Z )  
LOAD CASE 9. 
INTERVAL '. 1 

LEGEND 
+ - SIGMA MAX 
X - STCMR MTN 

0 - 2 TAU MAX 
( I ).-INTERNAL 
(E)-EXTERNAL 

R ~ W  3 ~ I I A ~ .  -X  ,+Y ,-Z' (I ) . . ROCI rl QUAD: -X  ,+Y ,-z (I j ROW'II QUAD.: -X  r + ~  s - z  C E )  

. . 

i 



ROW 5 QUAD. -X >+Y 9-Z ( E >  

A 

3 

2 

f, 
cn 0 
cn 
W 
Ili 
I-- . - I  
cn 

.-2 

- 3 

.. - 4 
-1.0 '-YE 76 4 72 0 .2 .4 .6 :8 1.0 

SURFACE DISTANCE R A T I O  

ROW 5 QUAD. +X ,+Y ,+Z (I S 

. 4 

3 

2 

G I 

f; 
cn 0 
cn 
W 
IY 
I-- - 1  
cn 

. - 2  

- 3 

- ,4 
-1.0 78 '4 ' 74 72 0 .2 .4' .6 .8 1.0 

SURFACE DISTANCE R A T I O  

ROW 5 .QUAD. -X y+Y 9-Z ( I  > 

2 

< .I 

f; 
cn 0 
cn 
W 
C K '  

.-I 

- 2 

- 3 

,- 4 
-1.0 78 76 -.4 72 0 .2 .4 .6 .8 LO 

SURFACE DISTANCE R A T I O  

ORbJL' TEE T E S T .  PROGRAM 
T - 1 6  TEE ( M 2 Z )  
LOAD CASE . 9 
INTERVAL 1 

LEGEND 
+ - SIGMA MAX 
2: - S I G F l A P l I N  . 

o -. 2 TAU' MAX 
(1 ) - INTERNAL  
( E )  -EXTERNAL 



ROW 1 QUAD. +X ,+Y ,+Z ( 1 )  

-1.0 -8 -6 -.4 -.2 0 .2 .4 .6 .8 1.0 

SURFACE DISTANCE R A T I O  

. 

I ROW 1 QUAD. - X  :-'.Y I -Z ( E )  

ROW 1 QUAD. +X ,+Y ,+Z ( E )  

5 

4 

3 

2 

6 I - 
", .O 
m 
E - I  
* m 

- 2 

- 3 

- 4 

- 5 
-1.0 -8 -6 -4  -.2 0 .2 4 .6 8 1.0 

.SURFACE DISTANCE RAT 1 0  

ROW 1 QUAD. -X $+Y ,-Z (I) 

ROW 2 QUAD. +X ,+Y >+Z ( E )  

SURFACE DISTANCE R A T I O  

- 

ROW 2 QUAD. -X ,+Y ,-Z (E )  

ROW 2 QUAD. +X :+Y :+Z (I) 

F2X- ROWS I ,,2 
ORNL TEE TEST PROGRAM 

T-'16 TEE ( F 2 X )  
LOAD CASE 10 
INTERVAL 2 

LEGEND 
+ - SIGMA MAX 
X - SIGMR M I N  
0 - 2 TAU MAX 

(1 ) - INTERNAL 
(E)-EXTERNRL 



ROW 3 QUAD. +X Y+Y j+Z .  ( E )  

-1.0 78 -6 7 4  -.2 . 0 .2 .4 .6 .8 1.0 

'. SURFRCE DISTANCE RATIO 

ROW 3 QUAD. -X l+Y j-Z ( E )  

5 

4 

3 

2 

I 
f 
"7 0 
ln : - I  
h- ln 

- 2 

: 3 

- 4 

- 5 
'-1.0 -.8 -.6 -.4 -.2 . 0 .2 A .6 .8 10 

SURFRCE DISTRNCE RRTIO 

-LO -.a -.6 9 ,2 o .2 .4 .6 .8 1.0 
. . 

SURFRCE OISTRNCE RATIO 

ROW 3 QUAD. +X ,+Y ,+Z ( I) ' " 

ROW 3 QUAD. -X j+Y 5-2 (I) 

5 

4 

3 

2 

I 
t 
ln 0 
Ln 

!$ - I  
h- ul 

- 2 

- 3 

- 4  

- 5 
. -1.0 -.8 ,-.6 -.4 -.2 0 .2 .4 .6 .8 1.0 

SURFRCE OISTRNCE RRTIO 

ROW 4 QUAD. +X ,+Y ',+Z (I) ROW 4 QUAD. +X >+Y 1+Z ( E )  

5 

4 

. 3  

2 

I 
5 
ln 0 
ln 

E - I  + 
ln. - 2 

- 3 

- 4 

- 5  
-10 -.a -.6 -.4 -.2 o .2 A .6 :a .I.O 

SURFRCE DISTRNCE RRTIO SURFACE OISTRNCE RRTIO 

ORNL TEE TEST: PROGRAM 
T-16 T.EE ( F Z X ~  
L O R D  .CHSE 10 
INTERVAL 2 . ' 

SURFRCE DISTRNCE RRTIO 

ROW II QUAD. -X ,+Y.,-Z ( 1 )  ROW' II QUAD. -X I+Y ,-Z ( E )  

LEGEND 
. + - SIGMA MAX ., 

X - SIGMR M I N  
0 - 2 TAU MAX 

(1 ) - INTERNnL 
( E  )-EXTERNAL 

. . 
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ROW 1 QUAD. +X ,+Y ,+Z ( E )  

-1.0 -8 -.6 -4 7 2  0 .2 3 .6 .8 LO . 

SURFRCE DISTANCE R A T l O  

ROW 1 QUAD. -X ,+Y 5-Z ( E )  

SURFRCE DISTANCE R A T I O  

- 
ROW 1 QUAD. +X I+Y ,+Z (1') 

'1.0 -8 -.6 -.4 7 2  0 .2 4 .6 .8 LO 

SURFACE DISTANCE RA.i I 0  
L 

ROW 1 QUAD. -X ,+Y >-Z (I) 

- SURFACE DISTANCE R R T I O  

ROW .2 QUAD. +X ,+Y ,+Z (E) 

SURFRCE DISTANCE R A T I O  

-ROW 2 QUAD. +X ,+Y >+Z ( I) 

SURFACE DISTANCE R A T l O  

1 ,  SURFACE DISTANCE R A T I O  SURFACE DISTANCE RATIO 

F2Y-ROWS 1.42 

'ROW 2 QUAD. -X ,+Y ,-Z (E)  

. . 

ORNL TEE TEST PROGRAM 
T-16  TEE ( F 2 Y ) .  
LOAD CASE 11 
INTERVAL 2 . 

ROW 2 QUAD. -X ,+Y ,-Z (I) 

LEGEND 
+ - SIGMA MAX 
X - SIGMA M I N  
0 C Tl lU MAX 

( 1')- INTERNAL 
(E)-EXTERNAL 



SURFACE D I S T A N C E  R A T I O  

ROW 3 QUAD. -X i+Y 7-2 ( E )  

.- 
ROW 3 QUAD. +X ,+Y $+Z  ( I )  

I SURFRCE D I S T A N C E  R A T I O  ' 

I ROW 4 QUAD. +x, ,+Y= ( E )  

I SURFACE D I S T A N C E  R A T I O  

ROW 3 QUAD. -X ,+Y i -Z  ( I) 

ORNL TEE TEST PROGRAM 
T-16  TEE ( F 2 Y ) .  
L O A D  CASE 11  
INTERVAL 2 

ROW 4 QUAD. -X >+Y i -Z  ( E )  

SURFACE O l S T A N C E  R A T I O  

I ROW 4 QURD. +X ,+Y ,+Z ( 1 )  ' I 

SURFACE D I S T A N C E  R A T I O  

SURFRCE D I S T R N C E  R A T I O  I 

I 

ROW '4 QUAD. -X I+Y 7-2 ( I  ) 

SURFACE D I S T R N C E  R A T I O  

. . 
~ t t i t N U  

+ - SIGMA MAX 
X - S I G M A . M I N  
0 - 2 TAU MAX 

( 1 ) - I N T E R N A L  
(E) -EXTERNAL 



ROW 5. .QUAD. +X ,+Y ,+Z (E) 

: . -1.0 -.8 -.6 -.4 -.2 0 .2 .4 .6 .8 1.0 

. . ' SURFRCE DISTANCE RATIO 

. . ROW- 5 QUAD. -X ,+Y 3-Z (E )  

4 

3 

2 
. . 

I 
I- z - 
cn 0 
cn 
W 
L2: 
I- - 1  
cn 

- 2 

- 3 

- 4 
-1.0 -8 7.6 -.4 12 0 .2 .6 .8 1.0 

SURFACE OISTANCE RATIO 

ROW 5 QUAD. +X ,+Y ,+Z ( I  > 

4 

3 

2 

c I 
Z - 
"I 0 
(D 
W 

E -.I 
cn 

- 2 

- 3 

- 4 
-1.0 78 -.6 -.4 -.2 0 .2 .4 .6 .8 1.0 ' 

SURFACE OISTANCE RATIO 

ROW 5 QUAD. -X ,+Y 7-Z ( I > 

4 

3 

2 

c I 
5 
cn 0 
cn 
W 
E - I  
cn 

- 2 

- 3 

- 4 
4.0 ..-.a -.6 -,4 72 0 .2 '.4 .6 .8 1.0 

SURFACE DISTANCE RATIO 

O R N L  TEE TEST P R O G R A M  
T - 1 6  TEE (F2"Y > 
LonD cnsc 1 1  
I N T E R V A L  2 

LEGEND 
+ - SIGMA MAX 
X - SIGMA MIN 
0 - 2 TAU MAX 
(1)-INTERNAL 
( E) -EXTERNAL 



ROW 1 QUAD. +X ,+Y ,+Z.  ( E )  

3 

2 

' I 
c 
z - 
m o  
m 
W 
0: + 
m - I  

- 2 

-;LO 78 d :4 72 0 .2 .4 .6 , .8. I:? - 

SURFACE OISTANCE RATIO 

' ROW 1 QUAD. -X ,+Y 9-2 ( E )  

SURFACE OISTANCE RATIO 

ROW 1 QUAD. +X ,+Y ,+Z ( I ) . 
. . .  

3 

. 2  

I 
< 
t 
v, .o 
m 
W w .  + 
cn - I  

- 2 

. - 3  
-1.0 -8 :6 74 72 0 .2 4 .6 .8 1.0 

SURFACE OISTANCE.RATI0  

ROW 1 QUAD. . -X ,+Y 9-2 ( I  ) . 
. . 

SURFACE DISTANCE RATIO 

. ROW 2 QUAD. +X ,+Y , + I  (E)  

I SURFACE DISTANCE RATIO I 

. ROW 2 QUAD. +X 1+Y ,+Z (I ) 

3 

2 

I 
< 
Z - 
m 9 
v, 
W w 

L - I  

- L 

- 3 
. ID -.8 -.6 r4 -.2 0 .2 .4 .6 B 10 - 

SURFACE DISTANCE RATIO 

. . 
ROW 2 QUAD. -X I+Y 9-2 ( E )  

-1.0 -.8 -.K -.4 72 0 ,2 .4 .6 .8' LO 

SURFACE DISTANCE RATIO 

ORNL TEE TEST PROGRAM 
.T-16 :TEE ( F 2 Z )  
LOAD CASE .12 

. INTERVAL 3 

ROW" 2 QUAD. -X ,+Y . . -. - 9-2 ( I ) 

... .. . ,$ 
7 

' .  3 

2 

I 
I-' 
t 
m 0 
m W w 

k - r  

- 2 

-30 78 * 74 :2 0 .2 :4 . 6 .  .8 1.0 .. 

SURFACE DISTANCE RATIO 

LEGEI\ID 
+ - SIGMA MAX 

. X - SIGMA M I N  
0 - 2 TAU MAX . 

(1) - INTERNAL 
(E)-EXTERNAL 



ROW 3 QUAD. +X ,+Y ,+Z ( E )  

. . 

2 

( I  
< 
f 
m o  
ln 
W 
[L. 
t- m - I  

. - 2  

- 3 
1.0 :8 76 .-.4';2 0 .2 .4 .6 18 .1.0 

. SURFACE DISTANCE RATIO 

ROW 3 QUAD. .-X ,+Y 7-2' (E )  

,<A*' 

- 1.0 :.8 76 :4 72 0 .2 ,4 6 5 1.0 
, I  . 

S O H ~ H C ~  U'IS I.HNCE RATIO 

ROW 3 QURD. +X ,+Y r+Z ( 1 )  ROW' q. QURD. +X r+Y , +Z  ( E )  

3 

2 

. I  
g .  z 
l n o  
m 
W 
[ L .  t- 

o) - I  

- 2 

- -1.0-0.8 3 -0.6:*4 4.2 0 .2 . .4 .6 .8 1.0 

' SURFACE DISTANCE 'RRTIO 

ROW 4 QUAD. +X r+Y r+Z ( I )  

3 

2 

I 

c . z  . 
r 
m o  
ln 

2 
t- 
ln - I  

- 2 

- 3 
-10 78 76 -.4 72 0 . .2 .4 ,6 .8 1.0 

SURFACE DISTANCE RATIO 

' ROW 3 QUAD. -X ,+Y ,-Z ( ' I )  

-1.0 78 76 74 72 0 .2 .4 .6 .8 1.0 
. . 

SURFRCE DISTAN~E RRTI o 

ROW '4 QUAD. -X r+Y 1-2 ( E )  \' 

.SURFACE DISTANCE RATIO 

ROW 4 QURD. - X  r+Y 5-2 ( I ) 

. 3  

2 

I 
c 
E 
I n 0  
m .  W 

F 
ln -I 

. -2 

-3 -10 -.8 76 9 72 0, .2 .4 .6 .8 1.0 

SURFACE DISTANCE RATIO 

ORNL TEE TEST, PROGRAM 
T-1.6 TEE ( F 2 Z )  
LOAD CASE .12 

. I N ~ E R V A L  3 , . 

LEGEND 
+ - QIGMA MAX 
X =S-I-GMA MIN- 
0 - 2 TAU MAX 

(1)- INTERNAL 
(E)-EXTERNAL 



ROW 5 QUAD. +X ,+Y ,+Z ( E >  

-1.0' .:8 76 74 72 -0 .2 .4 .6 .6 1.0 

SURFACE DISTANCE R A T I O ,  

' ROW 5 QUAD. -X ,+Y 9-Z ( E >  

. . 

-1.0 78 -.6 -.4 72 0 .2 .4 6 .8 1.0 

SURFACE DISTANCE R A T I O  

ROW 5 QUAD. +X ,+Y ,+Z (I > 

~1.0 78 -.6 -.4 72  0 .2 .4 .6 .8 1.0.-. . . 

SURFACE DISTANCE R A T I O  

ROW 5 QUAD. -X ,+Y ,-Z' (I > 

. . 
3 

I 
I-: 
t, 
m 0 
m 
W 
u: 
I- 
m - I  

-- 2 

- 3 
-1.0 -.8 -4' 74 -.2 0 .2 .4 .6 .8 ID 

-\ 

SURFACE D ISTANCE R A T I O  

ORNL TEE TEST PROGRAM 
T - 1 6  TEE ( F 2 Z )  
LOAD CASE 12  
INTERVAL 3 

LEGEND 
+ - SIGMA MAX 
X - SIGMA M I N  
0 - 2 TAU MAX 

C I j-INTERIdAL 
( E  )-EXTERNAL 



SURFACE DISTANCE RATIO.  I 

ROW 1 QUAD. + X  >+Y ,+Z ( E )  . 

ROW 1 QURD. - X  ,+Y ,-Z (E )  

-1.0 -8 -6 74 72 0 .2 A .6 .8 LO . 

SURFACE a ! c T n u r r  n n T l n  - 

, ROW 1 QUAD. +X ,+Y ,+z t i )  

- 1.0. -.a. . -.6 -A -2 0 .2' .4 .6 '.8 .ID 

SURFACE DISTANCE R A T I O  

ROW 2 QUAD. + X  >+Y* ,+Z  (E )  ROW 2 QUAD. + X  >+Y ,+Z ( 1 )  

ROW 1 QURD. - X I-I:Y I -Z ( I ), ' 

-1.0 78 -6 -.4 -2. 0 .2 .4- .6 .8 ' Id, 

SURFflCE DISTANCE R A T I O  - - .. .. - .. 

' ROW 7 '-(311AO. -X ,+Y ,-Z (E)... ,--- 4 

-1.0 78 16 -.4 7 2 .  0 2 4 .6 8 '1.0 

SURFACE DISTANCE R A T I O  

O R N L  TEE T E S T  P R O G R A M  . ,  

T - 1 6 .  T E E  ( P ) '  
L O A D  C A S E  1 3  
INTERVAL 1 . . 

-1.0 -.8 -.6 -.4 -2 0 . .2 A .6 8 10 

SURFACE DISTANCE R A T I O  

ROW.,2 QURD. - X  1+Y 9-2 ( I ) 

-1.0 -.8 -. 6 -4 -.2 0 .2 . .4 .6 .8 1.0 

SURFACE DISTANCE R A T I O  

P - F\OWS.I.,'L 

LEGEND 

( E  j-EXTERNAL 



ROW 3 QUAD. +X ,+Y >+Z ( E )  

-1.0 - 8  76 -.4 -.2 0 .2 .4 .6 .8 LO ' 

SURFACE DISTANCE -RATIO 

ROW 3 QUAD. -X I+Y 9-Z ( E )  

-10 78 -.6 -4 72 0 .2 .4 .6 .8 1.0 

SURFACE D I S T A N C E  R A T I O  

ROW 3 QUAD. +X ,+Y g + Z  (I ) 

-1.0 -8 -.6 74 -.2 0 .2 .4 .6 .8 LO 

SURFACE D I S T A N C E  R A T I O  

ROW 3 QUAO. -X ,+Y 9-2 (I) 

-1.0 78 :6 -.4 72 0 .2 .4 .6 .8 LO 

SURFACE D I S T A N C E  RAT.10 

ROW ' 4 .  QUAO. +X ,+Y ,+Z ( E )  

-1.0 78 76 :4 72 0 .2 , .4 .6 :8 1.0 

SURFACE D I S T A N C E  R A T I O  

' R O W  4 QUAD. -X ,+Y 9-Z ( E )  

-1.0 -.8 -.6 -,4 72 0 .2 .4 .6 .8 1.0 

SURFACE D I S T A N C E  R A T I O  

ROW '4 QUAD. +X ,+Y I+Z ( I ) 

- 15 

-2.0 

-2.5 
-1.0 78 -6 -4 .-.2 0 .2 .4 .6 .8 , 1.0 

SURFACE D I S T A N C E  R A T I O  

ROW '4 QUAD. -X I+Y I-Z (I) 

-LO -8 -.6 -.4 -.2 0 .2 ..4 .6 .8 1.0 

SURFACE D I S T A N C E  R A T I O  

P-ROWS 3 -4 

ORNL TEE TEST PROGRAM 
T-16 TEE ( P )  
LOAD CASE 13 
INTERVAL 1. 

LEGEND 
+ - S I G M ~  MAX 
X - SIGMA M I N  
0 - 2 TAU MAX 

(1 ) - INTERNAL 
(E)-EXTERNAL 



. . 

ROW 5 QUAD. +X ,+Y ,+Z ( E )  

-1.0 -.8 -.6 -.4 -2 . 0 .2 .4 .6 .8 1.0 

SURFACE DISTANCE R ~ T  I o 

ROW 5 QUAD. -X ,+Y 3-Z (.E> 

. . 

SURFACE DISTANCE RATIO 

ROW 5 QUAD. +X ,'+Y ,+Z (I > .  
. 

. . 
-1.0 78 7.6 74 72 0 .2 .4 .6 .8 1.0 

ROW 5 QUAD. -X ,+Y ,-Z (I > 

. 

-1.0 .-.8 76 -.4 72 .O .2 .4 ,6 .8 1.0 

SURFACE DISTANCE RATIO 

ORNL T E E  T E S T ,  PROGRAM' 
T - 1 6  TE.E (P).  
LOAD CASE 13. 
INTERVAL 1. 

LEGEND 
. + - SIGMA MAX, 

X - SIGMA M1.N 
' 0 - 2 TAU MAX 
( I > - I N T E R N A L  
(E>-EXTERNAL 



APPENDIX C 

C a l c u l a t i o n  of ~ a t i g u e  D e s i g n  L i f e  



. . 

s i m p l i f i e d  E l a s t i c - p l a s t i c  Discont inui ty  
Analysis  f o r  T-16 Tee Low Cycle ~ a t i g u e  Tes t  

Descript ion:  24." X 24" X 24" ! Sch. lo1 t=0.25OU 
--, Mater ia l :  SA 403 w 304 L Sm= 16.7 k s i  Sit: 7 5 k s i  

Loading: In-plane bending moment20f - +3,085,580 in - lb  

Calcula t ions  Using Code S t r e s s  Ind ices  

, . 

S, = Sp = C ~ D , M / ~ I  = 495,000 p s i  

Ecj. 10 of NB-3653.1 i s  not s a t i s f i e d  . . 

m = 1.7. n = 0.3 

Ke = = 3;33 f o r  S n ~  3,s; 
n  

S a l t  = Xe (Sp/2) = 824,175 p s i  
. . 

- 
x - Ext rapo la t ing  from t h e  ~ e s i g n  Fat igue  curve3 1-9-1 ' 

. ,  
Nc 

= 5 '  

1 This  t e e  was ordered a s  a  Sch ' lO t e e ,  however, t h e  manufacture 
ind ica ted  t h a t  s tandard  p r a c t i c e  is  t o  manufacture t h e s e  t e e s  
a s  Sch 20 t e e s  and then  bore ou t  t h e  s t r a i g h t s .  

2 
Applied load a f t e r  shake-down. 

3  
No adjustment was made t o  ~ t :  t o  account f o r  t h e  d i f f e r e n c e  
i n  t h e  Modulus of . E l a s t i c i t y .  Paragraph ,NB-3653.4 does not 

. . suggest  any adjustment be made,, however, paragraph NB-3222 .4 
7 ('3-4) of t h e  ASME Code, Sec t ion  I11 does. . . ' 



) Calcu la t ions  Using Experimental 'Values f o r  S t r e s s  I n d i c e s  

C2K2 
= 2.9 (see Fig.  4) K = 1 

2 

S = S = C D M/21.:= 81,592 p s i  
n P 2 o 

Eq.  10 of NB--3653.1 is  not s a t i s f i e d  

S 1- n x = 1.0 + 1 = 3.10 f o r  3SmL,SnL 3,Sm 
n (m- 1) 3 ~ m  

s a l t  ' = K e  ("/2) = 126,500 p s i  

:From The Design ~ a t i ~ k e  curve1. 1-9-1 

. . 

NO adjustment was made t o  w. t o  account f o r  t h e  d i f f e r e n c e  
i n  t h e  Modulus .of  E l a s t i c i t y .  Paragraph NB-3653.4 does not 
suggest  any adjustment be made, however,, paragraph NB-3222.4 
(e-4)  o f .  t h e  ASME' Code, s e c t i o n  I11 does. 




