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A VIEW FROM THE PENTHOUSE: USEFUL INFORMATION FOR THE WORLD OF BOILERS 

BENT TUBES 

L a r g e  u t i l i t y  b o i l e r s  c o n t a i n  t h o u s a n d s  o f  
f e e t  o f  b o i l e r  t u b i n g .  Each  p o r t i o n  o f  t h e  
s u p e r h e a t e r ,  r e h e a t e r ,  o r  e c o n o m i s e r  (SRE) 
c o n t a i n s  s e v e r a l  h u n d r e d  i n d i v i d u a l  t u b e s  a n d  
e a c h  t u b e  may c o n t a i n  a d o z e n  b e n d s .  T h u s  i t  
seems a p p r o p r i a t e  t o  d i s c u s s  some d e s i g n  a n d  
f a b r i c a t i o n  a s p e c t s  o f  b o i l e r  t u b i n g .  

The  ASME B o i l e r  a n d  P r e s s u r e  Vessel Code 
g i v e s  r u l e s  f o r  t h e  c a l c u l a t i o n  o f  t h e  minimum 
w a l l  t h i c k n e s s  (MWT) o f  a c y l i n d e r  f r o m  t h e  
d e s i g n  p r e s s u r e ,  t u b e  d i a m e t e r ,  a n d  a l l o w a b l e  
stress. T h e  a l l o w a b l e  stress i s  g i v e n  i n  
T a b l e s  PG 2 3 . 1  - 2 3 . 3  f o r  a l l  a l l o y s  a n d  a l l  
t e m p e r a t u r e s .  Notice t h e  Code  r e f e r s  t o  c y l i n -  
d e r s ,  see p a r a g r a p h  PG 27 .  A c y l i n d e r  is a  
s p e c i f i c  g e o m e t r y  a n d  a bend  i s  a t o r u s ,  NOT 
A CYLINDER. T h u s  t h e  Code d o e s  n o t  d i r e c t l y  
d i s c u s s  c a l c u l a f i o n s  f o r  wall  t h i c k n e s s  o f  a 
b e n t  t u b e .  The  Code d o e s  d i s c u s s  b e n d s  i n  a n  
i n d i r e c t  way:  P a r a g r a p h  A22, P r o o f  T e s t s  t o  
E s t a b l i s h  Maximum A l l o w a b l e  Work ing  P r e s s u r e ,  
(MAWP). "The MAWP f o r  p r e s s u r e  p a r t s  o f  a 
b o i l e r  f o r  w h i c h  t h e  s t r e n g t h  c a n n o t  b e  com- 
p u t e d  w i t h  s a t i s f a c t o r y  a s s u r a n c e  o f  a c c u r a c y  
s h a l l  b e  e s t a b l i s h e d  i n  a c c o r d a n c e  w i t h  t h e  
r e q u i r e m e n t s  o f  t h i s  p a r a g r a p h  . . ." P a r a g r a p h  
A22 .2 .1 .2  " T e s t s  b a s e d  o n  b u r s t i n g  t h e  p a r t " ,  
a n d  P a r a g r a p h  A22.6.3  g i v e n  a n  e q u a t i o n  f o r  
d e t e r m i n i n g  MAWP f r o m  b u r s t  tests .  T h u s  b e n d s  
f a l l  i n t o  t h i s  c a t e g o r y  b e c a u s e  n o  c a l c u l a -  
t i o n s  are g i v e n  f o r  a t o r u s .  

B  = b u r s t i n g  t e s t  p r e s s u r e  
S  = s p e c i f i e d  minimum t e n s i l e  s t r e n g t h ,  p s i  
S a  = a v e r a g e  a c t u a l  t e n s i l e  s t r e n g t h  o f  

t e s t  s p e c i m e n s  
Sm = maximum t e n s i l e  s t r e n g t h  o f  r a n g e  o f  

s p e c i f i c a t i o n  

F o r  u s e  a t  e l e v a t e d  t e m p e r a t u r e s ,  room t e m ~ -  
e r a t u r e  b u r s t i n g  tests are " c o r r e c t e d "  by ' 
PGA22.8. 

P  = MAWP a t  o p e r a t i n g  t e m p e r a t u r e  

P~ = MAWP a t  room t e m p e r a t u r e  
S o  = Max. a l l o w a b l e  stress a t  o p e r a t i n g  temp 
ST = Max. a l l o w a b l e  stress a t  room temp.  

P a r a g r a p h  PG27.2 o f  t h e  Code g i v e s  t h e  
e q u a t i o n  f o r  c a l c u l a t i n g  MWT, W ,  o f  a c y l i n d e r :  

w h e r e :  W i s  MWT, i n c h e s  
P  is  d e s i g n  p r e s s u r e ,  p s i  
D  i s  t u b e  o u t s i d e  d i a m e t e r ,  i n c h  
S is Code a l l o w a b l e  stress f r o m  PG23.1- 

2 3 . 3 ,  p s i  
e i s  r o l l i n g  a l l o w a n c e ,  0 f o r  w e l d e d  

c o n s t r u c t i o n .  

T h e  e q u a t i o n  a b o v e  i s  c l o s e  t o  t h e  e q u a t i o n  
f o r  h o o p  stress i n  a t h i n  w a l l e d  c y l i n d e r  
g i v e n  i n  a n y  t e x t  o n  stress c a l c u l a t i o n s :  

Where S is  hoop  s t r e s s ,  p s i  
P  i s  i n t e r n a l  p r e s s u r e ,  p s i  
W i s  t u b e  wal l  t h i c k n e s s ,  i n c h  
Dm is  mean d i a m e t e r ,  e q u a l s  D-W, i n c h .  

A r e a r r a n g e m e n t  o f  EQ .1 g i v e s :  

Compare  w i t h  EQ 2 7 . 2 . 1  
T h e r e  a r e  e q u a t i o n s  f o r  c a l c u l a t i o n  o f  t h e  

hoop  s tress i n  a t o r u s .  S k e t c h  A s h o w s  a 180° 

S k e t c h  A 



bend,  t h e  t u b e  d i a m e t e r  is  2 r ,  t h e  b e n d r a d i u s  
is R, f rom t h e  c e n t e r  o f  t h e  bend t o  t h e  c e n t e r  
~f t h e  t u b e .  Thus  R = Ro+r. The  i n s i d e  o f  t h e  
bend,  a ,  is  c a l l e d  t h e  i n t r a d o s  and  t h e  o u t s i d e  
of t h e  bend,  b ,  i s  c a l l e d  t h e  e x t r a d o s .  F o r  
t h i n  w a l l  t u b e s ,  EQ 1 becomes 

which a s s u m e s  D  and  Dm are t h e  same. F o r  a  
t o r u s  t h e  hoop stress on t h e  e x t r a d o s  is: 

where  S ,  P ,  a n d  W a r e  d e f i n e d  u n d e r  EQ 1 a n d  Ro 
and  r are shown i n  S k e t c h  A.  Note t h a t  when 
Ro is, v e r y  l a r g e ,  Ro + r i s  a p p r o x i m a t e l y  Ro 
a n d  EQ 4  becomes EQ 3 .  The hoop s t r e s s  a t  t h e  
i n t r a d o s  is :  

s = f;; 1 1) 
The hoop stress a t  t h e  i n t r a d o s  is  l a r g e r  t h a n  
t h e  hoop stress a t  t h e  e x t r a d o s .  

Tubes  are b e n t  i n  s e v e r a l  ways d e p e n d i n g  on 
t h e  d i a m e t e r ,  w a l l  t h i c k n e s s ,  a n d  r a d i u s  of  t h e  
bend.  The mos t  common t e c h n i q u e  i s  t o  bend t h e  
t u b e  o v e r  a w h e e l  g rooved  on t h e  r i m  t o  f i t  t h e  
t u b e .  A s i m i l a r l y  g rooved  arm moves a r o u n d  t h e  
whee l  t o  make t h e  bend w i t h  minimum d i s t o r t i o n  
t o  t h e  t u b e .  The bend r a d i u s  i s  f i x e d  by t h e  
whee l  d i a r n e t e r .  To p r e v e n t  t h e  e x t r a d o s  from 
c o l l a p s i n g ,  a m a n d r i l l  o f  a d i a m e t e r  e q u a l  o r  
c l o s e  t o  t h e  i n s i d e  d i a m e t e r  o f  t h e  t u b e  may be  
i n s e r t e d .  The  p o s i t i o n  o f  t h e  b a l l - s h a p e d  end 
is  a t  t h e  t a n g e n t  p o i n t  o f  t h e  whee l  whe re  t h e  
moving arm makes t h e  bend.  

I t  i s  o b v i o u s  t h a t  t h e  e x t r a d o s  o f  t h e  bend 
t r a v e l s  f u r t h e r  t h a n  t h e  i n t r a d o s  i n  t h e i r  
j o u r n e y s  a r o u n d  t h e  whee l .  T h u s  t h e r e  i s  
c o n s i d e r a b l e  t h i n n i n g  on t h e  o u t s i d e  o f  t h e  
bend.  To r e d u c e  t h i s  t h i n n i n g  t h e r e  a r e  com- 
p u t e r  c o n t r o l l e d  h y d r a u l i c  d e v i c e s  t h a t  h e l p  
t o  push  t h e  t u b e  a r o u n d  t h e  whee l .  The p a r t  
o f  t h e  t u b e  t h a t  becomes t h e  i n t r a d o s  may be  
h e a t e d  t o  a l l o w  g r e a t e r  metal f l o w  on  t h e  
i n s i d e  and  t h u s  r e d u c e  t h e  w a l l  t h i n n i n g  on 
t h e  o u t s i d e .  

The n e t  r e s u l t  is  t h a t  t h e  i n t r a d o s  h a s  a 
t h i c k e r  w a l l  t h a n  t h e  e x t r a d o s ;  t h u s  t h e  a c t u a l  
s t r e s s  i s  less on  t h e  i n s i d e  t h a n  on t h e  o u t -  
s i d e .  I n  g e n e r a l ,  b e n t  t u b e s  f a i l  i n  s e r v i c e  
on  t h e  e x t r a d o s .  

I t  i s  i n s t r u c t i v e  t o  c a l c u l a t e  t h e  w a l l  
t h i c k n e s s  a t  t h e  e x t r a d o s  t h a t  g i v e s  e q u a l  
hoop stress i n  a c y l i n d e r .  EQ 3 i s  s e t  e q u a l  
t o  EQ 4  and  t h e  w a l l  t h i c k n e s s  i n  t h e  c y l i n d e r  
i s  Wc and  i n  t h e  t o r u s  o r  bend ,  W t  t h u s :  

I \ 

When EQ 6  is  s o l v e d  f o r  W t  i n  terms o f  Ro = kr ,  
where  t h e  bend r a d i u s  is  a m u l t i p l e  o f  t h e  t u b e  
r a d i u s ,  w e  g e t  t h e  f o l l o w i n g  t a b l e .  I n  e v e r y  
c a s e  t h e  t o r u s  w a l l  t h i c k n e s s  i s  less t h a n  t h e  
c y l i n d e r  w a l l  t h i c k n e s s  t o  g i v e  e q u a l  hoop 
stress. 

Ro = r W t  = .75Wc 
Ro = l+r W t  = .80Wc 

Ro = 2 r  W t  = .83Wc 
Ro = 3r Wt = .88Wc 
Ro = 4 r  W t  = .90Wc 

Ro = 5 r  W t  = .92Wc 

Wall t h i n n i n g  d o e s  o c c u r  i n  p r a c t i c e ,  b u t  
common i n d u s t r y  s t a n d a r d s  l i m i t  t h e  a c t u a l  w a l l  
t h i c k n e s s  on t h e  e x t r a d o s  t o  902  MWT. Thus  i f  
t h e  MWT i s  0 .240 t ' ,  t h e  measured  w a l l  t h i c k n e s s  
( u s u a l l y  made by u l t r a s o n i c  t h i c k n e s s  measure-  
m e n t s )  s h o u l d  b e  0.216" o r  t h i c k e r  f o r  a l l  
bends .  

B u r s t  t es t  d a t a  show t h a t  r u p t u r e  o c c u r s  
i n  t h e  c y l i n d e r  p o r t i o n  n o t  t h e  t o r u s  s e c t i o n  
even  t h o u g h  t h e  w a l l  t h i c k n e s s  was r e d u c e d  a t  
t h e  e x t r a d o s  by up t o  25%. It is s a f e  t o  h a v e  
SRE e l e m e n t s  w i t h  w a l l  t h i n n i n g  o f  up t o  10% 
i n  t h e  t u b e  b e n d s ,  t h e r e f o r e .  

4-00 
GOT A METALLURGICAL PROBLEM? CALL (.WT) 393-3w 

DAVID N .  FRENCH INC., METALLURGISTS CAN HELP!!! 

OTHERS WIIO MAY WANT OUR NEWSLETTER 

...................................... ................................................ NAME COMPANY 

ADDRESS .......................................................................................... 
............................................................................ TOPICS FOR DISCUSSION 


