
*
H

N A A - S R - 4 5 2 7 ( P t .  I)

ANALYSIS OF STRESSES IN BELLOWS
Part I. D esign  C r i t e r i a  an d  Test Results

By
W. F. Anderson

October 15, 1964

D ivision  of North A m erican Aviation, Inc. 
A tom ics International 
Canoga Park, California

UNITED STATES ATOMIC ENERGY CO M M ISSIO N - DIVISION OF TECHNICAL INFORMATION



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



'¥

L E G A L  N O T I C E
This report was prepared as an account of Government sponsored work. N either the United 
States, nor the Commission, nor any person acting on behalf of the Commission;

A. Makes any warranty or representation, expressed or implied, with re sp ec t to the-accu­
racy, completeness, o r usefulness of the information contained in this report, o r  that the use 
of any information, apparatus, method, or process disclosed in this report may not infringe 
privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages resulting  from the 
use of any information, apparatus, method, o r process disclosed in this rep o rt.

As used in the above, “ person acting on behalf of the Commission”  includes any em ­
ployee o r contractor of the Commission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, o r employee of such contracto r prepares, 
dissem inates, o r provides access to, any information pursuant to his employment or contract 
with the Commission, o r his employment with such contractor.

This report has been reproduced d irectly  from  the b est  
available copy.

U a r i ^  
ationyNa- 

’CommerceL/
ouse

Sta 
, V irginia 2151

USACC OlvUien ef Teshnleel ietii—tlee UMmlsn, Oak IMgs, T«n



N A A - S R - 4 5 2 7  
ENGINEERING AND 

EQUIPMENT 
97 PAGES

ANALYSIS O F  STRESSES IN BELLOWS 

P A R T  I

DESIGN C R IT E R IA  AND T E S T  RESULTS

By
W.F.  ANDERSON

ATOMICS INTEl^JsATIONAL
A  D I V I S I O N  OF  N O R T H  A M E R I C A N  A V I A T I O N ,  I NC.  
P .O . B O X  3 0 9  C A N O G A  PARK,  C A L I F O R N I A

C O NTRACT:  A T ( l l - l ) - G E N - 8  
ISSUED: O C T O B E R  1 5 . 1964





ACKNOWLEDGMENT

No w o rk  o f th is  n a tu re  co u ld  b e a c c o m p lis h e d  w ith ou t the a s s i s ta n c e  o f 

m an y p e o p le . In a d d itio n  to e n c o u r a g e m e n t and h e lp fu l d is c u s s io n  fro m  m an y  

o th e r s , s p e c ia l  a ck n o w led g em en t m u st  b e  g iv e n  to:

M r. E . F . S h e a ffe r  and M r. C. M . D a n ie ls  o f the R ock etd yn e D iv is io n  

of N orth  A m e r ic a n  A v ia tio n , In c. fo r  m ak in g  a v a ila b le  the data  fr o m  t e s t s  on  

b e llo w s .

Z a lle a  B r o s . Inc. and S o la r  A ir c r a f t  C om pany fo r  data  fr o m  t e s t s  on  

b e llo w s .

R. W inborne o f A to m ic s  In te rn a tio n a l fo r  e ffo r t  in  ch eck in g  the m a th e ­

m a t ic a l  eq u a tio n s  p r o g r a m m e d  fo r  a n a ly s is  o f s t r e s s e s .

M r s . G r e tch en  H olden  B e e r s  o f A to m ic s  In tern a tio n a l fo r  p ro g ra m m in g  

the eq u a tio n s  fo r  so lu tio n  b y  co m p u ter .

M r. G. H an d ler o f A to m ic s  In te rn a tio n a l fo r  a s s i s ta n c e  w ith  d e s ig n  

c a lc u la t io n  fo r m s  and s p e c if ic a t io n s .

M r. A . N ic o ls  and D r . A . R . V ern on  o f A to m ic s  In tern a tio n a l for  

g u id a n ce  in  the u s e  o f m a th e m a tic a l s t a t i s t ic s  fo r  e v a lu a tio n  o f the e f fe c t  o f 

p r e s s u r e  on  c y c l ic  l i f e  o f b e llo w s .

N A A -SR -4527
3



CO N T E N T S

P a g e

A b s t r a c t . ..................................    6

1. I n tr o d u c t io n ........................................................................................................................  7

A . D e s ig n  A p p lic a tio n  o f  B e l l o w s .........................................................................  8

B . M a th e m a tic a l A n a ly s is  o f S t r e s s e s  in  B e l lo w s ....................................... 10

U . D e s ig n  o f  B e l lo w s .............................................................................................................  15

A . C on vo lu ted  B e llo w s ...............................................................................    15

B . R ing R e in fo r c e d  B e l l o w s .......................................................................................  21

C. T o r o id a l B e l l o w s ........................................................................................................  27

III, F a tig u e  T e s t  R e s u lt s  and A llo w a b le  S t r e s s e s ....................................   31

A . C on vo lu ted  B e l lo w s  F a tig u e  T e s t  R e s u lts  .............................................. 31

B . R ing R e in fo r c e d  B e llo w s  F a tig u e  T e s t  R e s u l t s ...................................  41

C. T o r o id a l B e llo w s  F a tig u e  T e s t  R e s u l t s ....................    53

D. C om bin ed  R e s u lt s  o f F a tig u e  T e s t s  a t 7 0 ° F ..........................................  57

E . R e s u lt s  o f H igh  T e m p e r a tu r e  F a tig u e  T e s t s ..................................   63

IV. C o n c lu s io n s ...........................................................................................................................  69

R e f e r e n c e s .............................................................................................................................  71

A p p en d ic es

A . In s ta b ility  o f  B e llo w s  w ith  In te rn a l P r e s s u r e ..........................................  73

B . M a th e m a tic a l E v a lu a tio n  o f th e  E ffe c t  o f P r e s s u r e
S t r e s s e s  on F a tig u e  L i f e .......................................................................................  85

C. S p e c if ic a t io n s  fo r  the P u r c h a s e  o f B e l l o w s .............................................  89

T A B L E S

1. C on vo lu ted  B e llo w s  F a tig u e  T e s t  D a t a .............................................................  37

2. R ing R e in fo r c e d  B e l lo w s  F a tig u e  T e s t  D a ta ................................................... 47

3. T o r o id a l B e llo w s  F a tig u e  T e s t  D a ta ....................................................................  51

4 . R e s u lt s  fr o m  S ta t is t ic a l  E v a lu a tio n  o f  F a tig u e  T e s t  D a t a ...................... 58

5. B e l lo w s  F a tig u e  T e s t  D ata  fr o m  H igh  T e m p e r a tu r e  T e s t s ................  65

N A A -SR -4527
4



FORMS

P a g e

D e s ig n  F o r m  1 - C onvoluted  B e l l o w s ................................................................... 17

D e s ig n  F o r m  2 - Ring R e in fo r c e d  B e l l o w s .....................................................  23

D e s ig n  F o r m  3 - T o r o id a l  B e l l o w s ......................................................................  28

FIGURES

1. M a x im u m  M o m e n t / P r e s s u r e  " C  " fo r  Convoluted  B e l l o w s ................  18
P

2. D e f le c t io n /M a x im u m  M om ent fo r  C onvoluted  B e l l o w s .................  1 9

3. D e f l e c t io n / F o r c e  ''Cj'' fo r  C onvoluted  B e l l o w s ...........................................  20

4. M a x im u m  M o m e n t / P r e s s u r e  fo r  Ring R e in fo r c e d  B e l lo w s  , , 24

5. D e f le c t io n /M a x im u m  M om ent "C^" fo r  Ring R e in fo rced
B e l l o w s ......................................................................................................................................  25

6 . D e f l e c t io n / F o r c e  "C^" fo r  Ring R e in fo r c e d  B e l l o w s .................................  26

7. D e f le c t io n /M a x im u m  M om ent fo r  T o ro id a l  B e l l o w s ..................... 29

8 . D e f l e c t io n / F o r c e  "C^" fo r  T o r o id a l  B e l l o w s ..................................................  30

9. C on voluted  B e l lo w s  F a t ig u e  T e s t  R e s u l t s ......................................................... 34

10a. C on voluted  B e l lo w s  F a tig u e  T e s t  R e s u l t s  B e s t  F i t  C urve
Sp 0 .........................................................................................................................................  35

10b. C on voluted  B e l lo w s ,  F a t ig u e  T e s t  R e s u l t s ,  B e s t  F it
C u rve  — C om bined  S t r e s s ............................................................................................. 36

11. Ring R e in fo r c e d  B e l lo w s  F a t ig u e  T e s t  R e s u l t s ...........................................  4 4

12a. Ring R e in fo r c e d  B e l lo w s  F a t ig u e  T e s t  R e s u l t s ,  B e s t  F i t
C u rve  5 0 ..................... •.....................................................................................................  4 5p

12b. Ring R e in fo r c e d  B e l lo w s  F a t ig u e  T e s t  R e s u l t s ,  B e s t
F i t  C u rve  — C om b in ed  S t r e s s ......................................................................................  4 6

13. T o r o id a l  B e l lo w s  F a t ig u e  T e s t  R e s u l t s ............................................................  5 5

14. T o r o id a l  B e l lo w s  F a t ig u e  T e s t  R e s u l t s ,  B e s t  F i t  C u r v e -
C om b in ed  S t r e s s  ”C S, , + 3 .0  S " .................................................................  5 6p s  bd mp

15. 108 B e l lo w s  C om b in ed  F a t ig u e  T e s t  R e s u l t s ,  B e s t  F i t  C u r v e -
W eighted  A r e a .....................................................................................................................  5 9

16. C on vo lu ted  B e l lo w s  F a t ig u e  T e s t  R e s u l t s ,  B e s t  F i t  C u r v e -
W eighted  E r r o r ..................................................................................................................... 60

17. Ring R e in fo r c e d  B e l lo w s  F a t ig u e  T e s t  R e s u l t s ,  B e s t  F it
C u r v e -W e ig h te d  E r r o r ...................................................................................................  61

18. T o r o id a l  B e l lo w s  F a t ig u e  T e s t  R e s u l t s ,  B e s t  F i t  C u r v e -
W eighted  E r r o r ..................................................................................................................... 62

1 9 . D im e n s io n s  and F o r c e s  on B e l l o w s ......................................................................  7 4

20. F a c t o r  fo r  I n c r e a s e  in A ngular D e f le c t io n  S t r e s s  F r o m
In tern a l P r e s s u r e  Cps -    83

NAA-SR-4527
5



AB S T R A C T

D e s ig n  c h a r ts  and s y s te m a t ic  d e s ig n  fo r m s  a r e  p r e se n te d  fo r  

s im p lif ie d  c a lc u la t io n s  to  c h e c k  th e n u m b er o f c o n v o lu tio n s  and  

th ic k n e s s  r e q u ir e d  to  l im it  the d e f le c t io n  and p r e s s u r e  s t r e s s  

ra n g e  in  th r e e  ty p e s  o f  b e llo w s :  (1) co n v o lu ted  b e l lo w s ,  (2) co n ­

v o lu ted  b e llo w s  w ith  r e in fo r c in g  r in g s  and (3) to r o id a l b e llo w s .

T he d e s ig n  c h a r ts  a r e  b a se d  on th e eq u a tio n s  fo r  s t r e s s e s  d e r iv e d  

fr o m  an  a s y m p to t ic  so lu tio n  fo r  th e eq u a tio n s  o f to r o id a l s h e l ls  

found in  p r e v io u s ly  p u b lish e d  l i te r a tu r e .

P r o p o s e d  s t r e s s  l im ita t io n s  to  b e  u se d  w ith  the c a lc u la te d  

s t r e s s e s  a r e  b a s e d  on th o se  o f  the A SA  C ode fo r  P r e s s u r e  P ip in g . 

D ata  fr o m  108 fa tig u e  t e s t s  a t 7 0 ° F  and 18 fa tig u e  t e s t s  a t 1 2 0 0 °F  

fo r  a l l  th r e e  ty p e s  o f  b e llo w s  a r e  p r e se n te d . T h e se  data  a r e  

e v a lu a te d  s t a t i s t ic a l ly  and ju s t ify  u se  o f the p r o p o se d  a llo w a b le  

s t r e s s e s .  T he c o n c lu s io n  i s  draw n  th a t e x p a n s io n  jo in t b e llo w s  

ca n  be d e s ig n e d  to  the sa m e  s t r e s s  l e v e ls  a s  o th er  co m p o n en ts  o f  

a p ip ing s y s t e m  w ith  eq u a l c o n fid e n c e  in  th e r e l ia b i l i t y  o f the  

d e s ig n .

The m a th e m a tic a l d e r iv a tio n  and eq u a tio n s  p r o g r a m m e d  and 

so lv e d  b y  a d ig ita l  co m p u ter  a r e  to  b e p r e s e n te d  in  P a r t  H o f th is  

r e p o r t . L im ite d  e x p e r im e n ta l data  w ith  r e f e r e n c e s  a r e  a ls o  to be  

p r e s e n te d  in  P a r t  II to  c o n f ir m  the a c c u r a c y  o f th e a n a ly s is  fo r  

s t r e s s e s .
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I. INTRODUCTION

The p r o b le m  of th e r m a l s t r e s s e s  i s  e s p e c ia l ly  im p o rta n t in  so d iu m  c o o le d  

r e a c to r  p o w er  p lan t s y s t e m s  b e c a u s e , w h ile  p r e s s u r e  s t r e s s e s  a r e  low , la r g e  

te m p e r a tu r e  ch a n g es  a r e  a s s o c ia t e d  w ith  the h igh  o p era tin g  te m p e r a tu r e s .

B e llo w s  e x p a n s io n  jo in ts  a r e  fr e q u e n tly  c o n s id e r e d  a s  e le m e n ts  in  a pip ing  

s y s te m  for p u r p o se s  o f r e l ie v in g  s t r e s s e s  in d u ced  by th e r m a l ex p a n s io n  of the  

s y s te m . M eth od s o f  a n a ly s is  fo r  e x p a n s io n  s t r e s s e s  in  a piping s y s te m  w ithout  

b e llo w s  h ave  b e e n  a c c e p te d  by in d u str y  and, w h ile  c u m b e r so m e , a r e  r e la t iv e ly  

co n v en ie n t. M axim u m  a llo w a b le  s t r e s s e s  fo r  ex p a n s io n  and p r e s s u r e  s t r e s s e s  

in  c o n v en tio n a l co m p o n en ts  have b e e n  e s ta b lis h e d  and a c c e p te d  in  cod e form .^  

H o w ev er , no su ch  m eth o d s o f a n a ly s is  or  s y s te m  of a llo w a b le  s t r e s s e s  have  

b e e n  e s ta b lis h e d  or a c c e p te d  fo r  the b e llo w s  u se d  in  so d iu m  c o o le d  r e a c to r  p ow er  

plant s y s t e m s ,  or  for  g e n e r a l u se  in o th er  s y s t e m s .

T h is  stu d y  o f b e llo w s  s t r e s s  a n a ly s is  and a p p lica tio n  w as u n dertak en  a s  p art  

o f the A d van ced  S od iu m  G rap h ite  R e a c to r  (ASGR) P r o je c t , under a su b accou n t  

e s ta b lis h e d  fo r  th e r m a l s t r e s s  fa tig u e  s tu d ie s . The o b ject o f th is  study w a s to  

e s ta b lis h  a m eth od  o f s t r e s s  a n a ly s is  and a s y s te m  o f a llo w a b le  s t r e s s  fo r  r e ­

lia b le  a p p lic a tio n  o f b e llo w s  in  so d iu m  c o o le d  r e a c to r  s y s te m s .

The f in a l g o a l in d e v e lo p in g  th is  s y s te m  of a n a ly s is  and s t r e s s e s  is  a s p e c ­

if ic a t io n  fo r  th e p u r c h a se  of r e l ia b le  b e llo w s . A cop y  of su ch  a sp e c if ic a t io n  is  

a tta ch ed  a s  A ppendix  C. C a lcu la tio n  fo r m s  (d e sc r ib e d  in the tex t) u se d  w ith  the  

s p e c if ic a t io n  p r im a r ily  e s ta b lis h e d  a ch ro n o lo g y  for  c a lc u la t io n s  b a se d  on the  

fo r m u la e  in  th e s p e c if ic a t io n . T h e se  fo r m u la e , b a se d  on s im p le  s tr ip  b ea m  

r e la t io n s  w ith  c o r r e c t io n  f a c to r s ,  s e r v e  to  ch eck  p ro p o sed  d e s ig n s  ra th er  than  

to  d ir e c t  d e s ig n .

N AA -SR -4527
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A . D ESIG N A P P L IC A T IO N  O F BELLO W S

P r e lim in a r y  in v e s t ig a t io n s  d is c lo s e d  th at b e llo w s  c a p a b il i t ie s  fo r  red u cin g  

p ip ing  e x p a n s io n  s t r e s s e s  a r e  o ften  g r o s s ly  o v e r -e s t im a te d .  In one c a s e ,  b e l ­

lo w s w e r e  b e in g  s u g g e s te d  fo r  in s ta lla t io n  to r ed u ce  p ip ing  ex p a n s io n  s t r e s s e s  

fr o m  4 0 ,0 0 0  p s i  to  2 6 ,0 0 0  p s i  (the A SA  co d e  a llo w a b le , in  th is  ca se )^ w h erea s  the  

b e llo w s , a s  p ro p o sed , w ou ld  h a v e  b e e n  su b je c te d  to  c a lc u la te d  s t r e s s e s  of 

8 0 0 ,0 0 0  p s i .  Such  d e s ig n  p r a c t ic e  m a y  b e  r a tio n a l w h e r e  b e llo w s  a r e  tr e a te d  a s  

an ex p en d a b le  it e m  to  b e  e a s i ly  r e p la c e d  w ith  l i t t le  e c o n o m ic  p en a lty . H o w ev er , 

e x c e p t w h e r e  it  i s  e s ta b lis h e d  th a t th is  i s  a r e a s o n a b le  d e s ig n  p r a c t ic e ,  su ch  

in c o n s is t e n c y  in  a llo w a b le  s t r e s s e s  sh o u ld  be a v o id ed , or  the im p lic a t io n s  m ad e  

o b v io u s . In n u c le a r  p o w er  p lan t in s ta lla t io n s ,  w h e r e  co n ta in m en t o f  r a d io a c tiv e  

fltoids i s  a p aram ou n t c o n s id e r a t io n , g o o d  d e s ig n  p r a c t ic e  w ou ld  r e q u ir e  sa fe ty  

fa c to r s  in  a s y s t e m  o f a llo w a b le  s t r e s s e s  in  the b e llo w s , o r  e x p e r im e n ta lly  d e ­

te r m in e d  s a fe ty  fa c to r s ,  c o n s is te n t  w ith  th o se  a llo w e d  in  th e  r e m a in d e r  o f the  

s y s te m . If d e s ig n  i s  b a se d  on c a lc u la te d  s t r e s s e s ,  m eth o d s  o f a n a ly s is  fo r  e x ­

p a n sio n  and p r e s s u r e  s t r e s s e s  in  b e llo w s  sh ou ld  be a s  a c c u r a te  a s  th o se  u se d  in  

the a n a ly s is  o f s t r e s s e s  in  th e r e m a in d e r  o f  the s y s t e m .

The d e s ig n  p r o c e d u r e , in c lu d in g  the m eth od  of c a lc u la t in g  s t r e s s e s ,  m u st  be 

a p p lic a b le  w ith  s u ff ic ie n t  e a s e  and d ir e c t n e s s  a s  to  p e r m it  in c lu s io n  in  s ta n d a rd  

d e s ig n  p r a c t ic e  m a n u a ls  and c o d e s .

A s p r e s e n te d  h e r e in , th e  m eth od  o f  c a lc u la t in g  s t r e s s e s  in  b e llo w s  u s e s  the  

sa m e  m a th e m a t ic a l fo r m u la tio n  and so lu tio n  fo r  s t r e s s e s  in  to r o id a l s h e l ls  a s  

w a s  u se d  to  c a lc u la te  th e s t r e s s  c o n c e n tr a tio n  and f le x ib i l i t y  fa c to r s  fo r  p ip ing  

e lb o w s . B oth  b e llo w s  and p ip ing  e lb o w s  a r e  s e c t o r s  of to r o id a l s h e l l s .  F l e x i ­

b ili ty  and s t r e s s  fa c to r s  w e r e  c a lc u la te d , r e la t in g  th e b e llo w s  to  s im p le  s tr ip  

b e a m s , and a r r a n g e d  in  d e s ig n  c h a r ts  a s  show n in  F ig u r e s  1 throu gh  8 .

T h ree  ty p e s  o f b e llo w s  co m m o n ly  u se d  in  p ip ing  s y s t e m s  w e r e  stud ied :

(1) co n v o lu ted  b e llo w s , (2) co n v o lu ted  b e llo w s  w ith  r e in fo r c in g  r in g s , and  

(3) to r o id a l b e l lo w s .  S tan dard  d e s ig n  fo r m s  w e r e  p r e p a r e d  to  fa c il ita te  c a lc u ­

la t io n  o f th e  s t r e s s e s  in d u ced  by in te r n a l p r e s s u r e  and d e f le c t io n s , fo r  c o m p a r ­

is o n  w ith  a llo w e d  s t r e s s e s  in  a b e llo w s . The d e s ig n  fo r m s  a r e  p r e se n te d  in  th is  

r e p o r t  w ith  d ir e c t io n s  fo r  u s e  o f the d e s ig n  c h a r ts  w h ich  w e r e  d e v e lo p e d  for  

e a c h  typ e o f  b e llo w s .  T h e se  h ave  b e e n  u se d  a s  in te g r a l p a r ts  o f s p e c if ic a t io n s  

fo r  the p u r c h a se  o f b e llo w s .
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It i s  r e c o g n iz e d  that u lt im a te  c o n fir m a tio n  o f the su ita b ility  of th is  or  ar^  
oth er  a n a ly t ic a l tech n iq u e , a s  w ith  the a n a ly s is  o f s t r e s s e s  in  p ip ing e lb o w s , ’  ̂

sh ou ld  d epend  upon e v a lu a tio n  o f the m eth o d  w ith  a s t a t is t ic a l ly  s ig n if ic a n t  am ount  

o f data fr o m  fa tig u e  t e s t s  and data  on th e p e r fo r m a n c e  o f b e llo w s  under op era tin g  

c o n d itio n s .

E x p e r im e n ta l data  w e r e  ev a lu a ted  u s in g  the a n a ly t ic a l tech n iq u e d is c u s s e d  

h e r e in , and the d e s ig n  c h a r ts .  S a fe ty  fa c to r s  w e r e  d e te r m in e d , co m p a ra b le  to  

th o se  u se d  in  the p ip ing  co d e . A c c o r d in g ly , the p r in c ip le s  and b a s ic  v a lu e s  o f  

th e s y s te m  of a llo w a b le  s t r e s s e s  e s ta b lis h e d  by the ASA C ode of P r e s s u r e  P ip in g  

a r e  p r o p o se d  fo r  a p p lic a t io n  to  b e llo w s  w h en  in c o r p o r a te d  in  a p ip ing  s y s te m .

F a tig u e  data w e r e  g a th e r e d  fr o m  w h a te v e r  s o u r c e s  w e r e  a v a ila b le ; R e fe r ­

e n ce  19 w a s the on ly  p u b lish ed  s o u r c e . B e llo w s  m a n u fa c tu r e r s  su b m itted  m o s t  

o f the data on to r o id a l and r e in fo r c e d  b e llo w s .  R e s u lts  fr o m  the b e llo w s  t e s t  

p r o g r a m  o f the R o ck etd y n e  D iv is io n  o f N orth  A m e r ic a n  A v ia tio n  p ro v id ed  the  

m a jo r  so u r c e  o f data on co n v o lu ted  b e l lo w s .  U n le s s  o th e r w ise  s p e c if ie d , the  

t e s t s  d is c u s s e d  in  th is  r e p o r t  w e r e  p e r fo r m e d  in  a ir  a t ro o m  te m p e r a tu r e .

In ad d itio n  to  a s su r in g  s a t is fa c to r y  c y c l ic  l i f e ,  b e llo w s  d e s ig n  p r o b le m s  

oth er  than  s t r e s s e s  and sp r in g  ra te  m ay  b e  han dled  w ith  in c r e a s e d  co n fid en ce , 

and a m o r e  s im p lif ie d  a p p ro a ch  m a y  be u s e d  w hen  the s t r e s s e s  a re  lim ite d .  

A n gu lar  m o v e m e n t and la t e r a l  tr a n s la t io n  o f  a b e llo w s  m u st  be r e la te d  to  e q u iv ­

a le n t  a x ia l m o v e m e n t fo r  d e te r m in a tio n  o f s t r e s s e s  and sp r in g  r a te . W ith  

s t r e s s e s  l im ite d , a g e n e r a l  s tr e n g th  o f m a te r ia ls  a p p ro a ch  i s  u sed  to  equate

th e s e  v a r io u s  ty p e s  o f m o tio n . F o r m u la e  d ev e lo p e d  fo r  th e s e  r e la t io n s  in
>1̂

P a r t  11 of th is  r e p o r t  a r e  in c lu d ed  in  the d e s ig n  fo r m s .

B e llo w s  a s  a s tr u c tu r e  m a y  b e c o m e  u n sta b le  or "Squirm " u n der in te r n a l  

p r e s s u r e .  A n a p p ro a ch  to  th is  p r o b le m  is  o u tlin ed  in  R e fe r e n c e  17. W hen su b ­

je c te d  to  a n gu lar  d e f le c t io n , th e ten d en cy  tow ard  in s ta b ility  ten d s to  fu rth er  in ­

c r e a s e  the d e f le c t io n  s t r e s s e s  a t the c e n te r  of the b e llo w s . E q u ation s b a sed  on 
17e la s t ic  b eh a v io r  a r e  u se d  to  study th is  p r o b le m  (A ppendix A ). T h e o r e t ic a l  

l im ita t io n s  h ave  b e e n  p la c e d  on in te r n a l p r e s s u r e  to  l im it  in c r e a s e  in  s t r e s s e s  

or a v o id  in s ta b ility . F o r m u la e  ou tlin in g  th e s e  lim ita t io n s  a r e  in c lu d ed  in  the 

d e s ig n  fo r m s . L im ite d  e x p e r im e n ta l c o n fir m a tio n  fo r  th e s e  fo rm u la e  and p r e s ­

su re  lim ita t io n s  a r e  a v a ila b le  in  T a b le s  1 -4  in c lu d ed  in  S ec tio n  11 o f th is  r e p o r t.

'!'To be p u b lish ed
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B . MA.THEMA.TICAL A N A L Y SIS O F ST R E SSE S IN BELLO W S

The m a th e m a tic a l a n a ly s is  o f s t r e s s e s  and f le x ib i l i ty  o f b e llo w s  h a s  ten d ed  

to fo llo w  the sa m e  c h r o n o lo g ic a l p a ttern  a s  m a th e m a tic a l a n a ly s is  o f  s t r e s s e s  

and f le x ib i l i ty  of p ip ing e lb o w s .

The f i r s t  a n a ly s e s  o f p ip ing e lb o w s e x p r e s s e d  th e  d is to r t io n  o f the e lb o w  b y
4 5 6 7te r m s  o f a F o u r ie r  S e r ie s  and so lv e d  fo r  c o e f f ic ie n t s  o f th e s e  t e r m s  ’ ’ ’ . A s  

in  a l l  s e r ie s  a p p r o x im a tio n s , the a c c u r a c y  o f th e s e  a n a ly s e s  v a r ie d  w ith  the n u m ­

b er  o f te r m s;  the u s e fu ln e s s  o f th e r e s u l t s  w a s  l im ite d  to  a ra n g e  w h e r e  the fo r m  
2

fa c to r  R t /r  w a s  not s m a ll .
g

C lark  a tta ck ed  th e  s h e l l  th e o r y  eq u a tio n s and o b ta in ed  a so lu tio n  a sy m p to tic
2

to  the e x a c t  so lu tio n  a t v e r y  s m a ll  v a lu e s  o f  R t /r  . T he o v er la p p in g  a p p lic a b ility  

of s o lu t io n s  b a se d  on th e s e  tw o a p p r o a c h e s  p r o v id e s  a  fu ll ra n g e  o f a n a ly t ic a l d e ­

s ig n  c a p a b ility  fo r  p ip ing  e lb o w s .

S im ila r ly , s t r e s s  p r o b le m s  in  b e llo w s  h a v e  b e e n  s tu d ied  by the sa m e  tw o

m a th e m a tic a l te c h n iq u e s  o f the s e r ie s  so lu tio n  and the a sy m p to t ic  so lu tio n . The
2

s e r ie s  so lu t io n s  a r e  m o s t  a c c u r a te  a t la r g e  v a lu e s  o f  R t /r  and the a sy m p to tic
2

so lu tio n s  b e in g  m o s t  a c c u r a te  a t s m a ll  v a lu e s  o f R t /r  .
9

S a lzm a n  stu d ied  co n v o lu ted  b e llo w s  u s in g  a th r e e  t e r m  s e r ie s  a p p ro x im a tio n  

for  the sh ap e of the to r o id a l s h e l l  s e c t io n s .  T he so lu tio n s  w e r e  a p p lic a b le  on ly  

to  d e f le c t io n  s t r e s s e s  fo r  co n v o lu ted  b e llo w s  w ith  an  in c lu d ed  f la t  p la te  s e c t io n  

ran gin g  fr o m  z e r o  to  fu ll  co n v o lu tio n  depth . D e s ig n  c u r v e s  w e r e  p r e se n te d  but 

t e s t  data w e r e  not in c lu d ed .

T u rn er  and Ford^^  u s e d  a f iv e  t e r m  s e r i e s  fo r  the sh a p e  o f the to r o id a l  

s h e ll  s e c t io n s .  The so lu t io n s  p r e s e n te d  c o v e r e d  d e f le c t io n  s t r e s s e s  in  co n v o lu ted  

b e llo w s  w ith  no f la t  s e c t io n s  and in c lu d ed  r e v e r s e d  c u r v e  s e c t io n s  w ith  270° of 

a r c . The stud y  in c lu d ed  t e s t  data  fr o m  s ta t ic  t e s t s  but did not p r e s e n t  d e s ig n  

c u r v e s .

Dahl^^ u se d  a fou r t e r m  s e r ie s  to  e x p r e s s  the bend ing d e fo r m a tio n  in  s tu d y ­

ing to r o id a l b e llo w s . R e s u lt s  o f so lu t io n s  w e r e  co m p a red  w ith  the a sy m p to tic
12

so lu tio n s  b y  C la rk . S o lu tio n s  w e r e  a p p lic a b le  to  d e f le c t io n  s t r e s s e s  in  to r o id a l  

b e llo w s  o n ly . D e s ig n  c u r v e s  w e r e  p r e se n te d  in  a d d itio n  to d ata  fr o m  one t e s t .
12

C lark  ex ten d ed  h is  a sy m p to t ic  so lu t io n  fo r  c u r v e d  tu b e s  to  both  to r o id a l  

and co n v o lu ted  b e llo w s . The so lu t io n  fo r  co n v o lu ted  b e llo w s  did  not in c lu d e
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fla t  p la te  s e c t io n s .  D e f le c t io n  s t r e s s e s  w e r e  stu d ied  fo r  the con vo lu ted  type of 

b e llo w s .  D e s ig n  fo r m u la e  a r e  p r e se n te d  fo r  ea ch  c a s e ,  a p p lica b le  w ith  s m a ll  

v a lu e s  o f th e fo r m  fa c to r .

13Laupa and W eil u se d  a f iv e  te r m  s e r ie s  to  e x p r e s s  the bending d e fo rm a tio n  

in  a n a ly z in g  to r o id a l s e c t io n s  o f co n v o lu ted  b e llo w s , a p p lica b le  w ith  la r g e  v a lu e s  

of th e fo r m  fa c to r . The m eth o d  o f fo rm in g  the m a tr ix  of eq u ation s to  obtain  

so lu tio n s  i s  o u tlin ed  in  the r e fe r e n c e .  C onvolu ted  b e llo w s , w ith  and w ith ou t f la t  

s e c t io n s ,  su b je c te d  to  both  d e f le c t io n  and in te r n a l p r e s s u r e  a r e  in c lu d ed . A  

sa m p le  p ro b lem  is  so lv e d  but n e ith e r  d e s ig n  ch a r ts  nor fo rm u la e  a r e  p r e se n te d .

14W elded  d is c  b e llo w s  w e r e  stu d ied  by F e e le y  and G ory l. The g e o m e tr y  

and ra n g e  o f c o m m e r c ia l  s i z e s  o f su ch  b e llo w s  a llo w e d  a b ea m  co n cep t to be 

u se d  in  a s im p lif ie d  a n a ly s is .  S t r e s s e s  due to a x ia l and an gu lar d e f le c t io n  fo r c e s  

and p r e s s u r e  s t r e s s e s  w e r e  stu d ied . D e s ig n  fo rm u la e  and lim ite d  t e s t  r e s u lt s  

w e r e  p r e se n te d .

A  stud y  o f w e ld e d  cu rv ed  d is c  b e llo w s  w a s  p r e s e n te d  by H eteny i and
15 12T im m s, b a se d  on the w o rk  by C la rk . D e s ig n  fo rm u la e  for  d e f le c t io n , d e -

2
f le c t io n  s t r e s s  and p r e s s u r e  s t r e s s  w e r e  p r e se n te d  fo r  the ran ge w h e re  R t /r  is  

v e r y  s m a ll .  H aringx^^ p r e se n te d  a n a ly t ic a l and e x p e r im e n ta l r e s u lt s  on s im ila r  

ty p es  of b e llo w s .

The n eed  fo r  a c o m p r e h e n s iv e  study o f p iping ex p a n sio n  b e llo w s  and r e a d ily  

a p p lica b le  d e s ig n  c h a r ts  b e c o m e s  ap p aren t fr o m  a r e v ie w  o f the p r e v io u s  r e f e r ­

en ce  s tu d ie s . R e s u lts  o f the study  p r e se n te d  h e r e in  a ttem p t to s a t is fy  that n eed .
12The m a th e m a tic a l so lu tio n  u t il iz e d  is  b a se d  on the a sy m p to tic  so lu tio n  by C lark

a n d  i s  p r e s e n t e d  i n  P a r t  II  w i t h  s o m e  o f  t h e  m o d i f i c a t i o n s  i n t r o d u c e d  b y
15H eten y i and T im m s . R ev ie w  of the m a th e m a tic a l a p p ro x im a tio n s  m ade by

2
C lark , to  ob ta in  a so lu tio n  v a lid  on ly  a t s m a ll  v a lu e s  o f R t /r  , in d ica te d  that 

co m p en sa tin g  c o r r e c t io n s  cou ld  b e in tro d u ced  a fte r  a so lu tio n  w as obtained , 

w h ich  w ould  r e s u lt  in  r e a so n a b le  a c c u r a c y  o v e r  the fu ll range o f g e o m e tr ic  

p a r a m e te r s .

G e o m e tr ic  p a r a m e te r s  c o n s id e r e d  w e r e :  (1) the fo r m  fa c to r  taken  a s

a ^ /0 .7 7 8  Rt; (2) the r a t io  (a /h ) o f the c r e s t  ra d iu s  "a" to  the su m  "h" of o n e -h a lf  

the f la t  p lu s  the c r e s t  ra d iu s; and (3) the th r e e  ty p es  o f b e llo w s . To lim it  the  

ran ge o f g e o m e tr ic  p a r a m e te r s  to  be c o v e r e d  by the c a lc u la t io n s  fo r  the d e s ig n
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c h a r ts , it  w a s  d e c id e d  to  ex c lu d e  th e e f fe c t  o f the fo llo w in g :

1) v a r ia t io n s  in  th ic k n e s s ,

2) v a r ia t io n s  in  c r e s t  r a d iu s  b e tw e e n  ID and OD,

3) th e r a t io  o f  OD to  ID, and

4) s lo p in g  o r  s h e l l  c u rv a tu re  o f th e  annxxlar d is c  b e tw e e n  c r e s t s .

18Item  3) o f th e s e  i s  c o m p e n sa te d  fo r  in  th e c a lc u la t io n  fo r m . W ahl and Lobo  

sh ow ed  th a t an  a p p r o x im a tio n  c o n s id e r in g  a  r a d ia l s tr ip  o f a c ir c u la r  p la te  a s  a  

b ea m , y ie ld s  s a t is fa c to r y  r e s u l t s .  T h is  a p p r o x im a tio n  i s  v a lid  fo r  v a lu e s  r a n g ­

ing fr o m  1.0  to  1.5 fo r  the r a t io  b e tw e e n  OD and ID. F u r th e r  e x a m in a tio n  o f  

R e fe r e n c e  18 sh o w s th a t s im ila r  a p p r o x im a tio n s  can  b e m ad e fo r  p eak  bending  

m o m e n ts . T h e se  a p p r o x im a tio n s  a r e  c o m p e n sa te d  fo r  in  the d e s ig n  fo r m s  to  

r ed u ce  th e e r r o r  in tro d u ced  b y  ex c lu d in g  it e m  3). T he e f fe c t  o f it e m  4) h as  

b e e n  e v a lu a te d  s e p a r a te ly .  R e fe r e n c e  23 c o n ta in s  d e s ig n  c h a r ts  fo r  annular  

s h e l l s  w h ich  sh ow  th at s h e l l s  w ith  s lig h t  cu rv a tu re  ca n  b e  tr e a te d  a s  f la t  s tr ip s  

w ith  m in o r  c o r r e c t io n s .

The m a th e m a tic a l a n a ly s is  o f  s t r e s s e s  i s  p r e s e n te d  in  P a r t  II o f th is  r e p o r t . 

M a tr ic e s  o f  fou r eq u a tio n s  w e r e  fo r m e d , e x p r e s s in g  th e b o \m d ary  c o n d itio n s  of 

on ly  the to r o id a l s h e l l  s e c t io n s  fo r  e a c h  o f th e  v a r io u s  ty p e s  o f b e llo w s . A ll  

eq u a tio n s w e r e  n o n d im e n s io n a liz e d  to  r e la te  r e s u lt s  to  the b e h a v io r  o f  s im p le  

g e o m e tr ic  fo r m s , n a m e ly  a  f la t  s tr ip  o f  u n ifo r m  w id th  w ith  g u id ed  su p p ort a t  

e a c h  end.

A  d ig ita l co m p u ter  p r o g r a m  w a s  d e v is e d  fo r  the fo llo w in g :

1) To s e t  up th e c o e f f ic ie n t s  fo r , and  s o lv e , th e  b ou nd ary  co n d itio n  

eq u a tio n s .

2) C a lc u la te  the d is tr ib u t io n  o f m o m e n ts , f o r c e s  and d e f le c t io n s  fo r  the  

to r o id a l s e c t io n s ,  p lu s  d e f le c t io n s  fo r  the f la t  annvilar s e c t io n .

3) C o r r e c t  th e  c a lc u la te d  m o m e n ts  to  c o m p e n sa te  fo r  th e  m a th e m a tic a l  

a p p r o x im a tio n s .

4) P r in t out th e  r e s u lt s  and a ls o  p lo t g r a p h ic a l ly  the ben d in g  m o m en t  

d is tr ib u t io n s  in  th e  to r o id a l s e c t io n s .

R e s u lt s  p ro v id ed  b y  th e  co m p u ter  p r o g r a m  w e r e  a g a in  c r o s s  p lo tted  to  p r o ­

v id e  d e s ig n  c h a r ts  fo r  sp r in g  r a te , d e f le c t io n  s t r e s s e s ,  and p r e s s u r e  s t r e s s e s
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fo r  th e th r e e  ty p e s  o f b e l lo w s .  R e s u lt s  o f th is  m eth od  w e r e  co m p a red  w ith  th o se  

o f R e fe r e n c e s  9, 10, 11 and 12, to  c o n f ir m  the e x is te n c e  o f  r e a so n a b le  a c c u r a c y .

T he co m p u ter  p r o g r a m  w h ich  w a s  d e v is e d  can  b e u se d  to so lv e  eq u a tio n s for  

b e llo w s  w h ich  in c lu d e  the e f f e c t s  o f the fo u r  p a r a m e te r s  not in c lu d ed  in  th is  

stu d y . T h is  can  b e done b y  fo rm in g  o f the p ro p er  b ou nd ary  con d ition  eq u ation s  

and v a lu e s  o f p a r a m e te r s  d e sc r ib in g  the g e o m e tr y . The v a lid ity  of the s im p l i ­

f ie d  a p p ro a ch  w a s  ch e c k e d  w ith  sa m p le  c a lc u la t io n s  fo r  c e r ta in  c a s e s  of th e s e  

a d d itio n a l p a r a m e te r s .

R e s u lt s  o f s ta t ic  lo a d in g  t e s t s ,  to  stu d y  s t r e s s  d is tr ib u t io n s , a r e  in c lu d ed  in  

P a r t  II o f th is  r e p o r t  fo r  c o m p a r iso n  o f a n a ly t ic a l and e x p e r im e n ta l r e s u lt s .
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II. DESIGN O F  BELLOWS

A . C O N V O LU TE D  BELLO W S

C on volu ted  b e llo w s  w ith  u n d istu rb ed  s e m i- to r o id a l  s e c t io n s  a r e  m o r e  a m e ­

n ab le  to  s t r e s s  a n a ly s is ,  both  m a th e m a t ic a l and e x p e r im e n ta l, than e ith e r  o f  the  

o th er  ty p e s  o f b e llo w s  d is c u s s e d  in  th is  r e p o r t . D ata on s t r e s s e s  fo r  th is  type  

of b e llo w s  h a s  b e e n  m ad e a v a ila b le  fr o m  b oth  s ta t ic  and fa tig u e  t e s t s .

E x a m in a tio n  o f a few  sa m p le  p r o b le m s  w il l  in d ic a te  that con v o lu ted  b e llo w s  

a p p ear  b e s t  su ite d  fo r  low  p r e s s u r e  a p p lic a t io n s . E x ceed in g  the y ie ld  s t r e s s  at 

the ro o t o f the co n v o lu tio n  b y  ap p ly in g  in te r n a l p r e s s u r e  can  r e s u lt  in  p la s t ic  

in s ta b il i ty  (sq u irm ) due to lo c a l  y ie ld in g . R e in fo r c in g  th is  a r e a  w ith  r o o t r in g s  

p r e v e n ts  lo c a l  y ie ld in g  and r a i s e s  the p r e s s u r e  a t w h ich  in s ta b ility  o c c u r s .  

C o n se r v a t iv e  d e s ig n  r e q u ir e s  that p r e s s u r e  bending s t r e s s e s  w ith ou t th e s e  r e ­

in fo r c in g  r in g s  b e lim ite d  to  the e la s t ic  or lo w -c r e e p -r a te  ra n g e .

In th e fo llo w in g  d e s ig n  a n a ly s is ,  u s in g  d e s ig n  sh e e t  F o r m  1 p r e s s u r e  b en d ­

ing s t r e s s e s  d e te r m in e  the m in im u m  th ic k n e s s  r e q u ir e d  fo r  a g iv e n  b e llo w s  c o n ­

v o lu tio n . The n u m b er o f c o n v o lu tio n s  r e q u ir e d  a r e  b a se d  on the d e s ig n  th ic k n e s s ,  

r e q u ir e d  d e f le c t io n  and rem a in in g  a llo w a b le  s t r e s s  ra n g e . Spring ra te  and s t a ­

b il i ty  fa c to r s  a r e  c a lc u la te d  a fte r  the n u m b er of co n v o lu tio n s  i s  e s ta b lish e d . The 

c o e f f ic ie n t s  C^ , C^ , and C^ fr o m  F ig u r e s  1, Z, 3 u sed  in th e s e  c a lc u la t io n s  r e ­

la te  the b eh a v io r  o f a co n v o lu tio n  s e g m e n t to  a s im p le  s tr ip  b eam .

In th is  r e p o r t  one co n v o lu tio n  i s  c o n s id e r e d  a s  the len g th  fr o m  one in n er

c r e s t  to  the n ex t in n er  c r e s t .  E a ch  co n v o lu tio n  i s  se p a r a te d , fo r  c a lc u la t io n

p u r p o se s  in to  fou r s e g m e n ts , e a ch  of w h ich  h a s  a p r o je c te d  len g th , ” h", and a

d e v e l o p e d  l e n g t h  [ aTt/Z + (h - a) ] . F l a t  s t r i p s  o f  l e n g t h  "h" s i m u l a t i n g  e a c h  o f

th e s e  s e g m e n ts  p ro v id e  the b a s is  fo r  the d e s ig n  fo r m u la e . The fa c to r s  C , ,
P ^

and s e r v e  to  a d ju st the e a s i l y  p r e d ic te d  b eh a v io r  of the f la t  s tr ip s  to the c a l ­

cu la te d  b eh a v io r  o f a b e llo w s  c o n v o lu tio n  se g m e n t.

S p e c ia l c o n s id e r a t io n  in  a n a ly s is  fo r  s t r e s s e s  m u st  be g iv e n  to  the e f fe c t  

o f " sq u irm " . L im itin g  the r a tio  o f o p era tin g  p r e s s u r e  and c r i t ic a l  p r e s s u r e  to  

a v a lu e  l e s s  than  0.1 a ls o  l im it s  the v a lu e  o f ( s t r e s s  in c r e a s e  fa c to r ) to  

l e s s  than  1 .1 8 . T h is  fa c to r  cou ld  r e s u lt  in  a s im ila r  r e d u c tio n  o f the sa fe ty  

fa c to r  fo r  b e llo w s  u se d  a s  h in g e s  w hen  b en d in g  s t r e s s e s  a r e  in c r e a s e d  by th is

NAA-SR-45Z7
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am ou n t, due to  sq u ir m . T h e r e fo r e , th e  v a lu e  o f e q u iv a le n t d e f le c t io n  due to  

an g u la r  r o ta tio n  i s  m u lt ip lie d  b y  1 .20 to  m a in ta in  an eq u a l s a fe ty  fa c to r  fo r  a l l  

lo a d in g s . L im itin g  th e r a t io  o f  o p era tin g  to  c r i t ic a l  p r e s s u r e  a ls o  p r o v id e s  a  

m a r g in  fo r  th e e f f e c t  o f  y ie ld  s tr e n g th  on sq u ir m  p r e s s u r e .

It m u st  b e  p o in ted  out th at, th e o r e t ic a l ly ,  th e  p eak  bend ing s t r e s s e s  in d u ced  

b y  p r e s s u r e  n e e d  not c o in c id e  g e o m e tr ic a l ly  w ith  the peak  bend ing s t r e s s e s  in ­

d u ced  by d e f le c t io n . F o r  m o s t  b e llo w s  th ey  w il l  c o in c id e , but if  m o r e  r e f in e d  

a n a ly s is  i s  d e s ir e d  w h ich  w ould  m o r e  a c c u r a te ly  d e te r m in e  th e co m b in ed  p eak  

s t r e s s ,  th e  g ra p h s  o f  ben d in g  m o m en t d is tr ib u t io n s  in  P a r t  II m a y  b e  c o n su lte d .

NAA.-SR-4527
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DESIGN SHEET FORM 1 

CONVOLUTED BELLOWS

(REFERENCE FIGURES 1. 2 & 3 )

DESIGN CONDfTIONS

BELLOWS
IDENTIFICATION

INTERNAL PRESSURE P* TEMPERATURE

AXIAL DEFLECTION LATERAL TRANSLATION h

TORSIONAL ANGULAR ROTATION ALLOWED BY

CLEARANCES IN HARDWARE

OF RESTRAINTS ♦  • _______________________

I

NUMBER OF CYCLES

ANGULAR MOVEMENT i

TORSIONAL MOMENT OBTAINED BY PIPING STRESS ANALYSIS

IF HARDWARE DOES NOT OFFER PROTECTION AGAINST TORSIONAL ROTATION

MATERIAL PROPERTIES

ALLOWABLE STRESS AT ROOM 
TEMPERATURE S • ______

ALLOWABLE STRESS AT DESIGN 
TEMPERATURE S k* _________

YOUNG'S MODULUS AT ROOM 
TEMPERATURE E • _______

YOUNG'S MODULUS AT OPERATING 
TEMPERATURE E h ’  _____________

ALLOWABLE STRESS RANGE 
FOR COMBINED STRESSES 
S . .  ■ 1 .2 5 K S . + S J • ___

f STRESS RANGE REDUCTION FACTOR

BELLOWS DIMENSIONS AND PARAMETERS (SEE FIGURE ABOVE)

NUMBER OF PLIES N • NUMBER OF CONVOLUTIONS N.

OVERALL ACTIVE LENGTH OF BELLOWS L -

X ‘  0 .7 7 8  y fT T ]  : a/* ■ OS / 23 •
USE [ t g  AND B S  TO 

DETERMINE FACTORS C .C . .C ,

STRESS CALCULATION

[H] X US)
MUST NOT EXCEED Q o l

s ■ 52 ♦ SS • ___
MUST NOT EXCEED 1.25 X S f i]

X r tT i
A ‘ [ T j

5 2

m  X ri7i X rm

ITEM b) MUST NOT EXCEED 0 .5  X [ I ^

MUST NOT EXCEED Q H

SPRING RATES

AXIAL SPRING RATE

0 .4 3 1  x 5 I ] x [ I 2 x B 0 x 5 5 ] x 5 S x 5 C

g Q  ROTATION SPRING RATE

K • 0 ,5  X [ n ]  X c m  X B Z ] ■ . . . . . . .  In. Ib/r»diin

* l 2 2 J x U £ j x L i i J x L i 5 J x U a j  ib/.n.

FACTOR OF STABILITY 

2 t r  X

* ’ Cn X iH ’
MUST BE GREATER THAN 10 FOR COMBINED MOVEMENT 

.  MUST BE GREATER THAN 5 IN CASE OF AXIAL DEFLECTION ONLY

D e s ig n  F o r m  1 -  C onvolu ted  B e llo w s

N A A -SR -4527
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0,9

= 0.778
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0.5
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3 5

4.0

0 0.2 0.4 0.80.6 1.0

o / h

F ig u re  1. M axim um  M o m e n t /P r e s  su re  "C "
for Convoluted B e l lo w s
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3 .0
a/x

= 0.778

2.5
.0 8.

0.6

0 .4
2.0

0.2

T3O
I-z
Ll I

o

2O
( -  0 .9O
Ll I
_ l
U .

 ̂ 0.8

0.7

3 0

0.6

3.5
0.5

4 0

0 .4
0 0.2 0.4 0.6 0.8 10

o/h

F ig u re  2. D ef lec t io n /M a x im u m  Moment
for Convoluted B ellow s
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B . RING R E IN F O R C E D  BELLO W S

T he w id e u se  of r ing  r e in fo r c e d b e llo w s ,  e s p e c ia l ly  in  the in te r m e d ia te  p r e s s u r e  

ra n g e , r e q u ir e s  th e ir  in c lu s io n  in  th is  r e p o r t  even  though in h eren t p r o b le m s  in  

th e  a n a ly s is  of s t r e s s e s  h a v e  not b een  r e s o lv e d . A s p o in ted  out the d i s ­

c u s s io n  of co n v o lu ted  b e l lo w s ,  the p r e s e n c e  of r e in fo r c in g  r in g s  adds to  

th e  s ta b ility  o f b e llo w s  w hen su b je c te d  to in te r n a l p r e s s u r e .  W ith b e llo w s  

u n der t e s t ,  one can  o b s e r v e  th at r e in fo r c in g  r in g s  e lim in a te  any ten d en cy  

fo r  the b e llo w s  to  c o l la p s e  a t the ro o t due to  in te r n a l p r e s s u r e .  One can  a ls o  

o b s e r v e  that d e fo r m a tio n s  due to  in te r n a l p r e s s u r e  tend  to p rod u ce a m o d ified  

sh ap e o f  co n v o lu tio n  m o r e  ca p a b le  o f r e s is t in g  in te r n a l p r e s s u r e  fo r c e s  by m e m ­

b ra n e  s t r e s s e s .  R ing r e in fo r c e d  b e llo w s  g e n e r a lly  find  a p p lica tio n  in  the in t e r ­

m e d ia te  p r e s s u r e  ran g e  o f 30 p s i  to  500 p s i .

A  m a jo r  q u e s tio n  in  the a n a ly s is  fo r  s t r e s s  in  r in g  r e in fo r c e d  b e llo w s  c o n ­

c e r n s  the e f f e c t  o f c o n ta c t  o f th e co n v o lu ted  s h e e t  m a te r ia l  w ith  the r e in fo r c in g  

r in g . T he lo c a tio n  of the lin e  o f in it ia l  co n ta c t and the e f fe c t  of the m o v em en t  

o f th is  lin e  o f co n ta c t on f le x ib i l i ty  s t r e s s  and fa tig u e  l i f e  a r e  p a rts  of the p r o b ­

le m . F o r  th is  a n a ly s is ,  one p r im a r y  a s su m p tio n  c o n s id e r s  the ra d iu s i s  id e n ­

t ic a l  a t both  c r e s t s  of the co n v o lu tio n . F u r th e r  a s su m p tio n s  m ade fo r  d e f le c t io n  

f le x ib i l i t y  and s t r e s s e s  w e r e  th at (1) th e  p eak  bending s t r e s s  a t the in it ia l  poin t 

o f co n ta c t of th e r in g  and the co n v o lu tio n  i s  eq u a l to m a.xim \im  a t th e  e x te r io r  

c r e s t  o f the co n v o lu tio n , and (2) the s lo p e  a t the in it ia l  poin t o f co n ta c t i s  that 

w h ich  p r o v id e s  g e o m e tr ic  c o m p a tib ility  fo r  ch a n g es  o f s lo p e  around  the c o n ­

v o lu tio n . F o r  p r e s s u r e  s t r e s s e s ,  s im ila r  a s su m p tio n s  w e r e  m a d e , m atch in g  

d e f le c t io n s  and  m o m e n ts  n e a r  the c e n te r  o f the fla t span  and a llo w in g  w h a tev er  

m o m en t and s lo p e  i s  n e c e s s a r y  at the in it ia l  poin t of co n ta ct w ith  the r e in fo r c in g  

r in g . A ssu m p tio n  (1) i s  the m o s t  o p t im is t ic  w h ich  can  be m ad e co n cern in g  peak  

s t r e s s e s  fo r  a g iv e n  d e f le c t io n . In ev a lu a tin g  r e s u lt s  fr o m  fa tig u e  t e s t s  th is  

w ould  r e s u lt  in  the lo w e s t  c a lc u la te d  p ea k  s t r e s s  for  a g iv e n  c y c l ic  l i f e  and w ould  

r e s u lt  in  the lo w e s t  a llo w a b le  s t r e s s e s  b e in g  d e r iv e d  e m p ir ic a lly .  T h is  a s s u m p ­

tio n , w h ile  it  m a y  b e in  e r r o r ,  h a s  a lo g ic a l  c o n s e r v a t iv e  b a s is  s in c e  any im ­

p ro v em en t in  a n a ly t ic a l m eth od  w il l  p ro b a b ly  p r e d ic t  h ig h er  s t r e s s e s  and w hen  

u se d  w ith  the p r o p o sed  a llo w a b le s ,  w i l l  g iv e  a m o re  c o n s e r v a t iv e  d e s ig n .

A s w ith  the co n v o lu ted  b e llo w s , the p eak  p r e s s u r e  bending s t r e s s e s  a re  

tak en  to  c o in c id e  in  lo c a tio n  w ith  the p eak  d e f le c t io n  bending s t r e s s e s .  The a c tu a l 

co m b in ed  p eak  b a se d  on the a s su m p tio n  m en tio n ed , can  be d e r iv e d  fro m  bending  

m o m en t d is tr ib u tio n  c u r v e s  o f P a r t II o f the rep o r t.
N A A -S R -4 5 2 7
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It i s  a s su m e d , and sh ou ld  b e s p e c if ie d , th a t fo r c e s  in  th e r e in fo r c in g  r in g s  

s h a ll c o m p e n sa te  fo r  th e c ir c v im fe r e n t ia l m em b ra n e  s t r e s s  in  th e co n v o lu tio n s .

In D e s ig n  S h ee t F o r m  2 fo r  r e in fo r c e d  b e llo w s , th ic k n e s s  r e q u ir e m e n ts  a r e  

b a se d  p r im a r ily  on p r e s s u r e  m em b ra n e  s t r e s s e s .  The co m b in ed  p r e s s u r e  

s t r e s s e s  a r e  su b tr a c te d  (a fter  red u ctio n  o f the p r e s s u r e  ben d in g  s t r e s s e s  by an 

e m p ir ic a lly  d ed u ced  fa c to r  o f  0 .2 5 ) fr o m  the to ta l a llo w a b le  s t r e s s  r a n g e . The 

req u ir ed  n u m b er of c o n v o lu tio n s  i s  b a se d  on the re m a in in g  s t r e s s  r a n g e . S p rin g  

r a te s  and s ta b ility  fa c to r s  a r e  d e te r m in e d  a s  in  th e c a lc u la t io n  fo r m s  fo r  c o n ­

v o lu ted  b e l lo w s .  T he c o e f f ic ie n t s  C^, C^, and fr o m  F ig u r e s  4 , 5, and 6 r e ­

la te  the b e h a v io r  o f a co n v o lu tio n  s e g m e n t  to  the b e h a v io r  o f  a s im p le  s tr ip  b ea m .
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OES»GN SHEET FORM 2 

RING REINFORCED BELLOWS 

(REFERENCE FIGURES A , 5 & 6)

DESIGN CONDITIONS

BELLOWS
IDENTIFICATION

LATERAL TRANSLATION 8AXIAL DEFLECTION A

MATERIAL PROPERTIES

ALLOWABLE STRESS AT ROOM 
TEMPERATURE S ■ ______

ALLOWABLE STRESS AT DESIGN 
TEMPERATURE S i,*  _________

VOUNG'S MODULUS AT ROOM 
TEMPERATURE E • _______

YOUNG'S MODULUS AT OPERATING 
TEMPERATURE E t,* ____________

ALLOWABLE STRESS RANGE 
FOR COMBINED STRESSES 

S .»  ’ 1 .2 5 f(S  ♦ S.) ■ ___

» STRESS RANGE REDUCTION FACTOR

BELLOWS DIMENSIONS AND PARAMETERS (SEE FIGURE ABOVE)

NUMBER OF PLIES N NUMBER OF CONVOLUTIONS N

OVERALL ACTIVE LENGTH OF BELLOWS L
USE [19 ] AND t H ]  TO 

DETERMINE FACTORS C , C. . CX • 0 .7 7 8  / [ m  X 2 3 X = [13/ L24J

FROM FIG. 6FROM FIG. 4 FROM FIG. 5

STRESS CALCULATION

53 X 53 X 2222 X 23 
MUST NOT EXCEED Q 3

EQUIVALENT TOTAL AXIAL DEFLECTION

-H] * fc El .
291 ♦ (301

m  X rm X (jTi

ITEM t>) MUST NOT EXCEED 0 .5  X 2 3

MUST NOT EXCEED [ H ]

SPRING RATES

AXIAL SPRING RATE

0.43 1  x U S x C I S  x 2 B  x 2 a  x 2 a x 2 I ]

ROTATION SPRING RATE

K * 0 , S X m ]  X Q T I X 5 7 ]  • ... . in, lh/«dia,i

*  [ 2 2 J x t i 5 j x L l i J x L i i J x 2 f l J

FACTOR OF STABILITY
MUST BE GREATER THAN 10 FOR COMBINED MOVEMENT 

. MUST BE GREATER THAN S IN CASE OF AXIAL DEFLECTION ONLY

D e s i g n  F o r m  Z. R in g  R e i n f o r c e d  B e l l o w s
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Figure  4. M axim am  M o m e n t / P r e s s u r e  "C "
for Ring Re in forced  B e l low s  ^
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= 0 .7 7 8  V ^ t

a /x
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F ig u r e  5, D e f le c t io n /M a x im u m  M om ent  
for  R ing R e in fo r c e d  B e l lo w s
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* = 0.778

a /x  = 0 .0

O 0.8

F ig u r e  6 . D e f l e c t i o n / F o r c e  "C^" fo r  R ing R e in fo r c e d  B e l lo w s
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C. TOROIDAL BELLO W S

T o r o id a l  ty p e s  of b e l lo w s  c o n s id e r e d  h e r e in  in c lu d e  th o s e  o f  m o d if ie d  

t o r o id a l  shape w h e r e  the c r o s s  s e c t io n  i s  not p e r fe c t ly  c i r c u la r .  T o r o id a l  type  

b e l lo w s  a p p ear  to be  a p p lied  p r im a r i ly  to  s i tu a t io n s  in vo lv in g  v e r y  h igh  o p e r a t ­

ing p r e s s u r e .  M a th e m a t ic a l  m e th o d s  fo r  a n a ly s i s  o f  s t r e s s e s  have b e e n  m ad e  

a v a i la b le  for pure to r o id a l  s h a p e s .  T h e s e  h ave  b e e n  c o n f ir m e d  by e x p e r im e n t  

and a r e  r e a d i ly  a p p l ic a b le .  In sp ite  of th is ,  p rob ab ly  for  e c o n o m ic  r e a s o n s ,  

to r o id a l  b e l lo w s  a r e  s e ld o m  u s e d  in  in d u str y .  With the s t r e s s  l im it s  p la c e d  on 

the a p p lic a t io n  of o th er  ty p e s  o f  b e l lo w s ,  t o r o id a l  b e l lo w s  m a y  r e c e iv e  m o r e  

w id e s p r e a d  a p p lica t io n .

The t h e o r e t i c a l  s t r e s s  a n a ly s i s  for  both  p r e s s u r e  and d e f le c t io n  s t r e s s e s  

h a s  b e e n  ex ten d ed  h e r e in  to m o d if ie d  to r o id a l  sh a p e s  w h ich  in c lud e  a f la t  annular  

a r e a  b e tw e e n  to r o id a l  h a l f - s e c t i o n s . The a n a ly s i s  p r e s e n te d  in P a r t  11 of  

th is  r e p o r t  c o v e r s  the fu l l  ran ge  of r a t io  of f la t  to to r o id a l  s e c t io n  (a /h ) .  H ow ­

e v e r ,  fo r  s im p l ic i t y  of a n a ly s i s  and b e c a u s e  o f  the l im it e d  range of a / h  u s e d  in  

fa b r ica t in g  to r o id a l  b e l lo w s  a s  show n  by the t e s t  r e s u l t s  a v a i la b le ,  the ran ge  of  

a / h  c o v e r e d  by D e s ig n  F o r m  No. 3 i s  taken  fr o m  a / h  = 0.8 to a / h  = 1.0. W ithin  

th is  ra n g e  of g e o m e tr y  the peak  p r e s s u r e  bending s t r e s s  i s  v e r y  low. The d e ­

f le c t io n  s t r e s s  ran ge  i s  p r a c t ic a l ly  that of a pure to r o id a l  s e c t io n  fo r  th is  ran ge  

of a /h .  A ls o ,  the p eak  p r e s s u r e  bending s t r e s s  d o e s  not o ccu r  in the sa m e  a r e a  

a s  the p eak  d e f le c t io n  s t r e s s  but m a y  be a s s o c ia t e d  w ith  the point of co n ta c t  w ith  

the r e in fo r c in g  h a r d w a r e  and not c o n s id e r e d  in the a n a ly s i s .  F o r  th e s e  r e a s o n s  

no p r e s s u r e  ben d in g  s t r e s s e s  a r e  c o n s id e r e d  in  d e s ig n  a n a ly s i s  of to r o id a l  type  

b e l lo w s  and no p r o v is io n  is  m ad e  for  th is  in  the d e s ig n  fo r m s .

In the d e s ig n  f o r m s ,  th ic k n e s s  r e q u ir e m e n t s  a r e  b a s e d  on p r e s s u r e  m e m ­

b ra n e  s t r e s s e s .  C ir c u m fe r e n t ia l  m e m b r a n e  s t r e s s e s  in  the con vo lu tion  a r e  not  

c o n s id e r e d  s ig n if ic a n t  on the b a s i s  o f  s h e l l  th eo ry ,  but the to ta l  c i r c u m fe r e n t ia l  

f o r c e s  in d u ced  by p r e s s u r e  m u s t  be c o n s id e r e d  in the d e s ig n  of the r e in fo r c in g  

h a r d w a r e .  The p r e s s u r e  m e m b r a n e  s t r e s s e s ,  a f ter  be ing  m u lt ip l ie d  by the 

e m p ir i c a l ly  d ed u ced  fa c to r  o f  1.5, a r e  su b tr a c te d  fr o m  the to ta l a l lo w a b le  s t r e s s  

ra n g e .  The fa c to r  of 1.5 c o m p e n s a te s  fo r  ign or in g  p r e s s u r e  bending s t r e s s e s .

The r e q u ir e d  n u m ber  of c o n v o lu t io n s  i s  b a s e d  on the rem a in in g  s t r e s s  ran ge .  The  

sp r in g  r a t e s  and s ta b i l i ty  fa c to r s  a r e  d e te r m in e d  in the d e s ig n  fo r m s  a s  for  c o n ­

v o lu ted  b e l lo w s .  The c o e f f i c ie n t s  u s e d  in  t h e s e  c a lc u la t io n s ,  C ,  and C ,, f r o m’ d f’
F ig u r e s  7 and 8 r e la t e  the b e h a v io r  o f  a con vo lu tion  s e g m e n t  to the b e h a v io r  of a  

s im p le  s t r ip  b e a m .
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DESIGN SHEET FORM 3  

TOROIDAL BELLOWS 

(REFERENCE FIGURES 7 & 8 )

DESIGN CONDITIONS

BELLOWS
IDENTIFICATION

AXIAL DCFLECTION U TER AL TRANSLATION 6

TORSIONAL ANGULAR ROTATION ALL0M€0 

CLEARANCES IN HARDWARE

TORSIONAL MOMENT OBTAINED BV PIPING STRESS ANALYSIS

IF  HARDWARE DOES NOT OFFER PROTECTION AGAINST TORSIONAL ROTATION M

MATERIAL PROPERTIES

!
ALLOWABLE STRESS AT ROOM 
TEMPERATURE

ALLOWABLE STRESS AT DESIGN 
TEMPERATURE S

ALLOWABLE STRESS RANGE 
FOR COMBINED STRESSES 

1.25f(S_ + S..) •YOUNG'S MODULUS AT ROOM 
TEMPERATURE E •

YOUNG'S MODULUS AT OPERATING 
TEMPERATURE Eh F STRESS RANGE REDUCTION FACTOR

BELLOWS DIMENSIONS AND PARAMETERS (SEE FIGURE ABOVE)

MUST BE O.S OR MORE

NUMBER OF PLIES N. • NUMBER OF CONVOLUTIONS N ,

OVERALL ACTIVE LENGTH OF BELLOWS L •

X « 0 .7 7 8  y T n i  X I »/x  ’  [ 1 2 /  [ H ]  •

USE O B  *1®  12S TO

DETERMINE FACTORS . C . .  C<

STRESS CALCULATION

:
MEMBRANE STRESS OUE TO INTERNAL PRESSURE

[ D  X 0 3  

ED X 52 
MUST NOT EXCEED 551

w

BENDING STRESS DUE TO DEFLECTION

0.412 X riTi X fTzn X fan X fm 
“ IISxB3xB2xBZIxQI]

: EQUIVALENT TOTAL AXIAL DEFLECTION

4-m *
COMBINED MEMBRANE AND BENDING STRESSES

S . *  1 .5  X GS3 + 0 .5  X E l  *

TORSIONAL STRESSES

CZ3 X S B  X O S 3

10.4 X 5 2  X 5$) 2 »  x f i T i x n ? 1 x f 2 0 l x f 7 T l

ITEM b) MUST NOT EXCEED O.S X QS]

TOTAL COMBINED STRESSES

s- 4®] «OS) * (4 X aa X QB) MUST no t EXCEED Q33

B U x f l s l x n s l x f m x n a l

SPRING RATES

AXIAL SPRING RATE

0.431 x S i j x Q S x Q S x B i g x B B x S I ]
ROTATION SPRING RATE 

X * 0 .5  X fTT) X f lT I  X f3 7 l

r FACTOR OF STABILITY 

2 «  Xm X
MUST BE GREATER THAN 10 FOR COMBINED MOVEMENT 

.  MUST BE GREATER THAN 5 IN CASE OF AXIAL DEFLECTION ONLY

D e s ig n  F o r m  3. T o r o id a l  B e l lo w s
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q / x

20 30 4 0  5 0  6 0 8 0  100

0 .0 8

= 0.778
0 .0 6

USE THESE  
SCALES

5.0 0 .0 5

0 .0 4

a/h = 1.0
0 .0 3

0.02

o/h= 0.8

0.01

0 .0 0 8

Q  0.5

0 .5 5.0

a / x

F ig u r e  7. D e f le c t io n /M a x im u m  M om ent for  T o r o id a l  B e l lo w s
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USE THIS 
SCALE

. 0 8

.0 6

.0 55 .0

.0 4

.0 5O/h =1.0

.02

o/h = 0.8

0 .5

5 .00 .5 1.00.1

0 /x

O

F ig u r e  8. D e f l e c t i o n / F o r c e  "C^ fo r  T o r o id a l  B e l lo w s
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III. FA T IG U E  T E S T  R E SU L T S AND ALLOWABLE STRESSES

A . C O N V O LU TE D  BELLO W S F A T IG U E  T E ST  R ESU LTS

A v a i la b le  data fr o m  fa t ig u e  t e s t s  on 45 con vo lu ted  b e l lo w s  w e r e  a n a ly z e d  to 

c o r r e la t e  c a lc u la te d  s t r e s s e s  w ith  c y c l i c  l i f e .  T h e s e  data a r e  p r e s e n te d  in  

T ab le  1. R e s u l t s  of th is  a n a ly s i s  a r e  d e m o n s tr a te d  g r a p h ic a l ly  in F ig u r e s  9 (a, 

b, c) and 10 (a, b). F r o m  c o m p a r is o n  o f  F ig u r e s  9a and 9b, it  can be o b s e r v e d  

that p r e s s u r e  s t r e s s e s  h a v e  a d e f in ite  e f f e c t  on c y c l i c  l i f e .  F o r  F ig u r e  9b, p eak  

p r e s s u r e  s t r e s s e s  w e r e  c o n s id e r e d ,  a s  in the d e s ig n  fo r m , to c o in c id e  w ith  the  

peak  d e f le c t io n  s t r e s s .  A  b e t te r  c o r r e la t io n  e x i s t s  b e tw een  c a lc u la te d  s t r e s s e s  

and fa t ig u e  l i f e  in F ig u r e  9b a s  c o m p a r e d  to  F ig u r e  9a.

The ten d en cy  o f  the b e l lo w s  to sq u ir m  due to in tern a l  p r e s s u r e  and the r e ­

su lt in g  e f fe c t  upon bending s t r e s s e s  i s  c o n s id e r e d  in  A ppendix  A . The in c r e a s e  

in  bending s t r e s s e s  due to th is  te n d e n c y  i s  l im it e d  to b e l lo w s  u n d ergo in g  angu lar  

d is p la c e m e n t .  The e f fe c t  o f  th is  i n c r e a s e  i s  m e a s u r e d  a s  a fa c to r  (C w hich  

i s  a fu nction  o f  the ra t io  of o p e r a t in g  p r e s s u r e  to c r i t ic a l  p r e s s u r e .  T h is  e f fe c t  

i s  in c lu d ed  in  the c a lc u la te d  s t r e s s e s  o f  F ig u r e  9c and a p p ea rs  to r e s u l t  in ev en  

c l o s e r  c o r r e la t io n  b e tw een  c a lc u la te d  s t r e s s e s  and fa t igu e  l i f e .

It m u s t  be po in ted  out that t h e s e  c a lc u la te d  s t r e s s e s  e x c e e d  the y ie ld  s tren g th  

by an o r d e r  o f  m agn itu d e  and t h e r e f o r e  m u s t  be c o n s id e r e d  a s  th e o r e t ic a l  e l a s t i c  

s t r e s s e s .  A  c o r r e la t io n  c o e f f i c ie n t  of 0 .7 4  w a s  found b e tw een  the co m b in ed  th e o ­

r e t i c a l  e l a s t i c  s t r e s s e s  and fa t ig u e  l i f e  for  the 45 b e l lo w s  te s t e d .

To p r o v id e  a lo g i c a l  b a s i s  fo r  c o n s id e r in g  the e f fe c t  of p r e s s u r e  in d e s ig n ,  

a s t a t i s t i c a l  e v a lu a t io n  w a s  m a d e  o f  r e s u l t s  fr o m  t e s t s  w ith  and w ithout p r e s s u r e .  

The b e s t  m e th o d  of p e r fo r m in g  su ch  an ev a lu a t io n  w ould  be to p e r fo r m  a n on ­

l in e a r  m u lt ip le  r e g r e s s i o n  a n a ly s i s  o f  the data a v a i la b le .  A s  ex p la in e d  in  

A pp en d ix  B, th is  w ou ld  r e q u ir e  a f i r s t  e s t im a t e  o f  the e f f e c t  of p r e s s u r e  w hich  

w ould  la t e r  be c o r r e c t e d  w ith  l i n e a r iz e d  c o r r e c t io n  f o r m s .  The fo llo w in g  t e c h ­

nique p r o v id e d  a f i r s t  e s t im a t e  w h ich  w a s  d e e m e d  su ita b le .  S in ce  the e x a c t  va lu e  

found w a s  not u s e d ,  th e r e  w a s  l i t t l e  to be ga in ed  fr o m  m ak in g  s m a l l  c o r r e c t io n s  

to the a p p r o x im a te  v a lu e .  F i r s t ,  the r e s u l t s  w e r e  s e le c t e d  fr o m  t e s t s  of 24 b e l lo w s  

w h e r e in  the p r e s s u r e  bending s t r e s s e s  w e r e  z e r o  or l e s s  than 15% of the d e f l e c ­

t io n  s t r e s s .  D ouble  the e x i s t in g  p r e s s u r e  m e m b r a n e  and p r e s s u r e  bending  

s t r e s s e s ,  for  th o se  b e l lo w s  w ith  t h e s e  lo w e r  p r e s s u r e s ,  w e r e  added  to the d e ­

f le c t io n  s t r e s s .  T h e s e  r e s u l t s  w e r e  a n a ly z e d  u s in g  tech n iq u e s  o f  s ta t i s t ic a l
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m a th e m a t ic s  to fit  a c u rv e  w h ich  w o u ld  r e la t e  c y c l i c  d e f le c t io n  bending  s t r e s s  to 

c y c l i c  l i f e ,  w ith  l e a s t  sq u a r e d  e r r o r .  T he f it ted  c u r v e ,  a s tr a ig h t  l in e  lo g - l o g  

r e la t io n  g iv e n  in  F ig u r e  10a, w a s  th en  ta k en  a s  a b a s ic  fa t igu e  c u r v e .  T h is  

r e la t io n  cou ld  be e x p r e s s e d  a s

Log^Q S = 6 .36  - 0 .2 7 4  LogjQ N . . . ( 1 )

w h e r e

S = s t r e s s

N = n u m b e r  of c y c l e s  to fa i lu r e .

R em a in in g  data fr o m  t e s t s  on 21 ad d it ion a l b e l lo w s ,  w h ich  w e r e  s u b je c te d  

to su b s ta n t ia l  p r e s s u r e  bending s t r e s s e s  in  ad d it ion  to  d e f le c t io n  bending s t r e s s e s ,  

w e r e  then  u t i l i z e d .  T h e s e  data w e r e  f i t te d  to the b a s ic  fa t ig u e  c u rv e  by ad ju st in g  

the p r e s s u r e  bending s t r e s s e s  by an unknown fa c to r ,  to obtain  the fa c to r  fo r  fit  

of  l e a s t  e r r o r .  The m a th e m a t ic ia n s  w ho w e r e  c o n s u lte d  d ed u ced  that the fa c to r  

for a fit  o f  l e a s t  sq u a r e d  e r r o r  cou ld  be d ir e c t ly  d e r iv e d .  T h is  w a s  done a s  

shown in A p p en d ix  B. R e s u l t s  of th is  e f fo r t  sh o w ed  that,  w hen  a fa c to r  of 1 .726  

i s  ap p lied  to  the p r e s s u r e  s t r e s s e s  b e fo r e  adding th em  to the d e f le c t io n  s t r e s s e s ,  

the co m b in ed  s t r e s s  -  c y c l i c  l i f e  r e la t io n  f i t s  the  b a s ic  fa t ig u e  c u r v e  w ith  the  

l e a s t  sq u a red  e r r o r .  On th is  b a s i s ,  the fa c to r  w a s  tak en  a s  2.0 in th e  c a l c u la ­

tion  fo r m s  and s p e c i f i c a t io n s .  With the fa c to r  of 2 .0 ,  the f i t ted  cu rv e  of l e a s t  

sq u ared  e r r o r  w a s  c a lc u la te d  fo r  the c o m b in e d  s t r e s s e s  and fa t ig u e  l i f e  fo r  a l l  

45 b e l lo w s  and i s  i l lu s t r a t e d  in  F ig u r e  10b. T h is  r e la t io n  c a n a l s o  be e x p r e s s e d a s

Log^Q S = 6 .2 4  - 0 .2 3 6  Logj^^ N . . .  (2)

C o m p a r iso n  o f  t h e s e  tw o r e la t io n s  a t  10'  ̂ c y c l e s  in d ic a te s  l i t t le  d ev ia t io n  r e s u l t ­

ing fro m  in c lud ing  p r e s s u r e  s t r e s s e s .

The r e s u l t s  a l s o  in d ic a te  that a fa c to r  of at l e a s t  four e x i s t s  b e tw een  ASA  

A llo w a b le  S t r e s s e s  for  7000 c y c l e s  and the a v e r a g e  o f  the c a lc u la te d  va lu e  o f  

s t r e s s  w h ich  in d u ced  f a i lu r e .  The m in im u m  d if fe r e n c e  fr o m  c a lc u la te d  s t r e s s  

v a lu e  in F ig u r e  9c  i s  a fa c to r  of 3 .35 a b o v e  the ASA Code a l lo w a b le  s t r e s s  for  

that n iim b er o f  c y c l e s .  F o r  th is  r e a s o n  a p r o p o s e d  th e o r e t i c a l  a l lo w a b le  d e f l e c ­

tion  s t r e s s  for  c o n v o lu ted  b e l lo w s  cou ld  be two t i m e s  the e x p e r im e n ta l ly  e s t a b ­

l i s h e d  va lu e  a l lo w e d  by the ASA cod e  for  p ip ing e lb o w s  o r ,  the ac tu a l s t r e s s
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c o n c e n tr a t io n  fa c to r  co u ld  be tak en  a s  o n e - h a l f  the t h e o r e t i c a l  s t r e s s  c o n c e n tr a ­

t io n  factoi*. It sh ou ld  be n o ted  a l s o ,  that the fa c to r  o f  2 .0  on p r e s s u r e  s t r e s s e s  

w a s  u s e d  in co m b in a t io n  w ith  the t h e o r e t i c a l  e l a s t i c  d e f le c t io n  s t r e s s e s .  D iv id in g  

a l l  the t h e o r e t ic a l  s t r e s s e s  by 2 .0  y ie ld s  an  e f f e c t iv e  s t r e s s  o f

+ V  ^ ®bd = S • • • <' »

w h ich  shou ld  not be g r e a te r  than the A SA  code a l lo w a b le .

A s  in the p ip ing  co d e ,  the p r e s s u r e  s t r e s s e s  (both m e m b r a n e  and bending)  

fo r  b e l lo w s  a r e  s u b tr a c te d  fr o m  the to ta l  a l lo w a b le  s t r e s s ;  the r e m a in d e r  i s  the  

a l lo w a b le  bending s t r e s s  due to d e f le c t io n .  O v e r a l l ,  th is  i s  akin to the tech n iq u e  

u s e d  to  c a lc u la te  s t r e s s e s  in p ip in g  e lb o w s  w h e r e  the A SA  code s t r e s s  c o n c e n tr a ­

tion  fa c to r  i s  taken  a s  o n e - h a l f  o f  the t h e o r e t ic a l  s t r e s s  c o n cen tra t io n  fa c to r  and  

the p r e s s u r e  s t r e s s e s  a r e  s u b tr a c te d  fr o m  the to ta l a l lo w a b le  s t r e s s .  M odify ing  

the a l lo w a b le  s t r e s s  fo r  b e l lo w s  in  th is  m a n n e r  s t i l l  p r o v id e s  a s a fe ty  fa c to r  of 

1.67 b e lo w  the m in im u m  data p o in ts .  T h is  i s  c o n s id e r e d  su ff ic ie n t ly  c o n s e r v a ­

t iv e ,  s in c e  (1) b e l lo w s  s t r e s s e s  w e r e  c a lc u la te d  on the b a s i s  of n om in a l d im e n ­

s io n s ,  (2) the b e l lo w s  w e r e  p r o c u r e d  fr o m  s e v e r a l  m a n u fa c tu r e r s  in a w ide  

ran ge  o f  s i z e s  and m a t e r i a l  t h i c k n e s s ,  and (3) the b e l lo w s  w e r e  t e s t e d  under a 

w id e  range  o f  p r e s s u r e  and d e f le c t io n  co n d it io n s .
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F ig u r e  10b. C onvo lu ted  B e l lo w s ,  F a t ig u e  T e s t  R e s u l t s ,  B e s t  F it
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A x ia l  
Def l .  
(in.  )

Angular
Def l .

D e g r e e s
of

A r c

T ra n s .  
Def l .  
(in.  ),

T e s t
P r e s s
(ps i )

R
( in . )

a
(in.  )

h
(in.  )

t
(in. )

L
( in . ) Np Nc

Ka 
M e a s .  
( l b / in .  )

Ka  
Calc ,  

( l b / in .  )

Kr  
M e a s .  

( i n . l b /  
deg)

Kr
Calc ,  

( in . lb /  
deg)

Ex pe r .
C r i t i c a l
P r e s .
(ps i )

C r i t i c a l
P r e s .
Ca lc .
(ps i )
9 c r

P r e s ,  
Mem,  
Str e s s 
(ps i )  
Smp

P r e s .  
Bending  
S t r e s  s 

(ps i )  
Sbp

D e f l e c .
Bending
S t r e s s

(psi )
Sbd

C y c l e s
to

F a i l u r e

- 0 -5° 1795 4 .7 9 0 .082 0 .255 0 .020 2.62 4 8 - _ 104 1860 22 ,400 5 ,730 114 .000 133 ,00 0 2 ,265
- ±10° _ . 1.11 0 .0 4 25 0 .14 0 0 .020 1.87 2 11 - - 26 52 - - _ 33 6 , 00 0 4 ,6 9 8
- ±10° _ 1.11 0 .0 4 2 5 0 .14 0 0 .020 1.87 2 11 - - 38 52 - - - - 33 6 , 0 0 0 4 ,4 5 6
- ±10° - _ 1.11 0 .0 4 25 0 .140 0 .020 1.87 2 11 - ' 24 52 - - - - 336 ,000 5 ,515

0 . 80 - 0 .70 - 6 .375 0 .07 4 0 .37 0 0 .020 8 .00 1 27 221 325 - _ - 2 ,560 640 19,200 21 2 , 0 0 0 1 ,133

0 . 80 0 .70 _ 6 .375 0 .07 4 0 .37 0 0 .020 8 .00 1 27 218 325 - - _ 2 ,5 60 640 19,200 212 ,00 0 896
0 . 80 - 0.70 _ 6 .375 0 .074 0 .370 0 .020 8 .00 1 27 257 325 _ - - 2 ,56 0 640 19,200 21 2 , 00 0 1 ,032

0 .80 - 0 .70 _ 6 .375 0 .074 0 .37 0 0 .020 8.00 1 27 228 325 - - - 2 ,560 640 19,200 21 2 , 0 00 1 ,026
- ±3° _ I 00 8 .925 0 .1 00 0 .44 0 0.031 4 .00 1 10 - - - 4 ,4 40 1 ,420 34 ,900 1 37 ,000 16 ,065  ,
- ±3° 100 8 .92 5 0.1 00 0 .44 0 0.031 4 .0 0 1 10 - - - - 4 , 4 4 0 1 ,420 34 ,900 137 ,000 12 ,250

- ± 7 - 1 / 2 ° - 1160 2 .25 0 .07 5 0 . 220 0 .020 6 .00 3 20 1070 2050 475 90.7 - 2 ,140 4 ,2 30 71 , 2 0 0 104 ,000 620

- ±7° - 1200 2 .18 0 .057 0 .155 0 .020 4 . 10 2 18 7530 4060 312 1 68 - 6 ,220 4 ,6 50 54 ,100 20 1 ,0 00 520

±4 .3° - 550
400 2 .90 0 .1 6 0 0 . 286 0 .0125 3.2 3 5 1400 1535 125 112.5 - 3 ,020 3 ,050 7 3 , 50 0 88 , 400 823

±9.25° - 1 00 9 .4 6 0.1 86 0 .900 0 .040 7 .44 3 10 1640 2270 _ - - 1 ,920 750 29 ,200 148 ,00 0 5 ,700

_ ±9.25° - 100 9 .46 0 .1 8 6 0 . 900 0 .040 7 .44 3 10 - _ - - - 1 , 920 750 29 ,2 00 148 .000 4 ,0 0 0

- ±9 .2 5 ° - 100 9 .46 0 . 186 0 . 900 0 .040 7 .44 3 10 - - - - - 1 ,920 750 29 ,20 0 148 ,00 0 1 ,948

- ± 9 . 2 5 ° - 100 9 .46 0 .1 8 6 0 . 900 0 .040 7.44 3 10 - - - _ - 1 ,920 750 29 ,2 00 148 ,00 0 3 ,2 00

- ±13° - 100 9 .55 0 . 186 1.00 0 .050 7 .44 3 1 0 - -
1560
23 70 - 100 2660 - 2 ,820 67 0 23 ,400 22 0 , 00 0 2 ,125

- ±13° - 100 9 .55 0 . 186 1.00 0 .050 7.44 3 10 - -
1560
2370 -10 0 2660 - 2 ,820 67 0 23 ,400 220 ,00 0 1 , 000

± 0 . 1 25 - - 1050 1.79 0 . 055 0 . 150 0 .016 2.19 2 10 - _ - . - 9 ,800 4 ,9 30 68 ,900 14 6 ,0 00 1 , 528

±0.1 25 - _ 1050 1.79 0 . 055 0 .150 0 .016 2 .19 2 10 - 9 ,800 4 ,9 30 68 ,900 14 6 ,000 3 ,807

_ ±9° _ 37 4 .3 8 0 .054 0 .306 0 .010 2.17 3 1 0 • 430 53.7 72 1,242 377 2 0 ,5 00 144 ,000 3 ,650

_ ±0 .14° 37 4 . 3 8 0 . 060 0 .309 0 .012 3.35 2 14 344 339 54.2 58 _ 63 6 475 21 , 600 18 6 ,0 00 2 ,467

_ ±0 .14° _ 37 4 .3 8 0 .0 6 0 0 .309 0 .012 3.35 2 14 329 339 45 58 _ 63 6 475 2 1 ,6 00 18 6 ,0 00 3 ,30 0

_ ±0 .14° 37 4 . 3 8 0 .06 0 0 .309 0.012 3.35 2 14 300 339 45 .5 58 636 475 2 1 ,6 00 186 ,000 4 ,71 1

0 - 8 .5 ° - 300 2 .18 0 .067 0.191 0 .012 1.87 5 1 7 625 635 _ 2 ,124 4 , 780 11 1 ,300 115,200 270

- 0 - 8 .5 ° - 300 2 .18 0 .067 0.191 0.012 1.87 5 1 7 . . _ _ - 2 ,124 4 ,7 80 11 1 ,300 115,200 614

- 0 -8 . 5 ° - 300 2 .18 0 .067 0.191 0.012 1.87 5 1 7 742 635 28.3 26.4 - 2,1 24 4 , 780 111 ,300 115,200 543

- 0 -7 .5 ° - 300 2 .18 0 .067 0.191 0.012 1.87 5 1 7 1483 635 61 26.4 - 2 ,124 4 ,7 80 1 1 1 ,300 101 ,500 660

± 2 . 2 5 2°Cont . - 37 4 .3 8 0 . 068 0 .305 0 .010 5 .48 3 20 189 2 07 - - - 218 376 19,300 195 ,000 3,201

±14° - 37 4 .3 8 0 .064 0 .302 0.011 6 3.33 2 13 382 348 68 58 _ 650 482 21 ,700 20 1 ,0 00 2,131

. ±10° - 1 00 7 .07 0 . 125 1 .02 0 .050 5.00 3 10 - - - 3 ,150 680 25 ,900 137,000 5 ,462

_ ±1 0° - 100 7.07 0 .125 1.02 0 .050 5.00 3 10 3750 2500 1930 1 1 00 _ 3 ,150 680 25 ,90 0 137,000 4 .917

_ ±3° - 100 6.80 0 .12 5 0 .79 0 0.025 4 . 00 3 8 2200 775 - - - 1 ,216 1,050 59 .300 37 ,600 51 462

6 .00 - - - 6.062 0 .234 0 .662 0 .050 7.5 1 8 1550 27 60 - - 440 2 ,300 - - 7 08 ,0 0 0 226

T A B L E  1

C O N V O L U T E D  B E L L O W S  F A T I G U E  
T E S T  D A T A
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1

A x ia l  
Def l .  
(in. )

2

An g u l ar
Def l .

D e g r e e s
of

A r c

3

T r a n s .  
Def l .  
(in. )

4

T e s t
P r e s s
(ps i )

5

R 
(in. )

6

a
(in.  )

7

h 
(in.  )

8

t
( in . )

9

L 
(in.  )

10

Np

11 

Nc

12

Ka 
M e a s .  
( l b / i n .  )

1 3 

Ka
Calc ,  

( lb / i n .  )

14

Kr
M e a s . 
( i n . lb /  

deg)

1 5

Kr  
Calc ,  
( i n . lb /  

deg)

16

Ex per .
C r i t i ca l
P r e s .
(ps i )

17

C r i t i c a l
P r e s .
Ca lc .
(ps i )
Ter

18

P r e s .
Mem .
S t r e s s

(ps i )
^mp

19

P r e s .  
Bending  
Stre  s s 

(psi )  
^bp

20

D e f l e c . 
Bending  
S tr e s  s 
(ps i )
Sbd

21

C y c l e s
to

F a i l u r e

6 .00 6 .062 0 .234 0 .662 0 .050 7.5 1 8 1710 2760 440 7 0 8 ,0 0 0 185
3 .00 6 .062 0 .234 0 .662 0 .050 7 .5 1 8 1750 2760 440 35 4 , 0 0 0 890

3 .0 0 6 .062 0 .234 0 ,662 0 .050 7 .5 1 8 1600 2760 440 35 4 , 0 0 0 1 ,120

5 .50 5 .032 0 .234 0 .662 0 .050 7 .5 1 8 1570 2150 465 1 ,830 660 ,00 0 149

5 .50 5 .032 0 .234 0 .662 0 .050 7.5 1 8 1580 2150 465 1 ,830 66 0 , 00 0 196

3 .00 5 .032 0 .234 0 .662 0 .050 7 .5 1 8 1300 2150 465 1 ,830 35 9 , 00 0 580

3 .00 5 .032 0 .234 0 .662 0 .05 0 7.5 1 8 1260 2150 465 1,830 359 ,00 0 580

2 .00 2 . 702 0 .234 0 .419 0 .036 7 .5 1 8 1210 1970 655 1,640 344 ,00 0 589

2 . 00 2 .702 0 .234 0 .419 0 .039 7.5 1 8 1440 2390 655 2 , 000 37 2 , 0 00 405

4 . 00 2 . 702 0 .234 0 .419 0 .039 7 .5 1 8 1430 2390 655 2 ,000 7 4 6 ,0 0 0 131

#
TA.BLE 1 (Continued)
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B. RING R E IN FO R C E D  B E L L O W S FA T IG U E  TEST R E SU L T S

A v a ila b le  data fr o m  fa t ig u e  t e s t s  on 43  r e in fo r c e d  b e l lo w s  (T ab le  2) w e r e  

a n a ly z e d  to c o r r e la t e  c a lc u la te d  s t r e s s e s  w ith  c y c l i c  l i fe .  One of th e s e  b e l lo w s  

w a s  t e s t e d  at 1050° F; a l l  o th e r s  w e r e  t e s t e d  at r o o m  te m p e r a tu r e .  S t r e s s e s  

for one b e l lo w s  w e r e  n o r m a l iz e d  to r o o m  te m p e r a tu r e  by m u lt ip ly in g  by the ra t io  

of cod e  a llo w a b le  s t r e s s  at r o o m  te m p e r a tu r e ,  to that at 1 0 5 0 °F .  R e s u l t s  of  

th is  a n a ly s i s  a r e  p r e s e n te d  g r a p h ic a l ly  in F ig u r e s  l l a , b ,  and 12a, b. In a n a l­

y z in g  th e s e  data, r e s u l t s  of tw o t e s t s  w h e r e  the b e l lo w s  did not fa i l  w e r e  tr e a te d  

a s  though the b e l lo w s  had fa i le d  w hen the t e s t  w a s  stopped . F r o m  c o m p a r is o n  

of F ig u r e  11a w ith  F ig u r e  l i b  it can  be o b s e r v e d  that, a s  w ith  convolu ted  b e l lo w s ,  

p r e s s u r e  bending s t r e s s e s  have  an e f f e c t  upon the c y c l i c  l i f e  of r e in fo r c e d  b e l ­

lo w s .  The co m b in ed  s t r e s s e s  of F ig u r e  l i b  in c lu d e  the e f fe c t  of in tern a l p r e s ­

su r e  upon the d e f le c t io n  s t r e s s e s  w h e r e in  the ten d en cy  to sq u irm  in c r e a s e s  the 

d e f le c t io n  s t r e s s e s .  A ga in , a s  w ith  the con vo lu ted  b e l lo w s ,  the to ta l com b in ed  

c a lc u la te d  s t r e s s e s  far e x c e e d  th e  e la s t i c  l i m i t  of the m a te r ia l  and m u s t  be c o n ­

s id e r e d  as  f ic t i t io u s  or th e o r e t i c a l  e la s t i c  s t r e s s e s .  A c o r r e la t io n  c o e f f ic ie n t  of  

0 .89  w a s  found b e tw e e n  the c o m b in e d  th e o r e t ic a l  e la s t i c  s t r e s s e s  and fa tigue  l i fe  

for the 43  b e l lo w s  te s te d .

The s a m e  tech n iq u e  that w a s  u se d  for con vo lu ted  b e l lo w s ,  p r e s e n te d  in  

A ppendix  A ,  w a s  u se d  to d e te r m in e  the e f fe c t  of p r e s s u r e  s t r e s s e s  on c y c l ic  

l i f e .  Of the 43 r ing  r e in fo r c e d  b e l lo w s  w h ich  w e r e  fa tigu e  te s te d ,  27 w e r e  te s te d  

w ith  z e r o  p r e s s u r e  d i f f e r e n t ia l  b e tw e e n  the in s id e  and the ou ts id e  of the b e l lo w s .

A lo g - lo g  r e la t io n  w ith  l e a s t  sq u a r ed  e r r o r  b e tw een  c a lc u la te d  s t r e s s  and c y c l ic  

l i f e  w a s  d e te r m in e d  for  t h e s e  27 b e l lo w s  a s  the b a s ic  fa tigu e  cu rve  and is  shown  

in F ig u r e  12a. T h is  r e la t io n  can  a l s o  be e x p r e s s e d  as

L o g jp S  = 6 .4 h  - 0 .2 8 4  Log^pN . . . . ( 4 )

Data fr o m  t e s t s  o f  the r e m a in in g  16 b e l lo w s  w e r e  then fitted  to th is  cu rv e  u sin g  

an unknown fa c to r  a p p lied  to p r e s s u r e  bending s t r e s s e s .  The com b in ed  s t r e s s e s  

u t i l iz in g  th is  fa c to r  shou ld  f it  the  p r e d ic te d  s t r e s s e s  fr o m  the b a s ic  fa t igu e  c u rv e  

w ith  l e a s t  sq u a r ed  e r r o r .  The v a lu e  o f  th is  \inknown fa c to r  w a s  d e te r m in e d  

d ir e c t ly  a s  0.471 and i s  taken  in the d e s ig n  fo r m s  and s p e c i f i c a t io n s  a s  0 .50 .

With the fa c to r  taken  a s  0 .5 0 ,  th e  f it ted  c u r v e  of l e a s t  sq u ared  e r r o r  w a s  

c a lc u la te d  for  c o m b in ed  s t r e s s e s  and c y c l i c  l i f e  of a l l  43  b e l lo w s  and i s  shown  

in F ig u r e  12b. T h is  r e la t io n  can  a l s o  be e x p r e s s e d  as
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LogjpS = 6.26 - 0 .249 LogjpN . . . . ( 5 )

4
C o m p a r iso n  of th is  w ith  the f i r s t  r e la t io n  in the r e g io n  of 10 c y c l e s  in d ic a te s  

l i t t le  d ev ia t io n  r e su lt in g  fr o m  the in c lu s io n  of p r e s s u r e  s t r e s s e s  w ith  the fa c to r  

of 0 .50 . It should  be noted  that th is  v a lu e  of 0 .50  i s  u se d  w ith  the th e o r e t i c a l  

e la s t i c  bending s t r e s s e s .

The va lu e  of th is  f a c to r ,  h o w e v e r ,  i s  s t r o n g ly  dep en dent on the r e s u l t s  of  

8 of the 16 t e s t s  w h ich  w e r e  p e r fo r m e d  w ith  the h ig h e s t  p r e s s u r e  s t r e s s e s .  By  

om itt in g  s e le c t e d  b e l lo w s  fr o m  th is  s e t  of 8 and u s in g  the r e m a in d e r  of the 16, 

th is  fa c to r  can be v a r ie d  fr o m  0 .2  to g r e a t e r  than 1.0. T h is  in d ic a te s  that m o r e  

t e s t  data a r e  r e q u ir e d ,  e s p e c ia l ly  fr o m  t e s t s  at h igh  p r e s s u r e ,  and im p r o v e d  

a n a ly t ic a l  tech n iq u es  should  be a p p lied  in o r d e r  to v e r i fy  the u s e  of the fa c to r  

of 0 .5 in c o n s id e r in g  the e f f e c t  of bending s t r e s s e s  ind uced  by p r e s s u r e .

A gain , a s  w ith  the con vo lu ted  b e l lo w s ,  the d i f f e r e n c e  b e tw e e n  the a llo w a b le  

s t r e s s  ra n g e  of the ASA C ode for  p r e s s u r e  p ip ing and the t h e o r e t i c a l  e la s t i c  

s t r e s s  for  a g iv e n  v a lu e  of c y c l i c  l i f e ,  i s  a p p r o x im a te ly  4 .0 .  C o n s id e r in g  the  

e f fe c t iv e  s t r e s s  a s  o n e -h a l f  of the th e o r e t i c a l  e l a s t i c  s t r e s s ,  a s a fe ty  fa c to r  of  

2,0 on the m ea n  w ould  r e s u l t .  The e f f e c t iv e  s t r e s s  w ould  be com p u ted  as

5 = 5 + 0 .25  5, + 0 .5  5 , ,  , . . . ( 6 )m p bp bd ’

w hich  should  not be g r e a t e r  than the ASA C ode a llo w a b le .

T able 2 a ls o  co n ta in s  data  on m e a s u r e d  sp r in g  r a te s  and c r i t i c a l  p r e s s u r e  

co m p a r e d  to t h e o r e t ic a l  v a lu e s  of ea ch . A ga in , su b s ta n t ia l  d i f f e r e n c e s  appear  

b etw een  t h e o r e t i c a l  and m e a s u r e d  v a lu e s .  In the c a s e  of a x ia l  sp r in g  ra te ,  

m e a s u r e d  v a lu e s  a re  c o n s i s t e n t ly  lo w e r  than th e o r e t ic a l  by a fa c to r  a s  g r e a t  

as 2 .0 .  D i f f e r e n c e s  b e tw e e n  t h e o r e t ic a l  and m e a s u r e d  v a lu e s  of a x ia l  sp r in g  

ra te  could  be ex p la in e d  on the b a s i s  of the a n a ly t ic a l  m o d e l  u se d  for  s t r e s s  

a n a ly s i s ,  w h e r e in  i t  i s  a s s u m e d  that the in n er  c r e s t  r a d iu s  i s  e n t ir e ly  in c o n ­

tac t  w ith  the r e in fo r c in g  r in g s  and d o e s  not en ter  in to  the f le x ib i l i ty  of the c o n ­

v o lu t io n s .  T h is  cou ld  and p ro b a b ly  w ould  be the s itu a t io n  under h igh p r e s s u r e s .  

H ow ever ,  a l l  the sp r in g  ra te  m e a s u r e m e n t s  quoted w e r e  ob ta in ed  at z e r o  p r e s ­

su r e  d if fe r e n t ia l  so that the g r e a t e r  f le x ib i l i t y  m ig h t  be ex p e c te d .

N A A -5R -4527
42



The m e a s u r e d  va lu e  of c r i t i c a l  p r e s s u r e  ( sq u ir m  p r e s s u r e )  is  a ls o  lo w e r  

than the th e o r e t i c a l  va lu e  b y  a fa c to r  a s  g r e a t  a s  6 fo r  b e l lo w s  su b jec ted  to 

p r e s s u r e  w h i le  h ig h ly  s tr a in e d  above  the y ie ld  s t r e s s  w ith  la t e r a l  o f f s e t  d e f l e c ­

tion . The v a lu e s  of m e a s u r e d  c r i t i c a l  p r e s s u r e  ran ge  fro m  81 to 100% of the  

t h e o r e t i c a l  v a lu e  fo r  b e l lo w s  w ith  fu l ly  r e s t r a in e d  en d s . E ven  th is  s m a l l  

d i f f e r e n c e  m ig h t  be  e x p e c te d  s in c e  the m e a s u r e d  v a lu e s  a r e  b a sed  on ach iev in g  

a c o m p le te  t h e o r e t ic a l  b u ck lin g  load . T h is  th e o r e t ic a l  buck ling  load  m ig h t  be  

im p o s s ib le  to a c h ie v e  on a t e s t  due to in e la s t i c  b eh a v io r  of the m a te r ia l .  R e ­

su lt s  of the t e s t s  on b e l lo w s  w ith  r e s t r a in e d  en ds in d ica te  that the a n a ly t ic a l  

m o d e l  m a y  be  s u ff ic ie n t ly  c o r r e c t  to a llo w  r e a s o n a b ly  a c c u r a te  p r e d ic t io n  of  

sp r in g  r a te  and c r i t i c a l  p r e s s u r e  u nder  the p r o p o s e d  l im ite d  a llo w a b le  op eratin g  

co n d it io n s  of p r e s s u r e  and d e f le c t io n .  In the m e a n t im e  the fa c to r  of 10 r eq u ir ed  

on s ta b i l i ty  p r e s s u r e  d o e s  not a p p ear  e x c e s s i v e .

M o re  d ata  a r e  n eed ed  fr o m  r e s u l t s  of t e s t s  cond ucted  under v a r io u s  p r e s ­

s u r e  and d e f le c t io n  c o n d it io n s .  An im p r o v e m e n t  to the m a th e m a t ic a l  m o d e l  i s  

n e c e s s a r y  b e fo r e  a n a ly t ic a l  d e s ig n  fo r  sp r in g  ra te  and c r i t i c a l  p r e s s u r e  under  

c r i t i c a l  c o n d it io n s  ca n  b e  p e r fo r m e d  a c c u r a te ly  for  r e in fo r c e d  b e l lo w s .  The  

te n d e n c y  for  r e in fo r c e d  b e l lo w s  to d is t o r t  to  the shape of to r o id a l  b e l lo w s  imder  

v e r y  high p r e s s u r e  i s  o b v io u s  fr o m  p h o tograp h s  of h igh p r e s s u r e  t e s t s .  T his  

is  not acco u n ted  for  in the th e o r y  and m a y  p a r t ia l ly  accou n t fo r  th o se  c a s e s  

w h e r e  m e a s u r e d  c r i t i c a l  p r e s s u r e  i s  s u b s ta n t ia l ly  ab ove  that p r e d ic te d  h e re in .
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

A x ia l
D e f l .
( in.)

A ng u la r
D e f l .

D e g r e e s
of

A rc

T r a n s , 
D ef l .  
( in.)

T e s t
P r e s .
(psi )

R
(in. )

a
(in. )

h
(in. )

t
( in.)

L
(in.) N

P
N c

Ka  
M e a s .  

( l b / i n .  )

I^a
Ca lc ,  

( l b / i n .  )

Kr
M e a s .  
( i n , l b /  

Rad)

Ca lc ,  
( i n . lb /  
Rad)

E x p e r .
C r i t i c a l
P r e s .
(ps i )

C r i t i c a l  
P r e s . 
C a l c . 
(ps i )  
<lcr

P r e s . 
M e m .  
S t r e s s  
(ps i )  
^mp

P r e s . 
Be nd ing  
S t r e s s  

(ps i )  
^bp

D e f l e c . 
Bending  
S t r e s  s 
(ps i )  

Sbd

C y c l e s
to

F  a l l u r e

I 1.0 - - 150 19.3 0 .53 1.3 0 .062 8 .5 1 4 _ . _ _ _ 3 ,120 91 ,2 0 0 70 . 0 0 0 31 ,511
2 .63 - .818 520 6.12 0 .25 0 .625 0 .050 10.0 1 10 _ _ _ _ _

6,500,,.
9.400'"

114 ,000 .
163,000'

109 ,000 ,
156.000^ , 2 , 700

3 - ±14° - 150 4 . 5 0 0 .08 35 0 .25 0 .012 6. 68 20 - - - - - 1,040 36 ,100
192,000
29 0 . 00 0 630

4 1.5 - - - 3.97 0 .2 34 0 .61 0 .031 _ 1 3 _ _ _ _ . - - 4 1 0 ,0 0 0 580
5 0 . 375 - - - 3.97 0 .2 34 0 .61 0 .031 _ 1 3 - _ _ - - - - - 88 ,0 00 102,192

6 0.75 . _ _ 13.0 0 .40 1.0 0 .050 1 3 - - - _ - - - - 138,000 9 1,628

7 0.75 . _ _ 19.3 0 .53 1 1.30 0 .063 6 .375 1 3 _ _ _ _ _ 82 ,5 00 148 ,472

8 0 .75 _ . 7 .88 0 .3 32 0 .88 0 .038 - 1 3 _ - - - - - - - 122,000 38 ,21 3

9 1.50 . . 7 .88 0 . 332 0 .88 0.0 38 . 1 3 _ _ _ _ _ _ - - 200 ,00 0 2 ,639
10 1.50 _ _ _ 7 .88 0 . 332 0 .88 0 .038 _ 1 3 _ _ _ _ _ _ _ 20 0 , 00 0 4 ,0 0 8

1 1 0 . 375 - - - 4 . 0 3 0 . 234 0 .672 0 .03 1 2.81 1 3 - - - _ _ _ - - 87 ,5 00 4 0 0 ,0 0 0

1 2 _ ±6° _ 350 4 . 0 3 0 .2 34 0 .672 0 .031 2.81 1 3 1100 1320 - _ 2,150 2 ,950 7 ,000 154 ,000
165 .000
202 .00 0 493

1 3 0 . 563 _ _ 4 . 03 0 .23 4 0 .672 0 .03 1 2 .81 1 3 - _ _ _ - - - - 111,500 197 ,463

14 0 . 875 _ 4 . 03 0 .23 4 0 .672 0 .031 3.75 1 4 _ _ 13,900 8,100 2,150 1,670 - - 130 ,000 8 ,777

1 5 1.00 _ _ _ 7.88 0 .33 2 0.88 0 .038 5.31 1 4 - - - - 1,700 2,130 - - 100 ,000 24 ,3 83

I 3.00 0 - 1 5 0 7 .06 0 .56 1.063 0 .054 12.8 1 4 - - - - - - 2 ,960 49 ,0 00 312 ,000 134
17 3.00 _ _ 0 - 1 5 0 7 .06 0 .56 1.063 0 .054 12.8 1 4 - _ _ - 2 ,960 49 . 0 0 0 312 ,000 220
1 8 3.00 _ _ 0 - 1 5 0 7.19 0 .56 ' .188 0 .062 14.3 1 4 _ _ - - - 2 ,870 53 , 000 28 2 , 0 0 0 656

19 3.00 _ _ 0 -  150 7 .19 0 .56 1.188 0 .062 14.3 1 4 - - - - - - 2 ,870 53 , 000 282 ,00 0 5 15
20 3 .00 - - 0 -  150 7 .13 0 . 56 1.3 12 0 .048 12. 6 1 4 - - - - - - 4 ,1 00 110 ,000 197 ,000 893

21 3.00 - - 0 - 1 5 0 7 .13 0 . 56 1 . 312 0 .048 12.6 1 4 - - - - - - 4 ,1 00 110 ,000 197 ,000 1,7 15

22 3 .00 0 -  150 7 .19 0 .42 1.188 0 .060 10.7 1 4 - - - - - - 2 ,960 77 ,600 275 ,00 0 1,207

23 3.00 0 -  150 7 .19 0 .42 1.188 0 .060 10.7 1 4 - - - - _ _ 2 ,960 77 ,600 27 5 , 00 0 1,886

24 3.00 0 -  150 7 .25 0 . 56 1.25 0.049 12.4 1 4 - - - - - 3 ,820 93 ,6 00 2 17 ,000 4 ,095

2 5 3.00 _ 0 -  150 7.25 0 56 I .25 0 .058 12.4 1 4 _ _ _ - - 3 ,240 68 .400 2 4 9 . 0 0 0 1.875
26 3 .00 _ _ 0 -  150 7 .06 0 .45 1.063 0 .034 9.45 1 4 - _ - - 4 ,7 0 0 146 ,500 204 ,000 5 ,846

27 3 .00 _ _ 0 - 1 5 0 7 .06 0 .45 1.063 0 .034 9.45 1 4 - - - - - 4 ,  700 146 ,500 204 ,00 0 5,7 13

2 8 6 .00 _ - - 6 .062 0 .23 4 0 .672 0 .031 7.5 1 8 500 7 15 - -
Off s et 
238 598 - - 44 3 . 0 0 0 740

29 6 .00 - - - 6 .06 2 0 .2 34 0 .672 0 .03 1 7.5 1 8 500 7 15 - -
F ix e d
600 598 - - 44 3 , 0 0 0 678

3 0 3 .00 - - - 6 .062 0 . 234 0 .67 2 0 .031 7.5 1 8 530 715 - - 598 - - 22 1,000 2 ,053

31 3.00 _ - 6 .06 2 0 . 234 0 .672 0 .031 7.5 1 8 490 715 - - - 598 - _ 221 ,000 11,875

32 6.00 5 .032 0 .2 34 0 .672 0 .03  1 7.5 1 8 440 598 - -
Of f s e t
190 501 - - 435 ,000 1,008

3 3 6.00 5 .032 0 . 234 0 .672 0.0 3 1 7.5 1 8 380 598 - -
F i x e d
435 501 - - 4 3 5 ,0 0 0 9 13

34 3.00 _ 5 .032 0 .23 4 0 .672 0 .031 7.5 1 8 410 598 - - - 501 - - 2 18,000 6,09 8

35 3.00 . - - 5 . 032 0 .23 4 0 .672 0 .031 7 .5 1 8 420 598 - - 501 - - 2 18,000 10 ,008

' ■ ' C o r r e c t e d  t o  c o m p e n s a t e  f o r  1 0 50 °  F  t e s t  t e m p e r a t u r e

T A B L E  2

RING R E IN FO R C E D  BELLO W S  
FA TIG U E TEST D A T A
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I

A x i a l
D e f l .
( in. )

2

An gu l ar
D e f l .

D e g r e e s
of

A r c

3

T r a n s .
D e f l .
( in. )

4

T e s t
P r e s .
(ps i )

5

R
(in. )

6

a
(in. )

7

h
(in.)

8

t
( in. )

9

L
(in. )

10

N
P

11

N c

12

Ka
M e a s . 

( l b / i n . )

13

J^a
C alc ,  

( l b / i n . )

14

Kr
M e a s .  
( i n . l b /  

Rad)

15

K̂ . 
Calc ,  
( in . l b /  

Rad)

16

E x p e r . 
C r i t i c a l  

P r e s . 
(ps i )

17

C r i t i c a l  
P r e s .  
C a l c . 
(ps i )  
Per

18

P r e s .
M e m .
S t r e s s
(ps i )
^mp

19

P r e s . 
Bending  
S t r e s s  
(ps i )  
^bp

20

D e f l e c . 
B ending  
S t r e s s  
(ps i )  
Sbd

21

C y c l e s
to

F  a l l u re

36 6 . 0 0 4 .0 32 0 .23 4 0 .672 0 .031 7.5 1 8 320 495
O f f se t

304 415 4 4 6 ,0 0 0 502
37 6 . 00 4 .0 32 0 .23 4 0.  672 0 .031 7.5 1 8 300 495

F  ixed  
350 415 4 4 6 ,0 0 0 • 414

38 3 .00 4 . 032 0 .23 4 0 .672 0 .031 7.5 1 8 280 495 415 22 3 , 00 0 10,620

39 3 .00 4 .0 32 0 .23 4 0 .672 0 .031 7.5 1 8 280 495 415 22 3 , 00 0 10,261

40 4 . 0 0 2 .702 0 .23 4 0 .422 0 .031 7.5 1 8 980 1860
O f f se t

250 ■1550 730 ,00 0 238

41 4 . 0 0 2 .702 0 .23 4 0 .422 0 .031 7.5 1 8 920 1860
F  ix ed  

1260 1550 73 0 , 00 0 241

42 2 . 00 2 .702 0 .23 4 0 .422 0 .031 7.5 1 8 940 1860 1550 365 .000 250
43 2.0,0 2 .702 0 .23 4 0 .422 0 .031 7.5 1 8 990 1860 1550 36 5 ,0 00 1, 000

.

T A B L E  2 ( C o n t i n u e d )
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14 1 7

Cri t i c a l
P r e s .
Ca lc .
(psi)

20

D ef l e c .  
Bending  

Stre  s s 
(psi)  
?bd

Angular
Def l .

D e g r e e s

P r e s .
M em .
S t r e s s

(psi)

P r e s .  
Bending  
Stre  S 3  

(psi)

E xp er .
Cr i t i c a l

P r e s .
(psi)

Ax ia l
De f l .

Tes t  
P r e s . 
(psi)

T r a n s . 
Def l .

Cy c l e  s 
to

F  a l lu re
M e a s . 
( l b / i n .

Ca lc ,  
( lb / in .  )

(in. )( in. ) (in. (in. Me as . Ca lc .
Arc

0 .750 0.0367.25 1.0811.081 124 ,500 12,805
0.50 0.0367.25 1.133 1.133 96 ,000 52,371
0 .375 1.1560 -5 2 0 1.062 0.0467.25 13,100 157 ,000 8 ,072
0 .375 0 -5 2 0 7.25 1.078 1.203 0 .045 13,900 150,500 9 ,733

0.25 1.1960 -8 5 0 7.25 1.055 0.043 23.600 .000 ■1 1.251
1 . 00 1.062 1.1560 -1 5 0 7.25 0.041 3,800 408 ,000 522
0.375 0 -5 3 5 12 . 0 1.407 1.773 0.051 18,600 85 .500 1 1.487
0 .375 0 -2 05 12.0 1.400 1.844 0.050 7,600 61482 ,300oe- 0.50 0 -2 0 5 12.0 1.500 1.844 0.051 7 ,400 1 1 2 , 0 0 0 79 ,007
0 .750 0. 205 1.3601 2 . 0 1.797 0.050 7,400 166,000 8 . 2 0 1
0 .625UDas

0 - 2 0 5 1.8221 2 . 0 1.391 0 .052 7.200 142 .000 21 .375

16,0750.75 0 -1 5 0 12.0 1.773 0 .0505 5,300 169 ,500
0.50 0 -2 0 5 1 2 . 0 1.7891 . 4 0 0 0 .049 7.500 109 .000 49 .757

1 . 7 3 Q
1,576

o
H

1.322 0 -3 0 0 12.0 1.757 0.051 10.300
1 5 1.322 0 -1 5 0 12 . 0 1.757 0.0501.43 5,300

0.75 0 -3 00 12.0 1.7571.40 0.051 10,300 170 ,000 7,037
0.50 0 -3 0 0 12.0 1.375 1.773 0 .052 1 0 , 2 0 0 116 ,000 26,856

1 . 1 0 0  

1 , 1 0 0

1053±3 550 3.28 520.552 0 .015 3.50 1890 1 ,06520 ,300
1053± 2 . 1 550 3.28 0.552 0 .552 0 .015 3.50 1890 20 ,300 2 , 0 0 063 .500

4,950 T 
11.900 C 4,500 132 ,7002.25 1 35 1.6219.72 1.45 0 .049 amp 47 50

0 21
22

2 3

2 4

2 5

2 6

2 9

3 0

3 2

3 4

3 5
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C . TOROIDAL BELLO W S FA TIG U E TEST RESULTS

A v a ila b le  data f r o m  fa t ig u e  t e s t s  on 20 to r o id a l  b e l lo w s  w e r e  a n a ly ze d  to  

c o r r e la t e  c a lc u la te d  s t r e s s e s  w ith  fa t ig u e  l i f e .  T h e s e  data a r e  p r e s e n te d  in  

T able 3. R e s u lt s  of the a n a ly s i s  a r e  d e m o n str a te d  g r a p h ic a l ly  in F ig u r e s  13 

and 14. It can  be o b s e r v e d  fr o m  c o m p a r is o n  of F ig u r e s  13a and 13b that p r e s ­

s u r e  s t r e s s e s  h ave  a d e f in ite  e f fe c t  upon fa tigue  l i f e  of to ro id a l type b e l lo w s .

In F ig u r e  13b, a b e tter  c o r r e la t io n  e x i s t s  b etw een  c a lc u la te d  s t r e s s e s  and c y c ­

l e s  to fa i lu r e  than in F ig u r e  13a. The p r e s s u r e  m e m b r a n e  s t r e s s e s  shown in  

F ig u r e  13b h ave  b een  added to the d e f le c t io n  bending s t r e s s  at tw ice  th e ir  c a l ­

cu la te d  va lu e ;  the C fa c to r  h a s  a l s o  b een  a p p lied  to in c r e a s e  d e f lec t io n  bend-ps
ing s t r e s s e s  b e c a u s e  of the ten d en cy  to sq u ir m  under in tern a l p r e s s u r e .  A s  

w ith  the o th er  ty p e s  of b e l lo w s ,  the c a lc u la te d  bending s t r e s s e s  far e x c e e d  the  

e la s t i c  l im i t  and m u s t  be c o n s id e r e d  a s  f ic t i t io u s  or th e o r e t ic a l  e la s t i c  s t r e s s e s .  

A  c o r r e la t io n  c o e f f i c ie n t  of 0 .82  w a s  found b e tw een  c a lc u la te d  th e o r e t ic a l  e la s t i c  

s t r e s s e s  and c y c l e s  to fa i lu r e  w ith  the data t r e a te d  as  for F ig u r e  14.

S in ce  18 of the 20 b e l lo w s  t e s t e d  w e r e  s u b je c te d  to su b sta n t ia l  in tern a l p r e s ­

s u r e  during the t e s t ,  and on ly  2 w e r e  not su b jec ted  to in tern a l p r e s s u r e ,  the  

tech n iq ue for  e v a lu a t io n  of the e f f e c t  of p r e s s u r e  s t r e s s e s  on c y c l i c  l i fe  could  

not be re p e a te d  for to ro id a l  type b e l lo w s .  In stea d , a l e a s t  sq u a r e s  c u r v e  fit 

w a s  m ad e  to the data in s e v e r a l  c a s e s ,  w ith  a d if fere n t  fa c to r  ap p lied  to the  

p r e s s u r e  m e m b r a n e  s t r e s s e s  for ea ch  c a s e .  It w a s  hoped that a r e a s o n a b le  and 

d is t in c t iv e  c a s e  w ith  the l e a s t  v a lu e  for the s tand ard  d ev ia t ion  fro m  the f itted  

c u r v e  w ould  d e te r m in e  the fa c to r  w h ich  should  be a p p lied  to the p r e s s u r e  s t r e s ­

s e s .  T h is  w a s  in  l ie u  of a n o n - l in e a r  m u lt ip le  r e g r e s s i o n  a n a ly s is  of the data  

a v a i la b le .  No d is t in c t iv e  c a s e  a p p e a r e d ,  h o w e v e r ,  so a r e a so n a b ly  c o n s e r v a t iv e  

c a s e  w ith the  p r e s s u r e  m e m b r a n e  s t r e s s e s  m u lt ip l ie d  by 3 and added to the  

t h e o r e t i c a l  ben d in g  s t r e s s e s  w a s  ta k en  a s  the ru le .  The r e s u l t s  of th is  a r e  

shown d ir e c t ly  f r o m  the d ig ita l  c o m p u te r  output (F ig u r e  14). The lo g - l o g  r e l a ­

t ion  can  a l s o  be e x p r e s s e d  a s

L o g io S  = 6.11 - 0 .216  L o g ^ qN . . . .  (7)

4
At 10 c y c l e s  th is  r e s u l t s  in a p p r o x im a te ly  the s a m e  v a lu e  of S ( s t r e s s )  as  the 

e x p r e s s io n  for the o ther two b e l lo w s  t y p e s .  The fac to r  o f  3, w h ich  w a s  ap p lied

N A A - S R - 4 5 2 7
53



to p r e s s u r e  m e m b r a n e  s t r e s s e s ,  i s  g r e a te r  than the fa c to r  of 2 w h ich  w a s  a p ­

p lie d  to m e m b r a n e  s t r e s s e s  w ith  the o th er  two ty p e s  of b e l lo w s  and th ereb y  

m a k e s  a l lo w a n c e  for s o m e  p r e s s u r e  bending s t r e s s e s  w h ich  a r e  not o th e r w is e  

c o n s id e r e d .  It m a y  a l s o  be o b s e r v e d  that a n a ly s i s  fo r  the v a lu e  of th is  fa c to r  is  

s tr o n g ly  depend en t on r e s u l t s  of on ly  4 of the 20 t e s t s .  On the b a s i s  o f  so few  

t e s t s ,  it  w ould  be u n w ise  to o v e r e m p h a s iz e  the e f f e c t  of p r e s s u r e  s t r e s s e s ,  e s ­

p e c ia l ly  w hen  the fa c to r  of 3 r e s u l t s  in g e n e r a l  a g r e e m e n t  o f  t h e o r e t i c a l  s t r e s s -  

c y c l ic  l i f e  r e la t io n s  w ith  th o se  o f  the o th er  b e l lo w s .

On the b a s i s  o f  t h e s e  r e s u l t s ,  it  ca n  be co n c lu d ed  that for  to ro id a l b e l lo w s ,  

a s  w ith  o th er  b e l lo w s  ty p e s ,  t h e o r e t i c a l  v a lu e s  o f  s t r e s s e s  should  be d iv id ed  by

2.0 to obtain  the e f f e c t iv e  s t r e s s  and s t i l l  y ie ld  a s a f e ty  fa c to r  of 2 .0  on the  

m ea n  above the ASA C ode a l lo w a b le .  The e f f e c t iv e  s t r e s s  w ou ld  then be

S = 1.5 S + 0 .5  S. , . . . .  (8)m p  bd

T ab le  3 a l s o  c o n ta in s  data on c a lc u la te d  and e x p e r im e n ta l ly  d e te r m in e d  

sp r in g  r a te s  fr o m  3 o f  the 20 b e l lo w s  t e s t e d .  It m a y  be o b s e r v e d  that c a lc u la te d  

sp r in g  r a te s  a g r e e  w e l l  w ith  e x p e r im e n t a l ly  o b s e r v e d  sp r in g  r a t e s  fo r  the two  

s m a l le r  b e l lo w s  and the te n s io n  sp r in g  r a te  o f  the la r g e r  b e l lo w s ,  but a r e  in  

e r r o r  by a fa c to r  g r e a t e r  than 2 .0  fo r  the c o m p r e s s i v e  sp r in g  r a te  o f  the la r g e r  

b e l lo w s .  P r in t s  w e r e  a v a i la b le  for the la r g e r  b e l lo w s ;  the fa c to r  of 2 .0  can a l ­

m o s t  be a l lo w e d  fo r  by the e x t r e m e s  o f  d im e n s io n a l  t o le r a n c e s ,  ag a in  in d icating  

that a c c u r a te  p r e d ic t io n  of sp r in g  ra te  w i l l  be a s ig n if ic a n t  p r o b le m  fo r  b e l lo w s  

d e s ig n .
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C Y C L E S  T O  F A I L U R E

b.  C o mb i n e d  S t r e s s  “ Cp j S i j i j  + 2 . 0 S , ^ p ”  -  C y c l e s  t o Fa i l u r e

F ig u r e  13. T o ro id a l  B e l lo w s  F a t ig u e  T e s t  R e s u l t s ,  
C y c le s  to F a i lu r e

10®
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L 0 6 , r t  CYCLES TO FAILURE

F ig u r e  14. T o r o id a l  B e l lo w s  F a t ig u e  T e s t  R e s u l t s ,  B e s t  F i t  C urve
C o m b in ed  S t r e s s  "C S, , + 3 .0  S "ps bd m p
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D. COM BINED R E S U L T S OF FA T IG U E  TE ST S A T  7 0 ° F

R e s u l t s  o f  the 108 r o o m  te m p e r a tu r e  fa t ig u e  t e s t s  on the th r e e  ty p e s  of 

b e l lo w s  w e r e  a n a ly z e d  s t a t i s t i c a l l y  a s  a s in g le  group . C a lcu la ted  th e o r e t i c a l  

bending d e f le c t io n  s t r e s s e s  w e r e  co m b in ed  w ith  t h e o r e t i c a l  bending p r e s s u r e  

s t r e s s e s  and the p r e s s u r e  m e m b r a n e  s t r e s s e s  in  p r e v io u s ly  s p e c i f ie d  p r o p o r ­

t io n s  to obtain  to ta l  th e o r e t i c a l  s t r e s s e s  equa l to tw ic e  the e f fe c t iv e  s t r e s s e s .  A  

c o r r e la t io n  c o e f f i c ie n t  of 0 .87 w a s  found b e tw e e n  the c a lc u la te d  th e o r e t ic a l  

e l a s t i c  s t r e s s e s  and c y c l e s  to fa i lu r e  fo r  th is  co m b in ed  group.

C on stan ts  o f  eq u a t io n s  w e r e  d e te r m in e d  w h ich  e x p r e s s  the co m b in ed  s t r e s s

a s  a fun ction  of c y c l e s  to  fa i lu r e  u s in g  a l o g - lo g  r e la t io n  w ith  l e a s t  squared

e r r o r .  The e v a lu a t io n  o f  l e a s t  sq u a r ed  e r r o r  w a s  m ad e  u s in g  two tech n iq u e s ,

i. e. , (1) the e r r o r  w a s  u s e d  d ir e c t ly ,  and (2) the e r r o r  w a s  w e ig h ted  by divid ing
20by the v a lu e  of the Log S (M ethod of F r a c t io n a l  R e s id u a ls  ). C on stan ts  for both  

f i r s t  o r d er  and se c o n d  ord er  eq u ation s  w e r e  d e v e lo p e d  u s in g  both t h e s e  m e th o d s ,  

r e s u lt in g  in  four e v a lu a t io n s  of the data. P r e v io u s ly ,  the data for ea ch  of the  

th r e e  ty p e s  o f  b e l lo w s  had  b een  s e p a r a te ly  ev a lu a ted  w ith  the sa m e  four p r o c e d u r e s .

S o m e  of the r e s u l t s  of th is  a n a ly s i s  a r e  p r e s e n te d  in T ab le  4, F itt in g  the  

s eco n d  o rd er  c u r v e  to t e s t  data y ie ld e d  u n r e a s o n a b le  r e s u l t s  in the range of

2 5 0 ,0 0 0  c y c l e s ;  t h e s e  r e s u l t s  a r e  t h e r e fo r e  not p r e s e n te d .  The data on F ig u r e s  

15, 16, 17, and 18 in d ica te  that w e ig h t in g  of the r e s id u a l  (or e r r o r s )  w ould  be  

the m o s t  r e a l i s t i c  ap p roach  s in c e  the s c a t t e r  of data i s  o b v io u s ly  la r g e r  at the  

h ig h er  s t r e s s  v a lu e s ;  t h e r e fo r e ,  on ly  th o se  r e s u l t s  u s in g  w e ig h ted  e r r o r  a re  in ­

c luded  in  T able  4 .  The w e ig h t in g  fa c to r  a p p lied  to  the sq u ared  r e s id u a ls  w a s  

the in v e r s e  of sq u a r e  of the Log 10 of the s t r e s s  fo r  ea ch  point.

A n eq u iva len t  RMS d ev ia t io n  for  th is  w e ig h te d  cu rv e  w a s  d e s ir e d .  The RMS 

d ev ia t io n  w ith  the w e ig h te d  e r r o r s  w a s  ob ta ined  for the f it ted  cu rve  and th is  w a s  

m iilt ip l ie d  by the Log 10 of the c a lc u la te d  m e a n  s t r e s s  at any g iv e n  n um ber of 

c y c l e s  to  d e te r m in e  an e q u iv a le n t  RMS d ev ia t io n , not w e ig h ted , at that num ber  

of c y c l e s .  T h is  m eth o d  then  p r e d ic t s  la r g e r  RMS d e v ia t io n s  at h ig h er  s t r e s s e s  

and i s  r e a s o n a b le  i f  not m a th e m a t ic a l ly  r ig o r o u s .

T ab le  4 a l s o  p r e s e n t s  c a lc u la t io n s  for  the fa c to r  of s a fe ty  b e tw een  p r e d ic te d  

e f f e c t iv e  m e a n  s t r e s s e s  and the p r o p o se d  a l lo w a b le  s t r e s s e s .  At 7 ,0 0 0  c y c l e s  

and 2 5 0 ,0 0 0  c y c l e s  the sa fe ty  fa c to r  i s  not l e s s  than 1.75 in  any c a s e .  H o w ev er ,  

at 2 50 ,000  c y c l e s  the s a fe ty  fa c to r  i s  c o n s i s t e n t ly  lo w er  than at 7 ,000  c y c l e s .
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T A B L E  4

R E S U L T S FR O M  S T A T IST IC A L  E V A L U A T IO N  OF FA T IG U E  TEST D A T A

B e llo w s  T ype

108 C o m b in e d C o n v o lu te d R e in fo r c e d T o ro id a l
C u rv e  w ith  M in . 

RM S D e v ia tio n L og  S = 6 .2 6 0  - 0 .2479  L og N Log S = 6 .2 2 0  -  0 .2307  L og  N L og S = 6 .2 6 0  -  0 .2493  L og N L og  S = 6 .0 9 6  -  0 .213  L og N

E q u iv a le n t RM S 
D e v ia tio n  on T h e o r e t i ­
c a l  S t r e s s e s

0 .0 1 7 4 4  X L og  S 0 .0 1 6 4 1  X L og  S 0 .01866  L og S 0 .01507  L og  S

P r e d ic te d  T h e o r e t ic a l  
S t r e s s  R an g e  a t  
7 ,000  C y c le s

20 1 ,400  p s i 2 1 4 ,3 0 0  p s i 2 0 1 ,000  p s i 189 ,200  p s i

P r e d ic te d  E ffe c tiv e  
S t r e s s  R an g e  a t  
7 ,000  C y c le s

100 ,700  p s i 1 0 7 ,150  p s i 100,500 p s i 9 4 ,6 0 0  p s i

ASA A llo w ab le  S t r e s s  
R ange  a t  7 ,0 0 0  C y c le s 4 6 ,8 7 5  p s i 4 6 ,8 7 5  p s i 46 ,8 7 5  p s i 4 6 ,8 7 5  p s i

F a c to r  o f S a fe ty 2 .14 2 .29 2 .14 2 .02

R e l ia b i l i ty  75% 
C o n fid e n c e  L e v e l 0 .9995 0 .9999 0 .999 0 .9993

P r e d ic te d  T h e o r e t i c a l  
S t r e s s  R an g e  a t  
2 50 ,000  C y c le s

8 3 ,1 8 0  p s i 9 4 ,2 0 0  p s i 82 ,400 8 8 ,3 0 0

P r e d ic te d  E f fe c tiv e  
S t r e s s  R an g e  a t  
2 50 ,000  C y c le s

4 1 ,5 9 0  p s i 4 7 ,1 0 0  p s i 41 ,2 0 0 4 4 ,1 5 0

ASA A llo w ab le  S t r e s s  
a t  2 5 0 ,000  c y c le s 23 ,438  p s i 23 ,438  p s i 23 ,438 23 ,438

F a c to r  o f S a fe ty 1.77 2.01 1.75 1.88

R e l ia b i l i ty  75% 
C o n fid e n c e  L e v e l 0 .995 0 .9995 0.991 0 .9991

C o r r e l a t i o n  C o e f f ic ie n t 0.87 0 .74 0 .89 0 .82

It shou ld  be  o b s e r v e d  that in  a l l  108 t e s t s ,  no fa i lu r e s  w e r e  ob ta ined  above

19 7 ,0 0 0  c y c l e s  and the one b e l lo w s  t e s t e d  to 4 0 0 ,0 0 0  c y c l e s  did not f a i l  but w a s  

t r e a te d  so  in  the a n a ly s i s .  T h e r e fo r e ,  the p r e d ic te d  v a lu e s  at 2 5 0 ,0 0 0  c y c l e s  

a r e  an  e x tr a p o la t io n  and m a y  be c o n s id e r e d  c o n s e r v a t iv e .

F o r  e a c h  type of b e l lo w s  and for  the co m b in ed  t e s t  r e s u l t s .  T ab le  4 a l s o

p r e s e n t s  an  e s t im a t e  o f  the r e l ia b i l i t y  in  s e r v i c e  at the a l lo w a b le  s t r e s s  l e v e l

w hen  su b je c te d  to  the fu ll  c y c l i c  l i f e .  T h is  e s t im a t e  of r e l ia b i l i t y  i s  a t  the 75%
22c o n f id en ce  l e v e l  fo r  a la r g e  popula tion . It i s  b a s e d  on  an a s s u m e d  n o r m a l  

d is tr ib u t io n .  S in ce  s y s t e m  d e s ig n  r e q u ir e m e n t s  s e ld o m  s p e c i fy  a n u m b e r  of  

o p era tin g  c y c l e s  a s  h igh  a s  7 ,0 0 0  c y c l e s ,  w h ic h  i s  the m in im u m  n u m b e r  c o n ­

s id e r e d  in  e s ta b l is h in g  A SA  C ode a l lo w a b le s ,  t h e s e  e s t im a t e s  of the r e l ia b i l i t y  

m a y  be v e r y  c o n s e r v a t iv e  in  p r a c t ic e .  The e s t im a t e s  do not in c lu d e  a l lo w a n c e  

fo r  u n u su a l c o r r o s i v e  c o n d it io n s  or  v ib r a t io n  p r o b le m s  w h ich  m a y  be  e n c o u n tered  
in  a p p lica t io n .
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8. 4.
LO G ,o C Y CLES TO FAILURE

F ig u r e  15. 108 B e l lo w s  C om bin ed  Fa.tigue T e s t  R e s u l t s ,
B e s t  F i t  C u r v e -W e ig h te d  A r e a
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LOGio CYCLES TO FAILURE

F ig u r e  16. C onvo lu ted  B e l lo w s  F a t ig u e  T e s t  R e s u l t s ,  
B e s t  F i t  C u r v e -W e ig h te d  E r r o r
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l o 6 , q  c y c l e s  t o  f a i l u r e

F ig u r e  17. R ing R e in fo r c e d  B e l lo w s  F a t ig u e  T e s t  R e s u l t s ,  
B e s t  F i t  C u r v e -W e ig h te d  E r r o r
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L 0 6 , «  CYCLES TO FAILURE

F ig u r e  18. T o r o id a l  B e l lo w s  F a t ig u e  T e s t  R e s u l t s ,  
B e s t  F i t  C u r v e -W e ig h te d  E r r o r
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E . R E SU L T S O F HIGH T E M P E R A T U R E  FA T IG U E  TESTS

R e s u l t s  f r o m  fa t ig u e  t e s t s  p e r fo r m e d  at 1200 ®F on the th r e e  ty p e s  o f  b e l ­

lo w s  a r e  p r e s e n t e d  in T ab le  5 . S o m e  o f  t h e s e  t e s t s  w e r e  p e r fo r m e d  as  p art of  

an e x p e r im e n ta l  in v e s t ig a t io n  of b e l lo w s  p e r fo r m a n c e  a s  ex p la in ed  in  R e f e r ­

e n c e  21 . S e v e r a l  of the la r g e r  b e l lo w s  w e r e  m ad e  e s p e c ia l ly  for th is  t e s t  p r o ­

g r a m  a s  n o n -s ta n d a r d  p rod u ction  i t e m s ,  and w e r e  p u r c h a s e d  fro m  the m a n u fa c ­

tu r e r  on a b e s t - e f f o r t  b a s i s .  C o n seq u en tly ,  th e s e  b e l lo w s  co n ta in ed  g e o m e t r i ­

ca l  v a r ia t io n s  w ith in  and b etw een  co n v o lu t io n s  w h ich  w ou ld  r e s u l t  in r e je c t io n  on 

a n o r m a l  in s p e c t io n  b a s i s .  T h e se  v a r ia t io n s  did not, h o w e v e r ,  in t e r fe r e  w ith  

the b a s ic  p u r p o se  of the p r o g r a m  and the b e l lo w s  w e r e  a c c e p te d  and t e s t e d  for  

s t r e s s  d is tr ib u t io n .  The fa t ig u e  t e s t  w a s  an add itional p art of the p r o g r a m  and, 

in sp ite  o f  the o b s e r v e d  la r g e  s t r e s s  c o n c e n tr a t io n s ,  a ll  the b e l lo w s  w e r e  su b ­

j e c t e d  to fa t ig u e  t e s t s .  An e s t im a t e  of the add ition al s t r e s s  co n c e n tr a t io n s  can  

a l s o  be found in  the e x p e r im e n ta l  data o f  R e fe r e n c e  21 . D ata fro m  t e s t s  on b e l ­

lo w s  w h ich  w ou ld  n o r m a l ly  be r e j e c t e d  a r e  t h e r e fo r e  a ls o  in c lu d ed  in  T able  5 

and m a y  be g iv e n  s p e c ia l  c o n s id e r a t io n  in l igh t  o f  the ab o v e .

The t e s t s  w e r e  p e r fo r m e d  at 1200 ®F w ith  m o lte n  sod iu m  m e ta l  on one s u r ­

fa c e ,  e i th er  the in s id e  or  the o u ts id e  of the b e l lo w s .  In the t e s t s  of the sm a ll  

b e l lo w s ,  the se c o n d  a tm o s p h e r e  w a s  h e l iu m  gas  and in t e s t s  o f  the la r g e  b e l ­

lo w s ,  the se c o n d  a tm o s p h e r e  w a s  a ir  en trap ped  in th e r m a l in su la t io n .  During  

the t e s t s ,  ea ch  of the b e l lo w s  w a s  s u b je c te d  to s e v e r a l  l e v e l s  o f  c y c l i c  s t r e s s .

The data w e r e  t r a n s fo r m e d  to one l e v e l  of c y c l i c  s t r e s s  at 7000 c y c l e s  by the
- 1 / 4u s e  o f  M in e r s  H y p o th e s is  and the fa tigue  r e la t io n  N = KS. This fa tigue  r e ­

la t io n  m a y  be d e r iv e d  fr o m  r e s u l t s  of the s ta t i s t i c a l  a n a ly s i s  of b e l lo w s  fatigue  

b eh av ior  p r e s e n t e d  in T able  4 w ith

N = n u m ber o f  c y c l e s

S = c y c l i c  s t r e s s  range

K = a co n sta n t ,  e m p ir i c a l ly  d e te r m in e d

The r e s u l t  of t h e s e  c a lc u la t io n s  p e r m it t e d  d e te r m in a t io n  of a factor  of sa fe ty  d e ­

f in ed  a s  the ra t io  b e tw een  the e f f e c t iv e  s t r e s s e s  ran ge  app lied  for a 7 0 0 0 -c y c le  

l i f e  and that w h ich  w ould  be a l lo w e d  by the ASA C ode at th is  t e m p e r a tu r e .  It 

should  be n oted  that at c o n s ta n t  h igh te m p e r a tu r e  c y c l in g  the cod e h a s  been  in t e r ­

p r e te d  h e r e in  a s  a l lo w in g  a to ta l s t r e s s  ran ge  of 1.25 (S  ̂ + ) w h e r e  ~ ’
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The s a fe ty  fa c to r  d e te r m in e d  for  t h e s e  b e l lo w s  a v e r a g e s  3 .8 0 .  The low

v a lu e  of 1.15 i s  for a b e l lo w s  w ith  a la r g e  d ev ia t io n  fr o m  ty p ic a l  co n v o lu t io n  co n -
21fo r m a t io n .  T h is  r e s u l t e d  in  an e x p e r im e n ta l ly  o b s e r v e d  s t r e s s  co n c e n tr a t io n  

of a p p r o x im a te ly  3 .0  ab ove  the c a lc u la t e d  and e x p e r im e n ta l ly  v e r i f i e d  th e o r e t ic a l  

s t r e s s  d is tr ib u t io n .  If th is  low  v a lu e  i s  ig n o r e d  or a d ju sted  on th is  b a s i s ,  th ere  

w ould  then  be a m in im u m  s a fe ty  fa c to r  of 2 .5 2 .  T h is  i s  ab o v e  the m in im u m  v a l ­

ue of 1.75 on the m e a n  w h ich  i s  o b s e r v e d  at 7 0 * F  by the data  of T ab le  4 .  It i s  

fe lt  that th is  m a r g in  b e tw een  2 .52  and 1.75 w i l l  be ad eq uate  to p r o v id e  for  the  

e f fe c t  upon c y c l i c  l i f e  r e s u l t in g  fr o m  the d i f f e r e n c e  in  ra te  o f  c y c l in g  b e tw een  

that o f  the t e s t  and that o f  s e r v i c e  c o n d it io n s .
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

B e l l o w s  
N o.  , 

T yp e ,  & 
M a te r i a l

R
(in.)

h
( in. )

a
(in.)

R 
( i n . ) (t - V " '

(in! )

t
( in.)

N
P

N c
X = 

0.778\/R4
a
h

a
X

C
P Cd

A 
(in. )

3 mp
(ps i )

Skbp
(psi)

c
"bd
(psi )

S

(ps i ) ^ t e s t
N equiv,

^AC

N equiv .
tota l

S equiv .  
at 9000  
c y c l e s  
(ps i )

Sa fe ty
F a c t o r

1 #2 9 .50 1.00 1.00 10 .50 1.57 0 .050 1 4 0 .565 1 1.77 0.34 1.8 0 .428 770 1500 28 ,200 16 ,370 1 ,000 4 3 0 0
2 Convolut :d 304 SS 0 .534 770 1500 35 ,200 19 ,870 820 8,000 1 2 3 0 0 13 ,000 1.15
3 #3 10 .125 0 .875 0 .4 68 1 1.00 1.142 0 .056 1 4 0.61 0 .535 0 .765 0.59 1.92 0 .500 48 0 1570 44 ,3 00 24 ,200 3 ,000 64,000
4 Convo lu t ed 304 S3 0 .624 480 1570 55,300 29 ,700 1 ,000 4 7 3 0 0
5 0 .750 480 1570 66 ,400 35 ,250 1 ,000 96 ,2 00
6 0 .8 7 6 48 0 1570 77 ,40 0 4 0 , 75 0 1 ,000 173 .000
7 1. 000 48 0 1570 88 ,500 46 , 3 0 0 1 , 000 28 7 . 0 0 0
8 1 .124 480 1570 99 ,600 51 ,850 90 40,700 7 0 8 ,4 0 0 3 5 ,7 0 0 3 .17
9 #5 10 .00 0 .75 0.20 10.75 0 .864 0 .050 1 5 0 .576 0.267 0 .345 0.82 1.37 0 .3 16 100 1980 37 ,800 20 , 980 18 ,260 220,000
10 Convolut ed 304 S3 0 .404 100 1980 48 , 300 26 ,230 5 ,170 153,000
1 1 - 0 . 480 100 1980 57 ,500 30 ,830 1 ,1 80 66,400
12 0.552 100 1980 66 ,000 35 ,080 720 68,000 507 ,400 3 2 ,8 00 2.92

1 3 #6 I 0 .00 0 .75 0 .20 10.75 0.81 1 0 .050 1 5 0 .576 0 .267 0 .345 0.82 1.37 0 . 400 100 1980 47 ,9 00 26 ,030 5 ,000 143,600
N F

14 Convolut ed 304 S3 0 .600 100 1980 71 ,800 37 ,980 5 ,000 650,000
15 0 .800 100 1980 95 ,700 49 , 9 3 0 5 ,000 1,97 0,000
16 1 .000 100 1980 1 19 600 61 ,880 140 1 22,500 2 3 86 ,1 00 50 ,75 0 4 .5
17 #7 10.34 1.14 0.367 1 1.48 1.349 0.062 1 4 0 .653 0 .322 0 .562 0.75 1.5 0 .560 350 2800 42 , 100 24 ,200 1 ,000 21,400
18 Convolut ed 304 S3 0 . 700 350 2800 52,500 2 9 ,4 00 1 ,000 4 6 3 0 0
19 ( w e l d e d ) 0 .84 0 350 2800 63 ,000 34 ,650 1 ,000 90,000
20 0 .980 350 2800 73 , 600 39 ,950 1 ,000 1 5 8 3 0 0
21 1 .120 350 2800 84 ,100 45 , 2 0 0 1 ,050 273,000 589,100 34 ,100 3.03
22 #8 Conv, 10 .10 1.15 0 .438 11 .16 1 .400 0.030 1 4 0.45 0.381 0 .973 0.55 1.65 1 .946 780 8920 63 ,400 41 ,4 00 1 ,590 289,000 289,000 28 , 500 2 .54
23 10 .10 1.15 0 .438 11 .16 1 .400 0 .050 1 4 0.58 0.381 0 .755 0, 35 1.7 1.184 465 3795 63 ,200 35 ,860 5 ,000 51 5,000
24 Convolu' ed 304 S3 1 . 4 8 0  * 465 3795 79 ,0 00 43 , 7 6 0 5 ,000 1,14 0,000 N F
25 1 .776 465 3795 94 ,700 51 ,610 3 ,000 1 ,335,000 2,990,000 51 ,100 4 . 55
26

King 
#1 OReiS: 8 04 t>t> 

• in in 1.15 0 .43 8 11.16- - 0 .030 1 4 0.45 0.381 0 .973 0.58 1.57 1 .946 190 9430 66 ,600 35 ,850 2 ,730 282,000 282 .000 28 ,300 2.52
2 7 #11 10 .625 1 .375 1 .325 12 .00 - 0 .050 1 2 0.603 0 .96 2.2 1.55 0 . 526 140 _ 43 , 400 21 ,910 2 7 ,8 50 402,000
28 To r o id a 304 SS 0 . 788 140 - 65 ,000 32 ,710 5 ,130 366,000 N F
29 1.050 140 _ 86 ,500 43 ,4 6 0 2 ,570 575,000 1 34 3 , 00 0 4 2 , 00 0 3.74
30

31

32

33

34

35

FO R M  N 7 9 -Y

T A B L E  5

BELLO W S FA T IG U E  TEST D A T A  
FROM  HIGH T E M P E R A T U R E  

TESTS
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2 3 4 5 6 7 8 9 1 0 11 12 13 14 15 16 17 18 19 20 21 22 23 24

B e l l o w s  
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M a t e r i a l

R
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h
( i n . )

a  
( i n . )

R
( i n . )

( i n .  )

t
( i n . )

N
P

Nc

X = 

0 . 7 7 8 / R t a
h

a
X

C
P ^ d

A
( in . )

Sm p
( p s i )

®bp
( p s i )

Sbd
( p s i )

S
( p s i )

^ e s t N e q u i v .
N e q u i v .

t o t a l

S e q u i v .  
a t  7 0 0 0  
c y c l e s  

( p s i )

S a f e t y
F a c t o r

1 #8 1 . 7 5 5 0 . 4 0 7 0 .2 2 1 2 . 1 6 2 0 . 5 3 3 0 .0 3 1 10 0 . 1 9 8 0 . 5 4 3 1 .12 0 .5 2 1 .8 0 . 5 4 5 110 5 9 0 5 7 , 7 0 0 2 9 . 5 5 0 1 , 0 0 0 3 1 , 1 0 0
2 C o n v o l u e d 0 . 6 8 3 110 59 0 7 2 , 3 0 0 3 6 , 8 5 0 1 , 0 0 0 7 5 , 7 0 0
3 3 4 7  SS 0 . 7 9 6 110 59 0 8 4 , 4 0 0 4 2 . 9 0 0 1 , 0 0 0 1 3 8 ,0 0 0

» 0 . 8 9 8 110 59 0 9 5 , 0 0 0 4 8 , 2 0 0 1 , 0 0 0 2 1 3 ,0 0 0

5 1 .0 3 5 110 59 0 1 0 9 , 6 0 0 5 5 , 5 0 0 1 1 , 0 0 0 4 ,2 6 8 ,0 0 0 4 ,7 2 5 ,8 0 0 6 3 , 7 0 0 5.1

6 # 1 0 1 . 7 5 5 0 . 4 0 7 0 .2 2 1 2 . 1 6 2 0 . 5 3 3 0 .0 3 1 1 0 0 . 1 9 8 0 . 5 4 3 1 .12 0 .5 2 1 .8 0 . 5 5 4 110 59 0 5 8 , 6 0 0 3 0 , 0 0 0 1 , 0 0 0 3 3 ,1 0 0
7 C o n v o l u i e d 0 . 6 9 3 110 5 9 0 7 3 , 4 0 0 3 7 , 4 0 0 1 , 0 0 0 8 0 ,0 0 0

8 3 47 SS 0 . 8 3 2 110 5 9 0 8 8 . 1 0 0 4 4 . 7 5 0 1 , 0 0 0 1 6 4 .0 0 0
9 0 .9 7 1 1 1 0 5 9 0 1 0 3 , 0 0 0 5 2 , 2 0 0 1 , 0 0 0 3 0 3 , 0 0 0
10 1 . 1 1 0 110 5 9 0 1 1 7 , 7 0 0 5 9 , 5 5 0 1 , 0 0 0 51 2 ,000 N F

1 1 1 . 2 4 9 1 I 0 5 9 0 1 3 2 , 2 0 0 6 6 , 8 0 0 1 1 , 0 0 0 8 ,9 1 0 ,0 0 0 10,002,100 7 6 , 9 0 0 6 . 1 5

12 #9 1 . 7 5 5 0 . 4 0 7 0 .21  8 2.1 62 0 .5 3 1 0 .0 3 1 10 0 . 1 9 8 0 . 5 4 3 1 .12 0 .52 1 .8 0 . 5 5 4 1 10 5 9 0 5 8 , 6 0 0 3 0 , 0 0 0 1 ,0 0 0 3 3 .1 0 0
1 3 C o n v o l u ' ed 0 . 6 9 3 110 59 0 7 3 , 4 0 0 3 7 , 4 0 0 1 . 0 0 0 8 0 ,0 0 0
1 4 3 4 7  SS 0 . 8 3 2 110 59 0 8 8 , 1 0 0 4 4 , 7 5 0 1 , 0 0 0 1 6 4 ,0 0 0

0 .9 7 1 110 5 9 0 1 0 3 , 0 0 0 5 2 , 2 0 0 1 , 0 0 0 3 0 3 ,0 0 0

16 1 . 1 1 0 11 0 5 9 0 1 1 7 , 7 0 0 5 9 , 5 5 0 971 4 9 9 , 0 0 0 1 ,079,1 OC 4 4 , 1 0 0 3 . 5 2

17 #2 1 . 7 5 5 0 . 3 4 7 0 . 1 2 5 2 . 1 0 2 0 . 4 1 8 0 .0 3 1 24 0 . 1 9 4 0 .3 6 0 . 6 4 5 0 .7 0 1 .6 0 .7 1 4 80 56 0 4 7 , 7 0 0 2 4 , 4 9 0 1 ,0 0 0 1 4 R 0 0

18 C o n v o l u ed 0 . 8 9 2 80 56 0 5 9 , 6 0 0 3 0 , 4 4 0 1 , 0 0 0 3 5 .000
19 34 7  SS 1 . 0 7 0 80 56 0 7 1 , 5 0 0 3 6 , 3 9 0 1 , 0 0 0 7 0 R 0 0 N F

20 1 .2 4 8 80 56 0 8 3 , 4 0 0 4 2 , 3 4 0 1 8 , 0 0 0 2 3 6 0 , 0 0 0 2 ,480 ,6 0( 5 4 , 3 0 0 4 . 3 4

2 I #1 1 . 7 5 5 0 . 3 4 7 0 . 1 2 5 2 . 1 02 0 .41  8 0 . 0 3 1 24 0.1 94 0 . 3 6 0 . 6 4 5 0 .7 0 1 . 6 0 . 7 1 4 80 56 0 4 7 , 7 0 0 2 4 , 4 9 0 1 , 0 0 0 1 4 8 0 0
22 C o n v o l u ' e d  347 SS 0 . 8 9 2 80 5 6 0 5 9 , 6 0 0 3 0 , 4 4 0 1 , 0 0 0 3 5 ,000

23 1 . 0 7 0 80 5 6 0 71 ,5 0 0 3 6 , 3 9 0 1 , 0 0 0 7 0 ,800 N F
24 1 . 2 4 8 80 56 0 8 3 , 4 0 0 4 2 , 3 4 0 1 7 , 0 0 0 2 2 2 5 , 0 0 0 2 3 4 5 , 6 0 ( 5 3 , 5 0 0 4 . 2 8

25 #5 1 . 7 6 5 0 . 1 9 7 0 . 0 8 1 . 9 6 2 0 . 2 4 2 6 0 .0 1  5 1 30 0 . 1 3 4 0 . 4 0 6 0 . 5 9 6 0 .7 0 1 .6 0 . 6 6 6 140 67 0 4 6 , 1 0 0 2 3 , 8 6 0 1 , 0 0 0 1 3 3 0 0

26 C o n v o ]  u e d 0 . 8 3 2 140 67 0 5 7 , 6 0 0 2 9 . 6 1 0 1 , 0 0 0 31,4 00

2' 34 7  SS 0 . 9 9 8 140 67 0 6 9 , 1 0 0 3 5 , 3 6 0 1 , 0 0 0 6 3 8 0 0

28 1 .1 6 4 140 67 0 8 0 , 6 0 0 4 1 , 1 1 0 1 , 0 0 0 1 1 6 3 0 0

29 1 . 3 3 0 140 67 0 9 2 , 0 0 0 4 6 , 8 1 0 8 , 5 7 6 1 ,718 ,0 00 1,94 3,OOC 5 1 , 1 0 0 4 . 0 9

30 # 6 1 . 7 6 5 0 . 1 9 7 0 . 0 8 1 . 9 6 2 ■ 0 . 2 4 2 6 0 .01  5 I 30 0 . 1 3 4 0 . 4 0 6 0 . 5 9 6 0 .7 0 1 .6 0 . 6 5 4 140 67 0 4 5 , 2 0 0 2 3 . 4 1 0 1 . 0 0 0 1 2 .3 0 0
3 1 C o n v o l u ed 0 . 8 1 7 140 67 0 5 6 . 5 0 0 2 9 . 0 6 0 1 . 0 0 0 2 9 2 0 0
32 34 7  SS 0 . 9 8 0 140 67 0 6 7 , 8 0 0 3 4 . 7 1 0 1 . 0 0 0 5 9 . 0 0 0

33 1 .1 4 3 140 67 0 7 9 . 1 0 0 4 0 . 3 6 0 1 .0 0 0 1 0 8 .0 0 0
34 1 . 3 0 6 140 67 0 9 0 , 4 0 0 4 6 , 0 1  0 1 , 0 0 0 1 8 4 ,0 0 0

35 1 . 4 o 9 140 67 0 101 ,7 0 0 5 1 , 6 6 0 5 , 3 2 6 1 3 5 0 , 0 0 0 1 , 9 4 2 3 0 0 5 7 , 1 0 0 4 . 0 9

1 #3 1 . 7 5 5 0 . 3 4 7 0 . 1 3 3 2.1 02 0 . 4 2 3 0 .0 3 I 23 0.1 94 0 . 3 8 3 0 . 6 8 5 0.67 1 .6 5 0 . 6 9 6 85 535 47  . 200 2 4 . 2 2 0 1 , o o 7 14 .000

2 C o n v o l u led O.B70 85 5 3 5 5 8 , 9 0 0 3 0 , 0 7 0 1 . 0 0 0 3 3 3 0 0

3 3 4 7  SS 1 .0 4 4 85 535 7 0 . 7 0 0 3 5 . 9 7 0 1 , 0 0 0 6 6 2 0 0

4 1 . 2 1 8 85 535 8 2 , 5 0 0 41 , 8 7 0 1 , 0 0 0 1 2 5 3 0 0

S 1 .3 9 2 85 535 9 4 , 4 0 0 4 7 , 8 2 0 1 . 0 0 0 2 1 3 ,0 0 0

6 1 . 5 6 6 85 535 1 0 6 , 1 0 0 5 3 , 6 7 0 1 , 0 0 0 3 3 8 ,0 0 0

7 1 . 7 4 0 85 535 1 1 9 , 3 0 0 6 0 , 2 7 0 1 , 0 0 0 5 4 0 .0 0 0

6 1 .9 1 4 85 53 5 1 2 9 . 8 0 0 6 5 , 5 2 0 1 , 0 0 0 7 5 6 , 0 0 0

9 2 . 0 6 4 85 535 1 4 0 , 0 0 0 7 0 , 6 2 0 353 3 6 0 ,0 0 0 2 , 4 4 6 ,0 0 0 5 4 , 1 0 0 4 . 3 3

10 #4 K 7 5 5 0 . 3 4  7 0 . 1 3 3 2 . 1 0 2 0 . 4 2 3 0 .0 3 ) 23 0.1 94 0 . 3 8 3 0 . 6 8 5 0 .6 7 ; . 6 5 0 . 7 0 8 85 53 5 4 8 , 0 0 0 2 4 , 6 2 0 1 , 0 0 0 15 ,1 0 0

1 , C o n v o l u ed 1 0 . 8 8 5 85 53 5 6 0 . 0 0 0 3 0 . 6 2 0 1 . 0 0 0 3 6 .0 0 0

12 34 7  SS 1 . 0 6 2 85 535 7 2 , 0 0 0 3 6 . 6 2 0 1 , 0 0 0 7 4 , 0 0 0

1 3
1 1 .2 3 9 35 53 5 8 4 , 0 0 0 4 2 , 6 2 0 1 2 , 1 6 9 1,63 5 ,0 00

14
---------------- 1---------------- r  '

1 . 4 1 9 85 535 9 6 . 0 0 0 4 8 . 6 2 0 1 . 0 0 0 7.30.000

15
1------ ! 1 .5 9 3 85 535 1 0 8 , 0 0 0 5 4 , 6 2 0 I , 0 0 0 3 6 5 ,0 0 0

16 I ......... . 1 1 . 7 7 0 85 535 1 2 0 , 0 0 0 6 0 , 6 2 0 7 3 0 4 0 3 , 0 0 0 2 ,758 ,0 00 5 5 . 7 0 0 4 . 4 6  .

T able  5 (Continued)
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IV. CONCLUSIONS

A  m eth o d  of ev a lu a tin g  the d e s ig n  a p p lica t io n  of b e l lo w s  on the b a s is  of c a l ­

c u la te d  a l lo w a b le  s t r e s s e s  h a s  b een  p r e s e n t e d  w h ich  c o r r e la t e s  w e l l  w ith  t e s t  

r e s u l t s .  T h is  c a lc u la t io n  m eth o d  a l lo w s  eva lu a tion  of both d e f le c t io n  s t r e s s e s  

and p r e s s u r e  s t r e s s e s  on co n v o lu ted  b e l lo w s ,  con v o lu ted  b e l lo w s  w ith  r e i n f o r c ­

ing r in g s  and to r o id a l  b e l lo w s .  The r e l ia b i l i t y  and c o r r e la t io n  c o e f f i c ie n t s  in  

T able 4 a r e  s u f f ic ie n t ly  h igh  to a d v i s e  a c c e p ta n c e  of the ca lc u la t io n  m eth od  r e ­

g a r d le s s  o f  i t s  m a th e m a t ic a l  b a s i s .

M eth od s  of s ta t i s t i c a l  m a th e m a t ic s  h ave  been  u s e d  w ith  data fr o m  t e s t s  to 

d e te r m in e  the e f fe c t  o f  p r e s s u r e  s t r e s s e s  on c y c l ic  l i f e  of the b e l lo w s .  F a c to r s  

for th is  e f f e c t  h a v e  b een  in c lu d ed  in the p r o p o se d  c a lc u la t io n  p r o c e d u r e .

T he p r o p o se d  s t r e s s  c a lc u la t io n  m eth o d  and the p r o p o se d  a llo w a b le  s t r e s s  

l i m i t s  for b e l lo w s  to be u s e d  in a p ip ing s y s t e m  both h ave  the s a m e  b a s is  a s  

th o se  for o th er  c o m p o n en ts  of the s y s t e m .  The p r o p o s e d  l im i t s  have  been  shown  

to h a v e  r e a s o n a b le  s a fe ty  fa c to r s  at 70 *F and at 1200 ®F on the b a s is  of e x p e r i ­

m e n ta l  data fr o m  t e s t s  e v a lu a ted  h e r e in .

T e s t  data  h a v e  been  p r e s e n te d  and so ev a lu a ted  a s  to p ro v id e  a b a s is  for  

e c o n o m ic  o p t im iz a t io n  o f  a l lo w a b le  s t r e s s e s  in a p p lica t io n s  o ther than piping  

s y s t e m s .

The e f fe c t  of in s ta b i l i ty  in d u ced  by in tern a l  p r e s s u r e  upon bending s t r e s s e s  

and sp r in g  ra te  h a s  b een  ev a lu a te d  a n a ly t ic a l ly  and o b s e r v e d  in e x p e r im e n ta l  

d ata . T his e f fe c t  h as  b een  c o m p e n s a te d  fo r  in  the p r o p o se d  a n a ly t ic a l  m.ethod.

A d d it ion a l t e s t  data and data fr o m  s e r v i c e  p e r fo r m a n c e  w ould  be help fu l in:

a) C o n f ir m in g  the e f f e c t  o f  p r e s s u r e  upon c y c l i c  l i f e ,  e s p e c ia l ly  for  

to r o id a l  and r e in fo r c e d  b e l lo w s .

b) C o n firm in g  the s a f e ty  of the p r o p o se d  a l lo w a b le  s t r e s s e s ,  and the  

e f f e c t  o f  p r e s s u r e  s t r e s s e s  upon c y c l i c  l i f e  at h igh t e m p e r a tu r e s .

c) E va lu a t in g  o ther  p r o b le m s  su ch  as  v ib r a t io n - in d u c e d  fa t igu e  fa ilu re  

w h ich  m a y  occu r  in s e r v i c e .

d) E va lu a tin g  the m a n u fa c tu r in g  p r o c e s s  c o n tr o ls  w hich  m u s t  be e x e r te d  

to e n s u r e  r e l ia b le  b e l lo w s .
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e) E v a lu a tin g  o th er  d e s ig n  f e a tu r e s  su ch  as  end c o n n ec t io n  d e ta i l s  w hich  

h e lp  e n s u r e  r e l ia b le  b e l lo w s .

A dd ition a l a n a ly t ic a l  e f fo r t  m ig h t  be e s p e c ia l l y  he lp fu l in studying  the e f fe c t  

of co n ta c t  w ith  r e in fo r c in g  r in g s  on the fa t igu e  l i f e  of r e in fo r c e d  b e l lo w s .

A s  in  the  open in g  p aragrap h , it  h a s  been  found that s t r e s s e s  a r e  p r e d ic te d  

m o r e  a c c u r a t e ly  than d e f le c t io n  fo r  a g iv e n  lo a d .  T h e r e fo r e ,  w h e r e  sp r in g  ra te  

J .S  a c o n tr o l l in g  fa c to r ,  p roto typ e  t e s t in g  under d e s ig n  co n d it io n s  i s  r e c o m ­

m en d ed , s in c e  su b s ta n t ia l  e r r o r  m ig h t  r e s u l t  f r o m  u s in g  the c a lc u la t io n  m e t h ­

o d s  p r e s e n te d  h e r e i n .  T h is  e r r o r  can be in e i th e r  d ir e c t io n .

The a v a i la b i l i ty  o f  ad d ition a l t e s t  data and funds w ou ld  ju s t i fy  and a llo w  the  

u s e  of n o n - l in e a r  m u lt ip le  r e g r e s s i o n  a n a ly s i s  of a l l  t e s t  data . T h is  m eth o d  

cou ld  be a p p lied  to ev a lu a t in g  the e f f e c t  of in te r n a l  p r e s s u r e  and o th er  fa c to r s  

on the fa t ig u e  l i f e  and p e r fo r m a n c e  o f  b e l lo w s .
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A PPE N D IX  A 
INSTABILITY OF BELLOWS WITH IN TERN A L PR ESSU R E

The p r o b le m  to be in v e s t ig a te d  i s  that of in s ta b i l i ty  of a b e l lo w s  under  

in tern a l  p r e s s u r e  w hen  u s e d  a s  a h in ge .  The bending s t r e s s e s  in the b e l lo w s  

w hen  n ea r  in s ta b i l i ty  o c c u r s  w i l l  be in v e s t ig a te d .

The a s su m p t io n  i s  m a d e  that the b e l lo w s  can  be a p p ro x im a ted  by a thin  

w a l le d  h o llow  c y l in d e r  having a bending r ig id ity  E l  w h ich  can  be taken  as a c o n ­

tinuum  quality .  T h is  a s s u m p t io n  m ig h t  r e q u ir e  10 co n v o lu t io n s  to avoid  a p ­

p r e c ia b le  e r r o r ;  i t s  e f f e c t  h as  not b een  ev a lu a ted .

Taking the b e l lo w s  a s  a th in  w a l le d  tube w ith  in tern a l p r e s s u r e  a s  show n in  

F ig u r e  19, two s o u r c e s  o f  t r a n s v e r s e  f o r c e  a r e  found w h ich  con tr ib u te  to in ­

s ta b i l i ty ,  the end f o r c e  "Q" and the in te r n a l  p r e s s u r e  "P ."  Both of th e s e  s o u r c e s  

r e q u ir e  s o m e  c u r v a tu r e  (d^y/dx^) for  the e x i s t e n c e  of a t r a n s v e r s e  fo r c e .

It ca n  e a s i l y  be show n that the t r a n s v e r s e ,  or y  com p on en t of fo r c e  from  

Q fo r  a length  "dx" eq u a ls

(1)

The t r a n s v e r s e  fo r c e  c a u s e d  by in te r n a l  p r e s s u r e  r e s u l t s  fr o m  in c r e a s e d  

a r e a  on one s id e  and d e c r e a s e d  a r e a  on the o th er  s id e  due to the cu rv a tu re  of  

the tube. The leng th  of an e le m e n t  of the o u ts id e  s u r fa c e  w h e r e  the length  of 

the c e n te r  is  "dx" m a y  be e x p r e s s e d  as

dL = dx l + R .  s i n < p ( ^ . . (2a)

or

dL = dx  1 - R s in  <p . . . ( 2b)
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N O T E ©

P-dL-Rd<^-sin<i

NOTE © t   IS NEGATIVE AS SHOWN
dx2

F ig u r e  19. D im e n s io n s  and F o r c e s  on B e llo w s
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s i n c e

. (3)
3 x  — d x \ ^ j  ^^2 • • • U ;

The y  co m p o n en t o f the in te r n a l p r e s s u r e  i s

dfpy = p  ‘dL • Rd<p • s in  <p , . . .  (4)

then  the n e t t r a n s v e r s e  fo r c e  fro m  in te r n a l p r e s s u r e  f^^ fo r  a len g th  dx eq u a ls

I
'(P=Z1T /

fpy. • dx = I P d x  11 - R s in  <p —^  | • R s in  <p d<p , . . .  (5a)

/<p=0 '

w h ich  can  b e in te g r a te d  to

Clf • d x  = I I - P  • R^ + P R d x s in  <p
p y  « I d x

'<p=

d<p , . . . ( 5 b )

f dx  = PR^ ^ •dx"77’ + 0 ,  . . . ( 5 c )
py dx^

2
f dx = -PTTR • — ^ • dx . . . .  (5d)
py dx^

One can  in te r p r e t  th is  to m ea n  that f^^ is  equal to the p r e s s u r e  t im e s  the c r o s s -  

s e c t io n a l a r e a  o f the tube t im e s  the c u r v a tu r e . A lso , s in c e  the to ta l tr a n s v e r s e  

fo r c e  u nder c o n s id e r a t io n  is  then

yf^ =  - P7TR + Q ^  , . . . ( 6 )
dx
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a rea d y  ex p la n a tio n  can  be m a d e  fo r  th e  r e a s o n  that b u ck lin g  of tu b es  due to  

in te r n a l p r e s s u r e  is  s e ld o m  o b se r v e d . W hen end ca p s  or e lb o w s e x i s t  on tu b es, 

the fo r c e ,  Q, i s  o p p o s ite  in  s ig n  to  that show n on and p ro ced in g  p a g e , and h as  

a v a lu e

Q = -P ff

The r e s u lt  w ould  then b e

f = 0 ,y

and no t r a n s v e r s e  (or  b u ck lin g ) f o r c e s  e x is t .

The eq u ation  of eq u ilib r iu m  fo r  f o r c e s  in  the y d ir e c t io n  on an e le m e n t  of 

len g th  d x , c o n s id e r in g  bending o f  the tu b e, then  b e c o m e s

If E l i s  a co n sta n t and e la s t ic  a c tio n  p r e v a i ls ,  then by su b stitu tin g  for  f^.

E l ——̂  + f p  1 7 +  q ) = 0 . . . .  (8)
dx'^ ' dx^

T aking a s  bou nd ary  c o n d itio n s  at x  = 0,

a) y = y^ = 0 d e fin ed

M .L
b) y' = 6 = 0 / 2  d e fin e d  a s  —

o 2E I

c )  E i  " = -M' y o

d) E i '" = Vy o
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at X = L ,

e) y = y ,  = 0  d e fin ed

f) y ' = 0^ = -0 /2  d e fin e d  a s

g) E i  " = -M tV L

M .L1
2 E !

h) E I = V-y L

A ls o , s in c e  s y m m e tr y  e x i s t s ,  then  a t x  = L /2 ,

« L /2  = “ '^ L /2  = °  •

In teg ra tin g  E q u ation  8 fro m  x  = 0, to  x  = ^ a .rb itrary  p r e s e r v in g  the m ean in g  

of th e l im it s  a s  boundary  co n d itio n s  (b) an d (d ) y ie ld s

dx (■
+ IPTTR + Q dx =  0 . . . ( 9 )

or

EI ^  - V + (PTTR^ + Q) ^  + Q) = 0
n O  O  Q X  Odx

. . . ( 10 )

In teg ra tin g  aga in  in  th is  w ay  and su b stitu tin g  fo r  boundary co n d itio n s  in (a) and 

(c) y ie ld s

E i ^  + (PTtR + Q) y = V ^ X -M ^  + (P7TR + Q) (0^x + y^)
d x

O  ' O '
( 11 )

T h is  now r e q u ir e s  so lu tio n  a s  a d if fe r e n t ia l equation:

H  + K ^  = (V„ + F 8 „ ) ^ + ( F y „ - M „ ) ^  ,
dx

(12)
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F  = P 7 T R ^ + Q  , . . . ( 1 3 )

K = g j  . . . . ( 1 4 )

The so lu tio n  i s  o f a c l a s s i c  fo rm

y = A c o s  K x + B s in  K x + C + D x  . . . . (15)

S olve for  the c o e f f ic ie n t s  and unknown boundary  c o n d itio n s  V , V t . M , M , ,’ o ’ L ’ o ’ L ’
by su b stitu tin g  in to  the eq u a tio n s a s  fo llo w s:

S u b stitu tin g  E q u ation  15 in to  E q u ation  11 y ie ld s

K^C + K ^ D x = ( V „  + F e „ ) i + ( F y „ - M „ ) i  , . . . ( 1 6 )

F y  - M
C = — ^  , . . . ( 1 7 )

F9  + V
D = °  . . . . ( 1 8 )

F ro m  boundary  co n d itio n  a),

-M
C = . . . . ( 1 9 )

S u b stitu tin g  boundary con d ition  a ) in to  E q u ation  15 y ie ld s

y = 0 = A - l + B - 0  + C + D - 0  . . . ( 2 0 a )

M
A = - C = ~  . . . .  (20b)

S u bstitu tin g  boundary  co n d itio n  b) in to  E q u ation  15 y ie ld s

y ' = 6  ̂ = -KA s in  K x + KB c o s  Kx + D , . . .  (2 la )
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B = K (21b)

then
0 - D

•C c o s  K x + — ——  s in  K x + C + DxXV ( 2 2 )

U sin g  the s y m m e tr y  co n d itio n s  by tak ing eq u ilib r iu m  of fo r c e s  in  the y d ir e c t io n  

for  the len g th  x  = 0 to x  = L /2 ,

r e ,  / ,  + V , - F0 - V = 0  ,L /2  L /2  o o ’ . . . ( 23a)

y ie ld s

F 0 + V = 0, or D = 0 ,o . . .(2 3 b )

then

M 0 Mo . .  , o . ^  oy = + ^=— c o s  Kx s in  Kx . .  . ( 24)

S u b stitu tin g  in to  boundary co n d itio n  f) and boundary con d ition  b),

M
y' 0= -K  -jT- s in  K L + K c o s  KL . . . ( 25)

M  ̂ -  - V - - y -  (1 + c o s  KL) , o K s in K L  2 ' ’ (26)

then

1 0 / 1 +  c o s  KL W „  A I 0 ■ zr
y = K 2 r ~5in 2K > (27)

#

M . L  >, .
or s in c e  0 /2  = —L_ w h e r e  M. i s  th e b en d in g  m om en t w hen p r e s s u r e  P  = 0, 

2 EI ^

M .L  ,1 J_
2 E I  K

and

M = EI y'

(I - c o s  K l \  /  
s in  K L I  y

(1 + c o s  K l \  
s in  KL J

o s  Kx - 1 I + s in  Kx

-M .L K1 c o s  Kx + s in  Kx

. (28)

. . ( 2 9 )
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It can  be show n that w hen s in  K L = 0 and a t K L = 1T, the v a lu e  o f M i s  not in ­

f in ite . H o w ev er , w hen  s in K L  = 0 at K L - 271, the va lu e  o f M b e c o m e s  in f in ite ,  

or K L = 277 d e te r m in e s  the c r i t ic a l  b u ck lin g  load . T h is c r i t ic a l  load

477 ̂ E I
cr

. . . (30)

is  th e  sa m e  a s  fo r  a r e g u la r  f ix ed  end co lu m n  o f len g th  L. 

To find  the p o in t o f m a x im u m  m o m e n t

dM
dx = 0 = V

S in ce  V = 0 at x  = L /2 ,  m a x im u m  m o m en t o c c u r s  at L /2 ,  and s in c e

1 + c o s  K L , 2= co t - iK L  = -s in  KL
sin  j  K L

then

M
-M .L K1

l /2
co s^  -^KL 

s in  K L
+ s in  -rKL

(31)

(32)

M
-M .LK1 1 M L /2

l / 2 2 . , o r  M.s in  ^ K L 1

2 ■/sin  - | K L  . (33)

U sin g  th is  fo r m u la  and the m o m en t a t x  = L /2  a s  a fu n ction  o f •^KL/277 ,

(the r a tio  o f o p era tin g  p r e s s u r e  to c r i t ic a l  p r e s s u r e ) ,  the e f fe c t  of in te r n a l p r e s ­

su r e  on m a x im u m  bending s t r e s s  w a s ev a lu a ted . T h is  i s  p r e s e n te d  g r a p h ic a lly  

as

M L /2
ps M.1

as a function of P /P ^ ^  in F ig u re  20. #
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E x a m in a tio n  o f  E q u ation  29 sh o w s a ls o  th at at the en d s o f the b e llo w s , x =  0, and

X = L; M and M , b e c o m e  z e r o  w hen  j K L ,  = 71/2 o r  F / F  = 1 /4 .  o L  ‘  c r

T h is  s u g g e s t s  a s tro n g  e f f e c t  o f in te r n a l p r e s s u r e  on ro ta tio n  sp r in g  ra te

K^. W hen F /F ^ ^  > 1 / 4 ,  th e sp r in g  r a te  b e c o m e s  n e g a tiv e .

A s im ila r  d e r iv a tio n  w a s  m ad e fo r  b e llo w s  su b jec ted  to tr a n s v e r s e  m o tio n

and in te r n a l p r e s s u r e .  No in c r e a s e  in  p ea k  d e f le c t io n  bending s t r e s s e s  i s  found

to be in d u ced  w hen  in te r n a l p r e s s u r e  i s  l e s s  than -i-P . .^ 2 c r

The con tin u u m  q u a lity  EI can  b e e s t im a te d  by u s in g  the e a s i ly  ca lc u la te d

v a lu e s  o f  a x ia l sp r in g  r a te  w h ich  cou ld  b e  r e la te d  to the p r o p e r t ie s  of a s im p le

tube so  that

e F L  F  EA .1

F ro m  th e eq u ation

I = (? )^ A  ,

r = ra d iu s  o f g y r a tio n

-  R 
\ / T

— Or = ^  fo r  th in  c y lin d e r s

then

and

EI F  •
2 = ^ a  • • • • ( 3 6 )

To find r o ta tio n a l sp r in g  c o n sta n t K^,
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and to find  the c r i t ic a l  p r e s s u r e ,  o r  in te r n a l p r e s s u r e  w h ich  w ould  c a u se  b u c k ­

lin g  w hen  Q = 0,

F  =7TR^P = 47T  ̂ —  • 0 .5 R ^ K  , . . . ( 3 8 )
c r  c r  l2 L ^

2 7TK
P c r  = i : ^  • • • • ( 3 9 )
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F ig u r e  ZO. F a c to r  fo r  I n c r e a s e  in  A ngular D e fle c tio n  S tr e s s  
F r o m  In tern a l P r e s s u r e  Cps - P / P cr
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A PPE N D IX  B 
M ATHEMATICAL EVALUATION O F  T H E  E F F E C T  O F  PR E SSU R E STRESSES ON FATIGUE L IF E

F r o m  th e  e m p ir ic a l ly  d e r iv e d  r e la t io n  o f c y c l ic  s t r e s s  to fa tigu e  li f e  o f  

b e llo w s  w ith ou t s ig n if ic a n t  p r e s s u r e  s t r e s s

Log = X  - n  L og • • • ( l a )

one can  a ls o  s ta te

s '  = J L  . . .  ( lb)bd
i

w h e r e  s u b sc r ip t  "i" d e n o te s  in d iv id iia l v a lu e s ,  p r im e  d en o tes  p r e d ic te d  va lu e

5^^ = ben d in g  s t r e s s  fr o m  d e f le c t io n , p s i  

N = n u m ber o f c y c le s  to  fa ilu r e  

X, n = e m p ir ic a l ly  d e r iv e d  co n sta n ts

C = fa c to r  fo r  in c r e a s e  o f  d e f le c t io n  s t r e s s  due to  in te r n a l p r e s s u r e  ps

S = m em b ra n e  s t r e s s  in d u ced  b y  in te r n a l, p r e s s u r e ,  p s i  m p ’ ’

S =bp bend ing s t r e s s  in d u ced  by in te r n a l p r e s s u r e ,  p s i

The a s su m p tio n  i s  m ad e th at the v a lu e  o f "X" and "n" d e te r m in e d  fr o m  te s t s  on 

a g rou p  o f b e llo w s  w ith  no s ig n if ic a n t  p r e s s u r e  s t r e s s  d e te r m in e  the r e la t io n  of 

c y c l ic  s t r e s s  to fa tig u e  li f e  fo r  the e n tir e  p op u la tion  o f b e llo w s , in clu d in g  th o se  

b e llo w s  w h e r e  s ig n if ic a n t  p r e s s u r e  bending s t r e s s  o f u n d e term in ed  e f fe c t iv e n e s s

e x i s t s .  T hen  a fa c to r  fo r  the e f f e c t iv e n e s s  o f  p r e s s u r e  bending s t r e s s  on fa tigu e

life  w i l l  be d e te r m in e d .

G iven  the t e s t  data  fr o m  a b e llo w s  w ith  in te r n a l p r e s s u r e  one ca n  c a lc u la te  

a p r e d ic te d  s t r e s s  fr o m  the g iv e n  n u m ber o f  c y c le s  N i

X
sr  = — -  . . . ( i c )

'  (N .)^

NAA-SR-4527
85



or to  s e p a r a te  the s t r e s s  co m p o n en ts

/
X

S. = C S, , + 2S + s, = ------------ . . . . ( Id)
X ps .  b d .  m p .  b p .  , n  '  '■ ^ 1 1  1 -̂ 1 (N .)

T h is p r e d ic te d  s t r e s s  w ou ld  b e c o m p a red  to  th e a c tu a l c a lc u la te d  th e o r e t ic a l  

s t r e s s  fr o m  the know n c o n d itio n s  o f  p r e s s u r e  and d e f le c t io n  a s

C .S ,  , + 2S + |8S, = S. . . . . ( 2)ps  bd^ mp^ bp^ 1

It i s  fu r th er  a s su m e d  th at

C S, , '  + 2S ' = G S, , + 2S . . .  (3Jps^ bd^ mp^ p s bd^ mp^ ' ‘

w h ich  im p lie s  th a t any e r r o r  e x is t in g  w ou ld  r e s u lt  fr o m  the e f f e c t iv e n e s s  of

on c y c l ic  l i f e  or

- S b p .  • • • • w‘ 1

W hen n o r m a liz e d  b y  d iv id in g  by S and sq u a red  to  av o id  th e m a .th em a tica l p r o b ­

le m s  o f u s in g  a b so lu te  v a lu e s  of th e  e r r o r  th en

n , n fSSbp. - Sbp.r

i= l  i= l  1

n
To find  that v a lu e  o f  ” |8" w h ich  y ie ld s  the m in im u m  v a lu e  o f ^

i - i

one ta k es

2 T   2 S, (®S, - S , )\  bp. bp. bp .'
 ̂ = 0 = >   ^  . . . ( 6 )

5^ (S^.)
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which y ie lds

^ b p . V .

>  ^ V - r r   ̂ 2  / / \ 2 ~
^  ( ^ 0  ^  ( s ; ) ^

or a s  a co n sta n t

B =

n s '  S, 
V ( 8 )

n

T h is y ie ld s  a v a lu e  o f "B"  w h ich  w ould  r e s u lt  in  the le a s t  sq u a red  e r r o r  b e tw een  

the p r e d ic te d  v a lu e s  o f to ta l s t r e s s  and the a c tu a l c a lc u la te d  v a lu e s  o f s t r e s s  

w h ich  in c lu d e  p r e s s u r e  bend ing s t r e s s .

If m o r e  e x a c t  ev a lu a tio n  o f the e f fe c t  o f p r e s s u r e  s t r e s s  upon c y c l ic  life  

w e r e  d e s ir e d , a m u ltip le  n o n - lin e a r  r e g r e s s io n  w ould  be a b e tte r  w ay  o f e v a lu ­

ating  the b e s t  f it  v a lu e  o f " 6 ”, One g e n e r a l m eth od  o f  p er fo rm in g  a m u ltip le  

n o n - lin e a r  r e g r e s s io n  i s  to  ob ta in  an e s t im a te  o f  the unknown c o e f f ic ie n ts  and  

then s o lv e  fo r  c o r r e c t io n s  to th e s e  t e r m s  u s in g  m u ltip le  lin e a r  r e g r e s s io n  

te c h n iq u e s .

The data m a y  be e x p r e s s e d  by

Log y '=  + R Log (A^Xj + -^2^2^  • • • (9)

w h e r e  w ould  be r e la te d  to  "B" .

T h is cou ld  a ls o  be e x p r e s s e d  a s

Ln y ' n L n ( a i X i  + a 2X2 > . . . ( 1 0 )

w h e r e  the v a lu e s  o f n , a , and a^ m u st  be found for  le a s t  sq u a red  e r r o r . E x p r e s s ­

ing the v a lu e s  found in  the p r e v io u s  a p p ro x im a te  a n a ly s is  a s  n^, a^^ ,̂ and a^Q
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one co u ld  d e fin e  the b e s t  f i t  v a lu e s  a s  c o r r e c t io n s  o f th e s e  by

. . . ( 1 1 a )  

. . . ( l i b )

^2 ~ ^ 2 0  ^2 . . . ( 1 1 c )

then

L n y M n ^ + ^ ^ ) L ^ [ ( a i o  + e^)X^ + ( a2o  + € 2 ) X 2 ]  . . . . ( 1 2 )

E xpanding the r ig h t  s id e  a s  a  T a y lo r  s e r i e s  e x p r e s s io n  fo r  n a tu ra l lo g s  and  

tak ing o n ly  the f ir s t  t e r m  c o r r e c t io n

Ln(X + f )  = L n X + ^  = LnX + y  . . . 1 3 )

then

L ny = %^n^a^^QXj + ^2o'^Z^  ^o^n^^lO ^l ^ ^20^2^ . . . (14)

n f X n f . X -
+  g _ J _ J  + .___________   . . . . ( 1 4 )

^ 10^ 1  ^20^2 ^ 10^ 1  ^ 20^ 2

T h is  e x p r e s s io n  i s  l in e a r  in   ̂  ̂ and ^ ^  and so  w ou ld  a llo w  the u s e  o f  

m u ltip le  lin e a r  r e g r e s s io n  te c h n iq u e s .

T h is  m eth o d  w a s n o t u se d , h o w e v e r , a s :  (1) no co m p u ter  cod e to  s o lv e  for

th e se  c o r r e c t io n s  w a s  r e a d i ly  a v a ila b le ;  and (2) the m eth o d  w h ich  w a s  u s e d  w ould  

s e r v e  to  su p p ly  the v a lu e s  o f n^, and a^Q to  be c o r r e c te d .  The u n c o r r e c te d

v a lu e s  p ro v ed  to  p ro v id e  a c o r r e la t io n  c lo s e  enough  fo r  p r a c t ic a l  p u r p o se s .
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1.

BELLO W S T Y P E  EX PA N SIO N  JOINTS

S cop e T h is  s p e c if ic a t io n  c o v e r s  the r e q u ir e m e n ts  fo r  d e s ig n , fa b r i­

ca tio n , in sp e c t io n , te s t in g , and p a ck ag in g  o f b e llo w s  typ e ex p a n s io n  jo in ts  w h ich  

a s s u r e  f le x ib i l i t y  o f p ip ing  s y s t e m s  fo r  h ig h  te m p e r a tu r e  liq u id  m e ta l  s e r v ic e  

su b je c t  to  th e r m a l ex p a n s io n  or o th er  m o v e m e n t. The b e llo w s  typ e  ex p a n s io n  

jo in t a s s e m b ly  c o n s is t s  of th e  c o n v o lu tio n s  or  t o r u s e s ,  c o n n e c tio n s  to  p ip ing or  

eq u ip m en t, and h a rd w a r e  fo r  su p p o rt and r e s t r a in t  o f m o v e m e n ts  d e fin ed  by the  

d e s ig n  c r i t e r ia .  A p p lic a tio n  o f th is  s p e c if ic a t io n  i s  l im ite d  to co n v o lu ted , r in g  

r e in fo r c e d  co n v o lu ted  and to r o id a l b e llo w s  a s  fa r  a s  the sh ap e o f  c o n v o lu tio n s  i s  

c o n c e r n e d .

2. R EQ U IR EM EN TS

2.1 D e s ig n  C on d ition s

Item  1 Item  2 Item  3 Item  4 Item  5 Item  6

N um ber r e q u ir e d

P ip e  s iz e

P ip e  M a te r ia l

P ip e  C o n n ectio n  type

T ype o f b e llo w s

Type o f h a rd w a re

D e s ig n  p r e s s u r e ,  p s ig

D e s ig n  te m p e r a tu r e , °F

O p erating  te m p e r a tu r e , °F

A x ia l d e f le c t io n , in .

L a te r a l tr a n s la t io n , in .

A ngu lar m o v e m e n t, °

N um ber o f l i f e t im e  c y c le s

T o r s io n a l m o m e n t  
(ob ta in ed  by p ip ing  

s t r e s s  a n a ly s is )

2.2 C o n fig u ra tio n  of B e llo w s  T he c o n v o lu tio n s  and to r u s e s  s h a ll  b e  o f

c o m m e r c ia lly  a v a ila b le  c o n fig u r a tio n  but l im ite d  to  th o se  s p e c if ie d  in  p a ra g ra p h  1.

2 .2 .1  T h ere  s h a ll  be no a p p r e c ia b le  v a r ia t io n  o f  the sp r in g  c o n s ta n ts  o f  

in d iv id u a l c o n v o lu tio n s  and to r u s e s .
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2 . 2 . 2 T he sh ap e o f end  c o n v o lu tio n s  and to r u s e s  s h a ll  be c o n s is te n t  w ith  a l l

o th er  b e llo w s  e le m e n ts .

2 . 2, 3 T he d e s ig n  o f  a tta c h m e n t b e tw e e n  p ip e and b e llo w s  m a te r ia l  s h a ll  a s ­

s u r e  th a t no d e tr im e n ta l s t r e s s e s  w i l l  b e  g e n e r a te d  w h ich  m a y  c a u se  the fa ilu r e  

o f the b e llo w s  m a te r ia l  o r  th e w e ld m e n t.

2 .3  H ard w are

2. 3 , 1 A l l  b e llo w s  s h a ll  b e  f it te d  w ith  p erm a n en t p r o te c t iv e  c o v e r s  so  sp a ced

or a r t ic u la te d  a s  to  a llo w  fu ll  m o v e m e n t o f  th e  b e llo w s  w h ile  m in im iz in g  the 

p o s s ib i l i t y  o f  e n tr y  o f fo r e ig n  p a r t ic le s  b e tw e e n  co n v o lu tio n s  or  d am age during  

th e c o n s tr u c t io n  p e r io d .

2 . 3, 2 R e in fo r c in g  r in g s ,  h a r d w a r e , or o th er  ite m s  in  co n ta c t w ith  the b e l ­

lo w s  m a te r ia l  s h a ll  b e  sm o o th  and fr e e  o f p r o je c t io n s  w hich  cou ld  in d u ce fa ilu r e .

2 . 3 . 3  B e l lo w s  h a rd w a re  or  p a ck ag in g  s h a ll  be f itted  w ith  s to p s  or r e s tr a in t s  

to  p r e v e n t e x c e s s  d e f le c t io n  d u rin g  th e c o n s tr u c t io n  p er io d .

2 .4  A llo w a b le  S t r e s s e s  and S t r e s s  R a n g e s  The s t r e s s e s  due to in tern a l

p r e s s u r e  and th e r m a l ex p a n s io n  s h a ll  not e x c e e d  the fo llo w in g  a llo w a b le  s t r e s s e s

and s t r e s s  r a n g e s  w h e r e  S^, Sj  ̂ and f  a r e  d e fin ed  in  the a p p lica b le  s e c t io n  of the 

A m e r ic a n  S tandard  C ode fo r  P r e s s u r e  P ip in g  A SA  B 31.

2 . 4 .  1 M em b ran e s t r e s s e s  in  the c o r r u g a t io n s , r e in fo r c in g  r in g s  and h a r d ­

w a r e  due to  in te r n a l p r e s s u r e  (S ) s h a ll  n ot e x c e e d  the a llo w a b le  s t r e s s e s  at^ ' m p'
d e s ig n  tem i^ eratu re

2 . 4 . 2  In n o n r e in fo r c e d  typ e b e llo w s ,  th e com b in a tio n  o f m em b ra n e  and

ben d in g  s t r e s s e s  due to  in te r n a l p r e s s u r e  (S^ = ^rnp  ̂ ^bp^ sh a ll be lim iLed to
1.25 S, . h

2 . 4 .  3 S h ea r  s t r e s s e s  s h a ll  be l im ite d  b y  0 .5  Sj .̂

2 . 4 . 4  C o m b in a tio n  o f c a lc u la te d  m e m b r a n e , bending and to r s io n a l s t r e s s e s  

due to in te r n a l p r e s s u r e  and d e f le c t io n  c a u se d  by th e r m a l ex p a n sio n

Sj^^, and  S^) s h a ll  not e x c e e d  the C ode a llo w a b le  s t r e s s  ra n g e  fo r  com b in ed  

s t r e s s e s  = f  (1 .25S^  + 1 ,25  Sj^)-

2 .5  S ta b ility  The fa c to r  o f  s ta b il ity ,  that is  the r a tio  o f c r i t ic a l  to  o p e r ­

atin g  p r e s s u r e ,  m u st  b e g r e a te r  than  5 if  th e  b e llo w s  a r e  d e s ig n e d  for  a x ia l  

m o v e m e n t on ly  and m u s t  be g r e a te r  than  10 fo r  b e llo w s  d e s ig n e d  for  co m b in ed  

m o v e m e n ts .
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2 .6  C a lc u la t io n s  C a lc u la t io n s  to  su b sta n tia te  c o m p lia n c e  w ith  the r e q u ir e ­

m en ts  o f p a ra g ra p h s  2 . 4 and 2 . 5 s h a ll  be p e r fo r m e d  b y  th e m e a n s  o f the a tta ch ed  

D e s ig n  S h ee t F o r m s  1, 2 o r  3, w h ic h e v e r  i s  a p p lic a b le  and in  a c c o r d a n c e  w ith  

the fo llo w in g  d e f in it io n s  and eq u ation s:

2 . 6 . 1  D e f in it io n s

R -M ea n  r a d iu s  o f  co n n ec tin g  p ip in g , in .

h  -H a lf  w a v e  h e ig h t, in .

a -R a d iu s  o f co n v o lu tio n , in .

t - B e l lo w s  th ic k n e s s ,  in .

R  = R + h -  M ean  b e llo w s  r a d iu s , in .

N -N u m b er  o f p lie s  
P

N -N tu n b er  o f c o n v o lu tio n s  c

D - O v e r a ll  a c t iv e  le n g th  o f b e llo w s , in .

A  - C r o s s  s e c t io n  a r e a  o f the r e in fo r c in g  r in g s  

p -I n te r n a l p r e s s u r e ,  p s ig

A -A x ia l  d e f le c t io n , in . a ’

6 - L a t e r a l  tr a n s la t io n , in .

= 6 5 R - L a t e r a l  tr a n s la t io n  e q u iv a le n t a x ia l  d e f le c t io n , in .
Xj

Q  = A n g u la r  m o v e m e n t, ra d ia n

= R ©  -A n g u la r  m o v e m e n t e q u iv a le n t a x ia l  d e f le c t io n , in .

A = A  ̂+ Aj  ̂ + 1«2A^ T o ta l e q u iv a le n t  a x ia l  d e f le c t io n , in .

M^ - T o r s io n a l  m o m en t, in  lb . 

tp -A n g u la r  r o ta tio n  due to  to r s io n a l  m o m en t, ra d ia n  

-Y o u n g 's  m o d u lu s a t r o o m  te m p e r a tu r e , p s i  

- Y ou n g's  m o d u lu s  a t  o p era tin g  te m p e r a tu r e , p s i  

V = 0 . 3  P o is s o n 's  r a t io
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2 . 6 . 2  E q u a t i o n s

(a) M em b ran e s t r e s s e s  due to  in te r n a l p r e s s u r e :

Ph . .
pRa

m p Npt a + h] Npt

Ph
m p N t 

P

S = P ^ ^  
m p E A

fo r  co n v o lu ted  b e llo w s

fo r  ring  r e in fo r c e d  and  
to r o id a l b e llo w s

fo r  r e in fo r c in g  r in g s

(b) B en d in g  s t r e s s e s  due to  in te r n a l p r e s s u r e :

bp

2C ph R 
P

t^N R 
P

O btain co n sta n t C ^ fr o m  F ig u r e  1 fo r  co n v o lu ted  b e llo w s , fr o m  F ig u r e  4 for  

ring  r e in fo r c e d  co n v o lu ted  b e llo w s .

(c) B en d in g  s t r e s s e s  due to  d e flec tio n :

0 . 4 1 2 E  t A R
S -  ---------------------bd , 2N C , Rh c d

O btain  co n sta n t fr o m  F ig u r e  2 co n v o lu ted  b e llo v /s , fr o m  F ig u r e  5 for  ring

r e in fo r c e d  co n v o lu ted  b e llo w s  and fr o m  F ig u r e  7 fo r  to r o id a l b e llo w s .

(d) C om b in ed  m em b ra n e  and ben d in g  s t r e s s e s  due to  in te r n a l p r e s s u r e  

and d e flec tio n :

S , = S + + 0.5S, ,d m p bp bd

S , = S + 0.25S, + 0.5S, ,d m p bp bd

S , = 1.5S + 0.5S, ,d m p bd

(e ) T o r s io n a l s t r e s s e s  
M. ,PE^R

fo r  co n v o lu ted  b e llo w s

fo r  r ing  r e in fo r c e d  c o n ­
v o lu ted  b e llo w s

fo r  to r o id a l b e llo w s
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W here m a y  be ob ta in ed  fr o m  the s t r e s s  a n a ly s is  o f th e  p ip ing  c o n fig u r a tio n  

or fr o m  the c le a r a n c e s  m a in ta in e d  in  the h a rd w a r e  o f r e s t r a in t s .

(f) C om b in ed  to ta l m e m b r a n e , bend ing and to r s io n a l s t r e s s e s :

=  =  V

(g) A x ia l sp r in g  ra te:

0 .431  R  E, t^N
K = ___________^ -----£  lb / in .

a- , 3 ^N h-^C. c f

O btain  c o n sta n t fr o m  F ig u r e  3 for  co n v o lu ted  b e l lo w s ,  fr o m  F ig u r e  6 fo r  

ring r e in fo r c e d  co n v o lu ted  b e llo w s  and fr o m  F ig u r e  8 fo r  to r o id a l b e llo w s .

(h) R o ta tio n  sp r in g  ra te :

K = 0 .5  R^ K in .lb /r a d ia n  r a

(i) F a c to r  o f s ta b ility :

ZTTK 
F  = ■■ ■■ -

-  S

2 .7  M a te r ia l

2. 7 . 1 M a te r ia l in  co n ta c t w ith  the flu id  s h a ll  b e  a u s te n it ic  s t a in le s s  s t e e l ,

any 300 s e r i e s .  M inim iam  th ic k n e s s  o f  b e llo w s  m a te r ia l  sh a ll  not be l e s s  than  

0 .030  in . n o m in a l.

2. 7 . 2 M a te r ia l not in  c o n ta c t w ith  th e f lu id  su ch  a s  r e in fo r c in g  r in g s  and

h in ge  or g im b a l h a rd w a re  m a y  b e o f o th er  than  300 s e r i e s  s t a in le s s  fo r  r e a s o n s  

of r e d u c tio n  o f w e a r  or  s tr e n g th , p ro v id ed  it  i s  c o m p a tib le  w ith  th e  o th er  

m a te r ia ls .

2. 7 . 3 A ll  m a te r ia ls  s h a ll  be c o r r o s io n  r e s is t a n t  and m e ta l lu r g ic a l ly  s ta b le

under long t im e  e x p o su r e  a t o p era tin g  t e m p e r a tu r e s .

2. 8 F a b r ic a t io n  A ll  fa b r ic a t io n  s h a ll  b e  p e r fo r m e d  in  a c c o r d a n c e  w ith  the

p r o v is io n s  o f th e  p e r tin e n t  s e c t io n  o f th e A m e r ic a n  S tan d ard s C ode fo r  P r e s s u r e  

P ip in g  A SA  B31 u n le s s  o th e r w ise  n o ted  in  th is  s p e c if ic a t io n .

2 . 8 .  1 W eld ing W eld ing s h a ll  b e  a c c o r d in g  to  A to m ic s  In te rn a tio n a l S p e c if i ­

c a tio n  N A 0 1 0 7 -0 0 2 .
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2 . 8 .  2 P a s s iv a t io n  P a s s iv a t io n  o f the b e llo w s  m a te r ia l  s h a ll  be a cco r d in g  to

the s u p p lie r 's  p r o c e s s  or  to  c o m m e r c ia l ly  a c c e p ta b le  p r a c t ic e ,  i f  a p p lic a b le . 

W hen a p p lic a b le  th e p r o c e s s  s h a ll  be su b m itted  to A to m ic s  In tern a tio n a l fo r  in ­

in fo rm a tio n .

2 . 8 .  3 H eat T rea tm e n t H eat tr e a tm e n t o f the b e llo w s  m a te r ia l  s h a ll  be 

co rd in g  to  the s u p p lie r 's  p r o c e s s  or to  c o m m e r c ia lly  a c c e p ta b le  p r a c t ic e ,  i f  

a p p lic a b le . The p r o c e s s  s h a ll  be su b m itted  to  A to m ic s  In tern a tio n a l fo r  

in fo rm a tio n .

2 . 9 C lean in g  C lean in g  s h a ll  be done a cco r d in g  to  c o m m e r c ia lly  a c c e p ta b le

p r a c t ic e  to  r e m o v e  d ir t , g r it ,  s c a le ,  w e ld  sp a tte r , g r e a s e ,  o il , c lea n in g  flu id , 

and r in s in g  w a te r .

2. 9. 1 H a lo g e n - io n  b ea r in g  c lea n in g  so lu t io n s  sh a ll be p ro h ib ited .

2 . 9. 2 A ll  o p en in g s  s h a ll be s e a le d  im m e d ia te ly  a fte r  c lea n in g  to p rev en t

en try  o f fo r e ig n  m a tte r  and m o is tu r e  during tr a n s it  and s to r a g e .

2. 9. 3 A ll  g a s ,  or m o is tu r e , or both  trap p ed  b etw een  la y e r s  o f m u lt i-p ly  

b e llo w s  s h a ll  b e  ev a cu a ted  and the sp a ce  s e a le d  a t d e s ig n  te m p e r a tu r e  to p r e ­

v en t d e fo r m a tio n  o f th e b e llo w s  c a u se d  by th e r m a l ex p a n sio n  o f any g a s  p r e se n t .

2. 10 Id e n tif ic a t io n  Id e n tif ic a tio n  o f th e prod u ct to be in  a c c o r d a n c e  w ith

c o m m e r c ia l ly  a c c e p te d  p r a c t ic e  u sin g  an e le c t r o - c h e m ic a l  m ark in g  on a n on -  

c r i t ic a l  s t r e s s  a r e a . I m p r e s s io n  stam p in g  or v ib ra tin g  n e e d le  id e n t if ic a t io n  

sh a ll not be u sed .

2. 11 P a ck a g in g  The b e llo w s  s h a ll  be p a ck aged  to p rev en t dan^age and  

co n ta m in a tio n  during h an d lin g , sh ip m en t, and s to r a g e , and be a c c e p ta b le  by  

co m m o n  c a r r ie r s .

3. IN SPE C T IO N  A N D  TESTS

3. 1 A c c e s s  A n A to m ic s  In tern a tio n a l r e p r e se n ta t iv e  sh a ll h ave a c c e s s  to

the S e l l e r ' s  p lan t fo r  s u r v e il la n c e  o f w o rk  at any tim e  during the fa b r ica tio n ,  

a s s e m b ly , in sp e c t io n , t e s t in g , and p ack ag in g  o f the eq u ip m en t.

3. 2 The S e l le r  s h a ll  su p p ly  a l l  m a te r ia ls  and eq u ip m en t fo r  conducting ,

and con d u ct a l l  n e c e s s a r y  in s p e c t io n s  a s  r e q u ir e d  by th is  s p e c if ic a t io n .

3. 3 T he b e llo w s  m a te r ia l  s h a ll  b e  d e te r m in e d  to  be fr e e  of in ju r io u s  d e ­

fe c t s  b y  d e f in it iv e  in s p e c t io n  m eth o d s p r io r  to fo rm in g .
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3 .4  A fte r  fo r m in g , the b e llo w s  s h a ll  be d e te r m in e d  to  b e fr e e  fr o m  in ju r i-

our d e fe c t s  by d e f in it iv e  in s p e c t io n  m e th o d s .

3. 5 A l l  w e ld s  o f  th e  ex p a n s io n  jo in t a s s e m b ly  s h a ll  be r a d io g r a p h ed  in

a c c o r d a n c e  w ith  th e p r o v is io n s  o f A to m ic s  In tern a tio n a l S p e c if ic a t io n  N A 0 1 0 7 -0 0 2 . 

W here r a d io g r a p h y  i s  n ot p r a c t ic a l ,  liq u id  p en etra n t ex a m in a tio n  m a y  b e s u b s t i ­

tu ted . A p p lic a tio n  o f th e  liq u id  p e n e tra n t s h a ll  b e  done b y  p a in tin g  o r  d ipp ing.

3 .6  V is u a l e x a m in a tio n  and m e a s u r e m e n t  o f the c o m p le te d  ex p a n s io n  jo in t

a s s e m b ly  s h a ll  d e te r m in e  th at v a r ia n c e s  o f fa b r ic a t io n  su ch  a s  n o tc h e s , c r e v ic e s ,  

m a te r ia l  th in n in g , m e ta l  bu ildup , u p se ttin g  or o th e r s  w i l l  n ot s e r v e  a s  p o in ts  of 

s t r e s s  c o n c e n tr a tio n  or  s t r e s s  r a i s e r s .

3. 7 T he c o m p le te d  ex p a n s io n  jo in t s h a ll  be t e s te d  fo r  le a k a g e  b y  the h e liu m
_7

le a k  d e te c t io n  m eth o d . The m aixim um  a llo w a b le  le a k a g e  s h a ll  be 1 x  10 c c  p er  

seco n d  fo r  a one a tm o sp h e r e  p r e s s u r e  d if fe r e n t ia l  a t stan d ard  co n d it io n s . The 

S e lle r  s h a ll  su b m it h is  d e ta ile d  p r o c e d u r e  to  A to m ic s  In te rn a tio n a l and ob ta in  

A to m ic s  In te rn a tio n a l a p p r o v a l b e fo r e  s ta r t  o f t e s t in g .

3 .8  A l l  in s p e c t io n  and t e s t  r e p o r ts  and fo r m s  in c lu d in g  m a te r ia l  c e r t i f i c a ­

tio n s  s h a ll  b e  su b m itte d  to  A to m ic s  In te rn a tio n a l.

4 . E N G IN E ER IN G  D A T A  T he s e l l e r  s h a ll  fu rn ish  the fo llo w in g  data  fo r  

A to m ic s  In te r n a tio n a l's  r e v ie w  and a p p ro v a l p r io r  to  fa b r ic a t io n .

a . B e llo w s  a s s e m b ly  d raw in g  in c lu d in g  the fo llo w in g  in fo rm a tio n :  

c o n fig u ra tio n , w e ld m e n ts , c o n tr o llin g  d im e n s io n s , t o le r a n c e s ,  m a te r ia ls ,  

f in is h e s ,  a p p lic a b le  s p e c if ic a t io n s .

b . D e s ig n  s h e e t  fo r m s  c o m p le te d  w ith  c a lc u la t io n s .

c . F a b r ic a t io n  p r o c e d u r e s .

d. In sp e c tio n  and t e s t  p r o c e d u r e s .
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3 .4  A fter  fo r m in g , the b e llo w s  s h a ll  b e  d e te r m in e d  to  be fr e e  fr o m  in ju r i-

our d e fe c ts  b y  d e f in it iv e  in s p e c t io n  m eth o d s.

3. 5 A ll  w e ld s  o f the ex p a n s io n  jo in t a s s e m b ly  s h a ll  be ra d io g ra p h ed  in

a c c o r d a n c e  w ith  th e p r o v is io n s  o f A to m ic s  In tern a tio n a l S p e c if ic a t io n  N A 0 1 0 7 -0 0 2 . 

W here ra d io g ra p h y  i s  n o t p r a c t ic a l ,  liq u id  p en etra n t e x a m in a tio n  m a y  b e s u b s t i­

tu ted . A p p lic a tio n  o f th e  liq u id  p en etra n t s h a ll  b e  done b y  p a in tin g  o r  d ipp ing.

3. 6 V isu a l e x a m in a tio n  and m e a s u r e m e n t  o f the co m p le te d  ex p a n s io n  jo in t

a s s e m b ly  s h a ll  d e te r m in e  th at v a r ia n c e s  o f fa b r ic a t io n  su ch  a s  n o tc h e s , c r e v ic e s ,  

m a te r ia l  th in n in g , m e ta l  bu ild u p , u p se tt in g  or  o th e r s  w i l l  not s e r v e  a s  p o in ts  of 

s t r e s s  c o n c e n tr a tio n  o r  s t r e s s  r a i s e r s .

3. 7 T he c o m p le te d  ex p a n s io n  jo in t s h a ll  be te s te d  fo r  lea k a g e  b y  the h e liu m
_7

le a k  d e te c t io n  m eth od . The m axim 'om  a llo w a b le  le a k a g e  sh a ll be 1 x  10 c c  p er  

seco n d  fo r  a one a tm o sp h e r e  p r e s s u r e  d if fe r e n t ia l a t stan d ard  c o n d itio n s . The 

S e lle r  s h a ll  su b m it h is  d e ta ile d  p r o c e d u r e  to  A to m ic s  In tern a tio n a l and obtain  

A to m ic s  In te rn a tio n a l a p p r o v a l b e fo r e  s ta r t  o f te s t in g .

3 .8  A ll  in s p e c t io n  and t e s t  r e p o r ts  and fo r m s  in clu d in g  m a te r ia l  c e r t i f ic a ­

tio n s  s h a ll  b e  su b m itte d  to  A to m ic s  In tern a tio n a l.

4 . EN G IN E ER IN G  D A T A  The s e l l e r  s h a ll  fu rn ish  the fo llo w in g  data fo r  

A to m ic s  In te r n a tio n a l's  r e v ie w  and a p p ro v a l p r io r  to  fa b r ic a tio n .

a . B e llo w s  a s s e m b ly  draw in g  in c lu d in g  the fo llo w in g  in form ation :  

c o n fig u ra tio n , w e ld m e n ts , c o n tr o llin g  d im e n s io n s , to le r a n c e s , m a te r ia ls ,  

f in is h e s ,  a p p lic a b le  s p e c if ic a t io n s .

b. D e s ig n  s h e e t  fo r m s  com vjleted  w ith  c a lc u la t io n s .

c . F a b r ic a t io n  p r o c e d u r e s .

d. In sp e c tio n  and t e s t  p r o c e d u r e s .
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