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ABSTRACT 

Results  of t h e o r e t i c a l  and experimental i nves t iga t ions  of bellows 

t y p i c a l  of those found i n  Space S h u t t l e  ex t e rna l  tanks a r e  presented. New 

co r re l a t ion  parameters a r e  i d e n t i f i e d  which genera l ize  t h e  a l t e r n a t i n g  

s t r e s s  ca l cu la t ions  presented i n  an  e a r l i e r  SwRI s tudy t i t l e d  "Bellows 

Flow-Induced Vibrat ions and Pressure Loss." Al te rna t ing  s t r e s s  amplitudes 

and mean s t r e s s  l e v e l s  fom. t h e  b a s i s  of a f a t i g u e  a n a l y s i s  incorporat ing 

seven-ordinate c h a r t s  f o r  347 S.S., Alloy 21-6-9, and Inco 718. A crack 

propagation model is  a l s o  presented. Computer programs f o r  computing 

bellows f a t igue  l i f e  and Two Phase flow and ma te r i a l  hardness t o p i c s  a r e  

contained In the  repor t .  
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I. INTRODUCTION 

t 
1.1 Overview I 

I 

This report describes all work performed by Southwest Research Institute 

under Contract NAS8-31994, "Research Study of Flow Induced Vibrations. " This 

study was performed for George C. Marshall Space Flight Center of the National 

Aeronautics and Space Administration, and it was administered by the Structures 

and Propulsion Laboratory, with Mr. R. H. Veitch serving as Tectmica, Manager. 

The general objective of this study was to evaluate bellows related 

theoretical assumptions either by analytical and/or experimental investigations . 
Emphasis was placed on obtaining a better understanding of the fluid-elastic 

excitation mechanism and upon developing a refined fatigue prediction methodology. 

The foundation of the current study is found in earlier research work performed ! 

by the Institute which is reported in a document titled "Bellows Flow-Induced 

Vibrations and Pressure Loss," by C. R. Gerlach, et al. (1) 

Summary of Results 

A number of significant findings have been made throughout this report; 

these are summarized below. 

Definition of cF* Parameter - A stress correlation parameter has 
been defined which generalizes the existing bellows data contained 

in Reference 1. Previous data were characterked by a number of 

parameters such as the specific spring rate, fluid state, geometric 

factors and a vortex force coefficient. All of these factors are 

accounted for in the cF* correlation and its usage. 

Damping Model - As an alternate method of predicting stress ampli- 
tudes, an empirical damping model was developed. 

Fatigue Prediction - A stress analysis has been coupled with the 
flow-induced vibration analysis in order to determine, with reason- 

able accuracy, the bellows fatigue life under varying environmental 

factors. 

Computer Program - A computer program has been developed to allow 
quick computation of the bellows mode frequencies, lock-in ranges, 

stress indicator, and stress level. 



(e )  Acouetic Resonance - The acous t i c  resonances as i d e n t i f i e d  by 

a n a l y s i s  have been v e r i f i e d  by 1iu.ited experimental i nves t iga t ion .  

( f )  Spec ia l  Problems - During t h e  course of t h e  con t r ac t ,  s eve ra l  urgent  

and s p e c i a l  bellows r e l a t e d  problems were addressed at NASA's 

reques t .  The so lu t ion  of t hese  problems a r e  included i n  t h i s  r epo r t .  

1 . 2  Organization of Study 

The bellows s tudy has been broken i n t o  two sepa ra t e  methods of approach 

as indica ted  i n  t he  block diagram shown i n  Figure 1. The end ob jec t ive  of both 

methods is t o  p red ic t  t h e  f a t i g u e  l i f e  of U-shaped bellows made of an a r b i t r a r y  

ma te r i a l ,  and i n  both cases ,  t he  a l t e r n a t i n g  stress component is generated by 

flow induced v ibra t ions .  Method I incorpora tes  t h e  s t r e s s  i nd ica to r  concept,  

while  Method I1 incorpora tes  a c t u a l  s t r e s s  p red ic t ions  which may be incorporated 

with ?-ordinate f a t i g u e  curves t o  p red ic t  b e l l o w  l i f e .  Method I s u f f e r s  from 

the  lack  of a f a t i g u e  d a t a  base which must be generated by f a i l i n g  numerous 

bellows while influenced by flow induced v ib ra t ions .  Method I1 s u f f e r s  from 

underdevelopment of a r e a l i s t i c  s t r e s s -de f l ec t ion  model where the  convolute 

d e f l e c t i o n s  can be predic ted  given an a r b i t r a r y  geometry and flow condit ions.  

Method I has been streamlined and somewhat general ized with the  development 

of an envelope parameter designated a s  CF* which i s  then used t o  determine the  

s t r e s s  i nd ica to r .  Method I1 e f f o r t s  were d i r ec t ed  toward the  development of a 

flow induced s t r e s s  model. 

1.3 General Discussion of Study 

The main propulsion system of t h e  Space S h u t t l e  i s  corf igured with th ree  

engines,  a complex a r r a y  of l i q u i d  and gas flow l i n e s ,  and two l a r g e  ex te rna l  

tanks (ET). An elementary schematic of the  main propulsion system is shown 

i n  Figure 2. Bel.lows a r e  contained throughout t he  flow network; however, the  

bellows of primary i n t e r e s t  a r e  contained i n  t h e  feed l i n e s  (LO2 and LH2) and 

i n  the small r e c i r c u l a t i o n  l i n e s .  

E a r l i e r  s t u d i e s  have shown t h a t  unshrouded s h u t t l e  app l i ca t ion  bellows i 
(see Figure 3 f o r  bellows nomenclature) w i l l  v i b r a t e  v i o l e n t l y  when the  contained 

f l u i d  is moving a t  a s p e c i f i c  c r i t i c a l  ve loc i ty .  The o s c i l l a t i o n  is shown t o  

occur at a reduced v e l o c i t y  ( U / ~ U )  of approximately 4.5. Vortex shedding from 

the  ind iv idua l  convolutes was found t o  be t h e  flow induced v i b r a t i o n  mechanism. 



METHODS OF APPROACH 

METHOD I 

STRESS INDICATOR DEVELOPMENT 

EXISTING DATA BASE 
CFQ, STRESS INDICATOR 

DEVELOP I CF* 

1 

STRESS 
INDICATOR 

FATIGUE LIFE 
PREDICTION 

METHOD I1 

STRESS DEFLECTION DEVELOPMENT 

DEVELOP BELSOWS FLOW 
INDUCED VIBRATION 

STRESS MODEL 

7 -ORDINATE 
FATIGUE 
CURVES 

FATIGUE LIFE 
PREDICTION 

FIGURE 1. METHODS OF APPROACH INCORPORATED IN BELLOWS STUDY 





N = NUMBER OF CONVOLUTIONS COUNTED 
FROM THE OUTS1 DE 

N = NUMBER OF PLYS 
P 

O = MEAN BELLOWS D IAMETER m 

t = WALL THICKNESS (THICKNESS PER 
PLY I F  MULTI-PLY) 

X = CONVOLUTE PITCH 

a CONVOLUTE WIDTH 

a = MEAN FORMING RAD 

h = MEAN Of  SC HEICHT 

FIGURE 3 .  BELLOWS NOMENCLATURE 



Experimental  d a t a ,  ob ta ined  from t h e  e a r l i e r  s t u d i e s ,  were p a r a m e t r i c a l l y  

c o r r e l a t e d  i n  terms o f  (1) t h e  S t r o u h a l  number \convolute  width  is t h e  charac-  

t e r i s t i c  dimension),  (2) t h e  bel lows modal f r e q u e n c i e s  which included added f l u i d  

mass terms, and (3) a s t r e s s  i n d i c a t o r  which is p r o p o r t i o n a l  t o  t h e  riaximum 

dynamic s t r e s s .  

It has  been shown t h a t  t h e  stress i n d i c a t o r  is a f u n c t i o n  of a  v o r t e x  

f o r c e  c o e f f i c i e n t ,  CF, and a fo rced  response dynamic ~ m p l i f i c a t i o n  f a c t o r ,  Q. 

These exper imental ly  de r ived  f a c t o r s  a r e  shown i n  F i g u r e s  4 and 5 and Table  I. 

F i n a l l y ,  t h e  observed f a t i g u e  l i f e  was r e l a t e d  t o  t h e  s t r e s s  i n d i c a t o r  

a s  shown i n  F igure  6. The f a t i g u e  d a t a  were ob ta ined  f o r  321 S.S. on ly ;  

a l though t h e  g e n e r a l  p r e s e n t a t i o n  could be expanded t o  i n c l u d e  o t h e r  m a t e r i a l s  

i f  a p p r o p r i a t e  m a t e r i a l  f a c t o r s  could be included.  Bellows f o r  Space S h u t t l e  

a p p l i c a t i o n s  a r e  cons t ruc ted  of Inco 718 and s c e e l  a l l o y  21-6-9 v a t e r i a l s .  







TABLE I. 

APPLICATIONS INFORMATION FOR USE WITH Q VALUE 
DATA I N  FIGURE 5 

a l l  r anges  
over 2000 l b / i n 2  
over  2000 
under 2000 
under 2000 

over  3000 
2000 - 3000 
under 2000 
2000 - 3000 
under 2000 

Number 
P l i e s  

I n t e r n a l  Media 
( s e e  Note 2)  

1 
1 
1 
1 
1 

Curve 
No. 

1 
1 
2 
2 
3 

3 
4 
5 
5 
6 

low p r e s s u r e  g a s e s  
h igh  p r e s s u r e  g a s e s ,  l i g h t  l i q u i d s  
w a t e r ,  dense  l i q u i d s  
h igh  p r e s s u r e  gases ,  l i g h t  l i q u i d s  
w a t e r ,  dense  l i q u i d s  

2 
2 
2 
2 
2 

over  3000 
2000 - 3000 
under 2000 
under 2000 

a l l  
a l l  p r e s s u r e  gases  
a l l  p r e s s u r e  g a s e s  
a l l  l i q u i d s  
a l l  l i q u i d s  

3 a l l  
3 a l l  
3 a l l  p r e s s u r e  g a s e s  
3 a l l  l i q u i d s  

Use of Table - To u s e  t a b l e ,  f i r s t  c a l c u l a t e  bel lows s p e c i f i c  s p r i n g  r a t e ,  
then  look up a p p l i c a t i o n  curve  r nber corresponding t o  
t h i s  s p e c i f i c  s p r i n g  r a t e ,  numbel of p l i e s ,  and i n t e r n a l  
media . 

Note 1: The s p e c i f i c  s p r i n g  r a t e  i s  h e r e  de f ined  as 

K ~ N c  
S . S . R .  = - 

DmNp 

o r  i s  t h e  s p r i n g  r a t e  p e r  convolu te ,  pe r  p l y ,  pe r  u n i t  of 
d iamete r ,  

Note 2: Low p r e s s u r e  g a s e s  w i l l  be d e f i n e d  here  a s  being t h o s e  
g a s e s  below 150 p s i a .  L igh t  l i q u i d s  w i l l  be de f ined  as 
having a d e n s i t y ,  r e l a t i v e  t o  wa te r ,  of l e s s  than  0.2. 



1, m, 000 

Number Of Cycles To Failure 

FIGURE 6. PRELIMINARY BELLOWS FATIGUE LIFE DATA 



1 . 4  Review of Relevant  L i t e r a t u r e  

The fo l lowing  l ist  of reviewed s o u r c e s  of bel lows in format ion  is  in- 

c luded t o  h e l p  d i r e c t  t h e  i n t e r e s t e d  r e a d e r  b u i l d  a background knowledge which 

i s  needed f o r  d e t a i l e d  e v a l u a t i o n  of b e l l o h  r e l a t e d  t o p i c s .  

(1) Kleppe, S. R . ,  "High P r e s s u r e  Expansion J o i n t  Studies1 '  
ASME Petroleum Mechanical Engineer ing Conference,  New 
Or leans ,  Sept .  25-28, 1955, Paper No. 55-PET-10. 

A semi-torus expansion j o i n t  was e x t e n s i v e l y  s t ra in -gaged  and 

h y d r o s t a t i c a l l y  t e s t e d .  T e s t  r e s u l t s  compared favorab ly  wi th  

R. A. C l a r k ' s  t h e o r y  as p r e s e n t e d  i n  "On t h e  Theory o f  Thin 

E l a s t i c  T o r o i d a l  S h e l l s , "  J o u r n a l  of Mathematics and Phys ics ,  

Vol. 29, 1950, pp. 146-178. 

(2) Turner ,  C.  E . ,  and Ford,  H. ,  " S t r e s s  and D e f l e c t i o n  S t u d i e s  of 
P i p e l i n e  Expansion Bellows," Proceedings  of t h e  I n s t i t u t e  of 
Mechanical Engineer ing,  pp 596-552, Vol. 171,  No. 15,  1957. 

T h i s  paper p r e s e n t s  a t h e o r e t i c a l  s o l u t i o n  t o g e t h e r  w i t h  a n  

exper imenta l  s t u d y  of a x i a l  compression of c e r t a i n  bel lows 

mainly of t h e  corrugated-pipe  type ,  used i n  t h e  p r e s s u r e l e s s  

s t a t e .  The t o t a l  s t r a i n  energy i s  w r i t t e n  i n  terms of t h e  

c i r c u m f e r e n t i a l  s t r e s s  and t h e  a x i a l  load ing  moment. A 

R a y l e i g h - R i t z  method i s  used t o  s o l v e  f o r  a minimum s t r a i n  

energy c o n d i t i o n .  U l t i m a t e l y  t h e  s u r f a c e  s t r e s s e s  a r e  ana- 

l y t i c a l l y  determined.  The paper c o n t a i n s  a s h o r t  l i t e r a t u r e  

review cover ing  t h e  p e r i o d  from 1916 t o  1953. 

( 3 )  Fee ly ,  F. J . ,  Jr . ,  and Goryl ,  W. M . ,  " S t r e s s  S t u d i e s  On P ip ing  
Expansion Bellows," J o u r n a l  of Applied Mechanics, Paper No. 
44-APM-22. 

I n  t h i s  paper a formula h a s  been d e r i v e d  t o  show t h e  t o t a l  

s t r e s s  induced i n  t h e  ~ s t * z r L a l  as a r e s u l t  of t h e  combined 

e f f e c t s  of p r e s s u r e  and movement. The v a l i d i t y  of t h e  approx i  

mat ions  used i n  t h e  formula have been v e r i f i e d  by l a b o r a t o r y  

s t r a i n  measurements. The paper d e a l s  p r i m a r i l y  w i t h  f l a t  d i s c  

type bellows. 



(4)  Samans, Walter, "Endurance T e s t i n g  of Expansion J o i n t s  ," ASME 
Paper No. 54-A-103. 

Th is  paper  p r e s e n t s  t h e  r e s u l t s  of t e s t i n g  1 9  bel lows of v a r i o u s  

types  t o  t h e i r  endurance l i m i t .  The t y p e s  i n c l u d e  (1) welded 

r o o t s ,  (2)  h y d r a u l i c a l l y  formed, and (3) welded d i s k .  The 

bel lows m a t e r i a l  c o n s i s t e d  of s t a i n l e s s  steel t y p e s  304, 321, 

and 347. A t y p i c a l  s t r e s s - d i s t r i b u t i o n  diagram f o r  a 12-inch 

diameter  h y d r a u l i c a l l y  formed bel lows is  presen ted  (case  of a x i a l  

ex tens ion  and compression,  and i n t e r n a l  p r e s s u r e ) .  S t r a i n  mea- 

surements were t aken  w i t h  SR-4 s t r a i n  gages.  The maximum s t r e s s  

range f o r  both  r a d i a l  and c i r c u m f e r e n t i a l  s t r e s s e s  o c c u r s  n e a r  

t h e  r o o t  of t h e  c o r r u g a t i o n .  

(5) Haringy, J. A . ,  " I n s t a t i l i t y  of 3el lows Subjected t o  I n t e r n a l  
P ressure , "  P h i l i p s  Res. Report 7 ,  189-196, 1952. 

Je l lows may become u n s t a b l e  when loaded by i n t e r n a l  p r e s s u r e .  

The c r i t i c a l  v a l u e  9f t h i s  p r e s s u r e  is  governed by t h e  r i g i d i t y  

of t h e  bel lows wi th  r e s p e c t  t o  bending.  C r i t i c a l  p r e s s u r e s  have 

been a n a l y t i c a l l y  determined f o r  r e c t a n g u l a r l y  shaped corruga-  

t i o n s  and t h e s e  c r i t i c a l  p r e s s u r e s  may be cons idered  t o  a g r e e  

wi th  those  ob ta ined  exper imenta l ly  f o r  U-shaped bel lows when 

cons ider ing  t h e  approximat ions  in t roduced  and t h e  v a r i a t i o n  o f  

w a l l  t h i c k n e s s .  

(6) Laupa, A . ,  and Weil, N .  A . ,  " ~ n a l y s i s  of U-Shaped Expansion 
J o i n t s , "  J o u r n a l  of Applied Mechanics, T r a n s a c t i o n s  of t h e  ASME, 
pp 115-123, March 1962. 

An e l a s t i c  analys". of U-shaped expansion j o i n t s  under a x i a l  

l o a d s  and i n t e r n a l  o r  e x t e r n a l  p r e s s u r e  i s  presen ted .  The 

a n a l y s i s  employs t h e  energy method f o r  t h e  t o r o i d a l  s e c t i o n s ,  

and t h e  t h e o r y  of symmetrical  bending of c i r c u l a r  p l a t e s  

augmented by t h i c k  wal led c y l i n d e r  a n a l y s i s  f o r  t h e  annu la r  

p l a t e  connect ing t h e  two t o r o i d a l  s e c t i o n s .  

(7) Sack, L. , "Avoiding Fluid-Line F a i l u r e  i n  Bellows and Convoluted 
Tubing," Machine Design,  May 2 7 ,  1971. 

F l e x l i n e  response f r e q u e n c i e s  a r e  inodeled a s  a  lumped parameter 

system where t h e  c h a r a c t e r i s t i c  f requency is  determined by 



knowledge of the convolute effective mass and the sffective 

fluid compressibility. Bellows longitudinal natural frequencies 

are modeled as a spring-mass analog where a dimensionless fre- 

quency parameter is utilized for evaluating all the longitudinal 

modal frequencies. An attempt has been made to define the 

maximum alternating stress. 

(8) Baylac, G., et al., "Calculation of Acoustical Resonances in 
Irregular Cavities with Application to Noise-Induced Stress in 
Expansion Joints," ASME Paper No. 75-DET-64. 

An analytical and experimental study of the acoustic behavior 

of seven and nine corrugation expansion joints (bellows) used 

in a nuclear reactor is presented. Resonant frequencies obtained 

from a computer program using a matrix method are given. Experi- 

mental test results on seven corrugation expansion joints are in 

good agreement with the computations. It is concluded that the 

calculation of acoustic frequencies of expansion joints with in- 

ternal sleeves can be utilized to avoid the coincidence of these 

frequencies with those of a mechanical or flow-induced noise 

nature and thus reduce the loads on expansion joint corrugat-l.ons. 

(9) T. M. McCrary, "Evaluation of Inconel 718 Bellows Material," 
SD73-SA-0014, Rockwell International Space Division, Mar. 1973. 

Life cycle testing was performed on 10" diameter bellows with 

nominal 318-inch high convolutions (.008-inch thick, Inconel 718). 

Testing was similar to that conducted for Boeing Company by 

Strazar. Metallurgical and fatigue properties were evaluated. 

This report does present a source of fatigue data as a function 

of bending stress (bellows), and percent of tensile ultimate 

strength (specimens only) . 
(10) "Effect of Surface Irregularities on Bellows Fatig~e Life ,I1 

R7250 Rocketdyne, NASA Contract NAS8-19541. 

The report presents the results of a brief test program aimed at 

generating data on bending life of notched CRES sheet specimens. 

Emphasis of the study is directed toward the quantitative walu- 

ation of bellows' defects, particularly those resulting from 

accidental damage. An empirically derived procedure for evalu- 

ating bellows' surface irregularities and determining service 

life is presented. 



I I. GENERALIZED CORRELATION PARAMETER : cF* 

11.1 I n t r o d u c t i o n  

Through t h e  e f f o r t s  o f  Ger lach ,  e t  a l .  ( l j  and is h a s  been 

w e l l  e s t a b l i s h e d  t h a t  a series of  lumped spring-mass e lements  can r e p r e s e n t  

a f r e e  bel lows and t h e  modal f r e q u e n c i e s  can  be computed w i t h  a h i g h  d e g r e e  

of accuracy.  The work of  Ger lach went on t o  show t h a t  t h e  f low e x c i t a t i o n  

mechanism i s  a v o r t e x  shedding phenomena t h a t  o c c u r s  i n  t h e  e n t r a n c e  r e g i o n  

of a convoluted bellows.  When t h e  v o r t e x  shedding f requency is  n e a r  a 

bel lows l o n g i t u d i n a l  s t r u c t u r a l  f requency,  t h e  v o r t e x  shedding f r e q u e w y  

w i l l  "lock-on" and t h e  s t r u c t u r e  w i l l  v i b r a t e  a t  a n  ampl i tude  dependent 

upon t h e  amount of f l u i d  and s t r u c t u r a l  damping p r e s e n t .  

U l t i m a t e l y ,  t h e  most fundamental  q u e s t i o n  is how t o  determine t h e  

amplitude of convo lu te  d isplacement  and hence t h e  r e s u l t a n t  maximum a l t e r -  

n a t i n g  s t r e s s  ampl i tude.  Two s t r e s s  p r e d i c t i o n  models w j ' l  be  addressed  

i n  t h i s  s e c t i o n .  

11.2 cF* C o r r e l a t i o n  Parameter  

Reference 1 c o n t a i n s  t h e  d e r i v a t i o n  and a p p l i c a t i o n  of a s t r e s s  i n d i -  

c a t o r  concept .  It must be emphasized t h a t  t h e  o r i g i n a l  form of t h e  s t r e s s  

i n d i c a t o r  was merely a bench mark showing r e l a t i v e  s t r e s s  i n t e n s i t i e s  a s  a 

f u n c t i o n  of f l u i d  and geometr ic  pa ramete r s .  Its purpose was t o  gu ide  a de- 

s i g n e r  when o b t a i n i n g  f a t i g u e  p r e d i c t i o n s .  The stress i n d l c a t o r  c m c e p t  i s  

a v a l i d  method f o r  p r e d i c t i n g  f a t i g u e  l i f e  s o  long as a s u b s t a n t i a l  d a t a  base  

i s  developed;  u n f o r t u n a t e l y ,  a  l a r g e  d a t a  base  does  n o t  e x i s t .  

Before d e s c r i b i n g  t h e  cF* ("C sub F S t a r " )  model, t h e  o r i g i n a l  s t r e s s  

i n d i c a t o r  model i s  reviewed. It h a s  been shown t h a t  t h e  maximum convo lu te  

s t r e s s  due t o  f low induced v i b r a t i o n  is  

The K term c o n t a i n s  f a c t o r s  of p r o p o r t i o n a l i t y  r e l a t i n g  t o  geometr ic  

c o n s t r a i n t s  and t h i s  f a c t o r  was e x t r a c t e d  from Equat ion (11.1) t o  produce a 

s i n g l e  simple e x p r e s s i o n  f o r  s t r e s s  which c o n t a i n s  o n l y  r e a d i l y  known bel lows 

dimensional  d a t a ,  pa ramete r s ,  and f low v a r i a b l e s .  There fo re ,  t h e  i n d i c a t o r  

i s  given a s  
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Table  I1 compares t h e  c a l c u l a t e d  s t r e s s  i n d i c a t o r  and measured s t r e s s  

on t h e  crown of t h e  second convolu te  ( see  Appendix B f o r  a d e s c r i p t i o n  of t h e  

exper imental  t echn iques ) .  Severa l  i t e m s  a r e  worth n o t i n g  i n  t h i s  t a b l e .  The 

K f a c t o r  ranges  from 0.585 t o  3.61 f o r  t h e  l i m i t e d  t e s t  conducted and t h e r e  

is a downward t rend  i n  t h e  K f a c t o r  as t h e  mode number i n c r e a s e s .  Th i s  shows 

t h a t  t h e  s t r e s s  i n d i c a t o r  may o r  may n o t  be  a c o n s e r v a t i v e  e s t i m a t o r  of s t r e s s  

l e v e l s ,  and t h e  K f a c t o r  i s  n o t  c o n s t a n t  a s  assumed i n  Reference 1. 

TABLE 11. MEASURED CONVOLUTE RADIAL STRESS AND CALCULATED 
STRESS INDICATOR COMPARISON 

~ e l l o w s *  
I d e n t  . 

4 

4 

4 

6 

6 

6 

15 

1' 

15 

E 

E 

Node 
No. 

1 

2  

3 

1 

2  

3 

1 

2 

3 

1 

2  

Measured 
Radial  S t r e s s  

KSI (peak) 

S t r e s s  
I n d i c a t o r  

KS I 

2 . 2 1  

Measured 
Ca lcu la ted  

* Dimensional Data is conta ined i n  Appendix C .  

The s t r e s s  i n d i c a t o r  c o n t a i n s  two terms,  CF and Q ,  t h a t  a r e  

dependent upon f a c t o r s  of damping, i n t e r n a l  p r e s s u r e ,  convolu te  geometry, 

and t h e  flow media. Values f o r  CF a r e  ob ta ined  from Figure  4 whi le  v a l u e s  

f o r  Q a r e  ob ta ined  from Figure  5 and Table I. The daLa con ta ined  i n  t h e s e  

sources  have been c o r r e l a t e d  i n  t h e  form of one u n i v e r s a l  s t r e s s  f u n c t i o n  

curve  a s  d i s c u s s e d  below. 



All data contained in Reference 1 has been evaluated in terms of a 

correlation parameter Oefined as 

Figures 7 through 9 show plots of the force coefficient parameter for 

representative samplings of the total data base. The effect of changes in A 

on the force coefficient parameter cF* is illustrated in Figure 7. Here, a 

single bellows was tested at various pitch values, A, and the peak response 

of the first longitudinal mode (N-1) was noted. It is noted that spring rate 

is affected somewhat by changes in A. 

The reduced data shown in Figure 8 clearly illustrates the effect of 

vortex reinforcement and vortex retardation on the flow induced response of 

the bellows. 

A vortex reinforcement occurs when the vortex shedding from an upstream 

convolute arrives at the adjacent downstream convolute at the right moment 

to aid in the format~on of the vortex forming at that adjacent convolute. 

Vortex retardation has the opposite effect. The vortex shed from an up- 

stream convolute arrives at the adjacent downstream convolute at the right 

moment to detract from the formation at that location. As we will soon 

discuss, it is our present concept that vortex reinforcement is most pre- 

valent and effective in the higher longitudinal modes. (Figure 6 from the 

final report "Bellows Flow-Induced Vibrations and Pressure Loss" clearly 

shows a visualization of vortex reinforcement for a 5igher lengitudinal 

mode.) In the first two or three modes of a bellows, vortex reinforcement 

and vortex cancellation both come into play, as illustrated by Figare 8. 

However, for the intermediate modes, the vortex retardation phenomena is 

prevalent. 

Figure 8 presents a plot of cF* versus the mode number N for four 
test bellows that have constant values of the parameter (hit) but have 

h values ranging from 0.2 to 0.5. Since spring rate is proportionhl to 

(hit), this family had similar modal frequencies, so that the effect of 

convolute height h should be revealed. Also, however, each of the four 

bellow was tested for three or four values of A achieved by stretching. 
Note '5at there is a spread of the combined cF* values for these four 
bel-ms for each mode number of N value. This spread is caused by a 
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combination of two factors. First, it represents the influence of the effect 

of changing A as illustrated previously in Figure 7, and, secondly, it re- 

flects the normal variation expected in flow-induced vibration experiments 

of bellows where slight changes in alignment, clamping of the ducting, etc. 

cause changes in the peak response point. 

From Figure 8, we have concluded the following: 

(a) Other than for the No. 1 specimen, which had h-0.2 or a 

very short convolut'e, the effect of h was not apparent 

between the bellows. Specimen No. 1 had lower cF* values 
than the other bellows, probably because short convolutes 

do not couple so well as taller convolutes. Afcer all, the 

limiting case is h - 0  which represents a straight pipe 

which has no response of the type under consideration. 

(b) The vertical spread of CFR for each mode is primarily caused 

by vortex reinforcement or vortex cancellation. 

(c)  The pronounced minimum of cF* is a result of an optimum 
vortex cancellation effect for t W s  mode number range. 

(d) The rapid rise of cF* for the higher longitudinal modes is 
a result of a predominance of vortex reinfercement for 

these modes. 

(el Many of the higher modes simply never appear because other 

modes close t~ them predominate and prevent their occurrence. 

Figure 9 presents cF* as a function of mode number N for three bellows 
having similar convolute geometry but different numbers of convillutes. The 

bellows No. 19 illustrates yet another phenomena. Note that cne cF* values 
for this bellows are quite low for the first two longitudinal modes. Aslo 

note the strong presence of the first co,king mode plotted for N 1.5. 

For this bellows the cocking mode was stronger than normal so it suppressed 

the first and second longitudinal modes causing their CFk values to be ab- 

normally low. 



Mode Vumber - N 

FIGURE 9. VORTEX FORCE COEFFICIENT cF* AS A FL'NCTION OF 
MODE NUMBER FOR BELLOWS WITH DTFFEFYT N, 



The primary i n t e n t  of t ne  CF" r e l a t i o n  is t o  mathematically co l l apse  

a l l  of t he  experimentally generated Q su r f aces  i n t o  one r e l a t i o n s h i p  t h a t  

app l i e s  t o  a l l  ranges of the bellows opera t iona l  parameters;  hence, t he  

s t r e s s  ind ica tor  is computed 

The parameter CF* i s  obtained from Figure 10 which i s  a somewhat 

conservative curve t h a t  envelops a l l  previously generated experimental 

bellows da ta .  This curve conta ins  a l l  inherent  information r e l a t i n g  t o  

CF and Q. 

I1 J Summary of Design Analysis Procedure 

The procedure f o r  analyzing a given bellows design t o  a s su re  freedom 

from flow-induced v ib ra t ion  f a i l u r e  c o n s i s t s  of s eve ra l  d i s t i n c t  s t e p s  which 

a r e  l i s t e d  below. 

Step 1. Calculate  t he  n a t u r a l  f requencies  f o r  a l l  modes of t h e  

bellows. 

Step 2.  Determine the  lock-in o r  c r i t i c a l  ve loc i ty  range f o r  each 

poss ib le  mode of v ib ra t ion .  

Step 3. Calculate  t h e  S t ress - Indica tor  f o r  each mode a t  t h e  c r i t i c a l  

ve loc i ty .  

Step 4 .  Determine the  p o t e n t i a l  f o r  f a i l u r e  of t h e  bellows using the  

S t r e s s - I n d i c t o r  versus  Cycles-to-Zailure curve. 

Pages 23 and 24 :resent a d e t a i l e d  step-by-step procedure t h a t  may be 

used f o r  hand ca l cu la t ions .  A more soph i s t i ca t ed  ca l cu la t ion  procedure is 

contained i n  a computer program (see  Appendix A ) .  





TABLE 111. 

SUMMARY OF FREQUENCY AND S T U S S  LEVEL CALCULATIONS 

STEP A 

; STEP B 

STEP C 

STEP D 

STEP E 

Consider the bellows structure representable by a lumped 
mass-spring mechanical model. 

Calculate the elemental spring rate value K from the 
expression 

where K is the overall spring rate determined from a force- 
deflection test or from the following expression: 

Calculate the elemental metal mass 

= ah: Np Dm [aa + (h-2a)l 

Calculate the fluid added ma;s Mf, for the first few 
longitudinal modes and for the higher longitudinal modes as 

M~ = a/2 pi D,h (2a-tNp) First few N valuss 

and 

n Dm Pf h 3 

Mf " 36 3 Higher N values 
Calculate the reference frequency io from the expression 

where m = % + mf 



TABLE I11 (CONTD) 

SUMMARY OF FREQUENCY AND STRESS LEVEL CALCULATIONS 

STEP F 

STEP G 

STEP H 

STEP I 

C a l c u l a t e  t h e  d imens ion less  f r e q u e n c i e s  and t h e n  m u l t i p l y  t h e  
dimensionless  f r e q u e n c i e s  by t h e  r e f e r e n c e  f r e q u e n c i e s  t o  
o b t a i n  t h e  t r u e  mode f r e q u e n c i e s  

Dimensionless f requency 
f o r  t h e  i - t h  mode 

£ i  " Bi f o  True f requency f o r  t k e  
i - t h  mode 

A l t e r n a t e l y ,  t h e  d imens ion less  frequency f a c t o r s  may he 
ob ta ined  from Table  I ,  Appendix A. 

C a l c u l a t e  t h e  f i r s t  convolute  bending mode from t h e  
e x p r e s s  ion 

where m = rrt, + mf 

and mf = n Dm Pf h3 /36  

C a l c u l a t e  s t r e s s  i n d i c a t o r  from t h e  fo l lowing  express ion :  

The parameter cF* is  ob ta ined  from t h e  curve  p resen ted  i n  
F igure  10. 

C a l c u l a t e  bel lows expected l i f e  from t h e  d a t a  p resen ted  i n  
F igure  6. which i s  a p l o t  of s t r e s s  i n d i c a t o r  v e r s u s  c y c l e s  
t o  f a i l u r e .  I f  t h e  f a t i g u e  l i f e  is g r e a t e r  than  10' c y c l e s ,  
t h e n  t h e  d a t a  a r e  c o n s e r v a t i v e  f o r  m a t e r i a l s  c l a s s i f i e d  a s  
Inco 718 and a l l o y  21-6-9. 

I f  t h e  c a l c u l a t e d  number of c y c l e s  is  l e s s  t h a n  l o 5 ,  then  
t h e  expected l i f e  c f  a l l o y  21-6-9 w i l l  be l e s s  than  t h a t  
i n d i c a t e d  f o r  SS-321 o r  I ts e q u i v a l e n t  SS-347. 



111. STRESS LEVELS 

While s e c t i o n  I1 presen ted  a method f o r  c a l c u l a t i n g  v i b r a t i o n  

f r e q u e n c i e s  and s t r e s s - l i k e  q u a n t i t i e s  t h a t  may be used w i t h  t h e  a p ~ . r o p r i a t e  

a n a l y s i s  t o  p r e d i c t  f a t i g u e  l i f e ,  t h i s  s e c t i o n  w i l l  e x p l o r e  v a r i o u s  p r o p e r t i e s  

o f  a c t u a l  s t r e s s  l e v e l s  exper ienced d u r i n g  t h e  flow induced v i b r a t i o n  p r o c e s s .  

A s  of t h i s  w r i t i n g ,  an  e x a c t  method h a s  n o t  been developed t o  c a l c u l a t e  a c t u a l  

s t r e s s e s ;  however, s e v e r a l  important  a s p e c t s  of t h e  problem a r e  p resen ted  

a long w i t h  a reasonab le  s t r + s r  : a l c u l a t i o n  procedure .  

111.2 S t r e s s  Envelope 

Tes t  d a t a ,  shown i n  Table  I V ,  h a s  been resuced i n  terms of non- 

dimensional s t r e s s  and v e l o c i t y  r a t i o s  f o r  each l o n g i t u d i n a l  mode of v i b r a -  

t i o n .  The v e l o c i t y  r a t i o  i s  formed by d i v i d i n g  t h e  c r i t i c a l  v e l o c i t y  of a 

p a r t i c u l a r  mode by t h e  f i r s t  mode v e l o c i t y  and t h e  s t r e s s  r a t i o  is  formed i n  

a similar f a s h i o n .  The c o r r e l a t i o n  i n  F igure  11 shows t h a t  similar f a m i l i e s  

of curves  a r e  developed. The d a t a  may be f u r t h e r  c o l l a p s e d  by r e f e r e n c i n g  

t h e  c u r v e s  t o  a p a r t i c u l a r  damping r a t i o .  For t h e  p r e s e n t  c a s e ,  a n  average 

damping r a t i o  of .00635 served a s  t h e  r e f e r e n c e  damping v a l v e .  F igure  1 2  

shows t h e  r e s u l t s  of t h e  damping normal iza t ion .  From t h e  l i m i t e d  d a t a  pro- 

s e n t e d ,  t h e  second and t h i r d  mode s t r e s s  may be c a l c u l a t e d  by t h e  fo l lowing  

e m p i r i c a l  e q u a t i o n ,  

where F2 = 2.75 

Equation 111.1 w a s  developed from d a t a  ob ta ined  from a s e r i e s  o f  - 
I 3", 321 S .S .  bel lows w i t h  a c o n s t a n t  convolu te  h e i g h t .  The m a t e r i a l  t h i c k -  

n e s s ,  number of p l y s  and number of convolu tes  were allowed t o  va ry  and t h e  

measured s p r i n g  r a t e s  were s i g n i f i c a n t l y  d i f f e r e n t .  The a l t e r n a t i n g  s t r e s s  

component r e f e r r e d  t o  is  t h e  convolu te  r a d i a l  s t r e s s .  Rad ia l  s t r e s s e s  were 

c a l c u l a t e d  from b i a x i a l  s t r a i n  d a t a  ( r a d i a l  and c i r c u m f e r e n t i a l )  a s  d e s c r i b e d  

below. 
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FIGURE 12. NORMALIZED STRESS RATIO 
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Each bel lows was s t r a i n  gaged ( s e e  F igure  3,  Appendix B) on t h e  second 

and middle convo lu te  i n  t h e  r a d i a l  and c i r c u m f e r e n t i a l  d i r e c t i o n s  which a r e  

t h e  assumed p r i n c i p a l  d i r e c t i o n s .  P r i n c i p a l  s t r e s s e s  a r e  c a l c u l a t e d  from t h e  

measured p r i n c i p l e  s t r a i n s ,  

where 

u = r a d i a l  s t r e s s ,  p s i  R 
u = c i r c u m f e r e n t i a l  s t r e s s ,  p s i  

C 

E = modulus of e l a s t i c i t y ,  p s i  

p = Poisson r a t i o  

E = r a d i a l  s t r a i n ,  microinches  R 
E = c i r c u m f e r e n t i a l  s t r a i n ,  microinches  

C 

111.3 Two-Ply Bellows 

Multi-ply bel lows flow-induced s t r a i n  c h a r a c t e r i s t i c s  a r e  s i g n i f i c a n t l y  

d i f f e r e n t  than  t h o s e  of s ing le -p ly  be l lows .  F igure  1 3  shows t h e  f  low-induced 

s t r a i n  f o r  a  3" s i n g l e - p l y  be l lowsand  a  3" two-ply be l lows .  I n  each c a s e ,  t h e  

f i r s t  mode h a s  been f low e x c i t e d .  Note t h a t  t h e  a l t e r n a t i n g  s t r a i n  l e v e l  

f o r  t h e  s i n g l e - p l y  b e l l o w s i s  independent  of i n t e r n a l  p r e s s u r e ,  w h i l e  t h e  

s t r a i n  magnitude and lock- in  range f o r  t h e  ma-ply  b e l l o w s i s  s t r o n g l y  dependent 

upon i n t e r n a l  p r e s s u r e .  For t h e  p a r t i c u l a r b e l l o w s  e x h i b i t e d ,  i t  was found t h a t  

t h e  a l t e r n a t i n g  s t r a i n  component v a r i e s  i n v e r s e l y  and a s  a  l i n e a r  f u n c t i o n  of 

p r e s s u r e  ( s e e  F igure  1 4 ) .  

The most p l e u s i b l e  e x p l a n a t i o n  of  t h i s  phenomena is  t h a t  Coulomb f r i c t i o n  

damping i s  exper ienced  between t h e  p l v s  of  t h e  be l lows .  The Coulomb f r i c t i o n  

f o r c e  is  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  normal f o r c e  a c t i n g  i n  a  manner t o  

compress t h e  p l y s  t o g e t h e r .  To b e a r  o u t  t h i s  f a c t ,  a  two-ply be l lows  w a s  

impulsed i n t o  v i b r a t i o n  and then  al lowed t o  decay. The decay t r a c e s  a r e  

shown i n  F igure  1 5  where i t  is obvious  t h a t  t h e  damping is  a  f u n c t i o n  of t h e  

i n t e r n a l  p r e s s u r e  which is  t h  mechanism g e n e r a t i n g  t h e  normal f o r c e  on t h e  con- 

v o l u t e  s i d e w a l l s .  
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(b) 3" E e l l o w s  N o .  1 5  - 2 PJ-y 

FIGURE 13. FLOW INDUCED STRAIN FOR SINGLE AND DOUBLE PLY 
BELLOWS AS A FUNCTION OF PRESSURE 



Internal Pressure 
( p s i g )  

FIGURE 14. CONVOLUTE STRAIN (ALTERNATING COMPONENT) 
AS A FUNCTION OF INTERNAL PRESSURE 





The r e s u l t s  of  t h e s e  p r e s s u r e  t e s t s  sugges t  t h a t  mul t i -p ly  bel lows 

v i b r a t e  w i t h  a  l e s s e r  magnitude when they  a r e  i n t e r n a l l y  p r e s s u r i z e d ;  t h u s ,  

when s ing le -p ly  s t r e s s  calculations are performed on a  mul t i -p ly  bel lows ex- 

h i b i t i n g  t h e  same damping r a t i o  a t  z e r o  gage i n t e r n a l  p r e s s u r e ,  t h e  c a l c u l a t e d  

a l t e r n a t i n g  s t r e s s  component w i l l  be c o n s e r v a t i v e  (h igher  s t r e s s )  f o r  t h e  

i n t e r n a l  p r e s s u r i z a t i o n  case .  These t e s t s  sugges t  t h a t  i t  may be p r a c t i c a l  

t o  i n c l u d e  damping m a t e r i a l  between p l y s  a s  an  a l t e r n a t i v e  t o  i n c l u d i n g  f low 

1 i n e t  s . 
111.4 Convolute Mean S t r e s s  

T y p i c a l l y ,  a l t e r n a t i n g  s t r e s  e s  which a r e  genera ted  by f low induced 

v ' b r a t i o n s  a r e  superimposed upon a mean s t r e s s  which r e s u l t s  from i n t e r n a l  

s t a t i c  p r e s s u r e  and/or  bel lows a x i a l  e x t e n s i o n  o r  compression p re load  f o r c e s  

By observing a  t y p i c a l  seven-ordinate  f a t l g u e  c h a r t  ( f o r  example, s e e  

Figure  23). i t  is  noted t h a t  f a t i g u e  l i f e  i~ decreased  w i t h  i n c r e z s i n g  mean 

s t r e s s  magnit5de. For example, ii bel lows t h a t  i s  opera ted  a t  h igh  s t a t i c  

p r e s s u r e s  would f a i l  soover than  one opera ted  a t  lower p r e s s u r e  even i f  t h e  

a l t e r n a t i n g  s t r e s s  component were e q u a l  f o r  bo th  c a s e s .  The d e r i v a t i o n  and 

use  of t h e  seven o r d i n a t e  c u r v e s  w i l l  be d i s c u s s e d  i n  S e c t i o n  IV; however, 

t h e  important  i s s u e  is t h a t  t h e  seven o r d i n a t e  c h a r t s  a l l o w  f o r  mean s t r e s s  

c o n t r i b u t i o n  which is nGt p r e s e n t  ir. c y c l e - t o - f a i l u r e  (S-N) c u r v e s .  

TT1.4.1 I n t e r n a l  P r e s s u r e  S t r e s s  

Figure  1 6  p r e s e n t s  t h e  s t r a i n  d a t a  ob ta ined  on Bellows No. SwRI-E 

dur ing  an i n t e r n a l  p r e s s u r i z a t i o n  t e s t  (ends  of  t h e  bei lows were clamped).  

The maximum p r i n c i p a l  s t r e s s  was c a l c u l a t e d  f o r  Convolute No. 2 and No. 7 

and t h e s e  s t r e s s  v a l u e s  compared t o  t h e  fo l lowing  equa t ion  t aken  from 

Reference 4 .  

Table V summarizes t h e  r e s c l l t s  which a r e  eva lua ted  a t  a p r e s s u r e  

of 30 p s i g .  Note, up is a  compressive s t r e s s  on t h e  convo lu te  crown. 

The t a b l e  compares t h e  compressive s t r e s s ,  up ,  t o  t h e  measured r a d i a l  

s t r e s s ,  Umax. 
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TABLE V. INTERNAL PRESSURE STRESS AT 30 FSI 

Convolute No. C&x (KSI) Up (KSI) X E r r o r  

-24.9 -21.1 -18 

-33.0 -21.1 -56 

It is  noted t h a t  Equation (111.4) under -p red ic t s  t h e  r a d i a l  s t r e s s  

(maximum p r i n c i p a l )  by a s  m c h  ss 56%. It i s  a l s o  noted t h a t  t h e  r a d i a l  

s t r e s s  i n  t h e  c e n t e r  r e g i o n  of t h e  bel lows i s  h igher .  Most l i k e l y  t h i s  

. higher  c e n t e r  s t r e s s  i s  caused by a  "ballooning" e f f e c t  i n  t h e  mid-span of 

the  bellows. The c o n s e r v a t i v e  approach when c o n s i d e r i n g  mul t i -p ly  bel lows 

i s  t o  assume t h a t  t h e  p l y s  a r e  no t  i n  complete c o n t a c t ;  t h u s ,  t h e  e f f e c t i v e  

th ickness  is  l e s s  than Np t .  Due t o  t h e  l i m i t e d  d a t a  ob ta ined  w i t h  r e -  

spec t  t o  ply-coupling e f f e c t s ,  i t  is recommended t h a t  t h e  c a l c u l a t e d  s i n g l e  

p ly  s t r e s s  be used when m u l t i p l e  p l y s  a r e  incorpora ted  i n  a  d e s i g n .  

111.4.2 Compression Pre load S t r e s s  

The same 6" bel lows t h a t  was used f o r  p r e s s u r e  t e s t s  was s u b j e c t e d  

t o  compression load ing  t e s t .  T h i s  i s  accomplished by p l a c i n g  c a l i b r a t e d  

weights on t h e  open end edge of a f r e e  bel lows which is  placed i n  a n  u p r i g h t  

p o s i t i o n  on a  hard s u r f a c e .  T h i s  procedure  i s  used t o  o b t a i n  t h e  bel lows 

sp r ing  cons tan t  KA; however, i n  t h i s  t e s t  t h e  s t r a i n  gage r e a d i n g s  a r e  

a l s ~  recorded.  Figure  17  shows t h e  s t r a i n  d a t a  o b t a i n e d  v e r s u s  compression 

loads.  By no t ing  t h a t  

where * = change i n  m i c r o s t r a i n  p e t  u n i t  change. i n  l i v e  i e n g t h  
d R 

( p c l i n )  

KA = bellows s p r i n g  c o n s t a n t  ( l b / i n )  ( s l o p e  of  d e f l e c t i m - l o a d  

curve)  

d  CIE - = change i n  m i c r o s t r a i n  pe r  u n i t  change of load  ( p ~ / l b )  
d Fc 

( s l o p e  of s t r a i n - l o a d  c u r v e ) ,  





it is possible to determine the convolute strain-load characteristic. The 

deflection-load curve is presr ,id below (Figure 18) Zrom which the bc'l.ows 

spring rate, KA, can be detern. td. 

5 1 0  1 5  2 0 25 
Load, lbs 

FIGURE 18. LOIID-DEFLECTION CURVE - BELLOWS NO. E 

Axial compression stresses as obtained experimentally have been 

compared to the following equation: 

EtA Qc = - 
h2 Nc 

where 

a, stress due to compression or extension load (ac > 0 for 

compression load, 0, < 0 for extension load), psi 

A = deflection of live length, inch. 

Table VI has been prepared to compare experimental results with Equation 

(111.6) for a preload of 20 lbs. 



TABLE VI. PRELOAD STRESS AT 20 POUNDS 

It is observed that Equation 011.6) gives reasonable accuracy and 

it provides a v?ns for relating relative convolute motion to convolute 

radial stress level. Equation (111.6) can be used in s dynamic situation; 

however, it must be emphasized that the deflection value used is relative 

to adjacent convolutes. 

Equation (111.6) is easily modified to incorporate preload rather 

than deflection if the bellows spring constant is known. 

thus, 

111.4.3 Compression Preload With Internal Pressure 

A schematic illustrating the nature of the radial fiber strains in 

the regio~ of the bellows root and crown is shown in Figure 19. The strains 

are tne result of bending moments generated in root and crown. For ana- 

lytical considerations, the bellows is envisioned to be restrained by the 

external piping for the case of intercal pressurization. It is immediately 

obvious from Figure 19 that while it may be possible to reduce the crown 

radius stress state by simultaneous compression loading and internal pres- 

surization, the root stresses are intensified by the combination loading. 

Therefore, the root stress mav be estimated as follclws: 

where ucp = combined stress due to pressure and compression load. By sub- 

stituticn of Equation (111.7) and (111.4) into (111.8). 



(a) Unstressed State 

T = Tension (+) C = Compression (-) 

(b) compression Preload 

T 

(c) Internal Pressure 

(Ends Restrained) 

FIGURE 19. NATURE OF FIRER STRAINS 



111.5 Convolute A l t e r n a t i n g  S t r e s s  and Displacement 

A s e r i e s  of three- inch d iamete r  bel lows were flow t e s t e d  t o  v a l i -  

d a t e  s e v e r a l  assumptions made i n  e a r l i e r  s t u d i e s  (Reference 1 ) .  The v i b r a -  

t o r y  peak s t r e s s  i n  t h e  bel lows convolu te  was assumed t o  be given by 

where Cs is a geometr ic  s t r e s s  f a c t o r  and t h e  o t h e r  terms a r e  as d e f i n e d  

e a r l i e r .  The Reference 1 work u t i l i z e d  a s i n g l e  p o i n t  s t r a i n  gage t o  i n f e r  

displacement and s t r e s s  which is  d i f f i c u l r  under  t h e  b e s t  of test corfdi t ions .  

I n  t h e  p r e s e n t  s tudy ,  s t r e s s  was measured v i a  a b i a x i a l  gage arrangement and 

convoluted displacement  was ob ta ined  independent ly  v i a  a d isplacement  probe 

( see  Appendix B f o r  d e t a i l s ) .  

By assuming a mode shape o v e r  t h e  f i r s t  q u a r t e r  wavelength of t h e  

form 

x = x0/2 [(NIL)). t s i n  ( N ~ Y I ~ )  I (111.11) 

where X denotes  t h e  a x i a l  a b s c l u t e  displacement  of a g iven  p o i n t  a long  t h e  

b e l l o b s  de f ined  by t h e  a x i a l  p o s i t i o n  c o o r d i n a t e  y ,  we may determine t h e  

r e l a t i v c  displacement  by d i f f e r e n t i a t i n g  Equation (111.11) wi th  r e s p e c t  t o  y .  

Thus, 

A6 o Xo/2 L(N/!?.} + Nli/!L cos (NTIYIL) J (111.12) 

The above method was used t o  conver t  a b s o l u t e  d i sp lacement ,  8 ,  d a t a  

i n t o  e q u i v a l e n t  r e l a t i v e  d i sp lacement ,  A6. 

A summary of t h e  d e f l e c t i o n  and s t r e s s  r e s u l t s  a r e  shown i n  Table  

V I I  f o r  each t e s t  specimen a t  t h e  f i r s t ,  second, and t h i r d  modes and a 

summary of t h e  damping c h a r a c t e r i s t i c s  is shown i n  Table V I I I .  

Ca lcu la ted  a l t e r n a t i n g  s t r e s s  l e v e l s  as determined by Equation 

( I I I . l O ) ,  have been c o r r e l a t e d  w i t h  a c t u a l  measurements. R e s u l t s  shown i n  

F igure  20 i n d i c a t e  t h a t  Cs may be cons idered  t o  e q u a l  u n i t y .  



TABLE VII. THREE-INCH BELLOWS DEFLECTION AND STRESS RESULTS 

TABLE VIII. THREE-INCH BELLOWS DAMPING CHARACTERISTICS 

Specimen 
No. 

4 

6 

15 

Mode 
No. 

1 
2 
3 

1 
2 
3 

1 
2 
3 

VF, f p s  

5.40 
10.80 
15.89 

4.18 
8.35 
12.53 

7.26 
14.52 
21.79 

Specimen 
KO. 

4 

6 

2nd Convolute 

Mode 
No 

1 
2 

1 

&,mills 

4.0 
15.0 
22.6 

0.8 
4.8 
7.8 

4.0 
14.0. 
21.0 

15 

f r ,  Hz 

120 
234 

133 

Q 

6 0 
7 8 

24 2 

- 
Af .7079Hz 

2.0 
3.0 

.55 

A6,mills 

2.33 
3.21 
3.58 

0.40 
1.65 
1.93 

1.96 
4.71 
3.34 

5 

.0083 
,0064 

.0021 

o a t ,  ksi 

2.93 
8.02 
8.94 

0.765 
3.67 
4.59 

2.82 
7.84 
8.51 

150 

82 
76 

1.7 

1.8 
3.8 

2 255 

I i i r 7  

.0033 

.0061 

.0066 2 288 



FIGURE 20. ALTERNATING STRESS VERSUS DEF'LECTIONS 



For a l l  s i n g l e  p l y  bel lows t e s t e d ,  t h e  a l t e r n a t i n g  s t r e s s  component 

was observed t o  be i n s e n s i t i v e  t o  i n t e r n a l  p r e s s u r e  v a r i a t i o n .  T e s t s  were 

conducted a t  p r e s s u r e s  o f  0 ,  10 ,  20 p s i g  over  t h e  f i r s t  t h r e e  modes of exc i -  

t a t  ion.  

111.6 Recommended S t r e s s  P r e d i c t i o n  Equat ion 

111.6.1 A l t e r n a t i n g  S t r e s s  

Two methods a r e  a v a i l a b l e  f o r  c a l c u l a t i n g  t h e  a l t e r n a t i n g  s t r e s s  

component. The S t r e s s  I n d i c a t o r  may be used a s  a p r e d i c t o r  of a c t u a l  s t r e s s  

f o r  s i n g l e  p l y  bel lows by i n c o r p o r a t i n g  a  f a c t o r  2 i n t o  t h e  S . I .  equa t ion  

over t h e  f i r s t  t h r e e  modes of v i b r a t i o n ,  o r  

The second method is merely a ref inement  of t h e  above method. The 

s t r e s s  envelope f a c t o r  may be a p p l i e d  t o  t h e  v a l u e  of t h e  S . I .  c a l c u l a t e d  

f o r  mode 1, o r  

where F2 = 2.75 

Fg 3.05 

The second method r e q u i r e s  more d e t a i l e d  knowledge of t h e  bel lows;  

however, i t  p rov ides  a  means t o  i n f e r  t h e  e f f e c t s  of combined f l u i d  and 

s t r u c t u r e  damping. 

111.6.2 Convolute Mean S t r e s s  

S i g n i f i c a n t  e r r o r s  have been observed i n  t h e  measured and c a l c u l a t e d  

s t r e s s  v a l u e s  t h a t  r e l a t e  t o  i n t e r n a l  p r e s s u r e  whi le  a x i a l  e x t e n s i o n  of com- 

p r e s s i o n  p re loads  maj be n o r e  a c c u r a t e l y  modeled. There fore ,  t h e  recommended 

mean s t r e s s  model i s  

where A i s  t h e  t o t a l  l i v e  l e n g t h  e x t e n s i o n  o r  compression displacement .  

For t h e  mul t i -p ly  c a s e ,  i t  has  been assumed t h a t  t ' e  p l y s  do n o t  f u l l y  couplc;  

hence, t h e  c a l c u l a t i o n s  f o r  t h e  s i n g l e  p ly  a r e  a p p l i e d  t o  mul t i -p ly  d e s i g n s .  

Due t o  t h e  inaccuracy of t h e  s imple  p r e s s u r e - s t r e s s  model, t h e  .5 f a c t o r  h a s  

been d e l e t e d .  



111.6.3 Combined S t r e s s  

The maximum s t r e s s  developed is  composed of t h e  two a d d i t i v e  compo- 

n e n t s ,  o r  

and by s u b s t i t u t i o n  of Equat ions  (111.13) and ( I I I . 1 5 ) ,  t h e  proposed com- 

bined e l a s t i c  s t r e s s  model is 

111.7 M a t e r i a l  Hardness P r o p e r t i e s  

A 3"  e el lows w i t h  1 3  convolu tes  was s e c t i o n e d  and prepared f o r  micro- 

hardness  t e s t i n g .  Th is  is accomplished by c u t t i n g  a x i a l  s t r i p s  of approxi-  

mately 1/2" wide t h a t  c o n t a i n  s e v e r a l  convolu tes .  Subsequent ly ,  t h e s e  sec-  

t i o n s  a r e  imbedded i n  a n  epoxy molding compound, t h e n  t h e  compound and bel lows 

specimens a r e  ground u n t i l  t h e i r  s u r f a c e s  e x h i b i t  a h i g h l y  po l i shed  f i n i s h .  

The be1,lows specimen is placed i n t o  a  Diamond Pyramid Hardness (DPH) t e s c i n g  

appara tus  where a  s p e c i f i c  s i z e d  diamond needed is  allowed t o  p e n e t r a t e  t h e  

bellows s u r f a c e .  The d r i v i n g  weight used i s  1 0  kg. By a n  a p p r o p r i a t e  mea- 

s u r i n g  t echn ique ,  t h e  dimensions of t h e  p e n e t r a t i o n ,  rhomboid shaped, a r e  

measured and then  conver ted i n t o  a  DPH number. 

F igure  21 shows a g e n e r a l  bel lows s e c t i o n .  Three measurements were 

taken a t  t h e  approximate l o c a t i o n s  shown i n  t h e  f i g u r e ;  t h e r e f o r e ,  24 d a t a  

p o i n t s  pe r  convolute  were ob ta ined .  The r e s u l t s  a r e  t a b u l a t e d  i n  Table  I X .  

Upon c a r e f u l  review of t h e  d a t a ,  s e v e r a l  o b s e r v a t i o n s  a r e  apparen t  

which inc lude  t h e  fol lowing:  

1. Global averag ing  of t h e  convolute  c e n t e r  r e g i o n  produced a  lower 

average hardness  than found i n  g l o b a l  averaged o u t e r  edges.  

2. Zonal averaged hardness  numbers i n  t h e  " i n s i d e  diameter" r e g i o n  

e x h i b i t s  ha rdness  c l o s e  t o  s l i g h t l y  below t h e  g l o b a l  average.  

3.  The "ou te r  d iameter"  reg ion  e x h i b i t s  ha rdness  numbers s i g n i f i -  

c a n t l y  l a r g e r  than  t h e  g l o b a l  averages .  

4 .  The " s t r a i g h t  w a l l "  r e g i o n  e x h i b i t s  ha rdness  numbers s i g n i f i -  

c a n t l y  lower than t h e  g l o b a l  averages .  



FIGUKE 21. CROSS SECTION OF BELLOWS SHOWING LOCATIONS 
OF HARDNESS MEASUREMEVTS 

number 

an+l 

Fluid Side 



TABLE I X .  HARDNESS READINGS 

LOCATION DIAMOND PYRAMID HARDNESS 
- - - - -- - -- - - - -- 

CoNVOLUTIONS 1, 2, 6 3 

OUTER SURFACE CENTER INNER SURFACE 

"1 2 24 213 225 

82 (inside diameter) 211 235 246 

O2 232 242 24 2 

c2 (straight wall) 239 21 7 232 

d2 268 272 2 64 

e2 (outer diameter) 270 2 68 284 

f 2 266 268 258 

g2 (straight wall) 239 224 231 

"2 241 226 241 

a, (inside diameter) 235 218 235 

- - - - - -  - - -- - -  

245.5 240.1 245.8 

Std. Dev. (a) 16.35 21.5 18.06 

CONVOLUTIONS 6, 7 ,  6 8 

6 236 263 283 

a7 (inside diameter) 236 2 53 252 

b7 
127 (straight wall) 

d 7 
e7 (outer diameter) 

f 7 
87 (straight wali) 

h7 
ag (inside diamter 

b8 



I -. TABLE IX . HARDNESS READINGS (Cont ' d ) 

I .  LOCATION DIAMOND PYRAMID HARDNESS 

1 

! ! 
I h l l  

i a12 (inside diameter) 
I 
("2  
i ; c12 (straight w a l l )  
I 

1 612 
; e l ,  (outer diameter) 
I -  

1 f l 2  

i 812 ( s t r a i g h t  w a l l )  

i 
I 

h12 267 765 267 

a13 (i~side diameter) 261 265 255 

b13 27 5 268 257 1 

CONVOLUTIONS 11, 1 2 ,  C 1 3  

OUTER SURFACE CENTER INNER SURFACE 



5 .  Outer diameter zonal averaged DPH numbers ranged from 274 t o  293 

which corresponds t o  a Rockwell Hardness range of 26C t o  29C. 

6. Inner diameter zonal averaged DPH numbers ranged from 229 t o  26C 

which corresponds t o  Rockwell readings i n  t h e  range of F6B t o  2 4 C .  

111.8 Conclusions - 
1. The ou te r  diameter region e x h i b i t s  a y i e l d  s t r e s s  of approxi- 

m t e l y  132,000 p s i  whereas t he  inner  diameter r eg i cn  e x h i b i t s  a 

y i e ld  stress of approximately 100,OGO p s i .  These y i e i d  va lues  

a r e  somewhat lower (3L.T) than those reported i n  Reference (13);  

however, i t  i s  speculated t h a t  t he  !~ydroforming process  work 

hardens t o  a l e s s e r  ex t en t  than the  r o l l i n g  process .  

2 .  Fa i l u r e s  most o f t e n  occur i n  t he  roo t  o r  crown region;  t h t r e -  

f o r e ,  i n  view of t he  hardneqs d a t a ,  i t  can be concluded t h a t  

f a i l u r e s  a r e  not t he  r e s u l t  of mater ia l  weakness i n  t he  f a i l u r e  

region. 



I V .  FATIGUE LIFE 

IV. 1 Crack Propagation M o S  

A bellows f a t igue  l i f e  model was developed based on the  assumption 

t h a t  crack propagation i n  t he  convolute wal l  is the  f a i l u r e  mechdnism. It 

was fu r the r  assumed t h a t  t he  crack was i n i t i a t e d  by a  pre-exis t ing sur face  o r  

mater ial  flaw. The s t a t e  of s t r e s s  i n  the  bellows wall  was taken t o  be the  

sum of the  mean s t r e s s  due t o  i n t e r n a l  f l u i d  pressure p lus  a  c y c l i c  bending 

s t r e s s  t h a t  is associated with convolute de f l ec t ion  i n  any given mode of 

exc i ta t ion .  The s t r e s s  model used here  is  d i f f e r e n t  than t h a t  used i n  Sec- 

t i on  111; however, t h e  f ea tu re s  of the  crack modeling and general  r e s u l t s  a r e  

va l id .  

The mean i n t e r n a l  pressure s t r e s s  is,  (12,131 

(IV. 1) 

where p  = i n t e r n a l  pressure,  

h  = root-ro-crown he ight ,  and 

t = bellows wall  thickness  (Nply x t p l y )  

Superimposed onto t h i s  steady s t a t e  s t r e s s  i s  a c y c l i c ,  def lec t ton-  

re la ted  bending s t r e s s  t h a t  i s  caused by the  flow induced v ib ra t ion  of the  

bellows convolutes a t  given exc i t a t i on  mode. The peak-to-peak amplitude of 

t h i s  cyc l i c  s t r e s s  component i s  given by, (12,13) 

where E = Young's modulus 

X = convolute p i t ch  

A/Nc = £;OW-i~duced convolute de f l ec t ion  

The def lec t ion  per convolute i s  ca lcu la ted  from Reference 1, 

(IV. 2) 

(IV. 3) 

where p = f l u i d  dens i ty  

V = c r i t i c a l  flow ve loc i ty  a s  a  funct ion of  ode number 

A~ 5112 11 (Di+DO) 
D i , D o  = bellows ina ide  and outs ide  diameter,  r e spec t ive ly  

K A = bellows spr ing  r a t e  

CFQ = force ampl i f ica t ion  f a c t o r  from Figures  4 and 5 
'% = bellows mode f ac to r .  



The bellows mode f a c t o r ,  C, is of t he  form(14) 

(IV .4) 

where N = modenumber 

N, = number of bellows convolutes.  

Thus, Equations (IV.l)  through ( I V . 4 )  d e f i ~ i e  t h e  mode-dependent 

s t a t e  of s t r e s s  i n  t he  bellows w a l l .  This s t a t e  of s t r e s s  can be i l l u s t r a t e d  

schematically a s  shown i n  Figure 22.  I n  t h i s  f i g u r e ,  t e n s i l e  s t r e s s e s  a r e  

pos i t ive .  Depending on t h e  mode number and t h e  magnitude of t he  mean stress, 

the  minimum s t r e s s  can be compressive, i n  which case  the  s ign  of t he  s t r e s s  

is negat ive.  

If a crack is  i n i t i a t e d  on the  bellows sur face ,  t he  r a t e  a t  which 

i t  w i l l  propagate i n to  t h e  w a l i  thick.ness is  governed by 

(IV. 5) 

where a = crack length  

n = number of imposed s t r e s s  cyc l e s  

AU = c y c l i c  s t r e s s  range, Equation ( 2 )  

C,m = curve f i t  c o e f f i c i e n t s  t h a t  descr ibe  the  experimental 

crcck growth r a t e  a s  a funct ion of s t r e s s  i n t e n s i t y  

f a c t o r ,  which is  the  expression wi th in  the  bracke ts  i n  

Equation (IV.5). These parameters a r e  dependent upon the  

bellows ma te r i a l .  

The f a c t o r ,  R ,  accounis f o r  t he  mean s t r e s s  e f f e c t ,  and i t  i s  defined as 

(IV. 6 )  

It Is worth not ing t h a t  when 
Up 

i s  equal t o  zero (no pressure  

s t r e s s ) ,  t he  value of R i s  -1.0, which descr ibes  a f u l l y  reversed s t a t e  

of s t r e s s .  The quancity Y , which i s  an e x p l i c i t  funct ion of the  crack 

length ,  i s  a geometric cor rec t ion  f ac to r  t h a t  accounts f o r  t he  decrease i n  

load bearing a rea  during crack propagation. AL such, Y can be s a t i s -  

f a c t o r i l y  appaoximated by a second order  polynomial 



Mean 
S t r e s s ,  - 

P e r i o d  o f  O s c i l l a t i o n ,  T 

T and  AU = f (mode number) 

Time 

FIGURE 22 .  DEFINITION OF BELLOWS STRESSES 



5 2 

(IV. 7 )  

where a,€ = curve f i t  c o e f f i c i e n t s .  

Combining Equations (IV.5) and IV.7), and sepa ra t i ng  v a r i a b l e s ,  y i e l d s  

where Nf  = f a t i g u e  l i f e  

a i  = i n i t i a l  ma te r i a l  f law s i z e  

a c  = c r i t i c a l  crack length  a t  which f a i l u r e  occurs .  

(IV. 8) 

The f a i l u r e  model, Equation (IV.8), is v a l i d  only f r o  va lues  of ac - < t / 2 .  

Evaluat icn of t he  Model 

The f a t i g u e  l i f e  i n t e g r a l  and its support ing equat ions were pro- 

grammed f o r  so lu t ion  on the  CDC6600/Cyber 74 system. A t r apezo ida l  i n t e -  

g r a t i on  scheme was used t o  eva lua te  t he  d e f i n i t e  i n t e g r a l  i n  Equation 

(IV.8). A l i s t i n g  of t he  computer program, FATLIF, i s  contained i n  Appendix E.  

Since p red i c t i on  of f a t i g u e  l i f e  i s  c u r r e n t l y  accomplished by a  

stand-alone program, i t  was necessary t o  f i r s t  exe rc i s e  program "Bellow" 

to  generate  c r i t i c a l  flow e x c i t a t i o n  v e l o c i t i e s  f o r  a  given bellows con- 

f i gu ra t i on .  The e s s e n t i a l  input-output d a t a  f o r  program Bellow i s  s u m a r -  

ized i n  TaSle X.  The reader  w i l l  be ab l e  t o  i d e n t i f y  t h e  bellows and f l ,  -J 

input parameters t h a t  a r e  common t o  t he  FATLIF program. Exc i t a t i on  v e l o c i t i e s  

a r e  shown f o r  t he  f i r s t  four modes. It should be noted t h a t  :he f a t i g u e  l i f e  

pragram accepts  f l u i d  pressure i n  p s i a  r a t h e r  than ps ig .  

To complete t h e  input  d a t a  f o r  program FATLIF, i t  was necessary t o  

spec i fy  numerical va lues  f o r  C ,  m ,  a,  e ,  a i ,  and ac.  The cons t an t s ,  a and 

E ,  were obtained by cu rve - f i t t i ng  the  co r r ec t i on  f a c t o r s  f o r  a  s i n g l e  edge- 

notched strip t h a t  a r e  presented i n  Table 4  of Reference 14. The r e s u l t s  of 

the manipulation yielded 



TABLE X 

INPUT/OUTPUT DATA F O R  PROGRAM BELLOW 

BELLOWS PARAHETE8S (INPUT) 

THEORETICAL PERFORMANCE (OUTPUT) 

Flow Excitation Range, ftfsec 

Mode Hz Lower Critical Upper 

1 191 7 .O 9.8 16.2 
2 365 13.4 18.7 30.9 
3 523 19.2 26.8 44.3 
4 666 24.4 34.1 56.4 



S p e c i f i c a t i o n  of t h e  v a l u e s  of C and m was impeded by t h e  l a c k  

of b a s i c  c r a c k  propagat ion d a t a  i n  t h e  open l i t e r a t u r e  f o r  t h e  bel lows 

materials of i n t e r e s t ,  i .e., Inco 718, 21-6-9 and 321. ,As  an  a l t e r n a t i v e ,  

f o r  e v a l u a t i o n  purposes on ly ,  t h e  fo l lowing  v a l u e s  of C and m were ob- 

t a i n e d  from Reference 1 5  f o r  Type 316 s t a i n l e s s  s t e e l .  

The number of f a t i g u e  c y c l e s  needed t o  e f f e c t  f a i l u r e  is s t r o n g t l y  

a f f e c t e d  by t h e  magnitude of a i  and a,. I n  e v a l u a t i n g  t h e  model, t h e  

i n i t i a l  f l aw s i z e ,  a i ,  was chosen t o  be 0.001 inch .  Th is  v a l u e  is be- 

l i e v e d  t o  be r e p r e s e n t a t i v e  o f  a t y p i c a l  s u r f a c e  f law.  The c r a c k  l e n g t h  a t  

f a i l u r e ,  a,, was t aken  t o  be t / 2 ,  t h e  v a l i d i t y  l i m i t  of  t he  model. 

Based upon t h e  above inputdat ; . ,  f a t i g u e  l i f e  p r e d i c t i o n s  were made 

f o r  t h e  s p e c i f i c  bellows geometry, f l u i d  p r o p e r t i e s ,  and c r i t i c a l  e x c i t a t i o n  

v e l o c i t i e s  i n  Table X .  The r e s u l t s  a r e  summarized i n  Table  X I .  For t h i s  

example problem, t h e  fo l lowing  o b s e r v a t i o n s  can be made on t h e  v a l i d i t y  of 

t h e  model. 

(1)  The c y c l i c  s t r e s s  range ,  A ,  i n c r e a s e s  v i t h  mode number 

because t h e  product  of f low e x c i t a t i o n  v e l o c i t y  and dynamic 

a m p l i f i c a t i o n  f a c t o r  is an i n c r e a s i n g  f u n c t i o n  of mode 

number. 

(2)  The maximum bending s t r e w s  is  t e n s i l e  a t  a l l  mode numbers. 

The minimum s t r e s s  is t e n s i l e  i n i t i a l l y  bu t  becomes com- 

p r e s s i v e  as mode number i n c r e a s e s .  I n  t h e  presence of in- 

t e r n a l  p r e s s u r e ,  a f u l l y - r e v e r s e d  s t r e s s  f i e l d  is n o t  

achieved.  

(3) For t h i s  example, i n  which Type 316 s t a i n l e s s  s t e e ,  was 

employed, t h e  maximum t e n s i l e  s t r e s s  i n  t h e  f i r s t  t h r e e  

modes d i d  n o t  exceed t h e  m a t e r i a l  y i e l d  p o i n t  of 42 k s i . ( 1 6 )  

I n  t h e  f o u r t h  mode, t h e  maximum t e n s i l e  s t r e s s  exceeded t h e  

m a t e r i a l  y i e l d  p o i n t .  

(4) I n  t h i s  example, t h e  model p r e d i c t s  high c y c l e  f a t i g u e  when 

a i  and ac a r e  0.001 and 0.012 i n c h ,  r e s p e c t i v e l y .  



TABLE XI 

PREDICTED FATIGUE LIFE FOR A TYPE 321 

STAINLESS STEEL BELLOWS 



A t  t h i s  po in t ,  r e a l i z a t i o n  of  t h e  f u l l  u t i l i t y  of t h i s  approach t o  

f a t i g u e  modeling is  impeded by: 

(1) The l a c k  of  bas i c  c rack  propagation d a t a  f o r  t h e  t h r e e  

m a t e r i a l s  of i n t e r e s t .  Curren t ly ,  t h e  f a t i g u e  d a t a  t h a t  

are a v a i l a b l e  from t h e  materials manufacturers were: ob- 

ta ined  us ing  ful ly-reversed s t r e s s  f i e l d s  a t  room temper- 

a t u r e .  What i s  needed a r e  crack propagation t e s t s  which 

y i e l d  c rack  growth r a t e s  a s  a func t ion  of stress i n t e n s i t y  

f a c t o r  and mean stress over t h e  range of temperatures of 

i n t e r e s t .  

(2) A c o r r e l a t i o n  between t h e  f a t i g u e  l i f e  a s  pred ic ted  by t h e  

c rack  propagation model adn experimental f a t i g u e  l i f e  of 

a c t u a l  bellows i n  a common temperature and s t r e s s  environ- 

ment. 

(3) The l ack  of en experimental d e f i n i t i o n  of t he  flaw s i z e ,  

a i ,  t h a t  i s  needed t o  i n i t i a t e  and propaga- -1 crack  and 

ac, t h e  crack length  a t  which f a i l u r e  occurs .  

V I .  2 Fat igue Curves- 

Due t o  t he  l i m i t a t i o n s  posed by t h e  c rack  growth model, an a l t e r n a t e  

approach was developed t o  p red i c t  bellows l i f e .  Seven o r d i n a t e  c h a r t s  were 

developed (Figures  23, 24, and 25) from d a t a  l i s t e d  i n  References 17 through 

27. The ma te r i a l s  s tud ied  included 347SS (a  c l o s e  s u b s t i t u t i o n  f o r  321SS), 

Alloy 21-6-9, and Inco 718. Data reviewed were mainly i n  t he  form of "cycles  

t o  f a i l u r e "  o r  S-N curves f o r  va r ious  R va lues  and f o r  temperatures  of 70°F 

and -423OF. 

Seven-Ordinate c h a r t s  r e l a t e  s t r e s s  and s t r e s s  r a t i o s  t o  cyc le  l i f e .  

Most of t he  seven-ordinate d a t a  is  based upon d a t a  banks maintained by t h e  

Department of Defense and t h e  Federal  Aviation Agency i f  i ts  source is  can- 

ta ined  i n  t h e  MIL-HDBK-5B. 

Seven-ordinate c h a r t s  a r e  convenient t o  use  and they r e l a t e  f a t i g u e  

l i f e  i n  terms of mean s t r e s s  which could be an important f a c t o r  when pred ic t -  

ing bellows l i f e .  Design o r  a n a l y s i s  parameters can be s p e c i f i e d  a s  s t r e s s  

amplitude, mean s t r e s s ,  maximum o r  minimum s t r e s s ,  cyc le  l i f e ,  R-values, and 

A-values. (The A va lue  is def ined a s  the  s t r e s s  arnylituJe divided by the  



STAINLESS ALLOY 21-6-9 

R = -1.0 -.8 -.6 -.4 -.2 0 .2 .4  .6 .S  1.0 

Minimum Stress (ksi)  

---- P -423'~ 
R = 

Minimum Stress 
Maximum Stress - = 70°F 

FIGURE 23. SEVEN-ORDINATE CHART FOR ALLOY 21-6-9 



INCONEL 715 

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

-200 -160 -120 -80 -40 0 40 80 120 160 200 

Minimum S t r e s s  ( k s i )  

- 00 = -423'F 
Minimum Stress - = 70°F * Maximum S t r e s s  

FIGURE 24 .  SEVEN-ORDINATE CHART FOR INCONEL 718 



347 STAINLESS STEEL 

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

Minimum Stress ( k s i )  

---= -423OF 
R = 

Minimum Stress - = 70°F Maximum Stress 

FIGURE 25. SEVEN-ORDINATE CHART FOR 347 SS 



mean s t r e s s . )  To determine t h e  f a t i g u e  l i f e ,  on ly  t h r e e  parameters  a r e  r e -  

qu i red .  These parameters  a r e  u s u a l l y  determined from t h e  bel lows stress 

a n a l y s i s .  

The seven-ordinate  f a t i g u e  d a t a  is b u i l t  i n t o  t h e  computer program 

l i s t e d  i n  Appendix A. Each c o n s t a n t  l i f e  c y c i  curve  is modeled as a power 

l a w ,  o r  

m 
Cj B salt 

where Cj is  a c o n s t a n t  l i f e  v a l u e  f o r  j mean s t r e s s .  Curves a r e  devel-  

oped f o r  mean s t r e s s  l e v e l s  of 0,  20, 40,  60,  and 80 k s i .  The a l t e r n a t i n g  

s t r e s s  component, U a l t r  i s  i n  t h e  u n i t s  o f  k s i .  Simple l i n e a r  i n t e r p o l a -  

t i o n  may be used f o r  i n t e r m e d i a t e  v a l u e s .  

The seven-ordinate  c u r v e s  a r e  a p p l i c a b l e  f o r  f a t i g u e  l i f e  p red ic -  

t i o n s  once t h e  s t r e s s  l e v e l s  have been determined;  however, s t r e s s  i n d i c a t o r  

v a l u e s  may be used d i r e c t l y  a s  a c a l c u l a t e d  a l t e r n a t i n g  s t r e s s  v a l u e  wi th  

reasonab le  accuracy even though t h e  s t r e s s  i n d i c a t o r ' s  in tended use  was t o  

p r e d i c t  f a t i g u e  l i f e  wi th  t h e  a i d  of d a t a  p resen ted  i n  Figure  6. 
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A. 1 Governing Equat ions  

The performance e q u a t i o n s ,  which w i l l  be p resen ted  i n  t h i s  s e c t i o n ,  
a r e  based upon t h e  d e r i v a t i o n s  given i n  Reference 1. There fore ,  d e t a i l e d  
a l g e b r a i c  manipula t ions  and d e r i v a t i o n s  have been e l i m i n a t e d  f o r  c l a r i t y .  

F igure  A-1 i l l u s t r a t e s  a l o n g i t u d i n a l  c r o s s - s e c t i o n  o f  a t y p i c a l  bellows 
t o g e t h e r  w i t h  p e r t i n e n t  n o t a t i o n .  The o v e r a l l  bel lows s p r i n g  r a t e  is  

where E i s  t h e  Young's modulus f o r  bel lows m a t e r i a l  and Dm is t h e  mean 
bel lows diameter  which is d e f i n e d  a s  

The e lementa l  s p r i n g  r a t e ,  K ,  Is given by 

K = 2 Nc KA (A- 3 ) 

The corresponding e lementa l  meta l  mass of t h e  bel lows is 

where pm is  t h e  metal  d e n s i t y  and t h e  mean crown o r  conv3lute  forming 
r a d i u s  is 

As t h e  bel lows v i b r a t e s  i n  any one of i t s  2Nc-1 l o n g i t u d h a l  modes, f l u i d  
is acrceletated w i t h i n  t h e  convolu tes .  The p rocess  of moving t h e  f l u i d  i s  
manifes ted a s  an apparent  of added mass which must be taken i n t o  account  i n  
c a l c u l a t i n g  t h e  f r e q u e n c i e s  a t  which a f l u i d - e l a s t i c  i n s t a b i l i t y  is l i k e l y  
t o  occur .  Th i s  added mass is  a f u n c t i o n  of t h e  l o n g i t u d m a l  mode number, N.  
That is 

where 

and 
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FIGURF A - l  . BELLOWS XOHENCLATURE 



I n  t h e s e  e x p r e s s i o n s  pf is t h e  f l u i d  d e n s i t y ,  g i s  t h e  g r a v i t a t i o n a l  
a c c e l e r a t i o n  c o n s t a n t ,  and 

The mode number, N ,  r anges  between 1 and 2Nc-1. A r e f e r e n c e  f r e -  
quency f o r  a p a r t i c u l a r  mode number can  be d e f i n e ?  as 

to (N) = L,/&= 25r 
+ 

The t r u e  modal f requency,  f N ,  is t h e n  ob ta ined  by m u l t i p l y i n g  t h e  r e f e r e n c e  
v a l u e  by t h e  d imens ion less  f requency corresponding t o  t h e  d e s i r e d  mode 
number and system degree  of freedom. Dimensionless f r e q u e n c i e s  can be ca lcu-  
l a t e d  a s  

A l t e r n a t e l y ,  f o r  purposes of hand c a l c u l a t i o n s ,  t h e  d imens ion less  f requency 
f a c t o r s  may be determined from Table  A - I .  

It has  bee?\ observed t h a t  f low e x c i t a t i o n  of a p a r t i c u l a r  mode can 
occur  over  a broad range of f l u i d  v e l o c i t i e s ,  which i s  termed t h e  "lock-in- 
range." I n  f a c t ,  i f  t h e  modal f r e q u e n c i e s  a r e  s u f f i c i e n t l y  c l o s e  t o g e t h e r ,  
t h e  lock- in  ranges  may o v e r l a p ,  t h u s  producing n e a r l y  cont inuous  e x c i t a t i o n  
of t h e  bellows. These lock- in  ranges  a r e  es t imated  a s  fo l lows .  Ex tens ive  
exper imental  s t u d i e s  have revea led  t h a t  t h e  S t r o u h a l  number p rov ides  an ex- 
c e l l e n t  means of c o r r e l a t i n g  t h e  v i b r a t i o n  f requency,  f l u i d  v e l o c i t y  and 
bel lows geometry a s  shown i n  Figure A-2. The S t r o u h a l  number i s  based on 
convolute  p i t c h ,  . For a bel lows having a convolu te  pi tch- to-convolute  
t i p  width r a t i o  of X/a, t h r e e  v a l u e s  of tile S t r o u h a l  number a r e  i n d i c a t e d .  
Peak bellows e x c i t a t i o n  corresponds t o  t h e  curve  marked Socrit from which 
t h e  c r i t i c a l  f low v e l o c i t y  may be c a l c u l a t e d ,  i . ~  

S i m i l a r l v ,  t h e  upper and lower v a l u e s  of v e l o c i t y ,  which d e f i n e  t h e  lock- 
in-range a r e  ob ta ined  from 

, , and 

f N =  v (N) .I -- 
upper Sog 

NO 
(N) - 

'lower 







The stress ind i ca to r  is a  r e l a t i v e  measure of t he  stress i n t e n s i t y .  
Two methods of c a l c u l a t i o n  a r e  allowed i n  t h e  computer program. The f i r s t  
method, and the  more exac t ing  one, involves  a  g r e a t e r  number of c a l c u l a t i o n s  
and a  s u b s t a n t i a l  amount of i ~ p u t  da t a .  The second method inco rpo ra t e s  a  
"Universal CFQ Function" and, due t o  i t s  d a t a  compression requirement,  it i s  
by na tu re  a  more conservat ive c a l c u l a t i o n ,  i .e . ,  t h e  S I  va lues  w i l l  be high. 
These c a l c u l a t i o n  methods a r e  given a s :  

Method I: Conventional S t r e s s  Ind i ca to r  

where Cf = vor tex  fo rce  c o e f f i c i e n t  which is a func t ion  of X/a and is 
obtained from Figure A-3. 

C, = elbow f a c t o r  t o  account f o r  above average f o r c e s  exer ted  on 
bellows convolutes  i f  an  elbow locaced immediately upstream 
of the  bellows. 

Pd = f l u i d  dynamic pressure .  

Q = dynamic ampl i f i ca t i on  f a c t o r .  

The bracketed term i n  Equation (A-15) i s  termed the  "bellows opera- 
t i o n a l  parameter". This  parameter is  used i n  conjunct ion with t h e  bellows 
s p e c i f i c  spr ing  r a t e  and Table A - I 1  t o  determine the  dynamic ampl i f i ca t i on  
f a c t o r  (Figure A-4), where s p e c i f i c  spr ing  r a t e  i s  def ined a s  

K~ Nc 
SSR = - 

Dm Np 

The computer program cu r rnn t ly  c a l c u l a t e s  t h e  s t r e s s  i n d i c a t o r  corresponding 
t o  the  c r i t i c a l  flow ve lo  i t y  def ined by Equation (A-12). 

I f  the  i n t e r n a l  medium i s  a  gas ,  a  r a d i a l  a cous t i c  resonance condi t ion  
is l i k e l y  t o  occur,  wherein t h e  acous t i c  p ressure  f l u c t u a t i o n s  couple with 
the  vor tex  shedding process t o  produce a  fo rce  ampl i f i ca t i on  t h a t  is s i g n i f i -  
c an t ly  l a r g e r  than . ~ o u l d  be pred ic ted  by t h e  va lue  of Q obtained from 
Figure A-4. Physical l j - .  these  pressure  f l u c t u a t i o n s  a r e  a t tenua ted  a t  approxi- 
mately a  cons tan t  r a t e  f o r  a l l  vo r t ex  shedding f requenc ies  less than t h e  
r a d i a l  a cous t i c  resonance o r  cu tof f  frequency. In  t h e  v i c i n i t y  of t h e  cutoff  
frequency, t h e  increased ampl i f i ca t i on  must be taken i n t o  account s i n c e  i t  
r e s u l t s  i n  much higher  bellows stress l e v e l s .  To t h i s  end, t h e  f i r s t  mode 
r a d i a l  acous t ic  resonant frequency is obtained from Figure 5  f o r  a  p a r t i c u l a r  
bellows geometry. This  cu tof f  frequency i s  then compared wi th  t h e  pred ic ted  
l ong i tud ina l  modal f requencies .  The pred ic ted  Q va lue  from FigureP.-4 is  
modified by a  s u i t a b l e  cons tan t  f o r  a l l  l ong i tud ina l  f requenc ies  t h a t  exceed 
the  cu tof f  frequency. In  o the r  words, t h i s  adjustment of Q s t a t e s  t h a t  t he  
r a d i a l  acous t ic  resonance is capable of coupling with higher  l ong i tud ina l  
modes not j u s t  a t  t h e  condi t ion  where the  frequencies  coincide.  FigureA-5 is 
v a l i d  f o r  convolute p i tch- to- t ip  width r a t i o s  of 1 .4  t o  2.0. These va lues  
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TABLE A-11. APPLICATIONS INFORMATION FOR USE WITH 
Q VALUES DATA I N  FIGURE A-4 

S p e c i f i c  Spr ing  
Rate  

A l l  Ranges 

over  2000 l b / i n 2  
over  2000 
under 2000 
under 2000 

over  3000 
2000 - 3000 
under 2000 
2000 - 3000 
under 2000 

over  3000 
2000 - 3000 
under 2C00 
under 2000 

-- 

iumber 
P l i e s  - 

1 

1 
1 
1 
1 

2 
2 
2 
2 
2 

I n t e r n a l  Media Culve 
( s e e  Note 1 )  No. 

low p r e s s u r e  g a s e s  1 

h igh  p r e s s d r e  g a s e s ,  l i g h t  l i q u i d s  1 
wate r ,  dense  l i q u i d s  2 
h igh  p r e s s u r e  g a s e s ,  l i g h t  l i q u i d s  2 
wa te r ,  dense  l i q u i d s  3 

A l l  
a l l  p r e s s u r e  g a s e s  
a l l  p r e s s u r e  g a s e s  
a l l  l i q u i d s  
a l l  l i q u i d s  

A l l  
A l l  

a l l  p r e s s u r e  g a s e s  
a l l  l i q u i d s  

NOTE 1: Low p r e s s u r e  g a s e s  w i l l  be d e f i n e d  h e r e  as be ing  
t h o s e  g a s e s  below 150 p s i a .  L igh t  l i q u i d s  w i l l  
be d e f i n e d  as having a s p e c i f i c  g r a v i t y  of l e s s  
than  0.2. 



C u w e  Numbers Correspond To 
Certain Applications - See Table I1 - 

100 1000 MOO 
BELLWS OPERATIONAL PARAMETER - ( CFCEpdlNp I l h 1 t 1 2 ,  psi 

FIGURE A-4 .  DYNAMIC AMPLIFICATION FACTORS FOR 
VARIOUS BELLOWS APPLICATIONS 



FIGURE A-5. BELLOWS CUT-OFF FREQUENCY FOR 
FIRST MODE RADIAL ACOUSTIC RESONANCE 



correspond to total convolute thickness of 0.34 and 0.00 (theoretical zero 
wall thickness). In addition, Figure A-5 is valid for fluid danping numbers, 
41, of the order of where Dm = vlri co, v - fluid kine mat?.^ viscosity 
and co - isentropic speed of sound. 

Method 11: Calculation of SI with cF* Function 

Calculation of the stress indicator may be greatly streamlined if 
universal cF* function shown in Figure A-6 is incorporated as follows : 

the 

s1 - cF* (5) N N., Ce Pd 

Note that the calculation requires the use of only one cmve, and hence, 
this method is favored for hand calculations; however, if JCFQ is set to 0, 
the calculation is performel by the computer code. Input cards 9 through 15 
may be blank cards. 

Calculation of fatigue life is accomplished in a subroutine called 
XLIFE where the input parameters of material type, alternating stress, and 
mean stress are manipulated in conjunction with a "Seven-Ordinate" fatigue 
cha7,t to determine the bellows expected life. 

The current version of the program assumes a mean stress of 0 psi; 
however, several simple progran statements could be included to account for 
internal pressure and slight angulation. Room temperlture conditions are 
assumed, but these conditions predict shorter life expectancies than cryogenic 
conditions. 

The room temperature conditions compensate somewhat for unknown work 
hardening effects. From the limited smount of data available (AFRPL-TR-68-22), 
it is generally shown that hyd-gformed bellows life expectancy is shorter 
by one order of magnitude than tkst of a coupon made of the same material. 
Therefore, it is not advisable to expect longer bellows life due to low 
temperature operation. 

A tv?ir.al Seven Ordinate Chart is shown in FigureA-7. The alternating 
and mean stress ordinates are used exclusively in the bellows code. Earh 
constant life curve is represented by a simple power law of the form 

m Cycles = B UalL 

B and m values are obt ined from datz cards 16 through 21. For example, 
the cycles to failure for LNCONEL 718 operating with a mean stress of 0 psi 
at room temperature is 

5 -5.1097 
Cycles = 2.1410 x 10' salt 

Similar curves are generated for mean stress levels of 20, 40, 60, and 80 KSI. 
A linear interpolation process is used to rampute cycle values between succes- 
sive 20 KSI mean stress levels. 
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INCONEL 718 

-200 -160 -120 -80 -40 0 40 80 1211 160 200 

Minimum S t r e s s  ( k s i )  

Minimum S t r c p s  
~ a r , i m w n  S t r e s s  

F1GW.E A-7. SEVEN-iIRDIYiTE CHART FOR INCONEL 718 



A.2 Equivalence of Theoretical and Computer Program Variables 

This section is intended to esteblish the correspondence between the 
analysis variables presented in the previous section and the computer coded 
variables. Internally gene~ated variables as wzl l  as curve fit coefficit.cts 
will be discussed 

Analysis- 

Nc 

N? 

iJ 

X 

in subsequent sections. 

Computer 

NC 

NPLY 

SIGMA 

LAMBDA 

RHOM 

KA 

CE 

RHOF 

DMEAN 

K 

A 

MMEYA? 

m u m 1  

WLU ID 

DELTA 

Comment 

Number of bellows convolutes 

Number of plys 

Convolute width 

Distance be~ween adjacent con- 
volute crowns 

Mean convoiute disc height 

Thickness per convolute ply 

bellows inside diameter 

Bellows outside dianeter 

Young's modulus of bellows 
material 

vnllovn m8.terial density 

Overall bellows spring rate 

Elbow loss factor 

Fluid density 

?lean bellows diamecer 

Elemental spring rate 

Mean convolute forming radius 

Elemental metal mass 

Apparent fluid mass at low mode 
nvhers 

Auparent fluid amis at higher 
mode numbers 

Apparent fluid mass 

Internal convolute width 



Analysis Cornputer Comment 

S t rouhal  number def in ing  t h e  
lower and upper bounds on 
lock-in-range 

'ocrit  STCRIT S t rouhal  number f o r  severe 
e x c i t a t i o n  

v (N) 
lower V (MGDE, 1 )  Lower v e l o c i t y  bound on 

lock-in-range 

V (MODE, 2 )  Flow v e l o c i t y  f o r  maximum 
e x c i t a t i o n  

V(MODE,3) Upper v e l o c i t y  bound on 
lcck-in-range 

f  CF Vortex force  c o e f f i c i e n t  

CF* CFSTAR Envelope s t r e s s  c o e f f i c i e n t  

S SR SSR Spec i f  i c  spr ing  r a t e  

Q (2 Dynamic ampl i f ica t ion  f a c t o r  

S I S  I S t r c s s  i nd ica to r  

Oalt  ALT STR Alterna t ing  s t r e s s  

Om HEANSTR Mean s t r e s s  

%o rilCo FNCO Frequency number f o r  f i r s t  
mode r a d i a l  acous t i c  resonance 

FREQCO Angular cu tof f  frequency f o r  
f i r s t  mode r a d i a l  acous t i c  
resonance 

o  CO I s en t rop ic  speed of sound 

Y GAMMA Rat io of gas s p e c i f i c  hea t s  

A . 3  Curve F i t  Requirements 

When p red ic t ing  t h e  performance of complex systems, i t  is f reque- t ly  
necessarv t o  descr ibe  experimentally observed relationships between two o r  
more va r i ab l e s  through t h e  use of empir ical  expressions,  i . e . ,  curve f i ts .  
In predic t ing  be l lous  flow-induced v i b r a t i o n s ,  i t  was necessary t o  curve 
f i t  the da t a  shorn i n  FiguresA-2, A-3, and A-4. To t h i s  end, a l l  d a t a  i n  
these f igu res  were f i t t e d  t o  a hyperbolic equation of the form 



where k ,  a ,  b ,  and d  a r e  t h e  c o e f f i c i e ~ ~ t s  t o  be determined.  Coord ina te  
p a i r s  a r e  i n p u t  t o  t h e  f i t t i n g  r o u t i n e ,  and t h e  resulting e q u a t i o n s  a r e  
solved s imul taneous ly  f o r  t h e  unknown c o e f f i c i e n t s .  A l i s t i n g  of t h e  curve  
f i t  r o u t i n e  is included i n  t h e  nex t  s e c t i o n .  Note t h a t  t h e r e  is  a n  o p t i o n  
f o r  e i t h e r  a four -  o r  e i g h t - p o i n t  f i t .  It was n e c e s s a r y  t o  u s e  a n  e i g h t -  
p o i n t  f i t  o n l y  f o r  t h e  cuxves l a b e l e d  i, 2 ,  and 3 i n  F i g u r e  A-4 (Q-surface).  
Curve f i t  c o e f f i c i e n t s  a r e  s u p p l i e d  on i n p u t  c a r d s  6 through 15. 

A.4 Computer Program S t r u c t u r e  and L i s t i n q  

The computer programs l i s t e d  i n  t h i s  s e c t i o n  were w r i t t e n  i n  FORTRAN I V  
language.  Ir. t h e  form presen ted  h e r e ,  t h e  piograms must be  compiled each  
t ime t h e y  a r e  submit ted  t o  t h e  computer; hoi~q\*zr, m u l t i p l e  r u n s  can be  
accomplished a t  each s u b m i t t e l .  The u s e r  of t h i s  program may f i n d  i t  more 
convenient  t o  compile and s t o r e  t h e  program on t a p e ,  t h u s  n e c e s s i t a t i n g  minor 
program m o d i f i c a t i o n s .  

Four program l i s t i n g s  a.rr con ta ined  i n  t h i s  s e c t i o n :  

(1)  MAIN (PROGRAN BELLOW) 

(2 )  Curve g e n e r a t i n g  r o u t i n e  (CURVE) 

(3)  F i r s t  mode .?caustic response  f requency (ACOURES) 

(4)  Fa t igue  l i f e  r o u t i n e  (XLIFE) 

The source  deck f o r  t h e  performance program c o n s i s t s  of a main program i n  
which a  m a j o r i t y  of t h e  c a l c u l a t i o n s  a r e  performed and t h r e e  s u b r o u t i n e s :  
CUXVE, which is c a l l e d  from t h e  w i n  program, and i t  c o n t a i n s  t h e  l o g i c  f o r  
s e l e c t i n g  t h e  a p p r o p r i a t e  cu rve  on t h e  Q-surface (FigureA-4) :  ACOURES, which 
e v a l u a t e s  t h e  f i r s t  mode c u t o f f  o r  a c o u s t i c  resonance f requency a s  a func- 
t i o n  of bel lows geometry, and XLIFE, which c a l c u l a t e s  t h e  be l lows  l i f e  ex- 
pectancy based upon seven o r d i n a t e  f a t i g u e  d a t a .  

The execu t ion  s t r u c t u r e  of t h e  program consists of t h e  fo l lowing  items 
i n  t h e  o r d e r  p resen ted .  

(1)  Program c o n t r o l  c a r d s  - number and type  of t h e s e  c a r d s  
v a r i e s  wi th  t h e  u s e r  f a c i l i t y .  

( 2 )  Main program des igna ted  Program Bellow. 

( 3 )  Subrou t ine  CURVE 

(4)  Subrou t ine  ACOURES 

(5) Subrout ine  SL LFE 

( 6 )  End of  r ecord  (EOR) c a r d ;  au l t i -punch  7-8-9 i n  column 1. 

(7)  Data package containing one o r  more runs .  

4 )  End of f i l e  (EOF) c a r d ;  multi-punch 6-7-8-9 i n  column 1. 
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A.5 Data Input Package 

Ina t ruc t ions  f o r  prepara t ion  of a da t a  input  package a r e  loca ted  a t  the  
beginning of t h e  PROGRAM BELLOW l i s t i n g .  An experienced progrclmmer w i l l  have 
no d i f f i c u l t y  i n  cons t ruc t ing  t h e  input ,  but  f o r  t h e  inexperienced uaer  t h e  
following supplementary remarks may be u s e f d .  

Input Card 1 

This  card is an i d e n t i f i c a ~ i o n  card on which t h e  use r  can p lace  
information t h a t  w i l l  a i d  i n  i den t i fy ing  and c l a s s i f y i n g  t h e  run. 
Any alpha-numeric cha rac t e r s  can be placed i n  columne 2 through 
80. Column 1 must e i t h e r  ccrltain a 1 f o r  p r i n t e r  c a r r i a g e  c o n t r o i  
o r  be l e f t  blank. 

Input Card 2 

Word 1 JFLAG - 
Word 2 NFLUlD - 
Word 3 NDEG - 
Word 4 JMAX - 

Word 5 JCFQ = 1 
= 2 

Word 6 MTL - 
Input Card 3 

Word 1 NC - 
Word 2 NPLY - 
Word3 SIGMA - 
Word 4 LAMBDA - 
Word 5 H - 
Word 6 T - 

Input Card 4 

Word 1 DI - 
Word2 DO - 
Word 3 E - 
Word4 RHOM - 
Word 5 KA - 
Word 6 CE = 1.0 - 

Input Card 5 

Wor? l D - 
Word 2 TPMP - 
Word 3 PREF o r  

REOF - 
Word 4 TREF - 
Word 5 RHOFREF - 
Word 6 GAHMA - 

See Program L i s t i n g  
See Program L i s t i n g  
See Program L i s t i n g  
I a  the number of ind iv idua l  curves necessary 
t o  descrii ie t he  Q-stwface (Figure A-4) .  A s  shown 
i n  t h a t  f i gu re ,  JMAX = 6. I f  f u t u r e  d a t a  ind i -  
c a t e  t h a t  more than s i x  curves a r e  necessary, 
then t h e  dimension statement per ta in ing  t o  Q 
must be a l t e r e d  accordingly. 
(Use Method 
(Use Method 
See Program 

See Program 
11 

.I Program 
I t  

I t  

I 1  

May be l e f t  
See Program 

See Program 
11 

I S t r e s s  Ind ica to r  Calcu la t ion)  
I1 S t r e s s  Ind ica to r  Calcu la t ion)  
L i s t i n g  

L i s t i n g  

LLst Lnb 

blank i f  J;: - ? 
I i s t i n g  

L i s t i n g  



Input Card 6 

This  card conta ins  4 curve f i t  c o e f f i c i e n t s  f o r  t h e  uppzr bound 
of t h e  Strouhal  number v r .  lambda/rigma func t ion .  They are as 
fol lows : 

Word 1 STUPK = +.25352~26+00 
Word 2 STUFA = +.40487805+00 
Word 3 STUPB = +.22229595+00 
Word 5 STUPD = 0.34329268-01 

Input Card 7 

Th i s  card con ta in s  4 curve f i t  c o e f f i c i e n t s  f o r  t h e  lower bound 
of t h e  S t rouha l  number v s .  lambda/sigma func t ion .  They a r e  a s  
f o l l w s  : 

Word 1 STLOK - +.11870422+00 
Word 2 5TLOA - *.46569343+00 
Word 3 STLOB = +.73139166-01 
Word 4 STLOD = -.79927007-02 

Input Card 8 

This  card con ta in s  4 c u y e  f i t  c o e f f i c i e n t s  f o r  t h e  c r i t i c a l  curve 
of t h e  Stroullal number vs .  lambda/sigma func t ion .  They a r e  a s  
fol lows : 

Word 1 FTCRITK +.43502697+00 
Word 2 STCRITA = -.. 6i870504-01 
Word 3 STCRITB = +.37269292-02 
Word 4 STCRITD = +.40647482-02 

Input. Card 9 

This  card con ta in s  4 curve f i t  c o e f f i c i e n t s  f o r  t h e  vo r t ex  f o r c ~  
c o e f f i c i e n t  vs .  lambda/sigma funct ion.  They a r e  a s  follows: 

Word 1 CFK = -.19458000+03 
Word 2 CFA = +. 25500000+02 
Word 3 CFB = -.74460000+01 
Word 4 CFD -. 3990030C COO 

Input Cards 10 . :hrou~h 15 - 
The curve f i t  c o e f f i c i e n t s  f o r  the  Q-surface a r e  read i n  a t  R r a t 2  oC 
four  words per ca rd ,  1.e.. QK (1).  QA (1). ,:?B (1). QD (1) a r e  punt; : 
on Card 10; QK (2). QA (2). QB ( 2 ) ,  QD ( 2 j  a re  on Card 11 of t h i :  -. 
Reading cont inues per t h i s  format u n t i l  J F G  . t + ~ t a  of c o e f f i c i e n t s  , 

0 below have been read in .  



Card 12  QK(3) - 2.0081991Ec04 
QA(3) - - 1.49177 7OE+O2 
QB(=: - 4.5393842E.tOl 
QD (3) - 4.8689382E-03 

Input Card 16 

7 .  card conta ins  exponent v ~ l u e s  (M) f o r  m a t e r i a l  1 

Word I XM (1.1) = - 5.11 (mean s t r e s s  = 0 KSI) 
Word 2 XM (2.1) - - 5.479 ( " , 20 " ) 

Word 3 XM (3.1) - - 5.519 ( " *I - 4 0  I * )  
Word 4 XM (4 ,! . = - 5.645 ( " I' , 60 ) 
Word 5 XM (5.1) = - 5.972 ( " I, - 8 0  * I )  

Input Card 17 

This  card con ta in s  c o e f f i c i e n t  va lues  (B) f o r  mater!.al 1 

Word 1 B (1.1) = + .21410+16 (mean s t r e s s  = 0 KSI) 
Wok? I3 (2.1) = + .72280+16 ( " I1 - 2 0  " 1  
Word 3 B (3.1) = -t .44$40+16 ( " , 4 0  O )  

Eord 4 B (4.1) = + .24367+16 ( " I' - 6 0  " )  
Word 5 B (5.1) - + .i3200+16 < 11 'I - 8 0  I t )  



Input  Card 18 

This  card conts ine  exponent va lues  

Word 1 XM (1,2) = - 13.003 
Word 2 XM (2,2) = - 13.173 
Word 3 XM (3,2) = - 16.008 
Word 4 XM (4,2) = - 14.168 
Word 5 XM (5,2) = - 5.345 

Input Card 19 

04) f o r  m a t e r i a l  2 

This  card con ta in s  c o e f f i c i e n t  v a h e s  (B) fox material 2 

Word 1 B (1,2) = + .67770+27 
Word 2 B (2,2) = + .32560+28 
Word 3 B (3,2) = + .29480+32 
Word 4 B (4,2) = + .49910+27 
Word 5 B (5,2) = + .89980+11 

Input Card 20 

This  card conta ins  exponent va lues  

Word 1 XM (1,3) = - 2.447 
Word2XM(2,3)  = - 3 . 5 6 7  
Word 3 XM (3,3) = - 4.387 
Word4XM (4,3) = -  4.683 
Word 5 XM (5,3) = - 6.124 

Input Card 21 

(M) f o r  m a t e r i a l  3 

This card conta ins  c o e f f i c i e n t  va lues  (B) f o r  m a t e r i a l  3 

Word 1 B (1,3) = + .14360+10 
Word 2 B (2,3) = + .13630+12 
Word 3 B (3,3) = + .22900+13 
Word 4 B (4,?) = + .12990+13 
Word 5 B (5,3) = + .12510+13 

A.6 Examgle Problem 

Lis ted  below is  an input  d a t a  deck cons t ruc ted  i n  accordance wi th  t h e  
inst?.-ctions presented a t  t h e  beginning of PROGRAM BELLOW. The no ta t i ons  
t h a t  appear In columns 73 through 80 serve t o  i d e n t i f y  t h e  d a t a  group i n  each 
card. Following t h i s  l i s t i n g  is t h e  corresponding computer output .  The 
output  is frouped i n t o  t h r e e  s ec t i ons .  The f i r s t  group sunrmarizes t h e  p e r t i -  
nent bellows input  parameters. For t h i s  example, only t h e  o v e r a l l  sp r ing  
r a t e ,  FA, was in se r t ed  a s  da ta .  The next group summarizes t h e  f l u i d  parameters. 
The next group con ta in s  t h e  pred ic ted  l ong i tud ina l  bellows performance. 
Bellows lock-in-range f o r  a p a r t i c u l a r  mode -f v i b r a t i c n  is  def ined by t h e  
upper and lower flow v e l o c i t i e s .  S t r e s s  i n d i c a t o r  was ca l cu l a t ed  based on 



the critical flow velocity for each mode. Note, that for this particular 
bellows configuration, the lock-in-ranges for succes~ive modes overlap, 
which indicates a more or less continuous spectrum of excitation velocities. 
Note also that all performance variables at the highest mode numbers are 
less than the corresponding quantities at previous mode numbers. Physically 
this behavior is accounted for t the fact that the apparent fluid mass is 
increasing at a faster rate than the dimensionless frequency numbers in Table A-I 
for t W s  bellows. 
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APPENDIX B 

EWERIMENTAL FACILITY 



B.1 Flow LOOP 

All liquid flow tests were conducted in a closed loop water flow 
tunnel shown schematically in Figure B-1. The bellows upstream piping was 
eized to the nominal bellows size, i.e. 3" PVC pipe was used during 3" 
bellows test and 6" PVC was used for 6" bellows. The flow loop can be 
pressurized to pressves in excess of 100 psig. 

Flow rate was accurately measured by a 4" turbine meter (Flaw 
Technology SN - 64033), and the loop's static pressure was determined by 
a calibrated bordon prdssure gauge located one diameter upstream of the 
bellows. 

Fluid motion is generated by a Goulds propeller pump rated at 40 ft. 
head at 6000 GPM. The prime mover is a 75 hp variable speed hydraulic motor 
which provides a means to vary the loop flow velocity. Piping cmponents are 
fabricated of carbon steel or PVC. A large antisurge reservoir (air over 
water) has been incorporated into the basic tunnel design. 

B.2 Bellows Instrumentation 

During a typical bellows flow test, three time dependent variables 
are normally recorded. These include the (1) volumetric flow rate, (2) the 
strain time history at various bellows locations, and (3) the displacement 
time history of selected bellows convolutes. 

The overall instrumentation setup is shown in Figure B-2 where it can 
be seen that three modes of recording data are possible. For quick look in- 
formation polaroid pictures of the scope face may be obtained. As a second 
mode of operation, a high speed direct write galvonometer (CEC Model 5-124 ) 
is used to obtain high frequency hard copy bellows strain and displacement 
time histories; however, the majority of data (3rd mode of operation) was 
recorded in a form more useable for analysis, i.e. a dependent variable was 
plotted versus an independent variable on the x-y plotter while a test was in 
progress. 

Typical data collected in the form of two dimensional plots are presented 
in Figare 13. The vertical scale is proportional to either peak to peak strain 
amplitude or peak to peak displacement amplitude. Special circuitry, to be. 
described subsequently, converted convolute peak to peak displacement motions 
to an equivalent D.C. analog voltage which was input to the y-axis of a model 
x-y recorder. Peak to peak strain signals (radial and circumferential) were 
procensed in a similar fashion. The horizontal axis is proportional to vol- 
umetric flow rate through the bellows. Since the primary flow measurement 
element was a turbine meter, its output frequency (directly proportional to the 
volume rate) was converted to a D.C. signal and then input to the recorder's 
x-axis. 

A typical instrumented bellows is shown in FigureB-3. Four strain gages 
were attached to the convolute crowns each test bellows. Two gages were placed 
on convolute number two, one responded to radial strains and the other responded 
to circumferential strain. Convolute number two was chosen ac a representative 
and convolute where peak strains occur (maximum relative displacement occurs in 
this region) but due to the end restraint. The middle convolute waa gaged in 
the same manner as convolute number two. By observing the middle convolute 
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FIGURE B-2. INSTRUMENTATION 



FLOW 

I) -- 

TAB (Used to Indicate 
Displacement) 

Gage No. - Gage Type 

@ EA-09-031ED-120 

@ EA-09-031ED-120 

@ EA-06-031DE-120 

@ EA-06-031DE-120 

Strain Direction Convolute No. 

Radial 2 

Radial 7 

Circumferential 7 

Circumferential 2 

FIGURE B-3. STRAIN GAGE AND TAB LOCATION FOR 3" BELLOWS 



response simultaneously with the second convolute, the mode number is 
posftively identified and ineight is gained with respect to the mode shape. 

All strain gages used were 1/32" long and each was selected to the 
base material of the bellows (321 stainless steel). Due to the small sitc 
of the gage and its associated installation difficulty, single arm active 
bridge circuits were employed. Figure B-4 shows a schematic of the signal 
conditioning circuit that converts gage reststance changes into a measurable 
voltage. The first stage amplifier (Analog Devices 610) is a high quality 
instrumentation amplifier operated in a differential voltage measurement mode. 
The second stage amplifier (Analog Devices 3140) provides offset voltage 
control and boosts the 610's output by a fixed gain of 10. 

Consolute displacement was obtained by measuring the displacement 
of a small metal tab that was epoxied to the crown of a convolute. A Bently 
probe (Model 316 ) was attached to a fixed structure above the test bellows. 1 
The tab couples with the transducer to produce an analog signal directly 
proportional to the displacement of the tab with respect to the transducer ! 
face; hence, the convolute absolute displdcement was recorded. A sufficient 
number of tests were performed to insure that the virtually massless attached 
tab did not influence the vibration process. 





APPENDIX C 

BELLOWS GEOMETRIC AND MECHANICAL PROPERTIES DATA 



TABLE C-I. BELLOWS DATA 

Ballowe No. 



FATIGUE LIFE COMPUTEF ROGRAM, FATLIF 



> - 
-. 1PIUnYC_L- rn = 

TC- --- 
IF- cnn L - 
T f  6n TR L 

en Ttl ~n - -- 





LSPENDIX E 

TWO PHASE FLOW STUDY 



E. 1 Two Phase Flow 

During t h e  performance p e r i o d  o f  t h e  be l lows  s t u d y ,  s e v e r a l  
s p e c i a l  s t u d i e s  were conducted  on an  as needed b a s i s .  One p a r t i -  
c u l a r l y  notewor thy  s t u d y  conducted  w a s  a s i m p l i f i e d  a n a l y s i s  o f  
t h e  S h u t t l e  LH2 ch i l ldown o r  r e c i r c u l a t i o n  system. Fouz p o s s i b l e  
o p e r a t i n g  c o n d i t i o n s  o f  t h e  ch i l ldown sys tem were assumed and t h e  
a n a l y s i s  o f  t h e  chosen "wors t  c a s e , "  i n d i c a t e s  low p r o b a b i l i t y  o f  
a  be l lows  f a i l u r e  due t o  a two phase  f low phenomena. R e s u l t s  a r e  
p m s e n t e d  below. 

E. 2 Case A - Pure  L i a u i d  Flow 

F o r  t h i s  c a s e  t k . e  e n t i r e  r e c i r c u l a t i o n  sys tem was assumed 
t o  b e  f lowing p u r e  l i q u i d  hydrogen w i t h  t h e  pump c u r v e  shown i n  
F i g u r e  E . l  d e f i n i n g  t h e  p r e s s u r e  head v e r s u s  f low f o r  each  o f  t h e  
t h r e e  pumps. T a b l e  E . 1  l is ts  t h e  assumed be l lows  geometry f o r  
t h i s  a n a l y s i s .  Tab le  E.11 l i s t s  t h e  LH2 p r o p e r t i e s  and a n a l y s i s  
r e s u l t s  f o r  t h e  Case A p u r e  l i q u i d  f low problem. A s  shown, because  
of  t h e  ve ry  low v e l o c i t y  and 1 / 2  pv2 v a l v e ,  t h e  stress i n d i c a t o r  
va lve  is q u i t e  low and no be l lows  f low-induced v i b r a t i o n  problem 
i s  a n t i c i p a t e d .  

E.  3 Case B - Pure  Gas Flow 

For t h i s  c a s e  w e  assume p u r e  l i q u i d  f low th rough  t h e  pump 
fo l lowed by p u r e  gaseous  f low th rough  t h e  r e c i r c u l a t i o n  system. 
The r e a s o n  f o r  t h i s  assumpt ion  i s  t o  e n s u r e  t h e  maximum p o s s i b l e  
d r i v i n g  head a t  t h e  pump i s  a v a i l a b l e  t o  "push" t h e  g a s  through 
t h e  l i n e s .  With gaseous  f low th rough  t h e  pumps, a  v e r y  low head 
would o c c u r  hence no means would e x i s t  t o  c o n t i n u e  t o  i n t r o d u l - e  
l i q u i d  i n t o  t h e  system. 

I t  i s  assumed t h a t  s u f f i c i e n t  h e a t  i s  t r a n s f e r r e d  i n t o  t h e  
l i q u i d  t o  c a u s e  comple te  S o i l i n g  hence  a  p u r e  gaseous  f low through 
t h e  r e c i r c u l a t i o n  l i n e s .  T h i s  i s  d e f i n i t e l y  a p o s s i b l i t y  a t  t h e  
f i r s t  s t a g e  of ch i l ldown.  



v Estimated System Characteristic Liquid Flow in Pumps, Gaseous 
Remainder 

- This Point Used 
for Pure Liquid 

Case A 

1.0 1.5 

Flow Rate - lblsec 

FIGURE E-1 . RECIRCIrLATION PLYP PRESSURE 
FLOW CHAPACTERISTIC 



E-3 

TABLE E-I Summary Of Bellows Data For Case A 

Bellows Geometry (Arrowhead Drawing 13619) 

Material - ARMCO 21-6-9 

O.D. 

I.D. 

Nc 

N 
P 

t 

ec 

:: 

X 

0 

Calculated Data 

- 5.0 inches 

- 4.0 inches 

= 8 convolutes 

= 2 plys 

= 0.008 inches per ; , l y  

= 2.0 inches convoluted length 

= 0.50 inches 

= 0.267 

= 0.134 

= 138.24 lb/inch overall spring rate 

2 4 = 1.002 x lb-sec /in 

= 748 HZ, reference frequency 

= 148.9 Hz, first mode frequency 

= 7.56 fps, first mode critical velocity 

= 1488 Hz, highest longitudinal mode 
frequency 

= 75.5 fps, highest longitudinal mode 
critical velocity 



TABLE E - I 1  Summary Of LH2 Properties And Analysis Results 
For Case A - Pure Liquid Flow 

Liquid Hydrogen Properties And Conditions 

LH2 Q -  420°F, 16.1 psig 

= 0.002564 1bm/in3 = 4.431 

= 4.2 lb/sec total flow, 3 

Calculated Data 

W Volume flow = - - - 0.9479 ft3/sec 
P C  

v = Volume flow - - 0m9479 = 10.87 
Area 0.08722 

1/2 ofv2 = 0.0565 psi 

=fQ 
= 8 (first mode) 

C ~ Q  h 2 S.I. = 1 1 (1/2pV) =882.8psi 
0 

Conclusions 

The Stress Indicator is so low no significant 
bellows response is possible. 



Pure gaseous flow a t  t h e  4 . 2  l b / s e c  r a t e  achieved f o r  
t h e  pure l i q u i d  c a s e  i s  n o t  p o s s i b l e  because t h e  f low l o s s  
would f a r  exceed t h e  a v a i l a b l e  head a t  t h e  pumps. There- 
f o r e ,  a downward adjustment  i n  f low occu r s  u n t i l  t h e  l o s s  
matches t h e  a v a i l a b l e  pump head. The t o t a l  f low from t h r e e  
pumps which s a t i s f i e s  t h i s  requirement  i s  about  0.823 lb / sec ;  
s e e  F igure  E-I. 

Based on t h i s  f low, t h e  bel lows of Table E - I  has been 
analyzed and r e s u l t s  a r e  shown i n  Table  E.III.As shown, t h e  
stress i n d i c a t o r  i s  q u i t e  low and t h e r e  i s  no p o s s i b i l i t y  of 
a c o u s t i c  resonance,  hence t h e  bellows i s  s a f e .  

E.4 Case C - Liquid Flow f o r  P a r t  of Line, Gaseous Flow 
f o r  R e s t  

For t h i s  ca se  w e  assume pure  l i q u i d  f low through t h e  
pumps and through a f r a c t i o n  of t h e  t o t a l  r e c i r c u l a t i o n  l i n e  
l e n g t h .  The f low through t h e  remainder of  t h e  r e c i r c u l a t i o n  
l i n e  i s  assumed t o  be pure  gaseous.  ','he t r a n s i t i o n  from 
l i q u i d  t o  gas  is assumed t o  occur  suddenly a t  a  s i n g l e  p o i n t  
i n  t h e  l i n e .  

A s  w i th  Case B ,  t h e  t o t a l  p r e s s u r e  l o s s  a long t h e  l i n e  
i s  assumed equa l  t o  t h e  head a v a i l a b l e  from t h e  pump. When 
t h e  percen tage  of  l i n e  w i th  gaseous flow i s  l a r g e ,  w e  expec t  
t h e  mass flow t o  be sma l l e r  t han  t h e  nominal 4.2 l b / s e c  va lue  
and t h e  t o t a l  head g r e a t e r  than  t h e  nominal 8.0 p s i  va lue .  
A s  a s t a r t i n g  p o i n t  we assume t h e  presence of  t h e  gas  w i l l  
r e s t r i c t  t h e  f low s o  t h a t  t h e  pump i s  o p e r a t i n g  i n  t h e  reg ion  
of  a 12 p s i  head value.  Other assumptions a r e :  

The l i q u i d  d e n s i t y  i s  always pc = 4.431 l b / f t  3 

The g a s  d e n s i t y  is  always p = 0.0939 l b / f t 3  
9  

The pump head o f  1 2  p s i  produce? an average 
1 / 2  p v 2  of  0.0897 p s i  a long  t h e  l i n e  

X i s  the percen tage  of  t h e  t o t a l  li.;e over  which 
t h e  f low i s  pure  l i q u i d  

( l - X )  is  t h e  percentage of t h e  t o t a l  l i n e  l e n g t h  
over  which t h e  f low i s  pure gaseous 

There i s  s u f f i c i e n t  h e a t  t r a n s f e r  t o  conve r t  t h e  
LH2 t o  GH2 a t  t h e  p o i n t  X 



E-6 

TABLE E-111. Summary O f  GH, P r o p e r t i e s  And Analys i s  Resu l t s  
For Case B - pure  Gaseous Flow 

Gaseous Hydrogen P r o p e r t i e s  And Condi t ions  

r j  = 0.823 l b / s ec  t o t a l  f low, 3 pumps 

Ca lcu la t ed  Data 

r j  Volume flow = - - 3 - 8.763 f t  / s ec  
Pg 

V = 100.5 f p s  (could  e x c i t e  h i g h e s t  

1/2 pv2 = 0.1023 p s i  

CfQ = 3.2 ( h i g h e s t  mode) 

C ~ Q  h 2  S.I. = (-1 (F) (1/2 pV ) = 629.5 
*P 

mode) 

p s i  

Veloc i ty  r equ i r ed  f o r  a c o u s t i c  resonance = 394 

Conclusion 

S t r e s s  I n d i c a t o r  t o o  iow f o r  problem. No a c o u s t i c  
resonance p o s s i b l e .  Bellows s a f e .  



W e  now have  

1 2 1 2 (T PL VL ) X + I- P V 1 ( 1 - X I  = 0.0897 p s i  
2 9 9  

Frov f l u i d  c o n t i n u i t y  w e  f i n d  t h a t  

t h u s  

(1-0.0970 X) = 0.0897 p s i  

p s i  

From t h e  above e q u a t i o n  w e  f i n d  t h a t  a  g i v e n  v a l u e  o f  X w e  
have a  unique  v a l u e  of (1/2 p V 2)  o r  Vg. F i g u r e  E-2 shows 
a  p l o t  of vg2 v e r s u s  X from t 2 e above e q u a t i o n .  

Note t h a t  a s  X i n c r e a s e s  toward a  v a l u e  of  1 . 0 ,  t h e  Vg 
v a l u e  also i n c r e a s e s .  For  example,  i f  t h e r e  i s  l i q u i d  
f low o v e r  90% o f  t h e  r e c i r c u l a t i o n  l i n e ,  w i t h  t h e  f i n a l  109 
be ing  gaseous  f low,  w e  can  e x p e c t  t o  have V = 272 f p s  from 
t h e  gaseous  f low o v e r  t h e  f i n a l  10% o f  t h e  i n e .  4 

Figure  E-2 a l s o  shows t h e  s t r e s s  i n d i c a t o r  va lues  ?or t h e  
be l lows  d e f i n e d  i n  Tab le  E- l .0 f  c o u r s e  t h e r e  must be a  be l lows  
l o c a t e d  i n  t h e  p o r t i o n  o f  t h e  l i n e  o v e r  which t h e  gaseous  
f l o w  e x i s t s  t o  e x p e r i e n c e  t h i s  f low c o n d i t i o n .  

From t h i s  a n a l y s i s  w e  c a n  see t h a t  i f  t h e  f low c o n d i t i o n s  
assumed were t o  r e a l l y  e x i s t  t h e n  a  be l lows  p l a c e d  v e r y  n e a r  
t h e  end o f  t h e  r e c i r c u l a t i o n  l i n e  cou ld  be s u b j e c t  t o  r a t h e r  
h i g h  stresses. Also  w e  a r e  g e t t i n g  i n t o  gaseous  v e l o c i t y  
r a n g e s  where a c o u s t i c  r e sonances  might  be p o s s i b l e .  Tab le  E - I V  
summarizes t h e  r e s u l t s  o f  t h i s  a n a l y s i s .  

The q u e s t i o n  remaining t h e n  is :  Can such a  f low cond i -  
t i o n  o c c u r ?  The answer t o  t h i s  q u e s t i o n  depends on t h e  re- 
s u l t s  of a h e a t  t r a n s f e r  a n a l y s i s  t o  f i n d  o u t  i f  s u f f i c i e n t  
h e a t  can  be i n t r o d u c e d  i n t o  t h e  f l u i d  t o  produce :he r e q u i r e d  
~ h a s e  change from l i q u i d  t o  g a s .  



I 

I I I I 

To 512 i p s  
Max. "slue 

- 

- 

0 . 2  .4 .6  .8 1.0 

X - Percentage of l i n e  w i t h  l i q u i d  flow 

FIGURE E-2. RESULTS OF CASE C AVALYSIS 



TABLE E - I V  Case C - P o r t i o n  O f  L i n e  P u r e  L i q u i d  Flow 
And P o r t i o n  P u r e  Gaseous  Flow 

Hydrogen P r o p e z t i e s  And C o n d i t i o n s  

. LH2 @ - 420°F, 1 6 . 1  p s i g  

GH2 = -422OF, 19 .0  p s i a  

= 0.09392 l b m / f t  3 
pg 
F l u i d  mass f l o w  v a r i a b l e  

A n a l y s i s  

P u r e  l i q u i d  f l o w  o v e r  X p e r c e n t  o f  l i n e  l e n g t h  

P u r e  g a s e o u s  f l o w  o v e r  ( 1 - X )  p e r c e n t  o f  l e n g t h  

Pump head  a l w a y s  1 2  p s i ,  a v e r a g e  l i n e  1 /2  p v 2  = 
0.0897 p s i .  

X and  f l o w  head  r e l a t e d  by 

2  (112 0 V ) (1-0.979)o = 0.0897 p s i  
9 9 

S o l u t i o n  t o  a b o v e  g i v e n  i n  F i g u r e  2  

F o r  example ,  i f  X 51.90 o r  9 0 % ,  t h e n  

1 /2  p V = 0.754 p o i  
9 g 

V = 272.6 i p s  
4 

S.I. = 4713 p s i  (SAFE) 

A c o u s t i c  r e s o n a n c e  o c c u r s  9 V = 394 f p s  
9  

Only a b z l l o w s  l o c a t e d  a t  end  o f  l i n e  would b e  i n  
p o s s i b l e  damage i f  t h e  p o s t u l a t e d  f l o w  c o n d i t i o n  
c a n  a c t u a l l y  o c c u r .  



T h i s  q u e s t i o n  w i l l  be answered i n  t h e  n e x t  s e c t i o n ;  however, 
i f  no be l lows e x i s t s  over  t h e  f i n a l  10% of  t h e  l i n e  l e n g t h  
then  no problem e x i s t s .  

E. 5 Case D - Slug Flc;: 

For  t h i s  c a s e  we assume t h a t  a  p o c k e t  of g a s  h a s  formed 
i n  t h e  r e c i r c u l a t i o n  l i n e  and is  growing because  o f  f u r t h e r  
b o i l i n g  of  LH2. T h i s  g a s  p r o d u c t  growth pushes  t h e  LH2 i n  
f r o n t  o f  it o u t  o f  t h e  l i n e ;  hence,  w e  need t o  de termine  i f  t h e  
l i q u i d  and/or  g ~ s  v e l o c i t i e s  c a n  become h i g h  enough t o  c r a a t e  
a be l lows  problem. 

F igure  E-3 shows a schemat ic  diagram of  t h e  p h y s i c a l    rob- 
l e m  for Case D.  As shown, w e  assume a  g a s  pocke t  o f  l e n g t h  
Y which i s  growing because  of b o i l i n g  caused  by h e a t  t r a n s -  
f e r  th rough  t h e  t u b e  from t h e  s u r r o u n d i n g s .  The r e a r  bound- 
a r y  o f  t h e  g a s  pocke t  i s  assumed moving a t  a  v e l o c i t y  V 1 ,  
w h i l e  the f r o n t  boundary i s  assumed moving a t  a  v e l o c i t y  V2. 
The d i f f e r e n c e  i n  v e l o c i t y  of  t h e  two b o u n d a r i e s  r e l a t e s  t o  
t h e  volume growth of  t h e  g a s  pocke t  because  o f  b o i l i n g .  

The f i r s t  problem t o  be s c l v e d  i s  a  d e t e r m i n a t i o n  of t h e  
b o i l i n g  volume growth o f  t h e  gas pocke t .  Tab le  E-V summarizes 
an  a n a l y s i s  t o  s o l v e  t h i s  p r ~ b l e m .  W e  assume a  g a s  pocke t  
o f  l e n g t h  Y i s  b e i n g  fc=.c?. 5y h n i l i n g  from h e a t  t r a n s f e r r e d  
through t h e  t u b s  wall. I t  h a s  becn derermined t h a t  t h e  
b o i l i n g  t r a n s f e r  c o e f f i c i e n t  on t h e  irsi.?e of  t h e  t u b e  is  so 
v e r y  h i g h  r e l a t i v e  t o  t h e  e x t e r n a l  h e a t  t r a n s f e r  c o e f f i c i e n t  
t h a t  t h e  t u b e  w a l l  can  be astunred a t  t h e  same t e m p e r a t u r e  
a s  t h e  LH2. T h e r e f o r e  t h e  b o i l i n s  r a t e  i s  l i m i t e d  o r  d e t e r -  
mined by t h e  h e a t  t r a n s f e r  from t h e  ambient  s u r r o u n d i n g s  20 
t h e  t u b e  w a l l .  

On t h i s  b a s i s  the a n a l y s i s  shows t h a t  t h e  maximum weigh t  ' 
r a t e  o f  LH2 b o i l e d  i n t o  GH2 w i l l  be  

W max = 5.29 

p e r  f o o t  of t u b e  o v e r  which b o i l i n g  i s  assumed t o  o c c u r .  
From t h i s  r a t e  of b o i l i n g  the v ~ l u m e  r a t e  o f  growth of  t h e  
g a s  pocke t  h a s  been c a l c u l a t e d  t o  be 

3 
% O l  

= 0.9199 f t  /min p e r  f o o t  l e n g t h .  
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TABLE E-V Summary Of Heat T r a n s f e r  Through 
R e c i r c u l a t i o n  Line Walls 

1 T, = Ambiolt 
Temperature I 

v1 
_C &\$?' 22- 
P \\ J I 

i 

T ~ ~ 2  
4.0" OD 
x .032" Wall 

Q = h e a t  t r a n s f e r  th rough  w a l l  t o  induce  b o i l i n g  
of  LH2 

Y = l e n g t h  of l i n e  o v e r  which b o i l i n g  assumed 
o c c u r r i n g  

LH2 assumed @ - 420°F, 1 6 . 1  p s i g  

Heat t r a n s f e r  i i m i t e d  by c o n v e c t i o n  t o . t u b e  on O.D.  - 
tube  w a l l  assumed a t  t e m p e r a t u r e  v i r t u a l l y  e q u a l  t o  

LH2 

From above 

ho = c o n v e c t i o n  rieat t r a n s f e r  c o e f f i c i e n t  
assumed equal t o  2 . 0  ~ t u / h r - f t Z  OF 

A = aDoY = a r e a  of t u b e  O.D.  f o r  l e n g t h  Y 

Per f o o t  o f  tube w e  nave where T = 70°F and TT = - 4 2 0  
a 

Q = 1026 Btu/hr  per f o o t  of t u b e  

I f  t.ie h e a t  o f  v a $ o r i z a t i o n  o f  LH i s  assumed a t  
194 B t ~ / l b r n  t h e n  t h e  we igh t  r a t e  df  f l u i d  b o i l e d  i s  

& = Btu/'r = 1.29 lSm,/hr p e r  foot 
194 Btu/lbm 

o f  tube 

From above t h e  r e l a t i v e  bcundary v e l o c i t i e s  of t h e  
g a s  pocke t  has been c a l c u l a t e d  a t  

V2 - V1 = 0.1758-Y fps  



F i n a l l y  this 
d i f f e r e n t i a l  

volume growth rate p e r m i t s  c a l c u l a t i o n  o f  t h e  
g a s  pocke t  boundary v e l o c i t i e s  a s  

From t h e  above it is c l e a r  t h a t  b o i l i n g  o v e r  v e r y  l o n g  
l e n g t h s  o f  l i n e  would be r e q u i r e d  t o  c a u s e  s i g n i f i c a n t  
increases i n  t h e  advancing l i q u i d - g a s  boundary. For  example, 
we might  make some probab ly  i m p o s s i b l e  a s sumpt ions  t o  show 
t h a t t h e r e  i s  no r e a l  problem from be l lows  f low e x c i t a t i o n  
f o r  t h e  Case D s i t u a t i o n .  L e t ' s  assume: 

The l i q u i d  we igh t  f low a t  t h e  r e a r  boundary i s  
= 4 . 2  l b / s e c .  

The r e a r  boundary advances  a t  a  r a t e  co r respond-  
i n g  t o  the above o r ,  V1 = 10.87 f p s  (see Tab le  
E-11) . 
B o i l i n g  o c c u r s  o v t r  a  50 f o o t  l e n g t h  o f  r e c i r c u -  
l a t i o n  l i n e .  The l i n e  may o r  may n o t  be t h i s  
l o n g .  

Based on t h e  above,  w e  have:  

V2 = 10.87 + 0.1758 x  50 = 19.66 f p s  

The l i q u i d  i n  f r o n t  o f  t h e  g a s  boundary i s  t h e r e f o r e  be ing  
"pushed" a l o n g  a t  a v e l o c i t y  o f  19.66 f p s .  The stress 
i n d i c d t o r  f o r  t h i s  p a r t i c u l a r  c a s e  would b e  ( C f Q  = 2 . 6 7 ,  
3rd mode) 

S.I. = 9 6 3 . 7  p s i  

which is  c l e a r l y  t o o  low t o  c a u s e  any problem. 

Discuss ion  and Conc lus ions  

F igure  E-4 shows a  r e a l i s t i c s  b u t  s i m p l i f i e d  s c h c m t i c  o f  
t h e  LH2 f e e d  and r e c i r c u l a t i o n  systems.  During chi l ldown t h e  
p r e v a l v e s  a r e  c l o s e d ,  t h e  r e c i r c u l a t i o n  pumps a r e  o p e r a t i v e  and 
t h e < r e c i r c u l a t i o n  v a l v e s  a r e  open. From our  a n a l y s i s  s o  f a r  w e  
a n t i c i p a t e  t h e  fo l lowing  c h a i n  of  e v e n t s .  

(1) LH w i l l  s t a r t  t o  f low i n t o  t h e  f e e d  system from 
t n f  r e c i r c u l a t i o n  pumps a t  a  r a t e  g r e a t e r  than  
t h e  nominal 4 . 2  l b / s e c  s i n c e  t h e  system i s  empty. 

( 2 !  Massive b o i l  o f f  w i l l  i n i t i a l l y  occur  a s  t h e  feed  
l i n e s  and pumps begin  t o  coo l  down. 
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The i n i t i a l  b o i l  o f f  w i ?  1 r a i s e  t h e  g a s  p r e s -  
s u r e  i n  t h e  f e e d  l i n a  and pump a r e a s ,  b ~ t  a s  
t h e  p r e s s u r e  i n c r e a s e s  t h e  LH2 f low f r o a  ?he 
r e c i r c u l a t i o n  pumps w i l l  s l o w  down or s h v t  2 f f  
a s  t h e  maximum pump head p r e s s c r e  is e c h l e  ed .  

The i n i t i a l  f low t h r o u g h  t h e  r e c i r c u l a t i m  . h e  
w i l l  b e  p u r e  gaseous  under  c o n d i t i o n s  o u t . l i n e d  
i n  Case 8. 

A s  t h e  f e e d  sys tem and pumps b e g i n  t o  c o o l  
down, LH2 w i l l  e n t e r  t h e  r e c i r c u l a t i o n  l i res .  
W e  c a n  e x p e c t  a c o n d i t i o n  o f  s l u g  f low w k - e r e  
w e  have a l t e r n a t e  p o c k e t s  o f  g a s  and l i q u i d .  
A s  shown i n  Case D ,  t h e r e  is  n o t  s u f f i c i e n t  
h e a t  t r a n s f e r  i n t o  t h e  r e c i r c u l a t i o n  l i n e s  t o  
create a h i g h  v e l o c i t y  c o n d i t i o n  from l o c a l  
b o i l i n g .  

When t h e  system is c h i l l e d  down t o  t h e  r e q u i r c d  
e x t e n t ,  p u r e  l i q u i d  f low w i l l  occur  and Casc A 
a n a l y s i s  c o v e r s  t h i s  s i t u a t i o n .  

The  Case C a n a l y s i s  i s ,  w e  f e e l ,  u n r e a l i s t i c  s i n c e ,  a s  
shown i n  t h e  Case D a n a l y s i s ,  w e  cannot  e x p e c t  s u f f i c i e n t  
h e a t  t r a n s f e r  through t h e  r e c i r c u l a t i o n  l i n e s  t o  a c h i e v e  b o i l -  
i n g  a t  a  r a t e  necessa ry  t o  create a  h igh  v e l o c i t y  problem. 

A t  t h i s  t i m e  w e  f e e l  t h e r e  i s  l i t t l e  chance o f  a  be l lows 
r e l a t e d  problem i n  t h e  feed  and r e c i r c u l a t i o n  system because 
of  two phase flow problems. 


