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FOREWORD 
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as Project Manager. 



ABSTRACT 

T h i s  r e p o r t  descr ibes  the work performed t o  m e e t  the 
program ob jec t ive  of determining any change i n  t h e  a b i l i t y  of  
Me ta l l i c  P o s i t i v e  Expulsion Bellows t o  r e a c t  t h e  damage mechan- 
i s m s  of v ib ra t ion ,  f a t i g u e ,  s to rage  and buckling while contain- 
i n g  l i q u i d  hydrogen o r  l i q u i d  oxygen. The r e s u l t s  of  the  t es t  
program were compared to t h e  r e s u l t s  of a previously conducted 
simi1a.r t e s t  program at ambient temperature .  The r e s u l t s  of 
t he  program have shown t h a t  m e t a l l i c  bellows are s u i t a b l e  f o r  
p o s i t i v e  expulsion of l i q u i d  hydrogen and l i q u i d  oxygen. The 
d a t a  obtained has been used t o  c o r r e c t  a n a l y t i c a l  techniques 
f o r  p r e d i c t i n g  wear, cycle  l i f e ,  buckl ing p i t c h  and s t r a i n  d i s -  
t r i b u t i o n  p a t t e r n s .  



SUMMARY 

T h i s  r e p o r t  descr ibes  t h e  work performed i n  accordance 
with NASA-Lewis Research Center Contract NAS 3-13327 t o  eva lua te  
t h e  e f f e c t s  of cryogenic p rope l l an t s  on Meta l l i c  P o s i t i v e  Expul- 
s i o n  Bellows opera t ing  parameters i n  a simulated mission d.uty 
cycle environment. 

The program ob jec t ive  was t o  determine any change i n  t h e  
a b i l i t y  of t h e  bellows t o  r e a c t  t h e  d.amage mechanisms o f  vibra-  
t i o n ,  expulsion, h igh  s t r a i n  f a t i g u e ,  s torage  and. i n c i p i e n t  buck- 
l i n g ,  while containing l iqu id .  hydrogen o r  l i q u i d  oxygen. A second 
ob jec t ive  was t o  r e v i s e  d.esign and computer d.ata, as required. ,  t o  
account f o r  any changes i n  d.esign c r i t e r i a  requi red  by t h e s e  pro- 
p e l l a n t s .  

The program scope encompassed. a t e s t  program, the  r e s u l t s  
of which were compared t o  the  r e s u l t s  of a previously conducted 
t e s t  program a t  ambient temperature,  and an a n a l y t i c a l  program 
using m a t e r i a l  p roper ty  data f o r  cryogenic temperatures f o r  pre- 
d.iction of t h e  t e s t  program r e s u l t s .  The t e s t  program subjected.  
t h r e e  convolute bellows t e s t  specimens t o  a s e r i e s  of v ib ra t ion ,  
s torage ,  expulsion cyc l ing  and i n c i p i e n t  buckling i n  a, l iquid.  
hydrogen and l iquid.  oxygen environment. 

The bellows t e s t  specimens were designed and f a b r i c a t e d  by 
B e l l  Aerospace Company, a d i v i s i o n  of Textron. The bellows cores  
were f a b r i c a t e d  by DK Aerospace Company from a seamless tube f a b r i -  
cated by Rollmet I n c .  The specimens were d.ynamically t e s t e d  i n  a 
unique apparatus  capable of v ib ra to ry  motion i n  two mutually per -  
pend.icular a x i s  while maintaining a cryogenic environment. The 
remaining t e s t s  were conducted i n  a multi-purpose; cycl ing,  s torage ,  
and buckl ing apparatus  capable of monitoring bellows motion while 
maintaining a cryogenic environment. 

The a n a l y t i c a l  eva lua t ion  techniques used. f o r  preddct ing 
wear, cycle l i f e ,  buckling p i t c h  and s t r a i n  d . i s t r ibu t ion  p a t t e r n s  
were cor rec ted  f o r  p rope l l an t  e f f e c t s  and. co r re l a t ed  to t h e  t e s t  
r e s u l t s .  The program has shown that  m e t a l l i c  bellows a r e  s u i t a b l e  
f o r  p o s i t i v e  expulsion o f  l iquid.  hydrogen and l i q u i d  oxygen exh ib i t -  
i n g  g r e a t e r  wear r e s i s t a n c e  and higher  cycle  l i f e  than  bellows 
t e s t e d  a t  ambient condi t ions .  



GLOSSARY OF TERMS 

Abrasion - 

Buckle - 

Convolution - 

Core - 
Cryof orming - 

Cryos ta t  

Cr ippl ing  
(buckle)  

Crest 

Dewar 

Expulsion 
Cycle 

Extended 
P i t c h  

Free-Side 
(Bellows ) 

Free Length - 

I n c i p i e n t  - 

wear r e s u l t i n g  from o s c i l l a t o r y  motion of mating 
su r faces  which .breaks down any n a t u r a l  p r o t e c t i v e  
f i l m  causing the  material  t o  adhere and break away 
a t  each o s c i l l a t i o n .  Those p a r t i c l e s  broken away 
a r e  u s u a l l y  work hardened and a c t  as an abras ive  
to the  mating p a r t s .  

l o c a l i z e d  deformation caused by compressive s t r a i n s  
wi th in  the convolution (annular  r i n g )  r e s u l t i n g  i n  
an uns t ab le  s t r a i n  s t a t e .  

one of a. s e t  o f  i d e n t i c a l  annular  r i n g s  forming a 
bellows. One convolution i s  composed of  one root ,  
one c r e s t  and two s idewalls .  

a f u l l  s e t  of convolutions forming t h e  bellows. 

the process  of metal forming a t  cryogenic temperatures 
r e s u l t i n g  i n  increased mechanical s t r e n g t h  p rope r t i e s .  

a vacuum insu la t ed  chamber. 

a convolution c r e s t  deformation of s u f f i c i e n t  s e v e r i t y  
t o  prevent normal bellows operat ion.  

t he  t i g h t l y  formed radius on the  convolute forming 
t h e  bellows maximum (ou t s ide )  diameter.  

a double walled cryogenic ves se l  wi th  a vacuum space 
be tween walls. 

the bellows motion required t o  progress  f rom the  
nested p o s i t i o n  t o  the ,ex tended  p o s i t i o n  and back t o  
the nested pos i t i on .  

the  f u l l y  loaded bellows p i t c h  a t  maximum temperature.  

the  un res t r a ined  s i d e  o f  the t e s t  specimen 

the  bellows core l e n g t h  a t  pressure  equi l ibr ium 

f o r  t h e  purposes of t h i s  r e p o r t  i n c i p i e n t  i s  
synonymous w i t h  v i s u a l l y  de t ec t ab le .  

i v  



Impact - wear which r e s u l t s  from a c o l l i s i o n  of two su r faces  

L i f e  Cycle - t h e  number of  complete expulsion cyc les  before  
f a i l u r e .  

Leaf - tha t  po r t ion  of t he  convolution between the r o o t  
and c r e s t .  I n  t h i s  r e p o r t  the terms leaf and s i d e w a l l  
a r e  used interchangeably 

Mission Duty a complete spectrum of a l l  the damage mechanisms a 
Cycle - device would be exposed t o  i n  serv ice .  

Nested P i t c h  - the minimum al lowable co l lapsed  bellows p i t c h  

O s c i l l a t i o n  - a s i n g l e  sweep from one extreme l i m i t  t o  the o t h e r  

Oscillogram - a motion record o f  an o s c i l l a t i n g  body 

i n  a v i b r a t i n g  body. 

P i t c h  - a x i a l  d i s t ance  from a po in t  on one convolution t o  
an  i d e n t i c a l  p o i n t  on an ad jacent  convolution. 

Root  - t h e  t i g h t l y  formed r ad ius  on the convolution forming 
t h e  bellows minimum ( i n s i d e )  diameter.  

Sidewall  - see  l e a f  

Span - the  radial  d i s t a n c e  between the  convolution 
i n s i d e  ( roo t )  radius and ou t s ide  ( c r e s t )  rad ius .  

Wear - metal removal as a r e s u l t  of Yibratory motion. 

V 
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INTRODUCTION 

The complex mission duty cyc le  requirements of spacec ra f t  
have l e d  t o  the  development o f  p r o p e l l a n t  p o s i t i v e  expulsion 
devices f o r  e i t h e r  r e a c t i o n  c o n t r o l  systems o r  main tank propel-  
l a n t  pos i t i on ing .  I n  r ecen t  years,  s e v e r a l  h ighly  e f f i c i e n t  
devices have been designed f o r  t h i s  purpose. P is tons ,  f l e x i b l e  
membranes, metal  bellows and su r face  tens ion  apparatus  have been 
used t o  sepa ra t e  t h e  p re s su r i z ing  gasses from the p rope l l an t s .  
The device se l ec t ed  f o r  a n y  p a r t i c u l a r  mission i s  dependent upon 
the  requirements of  t he  s p e c i f i c  a p p l i c a t i o n .  

acceptance where long-term s torage ,  mul t ip le  cyc le s  and p r o p e l l a n t  
compa t ib i l i t y  a re  of  prime importance. A metal bellows i s  a 
c y l i n d r i c a l l y  shaped device with accordion-l ike convolutions along . 
t he  ou t s ide  which provide i t s  ex tens ion  c a p a b i l i t y .  The convolutions 
a r e  made by e i t h e r  welding annular  r i n g s  toge the r  a t  t h e  i n s i d e  and 
outs ide  diameters or by hydroforming them from tubes.  The s e l e c t i o n  
of e i t h e r  welded or formed bellows i s  dependent upon t h e  requirements 
of a. s p e c i f i c  a p p l i c a t i o n .  

The m e t a l l i c  p o s i t i v e  expuls ion bellows has found common 

Metal bellows have been success fu l ly  used as p o s i t i v e  expuls ion 
devices  f o r  s e v e r a l  yea r s  w i t h  e a r t h  s torable  p r o p e l l a n t s  a t  ambient 
condi t ions .  With an extension o f  t h i s  a p p l i c a t i o n  t o  cryogenic pro-  
p e l l a n t s ,  however, many ques t ions  have been r a i s e d  regarding t h e  
a b i l i t y  o f  m e t a l l i c  p o s i t i v e  expulsion bellows t o  r e a c t  t h e  loads  
imposed during a t y p i c a l  mission duty  cyc le  while a t  cryogenic 
temperatures . 

These ques t ions  were p r imar i ly  concerned wi th  the  e f f e c t s  of 
t he  known changes i n  t h e  bellows m a t e r i a l  p r o p e r t i e s  of s t r eng th ,  
crack propagation, f a t i g u e ,  s t r a i n  hardening-and e l a s t i c  modulus a t  
these low temperatures r e l a t i v e  t o  bellows operat ion.  

The program ob jec t ive  descr ibed by th i s  r e p o r t  was t o  determine 
any change i n  t h e  a b i l i t y  of t h e  bellows t o  r e a c t  the damage mechanisms 
of v ib ra t ion ,  expuls ion cyc le  - high  s t r a i n  f a t i g u e ,  s to rage  and 
i n c i p i e n t  buckling, while conta in ing  l i q u i d  hydrogen. (LH2) and l i q u i d  
oxygen (LO*). 
da ta ,  as required,  t o  account f o r  any changes i n  design c r i t e r i a  
required by these  p rope l l an t s .  

A second ob jec t ive  was t o  r e v i s e  design and computer 

The be l lows  conf igura t ion  se l ec t ed  for t h i s  program was designed 
The bellows core design i s  i d e n t i c a l  by Be l l  Aerospace Company (BAC) .  

t o  that developed f o r  the Minuteman program and subsequently used on 
a B e l l  Aerospace Company Independent Research and Development (IR8cD) 
eva lua t ion .  The cores  were f a b r i c a t e d  a t  DK Aerospace (Divis ion of  
MSL I n d u s t r i e s ,  I n c . )  f rom seamless tubes f a b r i c a t e d  by the  Rollmet 
Company (A Divis ion of  Wyman-Gordan, Inc.  ) 

1 



The approach t o  t h i s  program was a parametr ic  comparison of 
t h e  r e s u l t s  of the cryogenic t e s t  program t o  a. similar t e s t  program 

. previous ly  conducted a t  room,temperature where the  only v a r i a b l e  
i s  the t e s t  f l u i d ,  LH2 and L02. The room temperature d a t a  base 

'was the r e s u l t  of the  Minuteman Development Program and the B e l l  
Aerospace IR&D Program which s tudied t h e  e f f e c t s  of wear and impact 
on bellows l i f e .  Using these  comparisons, new formula cons tan ts  
and design c r i t e r i a  were developed along w i t h  q u a l i t a t i v e  d a t a  from 
r e s u l t s  which were not  gene ra l  i n  na ture .  Although the d a t a  i s  
developed for one s p e c i f i c  design, i t  can be appl ied  t o  any design 
by determining the  s c a l i n g  e f f e c t s  o r  in f luence  f a c t o r s  f o r  the 
new design. 
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BELLOWS DESIGN AND FABRICATION 

The design o f  bellows f o r  p o s i t i v e  expulsion t anks  has 
evolved from an empir ica l  eva lua t ion  of a v a i l a b l e  bellows con- 
f i g u r a t i o n s  t o  the use  o f  h ighly  soph i s t i ca t ed ,  computerized, 
a n a l y t i c a l  design techniques f o r  the p r e d i c t i o n  of s t r a i n  p a t t e r n s ,  
cyc le  l i f e ,  buckling p i t c h ,  wear and f a t i g u e  f o r  conf igura t ion  
d e f i n i t i o n .  The bellows t e s t e d  i n  this  program i s  t h e  conf igu ra t ion  
designed and developed f o r  the  Minuteman I11 Program and was chosen 
because of t h e  l a r g e  data base a v a i l a b l e  w i t h  which t o  compare the  
t e s t  r e s u l t s .  

The Minuteman seamless formed be l lows  conf igura t ion  i s  a 
s i n g l e  sweep leaf design. The r o o t  and c r e s t  
bend radius minimizes nested he igh t  bu t  i s  l a r g e  enough t o  prevent  
c rack  i n i t i a t i o n  s i t e s .  The number of convolutes and diameter i s  a 
func t ion  of volume requi red  and space l i m i t a t i o n s .  The span and 
p i t c h  dimensions are the  r e s u l t  of optimizing s t i f fnes s  requirements,  
maximum e f f i c i e n c y  and adequate margin below i n c i p i e n t  buckling 
p i t c h .  

(Refer t o  F i w r e  1). 

With t h i s  design which simulated the Minuteman bellows tanks 
ma te r i a l s ,  f a b r i c a t i o n  procedures,  su r f ace  f i n i s h e s  and circumfer- 
e n t i a l  dimensions, t he  bellows tes t  specimens were subjec ted  t o  a 
t e s t  program s imula t ing  t h e  mos t  s i g n i f i c a n t  damage mechanisms t o  
which bellows a r e  exposed i n  serv ice .  

T e s t  Specimen Design 

The bellows t e s t  specimen assembly c o n s i s t s  of a three-con- 
volu te  be l lows  core welded t o  end p l a t e  c losu res  with provis ions  
f o r  cryogen f low,  mounting and ins t rumenta t ion  attachment.  (Refer 
t o  F igures  2 and 3).  
b u t t  automatic TIG weld of .OO7 inch  (.Ol778 em) bellows core t o  
a .010 inch  (.0254 em) weld land.  
s t e e l .  The end p l a t e s  have provis ions  f o r  ins t rumenta t ion  blocks 
a t  the  p a r t i c u l a r  t e s t  pos i t i on ,  f o r  s tud mounted accelerometers .  
A l s o  mounted t o  each end p l a t e  i s  a t runnion which has a dua l  r o l e  
of specimen support  and motion t ransmission.  One end p l a t e  has p o r t s  
t o  a l l o w  access  t o  the  i n t e r n a l  volume of  t h e  specimen. The p o r t s ,  
along w i t h  t h e  ins t rumenta t ion  mounting s tuds ,  were pos i t ioned  w i t h  
one vent p o r t  a t  the  top and one set  of s tuds  a t  the bottom for any 
of t h r e e  t e s t  p o s i t i o n s .  

The bellows core t o  end p l a t e  weld i s  a semi- 

Both p a r t s  are 347 s t a i n l e s s  

A three-convolute bellows core was chosen f o r  two reasons: 
f i r s t ,  t h e  c e n t e r  convolute s t r a i n  p a t t e r n  i s  t y p i c a l  o f  t h a t  i n  any 
but end convolut ions f o r  m u l t i p l e  convolute bellows and, second, by 
pos i t i on ing  only t h e  c e n t e r  convolution on the  simulated tank she l l  
very c l o s e  c o n t r o l  was o b t a i n a b l e  during v i b r a t i o n  

Resu l t s  provided by the  Reference 5 computer 

t e s t i n g .  

program show that 
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t he  s t r e s s - s t r a i n  p a t t e r n  due t o  the end attachment s t i f f e n i n g  
e f f e c t s ,  during extension and nes t ing ,  a r e  completely damped out 
wi th in  t h e  f i r s t  f u l l  convolute.  Two computer runs were made wi th  
d i f f e r e n t  end r e s t r a i n t s ,  but  otherwise i d e n t i c a l  bellows geometric 
configurat ion and loading.  The r e s u l t s  are presented i n  Figure 4 .  
I n  one case  the ends were assumed f u l l y  clamped, while i n  the other ,  
t he  ends were simply supported.  The s t r a i n s  become e s s e n t i a l l y  
equal  w i th in  l /3  o f  a convolute and become i d e n t i c a l  w i th in  3/'c of 
a convolute.  The r e s u l t s  are e s s e n t i a l l y  the  same rega rd le s s  of  
which end i s  analyzed. The meridional  bending s t r a i n  was used for 
t h i s  a n a l y s i s  because i t  i s  the  l a r g e s t  s t r a i n  and a l s o  the  most  
s e n s i t i v e  t o  d i f f e rences  i n  convolute shape. This means t h a t  t he  
s t r a i n  p a t t e r n s  and l e v e l s  of  t h e  c e n t e r  convolution dupl ica ted  
those i n  a mul t ip l e  convolute bellows. 

The t h r e e  convolution bellows specimens a r e  i d e a l  for the  
v i b r a t i o n  t e s t s  because o f  t he  degree o f  c o n t r o l  poss ib l e  with 
j u s t  one convolute impacting and abrading on the tank s h e l l  segment. 
I n  a t y p i c a l  p o s i t i v e  expulsion tank, the  be l lows  p r o f i l e  i s  no t  
p e r f e c t l y  uniform, with some convolutions pro t ruding  s e v e r a l  
thousandths of  an inch  beyond o the r s .  These upproud" convolutions 
r e s u l t  i n  a non-uniform loading  p a t t e r n  s i n c e  they  assume the  
major i ty  of  the  load and are m o s t  severe ly  worn. By applying the  
load t o  j u s t  the  c e n t e r  convolution, t h e  p r o f i l e  v a r i a t i o n  of a 
t y p i c a l  multi-convolution bellows i s  not  a f a c t o r  and need no t  be 
considered i n  data eva lua t ion .  

The opera t ing  range of the  bellows conf igura t ion  shown i n  
Figure 1 i s  based upon maximizing the  ex tens ion  r a t i o  of opera t ing  
p i t c h  t o  nested p i t c h .  The nes ted  p i t c h  i s  con t ro l l ed  t o  prevent  
m a t e r i a l  l lfolding" i n  the  compressive su r faces  ( i n s i d e  r a d i u s )  of a 
s a f e  margin below t h e  experimental ly  determined buckl ing modes. 
The a n a l y s i s  of t h i s  conf igura t ion ,  v e r i f i e d  by empir ica l  r e s u l t s ,  
shows t h a t  t he  minimum al lowable bend r a d i i - f o r  t h i s  m a t e r i a l  i s  
1 . 2  t imes the  m a t e r i a l  th ickness ,  . O O 7  inch (.01778 em) x 1 . 2  = 
.0084 inch  ( .0233 cm). It a l s o  shows tha t  the  i n c i p i e n t  buckl ing 
p i t c h  a t  room temperature i s  0.62 inch  (1.5748 em) r e s u l t i n g  i n  the  
s e l e c t i o n  of .39 inch  (.9906 em) as the  maximum extended p i t c h  and 
.37 inch  (.9398 em) as t h e  nominal opera t ing  p i t c h ,  These p i t c h e s  
were se l ec t ed  f o r  a span o f  0 .53 inch  (1.3462 em). 

Test  Specimen Fabr i ca t ion  

The bellows cores  were f a b r i c a t e d  from seamless tubes.  The 
seamless tubes were c o l d - r o l l  extruded from type 347 SST fo rg ings  t o  
a 12 .5  inch  (31.75 em) diameter and 0.007 inch  (0.178 mm) th ickness .  
The cores  were fabr ica- ted  i n  accordance wi th  e x i s t i n g  production 
bellows forming techniques and too l ing .  The convolutions 'were 
i n d i v i d u a l l y  formed by expanding the  tube outward i n t o  the  forming 
d i e s  w i t h  i n t e r n a l  pressure .  The d i e s  were then closed providing 
the bas i c  convolution shape and s i z e .  The cores  were formed i n  
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groups of 3 convolut ions with a space between them t o  f a c i l i t a t e  
trimming and sepa ra t ion  f o r  welding. Af t e r  forming the  f i n a l  
convolution shape i s  achieved by the c l o s e  p i t c h  opera t ion  which 
compresses each convolution between two d i e s  forming the  roo t  and 
c r e s t  bend r a d i i  and s idewal l  shape. The bellows core i s  then 
cleaned and packaged t o  prevent contamination. 

The b e l l o w s  t e s t  specimen end p l a t e s  were f a b r i c a t e d  from 
347 SST shee t  ma te r i a l  by simultaneously p i e r c i n g  the  holes  and 
shear ing t h e  p r o f i l e .  The end p l a t e s  were then s t ra ightened ,  
machined and cleaned i n  prepara t ion  f o r  welding. Af te r  t h e  t runnions 
f i t t i n g s ,  and s tuds  were welded t o  the  end p l a t e s ,  t he  end p l a t e  
assemblies were s t r a igh tened  and f i n a l  trimmed i n  p repa ra t ion  f o r  
t h e  be l lows  t o  end p l a t e  weld. 

It i s  impossible t o  s epa ra t e  the  design of t he  bellows from 
tha t  of the  s h e l l  s i n c e  i t  i s  the  s h e l l  t h a t  t ransmi ts  the dynamic 
loads  and provides  the  mating su r faces  f o r  bellows motion. The 
tank s h e l l  used i n  the  dynamic f i x t u r e  simulated t h a t  f o r  t h e  
Minuteman tank assembly. It was Nshear-formedn from an A-286 
s t a i n l e s s  s t e e l  forg ing .  After f i n a l  machining, t h e  s h e l l  segment 
i s  13.605 inch  (34.556 cm) i n s i d e  diameter,  .O25 i nch  (.0635 em) 
th ick ,  .375 inch  (.9525 cm) wide and with an i n s i d e  su r face  f i n i s h  
of 16 RMS. The c learance  between t h e  bellows and s h e l l  i s  approxi- 
mately .07 inch  (.1778 cm). 

A very p r e c i s e  f i n a l  t r i m  on the bellows cores  was requi red  
t o  maintain a very c l o s e l y  con t ro l l ed  amount of metal i n  t h e  bellows 
t o  end p l a t e  weld j o i n t .  This  trimming was accomplished by assembling 
t h e  core i n  trimming r i n g s  which a c t  as guides  for t he  f i n a l  t r i m  
operat ion.  This opera t ion  i s  depicted photographikal ly  i n  Figure 5. 
Af t e r  f i n a l  trimming t h e  bellows co re  neck diameter i s  c a r e f u l l y  
measured and trimmed p r i o r  t o  assembly i n t o  t h e  weld f i x t u r e s .  Each 
end p l a t e  i s  a l s o  trimmed t o  t he  same diameter and matched as sets, 
p r i o r  t o  assembly. 

The c learance  between t h e  f i n a l  trimmed end p l a t e  and bellows 
assembly was c o n t r o l l e d  t o  a to le rance  of +.OOO and -.002 inches.  
This cljose to l e rance  f i t u p  provided a uniform hea t  s ink  and conse- 
quent ly  uniform weld bead. The bellows and end p l a t e  was then t ack  
welded t o  provide p o s i t i v e  l o c a t i o n  of mating p a r t s  and f i n a l l y  t h e  
c losu re  weld  was made. During welding the  w e l d  a r e a  was purged wi th  
Argon t o  prevent  oxidat ion.  The weld  appara tus  i s  shown i n  Figure 6. 
A c ros s - sec t ion  m e t a l l u r g i c a l  sample of the  f i n a l  assembly inc luding  
the  c losu re  weld i s  shown i n  Figure 7. The p o r t  s i d e  o f  a completed 
bellows t e s t  specimen i s  shown i n  Figure 2 and t h e  closed side of 
the  specimen i s  shown i n  Figure 3. 
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THE WELDS ARE OF SATISFACTORY 
CONTOUR AND ARE FREE O F  DEFECTS. 

METAL THICKNESS, IN MILS, WAS 
DETERMINED AT 200X WITH FILAR 
EYEPIECE. 

BELLOWS WAS DISTORTED SOMEWHAT 
DURING MOUNTING. 

PART NO. 8606-471001 

ETCHANT: MIXED ACID. 

FIGURE 7. SECTION THRU BELLOWS AND WELDS OF S/N 1 CRYOGENIC 
TEST BELLOWS 
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TEST PROGRAM 

The tes t  program was designed t o  impose p a r t i c u l a r  damage 
mechanisms, t o  predetermined l e v e l s  and du ra t ions  on the  bellows 
a f t e r  which they were c a r e f u l l y  examined m e t a l l u r g i c a l l y  t o  
determine the  degree o f  damage incur red .  This degree of damage 
w a s  then compared t o  t he  damage incur red  during s i m i l a r  t e s t i n g  
a t  the var ious temperatures as w e l l  a s  t o  t h a t  p red ic t ed  
a n a l y t i c a l l y .  The b a s e l i n e  f o r  t h e  imposed t e s t  l e v e l s  and 
dura t ions  were der ived from t h e  Minuteman Mission Duty Cycle. 
A t y p i c a l  Minuteman Mission Duty Cycle (MDC) would inc lude  5 
complete expuls ion cyc le s  t o  s imulate  bellows f a b r i c a t i o n ,  c lean-  
ing  and loading, exposure t o  t r a n s p o r t a t i o n  and handling v ib ra -  
t i on ,  f l i g h t  dynamics and one complete expulsion. The tes t  pro- 
gram not  only imposed t h e  damage mechanisms s ing ly  a t  var ious 
tempera.tures, but  a l s o  i n  combinations, with the  sequence o f  t hese  
combinations var ied t o  determine i f  sequence had any e f f e c t  on t h e  
degree of damage incur red .  

A t o t a l  o f  22 bellows specimens were t e s t e d  i n  the program, 
14 were t e s t e d  i n  l i q u i d  hydrogen (LH2),  7 i n  l i q u i d  oxygen (LO2) 
and 1 a t  room temperature ( R T ) .  
on the  LH2 tests because of t h e  extreme environment associate,d 

. with LH2 and the l ack  of a v a i l a b l e  data f o r  347 SS a t  t hese  
' 

temperatures.  I n  o r d e r  t o  make maximum use  o f  t he  specimens, each 
v i b r a t i o n  specimen was used i n  t h r e e  modes (impact alone, abras ion  
alone and combined impact and abras ion)  by r o t a t i n g  the specimen 
t o  an undamaged area f o r  each tes t .  
as follows: 

The g r e a t e r  emphasis was placed 

The LH2 t e s t  program was 

Specimen No s. Test Sequence 

a )  P r e t e s t  expulsion cyc l ing  
45 Day Storage  
Vibra t ion  
Leak T e s t  ' 

Meta l lu rg ica l  Evaluat ion 
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Specimen No s .  

C 

3?4  

5.9 6 
C 

7.98 a 
b 

d 
e 

C 

C 

9 , l O  

C 

11,12 

C 

C 

Tes t  Sequence 

45 Day Storage  
Leak t e s t  
M e t a l l u r g i c a l  Evaluat ion 
45 Day Storage  
Vib ra t ion  
Leak Test 
Metal lurgical  Evalua t ion  
Vib ra t ion  
Leak Test 
45 Day Storage  
Leak Tes t  
M e t a l l u r g i c a l  Evalua t ion  
Vib ra t ion  
Leak Test  
Meta l lurg ica l  Evalua t ion  
45 Day Storage  
I n c i p i e n t '  Buckling 
Leak Test 
M e t a l l u r g i c a l  Evalua t ion  
200 Expulsion Cycles 
Leak t e s t  
Expansion Cycling to F a i l u r e  
M e t a l l u r g i c a l  Evalua t ion  
200 Expulsion Cycles 
Leak Test 
M e t a l l u r g i c a l  Evalua t ion  

The LO2 Program was a s  follows: 

1.5,16.917 P r e t e s t  Expulsion Cycling 
V i b r  at i on 
Leak Tes t  
M e t a l l u r g i c a l  Evalua t ion  

a 1 9  Vibra t ion  
Leak T e s t  
M e t a l l u r g i c a l  Evalua t ion  
Expulsion Cycling t o  F a i l u r e  
M e t a l l u r g i c a l  Evalua t ion  

20,21 

One bellows specimen, an unused spare ,  was expuls ion cycled t o  
f a i l u r e  a t  room temperature  for comparison purposes.  

This  r e p o r t  d i scusses  each o f  the damage mechanisms i n d i -  
v i d u a l l y  t o  f a c i l i t a t e  comparisons a t  var ious temperatures a.nd w i t h  
a n a l y t i c a l l y  der ived  p r e d i c t i o n s .  Any v a r i a t i o n  i n  damage due t o  
sequence i s  a l s o  discussed i n  the i n d i v i d u a l  s e c t i o n s .  

14 



EXPULSION CYCLING 

Expulsion cyc le  l i f e  i s  an important f e a t u r e  f o r  p o s i t i v e  
expulsion devices .  With the advent of multi-mission concepts,  
t h i s  capab i l i%y  takes on a d d i t i o n a l  importance t o  i n s u r e  t h a t  
t h e  r e l i a b i l i t y  o f  the device i s  maintained during reuse.  The 
cycle  l i f e  of a m e t a l l i c  bellows i s  l i m i t e d  by the f a t i g u e  l i f e  of 
the m a t e r i a l  for the  p a r t i c u l a r  s t r a i n  p a t t e r n  imposed by the 
design and opera t ing  condi t ions .  I n  most  cases  the bellows i s  
designed t o  operate  i n  the p l a s t i c  region of the  m a t e r i a l  p roper ty  
curve.  Since i t  i s  d e l i b e r a t e l y  yielded during cycling, work 
hardening r e s u l t s ,  and coupled wi th  operaition a t  cryogenic tempera- 
t u r e s  the  ques t ion  o f  mu l t ip l e  cyc le  opera t ion  a t  these temperatures 
was r a i s e d .  These tes ts  were conducted t o  determine i f  cryogenic 
opera t ion  would r e s u l t  i n  any unexpected l i f e  l i m i t i n g  damage 
mechanism. 

Expulsion cyc l ing  can be divided i n t o  cyc l ing  f o r  p re tes t  
condi t ion ing  and expuls ion cyc le  l i f e  t e s t .  The t e s t  r e s u l t s  were 
compared t o  t he  cyc le  l i f e  p r e d i c t i o n s  from the  a n a l y t i c a l  s t r a i n  
determinat ion der ived from the  e l a s t i c  deformation computer program 
descr ibed i n  Reference 5. The sequence o f  t e s t  and summary of 
r e s u l t s  i s  presented i n  F igu re  8. 

Bellows P r e t e s t  Conditioning 

These bellows t e s t  specimens we’re condi t ioned f o r  f u t u r e  
t e s t i n g  such a s  s to rage  o r  v i b r a t i o n  by conducting f i v e  expuls ion 
cyc les .  T h i s  was done t o  expose the specimens t o  p l a s t i c  deformation, 
s imula t ing  the  s t r e s s e d  condi t ion  a s soc ia t ed  w i t h  the c leaning  and 
loading of a tank assembly. The purpose of t h i s  condi t ion ing  was 
t o  assess the  e f f e c t  of  t e s t i n g  the  specimen i n  varying sequences. 

Expulsion Cycle L i f e  Tes t  

This  t e s t  was designed as a v e r i f i c a t i o n  tes t  t o  demonstrate 
a 200 expuls ion cyc le  c a b i l i t y  s u f f i c i e n t  t o  complete t h e  expuls ion 
cyc le  p o r t i o n  of 20 t o  40 t y p i c a l  mission duty cyc les  without f a i l u r e  
while  submerged i n  cryogen. Af t e r  confirming t h i s  c a p a b i l i t y  
a d d i t i o n a l  cyc le  t e s t i n g  w a s  conducted on a cyc le  t o  f a i l u r e  basis t o  
e s t a b l i s h  design margins. 

These t e s t s  must n o t  be construed as m a t e r i a l  f a t i g u e  data, 
bu t  as a gross comparison of bellows cyc le  l i f e  c a p a b i l i t y  a t  var ious  
temperatures t o  i n d i c a t e  temperature e f f e c t s  and a s soc ia t ed  cyc le  
l i f e  l i m i t i n g  damage mechanisms, i f  any. The cyc le  to f a i l u r e  t e s t  
was conducted w i t h  one specimen i n  l i q u i d  hydrogen, two with l i q u i d  
oxygen and one a t  room temperature. 
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Test  Equipment 

The multi-purpose s to rage  t e s t  appara tus  included the  
necessary equipment t o  perform the pre-s torage or pre -v ib ra t ion  
cycl ing,  s torage ,  expulsion cyc l ing  and i n c i p i e n t  buckling tests.  
(See Figure 9). 

Cvcle Test Dewar 

The cyc le  t e s t  Dewar was c y l i n d r i c a l l y  shaped and constructed 
of s t a i n l e s s  s t e e l  with an i n s i d e  diameter of 17 inches (43.18 cm) 
and 42 inches (106.68 cm) i n  l eng th .  It was vacuum jacketed on 
a l l  su r faces  except t he  top.  The Dewar was cons t ruc ted  by the 
Minnesota Val ley Engineering Company, New Prague, Minnesota. 

Expulsion Cycling Test  F i x t u r e  

The expulsion cycling/buckling f i x t u r e  provides a stable 
sur face  f o r  measuring bellows movement, r e f e r  t o  Figure 9. The 
t e s t  specimen i s  a t tached  t o  t h e  f i x t u r e  bottom p l a t e .  The bottom 
p la te  i s  a t t ached  t o  t h e  D e w a r  cover by fou r  "hold down8 rods.  The 
f i x t u r e  f i t s  i n s i d e  the  Dewar when it  i s  bol ted  i n  place,  r e f e r  t o  
Figure 10). Displacement of  t h e  cyc le  o r  buckling t e s t  specimen 
was measured by a movable rod which extended through the  Dewar cover.  
(Refer t o  Figure 11). 

Instrumentat ion 

The ins t rumenta t ion  f o r  the  expuls ion cyc l ing  t e s t  monitored 
the bellows movement while maintaining an adequate l i q u i d  l e v e l .  

Liauid Level Instrumentat ion 

A germanium r e s i s t a n c e  thermometer i n  a s p e c i a l l y  designed 
case was used t o  d e t e c t  t he  l e v e l  of cryogen by measuring t h e  
change i n  temperature from l i q u i d  t o  gas phase. An e l e c t r o n i c  
impulse was used t o  e x c i t e  t h e  probe and t h e  output  s i g n a l  was 
conditioned t o  c o n t r o l  a cryogenic flow valve.  The opera tor  had a 
choice o f  manual o r  automatic opera t ion  of  t h i s  valve.  I n  the  auto-  
matic mode, t he  cryogenic f i l l  valve was con t ro l l ed  by the  l i q u i d  
l e v e l  probes.  I n  t h e  manual mode, the cryogenic f i l l  valve w a s  
con t ro l l ed  by an ON/OFF switch independent of the  output  of t h e  
l i q u i d  l e v e l  probes.  

B e l l o w s  Motion Monitor 

A l i n e a r  potent iometer  was connected t o  the movable end p l a t e  
of t h e  b e l l o w s  by means of a rod extending through the  cover p l a t e  
of  t he  s to rage  Dewar. The potent iometer  output  was recorded on a 
speed-o-max s t r i p  graph recorder  c a l i b r a t e d  d i r e c t l y  i n  inches.  A 
t y p i c a l  cyc le  t e s t  record i s  shown i n  Figure 12. Adjustable  l i m i t  
switches were incorporated i n  the recorder  s o  that  the opera tor  had 
the  choice of  manual o r  automatic opera t ion .  I n  the  automatic opera t ine  
mode the  l i m i t  switches,  which were t r i gge red  by the r eco rde r  arm 
movement, provided the  a l t e r n a t e  a p p l i c a t i o n  of  helium p res su re  o r  
vacuum a t  the  proper  s t r o k e  loca t ion .  See Figure 9 f o r  schematic 
o f  apparatus .  
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FIGURE 10. EXPULSION CYCLING INCIPIENT BUCKLING TEST APPARATUS 
DISASSEMBLED 



FIGURE 11. EXPULSION CYCLING INCIPIENT BUCKLING TEST FIXTURE 
WITH BELLOWS INSTALLED 
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Expulsion Cycling Procedure 

When the  t e s t  specimen was i n s t a l l e d  i n  the  t e s t  f i x t u r e ,  
p i t c h  measurement were t a k e n . a t  free and nested l eng th  and noted 

, o n  the  s t r i p  graph record.  The bellows w a s  then extended t o  the  
proper opera t ing  p i t c h  (0.394 i n .  - 1 .0  em) and renested t o  
coordinate  the  proper p i t c h  change with the measurements on the  
s t r i p  graph recorder .  Once the  measurement correla , t ion was ve r i -  
f i e d  between the  s t r i p  graph recorder  and t h e  a c t u a l  p i t c h  measure- 
ments taken a t  room temperature,  t he  Dewar was r a i sed  and bol ted 
i n t o  p lace .  P r i o r  t o  cryogen f low,  t he  e n t i r e  t e s t  system, 
including the  t r a n s f e r  l i n e  was purged with helium gas f o r  15 
minutes (900 s e e . ) ,  then evacuated and purged again with helium. 

During the  second purge, gas samples were p e r i o d i c a l l y  taken 
a t  the end of the  purge system and analyzed on a gas chromato- 
graph. When the  a n a l y s i s  ind ica ted  t h a t  a l l  combustible and/or 
s o l i d  p a r t i c l e s  were removed, the  cryogen was admitted i n t o  the 
Dewar. A thermocouple loca ted  a t  t h e  bot tom of the  Dewar ind ica ted  
when the envisonment was capable of maintaining l i q u i d  cryogen. 
Located approximately four inches above the bellows t o p  end p l a t e  
was the l i q u i d  l e v e l  sensor .  The c,ryogen was allowed t o  f l o w  u n t i l  
the  sensor ind ica t ed  t h a t  the  l e v e l  o f  the l i q u i d  was a t  the  l e v e l  
of the sensor .  A t  t h i s  po in t  i n  t h e  t e s t ,  t he  bellows p o s i t i o n  was 
again noted on the  s t r i p  graph recorder  and compared t o  the p o s i t i o n  
a t  room temperature.  The change i n  p o s i t i o n  was due t o  con t r ac t ion  
of the r o d  a t tached  t o  the  l i n e a r  potent iometer  and taken i n t o  
cons idera t ion  t o  a s s u r e  t h a t  the  bellows was cycled a t  a c o r r e c t  
opera t ing  p i t c h .  Bellows cyc l ing  was accomplished by helium 
p r e s s u r i z a t i o n  u n t i l  t he  c o r r e c t  maximum opera t ing  p i t c h  w a s  reached, 
a t  which time the  l i m i t  switch provided f o r  a p p l i c a t i o n  of  vacuum 
and returned the  bellows t o  t he  nes ted  p o s i t i o n .  A t  t h i s  end o f  t h e  
cycle ,  t he  opposing l i m i t  switch provided f o r  app l i ca t ion  of p ressure  
and completed the  cyc le .  T h i s  c y c l i c  a c t i o n  was repeated u n t i l  the  
required number o f  cyc les  was obtained or f a i l u r e  occurred. 

Expulsion Cycling Resul t s  
L i f e  Cycle Test  Resul t s  

Four specimens were subjected t o  a cyc le  t o  f a i l u r e  t e s t ;  
one on l i q u i d  hydrogen, two i n  l i q u i d  oxygen, and one a . t  room 
temperature.  F a i l u r e  was defined as a l e a k  i n  a convolute.  Any 
o the r  leak,  such as attachment weld f a i l u r e  would be repa i red ,  i f  
poss ib le ,  and cyc l ing  continued u n t i l  bellows convolute f a i l u r e  
occurred s i n c e  the attachment weld does n o t  r e p r e s e n t a f l i g h t  
conf igura t ion .  
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Liquid aydrogen T e s t  Resu l t s  

The only l i q u i d  hydrogen specimen subjected t o  t h i s  t e s t  
was s e r i a l  number 31. T h i s  specimen was previous ly  subjected t o  
200 expulsion cyc le s  and a l e a k  t e s t  and then se l ec t ed  as the  
cyc le  t o  f a i l u r e  specimen when the program plan  was changed t o  
add t h i s  t e s t .  During t h i s  po r t ion  
of t he  t e s t  an a d d i t i o n a l  2401 cyc le s  were completed, a t  which 
time the tes t  was terminated due to an  un repa i r ab le  attachment weld 
f a i l u r e .  The subsequent m e t a l l u r g i c a l  eva lua t ion  de tec t ed  f a t i g u e  
type  micro-cracks,  however similar to those shown i n  Figure 1.3. 
( t h e  diamond shaped i n d i c a t i o n  on t h e  photograph i s  the  hardness 
t e s t  impression) .  
i t  could have sus ta ined  before  f a i l u r e .  The only conclusion a v a i l a -  
b l e  from t h i s  t e s t  i s  t h a t  i t  demonstrated a cyc l ing  c a p a b i l i t y  o f  
2601 cyc le s .  I n  comparison the m e t a l l u r g i c a l  examination o f  
specimen S/N 29, which was subjected to only 200 expulsion cyc le s  
i n  l i q u i d  hydrogen revealed no d e t e c t a b l e  f a t i g u e  type microcracks.  
The t y p i c a l  hardness measurements f o r  both S/N 31 and S/N 29 a r e  
comparable i n d i c a t i n g  t h a t  t he  increased cyc l ing  d i d  n o t  r e s u l t  i n  
s i g n i f i c a n t l y  increased hardness (See Table I). However, the  
cycled bellows were somewhat (Knoop 300) harder as compared t o  the,  
as formed condi t ion  (Knoop 280). 

Liquid Oxygen Tes t  Resu l t s  t 

(See tes t  mat r ix  Figure 8 ) .  

It i s  impossible t o  p r e d i c t  how many more cyc le s  

Two specimens were subjec ted  to l i f e  cyc l ing  t e s t s  i n  l i q u i d  
oxygen. Specimen S/N 26 f a i l e d  i n  c r e s t  Number 3 (See Figure 14) 
a f t e r  5350 cyc les .  Specimen S/N 25 f a i l e d  i n  the  same loca t ion ,  
c r e s t  Number 3 (Figure 14) d f t e r  1935 cycles .  Both f a i l u r e s  were 
f a t i g u e  type cracks a long  c r e s t  Number 3 (See F igure  15) These 
bellows specimens were not subjec ted  t o  any previous t e s t i n g  and 
the  t e s t i n g  was continuous u n t i l  c r e s t  f a i l u r e  occurred. The 
t y p i c a l  hardness measurements f o r  both S/N 25 and S/N 26 do not  
vary s i g n i f i c a n t l y  i n d i c a t i n g  t h a t  the increased cyc l ing  does no t  
r e s u l t  i n  a d d i t i o n a l  work hardening (See Table I ) .  Cycling caused 
work hardening of the  m a t e r i a l  i n  a range similar t o  the  l i q u i d  
hydrogen tes t  r e s u l t s  when compared t o  t he  as-formed" condi t ion .  
S / N  26 had many f a t i g u e  type micro-cracks throughout a l l  three 
convolutes which a r e  shown t y p i c a l l y ' b y  Figure 13. No cracks  were 
de tec ted  i n  S / N  25. 

Room Temperature Test Resu l t s  

Specimen s / ~ - 2 8  w a s  cycled t o  f a i l u r e  a t  room temperature.  
It f a i l e d  a t  r o o t  number 3 (See Figure 14) i n  a t y p i c a l  f a t i g u e  
type c rack  a f t e r  856 cyc les .  The attachment weld f a i l e d  a f t e r  780 
cycles  and was r epa i r ed  wi th  epoxy before  cont inuing  t h e  tes t .  
hardness l e v e l s  a f t e r  cyc l ing  were again similar to those repor ted  
i n  the l i q u i d  hydrogen t e s t  resu l t s .  

The 
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FIGURE 13. 

START OF FATIGUE CRACKS AT CREST BEND I . D .  OF BELLOWS 
S/N 26, LIFE CYCLED TO FAILURE I N  LIQUID OXYGEN 
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FIGURE 14. 1OX PHOTOGRAPH O F  TYPICAL BELLOWS 
CONVOLUTION SHAPE 
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FIGURE 15 

FATIGUE CRACK TYPICAL OF FAILURE 
PRODUCED BY L I F E  CYCLING TESTS 



Discussion of Results 

The m e t a l l u r g i c a l  comparison of the  l i f e  cycled t e s t  
. specimens i n d i c a t e  that  cyc l ing  causes the material t o  go from 

approximately 1/8 hard as formed t o  approximately 1/4 hard due t o  
' c o l d  working or work hardening. T h i s  i s  not  assoc ia ted ,  however, 
w i t h  a bas i c  c r y s t a l l i n e  change o r  cryoforming, but  only the 
m e t a l l u r g i c a l  mechanisms a s soc ia t ed  wi th  any type of p l a s t i c  
deformation. A comparison of fatigue i n d i c a t i o n s  shows the presence 
of micro-cracks i n  S/N 31 

a t  room temperature) .  It thus appears t h a t  work hardening occurs 
very r a p i d l y  wi th in  the  f i r s t  200 cycles  and then does n o t  continue, 
bu t  l e v e l s  off  and maintains  t ha t  l e v e l  while the  f a t i g u e  type micro- 
cracks do no t  appear u n t i l  approximately 2000 cyc le s .  The hardness 
of t h e  l i f e  cycled bellows specimens increased f a i r l y  uniformly i n  
the  c r e s t ,  r o o t  and convolute leaf as a r e s u l t  o f  work hardening 
induced by p l a s t i c  deformation a t  a11 t h r e e  t e m p r a t u r e s  room, l i q u i d  
oxygen and l i q u i d  hydrogen. 

2601 cyc le s  i n  LH2) and S/N 25 (5 50 cyc le s  
i n  L02), b u t  none i n  S/N 2 6 (1935 cycles  i n  L02) o r  S/N 28 ( 3 56 cyc le s  

I n  a comparison of a n a l y t i c a l  l i f e  cyc le  p r e d i c t i o n  t o  t e s t  
r e s u l t s  i t  i s  important t o  note  t h a t  the  fa t igue p r e d i c t i o n  does not  
p r e d i c t  the  f a i l u r e  poin t ,  r a t h e r ,  i t  p r e d i c t s  the  number of cyc les  
expected without f a i l u r e ,  A p a r t i c u l a r  specimen may exceed t h i s  
minimum expected cyc le  l i f e  by a l a r g e  margin depending upon many 
ind iv idua l  v a r i a t i o n s ,  such as: material qua l i t y ,  th ickness ,  shape, 
e t c .  Material f a t i g u e  proper ty  data i s  presented as a s i n g l e  curve 
without showing the s c a t t e r  o f  resu l t s  f rom which i t  was obtained.  

I n  each bellows l i f e  cyc le  ( f a t i g u e )  t e s t  t he  bellows was 
extended t o  a n  average p i t c h  of 0.394 inches (1.0 em) and compressed 
t o  an average p i t c h  of 0.047 inches  ( . l l g  em). 
f o r  the three convolute specimen w a s  required because o f  t he  n e c e s s i t y  
of monitoring end p l a t e  motion. Examination of Figure 14 r e v e a l s  t h a t  
no two convolutions have exac t ly  t h e  same p i t c h .  Since the  mathemati- 
c a l  model used by the  computer program i s  exac t ly  l i k e  Figure 14, the  
s t r a i n s  were computed f o r  the  same t o t a l  bellows t r a v e l  used i n  the 
t e s t s .  

Average p i t c h  values 

The ob jec t ive  i n  these  tes ts  was to study the  gross e f f e c t s  o f  
f a t i g u e  on the  c e n t e r  convolute which r ep resen t s  a t y p i c a l  convolute 
of any ope ra t iona l  expulsion bellows. The two end convolutions may 
vary considerably from one design t o  another  i n  the type o f  end 
r e s t r a i n t  employed. F a i l u r e s  wi th in  the  end convolutions are of 
value t o  the degree t ha t  t he  a n a l y t i c a l  techniques used a re  capable of 
p r e d i c t i n g  them. However, the a c t u a l  number a t  which they  f a i l  a r e  
of secondary importance, un le s s  they f a i l  prematurely, s i n c e  they do 
not  r ep resen t  the t y p i c a l  bellows convolute as the  c e n t e r  convolution 
does. 
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Analv t i ca l  S t r a i n  Determination 

I n  order  to c o r r e l a t e  the t e s t  r e s u l t s ,  an accu ra t e  a s ses s -  
ment o f  t h e  s t r a i n s  produced was requi red  t o  determine t h e  expected 
f a t i g u e  l i f e .  The a n a l y t i c a l  s t r e s s - s t r a i n - d e f l e c t i o n  d a t a  was 
obtained us ing  t h e  d i g i t a l  computer program developed under Contract  
NAS 7-149. D e t a i l s  o f  the  program including accuracy v e r i f i c a t i o n  
a r e  provided i n  Reference 5. This program computes the nonl inear  
deformation o f  axisymmetric t h i n  s h e l l s  o f  revolu t ion  w i t h  a com- 
p l e t e  d i s t r i b u t i o n  of t he  b i - a x i a l  bending and membrane s t r a i n s .  

The geometric conf igura t ion  used i n  t h i s  a n a l y s i s  i s  shown 
i n  Figure 14. 
Number 25 i n  a region moved f rom any de tec t ab le  f a t i g u e  f a i l u r e .  

The c ross  s e c t i o n  was obtained from t e s t  bellows 

The s t a t e  of  s t r a i n  i n  tl?e bellows i s  b i a x i a l  while the 
f a t i g u e  d a t a  a v a i l a b l e  i s  u n i a x i a l .  The computed b i a x i a l  s t r a i n s ,  
therefore ,  were converted t o  an equiva len t  u n i a x i a l  s t r a i n .  This 
was accomplished us ing  the  s h e a r - d i s t o r t i o n  o r  shear-energy theory 
o f  Hencky-Von Mises which provides  the  formula: 

The bending s t r a i n s  provided by t h e  computer program do n o t  
conta in  s t r a i n  d i s t o r t i o n s  from curved beam e f f e c t s  which become 
s i g n i f i c a n t  i n  the  sharp curvature  regions of the r o o t s  and c r e s t s  
of  t he  b e l l o w s  convolutions.  These convolution co r rec t ions  were 
appl ied a t  each convolution root and c r e s t  and the  r e s u l t i n g  s t r a i n  
added t o  t h e  membrane s t r a i n s  and converted to a u n i a x i a l  equiva len t .  
Only t h e  roots and c r e s t s  a r e  included because the  l a r g e s t  s t r a i n s  
occur a t  these  p o i n t s .  These c a l c u l a t i o n s  a r e  shown i n  Table 11. 
The curva ture  c o r r e c t i o n  f a c t o r s ,  n K f t ,  appl ied  t o  the  bending s t r a ins  
were obtained from curves o f  K vs r/c i n  Reference 6. Roots number 1 
and 4 a r e  not  included i n  Table I1 because t h e  f u l l y  clamped boundary 
assumed f o r  the mathematical  model does no t  e x a c t l y  r ep resen t  t h e  
a c t u a l  support  condi t ion .  The f u l l y  clamped s t r a i n s  computed tend 
t o  be conserva t ive ly  high, but  s t i l l  l e s s  than the  total s t r a i n  a t  
o ther  l o c a t i o n s  i n d i c a t i n g  tha t  f a i l u r e  a t  the  attachment weld would 
not be expected dur ing  cyc l ing  un le s s  t he  we lds  were substandard.  

The t o t a l  s t r a i n  range a t  each po in t  i s  the sum of the  values  
i n  t he  l a s t  column o f  Table 11. With these s t r a i n s  and the f a t i g u e  
p r o p e r t i e s  o f  Figure 16, t h e  pred ic ted  room temperature cyc le  l i f e  
range i s  shown i n  Table 111. 



r l I  I 

. . . .  
d r - l c u r l r l  
I I 

. . . . .  

. .  
M ' I '  M I cr 

. . . . .  
r l r l r l r l r l  

. . . . .  
r l M r l M c u  

I ' I " '  I 

tm 





l 

a i 
Is 0 
j; 

k 

! l L  
, 

I 
I 
I 
t- 

0 
0 cn 
M 

I 

0 * 
rl 
rl 

Lo cu 
Lo 
rl 
0 

crr 
c, 
0 
0 
P; 

0 
0 c- 
M 

I 

0 
0 
rl 
r-! 

M cn c u '  
0 
0 

0 co 
Lo 
r-l 
0 

crr 
9' m 
a, 
k u 



The a v a i l a b l e  f a t i g u e  d a t a  a t  cryogenic temperatures,  Figure 17, 
does no t  extend i n t o  t h e  high s t r a i n  - low cyc le  range required by 
tne  r e s u l t s  i n  Table 111. However, Figure 17 does show cons iderable  
improvement o f  smaller  s t r a i n  f a t i g u e  p r o p e r t i e s  a t  cryogenic temper- 
a t u r e s  compared w i t h  those a t  room temperature.  It seems reasonable 
t o  expect some degree o f  improvement w i l l  e x i s t  i n  the high s t r a i n  
range as wel l ,  and t h i s  trend i s  ind ica t ed  by the cycle  l i f e  t e s t  
r e s u l t s  i nd ica t ed  i n  Figure 16. In  a l l  cases  a t  cryogenic tempera- 
t u r e s  the  a c t u a l  cyc le  l i f e  exceeded the p red ic t ed  room temperature 
cyc le  l i f e  and  a s  prev ious ly  stated the c y c l e  l i f e  var ia . t ion i s  
assumed due t o  f a t i g u e  d a t a  spread. It  i s  i n t e r e s t i n g  t o  n o t e  t h a t  
i n  a l l  cases  where the  bellows f a i l e d  wi th in  the convolute,  i t  
f a i l e d  i n  an  a rea  of high p red ic t ed  s t r a i n s  i n d i c a t i n g  good cor re-  
l a t i o n  between a n a l y t i c a l  and empir ica l  r e s u l t s .  The range of 
pred ic ted  cyc le s  t o  f a i l u r e  i n  T a b l e  I11 i n d i c a t e  tha t  f a i l u r e  i s  
most  probable a t  any one o f  t he  p o i n t s  shown i n  T a b l e  I11 s i n c e  the 
s t r a i n s  a r e  nea r ly  equal  a t  t hese  p o i n t s .  

I n  the process  o f  t h i s  a n a l y s i s  i t  was discovered that  contac t  
between neighboring convolutions occurs before  the 0.047 inch  n e s t i n g  
p i t c h  i s  achieved. S ince  t h e  computer s o l u t i o n  allows p o i n t s  t o  
deform through each o ther ,  the  e f f e c t  o f  con tac t  f o r c e s  i s  unknown. 
A s o l u t i o n  o f  t h e  s t r a i n  s ta te  i n  two th in ,  non-l inear  s h e l l s  forced 
i n t o  con tac t  i s  a formidable problem beyond the  scope of t h i s  program. 
Specula t ion  on the  e f f e c t  of t he  con tac t  i s  t h a t  the s t r a i n s  can be 
expected t o  magnify s l i g h t l y  with the  l a r g e s t  e f f e c t  i n  the  r o o t  and 
only a minor e f f e c t  on the  c r e s t  s t r a i n s  which may expla in  the ' l ow 
cycle  l i f e  of  S/N 28 which f a i l e d  a t  856 cyc les  i n  Root No. 3 a t  
ambient temperature.  Any eya lua t ion  of the con tac t  f o r c e  has been 
neglected i n  T a b l e  111. 

200 Expulsion Cycle T e s t  Resul t s  

The only b e l l o w s  subjec ted  t o  the 200-cycle  v e r i f i c a t i o n  tes t  
was S e r i a l  Number 29. The t e s t  was conducted i n  l i q u i d  hydrogen, 
p r i o r  t o  t h e  program change which s u b s t i t u t e d  the  cyc le  t o  f a i l u r e  
t e s t  for t h i s  t e s t .  A m e t a l l u r g i c a l  eva lua t ion  o f  S/N 29 revealed 
t h a t  the hardness l e v e l s  were a p p r o x i m t e l y  the  same as S/N 31 which 
performed 2601 cyc les  i n d i c a t i n g  that  work hardening i s  no6 l i n e a r .  
It appears t h a t  t h e  b e l l o w s  behaves the  same a t  cryogenic temperature 
as i t  does a t  ambient temperature i n  tha t  the  ma jo r i ty  of t h e  work 
hardening occurs wi th in  the  f i r s t  10 cyc les  as ind ica ted  by t h e  f a c t  
t h a t  the  specimen hardness i s  approximately the  same f o r  t he  bellows 
subjected t o  only pre-s torage  cyc l ing  as for those cycled t o  f a i l u r e .  
There were no i n d i c a t i o n s  of  f a t i g u e  type micro-cracks nor any other  
type of damage as a r e s u l t  of the  200 cyc le s .  
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VIBRATION TESTS 

O f  importance t o  r e l i a b l e  cryogenic be l lows  design i s  the  
knowledge o f  the e f f e c t s  tha t  launch dynamic-environments w i l l  have 
on t h e i r  i n t e g r i t y .  I f  severe damage o r  m a t e r i a l  s t r u c t u r a l  changes 
r e s u l t  from v ib ra to ry  exposure, the bellows required cyc le  l i f e  
may be s e r i o u s l y  compromised. The primary damage mechanisms f rom 
such exposure are wear o f  bellows c r e s t  m a t e r i a l  caused by ab ras ion  
on the tank s h e l l  during b e l l o w s  motion p a r a l l e l  t o  i t s  a x i s  and the  
impact of  the  b e l l o w s  c r e s t  on t h e  tank s h e l l  f rom l a t e r a l  motion 
perpendicular  t o  i t s  a x i s .  The t e s t s  were designed t o  s imulate  
these  types of motion while maintaining a cryogenic environment. 
The v i b r a t i o n  inpu t s  spec i f i ed  f o r  the cryogenic t e s t s  a r e  the  same 
as those used f o r  p rev ious ly  conducted room temperature tests of  
t h r e e  convolute bellows specimens of  similar conf igura t ion .  The 
abras ion  inpu t  l e v e l s  were based on Minuteman I11 tank responses 
measured photographical ly  (Reference 8) during s i n u s o i d a l  and random 
v i b r a t i o n  t e s t s  s imula t ing  t r anspor t a t ion ,  handling and f l i g h t  
environments. The impact i npu t  w a s  s e l ec t ed  t o  s imulate  the  MM I11 
impact frequency range. Moderate buckling on some o f  t he  room 
temperature specimens, which does n o t  occur on the  MM I11 bel lows ,  
ind ica ted  t h a t  t h e  a c t u a l  impact t e s t  l e v e l s  were more severe than 
the MM I11 t e s t  environments. 

For the  v i b r a t i o n  t e s t s  t h e  bellows specimens were i n s t a l l e d  
i n  a t e s t  f i x t u r e  which contained a s e c t i o n  of tank shelL ( r i n g )  t o  
provide an impact and abrasion su r face .  The f i x t u r e  was mounted on 
a v e r t i c a l  shaker which was used t o  apply r a d i a l  impact v i b r a t i o n  
inpu t s  (See Figure 18) .  
shaker was used t o  apply a x i a l  ab ras ion  v ib ra t ion  inpu t s .  I n  order  
t o  maintain a cryogenic environment the  e n t i r e  f i x t u r e  was thermally 
in su la t ed  by us ing  a double-walled c r y o s t a t ,  capable of e f f e c t i n g  
a complete vacuum between t h e  i n n e r  and ou te r  walls. The inne r  
chamber maintained a pressur ized  gaseous helium environment (See 
Figure 19). 

A second shaker mounted normal t o  t h e  impact 

The impact and abras ion  t e s t s  were performed i n  a hazardous 
duty t e s t  c e l l  i n  t h e  Chemistry Laboratory of the  B e l l  Aerospace 
Company. All c o n t r o l s  were remotely loca ted  t o  provide safe opera- 
t i o n  with the  cryogenic p r o p e l l a n t s .  

T e s t  Equipment 
The t e s t  s e tup  comprised the  following major sub-system as 

depicted i n  Figure 20. 

Cryos ta t  

The c r y o s t a t  cons is ted  of an inne r  chamber which contained 
the t e s t  f i x t u r e  and was complete with access  po r t s ,  door and s e a l s  
t o  prevent  the  escape of  any environmental  gases  o r  l i q u i d s ,  and an 
ou te r  chamber which completely encapsulated the  inne r  chamber, The 
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FIGURE 18. VIBRATION TEST APPARATUS WITHOUT CRYOSTAT 



FIGURE 19 
VIBRATION TEST APPARATUS WITHOUT INJIER 
AND OUTER CHArJIBER DOORS 
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ou te r  chamber was complete w i t h  an access  door and s e a l  t o  prevent  
any ambient gases f rom en te r ing  the  space between the two chambers. 
The space between t h e  two chambers was connected t o  a heavy duty 
vacuum pump f o r  maintaining a high vacuum during the  t e s t s .  The 
e n t i r e  c r y o s t a t  has access  p o r t s  f o r  vents,  cryogen input ,  i n s t r u -  
mentation "feed-throughs" and atmosphere c o n t r o l  tubes.  See Figure 
21 for a photograph of t h e  v i b r a t i o n  t e s t  appara tus  completely 
assembled. 

Bi-Axial Vibra t ion  System 

The impact and abras ion  e x c i t a t i o n  w a s  provided by' two M.B. 
Model C10 electrodynamic v i b r a t o r s  arranged as shown by the  
photograph i n  Figure 18. 
v i b r a t i o n  t o  the t e s t  specimen through the dynamic f i x t u r e .  Abra- 
s i o n  was obtained by l o n g i t u d i n a l  v i b r a t i o n  through a h o r i z o n t a l  
d r i v e  rod  connected t o  one s i d e  o f  t h e  end p l a t e  t runnion of t he  
bellows specimen. 

The v e r t i c a l  e x c i t e r  provided impact 

The v i b r a t o r s  were programmed t o  produce random v i b r a t i o n  
inpu t s  o f  s p e c i f i e d  bandwidths and l e v e l .  Impact and abras ion  
v ib ra t ion  inpu t s  were capable of being appl ied  e i t h e r  i n d i v i d u a l l y  
or combined a s  requi red .  

Dynamic F i x t u r e  

The dynamic f i x t u r e  cons is ted  of  a hollow r i n g  supported by 
a v e r t i c a l  pos t  a t t ached  t o  the  head of the impact e x c i t e r .  The 
hollow f i x t u r e  was designed s o  t h a t  t he  cryogen flowed through the 
f i x t u r e  t o  a i d  i n  maintaining a cryogenic environment similar t o  
t h a t  expected f o r  a t y p i c a l  bellows us ing  cryogenic p r o p e l l a n t s ,  
The rep laceable  tank s h e l l  r i n g  was completely enclosed and r e t a i n e d  
on the  i n s i d e  o f  t he  f i x t u r e  and dupl ica ted  the  ma te r i a l ,  su r f ace  
f i n i s h ,  hea t  treatment and thickness  of a t y p i c a l  production tank 
s h e l l .  This provided the  specimen impact and abras ion  i n t e r f a c e  
sur face .  A photograph of a t e s t  specimen i n s t a l l e d  i n  the  dynamic 
f i x t u r e  i s  shown i n  Figure 21. 

by t runnions and t runnion guide arms. These arms allowed v e r t i c a l  
motion f o r  impact and long i tud ina l  motion f o r  abras ion .  
adjustment of t he  specimen was provided by a lockable e c c e n t r i c  
under the  guide arms. This ensured t h a t  t he  t e s t  bellows was centered  
wi th in  the  tank s h e l l  r i n g .  An ad jus t ab le  f l e x u r e  on each guide arm 
provided t h e  requi red  specimen-to-ring contac t  l o a d .  

The cryogen f l o w  path,  as shown i n  Figure 20, was through t h e  
t e s t  specimen then through the  f i x t u r e  and out t he  f i x t u r e  vent.  
Connections were made wi th  f l e x i b l e  metal bellows in te rconnec t  tub- 
ing,  which provided cryogen cool ing o f  the  s t r u c t u r e  ad jacent  t o  the 
t e s t  bellows, 

The t e s t  bellows i s  supported a t  the  cen te r  of each end p l a t e  

L a t e r a l  
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P r i o r  t o  cryogenic t e s t i n g  the  f i x t u r e  and shakers  were 
se tup  and operated a t  room temperature t o  check on f ixture/bel lows 
behavior and t o  i d e n t i f y  resonances.  The resonances found a r e  
described i n  Figure 22. Also, an abras ion  a x i s  s i n e  v i b r a t i o n  
t e s t  was performed t o  obta in  f ix ture-be l lows  r e l a t i v e  displacement 
f o r  a cons tan t  shaker input  acce le ra t ion .  No de t r imen ta l  modes 
were encountered i n  t h e  20 t o  50 Hz tes t  frequency bandwith, thus 
ensuring t h a t  the des i r ed  abras ion  v i b r a t i o n  spectrum could be 
appl ied t o  t he  bellows. 

Instrumentat ion 

Measurements for Impact and Abrasion Test ing were divided 
i n t o  f i v e  ca t egor i e s ;  a c c e l e r a t i o n ,  displacement,  temperature,  
p ressure  and l i q u i d  l e v e l ,  (See Figure 23.)  A l l  a cce l e ra t ion ,  d i s -  
placement and pressure  s i g n a l s  were recorded on a FM t ape  recorder  
u t i l i z i n g  one inch  14-channel magnetic tape.  Ten recorder  channels 
having a frequency response of 1.25 KC cons t an t ly  recorded the  above 
parameters.  During v ib ra t ion ,  the  reproduced output  was monitored 
on an osc i l loscope  f o r  proper recording and d e t e c t i o n  of anomalies. 

Pre- and pos t -  c a l i b r a t i o n  s i g n a l s  f o r  LH2 and LO2 s e n s i -  
t i v i t i e s  were used t o  range the  instrumentat ion.  For c a l i b r a t i o n  
accuracy, t he  s e n s i t i v i t y  of t h e  accelerometers ,  displacement t r a n s -  
ducers,  and temperature sensors  were checked a t  room temperature 
and a t  l i q u i d  n i t rogen  and l i q u i d  neon temperatures.  S e n s i t i v i t i e s  
were a l s o  checked a f t e r  a soak per iod.  See Appendix A f o r  i n s t r u -  
mentation c a l i b r a t i o n  r e p o r t .  

Post  t e s t  data reduct ion  f o r  a l l  v i b r a t i o n  cons is ted  of 
osci l lograms.  Power s p e c t r a l  d e n s i t y  and p r o b a b i l i t y  d e n s i t y  p l o t s  
were made of s e l ec t ed  responses.  

Accelerat ion 

Kist ler  quar tz  accelerometers ,  Model 8 0 8 ~ ,  were used f o r  
measurement o f  a c c e l e r a t i o n  a t  the  cryogenic temperatures.  The u n i t  
i s  h e l i - a r c  welded, he rme t i ca l ly  sea led ,  and ceramic in su la t ed .  

Blocks conta in ing  2 stud-mounted accelerometers  were bol ted  
t o  the  welded s tuds  provided i n  the  bellows end-plates .  Two a d d i -  
t i o n a l  accelerometers  were s tud  mounted t o  a welded block on t h e  
f i x t u r e  nea r  t he  impact and abras ion  po in t .  Accelerometer l o c a t i o n s  
a r e  i l l u s t r a t e d  i n  F igure  24. 

Accelerometers mounted d i r e c t l y  on t h e  shaker head were 
monitored on a meter/scope and connected t o  s a f e t y  c i r c u i t s  t o  
prevent s e r ious  ove r - t e s t  condi t ions .  

Displacements 

A s p e c i a l l y  designed cryogenic Linear  Variable  D i f f e r e n t i a l  
Transformer (LVDT) (See Figure 23) incorpora t ing  a sp r ing  loaded t i p  
was manufactured a t  Schaevitz Engineering Company. The t i p  was 
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FIGURE 22. 

SUMMARY OF RESONANT VIBRATION MODES OF CRYO-IMPACT 
AND ABRASION WEAR FIXTURE 

Rocking Mode of whole ( r i g i d )  
f i x t u r e  on impact shaker  head 
suspension s t i f f n e s s  (motion i s  
perpendicular  t o  abras ion  and 
impact axes) 

,--lo2 Hz 

Lateral  Bending 
mode of abras ion  
d r i v e  rod 

Rocking mode of 
r i g i d  f ix tu re ,  
i n  abras ion  d i r e c t i o n ,  
due to impact shaker 
head suspension 
s t i f f  nes s . 

Quasi-Free-Free 
bending mode of 

and impact shaker  
head i n  abras ion  
d i r e c t i o n .  Exci ted by 
abras ion  shaker  a t  34 HZ 
fundamental i n p u t  f r e q .  

I 
I I f i x t u r e  and pedes t a l ,  
I_ - - _ - - - _ _ _ _ _ - - - - - - - - - -  -I 
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??i ;URE 22. (Continued.) 

I 

I 
I 
I 
I 

Shaker I 
I 
I 
I 

45 H z :  Bellows p ivo t ing  
mode about a v e r t i c a l  a x i s  
t h r u  arm support  shaf t .  
Abrasion d r i v e  rod a l s o  d e -  
f l e c t i n g  l a t e r a l l y  

195 Hz: Bellows s i d e  p l a t e  
wobble. Also exci ted by impacting. 

180 Hz:  Pre-load f l e x u r e  
L a t e r a l  bending mode 

60-65 Hz : Pumping mode ~~m of bellows (gas f i l l e d )  
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preloaded t o  fol low v i b r a t i o n  up t o  2Og's a t  100 Hz while being 
v ib ra t ed  i n  a c ross -ax is .  Two LVDT's were clamped t o  the f ix tu re  
t o  sense movement i n  the abras ion  axis of t he  bellows sample. The 
d i f f e r e n c e  i n  t ransducer  readings provided the operator  w i t h  the 
c o r r e c t  p i t c h  p r i o r  t o  v i b r a t i o n  t e s t i n g .  

During abras ion  t e s t i n g  the output  of one LVDT was used t o  
se t  t h e  c o r r e c t  l e v e l  of displacement i n  the  abras ion  axis.  T h i s  
w a s  monitored on the  c o n t r o l  console  w i t h  an  RMS meter.  

Temperature 

The Cryogenic Linear Temperature Sensor (CLTS) i s  a small  
i nch  (1.092 em) long x .3lO i nch  (.787 em) wide x .004 i nch  1:430 010 em t h i c k )  Surface Thermometer Gage cons i s t ing  of 3 t h i n  f o i l  

sensing g r i d s  laminated i n  an epoxy r e s i n  matrix (See Figure 23) .  
Two a l l o y s  of s p e c i a l  grades of n i c k e l  and manganese were processed 
f o r  equal  and opposi te  n o n - l i n e a r i t i e s  i n  Resis tance vs. Temperature 
c h a r a c t e r i s t i c s .  A s  a r e s u l t ,  the  composite sensor  has an essen- 
t i a l l y  l i n e a r  change o f  r e s i s t a n c e  w i t h  temperature.  

S i x  CLTS were i n s t a l l e d  t o  monitor the following texpera ture  
l o c a t  ions .  

Bellows TOP 

F i x t u r e  'Top 
Bellows Bottom 

F ix tu re  Bottom 
Door ( i n n e r  chamber) Bottom 
D e w a r  Bottom 

These temperature p o i n t s  were cons t an t ly  monitored on a 
readout  device t o  i n su re  temperature equi l ibr ium . o f  the f i x t u r e  and 
bellows specimen p r i o r  t o  and dur ing  v i b r a t i o n  t e s t s .  

P re s su re  

Model 172DBA-1 MB/Alinco Bonded S t r a i n  Gage Pressure Trans- 
ducers were designed f o r  measurements o f  p ressure  a t  cryogenic 
temperatures.  (See Figure 2 3 ) .  The body and diaphragm are  i n t e g r a l ,  
machined from a s o l i d  body of 17-4 PH s t a i n l e s s  s t e e l .  
were d i sa s sembled  and cleaned f o r  LOX usage. 

These u n i t s  

The pressure  d i f f e r e n t i a l  between t h e  i n s i d e  and outs ide  of 
the bellows Fample were monitored by two s e p a r a t e  p re s su re  sensors. 
The i n s i d e  pressure  of t he  b e l l o w s  was sensed a t  one of the unused 
vent p o r t s  by means o f  a f l e x i b l e  coupling t o  the  t ransducer .  The 
ou t s ide  p re s su re  of t he  bellows was obtained by p lac ing  the  pressure  
t ransducer  i n  the  inne r  chamber and leaving  the  p o r t  open t o  the 
helium atmosphere. 

The p res su re  t ransducers  were f ixed  t o  the base of  the bellows 
f i x t u r e .  The s t a t i c  output  of the t ransducer  was read on D . C .  
vol tmeters  during the f i l l  procedure. 
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Liquid Level 

A germanium r e s i s t a n c e  thermometer i n  a s p e c i a l l y  designed 
case was used t o  d e t e c t  the l e v e l  of' l i q u i d  hydrogen and LOX by 
measuring the  change i n  temperature from l i q u i d  t o  gas (See 
Figure 2 3 ) .  

An e l e c t r o n i c  c o n t r o l  designed and b u i l t  a t  Bel l ,  w a s  used 
t o  e x c i t e  t he  probe and condi t ion  the output  s i g n a l  t o  c o n t r o l  a 
cryogenic f i l l  valve.  The opera tor  had the  choice of  manual or 
automatic opera t ion  o f  t h i s  valve.  I n  the  automatic mode, t he  
cryogenic f i l l  valve was c o n t r o l l e d  by the  l i q u i d  l e v e l  probes.  
I n  the manual mode, t h e  cryogenic f i l l  valve w a s  con t ro l l ed  by an 
on-off switch Rover-r idingl l  the c o n t r o l  of t h e  l i q u i d  l e v e l  probes.  

Test  P r x e d u r e  

Srsecimen I n s t a l l a t i o n  

P r i o r  t o  i n s t a l l a t i o n ,  the tank s h e l l  r i n g  and the  t e s t  spec i -  
men were inspected and cleaned to ensure freedom from d e f e c t s  and 
contaminants.  

The tan& s h e l l  r i n g  segment was i n s t a l l e d  i n  the  f i x t u r e  
or ien ted  s o  t h a t  an undamaged su r face  was presented t o  the tes t  
specimen. The be l lows  specimen was then i n s t a l l e d  and centered 
l a t e r a l l y  by adjustment of the  e c c e n t r i c  on t h e  t runnion guide arms 
and the  t runnions of t he  specimen were checked f o r  u n r e s t r i c t e d  
l o n g i t u d i n a l  motion i n  the  guide arm bushing (See Figure 21) .  

Af t e r  the specimen t o  f i x t u r e  in te rconnec t ion  tubing was 
i n s t a l l e d ,  the  h o r i z o n t a l  d r i v e  rod was ad jus ted  t o  p o s i t i o n  the  
c e n t e r  convolute o f  the specimen a t  mid-posftion along the  tank 
s h e l l  r i n g  segment. Since t h e  width of the r i n g  i s  0.375 inch  
(0.952 em) the c e n t e r  convolute only was i n  con tac t  w i t h  the  r i n g  
when the  be l lows  p i t c h  was set. a t  0.375 inch  (.952 cm). The d r i v e  
rod  was ad jus ted  t o  compensate f o r  shrinkage due t o  temperature 
change and o f f s e t  r e s u l t i n g  from inner-chamber pressure .  The con- 
volute  t o  r i n g  con tac t  loading mechanism on the  t runnion guide arms 
was ad jus ted  t o  ob ta in  the  requi red  contac t  f o r c e ,  When a l l  i n s t r u -  
mentation was a t tached  and c a l i b r a t e d  t h e  access  doors to the  cryo- 
s t a t  were closed and sea led .  

Pre-Test System Purge 

P r i o r  t o  i n t roduc t ion  of cryogen i n t o  the  t e s t  specimen, the 
inner-chamber and the dynamic fixture/specimen were evacuated by 
a high-capaci ty  vacuum pump and then purged w i t h  d ry  helium gas.  A 
gas sample from these  systems was analyzed p r i o r  t o  proceeding t o  
ensure t h a t  condi t ions  were compatible wi th  the t e s t  cryogen. 
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Cryogen F i l l  and Drain 

To prevent  damage by over-extension during the cryogen f i l l  
operat ion,  the t e s t  bellows i n t e r n a l  pressure  was maintained a t  
a lower pressure  than the chamber pressure .  T h i s  was monitored 

.by pressure  t ransducer  readings from the  specimen and i n n e r  chamber. 
The t e s t  bellows p i t c h  was a l s o  monitored by two l i n e a r  v a r i a b l e  
d i f f e r e n t i a l  t ransformers  loca ted  on each s ide of the t e s t  specimen 
t o  monitor the end p l a t e  -movement. 

The cryogen was slowly f e d  i n t o  the  system t o  pre-cool  the 
specimen and dynamic f i x t u r e .  When t h e  temperature sensors  i nd ica t ed  
l i q u i d  was maintained wi th in  the  specimen,. the cryogen flow was 
increased and maintained f o r  t he  du ra t ion  of t h e  t e s t .  The t e s t  
bellows p i t c h  was s e t  a t  0.375 inch  ( . 952  em) by adjustment of bellows 
i n t e r n a l  p re s su re  and inner-chamber pressure  and cryogen flow. 
When the  bellows p i t c h  was s t a b i l i z e d  and maintained, the  v i b r a t i o n  
t e s t  was performed. 

Af t e r  each v i b r a t i o n  t e s t ,  the cryogen i n  the bellows and 
f i x t u r e  was allowed t o  b o i l  off, The system was purged wi th  helium 
gas, t he  interchamber vacuum was re leased ,  and the  system allowed t o  
w a r m  up. 

Dynamic Te s t 

Each t e s t  specimen was v ib ra t ed  f o r  t e n  minutes i n  each of 
t h r e e  d i f f e r e n t  modes: Impact only,  abras ion  only, and combined 
impact and abras ion .  Af te r  each t e s t  mode, t h e  bellows specimen 
was r o t a t e d  60" t o  a new t e s t  p o i n t  t o  avoid overlapping o f  wear 
areas. 

Impact Vibra.t ion 

The impact e x c i t e r  was programmed t o  produce random v i b r a t i o n  
of bandwidth 15 t o  25 Hz. The band pass  f i l t e r  was ad jus ted  t o  
minus 3 db  a t  t he  h igh  and low end frequencies .  An a c c e l e r a t i o n  ' 
of 3.0 20.3g was maintained f o r  10 minutes. T h i s  was monitored by 
the  bellows f r e e s i d e  impact. accelerometer (Ch5 i n  Figure 24) mGunted 
on the  specimen ad jacent  t o  the impact contac t  po in t .  

Abrasion Vibra t ion  

The abras ion  e x c i t e r  was programmed t o  produce random v i b r a t i o n  
of bandwidth 20 t o  50 Hz. The band pass  f i l t e r  was ad jus ted  t o  
minus 3 db a t  t he  high and low end f requencies .  The e x c i t e r  output 
was ad jus ted  t o  ob ta in  a 0.035 1-0.003 inch  r m s  (0 .89 50.08 mm rms) 
bellows displacement as monitored by the  f rees ide  LVDT ( C H 7  i n  
Figure 24, which sensed l o n g i t u d i n a l  movement of the bellows end 
p l a t e  near  t h e  con tac t  po in t .  
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Impact and Abrasion Vibra t ion  

The impact and abras ion  tes ts  of the above paragraphs were 
performed simultaneously.  Shaker c o n t r o l  s e t t i n g s  obtained from 
the ind iv idua l  t e s t s  were used. The combined impact and abrasion 
v ib ra t ion  was maintained f o r  a per iod o f  t e n  minutes. 

Test  Resul t s  and Discussion 

The impact and abras ion  v i b r a t i o n  t e s t  program was success fu l  
i n  producing var ious amounts of bellows wear. The r e s u l t s  presented 
i n  t h i s  s e c t i o n  include the  tape-recorded v i b r a t i o n  inpu t s  and 
bellows response data, and t h e  m e t a l l u r g i c a l  eva lua t ion  of t h e  worn 
a reas  o f  the  bellows convolutes.  

A chronologica l  t e s t  summary i s  presented i n  Table IV,  inc lud-  
ing  bellows t e s t s  p r i o r  t o  v ib ra t ion ,  bel lows-to-r ing con tac t  force ,  
o v e r a l l  RMS l e v e l s ,  and gene ra l  comments. 

The v i b r a t i o n  inpu t  l e v e l s ,  as determined from root-mean- 
square (RMS) meter readings dur ing  the  tes t ,  osci l logram records 
from a l l  t e s t s ,  and power s p e c t r a l  d e n s i t y  (PSD) p l o t s  of a few 
rep resen ta t ive  t e s t s ,  showed t h a t  s a t i s f a c t o r y  t e s t  i npu t s  were 
achieved f o r  38 o f  t h e  39 v i b r a t i o n  t e s t s  performed. 
combined I and A t e s t  w i t h  LO2 was h igher  than s p e c i f i e d  and 
r e s u l t e d  i n  excessive specimen damage. 

Analysis of  t h e  bellows response records  was similar t o  t h a t  
f o r  t he  inpu t  records .  Overal l  RMS meter readings and osci l logram 
records were reviewed on a quick-look b a s i s  f o r  a l l  t e s t s  and sub- 
sequently,  PSD and peak p r o b a b i l i t y  d e n s i t y  analyses  were produced 
f o r  14 of t h e  t e s t s .  

One (S/N 17) 

Typical PSD p l o t s  are presented i n  F igures  25 to 30. Figure 25 
p resen t s  a t y p i c a l  impact t e s t  inpu t  with energy concentrated 
between 1 2  and 25 Hz. Figure 26 p resen t s  a t y p i c a l  displacement 
spectrum f o r  an impact t e s t  showing the  concent ra t ion  of  v i b r a t i o n  
energy between 9 and 1-5 Hz. Figure 27 presen t s  a t y p i c a l  d i sp l ace -  
ment spectrum f o r  an abras ion  t e s t  showing a h igher  frequency content ,  
most of  the  energy being between 20 and 40 Hertz.  Figure 28 p resen t s  
the displacement s p e c t r a l  d e n s i t y  from a combined impact and ab ras ion  
t e s t  d i s t i n c t l y  showing the  two previous ly  mentioned frequency bands 
superimposed. F igures  29 and 30 are the  impact a x i s  and abras ion  a x i s  
responses,  r e spec t ive ly ,  o f  t h e  bellows s i d e  p l a t e  showing the  two 
primary inpu t  frequency bands, and s e v e r a l  a d d i t i o n a l  h igher  frequency 
bellows responses dur ing  a combined tes t .  The review of t h e  o v e r a l l  
RMS response l e v e l s  (Table I V )  i n d i c a t e s  t h a t  the  response l e v e l s  
are gene ra l ly  c o n s i s t e n t  among t h e  t e s t  specimens and support  t h e  
ind ica ted  input  l e v e l s .  
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There i s  reasonable agreement between the  bellows f r e e s i d e  and 
a.brasion s i d e  response i n d i c a t i n g  t h a t  no s i g n i f i c a n t  p i t c h  
change (except  as noted below) o r  end p l a t e  o s c i l l a t i o n  took  
p lace  dur ing  the t e s t s .  T h i s  i s  confirmed by the oscil logram 
t r a c e s  o f  the  LVDT's. 

Three t e s t s  show unusual response l e v e l s ,  t hese  a r e  LH2 
specimen S/N 15 abras ion  only and combined impact and abrasion,  
and LH2 specimen S/N 1-3 abras ion  only.  The S/N 14; abras ion  t e s t  
shows gene ra l ly  low response l e v e l s  which were a t t r i b u t e d  t o  a 
low inpu t  l e v e l .  The primary c o n t r o l  ( t h e  f r e e s i d e  LVDT) was l o s t  
near  the beginning of t he  t e s t ,  bu t  c o n t r o l  was maintained a t  a 
s e t  shaker inpu t .  The o ther  two t e s t s  showed h igher  than usua l  
accelerometer responses,  which a r e  a t t r i b u t e d  t o  c h a t t e r i n g  of the 
LVDTIs due t o  i n s u f f i c i e n t  pre-load aga ins t  the bellows s i d e  p l a t e s .  

The cryogenic p rope l l an t  handling requirements r e q u i r e s  t h a t  
the bellows be extended and f i l l e d  remotely a f t e r  t h e  c r y o s t a t  has 
been closed and temperature conditioned. Bellows p i t c h  was con t ro l l ed  
by maintaining p res su re  across  t h e  bellows. The LVDTIs monitored 
the p i t c h  while  the  p r e s s u r e  was maintained by manually con t ro l l ed  
valves,  I n  genera l ,  l o s s  o f  p i t c h  o r  p i t c h  c o n t r o l  o s c i l l a t i o n s  a r e  
not  de t r imen ta l  t o  the t es t  specimen although they were f a c t o r s  i n  
the ramp impact damage on the  c e n t e r  convolute and poss ib ly  con- 
t r i b u t e d  t o  unusual ly  long LVDT marks. - 

During v i b r a t i o n  t e s t i n g  t h e  LVDTIs made marks on the be l lows  
end p l a t e s .  Af t e r  s e v e r a l  impact and combined impact and abras ion  
t e s t s  unusual1 long marks were noted. They were . 3  t o  .4 inches 
(.75 t o  1 .0  cmy long and ind ica t ed  t h a t  t h e  bellows v e r t i c a l  motion 
exceeded t h e  c learance  between t h e  bellows and t h e  s h e l l .  Although 
n o t  d e f i n i t e l y  explained, the  probable cause i s  l a c k  of s u f f i c i e n t  
c learance  between t h e  LVDT and the  bellows accelerometer mounting 
block. During some impact v i b r a t i o n  t h e  block may have de f l ec t ed  
the LVDT causing the i n d i c a t i o n  of excessive v e r t i c a l  motion. After 
the  c learance  was increased (Specimen S / N  21 and subsequent) t he re  
was no f u r t h e r  occurrence of  long marks. I f  the  long marks were 
caused by t h i s  l ack  of c learance,  a l l  t es t  r e s u l t s  remain v a l i d .  
Antoher poss ib l e  cause o f  t he  long LVDT marks i s  l o s s  of o r  decrease 
i n  bellows p i t c h  which a l l o w s  t h e  bellows t o  draw back and o s c i l l a t e  
ou ts ide  the  confines  of  the king. 
t h i s  occurred i s  unknown. Thus, the a p p l i c a t i o n  o f  these  t e s t  r e s u l t s  
must be r e s t r i c t e d .  Specimens a f f e c t e d  a r e  S / N  19, S/N 33 and S / N  2 
impact only and S/N 20 and S / N  17 combined impact and abras ion .  

The e f f e c t  on impact damage if 
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A ramp was required on the t e s t  f i x t u r e  t o  permit the  bellows, 
when being loaded, t o  e n t e r  the r i n g  without catching.  Loss  of o r  
decrease i n  bellows p i t c h  allows the c e n t e r  and f r e e s i d e  convolutes 
t o  draw back and impact on the ramp. The ramp was n o t  a normal 
.type of con tac t  po in t  and such specimens had somewhat d i s t o r t e d  
wear and impact damage a r e a s .  
33 impact only and S / N  17 combined impact and abras ion .  

Specimens a f f e c t e d  were S/N 19 and 

The bellows t o  s h e l l  normal f o r c e  was spec i f ied .  i n  the t e s t  
However, p l an  t o  be e i t h e r  4.0 o r  8.5 l b  (17.8 or 37.8 newtons). 

a f t e r  completion o f  t e s t s  on bellows S / N  17, i t  w a s  found t h a t  
p r e s s u r i z a t i o n  of the  inne r  chamber above atmospheric caused the 
f i x t u r e  t o  d e f l e c t  downward. Due t o  the  v e r t i c a l  s t i f f n e s s  of t h e  
abras ion  a x i s  d r i v e  rod, t h e  n e t  f o r c e  on the  bel lows/shel l  i n t e r -  
f a c e  was less than des i red .  The a c t u a l  f o r c e s  were computed from a 
pressure ,  force ,  d e f l e c t i o n  ana lys i s  of t he  f i x t u r e  and shaker 
supports  t o  ob ta in  the  a c t u a l  con tac t  forces .  

The l a s t  fou r  LO2 bellows had approximately the  des i red  4 or 
8.5 2b l o a d s  by inc reas ing  the p r e - t e s t  load s e t t i n g s  t o  compensate 
f o r  the inne r  chamber p r e s s u r i z a t i o n  e f f e c t .  

Another condi t ion  which was noted bu t  d id  no t  a f f e c t  the t e s t  
resul ts  was a jamming of the  f r e e s i d e  LVDT p a r t i c u l a r l y  a t  the  
beginning o f  the  run and f a i l u r e  of t he  LVDT's t o  f o l l o w  the--bellows 
motion a t  a l l  t imes.  These e f f e c t s  occurred dur ing  some of the 
t e s t s  and are  apparent  i n  the  LVDT response da ta .  

Table V i s  a summary o f  l a r g e  and small buckles noted i n  the  
bellows c e n t e r  convolute following impact tes ts .  

Post  v i b r a t i o n  me ta l lu rg ica l  eva lua t ion  cons is ted  of v i s u a l  
and microscopic eva lua t ions .  A d e t a i l e d  microscopic examination 
was made o f  each a rea  damaged by impact, abras ion  and combined 
impact and abras ion .  Cross s e c t i o n s  of these  a r e a s  were mounted f o r  
metal lographic  examination and phys ica l  measurement of wear p a t t e r n s .  
The samples were examined f o r  evidence of cold working, f a t i g u e  cr.acks, 
cor ros ion ,  micro s t r u c t u r a l  changes or o the r  de fec t s  and/or damage. 
The measurements included wear w i d t h  and wear depth.  Microhardness 
measurements were made a t  the c r e s t ,  roo t  and leaf  o f  t he  c ross  
s e c t i o n  samples from the wear area. Wear dimensions and micro- 
hardness values  are l i s t e d  i n  Table  V I .  Figure 31 shows the b e l l o w s  
angular  o r i e n t a t i o n  f or t he  m e t a l l u r g i c a l  eva lua t ion .  Figure 32 
shows t y p i c a l  r e s u l t s  of v ib ra t ion  t e s t i n g  i n  each of the three-  
dynamic modes t e s t ed .  

The range o f  hardness values  recorded f o r  bellows abrasion-  
impact t es ted  i n  l i q u i d  hydrogen was g r e a t e r  than t h a t  observed for 
the room temperature t e s t e d  bellows. Maximum c r e s t  bend hardness 
l e v e l s  were a l s o  higher  f o r  the  l i q u i d  hydrogen t e s t  bellows. The 
maximum hardness values  and the  range of  values f o r  the  l i q u i d  oxygen 
bellows were about t he  same as those  measured on the  bellows t e s t e d  



SPECIMENS 

S / N  20 

S / N  21 

S / N  22 

S / N  23 

TABLE V 

TEST 

IMPACT 

I & A  

IMPACT 

I & A  

IMPACT 

IMPACT 

IMPA C T 

I & A  

SUMMARY OF BELLOWS CENTER CONVOLUTE 

IMPACT DAMAGE - CRYOGEN TESTS 

VERTICAL 
(LOAD 

(NEWTONS) 

4.45 

0.00 

0.00 

0.00 

44.5 

17.8 

22.24 

26.7 

IMPACT 
INPUT-Ch5 

( g  r m s )  

3.1-9 

5.66 

3.01 

2.76 

2.95 

2.5 

2.87 

3.19 

DESCRIPTION 
(L.P .  = Load P o i n t )  

Buckle 5 em from L .P .  
S m a l l  sharp buckle 
3.7 ern from L.P.  

S l i g h t  buckle 1 . 9  ern from 
L. P. 

Buckle & d e n t s  3.4 em and 

5.3 cm from -L.P. 

Severe buckling 1.25 t o  

3.1 em f rom L.P. 

Small  sharp buckles  

5 wrinkles 1.85 e m  apart  

Small  sharp buckle  nea r  
L. P. 

S m a l l  buckles near L. P. 
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TABLE V I  METALLURGICAL EVALUATION OF CRYOGENIC BELLOWS 

+  REST +ROOT LJCAF 
LOCA- MICRO- MICRO- MICRO- 

3EL- T I O N  HARD - HARD- HARD- 
LOWS TEST (SEE N E S S  N E S S  NESS 
3/N F I G U R E z 4 - )  Kg/mm Kg/mm Kg/m 

1-5 I 31-5" , 300 261 177 

1-3 I 384 219 219 
A 229 191 

19 I 300" 421 24 6 183 
A t o p  180" 271 225 1.87 
I t A  60" 316 24 9 179 

33 I 300" 296 246 197 
A 0" 350 255 191 

A t o p  220" 353 255 191 
2 I 343 274 210 

264 277 203 
316 249 214 

312 277 203 
312 232 227 

271 222 
31-0 181 191 

183 189 
2 14 177 

308 
310 
255 189 183 

A 0" 296 267 177 

I + A  60" 271 277 207 

I + A  60" 300 232 187 
- ' 

264 277 207 

- 1  A 0" 264 222 

WEAR 

WEAR* 
DEPTH 

mrn 

0.0 
.0147 
.0110 
.0185 
.0046 
s o  

.0122 
0099 

.0086 

.010g 

.OOg4 

.025 

0135 
,0094 
.00685 
.0261 

.0101 

.0094 

.(I046 

.014 

.0094 

.014 
,0134 
0 .0  

2 1  

22 

._ 

23 

24 

WEAR 
AREA 
MAXI - 
MUM 
WIDTH, 

mm . 

-- - 
I I 282" 296 ,0046 
A 20 274 

I + A  55" 277 
I 3 9 "  296 .0046 

.0046 
I t A  60" 288 2 24 .0046 

A 0 264 
- - ___ 

I 
A 0" 363 203 227 .0025 

I + A  75" 408 229 258 -. 0025 

I 270" 264 2 17 2 24 a 0053 

I + A  65" 329 24 3 271 - 0053 

- 

A 340" 288 217 217 .OOg4 

0.0 
0833 

. '295 
* 325 
.0874 

0 
.112  
,084 
.0625 
. i o 8  
079 

.302 

.142 

.080 
0915 

.411 

075 
* 0875 
.1270 

- 

0833 
' 159 
0625 

. .O833 
0 .0  
.166 

.166 

.loo 

* 175 
.150 
* 1-33 

-0 7i0 9 
* 099 

.183 

.212 

.158 
175 

.176 

-____ 

WEAR 
AREA 
LENGTH, 

cm. 

1 .27  

1 . 9  
95 

.64 

3 .3  
1.27 

95 

4 ? 5  

3.2 
1 . 6  
1.8 

1 . 9  
1 . 6  
1.8 



180" 

7 300" Impact 
Impact 60" 
A b r a s i o n  

0" 
A b r a s i o n  

V i e w  Looking a t  Back P l a t e  O f  
B e l l o w s  - N o  Ports 

FIGURE 31 TEST O R I E N T A T I O N  DIAGRAM 
OF CRYOGENIC BELLOWS 
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RESULTS OF IMPACT VIBRATION, SPECIMEN S/N 2 

RESULTS O F  ABRASION VIBRATION, SPECIMEN S/N 

RESULTS O F  COMBINED IMPACT & ABRASION, SPECIMEN S/N 19 

FIGURE 32 

"STRAIGHT-ON" VIEW O F  THE CENTER CONVOLUTION CRESTS 
AFTER VIBRATION TESTING I N  LIQUID HYDROGEN 
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i n  LH2. Regardless of t e s t  temperature, c r e s t  and roo t  bend 
hardnesses were g e n e r a l l y  h igher  than the convolute hardness, 
r e f l e c t i n g  the e f f e c t  of work hardening induced during the  bellows 
forming operat ion.  

The somewhat g r e a t e r  hardening observed a t  the  l i q u i d  hydro- 
gen and l i q u i d  oxygen t e s t  temperatures i s  a t t r i b u t e d  t o  a greater  
propens i ty  f o r  work hardening of face  centered  cubic a l l o y  a t  
cryogenic temperatures.  Examination of micros t ruc tures  provides  
a d d i t i o n a l  v e r i f i c a t i o n  of t h i s  observat ion.  Note s t r a i n  l i n e s  i n  
F igures  33 through 40 ( the diamond shaped impressions i n  the  
photographs a r e  caused by the hardness t e s t s ) .  

Cross s e c t i o n  microphotographs o f  t y p i c a l  LH2 ab ras ion  load  
p o i n t s  and impact load p o i n t s  are presented i n  Figures  33 t o  36. 
Figure 35 shows the maximum abras ion  wear of a LH specimen. 
F igures  37 and 38 presen t  a t y p i c a l  LO2 abras ion  foad p o i n t  and 
impact load  po in t .  Figure 39 shows an undamaged s e c t i o n  taken 
between impact and abras ion  load p o i n t s .  Figure 40 shows the  s t a r t  
of a small fa t igue crack  i n  LO2 specimen S/N 23 a t  the combined 
impact and abras ion  load po in t .  

Cor re l a t ion  of Ana ly t i ca l  Results t o  Empir ical  Results 

The wear of ma te r i a l s  i n  s l i d i n g  con tac t  has been t h e  s u b j e c t  
of  much t e s t i n g  and l i t e r a t u r e .  Most ana lyses  of wear are p a r t l y  
empir ica l  due t o  the complicated and 3-ncompletely understood 
mechanisms involved. A common wear equat ion has been adapted f o r  
use i n  c o r r e l a t i n g  the bellows wear due t o  impact and abras ion  
v ib ra t ion  tes ts  a t  cryogenic temperatures.  

Fac tors  a f f e c t i n g  wear inc lude  normal load and apparent  
con tac t  stress,  r e l a t i v e  s l i d i n g  d i s t ance ,  material  hardness,  
m a t e r i a l  modulus of e l a s t i c i t y  c r y s t a l  o r i e n t a t i o n  w i t h  r e spec t  
t o  the d i r e c t i o n  of s l i d i n g ,  l u b r i c a t i o n ,  and su r face  f i n i s h ,  ( R e f .  1) 
When the apparent  con tac t  stress i s  l e s s  than  l /3  t h e  hardness of the 
s o f t e r  material, the volumetric wear i s  d i r e c t l y  p ropor t iona l  t o  the 
normal load and d i s t a n c e  t r ave led ,  and i n v e r s e l y  p ropor t iona l  t o  three 
t imes the microhardness ( R e f ,  2 ) .  Thus, the volume of s o f t e r  material 
l o s t  due t o  s l i d i n g  i s :  

V = B P D  
3.0 r5n-l g 



FIGURE 33 
CROSS SECTION OF ABRASION LOAD POINT OF BELL~WS 
SERIAL NUMBER 4, TESTED I N  LIQUID HYDROGEN 

FIGURE 34 
CROSS SECTION OF IMPACT LOAD POINT OF BELLOWS 
SERIAL NUMBER 20, TESTED I N  LIQUID HYDROGEN 
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F I G U R E  35 
CROSS S E C T I O N  OF MAXIMUM WEAR OCCURRING NEAR 
ABRASION LOAD POINT OF BELLOWS SERIAL NUMBER 13, 
T E S T E D  I N  L I Q U I D  HYDROGEN. (ETCHANT: OXALIC A C I D ,  

MAG: 300x1 - 

65 
F I G U R E  36 

S L I G H T  WEAR F L A T  NOTED NEAR ABRASION P O I N T  O F  BELLOWS 
S E R I A L  NUMBER 21, T E S T E D  I N  L I Q U I D  HYDROGEN. NOTE S T R A I N  LINES. 



F I G U R E  37 
S L I G H T  WEAR FLAT NOTED NEAR I M P A C T  P O I N T  OF BELLOWS S/N 24, 
T E S T E D  I N  L I Q U I D  OXYGEN. NOTE, S T R A I N  L I N E S  I N  STRUCTURE.  

FIGURE 38 
NO MEASURABLE WEAR F L A T  I N  BELLOWS S / N  23, BETWEEN I M P A C T  AND 
A B R A S I O N  P O I N T S .  NOTE P R E S E N C E  OF S T R A I N  LINES I N  S T R U C T U R E .  
(ETCHANT:  O X A L I C  A C I D ,  MAG: 200X) 
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F I G U R E  39 

A F T E R  
HARDNESS 
MEASUREMENTS 

A F T E R  
R E P O L I S H I N G  
AND 
ETCHING.  
NOTE S T F M I N  
LINES I N  
STRUCTURE 

FIGURE 40 
START O F  SMALL F A T I G U E  CRACK A T  C R E S T  BEND I . D .  O F  

T E S T E D  I N  L I Q U I D  OXYGEN 
BELLOW S/N 23 A T  IMPACT.  - ABRASION LOAD POINT. 67 



where 
3 V = volume of  s o f t e r  material  l o s t  i n  mm 

k = wear c o e f f i c i e n t  f o r  material p a i r  
P = normal load  i n  Newtons 
D = r e l a t i v e  s l i d i n g  d i s t a n c e  i n  mil l imeters  

Hm = microhardness of s o f t e r  m a t e r i a l  (Vickers, Knoop, 
o r  B r i n e l l  t e s t e r )  i n  Kg/mm2 

(Reference 3) .  

2 g = a c c e l e r a t i o n  of g r a v i t y  = 9.807 meter/sec 

T h e  wear c o e f f i c i e n t  rlkn can b e  p h y s i c a l l y  i n t e r p r e t e d  as the 
p r o b a b i l i t  of a high s p o t  breaking o f f  t o  form a wear p a r t i c l e ,  

f o r  every one-thousand con tac t s  of the microscopic su r face  
i r r e g u l a r i t i e s ,  one wear p a r t i c l e  w i l l  be formed. A p a r t i c l e  
may break  off  the f i r s t  time a p a r t i c u l a r l y  high spot  con tac t s  
the opposing su r face  by g ross  shear ing  of the peak, o r  the spo t  
may make c o n t a c t  s e v e r a l  times e l a s t i c a l l y  be fo re  f a t i g u i n g .  

Reference $ . For example, a c o e f f i c i e n t  of  0.001 means that  

A computer program ex i s t ed  based on t h e  above wear volume 
equat ion  i n  support  of prev ious  B e l l  IR&D room temperature b-ellows 
wear t e s t s .  A block diagram of  the program i s  shown i n  Appendix B. 

A f e w  t r i a l  c a l c u l a t i o n s  of  the bellows wear us ing  nominal 
t e s t  condi t ions  and previous ly  used room temperature values  f o r  the 
wear c o e f f i c i e n t  and bellows microhardness r e s u l t e d  i n  g r e a t e r  
p red ic t ed  wear than a c t u a l l y  occurred a t  cryogenic temperatures.  
Consequently, each i n p u t  parameter was temperature co r rec t ed  f o r  
v a r i a t i o n s  due t o  cryogenic temperatures and the  a c t u a l  condi t ions  
f o r  each v i b r a t i o n  t e s t .  Cryogenic bellows wear a n a l y s i s  i n p u t  d a t a  
are  l i s t e d  i n  Table  V I I .  

Bellows microhardness values  obtained from the  p o s t - t e s t  metal- 
l u r g i c a l  eva lua t ions  of t he  worn bellows areas a r e  l i s t e d  i n  T a b l e  V I .  
I n  add i t ion ,  a curve of hardness  vs temperature f o r  annealed A . I .S . I .  
347 s t a i n l e s s  s t e e l  was compiled f o r  var ious temperatures  and used i n  
t h i s  eva lua t ion .  See F igure  41. The bellows hardness  was cor rec ted  
by u s i n g  the  p o s t - t e s t  room temperature  value and adding temperature 
c o r r e c t i o n s  from Figure 41 of  69 kg/mm2 l o r  the LO2 t e s t s  and 89 
kg/mm2 f o r  LHQ t e s t s .  
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TABLE V I 1  

CRYOGENIC BELLOWS WEAR A N A L Y S I S  I N P U T  DATA 

AVE- 
RAGE 
FREQ- 
UENCY, 

Hz 

20.0 
30.0 

I I E F F E C -  PEAK P R .  
TIVE D E N S I T Y  
TEST FACTOR . 
DURA- l . O R a y k @ -  
T I O N ,  O.O=Gauss 
Secs. 

150 * 25 
150 . 6 1  

NORMAL 
LOAD, 
NEWTONS 

5.78 
4.45 

37.8 
24.5 
6.67 
4.45 
6.67 
1 .33  

WEAR 
COEFF: 
C I E N T  

.ooo64 
,00064 
.00064 
.00064 
.00064 
.0064 
.00064 
.00064 

TEST 

I 
A 

V I B R A -  
T I O N  
D I S P L A C E  
MENT, 
MM rms 

.160 
* 572 

BEL- BELLOWS 
LOWS C R E S T  
TEMP. MICRO- 
"K HARDJ!@$S 

K d m m  

36.0 389 
66.0 385 

BEL- 
LOWS 
S /N 

15  

I 
A 

I+A 

I 
A 

I+A 
A t o p  

I 
A 

I + A  
A t op  

I 
A 

I+A 

20.0 5 10 
22.0 360 
27.0 405 

20.0 385 
20.0 444 
25.0 385 
90.0 4 24 
20.0 4 32 
20.0 353 
20.0 353 
90.0 333 
20.0 375 
23.0 374 
23.0 375 

.584 

.876 

.813 

.648 
991 

1.016 
1.003 

- 305 
* 927 - 635 
* 927 
.368 
.826 
.914 

19.0 102 - 30 
30.0 99 * 75 
27.8 93 .55 

~ 18.6 93 * 22 
30.0 96 .61  
28.0 83  .579 
30.0 500 .61 
20.0 100 * 30 
30.0 105 .672 
28.2 go * 53 
30.0 450 .672 
17.5 93 . 2 1  
31.9 111 . 6 1  
28.5 90 , . 6 1  

I 
A 

I+A 
1 
A 

I+A 

92.0 370 
92.0 4 32 
92.0 477 
95.0 377 
92.0 357 
92.0 402 - 

* 635 
1.041 

.743 

20.0 102 - 7 5  
24.0 126 - 78 
28.1 gg - 65 

22.24 
20.02 
26.69 
42.26 
42.26 
44.48 

.0020 

.0020 

.0020 

.0020 

.0020 
0030 

1 3  * 343 
.851 
.508 

19 

33 

2 

.00064 

.0020 

.00064 

.00064 
2.22 .00064 

17.79 ,0020 
6-67 .ooo64 
6.67 1 .00064 
6.67 .00064 

4 

20 

- 
14 

.230 !802 130.7 22.3 I $i2 I .762 .25  

.847 28.3 .542 

.00064 

.00064 

.00064 

.00064 

.0020 

.212 

.814 29.6 

* 787 20.0 
1.245 78 

17 

2 1  

22 

23 

24 
* 73 .381 
- 7  5 
.78 

1.003 1 $ z : g  I 
1.067 25.0 96 

For LH2; B e l l o w s  O.R.  = 17-20 CM., She l l  I . R .  = 17.11  CM; C r e s t  O . R .  = .368 MM 
LO2; B e l l o w s  O .R .  = 17.26 CM., Shell I . R .  = 17.19 CM; C r e s t  O . R .  = .368 MM 
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Bellows and s h e l l  geometric i npu t  data required f o r  the 
a n a l y s i s  a r e  bellows convolute ou t s ide  rad ius ,  c r e s t  ou t s ide  
rad ius ,  and s h e l l  i n s i d e  rad ius .  Since these  measurements were 
i m p o s s i b l e  t o  ob ta in  during the  a c t u a l  cryogenic tests,  room 
temperature measurements of s e v e r a l  bellows and r i n g s  were 
averaged and then cor rec ted  t o  account. f o r  the con t r ac t ion  e f f e c t  
of  LH2 and LO2 t e s t  temperatures.  The normal ( v e r t i c a l )  load 
condi t ion f o r  each t e s t  i s  l i s t e d  i n  Table V I I .  Var ia t ions  i n  
the  loads r e f l e c t  d i f f e rence  i n  t h e  c r y o s t a t  inner  chamber pressure ,  
as descr ibed above. 

The be l lows  s l i d i n g  d i s t a n c e  r e l a t i v e  t o  the  f i x t u r e  w a s  
computed f rom the tape-recorded v i b r a t i o n  response data. The 
bellows a c c e l e r a t i o n  o r  displacement response power s p e c t r a l  
d e n s i t i t e s  were analyzed t o  obta in  average frequency, o v e r a l l  r o o t -  
mean-square (RMS) amplitude and peak p r o b a b i l i t y  d e n s i t y  as 
ind ica ted  i n  Appendix B. Each v i b r a t i o n  t e s t  was run f o r  600 seconds, 
however, the bellows was no t  i n  contac t  w i t h  the  r i n g  a l l  the time 
due t o  bouncing motion i n  the  impact axis. Figure 42 shows t h e  
percentage o f  t e s t  time t h a t  t h e  bellows a c t u a l l y  contac ts  t h e  r i n g  
versus impact a x i s  bellows response g RMS (data from 1970 B e l l  IR&D 
bellows tes t s ) .  Also, v a r i a t i o n s  of cryogen feed pressure  and inne r  
chamber pressure  during a f e w  t e s t s  were noted and r e su l t ed  i n  v a r i -  
a t i o n s  i n  bellows p i t c h  causing the convolutions t o  s l i d e  of f  the  
r i n g  a t  times, reducing the  t i m e  t h a t  t h e  bellows was a c t u a l l y  
wearing aga ins t  the  r ing ;  t h i s  e f f e c t  was no t  included i n  the  a n a l y s i s  
and may be a cause f o r  some e r r o r .  Estimate contac t  t ime-for  each 
t e s t  i s  shown i n  Table V I 1  as lleffectlive t es t  du ra t ion . "  

The wear c o e f f i c i e n t  was assumed t o  be l i n e a r l y  p ropor t iona l  
t o  t h e  absolu te  temperature,  based on the  f a c t  that  347 s t a i n l e s s  
s t e e l  e x h i b i t s  a marked inc rease  i n  u l t ima te  s t r e n  t h  which would 
tend t o  r a i s e  the r e s i s t a n c e  t o  wear. 

except S/N 15 and S/N 17 combined impact and a b r a s i o n .  
da ta  parameters a r e  l i s t e d  i n  Table V I 1  and the  a n a l y s i s  r e s u l t s  are 
presented i n  Table V I I I .  P red ic ted  maximum wear depth, maximum wear 
wid th ,  and wear l eng th  as wel l  as volume of metal l o s s  a r e  tabula ted .  

The wear widths and depths measured on the t e s t  specimens a f t e r  
v i b r a t i o n  a r e  l i s t e d  i n  Table V I .  The wear width i s  considered t h e  
more r e l i a b l e  measurement for asses s ing  wear damage s ince  wear depth 
i s  based on a nominal  f o i l  th ickness .  Thus, t o  demonstrate theory 
t o  t e s t  c o r r e l a t i o n ,  t he  p red ic t ed  wear w i d t h  has been p l o t t e d  versus 
measured wear width i n  Figure 44. O f  t he  t h i r t y - f i v e  data po in t s ,  
four teen  (40%) a r e  wi th in  +l5$ o f  t h e  a c t u a l  wear and twenty-nine 
(83%) are within 250% of the a c t u a l  wear. The average of t he  LH2 

See Figure t3 .  

Bellows wear has been ca l cu la t ed  f o r  a l l  the cryogenic t e s t s  
The input  
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I M P A C T  VIIBRATION LEVEL 

(Data from Test N o .  2b.) 



co c- v3 u7 =I- cr) cu 4 0  
0 0 0 0 0 0 0 0 
0 0 0 0 ' 0  ' 0  0 0 

0 
0 
M 

0 
0 cu 

0 
0 
rl 

0 

73 

I 



TABLE V I 1 1  

CRYOGENIC BELLOWS WEAR A N A L Y S I S  R E S U L T S  

.00196 

.00353 

.00393 

.00678 

.00319 

MM . 
.0756 2.2715 
. io16  3.0578 

. lo74  3.2315 
~ 4 3 0  4.2309 
.09661 2.9067 

I 

I + A  
A 

3.345 .0006 

7.663 .0006 
i o .  986 .0044 

.00220 
,00443 
.00210 

.08018 2.4095 

.11374 3.4242 

.07839 2.3553 
I 
A 

I + A  

3.052 .0012 
i o .  88 .0024 
8.801 .0007 

.00266 

.0034g 

.0178 

.00225 

.08819 2.6518 

. i o o g i  3.0367 

,2308 6.822 
.08106 2.4362 

.00299 

.00184 
* O o 2 g 7  .023 
.00220 
.00433 
.00402 

,00355 
.00153 

.00196 

.0022g 

.00433 

.00447 

.09364 2.8168 

.07464 2.1950 
0 22 

:2@g ?:H6 
.08018 2.4095 
.11249 3.3866 
.01834 3.2611 

..io196 3.0683 

.06717 2.0149 

.07563 2.2715 

.08193 2.4625 

. i124g 3.3866 

. l l 4 3 6  3.4429 

- 
I 
A 

I + A  
I 

I + A  
A 

1 .611  .0006 
i o .  836 .0042 

8.947 .0035 
1.378 .0002 

10.053 .0025 
8.849 .0004 

I 
A 

I + A  

1.371 .0008 
11.278 .0046 
10.480 .0043 

3.091 
17.32 

.0236 
1396 

.0832 

.oogo8 
,02105 
.01642 

,1624 4.9062 
.2454 7.396 
.2174 6.5575 

BELLOWS 
W N  

1-5 

P O I N T  NO.  

F I G  44 

1 

METERS 

.0025 
1.350 

A I 1 9.811 

13  2 
3 
4 

1.564 0033 
8.764 .0121 
4.728 .001g 

5 
6 

& 
9 

10 

33 

2 I I 1.801 I .0016 11 
12 

$2 
15 
16 
17 

A 11.658 .0003 
I + A  1 3.788 1 0008 
A t o p  4 .96 .* 1818 

4 

20 18 
19 
20 
2 1  

22 

17 23 
24 

.01120 .1803 5.442 

.00747 .1476 4.459 

.01121 .1803 5.442 

.0188 * 2325 7.0105 

.0168 .2201 6.637 

25 
26 
27 

4.458 0370 

0877 
13.93 

21 

22 

- 

23 

I 
A 

I + A  

4.053 
16.02 

8.125 ,0310 

28 
29 
30 

31 
32 

I 
A 

I + A  

33 
34 
35 

24 
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MEASURED WEAR AREA WIDTH - MM 

.40 

.20 

.10 

0 

Calculated. Wear Area W i d . t h  MM 

FIGURE 44. CORRELATION OF THEORY TO EXPERIMENTAL DATA 
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r e s u l t s  shows t h a t  t he  wear was under-predicted by 10%; t h e  LO2 
wear r e s u l t s  average t o  an  over-predict ion of 34%. The o v e r a l l  
average of a l l  a n a l y t i c a l l y  der ived values i n d i c a t e s  a 6.6% over- 
es t imate  of t h e  a c t u a l  wear. . 

No at tempt  has been made t o  q u a n t i t a t i v e l y  a s s e s s  t h e  
s e v e r i t y  of convolution buckling due t o  impact v ibra t ion ,  because 
o f  the  l a c k  of d a t a  base and a n a l y t i c a l  techniques t o  make such an 
assessment.  A q u a l i t a t i v e  comparison, however, indicates t h a t  
t he  impact v i b r a t i o n  l e v e l s  approached the c a p a b i l i t y  of t he  be l lows  
t o  r e s i s t  buckling s ince  buckling was present  on some bellows 
while s i m i l a r l y  t e s t e d  specimens were undamaged. The t e s t  program 
was unable t o  d e t e c t  any change i n  the  bellows r e s i s t a n c e  t o  impact 
buckling whether loaded with l i q u i d  hydrogen, l i q u i d  oxygen o r  water.  

The bellows c r e s t s  i n  microhardness as measured a f t e r  vibra-  
t i o n  t e s t i n g  ind ica ted  a general  i nc rease  over t he  base l ine  hardness 
l e v e l s ,  of specimens subjected t o  s torage  t e s t  only,  i n d i c a t i n g  the  
presence of work hardening.  The inc rease  i n  c r e s t  hardness,  how- 
ever ,  d i d  not  vary with pre-load o r  i npu t  l e v e l s  i n d i c a t i n g  that  
work hardening i s  not  d i r e c t l y  r e l a t a b l e  t o  impact and abra.sion 
v i b r a t i o n  l e v e l s  o r  pre-load . 

There was no i n d i c a t i o n  that  p r e - t e s t  cyc l ing  or s torage  
p r i o r  t o  v i b r a t i o n  had any de tec t ab le  e f f e c t  on v ib ra t ion  response 
o r  degree of wea.r. Neither d i d  t h e  pre-storage v ib ra t ion  t e s t  
have any de tec t ab le  e f f e c t  on subsequent s torage  t e s t  r e s u l t s .  



INCIPIENT BUCKLING TEST 

A s  a bellows i s  extended, the convolution c r e s t s  a r e  drawn 
inward producing hoop compression s t r a i n s .  I f  t h e  bellows i s  
over-extended these compressive s t r a i n s  w i l l  cause t h e  c r e s t s  t o  
buckle .  T h i s  i s  charac te r ized  as an unsymmetrical buckl ing mode 
where c i r cumfe ren t i a l  waves a r e  permanently formed i n  the convolu- 
t i o n .  Theore t ica l  t reatment  o f  buckl ing gene ra l ly  i s  concerned 
w i t h  a mathematical  d e f i n i t i o n  of the  load poin t  where buckling 
begins .  
motion, causing excessive p i t c h  change. The i n c i p i e n t  buckl ing 
p i t c h  must be determined so that  a s a f e t y  f a c t o r  can be  incorpor- 
a ted i n  t h e  design t o  ensure d e f i n i t i o n  of a, safe ope ra t ing  p i t c h .  

The purpose of t he  buckl ing t e s t  i n  t h i s  program was t o  
d e t e c t  any unusual o r  unexpected. e f f e c t s  as a r e s u l t  of  opera t ion  
with cryogenic p r o p e l l a n t s .  T h i s  t e s t  was conducted a t  l i q u i d  
hydrogen, l i q u i d  n i t rogen  and ambient temperatures .  The l i q u i d  
n i t rogen  data was obtained from a B e l l  sponsored IR&D program. 

Buckling can be caused by shock and/or o the r  dynamic 

Test  Equipment 

The multi-purpose t e s t  apparatus  and ins t rumenta t ion  used 
includes t h e  necessary equipment to perform expulsion cyc l ing  
and i n c i p i e n t  buckl ing t e s t s  and w a s  previously descr ibed i n  t h e  
expulsion cyc l ing  t e s t  equipment s e c t i o n .  

I n c i p i e n t  Buckling T e s t  Proced.ure 

The t e s t  specimen was i n s t a l l e d  i n  t h e  t e s t  f i x t u r e  as shown 
i n  Figure 9, and p i t c h  measurements a t  nested lengths  were recorded 
on the  s t r ipg raph  r eco rde r .  The bellows was then  extended t o  f ree  
l eng th  and renested t o  c o r r e l a t e  t h e  p rope r .p i t ch  change with the 
measurements on the  r eco rde r .  Once the measurement c o r r e l a t i o n  
was v e r i f i e d  between t h e  recorder  and the  a c t u a l  p i t c h  measurements 
taken a t  room temperature,  t h e  Dewar was raised. and bol ted  i n t o  
p l a c e .  

P r i o r  t o  cryogen flow t h e  e n t i r e  t e s t  system inc lud ing  t h e  
t r a n s f e r  l i n e  was purged with helium gas f o r  900 seconds, then  
evacuated. and purged again w i t h  helium. During t h e  second. purge 
gas samples were p e r i o d i c a l l y  taken and. analyzed on a gas chroma- 
tograph.  When t h e  a n a l y s i s  i nd ica t ed  tha t  a l l  combustible and s o l i d  
p a r t i c l e s  were removed., the cryogen was admitted i n t o  t h e  Dewar. 

A thermocouple loca t ed  a t  t h e  bottom of the D e w a r  i nd ica t ed  
when the i n t e r n a l  environment was capable of s u s t a i n i n g  l i q u i d  
cryogen. The l i q u i d  l e v e l  sensor  was located approximately 4 inches  
(10 cm) above t h e  top  end p l a t e .  The cryogen was allowed t o  f low 
until the sensor ind ica t ed  tha t  the  l e v e l  of t he  l i q u i d  was a t  t h e  
l e v e l  of  t h e  senso r .  A t  t h i s  poin t  i n  the  t e s t  t he  be l lows  posi-  
t i o n  was again notedson the  recorder  and compared t o  t h e  poqition 
a t  room temperature .  
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The change i n  pos i t i on  was due t o  cont rac t ion  o f  t h e  r o d  
a t tached t o  t he  l i n e a r  potentiometer and taken i n t o  cons idera t ion  
when over-extension i n t o  t h e  range of i n c i p i e n t  buckling was 
s t a r t e d .  

The buckl ing p i t c h  was determined by s e t t i n g  t h e  bellows 
p i t c h  a t  .56 inches (1.422 em) and then proceeding i n  increments 
of .060 inches  (.152 em) u n t i l  buckling was determined by v i s u a l  
i n s p e c t i o n .  After  each .060 inch  (.l5Z? em) increment t h e  cryo- 
gen was purged and the  Dewar lowered t o  allow v i s u a l  inspec t ion  
w i t h o u t  endangering t h e  personnel involved.  

An uns i lvered  DeFTar was used f o r  t h e  Bell-sponsored IR&D 
i n c i p i e n t  buckl ing program a t  l iqu id .  n i t rogen  and. room temper- 
a t u r e s .  T h i s  ena.bled. tra.ined. personnel t o  s a f e l y  observe the  
bellows extension u n t i l  c r i p p l i n g  buckles were de t ec t ed .  (See 
Figure 45) . 

I n c i p i e n t  Buckling Test Resul t s  

The r e s u l t s  of t h e  i n c i p i e n t  buckling t e s t  with l i q u i d  hydro- 
gen ind ica ted  tha t  t he  maximum buckling p i t c h  of t h e  specimens i s  
l e s s  than 0.81 inches ( 2  .O5 em) and g r e a t e r  than 0.77 inches 
(1 778 cm) . The room temperature buckling specimens ind ica ted  a 
buckling p i t c h  average of  0.65 inches (1.651 em) 
trend then o f  t hese  specimens i s  t h a t  t h e  buckling p i t c h  increases  
a,s temperature decreases .  See Table I X  f o r  the  r e s u l t s  o f  each 
ind iv idua l  t e s t .  

The obvious 

The microhardness t e s t  of the  bellows i n  the  buckled a r e a  
d i d  not i n d i c a t e  hardness readings i n  excess of that  expected f o r  
a bellows which has been severe ly  deformed as these  have been. 
The a r e a  within t h e  buckle,  however, d i d  i n d i c a t e  a harder  type 
of micro-s t ruc ture  than  the  surrounding a,rea which i s  t o  be 
expected s i n c e  the  buckle occurred i n  t h e  hardes t  a r e a  of t h e  
convolute,  i . e .  t he  c r e s t .  Buckling occurs when the  s idewal l  
f o r c e s  o f  t h e  convolute overcome t h e  hoop s t r e n g t h  of  t h e  c r e s t ’  
bend r a d i i .  The c r e s t  then forms long i tud ina l  buckles across  
t h e  c r e s t ,  which i f  forced t o  r enes t  can r e s u l t  i n  a, c rack .  

Discussion of Resul t s  

While t h e  buckl ing incept ion  point  i s  p rec i se ly  defined by 
mathematics, i t  i s  exceedingly d i f f i c u l t  t o  determine experimental ly ,  
By the  time a buckle i s  v isab le  on t h e  convolukion it i s  a l ready  
wel l  advanced. For tuna te ly ,  i n  an expulsion bellows a non-visable 
buckled condi t ion i s  of academic i n t e r e s t  only,  s i i x e  i t  w i l l  no t  
a f f e c t  bellows opera t ion  unless  i t  becomes a c r i p p l i n g  buckle such 
as shown i n  Figure LI-6, which i s  v i s a b l e .  

An ana , ly t i ca l  eva lua t ion  of t h e  expected buckling p i t c h  i s  
necessary t o  a s s i s t  i n  i n t e r p r e t i n g  t h e  t e s t  r e s u l t s .  To accom- 
p l i s h  t h i s  a n a l y s i s  a computer program developed under the  Minute- 



FIGURE 45. LIQUID NITROGEN INCIPIENT BUCKLING TEST APPARATUS 
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man con t rac t  was used.  The program and i t s  t h e o r e t i c a l  founda- 
t i o n  a r e  discussed in-Reference  7 .  Since t h e  hoop s t r e s s e s  a t  
buckl ing a r e  i n  t h e  p l a s t i c  range, t he  a n a l y t i c a l l y  determined 
buckling p i t c h  i s  governed by the  m a t e r i a l  s t r e s s - s t r a i n  curve 
f o r  t h e  temperature used.  ‘The s t r e s s - s t r a i n  curves f o r  the  

L various temperatures used as inpu t s  f o r  t h e  computer program 
a r e  shown i n  Figure 47, 

The analyt ica .1  procedure involves  f i n d i n g  the  hoop s t r a i n  
a t  which buckl ing would occur from a l i n e a r  i nc rease  i n  hoop 
s t r a i n s  e x i s t i n g  a t  a p a r t i c u l a r  extended p i t c h .  A s  p i t c h  i s  
increased ,  however, t h e  convolution shape changes as does the  
s t r a i n  d i s t r i b u t i o n .  The buckling s t ra in  i s  determined as a 
separa te  s teady  s t a t e  condi t ion a t  a s e r i e s  of increased p i t c h  
va lues .  The r e s u l t  of t h i s  procedure i s  a curve of buckling 
s t r a i n  vs  p i t c h ,  Figure 48 which i n t e r s e c t s  t h e  curve of  appl ied 
hoop s t r a i n  v s  p i t c h  a t  the  t h e o r e t i c a l  buckling p i t c h  o f  the  
bel lows.  The deformed convolution shape and i t s  corresponding 
hoop s t r a i n  a t  each increased p i t c h  value i s  supplied t o  the  
buckling program by t h e  same nonl inear  s h e l l  computer program as 
was previously described f o r  expulsion cycle  t e s t i n g .  

I n  genera l ,  the  higher t h e  y ie ld  point  of the  ma te r i a l ,  or 
t he  c lose r  i t  approaches a purely e l a s t i c  s t r e s s - s t r a i n  r e l a t i o n -  
sh ip ,  t h e  h igher  t h e  buckling point  becomes. Applying th%s t o  
the  s t r e s s - s t r a i n  curves of Figure 47 i t  i n d i c a t e s  that  t h e  buck- 
l i n g  p i t c h  inc reases  as tem e r a t u r e  decreases .  The a n a l y t i c a l l y  

Table I X  shows t h i s  to be t h e  case .  The buckl ing s t r a i n  de te r -  
mination of Figure 48 was ca l cu la t ed  f o r  p i t ches  up t o  .80 inches 
(‘2.03 em) and ex t rapola ted  beyond. Table I X  i s  a compilation of 
a c t u a l  and predicted buckling p i tches  f o r  each o f  t h e  t h r e e  cases 
t e s t e d .  

derived r e s u l t s  o f  Figure 4 E and the  empir ica l ly  derived data o f  

A comparison of  a c t u a l  versus  predicted buckling p i t c h  i s  
presented i n  Figure 49.  Th i s  i n d i c a t e s  tha t  a t  ambient tempera- 
t u r e s  (3OOOK) good c o r r e l a t i o n  e x i s t s ,  bu t  a t  cryogenic temper- ’ 

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

There a r e  many f a c t o r s  t o  be considered i n  comparing empiri-  
c a l  and a.na.lytica1 r e s u l t s .  S l i g h t  imperfect ions,  c r i t i c a l l y  
loca,ted,  can reduce t h e  s t r a i n  a,t  which buckling occurs .  Another 
f a c t o r  i s  s l i g h t  convolution shape v a r i a t i o n  f rom specimen t o  
specimen which can have an e f f e c t  a t  very la,rge p i t c h e s .  These 
f a c t o r s  a l o r g  with t h e  e f f e c t  o f  neglec t ing  the  secondary p l a s t i c  
s t r a i n  a r e  probably t h e  p r i n c i p a l  reasons why the  a c t u a l  values 
a r e  lower than t h e  a n a l y t i c a l  p r e d i c t i o n s .  I n  general ,  however, 
t h e  experimental  r e s u l t s  i n d i c a t e  the  sa.me t rends  predicted by 
the  a n a l y s i s  i n  t h a t  t h e  buckling p i t c h  a t  cryogenic temperatures 
i s  g r e a t e r  tha,n a , t  ambient temperatures .  T h i s  increased design 
margin can be used by t h e  bellows designer t o  increase  opera t ing  
p i t c h  o r  as a d d i t i o n a l  design margin.  
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The appl ied s t r a i n  i n  the  bellows i s  a func t ion  of t h e  con- 
volu t ion  motion and not  t he  m a t e r i a l  p r o p e r t i e s .  The s t r e s s e s  
w i l l  be d i f f e r e n t  f o r  t he  same s t r a i n  depending upon the  s t r e s s -  
s t r a i n  curve appl ied ,  bu t  i f  t he  fundamental u n i t  s t r a i n  i s  used 
f o r  buckling p red ic t ion  the  process i s  s i m p l i f i e d .  A completely 
r igorous  a n a l y s i s  of  buckling would include some second order 
e f f e c t s  o f  p l a s t i c  s t r a ins  which cause a s l i g h t l y  d i f f e r e n t  
deformed shape than produced by a . sswing  a purely e l a s t i c  s t r a i n  
cond i t ion .  The e r r o r s  involved i n  using the  s impl i f ied  e l a s t i c  
ana lys i s  a r e  n e g l i g i b l e  a t  opera t ing  p i t ch ,  however, they become 
more s i g n i f i c a n t  a t  buckling p i t c h .  The increased accuracy o f  
the  p l a s t i c  a n a l y s i s ,  however, i s  no t  wa,r?ranted by the  g r e a t l y  
increased c o s t  s ince  t h e  t e s t  was conducted t o  determine gross 
e f f e c t s  on ly .  

It i s  unknown if the  t e s t  sequence of prestorage cycl ing 
and  s to rage  p r i o r  t o  t h e  buckling t e s t  a f f ec t ed  t h e  r e s u l t s  i n  
any way s i n c e  the  sequence was not  v a r i e d .  The sequence d i d ,  
however, s imulate  tha t  t o  which a bellows i s  subjected i n  t y p i -  
c a l  s e r v i c e .  It i s  not  expected that  the  cyc l ing  or s to rage  
a l t e r e d  t h e  r e s u l t s  t o  any s i g n i f i c a n t  degree s ince  the  s t r a i n s  
imposed by buckling were f a r  i n  excess of  those imposed by pre- 
t e s t  cyc l ing  and no change i n  n a t u r a l  p rope r t i e s  were detected 
a.s a r e s u l t  of s to rage  i n  any of t h e  t e s t s .  
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STORAGE TEST 

The storage test was conducted with the test specimens 
exposed to liquid hydrogen only. Specimens exposed to liquid 
hydrogen, as part of the overall test matrix (Figure 8) were 
evaluated: (a) with &-day conditioning in hydrogen at cryogenic 
temperatures prior to high stress level testing, (b) storage for 
45 days in hydrogen at cryogenic temperatures after being exposed 
to high stress level testing and (c) a control specimen subjected 
only to 45 days storage. 

Specimens were sectioned and metallurgically examined for 
indications of microstructural change, physical property deter- 
ioration and/or hydrogen embrittlement . 

Test Equi,pment 

The multi-purpose test apparatus includes the necessary 
equipment to perform the pre-storage or pre-vibration cycling, 
storage, expulsion cycling, cycling to failure, and incipient 
buckling tests a 

Storage Test Dewar I 

The storage Dewar was previously described in the expulsion 
cycling test section. 

Storage Test Fixture 

The storage test fixture as shown in Figure 50 was a 
cylindrically shaped rack approximately 15.4, inches, 3937 cm 
in diameter and 34 inches, 86.36 cm long. (See Figure 50 ) . 
The fixture positioned. 10 specimens in a staggered manner pro- 
viding a minimum height within the Dewar while maintaining speci- 
men separation. 

Ins trwnen t at ion - 
The instrumentation for storage testing consisted. of a 

liquid level sensor t o  control the height of the cryogen in the 
Dewar and. a temperature sensor located at the bottom of the 
Dewar to ind.icate when it was empty. 

Liquid.' Level 

The germanium resistance thermometer used. during storage 
testing was previously described in the expulsion cycling test 
section. 
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Temperature 

The Crygenic Linear Temperature Sensor (CLPS) was i d e n t i -  
c a l  t o  that  prev ious ly  descr ibed i n  t h e  expulsion cyc l ing  t e s t  
s e c t i o n  

Storage Test Procedure 

The 10 bellows specimens were s tacked i n  the  s to rage  rack  
p o r t  s i d e  up w i t h  a l l  p o r t s  open t o  i n s u r e  exposure of the metal 
t o  t h e  cryogen on both s i d e s  of the  t e s t  specimen. When the 
Dewar was r a i sed  and. bol ted i n  place the e n t i r e  t e s t  system, 
inc lud ing  the t r a n s f e r  l i n e  was purged with helium gas f o r  15 
minutes,  then evacuated and purged with helium aga in .  

During t h e  second purge, gas samples were p e r i o d i c a l l y  
taken a t  the  end of t he  purge system and analyzed on a gas chroma- 
tograph .  When the a n a l y s i s  i nd ica t ed  that a l l  combustible o r  
noncompatible materials were purged from t h e  system l i q u i d  cryo- 
gen was a d m i t t e d  i n t o  t h e  Dewar. The l i q u i d  l e v e l  sensor  
extended approximately 1 .5  inches 
cover which provided a l i q u i d  l e v e l  approximately 4 inches  
(10.16 cm) above t h e  top  bellows t runnion .  Because e-f t h e  long 
s to rage  time t h e  D e w a r  was f i l l e d  on a pe r iod ic  b a s i s  as de te r -  
mined from t h e  f i r s t  two d.ays of s t o r a g e .  This insured  that  a l l  
specimens were immersed i n  t h e  cryogen f o r  t he  e n t i r e  45-day 
per iod .  When t h e  t e s t  was completed the cryogen was removed- 
from t h e  Dewar by p r e s s u r i z i n g  t h e  Dewar and f o r c i n g  the  cryogen 
back through the  t r a n s f e r  l i n e  and out  t h e  vent s t a c k .  Purging 
continued u n t i l  the Dewar temperature reached -200°F (144'K) and 
a gas sample taken and analyzed.  If the a n a l y s i s  of t h e  gas 
sample showed a cryogen concent ra t ion  of 1% o r  l e s s ,  t h e  Dewar 
was lowered t o  allow warming by exposure t o  ambient a i r .  

(3.81 cm) below t h e  D e w a r  

Storage Test  Resul t s  

The r e s u l t s  of the l i q u i d  hydrogen s to rage  t e s t  ind. icates  

The spec i -  
that t h e  bellows material (347 S .S .) i s  completely compatible 
with l i q u i d  hydrogen f o r  t h e  45-d.a~ s torage  period.. 
mens were f r e e  of any type o f  a t t a c k ,  hydrogen embrit t lement,  o r  
cor ros ion  of any kind.. These bellows were i n  t h e  same condi t ion  
a f t e r  t h e  45-d.ay s to rage  per iod as they  were p r i o r  t o  the t e s t  
i n  terms of micros t ruc ture  and su r face  condi t ion .  

Although t h e  Liquid Oxygen s to rage  test was el iminated by 
program r e d i r e c t i o n ,  a l l  t h e  bellows t e s t e d  i n  LO2 were examined 
f o r  evidence of co r ros ion .  The  r e s u l t s  of t h i s  examination were 
negat ive  i n  a l l  cases  without any 5nd.ication of chemical a t t a c k ,  
s t r e s s  corrosion or corrosion of any k i n d .  



CONCLUSIONS AND RECOMMENDATIONS 

The Cryogenic Propellants Program subjected metallic 
positive expulsion bellows. to a series of tests simulating the 
environment associated with spacecraft mission duty cycles. 
These operating parameters were evaluated in environments which 
included vibration, storage, expulsion life cycling, and incip- 
ient buckling. 

Program Objectives : 

1) Determine if service with cryogenic propellants 
imposes any limitations on bellows operating parameters, design 
margins or performance. 

2) Revise existing design computer programs, as required, 
to incorporate characteristics associated with cryogenic p r o -  
pellants. 

The most important conclusion provided by this program 
is that metallic positive expulsion bellows operating parameters 
are unimpaired by exposure to either liquid hyd.rogen or liquid 
oxygen and that ambient temperature d.esign techniques apply. 
The program also indicated where certain areas of further 
investigation are required for more complete analysis of the 
mechanisms involved in bellows design. The following conclu- 
sions and. 
sented. as 

cryogenic 
correlate 

recommend,ations for each primary test series is pre- 
a result of this program: 

Expulsion Cycling 

Conclusion - The bellows cycle life is improved at 
temperature over ambient temperature and appeared to 
with the fatigue life improvement associated with 

these temperatures. 

Recommendation - It was impossible to determine the 
precise amount of fatigue life improvement or how this improve- 
ment affects the analysis because of the limited sample size 
and strain ranges. It is therefore recommended that a fatigue 
study be initiated that would subject an adequate sampling of 
both mi-axial and bi-axial specimens to a series of fatigue 
tests, varying the strain range and sequence of elastic and 
plastic strains at cryogenic temperatures, to quantitatively 
evaluate bellows fatigue life. 



2) Vibra t ion  

Conclusion 1 - The same wear theory a p p l i e s  t o  
a l l  temperatures with t h e  proper wear f a c t o r  selected.  for 
temperature compensation . 

Conclusion 2 - Bellows a t  cryogenic temperature 
e x h i b i t  g r e a t e r  r e s i s t a n c e  t o  wear than a t  ambient temperature 
i n  the  genera l  wear f a c t o r  r e l a t i o n s h i p  es tab l i shed  i n  Figure 
43. Use o f  t h i s  wear f a c t o r  should recognize t h e  d a t a  s c a t t e r  
i nhe ren t  i n  t h i s  type of t e s t .  

v e r i f i e d  f o r  Minuteman s i z e  bellows only .  A study should be 
conducted t o  e i t h e r  v e r i f y  f o r  a l l  s i z e s  o r  es tabl ish s c a l i n g  
laws t o  be used f o r  o ther  s i z e  bel lows.  

Recommendation - The wear theory  developed i s  

3 )  I n c i p i e n t  Buckling 

Conclusion - The i n c i p i e n t  buckl ing p i t c h  a t  cryo- 
genic  temperature was g r e a t e r  than a t  ambient temperature i n  
r e l a t i o n  t o  t he  y i e ld  s t r e n g t h  improvement. 

4) Compatibi l i ty  

Conclusion - The bellows specimens were unaffected 
by t h e  45 day l i q u i d  hydrogen s torage  t e s t  or any o ther  l i q u i d  
hydrogen or l i q u i d  oxygen t e s t .  No i n d i c a t i o n  of corrosion,  
chemical i ncompa t ib i l i t y  o r  a. t tack was detected i n  any of t h e  
t e s t  specimens. 

5) Meta l lu rg ica l  

Conclusion 1 - Although the  p l a s t i c  working of the  
bellows resul ted.  i n  t he  m a t e r i a l  becoming approximately 1/4 
hard, t he re  was no evidence of c r y s t a l l i n e  mic ros t ruc tu ra l  
changes.  

Conclusion 2 - The convolution roo t s  and. c r e s t s  
become harder through cold Norking than d.0 t h e  sid.ewalls.  

Conclusion 3 - The major i ty  of t he  work hardening 
occurs wi th in  the  f i r s t  10 expuls ion cyc les  with subsequent 
cyc l ing  ad.d.ing l i t t l e  hardness . 

6)  Sequence 
_ _  Conclusion - : a r i a t io r :  i n  t es t  sequence d . id  not  

a , l t e r  t he  r e s u l t s  i n  any de tec t ab le  manner. 
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1.0 INTRODUCTION: 

B e l l  Aerospace Company i s  p r e s e n t l y  under c o n t r a c t  with 
NASA/LeRC (NAS-3413327) f o r  t e s t i n g  Meta l l ic  Expulsflon 
Bellows f o r  Cryogenic P rope l l an t s .  The s p e c i f i e d  cryogenic 
media f o r  t e s t ing  are Liquid Hydrogen (LH2) and Liquid 
Oxygen ( L O X ) .  

To  meet the  t e s t i n g  requirements f o r  t h i s  program, s e v e r a l  
items of ins t rumenta t ion  are required:  

1. Linear  Displacement Transducers - t o  monitor t h e  move- 
ment of t h e  bellows and plates for t h e  proper p i t c h  of 
t h e  convolut ions and t o  c o n t r o l  the  abras ion  inpu t  - 
l e v e l  dur ing  v i b r a t i o n  t e s t i n g .  

2.  Pressure  Transducers - t o  monitor t h e  i n t e r n a l  and 
e x t e r n a l  pressures of t h e  bellows. 

3. Accelerometers - t o  monitor t he  input /cont ro l  and 
response a c c e l e r a t i o n  during v i b r a t i o n  t e s t i n g  of the 
bellows sample. 

Cryogenic Linear  Temperature Sensors - t o  measure 
temperature a t  var ious  Bellows/Fixture and Cryostat  
l o c a t i o n s .  

4. 

Figure 1 i s  a phebtograph of the  t ransducers .  

A l l  of  t h e  above t ransdueers/sensors  are requi red  t o  opera te  
a t  or about t h e  t e s t  cryogen temperature.  The c o s t  and long 
procurement cyc le  preeluded procurement of c a l i b r a t e d  
t ransducers .  I n  most i n s t ances ,  t h e  t ransducer  manufacturer 
i nd ica t ed  they  d i d  not have t h e  f a c i l i t i e s  f o r  c a l i b r a t i n g  
below l i q u i d  Nitrogen ( LN2) temperature.  

Candidate t ransducers  were s e l e c t e d  based on knowledge of 
performance a t  LN2 temperature and an a n a l y t i c a l  s tudy  of 
t h e  design which gave a high degree of confidence t h a t  t h e  
performance would be adequate a t  LH2 temperature.  
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- Q ~ Y  
3 
3 
8 
2 

SUMMARY : 

The following 
temperatures:  

Transducer 
Pressure  
LVDT 
Accelerometer 
Temperature 

t ransducers  

The r e s u l t s  of 
through 4 .  

I n  a d d i t i o n  t o  
Instrument LH, 

were c a l i b r a t e d  a t  cryogenic 

Manufacturer 
MB/Alinco 
Shaevitz 
K i s t l e r  
Micro Measurements 

Model 

477XS-Zl (Modified) 

CLTS 

172-DBA-1 

808~ 

t he  c a l i b r a t i o n s  a r e  presented i n  Tables 1 

t h e  above instruments ,  two (2) S c i e n t i f i c  
Liauid Level Sensors were checked f o r  m o p e r  

operat ion.  
no c a l i b r a t i o n  da ta  were obtained. 

Sfnce athest? u n i t s  a r e  used f o r  on-off coni-roi, 
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TABLE 1 A  
SYSTEM SENSITIVITIES I N  VOLTS/PSI 

TEMP. 

Ambient 

LN2 
LNe 

TEMP. 
Amb i ent 
- 
LN2 
LNe 

S/N 54673 S/N 54678 
- 0778 -. 1221 
- .0766 -. 1209 
- .0766 -. 1162 

TABLE 3-B 
ZERO SHIFT I N  PSIA 

S/M 54673 S/N gk678 
- - 

+.0620 +.3536 
+. 1328 +. 1701 

S/N 54680 
- 

- .0171 
-. 1057 

TABLE 1 
MB/ALINCO MODEL 172-DBA-1 0-25 PSIA 

4 
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TABLE 2 A  
SYSTEM SENSITIVITIES I N  VOLTS/INCH DEFLECTION 

TEMP. 
Ambient 

LN2 
LN, 

TEMP. 
Ambient 
- 

LN2 
LN€! 

S/N 001 S/N 002 

-6.61 -6.93 

-6.65 -7.28 
-6.63 -7.40 

TABLE 2B 
ZERO SHIFT I N  INCHES 

S/N 001 

0.000 
0.000 

S / N  002 

0.004 
0.005 

S/N 003 
-6.23 
-6.31 
-6.21 

S/N 003 

0.006 
0.003 

TABLE 2 
SCHAEVITZ MODEL 49gXS-21 k .  5" LVDT 
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TABLE 3 
ACCELEROMETERS 

KISTLER MODEL 8 0 8 ~  
ALL READINGS IN PC/g 

1894 - 1893 - 
Amb i ent .g11 933 .922 923 .982 986 9 958 
LN2 * 933 .953 .958 955 1.012 1.021 989 
LNe - 938 956 .961 .940 1.017 1.008 989 

1885 1892 - S/N - 1857 - - 1991 - 1869 
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TABLE 4 
M-M SURFACE LINEAR TEMPERATURE SENSORS 
ERROR I N  % D E V I A T I O N  FROM STANDARD TEMPERATURE 

(CLTS) 

STANDARD 
TEMPERATURE k .02OF 

Amb i ent  
1CE 
-64.3"F 

LN2 
LNe 
LH? 

SENSOR #1 SENSOR #2 

0 0 

-1.47 -1.16 
- .62 -1.40 

+I 75 +l 75 
+7.44* +7.44* 
+1.63** - 

* T h i s  ca l ib ra t ion  point  a t  LNe was re jec ted  because 
of s t r i a t i o n  temperature e f f e c t .  

** Empirical data  obtained during LH2 bellows storage 
t e s t s .  
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3.0 METHOD: 
_c__ 

3.1 General: A l l  c a l i b r a t i o n s  were performed i n  t h e  
Ins t rumenta t ion  Lab of t h e  Engineering Labora tor ies  and 
T e s t  Department. Since t h e  a c t u a l  t e s t  cryogens 
(LH and LOX) a r e  hazardous, it was decided t h a t  n e i t h e r  
cou$d be used s a f e l y  i n  t he  Instrumentat ion Lab.  Liquid 
Nitrogen (LN2), which was r e a d i l y  a v a i l a b l e  and s a f e  t o  
use i n  t h e  Laboratory,  was s u b s t i t u t e d  f o r  LOX. Liquid 
Neon (LN ), an i n e r t  cryogen was s u b s t i t u t e d  for LH 
The fo l lgwing  l i s t s  t he  b o i l i n g  p o i n t s  f o r  t h e  c a l i g i a t i o n  
and t e s t  cryogens. 

Cryogen 

LH2 
LNe 
LN2 
LOX 

Temp era t u re  
20.397'K (-422.955'F) 
2 7 . 1 0 2 O K  (-410.886 O F )  

77.38 O K  (-320.386'F) 
9 0 . 1 8 8 ~ ~  (-297.33 O F )  

LN used i n  t h e  c a l i b r a t i o n  was t r a n s f e r r e d  from t h e  
s t8 rage  D e w a r  t o  a special  5 l i t e r  c a l i b r a t i o n  Dewar. 
I n  o rde r  t o  conserve on LN , t h e  more massive t r ansduce r s  
(pressure,  displacement) w&re f i r s t  precooled i n  LN2. 
The u n i t  was then  t r a n s f e r r e d  t o  t h e  LN dewar. 
Precooled n i t rogen  gas was used t o  insu$e no LN, was 
c a r r i e d  i n t o  t h e  LNe dewar. 

The LN c a l i b r a t i o n  dewar was placed on a s c a l e  so 
t h a t  ag accu ra t e  account of t h e  use-age could be determined. 
I n  order  t o  have uniformity of procedure and s t a b i l i t y  
t o  cryogenic temperature,  it was decided t o  keep t h e  
pressure  t ransducers  and LVDT's i n  t h e  cryogen f o r  
1 hour before  any readings were taken. 

3.2 Accelerometer C a l i b r a t i o n  

Kis t le r  quar tz  accelerometer Model 8 0 8 ~  i s  designed 
b a s i c a l l y  f o r  high temperature use (+750"). The u n i t  
i s  he l i - a rc  welded, hermet ica l ly  sealed,  and ceramic 
i n s u l a t e d .  The manufacturer recommended temperature  
range (-450 t o  +750°F) and s e n s i t i v i t y  .03$/'F makes 
u n i t  s u i t a b l e  f o r  cryogenic use.  

Accelerometer c a l i b r a t i o n s  were conducted i n  t h e  
accelerometer  c a l i b r a t i o n  room of t h e  Ins t rumenta t ion  
Laboratory us ing  an MB Model. C - 1 2  v i b r a t i o n  system as 
shown i n  Figure 2. Figure 3 i s  a schematic of t h e  
c a l i b r a t i o n  system and Figure 4 i s  t h e  c a l i b r a t i o n  
c r y o s t a t .  
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Insu la t ed  s tuds  were used t o  a t t a c h  t h e  t e s t  accelero-  
meter t o  t h e  f i x t u r e .  These s tuds  a r e  a l s o  used during 
a c t u a l  t e s t .  The accelerometers and s t u d s  were torqued 
t o  18 inch  pounds. 

Figure 3 i s  a schematic diagram of t h e  setup f o r  
accelerometer s e n s i t i v i t y  measurements. The output  06 
t h e  Test Accelerometer was fed  t o  a CRL cathode fo l lower  
and read on a Dana D i g i t a l  AC Converter/Voltmeter. The 
inpu t  v i b r a t o r  l e v e l  was determined by a Kist ler  
s tandard accelerometer/charge ampl i f i e r  system, c a l i b r a t e d  
a t  K i s t l e r  i n  October 1970. The s tandard output was 
a l s o  read on a Dana D i g i t a l  Conve+ter/Voltmeter. 

Each accelerometer was f i r s t  c a l i b r a t e d  wi th in  t h e  
c r y o s t a t  f i x t u r e  a t  room temperature.  A s p e c i a l  heat ing 
c o i l  and thermocouple readout were i n s t a l l e d  a t  t h e  
bottom of t h e  f i x t u r e  t o  keep t h e  temperature of t h e  
s tandard accelerometer cons tan t  during t h e  c a l i b r a t i o n  
i n t e r v a l .  

Following t h e  room temperature t e s t ,  LN was added-and 
allowed t o  s t a b i l i z e .  
50 Hz, 80 Hz, 100 Hz) a t  5 G I s  v i b r a t i o n  l e v e l  were 
taken. 

Four da ta  freauegcy po in t s  (30 Hz, 

The LN2 was quickly bo i l ed  out of t h e  c r y o s t a t  cup and 
LN, was then  t r a n s f e r r e d .  
i n i t i a l  b o i l  o f f  r a t e  t h u s  conserving LN . The f o u r  
c a l i b r a t i o n  po in t s  were then  repeated fo? LNe temperature.  

T h i s  g r e a t l y  reduced t h e  

The u n i t  was r e c a l i b r a t e d  a t  room t empera tu re ' t o  determine 
any changes i n  s e n s i t i v i t y .  

3.3 Pressure Transducers 

Model 172DBA-1 MB/Alinco Bonded S t r a i n  Gage Pressure 
Transducers a r e  designed f o r  measurement of pressure  a t  
cryogenic temperatures.  The body and diaphragm a r e  
i n t e g r a l ;  machined from a s o l i d  p iece  of  17-4PH s t a i n l e s s  
s t e e l .  These u n i t s  can be disassembled and cleaned 
for LOX usage. 

For use on t h e  cryogenic program, 0-25 psia  u n i t s  were 
purchased. 
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MB cryogenic 
p re s s ; r e+ t r ansdke r  and one channel of a CEC-System D 
c a r r i e r  a m p l i f i e r  system. The output was read on a 
Honeywell Model 333 D i g i t a l  Voltmeter.  Figure 5 i s  
a photograph of t h e  c a l i b r a t i o n  setup.  

Three p re s su re  measurement systems were c a l i b r a t e d  a t  
room temperature,  LN and LN temperatures.  Each 
c a l i b r a t i o n  c o n s i s t e z  of 10 Eressure  p o i n t s  from 25 p s i a  
t o  vacuum and r e t u r n .  

The s tandard pressure  system was c a l i b r a t e d  by an Ideal 
Aerosmith Model DCm-83-32 manometer. The s tandard  
system cons i s t ed  of a Data Sensor Model PB923A-2 
p re s su re  t ransducer  connected t o  a BF s i g n a l  cond i t ione r  
Model 1609. The output  was read on a Cimeron Model 7650 
D i g i t a l  Voltmeter.  

A s t a t i c  pxessure system was cons t ruc ted  so  t h a t  t h e  
pressure  a t  room temperature would be t h e  same a t  t h e  
s tandard t ransducer  a s  the  tes t  t r ansduce r  a t  cryogenic 
temperature.  Gaseous H e  was used as t h e  presscre media 
( s e e  Figure 6 ) .  

3.4 Di.sp1acemen-k Transducers 

A special design cryogenic LVDT inco rpora t ing  a sp r ing  
loaded t i p  was manufactured a t  Schaevitz Engineering 
Company. The t i p  was s u f f i c i e n t l y  preloaded t o  fol low 
v i b r a t i o n  up t o  20 G I s  a c c e l e r a t i o n  a t  100 Hz whi le  
being v ib ra t ed  i n  a c r o s s  a x i s .  A hardened s t e e l  t i p  
provided t h e  s l i d i n g  con tac t .  

Two b a s i c  c a l i b r a t i o n s  were performed on each t ransducer .  
A s p e c i a l  c o l l a r  was manufactured a t  B e l l  t o  hold t h e  
moving element a t  t h e  c e n t e r  of t r a v e l  w h i l e  t h e  u n i t  
was emersed i n  t h e  cryogen. T h i s  gave a zero s h i f t  
due t o  temperature.  

A second f i x t u r e  was made from PVC p l a s t i c  t o  dbtermine 
t h e  displacement s e n s i t i v i t y .  The moving element bf t h e  
LVDT was a t t ached  t o  a micrometer movement by means of 
a quartz  rod (see Figures  7 and 8.)  

The CEC system D was used t o  cond i t ion  the LVDT output .  
A s p e c i a l  c a l i b r a t i o n  c i r c u i t  was designed and incorporated 
i n t o  t h e  e l e c t r o n i c s .  A l l  readings were %&ken on a 
Honeywell Model 333 D i g i t a l  Voltmeter as shown i n  
Figure 9. 
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Precooled gaseous nitrogen was used to "blow out" any 
remaining LN within t h e  LVDT while transferring it 
from L N ~  to  EN^. 
After 1 hour stability time, thirteen calibration 
points were taken at room, LN and LN temperatures. A 
second room temperature test $as perfgrmed to determine 
any change in sensitivity. 

The unit was placed in a vacuum chamber after being 
removed from the cryogen to prevent moisture buildup. 

Temperature Sensors 

The CLTS is a small (.430" long x ,310'' wide x .004" 
thick) Surface Thermometer Gage consisting of 3 thin 
foil sensing grids laminated in an epoxy resin matrix. 
Two alloys of special grades of nickel and maganese 
are processed for equal and opposite non-linearitibs 
in the resistance versus temperature characteristics. 
As a result, the composite sensor has an essentially 
linear change of resistance with temperature. 

The CLTS also has a very low strain sensitivity 
(f1°F/1500 &E). 

Two CLTS gages were bonded 90" from each other on a 
1$ x 1 x .020" sheet of 302 stainless steel using 
M-Bond 600 Adhesive. 

CLTS matching networks were used to modify the sensor 
output to permit the use of the Budd Model A-110 Strain 
Indicator equipment to read temperature at 10 micro 
strain per degree Fahrenheit. A 3-wire system was used 
to decrease the error due to lead resistance (see 
Figure 10). 

All dial settings on the Budd indicator were set to 
manufacturer's recommendations. 

GF = 2.00 
Multiplier = X10 
Bridge = half 

The indicated output on the Budd indicator will be 
directly in OF. 

Five temperature baths were established and allowed to 
stablize. The temperature of each bath was measured 
using a platinium resistance standard thermometer to 
+.02"F. 
ture read out on Budd indicator. 

The CLTS was inserted in the bath and tempera- 
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4.0 UNCERTAINTY MEASUREMENT: 

Measurement unce r t a in ty  for a c c e l e r a t i o n  pressure  displacement 
measurements was determined from t h e  fol lowing r e l a t i o n s h i p .  

where: 
XI, X2’ e * *  Xn = independent v a r i a b l e s  

R = R(XlY X2,. . .Xn) 

WR = unce r t a in ty  i n  t h e  r e s u l t  

WlY w2,. . .Wn = unce r t a in ty  i n  t h e  independent v a r i a b l e  

Each measurement w i l l  be t r e a t e d  independently and t h e  r e s u l t s  
tabula ted  i n  Table 5. 

Nomenclature for c a l c u l a t i o n s :  

ET = Voltage output  of t e s t  channel 

ES = Voltage output  of s tandard  channel 

K = Cathode fol lower ga in  

g = Vibra t ion  l e v e l  

=-Voltage s e n s i t i v i t y  of t e s t  t ransducer  ST 
Ss = Voltage s e n s i t i v i t y  of s tandard  accelerometer system 

QT = Charge s e n s i t i v i t y  of t e s t  accelerometer 

CT = Tota l  e x t e r n a l  capac i tance  

p = Pressure  

D = Displacement 
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A .  Accelerat ion 

SYD. ACCELEROMETER 
SYSTEM 
I I 9 SS 1 u I 
SEN SIT I V I TY -5 s 

A 

Page A -12 
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DANA AC 

GAIN-K I VOLTMETER 

TEST ACCELEROMETER 
SENSITIVITY- ST 

From equations (11, (2), and (3 )  t h e  fol lowing form f o r  
QT i s  der ived.  

Applying equat ion (4) t o  unce r t a in ty  equat ion for WR 
by s e t t i n g  Q = R 

L e t  Ply P 2 , . . . P n  = Percentage unce r t a in ty  i n  each 

= t h e  t o t a l  percentage unce r t a in ty  i n  Q Let W ~ 

independent v a r i a b l e .  
I 



BAC 0345A Rev. 268 

Bell Aerospace Company ~ l v l s , m w ~  

POST OFFICE BOX O N E .  BUFFALO, NEW YORK 14240 

(5)  

cT 

ET 
pK 

P 

pSS 
P 

.5 

1 

.1 

.2 

.1 
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B. Pressure System 

ST’D PRESSURE 
SYSTEM CIMWSON DIGITAL 

VOLTMETER 
P 

SENSITtVITY-ST p sT I 

TEST PRESSURE VOLTMETER 

HONEY WELL DIGITAL 

1 
SYSTEM 

(1) ET = PST 

(2) ES = PSs 

Solving (1) and ( 2 )  f o r  ST 
E, ‘I’ 

s %  ( 3 )  ST = s 

Applying equat ion  (3)  to uncertainty equat ion WR by s e t t i n g  
ST = R 

% [I ~ w s , ) z +  3 ST [e% )Z. [ ,x 3 sr 121 
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L e t  P1, P2, ... Pn = Percentage unce r t a in ty  i n  each independent 

Let W' 

var i ab le .  

= The t o t a l  percentage u n c e r t a i n t y  i n  W 
ST ST 

= .05 

= .83 

= .005 

pss 
P 
ET 

C .  Displacement 

DISPLACEMENT HONEY WELL 
SYSTEM DIGITAL 

I 0 DST = ET 

MIC ROME T€R S€,NSITIVITY ST VOLTMETER 

ET (1) ST = - D 

Applying equat ion (1) t o  t h e  unce r t a in ty  equation f o r  WR 
by s e t t i n g  ST = R 

L e t  P1' P*' ... Pn = Percentage unce r t a in ty  i n  each 
independent va r i ab le .  
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dcce le ra t  ion  Pressure Displacemeht 

1.15 -835 .840 

L e t  W' = Tota l  
ST 

ti 

= .125 pD 
P = .83 
ET 

percent  age unce r t a in ty  

page A-1 5 
Report IMS 71-1 
I ssue  Dote 2/17/71 

0.84 

TABLE 5 

i n  W 
ST 
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APPENDIX B 

S t a r t  Q 
INPUT : 

Bellows material  p r o p e r t i e s  and geometry: 
Microhardness, wear c o e f f i c i e n t ,  Bellows O.R. ,  
c r e s t  O.R . ,  s h e l l  I . R . ,  con tac t  load 

RMS amplitude, average frequency, peak prob. 
d e n s i t y  f a c t o r ,  or power s p e c t r a l  d e n s i t y  p l o t  
of a c c e l e r a t i o n  o r  displacement. 
T e s t  dura t ion .  

Vibra t ion  T e s t  Parameters: 

I f  PSD p l o t  i s  used: 
compute o v e r a l l  RMS v i b r a t i o n  displacement, E q ( l ) ,  ( 2 ) .  

compute peak p r o b a b i l i t y  d e n s i t y  f a c t o r  , Eq(4) 
compute average frequency 9 Eq(3) 

1 [ Compute' bellows r e l a t i v e  s l i d i n g  d i s t ance ,  Eqs(5) ,  (6) I 
I I 

I Compute volume of material removed from bellows crest ,  Eq(7) I 
I + 1 Compute dimensions of wear s p o t  on bellows convolute,  Eqs(8) ,  1 

~~ ~ 

P r i n t  out  r e su l t s  

BLOCK DIAGRAM O F  CRYOGENIC BELLOWS VIBRATION WEAR PROGRAM 

B-1 



If necessary,  convert  acce le ra t ion  PSD t o  displacement PSD: 

inch2/Hz = 3862 (g2/H2)/(2 T U  )4 (1) 

" 1  

Equations used i n  computing o v e r a l l  RMS bellows displacement: 

i 
! 

i f  DB = -3.01 

i f  DB # -3.01 

( 3 )  

(4) 

(5) 
- Distance = C (4 .0 . X . w . T i m e  . p  ( x )  . s a )  

0=0-5 

V = k.E .Distance 
3.0 HM g 

(7) 

B--2 



Beliows c r e s t  (torusj oquatAons: 
c 

EX-d)' + Y2 + Z 2 - (R2  t r2)] = 4 R g  ( r2  - Y') 
B 

S h e l l  equat ion:  
2 

X2 + Z2 = RS 

Solve  Bellows -Shel l  equa t ions  i t e r a t i v e l y  u n t i l  enc- l o sed  

volume = wear volume - y i e l d s  wear depth.  

(10) 
2 Wear spo t  w i d t h  = 2.0 \ / r2  - (Rs - d - RB) 

-\I ( (RB+r)  2 - RS 2 - d2 7 Wear spo t  chord = 2.0 RS - 
2d (11) 

NOMENCLATURE : 

o =  
I I ,=  power s p e c t r a l  d e n s i t y  

f r e que nc y 

DB = l o c a l  s lope  of P.S.D. p l o t  

x =  peak displacement 

u =  

k =  

P =  

d =  

Y =  

x =  

z =  
g =  

RMS displacement 

wear c o e f f i c i e n t  

Bellows - s h e l l  normal f o r c e  

Bellows microha,rdness 

I n s i d e  radius of s h e l l  

Outside ra.dius of Bellows 

Bellows c r e s t  ou t s ide  rad ius  

Bellows c e n t e r l i n e  o f f s e t  i n  d i r e c t i o n  of worn spo t  

axis of c e n t e r l i n e  of s h e l l  

I1vertical1l  ax is  o f  bellows & shell (wear occurs  on 
llbottomrl of X axis)  

h o r i z o n t a l r r  ax is  
a c c e l e r a t i o n  of g r a v i t y  

B-3 

-_ 
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