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I. SUMMARY 

The  attempt to simplify  Rankine  cycle  space  power  systems by using 

the  working  fluid  as a lubricant  for the  turbomachinery  and  alternator 

has  led  to  the  necessity of,investigating be'arings operating  with low 

viscosity  fluids at virtually  no  unidirectional  load. The combination 

of a low-viscosity  lubricant, very  light  radial  load  and  high  rotational 

speeds  lead to  bearing  instability  in  the  form  of  fractional  frequency 

whirl  with  most  fixed  geometry  self-acting  journal  bearings. 

Tests of the  three-lobe  and  the  pivoted-pad  bearings  were  carried 

out  without  fractional  frequency  whirl to a speed  of 21,000 rpm  on the 

Low Viscosity  Bearing  Stability  Investigation,  NASA  Contract  NAS3-2111, 

and  the  results are  presented  in  the  report  NASA-CR-54039.  NASA  reques- 

ted  further  tests  with: (1) improved  instrumentation, (2) the  capability 

of testing with a known  misalignment  and (3) provisions  for  the  selec- 

tive  fixture  of  pads on the pivoted-pad  bearing. 

In  the  present  program  the  effects  of  steady  unidirectional  load, 

speed,  dynamic  unbalance,  and  bearing  misalignment  upon  the  steady-state 

and  dynamic  performance  of  the  two  types  of  bearing  with a journal 

diameter  of 1.25 inches, an L/D of 1.0 and a preload  of  about 0.5 were 

investigated. In addition,  the  effect  of  lubricant  pressure on the 

stability  of the three-lobe  bearing  was  investigated  and  the  effect  of 

the  selective  fixture of  pads  was  aetermined on the four-pad,  pivoted- 

pad  bearings. The diametral  clearance of the  three-lobe  bearing  was 5 

mils  to accommodate a total  of 467 seconds  misalignment.  Because  the 

pivoted-pad  bearing  was  self-aligning  the  clearance  used  was 3.125 mils. 



Tns- r o t a t i v e   s p e e d   r a n g e  of s t a b i l i t y  for t h e   p i v o t e d - p a d   b e a r i n g  

e x c e e d e d   t h e   s t a b i l i t y   r a n g e  for t h e   t h r e e - l o b e   b e a r i n g s .   T h e   p i v o t e d -  

pad   bea r ing  was i n s e n s i t i v e  t o  misa l ignmen t   and  t o  t h e   s e l e c t i v e   f i x t u r e  

of one  pad a t   l i g h t   s t e a d y  loads. T h e   d i m e n s i o n l e s s   l o a d   c a p a c i t y  of 

t h e  two b e a r i n g s  was t h e  same b u t   t h e   d i m e n s i o n l e s s   t o r q u e   o f   t h e  

p i v o t e d - p a d   b e a r i n g  w a s  o v e r  2 times t h a t  of t h e   t h r e e - l o b e   b e a r i n g .  
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11. INTRODUCTION 

The a t t e m p t  t o  s impl i fy   Rank ine   cyc le   space   power   sys t ems   by   u s ing  

t h e   w o r k i n g   f l u i d  as a l u b r i c a n t   f o r   t h e   t u r b o m a c h i n e r y   a n d   a l t e r n a t o r  

has led t o  t h e   n e c e s s i t y   o f   i n v e s t i g a t i n g   b e a r i n g s   o p e r a t i n g   w . i t h  low 

v i s c o s i t y   f l u i d s   a n d  a t  v i r t u a l l y  no u n i d i r e c t i o n a l   l o a d .  The  combina- 

t i o n   o f  a l o w - v i s c o s i t y   l u b r i c a n t   a n d   v e r y   l i g h t  loads leads t o  b e a r i n g  

i n s t a b i l i t y   i n   t h e   f o r m   o f   f r a c t i o n a l   f r e q u e n c y   w h i r l  when a t t e m p t s  are 

made to   run   t u rbomach ine ry  a t  t h e   h i g h   r o t a t i v e   s p e e d s   r e q u i r e d  by 

R a n k i n e   c y c l e   s p a c e   p o w e r p l a n t s   o n   f i x e d   g e o m e t r y   s e l f - a c t i n g   j o u r n a l  

b e a r i n g s .  A s  a r e s u l t ,   t h e   G e n e r a l   E l e c t r i c  Company, under  NASA C o n t r a c t  

NAS3-2111, undertook a l o w - v i s c o s i t y   b e a r i n g   s t a b i l i t y   i n v e s t i g a t i o n  

(Refe rence  1) i n   o r d e r  t o  s t u d y   t h e   s t a b i l i t y   c h a r a c t e r i s t i c s   o f  a number 

of hydrodynamic  journal   bear ings  which were shown  by a n a l y s i s   t o   h a v e  

p o t e n t i a l   f o r   s t a b l e   o p e r a t i o n   w i t h  close t o  zero r a d i a l   l o a d .  The  bear- 

i n g s  selected were t e s t e d   i n  water b e c a u s e   t h i s   a v o i d e d   t h e   a d d i t i o n a l  

d i f f i c u l t i e s  associated w i t h   l i q u i d  metal t e s t i n g ,   a n d  were tested i n   a n  

expe r imen ta l   appa ra tus   hav ing  a l i g h t  ( 7  l b )   v e r t i c a l   s h a f t .  Shown 

below is a comparison of a b s o l u t e   a n d   k i n e m a t i c   v i s c o s i t y   v a l u e s  for 

water and   po tass ium a t  t w o  t empera tu res .   Fo r  water t h e  test t empera tu res  

a r e   g i v e n ;   f o r   p o t a s s i u m  the r a n g e   o f   i n t e r e s t  i s  g iven .  

Lubr icant   Tempera ture ,   Absolu te  

l b   s e c / i n  
OF V i s c o s i t y  '2 

Water 75 

Water 120 

Potass ium 600 

1.35 x 

0.82  x 10- 

0.36 x 10- 

7 

7 

Potass ium 1000 0.24 x 

3 

Kinematic  

i n a / s e c  ' 
V i s c o s i t y  

1.45 x 

0.89 x 10- 
3 

0.50 x 10- 3 

0.36 x 10- 3 



F o r   t h e  case o f   t h e  same j o u r n a l  diameter a n d   r o t a t i v e   s p e e d   t h e  

ra t io  of w a t e r - l u b r i c a t e d  t o  p o t a s s i u m - l u b r i c a t e d   b e a r i n g   c l e a r a n c e  for 

t h e  same Reynolds  and  Taylor   numbers  i s  e q u a l  t o  t h e  ratios of water to 

p o t a s s i u m   k i n e m a t i c   v i s c o s i t y  t o  t h e  1.0 a n d  0.667 p o w e r ,   r e s p e c t i v e l y .  

For t h e  same Sommerfeld  number the c l e a r a n c e  ra t io  is  e q u a l  t o  t h e   s q u a r e  

r o o t  of t h e   a b s o l u t e   v i s c o s i t y  r a t io .  On t h i s   b a s i s  water a t  120°F  simu- 

l a t e s  potass ium a t  600°F as a l u b r i c a n t   b y   m a k i n g   t h e   c l e a r a n c e   i n  water 

between 1.47 and  1.78 times t h e   c l e a r a n c e   i n   p o t a s s i u m ,   t h e   e x a c t  number 

depending   upon  whether   s imula t ion  of Reynolds ,   Taylor  or Sommerfeld 

number i s  d e s i r e d .   T h e   b e a r i n g s   t e s t e d   a l o n g   w i t h   t h e i r   l e n g t h  t o  d i a -  

meter r a t i o s   a n d  diametral c l e a r a n c e s  rire p r e s e n t e d ' i n   T a b l e  I .  

The test r e s u l t s  for t h e  two a x i a l - g r o o v e   b e a r i n g   i n d i c a t e d   t h a t  

f r a c t i o n a l   f r e q u e n c y   w h i r l  (FFW) c o u l d   b e   s u p r e s s e d   t h r o u g h  s ta t ic  or 

dynamic   loading .  I t  was f u r t h e r   d e m o n s t r a t e d   t h a t   t h e   i n s t a b i l i t y   r e g i o n  

o f   s u c h  a b e a r i n g   w i t h  a l e n g t h  t o  diameter ratio of 1 . 5   a n d  a diametral 

c l e a r a n c e   o f  2 mils had a n  u p p e r   ( b u t   r e l a t i v e l y  low) speed  limit. A t  

h i g h e r   s p e e d s   t h e  FFW i n s t a b i l i t y  was e l i m i n a t e d   a n d  a maximum speed  of 

34,200 was a t t a i n e d .  None of t h e   b e a r i n g s  tested p e r m i t t e d   t h e  rotor 

s p e e d  to  b e   i n c r e a s e d  t o  more t h a n  21,000 rpm w i t h o u t   t h e   a p p l i c a t i o n   o f  

a u n i d i r e c t i o n a l  load. Higher  rotat ional  s p e e d s  were a c h i e v e d   w i t h   t h e  

two a x i a l - g r o o v e   b e a r i n g   b y   i n c r e a s i n g   t h e  s t a t i c  load to  a maximum of  

3 4 . 4   l b s   p e r   b e a r i n g .   T h e  maximum test speed  for  a l i g h t l y  loaded 

b e a r i n g  (8 .6  l b s )  was 24,uOO rpm which was a l so  a c h i e v e d   w i t h   t h e  two 

a x i a l - g r o o v e   b e a r i n g   h a v i n g  L/D of 1.5. 

The  compound-cyl indrical  bearing e n t e r e d  FFW a t  zero load a t  t h e  

lowest test speed ,  3,600 rpm. T h e   o r t h o g o n a l l y - d i s p l a c e d   e l l i p t i c a l  
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TABLE I 

BEARINGS . " . TESTED . .  ON LOW-VISCOSITY  BEARING 

STABILI-TY  INVESTIGATION 

Type 

2-Axial Groove 

Pivoted-Pad ( 4 )  

3-Lob e 

Compound C y l i n d r i c a l  

D i s p l a c e d   E l l i p t i c a l  

L e n g t h / D i a m e t e r   D i a m e t r a l  C.learance, mils 

1, 1.5 2, 3,  5 

1 3 . 2 ,  4 . 3 ,  6 

5 

1 

3 

3 ,  5.4 

' \  



bea r ing .   en t e red  FFW a t  zero load a t  a speed  of 16,200 rpm.  The  compound- 

c y l i n d r i c a l   b e a r i n g   e x h i b i t e d  a r e d u c e d   l o a d   c a r r y i n g   c a p a c i t y   c o m p a r e d  

t o   t h e   o t h e r   b e a r i n g   t y p e s .   S y n c h r o n o u s   w h i r l   a m p l i t u d e s   l i m i t e d   t h e  

tes t  s p e e d   o f   t h e   d i s p l a c e d - e l l i p t i c a l   b e a r i n g .  

Tests of t h e   t h r e e - l o b e  and t h e   p i v o t e d - p a d   b e a r i n g  wer.e c a r r i e d   o u t  

w i thou t  FFW. However, a t  21,000 rpm t h e   s h a f t   o r b i t   r a d i u s   r e s u l t i n g  

from u n b a l a n c e d   l o a d s   a t t a i n e d  a l i m i t i n g   v a l u e   a n d   t h e   f u r t h e r   i n c r e a s e s  

i n   s p e e d  were n o t   p o s s i b l e .  As a r e s u l t   o f   t h e  tests o f   s t a b i l i t y   o n   t h e  

t h r e e - l o b e   a n d   t h e   p i v o r e d - p a d   b e a r i n g s ,  i t  was d e c i d e d   t o  carry o u t   f u r -  

t h e r   i n v e s t i g a t i o n s   w i t h   a n   i m p r o v e d  test u n i t   i n   a t t e m p t   t o   i n c r e a s e   t h e  

maximum a t t a i n a b l e   s p e e d   f r o m  21,000 rpm up t o  30,000 rpm. 

Attempts  were made i n   t h e   p r e v i o u s l y - m e n t i o n e d ,   l o w - v i s c o s i t y   b e a r i n g  

s t a b i l i t y  program to  measure t h e   e q u i l i b r i u m   d i s p l a c e m e n t   o f   t h e   s h a f t  by 

means of B e n t l e y   v a r i a b l e - r e l u c t a n c e   p r o x i m i t y   p r o b e s   n e a r   t h e   b e a r i n g  

l o c a t i o n s .  However, on ly   one   p rox imi ty   p robe  was u s e d   i n   e a c h   o f  two 

m u t u a l l y   p e r p e n d i c u l a r   d i r e c t i o n s   a n d  a z e r o   s h i f t  of t h e   b e a r i n g   c e n t e r  

p o s i t i o n  was o b t a i n e d  as t h e   r o t a t i n g   s h a f t   i n c r e a s e d   s p e e d   b e y o n d  6,000 

rpm. I n   t h e   p r e s e n t   p r o g r a m   f o u r   p r o x i m i t y   p r o b e s   i n   p a i r s  were p r o v i d e d  

i n   e a c h  of f o u r   p l a n e s   i n b o a r d   a n d   o u t b o a r d   o f   n a c h  test  b e a r i n g .   O t h e r  

changes were deemed n e c e s s a r y   i n   t h e   r e f u r b i s h i n g   o f   t h e  test u n i t .  Means 

xere to   be   p rov ided  for f i n d i n g   t h e   t o r q u e  of t h e   l o a d e r   b e a r i n g s   o v e r  

e x p e c t e d  test c o n d i t i o n s .  I n  order t o   a t t a c k   t h e   b e a r i n g   o p e r a t i o n a l  

p rob lems   a s soc ia t ed   w i th   mi sa l ignmen t ,   t he  t es t  u n i t  was mod i f i ed  t o  pe r -  

m i t  t h e   l i n e a r   m i s a l i g n m e n t  of t h e   b e a r i n g s  by 4 m i l s  a n d   t h e   a d d i t i o n a l  

angu la r   mi sa l ignmen t   o f   t he   bo t tom  bea r ing   by  400 s e c o n d s .   T h i s   r e q u i r e d  

a m o d i f i c a t i o n   o f   t h e   l o a d e r   b e a r i n g s  so that they   wou ld   no t   i n f luence  
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s h a f t   p o s i t i o n  when o p e r a t i n g   w i t h   s h a f t   m i s a l i g n m e n t .   T h e   p r e s e n t  

h y d r o d y n a m i c   j o u r n a l   b e a r i n g   p r o g r a m   a l s o   p e r m i t t e d   t h e   I n v e s t i g a t i o n   o f  

t h e   e f f e c t s  of s e l e c t i v e   f i x t u r e  of p a d s   o n   t h e   p i v o t e d - p a d   b e a r i n g   p e r -  

formance .  I t  was deemed  necessary to  p r o v i d e  a l u b r i c a n t   s u p p l y   p r e s s u r e  

o f  150 ps ig   and   means   fo r   app ly ing  70 l b s   s t e a d y   l o a d   t o   e a c h   b e a r i n g .  

Means were t o   b e   p r o v i d e d  for o b t a i n i n g   i m p r o v e d   s h a f t   b a l a n c i n g .   I n  

a d d i t i o n ,  i t  was d e c i d e d  that d y n a m i c   f o r c e   m e a s u r e m e n t s   a s s o c i a t e d   w i t h  

t h e   b e a r i n g   r e a c t i o n s   s h o u l d   b e  made i n   a t t e m p t   t o   d e t e r m i n e   t h e   d y n a m i c  

b e a r i n g   c o e f f i c i e n t s   e x p e r i m e n t a l l y .   F i n a l l y ,   s h a f t   c e n t e r i n g   d e v i c e s  

were t o  be p r o v i d e d   f o r   e s t a b l i s h i n g   b e a r i n g   c e n t e r   p o s i t i o n .  

The f o l l o w i n g   o b j e c t i v e s  were e s t a b l i s h e d   f o r   t h e   H y d r o d y n a m i c  

Journa l   Bea r ing   P rogram:  

- To o b t a i n  s t a b i l i t y  a n d  dynamic data of p i v o t e d - p a d   a n d   t h r e e -  

lobe b e a r i n g s   a b o v e  21,000 rpm.. 

- To d e t e r m i n e   t h e   e f f e c t s   o f   s t e a d y   l o a d ,   u n b a l a n c e ,   b e a r i n g  

m i s a l i g n m e n t ,   l u b r i c a n t   s u p p l y   p r e s s u r e ,   a n d   t h e   s e l e c t i v e  

f ix tu re   o f   pads   upon   bea r ing   dynamics .  

- To d e t e r m i n e   t h e   e f f e c t s  of i n t e n t i o n a l  rotor unbalance ,  

m i s a l i g n m e n t   a n d   t h e   s e l e c t i v e   f i x t u r e   o f   p a d s   o n   b e a r i n g  

l o a d   c a p a c i t y   a n d   t o r q u e .  

- To d e t e r m i n e   e x p e r i m e n t a l l y  the b e a r i n g   d y n a m i c   c o e f f i c i e n t s .  
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111. TEST EQUIPMENT 

ir: t h i s   s e c t i o n   t h e   d e t a i l s   o f   t h e   H y d r o d y n a m i c   J o u r n a l   n e a r i n g  tes t  

u n i t  * i l l  he d e s c r i b e d   a l o n g   w i t h   t h e   i n s t r u m e n t a t i o n   u s e d   a n d   t h e   f a c i l i t y  

r e q u i r e d  t o  c a r r y   o u t   t h e  tests. An i n s t r u m e n t a t i o n   a n d   e q u i p m e n t  l ist is  

p r e s e n t e d   i n   T a b l e  11. 

X .  TEST W I T  

Shown i n   F i g u r e  1 i s  a d r a w i n g   d e p i c t i n g   t h e   H y d r o d y n a m i c   J o u r n a l   B e a r i n g  

t e s t  u n i t .  The test  u n i t   i n c l u d e s  a tes t  s h a f t ,  tes t  b e a r i n g s   1 2 . 5   i n c h e s  

a p a r t ,   l o a d e r   b e a r i n g s ,   i n s t r u m e n t a t i o n   s t a t i o n s ,  a t o r q u e  meter, e l e c t r i c  

d r i v e  motor? and a c a s i n g  t o  h o l d  a l l  t h e s e   p a r t s   i n   t h e i r   p r o p e r   p o s i t i o n  

w i t h   r e s p e c t   t o  a l l  o t h e r   p a r t s .   T h e  test b e a r i n g s  a re  shown a t  e i t h e r   e n d  

o f   t h e  tes t  s h a f t .   T h e   u p p e r   b e a r i n g  is m o u n t e d   r i g i d l y   i n   t h e   c a s i n g   w h i l e  

t h e  lower b e a r i n g   h a s   p r o v i s i o n s  for  misa l ignmen t  of t h a t   b e a r i n g   e i t h e r  

l i n e a r l y   o r   a n g u l a r l y .   T h e  two loader b e a r i n g s  are 1 3 0 - d e g r e e   p a r t i a l  a rc  

b e a r i n g s  1.875 i n c h e s   l o n g   h a v i n g  a m a c h i n e d   r a d i a l   c l e a r a n c e  of 1 m i l  and  

a r e   l o c a t e d   n e a r   t h e   c e n t r a l   p o r t i o n  of t h e   s h a f t .   T h e y  are  f a b r i c a t e d   f r o m  

S X E  660 b r o c z e .   T h e s e   b e a r i n g s  a re  p e r m i t t e d  t o  p i v o t   o n   t h e   e n d s   o f   t h e   r o d s  

c o m e c t i n g  them t o  t h e   p n e u m a t i c  loader p i s t o n s .  On e a c h   e n d   o f   t h e  tes t  

s h a f t   a r e   u n b a l a n c e   d i s c s .   T h e s e   d i s c s   c o n t a i n  two t h r e a d e d   h o l e s  180-degrees 

a p a r t ,   o n e   i n c h   f r o m   t h e   c e n t e r .   I n   t h e s e   t h r e a d e d   h o l e s  screws are p l a c e d  of 

known w e i g h t   w h i c h   p e r m i t s   p u r p o s e l y   u n b a l a n c i n g   t h e   s h a f t .  At t h e  l e f t   s ide  

of t h e   u p p e r   u n b a l a n c e   d i s c  a magne t i c   p i ckup   can  be s e e n .   T h i s   u n b a l a n c e  d i s c  

h a s  a s i n g l e   t o o t h   w h i c h   a c t u a t e s   t h e   a d j a c e n t   m a g n e t i c   p i c k u p .   T h e  two h o l e s  
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TABLE I1 

I_NSTR.UME.NTATION. .AND EQUIPMENT LIST 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

1 2 .  

13. 

14. 

15. 

16. 

17. 

18. 

19 .  

20 .  

21 .  

22.  

23. 

24. 

25 .. 
26. 

27. 

28. 

29. 

30. 

Name - 
D i f f e r e n t i a l   V o l t m e t e r  

S'ingle  Channel  Recorder 

Proximity  Probe 

Proximi ty   Detec tor  

Power Supply 

Dial-A-Volt 

Xccu t ron   T rans i s to r   Ampl i f i e r  

E l e c t r o j e t   C a r t r i d g e s  

Linearchek Gage C a l i b r a t o r  

Sunds  trand Bench Centers  

L e i t z   O p t i c a l   S t a g e  

O s  c i  110s cope 

O s c i l l o s c o p e  

Osc i l lo scope  

Phase Eleter 

Di f f e ren t i a l   Compara to r  

Scope Camera 

Balance  Nachine 

D i f f e r e n t i a l   V o l t m e t e r  

Charge  Amplifier 

P i ezoe lec t r i c   Fo rce   T rans .  

Accelerometers 

Cathode  Follower 

Power Supply 

Power Supply 

Nave form Generator  

Scope   Ind ica to r  

Temperature  Recorder 
(Speedomax G) 

Speed  Counter 

Power Supply  (dc) 

Model No. 

801 

19301-01-01 

H-1-084-3 

Dl52 
D252R 

80 2B 

DAV46n 

5 1  

59230108 
59230119 

BC 6"x36" 

l"x1" 

RM561A 

RM535 

8151R 

320-AB 

3A 7 

MU- 6 

a m  
504 
902A 

2213C 

2608 

2621 

160A 

162 

360 

60362 

5500 

6263A 

9 

Manufacturer 

John  Fluke Co. 

Honeywell  Corp. 

Ben t ly  Nevada 

Bently  Nevada 

Harr i son   Lab .   Inc .  

Genera l   Res is tance   Inc .  

Shef f i e l d  Corp. 

Shef f ie ld   Corp .  

Sheff  i e l d  Corp . 
Sundstrand  Machine Tool 

Opto-Metric  Tools  Inc.  

Tek t ron lx  Corp. 

Tektronix  Corp. 

Beckman 

Technology  Ins t . Corp . 
Tektronix  Corp. 

Dumon t 

Micro  Balancing  Inc.  

John  Fluke Co. 

Kistler Ins t .   Corp .  

Kistler I n s  t. Corp. 

ENDEVCO 

ENDEVCO 

ENDEVCO 

Tek t ron ix   Inc .  

Tekt ronix   Inc .  

Tek t ron ix   Inc .  

Leeds  and  Northrup Co. 

Berkeley  Corp. 

Harr ison  Labs 



TABLE I1 
(Cont inued)  

31. 

32.  

33 

34.  

35. 

3 6 .  

37. 

38. 

39. 

40.. 

4 i .  

42. 

- N a m e  

Car r i e r   Demodu la to r  

O s c i l l a t o r   P r e - A m p l i f i e r  

P r e s s u r e   T r a n s d u c e r s  

Turbine  Flowmeter  

Power  Supply 

Power  Supply 

L h i v e r s a l   X i c r o a l i g n m e n t -  
t e l e s c o p e  

Right   Angle Eye P i e c e  

43x  Eye Piece 

Te le scope  Lamphouse  Assy 

Heat  Exchanger 

F i l t e r   ( 2 0   m i c r o n )  

Model No. 

C D l l  

55GE2239 

P76-100 p s i g  

10C1510A 

C1580 

C280M 

1121637 

1121568 

1121383 

1121638 

4810 

55B10D-3/4 

4 3 .  3 Way A i r  Opera ted  Valve (Y') 3"-3 way 

44. L in-E-Aire   Cont ro l  Valve 24OVM1240-21995 

45.  80 gal. Hot Water Heater 200YRGF821525 

4 6 ,  Water Pump-Lube Supply SRM 204-22 

47. water Pump-Sump Scavange EM 818 

Manufac tu re r  

Pace Eng inee r ing  

F i s h e r   a n d   P o r t o r  Co. 

P a c e   E n g i n e e r i n g  

F i s h e r   a n d   P o r t o r  Co. 

Lambda 

Lambda 

Rank Taylor   Hobson  Inc .  

Rank Taylor   Hobson  Inc .  

Rank Taylor   Hobson  Inc .  

Rank Taylor   Hobson  Inc.  

Hel i f low  Corp .  

C o m m e r c i a l   F i l t e r s   I n c .  

T a y l o r  l n s t .  Corp. 

T a y l o r   I n s  t. Corp. 

GE Company 

Robbins  and  Meyers   Inc.  

Robbins   and  Meyers   Inc.  



Figure 1. Hydrodynamic  Journal  Bearing  Test Unit. 
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i n   t h e   u n b a l a n c e   d i s c s  are s i t u a t e d  a t  0 a n d  180 d e g r e e s   f r o m   t h e   s i n g l e  

t o o t h .   T h u s   t h e   m a g n e t i c   p i c k u p   p r o v i d e s  a s i g n a l   i n - p h a s e  or  o u t - o f -  

p h a s e   w i t h   t h e   u n b a l a n c e .  

The test s h a f t  is d r i v e n   b y   t h e  15 horsepower   synchronous  e lectr ic  

motor  which i s  a t  t h e   t o p   o f   t h e  t es t  u n i t .   T h e  motor s h a f t  is ho l low 

p e r m i t t i n g   t h e   i n s e r t i o n   o f  a b e r y l l i u m - c o p p e r   q u i l l   s h a f t   f r o m   t h e  

uppe r   end   o f   t he  e lec t r ic  m o t o r   s h a f t  down t o   t h e  test s h a f t .  The q u i l l  

s h a f t  i s  small enough i n   d i a m e t e r   ( 0 . 1 2 5   i n . )  so as to  twist u n d e r   t o r q u e  

l o a d s .  Shown a t  t h e   u p p e r   e n d  of t h e  test  s h a f t   a n d   t h e  lower e n d   o f  

t h e  motor s h a f t   a r e   w h e e l s   w i t h  18 e q u a l l y   s p a c e d   t e e t h .  On t h e   l e f t  

s ide  of t h e  t e s t  u n i t  are magnet ic   p ickups   which  are a c t u a t e d   b y   t h e  

t e e t h   o n   t h e  two g e a r s   j u s t   d e s c r i b e d .   T h e   t o r q u e  is measured  bv 

m e a s u r i n g   t h e   p h a s e   a n g l e   b e t w e e n   t h e   t e e t h   o f   t h e  two 1 8 - t o o t h e d  

w h e e l s .   T h e   q u i l l   s h a f t   t h e n  is c a l i b r a t e d   i n   i n c h   p o u n d s   o f   t o r q u e  

v e r s u s   d e g r e e s   o f  t w i s t .  

T h e r e   a r e   d i s p l a c e m e n t   a n d   f o r c e   m e a s u r i n g   i n s t r u m e n t a t i o n   s t a t i o n s  

i n b o a r d   a n d   o u t b o a r d  of e a c h  test b e a r i n g .  On t h e   r i g h t   h a n d  side of 

t h e  d r a w i n g   a r e   s h o w n   t h e   d i s p l a c e m e n t   s e n s o r   h o l d e r s   a n d   o n   t h e  l e f t  

side of the   d rawing   a r e   shown  force m e a s u r i n g   d e v i c e s  a t  e a c h  of t h e s e  

f o u r   i n s t r u m e n t a t i o n   p l a n e s .   T h e  test b e a r i n g s  are mounted i n   a n   i n n e r  

bea r ing   hous ing   wh ich  is s u p p o r t e d   f r o m   o u t e r   b e a r i n g   h o u s i n g  by t h e  

p i e z o e l e c t r i c   l o a d  cells .  The o u t e r   b e a r i n g   h o u s i n g s  are f i r m l y  

f a s t e n e d  t o  t h e   c a s i n g  of t h e  tes t  u n i t .  

Shown i n   F i g u r e  2 is an   exploded   v iew of t h e  316 s t a i n l e s s - s t e e l  

t es t  hous ings   which  make up t h e   c a s i n g  of t h e   h y d r o d y n a m i c   j o u r n a l  

12 



" 

" INSTRUMENTATION SECTION 

TEST BEARING 

. -___ INNER  BEARING  HOUSING 
(UPPER) 

OUTER BEARING HOUSING 
(UPPER) 

" OUTER BEARING HOUSING 
(LOWER) 

INNER  BEARING HOUSING 
(LOWER) 

TEST BEARING 

+ BOTTOM END CAP 

Figure 2. Exploded V i e w  of Test Unit  Housings. 
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b e a r i n g  test u n i t .  Each o n e . o f  the p a r t s  is i d e n t i f i e d   i n  the photo- 

g r a p h . a n d  these p a r t s  may also be f o u n d   i n  the p r e v i o u s   f i g u r e .  

Shown i n   F i g u r e  3 is the i n s t a l l a t i o n  of t h e  t es t  u n i t  w i th  i t s  

i n s t r u m e n t a t i o n   i n t o  the  test s t a n d   a d j a c e n t  to  t h e  test f a c i l i t y .  

The e lec t r ica l  d r i v e  motor which is a b o u t  12 i n c h e s   l o n g   c a n  be s e e n  

a t  the top  of the  test u n i t .   T h e  test  b e a r i n g s   a n d   s h a f t  are i n  the 

p o r t i o n  of the test u n i t   w h i c h  lies below the e lectr ical  d r i v e  motor. 

S i n c e  i t  was p lanned  to c a r r y   o u t . m o s t  of t h e   b e a r i n g   t e s t i n g  

a t  a t e m p e r a t u r e  of 120°, the  test  u n i t  was p r o v i d e d  wi th  e n v i r o n m e n t a l  

chamber which would   permi t   ho ld ing  t h i s  t e m p e r a t u r e   c o n s t a n t .  Shown 

i n   F i g u r e  4 is t h e  test u n i t  wi th  some of  the e n v i r o n m e n t a l   c h a m b e r   i n  

p l a c e .  

Shown i n   F i g u r e  5 is an   exp loded   pho tograph  of t h e   p i v o t e d - p a d  

bea r ings .   The   a s sembly   d rawing  of the p i v o t e d - p a d   b e a r i n g  is shown 

i n   F i g u r e  6. P i v o t e d - P a d   b e a r i n g s   h a v e   f o u r   p a d s  made of SAE 660 b r o n z e  

which are p i v o t e d   o n   H a y n e s   S t e l l i t e  No. 3 p i v o t s .   T h e s e   p i v o t s   c o n -  

t ac t  Haynes S t e l l i t e  No. 3 d i s c s   p l a c e d   i n  sockets i n  each pad. 

The f o u r   p i v o t   s t u d s  are mounted  on the 304 s t a i n l e s s - s t e e l   r e t a i n e r  

r ing   sub-assembly .   The   pre load   on  the b e a r i n g  is a d j u s t e d   b y  the 

i n s e r t i o n  of washers of v a r i o u s   t h i c k n e s s e s   b e t w e e n  the s h o u l d e r   o n  t he  

p i v o t   s t u d   a n d  the r e t a i n e r   r i n g .  The   bea r ing  is completed by the  

i n s t a l l a t i o n  of the upper   and  lower screw seals. The p e r t i n e n t  dimen- 

s i o n s  of the p i v o t e d - p a d   b e a r i n g  are p r e s e n t e d   i n   T a b l e  I11 a n d  the 

i n s p e c t i o n   d a t a  are p r e s e n t e d   i n   T a b l e  I V .  

14 



F i g u r e  3 .  I n s t a l l a t i o n  of T e s t  U n i t   i n t o  Test S tand .  

15 



F i g u r e  4 .  T e s t   U n i t   P a r t i a l l y   E n c l o s e d   i n   E n v i r o n m e n t a l  Chamber. 
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Petoiaer’ Riwg 
Subossembly 

Power  Screw Seal 
Sarborsembly 

, I ri .’ 

\, 

Figure 5. Self-Aligning  Pivoted Pad Bearing  Assembly. 
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Figure 6. Self-Aligning  Pivoted Pad Bearing. 



TABLE 111 

. .  DIMENSIONS OF PIVOTED-PAD BEARING 

. Journal  Rad ius ,  i n .  

P a d   R a d i u s ,   i n .  

L e n g t h ,   i n .  

Pad A n g u l a r   E x t e n t ,   d e g .  

A::,sle LeadiRg Edge to  P i v o t  

Pad   ( I Jach inea )   Rad ia l   C lea rance ,   i n .  

Bearing  (Assembled)  Radial C l e a r a n c e ,   i n .  

P r e i o a d   C o e f f i c i e n t  

0.625 

0.628125 

1.25 

80 

44 

0.003125 

0.0015 

0.52 

19 



TABLE IV 

SELF-ALIGNING PIVOTED-PAD BEARING MACHINING  INSPECTION SUMMARY 

Condition 

P/N 94113118 Rev C 

Specifications,  in,  Recorded  Dimensions, in. 

Diameter  of OD of Retainer 2,5004-2.5001 Ring #1 
Ring 2.50010 

Ring #2 
2.50010 

Pad 1 Pad 2 Pad 3 Pad 4 - - - - 
Diameter  of  ID  of  Pads (1) 1.2563-1.2562  1.25630  1.25628  1.25627  1.25627 

Concentricity  of  ID t o  OD ( 2) Within 0.0001 0.0001 0.000075  0.000075 
0.0001 FIR 

Taper  of ID ( 2) 

Roundness  of ID (2) 

Within < 0.0001 < 0.0001 < 0.0001 c 0.0001 
0.0001 FIR 

Within 0.00005  0.00005  0.00005 < 0.00005 
0.00005 FIR 

Torque  Requirement of Pad 4.5 in-lbs. 4.5  4.5  4.5  4.5 
Lock  Bolts  in-lbs. i n - l b s .  in-lbs  in-lbs. 

Surface  Finish  of  ID 

Squareness  of ID With  End  Within < 0.0001 < 0.0001 < 0.0001 < 0.0001 
Surface (B) (2) n.0001 FIR 

( 3) Within 8 4 9 9 \”/ v 

Measured  with  Electronic  amplifier  and  comparison  blocks. 

(2) Indi-Ron 

(3) Profilometer 



Shown i n   F i g u r e s  7 .and 8 are pho tographs  of t h e   t h r e e - l o b e   b e a r i n g  

ar.d t h e   m a n u f a c t u r i n g   d r a w i n g   f o r   t h i s   b e a r i n g .   T h e   b e a r i n g s   t h e m s e l v e s  

a r e  made of  SAE 660 b r o n z e   a n d   h a v e   l u b r i c a n t   s u p p l y  slots between  each 

o f   t h e   p a i r s   o f   l o b e s .   T h e   p e r t i n e n t   d i m e n s i o n s   f o r   t h e   t h r e e - l o b e  

b e a r i n g   a r e   p r e s e n t e d   i n   T a b l e  V a n d   t h e   i n s p e c t i o n   d a t a   f o r   t h i s   b e a r i n g  

a r e   p r e s e n t e d   i n   T a b l e  V I .  

Shoxn i n   F i g u r e  9 is a photograph of t h e  test  s h a f t   u s e d   f o r   t h e  

test r e s u l t s   d e s c r i b e d   h e r e i n .  The s h a f t  is made of  420 s t a i n l e s s - s t e e l  

and i s  h a r d e n e d   t o  50 to  53 Rockwell C.  The s h a f t   h a s  420 s t a i n l e s s -  

s t ee l  unbalance discs a t  e a c h   e n d   o f   t h e   s h a f t .  Also v i s i b l e   i n   t h e  

p h o t o g r a p h   a r e   r i n g s   w h e r e   s i l v e r ,  5 + 0.1 m i l s  t h i c k ,   h a s   b e e n   p l a t e d  

i n   g r o o v e s   o n   t h e   s h a f t .   T h e s e   r i n g s   c o r r e s p o n d  to  t h e   l o c a t i o n s  of t h e  

d i s p l a c e m e n t   s e n s o r s   i n   t h e   h y d r o d y n a m i c   j o u r n a l   b e a r i n g  test u n i t .  The 

s e n s i t i v i t y   o f   t h e   s e n s o r  is a s t r o n g l y   d e c r e a s i n g   f u n c t i o n   o f   t h e  resis- 

t i v i t y  of t h e   s h a f t .  By u s i n g  a low- res i s t i v i ty   homogen ious  material 

a d j a c e n t   t o   r h e   s e n s o r   t h e   s e n s i t i v i t y  i s  i n c r e a s e d   a n d   t h e   e f f e c t   o f  

t he   non-homogene i ty   o f   t he   sha f t  material is e l i m i n a t e d .   T h e   d i m e n s i o n a l  

i n s p e c t i o n   d a t a   f o r   t h e  t w o  s h a f t s  is  p r e s e n t e d   i n   T a b l e  V I I .  

- 

B . ISSTRU?dE!CTATION 

Shown i n   F i g u r e  10 is a B e n t l y   I n s t r u m e n t a t i o n   C o r p .   i n d u c t i o n -  

type   d i sp l acemen t   s enso r   and   ho lde r   a s sembly .   Because   t he   s enso r s  are 

r e q u i r e d   t o   o p e r a t e   i n   w a t e r   e n v i r o n m e n t ,  a Te f lon   cove r ing ,   wh ich   can  

be s e e n   i n   t h e   p h o t o g r a p h ,  was u s e d   t o   e l i m i n a t e   w e t t i n g ,   a n d   h e n c e ,  

m a i n t a i n   t h e   s e n s i t i v i t y   o f   t h e   s e n s o r   i n   t h e   p r e s e n c e   o f  water. Although 

t h e   b r a s s   h o l d e r   f o r   t h e   p r o x i m i t y   s e n s o r s   p r o v i d e d   a n  a i r  c u r r e n t   a r o u n d  

21 



F i g u r e  7. Three-Lobe  Bearings. 
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Figure 8. Drawing of Three-Lobe Bearing. JB578-8 



Shonn i n   F i g u r e s  7 and 8 are pho tographs  of the three-lobe b e a r i n g  

ar.d t h e   m a n u f a c t u r i n g   d r a w i n g   f o r   t h i s   b e a r i n g .   T h e   b e a r i n g s   t h e m s e l v e s  

are made of  Sm 660 b r o n z e   a n d   h a v e   l u b r i c a n t   s u p p l y  slots between  each 

o f   t h e   p a i r s  of l obes .   The   pe r t inen t   d imens ions  f o r  t h e   t h r e e - l o b e  

b e a r i n g  are p r e s e n t e d   i n   T a b l e  V a n d   t h e   i n s p e c t i o n  data f o r  t h i s   b e a r i n g  

are  p r e s e n t e d   i n   T a b l e  V I .  

Shown i n   F i g u r e  9 is a photograph  of t h e  tes t  s h a f t   u s e d  f o r  t h e  

test  r e s u l t s   d e s c r i b e d   h e r e i n .   T h e   s h a f t  is  made of  420 s t a i n l e s s - s t e e l  

and i s  hardened  t o  50 t o  53 Rockwell C .  The s h a f t   h a s  420 s t a i n l e s s -  

s tee l  u n b a l a n c e   d i s c s  a t  each   end  of t h e   s h a f t .  Also v i s i b l e   i n   t h e  

photograph  are  r i n g s   w h e r e   s i l v e r ,  5 + 0.1 m i l s  t h i c k ,   h a s   b e e n   p l a t e d  

i n   g r o o v e s   o n   t h e   s h a f t .   T h e s e   r i n g s   c o r r e s p o n d  t o  t h e   l o c a t i o n s  of t h e  

d i s p l a c e m e n t   s e n s o r s   i n   t h e   h y d r o d y n a m i c   j o u r n a l   b e a r i n g  test u n i t .  The 

s e n s i t i v i t y  of t h e   s e n s o r  is a s t r o n g l y   d e c r e a s i n g   f u n c t i o n  of t h e  resis 

t i v i t y  of t h e   s h a f t .  By u s i n g  a low- res i s t i v i ty   homogen ious  material 

a d j a c e n t  t o  t h e   s e n s o r   t h e   s e n s i t i v i t y  is i n c r e a s e d   a n d   t h e   e f f e c t  of 

the   non-homogenei ty   o f   the   shaf t  material is e l imina ted .   The   d imens iona l  

i n s p e c t i o n   d a t a   f o r   t h e  two s h a f t s  is p r e s e n t e d   i n   T a b l e  VII. 

- 

8. ISSTRU!I~E~TATION 

Shown i n   F i g u r e  10 is a Ben t ly   In s t rumen ta t ion   Corp .   i nduc t ion -  

type   d i sp l acemen t   s enso r   and   ho lde r   a s sembly .   Because   t he   s enso r s  are 

r e q u i r e d  t o  o p e r a t e   i n  water environment ,  a Tef lon   cover ing ,   which  car 

b e   s e e n   i n   t h e   p h o t o g r a p h ,  was used t o  e l i m i n a t e   d e t t i n g ,   a n d   h e n c e ,  

m a i n t a i n   t h e   s e n s i t i v i t y   o f   t h e   s e n s o r   i n   t h e   p r e s e n c e  of water. Although 

t h e  brass h o l d e r   f o r   t h e   p r o x i m i t y   s e n s o r s   p r o v i d e d   a n  a i r  c u r r e n t   a r o u n d  
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THREE (3 )  LOBED BEAR1 NG INSPECTION SUMMARY 

P/N 4012000-796 P1 REV D 

Actual ( i n )  

Condition  Specification (in) Pt #1 Pt #2 

Diameter of Lobes 

Roun.dness of Lobes 

Diameter of O.D. 

Roundness of O.D. 

(1) 1.2600 1.2600 - 1.2602 1.2600 - 1 025995 
W/in 0.000050 0.000050 0.000050 (1) 

(1) 2.5001 - 2.5004  2.50026 2.50037 

(1) W/in 0.000050 0 0 000020  0.000020 

Taper of Lobes 
(Axially) 

(1) w/in 0.0002 0.00011 0.000050 

Tolerance of Loc. (1) W/in 0.000050 
Coordinates 

0.000050 0.000050 

Surface Finish, I .D. ( 2) w e w 
Indi-Ron 

( 2) Profilometer 



I 

Figure  9. Assembled Test Shaft .  



TABLE VI1 

Shaft for 

Roundness 

Concentricity 

Taper 

Plating  Thickness 

F i n i s h  

DIMENSIONAL  INSPECTION OF TEST SHAETS (1) 

Tolerance  Measurements 

Pad 3-Lobe 
Bearing Bearing 

50 micro-inches 30 50 

300 micro-inches 30 20 

50 micro-inches 40 50 

- + 50 micro-inches + 10 + 25 - - 

8AA 4.5 AA 5 AA 

FIR 

FIR 

FIR 

(1) Indi-Ron 
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Figure 10. Displacement  Sensor  and  Holder Assembly, 



t h e   s e n s o r  t o  f u r t h e r   a s s u r e  a dry   envi ronment ,  i t  was n e v e r   u s e d   d u r i n g  

test .  

Shown i n   F i g u r e  11 are  t h e   p i e z o e l e c t r i c   l o a d  cel ls  f o r  the  measure-  

ment of d y n a m i c   f o r c e s   u n d e r   o p e r a t i n g  c o n d i t i o n s  a n d   t h o s e   p a r t s   w h i c h  

a r e  required f o r   t h e i r   i n s t a l l a t i o n .  The c e n t e r i n g   s t u d  i s  t h r e a d e d  

i n t o   t h e   i n n e r   b e a r i n g   h o u s i n g   a n d   t h e  Kistler Model 90% l o a d  ce l l  is 

p l a c e d   o v e r   t h i s   c e n t e r i n g   s t u d .  A 45-mil  washer is p l a c e d   o v e r   t h e  

l o a d  c e l l  fo l lowed  by  a t h r u s t - b e a r i n g   w a s h e r .  A t h r u s t   b e a r i n g   c o n t a i n -  

i n g   b a l l   b e a r i n g s  is p l a c e d   o v e r   t h i s   w a s h e r   f o l l o w e d  by a t o p   t h r u s t -  

b e a r i n g   w a s h e r .   T h r e a d e d   i n t o   t h e   o u t e r   b e a r i n g   h o u s i n g  is a plug  which 

holds t h e s e   p a r t s   t o g e t h e r   a n d   p e r m i t s   a d j u s t i n g   t h e   p r e l o a d  on t h e  l o a d  

c e l l .  D iame t r i ca l ly   opposed  to  e a c h   l o a d  cel l  i s  a c a r b i d e   b a l l   b e t w e e n  

t h e   i n n e r   a n d   o u t e r   b e a r i n g   h o u s i n g .  The b a l l  is i n   c o n t a c t   w i t h  a 

s m a l l   a n d   l a r g e   p l a t e   a n d   t h e   w h o l e   l o a d - c e l l   a s s e m b l y   c a n   b e   a d j u s t e d  

i n  t h e   r a d i a l   d i r e c t i o n   b y   a d j u s t i n g   t h e   t h r e a d e d   p l u g   i n   t h e   o u t e r  

bea r ing   hous ing .  

Shown i n   F i g u r e  12  is a d e t a i l  of t h e   f o u r   i n s t r u m e n t a t i o n   p l a n e s  

used   i n   t he   hydrodynamic   j ou rna l   bea r ing  test u n i t .   I n   t h e   d i a g r a m   t h e  

s t e a d y   l o a d   a c t s  downward o n   t h e   s h a f t .  To m e a s u r e   t h a t   r e a c t i o n ,  a 

p i e z o e l e c t r i c   l o a d  c e l l  i s  p l a c e d   b e n e a t h   t h e   s h a f t .   T h e   t h r u s t   b e a r i n g  

o n  t h i s   l o a d ' c e l l  is  v i s i b l e   o n   t h e   d r a w i n g .  Above t h e   s h a f t  is p l a c e d  

t h e   c a r b i d e   b a l l   w h i c h  is h e l d   i n   p l a c e  b y   t h e   t h r e a d e d   p l u g   i n   t h e   o u t e r  

b e a r i n g   h o u s i n g .   I n   t h e   p i c t u r e   t h e   d i r e c t i o n  of r o t a t i o n  of t h e   s h a f t  

i s  coun te rc lockwise .  To t h e   r i g h t  of t h e  shaft is shown a second  p iezo-  

e l e c t r i c  l o a d  c e l l  and t o  t h e  l e f t  of t h e   s h a f t  i s  shown t h e   c a r b i d e  

b a l l   a n d   t o o l  s tee l  p l a t e   a s sembly ,   wh ich   opposes   t he   l oad  ce l l .  
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Figure  11. Load-Cell  Assembly  Components, 
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Figure 12. Arrangement of Instrumentation  in Each of Four Planes. 
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Shown a t  45' t o   t h e   l o a d  cells are t w o  p a i r s   o f   d i s p l a c e m e n t  

s e n s o r s .   T h e s e   s e n s o r s  are r i g i d l y   h e l d   i n   b r a s s   p r o b e   h o l d e r s   t h r e a d e d  

i n t o   t h e   i n n e r   b e a r i n g   h o u s i n g .   T h e   r a d i a l   p l a c e m e n t   o f   t h e   d i s p l a c e m e n t  

s e n s o r s   i n   t h e s e   h o l d e r s  is c a r e f u l l y   a d j u s t e d   o n   a s s e m b l y   o f   t h e   b e a r i n g  

t es t  u n i t .  D u r i n g   t e s t i n g   t h e  two s e n s o r s   i n   e a c h   p a i r  are summed 

e l e c t r i c a l l y  so tha t   ax i symmet r i c   t empera tu re   changes   i n   t he   i nne r  

b e a r i n g   h o u s i n g   w h i c h   c a u s e   t h e s e   s e n s o r s   t o  move i n  a n d   o u t   i n  a r a d i a l  

d i r e c t i o n  w i l l  b e   e l imina ted .  Shown i n   F i g u r e  13 is t h e   o u t e r   a n d   i n n e r  

b e a r i n g   h o u s i n g   w i t h   t h e   t h r e e - l o b e   b e a r i n g s   i n s e r t e d .  The leads t o   t h e  

p i e z o e l e c t r i c   l o a d  cells  are seen i n   t h e   f o r e g r o u n d .  

I n   o r d e r  t o  f a c i l i t a t e   t h e   t a k i n g   o f   s t e a d y  s ta te  and  dynamic  data,  

a l l   t h e   p e r t i n e n t   m e a s u r e m e n t s   i n   t h e   b e a r i n g  tests were r e a d   w i t h   t h e  

d i g i t a l   d a t a   a c q u i s i t i o n   s y s t e m .   I n   o r d e r   t o   o b t a i n   t h e   r e a d i n g s   f r o m  

the   d i sp l acemen t   s enso r s   and   t he   l oad  cel ls .  c o n s i d e r a b l e   e l e c t r o n i c  

i n n o v a t i o n  was r e q u i r e d  to  c o n d i t i o n   t h e   s i g n a l s  so  t h a t   t h e   d i g i t a l  

d a t a   a c q u i s i t i o n  s y s t e m  c o u l d   r e c o r d   t h e   p r o p e r   r e a d i n u s .  Shown i n  

F igu re   14  is a schematic   diagram  showing how t h e   r e a d i n g s   f r o m   t h e   d i s -  

p lacement   sensors   and   load  cells  were o b t a i n e d  by t h e   d i g i t a l   d a t a  

a c q u i s i t i o n  s y s t e m .  F o r   s i m p l i c i t y   o n l y   r o u r   o u t   o f   t h e   e i g h t   p a i r s   o f  

d i sp l acemen t   s enso r s   and   on ly   fou r   o f   t he  Kistler l o a d  cel ls  a r e  shown. 

I n   t h e   c o u r s e   o f  a d i g i t a l   s c a n  when i t  is n e c e s s a r y   t o   r e a d   t h e  

e q u i l i b r i u m   p o s i t i o n   o f   t h e  test s h a f t ,   t h e   s i g n a l   t r a v e l s   f r o m   t h e  

d i s p l a c e m e n t   s e n s o r   t h r o u g h   t h e   d e t e c t o r   t o  a swi tch   which  is p a r t   o f  

t h e   d i g i t a l   d a t a   a c q u i s i t i o n   s y s t e m .   T h i s   s w i t c h  is programmed to  p a s s  

t h e   s i g n a l   t h r o u g h   t o   t h e   a v e r a g e - l e v e l   d e t e c t o r   a n d   t h e n   i n t o   t h e  

r e a d o u t   p o r t i o n   o f   t h e   d i g i t a l   d a t a   a c q u i s i t i o n   s y s t e m .   T h e   a v e r a g e -  

l e v e l  d e t e c t o r  is a n   e l e c t r o n i c   d e v i c e   w h i c h   t a k e s   t h e   s i n o s o i d i a l  
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s igna l   f rom  the   d i sp l acemen t   s enso r  and m e a s u r e s   t h e   a b s o l u t e   d i s t a n c e  

t o  a r ead ing  midway be tween  the   peak   and   t rough  on   the   s ine  wave. 

I n   o r d e r  t o  o b t a i n   t h e  o r b i t  s ize  f o r  a p a r t i c u l a r  test p o i n t   t h e  

d i g i t a l   d a t a   a c q u i s i t i o n   s y s t e m   c a u s e d   t h e   s w i t c h i n g  mechanism to  send  

a s i g n a l  t o  the   peak- to-peak   de tec tor   and   then   on  t o  t h e   ' d i g i t a l   d a t a  

a c q u i s i t i o n  s y s t e m .  The   peak - to -peak   de t ec to r . i s   an   e l ec t ron ic   dev ice  

which   measures   the   d i s tance   be tween  the   peak  and  t h e   t r o u g h  of t h e   s i n o -  

s o i d a l  wave s e t u p  by the   d i sp lacement   sensor .  

When i t  becomes time i n   t h e   d i g i t a l   s c a n  t o  read   the   dynamic   forces ,  

t h e   d i g i t a l   d a t a   a c q u i s i t i o n   s y s t e m   p r o g r a m s  a series o f   swi t ches  so 

t h a t  t h e  s i g n a l   c a n  move f rom  the  Kistler load  cel ls  t o  a charge  ampli-  

f i e r .  The s i g n a l   f r o m   t h e   c h a r g e   a m p l i f i e r   t h e n   g o e s   t h r o u g h   o n e   c h a n n e l  

of a synchronous f i l t e r  and  through  the  peak-to-peak  detector .   The 

sgnchronous f i l t e r  i s  dual-channel led  and i s  a u t o m a t i c a l l y  set t o  t h e  

f requency   cor responding  t o  t h e   r o t a t i v e   s p e e d   o f   t h e  test. I n   o r d e r  to  

o b t a i n  t h e  p h a s e   a n g l e s   b e t w e e n   t h e   u n b a l a n c e   f o r c e   a n d   e i t h e r  a d i s -  

placement or a f o r c e ,  a phase meter i s  c o n n e c t e d   t o   t h e   d i g i t a l   d a t a  

a c q u i s i t i o n  s y s t e m .  A s i n g l e - t o o t h   g e a r   o n   t h e   u n b a l a n c e   d i s c   o f   t h e  

t es t  s h a f t   a c t u a t e s  a magne t i c   p i ckup   once   each   r evo lu t ion   and   t h i s  

p u l s e  1s c o n v e r t e d   i n t o  a s i n e  wave i n  a pulse- to-s ine   conver te r .   The  

s i g n a l   n e x t   g o e s   i n t o  a synchronous   conver te r .   The   s igna l  f r o m  t h i s  

c o n v e r t e r   c a u s e s   t h e   s y n c h r o n o u s   f i l t e r  t o  o p e r a t e  a t  t h e  ro t a t ive  speed  

of t h e  t es t  s h a f t .  The s i g n a l  from t h e   p u l s e - t o - s i n e   c o n v e r t e r   g o e s  

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

t h e  phase meter. I n   a d d i t i o n ,   e i t h e r  a d isp lacement  or a force s i g n a l  

en te r s   t he   s econd   channe l   o f   t he   synchronous  f i l t e r  and  the  second 

channel   o f   the   phase  meter. Thus,   the   phase meter r e a d s   t h e   a n g l e   o f  
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a n y  displacement or force  signal  with  respect  to  the  unbalance of the 

test  bearing  shaft. In  addition  to  the  dynamic  measurements,  pressures, 

temperatures,  flows,  torque,  and  steady  load are  read by  the  digital 

data  acquisition  system  during  any one  scan of the  data. 

As indicated,  the  test  unit  was  made so that  the  lower  test 

Searing  could  be  misaligned  angularly  as  much as 40 sec.  and so that  the 

test  bearing  shaft  could  be  put out of alignment by 4 mils.  Both  the 

angular  and  linear  misalignments of the  lower  test  bearing  was acconl- 

plished  by  the  use of an  alignment  telescope.  This  device  mounted on 

top of the  test  unit is shown in Figure 15. The alignment  telescope 

was  chosen  over  the  Talyrand  Proficorder  because o,f its  operational 

convenience  and  the  fact  that  its  estimated  linear  and  angular  errors 

are 90 microinches  and 10 sec  compared  to 97 microinches  and 29 sec  for 

the  Talyrand.  Shown  in  Figure 16 is  the  drawing  showing  the  alignment 

telescope  attached  to  the  test  unit  and  Figure 17 shows  the  precision 

target  which  is  inserted in the  bearing in  order to  carry out alignment. 

determination.  The  alignment in all cases  was  carried out to an accu- 

racy  of 12 seconds  angular  and 500 microinches  linear,  the  tolerances 

required by contract. 

Shown in  Figure 18 is a  photograph of the  digital  data  acquisition 

system.  This  system  can  handle 600 pairs of leads  and can  read  instru- 

ments  at  the  rate of 3 per  second. The digital  data  acquisition  system 

provides  the  readouts  in  the form of punches  and/or  printed  tape. in 

the  case  of  the  present  program  the  printed  tape  was  utilized  to  check 

on the  repeatability of each  test run  whioh  was  repeated  once..  In  addi- 

tion,  the  punched  tape  was  used  to  punch  computer  cards  automatically 

which  were  processed  through a data  reduction  computer  program. 
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F i g u r e  17 .  Ref lec t ing   Targe t   Assembly   For   Al ignment   Te lescope .  
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F i g u r e  18. D i g i t a l  Data R e c o r d i n g   S t a t i o n .  
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. C. TEST FACILITS 

Shown i n   F i g u r e  19 is the f a c i l i t y   f o r   p r o v i d i n g   d i s t i l l e d  water a t  

120" as t h e  tes t  l u b r i c a n t .  I t  c o n s i s t s  of an  8 0 - g a l l o n  water h e a t e r ,   s e v e r a l  

pumps, f i l t e r s   a n d  a h e a t   e x c h a n g e r   u s e d  t o  c o n t r o l   a c c u r a t e l y   t h e  watel 

t e m p e r a t u r e .  Shown i n   F i g u r e  20 i s  t h e   i n s t r u m e n t a t i o n   p a n e l  a t  t h e  test 

s i t e  u s e d   f o r   m o n i t o r i n g   t h e  test d a t a .  Shown i n   t h e   p h o t o g r a p h  are  t h e  

l o c a t i o n s   o f . t h e   p h a s e   m e a s u r i n g   e q u i p m e n t ,  the  accelerometers, torque   measure .  

m e n t   r e a d o u t , .   p r i n t e d   c i r c u i t   b o a r d   c a b i n e t s ,   s p e e d   i n d i c a t o r ,   o s c i l l o s c o p e s ,  

t e m p e r a t u r e   r e c o r d e r ,   p o w e r   s u p p l y   a n d   a m p l i f i e r s .  

Ir. o r d e r  t o  a c c u r a t e l y   c o n t r o l   t h e   s p e e d  of t h e  test u n i t ,  

notor was used  t o  d r i v e  t h e  test s h a f t .  This synchronous  motor  

b y  a v a r i a b l e - f r e q u e n c y   p o w e r   s u p p l y   u n i t   p i c t u r e d   i n   F i g u r e  21 

of t h e  power  supply i s  a Ward-Leonard  motor-generator se t .  The 

a synchronous,, 

was d r i v e n  

The h e a r t  

power  supply 

was c a p a b l e  of d r i v i n g   t h e  tes t  u n i t   s h a f t  a t  r o t a t i v e   s p e e d s   b e t w e e n  8,000 

and 31.000 rpm a n d   c o n t r o l l i n g   s p e e d   t o  + 20 rpm. 
r 
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F i g u r e  19. L u b r i c a n t  (Dis ti l led-Water)  Supply  System. 





F i g u r e  21. Motor  Generator S e t .  



m. CALIBRATION 

R o i l t i n e   c a l i b r a t i o n s  were c a r r i e d   o u t   o n  a l l  test u n i t   i n s t r u m e n t a t i o n ,  

w i t h   t h e   e x c e p t i o n  of the rmocoup les .   Fo r  these t h e   m a n u f a c t u r e r ' s   g u a r a n t e e  

of a c c u r a c y  was a c c e p t e d .   F o r   t h e   d i s p l a c e m e n t   s e n s o r s   a n d   t h e   l o a d   c e l l s  

e x t e n s i v e   c a l i b r a t i o n s  were carried o u t   i n  order to c o m p l e t e l y   d e f i n e  a l l  

s i d e   e f f e c t s   o n   t h e s e  two t y p e s  of i n s t r u m e n t a t i o n .   S e v e r a l   i n d e p e n d e n t  

c a l i b r a t i o n s  were n e c e s s a r y   f o r   t h e   m e a s u r i n g  of t o r q u e .  

A .  DISPMCEMENT SENSORS 

The e f f e c t s   o f   t e m p e r a t u r e   a n d   t h e   p r e s e n c e  of water o n   t h e   r e a d i n g s  for 

t h e  d i s p l a c e m e n t   s e n s o r s  were t h o r o u g h l y   i n v e s t i g a t e d   a n d  are d i s c u s s e d   i n  

R e f e r e n c e s  2 and  3. Room t e m p e r a t u r e  (77OF) c a l i b r a t i o n s  were c a r r i e d   o n  

a l l  d i s p l a c e m e n t   s e n s o r s   i n  order t o  d e t e r m i n e   t h e   s e n s i t i v i t y  of Lhesc- tlc- 

v i c e s .   T h e   s e n s i t i v i t i e s  of two d i s p l a c e m e n t   s e n s o r s   w h i c h  were t o  be   p laced  

d i a m e t r i c a l l y   o p p o s i t e   e a c h   o t h e r  were a d j u s t e d  t o  b e   e q u a l   a n d   o p p o s i t e   i n  

s i g n .  T h i s  p rocedure  i s  d i s c u s s e d   i n   R e f e r e n c e  5. T h e   b e n c h   c a l i b r a t i o n   o f  

t h e   d i s p l a c e m e n t   s e n s o r s  was carried o u t   i n   p a i r s   i n   t h e   i n s u l a t e d   c h a m b e r  

p i c t u r e d   i n   F i g u r e   2 2 .   B e n c h   c a l i b r a t i o n s  were c a r r i e d   o u t  a t  t w o  tes t  t e m -  

perP+"*-es.   namely,  75 and   120°F .   Each   pa i r  of d i s p l a c e m e n t   s e n s o r s  was 

c a l i b r a t e d   o v e r  a r a n g e  of 6 t o  1 4  mils g a p   b e t w e e n   t h e   s e n s o r   a n d   t h e   s h a f t .  

The probes were Bentlv  Nevada Model H1084 a n d   t h e   d e t e c t o r   d r i v e r s  were 

e i t h e r   B e n t l y  Nevada  Dl52 or D252R. T h e   c a l i b r a t i o n   s t a n d a r d  for t h e s e  tests 

was a S h e f f i e l d   C o r p . ,   L i n e a r c h e k  gage c a l i b r a t o r   w h i c h   h a s  a g u a r a n t e e d  

a c c u r a c y  traceable t o  t h e   N a t i o n a l   B u r e a u  of S t a n d a r d s  of + 2 5   m i c r o - i n c h e s .  - 
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Figure 22. Displacement-Sensor  Elevated-Temperature  Calibration Equi 
, .. 
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T h i s   d e v i c e  was used  t o  calibrate t h e  e lectrojet  c a r t r i d g e s   w h i c h  were used  

irr c o n j u n c t i o n   . w i t h   A c c u t r o n   t r a n s i s t o r   a m p l i f i e r   a n d  read on a John  Fluke 

Company d i f f e r e n t i a l   v o l t  meter to  m e a s u r e   t h e   s h a f t   d i s p l a c e m e n t   d u r i n g  

c a l i b r a t i o n .  

T h e   a v e r a g e   m e a s u r e d   s e n s i t i v i t y  of t h e   e i g h t   p a i r s   o f   d i s p l a c e m e n t  

s e n s o r s  is p r e s e n t e d   i n   T a b l e V I I I f o r   t h e  two test t e m p e r a t u r e s .  

I n i t i a l l y   a n   a t t e m p t  was made t o  e s t a b l i s h   t h e   v o l t a g e   r e a d i n g  of t h e  

d i s p l a c e m e n t   s e n s o r s  when t h e   s h a f t  was i n   t h e   c e n t e r   o f   t h e   b e a r i n g  b y  

m o v i n g   t h e   s h a f t   f i r s t   i n   t h e  x a n d   t h e n   i n   t h e   y - d i r e c t i o n   f r o m   c o n t a c t  

w i t h   o n e   s i d e   o f   t h e   b e a r i n g  t o  c o n t a c t   w i t h   t h e   o t h e r  side o f   t h e   b e a r i n r .  

However, i t  was f o u n d   t h a t   t h e s e   c e n t e r   p o s i t i o n s   d i f f e r e d   f r o m   t h e   r o t a t i n g  

c e n t e r   p o s i t i o n  by as  much as 240 m i c r o - i n c h e s .   T h e   r o c a t l n g   c e n t e r   p o s i t i o n s  

were o b t a i n e d  by r e t r a c t i n g   t h e  loader b e a r i n g s   a n d   r u n n i n g   t h e   v e r t i c a l  test 

s h a f t   o v e r   t h e   p e r m i s s i b l e   s p e e d   r a n g e   w i t h   s e v e r a l   l e v e l s   o f   u n b a l a n c e .  

Because 01 t h e   l a r g e   d i s c r e p a n c y   b e t w e e n   t h e   s t a t i c a l l y   d e t e r m i n e d   b e a r i n p  

c e n t e r   p o s i t i o n s   a n d   t h e   d y n a m i c a l l y   d e t e r m i n e d   p o s i t i o n s  i t  was d e c i d e d   t h a t  

t h e   d y n a m i c a l l y   d e t e r m i n e d   b e a r i n g   c e n t e r   p o s i t i o n s   w o u l d   b e   u t i l i z e d  t o  

r e d u c e   t h e  da t a .  Shown i n   T a b l e  I X  a re  t h e   b e a r i n g   c e n t e r   p o s i t i o n s   i n  m i l s  

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

Shown i n   T a b l e  X is t h e   a v e r a g e   d e v i a t i o n   o f   t h e   r o t a t i n g   c e n t e r   p o s i t i o n s  

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

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

c e n t e r   p o s i t i o n s   d i d   n o t   e x c e e d  30 micro - inches .  A t  o n e   p e r i o d   d u r i n g   t e s t i n g  

i t  a p p e a r e d   t h a t   t h e   r o t a t i n g   c e n t e r   p o s i t i o n  was c h a n g i n g ,   p o s s i b l y  from day 
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TABLE VI1 I 

DISPLACELIEKT SENSOR AVERAGE SENSITIVITY 

Soni na 1 Average 
Calibration Direction Sensitivity 
Temperature, Probe and Measured Sum, Calibration 

'F Pair Plane vol ts/mils Date 

120 1 Y 1  1.006 9/14/66 

2 x 1  0.993 9/13/66 

2 

75 

3 Y 2  

4 x 2  

5 Y 3  

6 x 4  

7 Y 4  

8 x 3  

1 Y 1  

2 x 1  

3 Y 2  

4 x 2  

5 Y 3  

6 x 4  

7 Y 4  

8 x 3  

1.013 9/14/66 

1.009  9/15/66 

0.993 9/ 15/ 66 

0.994 9/15/66 

1.012 9/15/66 

0.998 11/9/66 

1.078  9/17/66 

1.057 9/ 17/66 

1.093 9/17/66 

1.110 9/17/66 

1 .OS3 9/17/66 

1.102 9/17/66 

1.076 9/16/66 

1.062 11/1/66 
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TABLE LX 

BEARING  CENTER POSITIONS, MILS 

Driven End 

Upper  Bearing 

Loader  Bearings 

Lower  Bearing 

Unbalance  Disc 

Instrumentation 
Planes 

Shaft  Down 

i 

Digital  Channel 

Probe  Pair 

Direction  and  Plane 

20 6 224 233 215 207 225 234 21 6 

2 4 8 6 1 3 5 7 

x 1  x 2  x 3  x 4  Y 1  Y 2  Y 3  Y 4  

Temp,, Misalign  Unbal . , 
Bearing O F  sec mils  Pads gr.-in. 
”” 



Bearing 

Pivoted-Pad 

Pivoted-Pad 

Pivoted-Pad 

Ln 
0 

3-Lobe 

3- Lo be 

3-Lobe 

Temp., 
OF - 
75 

120 

120 

120 

120 

120 

120 

- 

400 

0 

0 

0 

400 

400 

NI.Isa1 iyn Unbnl., 
sec mLls - Pads 

gm. - in .  - 
+ 0.5 
+ 0.5 - 

Free 0 
+ 0.5 
+ 0.5 - 

Symmetric - 1 
+ 1  
0 

+ 0.5 
+ 0.5 

- 1  
+ 1  

0 
+ 0.5 
+ 0.5 

- 2  
+ 2  
+ 2  
+ 1  
+ 1  
0 

- 2  
+ 2  
+ 2  
+ 1  
+ 1  
0 

- 2  
+ 2  
+ 2  
+ 1  
+ 1  
0 

- 

- 

- - 

- - 

- - 

x 1  

.0796 - 1085 

.lo5 

.lo1 

.154 

.090 8 

.1266 

.0082 

.0362 

.0932 

.lo65 

.0576 

.OS60 

.0904 

.1290 

.4225 
,4694 
.4460 
.4093 
.4689 
.4418 

.371 

.453 
412 

,384 
.385 
.370 

565 
.621 
.593 
0 534 
.618 
.603 

x 2  

.0109 
- e0421 

- e007 - -036 
- . O O l  

- o 1477 
- .1227 
- -1351 
- -1523 -. 1115 

- .0995 -. 1920 
- 1165 
- .1223 
- e0768 

,1163 
,1625 
,1394 
.1454 
1880 

,1625 

.250 
173 

.239 

.305 

.344 
255 

.344 
,257 
.300 
309 
269 

.258 

x 3  

.0063 

.0166 

- 113 
- -074 
- e025 

.1665 

.20 30 

.0878 

.0615 

.1251 

.5023 

.4900 

.4962 

.4363 

.4807 
,4425 

.521 
086 

.303 

.503, 

.541 

.520 

596 
.236 
.416 
.549 
.729 
.177 

x 4 

.OHOY 

.0419 

- .073 
- -054 
- ,048 

.0697 

.lo87 

.1422 

.2098 

.1748 

.3497 

.2356 

.27 88 
2722 

.3381 

.3529 

.4175 

.3852 

.4145 
4336 

.3055 

.386 - 195 

.096 - 0 979 - .972 
303 

- 323 
- 784 

.554 
- 311 
- .745 - .782 

Y 1  

.Os97 - 1079 

.067 

.055 

.047 

.4428 

.4878 

.5166 

.530 3 

.5202 

- 1650 
- .2676 
- 1066 
- .1529 
- -0938 

.2149 
"- 
-" "- 

.1600 

.311 

.190 

.250 

.452 
0 446 
.285 

325 
.275 
300 

.361 

.278 

.267 

-" 

Y 2  

.3544 

.328E 

.174 

.135 

.164 

.4832 

.5124 

.540 5 

.4940 

.4914 

.2804 

.2012 

.3470 
321 9 

.3176 

.4449 

.398 

.4214 

.4005 

.4550 

.40 87 

284 
.328 
.306 
.278 
.285 
.270 

.455 

.490 

.472 

.381 

.484 
,498 

Y 3  

.1409 

. l l85 

- e071 
- .037 
"006 

.1444 

.1448 

.2879 

.3051 
- .4442 

.lo98 

.0850 

.2763 
- 2346 
- .0071 

.4034 

.408 
4057 
3246 

.3388 

.3188 

.112 

.535 

.324 

.085 

.122 

262 
.616 
,439 
185 

.628 

.602 

-" 

Y 4  

. OY 78 

.0h20 

- .045 
- .047 

,003 

- 1003 
- .0715 
- .0661 
- -0774 
- .0839 

.0673 
,. .0073 
,0632 
.0534 
.0969 

.1119 

.078 

.0950 

.0333 

.074 

.0168 

- ,517 
.068 

- 224 
- .418 - .443 
- 0 533 

- .042 
,417 
,188 

- 108 
428 

.429 



TABLE X 

AVERAGE . . ~. DEVIATION OF ROTATING  CENTER  POSITIONS  WITH 

SPEED FOR ALL  UNBALANCE LEVELS 
. . .  

Average  Deviation.  microinches 

3-Lobe  Pivoted-Pad 

Lover Bearing 

OJtboard  Instrumentation  Station 

X - Direction 
Y - Direction 

Inboard  Instrumentation  Station 

X - Direction 
Y - Direction 

Upper  Bearing 

Inboard  Instrumentation  Station 

X - Direct.ion 
Y - Direction 

Outboard  Instrumentation  Station 

X - Direction 
Y - Direction 

21 

30 

28 

2 2. 

20 

23 

25 

30 

21 

15 

22 

19 

26 

16 

18 

18 
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t o  d a y .  As a r e s u l t   d u r i n g   t h e  l a t t e r  tests w i t h   t h e   p i v o t e d - p a d   b e a r i n g ,  

t h e  r o t a t i n g   c e n t e r   p o s i t i o n s  were e s t a b l i s h e d   b e f o r e   a n d  a f t e r  e a c h   d a y ' s  

test  r u n n i n g   w i t h   t h e  same test c o n d i t i o n s .  Shown i n   T a b l e  X I  is t h e   a v e r a g e  

s t a n d a r d   d e v i a t i o n   o f   t h e s e   c e n t e r   p o s i t i o n s   o n  a d a y - t o - d a y   b a s i s .  I t  is 

s e e n  t h a t  these c e n t e r   p o s i t i o n s   h a v e   a n   a v e r a g e   s t a n d a r d   d e v i a t i o n  t h a t  v a r i e s  

f r o n   a p p r o x i m a t e l y  10 to  95 m i c r o - i n c h e s .   T h i s   v a r i a t i o n   i n   c e n t e r   p o s i t i o n  

had t o  be a c c e p t e d  as  t h e  best t h a t   c a n   b e   e x p e c t e d   u n d e r   t h e   c o n d i t i o n s  of 

t h e  test. 

Shown i n   T a b l e  X I 1  is t h e   d i s p l a c e m e n t   s e n s o r   b e n c h   c a l i b r a t i o n  error 

a n a l y s i s .   T h e   s e v e r a l  errors w h i c h   e n t e r   i n t o   t h e   d e t e r m i n a t i o n  of s h a f t  

d i s p l a c e m e n t  are l i s t e d   o n   t h i s  chart and  are  c o n s i d e r e d   t o   b e   r a n d o m  errors. 

F o r  that r e a s o n ,  the t o t a l  error is shown to  b e   t h e   s q u a r e  roots of t h e  sum 

of t h e  s q u a r e s  of t h e   i n d i v i d u a l  errors. Shown i n   T a b l e  X I 1 1  is t h e   d i s p l a c e -  

m e n t   s e n s o r   e q u i l i b r i u m   p o s i t i o n  error a n a l y s i s .   T h i s  error a n a l y s i s   b e g i n s  

w i t h  t h e  b e n c h   c a l i b r a t i o n  error from the p r e v i o u s   c h a r t ,  + 52 m i c r o - i n c h e s .  

The e f f e c t s   o f  water, t e m p e r a t u r e ,   n o n - l i n e a r i t y ,   a v e r a g e - l e v e l  detector 

error, d i g i t a l   r e c o r d e r  error, detector d r i v e r  error, and  drift  are  t a k e n  

i n t o   a c c o u n t .  Also a n  estimate o f   t h e   s h a f t   c e n t e r i n g   p o s i t i o n   a n d   a c c u r a c y  

i s  i n c l u d e d  as p a r t   o f   t h e  error a n a l y s i s .   T h e  sqgzre root of t h e  sum of t h e  

s q u a r e s  of a l l  t h e s e  errors amounts t o  + 8 9 m i c r o - i n c h e s .   T h i s  number com- 

p a r e s   w i t h  t ne  v a r i a t i o n   i n   c e n t e r   p o s i t i o n   o n  a day-to-day basis shown i n  

the p r e v i o u s   t a b l e .  Shown i n   T a b l e  XIV is t h e   d i s p l a c e m e n t   s e n s o r   a m p l i t u d e  

error a n a l y s i s .   A g a i n   t h e   f i r s t   e n t r y   i n   t h e   t a b l e  is t h e   b e n c h   c a l i b r a t i o n  

error + 52 m i c r o - i n c h e s .   T h i s  error a n a l y s i s   i n c l u d e s  many o f  t he  items shown 

- 

- 

- 
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TABLE XI 

DAY-TD-DAY AVERAGE STANDARD DEVIATION IN PIVOTED-PAD 

BEARING  CENTER POSITION 

Pads Free One Locked Pad 

Misaligned Svmmetric  Askew 

Lower.Bearing 

Outboard  Instrumentation Plane 

X - Direction 
Y - Direction 

Inboard  Instrumentatlon Plane 

X - Direction 
Y - Direction 

Upper Bearing 

18.4 

21.4 

19.9 

23.9 

Inboard  Instrumentation Plane 

X - Direction 38.3 

Y - Direction 38.2 

Outboard  Instrumentation Plane 

X - Direction 35.2 

Y - Direction  17.2 

33.6 24.9 

95.2 62.4 

28.9 18.3 

90.5 70.1 

51 ;7 ”” 

53.8* 28.1 

17.5  10.9 

19.8  15.6 

* This instrument  failed  during  this  test  series, some readings  deleted. 
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TABLE X I 1  

DISPLACEMENT  SENSOR BENCH CALIBRATION ERROR ANALYSIS 

E r r o r   S o u r c e  

Bench C a l i b r a t i o n  

C a l i b r a t i o n   S t a n d a r d   ( G u a r a n t e e d )  

Electrojet  R e a d a b i l i t y  

Electrojet  Non L i n e a r i t y  

B e n t l y  System Non L i n e a r i t y  

Summing C i r c u i t   D r i f t  

Power   Supp ly   Dr i f t  

C a l i b r a t i o n   R e a d o u t   I n s t r u m e n t  

Sum 

Error   (Square   Root  of Sum of Squares )  

E s t i m a t e d  
E r r o r *   S q u a r e  of 

m i c r o   i n c h e s   E r r o r  

+ 25 - 
- + 15 

- T 10 

+ 35 

+ 20 

- 
- 
- + 5  

- + '10 

625 

225 

100 

1225 

400 

25 

100 
.- 

2700 

- + 5 2   m i c r o   i n c h e s  

* C o n v e r s i o n   f r o m   v o l t s   t o   m i c r o   i n c h e s  is based   on  a n o m i n a l   p r o b e   p a i r  

s e n s i t i v i t y  of 1.0 v o l t s   p e r  1 m i l .  
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TABLE XI 11 

DISPLACEMENT SENSOR EQUILIBRIUM POSITION ERROR ANALYSIS 

Error S o u r c e  

E s t i m a t e d  

micro i n c h e s  Error 
Error* Square of 

B e n c h   C a l i b r a t i o n  Error + 52 2704 

E f f e c t  of Water + 40 1600 

Temperature   Non-Uniformity + 20 400 

A v e r a g e  Level  Detector Non-L inea r i ty  + 5  25 

A v e r a g e   L e v e l   C a l i b r a t i o n  Error + 5  25 

- 
- 
- 
- 
- 

Digital Recorde r  Error 

Long Term D r i f t ,  Detector D r i v e r  

Summing C i r c u i t   D r i f t  

- + 5  

+ 20 

+ 20 

- 
- 

25 

400 

400 

Power   Supp ly   Dr i f t  + 5  25 

B i a s   V o l t a g e   D r i f t  + 5  25 

- 
- 

Shaft  C e n t e r i n g   P r o c e d u r e   I n a c c u r a c y  

E r r o r   ( S q u a r e  Root o f  Sum of S q u a r e s )  

- + 48 

Sum 

2304 - 
7933 

- + 89 micro i n c h e s  

*Conver s ion   f rom  vo l t s  to  micro i n c h e s  is v a s e d   o n  a n o m i n a l   p r o b e   p a i r  

s e n s i t i v i t y  of 1.0 v o l t s   p e r  1 mil. 
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TABLE XIB 

DISPLACEMENT  SENSOR  AMPLITUDE ERROR ANALYSIS 

Error S o u r c e  

B e n c n   C a l i b r a t i o n  Error 

E f f e c t  of Water 

Temperature  Non U n i f o r m i t y  

Peak Detector N o n - R e p e a t a b i l i t y  & R i p p l e  

Peak Detector C a l i b r a t i o n  Error 

D i g i t a l   R e c o r d e r  Error 

Long Term D r i f t ,  Detector D r i v e r  

Summing C i r c u i t   D r i f t  

Power  Supply D r i f t  

S um 

Error ( S q u a r e  Root of Sum of   Squa res )  

Est imated 
Error* 

micro i n c h e s  

- + 52 

+ 20 

+ 20 

+ 25 

+ 30 

+ 5  

+ 20 

+ 20 

+ 5  

- 
- 
- 
- 
- 
- 
- 
- 

- + 77 micro  

S q u a r e   o f  
E r r o r  
~ ~~~ 

2704 

400 

400 

625 

900 

25 

400 

400 

25 - 
5879 

inches 

* C o n v e r s i o n   f r o m   v o l t s  t o  micro i n c h e s  is based   on  a n o m i n a l   p r o b e   p a i r  

s e n s i t i v i t y   o f  1.0 v o l t s  p e r  1 m i l .  
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i n   t h e   p r e v i o u s   t a b l e   b u t   s i n c e   t h e   a m p l i t u d e   d o e s  no t  d e p e n d   u p o n   t h e   s h a f t  

c e n t e r i n g   p r o c e d u r e   t h a t  item i s  omitted. As a r e s u l t ,  t h e   d i s p l a c e m e n t  

s e n s o r   a m p l i t u d e   e r r o r  a n a l y s i s  i n d i c a t e s  a s q u a r e  root o f   t h e  sum o f   t h e  

s q u a r e  of t h e   i n d i v i d u a l  errors of + 77 m i c r o - i n c h e s .   T h i s   i n d i c a t e s   t h a t  

t h e   d i s p l a c e m e n t   a m p l i t u d e   m e a s u r e m e n t s   s h o u l d   b e   s l i g h t l y  more a c c u r a t e  

- 

t h a n   t h e   e q u i l i b r i u m   p o s i t i o n ,   w h i c h   r e q u i r e   t h e   k n o w l e d g e   o f   b e a r i n g  

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

B. LtOAD CELLS 

Model 902A Kistler I n s t r u m e n t   C o r p .   p i e z o e l e c t r i c   f o r c e   t r a n s d u c e r s  

were u t i l i z e d  to measure   t he   dynamic   fo rces  of the b e a r i n g s   d u r i n g  t es t :  

T h e   c a l i b r a t i o n  of t h e  load cells i s  t h o r o u g h l y   d i s c u s s e d   i n   R e f e r e n c e  3. 

T h e   o r i g i n a l   i n t e n t  was t o  u s e   t h e   p i e z o e l e c t r i c   l o a d  cells i n   p a i r s  

s i m i l a r  to t h e   p r o c e d u r e   u s e d   f o r   t h e   d i s p l a c e m e n t   s e n s o r s .   H o w e v e r ,   t h e  

l o a d  cells  s e l e c t e d   h a d  a maximum l o a d   c a p a b i l i t y   o f  8,000 l b s .   F o r   t h i s  

r e a s o n  i t  was n e c e s s a r y  t o  p r e l o a d   t h e   l o a d  cel ls  to  a p p r o x i m a t e l y  750 l b s .  

i n  order to  a s s u r e   t h a t   t h e y  were o p e r a t i n g   i n  a l i n e a r   r a n g e .   T h e   r e q u i r e d  

l a r g e   p r e l o a d   o n   t h e   l o a d  cel ls  c a u s e d  a l a r g e   f r i c t i o n   f o r c e   a n d ,   t h e r e f o r e ,  

r e d u c e d   t h e   s e n s i t i v i t y   o f  the load cells i n  a d i r e c t i o n   p e r p e n d i c u l a r   t o  

t h e   d i r e c t i o n  of l o a d i n g .  As a r e s u l t ,  as i n d i c a t e d  earlier t h e  load cells 

were moun ted   oppos i t e  a c a r b i d e  ba l l  and on t h e  ba l l  t h r u s t   b e a r i n g s .  Shown 

i n   F i g u r e  23 is t h e   c a l i b r a t i o n   s e t u p   u s e d  t o  calibrate t h e s e  load cells.  

When p o s s i b l e ,   t h e  load cells were c a l i b r a t e d   b e f o r e   a n d  a f t e r  a series o f  

t es t s .  The   va lues  of s e n s i t i v i t y  used to r e d u c e   t h e   e x p e r i m e n t a l  data is 

p r e s e n t e d   i n   T a b l e  XV a n d   w h e r e   p o s s i b l e  is t h e   a v e r a g e   o f   t h e   s e n s i t i v i t i e s  



Figure 23. Force-Gauge  Calibration Equipment. 
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Direction and Plane 

Bearing T e s t  
Date Test - 

Calibrarron Data 

TABLE XV 

LOAD-CELL SENSITIVITIES 

(Pic0 Coulombs/lb) 

20464  20461  20455  20458  20469  20462  20463  20468 

x 1  Y 1   x 4   Y 4   x 2   Y 2   x 3   Y 3  

Three-Lobe 1/30,  31/67 18.165  17.979  13.389  15.704  10.861  11.175  14.409  14.656 

rhree- Lobe 4/ 24/67 15.811  16.124  17.033  14.968  15.075  10.836 

Pivoted-Pad 4/27-5/1/67' 13.797  15.373  14.596  14.107 

Fivoted-Fad 8/23,"67 13.777  15.593  15.255  14.894  12.580  13.776  14.349  13.183 

Averane S e n s i t i v i t i e s  

Three-Lobe 

Pivoted-Pad 

16.988  17.052  13.389  15.704  12.914  13.125  14.409  14.656 

14.794  15.858  14.526  15.134  13.774  -14.426  14.472  13.645 
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beiore ant1 a i t e r  t h e  t e s t  series.  Shown i n   T a b l e  X V I  is t h e  

,.- ,c:ia-cior, i n  xne s e n s i t i v i t y  of t h e  load cells b e f o r e   a n d   a f t e r   t h e  test 

s i r i e s  . I C  i s  s e e n   t h a t   t h e   s e n s i t i v i t y   o f   t h e   l o a d  cel ls  v a r i e s  froin 

a p p r o x i i r a t e l y  1 K O  16  p e r c e n t .  

C .  TORQUE METER 

The c a l i b r a t i o n  of the   t o raue   measu r ing   sys t em was c a r r i e d   o a t   i n  two 

s t e p s .  F i r s t ,   u s i n g   t h e  test s e t u p  shown i n   F i g u r e  24 t h e   a n g l e  of twist, 

of t h e  q u i l l  s h a f t  was c a l i b r a t e d   a g a i n s t   d e a d   w e i g h t   t o r q u e   m e a s u r e m e n t s .  

Sno-An i n   F i g u r e  25 is  a t y p i c a l   c a l i b r a t i o n   c u r v e   f o r  a q u i l l   s h a f t   u s e d   i n  

r n e   b e a r i n g   t e s t i n g .   T h e   n e x t   s t e p   i n   t o r q u e  meter c a l i b r a t i o n  was dynamic 

c a l i b r a t i o n  of t h e   p h a s e  meter. T h e   c a l i b r a t i o n  was c a r r i e d   o u t   i n   t h e  test 

equipment shown i n   F i g u r e  26 a n d   t y p i c a l   r e s u l t s  are shown i n   F i g u r e  27 .  The 

t o r q u e  meter c a l i b r a t i o n s  are t h o r o u g h l y   d i s c u s s e d   i n   R e f e r e n c e  4 .  

A s e p a r a t e   c a l i b r a t i o n  was n e c e s s a r y  t o  d e t e r m i n e   t h e   t o r q u e   o n   t h e  .test 

shaft imposed by t h e   l o a d e r   b e a r i n g s .   T h e   c a l i b r a t i o n  of t h e   l o a d e r   b e a r i n g s  

i s  d i s c u s s e d   i n   R e f e r e n c e  5. The   da t a  was o b t a i n e d  a t  approx i lna t e ly  70"F 

aI;d i t  .&as   non-d imens iona l ized   by   us ing   the   fo l lowing   d imens ionless   nu lnbe i -s :  

.A s h a f t  monent c o e f f i c i e n t  

2 

A Reynolds  number 

p "LCL R e  = 
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TABLE  XVI 

PERCENT  DEVIATION OF KISTLER  LOAD-CELL  SENSITIVITIES 

BEFORE  AND AFTER TESTING 

PERCENT  DEVIATION OF KISTLER  LOAD-CELL  SENSITIVITIES 

BEFORE  AND AFTER TESTING 

Deviation,  percent 

3- Lo be Pivoted-Pad 

Lorer  Bearing 

Outboard  Instrumentation  Station 

X - Direction 
Y - Direction 

Inboard  Instrumentation  Station 

X - Direction 
Y - Direction 

Upper Bearing 

Inboard  Instrumentation  Station 

X - Direction 
Y - Direction 

Outboard  Instrumentation  Station 

X - Direction 
Y - Direction 

6.9 

5 . 4  

15.9 

14.9 

14.2 

"" 

12.0 

"" 

6.9 

1.7 

8.7 

4.5 

0.86 

3.4 

5.0 

1.6 
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F i g u r e  24.  Qui l l -Shaf t   Torque   Cal ibra t ion   Equipment .  
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Figure 25. Quil l   Shaft  Torque Calibration.  Diameter, 0.125 Inches. 
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Figure 26. Torque-Meter  Readout  Circuit  Calibration  Equipment. 
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" 

I 

and a Sommerfeld'  number 

2 - @NL D 
sL - 60W 

L L .  RL 

cL 
(-1 

(The symbols u s e d   i n   t h e s e   e q u a t i o n s   c a n  be f o u n d   i n   t h e   N o m e n c l a t u r e  

L i s t  a t  t h e  end   of  the A p p e n d i x . )   T h e   r e s u l t s  are  shown i n   F i g u r e  2 8 .  

Some e x t r a p o l a t i o n  of t h e  data, shown  by d a s h e d   l i n e s ,  was r e q u i r e d  t o  

cover b e a r i n g   t e s t i n g  a t  120°F. When c a l i b r a t i n g   t h e   l o a d e r   b e a r i n g s ,  

the flow s u p p l i e d  to  t h e   b e a r i n g  was also r e c o r d e d .   T h e   r e s u l t i n g  data 

a r e   p l o t t e d   i n   F i g u r e  29. D u r i n g   b e a r i n g   t e s t i n g  the f l o w  as a f u n c t i o n  

of s i d e   l o a d  shown on  t h i s   g r a p h  were u s e d  as test  c o n d i t i o n s  so as t o  

a s s u r e  that t h e   c o n d i t i o n s   w o u l d  be t h e  same as d u r i n g   c a l i b r a t i o n .  

D .  REMINING INSTRUMENTATION 

The c a l i b r a t i o n   o f  some o f   t h e   r e m a i n i n g   i n s t r u m e n t a t i o n  is d i s -  

c u s s e d  in Refe rence  3. T h e s e   c a l i b r a t i o n s   i n c l u d e  t h e  peak-to-peak 

l e v e l  detector for  d i s p l a c e m e n t s   a n d  forces a n d   t h e   l o a d e r   p i s t o n s .  

P r e s e n t e d  i n  T a b l e s  X V I I ,  X V I I I  a n d  XIX are t h e   c a l i b r a t i o n  data for  

these d e v i c e s .  
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Figure 28. Loader Bearing Torque  Calibration Data. 
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TABLE XVII 

CALIBPATION -" OF PEAK-TO-PEAK DETECTOR FOR DISPLACEMENT  AMPLITUDE 

Input  , 193 
v o l t s  

Frequency, 
CDS 

ou tpu t ,  
2 

counts  

4 . 0  
4 . 0  
4.0 
4 . 0  

3.0  
3.0 
3 .0  
3.0 

2 . 0  
2 .o 
2 . 0  
2 .0  

1 .o 
1 .o 
1 .o 
1 .o 

0 . 5  
0 .5  
0.5 
0.5 

150 
300 
500 

1000 

150 
300 
500 
1000 

150 
300 
500 

1000 

150 
300 
500 

1000 

150 
300 
500 
1000 

8100 
79 75 
8050 
8000 

5 888 
5780 
5847 
5802 

3712 
3645 
3  678 
3658 

1619 
1616 
1591 
1614 

6 62 
657 
646 
660 

' Audio  osc i l l a to r ,   vo l t age   measu red  on a Dana P r e c i s i o n  A . C .  Voltmeter .  

D i g i t a l  Data Acqu i s i t i on  Sys tem.  

Refer   to   Table  VI11 for sensor   average  s e n s i t i v i t y .  
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TABLE XVIII 

CALIBPATIOH OF PEAK-TO-PEAK DETECTOR FOR  FORCE  AMPLITUDE 

Input, 1,3 
volts 

4 . 0  
4 . 0  
4 . 0  
4 .O 

3.0 
3.0 
3 .O 
3.0 

2.0 
2 .o 
2.0 
2.0 

1 .o 
1 .o 
1 .o 
1 .o 

0.5 
0 . 5  
0 . 5  
0 . 5  

Frequency, 
CPS 

150 
300 
500 
1000 

150 
300 
500 
1000 

150 
300 
500 
1000 

150 
300 
500 
1000 

150 
300 
500 
1000 

Output, 2 

Counts 

8378 
8283 
8160 
6000 

6240 
6197 
61 24 
6009 

4070 
4030 
3984 
3900 

2022 
1998 
1966 
1913 

989 
9 79 
962 
923 

i Audio  oscillator,  voltage  measured  on a Dana Precision A.C. Voltmeter. 

Digital  Data  Acquisition  System. 

Refer to Table X V  for  sensor  sensitivities. 
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TABLE X I X  

Load Applied, 
l b s / b e a r i n g  

2.11 

12.15 

24.68 

37.20 

57.23 

77.25 

82.28 

LOADER  BEARING  PISTON  CALIBRATION 

P r e s s u r e  Applied, in. Hg 

Lower Loader P i s t o n  Upper Loader P i s t o n  

2.99 2.99 

14.70  14.75 14.65 1.4. ti5 

29.40 29.20 

44.30  44.40 43.70  43. HO 

68.90  68.70 67.20  67.30 

92.80 91 .oo 
99.20  99.20 97.10  97.10 

77.25 93 .OO 91.1 

57.23  69.00  67.4 

37.20  44.60  44.58  43.80 

24.68 29.50  29.20 

12.15  14.70  14.70  14.60 

2.11 3.00 3.00 3.00 

0 0 0 0 

43.90 

14.62 

3.00 

0 
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v .  BEARING TESTING 

The  ranges of t h e  test v a r i a b l e s  were as follows: 

Speed, rpm 

Steady   Load ,   lb /bear ing  

Unbalance ,   g r -   in .  

7,800 to  31,000 

0 t o  70 

0 t o  2 ( i n   p h a s e   a n d   1 8 0 "  
o u t  of phase)  

L u b r i c a n t   S u p p l y   P r e s s u r e ,   p s i g  3.5 t o  67 

Lubr icant   Supply   Tempera ture ,  O F  75 t o  120 

Known Angular   Misal ignment ,  sec 0 t o  400 

Known Linear   Misa l ignment ,  m i l  0 to 4 

The  schedules   o f  test p o i n t s  f o r  t h e   p i v o t e d - p a d   a n d   t h r e e - l o b e  

b e a r i n g s  are p r e s e n t e d   i n   T a b l e s  XX and  X X I .  Shown i n   F i g u r e  30 is  t h e  

var ia t ion   o f   pad   Reynolds   number  (as  d e f i n e d   b y   e q u a t i o n  7 )  w i t h   s p e e d .  

Shown i n   T a b l e  X X I I  a re  t h e   v a l u e s  of Reynolds  number f o r  i n i t i a t i o n   o f  

t u r b u l e n c e   u s i n g   t h e   T a y l o r   c r i t e r i o n  (8) f o r   t h e  zero e c c e n t r i c i t y  of 

a 3 6 0 - d e g r e e   p l a i n   j o u r n a l   b e a r i n g   h a v i n g   t h e  same c l e a r a n c e  as t h e  

mach ined   c l ea rance   o f   t he   p ivo ted   pad  or t h r e e - l o b e   b e a r i n g s .   I n   t h e  

same t a b l e   t h e   v a l u e s   o f   l u b r i c a n t  (water) v i s c o s i t y  (9)  a n d   d e n s i t y  (9)  

used are  t a b u l a t e d .  

l n i t i a l l y   f o r   e a c h   b e a r i n g   t y p e   s p e e d   r u n s  were made a t  s e v e r a l  

l e v e l s   o f   l u b r i c a n t   p r e s s u r e .  From t h e s e  tests t h e   c o n s t a n t   l u b r i c a n t  

p r e s s u r e s  to b e   u t i l i z e d   f o r   t h e   r e m a i n d e r  of t h e  tests Were de te rmined .  

F o r   t h e   p i v o t e d - p a d   b e a r i n g   t h e   l u b r i c a n t   p r e s s u r e  was h e l d  a t  c o n s t a n t  

3 t o  3.5 p s i g   b e c a u s e   t h i s   p r e s s u r e   c o u l d  be h e l d   c o n s t a n t   o v e r   t h e  

e n t i r e   s p e e d   r a n g e .  For t h e  three-lobe b e a r i n g  i t  was f o u n d   t h a t   t h e  
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speed   range   could  be t r a n s v e r s e d  a t  l u b r i c a n t   p r e s s u r e s   b e t w e e n  35 and  

55 p s i g .  Most of t h e   t e s t i n g  was carried o u t  a t  35 p s i g   b u t  some tests 

were r e p e a t e d  a t  45 a n d  55 p s i g .   P r e s s u r e s  as h i g h  as 67 p s i g  were 

u t i l i z e d   i n   a n   a t t e m p t  to s t a b i l i z e   t h e   b e a r i n g .  , 
8 .  . .  I .  

The tes t  data was ob ta ined   i n   t he   fo l lowing   manner .   The   unba lanqe  

screws c a l l e d   f o r  were i n s e r t e d   a n d   t h e  test u n i t  was a l lowed  to r u n  

u n t i l   t e m p e r a t u r e   e q u i l i b r i u m  was r e a c h e d .   F o r   e a c h   s t e a d y   l o a d  a 

l o a d e r - b e a r i n g   l u b r i c a n t   f l o w  rate was se t  that was e q u a l  to  t n e  v a l u e  

u s e d   i n   c a l i b r a t i n g  the l o a d e r   b e a r i n g s .   N e x t   t h e   s p e e d   a n d   s t e a d y  

l o a d  were set. The s p e c i f i e d   l u b r i c a n t   t e m p e r a t u r e  was checked   and   t he  

s p e c i f i e d   l u b r i c a n t   p r e s s u r e s   f o r   e a c h  test b e a r i n g  were se t .  Two 

d i g i t a l - d a t a - a c q u i s i t i o n - s y s t e m   s c a n s  were made. Spec i f i ed   chanf i e l s  

(phase   ang le s ) ,   wh ich   expe r i ence   had  shown were s e n s i t i v e   i n d i c a t o r s  

o f   s t e a d y   c o n d i t i o n s ,  were checked  between  the two s c a n s   f o r   t h e   s p e c i -  

f i e d   r e p e a t a b i l i t y  (6 d e g r e e s ) .   I f   t h e  data was w i t h i n   t h e   t o l e r a n c e  

t h e   c o n d i t i o n s   f o r   t h e   n e x t   p o i n t  were set .  I f   n o t ,   t h e   p o i n t  was 

e i t h e r   r e p e a t e d   u n t i l  i t  m e t  t h e   t o l e r a n c e  or marked that t h e   t o l e r a n c e  

c o u l d  no t   be  m e t .  Whi l e   t he   s cans   o f   t he  data were b e i n g  made a 

photograph of t h e  two o s c i l l o s c o p e s   s h o w i n g   t h e   d i s p l a c e m e n t   o r b i t s   i n  

p l a n e s  1, 2 ,  and  4, were made a n d   s u f f i c i e n t  data t o   i d e n t i f y   t h e  test 

p o i n t  were logged.  

One o f   t h e   o s c i l l o s c o p e s  had a r e i n f o r c e d   s i g n a l   o n c e   e a c h   r e v o -  

l u t i o n .  When more t h a n   o n e   d o t   a p p e a r e d   i n   a n   o r b i t   t h e   s h a f t  was i n  

f r a c t i o n a l - f r e q u e n c y   w h i r l   a n d  a panoramic   ana lyze r   gave   t he   f r equen-  

cies. F o r   t h e   t h r e e - l o b e   b e a r i n g  tests, t h e   s p e e d  a t  wh ich   t he  oscil- 

l o s c o p e   i n d i c a t e d   f r a c t i o n a l - f r e q u e n c y   w h i r l  first o c c u r r e d  was 

73 



r eco rded   and   pho tographed ,   bu t  no higher test s p e e d s  were i n v e s t i g a t e d .  

For the p i v o t e d - p a d   b e a r i n g s  the s p e e d   r u n  a t  a set o f  test c o n d i t i o n s  

was aborted when the synchronous shaft o r b i t  was judged  to  e n d a n g e r  t he  

b e a r i n g s .   B e c a u s e   o f  the dange r  to  the test.unit u n d e r   s u c h  test  con- 

d i t i o n s ,  i t  was n o t   p o s s i b l e  to  take a pho tograph  of the o s c i l l o s c o p e s .  

D u r i n g   t e s t i n g  each data p o i n t   h a v i n g  a n u m b e r   e n d i n g   i n   f i v e  or 

z e r o  was repeated w i t h  a t  least o n e   i n t e r v e n i n g  test p o i n t   b e t w e e n .  

T h e s e   a d d i t i o n a l  test p o i n t s  were g o t t e n   t o  establish r e p e a t i b i l i t y  

(or test p r e c i s i o n )  . 
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Sidsload,  lba/brg. 

1 
0 

5 

15 

70 

1031 8 .0  0 

1033 15.3 0 
1032 11.6 0 

1034 18.8 
1035 22.4 

1121 27.0 A 
1036 26.0 

1037 8.0 0 S 
1038 11.6 0 6 R 

S 
1040 18.8 
1039 15.2 

S 
1041 22.4 8 
1042 25.4 A 8 

1043 8 .0  0 8 
1044 11.6 8 
1045 15.2 S I  
1046 18.8 8 
1047 22.4 8 
1048 26.0 8 

1049 8 .0  
1050 11.6 
1051 15.3 
1052 18.8 O : R  
1053 23.4 S 
1054 26.0 S 

1055 8.0 0 S R 
1058 11.7 0 S 
1057 15.3 0 S 
1058 18.7 0 8 
1059 21.5 9 
100  26.0 @ S R 
1122 28.0 8 

log1  8.1 0 s 
1062 11.5 0 8 
1063 15.3 0 8 
1064 18.8 8 
1065 22.4 S R  

- 
m i n t  

- NO. 

1067 

1069 
1068 

1070 
1071 
1072 

8 .1  S 
11 .s 8 
15.3 S 
18.9 
12.3  

S R  
8 

W.9 A S 

1073 8 .0  8 
1074 11.7 S 
1075 15.2 
1076 18.8 

S R  
a 

1077 22.4 s 

1081 15.2 S 
1082 1S.8 8 
1083 22.4 9 
1084 23.0 

1085 8 .0  8 
1086 11.6 
1087 15.1 0 9 

1088 22.5 S 
1090 23.8 A S R 

S R  

1088 18.9 0 8 

1091 8 . 0  S 
1092 11.6 8 
1093 15.3 0 S 
1094 18.8 S 
1095 22.5 8 R  
1086 23.6 8 

1097 8 .0  S 
1098 11.7 8 
1099 15..3 S 
1100 18.8 S R  
1101 22.5 S 
1102 23.0 S 

"" - 
out of tolerance. 

+ 0 .5  

Point  Sped, 
NO. r-10- Notem 

5068 11.5 
5067 8 .1  

5070 18.9 
5069 15.1 

5071 22.4 
5072 26.1 
1124 26.S 

"- 
+ 1.0 

Stable I Stable 
and Point and 

Repsat No. rpulO  Mtss  Repeat ""- 
8 1018 8 .0  S 
S 1020 11.7 S R  
8 1021 15.2 9 
8 R 1022 18.8 S 
S 1023 22.5 A S 
8 
S 

5073 8 .1  S 
5074 11.6 S 
5075 15.2 
5076 18.8 

8 R  
S 

5077 22.4 s 

5081 15.2 S 
5082 18.8 S 
5083 22.4 S 
5084 21.1 A 8 

5085 8.0 9 
5086 11.5 
5087 15.2 

S R  
9 
9 

5089 22.4 
5088 18.8 

8 
5080 26.0 S R  

so01  8.0 8 
5092 11.7 S 
5093 15.1 S 
5094 18.8 S 
5095 22.4 
5096 25.9 

S R  
8 

. .. 

" 

5097 8.0 S 
5098 11.6 S 
5099 15.2 S 
5100 18.8 S R  
5101 22.4 S 
5102 25.4 S 

I 
O n x i w n  speed due to  erratic  loader bearing pad motion. 
&?omen and dimplacarnts tw lor. 

"_ 

- 1 .0  

mint 8p.d, NO. rpulo- b t s a  - 
1026 11.6 
1025 8.0 

1027 15.2 

1010 22.4 A 
1018 18.8 

- . . -. . - - " -. . . . - - 

- Ylximn s p e d  due t o  unsteady I orb i t s .  - 
Ylximn s p e d  due t o  unsteady orb i t s .  



1 
Unbalance, s r . - i n , -  

Sideload,  lbs/brg. 

0 

5 

15 

25 

50 

70 

2 0 

Stabla 
Point  Speed,-3  and 
No. r p u l O  Notes  .Repeal 
"" 

2031  8.0 O h  8 
2032 11.6 0 S 
2033- 15.2 0 S 
2034 18.8 0 S 
2035  22.4 @ S R 
2036 26.0 s 

TABU XX (Continued) 

P.ds  Free  Yiaaligned 4 mil, 400 see. 
Lubricant  Pressure 3.0-3.5 psig, Lubricant  Temperature, 120°F 

+ 0.5 __ "" 
Stabl ,  

Point  Speed, and 
No. r p u l 0 -  Notes Repea 

2067 8 .0  s 
2068 11.6 s 
2089 15.2 s 
2070 18.8 

I. 207.1 22.4 
8 R  
s 

2072 24.5 A S 

"" 

." 

mint 
No. 

6067 
6068 
6069 
60 70 
6071 
6072 

- 

". 

+ 0 . 5  

Speed 
Stablt 

rpmxlk3 Notes  Repea' 
and 

8.0 s 
11.6 s 
15.2 s 
18.8 @ S R 
22.4 s 
26.0 8 

"- 

- - -. . . . . . . . " t 

+ 1.0 

'oint  Speed 
No. r P m x l k 3  Notes  Repeat 

S t a b l e   S a b l e  

2061 8.0 0 S 
2062 11.6 0 S 
2063 15.2 s 
2064 18.8 0 S 
2065 22.4 
1150 30.5 

S R  
s 

2097 8 .0  s 
2098 11.6 s 
2099 15.2 s 
2100 18.8 @ s R 
2101 22.4 s 
2102 23.5 A S 

6097 8 . 0  S 
S 

6099 15.2 
6098 11.6 

s 
6100 18.9 
6101  22.4 

S R  
s 

6102  24.0 A S 



1 

4 
4 

TABLE X I  (Continuad) - 
Lubricant  Pressure  3.0-3.5 psi&,  Lubricant  Teqperature 75'F 

A l l  Pnds Free-Aligned 

I 1 NO. rpu lb - '  Notes  Repeat1 No. &lO-' Notes Repea 

1 
0 

15 

1103 8 . 0  0 9 
1104 11.6 s 
1105 15.2 
1106 18.8 0 S 
1107  22.4 s 
1108 23.9 A S 

S R  

25 

L 

1109 8.0 8 
1110 11.7 0 S R 
1111 15.2 8 
1112 18.8 8 
1113 22.4 8 
1114 23.3 A S 

1115 8.0 0 S R 
1116 11.6 s 
1117 15.2 s 

1119 22.4 0 8 

1118 18.8 0 s 

- 

+ 0.5 + 1.0 - 1.0 

'oint Speed 
S tab le .  Stmbls 

No. r P a x l k 3  Notes  Repeat NO. rPmxlk3 Notea Repeat j No. r-10- Note, Repeat 

Stable  
and Point Speed and 1 Point Speed, and 

5103 8.0 0 S 
5104 11.6 s 
5105 15.2 
5106 18.8 

S R  
s 

5107 22.4 s 
5108 25.7 A 8 

5lOB 8.0 s 
5110 11.6 
5111 15.2 

S R  
s 

5112  18.8 S 
5113 22.4 0 S 
5114 24.6 0 A S 

I I 

5115 8.0 S R  
5116 11.6 
5117 15.3 
5118 18.8 
5119 22.4 
5120 24.3 A S R 



TABLE XX (Continued) 

Pads Locked Aligned 
Lubricant Pressure  3.0-3.5  psig, Lubricant Temperature, 120'F 

1 
Unbalance. a r . - i n . +  0 

" 

?Dint 
NO.  

7067 
7068 
7069 
7070 
7071 
7072 

- 

- -. . . - - .. . - - + 0 . 5  

Speed 
rpmxlk3  Notes 
" 

8 . 0  0 
11.6 
15 .3  

22.3 
18.8 

25.9 

+ 1 . 0  + 0 . 5  
- - .. . 

Point  Speed 
Stable 

and 
No. r P ~ 6 ~  Notes Repent 

3067 8 .0  6 S 
3068 11.6 s 
3069 15.2 s 
3070 18.8 S R  
3071 22.4 s 
3072 23.5 A S 

"" 

- 1 .0  

Speed 
Stable 

rpmxlk3  Notes Repeat 
and 

8 .0  S R  
"- 

11.6 s 
15.2 s 
18.8 s 
2 2 . 4 .  s 
23.3 a S R 

Sideload, 

1 
0 

- 
Stab1 

Repea 
and - 

s 
s 
S 
s 
S R  
s 

. -. . 
St.biZ 

and 
Repeat - 

S 
s 
S 
S R  
s 
s 

W n t  Speed 
Stable 

and 
No. r p m l k 3  Notes Repeat 

3019 8 . 0  s 
3020 11.6 S R  

s 
3022 18.8 
3021 15.2 

s 
3023 22.4 6 
3024 23.5 A S 

"" 

W b r g .  point 

- No. 

3031 
3032 
3033 
3034 
3035 
3036 

Speed 
rpmxl;)-3 

11.6 
8 . 0  

15.2 
18.8 
22.4 
26.0 

Point 
No. 

3025 
3026 
3027 
3028 
3029 
3030 

- - Notes 

8 

- .  

' 3038 11.6 0 S 

' 3037 8 .0  0 S 

' 3039 15 .3  s 
I 3040 18.8 
, 3041 22.4 

S R  
s 

3073 8 .0  0 S 
3074 11.6 s 
3075 15.2 
3076 18.8 

S R  
s 

3077 22.4 s 
3078 M . 4  A s 

7073 8 . 0  0 S 
7074 11.5 s 
7075 15.2 
7076 18 .8  

S R  
s 

7077 22 .3  s 
7078 25.9 S 

, ._ - 
8 .0  0 s 

11.6 0 S 
15.2 
18.8 

S R  
s 

22.4 s 
24.4 A S 

" 

3079 8.0 0 s 7079 8 .0  0 S , 3043 

: 3045 
3044 

3046 
3047 
3048 

} " 304g- 

! 3050 

I 3052 
I 3051 

i 3053 
: 3054 

- 
7080 11.7 S R  3080 11.5 S R  

3081 15.2 s 
3082 18.8 s 
3083 22.4 s 
3084 24.5 s 

7081 15 .3  s 
7082 18.9 s 15 

I 

i 
! 
" 

I 

7083 22.5 s 
7084 26.0 6 ;  I 

I 

S R  I 
s ;  
S I  
s i  
S R  1 

. . . ." "" 

7085 8 . 0  
7086 11.6 
7087 15.2 
7088  18.8 
7089 22.4 
1150 25.0 s '  

1 

I ! 
" 

7091 8 .0  
7092 11.6 
7093 15.2 
7094 18.8 
7095 22.4 
7096 26.0 

7097 8 .0  
7098 11.7 
7099 15.2 : I  I 
7100 18.8 
7101 22.4 
7102 28.0 

S R  ' 
S '  

S I  
" 

11.6 
15.2 O :  
18.8 s 
22.4 S 
24.2 a S 

8.0 0 s 3085 8 .0  
3086 11.6 
3087 15.2 
3088 18.8 
3089 22.5 
3090 24.0 

25 

t . . . . . . - 
3092 11.6 
3091 8 . 0  

3093 15.2 
3094 18.8 
3095 22.4 
3096 23.5 

' 3055 8 .0  
3056 11.6 8 ," 1 30:; 15.2 s 

S 
' 3059 22.4 

18.8 
s 

! 3060 24;O A S R 

s 
s 
s 
s 
S R  

A s  

so 

.- .-___ __ . . 

3062 11.6 8 : i 3098 11.6 
3061 8.0 3097 8 . 0  0 s 

s 
3063 15.3 s 
3064 18.8 

s : 3099 15.2 

' 3065 22.4 : R I 3101 22.4 S 
s I 3102 23.5 A 8 

31W 18 .8  S R  

i 1149 23.4 

70 



TABLE XX (Continued) 

Pads  Lacked  Aaker 
Lubricant  Pressure  3.0-3.5 paig ,  Lubricant Temperature, lZO'F 

unbalance! rr.-in.- 0 + 0 . 5  + 0 . 5  + 1 .0  . -  - 
Sideload,  lbs/brg. Stable1 

I 
Stable 

Point Speed and i Point  Speed,-3 
Stable  Stable 

and Point 
No. r&i3 Notes Repeat No. rpaxlO Notes Repeat' No. rpmxlO Notes Repeat I No. r p u l 0 -   m t e s  Repeal 

and Point Speed, and 

"","" 

1 I 4031 8 .0  0 S ' 4067 8 .0  0 S 
I 4032 11.5 0 S 4068 11.6 S ' 8068 11.6 S I 4026 11.6 s 

8067 8 .0  0 S ~ 4025 8 .0  0 S R 

0 1 4034 18.9 0 S 
4033 15.2 0 S 

i 4035 22.4 S R  
4036 26.0 s 
1151 27.5 A S 

' 4037 8.0 0 S 
4038 11.6 
4039 15.2 
4040 1S.8 0 S R 
4041 22.4 
4042 26.0 
1152 27.5 A S 

4043 8 .0  s 

t 5 

c 
15 

25 

50 

70 

4069 15.2 s 1 0 6 9  15.a 
4070 18.8 0 S R 8070 18.8 (R, : R 1 4028 18.8 

4027 15.2 s 
s 

4071 22.4 s I 8071 22.4 0 : j 4029 22.4 A S 
4072 24.5 A S ~ 8072 26.0 

I I 

4073 8 .0  0 s , 8073 8 .0  s !  
4074 11.6 
4075 15.2 S R I 8075 15.2 0 : R 
4076 18.8 0 S , 8076 18.8 
4077 21.4 8077 22.4 

s , 8074 11.6 S 

I 
4079 8 .0  0 s I 8079 8.0 s 

4044 11.6 c) S I KI80 11.6 S R  - 
4046 18.8 

. 4047 22.4 
4048 26.0 
1153 27.0 

i j  . 

i 

- 1.0 

mint 
no. - 
4019 
4020 
4021 
4022 
4023 
4024 

8 .0  s 
11.6 S R  
15.3 s 

s 18.8 
8 

23.0 A 9 
22.4 

I I I 
4049 8.0 
4 0 s  11.6 8 : R ~ 4086 11.7 

' 4085 8 .0  
8086 11.7 

S R  i 
s '  

4051 
4052 
4053 
4054 
1154 

- 
4055 
4056 
4057 
4058 
4059 
4060 
1156 

15.2 
18.8 
22.4 
26.0 
27.3 

11.7 
8.1 

18.8 
15.3 

22.4, 
26.0 
31.0 

- 

15.2 

22.4 
18.8 

23.5 A 

"" " 

8 .0  0 
11.6 0 
15.2 
18.8 0 
22.4 0 
23.0 A 

S R  
s 

8093 15.2 

8095 22.4 
8094 18.8 

8096 26.0 
S R  

4061 8.0 0 S i 4097 8 .0  0 S 
4062 11.6 0 8 

S 

4063 15.3 0 S ' 4099 15.2 

8047 8 .0  
8098 11.7 9 4098 11.6 s 

8100 18.8 S R  4100 18.8 0 8 8 
4101 22.4 4065 22.4 0 S R 

8099 15.3 s s 

s s 
4066 26.0 
1158 30.9 

4064 18.9 0 s 
a101 22.4 

s a102  26.0 8 4102 22.5 A s 
8 "- 



i 

03 
0 

Unbalance,l"-, 0 
g r . - i n .  

Sideload, 

""1"' 

25 

50 

70 

S tab le  

No. rpmxlk3 Notes  Repeat 

2079 8.0 s 
2080 11.1 S R  

s 
2082 17.1 
2081 14.1 

s 
2083 20.2 Uns 

Point Speed  and 

"" 

"" __ "" 

2073 8.2 s 
2074 11.0 9 
2075 14.0 S R  
2076 17.0 s 
2077 20.0 
2078 21.5 Uns 

S R  

s 
2068 11.0 
2067 8.0 

s 
2069 14.0 s 
2070 17.0 S R  
2071  20.0 
2072 21.4 una 

S R  

TABLE XXI 

THREE-LOBE  BEARING  TEST PLAN 

Lubricant  Pressure 35 psig, Lube Temperature 1 2 0 ' ~  
Aligned 

+ 1  

Stable 
'oint Speed 
No. rPmxl;)-3 Notes Repeat 

and 

2045  11.0 
2044 8 .1  

2046 14.0 s 
s 

2048 20.0 
2047 17.1 

Uns 

"" 

s 
S R  

2049 8.0 s 
2050 11.0 S R  
2051 14.0 s 
2052 17.1 s 
2053 20.0 s 
2054 20.5 Uns 

2005 10.0 S 
2006 12.5 S 
2007 15.5 S I  
2008 18.5 0 S 

, 
! 

" . . . " - - - 
I 2061 8.0 s 

2062 11.2 s 
2063 14.0 s 
2064 17.0 1 2065 20.0 

s 
S R  

I 2066 20.9 ULlS 

O s o a e  or  a 1 1   p b s e   a n g l e s   o u t  of tolerance.  
0 Prenaure n r i e s  35-39 pmig. 

+ 1  - 
Point  Speed 

Stab1 
anc 

No. rPmxlk3 Notes Repea 

2037 8.0 0 Une 
2038 10.9 s 
2039 14.2 S 

2041 20.0 
2040 17.0 S R  

"" 

Uns 

s 
s 2057 14.0 

2056 11.0 

2058 17.0 S R  
2059 20.0 Uns 

2001 10.0 s 
2002 12.6. 
2003 15.5 

S R  
s 

2004 18.5 S 
2085 19.7 Uns 

+ 2   - 2  

S 

No. rPmx10-3 Notes  Repeat 

2007 8.0 2019 8.0 s 
No. r ~ m l ; ) - ~  Notes R 

Point Speed, 
Stable  

and Point  Speed 

"""" 

2008 11.0 0 

~ 

2087 18.9 0 U 

_. . " l- 

2025 8.0 
2026 11.0 
2027 13.9 
2028 17.1 
2029 19.8 

S R  I 
S R  I 

S R  
Uns 

2013 10.0 8 
2014 12.6 S R  
2015 15.5 9 
2016 18.5 s 

""I 

". -1" 

t ab l e  
and 

epeat  

6 
s 

- .  

Ins 

" 

" 

. ". . 

t 2  

P o i i t  Speed 
S tab le  

and 
No.  rP&i3 Notes  Repeat 
"" 

2031 8.0 8 '  

2033 14.0 
2032 11.0 s i  

2034 17 .1  
2035  20.0 
2036 23.0 i n  I 
2009 10.0 

I 
6 

2010 12.5 
2011 15.5 

8 R  
9 

2012 18.5 8 

I 

: I  

O P r e s s u r e   v a r i e s  40-49 psig. 
A Pressure varies 50-59 psig .  

A YPxi8um speed due t o   o r b i t   s i z e .  



TABLE XXI (Continued) 

Ylsallgned 400 Sec. 
Lubricant  Pressure 35 psig,  Lube Temperature lZO'F 

+ 1  + 2  - 

1 

UnMlanccf- 0 
gr.- in.  

. - " . 

. .  

Sideload, I Point Speed, 
SfKble 

and 
lbs/brg. ; No. rpul0 -  Notes Repeat I .  

1 
0 

03 + 15 

50 

70 

I 

2270 8 .1  
2280 11.0 
2281 14.0 
2282 17.0 
2283 19.9 

". . 
2273 8.0 
2274 11.0 
2275 14.0 
1276 17.0 
2277 10.6 

"" . 
2207 8 .0  
2 ~ 6 8  11.0 
2260 14.0 
2270 17.0 
2271 10.0 

.... 
2161 8.0 
2262 11.0 
2283 14.0 

2265 19.8 
2 x 4  17.0 

+ 1  

Point Speed, 
Stable 

and 
No. r p u l 0 -  Notes  Repeat 

2243 8.1 S 
2244 11.0 S 
2245 14.0 
2246 17.0 

S R  
S 

2247 19.5 0 uns 
2248 19.3 S 

"" 

. . .  

2249 8 . 0  S 
2250 11.0 S R  

2252 17.0 S 
2253 19.7 0 Una 
22% 9.1 3 
2Z37 12.5 s 

2251 14.0 9 

am8  15.5 S 
:a98 18.5 s . . . . . . . . . . .  - - .. 

I 
IF 
L 

'olnt Speed 
Stab le-  7 

and  :Point Speed 
Stab le  

and 
NO. rpnxlk '  Notes  Repeat ! NO. r P m l k 3  Notes  Repeat 

2237 8.1 s 
2238 11.0 

2207 8.0 
S 

2239 14.0 S 
2240 17.0 

S i 2209 14.0 
S R 2210 17.0 S R  

2241 19.7 0 y m i -  m.5- vas 
2242 19.4 

I 
I 
I 

-t 

I i 

S 
@ 3 R  

0 LIM 

2255 8.0 S R  ! 
2256 11.0 8 ! 
2257 14.0 
2258 17.0 

, " "" - . 

-2 9 . 5  S 
2293 12.5 S 
2194 15.5 S 
2295 18.5 S 
-. -. . -. f 

I 

~. ~. 
2225 8.0 S R  
2226 11.0 S 
2227 14.0 3 
2228 17.0 S 
2219 19.5 0 Uns 

2288 9.6 S 
1289 12.5 S 
2290 15.5 S 
2291 18.5 S 

I 

! 
! 
I 

1 -. - -  

- 2  + 2  
. . . . .  ." "" 

Stable  
Point Speed,-3 

NO. r-10 Notes Repemt m. rpulo- mtmm ~ e p a t l  
and Po& Spaad, I """- 

S I  -! 2201 8.0 
2202 11.0 
2203 14.0 

zze3 1x2 
2204 17.0 

2206 18.0 

. .  . . . . . .  _. . . .  "" 

. " I  

- ....... - 

. . . . .  . . . . . .  

2287 0.5 
1286 12.5 
Z W  15.5 

. . . . . . . . . . . . .  



TABLE XXI (Continued) 

Lubricant  Pressure 45 psig, Lube Temperature  120°F 
Aligned 

Unixlmnce! 0 + 1  + 1  + 2   - 2  + 2  
gr . - in .  . . - 

- 
Sidelond, 
lbs,brg. Point  Speed  and .Po in t  Speed 

Stable  

r p m l k 3  Notes  Repeat 

. . . ." - .. . - . . . . . . - " ." - - - . . - -. " - . . 
Stab le  ' Stab le  1 s t a b l e  ! Stab le  ' 

and ; Point  Speed, 
Stab1 

and .Point  Speed,-3  and Point  Speed  and 

[No. 

2085 8.1 S 
2086 11.0 

S ' 2037 8 . 0  

2087 14.0 Uns 1 KI2; :;:; S R , 2039 14.0 S ! 2021 14.0 0 S ' 2009 14.0 0 S 
0 I 2088 17.0 

1 2091 23.4 
2089 20.2 

Notes  Repeat ; No. rpmxlk3  Notes  Repeat No. rpmx10'3 Notes  Repeat No. rpmxlO Notes Repeat No. r + k 3  Notes Rapem 
I 

S 1 2044 11.2 S 1 2038 11.0 S i 2020 11.0 0 S R ' 
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Figure 30. Variation of Reynolds  Number with Rotative  Speed for 
Pivoted-Pad  and  Three-Lobe  Bearings 
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TABLE XXI.1 

REYNOLDS NUMBER FOR INITIATION OF TURBULENCE* 

Pivoted-Pad Three-Lobe 
Bear ing  Bear ing  

Lubr i can t  75 
Temperature, "F 

120 75 120 

v i s c o s i t y  ' 2  
1.335 x .823 x 1.335 x .823 x 

l b  s e c / i n  

Dens i ty  
' 2  4 

9.323 x 9.247 x 9.323 x 9.247 x 
l b  sec / i n  

Pad  Reynolds 
Number 

Speed, rpm 4069 

581 460 

2520 2.311 1250 

* 
According to T a y l o r ' s   c r i t e r i o n   f o r   3 6 0 - d e g r e e   j o u r n a l   b e a r i n g s  
having   the  same c l e a r a n c e  as the   machined   c learance  of t h e   v i v o t e d -  
pad and   t h ree - lobe   bea r ings .  
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VI. DATA REDUCTION PROCEDURES 

The   r educ t ion  of s p e e d ,   t o r q u e ,   p r e s s u r e ,   f l o w ,  steady l o a d ,  a n d  l e r l ~ p c ~ ~ ' a -  

t u r e  data .*as a s t r a i g h t - f o r w a r d   a p p l i c a t i o n  of t h e   p e r t i n e n t   i n s t r u r n e n L  

c a l i b r a t i o n   d a t a  to t h e   r e a d i n g   a n d   t h e   c o n v e r s i o n  of t h e   r e s u l t  t o  e n g i u e e r i n g  

u n i t s .   T h e s e   m e t h o d s ,   t h e r e f o r e ,  will not   be   covered .   The   methods   for  

o b t a i r . i n g   a t   t h e   b e a r i n g   c e n t r a l   p l a n e   t h e   s n a f , t   e c c e n t r i c i t y   r a t i o s ,   t h e  

d i s p l a c e m e n t   a n d   f o r c e   a m p l i t u d e s ,   a n d   t h e   p h a s e   a n g l e s   f r o m   m e a s u r e m e n t s  

i n b o a r d  arid o u t b o a r d  of t h e   b e a r i n g s   a r e   p r e s e n t e d   i n   t h e   A p p e n d i x .  

All displacement   measurements  were made a t  45 d e g r e e s   f r o m   t h e   l o a d   l i n e .  

T h e r e f o r e ,   b e s i d e s   v e c t o r i a l l y   c o m b i n i n g   t h e   m e a s u r e m e n t s  a t  each   end  of t h e  

b e a r i n g  t o  d e t e r m i n e   t h e   d i s p l a c e m e n t s  a t  t h e   b e a r i n g   c e n t r a l   p l a n e ,   t h e  

measu remen t s   mus t   be   ro t a t ed  45 d e g r e e s .   I n   f i n d i n g  the b e a r i n g   c e n t r a l  

p l a n e   d i s p l a c e m e n t s   t h e   s h a f t  was assumed t o  b e   s t r a i g h t   b e t w e e n   i n s t r u m e n t a -  

t i o n   p l a n e s   f o r   e a c h   b e a r i n g .  Shown i n   T a b l e  X X I I I  are t h e   c a l c u l a t e d   s t a t i c  

d i s p l a c e m e n t s  of t h e   s h a f t   l o a d e d   w i t h  100 l b s . / b e a r i n g .  

A p e r u s a l   o f   t h e s e  data i n d i c a t e s   t h a t   t h e   b e n d i n g   o c c u r s   m a i n l y   i n   t h e  

c e n t r a l   s e c t i o n   o f   t h e   s h a f t   a n d   n o t   b e t w e e n   t h e   i n s t r u m e n t a t i o n   p l a n e s  of 

e i t h e r   b e a r i n g  

The  measured x and  y d i s p l a c e m e n t   a n d   f o r c e   a m p l i t u d e s  are as sumed   t o  

f o r m   a n   e l l i p s e .  A t  t h e   b e a r i n g   c e n t r a l   p l a n e   t h e   s e m i - m a j o r   a n d   s e m i - m i n o r  

a x e s   o f   t h e s e   e l l i p s e s  are found as well as t h e   i n c l i n a t i o n   o f   t h e  e l l ipses  

to  t h e  x a x i s ,   t a k e n  as  t h e   s t e a d y  load l i n e .  



TABLE XXIII 

CALLULATED SHAFT STATIC BENDING DEFLECTIONS 

Loca t i o n  

l l a n e  1 

Lou-er b e a r i n g  cen te r  

P lane  2 

Lower l o a d e r   b e a r i n g  

S h a f t   c e n t e r   l i n e  

Upper l o a d e r   b e a r i n g  

P lane  3 

U p p e r   b e a r i n g   c e n t e r  

P l a n e  4 

Distance, i n .  

- 1.83 

0 .oo 

1.83 

3 .96  

6.25 

8 .54  

10.67  

12.50 

14 .33  

D e f l e c t i o n .  m i  Is 

0 .9193  

0 .oo 

-0 .8890 

- 1.6819 

- 1 .9900 

- 1.6819 

-0.8890 

0 .oo 

0 .9193 
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The fo l lowing   non-d imens iona l   parameters  are u s e d   i n   t h e   p r e s e n t a t i o n  of 

the  data  (The symbols are d e f i n e d  a t  the   end  of t h e   A p p e n d i x . ) :  

B e a r i n g   e c c e n t r i c i t y  ra t io  

E = -  e 

‘B 

S o m e r f e l d  number 

fi 

Reciprocal   Sommerfeld number or l o a d   c a p a c i t y  

Pad  Reynolds number 

c u cp 
R e  = 

P u 

A t t i t u d e   a n g l e  

x + x  1 2 

Dimensionless   torque  parameter  

Load parameter 
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Ratio  of  displacement  semi-major  axis to displacement  of the  center  of 

grav i ty  

A Ws 

2u 
.J T - 

Ratio of displacement  semi-major  axis to bearing  clearance 

Ratio of force  semi-major  axis  to  unbalance  force 

Shaft moment c o e f f i c i e n t  
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T T I I .  MEASURED  PERFORMANCF 

For a g i v e n  set  of test c o n d i t i o n s ,   c o n s i s t i n g  of s t e a d y   l o a d .  

u n b a l a n c e ,   a n d   l u b r i c a n t   t e m p e r a t u r e   a n d   p r e s s u r e ,  data were to  be r e c o r d e d  

ac s i x  s p e e d s .   F o r   t h e   p i v o t e d - p a d   b e a r i n g   t h e   s p e e d  was l imited by e x c e s s i v e  

s y n c h r o n o u s   w h i r l  orbi ts  and  for t h e   t h r e e - l o b e   b e a r i n g   t h e   s p e e d  was l i l n i t e d  

b y   f r a c t i o n a l - f r e q u e n c y   w h i r l .   T h e r e f o r e ,   t h e   s t e a d y  s t a t e  d a t a   u h i c h  i s  t h e  

o n l y  data u s e d   f o r  most 0% t h e   p l o t s  may c o n s i s t  of f i v e  or s i x  tes t  p o i n t s  

depend ing   upon   t he   speed  a t  wh ich   t he  test had t o  be a b o r t e d .   T h e   h i g h e s t  

s p e e d   r e a c h e d   f o r   e a c h  set o f  test  c o n d i t i o n s  was recoraed so  t h a t  t h e  ell'ect 

of test c o n d i t i o n s   u p o n   t h i s   s p e e d   c o u l d   b e   f o u n d .  

As i n d i c a t e d   p r e v i o u s l y ,   a p p r o x i m a t e l y   t w e n t y   p e r c e n t  of t h e   d a t a   p o i n t s  

were t a k e n  a second  time a f t e r  a n   i n t e r v e n i n g  test p o i n t  as a c h e c k   o n   t h e  

r e p e a t a b i l i t y  of t h e   d a t a .  Shown i n   T a b l e  X X I V  is t h e   s t a n d a r d   d e v i a t i o n  

of r e p e a t e d ,   a l i g n e d   d a t a   p o i n t s  f o r  b o t h   b e a r i n g   t y p e s .   T h e   s t a n d a r d  

a e v i a t l o n   v a l u e s   f o r   e c c e n t r i c i t y  of the p ivo ted -pad   bea r ing   compares   f avor -  

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

X. H o a e v e r ,   t h e   s t a n d a r d   d e v i a t i o n s   o f   t h e   r e p e a t e d   d a t a  for t h e   t h r e e -  

l o b e   b e a r i n g   i n   T a b l e  X X I V  are h i g h e r   b u t   c o n s i s t e n t   w i t h   t h e   d i s D l a c e n l e n t  

s e n s o r   e q u i l i b r i u m  error a n a l y s i s   i n   T a b l e  XIII. The a t t i t u d e   a n g l e s  showed 

some v a r i a t i o n   i n   T a b l e  X X I V .  T h i s  i s  due  t o  i n c l u d i n g  data from zero steady 

load i n   t h e   s t a n d a r d   d e v i a t i o n s .   I n   t h e s e   i n s t a n c e s ,   d u e  t o  t h e  error i n  

c e n t e r   p o s i t i o n s   t h e  x- o r  y -d i sp lacemen t s  or b o t h   c o u l d  be n e g a t i v e   p l a c i n g  

t h e   a t t i t u d e   a n g l e s   i n   s e c o n d ,  t h i r d  o r  f o u r t h   q u a n d r a n t s .   T h e   s t a n d a r d  

d e v i a t i o n s  of t h e   d i s p l a c e m e n t  semi-major a x i s  were some bet ter  f o r   t h e  
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TABLE XXIV 

STAKDARD DEVIATION OF REPEATED  ALIGNED DATA POINTS 

Derived  Quant i ty   P ivoted-Pad  Three-Lobe 

Speed,  rpm 70 91 

Steady  Load, lb 0 . 3   0 . 4  

E c c e n t r i c i t y ,  micro i n c h e s   1 7  101 

A t t i t u d e   A n g l e ,   d e g r e e s   4 2 . 7  28 

Displacement  Semi-Major  Axis ,  micro i n c h e s  12.8 9.5 

Force Semi-Major  Axis,  l b   1 . 3 8   1 . 3 4  
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p i v o t e d - p a d   b e a r i n g   a n d   c o n s i d e r a b l y   b e t t e r   f o r   t h e   t h r e e - l o b e   b e a r i n g   t h a n  

t h e   e c c e n t r i c i t i e s .  Some improvement was to  be e x p e c t e d  from the   compar i son  

o f   t h e   e s t i m a t e d  error a n a l y s e s   f o r   e q u i l i b r i u m   a n d   a m p l i t u d e   i n   T a b l e s  XI11 

a n d  XIV.. T h e   l e v e l   o f  force semi-major a x i s  s t a n d a r d   d e v i a t i o n s  is e x p l a i n e d  

by t h e   f a c t   o b s e r v e d   d u r i n g   t e s t i n g ,   n a m e l y ,   t h a t   t h e   f o r c e s  were more 

e r r a t i c  t h a n   t h e   d i s p l a c e m e n t   a m p l i t u d e s .  A t  o n e   p o i n t   i n   t h e  test t h e   f o r c e  

a m p l i t u d e s  were p u t   t h r o u g h  a t  s y n c h r o n o u s   f i l t e r  t o  remove  unwanted  higher 

f r e q u e n c y   d i s t u r b a n c e s .  

A l m o s t  a l l  o f   t h e   d a t a  to  be p r e s e n t e d   h a s   b e e n   n o n - d i m e n s i o n a l i z e d .  

B e f o r e   d i s c u s s i n g   t h i s   n o n - d i m e n s i o n a l i z e d   d a t a ,   h o w e v e r ,  some d a t a  w i l l  b e  

shown i n   b o t h   t h e   d i m e n s i o n a l   a n d   n o n - d i m e n s i o n a l   f o r m .  

A .  PIVOTED-PAD BEARING 

The   des ign   t ype  data c a n  relate t o   e q u i l i b r i u m   p o s i t i o n   o r  i t  can  re la te  

to dynamic  m o t i o n .   T h e   r e l a t i o n s h i p   b e t w e e n   e q u i l i b r i u m   d i s p l a c e m e n t   d a t a  

and   dynamic   response  data is shown i n   t h e   s c h e m a t i c   d i a g r a m   o f   F i g u r e  31. 

T h e   s q u a r e   r e p r e s e n t s   t h e   c l e a r a n c e   l o c u s   f o r   t h e   4 - p a d   p i v o t e d - p a d   b e a r i n g .  

Dur ing  tes t  t h i s   b e a r i n g  was l o a d e d   b e t w e e n   a d J a c e n t   p i v o t s ,   t h u s   t h e   l o a d  

l i n e  is  shown i n  a downward d i r e c t i o n   a n d   f o r m s   t h e   d i a g o n a l   o f   t h e   s q u a r e .  

T h e   a s s e m b l e d   c l e a r a n c e  or t h e   b e a r i n g   c l e a r a n c e  i s  d e p i c t e d   i n   t h e   s k e t c h .  

A l s o  shown is a n   e l l i p t i c a l   o r b i t   w h i c h  was t y p i c a l   o f   t h o s e   o b t a i n e d   w i t h  

t h i s   p i v o t e d - p a d   b e a r i n g .  Shown is t h e   e c c e n t r i c i t y   o f   t h e   b e a r i n g   m e a s u r e d  

from i ts  c e n t e r   a n d  a is0 t h e  semi-major a x i s   o f   t h e   o r b i t a l   e l l i p s e .   T h e  

a t t i t u d e   a n g l e ,   w h i c h  is t h e   a n g l e   b e t w e e n   t h e   e q u i l i b r i u m   p o s i t i o n   o f   t h e  
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s h a f t   c e n t e r   a n d  the s t e a d y   l o a d   l i n e ,  is also shown   on   t he   ske t ch .   The  

maximum d i s p l a c e m e n t   a t t a i n e d   b y   t h e   b e a r i n g  is t h e   v e c t o r i a l   c o m b i n a t i o n  

of the e c c e n t r i c i t y   a n d   t h e  semi-major a x i s  of the  o r b i t a l   e l l i p s e .   F i n a l l y ,  

t he  a v e r a g e  minimum f i l m   t h i c k n e s s  is t h e  shortest d i s t a n c e   b e t w e e n  the  

shaft e q u i l i b r i u m   p o s i t i o n   a n d   t h e   c l e a r a n c e   l o c u s .   I n   o r d e r  to relate 

the data o b t a i n e d  here for c e r t a i n  rotor u n b a l a n c e   l e v e l s  to o t h e r  rotor- 

b e a r i n g  s y s t e m s ,  the  u n b a l a n c e   l e v e l  i s  r e n d e r e d   d i m e n s i o n l e s s   b y   d i v i d i n g  

the v a l u e  of unba lance  by t h e   s h a f t   w e i g h t   p e r   b e a r i n g   a n d  the pad  (machined) 

r a d i a l   c l e a r a n c e .  T h e   f o l l o w i n g   t a b l e   g i v e s  t h e  d i m e n s i o n l e s s   u n b a l a n c e   f o r  

the s p e c i f i c   v a l u e s  of u n b a l a n c e   u s e d   i n   t e s t i n g :  

Expe r imen ta l  
Unbalance,  
gr . - i n . .  

0.5 

1 .o 

2 . 0  

Dimens ion le s s  
Unbalance  

0.184 

0.368 

0.736 

I n   o r d e r  to  c o m p a r e   u n i d i r e c t i o n a l   a n d   d y n a m i c  loads: the f o l l o w i n g  

t a b l e   w h i c h   a p p l i e s   p e r   b e a r i n g   c a n  be used .  

Speed, rpm 
Unbalance,  

g r . - i n .  

0.5 

1 .o 

2 .o 

C e n t r i f u g a l   F o r c e ,  l b s  

10,000 20,000 30,000 

3.2 12.5 28 

6.3 25 56 

12.6 50 112 
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1. ExamDles of  Design-Type Data 

Shown i n   F i g u r e s  32, 33, a n d  34 are t y p i c a l   d i s p l a c e m e n t   d a t a ,  

i n   t h i s  case f o r  a s t e a d y   l o a d   o f  50 l b s / b e a r i n g   a n d   a n   u n b a l a n c e  of 

0 .5  g r . - i n . / b e a r i n g .   I n   t h e   u p p e r   h a l f   o f   F i g u r e  32 t h e   b e a r i n g  

e c c e n t r i c i t y  i s  p l o t t e d   a g a i n s t   t h e   r o t a t i o n a l   s p e e d .   I n   t h e  lower 

h a l f  of t h e   f i g u r e   t h e  same data has b e e n   n o n - d i m e n s i o n a l i z e d   r e s u l t -  

i n g   i n   t h e   b e a r i n g   e c c e n t r i c i t y  r a t io  ( E q u a t i o n  4) p l o t t e d   a g a i n s t  

the  Sommerfeld  number  (Equation 5) .  The   unbalance  may b e   s t a t e d  as 

t h e   r a t i o  of t h e   d i s p l a c e m e n t   o f   t h e   c e n t e r  of g r a v i t y   f r o m   t h e  

cen te r   o f   geomet ry  of t h e   r o t o r   t o   t h e   b e a r i n g   c l e a r a n c e .  The steady 

l o a d   a l s o   c a n   b e   n o n - d i m e n s i o n a l i z e d   b y   d i v i d i n g   t h e   p a d   R e y n o l d s  

number ( E q u a t i o n  7) by the  Sommerfeld  number.  Shown i n   F i g u r e  33 is 

t h e   v a r i a t i o n  of t h e   s e m i - m a j o r   a x i s  of t h e   o r b i t a l   e l l i p s e   w i t h   t h e  

r o t a t i v e   s p e e d .   I n   t h e   l o w e r   h a l f   o f   t h e   f i g u r e   t h e   s e m i - n i a j o r   a x i s  

i s  norma l i zed  by d i v i d i n g  by t h e   b e a r i n g   c l e a r a n c e .   T h e   S o m m e r f e l d  

number i f   u s e d  as  a non-d imens iona l   speed .  A s  would   be   expec ted   t he  

s e m i - m a j o r   a x i s   o f   t h e   o r o i t a l   e l l i p s e   i n c r e a s e s   i n   m a g n i t u d e  as  t h e  

r o t a t i v e   s p e e d  is i n c r e a s e d   t o w a r d   t h e   f i r s t   b e n d i n g  c r i t i ca l  s p e e d  

of t h e   s h a f t   w h i c h   o c c u r s   a r o u n d  28,000 or 29,000 rpm. Shown i n  

F i g u r e  34 i s  t h e   c o m b i n a t i o n   o f   t h e   p r e v i o u s   t w o   f i g u r e s ,   b o t h   i n  

d imens iona l   and   normal ized   form.   The   lower   curve   formed by t h e  c i r -  

c les  r e p r e s e n t s   t h e   e q u i l i b r i u m   p o s i t i o n   o f   t h e   c e n t e r   o f   t h e   s h a f t  

a n d   t h e   t r i a n g l e s   r e p r e s e n t s   t h e   t o t a l   d i s p l a c e m e n t   o f   t h e   s h a f t  

f r o m   t h e   b e a r i n g   c e n t e r .  
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Shown i l l  F i g u r e  35 is  the v a r i a t i o n  of t o r q u e   w i t h   r o t a t i v e   s p e e d  f o i  

t h e  same c o : d i t i o n s  as t h o s e   s h o w n   o n   t h e   p r e v i o u s   t h r e e   c h a r t s .   I n  the 

ioaer h a l f  of t h e   f i g u r e   t h e   t o r q u e  has b e e n   n o r m a l i z e d   b y   d i v i d i n g  by t h e  

s ~ e a d y  load a n d   t h e   m a c h i n e d   c l e a r a n c e  of t h e   b e a r i n g .   T h e   s p e e d   h a s   b e e n  

n o r a a l i z e a  by us ing   the   Sommerfe ld   number .  

Shoun i n   F i g u r e s  36, 37 and  38 are  t h e   e f f e c t s  O X  s t e a d y   l o a d   o n   b e a r i n g  

e c c e n t r i c i t y ,   t o r q u e ,   a n d   d i s p l a c e m e n t  semi-major a x i s .   T h e s e   p l o t s  are 

a l l  a a d e   f o r   a n   u n b a l a n c e  of 0 . 5  g r . - i n . / b e a r i n g   a n d  a r o t a t i v e   s p e e d  of 

8,000 rpm,  which  corresponds t o  a Reynolds  number of approximate ly   1822.   The  

d a t a  in F i g u r e  36 f o l l o w s   t h e   e x p e c t e d   t r e n d   t h a t  as t h e   s t e a d y  load is i n -  

creased a t  c o n s t a n t   s p e e d ,   t h e   b e a r i n g   e c c e n t r i c i t y   i n c r e a s e s .   T h e  small 

d i s c r e p a n c y  of t h e   p o i n t   n e a r   t h e   o r i g i n  of t h e s e   f i g u r e s   r e s u l t s  from t h e  

small error i n  center p o s i t i o n  associated w i t h   t h e   v a r i a t i o n  of t h e   c e n t e r  

p o s i t i o n  w i t h  r o t a t i v e   s p e e d .  Shown i n   F i g u r e  37 i s  t h e   v a r i a t i o n   o f   t o r q u e  

K i t h   s t e a d y  load. G e n e r a l l y   t h e   t r e n d  i s  downward as t h e   s t e a d y   l o a d  i n -  

creases, however ,   unexplained is t h e   p o i n t  a t  zero load which i s  lower t h a n  

a l l  t h e   p o i n t s   o n  a p l o t .  This t y p e   o f   c u r v e   h a s  of cour se   been   checked  by 

p l o t t i n g   t h e  same i n f o r m a t i o n   f o r   s e v e r a l   v a l u e s  of r o t a t i v e   s p e e d   a n d   t h e  

t r e n d s   i n c l u d i n g   t h e   p o i n t  a t  zero load are similar. Shown i n   F i g u r e  38 is 

the  b a r i a t i o n   i n   t h e   d i s p l a c e m e n t  semi-major axis  as a f u n c t i o n   o f   s t e a d y  

l o a d .   T h e   z r e n a   o f   d e c r e a s i n g   d i s p l a c e m e n t  semi-major ax i s  as t h e   s t e a d y  

load i n c r e a s e s   c a n  be a t t r i b u t e d  to  t h e  fact  that t h e   b e a r i n g   s t i f f n e s s  

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

i n   t h e  p l o t s  t o  r e p r e s e n t   s t e a d y  load i s  s i m p l y   t h e   r e c i p r o c a l  of t h e  Sonuner- 

f e l d  number. 
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2. A l i g n e d  h t a  

Shown i n   F i g u r e  39 is t h e   e f f e c t  of s t e a d y   l o a d   o n  t h e  v a r i a t i o n  

of b e a r l n g   e c c e n t r i c i t y   r a t i o   w i t h   S o m m e r f e l d   n u m b e r .   T h e   u n b a l a n c e  

is c o n s t a n t  a t  + 0.5 gram-inches per b e a r i n g   ( a n t i - s y m m e t r i c a l ) .  I t  

will b e   n o t e d  that with the h e a v i e s t   l o a d  (70 l b / b e a r i n g )   a v a i l a b l e  

€or t h e  test, a n   e c c e n t r i c i t y   r a t i o   n o   h i g h e r   t h a n  0.22 was a t t a i n e d .  

T h i s  is c o n s i s t e n t   w i t h  the requ i r emen t s  of space power systems which 

w o u l d   r e q u i r e   l i g h t l y   l o a d e d   j o u r n a l   b e a r i n g s .   T h e   c u r v e   d e p i c t e d   b y  

t h e  diamonds which is €or a s t e a d y   l o a d  of 70 l b s / b e a r i n g  w i l l  a p p e a r  

- 

i n   s e v e r a l   c u r v e  sheets to  follorr as the basis of comparison.  Shown 

i n   F i g u r e  40 is the effect of rotor u n b a l a n c e  on the v a r i a t i o n  of 

b e a r i n g   e c c e n t r i c i t y  ra t io  w i t h  Sommer fe ld   number .   The   l i ne   fo r  a 

load of 70 l b s / b e a r i n g   f r o m  the p r e v i o u s   f i g u r e  is shown  by the 

diamonds. I t  is s e e n  that t h e   a n t i - s y m m e t r i c   a n d   t h e   r e s i d u a l  (0.0033 

and 0.0054 g r - i n .  on the lower and   uppe r   ends  of the shaft, respec- 

t i v e l y )   u n b a l a n c e s   h a v e   n e a r l y  the same load c a p a c i t y  as a f u n c t i o n  

of b e a r i n g   e c c e n t r i c i t y  ra t io .  A p o s s i b l e   e x p l a n a t i o n  for  t h i s  is 

that with anti-symmetric unba lance  t he  shaft i s  s t a t i c a l l y   b a l a n c e d .  

A l t h o u g h   f o r  a g i v e n   S o m e r f e l d  number the e c c e n t r i c i t y  ratios for 

the symmetr ic   unbalance  are somewhat larger t h a n  those for  the other 

two unbalances ,  a t  a reasonable o p e r a t i n g   v a l u e  of e c c e n t r i c i t y   r a t i o  

(above  0.22) the d i f f e r e n c e   i n   l o a d   c a p a c i t y  is n e g l i g i b l e .  Shown 

i n   F i g u r e  41 is the  t h e o r e t i c a l   v a r i a t i o n   o f  the b e a r i n g   e c c e n t r i c i t y  

r a t i o  w i t h  Sommerfeld  number.   The  curve is for a p i v o t e d - p a d   b e a r i n g  

h a v i n g  a p r e l o a d   o f  0.5 and for. Reynolds  number of 1860. Shown a l s o  

on the  f i g u r e  are the test data for  a Reynolds  number of 1860. 
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The  comparison  indicates that a s u b s t a n t i a l l y  larger load c a p a c i t y  was 

b e i n g   o b t a i n e d   i n   t h e  test than  would be p r e d i c t e d  from t h e o r e t i c a l  

c o n s i d e r a t i o n s .  The t h e o r e t i c a l  data was ob ta ined  from Reference 7 .  

Shown i n   F i g u r e  42 is  a p l o t  similar t o  t h e   p r e v i o u s   o n e .   T h i s   p l o t  is 

fo r   an   an t i symmet r i c   unba lance  of 0.5 gr - in /bea r ing .   In  this case, 

however ,   the   s teady load is cons tan t  a t  70 l b s / b e a r i n g   a n d   t h e   r o t a t i v e  

speed is  al lowed to  vary  and is reflected by t h e  Sommerfeld  number. 

Both t h e   t h e o r e t i c a l   c u r v e  and the   exper imenta l  data are shown.  Again 

the   conc lus ion  is that the  measured load capac i ty  was s u b s t a n t i a l l y  

higher  than  would  be  expected from t h e o r e t i c a l   c o n s i d e r a t i o n s .  

Shown i n   F i g u r e  43 is  t h e   v a r i a t i o n  of a t t i t u d e   a n g l e   w i t h   b e a r i n g  

e c c e n t r i c i t y  r a t i o  f o r  three l e v e l s   o f   s t e a d y  load. T h e o r e t i c a l l y ,   t h e  

a t t i t u d e   a n g l e   f o r  a four-pad  pivoted-pad  bear ing loaded symmetr ical ly  

between  pivots   should  be zero f o r  a l l  o p e r a t i n g   c o n d i t i o n s .  However, 

i n   t h e  test uni t ,   which was used to  o b t a i n   t h e  data, p a r t i a l - a r c  

bear ings  were u t i l i z e d  to a p p l y   t h e   s t e a d y   l o a d   i n   t h e   c e n t r a l   p o r t i o n  

sf t h e   s h a f t .   S i n c e   t h e s e   p a r t i a l - a r c   b e a r i n g s  do n o t   o p e r a t e   w i t h  

zero a t t i t ude   ang le s ,   t hey   supe r impose   t he i r   mo t ion  upon t h e   s h a f t   i n  

t he   r eg ion  of p i v o t e d - p a d   b e a r i n g s ,   r e s u l t i n g   i n   a t t i t u d e   a n g l e s  

g r e a t e r   t h a n  zero.  The data i n   F i g u r e  44 i s  similar t o  t h a t   i n   F i g u r e  

43 e x c e p t   i n   F i g u r e  44 v a r i o u s   l e v e l s  of rotor unbalance are compared. 

A g a i n   s u b s t a n t i a l   a t t i t u d e   a n g l e s  are shown a t  e c c e n t r i c i t y  ra t ios  

approaching zero. 

Shown i n   F i g u r e  45 is t h e   v a r i a t i o n  of non-dimensional   torque  with  reciprocal  

Sommerfeld  number.  The data are shown for two rotative speeds  which  correspond 
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to Reynolds numbers of 1835 and  5125. The effect of  Reynolds number 

on torque is clearly shown i n   t h i s   f i g u r e .  A similar p l o t  is shown i n  

F igure  4G which is p lo t t ed   fo r   one   ro t a t ive   speed   and  two l eve l s   o f  

unbalance. I t  is  apparent  that the   l eve l   o f   unbalance  has l i t t l e  or 

no e f f e c t   o n  the torque.  Shown i n   F i g u r e  47 is the   va r i a t ion   o f   t he  

non-dimensional  torque  (Equation 9) with  Sommerfeld number taken  from 

Reference 7 f o r  Reynolds  numbers  of  1860. Shown a l s o   o n   t h e   f i g u r e  

a r e  t h e  experimental  data for the  same Revnolds number. The ind ica-  

t i o n s  are that the  measured  torque is  subs t an t i a l ly   h ighe r   t han  would 

be expected from t heo re t i cn l   cons ide ra t ions .  

Shown i n  Figure 48 is t h e   v a r i a t i o n   o f   t h e   r a t i o   o f  displact  

semi-major ax i s  to   the   d i sp lacement   o f   the   cen ter   o f   g rav i ty   o f  the 

s h a f t  w i th  t he  pad  Reynolds number. The curve is p l o t t e d   f o r  a s teady  

load  of 50 lbs/bear ing  and  with no steady  load.  Through the lower  and 

middle speed  ranges  of   the   plot  the displacement semi-major ax i s   caused  

t h e  data f o r   t h e  two s t eady   l oads  to  f a l l  on t h e  same curve. However, 

i n  the region  around 5000 pad  Reynolds number, t h e  data seems somewhat 

more e r ra t ic  a n d   t h i s  may be due to t h e   f a c t  that t h e   s h a f t  is approach- 

i n g   t h e  critical speed.  Shown i n   F i g u r e  49 is  a p l o t  similar t o  the 

one shown on the  previous  f igure,   however.  in t h i s  i n s t ance  two l e v e l s  

of rotor unbalance are shown. I t  is seen  that normalizing by t h e   d i s -  

placement of t he   cen te r  of g rav i ty   o f  the shaft causes   the   exper i -  

mental data to f a l l  on one  curve. Shown i n   F i g u r e  50 is the v a r i a t i o n  

of the r a t i o  of the  displacement semi-major ax i s   t o   t he   d i sp l acemen t  

of t he   cen te r   o f   g rav i ty   p lo t t ed   aga ins t   t he  pad  Reynolds number f o r  a 

s teady  load of  zero  and a rotor unbalance of 0.5 gr - in .  Shown also i s  

t h e  rotor response   ca lcu la t ion  for t h e  test cond i t ions .  The i n d i c a t i o n s  are 

that t h e   t h e o r e t i c a l   p r e d i c t i o n s  are approximately 25 percent   conserva t ive  
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for this case. 

Shown i n   F i g u r e  51 is t h e . v a r i a t i o n  of the ra t io  of t h e   f o r c e   s e m i - m a j o r  

axis to the rotor u n b a l a n c e   p l o t t e d   a g a i n s t  the  pad  Reynolds  number for  two 

levels of load, zero a n d  50 l b s , / bea r ing .   The  rotor unba lance  for t h i s  p l o t  

i s  0.5 g r . - i n . / b e a r i n g .  I t  c a n  be s e e n  that the  force measurements   appear  

to be somewhat more errat ic  than   the   d i sp lacement   measurements   shown  on   pre-  

v i o u s   c u r v e s .   T h e   c u r v e s  for  the two d i f f e r e n t  s teady  loads seem n o t   o n l y  

to nave a d i f f e r e n t   l e v e l  of the measured force measured, D u t  a l s o  a 

d i f f e r e n t   s l o p e .  Shown o n   E i g u r e  52 is a similar p l o t   i n  which the  two 

l e v e l s  of r o t o r   u n b a l a n c e  are shown.  These two c u r v e s  seem t o  have similar 

trends b u t  on a s l i g h t l y   d i f f e r e n t   l e v e l .  Shown i n   F i g u r e  53 is a comparlson 

of the theoretical  a n d   e x p e r i m e n t a l   d a t a .   I n  the middle s p e e d   r a n g e  t h e  

theoretical p r e d i c t i o n s   a p p e a r  t o  be  i n  the  r igh t  order OS magni tude   bu t  

t h e  t r e n d s  are n o t  the  same. 

Shown i n   F i g u r e  54 is t h e   v a r i a t i o n  of t he  maximum a t t a i n a b l e   s p e e d   f o r  

t h e  p i v o t e d - p a d   b e a r i n g  as a f u n c t i o n   o f   s t e a d v  load. I n  a l l  i n s t a n c e s  the  

speed l i m i t a t i o n  when t e s t i n g  the p i v o t e d - p a d   b e a r i n g  was t h e  e x c e s s i v e  

s i z e  of the synchronous whirl o rb i t .  The   da t a  shown are the  s p e e d s   a t t a i n e d  

w i t h i n   a b o u t  t h e  200 rpm of the p o i n t  a t  which i t  was f e l t  dange rous  to 

r u n  the  s n e f t  for  the f i v e  or t e n  m i n u t e s  i t  r e q u i r e d  to  t a k e  a data p o i n t  

a n d  take a pho tograph .   Re fe rence  t o  the f i g u r e   i n d i c a t e s  a g r a d u a l   i n c r e a s e  

of maximum a t t a i n a b l e  speed as the  s t e a d y  load upon t h e  b e a r i n g  is i n c r e a s e d .  

T h i s  plot is for a r e s i d u a l   u n b a l a n c e .  Shown i n   F i g u r e  55 is a similar plot 

i n  which three l e v e l s  of u n b a l a n c e  are compared. I t  a p p e a r s  from the p l o t  

tha t  the  speed  for  the case of a n t i s y m m e t r i c   u n b a l a n c e  is less t h a n  the case 
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of symmetric u n b a l a n c e .   T h e   d i f f e r e n c e   i n   t h e  maximum a t t a i n a b l e   s p e e d s  

was 2000 o r  3000 rpm f o r   t h e s e  two unba lances .  A t  t h e   h i g h e s t   s t e a d y  

l o a d   t h e  rotor w i t h  residual u n b a l a n c e   r e a c h e d   t h e   h i g h e s t   a t t a i n a b l e  

speed   of   the   th ree ,   namely  30,000 rpm. 

3. Effec t   o f   Misa l ignment  

Shown i n   F i g u r e  56 is a s k e t c h   w h i c h   d e p i c t s   t h e  way i n  wh ich   t he  

b e a r i n g s  were m i s a l i g n e d  for  t h e  test t o   b e   d e s c r i b e d   i n  w h a t  f o l l o w s .  

The a l i g n e d   d a t a  was o b t a i n e d   b y   c a r e f u l l y   a l i g n i n g   t h e   c e n t e r   l i n e s  

of t h e  t w o  tes t  b e a r i n g s   w i t h   e a c h   o t h e r .   I n   t h e   s e c o n d  set of tests 

t h e  lower b e a r i n g  was d e l i b e r a t e l y   a d j u s t e d  s o  that its c e n t e r   l i n e  was 

400 s e c o n d s   o u t   o f   a l i g n m e n t   w i t h   t h e   c e n t e r   l i n e   e s t a b l i s h e d  by t h e  

u p p e r   b e a r i n g .   I n   t h e   f i n a l  set o f  tests t h e   b o t t o m   b e a r i n g  was m i s -  

a l i g n e d   w i t h   t h e   c e n t e r   l i n e   e s t a b l i s h e d  by t h e   t o p   b e a r i n g   b y  400 

seconds .  In  a d d i t i o n ,   t h e   b e a r i n g  was moved l a t e r a l l y  4 m i l s  t o  

i n c r e a s e   t h e   m i s a l i g n m e n t .   R e f e r e n c e  to  t h e   f i g u r e   i n d i c a t e s   t h e  to ta l  

misa l ignmen t   o f   t he   uppe r   and   l ower   bea r ings   fo r   each   o f   t he   t h ree  test 

c o n d i t i o n s .  

I n  o r d e r  to e x p l o r e   t h e   e f f e c t  of misa l ignment   on   the   p ivoted-pad  

b e a r i n g s ,   t h e   l o w e r   b e a r i n g  was m i s a l i g n e d  400 seconds   and  4 m i l s  from 

the u p p e r   b e a r i n g s   f o r  a t o t a l   m i s a l i g n m e n t  of 467 seconds .  Shown i n  

F i g u r e  57 is t h e   v a r i a t i o n  of b e a r i n g   e c c e n t r i c i t y   r a t i o   w i t h  Sommer- 

f e l d  number f o r  a s t e a d y   l o a d   o f  70 l b s   p e r   b e a r i n g   a n d   f o r   r o t o r  un- 

b a l a n c e   o f  0.5 g r - i n / b e a r i n g .   R e s u l t s  are compared f o r   a l i g n e d   a n d  

m i s a l i g n e d   b e a r i n g s .   I n   t h e  low r a n K e   o f   b e a r i n g   e c c e n t r i c i t y  ra t io  

t h e r e  is  a somewhat lesser l o a d   c a p a c i t y  for  t h e   m i s a l i g n e d   b e a r i n g ,  
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however, a t  t h e   h i g h   e n d   o f   ' e c c e n t r i c i t y   r a n g e   ( n e a r e r  a t y p i c a l   o p e r a -  

t i o n a l   p o i n t   f o r  a b e a r i n g )   t h e   d i f f e r e n c e   i n   l o a d   c a p a c i t y  is  n e g l i g i b l e .  . 

Shown i n   F i g u r e  58 is t h e   v a r i a t i o n   o f   a t t i t u d e   a n g l e   w i t h   b e a r i n g  

e c c e n t r i c i t y . r a t i o   f o r  a s i d e l o a d   o f  70 l b s / b e a r i n g   a n d   a n   u n b a l a n c e   o f  

0.5 g r - i n   b e a r i n g .   T h e   m i s a l i g n e d   b e a r i n g   a p p e a r s   t o   h a v e  a tendency 

t o w a r d   s l i g h t l y   h i g h e r   a t t i t u d e   a n g l e s  a t  t h e  same v a l u e   o f   b e a r i n g  

e c c e n t r i c i t y   r a t i o .  Shown i n   F i g u r e  59 is t h e   v a r i a t i o n  of non-dimen- 

s iona l   to rque   wi th   pad   Reynolds   number .   The  small d i f f e r e n c e s   i n   t o r q u e  

s h o w n   b e t w e e n   t h e   a l i g n e d   a n d   m i s a l i g n e d   b e a r i n g s  is . p r o b a b l y   w i t h l n  

Che d a t a   s c a t t e r .  

Shown i n   F i g u r e  60 is  t h e   v a r i a t i o n  of t h e   r a t i o   d i s p l a c e m e n t  

s e m i - m a j o r   a x i s   t o   t h e   d i s p l a c e m e n t   o f   t h e   c e n t e r   o f   g r a v i t y   w i t h  pad 

Reynolds  number. A t  a pad  Reynolds  number less t h a n  5,000 t h e r e  is 

ve ry  l i t t l e  e f f ec t   o f   t he   mi sa l ignmen t   on   t he   d i sp l acemen t   s emi -ma jo r  

asis. However,  beyond a Reynolds  number  of 5,000 t h e   d a t a  seems t o  

i n d i c a t e  a somewhat l a r g e r   o r b i t  s i z e  f o r   t h e   a l i g n e d  case. The m i s -  

a l i gnmen t   causes  a s l i g h t l y   d i m i n i s h e d   c l e a r a n c e   a n d   t h e r e f o r e   c a u s e s  

t h e   b e a r i n g   t o   b e   s t i f f e r   a n d   r e s u l t s   i n  a smaller ampl i tude  as t h e  

c r i t i c a l   s p e e d  is approached.  Shown i n   F i g u r e   6 1  i s  t h e   v a r i a t i o n   o f  

t h e   r a t i o  of force   semi-major  axis to t h e   r o t o r   u n b a l a n c e  as a f u n c t i o n  

of pad  Reynolds  number.  Except a t  t h e   h i g h e r   s p e e d s   t h e   d a t a   f o r   a l i g n e d  

a n d   m i s a l i g n e d   b e a r i n g s  l i e  f a i r l y   c l o s e   t o g e t h e r .  A t  t h e   h i g h e r   s p e e d s  

t h e   a l i g n e d   d a t a  seems t o  show h i g h e r   b e a r i n g   r e a c t i o n   f o r c e s   t h a n   t h e  

m i s a l i g n e d   d a t a .   S i n c e   e a c h  set o f   d a t a   a p p e a r s   t o   b e   c o n s i s t e n t   w i t h i n  

i t s e l f ,   t h e r e  i s  n o   e x p l a n a t i o n   f o r   t h e   v a r i a t i o n   i n   b e h a v i o r  a t  t h e  

higher   pad  Reynolds   numbers .  
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Shorn i n  F i g u r e  62 is t h e   v a r i a . t l o n  of the  maximum attainable speed  

of the pivoted-pad   bear ings  as a f u n c t i o n  of s t e a d y   l o a d .  I t  is a p p a r e n t  

from t h e  p l o t  that misalignment has a n e g l i g i b l e   e f f e c t  upon t h i s  para-  

meter. 

4.  E f f e c t  of Se lec t ive ly   Lock ing  One Pad 

To s i m u l a t e  the s e i z u r e  of a pad  due to p i v o t   f r e t t i n g ,  tests were 

f i r s t   r u n  w i t h  one  pad locked symmet r i ca l ly  wi th  r e s p e c t   t o  a p l a n e  

pass ing   th rough two diametrically opposed   p ivots   and  the  c e n t e r   l i n e  of 

the b e a r i n g .  The locked  pad was the   one  which  would be i n  the lower 

r igh t -hand   co rne r  of F i g u r e  31. Shown i n   F i g u r e  63 is the v a r i a t i o n  of 

t h e  b e a r i n g   e c c e n t r i c i t y  ra t io  w i t h  the Sommerfeld number. Data is 

p l o t t e d  for an   an t i symmet r i c   unba lance  of 0.5 ur - in /bea r ing   and  a 

s t e a d y  load of  70 l b s /bea r ing .   The re  is p r a c t l c a l l y   n o   d i f f e r e n c e  

between the data for f r e e   a n d   l o c k e d   p a d s .  Shown i n  F i g u r e  64 is  the 

v a r i a t i o n   o f   a t t i t u d e   a n g l e  with b e a r i n g   e c c e n t r i c i t y  ratio for f r e e  

and  locked  pads.   The locked pad data a p p e a r s  to have a tendency 

towards h i g h e r   a t t i t u d e   a n g l e s   t h a n   t h e   f r e e - p a d  data. S i n c e  the  

tangent   o f  the a t t i t u d e   a n g l e   r e p r e s e n t s   t h e   r a t i o   o f   t h e   t a n g e n t i a l  

t o  radial f l u i d  forces o n  the shaft, h i g h   a t t i t u d e   a n g l e s   h a v e  a ten-  

dency of produc ing   f r ac t iona l - f r equency   wh i r l .   Th i s   cond i t ion  did n o t  

o c c u r   i n  the test ranges  covered,  however,  a t  h i g h e r  s teady l o a d s  i t  

might .  Shown i n   F i m r e  65 is  the v a r i a t i o n  of the  non-dimensional 

t o r q u e   w i t h  the load capac i ty   ( rec iproca l   Sommerfe ld   number)  for a 

Reynolds number of 2640. I t  is a p p a r e n t  that the f r ee -pad   and  the 

locked-pad   conf igu ra t ions   have   subs t an t i a l ly  the same t o r q u e .  Shown 

i n   F i g u r e  66 is a p l o t  of non-dimensional   torque  against   pad  Reynolds  
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number for a c o n s t a n t   s t e a d y   l o a d   a n d   v a r i a b l e   s p e e d .  The  locked-pad 

data appea r s  to  have a somewhat h i g h e r   t o r q u e   t h a n  is o b t a i n e d  when 

a l l  the   pads  are f r e e .  

Shown i n   F i g u r e  67 is t h e   v a r i a t i o n  of t h e  ra t io  of displacement  

semi-major ax is  to  d i s p l a c e m e n t   o f   t h e   c e n t e r   o f   g r a v i t y  of t h e   s h a f t  

a g a i n s t  pad  Reynolds number for a s t e a d y   l o a d  of 70 l b s / b e a r i n g .  The 

o r b i t   r a d i u s   d e p i c t e d   o n   t h i s   p l o t  is  fa i r ly   i ndependen t   o f   whe the r  

t he   pads  are free or locked ,   except  for t h e   h i g h e s t   s p e e d   c o n d i t i o n .  

T h e r e   t h e   a p p a r e n t   d i f f e r e n c e   i n   t h e  data may be a scatter r a t h e r   t h a n  

a t r e n d .  Shown i n   F i g u r e  68 is t h e   v a r i a t i o n  of t h e   r a t i o  force for 

semi-major a x i s   t o   t h e   u n b a l a n c e   f o r c e  for t h e  same c o n d i t i o n s  as t h e   p r e -  

v i o u s   f i g u r e .  Here a g a i n   w i t h i n   t h e  scatter of t h e  data, t h e   f o r c e - o r b i t  

appea r s  to be  approx.   the  same for bo th   f r ee   and   symmet r i ca l ly - locked   pad  data. 

In   o rde r  to  s i m u l a t e   a n   e v e n  more s t r i n g e n t   o p e r a t i o n a l   c o n d i t i o n  

g r o w i n g   o u t   o f   p i v o t   f r e t t i n g ,  tests were run  with  one  pad  locked  askew.  

I n   t h e s e  tests t h e  same pad a s  was locked   before  was locked   w i th   t he  

pad t i l t e d   i n   t h e   r o l l  mode a n d   p i t c h e d  downward so t h a t   t h e   l e a d i n g  

edge is somewhat c l o s e r  to t h e   s h a f t   t h a n   t h e   t r a i l i n g   e d g e  as shown 

i n   F i g u r e  69. This  makes one l e a d i n g   e d g e   c o r n e r   c l o s e r   t o   t h e   s h a f t  

t han   any   o the r   co rne r   o f   t he   pad .  

Shown i n  Figur.e 70 is t h e   v a r i a t i o n   o f   b e a r i n g   e c c e n r r i c i t y   r a t i o  

with  Sommerfeld number f o r   a n   a n t i s y m m e t r i c   u n b a l a n c e   o f  0.5 g r - i n   a n d  

a s t e a d y   l o a d  of 70 l b l b e a r i n g .  I t  is s e e n   t h a t   t h e  data f o r   t h e  cases 

of f ree-   and   locked-pad  l i e  f a i r l y   c l o s e   t o g e t h e r   e s p e c i a l l y  a t  t y p i -  

L a l   d e s i g n   v a l u e s   o f   e c c e n t r i c i t y ,   a b o v e  0 . 2 .  Shown i n   F i g u r e  71 is 

t h e   v a r i a t i o n   o f   t h e   a t t i t u d e   a n g l e   w i t h   t h e   b e a r i n g   e c c e n t r i c i t y   r a t i o  
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for the  same c o n d i t i o n s  as the p r e v i o u s   f i g u r e .  Here the askewed 

locked-pad   appea r s  to  have a somewhat h ighe r   t endency  toward i n s t a b i l i t y  

as i n d i c a t e d  by h i g h e r   a t t i t u d e   a n g l e s   t h a n   t h e   f r e e - p a d   c o n f i g u r a t i o n .  

However, i t  s h o u l d  be remembered that no i n s t a b i l i t y  was n o t e d   i n   t h e  

r a n g e   o f   c o n d i t i o n s  of t h e   p i v o t e d - p a d   b e a r i n g  test. Shown i n   F i g u r e  

72 is  the   compar ison  a t  c o n s t a n t   s p e e d  of the  non-dimensional   torque 

v e r s u s   l o a d   c a p a c i t y  for the  case of f r ee -   and   a skewed- locked   pads .  

Here a g a i n  t h e  f i x t u r e  of the pad has l i t t l e ,  i f  a n y ,   e f f e c t   o n  the 

t o r q u e .   A n o t h e r   t o r q u e   p l o t  is shown  on Fiwre 73 i n  which c o n s t a n t  

s t e a d y   l o a d   i n s t e a d   o f  a c o n s t a n t   r o t a t i v e   s p e e d  was used .   Aga in   t he re  

is l i t t l e  e v i d e n c e  of a n y   e f f e c t   o f  the l o c k i n g   o f  the pad  upon t h e  

measured  torque.  

Shown i n   F i g u r e  74 is t h e  v a r i a t i o n  of the r a t i o  of the d i s p l a c e -  

ment semi-major a x i s  to t h e   d i s p l a c e m e n t   o f   t h e   c e n t e r  of g r a v i t y  

a g a i n s t  the  pad  Reynolds  number.  The  free-pad data a p p e a r  to  have a 

s l i g h t l y   h i g h e r   o r b i t  s ize  than   do  the  data f o r  t h e  locked-pad.  For 

even the  largest e c c e n t r i c i t y  ra t ios  measured on t h i s  program (less 

than   0 .24  for t h e   p i v o t e d - p a d   b e a r i n g ) ,   t h e   f i l m   t h i c k n e s s  i s  v e r y  

small (0 .00114  inches) .   Hence   the   des ign   mus t   cons ider   no t   on ly  the 

e c c e n t r i c i t y  of the  s h a f t   c e n t e r   l i n e   b u t  a lso the  s h a f t   o r b i t .  The 

shaft o rb i t  f u r t h e r   r e d u c e s   t h e  minimum f i l m  t h i c k n e s s  as can be s e e n  

i n   F i g u r e  31. 

Shown i n   F i g u r e  75 is the v a r i a t i o n   o f  the ra t io  o f   t h e   f o r c e  

semi-major a x i s  to the u n b a l a n c e   f o r c e   a g a i n s t  pad Reynolds  number, 

I n  g e n e r a l ,   t h e  data for the  f r e e  pads a p p e a r  t o  have the h i g h e r  

va lues   o f   measu red   fo rce .  
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I n   F i g u r e  76 t h e  maximum a t t a i n a b l e   s p e e d s  are p i o t t e d  as a 

f u n c t i o n   o f   s t e a d y  load for  the case of residual unba lance .  Data is 

shown f o r  a l l  pads  free, p a d s   l o c k e d   s y m m e t r i c a l l y ,   a n d   p a d s   l o c k e d  

askew.  There is v e r y  l i t t l e  d i f f e r e n c e   i n  the maximum a t t a i n a b l e  

speed   ( approx ima te ly   1000  rpm)   be tween   t he   f r ee   pad   and  the pad- 

locked-askew data. However, for the pad- locked- symmet r i ca l ly  data 

i t  c a n  be s e e n  that a s u b s t a n t i a l  decrease i n  maximum attainable 

s p e e d  was recorded. Shown i n   F i g u r e  77 is a compar ison  of the f r e e -  

and   l ocked-pad  test  data for  t h e  case of   an   unba lance   o f  0.5 g r - i n /  

b e a r i n g .   E x c e p t   f o r   o n e  or two data p o i n t s  i t  is a p p a r e n t  that 

wi th  the symmetric unba lance  there is l i t t l e  d i f f e r e n c e   i n  the 

a t t a i n a b l e   s p e e d s  for the p i v o t e d - p a d   b e a r i n g s   u n d e r  the c o n d i t i o n s  

of f r e e  or locked   pads .  

5. D i s c u s s i o n  of P ivo ted -pad   Bea r ing  Test R e s u l t s  

I t  s h o u l d  be stressed that no f r a c t i o n a l - f r e q u e n c y  whirl was 

o b s e r v e d   i n  a l l  t h e   t e s t i n g  carried o n   t h e   p i v o t e d - p a d   b e a r i n g s .  These 

b e a r i n g s   a t t a i n e d   v a r i o u s   s p e e d   l e v e l s   d e p e n d i n g   u p o n  the s t e a d y  

l o a d ,   t h e   u n b a l a n c e ,  the misa l ignmen t   and  the s e l e c t i v e   f i x t u r e  

of pads.  A r o t a t i v e   s p e e d  of 31,000 rpm, which was limited by 

fac i l i ty  c a p a b i l i t y ,  was a t t a i n e d   w i t h  the p i v o t e d - p a d   b e a r i n g .  

As i n d i c a t e d   b n   s e v e r a l  charts the m e a s u r e d   l o a d   c a p a c i t y   o f  

t h e  p i v o t e d - p a d   b e a r i n g   e x c e e d e d   s i g n i f i c a n t l y  the theoretical v a l u e s  

ob ta ined   f rom  Refe rence  1. S i m i l a r l y ,  the measured   t o rque  was sig- 
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n i f i c a n t l y   h i g h e r   t h a n   t h e  theoretical t o r q u e .  As would be expec ted ,  

o v e r  the range  of l o a d s  tested, misa l ignment  had l i t t l e  or no effect 

o n   b e a r i n g   l o a d  capacity, t o r q u e ,   a n d   o r b i t  s ize.  I n   a d d i t i o n ,  these 

same p a r a m e t e r s  were u n a f f e c t e d   b y  the l o c k i n g  of one  pad. p a r t i c u -  

l a r l y  for t he  case o f  the pad  locked  askew,  which c e r t a i n l y   w o u l d  

be t h e   t y p e  of f i x t u r e  that o n e   w o u l d   e x p e c t   m o r e   o f t e n   i n   a c t u a l  

o p e r a t i o n   t h a n  the case where the   pad  was l o c k e d  symmetrically. 

Misa l ignment  had a m i n o r   e f f e c t   o n  maximum a t t a i n a b l e   s p e e d   a n d  the 

c a s e   o f   o n e   p a d   l o c k e d   a s k e w   d i d   n o t   l o w e r   t h e  maximum a t t a i n a b l e  

s p e e d   s i g n i f i c a n t l y .  For t h e  case of one   pad   l ocked   symmet r i ca l ly ,  

t h e  maximum at ta inable  speed  was lowered  f rom 2,000 to 6,000 rpm 

depending   on  the  s t e a d y   l o a d  a t  r e s i d u a l   u n b a l a n c e .   F i n a l l y ,   t h e  

t h e o r e t i c a l   r o t o r   r e s p o n s e   a p p e a r e d   t o   b e   c o n s e r v a t i v e   b y   a p p r o x i -  

m a t e l y  25 p e r c e n t .  

B. THREE-LOBE BEARING 

Shown i n   F i g u r e  78 is a s k e t c h  of the b e a r i n g   c l e a r a n c e   l o c u s  

and the s h a f t   o r b i t   f o r  the m r e e - l o b e   b e a r i n g .  Shown on t h i s  s k e t c h  

a re  the b e a r i n g   c l e a r a n c e ,  the e c c e n t r i c i t y  of the b e a r i n g ,  t h e  

a t t i t u d e   a n g l e ,  t he  s e m i - m a j o r   a x i s   o f  the d i s p l a c e m e n t   e l l i p s e ,  

a n d  the maximum d i sp lacemen t  of the  s h a f t   i n   t h e   b e a r i n g .  I t  is 

appa ren t   f rom the s k e t c h  that the t h r e e - l o b e   b e a r i n g  was loaded  

between two pads .  The r o t a t i o n  is shown i n   t h e   d i a g r a m  to be  coun- 

terclockwise. 
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1. A l i g n e d   T e s t  Data 

Shown i n   F i g u r e  79 is the v a r i a t i o n  of b e a r i n g   e c c e n t r i c i t y  ra t io  

with  Sommerfeld  number for  t h r e e   l e v e l s  of s t e a d y  load, 25, 50 a n d  70 lbs /  

bea r ing .   The  data was o b t a i n e d  for the case of r e s i d u a l   u n b a l a n c e .   T h e s e  

data a p p e a r  t o  l i e  on   one   cu rve   and   have   t he   expec ted   t r end ,   name ly ,  a 

d e c r e a s i n g   e c c e n t r i c i t y  ratio as a Sommerfe ld   number   increases .  Shown 

i n  F i g u r e  80 is t h e   v a r i a t i o n  of a t t i t u d e   a n g l e  wi th  b e a r i n g   e c c e n t r i c i t y  

r a t i o  for t h e  same set  o f   c o n d i t i o n s .   I n  t h i s  p l o t  i t  is p o s s i b l e  t o  

show a p p r o x i m a t e   l i n e s  of c o n s t a n t  load. T h e   g e n e r a l   l e v e l  of a t t i t u d e  

a n g l e  is h i g h e r   f o r   t h e   t h r e e - l o b e   b e a r i n g   t h a n  i t  was for the p i v o t e d -  

p a d   b e a r i n g .  Shown i n   F i g u r e  81 I s  t h e   v a r i a t i o n  of the non-d imens iona l  

t o r q u e  w i t h  the  rec iproca l   Sommerfe ld   number .   The  data is  shown for the  

Reynolds  numbers of 2906 a n d  5300. I t  is s e e n  that the  Reynolds   number 

has l i t t l e  effect o n  the  t o r q u e   o v e r  the r a n g e  tested. Shown i n   F i g u r e  

82 is t h e  v a r i a t i o n  of t o r q u e   a g a i n s t   r e c i p r o c a l   S o m m e r f e l d   n u m b e r   a n d  

the  comparison is made between three l e v e l s  of u n b a l a n c e ,   i n c l u d i n g  

residual unbalance .   The  data was o b t a i n e d  a t  a p p r o x i m a t e l y  8,000 rpm. 

The data i n d i c a t e s  l i t t l e  e f f e c t  of the u n b a l a n c e   o n  the  non-d imens iona l  

t o r q u e .  

Shown i n   F i g u r e  83 is t h e   v a r i a t i o n  of the ratio of t he  d i s p l a c e m e n t  

s e m i - m a j o r   a x i s  to  the d i s p l a c e m e n t  of the c e n t e r  of g r a v i t y  of the shaf t  

a g a i n s t  t h e  pad  Reynolds  number.   The data i n d i c a t e  a s l i g h t l y  larger o r b i t  

s i z e  for  the  z e r o  load case. A p p a r e n t l y  a t  t h e  s t e a d y  load of 25 l b l b e a r i n g  

t h e  b e a r i n g   s t i f f n e s s  is i n c r e a s e d ,   r e s u l t i n g   i n  a somewhat smaller o r b i t  

s ize .  Shown i n   F i g u r e  84 is a similar p l o t  is which the two l e v e l s   o f  un- 
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b a l a n c e   a r e   c o m p a r e d .   T h e   s t e a d y  load i n   t h i s  case is zero. I t  is s e e n   t h a t  

by n o r m a l i z i n g   w i t h   t h e   d i s p l a c e m e n t   o f   t h e   c e n t e r   o f   g r a v i t y   t h e   d a t a   n e a r l y  

l i e  o n  or je   curve .  Shown i n  F i g u r e  85 1s t h e   v a r i a t i o n  of t h e  r a t io  of t h e  

f o r c e   s e n i - m a j o r   a x i , s  t o  unba lance  force as a f u n c t i o n  of pad  Reynolds  number. 

A g a i n   t h e   l o a d s   o f  zero a n d  25 l b s . / b e a r i n g  are shown. L i t t l e   d i f f e r e n c e   i n  

t h e  measu red   fo rce  is e x h i b i t e d   b y   t h i s   f i g u r e .  Shown i n   F i g u r e  86 is a n o t h e r  

p l o t  of f o r c e   v e r s u s   p a d   R e y n o l d s   n u m b e r .   I n   t h i s   i n s t a n c e  two l e v e l s   o f  

uxba lance  are compared. Here i t  is s e e n   t h a t   f o r   t h e   h i g h e r   l e v e l  of un- 

b a l a n c e  t h e  m e a s u r e d   f o r c e s  are s l i g h t l y   g r e a t e r   t h a n   f o r   t h e  case where   t he  

unba lance  is less. Shown i n   F i g u r e  87 is t h e   v a r i a t i o n   o f   t h e   i n c i p i e n t  

i n s t a b i l i t y   s p e e d  as  a f u n c t i o n  of s t e a d y  load f o r   r e s i d u a l   u n b a l a n c e .   T h e  

i n c i p i e n t   i n s t a b i l i t y   s p e e d  may be d e f i n e d  as that s p e e d  a t  which the  b e a r i n g  

f i r s t   e x p e r i e n c e s   f r a c t i o n a l - f r e q u e n c y   w h i r l .  As t h e   s t e a d y   l o a d   i n c r e a s e s ,  

t h e   i n c i p i e n t   i n s t a b i l i t y   s p e e d   a p p e a r s  to  i n c r e a s e   s l i g h t l y   f r o m   t h e  20,000 

rpn a t t a i n e d   a t  a s t e a d y  load of zero. Shown i n   F i g u r e  88 is  t h e   v a r i a t i o n  

of t h e   i n c i p i e n t   i n s t a b i l i t y   s p e e d   w i t h   l u b r i c a n t   p r e s s u r e .   T h i s   p l o t  is f o r  

a s t e a d y   l o a d   o f  zero a n d   t h e   r e s u l t s   f o r   s e v e r a l   l e v e l s  of unba lance  are 

compared. I t  c a n   b e   s e e n   f r o m   t h e   p l o t  that some s i g n i f i c a n t   g a i n s   i n  

i n c i p i e n t   i n s t a b i l i t y   s p e e d  are a t t a i n e d   b y   i n c r e a s i n g   t h e   l u b r i c a n t   p r e s s u r e .  

Under t h i s  mode of o p e r a t i o n   t h e   b e a r i n g  is o p e r a t i n g  similar to  a h y b r i d  

b e a r i n g .  I t  was also f o u n d   t h a t   i n   t h e   t e s t i n g  of t h e   t h r e e - l o b e   b e a r i n g  

t h a t  i t  was easier t o  s t a b i l i z e   t h e   b e a r i n g   w i t h   l u b r i c a n t   p r e s s u r e   t h a n  i t  

was w i t h   s t e a d y   l o a d .  
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2. Effec t  of Misa l ignmen t  

F i g u r e  56 which was p r e s e n t e d   p r e v i o u s l y   f o r   t h e   p i v o t e d - p a d   b e a r i n g  

a l so  a p p l i e s  t o  t h e  misalignment of t h e   t h r e e - l o b e   b e a r i n g .  

Shown i n   F i g u r e  89 is  t h e   v a r i a t i o n  of b e a r i n g   e c c e n t r i c i t y  r a t io  

w i t h  Sommerfeld  number.  These data are  fo r  r e s i d u a l   u n b a l a n c e   a n d  a 

s t e a d y   l o a d  of 70 l b s / b e a r i n g .  I t  c a n   b e   s e e n  that the misa l ignmen t  has 

o n l y  a s l i g h t   e f f e c t   o n   t h e   l o a d   c a p a c i t y   o f  t he  t h r e e - l o b e   b e a r i n g .  

S h o s n   i n   F i g u r e 9 0  is t h e   v a r i a t i o n  of a t t i t u d e   a n g l e  w i th  b e a r i n g  

e c c e n t r i c i t y   r a t i o  fo r  t h e  same c o n d i t i o n s  a s  t h e   p r e v i o u s   p l o t .  I t  

can  be s e e n  that t h e   m i s a l i g n e d   c o n f i g u r a t i o n s   t e n d  t o  h a v e   h i g h e r  a t -  

t i t u d e  a n g l e s  for  a g i v e n   b e a r i n g   e c c e n t r i c i t y  r a t io  t h a n  the a l i g n e d  

d a t a .   T h i s   i n d i c a t e s  that u n d e r   m i s a l i g n e d   c o n d i t i o n s ,  the b e a r i n g  is 

s l i g h t l y  more s u b j e c t  t o  f r a c t i o n a l - f r e q u e n c y   w h i r l .  Shown i n   F i g u r e  

91 is t h e   v a r i a t i o n  of non-dimens iona l   to rque  wi th  t h e   l o a d   c a p a c i t y  

f o r  a s p e e d  of 14,000 rpm a n d   r e s i d u a l   u n b a l a n c e .  I t  c a n   b e   s e e n  t h a t  

misa l ignmen t  had l i t t l e  o r  no e f f e c t   o n  the b e a r i n g   t o r q u e .  A similar 

p l o t  a t  a side l o a d   o f  50 l b s / b e a r i n g  is shown i n   F i g u r e  92.  Here 

again, ,  t h e  a l i g n m e n t  of t h e   b e a r i n g   h a d   o n l y  a small effect on the  

measured   to rque .  

Shown i n   F i g u r e  93 i s  t h e   v a r i a t i o n  of t h e  r a t i o   o f   t h e   d i s p l a c e -  

ment semi-major a x i s  to  t h e  d i s p l a c e m e n t  of the c e n t e r   o f   g r a v i t y  of 

t h e  s h a f t   a g a i n s t  pad Reynolds  number.   This  data is f o r  a r e s i d u a l  

unba lance   and  a s t e a d y  load o f  50 l b s / b e a r i n g .   T h e  data i n d i c a t e s  a 

d e f i n i t e   i n c r e a s e   i n   o r b i t  s ize  w i t h   t h e   m i s a l i g n e d   c o n f i g u r a t i o n s .  

Shown i n   F i g u r e  94 is t h e   v a r i a t i o n   i n   t h e  ra t io  of t h e   d i s p l a c e m e n t  

170 



0.7 

0.6 

,Ium 
0.5 

0.4 

0.3 

0.2 

0.1 

0 

THREE-LOBE BEARING 
LOWER BEARING 
0 0 SEC/O M I L  
A 400 SEC/O M I L  
I 400 SEC/4 M I L  

UNBALANCE, RESIDUAL 
STEADY  LOAD, w ,  L B ~ B R G . ,  70 

5331 10 
I I I 

0.01 0.02 0.03 U 
pNLD L 

SOMMERFELD  NUMBER, (k) J5570-86 

1 

Figure 89. Effect of Misalignment  on the  Eccentricity Ratio - Sommerfeld 
Number Variation. 



90 

80 

/O 

m 
w 
w 
r Y  

60 
n . 
L 

" 
W 

& 50 
e z 

w 
L3 
3 
I- 

E 40 
4 

30 

20 

10 

0 

I I I T"-" I I 
" - . . . . . - 

THREE-LOBE  BEARING - a o SEC/O MIL - 
A 400 S E C / O   M I L  

400 S E C / 4   M I L  
UNBALANCE, RESIDUAL - STEADY LOAD, W ,  LB/BRG,,  70 
LOWER BEARING 

- - 

- - 

- - 

- - 

- - 

- - 

- - 

5331 12 

I 1 I I 1 I I i 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

B E A R I N G   E C C E N T R I C I T Y   R A T I O ,  - e 
cB 

55578-87 

Figure 90. Effect  of  Misalignment  on  this  Attitude  Angle - Eccentricity 
Ratio  Variation. 

172 



3 -  

I -  

1, 
1 

THREE-LOBE  BEARING 
0 ALIGNED 
A 400 SEC .. 4 0 0   S E C / 4   M I L S  
UNBALANCE,  RESIDUAL 
SPEED, N, RPM, 14,000 
PRESSURE, P S I G ,  35 

5331 05 

2 
LOAD CAPACITY, --( 60W 5) 

30 

Figure 91. Effect of Misalignment on the  Di~1en6iOnh3S Torque - Load 
Capacity Variation, 

173 



i 

r "-1"" -""" ""_ T"- r - -  . .. - 

THREE-LOBE  BEARING 
0 ALIGNED 
A 400 SEC 

400 SEC/4  MILS 
UNBALANCE,  RES I DUAL 
STEADY  LOAD, W, LB/BRG. , 50 
PRESSURE, P S I G  35 

533107 1 
0 1  I I I I I I I 1 

0 1000 2c)oo 3000 4000 5000 6000 7000 8000 9000 10,000 

PAD  REYNOLDS  NUMBER, p 2nFIR 
'rl 

Figure 92. Effect of Misalignment  on the Dimensionless Torque - Reynolds 
Number Variation. 

! 

t 

J557689 



1 I I I I I I I I 
THREE-LOBE  BEARING 
LOWER BEARING 

ALIGNED 
A 400 SEC 
I 400 SEC/4   M ILS  (SOME  PHASE  ANGLES F A I L E D  TO REPEAT WITHIN 6 DEGREES) 

UNBALANCE.  RES I DUAL 
STEADY  LOAD, W ,  LB/BRG. 50 
PRESSURE, P S I G  35 

- 
5 3 3 2 0 1  a 

1 1 I I I 
1000 2000 3000 4000 5000 6000 7000 8000 9000 1 

Figure 93. 

PAD  REYNOLDS NUMBER, 60 Cp p 2nRN 

P 
The Effect of Misalignment on the  Displacement Semi-Major Axis - 
Reynolds Number Variation. 

000 
J5578-90 



1.4 - 

3 

L 

4 1.2 - 
0 

I- 
W 
z 

B 
5 1.0 - u 

n 

n 
m 
U 

VI 
1 

U 

0.8 - 
z s 
2 

0.6 - 
m 
I- z 
W 

E 
4 " 0.4 - 
n 

n 
U 
m 

0.2 - 

-itREE-LOBE IIEARING 
i. 9UER BEARING 

ALIGNED 
A 400 SEC 
8 400  SEC/4  MILS 

IItJRALANCE. GR.-In., -2 
5aTEADY LOAD, W ,  LB/BRG., 0 
PRESSURE, PSIG, 35 

533202a 

O L .  ." I I I I 1 1 1 I 
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 1 

I 
d 

IO,( 

PAD REYNOLDS NUMBER, 6o 2 n E  
J5578-91 

300 

Figure 9 4 .  Effect of Misalignment on the DisDlacement Semi-Major Axis - 
Reynolds Number Variation. 



r 

semi-major a x i s  t o  the d i s p l a c e m e n t  of t h e   c e n t e r  of g r a v i t y   a g a i n s t   p a d  

Reynolds  number for t h e  case of a n   u n b a l a n c e  of 2 g r - i n .   I n   t h i s   i n -  

s t a n c e   t h e   a l i g n e d   b e a r i n g  has a s i g n i f i c a n t l y  larger d i s p l a c e m e n t   o r b i t  

t h a n   b o t h   o f   t h e   m i s a l i g n e d  cases. Shown i n   F i g u r e  95 i s  t h e   v a r i a t i o n  

of t h e  r a t io  of t h e  force semi-major axis t o  t h e   u n b a l a n c e  force a g a i n s t  

pad  Reynolds  number for  t h e  case of r e s i d u a l   u n b a l a n c e   a n d  a s t e a d y  load 

of 50 l b s / b e a r i n g .  It is s e e n   t h a t   t h e   m e a s u r e d  forces f o r  the a l i g n e d  

case are larger t h a n   t h o s e  for the m i s a l i g n e d  cases. Shown i n   F i g u r e  96 

i s  the  v a r i a t i o n  01 ratio of t h e  semi-major a x i s  t o  the u n b a l a n c e   f o r c e  

aga ins t   pad   Reynolds   number  for  t h e  case of a n   u n b a l a n c e  of 2 g r - i n   a n d  

a s t e a d y   l o a d  of zero. I n   t h i s   i n s t a n c e  the measured  forces are the  samc 

for the  a l i g n e d  and m i s a l i g n e d  cases w i t h i n  the scatter o f  the data.  

Shown i n   F i g u r e  97 is t h e  v a r i a t i o n  of the  i n c i p i e n t   i n s t a b i l i t y  

s p e e d  w i t h  s t e a d y  load f o r  t h e  case o f   r e s i d u a l   u n b a l a n c e   a n d  fo r  seve -  

r a l  1 e v e l s . o f   m i s a l i g n m e n t .  I t  is  s e e n  tha t  w i t h i n  a t  the most 3,000 

rpm, the  s p e e d s  of t h e  b e a r i n g s  for  the  t h r e e   c o n f i g u r a t i o n s  are  the  

the  same. Shown i n   F i a u r e  98 is t h e   v a r i a t i o n   i n   i n c i p i e n t   i n s t a b i l i t y  

s p e e d  w i t h  l u b e   p r e s s u r e .   T h i s  is  f o r  the case of a n t i - s y m m e t r i c  

u n b a l a n c e  of 1 g r - i n .  Here a a a i n ,   t h e   m a r k e d  effect of l u h r i c a n t  pres- 

s u r e   o n  the i n c r e a s i n g   i n c i p i e n t   i n s t a b i l i t y   s p e e d  i s  s e e n   b u t  the  

l e v e l   o f   m i s a l i g n m e n t   a p p e a r s  to have l i t t l e  or  no effect. 
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3. . D i s c u s s i o n  of t h e   T h r e e - L o b e   B e a r i n e   R e s u l t s  

T h e   t h r e e - l o b e   b e a r i n g   i n   g e n e r a l  was f r e e   o f   f r a c t i o n a l - f r e q u e n c y  

whir; i n   t h e   r a n g e   f r o m  20,000 t o  27,000 rpm, d e p e n d i n g   o n   t h e   l u b e  

p r e s s u r e   u t i l i z e d .  I t  was s i g n i f i c a n t  that t h e   i n c r e a s e  of the l u b e  

p r e s s u r e  from 35 t o  67 p s i g  was s i g n i f i c a n t l y  more e f f e c t i v e   i n   e x -  

t e n d i n g  the  s t a b i l i t y   r a n g e   o f   t h e   t h r e e - l o b e   D e a r i n g   t h a n   i n c r e a s i n g  

t h e  s teady l o a d  from zero 10 70 l b s j b e a r i n g   ( t h e  maximum a t t a i n a b l e  

w i t h  t h e  test f a c i l i t y ) .  The   misa l ignment  of the t h r e e - l o b e   b e a r i n g  

c a u s e d   a p p r o x i m a t e l y  a 20 p e r c e n t   d e c r e a s e   i n   l o a d   c a p a c i t y .  I t  

a l s o   d e c r e a s e d   t h e   o r b i t  s ize  by   about  27 p e r c e n t ,  the m e a s u r e d   f o r c e  

b y  30 p e r c e n t ,   a n d   t h e   s t a b l e   s p e e d   b y   a p p r o x i m a t e l y  3,000 rpm. 

C .  COMPARISON OF THE PIVOTED-PAD AND THREE-LOBE  BEARING  TEST  DATA 
" 

The r e s u l t s  shown i n   F i g u r e  99 are  f o r  both the p i v o t e d - p a d  

a n d   t h r e e - l o b e   b e a r i n g s  a t  a Reynolds  number of between 2653 a n d  2933. 

P l o t t e d  i s  t h e   l o a d   p a r a m e t e r  ( t h e  r a t i o  of pad  Reynolds   number   to  

Sommerfeld  number)   against  the b e a r i n g   e c c e n t r i c i t y  r a t io .  A s  i n d i -  

c a t e d   o n  t h e  o t d i n a t e  scale t h e  c l e a r a n c e  ra t io  f o r   t h e   b e a r i n g  

a p p e a r s  t o  t h e  t h i r d  power i n  t h e  l o w e r   p a r a m e t e r .   I n  t h i s  c l e a r a n c e  

r a t i o   t h e   m a c h i n e d   c l e a r a n c e  i s  used  as the characteristic d imens ion  

f o r   b o t h  t h e  p i v o t e d - p a d   a n d  the t h r e e - l o b e   b e a r i n g .   R e s u l t s  of 

the data i n d i c a t e  that a t  a n e a r l y   f i x e d   v a l u e  of Reynolds  number the 

t h r e e - l o b e   b e a r i n g  is a n   e x t e n s i o n  of t h e  data of t h e   p i v o t e d - p a d  

b e a r i n g .   T h i s   m e a n s   t h a t  for t h e  same diameter, l eng th ,   speed ,   den -  
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sity. v i s c o s i t y ,   a n d   c l e a r a n c e ,   t h e  two b e a r i n g s  will have  the same 

e c c e n t r i c i t y  ratio f o r  a g i v e n   s t e a d y  load. F i g u r e  100 is a similar 

p l o t  at a higher Reynolds  number,  namely 5125 fo r  t h e   p i v o t e d - p a d  

b e a r i n g   a n d  5135 for the three-lobe b e a r i n g .  Here a g a i n  i t  is s e e n  

that the three-lobe b e a r i n g  data is mere ly  a c o n t i n u a t i o n  of t h e  

p ivo ted -pad  data a n d  a v e r y  smooth c u r v e .  

Shown i n   F i g u r e  101 i s  the v a r i a t i o n  of non-d imens iona l   t o rque  

w i t h  reciprocal Sommerfeld  nunber.   Reciprocal  Sommerfeld  number has 

t h e  c l e a r a n c e  r a t io  i n  i t  t o  t h e   s e c o n d   p o w e r   a n d   t h e r e f o r e  a v a l i d  

compar ison   can  be made  between the  two b e a r i n g s  a t  a p p r o x i m a t e l y  the 

same Reynolds  number, 5125. I t  is s e e n  that the  p i v o t e d - p a d   b e a r i n g  

has a t o r q u e  that i s  a b o u t  2.3 times t h e   t o r q u e  of the three-lobe 

b e a r i n g  for  t h e  same c o n d i t i o n s .  

Shown i n   F i g u r e  102 is the  ratio of the d i s p l a c e m e n t  semi-major 

a x i s  to t h e  b e a r i n g   c l e a r a n c e   ( a s s e m b l e d   c l e a r a n c e )  w i t h  pad  Reynolds 

number. I t  is s e e n  that by t h e  n o r m a l i z i n g  of the d i s p l a c e m e n t  

semi-major a x e s  for  the two b e a r i n g s   b y  the b e a r i n g   c l e a r a n c e  the  

d i s p l a c e m e n t  o rb i t  of t h e  three-lobe b e a r i n g  is a p p r o x i m a t e l y  25 to  

35 p e r c e n t  larger t h a n  for  the p i v o t e d - p a d   b e a r i n g .  Shown i n   F i g u r e  

103 i s  the  v a r i a t i o n  of the ratio o f  the force semi-major a x i s  t o  

t h e  b e a r i n g   u n b a l a n c e   a g a i n s t  t h e  pad Reynolds  number. Whereas 

t h e  p i v o t e d - p a d   b e a r i n g  has a force ra t io  j u s t   o v e r   u n i t y ,  the  force 

ra t io  for the three-lobe b e a r i n g  is c o n s i d e r a b l y  lower t h a n   u n i t y  

a n d  decreases as t h e  pad   Reynolds   number   increases .  
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Shown i n   F i g u r e  104 is a comparison of t h e  maximum a t t a i n a b l e   s p e e d  €or 

t h e   t h r e e - l o b e   a n d   p i v o t e d - p a d   b e a r i n g s   a l i g n e d  and a t  r e s l d u a l   u n b a l a n c e .  

The ciata is p l o t t e d   a g a i n s t   s t e a d y  load. I t  is s e e n   t h a t   t h e   p i v o t e d - p a d  

b e a r i n g  miximum a t t a i n a b l e   s p e e d   r u n s  from abou t  27 t o  30,000 rpm as t h e  

s t e a d y  load i n c r e a s e s  from 0 to  70 l b s  ./bearing. Over   the  same range  of 

s t e a d y  load t h e  maximum a t t a i n a b l e   s p e e d  of t h e   t h r e e - l o b e   b e a r i n g   d i f f e r s  

by on ly   abou t  2,000 rpm from 20,000 rpm. Shown i n   F i g u r e  105 is a sirnilar 

c o m p a r i s o n   w i t h   r e s i d u a l   u n b a l a n c e   e x c e p t   i n   t h i s   i n s t a n c e   b o t h   b e a r i n g s  

have a t o t a l   m i s a l i g n m e n t   o f  46.7 seconds .  Here a g a i n  i t  i s  a p p a r e n t   t h a t  

t h e   p i v o t e d - p a d   b e a r i n g  has a h i g h e r  attainable s p e e d   t h a n   t h e   t h r e e - l o b e  

bea r ing .   Th i s   d i f f e rence   amoun t s  t o  as much as 10,000 rpm a t  a side load of 

70 l b s . / b e a r i n g   a n d   a p p r o x i m a t e l y  3,000 rpm a t  a s t e a d y  load of z e r o .  

D .  EXPERIMENTAL BEARING DYNAMIC COEFFICIENTS 

T h e o r e t i c a l l y   i n   o r d e r  t o  o b t a i n   b e a r i n g   d y n a m i c   c o e f f i c i e n t s   e x p e r i -  

m e n t a l l y ,   t h e   a b s o l u t e  x and y d i s p l a c e m e n t   a n d   r e l a t i v e   f o r c e   a m p l i t u d e s  

a l o n r   w i t h   t h e i r   p h a s e   a n g l e s  m u s t  be o b t a i n e d  for  two d i f f e r e n t  dynamic 

test  c o n d i t i o n s  a t  t h e  same s t e a d y  s t a t e  cond i t ions .   Fo r   example   t he  dis-  

p l acemen t s ,   fo rces   and   phase   ang le s   cou ld   be   ob ta ined   fo r   t he  cases of 

symmetr ic   and  ant i -symmetr ic   unbalance.  These d a t a   p r o v i d e   s u f f i c i e n t  

i n fo rma t ion  t o  s o l v e   t h e   e i g h t   s i m u l t a n e o u s   e q u a t i o n s   r e q u i r e d   f o r   t h e  

d e r e r r n i n a t i o n   o f   t h e   e i g h t   d y n a m i c   b e a r i n g   c o e f f i c i e n t s .   T h e   a n a l y s i s   l e a d i n g  

t o  these   dynamic   coe f f i c i en t s   f rom  expe r imen ta l  data are  p r e s e n t e d   i n   R e f e r e n c e  7 .  
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A t  least  t h r e e   a p p r o a c h e s  to t h e   d e t e r m i n a t i o n  of t h e   c o e f f i c i e n t s  a r e  

a v a i l a b l e .   T h e   m e a s u r e d   d i s p l a c e m e n t   a n d  force a m p l i t u d e s   a n d   p h a s e   a n g l e s  

c a n  be  clsed d i r e c t l y .   T h i s  was t r i e d   a n d  some b e a r i n g   c o e f f i c i e n t s  were 

ob ta ined .   However ,   t hese  were n o t   c o n s i s t e n t   a n d  some v a l u e s  were n e g a t i v e  

wi thou t   r ea son .   The   fo rce   measu remen t s  were s u s p e c t e d   b e c a u s e  of the l a r g e r  

s ca t t e r  i n   f o r c e   c o m p a r e d  t o  d i sp lacemen t   measu remen t s   and   t he  large pe r -  

c e n t a g e   c h a n g e   i n   t h e   l o a d - c e l l   s e n s i t i v i t i e s   b e f o r e   a n d   a f t e r  a t es t  series. 

-4 second   approach  is  t o  c a l c u l a t e   t h e  forces t h a t   g o   w i t h   t h e   m e a s u r e d  

d i s p l a c e n e n t s   t h r o u g h   t h e   k n o w l e d g e  of t h e   v i b r a t i o n   c h a r a c t e r i s t i c s  of t h e  

s h a f t ,  d e t e r m i n e d   a n a l y t i c a l l y  or e x p e r i m e n t a l l y .   T h i s   m e t h o d   h a s   b e e n  

e s t a b l i s h e d   b u t   n o t   c h e c k e d   o u t .   T h e   t h i r d   a p p r o a c h  i s  t o  p r o v i d e   a n d  

measu re   t he   r e sponse  t o  known s h a k i n g   f o r c e s   a p p l i e d   t h r o u g h   t h e   f r e q u e n c y  

s p e c t r u m  when t h e  t es t  u n i t  is o p e r a t i n g  a t  a test c o n d i t i o n  of i n t e r e s t .  

T h i s   a p p r o a c h  has b e e n   s u c e s s f u l l y   a p p l i e d  to  similar p rob lems   bu t  has n o t  

b e e n   t r i e d   o n   t n e   b e a r i n g  test d n i t .  
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V I I I .  CONCLUSIONS AND RECOMMENDATIONS 
- 

I n  v i e w   o f   t h e   e x p e r i m e n t a l  data p r e s e n t e d   i n   t h i s   r e p o r t   r e g a r d i n g  

t h e   t h r e e - l o b e   b e a r i n g   w i t h  a 5 m i l  diametral c l e a r a n c e   a n d   t h e   p i v o t e d -  

p a d   b e a r i n g   w i t h  a 3.125 m i l  diametral c l e a r a n c e ,   t h e   f o l l o w i n g   c o n c l u -  

s i o n s  were r e a c h e d :  

1. T h e   p i v o t e d - p a d   b e a r i n g  is c l e a r l y   s u p e r i o r  t o  t h e   t h r e e - l o b e  

b e a r i n g   i n  maximum a t t a i n a b l e   s p e e d .  

2.  The   p ivo ted -pad   bea r ing  i s  i n s e n s i t i v e   t o   m i s a l i g n m e n t   a n d  

to  t h e   s e l e c t i v e   f i x t u r e  of one  pad a t  l i g h t   s t e a d y  loads. 

3. T h e   l o a d   c a p a c i t y   o f   t h e   p i v o t e d - p a d   b e a r i n g  is t h e  same 

as that of t h e   t h r e e - l o b e   b e a r i n g .  

4. The   p ivo ted -pad   bea r ing   t o rque  i s  2.3 times t h e   t o r q u e  of 

t h e   t h r e e - l o b e   b e a r i n g  a t  t h e  same load, speed ,   and   d i a -  

meter c l e a r a n c e  - 

The  fol lowing  recommendat ions are made for  c o n t i n u a t i o n   o f   b e a r i n g  

t echno logy .  

1. C o n s i d e r   f u t u r e   e f f o r t  to  e x p e r i m e n t a l l y   d e t e r m i n e   b e a r - n g  

d y n a m i c   c o e f f i c i e n t s .   T h i s   w o u l d   b e   a n   e x t e n s i o n  of t h e  

work i n i t i a t e d   u n d e r   t h i s   c o n t r a c t .  
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APPENDIX 

DETERMINATION OF DISPIACEMENTS, FORCES AND PHASE ANGLES 

FOR EXPERIMENTAL DATA 

T h e   r e l a t i o n s h i p   b e t w e e n   d i s p l a c e m e n t   a n d  force measurement axes is Shown 

i n   F i g u r e  106. The   force   measurement   axes  are d e s i g n a t e d  by x a n d  y a n d  are 

p o s i t i v e   i n   t h e   d i r e c t i o n s  shown.   These  axes  are  c o n v e n t i o n a l   i n   t h a t   t h e  

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

a n d   t h e   p o s i t i v e  y a x i s  i s  a n g u l a r l y   d i s p l a c e d  90 d e g r e e s   f r o m   t h e  x a x i s  

in t h e   d i r e c t i o n  of ro t a t ion .   The   d i sp l acemen t   measu remen t  axes are de- 

s i g n a t e d   x '   a n d   y '   a n d   t h e   p o s i t i v e   d i r e c t i o n s   o f   e a c h  a re  45 degrees away 

f r o n ?   t h e   p o s i t i v e  x and  y a x e s   i n  a d i r e c t i o n   o p p o s i t e   r o t a t i o n .  

As i n d i c a t e d   o n   F i g u r e  1 t h e r e  are two i n s t r u m e n t a t i o n   p l a n e s   e q u i d i s t a n t  

(1 .87  i n c h e s )   f r o m   t h e   c e n t r a l   p l a n e   o f   e a c h  t es t  b e a r i n g   e a c h   c o n t a i n i n g  

d i s p l a c e m e n t   s e n s o r s   a n d  load ce l l s .  From these   measu remen t s   ave rage  o r  

e q u i l i b r i u m   d i s p l a c e m e n t s ,   d i s p l a c e m e n t   a n d   f o r c e   a m p l i t u d e s   a n d   p h a s e   a n g l e s  

must   be   de te rmined  a t  t h e   c e n t r a l   p l a n e s  of e a c h  test b e a r i n g .   I n   a d d i t i o n ,  

t he   d i sp l acemen t   measu remen t s  m u s t  b e   i n t e r p r e t e d   i n   t h e   x - y   p l a n e   r a t h e r  

t h a n   t h e  x ' - y  ' plane  where the measurements  were made. T h i s   a p p e n d i x  describes 

how t h e s e   t r a n s f o r m a t i o n s  were made.  The  symbols  used are  d e f i n e d   i n   t h e  

Xornenclature L i s t  a t  t h e   e n d  of t h e   a p p e n d i x .  

Expe r imen ta l  data o b t a i n e d   f r o m   t h e   b e a r i n g  tests can   be  most e a s i l y .  

i n t e r p r e t e d   i n  terms o f   t h e   f o l l o w i n g   h a r m o n i c   e q u a t i o n s :  
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x '  = c 'cos(wt-+;) 

4'' = D'sin(Wt-#'> 
Y 

F = H sin(wt-V ) 
Y Y 

where x '   a n d  y '  are  d isp lacements   wi th   respec t  to  an   o r thogonal  s e t  of 

measurement  axes  and F and F are f o r c e s   w i t h   r e s p e c t  t o  measurement  axes 

t h a t   d o   n o t   n e c e s s a r i l y   c o i n s i d e   w i t h   t h e  axes used   fo r   measu r ing   d i sp l ace -  

ments. The c o n s t a n t s  C ' ,  D '  , G and H are d isp lacement   and   force   ampl i tudes  

measured i n   t h e   r e s p e c t i v e   d i r e c t i o n s   d u r i n g   t e s t i n g   a n d  8 '  x' b;, vx and Y 

are  phase   angles   measured   wi th   respec t  t o  a common (wt )   r e f e rence   ang le .  

I n  t h e  tests conducted,   phase  angles   def ined as ip' and ip' are measured  which 

d e f i n e  a zero x '  and   y '   ampl i tude ,   r e spec t ive ly ,   hav ing  a p o s i t i v e  rate OS 

char.ge  (slope)  with  respect to  3 zero ampl i tude   po in t   on  a r e f e r e n c e   s i g n a l  

t h a t  a l s o  has a p o s i t i v e   s l o p e .  Similar ang le s   de f ined  as  @I and @I whicl 

de te rmine   zero  force a m p l i t u d e s   i n   t h e  x and y d i r e c t i o n s ,   r e s p e c t i v e l y ,  a re  

measured  with  respect  t o  t h e  same reference   s igna3  

X Y 

Y 

X Y 

fx f Y  

Inspec t ion  of equat ion  (1) shows t h a t  y '  = 0 when ([ut) = 8 '  a n d   t h a t  

y ' = O+ when ( I o t )  = # '+ .  T h i s   i n d i c a t e s   t h a t  8 '  is  an   angle   where  y ' =. 0 

a i  t h  a p o s i t i v e l y   i n c r e a s i n g   v a l u e .   T h i s   o c c u r s  when (cut) = 4 '  as  measured 

i n  t he   bea r ing  tests and   t he re fo re :  

Y 

Y Y 

Y 
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By similar reasoning  i t  can  be shown t h a t  

YY = B f y  

Equat ion  (1)  also shows that x '  = +C' when (wt) = b i .  This   occu r s  when 

(at)  = 9 '  + 90" i n d i c a t i n g  that 
X 

@; = 9; + - JI 2 

S i m i l a r l y ,  i t  can  be shown t h a t  

'V = rnfx + 3 Ji 
X 

The paramet r ic   equa t ions  of a n   e l l i p s e  whose major and  minor  axes a re  

skew wi th   r e spec t  to  a r e fe rence  x-y coordinate   system a re :  

where 

c =  maximum ! X I  i n   t h e   r e f e r e n c e   c o o r d i n a t e   s y s t e m  

D =  maximum jyl i n   t h e   r e f e r e n c e   c o o r d i n a t e   s y s t e m  

- 
;x9 = p h a s e   a n g l e s   s u c h   t h a t   t h e   p o s i t i o n   v e c t o r  lies on - 
=Y o n e   o f   t h e   p r i n c i p a l   a x e s   o f   t h e   e l l i p s e  a t  t = 0 

4 = c o n s t a n t   p h a s e   a n g l e  to  s h i f t   t h e   p o s i t i o n   v e c t o r  t o  

a n y   a r b i t r a r y   p o s i t i o n  a t  t = 0 
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I t  is i m p o r t a n t  to n o t e   t h a t  for e a c h   d i f f e r e n t   o r i e n t a t i o n  of t h e  

reference c o o r d i n a t e   s y s t e m   w i t h   r e s p e c t  t o  t h e   p r i n c i p a l  axes of t h e   e l l i p s e ,  

u n i q u e   v a l u e s  for C, D, 5 and  5 e x i s t .  
X Y 

Shown i n   F i g u r e  107 i s  a n   e l l i p s e   w i t h  major and   minor   semi-axes  A a n d  B, 

r e s p e c t i v e l y .   T h i s   e l l i p s e   r e p r e s e n t s   t h e   m o t i o n   p a t h   o f   t h e  rotor d u r i n g  

o p e r a t i o n .  L e t  t h e   x ' - y '   c o o r d i n a t e   s y s t e m ,   l o c a t e d  a t  a r o t a t i o n   a n g l e  of 

f rom  the  major a x i s   o f   t h e   e l l i p s e ,   r e p r e s e n t   t h e   c o o r d i n a t e   s y s t e m   i n  'I 

which   d i sp lacements  are m e a s u r e d   d u r i n g   t e s t i n g .   T h e  maximum a m p l i t u d e  of 

d i s p l a c e m e n t   i n   t h i s   c o o r d i n a t e  s y s t e m  would  be C '  and  D '  i n c h e s ,   r e s p e c -  

t i v e l y ,   i n   t h e   x '   a n d   y '   d i r e c t i o n s .   C o o r d i n a t e   s y s t e m   x - y   r e p r e s e n t s   t h e  

d i r e c t i o n   i n   w h i c h   f o r c e s  are m e a s u r e d   d u r i n g   t e s t i n g   a n d  i t  i s  l o c a t e d  a t  

a n   a n g l e  of 8" w i t h   r e s p e c t  t o  t h e   x ' - y '   c o o r d i n a t e   s y s t e m   a n d  a t  a r o t a t i o n  

a n g l e   o f  a 2  w i t h   r e s p e c t  to t h e  major a x i s  of t h e   e l l i p s e .   A m p l i t u d e s  C a n d  

D r e p r e s e n t   t h e  maximum d i s p l a c e m e n t s  of t h e  ro tor  i n   t h e  x a n d  y c o o r d i n a t e  

d i r e c t i o n s .  

0 

I n   o r d e r  t o  compute   the   va lues   o f  C,  D, 5 and  5 i n   t h e  x - y   c o o r d i n a t e  
X Y 

s y s t e m  i n  terms of t h e  same m e a s u r e d   p a r a m e t e r s   i n   t h e   x ' - y '   c o o r d i n a t e   s y s t e m ,  

i t  is n e c e s s a r y  t o  d e v e l o p  some f u n d a m e n t a l   r e l a t i o n s h i p s   f o r   e l l i p s e s .  

Shown i n   F i g u r e  108 is an e l l i p s e   w i t h   a n  X-Y coordinate s y s t e m   a l i g n e d  

w i t h   t h e  major and   minor   semi-axes  A a n d  B. Rotated a t  a n   a n g l e  a f r o m   t h e  

X-J' c o o r d i n a t e   s y s t e m  is a s e c o n d   c o o r d i n a t e   s y s t e m   w i t h   c o o r d i n a t e   d i r e c t i o n s  

x - y .   T h e   p a r a m e t r i c   e q u a t i o n  of t h e   e l l i p s e   i n   t h e  X-Y c o o r d i n a t e   s y s t e m  

a re 
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I 
55578-108 

Figure 107.  E l l i p t i c a l  Orbit Showing Displacement And Force  Measuring Axis. 

X 

- x  

A -  
J5576-105 

Figure 108. Geometrical  Properties of  E l l i p t i c a l  Orbit .  
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X = A COS ( W t )  

Y = B s i n  (ut) 

where ( ~ t )  is measured  f rom  the  posi t ive X a x i s .  

The coord ina te   t ransformat ion  from t h e  X-Y t o  t h e  x-y system is  giver. 

by : 

X = X COS '1 + Y s i n  a 

y = - X s i n  3. + Y cosu 

S u b s t i t u t i n g   e q u a t i o n s  ( 8 )  and (9)  i n t o   e q u a t i o n s  (10) and (11) g i v e s  

x = A cos (wt) cos a + B s i n  ( W t )  s i n  a 

y = - A cos (Wt) s i n  a + E? s i n  ( W t )  cos a 

I t  is  d e s i r e d  t o  express   equa t ions   (12)   and  (13) i n   t h e   f o l l o w i n g  

form: 

x = c cos ( & e  ) 

y 7z D s i n  (ut-< 

-X 

Y 

Equat ing  equat ions  (12)and (14) g i v e s   t h e   f o l l o w i n g  

When at = 0, equat ion  (16) becomes : 

s 
X 
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When $.ut = ?, equat ion  (16) becomes: n - 

Dividing  equat ion (17) ,by  equat ion (18) 

o r  

5 = t a n  1 - t a n  a,] -1 ;E 
x L A  

Also from equat ions  (17)   and (18) i t  is 

c =  A cos a 8 s i n  a - X = -- 
By equat ing   equat ions  (13) and (15) and 

f o l l o w i n g   r e l a t i o n s h i p s  are developed: 

? = t a n  [$ t a n  a] 
-Y 

D -- = 
A s i n =  B cos a 

s1n 'S i. 
Y "Y 

g i v e s  : 

s e e n   t h a t  

u s i n g   t h e  same procedure ,   the  

The l u ~ l o w i n g  use fu l   i den t i t i e s   can   be   ob ta ined   f rom  equa t ions   (20 )   and  

c COS E = A COS a 3 
- 

D COS 5 = B COS (r 
Y 

Squar ing   bo th   s ides   and   add ing   t he   above   equa t ions   g ives :  

c cos cX + D cos s = ( A  + B )cos2 a 2 2   2 2   2 2  
Y 
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The f o l l o w i n g   r e l a t i o n s  are also obtained  f rom  equat ions  (20)   and  (22):  

c s i n  5 = 
X 

D s i n  5 = 
Y 

Again,   squaring 

C2sin2F + 
'X 

B s i n  a 

A s i n  a 

both  s ides   and  adding  the  above 

D s l n Y F  = (A + B ) s i n  a 2 .  2 2 2  
'Y 

Adding  equat ions  (23)   and  (24)   gives .  

equa t ions ,   g ives  : 

2 c ( s i n 2 ?  +cos2: + D ( s i n  5 +cos s = (A +B ) ( s i n  a +cos a) 
"X X Y Y 

2 2  2 2 2  2 2 

wh ich   g ives   t he   i den t i ty  

A + B  = C  + D  2 2 2 2  

Since  A and B a r e   c o n s t a n t  for a g i v e n   e l l i p s e ,  i t  is s e e n   t h a t   t h e  sum of 

the   square   o f   the  x and v ampli tudes for a n y   a r b i t r a r y   o r i e n t a t i o n   o f   t h e  

coord ina te   axes  is always a cons t an t .  

Us ing   t he   t r i gonomet r i c   i den t i ty  

cos( 5,- fy) = cos cos5 + s i n s x   s i n 5  
Y Y 

and t h e  f o l l o w i n g   r e l a t i o n s  from equat ions  (20)   and  (22)  

s in:  = - s i n  3. - B  
x c  

A 
-x c 

A 
Y D  

cos5  = - cos a 

s i n ?  = - s i n  a 

cos E = 2 cos a 
'Y D 
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the following  result can be  obtained: 

cos(  5 -: ) = - sin a + - COS a AB . 2 AB 2 
-x  y CD CD 

or 

.. , 

The final  important  identity  is  developed  from  the  trigonometric  equation 

Substituting  equation ( 2 6 )  into  the  above  expression  gives 

B2 A2 sin( 5,- <y) = - CD sin a cos a - - sin a COS a CD 

or 

sin( Sy) = (B2 - A 1 sin a cos a. = 
B2 - A2 

CD 2CD s i n  2a 

From this  expression,  the  rotational  angle  is  obtained as 

Returning n o w  to  Figure 107. it will be  assumed  that  values for the  displace- 

ment  ampir  crldes C' and D' are  known  from  test  data. Also values  for b i  and 
have  been  determined  from  the  test  results.  Referri.ng-to  equations ( 1 1 ,  

(6)  and ( 7 )  it  is  seen  that  the  measured  phase  angles b '  and b '  are  the same 
as the  angles ( 6 + 5 x) and ( 8 + $ ) and  that 

X Y 

Y 

e ; =  8+T: 
X 
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Sub t rac t ing   t he   above   equa t ions   g ives  

= fi; - s; 

The  measured  information  mentioned  above is now used t o  compute C, D, b and 

$ f o r  t h e  x-y coordinate system. From equat ions  (25) ,   (27) ,   and (31) t h e  

fo l lowing   expres s ions  are obta ined:  

V 

X 

A + B = (C') + (D') 2 2  a 2 

AB = C ' D ' C O S ( ~ ~ ~ ~ )  J 

Solv ing   equat ions   (32)   and  (33) for A and B g i v e s  

The r o t a t i o n   a n g l e  a, is ob ta ined  from equat ion  (28)  

Phase   angles  f: and 5 '  are ob ta ined  from equa t ions  (19) and  
Y 

E = t a n  [{ t a n  cz -1 
- X  1 3 
~1 = t a n  [$ t a n  a ] -1 
V 1 

(34) 

(35) 

(37) 

(38) 

From Figure  107 t h e  rotational ang le  a2 for t h e  x-y coordinate system i s  

g iven  as: 
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The  phase  angles  and 5 i n   t h e   s e c o n d  coordinate system are computer  using 

t h e  -- r o t a t i o n a l   a n g l e s o m p u t e d  by equa t ion  (39) 

'X Y 

5 = t a n  -1 [: t a n  ci2] 
X 

5 = t a n  -1 
Y 

Using  the  Dreceeding  information,   the   required  constants  for t he   pa rame t r i c  

equa t ions  of t h e   e l l i p t i c a l   p a t h   i n   t h e  x-y coordinate systems are: 

A cos 32 c =  cos % 
A sin 02 

s i n  E D =  
Y 

s , = s ; + s , -  T 

Transformation of the  Displacement  and  Force  AmDlitudes  and 

Phase   Angles   to   the   Bear ing   Cent ra l   P lane  

The displacements  of t h e  rotor a t  t h e  c e n t r a l   p l a n e  of t h e   b e a r i n g  w i l l  

be computed  from  the  displacements  measured a t  the  inboard  and  outboard 

in s t rumen ta t ion   p l anes .  A s i m p l e   l i n e a r   v a r i a t i o n  of displacement  w i l l  be 

assumed. 

(43) 

(44) 

(45) 

Denoting  displacement  measurement a t  t h e  two ends   o f   the   bear ing  by t h e  

s u b s c r i p t s  1 and 2, t he   fo l lowing   equa t ions  describe the  measured  motions 

i n   t h e   x - d i r e c t i o n .  
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x .: C l c O s ( m t - ~ x l )  

x 2 = c2cos(cvt-~x2) 

1 

Assuming a l i n e a r   v a r i a t i o n   i n   d i s p l a c e m e n t   b e t w e e n   t h e   e n d s  of t he   bea r ing ,  

the   d i sp lacement  a t  t h e   b e a r i n g   c e n t e r  is expressed  as:  

I t  is d e s i r e d  to  expres s  x i n   t h e  form: 
C 

x C = Cc(ios((L't-~ xc ) 

The cons t an t  C and bxc can be determined by equa t ing   equa t ions  (48) and 

(49) and  so lv ing  to  o b t a i n :  

C 

and 

6 = tan-' [ CISinbxl + C2sinbx2 
xc c cos + c cospx2 1 +x1 2 1 

S t a r t i n g   w i t h   t h e   f o l l o w i n g  two e q u a t i o n s   f o r  rotor d i s p l a c e m e n t   i n   t h e  

y - d i r e c t i o n  a t  the  ends of t he   hea r ing  

(49) 
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and  assuming  y-displacement at the  bearing  center to be  described  by  the 

equation 

the  Dc  and bc coefficients  can  be  obtained as follows: 

and 

A single  force  value  will  he  obtained  by  vectorially  adding  the  force 

components  measured  at  the  inboard  and  outboard  instrumentation  planes.  In 

a manner  similar  to  that  used  for  displacement  amplitude  and  starting  with 

t h e  following  equations  for  measured  force  components at the  instrumentation 

planes 

the following  expressions  for  the  resultant  total  force at the  center of 

the  bearing  can  be  obtained: 

Fxc = GcCOs( W- Yxc) 
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F = Hcsin(u!t-y ) 
YC YC 

where 

G s i n v  + G2sinvx2 
' = tan-' [ 1 x 1  

xc  G l ~ ~ ~ ~ , l  + G 2 Cosyxz 1 

F o r c e   E l l i p s e   Q u a n t i t i e s  

In a manner similar to t h a t  for displacements ,   except  tha t  no r o t a t i o n  

of axes  is requ i r ed ,   t he   pa rame te r s   de f in ing   t he   fo rce   e l l i p se  a t  the   bea r ing  

c e n t r a l   p l a n e  are der ived;   they are 

(64) 
C 

1 

B F = d m '  C F 

Equilibrium  Displacements 

The  conversion  from  the  x '-y '   plane t o  t h e  x-y  plane is made as follows: 
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The eccentricity and the  attitude angle of the shaft at.the central 

plane of the  bearing are given by 

2 09 



A 

A F  

B 

BF 

C 

C '  

cB 

cC 

cL 

cP 

D 

D' 

DC 

DL 

DS 

e 

FX 

F 
Y 

Fxc 

F 
YC 

G 

GC 

. .  

NOMENCLATURE 

_ .  

displacement semi-major axis,  in. 

force  semi-major  axis, lb. 

displacement semi-minor axis, in. 

force semi-minor axis, lb. 

x-displacement amplitude in  x-y  force  plane, in. 

x-displacement amplitude in XI-y' plane,  in. 

bearing  radial  assembled  clearance,  in. 

x-displacement amplitude in (x-y)  plane at bearing  central  plane,  in. 

loader bearing  radial  machined  clearance,  in. 

pad  (or  lobe)  radial machined  clearance,  in. 

y-displacement amplitude in x-y force  plane,  in. 

y-displacement amplitude in XI-y'  (displacement)  plane,  in. 

y-displacement amplitude in (x-y) force  plant at bearing  central 
plane,  in. 

diameter of the  loader  bearing  journal,  in. 

diameter of the  test  bearing  shaft,  in. 

shaft  eccentricity,  in. 

x-component  of fluid-film force,  lb. 

y-component of  fluid-film  force, lb. 

x-component  of fluid-film force at bearing  central  plane, lb. 

y-component  of fluid-film force at bearing  central  plane,  lb. 

x-force amplitude, lb. 

x-force amplitude at bearing  central  plane,  lb. 

eravi ta  tional constant - 386 in/sec 2 
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' NOMENCLATURE  (Continued) 

H y-force  amplitude. lb. 

HC y-force  amplitude  at  bearing  central plane,  lb. 

J ratio  of  displacement  semi-major  axis  to  displacement of center  of 
gravity 

Jc ratio  of  displacement  semi-mejor ax is  to bearing  clearance 

K ratio of force  semi-mojor  axis  to  unbalance  force 

L test-bearing length,  in. 

LL loader-bearing length,  In. 

MC shaft  moment  coefficient 

N rotative speed, rpm 

P pad lubricant  pressure,  psig 

R shaft radius, in. 

Re Reynolds  number 

RL loader  bearing journal radius, i n .  

S Sommerfeld  number 

P 

SL loader-bearing  Sommerfeld  number 

t time, sec. 

T 

TL 

U 

uL 

U 

W 

P 

wS 

X 

X '  

torque per  test  bearing, i n - l b .  

torque per loader bearing,  in-lb. 

journal  peripheral  speed, in/sec. 

loader  bearing journal peripheral speed,  in/sec. 

rotor unbalance per  bearing,  lb-in. 

steady  load per  bearing, lb. 

load parameter 

shaft  weight, lb. 

displacement  amplitude  in  force  plane (x-y),  in. 

displacement  amplitude  in  displacement  plane ( x ' - y ' ) ,  in. 
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X 

X 
C 

- 
X 

Y 

Y '  

Y 

YC - 
Y 

a 

a 
1 

a 
2 

B 

y X  

xc  

YY 

y Y C  

r 
€ 
B 

e 

IJ 

s 
X 

s 
X' 

hOMENCLATURE (Cont inued)  

c o o r d i n a t e  of a n   e l l i p s e ,   i n .  

d i s p l a c e m e n t   a m p l i t u d e  a t  b e a r i n g   c e n t r a l   p l a n e ,   i n .  

a v e r a g e   ( e q u i l i b r i u m )   d i s p l a c e m e n t   i n   x - y   p l a n e ,   i n .  

d i s p l a c e m e n t   a m p l i t u d e   i n   f o r c e   p l a n e  (x-y) ,  i n .  

d i s p l a c e m e n t   a m p l i t u d e   i n   d i s p l a c e m e n t   p l a n e  ( X I - y ' ) ,  i n .  

c o o r d i n a t e   o f   a n   e l l i p s e ,   i n .  

d i s p l a c e m e n t   a m p l i t u d e   i n   f o r c e   p l a n e  (x-y), i n .  

a v e r a g e   ( e q u i l i b r i u m )   d i s p l a c e m e n t   i n   ( x - y )   p l a n e ,   i n .  

a n g l e   b e t w e e n  x and  X a x i s ,   d e g .  

ang le   be tween  semi-major a x i s   a n d   x '   a x i s ,   d e g .  

a n g l e   b e t w e e n   s e m i - m a j o r   a x i s   a n d  X a x i s ,   d e g .  

c o n s t a n t   p h a s e   a n g l e   t o  s h i f t  p o s i t i o n   v e c t o r  to a n y   a r b i t r a r y  
p o s i t i o n  a t  t = 0, deg. 

x - f o r c e   p h a s e   a n g l e ,   d e g .  

x - f o r c e  phase a n g l e  a t  b e a r i n g   c e n t r a l   p l a n e ,   d e g ,  

y - f o r c e   p h a s e   a n g l e ,   d e g .  

y - f o r c e   p h a s e   a n g l e  a t  b e a r i n g   c e n t r a l   p l a n e ,   d e g .  

a t t i t u d e  a n g l e ,  deg. 

b e a r i n g   e c c e n t r i c i t y  ratic 

ang le   be tween  x- a n d   x ' - a x i s ,   d e g .  

l u b r i c a n t   v i s c o s i t y ,  I b  s e c / i n  

x - p h a s e   a n g l e   i n  x-y   p lane   such  that  p o s i t i o n   v e c t o r  l ies on p r i n c i p a l  
a x i s   o f   e l l i p s e  a t  t = 0, deg .  

x - p h a s e   a n g l e   i n   X I - y '   p l a n e  s u c h  that  p o s i z i o n   v e c t o r  lies o n   p r i n c - p a l  
a x i s   o f   e l l i p s e  a t  t = 0 ,  deg.  

2 
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NOMENCLATURE (Cont inued)  

y - p h a s e   a n g l e   i n   x - y   p l a n e   s u c h  that  p o s i t i o n   v e c t o r  l ies o n   p r i n c i p a l  ' axes of e l l i p s e  a t  t = 0 ,  deg.  

4; y - p h a s e   a n g l e   i n   x ' - y '   p l a n e   s u c h   t h a t   p o s i t i o n   v e c t o r  l ies o n   p r i n c i p a l  
axes of e l l i p s e  a t  t = 0 ,  deg.  

P l u b r i c a n t   d e n s i t y ,   l b . s e c . ' / i n .  
4 

'r d i m e n s i o n l e s s  torcpe pa rame te r  

bx x - d i s p l a c e m e n t   p h a s e   a n g l e  i n  x-y   p lane ,   deg .  

x - d i s p l a c e m e n t   p h a s e   a n g l e   i n   x * - y '   p l a n e ,   d e g .  

#,, x - d i s p l a c e m e n t   p h a s e   a n g l e  a t  b e a r i n g   c e n t r a l   p l a n e ,   d e g .  

m e a s u r e d   x - p h a s e   a n g l e   i n  x ' -y  ' p lane ,  deg. 
X 

@ m e a s u r e d   f o r c e   x - p h a s e   a n g l e   i n   x - y   p l a n e ,   d e g .  FX 

6 y - d i s p l a c e m e n t   p h a s e   a n g l e   i n   x - y   p l a n e ,   d e g .  

4 ' y - d i s p l a c e m e n t   p h a s e   a n g l e   i n   X I - y '   p l a ~ ~ e ,   d e g .  

d y - d i s p l a c e m e n t   p h a s e   a n g l e  a t  b e a r i n g   c e n t r a l   p l a n e ,   d e g .  

@ ' m e a s u r e d   y - p h a s e   a n g l e   i n   x * - y  ' plane,  r leg.  

Y 

Y 

Y C  

Y 

FY 
Q m e a s u r e d   f o r c e   y - p h a s e   a n g l e   i n   x - y   p l a n e ,   d e g .  

w a n g u l a r   v e l o c i t y ,   r a d . / s e c .  
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