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SUMMARY -- 

The research performed on this program had the following two 
objectives: 

1) Demonstrate the feasibility of using an oil aspirator as 
an emergency lubrication device for a helicopter engine mainshaft 
ball bearing (approximately 46mm bore) operating at speeds and 
load corresponding to present engine mainshaft conditions. 

2 )  9esign and manufacture a full time oil mist lubricating 
system and air cooling system and demonstrate their feasibility for 
lubricating and air cooling of a helicopter engine mainshaft bearing 
operating at high speeds (DN of 1.75 x 105 and higher). 

The feasibility of an emergency aspirator lubrication 
system was demonstrated as a viable survivability concept for 
helicopter engine mainshaft bearings for periods as long as 30 
minutes after cessation of the recirculating oil supply. Without 
the emergency aspirator system, test bearings failed within 30 sec- 
onds after cessation of the recirculating oil. With the aspirator, 
the bearings operated for 2 . 5  minutes on a lOcc (0.61 in3) reservoir 
of oil in the oil manifold. Extended operation to 30 minutes was 
achieved by refilling the reservoir every 2 . 5  minutes. Therefore,the 
duration of the emergency aspirator lubrication was limited only by 
the size of the reserve oil reservoir, at least within the 30 
minute time boundary. A type I1 ester oil (MIL-L-23699) was used 
at an inlet temperature of 438°K (330°F) with room temperature air 
supplied to the aspirator at a flow rate of 0.024 scmm (0.84 scfm). 
The bearing speed was 38,000 rpm (1.75 x lo6 DN) with a thrust load 
of 1779 newtons (400 lbs.) applied. 

Analytical and experimental studies were performed to deter- 
mine the lubricant and coolant flow rates and flow paths needed 
in an oil-mist, air cooled lubrication system. A system was 
designed and manufactured and coupled with an existing SKF owned 
test rig to perform evaluation testing. The bearings were 
aircraft quality 45.923 mm bore split-inner ring angular-contact 
ball bearings. 

The oil mist system was designed to supply air supported oil 
particles through eight converging reclassifying nozzles to one 
side of the test bearing. The oil mist was directed by the 
nozzles to the gap between the cage bore and inner-ring land and 
on to an enl~rged chamfer on the inner-ring face from which it 
was centrifugally pumped into the bearing. The cooling air system 
was designed to supply three flow paths; directly through the 
bearing from eight straight nozzles, circumferentially around the 
bearing housing, and through the hollow shaft. 
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A total of fourteen step-speed tests and two extended 
tests were performed with the mist lubrication applied to t e test 
bearing. Three mist tests, one each, were performed with a 

Keriod 
domestic refined Type I ester (MIL-L-7808H), a specially formu- 
lated polyphenylether, and a foreign refined Type I ester (MIL- 
L-7808, NATO-0-148). The remaining tests were performed with a 
Type I1 ester (MIL-L-23699). 

The results of the step-speed tests proved the feasibility 
of using a once-through oil-mist and cooling-air system to 
lubricate and cool current high speed helicopter engine mainshaft 
bearings. The extended period tests (50 hrs. at 55,000 rpm and 
100 hrs. at 43,600 to 45,000 rpm) demonstrated the feasibility 
of long term bearing operation with mist lubrication. All tests 
were performed with cooling air supplied through the bearing only. 
Housing cooli5g air and shaft cooling air were not required. 

A majority of the tests were performed with a mist oil flow 
rate of 442 to 492 cc/hr (27 to 30 in3/hr) and at total mist and 
cooling air flow rate of 0.439 to 0.586 scmm (15 to 20 scfm). How- 

ever, i? 
one step-speed test an oil flow rate as low as 51 cc/hr 

(3.1 in /hr) was shown to be adequate. In a different step- 
speed test a total mist and cooling air flow rate as low as 
0.283 scmm (10 scfm) supplied at a temperature of 35g°K (18S°F) 
was found adequate to maintain the bearing temperature below 
50S°K (450°F). In another step-speed test an appreciably simpli- 
fied mist system (drip/mist system) where oil drops were fed 
directly into the cooling air flow stream within the rig demonstra- 
ted the feasibility of operating with a significantly reduced 
vulnerability profile and mechanical complexity of the mist system. 

No problems were encountered in any of the mist lubgication 
tests up to speeds of approximately 55,000 rpm 2.5 x 10 DN). b At speeds between 55,000 and 65,000 rpm (3 x 10 DN) two problems 
were frequently encountered; 1) cage instability and 2) excessive 
wear and drag between the outer ring guide land and cage rail on 
the downstream side of the bearing. Changes in cage design were 
only partially successful in eliminating these problems. 

RESEARCH LABORATORY SSP I N D U S T R  I ES. I N C.  



1 .0  INTRODUCTION 

1.1 Object ive  

The high speed mainshaft  bear ings  i n  h e l i c o p t e r  gas  t u r b i n e  
engines  and t h e  inpu t  p in ion  bea r ings  i n  h e l i c o p t e r  t r ansmiss ions  
a r e  normally l u b r i c a t e d  by r e c i r c u l a t i n g  o i l ,  s u p p l i e d  through 
p r e s s u r i z e d  j e t s ,  impinging on t h e  s i d e s  of  t h e  bea r ings  o r  o i l  
pumped through h o l e s  i n  t h e  bear ing  r i n g s .  The o i l  performs two 
f u n c t i o n s ;  l u b r i c a t i o n  of t h e  bea r ing  elements  c o n t a c t i n g  s u r -  
f a c e s  and removal of t h e  bear ing  genera ted  h e a t .  Previous s t u d i e s  
conducted a t  t h e  SKF Technology Center ( I ) *  e s t a b l i s h e d  t h a t  t h e  
major p o r t i o n  of t h e  l u b r i c a t i n g  o i l  supp l i ed  t o  h igh  speed,  
i:ighly loaded bea r ings  i s  require 'd f o r  t h e  removal of  t h e  bear ing  
genera ted  h e a t ,  whi le  only  a small p o r t i o n  i s  r e q u i r e d  t o  provide  
t h e  d e s i r e d  elastohydrodynamic (EHD) l u b r i c a t i o n .  The bea r ing  
genera ted  heat  of which a l a r g e  p o r t i o n  r e s u l t s  a t  high o p e r a t i n g  
speed from t h e  churning of t h e  o i l  supp l i ed  t o  coo l  t h e  bea r ing ,  
r e p r e s e n t s  a  power l o s s  t o  t h e  engine .  

The c i r c u l a t i n g  o i l  systems r e q u i r e d  t o  l u b r i c a t e  and coo l  
t h e  c r i t i c a l  high speed h e l i c o p t e r  engine and t r a n s m i s s i o n  bea r -  
i n g  a r e  h i g h l y  vulnerable  t o  b a l l i s t i c  damage which can r e s u l t  
i n  the  c e s s a t i o n  o f  o i l  flow. The l o s s  o f  o i l  t o  t h e  b e a r i n g s  
p r e c i p i t a t e s  a  b e a r i n g  se. '  zure,  g e n e r a l l y  w i t h i n  1 t o  3 minutes, 
which can r e s u l t  i n  a fo rced  l and ing  o r  t h e  crash  o f  t h e  a i r c r a f t .  
Based on t h e  v u l n e r a b i l i t y  o f  the  r e c i r c u l a t i n g  l u b r i c a t i o n  
system, the  U. S. Army now s p e c i f i e s  t h a t  t h e  n e x t  g e n e r a t i o n  o f  
h e l i c o p t e r  engines  and t ransmiss ions  s h a l l  be designed t o  o p e r a t e  
f o r  30 minutes fo l lowing o i l  c z s s a t i o n  t o  permi t  emergency l a n d i n g  
o f  t h e  h e l i c o p t e r  away from enemy occupied t e r r i t o r y .  

There a r e  s e v e r a l  approaches which can be employed which 
o f f e r  p o s s i b i l i t i e s  o f  provi  d ing  f e a s i b l e  backup o r  emergency 
b e a r i n g  l u b r i c a t i o n  and c o o l i n g  systems t o  o b t a i n  t h e  d e s i r e d  
emergency o p e r a t i n g  l i f e .  These systems would i n c l u d e :  

1. A redundant r e c i r c u l a t i n g  o i l  system. 

2 .  An a s p i r a t e d  o i l  system u t i l i z i n g  r e s i d u a l  o i l  r e t a h e d  
i n  t h e  r e c i r c u l a t i n g  o i l  m n i f o l d .  

3. A once through o i l  mist and c o o l i n g  a i r  system. 

Redundant systems are f r e q u e n t l y  employed i n  a i r c r c f t  e l e c t -  
r o n i c s  t o  improve r e l i a b i l i t y  and p rov ide  an emergency o p e r a t i n g  
mode. I n  t h e s e  cases, t h e  p e n a l t y  of i n c r e a s e d  weight  and complex- 
i t y  i s  g e n e r a l l y  i n s i g n i f i c a n t  compared t o  t h e  advantages gained. 
'Numbers i n  pa ren theses  r e f e r  t o  Lis t  of  References a t  t h e  end 

of t h i s  r e p o r t .  
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However, a redundant o i l  system would add an apprec iab le  amount 
of weight and complexity and add only  marginally to  t h e  emer- 
gency o  e r a t i n g  mode s i n c e  t he  redundant system would be as 
vulnera 1 l e  t o  b a l l i s t i c  damage as the  primary system and may be 
inopera t ive  when needed. 

An a sp i r a t ed  o i l  l u b r i c a t i o n  system could  be devised which 
would be continuously ope ra t i ve ,  simple i n  cons t ruc t ion ,  
minimally vulnerable  t o  b a l l i s t i c  damage, and c a r r y  a very small 
weight and complexity pena l ty .  The e f f ec t i venes s  of such a  
system depends on the  o i l  supply r a t e  and the  q u a n t i t y  o f  
compressor b leed a i r  requ i red  t o  a s p i r a t e  t he  o i l  and provide 
some cool ing under emergency opera t ing  condi t ions .  

The use o f  an emergency o i l  mist and coo l ing  a i r  system, 
which i s  b a s i c a l l y  an ex tens ion  o f  an a s p i r a t o r  system t h a t  
suppl ies  a  g r e a t e r  q u a n t i t y  o f  o i l  and cool ing a i r ,  could be 
incorporated which would automat ical ly  be ac tua ted  by the  l o s s  
of r e c i r c u l a t i n g  o i l  p ressure .  Again t he  h igher  r e l i a b i l i t y  
expected from such a system r e l a t i v e  t o  t h a t  o f  an a s p i r a t o r  
system would c a r r y  a weight and complexity pena l ty .  However, 
the  e f f e c t  on engine e f f i c i ency  due t o  bleed o f f  o f  compressor 
a i r  would be considered i n s i g n i f i c a n t  under emergency condi t ions  
and poss ibly  o f f s e t  by deac t iva t i ng  the  r e c i r c u l a t i n g  o i l  
system. 

A once through mist o i l  and coo l ing  a i r  system a l s o  
represents  a  poss ib le  replacement o f  t he  primary r e c i r c u l a t i n g  
o i l  system and could provide the  fol lowing advantages: 

1. Reduced v u l n e r a b i l i t y  t o  b a l l i s t i c  damage s i n c e  l a rge  
volume pressur ized  o i l  t anks ,  an a i r - o i l  hea t  exchanger, 
and o i l  supply and scavenge pumps would n o t  be necessary.  

2 .  Reduced bear ing  hea t  generat ion r a t e  a t  high operqt ing 
speeds from o i l  churning. 

3. Higher temperature c a p a b i l i t y  , s ince  the  l u b r i c a n t  i s  
discarded a f t e r  use and thermal degradation i s  o f  l e s s  
concern. 

4.  Reduced weight and system complexity, s i n c e  l a rge  
capaci ty  supply and scavage pumps, and hea t  exchangers 
may n o t  be requ i red .  

I t  is noted t h a t  these  advantages could poss ib ly  o f f s e t  the 
reduction i n  engine e f f i c i e n c y  from the  use o f  b leed-of f  a i r  
from the  compressor o r  some o the r  source t o  supply t he  mist and 
cool ing a i r  requirements.  

4 
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The 1:urpose o f  t h e  resea rch  perfornud on t h i s  program 
was d i r e c  t e n  a t  demonst r a t i n g  the  f e a s i b i l i t y  and p r a c t i c a b i l i t y  
of us ing  an a s p i r a t o r  type  mi3 t ing  dev ice  a s  an emergency 
l u b r i c a t i o n  method f o r  high speed h e l i c o p t e r  engine and t r a n s -  
mission bea r ings  and t o  demonstrate  t h e  f e a s i b i l i t y  o f  l u b r i c a t i n g  
and cool ing  high speed b e a r i n g  ( D P o f  1 . 7 5  m i l l i o n  and h igher )  wi th  a 
once through o i l  mist (microfog) and c o o l i n g  a i r  system us ing 
l u b r i c a n t s  p r e s e n t l y  s p e c i f i e d  f o r  m i l i t a r y  a i r c r a f t  engines  
and t r ansmiss ions .  The program c o n s i s t e d  o f  two major t a s k s .  

Task I - Design, manufacture,  and t e s t  an o i l  a s p i r a t o r  
a s  anemergency l u b r i c a t i o n  device f o r  a f u l l - s c a l e  a i r c r a f t  
q u a l i t y  engine b a l l  b e a r i n g  (approximately 46mm bore)  o p e r a t i n g  
a t  specds and loads  correspond in^ t o  p r e s e n t  engine mainshaft  
cond i t ions  . 

Task I1 - Design and manufacture a  through o i l  m i s t  
and c m - a i  r a p p l i c a t i o n  system and demonstrate  t h e  
f e a s i b i l i t y  o f  l u b r i c a t i n g  a  h igh  speed (DN o f  1.75 x  l o 6  and 
h igher ) " ,  approximately 46mm b o r e ,  a i r c r a f t  q u a l i t y  engine 
bea r ing  a s  modified f o r  use wi th  the l u b r i c a t i o n  system. 

1 . 2  Background - 
The use o f  m i s t - o i l  l u b r i c a t i o n  f o r  bea r ings  is n o t  new, 

t h e  p r i n c i p l e s  were f i r s t  developed by a  European b e a r i n g  
manufacturer i n  t h e  l a t e  1930 's .  The problem t h a t  n u r t u r e d  
t h i s  development was the  i n a b i l i t y  t o  s a t i s f a c t o r i l y  l u b r i c a t e  
high-speed s p i n d l e  bea r ings  on g r i n d e r s  and s i m i l a r  e q u i p m n t .  
Using t h e  p r i n c i p l e s  developed a t  t h a t  t ime,  the  genera t ion  o f  
microfog o i l ,  i t s  d e l i v e r y  and i n s e r t i o n  t o  l u b r i c a t e  bea r ings  
was f u r t h e r  developed by var ious  companies and use6 i n  a  broad 
range o f  i n d u s t r i a l  a p p l i c a t i o n s .  These a p p l i c a t i o n s ,  however, 
a r e  l e s s  severe  (lower DN v a l u e s ,  loads  and temperatures)  than 
those  p r e s e n t l y  env i s ioned  f o r  a i r c r a f t  engine  bea r ings  of t h e  
n e a r  f u t u r e .  

Ear ly  s t u d i e s  and e v a l u a t i o n  t e s t i n g  o f  mist l u b r i c a t i o n  
o f  a i r c r a f t  t u r b i n e  engine b a l l  bea r ings  was performed by SKF(~). 
Seve a1  d i f f e r e n t  l u b r i c a n t s  were eva lua ted  i n  t e s t s  up t o  1 .75  6 x 1 0  2%. These t e s t s  showed a d e f i n i t e  p o t e n t i a l ;  however, 
t h e s e  s t u d i e s  were b a s i c a l l y  conducted wi th  bea r ings  and l u b r i c a n t  
supply components which were designed f o r  r e c i r c u l a t i n g  o i l  
systems. I n  p a r t i c u l a r ,  t h e  bea r ings  and o i l - m i s t ,  coo l ing  a i r  

 he DN value i s  t h e  product  o f  t h e  b e a r l n g  bore i n  mm and t h e  
s h a f t  speed i n  RPM. 
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supply c o n f i g u r a t i o n  was n o t  optomized f o r  d e l i v e r y  t o  bea r ing  
a r e a s  where t h e  l u b r i c a n t  i s  r e q u i r e d  f o r  e f f e c t i v e  u t i l i z a t i o n .  
Thus, i n i t i a l  a t t e m p t s  t o  o p e r a t e  l a r g e  mainshaf t  s i z e  a n g u l a r -  
c o n t a c t  b a l l  b e a r i n g s  wi th  mist l u b r i c a t i o n  under advanced t u r -  
S i n e  powerplant speeds ,   load^, and t empera tu res  were unsuccess fu l  
w i t h  most c a n d i d a t e  l u b r i c a n t s  and on y  p a r t i a l l y  s u c c e s s f u l  wi th  6 one o i l  (Mobil XRM-177F) a t  1 .75 x 10 DN.  

As t h e  r e s u l t  o f  t h e s e  t e s t s ,  b a s i c  o i l  mist s t u d i e s  
were conducted by Mobil O i l  Com?any ( 3 ,  4 ) . t o  de termine  o i l - m i s t  
p a r t i c l e  s i z e  d i s t r i b u t i o n ,  mist r e c l a s s i f i c a t i o n  nozz le  ope r -  
a t i o n  and w e t t i n g  e f f i c i e n c i e s ,  h e a t  t r a n s f e r  c o e f f i c i e n t s  through 
wet ted  f i l m s ,  and a  v a r i e t y  of r e l a t e d  b a s i c  ~henomena under-  
l y i n g  o i l - m i s t  l u b r i c a t i o n  technology,  

A synops i s  o f  t h e  most impor tan t  r e s u l t s  from t h e  Mobil 
s t u d i e s  i s  as fo l lows:  

1. Larger  mist p a r t i c l e  s i z e  (11 microns)  gave g r e a t e r  
w e t t i n g  r a t e s  when t h e  o i l  mist was impinged on f l a t  r o t a t i n g  
d i s k s .  Previous  r e fe rence  d a t a  had i n d i c a t e d  optimum p a r t i c l e  
s i z e  range o f  2 t o  3 microns f o r  most e f f e c t i v e  w e t t i n g .  

2 .  C e n t r i f u g a l  f o r c e s  enhance w e t t i n g .  Wett ing r a t e s  
i n c r e a s e d  w i t h  i n c r e a s i n g  tempera tures  and speeds  o i  a r o t a t i n g  
d i s k .  

3. Convective h e a t  t r a n s f e r  t o  t h e  m i s t  i s  p r i m a r i l y  
a  func t ion  o f  t h e  gas phase .  O i l  i n  t h e  m i s t  had l i t t l e  e f f e c t  
on t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  (e .g. ,4 p e r c e n t  i n c r e a s e )  . 
Heat  t r  s f e r  c o e f f i c i e n t s  were e s t a b l i s h e d  t o  be  approximately 
340 W / m ~ ' F ) .  

4 .  The use oT a 150-mesh s c r e e n  i n s e r t e d  i n t o  t h e  i n l e t  
o f  t h e  m i s t  nozz le  i n c r e a s e d  t h e  w e t t i n g  r a t e  o f  t h e  m i s t  
by 80 p e r c e n t .  

5 .  The s y n t h e t i c  p a r a f f i n i c  l u b r i c a n t  was found t o  have 
t h e  b e s t  w c t + i n g  c h a r a c t e r i s t i c  o f  f i v e  f l u i d s  s t u d i e d .  

6 .  Rates o f  o i l  o u t p u t  were found t o  i n c r e a s e  w i t h  
d e c r e a s i n g  k inemat i c  v i s c o s i t y  of t h e  o i l s  and wi th  i n c r e a s i n g  
gas flow r a t e .  

PRIGINAL PAGE 28 

6 a m R  QUALTTY 

RESEARCH LABORATORY &KP I N D U S T R I E S ,  I N C .  



Based on these results and the potential advantage of oil- 
mist lubrication, further studies were performed at SKF ( 4 ) .  
The approach used to evaluate mist lubrication of helicopter 
engine aainshaft bearings aad the results obtained are the 
subject of this report. 

7 
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2.0 MATERIALS TESTED 

2.1 Test Bearings 

The t e s t  bear ing design s e l e c t e d  f o r  t h i s  program is  a 
s p l i t - i n n e r -  r ing ,  angular-contact  b a l l  bear ing;  the  type most 
widely used i n  a i r c r a f t  propuls ion tu rb ines .  This design,  
SKF 464539VAA, whir31 permits  a maximum b a l l  complement by v i r t u e  
o f  the  separable  i nne r - r ing  halves ,  can support  high t h r u s t  
loads i n  e i t h e r  d i r ec t ion .  The separable  r i n g  fea ture  a l s o  
permits  t he  use o f  a precision-machined one-piece cage which i.s 
required f o r  high-speed, high- temperature o ~ e r a t i o n .  The cage 
i s  ou te r - r ing  p i l o t e d  with a nominal d i a s t r a l  clearance o f  
0.33mm (0.013 i n . ) .  

The t e s t  bearings have a bore diameter o f  45.923 mm and a 
nominal unmounted design contact  angle o f  32' 30". The b a s i c  
bear ing i s  i l l u s t r a t e d  i n  Figurc 1. The r i n g  and b a l l s  a r e  
manufactured from consunable e l  c t rode vacuun me1 t ed  (CVM) 
MSO tool  s t e e l  t o  provide high t e q e r a t u r e  hardness. The cage 
i s  s i l v e r  p l a t e d  AMS 6414 s t e e l  according t o  the  l a t e s t  j e t -  
engine bear ing p r a c t i c e  t o  minimize the  f r i c t i o n  and wear a t  the  
b a l l  and r i n g  1imd contac t s .  

The bas i c  bearing design was m d i f i e d  f o r  the  major p o r t i o n  
o f  the  mist test by incci'rporating a 45 degree chamfer (1.8 x 1.8 mm) 
between the  i nne r - r ing  face and land sur face  on the s i d e  opposi te  
the  p u l l e r  groove. This chamfered surface  was provided t o  pump 
p l a t ed  out  m i s t  o i l  p a r t i c l e s  by cen t r i fuga l  ac t ion  i n t o  the  
bearing. In addi t ion  a t ape r  o f  3 degrees was machined on 
both s i d e s  of t he  cage bore which s loped r a d i a l l y  outward toward 
the  cen te r  line of t he  bearing t o  cause t he  o i l  p la ted  on the  bore 
sur face  t o  be cen t r i fuga l ly  pumped i n t o  the  bear ing b a l l  pockets.  

In add i t i on  t o  the described mist cage design,  four  addi t ion-  
a l  redesigned cages were t e s t e d  t o  determine if  improved bea r  ng 
performance could be obta ined a t  high speeds (2 .5  t o  3.0 x 10' DN) . 
One of  the  modifications consisted o f  increas ing  the  diametral  
clearance.  The c learance o f  one r a i l  was increased 0.05 mm 
(0.002in.) above the  ~ t h e r  r a i l  which was machined t o  provide 
the  maximum design tolerance dimension of  0.40 mm (0.016in.).  

Two cages were s p e c i a l l y  designed t o  provide the  pumping of  
lubr ican t  and cooling a i r  i n t o  t he  r a i l  land in t e r f ace .  
One cage, shown i n  cross  s ec t ion  i n  Figure 2 ,  incorporated 
a bore tapered r a d i a l l y  outward from the  cen te r  t o  an o i l  
r e t a in ing  l i p  beneath each r a i l .  A t  t h e  base of each 
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FIGURE 2 

RADIAL O I L  PUMPING CAGE CROSS S E C T I O N  



l i p ,  eighteen 0.635 IBS (0.025 in , )  dialseter holes equaxly spaced 
around t h e  bore extend t o  the rail OD, The second cage design 
incorporates 27 punping grooves on each r a i l  OD equal ly spaced 
around the cf rcmference. The (0.050 in.)  wide grooves extend 
from the s i d e  t o  the center  o f  the  r a i l  a t  an angle of  20° with 
the face and tapered rad ia l ly  outward, see Figure 3. 

The f i n a l  cage configuration shown i n  Figure 4 ,  is an 
inner ring p i l o t e d  cage based on standard a i r c r a f t  bearing 
design guide l i n e s  and tolerances. A l l  modified cages are 
nanufactured from M 6414 s t e e l  and s i l v e r  p la ted .  

2.2 Lubricants 

The se lec t ion  of the t e s t  lubr icants  f o r  t h i s  program was 
wide froia mil i ta ry  spec i f i ca t ion  lubr icants  used i n  rec i rcul -  
a t i n g  o i l  systems f o r  a i r c r a f t  jet  engine and transmission 
bearings. The four f l u i d s  used i n  the test program were: 

1. A domestic ref ined Type I e s t e r  which meets the 
requirements of MIL-L- 7808H speci f ica t ion .  

2. A Type I1 e s t e r  which meets the requirements of  
MIL-L-23699. 

3.  A spec ia l ly  formulated polyphenylether . 
4.  A foreign ref ined Type I e s t e r  which meets the 

requirements o f  NIL-L-7808 and NATO-0-148 speci f ica t ions .  

Ident i f ica t ion  by chemical type, and the physical proper t ies  
f o r  each lubr icant  a re  l i s t e d  i n  Table I .  
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FIGURE 3 

GROOVED CAGE DESIGN 

1 .  A l l  Dimensions i n  inches 
2 .  S i l v e r  Plate  Per Spec. 471069 

0.0005-0.001 Inches Per Surface 

3.  Cage Balance Less than 2 gr-cm 
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FIGURE 4 

INNER KING RIDING CAGE DESIGN 

Dimensions Shown are Before Silver Plating. 

Material: AMS 6415 or AMS 6416 (Ref. SKF Specs, 471847 and 471711 

Heat Treat Per Spec. 471464 

Silver Plate Per Spec. 471069, .001w-.002w Per Surface 

Cage Balance Requirement Per Spec. 471848 

Except As Noted, Dimensional and Surface Requirements Per 
82 and %3 of Spec. 470939 

i LL 
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Chemical 
T y p e  

Flash Point, OF 

Fire Point, O F  

Kinematic Viscosity, cs 

Surface Tension 
f? 2S°C, dynes/cm 

Specific Heat (3 300°F 
Btu/lb°F 

TABLE I - PHYSICAL PROPERTIES OF TEST FLUIDS 

Domestic Refined Foreign Refined 
Type I Ester Tyve I1 Ester Polyphenylether Type I Ester 



3.0  TEST FACILITY 

A l l  tes ts  were performed i n  an e x i s t i n g  SKF owned 
h i g h  speed b e a r i n g  t e s t  f a c i l i t y  modi f ied  t o  accomodate 
t h e  r equ i r emen t s  f o r  emergency a s p i r a t e d  and m i s t  l u b r i c a t i o n  
o f  t h e  t e s t  b e a r i n g .  The basic t e s t  equipment c o n s i s t s  o f  t h e  
fo l lowing  components: 

T e s t  Rig 
Mist and Bearing Cool ing A i r  Systems 
Rig Bearing R e c i r c u l a t i n g  L u b r i c a t i o n  System 
I n s t r u m e n t a t i o n  

3.1 T e s t  Rig 

The t e s t  r i g ,  l a y o u t  drawing shown i n  F igu re  5 ,  c o n s i s t s  of 
a  8 .5  x  6 . 5  x  9 i nch  r e c t a n g u l a r  r i g  hous ing  w i t h  a  s t e p p e d  
bore  t o  accomodate t h e  ho l low s h a f t ,  s u p p o r t  b e a r i n g s ,  b e a r i n g  
hous ings ,  and o i l  d e l i v e r y  man i fo lds .  The hous ing  a l s o  c o n t a i n s  
a c c e s s  h o l e s  f o r  c a r t r i d g e  h e a t e r s ,  o i l  and a i r  i n l e t  l i n e s ,  and 
o i l  scavenge l i n e s .  

The s h a f t  i s  s u p p o r t e d  on two 45 .923  mm b o r e  a n g u l a r  
c o n t a c t  b a l l  b e a r i n g s  ( d e s c r i b e d  i n  S e c t i o n  2 )  which a r e  t h r u s t  
loaded  a g a i n s t  e a c h  o t h e r .  The t e s t  b e a r i n g ,  l o c a t e d  cn  t h e  
end o f  t h e  s h a f t  o p p o s i t e  t h e  d r i v e t u r b i n e ,  i s  mounted i n  an 
extended hous ing  " load p lug"  which i s  suppor t ed  w i t h i n  t h e  r i g  
hous ing  on a  b a l l s l e e ~ a s s e m b l y .  The b a l l - c a g e  assembly p e r m i t s  
bo th  f r e e  a x i a l  movement and a n g u l a r  r o t a t i o n  of  t h e  l o a d  p lug  
and t h u s  p r o v i d e s  a  means o f  app ly ing  t h r u s t  t o  t h e  t e s t  b e a r i n g  
and measurement o f  t h e  b e a r i n g  d r a g  t o r q u e .  The t h r u s t  l oad  
i s  a p p l i e d  d i r e c t l y  t o  t h e  c e n t e r  o f  t h e  l oad  p l u g  through a 
b a l l - t o - f l a t  c o n t a c t  by a  s p r i n g  loaded  beam. The load  beam, 
which r e a c t s  t h rough  two r o d  e x t e n s i o n s  t o  t h e  r i g  hous ing ,  
i s  equipped w i t h  a t e m p e r a t u r e  compensat ing s t r a i n  gage system 
t o  p r o v i d e  t h r u s t  measurement c a p a b i l i t y .  The t h r u s t  l o a d ,  
impacted i n  t h i s  manner t o  t h e  s h a f t  t h rough  t h e  t e s t  b e a r i n g ,  
i s  r e a c t e d  by t h e  r i g  b e a r i n g  on t h e  o t h e r  end o f  t h e  s h a f t .  

Test b e a r i n g  t o r q u e  measurement i s  ach ieved  s i n c e  t h e  l oad  
p lug  assembly,  c o n t a i n i n g  t h e  b e a r i n g  o u t e r  r i n g ,  i s  f r e e  t o  
r o t a t e  i n  t h e  s u p p o r t i n g  b a l l  s l e e v e  and a t  t h e  b a l l - t o - f l a t  
t h r u s t  l oad  a p p l i c a t i o n  p o i n t .  During o p e r a t i o n  o f  t h e  r i g ,  
t h e  l oad  p l u g  assembly i s  r e s t r a i n e d  from r o t a t i n g  by a  s t r a i n -  
gaged, f l e x i b l e  " torque  arm" a t t a c h e d  t o  t h e  r i g  hous ing  and 
r e a c t e d  a g a i n s t  a  p i n  i n  t h e  face o f  t h e  l oad  p lug .  
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FIGURE 5 

LAYOUT DRAWING OF TEST RIG 
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The inboard end of the ball sleeve is sealed by a flat 
teflon washer supported by a steel washer of slightly smaller 
O.D. attached to the load plug end. This seal is incorporated 
to eliminate the flow of cooling air and mist through a path 
away from the bearing. To minimize the loss of cooling air and 
mist to the rig bearing, a viscous pumping seal is located between 
the two bearings by incorporating a grooved sleeve on the shaft. 
The stationary surface of the viscous pump is formed by the bore 
of the lubricant manifold. 

The shaft is driven by an impulse air turbine located a t  
the end of the rig opposite the load plug. The buckets are 
machined into an aluminum disk attached to the end of the shaft. 
The nozzle block, containing nine converging-diverging nozzles, 
is attached to the end of the rig housing. The turbine is 
designed to provide a variable speed range of 0 to 65,000 rpm 
with a maximum output power of 25 horsepower at 65,000 rpm. 

To accomodate the various types of lubrication tests per- 
formed on the program, three differently configured lubrication 
manifolds were provided. All manifolds are designed to provide 
recirculating oil to the rig bearing through three 0.81 mm I.D. 
jets equally spaced on the turbine-drive-end face of the manifold. 
One jet is positioned to direct oil into the gap between the outer 
ring and the cage and the other two to the inner-ring gap. The 
lubricant manifold used in the lost lubricant and emergency 
aspirated oil tests is identical on the test bearing side except 
for the incorporation of an atomizing nozzle (standard tip from 
a De Vilbiss 127 atomizer). The tip is mounted in a special 
connector to permit forced air to aspirate oil from the supply 
annulus and direct it into the test bearing. 

The manifold configuration incorporated to provide mist 
lubrication to the test bearing ronsists of an open annulus with 
a cross-sectional area of 3.9 cm (0.6 in2) into which the mist 
is supplied. Eight converging noz?les, with an exit diameter of 
2.0mm (0.080 in), positioned in an equally spaced circular 
pattern extend from the annulus to impinge mist on the chamfer 
on the inner ring and into the gap between the inner ring and 
cage bore. Exterior to the mist cavity, a second annulus is 
formed by a flange on the manifold and the rig housing wall 
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t o  s e r v e  a s  tho  manifold f o r  t h e  through b e a r i n g  coo l ing  a i r  
which i s  d i r e c t e d  i n t o  t h e  bea r ing  by e i g h t  s t r a i g h t  3.2 mm 
( .125in)  d iameter  n o z z l e s .  The a i r  n o z z l e s  a r e  e q u a l l y  spaced 
between t h e  mist nozz les .  

To accomodate t h e  d r i p / m i s t  system tes t ,  t h e  mist mani fo ld  
was modif ied by p lugging  s i x  of  t h e  m i s t  n o z z l e s  and i n s e r t i n g  
an o i l  d r i p  t u b e s  i n  t h e  o t h e r  two n o z z l e s .  The d r i p  tubes  
a r e  p o s i t i o n e d  t o  f e e d  drops  o f  o k l  i n t o  two through b e a r i n g  
c o o l i n g  a i r  s t r eams  l o c a t e d  180' a p a r t ,  s e e  F igure  6. 

3.2 Mist an2 Bearing Coolinn A i r  Systems 

The mist and c o o l i n g  a i r  system i s  shown s c h e m a t i c a l l y  i n  
F igure  7 .  The a i r  f low commences wi th  t h e  a i r  compressor whic 
has  a  r a t e d  o u t p u t  o f  2.57 scmm (91 scfm) a t  1 .38  newtons/meter 
(200 ps ig : ) .  A i r  f e e d s  d i r e c t l y  t o  a  d r y e r  and f i l t e r  column 

9 
which reduces  t h e  mois tu re  c o n t e n t  t o  a  227°K(-500F) dew p o i n t  
and t h e  hydrocarbons t o  1 3  p a r t s  p e r  m i l l i o n .  This  c l e a n ,  d ry  
a i r  t hen  flows t o  a  0.57 c u b i c  meter  (20 cu .  f t . )  r e c e i v e r  
where t h e  supply F r e s s u r e  i s  main ta ined  between 6.55 x 105 and 
7.24 x l o 5  newtons p e r  squa re  meter  (95 t o  105 p s i ) .  

The a i r  l e a v i n g  t h e  r e c e i v e r  d i v i d e s ,  one p o r t i o n  going t o  
t h e  m i s t  system and t h e  remaining p o r t i o n  t o  t h e  c o o l i n g  a i r  
system. A p r e s s u r e  r e g u l a t o r ,  f lowmeter ,  and thermucouple 
a r e  l o c a t e d  i n  t h e  m i s t  a i r  l i n e  t o  c d n t r o l  and measure t h e  a i r  
f low r a t e .  The a i r  t h e n  e n t e r s  a  3  kw h e a t e r  where it i s  hea ted  
t o  47B°K b e f o r e  e n t e r i n g  t h e  mist g e n e r a t o r .  The mist g e n e r a t o r  
c o n s i s t s  of  a  .38m3/min. mist g e n e r a t i n g  head housed i n  a  r e c t a n g u l a r  
mist o i l  r e t a i n e r  where t h e  mist o i l  supply  i s  main ta ined  a t  
356 t o  367OK (180 t o  200°F) by a  the rmos ta t  c o n t r o l l e d  e l e c t r i c a l  
h e a t e r  a t t a c h e d  t o  t h e  c o n t a i n e r .  Leaving t h e  g e n e r a t o r ,  t h e  
m i s t  f lows through a  25.4 mm ( 1  i n . )  I.D. s t a i n l e s s  tube  t o  t h e  
mist manifold i n  t h e  t e s t  r i g .  A thermocouple i s  l o c a t e d  j u s t  
p r i o r  t o  t h e  r i g  housing t o  de termine  t h e  m i s t  i n l e t  t empera tu re .  
The d e s c r i p t i o n  o f  t h e  mist mani fo ld  accompanying e i g h t  nozz les  
Cre desc r ibed  i n  S e c t i o n  3.1. 

The coo l ing  a i r  p a s s e s  through a  p r e s s u r e  r e g u l a t o r  and 
4  kw h e a t e r  and t h e n  d i v i d e s  i n t o  t h r e e  s e p a r a t e  p a t h s ;  I j  s h a f t  
c o o l i n g  a i r ,  2) o u t e r  r i n g  c o o l i n g  a i r ,  and 3) through b e a r i n g  
c o o l i n g  a i r .  Each p a t h  c o n t a i n s  a f lowmeter ,  v a l v e ,  and two 
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FIGURE 6 
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FIGURE 7 

TEST RIG, RECIRCIILATING AND MIST OIL, AND COOLINC AIR FLOW SCHEMATIC 
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thermocouples to control and measure the air flow rate and the 
temperature of the air entering the rig. 

The shaft or inner ring cooling air enters the hollow 
shaft through a 12.7 mm (0.5 in) I.D. stationary tube attached 
to the load plug. It is forced radially outward from this 
manifoldthrough four 6.35 mm (0.25 in.) diameter holes located 
90 degrees apart. The air then sweeps axially outward through 
the annulus formed by the shaft bore and manifold outer surface. 
A thermocoupie is l~cated at the end of the annulus to sense 
the exhaust air temperature. 

The bearing housing, outer-ring cooling air also enters 
through a hole in the load plug and passes through an annulus 
.adially outwardfranthe outer-ring seat. The air is exhausted 
through a hole located 180 degrees from the entrance where the 
temperature is sensed by a themxouple. 

The through bearing cooling air enters through the rig 
housing into the annulus located in the xist manifold. It then 
passes through the 8 air nozzles Oexribed in Section 3.1 and 
impinges on the test bearing. The combined mist and through 
bearing cooling air is forced through the bearing and the 
exhaust temperature sensed by a thermocouple located slightly 
doimstream of the bearing before it leaves the rig through a 
hole  in t%e load plug. 
3.3 Rig Bearing Recirculating Lubrication System 

Oil circulation to the rig bearing is provided byan internal 
gear type pump through a filter unit, flowmeter and flow 
control valve to the test rig oil manifold. The oilis recovered 
through drain holes in the test rig and returned to the storage 
tank by a scavange pump. A by-pass line is incorporated down- 
stream of the pump to permit the excess flow to be pumped 
directly back into the supply tank. The filter unit accepts fiber 
glass elements having a specific pore size 0'. 29 microns and 
deliberately has excessive flow capacity in order to secure low 
pressure drops and long life, even with an oil that is undergoing 
some thermal degregation. The oil in the storage tank is heated 
by a thermostatically controlled electric immersion heater capable 
of maintaining the supply oil at a temperature in excess of 450°K 
(350°Fj if desired. 

'ORIGINAI; PAGE IS 
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3.4 Instrumentation 

The desired temperature measurements are sensed by shielded 
iron-constantan thermocouples. The test bearing inner and outer 
ring temperatures are recorded on a continuous strip chart 
recorder, and the rig beering temperature on a temperature 
indicator. The following temperatures are automatically 
recorded on a Esterline Angus Model E-6704 multipoint recorder. 

Mist air at flowmeter and entering mist generator 

Mist entering rig 

Shaft cooling air at flometer, entering shaft and leaving 
shaft 

Bearing housing cooling air at flowmeter, entering rig, 
and leaving housing 

Through bearing cooling air at flowmeter and entering rig 

Combined mist and through bearing cooling air out 

Rig bearing oil in and out 

Test bearing housiilg 

Rig housing 

In addition the fcllowing data are recorded manually: 

Oil level in mist supply tank 

Oil temperature in mist supply tank 

Rig bearing outer ring temperature 

Shaft speed 

Mist air flow rate 

Shaft cooling air flow rate 

Bearing outer-ring cooling air flow rate 

Through bearing cooling air flow rate 
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Pressure at mist air flowmeter 

Pressure at each cooling air flowmeter 

Mist generator adjustment screw position 
I 

Recirculating oil flow indication 

The test bearing drag torque and thrust load are sensed by 
strain gaged beans and recorded on a Hewlett Packard Model 
7702B strip chart recorder. The shaft speed is detected by a 
magnetic pickup and presented on s Hewlett Packard Model S31CR 
electronic counter. All air flow ~easurements are made by 
Brooks flowmeters. All air flow rate neasurements are correc",d 
for the pressure and temperature va?ues at the flowmeters. 
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4.0 ANALYTI CAL STUDY 

In preparation for designing the mist lubrication and cooling 
air system for a helicopter gas turbine mainshaft bearing, 
several different methods of applying the mist oil and cooling 
air were reviewed. The evaluation of these various methods and 
the final selection were performed on NASA Contract NAS3-16826 
which was performed concurrently with this program. (5). The 
selected procedure was then refined considering the theoretically 
required mist oil and cooling air flow rates. Methods initially 
considered included: 

1. Injection of oil mist and cooling air axially to both 
sides of the test bearing through oil mist and cooling 
air nozzles located in a circular pattern similar to 
that used in many aircraft engine recirculating jet 
lubrication systems. 

2. Injection of mist oil radially through holes in hollow 
shaft and bearing inner ring with cooling air forced 
axially through the bearing and through a circumferential 
path in the outer ring housing. 

3. Injection of oil mist and cooling air through nozzles 
located in a circular pattern on one side of the bearing 
allowing the momentum and small pressure build up to 
carry the mist into the bearing and exhaust through a 
port on the opposite side. 

4. Same as method three plus modification of the bearing 
inner ring and cage geometry to aid in pumping the 
lubricant into needed locations within the bearing. In 
addition, cooling air would be forced axially through 
a hollow shaft to aid in the removal of heat from the 
in~er ring, and circumferentially through the bearing 
housing to remove heat from the outer ring. 

Method # 4  was selected for more detailed evaluation. 
This method of application had the advantages of permitting 
cooling air to be inserted in three different locations which could 
be independently controlled. In this manner, temperature differ- 
entials in the bearing assembly could be properly adjusted. The 
volume of air, and indeed the need for each flow path could be 
established through testing. In addition, the possibility of 
the mist and cooling air flows bucking each other, as may occur 
if method 1 was incorporated, was eliminated. The housing and 
shaft cooling air flow paths also provide alternatives to forc- 
ing all the cooling air through the bearing where high air vel- 
ocities could possibly sweep useable oil from the cage, rings and 
ball surfaces, out of the bearing. 
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4.1 Evaluation of Cooling Air Flow Rate Requirements 

One of the major questions with respect to mist lubrication 
and air cooling of high speed helicopter engine bearings was the 
feasibility of removing the bearing generated heat by the use 
of mist and cooling air. To establish the expected quantity of 
air required, the heat generated by the bearing was calculated 
at various shaft speeds and specified loads. This is the amount 
of heat which must be transferred from the bearing to obtain a 
steady-state thermal condition. From the established bearing 
heat generation rate,the quantity of air required was calculated. 

The expected heat generation rate of a 46 mm bore angular 
contact ball bearing with a thrust load of 1779 Newtons (400 lbs.) 
applied and lubricated by mist oil was initially calculated using 
SKF Computer Program AE79Y003. The applicable output values from 
the computer runs are listed in the following table: 

COMPUTER OUTPUT DATA 
{Bearing-464539) 
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T h i s  d a t a  p r e s e n t s  t h e  t h e o r e t i c a l  h e a t  g e n e r a t i o n  by t h e  
i n n e r  and o u t e r  r a c e  c o n t a c t s ,  t h e  c a g e ,  l u b r i c a n t  chu rn ing  and 
t h e t o t a l  h e a t  g e n e r a t e d  less t h e  l u b r i c a n t  chu rn ing .  The l a t t e r  
v a l u e  r e p r e s e n t s  t h e  h e a t  g e n e r a t e d  when mist l u b r i c a t i o n  i s  
u t i l i z e d  and i s  p r e s e n t e d  g r a p h i c a l l y  i n  F i g u r e  8 . 

T h i s  p r o j e c t e d  cu rve  of  h e a t  g e n e r a t i o n  was u t i l i z e d  
t o  de t e rmine  t h e  q u a n t i t y  o f  c o o l i n g  a i r  r e q u i r e d  t o  m a i n t a i n  a  
s t e a d y  s t a t e  t he rma l  c o n d i t i o n  i n  t h e  b e a r i n g  a t  an  o p e r a t i n g  
t empera tu re  o f  533OK (500°F) a t  t h e  maximum a n t i c i p a t e d  s p e e d ,  
i . e . ,  65,000 rpm (3 x 106 D N ) .  The c a l c u l a t i o n s  a r e  p r e s e n t e d  
i n  Appendix I which i n d i c a t e  t h a t  a t o t a l  a i r  f low o f  approx-  
i m a t e l y  2.04 s c m m  ( 7 2  scfm) would be r e q u i r e d  when t h e  a i r  
t n l e t  t empera tu re  was 366OK (200°) .  Based on t h e  conce ived  
method o f  supp ly ing  t h e  mist and c o o l i n g  a i r  a s  p r e s e n t e d  
e a r l i e r ,  i t  was c o n s i d e r e d  l o g i c a l  t h a t  50 p e r c e n t  o f  t h e  a i r  
shou ld  be passed  through t h e  b e a r i n g  t o  c o o l  t h e  r a c e  and cage  
c o n t a c t  s u r f a c e s .  The remaining a i r  would b e  a p p l i e d  e x t e r n a l  
t o  t h e  h e a r i n g  c o o l i n g  t h e  o u t e r  hous ing  and t h e  hol low s h a f t  a t  
a volume r a t i o  e q u a l  t o  t h a t  of t h e  h e a t  g e n e r a t i o n  r a t e s  a t  t h e  
i n n e r  and o u t e r  r i n g  c o n t a c t s .  

The computer program was a l s o  u t i l i z e d  t o  e s t a b l i s h  t h e  
expec ted  bea r ing  d rag  t o r q u e ,  t h e  major c o n t a c t  l e n g t h s  formed 
between t h e  r a c e s  and r o l l i n g  e l e m e n t s ,  and t h e  maximum c o n t a c t  
(Her tz )  s t r e s s e s  a t  t h e  c o n t a c t  f o r  v a r i o u s  s h a f t  speeds  from 
25,000 t o  65,000 rpm w i t h  a  1 7 7 9  Newtons (400 l b s . )  t h r u s t  l oad  
a p p l i e d  t o  t h e  b e a r i n g .  

2 6  
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FIGURE 8 

CALCULATED TEST BEARING HEAT GENERATION RATE 

46 mm Bore Bearing 
Thrust Load - 1179 Newtons (400 lb.) 

Shaft S ~ ~ ~ ~ - R P M X ~ O - ~ / D N X ~ O - ~  



4.2 Evaluatisn of Mist Oil Supply Rate Requirements 

Elastohydrodynamic lubrication theory was applied to 
calculate the quantity ofoil necessary to lubricate the bearing 
inner-ring contacts. These contacts are considered to be the 
most critical with respect to oil replenishment as the oil 
displaced from the inner ring will have a tendency to flow to 
the cage pockets and outer ring due to centrifugal forces. The 
maintenance of an elastohydrodynamic oil film relies on a 
sufficient supply of lubricant in the inlet of the contact between 
the contacting surfaces. Insufficient lubricant supply results 
in a phenomenon called "EHD film starvationt' characterized by 
the reduction in EHD film thickness and in a lessening of the 
distance from the front edge of the contact to the miniscus line 
at which the fluid pressure begins to rise (6). 

The calculations of required oil replenishment rate were 
based on the assumption that all of the oil displaced out of 
the inner-ring track as a ball passes must be replaced by the 
mist supply, a very conservative assumption. It is known that 
some of the oil displaced from the track does flow directly back 
into the depleted track by the action of surface tension forces 
after the rolling element has passed. Some of the oil which is 
lost is also recirculated in the bearing by centrifugal, 
gyroscopic, and windage forces and finds its way back to t!:e 
contact area thus decreasing the amount of replenishment oil 
required. It has been shown that, at high speeds, values of 
starvation can be relatively high and adequate EHD lubrication 
still be obtained. 

In performing the oil flow rate calculations the following 
assumptions were made: 

(1) The contact is only slightly starved, i.e. the film 
thickness (ho) is 90% of the unstarved film thickness 
(hf) calculated from classical theory. 

(2) The half-films clinging to the ball and race ahead of 
the contact, see Figure 9, are to be increased in 
thickness by oil mist directed onto the track or ball. 

28 

RESEARCH LABORATORY I N D U  S T R  I ES.  I N C .  



FIGURE 9 

INNER RACE BALL CONTACT SHOWING 
OIL FILM THICKNESS AT VARIOUS LOCATIONS 
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(2) At eac5 ball passage, the oil on the track is displaced 
out of the track except for a thin layer of film thickness ho12. 

Starvation theory developed in Reference Sshows that in 
order to maintain a ratio ho/hf 10 .90 ,  the half film height 
(h1)/2 at the contact inlet must satisfy the following conditions: 

where u = rolii~g velocity at the contact (in/scc) 

2 31 = viscosity of oil at the inlet of contact (lb-sec/in ) 

a = pressure-viscosity coefficient (in2/lb) 

R = equivalent radius of curvature in i5e rolling direction 
X (in) 

Ry - equivalent radius of curvature transverse to rolling 
direction 

k Rx/Ry = 0.027 for a typical ball-raceway contact with 
contact ellipse axis ratio equal to 10. 

ho = plateau film thickness in the contact (in). 

The amount of increase of inlet film thickness between 
two successive contacts due to spray is 

The time interval between two contacts is t = s/u where s 
is the rolling element spacing. The contact frequency is 

The rate of oil supply to the rolling track is given by 
f q =Loh wZ ( 5 )  
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where w i s  t h e  e f f e c t i v e  width o f  t h e  r o l l i n g  t r a c k  and 1 is  
t h e  l eng th  of r o l l i n g  t r a c k .  

For z r o l l i n g  elements ,  

From t h e  SKF Computer Program AE70Y003 t h e  i nne r  r a c e  major 
a x i s  con tac t  i s  approximately 0.046 inch f o r  a l l  speeds from 
25,000 t o  65,000 rpm wi th  a t h r u s t  l o a d . o f  1,779 Newtons (400 l b s . ) .  

The f a c t o r  1/2 i n  t h e  above equat ion f o r  q denotes t h a t  
t h e  l a y e r  th ickness  v a r i e s  l i n e a r l y  wi th  d i s t a n c e  from h0/2 t o  
h1/2 a t  t h e  i n l e t .  Thus, a f t e r  s u b s t i t u t i n g  f o r  ~h from (3 ) ,  
one has  

S u b s t i t u t i n g  f o r  hl from (2) i n t o  (6) and us ing  k = 0.027 
g ive s ,  

For t h e  t e s t  bea r ing ,  SKF No. 464539VAA, one has 

Z = 18 
u = 0.0663N in / s ec .  
N = s h a f t  speed (rpm) 

Rx = 0.1362 

The p r o p e r t i e s  o f  a Type I1 e s t e r  and t h e  c a l c u l a t e d  q values  
a t  N = 65,000 rpm a r e  p resen ted  i n  t h e  fo l lowing t a b l e .  
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Type I1 Ester 
MIL-L-23699 
(Jet No. 11) 

Pressure-Viscosity Coeff, (H) 1.1 x lom4 in2/lb 

Kinematic Viscosity @ 500°F 0.88 C.S. 

Absolute Viscosity @ 500°F 0.87 c.p. 

Absolute Viscosity ? 500°F 1.26 x lo-) lb-sec/in2 

Absolute Viscosity 1.39 x 10-11 sec 

Figure10 is a plot of the variation of the calculated 
required oil supply rate for ho/ff = 0.90 with respect to shaft 
speed. 

The calculati ns show that oil replenishm nt rates of 8 5 3.6cc/min (0.22 in /min) and 9.2cc/min (0.56 in /min) are required 
when operating at 38,000 and 65,000 rpm respectively. A 
comparison cf the mist lubricant requirement rate as calculated 
in the same manner for a 125 mm bore ball bearing with mist flow 
established by testing shows that the calculated value is 
conservative, approximately 8 times the actual quantity required 
(5). However, the calculated values were used as a guide line 
for the mist lubrication testing on the program. 
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FIGURE 10 
CALCULATED OIL REPLENISHMENT RATE REQUIREMENT 
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4.3 Mist and Cooling Air Delivery System 

In establishing the physical components of oil mist and 
cooling air delivery system several design parameters were con- 
sidered. These included the selection of the ratio of air 
passed through the bearing to the externally applied air; quantity 
of mist air, mist generator size selection; sizing of mist trans- 
fer piping and manifold; number, design and location of mist 
nozzles; point of application ofthe mist, and modifications to 
the bearing to assist in distributing the oil to the desired 
locations within the bearing. 

Due to the apparently large quantity of mist and ccaling 
air flow required to cool the test bearing, as established in 
Section 4.1, the selection of a system to supply mist and 
cooling air through the bearing and cooling air around the 
bearing was considered essential even though the complexity may 
be difficult to apply in all gas turbine mainshaft bearing 
mounting configurations. To take full advantage of the heat 
trcnsfer surfaces, 50th internal and external of the bearing, jt 
was c~ncluded that an equal split between the total required 
flow would be reasonable. Thus, considering the maximum desired 
operating speed of 65,000 rpm, as the design speed, an air flow 
rate of 1.02 scmm (35 scfm) would need to be passed through the 
bearing and t he  same amount external to the bearing. It was 
also considered reasonable to divide the external cooling air 
proportionally, based on tile ratio of the calculated heat 
generated at the inner ring and outer ring, and direct the 
flows along the surfaces of a hollow shaft and through a 
circumferential groove machined in the bearing housing. 

The air passing through the bearing would consist of a 
combination of mist air and auxiliary cooling air with the 
additional cooling air applied externally. 

Rased on the estimated mist oil flow requirement determined 
in Section 4.2 an Alerite high volume oil-mist generator (Model 
3720-BS) was selected with a 13 cfm mist head. Tbe mist head 
has a rated mist oil delivery rate of 0.4 in3/hr per cfm air 
flow. Experience with a similar mist generator had shown that 
appreciable greater flow rate existed when heated oil and 
preheated zir was used. Thus for the purpose of determining the 
mist air flow rate necessary to provide the desired oil flow, 
an oil dglivery rate value of 2.7 in3/hr, per scfm was used. 
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3 The maximum estimated oil flow rate requirement of 557 cm /hr. 
(34 in3/hr.) couid be obtained with a mist air flow rate of 
0.354 scmm (12.5 scfm). The remaining through bearing cooling 
air 0.665 scma (23.5 scfm) would be supplizd as auxiliary 
cooling air which wculd contain no oil. 

The oil-mist research, conducted by the Mobil Oil Company, 
reported in References 3 and 4, established that the best oil 
wetting occurred on a rotating disk when the application nozzle 
was of a reclassifying design. The reclassifying nozzle 
increases the mist oil particle size thus increasing the momentum 
of the oil particles which decrease the effect of air currents 
from dispersing the particles away from the desired surfaces. 
Commercial mist generators produce oil particles in the 4 micron 
range which minimize the premature plating out of the oil in the 
transfer lines. The reclassifying nozzle design found most 
effective by Mobil consisted of a screen located in the entrance 
of the application nozzle on which oil is collected and larger 
particles emitted. 

Mobil also established that maximum wetting of the desired 
surface occurred when the nozzle was located 4 to 8 nozzle 
diameters from the surface and optimum efficienty of the oil 
supplied is obtained when a secondary air nozzle, concentric 
and outside the mist rozzle, is provided to blow any oil 
dripping from the primary nozzle into the bearing. 

Based on this information the mist nozzles were designed 
to be converging with a throat diameter of 2.0 mm (.O8O in) and 
having a screen at the entrance to increase the mist particle 
size. A 100 mesh screen using 0.076 mm (0.003 in) diameter 
stainless steel was utilized which provides a 50 percent open 
area, see Figure 11. A total of eight nozzles was selected to 
be positioned in a circular pattern to provide a well distributed 
oil flow pattern to the bearing; thus, attempting to eliminate 
hot spots, The design of the mist nozzles is presented in 
Appendix 11. Due to space limitation it was not possible to 
ir.corporate the cooling air nozzles concentric with the mist 
nozzles. Therefore, eight straight air nozzles were incorpor- 
ated on the same circle and equally spaced between the mist 
nozzles. 

ORIGINAI: PAC3 19. 
OF POOR QUO 

RESEARCH LABORATORY I N D U ST R I E S. I N C .  



FIGURE 11 

MIST AND COOLING AIR NOZZLE CONFIGURATION 



I n  t h e  l u b r i c a t i o n  o f  a  b a l l  b e a r i n g ,  t h e r e  a r e  f o u r  major 
t y p e s  o f  c o n t a c t  a r e a s  which must be p l a t e d  w i t h  o i l :  1 )  t h e  
c o n t a c t  a r e a  between t h e  b a l l  and i n n e r  r i n g  ( i n n e r  r i n g  b a l l  
t r a c k ) ,  2 )  t h e  c o n t a c t  between t h e  b a l l  and t h e  o u t e r  r i n g  
( o u t e r  r i n g  b a l l  t r a c k ) ,  3) a r e a  between t h e  cage  and t h e  l a n d  
on which it  r i d e s  and 4 )  t h e  c o n t a c t  a r e a  between t h e  b a l l  and 
cage pocke t .  The b a l l  t r a c k s  c a n  be l u b r i c a t e d  by app ly ing  
o i l  t o  e i t h e r  t h e  b a l l  o r  t h e  r a c e s .  

S ince  t h e  o i l  e n t e r i n g  a  b e a r i n g  m i g r a t e s  toward t h e  o u t e r  
r i n g ,  t h e  most d i f f i c u l t  a r e a  t o  l u b r i c a t e  i s  t h e  i n n e r  r i n g  
b a l l  t r a c k .  I t  i s  a l s o  n o t e d  from t h e  c a l c u l a t e d  b e a r i n g  h e a t  
g e n e r a t i o n  rate v a l u e s  presenter?  i n  S e c t i o n  4 . 1  t h a t  p r o p o r t i o n a l l y  
more h e a t  is  g e n e r a t e d  a t  t h e  b a l l  i n n e r - r i n g  c o n t a c t s  t h a n  a t  
t h e  b a l l  o u t e r - r i n g  c o n t a c t s  a s  speed  i n c r e a s e s .  T h i s  c o n d i t i o n  
r e s u l t s  from d i f f e r e n c e s  i n  t h e  c o n t a c t  a n g l e  a t  t h e  innerand  
o u t e r  r i n g s .  A t  h i g h  speeds  t h e  o u t e r - r a c e  c o n t a c t  a n g l e  
d e c r e a s e s  and t h e  i n n e r - r i n g  c o n t a c t  a n g l e  i n c r e a s e s  t h u s  
producing  less s l i d i n g  a t  t h e  o u t e r  r i n g .  I n  a d d i t i o n  t o  be ing  
more d i f f i c u l t  t o  l u b r i c a t e , m o r e  h e a t  must be conducted  from t h e  
i n n e r  r i n g  t o  o b t a i n  a  t h e r m a l l y  s t a b l e  o p e r a t i n g  b e a r i n g .  

Thus it was dec ided  t h a t  t h e  d u a l  m i s t  and c o o l i n g  a i r  
n o z z l e s  should  be d i r e c t e d  from t h e  i n b o a r d  s i d e  o f  t h e  b e a r i n g  
toward t h e  space  between t h e  i n n e r  r i n g  and cage  and a g a i n s t  a 
chalnfcr machined on t h e  i n n e r  r i n g  s ide  f a c e .  I n  t h i s  manner t h e  
a i r ,  a t  i t s  lowes t  t e m p e r a t u r e ,  impinges on t h e  i n n e r  r i n g  on 
t h e  loaded h a l f  t o  o b t a i n  maximum c o o l i n g  o f  t h i s  a r e a .  A 
p o r t i o n  of t h e  o i l  o r  mist e n t e r s  t h e  b e a r i n g  i n n e r  c a v i t y  where 
i t  i s  a v a i l a b l e  t o  be p i cked  up by t n e  b a l l  ( c o l l i s i o n  between 
t h e  mist p a r t i c l e s  and b a l l )  a s  i t  o r b i t s  t h e  s h a f t .  An 
a d d i t i o n a l  o r t i o n  of  t h e  o i l  i s  p l a t e d  o u t  on a  chamfered s u r f a c e ,  
See F igu re  f 2 ,  prov ided  f o r  t h i s  pu rpose .  The chamfer i s  
c o n f i g u r e d  t o  i n s u r e  t h a t  t h e  l o c a t i o n  of t h e  i n t e r s e c t i o n  o f  t h e  
of t h e  s loped  s u r f a c e  and t h e  r i n g  l a n d  is  well w i t h i n  t h e  o u t e r  
edge o f  t h e  cage.  The o i l  on t h e  chamfer m i g r a t e s  a long  t h e  s u r f a c e  
t o  t h e  c o r n e r  due t o  c e n t r i f u g a l  f o r c e  where it is thrown o f f  
and impinges on t h e  c a g e  b o r e  o r  c a r r i e d  f u r t h e r  i n t o  t h e  b e a r -  
i ~ g  by t h e  c o o l i n g  a i r  f low.  The cage  i s  modi f ied  t o  form a 
r a d i a l l y  inward s l o p e  on i t s  i n n e r  d i a m e t e r  s u r f a c e  a long  which 
t h e  o i l  f l ows ,  a g a i n  due t o  c e n t r i f u g a l  f o r c e s ,  t o  t h e  b a l l  
pocKet.where i t - l u b r i c a t e s  t h e  c o n t a c t  a r e a  between t h e  b a l l  
and cage  and wets t h e  i n n e r  l i n g  c o n t a c t  p3 th  on t h e  b a l l .  
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FIGURE 12 
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The l u b r i c a n t  on t h e  b a l l  p r o v i d e s  l u b r i c a t i o n  t o  t h e  i n n e r  
r i n g  and b a l l  c o n t a c t  a r e a .  As t h e  b a l l  r o t a t e s  i n t o  t h e  i n n e r  
r a c e  t h a t  p o r t i o n  o f  t h e  o i l  which does  n o t  form t h e  EHD f i l m  i s  
f o r c e d  t o  b o t h  s i d e s  o f  t h e  major  e l l i p s e .  Some o f  t h e  e x t r u d e d  
o i l  remains  on t h e  b a l l  and some on t h e  r a c e  where i t  has  a  
tendancy t o  m i g r a t e  toward t h e  o u t e r  r a c e  due t o  t h e  c e n t r i f u g a l  
f o r c e  g e n e r a t e d  by t h e  r o t a t i o n  o f  t h e  b a l l  and i n n e r  r i n g .  I n  
s o  do ing ,  p a r t  o f  t h e  o i l  f lows  back i n t o  t h e  i n n e r  r i n g  b a l l  
t r a c k  where it i s  a g a i n  a v a i l a b l e  t o  form t h e  EHD f i l m .  S u r f a c e  
t e n s i o n  and cohes ion  f o r c e s  a l s o  t e n d  t o  draw t h e  ex t ruded  o i l  
back i n t o  t h e  b a l l  t r a c k  a r e a .  I n  a d d i t i o n ,  acco rd ing  t o  EHD 
l u b r i c a t i o n  t h e o r y ,  t h a t  o i l  which forms t h e  EHD f i l m  i s  e q u a l l y  
d i v i d e d  on t h e  b a l l  and r a c e  and a i d s  i n  forming t h e  n e x t  
c o n t a c t  EHD f i l m .  That  o i l  which m i g r a t e s  t o  t h e  o u t e r  
s t a t i o n a r y  r i n g  i s  a v a i l a b l e  t o  l u b r i c a t e  t h e  o u t e r  r i n g  c o n t a c t  
a r e a  and t h e  o u t e r  r i n g  l a n d  and cage  c o n t a c t s .  
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5.0 TEST PROCEDURE 

Three basic types of tests were performed during the program; 
these were: 

1. Lost lubricant and emergency lubrication tests 

2. Step-speed tests 

3. Extended period tests 

In all tests a thrust load of 1779 newtons (400 lb.) was 
applied to the test bearing. The test load was selected to 
provide a maximum Hertzian stress of approximately 1.28 x lo9 
newtons per square meter (200,000 psi) at speeds froa 25,000 to 
65,000 rpm. The theoretical contact stress and the contact 
angle, calculated using SKF Computer Program AE70Y003, at 
various test speeds are presented below: 

Shaft Speed Contact Stress/Contact Angle 
( rpm) (ksi) / (degrees) 

Inner Ring Outer Ring 

In the emergency and lost lubricant tests, both the primary 
lubrication system, either recirculating or mist, and the emerg- 
ency lubrication system were energized prior to rotating the 
shaft. In test runs where the rig housing heaters were being 
utilized, the heaters were also energized prior to shaft rotation 
and the housing heated to the desired temperature. After 
the desired lubricant temperature and flow rate were obtained, 
air was supplied to the drive turbine and the shaft accelerated 
at a relatively uniform rate to a test speed of 38,000 rpm 
(1.75 x 10 DN) in approximately 30 minutes and operated at this 
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speed until thermal stabilization was obtained. The primary 
lubrication was then shut off and operation continued until a 
bearing failure was imminent. In cases where it was feasible, 
the primary lubrication was reinitiated to prevent a catastrophic 
failure and permit additional checks to be performed. 

In tests where a secondary or emergency method of lubrication 
was being supplied, the test waL -0ntinued after cessation of 
the primary oil supply until t!~? ssired period of operation was 
obtained or a bearing failure w,s imminent. 

All step-speed tests utilized a mist oil and cooling air 
system to lubricate and cool the test bearing. With the thrust 
load applied, the cooling air and mist air were turned on and 
allowed to pass through the rig while the oil in the mist sunply 
tank was heated to the desired temperature, 266OK (200°F). The 
rig-bearing circulating oil system was also activated and the oil 
heated to the desired temperature vhile being circulated through 
the rig. In all cases, the same type oil was used in the 
recirculating system as in the mist system. During the warm up 
period, adjustments were made to the air heaters and Dressure 
valves to obtain the operating temperature and flow rates. 

Having obtained the desired operating conditions in the 
lubrication and cooling air systems, the shaft was accelerated 
to a relatively low speed. The test bearin2 temperature was 
allowed to stabilize and test data recorded. The shaft speed 
was then increased in incremental steps,allowing the bearing 
temperature to stabilize after each increase and data recorded. 
This procedure was continued until the maximum desired speed 
was obtained or a bearing failed. In all step-speed tests in 
which the rig housin~ heaters were not used, the test bearing 
generated heat transferred to the mist and cool in^ air was 
calculated by us in^ the equation q = atCpW where: 

q = heat transfer rate 

at = inlet and outlet air temperature difference 

Cp = specific heat of air at constant pressure 

W = air flow rate 



The extended period tests procedure was similar to that used 
in the step-speed tests with :he exce~tion that the shaft was 
accelerated directly to the desired speed at a relatively uniform 
rate in approximately 30 minutes. The rig was then run for a 
desired period, shut off and al3owed to cool to room temperature. 
The cycle was repeated until the pre-established period of 
operation at speed w s obtained. One test was performed at 
55,000 r 2.5 x 10 8 DN) for SO hours and another at 44,000 rpm 
(2.0 iagDi, tor 100 hours. 

Following all tests, the rig was disassembled and the test 
bearing visually inspected using a light microscope with 
magnification up to SOX. 
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6.0 TESTING RESULTS - AND DISCUSSION -- 

The testing performed on this program, fdr the Durposc of 
this discussion, is subdivided into two cztegories of type 
and classification. Type refers to the general method of 
running the test as described in Section 5 ,  am.' class is a 
subdivision referring to the general purpose of ~ 3 e  test. 

The three types of tests performed are; (I) emergency 
lubrication, (11) step-speed, (111) extended ~eriod. 
Type I included two classes; lj baseline and 2) emergency 
lubrication. The baseline tests were performed to determine the 
length of time that the test bearing would run after the 
cessation of lubricant supnly under a given set of conditions. 
The emergency lubrication tests were ~erformed to determine i f  
the emergency methods applied were adequate to obtain the 
desired operating period of 30 minutes. A total of six Type I 
tests were performed. 

Four classes of tests were included in the Type I1 category. 
These were: 1) relative evaluation of different lubricants used in 
a mist and cooling ~ i r  system 2) evaluation of the effects of 
changes in the controlled variables of the mist and cooling air 
system 3) evaluation of the effects of changes in the mist 
system configuration 4) evaluation of cage changes to eliminate 
wear between the cage OD and guide land. A total of 14 tests 
of Type I1 were performed. 

Two Type I11 tests were performed, both of the same class, 
to demonstrate an extended period of operation with a mist oil 
and cooling air system used to lubricate and cool the test 
bearing. 

6.1 Emergency Lubrication Tests - Type I 
The initial testing on the program was performed to establish 

a baseline forethe program and evaluate two approaches of apply- 
ing lubrication to the test bearing after cessation of oil from 
the primary system. The goal was to obtain 30 minutes of 
em rgency operation at a bearing speed of 38,000 rpm ( 1 . 7 5  x % 10 DN) and a thrust load of 1779 newtons (400 lb.). These 
conditions are representative of those experienced by contem- 
porary helicopter engine mainsheft bearings. All tests were 
performed with an oil meeting MIL-L-23699 specifications. 
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The f i r s t  approach, which has t h e  advantage o f  be ing 
r e a d i l y  incorpora ted  i n t o  many engine bear ing  mounting conf igur -  
a t i o n s ,  was an a t tempt  t o  u t i l i z e  t h e  r e s i d u a l  o i l  adher ing  t o  
t h e  s h a f t  t o  extend t h e  l o s t  l u b r i c a n t  o p e r a t i o n  pe r iod .  To 
accomplish t h i s ,  a  t ape red  s l e e v e  was incorpora ted  on t h e  s h a f t  
ad jo in ing  t h e  bear ing  i n n e r  r i n g  on t h e  o i l  i n j e c t i o n  s i d e .  
The major OD o f  t h e  s l e e v e  t a p e r  :ras mated f l u s h  wi th  t h e  corner  
chamfer on t h e  i n n e r  r i n g  such t h a t  o i l  migra t ing  up t h e  s l e e v e ,  
due t o  c e n t r i f u g a l  f o r c e ,  would cont inue  t o  flow along t h e  
chamfer. The o i l  reaching t h e  inner  co rner  o f  t h e  chamfer would 
con t inue  t o  migra te  i n t o  t h e  i n n e r  r a c e  due t o  adhesion f o r c e s  
o r  be d i spe r sed  r a d i a l l y  outward onto  t h e  bore  o f  t h e  cage. 
This  l a t t e r  s u r f a c e  was a l s o  t ape red  t o  permi t  c e n t r i f u ~ s l  
pumping of t h e  o i l  i n t o  t h e  b a l l  pockets  where it cocld be 
d i s t r i b u t e d  t o  t h e  c o n t a c t  s u r f a c e s .  

The second approach was t h e  i n c o r p o r a t i o n  o f  an  atomizing 
nozzle  connected through a  s p e c i a l  mounting f i x t u r e  t o  permit  
t h e  r e s i d u a l  o i l  i n  t h e  primary r e c i r c u l a t i n g  o i l  system manifold 
fol lowing s h u t - o f f  t o  be a s p i r a t e d  and sprayed d i r e c t l y  i n t o  t h e  
t e s t  bear ing .  

6 .1 .1  Basel ine  T e s t s  -- 

Severa l  t e s t s  were performed t o  e s t a b l i s h  a b a s e l i n e  va lue  
o f  t h e  time between o i l  c e s s a t i o n  and imminent bea r ing  f a i l u r e  
wi thout  supplying emergency l u b r i c a t i o n .  A bear ing  f a i l u r e  was 
considered t o  be imminent when t h e  bear ing  o u t e r  r i n g  temperature 
reached 617OK (650°F) o r  t h e  speed a p p r e c i a b l y  decreased wi th  t h e  
a i r  flow t o  t h e  d r i v e  t u r b i n e  h e l d  c o n s t a n t .  The h igh s e n s i t -  
i v i t y  o f  s h a f t  speed t o  bea r ing  drag to rque  would g e n e r a l l y  
permit  r e i n s t a t i n g  t h e  l u b r i c a n t  flow o r  t e rmina t ing  t h e  t e s t  
be fo re  a p p r e c i a b l e  bea r ing  damage occurred .  Thus, t h e  l o c a t i o n  
of  t h e  f a i l u r e  i n i t i a t i o n  a r e a  could be det.ermined. 

The f i r s t  two b a s e l i n e  runs  (Test 1, Run 1 and 2)  were 
performed wi th  r e c i r c u l a t i n g  l u b r i c a t i o n .  In run 1, t h e  o i l  was 
s u p p l i e d  a t  a2 i n l e t  tempera ture  of  460°K (370°F) and a  flow r a t e  
o f  757 cc/min. (0.2 gpm). The r i g  housing h e a t e r s  were energized  
t o  h e a t  t h e  housing t o  SOS°K (450°F). The s h a f t  was a c c e l e r a t e d  
t o  speed and t h e  bea r ing  o u t e r  r i n g  tempera ture  s t a b i l i z e d  a t  
510°K (460°F). Following o i l  c e s s a t i o n ,  t h e  bea r ing  cont inued 
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to operate for 6.9 minutes before the outer ring temperature 
reached 617OK (650°F). The inner ring temperature, measured with 
an optical pyrometer after  cessation of oil flow, increased from 
516' to 624OK (470 to 66S°F). The second run was performed 
with an oil inlet temperature 422'K (300°F) without the rig 
housing heaters energized. The bearing temperature stabilized 
at 444OK (340°F) at the test speed prior to oil shut off. The 
hearing ran for 5.8 minutes before a failure was indicated by a 
speed decrease. The inner ring temperature increased more 
rapidly than the outer ring with a total difference of 50°K 
(90°F) present at tile time of failure. The inspection of the 
bearings following the tests showed that the bearing used in the 
first run had not seized but appreciable wear had occurred 
between the cage rails and the outer ring guide lands. The 
bearing used in run 2 had experienced a thermal imbalance failure 
or binding due to the unequal thermal growth between the inner 
and outer rings. 

In general, the baseline tests with recirculating oil 
lubrication resulted in a longer operating period after oil 
cessation than was expected. However, the relatively uniform 

'temperature change of the inner and outer ring, allowing the 
bearing radial clearance to remain fairly constant, was consistant 
with the extended period of operation. Further consideration 
suggested that the oil was not being scavenged properly from the 
bearing chamber, ie. oil was building up around the bearing and 
was continuing to lubricate the bearing for a period followin? 
oil cessation. A scavenge pump was therefore'added in the return 
line prior to the conduct of additional lost and emergency 
lubricant testing. 

The second two baseline test runs (Test 2, Run 1 and 2) were 
performed with mist oil being the primary lubrication system. 
In the first run, since it was the initial attemnt to operate 
the test bearing with the mist oil and coolinr air system, the 
primary goal was to obtain temperature stabilization at test 
speed and determine if sufficient lubrication was being supplied. 
Thus, the tests were terminated for bearing inspection without 
oil cessation. 

Utilizing the values obtained in the design of the mist and 
cooling air system analysis as a guide, a total of 0.83 scmm 
(29.3scfm) mist and cooling air was supplied to the bearing. A 

9 flow of 0.12 scmm (4.4 scfm) of preheated air was passed through 
I the mist generator and entered the rig at a temperature of 
L 
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378OK (220°F).  The in i s t  o i l  was p r e h e a t e d  t o  366°K (200°F) and 
an averaqe  o f  126cln3/hr t r a n s f e r r e d  by t h e  m i s t  a i r  t o  t h e  
b e a r i n p .  Thc remaining 0.70scmm (24.9scfm) of a i r  was s u n p l i c d  
a t  350°K (170°F) t o  t h e  v a r i o u s  c o o l i n g  a i r  p a t h s :  th rough 
b e a r i n g  c o o l i n g  ai r -9 .3lscmm ( l l s c f m ) ,  b e a r i n g  housing c o o l i n e  
a i r - 0 . 1 8  scmm ( 6 . 3  sc fm) ,  s h c f t  c o o l j n g  a i r - 0 . 2 1  scmm ( 7 . 6  scfm). 

No problems were encoun te red  i n  o b t a i n i n 8  the rma l  s t a b i l -  
i z a t i o n  a t  t h e  t e s t  speed n f  38,000 rpm. A t e s t  b e a r i n g  o u t e r  
r i n g  terl lperature o f  4 1 2 O K  (285OF) app rox ima te ly  5S°K above t h e  
average  a i r  i n l e t  t empera tu re  was r eco rded .  I n s p e c t i o n  of  t h e  
t es t  b e a r i n g  i n d i c a t e d  good l u b r i c a t i o n  was o b t a i n e d  d u r i n g  t h e  
t e s t .  

I n  t h e  second run  (Tes t  2 Rvn 2 )  a f t e r  t he rma l  s t a b i ? . i z a t i o n  
was c b t a i n e d  a t  38,000, t h e  mist o i l  was s h u t o f f  w h i l e  m a i n t a i n -  
i n g  t h e  mist a i r  and cool i r lg  a i r  f l ows .  An imminent bea r ing  
f a i l u r e ,  i n d i c a t e d  by a s h a f t  sneed  d e c r e a s e ,  o c c u r r e d  a f t e r  
1 .6minutes  fo l lowing  ?he mist o i l  c e s s a t i o n .  

6.1.2 U t i l i z a t i o n  o f  Res idua l  O i l  on S h a f t  

With t h e  m o d i f i c a t i o n  d e s c r i b e d  i n  S e c t i o n  6 .1 ,  emergency 
l u b r i c a n t  t e s t s  were performed t o  de t e rmine  i f  r e s i d u a l  o i l  on 
t h e  s h a f t  could  be  u t i l i z e d  t o  ex tend  t h e  b e a r i n g  l i f e  follow in^ 
o i l  l o s s .  A t o t a l  o f  t h r e e  t e s t  r u n s  (Tes t  3 ,  Run 1, 2 and 3) 
were performed w i t h  r e c i r c u l a t i n g  o i l  a s  t h e  pr imary  system and 
one (Tes t  4 )  performed wi th  mist o i l .  

The runs  w i t h  t h e  r e c i r c u l a t i n g  o i l  system were 
performed under  c o n d i t i o n s  s i m i l a r  t o  t h o s e  used i n  t h c  second 
b a s e l i n e  run  w i t h  t h e  e x c e p t i o n  t h a t  a  scavenge pump was 
a t t a c h e d  t o  t h e  d r a i n  l i n e .  By r e i n i t i a t i n ?  t h e  o i l  f low when 
a f a i l u r e  was i n d i c a t e d  by a  d e c r e a s e  i n  s h a f t  speed  a t o t a l  of  
seven  d i f f e r e n t  checks  were performed w i t h o u t  any c a t a s t r o p h i c  
b e a r i n g  f a i l u r e s .  During T e s t  3 ,  Run 1 t h r e e  checks  were 
performed wi th  t h e  i n l e t  o i l  t empera tu re  a t  45StK (360°F) and 
a  b e a r i n g  o u t e r  r i n g  t empera tu re  of  approximate ly  505'K (4S0°F). 
In  t h e  f i r s t  two checks ,  i n d i c a t i o n s  o f  t e s t  b e a r i n g  problems 
occu r red  w i t h i n  20 seconds .  During t h e  t h i r d  check a  b e a r i n p  
problem was observed 40 seconds a f t e r  t h e  o i l  was s h u t  o f f .  

ORIGINAL PAGE IS 
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It was reasoned that the appreciably shorted period of 
operation, compared to the second basellne test, may have 
resulted partially from hipher oil inlet temperature in addition 
to the fact that the oil was being scav?nged more effectively. 
Thus, the second and third runs were performed with oil inlet 
temperatures maintained at 43l0K (320°F) and 442OK (33S°F) 
respectively. In the second run, two checks were performed with 
the bearing temperature at a~proximately 488OX (420°F). Rearinv 
problems occurred after 40 seconds of operation in both cases. 
An inspection of the test bearing following Run 2 indicated that 
the problem, increased drag torque, resulted from a bindine 
between the cage and the guide lands on the cuter ring, This 
condition was considered t a  have occurred due to a thermal growth 
of the cage result in^ from the increase in the heat neneration 
rate produced by the increast:d friction coefficient following the 
loss of lubrication. In run 3, the same results were obtained 
except the failures occurred ~ithin 26 seconds in the two checks 
performed, 

Plots of the inner and outer ring temperature following 
oil cessation in Test 1, Ruz 2 and Test 3, Run 2 are presented 
in Figure 13. The plot of Test 1, Run 2 data shows that the 
inner ring temperature increased more rapidlv than the outer 
producing the thermal imbalance failure between the inner and 
outer races. The plot of Test 3 Run 2 data shows that the two 
rings increased in temperature essentially uniformly for 30 
seconds and then the outer ring temperature increased rapidly 
indicating the time when the cage started to bind. The increase 
in inner ring temperature nhcrtly thereafter indicates the time 
when the heat generated by the increasd sliding of the balls on 
the inner ring occurred due to spin velocity decrease resulting 
from driving the binding cage. 

The test performed with mist lubrication arid the 
modifications islcorporated to pumn residual oil from the shaft 
into the bearing was carried out in a similar manner to the second 
baseiine test (Test 2, Run 2). Following mist oil cessation, 
with the mist air and through bearing cooling air retained, the 
bearing ran for 2.6 minutes before indications of bearing 
problems, 

A review of the test data resulting from the first two sets 
of tests performed (Tcst 1 through Test 4) indicated that t!le 
relatively long period of operatien cbtained during the baseline 
tests with recirculating oil (Test 1) results from an oil buildup 
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in the bearing chamber which continued to lubricate and cool 
the bearing until it drained. The short time periods obtained 
in Test 3 definitely indicated that the scheme to DUIUD residual 
oil from the shaft into the bearing was unsuccessful or the 
residual oil was inadequate to produce a significant effect on 
bearing life. Therefore, the operating ~eriod followinq 
cessation of oil in Test 3 is considered to represent the time 
before a bearing problem starts when recirculating oil is lost 
and the bearing sump is well scavenped under the test conditions 
and rig configuration employed. 

The slight extension of operation obtained when mist oil 
was used as the ptimary system of lubrication is attributed 
to the cooling supplied by the mist and cooline air which was 
contineed after oil shut off. However, the extension was 
insignificant in light of the desired goal. An increase in the 
cooling air flow rate was not evaluated as it was considered to 
have little potential in addinp greatly to the bearing life. 

6.1.3 Emergency Lubrication ty Asgrated - - Residual Oil 

The purpose of t!ris testing was to derermine the feasibility 
of obtaining tlie desire2 goal of 30 minutes of operarion following 
recirculation oil cessation by aspirating the oil retained in 
the lubricant reservoir and injecting it into the bearing as 
mist. To accomplish these tests, an atomizing tip (standard 
tip from a De Vilbiss 127 atomizer) was incorporated in conjuction 
with an air supply line to aspirate, atomize, and direct the 
rzsidual oil into the test bearing. The tip was assembled to the 
oil manifold, see Figure 5 , by a special connector. 

Preliminary checks were performed wit? the as~irator system 
prior to the emergency lubrication test in^ to determine the air 
pressure and flow rate required to aspirate and atomize the oil. 
I?. was detemined that an air supply pressure of 40 psi easily 
aspirated and atomized the oil into a fine mist. The air flow 
rate produced was0.024scmm (0.84 scfm) and the residual oil of 
lOcc (0.61 in3) retained in the reservoir below the lowest jet 
nozzle was depleted in 2.5 minutes; thus producing an oil flow 
rate of 239cc/hr. (i4.6 in3/hr.). Due to the quick depletion of 
the residual oil, which was limited bythe oil mapifold config- 
uration, the oil in the reservoir was replenished every 2.5 
minutes. In this manner, continuous aspirator operation could 
be obtained. 
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Two emergency lubrication tests were performed (Test 5  and 
6) using the aspirator system. Both tests were initiated under 
conditions similar to those in the prior emergency lubrication 
tests with the exceptions that a standard bearing, no modification 
to the inner ring chamfer or cage bore was used and both the 
recirculating oi? and aspirator systems were employed at the 
initiation of the test. Room temperature air was used to act- 
ivate the aspirztor. 

After the shaft speed of 38,000 rpm was obtained in Test 5, 
with an oil inlet temperature and flow rate of 438OK (330°F) and 
7 5 7  cc/i-in. (0.3 gpm) respectively the outer ring temperature 
stabilized a t  S08OK (45S°F). The recirculatin~ oil was then 
shut off and operation continued with the aspirated oil only. 
After 2.5 minutes, the aspirator reservoir was refilled while 
operation continued. The refilling cycle was repeated each 2.5 
n,inutes u~til a total time of 30 minutes of operation was 
obtained after cessation of the r e c i r c u l a t i n g  o i l .  

During the period of emergency lubrication there was no 
indication of improper operation of the test bearing which 
suggested that even alonger period of operation could have been 
obtained. A maximum outer ring temperature increase of only 
lg°K (3S°F) was recorded which was considerably lower than 
anticipated. 

To insure that no oil was reachinp the test bearing from the 
rig bearing supply and the test bearing chamber was being 
properly scavengedfour additional checks were performed. In the 
first two checks, the aspirator was used without replenishing 
the reservoir supply. In both checks, shaft deceleration was 
observed in apnroximately 2.5 minutes after recirculating oil 
shut off and the bearing outer ring temperature increased to 
590°F before recirculation of the oil was reestablished. In 
the second two checks, the aspirator system was not activated 
ail4 in both cases bearing prob-lems bere encountered after 40 
seconds. These four checks thus provided further assurance of 
the effectiveness ?f the aspirator. 

In the second test (Test 6) utilizinp the aspirator system, 
cooling air was supplied at 350°K (170°F) through the shaft and 
bearing housing at a rate of 0.28 and 0.11 scmm (10 and 4 scfm) 
respectively. Thc cooling air supply was initiated approximately 
one minute after the cessation of the recirculatin~ oil. Shcrtly 
thereafter, hearing nroblems were encountered as evidenced by a 
rapid temperature increase and speed decrease. The recirculatin~ 
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oil was reinstated with the coolinp air retailled. Four 
additional checks were performed by turnjn~ o?f the recirculatinp 
oil. In all cases, bearing problems resulted between 1.6 minutes 
and 3 nlbitttes. Oil was replenished in tht aspirator reservoir 
when the operating ~eriod dictated. 

These results indicated that the cooling air supplied to 
the shaft and bearing housing at the rates used was detrimental 
to the bearinc performance. To further varify this assumntion, 
an zdditional check was performed without the cooling air. 
After ten minutes of operation in this mode (re~lenishing the 
aspirator oil every 2.5 minutes) with no indication of hearinp 
problems the test was terminated having concluded that the 
assumption was correct. The hear in^ outer ring temnerature 
staSilized at S7Z°K (570°F) during this check which was more 
reasonable and indicated the measurement in run one was 
erroneous. 

It is concluded from the results of these two tests that 
it is feasible to appreciably extend the operating life, up to 
more than 30 minutes, of helicopter engine or transmission 
bearings following the loss of oil from the primary system by 
aspirating a small quantity of oil from a reservoir and injecting 
it into the bearing in the form of mist. It is also concluded 
that the use of cooling air, at rates applied in Test 6 through 
the shaft and bearing housing, is detrimental in extending the 
bearing life. Changes in the cooling air flow rates or locatio~ 
of the cooll-g air could he beneficial; however, this was not 
verified by testing. 

In general, the lost lubricant and emerpency tests showed 
that bearing failure can he expected in anproximately two minutes 
or less when no emerpencv lubrication is sunnlied. With an 
aspirator tyne system used to supply emergency lubrication, 
operation periods of 30 minutes or greater can be obtained. 

6.2 Step Speed Tests - Type I1 
The first set of step speed tests (Test 7-10) were performed 

with four different lubricants to obtain a relative evaluation 
of their performance when used in a mist lubrication system. 
Three of the lubricants, described in Section 2, meet snecific 
military specifications and all four are presently beinp used 
in recirculating oil systems to lubricate bearings in commercial 
or inilitary gas turbine engines. It should be noted that these 
four tests were also an evaluation of the initial design of the 
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mist and cooling air systems. Prior to nerformiq~ the tests, the 
intent was to evaluate the lubricant performance bv comparin~ the 
bearing contacting surfaces after testine wascomnlete. Ifowever, 
since bearing failures were encountered which were not necess- 
arily related to the lubricant used, no attemnt was made to rank 
the performance of the oils. 

The second set of step-speed tests (Test 11-13) \<as per- 
formed to establish the effects of changes in the controlled 
variables andthe third set of tests (Test 1 4 - 1 6 )  5 performed 
to evaluate basic chances in the system confieuration. During 
many of these step speed tests, two basic nrohlcms were encount- 
ered (cage instability and excessive cage rnil wear and binding 
between the downstream rail and ~ u i d e  lane? on t?lc outer ring) at 
speeds between 53,000 to 65,000 rpm ( 2 . 5  x 10" to 3.0 x lo6 DN) 
Thus, the fourth set of step speed tests ('I'cst 1'--20) were 
performed with different modificatons to the care in an attempt 
to eliminate these problems. 

6.2.1 Lubricant Evaluation Tests .- 

Standard bearings (SKF 4645331rAA) with the modifications 
described in Section 2.1 and the removal of the hall retaininv 
tangs to permit easy disassembly of the hearin? for inspection 
urposes were used in all luhricznt evaluation tests. A 

gearing load of 1779 newtons (400 la.) thrtlst force was used 
in all testing. 

The first test (Test 7) was performed with a Type I 1  Ester 
meeting MIL-L-23699. The shaft was accelerated to 26,000 rpm 
and then 40,000 rnm and data recorded. At this sneed the coolinp 
air flow rates through tne shaft,circumferentiallv throuph the 
bearing housing, and directly throuyh the hearing were individually 
changed to establish their effect on the bearing temnerature and 
behavior. It was found that little cr no immediate effect was 
produced by the shaft or housing coolinp air, but the throi~gh 
bearing coolinp air had an appreciable effect on the bearii~? 
outer ring temperature. No reliable inner ring temperature 
values could be rleasured due to interference of the nyrometer 
line-of-sight by the oil mist. However, it was assumed that the 
through bearing coolinp air had the same or qreater effect on 
the inner ring temperature since it was directed to impinge on 
or pass across the inner ring surface. The total air flow was 
then set at 0.439 scmm (15.3 scfm) (mist air-Q.7 scfm and through 
bearing cool in^ air-5.6 scfm) and the shaft speed increased in 
steps to a maximum speed of 65,000 rpm (3 x 106 DN). Since the 
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bearing outer ring temperature did not exceed the pre-established 
maximum limit of 533°K (500°F) no further increase in air flow 
was made. After operating at 65,009 rpm for approximatclv 30 
minutes without the bearing temperature comnletely stabilizing, 
the temperature suddenly increased and the shaft decelerated 
ternrinating the test. From a speed of 55,000 to 65,000 an 
intermittent noise, interpreted as being produced by cage 
instability, was observed. During the test, a mist oil flow 
rate of 492 cc/hr. (31 in3/hr) was supplied to the bearine. The 
inspection of the test bearinq showed that the cause of failure 
had resulted from excessive rubbinn between the cage rail and 
the outer ring guide land on the downstream side of the bearing. 
Test data, including the calculated heat transferred from the 
bearing to the mist and cooling air, is presented for this and 
subsequent testc in Appendix 111. 

Based on the good results obtained i r  this test, it was 
decided that the housi~lg and shaft cooling air would not be used 
in any subsequent tests. The elimination of two of the cooling 
air flow paths greatly simplified the cooling air system and 
thus increased the number of possible applications of a mist 
and cooling air system by including those where housing and 
shaft cooling could not be incorporated. 

Based o t5e good results obtained in this test, operations 
up to 3 x loa BN with appreciably less air than theoretically 
determined necessary without the bearing temperature reaching 
533OK and the use of only through bearing mist and cooling air 
without s thermal imbalance between the rings producing a 
failure, it was decided that the housing and shaft cooling air 
would not be used in any subsequent tests. The elimination of 
two of the cooling air flow paths greatly simplified the cooling 
air system initially envisioned as being necessary and thus 
increased the number of possible applications of a mist and 
cooling air system by including those where housing and shaft 
cooling could not be incorporated. 

The next three tests (Test 8-10) were performed with a 
Type I Ester meeting YIL-L-7808H specifications, a second Type I 
Ester which was refined in a foreign country, and a polyphenylether 
respectively. The tests were performed in the same manner as 
Test 7 with t.he exceptions that mist air flow rates aere increased 
from 40 to 55 percent and moderate changes in the mist and 
through bearing cooling air temperature as noted in data presented 
in Appendix 111. 

In Test 8, a total of 0.543 scnun (1W scfm) of air was 
passed through the bearing with 0,385 scmm (13.6 scfm) being 
mist air. The average mist oil flow rate was 590 cc/hr. 
(36 inS/hr.). A maximum speed of 60,000 rnm was obtained prior 
to a decrease in shaft speed indicating a bearing problem. In 
Test 9, a total air flow of 0.586 scmm (20.7 scfm) was supnlied 
at the maximum speeg obtained and an average mist oil flow rate 
of 492 cc/hr (30 in /hr.) was supplied. The desired speed of 
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65,000 was obtained and operation continued for 40 minutes 
before the test was terminated due to excessive noise. In 
Test 10, a similar air flow was supplied with a mist oil flow 
rate of 442 scmm (27 inS/nin). A maximum speed of 50,000 rpm 
was obtained before a sudden temperature excursion occurred 
andthe shaft decelerated terminating the test. 

In each of the three tests, there was indication of cape 
instability noted by an intermittent rattle starting at speeds 
from approximately 50,000 to 55,000 rpm. Inspection of the 
test bearings indicated that the cause of the bearing failures 
encountered were produced by excessive friction between the 
downstream cage rail and the outer ring guide land which suggested 
that insufficient lubrication was present at this locaticn. 
This condition was diagnosed from the excessive wear on the rail 
and land, and the heavy wear on the leadinq face of the ball 
pockets caused by the balls trying to drive the cage. 

The results of the mist lubricant evaluation indicated 
that any of the four lubricants tested could be utilized with a 
mist znd cooling air system to provide adequate lubrication of 
helico ter engine mainshaft bearings operating at speeds up to % 2 x 10 DN. Although there were differences in the maximum 
speeds obtained with the different lubricants before problems 
were encountered, these differences are not necessarily a function 
of the lubricating qualities of the oils. The problems were 
considered to be the result of inadequate lubrication and cooling 
to the downstream side of the cage. The cage instability, which 
is a function of the cage configuration and mass, and damping, 
occurred in the mist lubricated bearing and not the recirculating 
jet lubricated bearing due to the decreased oil damping provided 
by the mist system. 

A plot of the heat transferred from the bearing to the air 
in each test is presented in Figure 14. This plot shows that 
the bearing heat generation rate was quite similar during the 
testing of three of the lubricants. However, an a~preciable 
difference (approximateiy 60 percent hi~her) was obtained with 
the pclyphenylether. This difference is considered, at least 
in part, to result from the higher viscosity. 
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The ?4IL-L-23699 lubricant was selected for the remaining 
bearing test:. This selection was based on its good performance 
in the early tests and its widespread use in military aircraft 
engines in this country. 

6.2.2 Changes In Controlled Variable -- Tests -- 
The Durpose of the controlled variable tests was to 

determine the possibility of operating under more severe 
conditions with respect to the mist oil flow rate, air flow rate, 
and air temperature. A11 tests were performed with MIL-L-23699 
oi1,and mist and throunh bearinp cooling air only. Test 11 was 
nerformed to evaluate tile possibility of operatinr with apprec- 
iably less mist oil supplied to the bearin?. Tests 12 and 13 
were performed to evaluate the effects of operating with a 
rcduccd air flow rate and a higher average air temperature 
respectively. 

Prior to Test 11, an attempt was made to calibrate the mist 
Renerator. For the mist generator being used, the manufacturet 
does not guarantee mist generation for adjustment screw setting 
below 180' open when 294'K (7O0F> temperature air is utilized. 
At this opening, the oil flow was zreater than the minimum value 
at which testinp was desired since the air was being supplied 
to the mist generator at a temperature of 478°K (400°F). Further 
checks at screw settiqs less than 180' produced inco~sistencies. 
Thus, the calibration could only be used as a ~uideline and the 
actual oil sunply rate established aftel the test by measuring 
the quantity of oii used. 

A total of four runs were performed in Test 11, each for 
a duration of approximately 4 hours. The first two runs were 
performed with the same oil flow rates, 328 cc/hr. (20 in3/hr.) 
or approximately 66 percent of what was supplied in the lubrication 
evaluation tests. The total air flow rate in both runs was 0.458 
scmm (16.2 scfm), 0.260 scmm (9.2 scfm) as mist air and 0.198 
scamm (7 scfm) as cooling air, at an average temperature of 
approximately 350'~ (172 F) . In both runs, the maximum desired 
speed of 65,000 was obtained with the only problem observed being 
an intermittent noise (rattle) interpreted to be cage instability, 
at speeds from 60,OOC to 65,000 rpm. A cursory inspection of the 
test bearing following the second run indicated that the bearing 
was in excellent condition. 
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I n  r u n  3 ,  t h e  mist f l o w  a d j u s t m e n t  screw was opened o n l y  
80  d e g r e e s .  The mist and c o o l i n g  a i r  f l o w  r a t e s  were  s e t  a t  t h e  
same v a l u e s  a s  i n  t h e  p r i o r  r u n s  and t h e  a v e r a g e  a i r  t e n p e r a t u r e  
was 35S°K (178OF). The s h a f t  was a c c e l e r a t e d  t o  65,000 rpm i n  
s t e n s .  No p rob lems  were e n c o u n t e r e d  e x c e p t  f o r  i n t e r m i t t e n t  
q o i s e  a t  t h e  h i q h e r  s p e e d s .  The c a l c u l a t e d  o i l  f l o w  ra te  was 
u n l y  51  c c / h r .  ( 3 . 1  i n .  3 / h r . )  o r  a p p r o x i m a t e l v  n . 1 1  n i n t s / h r .  

Run 4 was e s s e n t i a l l y  a  r e p e a t  o f  r u n  3  w i t h  t h e  e x c e p t i o n  
t h a t  t h e  mist g e n e r a t o r  o i l  f l o w  a d j u s t m e n t  s c r e w  was opened o n l y  
hQ d e g r e e s .  A t  t h e  60' o p e n i n g ,  t h e  f i r s t  v i s u a l  i n d i c a t i o n  o f  
rrist f l o w  was o b s e r v c d  a t  t h e  r i g  e x h a u s t  p o r t .  A f t e r  t e m n e r a t u r e  
s t a b i l i z a t i o n  a t  55,flnO rnm, t h e  s h a f t  was a c c e l c r n t e d  t o  6 0 , 0 0 0  
rnm a t  which p o i n t  t h e  t e s t  was t e r m i n a t e d  f o l l o w i n g  a  s ~ e e d  
d e c r e a s e  and a  r a n i d  i n c r e a s e  i n  t h e  t e s t  h e a r i n g  t e m p e r a t u r e .  

!!'ithout any changes  i n  t h e  mist and c o o l i n g  a i r  f low r a t e s ,  
f o l l o w i n g  t h e  s h a f t  d e c e l e r a t i o n ,  no  m i s t  c o u l d  b e  v i s u a l l y  
d e t e c t e d  a t  t h e  e x h a u s t  p o r t .  Altliough t h i s  d i d  n o t  d e f i n i t e l y  
i n d i c a t e  t h a t  t h e  mist had s t o p p e d  f l o w i n p ,  i t  d i d i n d i c a t e  t h a t  
t h e  f l o w  had d e c r e a s e d  f rom t h e  i n i t i a t i o n  o f  t h e  t es t .  
Measurement o f  t h e  o i l  u s e d  d u r i n g  t h e  e s t  showed t h a t  t h e  5 a v e r a g e  f l o w  r a t e  was 56 c c / h r .  ( 3 . 4  i n  / h r . )  which i n d i c a t e d  t h a t  
t h e  f l o w  r a t e  was f l u c t u a t i n g .  11 p l o t  o f  t h e  h e a t  t r a n s f e r r e d  
from t h e  b e a r i n n  t o  t h e  a i r  i s  p r e s e n t l y  i n  F i g u r e  1 5  f o r  a l l  
r u n s .  T h i s  g r a p h  shows t h a t  n o  a p p r e c i a b l e  change  r e s u l t e d  
from varyin!: t h e  o i l  f l o w  r a t e .  

The i n s p e c t i o n  o f  t h e  t e s t  h e a r i n g  showed t h a t  t h e  p roh lems  
r e s u l t e d  from e x c e s s i v e  f r i c t i o n  b e t N e e n  t h e  c a q e  r a i l  and o u t e r  
r i n y  q u i d e  l a n d  on t h e  downstream s i d e  o f  t h e  b e a r i n g .  S i n c e  
t h i s  t y ? e  o f  f a i l u r e  had o c c u r r e t i  i n  p r i o r  t e s t s  w?ien t h e  m i s t  
o i l  f l o w  r a t e  was t e n  t i m e s  a s  F r e a t ,  i t  was t h u s  r e a s o n e d  t h a t  
t h e  f a i l u r e  was n o t  t h e  r e s u l t  o f  t h e  lower  f l o w  r a t e ,  b u t  t h e  
d i s t r i b u t i o n  o f  t h e  o i l  i n  t h e  b e a r i n g .  I t  was,  t h e r e f o r e ,  
c o n c l u d e d  t h a t  t h e  same q u a l i t y  o f  l u b r i c a t i o n  was o b t a i n e d  w i t h  
t h e  much r e d u c e d  o i l  f l o w  r a t e  and t h a t  a d c  t i a t e  l u b r i c a t i o n  was S p r o v i d e d  w i t h  a s  l i t t l e  a s  51 c c / h r  ( 3 . 1  i n  / h r . )  t o  p e r m i t  
o p e r a t i o n  t o  s p e e d s  a s  h i g h  a s  2 .5  x  106 D N .  

I n  T e s t  1 2 ,  t h e  r e d u c e d  a i r  f l o w  r a t e  t e s t ,  t h e  t e s t i n g  was 
i n i t i a t e d  w i t h  o i l  and a i r  f l o w  r a t e s  and t e m p e r a t u r e s s i m i l a r  t o  
t h o s e  u s e d  i n  t h e  l u b r i c a n t  e v a l u a t i o n  t e s t s .  A f t e r  allow in^ 
t e m p e r a t u r e s  t o  s t a b i l i z e  a t  a  s p e e d  o f  30,000 rpm, t h e  c o o l i n g  
a i r  f l o w  r a t e  was slowly d e c r e a s e d  t o  z e r o  w i t h o u t  any b e a r i n g  

$ .  prob lems  p r o d u c e d .  With a m i s t  a i r  f l o w  r a t e  sf 0 .283  scmm (10 scfm) 
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FIGURE 1 5  
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and  i n l e t  t e m n e r a t u r e  o f  35C°K (18S°F) t h e  s n e e d  was i n c r e a s e d  
t o  65,000 rpm i n  s t e p s .  B e f o r e  t e m n e r a t u r e  s t a b i l i z a t i o n  a t  
6 5 , 0 0 0  rpm, a r a p i d  i n c r e a s e  i n  t h e  b e a r i n g  t e m p e r a t u r e  o c c u r r e d  
and t h e  tes t  t e r m i n a t e d .  he a v e r a g e  o i l  f l o w  r a t e  d u r i n e  t h e  T t es t  was 442 c c / h r .  ( 2 7  i n  / h r . ) .  The b e a r i n s  i n s p e c t i o n  
r e v e a l e d  t h a t  s m e a r i n g  had o c c u r r e d  between t h e  downstream c a g e  
r a i l  and o u t e r  r i n g  l a n d  a s  i n  p r i o r  t e s t s ,  

The r e s u l t s  o f  t h e  t e s t  showed t h a t  0 . 2 8 3  scmm o f  a i r  would 
p r o v i d e  adequate, u n i f o r m  c o o l i n g  of  a l l  h e a r i n g  comnonents  
e x c e p t  a t  t h e  h i g h e s t  t e s t  s p e e d  where p rob lems  a l s o  r e s u l t e d  a t  
much h i g h e r  a i r  f l o w  r a t e s .  F i g u r e s 1 6  and 1 7  show t h e  b e a r i n p  
o u t e r  r i n g  t e m p e r a t u r e  and h e a t  t r a n s f e r  r a t e  t o  t h e  mist and 
c o o l i n g  a i r  r e s p e c t i v e l y ,  cornnared w i t h  t \ a t  o h t a i n c d  i n  r u n  1 
o f  T e s t  11 where t h e  h i g h e r  q u a n t i t v  o f  c o o l i n g  a i r  was s u p ~ l i c d .  
The p raph  shows t h a t  a t  s n c c d s  o f  3n,000 t o  40 ,000  rpm, t h e  
i n c r e a s e  i n  b e a r i n g  t e m p e r a t u r e  r e s u l t i n g  from t h e  l o w e r  a i r  f l o w  
was a p p r o x i n a t e l y  2Z°K (40°F) .  A t  t h e  h i p h e r  s n e e d s ,  55 ,900 t o  
60,000 rpm, t h e  t e m p e r a t u r e  d i f f e r e n c e  had i n c r e a s e d ,  as would 
b e  e x p e c t e d ,  t o  a p p r o x i m a t e l y  $4OK(SO0F). However, e v e n  w i t h  
t h e  l o w e r  f l o w  r a t e ,  t h c  t e m p e r a t u r e  was s t i l l  well  beiow t h a t  
where p r o p e r t y  c h a n g e s  i n  t h e  b e a r i n g  m a t e r i a l  would e f f e c t  t h e  
e n d u r a n c e  l i f e .  

T e s t  1 3  was pe r fo rmed  w i t h  a h i g h e r  a v e r a E e  a i r  t e m p e r a t u r e ,  
a p p r o x i m a t e l y  383°K (23B°F),  e n t e r i n z  t h e  r i g  t o  c o o l  t h e  b e a r i n ? .  
The t h r o u g h  h e a r i n g  c o o l i n p  a i r  was s u p p l i e d  a t  402OK (26S°F) and 
t h e  mist a i r  a t  34g0K (17n°F) .  TG o b t a i n  t h e  h i g h  a v e r a g e  t o t a l  
a i r  t e m p e r a t u r e ,  a t  a p p r o x i m a t e l y  t h e  same f l o w  r a t e  a s  used i n  
T e s t  11, t h e  t h r o u g h  b e a r i n o  c o o l i n n  a i r  f l o w  r a t e  was i n c r e a s e d  
from 0.138 t o  0.359 scmm {7  t o  1 2 . 7  scfm) and t h e  mist a i r  
d e c r e a s e d  from 0 , 2 6 0  t o  1 4 1  scmm (9.2 t o  5 s c f m ) .  The d e c r e a s e  
i n  t h e  mist a i r  f l o w  r a t e  r e s u l t e d  i n  an a v e r a g e  mist o i l  s l lpply  
r a t c  o f  236  c c / h r .  (14 .4  i n 3 / h r . )  which was a p p r o x i m a t e l y  h a l f  
t h a t  s u p p l i e d  i n  T e s t  1 2 ,  b u t  well above  t h a t  f o u n d  t o  b e  a d e q u a t e  
i n  T e s t  i l .  

A s p e e d  o f  60 ,000  m m  was o b t a i n e d  i n  i n c r e m e n t a l  s t e p s  
w i t h o u t  p rob lems .  However, a  f a i l u r e  o c c u r r e d  s h o r t l y  a f t e r  
r e a c h i n g  a s p e e d  o f  65 ,000  rrm. The i n s p e c t i o n  o f  t h e  t e s t  b e a r i n g  
showed t h a t  t h e  f a i l u r e  was e s s e n t i a l l y  t h e  same a s  t h a t  wh ich  
had o c c u r r e d  i n  l e s t  12- g r o s s  wear he tween  t h e  downstzeam c a g e  
r a i l  and o u t e r  r i n p  g t l i d i n p  l a n d .  
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FIGURE 16 

TEST 12-DECREASED COOLIYG AIR FLO?!' PATE 
TEST REARING OUTER R I N G  TE?IPERATURE 

LUBRICANT-.ADVANCED EP TER 

Test 11 - Total Air 16.2 scfm (Avg. Temp. 17Z°F) 'S'a) r 
A Test 12 - Total Air 1 0 . 0  scfm (Avg. Temp. l B S ° F )  

S h a f t  s p e e d - ? . ~ ? f x l 0 ' 3  (~!Vxlr)-fi) 



FIGURE 1 7  -- 
TEST 1 2 - D E C R i l A S C D  COOLING AIP.  Fl,OW 9.4TI' 

lICr\T T!?ASSFER !UTE TO A I L !  

L l I R R  ICANT-  ADV.4':CEP E S T E R  

r Test I!  - Totnl Air 1 6 . 2  s c f m  ( . 4 v n .  l'emp. J 7 2 O F )  
I 

I A T e s t  1 2  - Tota l  A i r  1 0 . 0  s c f m  (AvP.  Tenn. 1 " S o C )  

C 

S h a f t  ~ ~ e e d - ~ ~ ? i x l n ' . ~  ( n y x l n - 6 )  



The t e s t  b e a r i n g  o u t e r  r i n g  t emnera tu re  and  t h e  h e a t  
t r a n s f e r  r a t e s  a t  t h e  v a r i o u s  t e s t  speeds  a r c  p r c s e q t e d  i n  
F i g u r e s  18 and 19 , r e s n e c t i v e l y ,  a long  wi th  t h e  d a t a  from 
T e s t s  11 and 1 2 .  A s  would bc exnec ted  a t  lower speeds  t h e  
t e s t  f e a t u r i n ?  a  h i g h e r  c o o l i n g  a i r  tcmperat l l re  r e s u l t s  i n  
h i g h e r  b e a r i n g  o u t e r  r i n g  t empera tu re s  than  t h e  t e s t  w i t h  a  
dec reased  f low r a t e .  However, a t  h i g h e r  sneeds  where c o n s i d e r -  
a b l y  more h e a t  i s  g e n e r a t e d  by t h e  b e a r i n g ,  t h e  e f f e c t  o f  a i r  f low 
volume on t h e  b e a r i n g  t empera tu re  i s  l a r g e r  than  t h e  e f f e c t  o f  a i r  
tern e r a t u r e ,  Although b e a r i n g  f a i l u r e s  occu r red  a t  h igh  speeds  
i n  ! 0 t h  t e s t s ,  ( t h e  i n c r e a s e d  b e a r i n g  t emncra tu rc s  were measured 
p r i o r  t o  f a i l u r e )  t h e  f a i l u r e s  a r e  no t  consi t lered t o  bc  t h e  
r e s u l t  o f  t h e  h i g h e r  h e a r i n g  temnerature .  a s  f a i l u r e s  were 
t y p i c a l  of  t h o s e  ir? p r i o r  t e s t s  when t h e  o u t e r  r i n e  t empera tu re s  
were c o n s i d e r a b l y  lower .  

A s  shown i n  F igu re  18 t h e  i n c r e a s e  i n  t h e  a i r  t c n n c r a t u r e  
o f  3 9 O K  above t h a t  used i n  T e s t  11, r c s u l t e d  i n  approximate ly  
t h e  same t empera tu re  i n c r e a s e  i n  t h e  t e s t  1)cnrSn~: ove r  t h e  f u l l  
speed r a n s e .  Th i s  i s  c o n s i d e r e d  t o  be r ensonab l?  s i n c e  t h e  
same 4 t  between t h e  b e a r i n q  and c o o l i n g  a i r  was main ta ined  t o  
remove approximate ly  t h e  same q u a n t i t y  o f  henr inc  g e n e r a t e d  
h e a t .  

6 .2 .3  Changes I n  t h e  Mist System Conf igu ra t ion  -- T e s t s  - - 
A t o t a l  o f  t h r e e  t es t s  ( T e s t s  14-16)  were performed wi th  

m o d i f i c a t i o n  t o  t h e  mist system.  A l l  t e s t s  were performed w i t h  
t h e  s t a n d a r d  t h r u s t  l oad  o f  4 6 0  l b s .  and F111,-1,- 23099  o i l .  The 
f i r s t  two z o d i f i c a t i o c s  were r e l a t i v e l y  s i m ~ l c  and involved  t h e  
t e s t  c a v i t y  c o n f i g u r a t i o n  n e a r  t h e  h e a r i n g  o r  t h e  mist n o z z l e  
c o n f i g u r a t i o n .  The t h i r d  change s i m p l i f i e d  t h e  mist system by 
r e p l a c i n g  t h e  mist g e n e r a t o r  w i t h  a c l r ip  1,iist system.  

In  p r e p a r a t i o n  f o r  T e s t  1 4 ,  a b n f f l c  p l a t e  was manufac tured ,  
s e e  F igu re  2 0 ,  t o  be l o c a t e d  on t h e  unstrenm s i d e  of  t h c  bearin!? 
a s  shown i n  F i ~ u r e  21. Two t z b s  were formed on t h e  h e a r i n g  
o u t e r  r i n g  f l a n g e  t o  pe rmi t  p 0 s i t i o n i r . g  and assembly o f  t h e  
p l a t e .  The b o r e  o f  t h e  b a f f l e  p l a t e  was chamfered  a t  a  4 5 '  
a n g l e  from t h e  o u t e r  s u r f a c e  and a  0 . 1 5 2  m m  ( n . O f l h  i n )  l i p  
machined on t h e  i n n e r  s u r f a c e  which extend i n t o  t h e  b e a r i n y  
and reduced  t h e  gap formed w i t h  t h e  cape f a c e .  The dimension 
o f  t h e  b o r e  were e s t a b l i s h e d  t o  permi t  t h e  h i g h  v e l o c i t y  c o o l i n p  
a i r  e m i t t e d  t l irough t h e  e i g h t  n o z z l e s  t o  f low d i r e c t l y  a c r o s s  
t h e  chamfer and produce a  p r e s s u r e  drop i n  t h e  annulus  formed 
between t h e  cage  and b a f f l e  p l a t e .  
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FIGURE 18  - -- - .- 
TEST 1 S -  INCREASED COOLING AIR TEnlPERATIJRE 

TEST R E A R I N G  OIJTER- RING TEYP1:RATIJRE 
LIJRRICANT-ADVANCED ESTER 

- ( 5 0 0 )  
t4 
0 F T e s t  l l - T o t a l  Air 1 6 . 2  s c fm (Avg.  Temp. 17Z°F) 
4 A T e s t  1 2 - T o t a l  Air 1 0 . 0  scfm (Avg. Temp. 18S°F)  
? SO5 O T e s t  1 3 - T o t a l  Air 1 7 . 4  scfm (Avg. Temp. 2 3 8 O F )  

S h a f t  S p e e d - ~ ~ ~ 1 x 1 0 - 3  (DYxlO-6) 



TEST 13-  INCREASED COOLING A I R  TE'rPERAT1JW.E 
I~E,AT TRANSFER RATE TO AIR 
LUBRICANT-ADVANCED ESTER 

- 
O T e s t  11 -Tota l  Air 1 6 . 2  scfm (Avg. Temp. 17Z°F) 
A T e s t  12 -Tota l  Air 1 0 . 0  scfm (Avg. Temp. 18S°F) - 
O T e s t  13 -Tota l  Air 1 7 . 4  scfm (Avg. Temp. 23S0F) 

Shaf t  ~ p e e c l - ~ ~ k l x l 0 ' 3  (DNXIO-6) 
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FIGURE 21 

LAYOUT DRAWING OF RIG S!IOWII$!G 
RAFFLE PLATE LOCATION 



The i n c o r p o r a t i o n  o f  t h e  b a f f l e  p l a t e  was a i r e d  a t  improving 
t h e  coo l ing  and l u b r i c a n t  f low p a t h s  w i t h i n  t h e  b e a r i n g  by 
modifying t h e  p r e s s u r e  d i s t r i b u t i o n .  I t  was hoped t h a t  t h i s  
would provide  b e t t e r  l u b r i c a t i o n  and c o o l i n g  o f  t h e  downstrean 
cage r a i l  and t h u s  e l i s i n a t e  t h e  e x c e s s i v e  wear and b inding 
which had ccur red  i n  s e v e r a l  o f  t h e  p r i o r  t e s t s  a t  speeds i n  8 t h e  3 x 10 DN range. 

The t e s t  was performed i n  s manner s i m i l a r  t o  p r i o r  s t e p -  
speed tests wi th  a  mist a i r  f low r a t e  of 0.321 scnun (11.34 scfm) 
and throuqh bea r inq  coo l ing  a i r  flow r a t e  of  0.190 scnun (6.7 scfmj.  
The average a i r  tempera ture  was 3S0°K (171°F). The m i s t  o i l  
flow r a t e  was 451 c c / h r  (27.5 in3hr . ) .  The maximum d e s i r e d  
speed of  65,000 rpm was ob ta ined  and o p e r a t i o n  continued f o r  
30 minutes be fo re  t e s t  t e rmina t ion .  I n t e r m i t t e n t  noise, cons id-  
e red  t o  be produced by cage v i b r a t i o n ,  :.pas observed a t  bo th  
60,000 and 65,000 rpm which had no measwible e f f e c t  on t h e  
bear ing  performance. 

The t e s t  bea r ing  was i n  e x c e l l e n t  c o n d i t i o n  fo l lowing t h e  
t e s t  wi th  minor p o l i s h i n g  o f  both cage r a i l s  and s l i g h t l y  
heav ie r  p o l i s h i n g  and wear i n  t h e  b a l l  pockets .  A t h i n  l a y e r  
o f  degraded o i l  and f i n e  wear p a r t i c l e s  of s i l v e r  had c o l l e c t e d  
on t h e  cage bore  which had no t  been p r e s e n t  fo l lowing any p r i o r  
tests. This  cond i t ion  i n d i c a t e d  t h a t  t h e  m i s t  and cool ing  a i r  
flow p a t h s  through t h e  hea r ing  had been a l t e r e d .  

Test 15 was performed t o  e v a l u a t e  t h e  e f f e c t  of r e p l a c i n g  
t h e  converging r e c l a s s i f y i n g  nozz les  wi th  s t r a i g h t  nozz les  
without  s c r e e n s  a t  t h e  e n t r a n c e  t o  r e c l a s s i f y  [ i n c r e a s e  t h e  
o i l  p a r t i c l e  s i z e ) o i l  d r o p l e t s .  The e i g h t  s t r a i g h t  nozz les  incor -  
p o r a t e d  had an i n n e r  d iameter  equa l  t o  t h e  minor d iameter  o f  t h e  
converging nozz les  ( 2.0mm). The b a f f l e  p l a t e  was 
r e t a i n e d  and t h e  same bea r ing  used t o  o b t a i n  a d d i t i o n a l  t e s t  
r e s u l t s  wi th  t h e  a l t e r e d  f low pa ths  i n  t h e  bear ing .  

The t e s t  was s u c c e s s f u l i y  performed t o  a  maximum speed of  
65,000 rpm and opera ted  a t  t h a t  speed f o r  30 minutes b e f o r e  
te rminat ion .  Tbe mist a i r ,  o i l ,  and coo l ing  a i r  flow r a t e  and 
temperature were e s s m t i a l l y  t h e  same a s  i n  T e s t  14. Cage 
i n s t a b i l i t y  was aga in  i n d i c a t e d  a t  bath 60,000 and 65,000 rpm. 
The t e s t  bear in^ was i n  e x c e l l e n t  c o n d i t i o n  w i t h  on ly  minor 
changes i n  wear o f  t h e  cage l ands  and pockets  a s  evidenced by 
t h e  minor bui ldup of degraded o i l  and s i l v e r  wear p a r t i c l e s  
occurr ing  again  on t h e  cage bore.  No changes could b e  d e t e c t e d  
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on the contacting surfaces. 

The results of these two tests indicated that the incorpor- 
ation of the baffle plate was beneficial in minimizing the heavy 
wear and binding of the cage experiences in several prior tests 
at the higher speeds. No improvement in the apparent cage 
instability resulted from using the baffle plate. Insufficient 
testing was performed to establish the realibility of the scheme 
employed and the gsneratior. of the silver wear particles from 
the cage indicated that metal to metal contact did still occur 
to some degree whicl. is not abnormal even in a bearing lubricated 
with recirculating oil. 

IJnder the c~nditions used in Test 15 ( relatively high oil 
flow rate, 29 inJ/hr., compared to those used in Test 11) no 
detrimental effects resulted fron the chanpe in nozzle config- 
uration. I!owevcr, at lower oil flow rates where the efficient 
plating out of the oil is more im~ortant, the nozzle confi~ur?+ion 
could possibly have an appreciable effect. 

The purpose of Test 16 was to establish the feasibility of 
using a simplified mist system (drip/mist system) which would 
greatly reduce the vulnerability to ballistic damage, and 
decrease weight and complexity by eliminating the mist generator 
and the relatively larpe mist transfer line required to minimize 
oil plating out in transit. The idea was to provide oil drops 
in the flow path of the cooling air as it exited the nozzles 
where it would be misted and directed into the bearing. 

To accommodate this scheme, six of the eight mist nozzles 
were plugged and drin tubes, 0.040 in. ID, were attached to the  
remaining nozzles to position oil drops in the flow path of two 
of the through hearing air jets, see Figure 6 . An external 
oil reservoir was nravided to supply the oil. The oil flow rate 
(drip rate) was controlled by the hydrostatic head, due to the 
elevated position of the oil supnly -eservoir, and a feedback 
pressure from the chamber into which the oil was fed. 

The test was performed in a similar manner to prior step- 
speed test, with the exception that the cooling air flow rate 
was increased to 0.495 scmm (17.5 scfm) to ccmpensate for the 
elimination of the mist air. The cooling air tem3erature was 
3 3 8 O K  (147OF) and the oil flow rate varied between 328 and 
524 cc/hr. (20 and 32 in3/hr) during the 'est. 
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The maximum speed o f  65,000 rpm was s u c c e s s f u l l y  ob ta ined .  
A t  65,009 rpm a n o i s e ,  i n t e r p r e t e d  t o  he caused by cage i n s t a h -  
i l i t y ,  occurred  which produced v a r i a t i o n s  i n  speed from 62,000 
t o  68,000 rpm. ? .f ter  opera t ing  a t  t h i s  speed f o r  approximately 
20 minutes,  a much louder  n o i s e  was observed and t h e  t e s t  
te rminated .  I t  was observed d u r i n ~  t h e  disassembly of  t h e  r i g  
t h a t  t h e  two d r i p  &ubes had loosened from t h e  i n i t i a l  p r e s s  f i t  
and were l a y i n g  i n  t h e  c a v i t y  betweea t h e  o i l  manifold and 
bea r ing .  Heavy d e n t s  i n  t h e  tubes  indicated t h a t  they  had 
been b a t t e r e d  biick and f o r t h  between the s h a f t  and r i ~  housing 
nrobably c a j ~ s i n ~  t h e  n o i s e  heard  J u s t  p r i o r  t o  t e s t  
t e rmina t ion .  

The i n s p e c t i o n  of t h e  t e s t  hear ing ,  which was a l s o  used i n  
t h e  two p r i o r  modified c o n f i g u r a t i o n  tests was found t o  be i n  good t o  
e x c e l l e n t  cond i t ion .  The b a l l  t r a c k s  were d i f f i c u l t  t c  d e t e c t  
wi th  t h e  o r i g i n a l  s u r f a c e  f i n i s h  mark s t i l l  obse rvab le .  F u r t h e r  
p o l i s h i n g  of  t h e  r a i l  on t h e  downstream cage r a i l  had occurred .  

The r e s u l t s  o f  t h e  test  i n d i c a t e d  t h a t  s u f f i c i e n t  l u b r i c a t i o n  
was being provided by t h e  d r ip /mis t  system and t h u s  the  s i m p l i -  
f i e d  mist system was shown t o  be a f e a s i b l e  method of  l u b r i c a t i n g  
t h e  bear ing .  Although t h e  method used t o  s ~ p ~ l y  t h e  o i l  drops 
( h y d r a s t a t i c  head p l u s  Dressure feedback) was adequate f o r  t h e  
t e s t ,  observed changes i n  t h e  flow r a t e  ( 5 2 4  t o  327 c c / h r j  could 
n o t  be t o l e r a t e d  i f  a lower i n i t i a l  o i l  flow r a t e  was used. 
Therefore ,  a c o n s t a n t  r a t e  o r  i n f u s i o n  type pump would have t o  be 
used t o  mainta in  a c o n s t a n t  o i l  flow r a t e  when t h e  s i m p l i f i e d  
m i s t  system was incorpora ted  i n  zn a p p l i c a t i o n .  

5 . 2 . 4  Cape Design Modif ica t ion  T e s t s  

Although e x c e l l e n t  bea r ing  performance was obta ined  w i t h  
m i s t  l u b r i c a t i o n  and a i r  c o o l i n  i n  a l l  p r i o r  s t e p s p e e d  t e s t s  
up t o  speeds i n  excess  of 2 x 108 !IN, c i t h e r  one o r  b o t h  of  two 
major problems occurred  i n  t h e  n a j s r i t y  o f  t e s t s  a t  speeds i n  
t h e  range of  2 . 5  x 106 t o  3.0 x 10 DN. The most s e v e r e  of 
t h e s e  two problems was t h e  excess ive  wear on t h e  downstream 
cage r a i l  and binding of t h e  same r a i l  wi th  t h e  o u t e r  r i n g  guide 
land.  The o t h e r  problem was what appeared t o  he cage i n s t a b i l i t y .  

The excess ive  wear and binding problem occurred  a t  a l o c a t i o n  
where such a problem might be exnected.  The des ign  gap between 
t h e  r a i l  and land i s  q u i t e  smal l ,  0.13 t o  0 .20  mm ( 0 . 0 0 5  t o  0 , 0 0 8  

9: i n c h e s ) ,  thus  l i m i t i n g  t h e  flow of  o i l  and a i r .  In a d d i t i o n ,  
e t h e  coo l ing  a i r  i s  g r e a t l y  ;.ncreased i n  temperature ( e s s e n t i a l l y  

69 
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exhaust temperature) when it reaches the downstream rail; thus, 
its cooling effect is less, allowing the rail t o  increase in 
temperature and diameter. The downstream cage rail, therefore, 
provides the total guidance since the upstream rail can not 
contact the land. 

Thc existence of this problem was easily detected by 
inspection of the tested bearin~s. When excessive wear did 
occur on the guide rails, it always occurred on the dowqstream 
rail with little or no signs of contact existing on the upstream 
rail. When the more severe condition of binding occurred, the 
wear was uniform over the f~ill circumference of the rail. 
Also, excessive wear was nresent in the leading face of the 
ball pockets where the ball pressed hard to force movement nf 
the restricted cage. Photorranhs of a typical bearing which 
had failed in this manner are presented in Fipure 22. 

Such failure suggest that insufficient o i l  is nresent at 
the rail-land interface thus permitting ~ietal-to-wtal contact. 
The resulting increased friction coefficient produces a greater 
heat generation rate which increases the thermal growth of the 
cage and thus further decreasing thc fiow of oil to the inter- 
face. This cycle can thus repeat until hirdinp occurs. 

The detection of the other nroblem is more difficult and 
the assumption that the intermittent noise resulted from cage 
instability was based on experiencinq similar problems in 
other applications. Cat; instability is often encountered in 
grease lubricated bearinp and bearinp operatinp in a vacuum 
where low damping forces exist. Since the quantity of mist oil 
present in the test bearing is relatively small compared to the 
rig bearing (lubricated with recirculatiqg oil). where the 
problem was not experienced, the Presence of cage instability 
wasconsidered likely. 

Since both problems were considcred to result in some 
degree from insufficient cage lubric~~tion, the testing under 
this classification was performed to rvaluate the pos~ibility 
of eliminating the problem at I ~ i g h  speeds by niodifying tlie cage 
design to increase the oil and coolinr air i n  the critica! 
location. 

A total of four tests (Tests 17-20) were performed, each 
with a different cage design, aimed at increasinq the oil flow 
to the cage land interface. Test 17 was performed with an 
increased cage land clcarancc, Test 18 with a caqc designed to 
pump oil from the bore to the interfacc, Test 19 with an inner 
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r i n g  r i d i n g  cage ,  and Tes t  20 w i t h  pumping grooves maL..ined i n  
t h e  cage r a i l s .  

The i n c r e a s e d  gap e v a l u a t e d  i n  T e s t  17 was accomplished 
by i n c r e a s i n g  t h e  o u t e r  r i n q  land  d i a m e t e r s .  I n  t h e  s t a n d a r d  
h e a r i n g  d e s i g n ,  t h e  cage  l and  gap can vary  from 0 .13  t o  q . 2 0  mn 
( 0 . 0 0 5  t o  0.008  i n ) .  Veasurements performed on s e v e r a l  of t h e  
b e a r i n g s  nrcv ior l s ly  t e s t e d  showed t h a t  t h e  can was a t  t h e  low 
end of t h e  t o l c r a n c e  l i m i t s .  T h e  h e a r i n g  used i n  t h i s  t e s t  was 
modi f ied  by i n c r e a s i n g  t h e  o u t e r  ~ i n g  l and  d i ame te r  t o  p r o v i d e  
a  0 . Q 0 8  i n c h  ::ap on t h e  u p s t r e a n  s i ~ i e  and a  0.009 i n c h  gap on 
t h e  downstream s i d e .  The t i i  f f e r e n c e  i n  t h c  gans was i n c o r n o r a t e d  
t o  compendate f o r  t h e  d i f f e r e n c e  i n  t h e  thermal  growth o f  t h e  
two cage  r a i l s  r e s u l t i n g  f - 0 ~ 1  t h ~  v a r i a t i o n s  i n  cool in^ c a p a c i t v  
no ted  a t  t h e  two l o c a t i o n s .  'I'hc caqe i n  t h e  modi f ied  h e a r i n g  
was p r o j e c t e d  t o  r i d e  e q u a l l v  on bo th  r a i l s  when o n e r a t i n g  a t  
h i g h  speeds .  

I n  a d d i t i o n ,  a  change was i n c o r p o r a t e d  i n  t h e  test  p ro -  
cedure  t o  a i d  i n  o b t a i n i n g  a  b e t t e r  e v a l u a t i o n  o f  t h e  cpuse  
o f  the i n t e r m i t t e n t  n o i s e  a t  h igh  speed should  i t  occu r .  The 
change, u s i n g  t h e  hous ing  h e a t e r s  t o  m a i n t a i n i n g  t h e  r i g  
hous ing  t empera tu re  w i t h i n  2 8 O K  -5 ! I0F)  o f  t h e  b e a r i n g  o u t e r  
r i n g  t empera tu re ,  was i n c l u d e d  t o  i n s u r e  complete  freedom o f  
t h e  l oad  p l u g  and t h u s  p e r m i t  t h e  o b s e r v a t i o n  o f  minor changes  
i n  b e a r i n g  d r a g  t o r q u e  t h a t  would  be produced by cage  v i b r a t i o n s .  

T: . t e s t  was pe r fo rncd  i ? ,  t l i ~  same manner a s  p r i o r  s t e n -  
speed  t e s t s  w i t h  t h e  e x c e n t i o n  r o t e d .  The mist o i l  f10\%~ r a t e ,  
and t h e  m i s t  a i r  and cool in^^ nir flow r a t e s  ma in t a ined  t h r o l l ~ h -  
o u t  t h e  t e s t  were 4 2 6  c c / h r  f ' ! ~  i n s / h r )  , 0 . 2 7 4  scmm ( 9 . 7  scfm) 
and 0.25 sfmm ( 8 . 0  scfm) r e s r > r c t f u l l y .  Thc s h a f t  was a c c e l e r a t e d  
t o  3 5 , 0 0 0  rpm w i t h  no ind ica t io -2  o f  problems.  A f t e r  a c c e l e r a t i n p  
t o  4 0 , 0 0 0  rpm, a s o f t  i n t e r m i t t e n t  n o i s e  was no ted  which was 
accomplished by minor v i b r a t i o n s  o f  t h e  drag t o i q u e  t r a c e .  
A s  t h e  sneed was i n c r e a s e d  t o  55,000 r p m ,  t h e  i n t e r m i t t e n t  n o i s e  
l e v e l  i n c r e a s e d  a s  d i d  t h e  d r a c  t o r q u e  v i b r a t i o n  l e v e l .  I t  
was a l s o  no ted  t h a t  t h e  te r r ,nera t~ t re  o f  t h e  t es t  b e a r i n g  o u t e r  
r i n g  would i n c r e a s e  s h o r t l y  a f t e r  t h e  v i b r a t i o n  s t a r t e d  and 
d e c r e a s e  when i t  s topped .  These o b s e r v a t i o n s  confirmed t h a t  
t h e  i n t e r m i t t e n t  n o i s e  was t h e  r e s u l t  o f  cage  i n s t a b i l i t v .  
While a t t e m p t i n g  t o  a c c e l t r a t c  t o  6n,090 rpm, t h e  s h a f t  
suddenly  slowed i n d i c a t i n c  2 f a i l u r e .  
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Inspec t ion  of  t h e  bea r ing  revealed  hesvy wear had occurred  
between both  r a i l s  and t h e  corresponding guide lands .  Thus it 
was concluded t h a t  t h e  d i f f e r e n c e  i n  t h e  two gaps had pe rmi t t ed  
t h e  cage t o  be guided by bo th  lands .  However, no obse rvab le  
improvement was obta ined i n  l u b r i c a t i n g  t h e  i n t e r f a c e  a r e a  and 
t h e  increased gap appeared t o  be d e t r i m e n t a l  ; i i th  r e s p e c t  t o  
cage i n s t a b i l i t y  a s  t h e  problem occurred  a t  apprec iab ly  lower 
o p e r a t i n g  speeds. 

The cage used i n  Test 18 was modified t o  i n c o r p o r a t e  a bore  
p r o f i l e  which was smal l  a t  t h e  c e n t e r  and t ape red  r a d i a l l y  o u t -  
ward t o  o i l  r e t a i n i n g  l i p s  l o c a t e d  under each r a i l .  Eighteen 
0.65 mm (0.025 i n . )  d iameter  h o l e s  were d r i l l e d  from t h e  cage 
bore  t o  t h e  OD o f  t h e  r a i l  j u s t  i n s i d e  t h e  r e t a i n i n g  l i p .  The 
ho les  were e q u a l l y  spaced c i r c w n f e r e n t i a l l y  and l o c a t e d  equal  
d i s t a n c e  between t h e  b a l l  pockets .  A drawing of t h e  c r o s s  s e c t i o n  
o f  t h e  cage is presen ted  i n  F igure  2 .  This  modi f i ca t ion  was 
incorpora ted  t o  pump t h e  o i l  p l a t e d  o u t  on t h e  cage bore  t o  t h e  
cage- land i n t e r f a c e  by c e n t r i f u g a l  f o r c e .  

Two t e s t  runs  were performed. The f i r s t  run  was performed 
wi th  t h e  fo l lowing c o n d i t i o n s  which were r e l a t i v e l y  coi*servat ive 
wi th  r e s p e c t  t o  a i r  flow r a t e  and cool ing  a i r  tempera ture .  

Mist a i r  f low r a t e  0.38 scmm (13.6 scfm) 
Mist i n l e t  temperature 366OK (20Q0F) 
Mist o i l  flow r a t e  410 cc /hr  (25 in3 /h r )  
Through b r ~ .  coo l ing  a i r  flow r a t e  0 . 2 9  scmm (10.4 scfm) 
T h r o u ~ h  brg.  coo l ing  a i r  i n l e t  temn. 300°K (80OF) 

The s h a f t  was a c c e l e r a t e d  i n  steps t o  65,000 rpm wi thout  any 
i n d i c a t i o n  of cage i n s t a b i l i t y .  While o p e r a t i n g  a t  t h i s  speed 
f o r  approximately 10 minutes only two s h o r t  p e r i o d s ,  3 t o  5 
seconds,  was cage i n s t a b i l i t y  observed. A c u r s i v e  examination 
of  t h e  tes t  bea r ing ,  without  removing i t  from t h e  s h a f t ,  showed 
no i n d i c a t i o n  of wear. 

The second run was i n i t i a t e d  with c o n d i t i o n s  s i m i l a r  t o  
those  used i n  run  1 wi th  t h e  i n t e n t  t o  dec rease  t h e  o i l  flow and 
i n c r e a s e  t h e  coo l ing  a i r  temperature t o  determine if any major 
changes i n  bear ing  performance occurred .  The s h a f t  was a c c e l e r -  
a t e d  t o  45,000 rpm wi thout  any i n d i c a t i o n  of problems. While 
a c c e l e r a t i n g  t o  5 5 , 0 0 0  rpm, cage i n s t a b i l i t y  was encountered a t  
52,000 rpm which continued f o r  approximately 2 minutes and 
then  stopped.  The s h a f t  was then a c c e l e r a t e d  t o  65 ,000  rpm. 
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During t h e  speed change,  t h e  i n s t a b i l i t y  was no ted  s e v e r a l  t imes  
f o r  a  p e r i o d  o f  1 t o  2 seconds .  The i n t e r m i t t e n t  v i h r a t i o n  
con t inued  f o r  approximate ly  2 minutes  and d i d  n o t  occu r  a g a i n  
d u r i n g  t h e  n e x t  7 minutes .  

The mist a i r  f low r a t e  was dec reased  f r o n  0.38scmm (13.6 scfm) 
t o  0.24 scmm (8.6 scfm) which r e d ~ i c e d  t h e  o i l  f low from 459 c c / h r  
(28 i n 3 / h r . )  t o  246 c c / h r .  (15 i n I / h r . ) .  A f t e r  o p e r a t i n g  a t  t h i s  
c o n d i t i o n  f o r  2 0  minu te s ,  i n t ~ r m i t t e n t  caqe  i n s t a b i l i t y  began. 
The m i s t  a i r  f low r a t e  was r e t u r n e d  t o  i t s  former  v a l u e  and 
o p e r a t i o n  con t inued  f o r  7 minutes  w i t h o u t  any e f f e c t  on t h c  caqe  
v i b r a t i o n .  The t e s t  was then  t e rmina ted  a f t e r  0pe ra t i r . g  a?  
6 5 , 0 0 0  rpm f o r  1 . 7  hox r s .  The run vas  t e r m i n a t e d  t o  permi t  an 
examinat ion of  t h e  b e a r i n g  b e f o r e  a  f a i l u r e  i n i t i a t e d  by t h e  
cage  v i b r a t i o n  occu r red .  

The p o s t  b e a r i n g  examina t ion  showed t h e  b e a r i n g  t o  he i n  
e x c e l l e n t  c o n d i t i o n .  Only v e r y  s l i g h t  p o l i s h i n g  o f  t h e  down- 
s t r eam cage r a i l  had o c c u r r e d  whish would b e  c o n s i d e r e d  normal 
even f o r  a  b e a r i n g  l u b r i c a t e d  w i t h  ~ e c i r c u l a t i n g  o i l .  Pos t  
t e s t  photogranhs  o f  t h c  t e s t  bezr,np cage  a r e  p r e s e n t e d  i n  
F igu re  2 3 .  

The r e s u l t s  of  t h e  t e s t  i n d i c a t e d  t h a t  t h e  cape  m o d i f i c a t i o n  
had been e f f e c t i v e  under  t h e  c o n d i t i o n s  e v a l u a t e d  t o  minlimize 
c a g e - l ~ n d  wear and p r e v e n t  cage  s e i z u r e ,  The m o d i f i c a t i o n  a l s o  
dec reased  t h e  cage  i n s t a b i l i t v ,  h u t  was n o t  s u c c e s s f u l  i n  
e l i m i n a t i n ~  t h e  problem. 

Test 19 was performed w i t h  an i n n e r  r i n g  gu ided  cape .  The 
cage was des igned  t o  have a  p i l o t  c l e a r a n c e  on t h e  d i ame te r  of  
n.13 t o  0.40 mm (0.005 t o  0.016 i l l . )  and a b a l l  pocke t  c l e a r a n c c  
on t h e  d i ame te r  o f  0 .23 t o  0.40 mm (0.009 t o  0.016 i n ) .  

The t e s t  was performed w i t h  z. mist o i l  f low r a t e  o f  524 c c / h r  
(32 i n 3 / h r . )  and a  combined mist and c o o l i n g  a i r  f low r a t e  o f  
0.64 scmm (22.6 sc fm) .  The speed  was i n c r e a s e d  i n  s t e p s  t o  
55 ,000 rpm w i t h o u t  i n c i d e n t .  While i n c r e a s i n g  speed  t o  65,000 
rpm a sudden i n c r e a s e  i n  b e a r i n g  o u t e r  r i n g  t empera tu re  i n d i c a t e d  
f a i l u r e  and t h e  t e s t  was t e r m . ' ~ a t e d .  

I n s p e c t i o n  o f  t h e  t e s t  bear in^ showed e x c e s s i v e  wcar 
between bo th  cage  r a i l s  bnd i n n e r  r i n g  l a n d s  o v e r  an  a r c  o f  
140° ,  s e e  F igu re  2 4 .  The wear p a t t e r n  i n d i c a t e d  t h a t  t h e  cage  
was f o r c e d  r a d i a l l y  t o  one p o s i t i o n  and con t inued  t o  be  p i l o t e d  
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a t  t h i s  c o n t a c t i n g  a r e a .  The f a c t  t h a t  t h e  b e a r i n g  h e a t  gene r -  
a t i o n  r a t e  a t  a l l  speeds  was approximate ly  t w i c e  t h a t  measured 
i n  p r e v i o u s  tests i n d i c a t e d  t h a t  t h e  c o n d i t i o n  was p r e s e n t  o v e r  
t h e  major  p o r t i o n  o f  t h e  run .  

The cage  ba l ance  was checked p r i o r  t o  t e s t i n g  and t h e  e x i s t -  
i n g  unba lance  was l e s s  t h a n  t h e  s t a n d a r d  requi rement  f o r  a i r -  
c r a f t  eng ine  b e a r i n g  c a g e s ,  i e  3 gr-cm. A t  a  s h a f t  speed of 
60,000 rpm (cage speed o f  app rox ima te ly  25,000 rpn )  t h i s  would 
produce an  unba lance  f o r c e  o f  approximate ly  47  pounds. An 
a d d i t i o n a l  unbalanced f o r c e  o f  app rox ima te ly  4.6 pounds is 
produced from t h e  e c c e n t r i c  p o s i t i o n  o f  t h e  cage  mass c e n t e r  w i t h  
r e s p e c t  t o  t h e  c e n t e r  of  r o t a t i o n  when t h e  cage  r i d e s  on t h e  l a n d .  
I n  t h e  wors t  c o n d i t i o n ,  t h e s e  two unbalanced  f o r c e s  would b e  
added t o  produce a t o t a l  unba lance  f o r c e  o f  51.6 pounds. T h i s  
f o r c e  i s  n o t  c o n s i d e r e d  t o  b e  e x c e s s i v e  i f  adequa te  l u b r i c a t i o n  
i s  p r e s e n t .  S i n c e  t h e  p r e s s u r e  a t  t h e  c o n t a c t  is  a p p r e c i a b l y  
less t h a n  a t  a  b a l l  r a c e  c o n t a c t .  T h e r e f o r e ,  i t  was concluded 
t h a t  i n s u f f i c i e n t  o i l  was p r e s e n t  on t h e  r a i l - l a n d  i n t e r f a c e  
s u r f a c e  a t  h igh  speeds  t o  p r o v i d e  adequa te  l u b r i c a t i o n .  

The m o d i f i c a t i o n  t o  t h e  cage  used i n  T e s t  20 c o n s i s t e d  
o f  27 pumping grooves i n  each  r a i l  OD s u r f a c e  e q u a l l y  spaced  
around t h e  c i r cumfe rence  and ex tend ing  from t h e  inboa rd  s i d e  te 
t h e  c e n t e r  o f  t h e  r a i l .  The grooves  were 0.050 i n c h e s  wide 
forming an  a n g l e  o f  20" w i t h  t h e  f a c e  t o  produce a n  a x i a l  pump- 
i n g  f o r c e  and t a p e r e d  r a d i a l l y  t o  per form c e n t r i f u g a l  pumping 
t o  t h e  r a i l  pad l o c a t e d  between t h e  g r o w e s .  The gap between 
t h e  cage  r a i l  and t h e  g u i d i n g  l and  o f  t h e  o u t e r  r i n g  was 0 .13  mm 
(0.005 i n ) .  The cage d e s i g n  i s  shown i n  F i g u r e  3. 

The speed was i n c r e a s e d  i n  s t e p s  up t:, 50,00C rpm w i t h o u t  
any i n d i c a t i o n  of  ahnormal performance.  A t  app rox ima te ly  53,000 
rpm, a  s h o r t  p e r i o d  of  cape i n s t a b i l i t v  was observed .  !!Tile 
a c c e l e r a t i n g  from dfl,r30 t o  65,000 rpm t h e  b e a r i n g  t empera tu re  
suddenly  i n c r e a s e d  and t h e  speed de- reased  which r e s u l t e d  i n  
t h e  t e r m i n a t i o n  o f  t h e  t e s t .  

The p o s t  t e s t  i n s p e c t i o n  bf t h e  t e s t  b e a r i n p  r e v e a l e d  t h a t  
e x c e s s i v e  wear had o c c u r r e d  between t h e  downstrcarc caRe r a i l  and 
r i n g  l a d .  The w e a r  on t h e  r a i l  and l and  was e s s e n t i a l l y  
uniform over  t h e  complete  c i r cumfc rence  i n d i c a t i n g  t h a t  t h e  
cage  thermal  growth was s u f f i c i e n t  t o  c a u s e  t h e  cage t o  b ind .  
A s  i n  p r i o r  t e s t s  where t h i s  same nrohlem o c c u r r e d ,  i t  was 
~ t t r i b 1 8 : e d  t o  i n s u f f i c i e n t  l u b r i c a t i o n  between t h e  s u r f a c e s  a t  
h igh  sneeds  which i n c r e a s e s  t h e  f r i c t i o l . a l  h e a t  g e n e r a t i o n  r a t e  
causinj!  t h e  cac * .  ' o expand u n t i l  i t  b i n d s .  I t  was t h e r e f o r e  
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concluded t h a t  t h e  pumping grooves d i d  n o t  s u f f i c i e n t l y  i n c r e a s e  
t h e  a i l  flow i n t o  t h e  i n t e r f a c e  t o  provide  adequate l u b r i c a i i o n .  
A p o s t  test photograph cf t h e  bea r ing  cage i s  p resen ted  i n  
F igure  25. 

The modified cage i n c o r p o r a t i n p  feed h o l e s  from t h e  cage 
b o ~ e  t o  t h e  r a i l  was t h e  o ~ l y  one of  t h e  f o u r  des igns  t e s t e d  
which showed a s i g n i f i c a n t  imvrovement i n  reducing t h e  wear a t  
t h e  caqe-land i n t e r f a c e .  A l t h o a ~ h  both runs  performed  wit!^ 
t h i s  cage u t i l i z e d  an average  a i r  temperature anproximately 
l d ° K  (25OF) below t h a t  normally used, t h i s  d i f f e r e n c e  is  n o t  
cons idered  t o  be s i g n i f i c a n t  i n  t h e  improved p e r f  rmance 
abserved.  This  conclus ion  i s  based on t h e  f a c t  t h a t  cage wear 
problems were no: encountered a t  lower speeds i n  Tes t  1 3  than 
i n  many tes ts  where lower a i r  t e n p e r a t u r e s  were sunp l i ed .  
The averaze  a i r  tempera ture  used i n  Tes t  1 3  was 33OK (6Q0F) 
above t h a t  normally uses .  

6.3 Extended Per iod  T e s t s  - T v p e  I I L  

Two extended p e r i o d  tests were performed (Test  2 1  a r d  2 2 )  
u t i l i z i n g  t h e  m i s t  and a i r  coo l ing  system t o  l u b r i c a t e  and coo l  
t h e  test  bear ing .  Roth tests were performed w i t h  t h c  l u b r i c a n t  
meeting MIL-L-23699 s ~ e c i f i c a t i o n s  and wi th  a t h r u s t  load  o f  
1779 (400 lb . )  app l i ed .  The purpose of t h e  tests was t o  demon- 
s t r a t e  extended pe r iods  of  o ? e r a t i o ~  without  t h e r n a l  o r  
l u b r i c a t i o n  nrohlems occur r inp .  The p e r i o d s  of  50 hours and 
100 hours of o ~ e r a t i o n  a t  t h e  s e l e c t e d  o p e r a t i n g  speed i n  
Test 21 and 2 2  r e s p e c t i v e  were s e l e c t e d  based on t h e  conception 
t h a t  inadequate l u b r i c a t i o n  would manifes t  i t s e l f  i n  t h e  fnrn 
o f  s u r i a c e  d i s t r e s s  on t h e  b e a r i ~ c  race  w i t h i n  t h i s  pe r iod  if 
i t  e x i s t e d .  The o r i g i n a l l y  conccivcd x i s t  and coo l ing  a i r  
system, and hea r ing  c o n f i g u r a t i o n  (through m i s t  and c o o l i n g  a i r  
wi th  t h e  inc reased  chamfer on t h e  upstream s i d e  of t h e  i n n e r  
r i n g  and t h e  cage bore t ape red  r a d i a l l y  outward from both  s i d e s  
t o  t h e  c e n t e r )  was used i n  both  t e s r s .  

The f i r s t  extended pe r iod  t e s t  (Tes t  2 1 )  was performed a t  
a speed of  55,000 rpm (2.5 x l o h  DX) based on t h e  maximum speed 
where cage i n s t a b i l j t y  and cape wear were cons idered  t o  be 
u n l i k e l y  t o  occ1:r. The a i r  flow r a t e s  and t e n n e r a t u r e s  and t h e  
mist o i l  flow r a t e  were s e l e c t e d  t o  be q u i t e  conservat ive .  
compared t o  t!:nsc used, s u c c e s s f u l l y  ir, some o f  t h e  more s e v e r e  
s t ep - speed  z z s t s .  Representative temperatures and flow r a t e s  
used througtlout t h e  'sst a r e  as fol lows:  
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Mist Air ?list Air Cooling Air Cooling Air Average Air ?list Oil 
Flow Rate Temp. Flow Rate Temp. Temp. Flow Rfte 
(scmm-scfm) (OK- OF) (scnun-scfm) (OK-OF) (OK- OF) (cc/hr- in /hr) 

The test was conducted i;l a total of seven runs of the 
following time durations at the test meed; 3.0, 0.5, 7.4, 10.2, 
11.0, 11.2, and 7.5 hours for a tatal period of 50.8  hours. 
After each run, the test hearing and rig temperature was allowed 
to cool to room temperature before startine the next run. The 
average t z r t  bearing outzr ring temperature anti heat transfer 
rate to the air was 450°K (35Q0F) and 530 watts (1800 htu/hr! 
respectively. No cage instabilitv was observed durinu the test. 

The post test inspection of the bearing revealed the 
following conditions of the components: 

Inner Ring - The ball track was visible basically due to 
a thin film of yellowish brown varnish deposited on t3e bearing 
lands and race outside of the track. Thoilgh slightly ?lazed, 
the original finish was still evident in the ball track indicatin~ 
excellent lubrication. Selreral dents were present in the hall 
track indicating that dirt particles either introduced with the 
mist or cooling air, or generated ic the bearing had been rolled 
over. 

Outer Rin - Similar to inner ring except no deposition film 
on the + cage ri ing lands which anpeared tc be equally polished 
and uniform for the full 360'. 

Cage - In good condition with minor polishing of the rails 
wizh one area on the upstream rail polished slightly more than 
the other areas. All pockets in good condition with minute 
spots in some of the pockets where normal microwear had 
occurred. 

Balls - Good condition with a brownish disc-l2ration indic- 
ating a slight varnish coating. 

Jt was concluded that the bearing had performed exceptionally 
well and that it had been well l~bricated. There was no indic- 
ation that any failure mode was eminent. A post test photograph 
of the bearings is presented in Figure 26. 
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The second extended pe r iod  t e s t  (Tes t  2 2 )  was performed 
a t  a  speed between 43,600 t o  45,OOn r D m  ( 2  x  l o 6  DN) which i s  
r e p r e s e n t a t i v e  o f  t h e  maximum cond i t ion  experienced by mainshaft  
bea r ing  i n  c u r r e n t  h e l i c o p t e r  engines.  The average a i r  
tempera ture  was inc reased  t o  be more r e p r e s e n t a t i v e  of  t h a t  
a v a i l a b l e  i n  engines  and t h e  f low r a t e  decreased a p ~ r o x i m a t e l v  
15 pe rcen t .  The mist o i l  f low was uprec iah lv  decreased t o  an 3 average va lue  of  293 c c / h r  (17.9 i n  / h r )  which was s t i l l  con- 
s i d e r e d  conservnt ive  comnared t o  t h a t  used i n  run  3 of  Test 11. 
Represen ta t ive  tempera ture  and flow r a t e s  used t h r o u q ? ~  t h e  t e s t  
a r e  a s  fol low: 

Y i s t  A i r  Ffist A i r  Cooling A i r  Cooling A i r  Averaqe A i r  Vist O i l  
Flow Rate Temp. Flow Rate Temp. Temn . Flow Pa e 

(scmm-scfm) (OK- OF) (scmm-scfm) (OK-OF) (OK-OF) ( c c / h r - i n  5 / h r )  

The tes t  was performed i n  t e n  s e p a r a t e  runs  w i t h  o p e r a t i n g  
p e r i o d s  a t  t h e  test  speed i a r y i n g  from 4 t o  31 hours f o r  a  t o t a l  
p e r i c d  o f  100 hours.  The coo l ing  a i r  (combined m i s t  and t h r c  ich 
bea r ing  coo l ing  a i r )  v a r i e d  froin 380 t o  39Z°K (225 t o  24S°F) 
wi th  an average va lue  f o r  a l l  runs  of  390°K (241°F) and a flow 
r a t e  of  0.49 scmm (17.2 scfm). The m i s t  o i l  flow r a t e  v a r i e d  
from 233 t o  311 c c / h r  (14.6 t o  19 in3 /h r )  d r i n g  t h e  t e n  runs  Y with  an abcraRe va lue  of  292  c c / h r  (17.8 i n  / h r ] .  Under t h e s e  
c o n d i t i o n s ,  t h e  becr ing  temnerature v a r i e d  from 463 t o  47Z°K 
(375 t o  390°F) wi th  a  h e a t  t r a n s f e r  r a t e  t o  t h e  a i r  o f  approx- 
imate:. 380 w a t t s  (1300 Btu/!,r). 

The pos t  test bea r ing  i n s p e c t i o n  revea led  t h e  fo l lowing 
c o n d i t i o n  of t h e  components: 

Inner  Rin - Mild ylazin;: o f  t h e  b a l l  t r a c k  with most of t h e  
' i n i s  li-I+ mar s removed and a cons ide rab le  number o f  minute dent  
marks. Thin l a y e r s  of  v a r n i s h  over  most s u r f a c e s  except  b a l l  
t r a c k .  

Outer Ring - S i m i l a r  t o  o u t e r  r i n p  except  more f i n i s h  l i n e s  
p r e s e n t  i n  t h e  b a l l  t r a c k  and l e s s  den t inp .  

Ca e - In  good c o n d i t i o n  wi tk  miror  ~ o l i s h i n g  of  s i l v e r  
-5 p l a t e  on 0 t h  cage r a i l s .  Uniform p o l i s h i n g  o f  s i l v e r  p l a t e  on 

leading and t r a i l i n g  s i d e s  of  b a l l  pockets .  Layer of va rn i sh  
on cage bore and downstream f a c e .  
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Balls - In good condition with a few minute dents 
The rig bearing used for this test run, which had seen 

recirculating lubrication was examined to obtain a relative 
evaluation between the two lubrication methods. the rig bearing 
was identical in design to the test bearing and had been lubri- 
cated with recirculating oil su plied at 367°K (700°F) and at 9 a rate of 40,312 cc/hr (2460 in /mjn) or 138 times that supplied 
to the test bearing. This bearing operated at a?proximately 
478OK (400°F) during the test or 10°K higher than the test 
bearing. The bearings were very similar in appearance with 
slightly less glazing present in the rig bearing. However, 
more wear had occurred in the ball pockets of the rig hearing. 
A post trst photograph of the test bearing is presented in 
Figure 27. It was concluded from the relative appearances that 
the mist lubricated bearing had been as well lubricated as the 
recirculating oil lubricatnd bearing. 

The results of these two tests demonstrated the feasibility 
of using a mist and cooling air system for lubrication and 
cooling of contemporary helicopter engine and transmission 
bearings. 

6.4 General Discussion of Test Results 

The results of the tests demonstrated the feasibility of 
using a once through mist luhrication svstem, in conjunction 
with auxiliary air cooling, to effectively lubricate and cool 
mainshaft engine and transmission hearings used in contemporary 
helicopters. In almost all of the tests, bearing speeds of 
2 x lCo DN were obtained without any i~dications of bearing 
malCunctions precipitated by the pethod of luhrication and 
cooling. In several tests, bearing speeds as high as 3 x lo6 DN 
we e obtained suc essfully. However, at speeds between 2.5 x t 1P JlN and 3 x 10S DN cage land wear and/or cage instability 
prcblems were encountered. 

The most serious of the two problems, with respect to 
proCucing early arid ~ ~ s s i b l y  catastronhic failure, is the heavy 
wear and binding that occurs between the cage and guide land on 
the downstream size (opposite the slde of mist and cooling air 
insertion) of tf.e bearing. This problem, which was diagnosed from 
t h c  wear p a t t e r n  esisting i n  t h c  failed b e a r i n g s ,  manifests itself 
by excessive wear on the guide land and cage rail on the down- 
stream side of the bearing and wear on the leading face of the 
ball pocket where the ball was driving the cape. There was only 
slight or normal polishing of the silver plating on the upstream 
cage rail and on the trailing pocket face in the failed bearings. 
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A similar problem was encountered in mist lubrication testinr of 
3 125 mm bore angular contact a'rcraft engine ball bearing at i! speeds of 2.5 x lo6 to 3.0 x 10 DFJ (4). 

The cape land interface on the downstream side is the most 
vulnerable to this type of problem with the oil mist and coolin? 
air system emnloyed. With the outer land ridinq cage desipn, 
the ga;, is verv small compared to the innerring 7ap (0.13 to n.2n 
mm outer, 1.1 mm inner). This difference in gsn size, combined 
with intentionally directing the mist and zooling air at the 
inner ring gap because of the greatcr hcat qeneration on the 
inner ring at high speeds, minimizes thc ail and air reachinr 
the ca,qe land interface. In addition, thc temperature increase 
of the air passing axially through the bearing results in greater 
downstream rail growth; thus, all guidance is performed at this 
location. 

It was anticipated, during the desirn of the system, that 
the centrifugal pumping produced by the inner ring and cage 
rotation would force oil into the interface. flowever, the oil 
flow to this location was apparently inadequate at high speeds 
and the incorporation of two cage modification (increased gap 
size, axial pumping grooves on rail) did not improve lubrication 
sufficiently. The problem is not considered to result from an 
inadequate quantity cf  lubricant to the bearing, 
but poor distribution or flcw in thc bearing. This conclilsion 
is based on experience with high speed bearineslubricated with 
a rccirculating oil system where the same problem existed until 
one of the jets was directed at the outer rinp gap. It is also 
noted that in Tests 14 and 15, the modification of the oil and 
air flow path in the bearing h v  incorporating a baffle plate 
appeared to reduce the wear appreciably. 

The modified cage design, which incorporates pumping holes 
from the bore to rail OD, used in Test 13 eliminated the excessive 
wear problem in the two runs performed and indicate that the 
design may be reliable in eliminating the problem. 

The same design was effective in red11cin5,but not totaily 
eliminating the cage ins~ability,This suggested that improved 
lubrication in the interface may have increased the damning and 
resulted in less vibration. Thus it appears that the incorporation 
of mist nozzles on the downstream side of the bearing to insert 
oil and air directly into this interface xerits investigation. The 
increased lubrication and cooling could be sufficient to eliminate 
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both  t h e  wear and t h e  i n s t a b i l i t y  problems. 

A mist o i l  f low r a t c  o f  anp rox ima te ly  491 c c / h r  (3n i n 3 / h r )  
was s u n p l i e d  i n  t h e  m a j o r i t y  o f  t h e  s t e n - s p e e d  t e s t s .  I t  was 
observed  d u r i n e  t h e s e  t e s t s  t h a t  c o n s i d e r a b l e  o i l ,  n o t  n o s s i h l e  
t o  measure ,  was e m i t t e d  from t h c  exhaus t  p o r t  a s  mist wi th  t h e  
a i r .  I t  i s  n o t  known whether  t h e  o i l  had n l a t c d  o u t  and been 
r emis t ed  o r  passed  d i r e c t l y  througli t h e  h e a r i n g  a s  mist. I t  
seems r e a s o n a b l e ,  however, t h a t  a t  l e a s t  a  p o r t i o n  of  t h e  o i l  
nassed throuph t h e  hear in^ w i t h o u t  be ing  u t i l i z e d ,  t h u s  i n d i c a t i n ~  
an exces s  supply .  

The supp ly  r a t e  was based  on t h e  c a l c u l a t e d  o i l  r ep l en i shmen t  
r a t e  of  557 c c / h r  (34  i n 3 / h r )  f o r  o p e r a t i o n  a t  65,000 rpm o b t a i n e d  
i n  t h e  des ign  phase  o f  t h e  program ( S e c t i o n  4 . 3 )  u s i n c  EMD 
l u b r i c a t i o n  t h e o r y .  I n  app ly inq  t h e  t h e o r y ,  i t  was assumed t h a t  
t h e  o i l  d i s p l a c e d  o u t  o f  t h e  i n n e r  r i n q  t r a c k  a s  a  b a l l  passed  
must be r c p l a c e d  by t h e  m i s t  s upn ly .  In  Test 11 i t  was demon- 
s t r a t e d  t h a t  c o n s i d e r a b l y  l e s s  o i l ,  ann rox ima te ly  0 .1  t h a t  c a l -  
c u l a t e d  cou ld  h e  used  t o  rep1en:sh t h e  o i l  i o s s .  T h i s  i s  i n  
c l o s e  agreement w i t h  i n f o r m a t i o n  p r e s e n t e d  i n  Reference  4 where 
an o i l  r ep l en i shmen t  r a t e  o f  1 3  p e r c e n t  of  t h c  c a l c u l a t e d  v a l u e  
was shown t o  be adequate  i n  a  s h o r t  t e r n  t e s t .  Al thougt  t h e  
f e a s i b i l i t y  o f  o p e r a t i n g  w i t h  a s  l i t t l e  a s  0 . 1  t h e  c a l c u l a t e d  
v a l u e  was demons t ra ted ,  i t  i s  cons ide red  more r e a s o n a b l e  t o  u s e  
a  f low r a t e  of  approximate ly  50 p e r c e n t  o f  t h e  t h e o r e t i c a l  v a l u e  
f o r  b e a r i n g  l u b r i c a t i o n  i n  h i g h  speed  h e l i c o p t e r  e n g i n e s  u n t i l  
r e l i a b i l i t y  a t  lower o i l  f low r a t e s  i s  demons t ra ted  by f u r t h e r  
t e s t i n g .  

In t h e  f i r s t  s t e p - s p e e d  t e s t  i t  was demons t ra ted  t h a t  
a p p r e c i a b l y  l e s s  c o o l i n g  a i r  t h a n  a n t i c i p a t e d  was r e q u i r e d  t o  
m a i n t a i n  t h e  t es t  b e a r i n p  a t  a r e a s o r a b l e  o p e r a t i n ?  t empera tu re .  
I t  was a l s o  shown t h a t  h o u s i n  and s h a f t  c o o l i n g  a i r  was n o t  
r e q u i r e d  t o  p r e v e n t  thermal  imbalance f a i l u r e  (removal o f  t h e  
b e a r i n g  i n t e r n a l  c l t a r a n c s  due t o  unequal  thermal  growth between 
t h e  r i n g s )  t h u s  a p p r e c i a b l y  d e c r e a s i n g  t h e  complexi ty  of  t h e  
i n i t i a l  system d e s i g n .  
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I n  t h e  maior  p o r t i o n  of t h e  t e s t s ,  n t o t a l  a i r  f low r a t e  
of 0 . 4 8  t o  0 . 6 2  scmm (17 t o  2 2  scfm) was s u n n l i e d  cornnared t o  
t h e  c a l c u l a t e d  requi rement  o f  2 scmm ( 7 2  sc fm) .  The lower 
a i r  f l ow  rate r e q u i r e d  was b a s i c a l l y  t h e  r e s u l t  o f  a lower  
b e a r i n g  h e a t  g e n e r a t i o n  r a t e  than  a n t i c i n a t c d  w i t h  n i s t  111h- 
r i c a t i o n ,  s e e  F i ~ u r e  27.  The h e a t  t r a n s f e r  f i l m  c o e f f i c i e n t  
used i n  t h e  a n a l y s i s  were a l s o  lower t h a n  t l losc  cletermincc' from 
t h e  t e s t  d a t a  a t  h i g h  speeds  and a i r  f l o w  r , l t e  of 0 . 4 3  scmm 
(17 scfm) .  T h i s  a l s o  c o n t r i b u t e d  t o  a  lower s i r  f low r a t e  
r equ i r emen t .  The f i f m  c o e f f i c i e n t  vnlurs  c i  332 t o  3 6 2  !\l/n?''~ 

(57 t o  64 B tu /h r  f t . -OF) e s t a b l i s h e d  drtrinn the Mobil s t u d v  14) 
were r ea sonab ly  c o n s i s t a n t  w i t h  t b o s e  d c t c r ~ i n e d  from t h c  l ' c s t  1 2  
where 0.28 scmm 110 scfm) o f  a i r  was u sed .  T h e  h e a t  t r a n s f e r  
f i l m  c o e f f i c i e n t s  c a l c u l a t e d  from Test l h  and T 2 s t  1 2  a r e  p r e -  
s e n t e d  in Appendix I .  

Based on t h e s e  c a l c u l a t i o n s  t h c  f o l l o w i n c  s e t  o f  h e a t  
t r a n s f e -  f i l m  c o e f f i c i e n t  v a l u e s  a r e  c o n s i d e r e d  t o  he r e a s o n a b l e  
f o r  u s e  i n  d e s i g n  a n a l y s i s  when t h e  mist and c o o l i n ?  a i r  i s  
f o r c e d  through t h e  h e a r i n g :  

Bear ing DN Value F i l m  C o e f f i c i e n t  
(DN x l o 6 )  \i/rn2"~ - R t ~ l / h r .  f t 2 0 ~  

The comparison o f  t h e  b e a r i n n  t e m n c r a t ~ i r e s  and h e a t  gene r -  
a t i o n  r a t e s  i n  T e s t  11 and 1 3  s h o ~  t h a t  an i n c r e a s e  i n t h e  a i r  
t empera tu re  r e s u l t s  i n  e s s e n t i a l l y  t h e  s ane  i n c r e a s e  i n  t h e  
b e a r i n g  t empera tu re  when o p e r a t i n e  undcr s i m i l a r  c o n d i t i o n s .  
Th i s  o b s e r v a t i o n  i n d i c a t e s  t h a t  no major chanpe o c c u r s  i n  t h c  
h e a t  t r a n s f e r  f i i m  c o e f f i c i e n t  over  i1;e range o f  hearincr and. a i r  
t empera tu re s  i n v e s t i g a t e d .  Thus. by knowing t h e  h e a r i n q  and 
c o o l i n g  a i r  t zmpera ture  a t  a  s e t  a i r  f low r a t e  and o p e r a t i n g  
s p e e d ,  t h e  a l l o w a b l e  i n c r e a s e  i n  a i r  t empera tu re  can be  c a l c u l -  
a t e d  which would r e s u l t  i n  t h e  maximum p e r m i s s i b l e  b e a r i n g  
t empera tu re .  
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The graph presented in Figure 28 shows a plot of the 
experinentally determineu heat generation rate of  a hearing, 
identical to that used in this program, lubricated with a 
recirculating ester oil run in a developmental engine test by the 
turbine manufacturer. These values were established from the 
heat transferred to the oil when a thrust load of 1334 newtons 
(300 lb.) was applied. Also plotted on the graph are the bearing 
heat generation rates measured in the four lubricant evaluation 
tests (Tests 7-10) using mist lubrication conducted in the SKF 
test rig. The graph indicates that only one third to one fourth 
as much heat is generated in a mist lubricated bearing compared 
to a bearing lubricated with recirculated oil. Siqilar results 
were also obtained in tests performed with a 125 mm bore ball 
bearing (5). The reduced heat generation rate results from 
minimized oil churning and this reduced heat generation aids in 
making the operation of air cooled bearings feasible. 

8 5 
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FIGURE 2 8  

LlJRRICATION SYSTE?,I HIIAT REJECT I O N  CO!fPARI SON 

Mist System 
Advanced Ester  ( ) l I L -  L -  2 3 6 9 9 )  

0 Ester (VIL-L-7808) 
O l i s ter  ( V T L - L - 7 8 0 8 ,  NATO-0-148) 
A Polyphenyl Ether 
A Calculated f o r  Es ter  

Rccirculatino System 
v Ester  Lubricant With 

300 l b .  Thrust Load 
(Measureti Ry i'ng . Mfg . ) 

Shaft ~ ~ e e d - ~ ~ ~ x l  o - ~  (nNx10' 6, 
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7.0 CONCLUSIONS 

A .  Bearing Emergency Lubrication Systems Evaluation 

1. The feasibility of an emergency aspirator lubricaticn system 
utilizing residual oil within the oil manifold was demonstrated 
as a viable survivability concept for helic3pter mainshaft e r g i n e  
bearing. 

2. The incorporation of shaft and bearing housing cooling air 
in combination with the emergency aspirator system wss not 
necessary aria in fact ?roved detriaeqial to the h e a r i n p  nnerntinn. 

3 .  It was demonstrated that emergency lubrication could not 
be provided by utilizing the residual oil retained on the shaft 
following oil cessation. 

B. Bearing Mist Lubrication and Air Cooling System Evaluation 

1. The feasibility of using oil mist and air to lutricatc and 
cool helicopte engine bearings operating at current engine 
speeds (2 x lo5 DN) was repeatedly demonstrated in numerous 
rhort term tests and one 100 hour test. Excellent bearing per- 
formance was also obtained while usi g the mist lubrication 
systfm in a 5" hour test at 2.5 x lo8 DN. 

2. The capability of achieving similarly successful bearing 
operation with a greatly simplified mist supply (drip/n~ist) 
system was demonstrated in one short term test. 

3. The potential of applying the mist lubrication principle 
to bearings operating in the speed range of 2.5 x lo6 to 
3 x lo6 DN was demonstrated, even though problems, ie. cage- 
land wesr and/or cage instabilities, remain to he solved before 
long term successfr~l operations can be achieved in this regime. 

C. Parameters of Mist LubricationlAir cooling System 

1. Supplying cooling air through the shaft and bearing housillg 
was shown to bc unnecessary with the mist lubrication system. 
The flow of cooli~g air directly through the bearing was dcmon- 
strated to provide sufficjently un~form cooling of the i n n e r  
rings to prevent thermal imbalance fsilurcs. 

2 ,  No detrimental effect was observed when straight, non- 
rexlassifying mist nozzles were evaluated wi h a mist oil and 5 air flow of 475 cc/hr. and 0.32 scmm (29 in /hr and 11.3 scfm). 
No evaluation was performed at lower oil flow rates where the 
efficiency of the plating out of the oil on the bearing could 
be more critical. 

ORIGINAI, PIZ(;:' IS 
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3. The assumption, used in the mist oil flow rate require- 
ment analysis, that all the oil displaced from the inner ring 
when a ball passes must be replaced was shown to be very 
conservative in several short term tests. In one short term 
test, as little as 0.1 (51 cc/hr) the theoretical value provided 
adequate lubrication. 

4. Adequate bearing cooling was demonstrated with as little as 
0.283 scmm (10 scfm) total air flow when supplied at a temperature 
gf 35g°K (18S°F) for the operating conditions evaluated. The 
quantity of air required to cool the test bearing in all mist 
tests performed was appreciably less than the calculated 
requirement. This condition resulted from a lower bearing heat 
generation rate than calculated and somewhat higher heat transfer 
film coefficients than used in the air flow rate calcuiations. 

5 .  Heat transfer film coefficients calculated from the test 
data indicated values increase with increasing air flow rates 
and bearing speeds. The increase is assumed to result from 
greater turbulence. The calculated values range from 181 to 
499 watts/mLOK which are in fair agreement with values (322 to 
362 watts/mZ0~ obtained by Mobil Research for mist impinging on 
a rotating disk. 

6. Increasing the mist and cooling air temperature results in 
an essentially equal increase in the bearing operating temper- 
ature . 
D. Corrective Actions for Operation Above 2.5 x ~ O ~ D N  

1. The iacorporation of a baffle plate attached to the 
upstream side of the bearing appeared to modify the mist and 
air flow in the bearing and educe cape-land wear at speeds 6 between 2.5 x 106 and 3 x 10 DN. However, the reduction was 
not considered adequate to provide long term reliable performance 
at the high speeds. 

2. One cage design incorporating radial holes in the cage 
rails showed potential in eliminating the cage wear and binding 
problems at high speeds and resulted in less cage instability 
in the one test performed. Three other modified cage designs 
(1. increaced cage clearance, 2. inner ring guided cage, 3. 
axial pumping grooves) provided little or no improvement in 

8 cage-land wear. The increased cage clearance design aggravated 
case  instahil~ty. 

I 
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1. This program demonstrated the feasibility of using a 
simplified mist (drip/mist) system to lubricate and cool heli- 
copter engine bearings. Additional evaluations should be per- 
formed with the simplified system incorporating a constant oil 
flow rate or infusion pump to demonstrate reliable performance 
at bearing speeds encountered in current generation gas turbine 
engines, ie. in the speed range of 2 x 10 DN. Such a system 
could be activated to pro-ide emergency lubrication and cooling 
or used as the primary system with an appreciably improved 
(reduced)vulnera5ility ?rofile. 

2. The compressor bleed air available for a cooling medium is 
quite hot in most engine configurations, ie. 300°F. This 
program demonstrated that more efficient bearing operhtion can 
result with cooler air flows. Vortex coolers, which are relat- 
ively light weight, and simple in design could be used to reduce 
the incoming air temperature. The feasibility of combining the 
vortex cooler with the simplified mist system to extend the 
range of possible applications, should be investigated. 

3. This program demonstrated that additional effort is required 
in the area of mist dep oyment to eliminate failures in the 
speed range of 2 . 5  x 10' to 3.0 x lo6 DN due to inadequate 
lubrication of the downstream cage-land interface. It is 
recommended that future work be directed at eliminating this 
condition by evaluation testing various mist application 
approaches. 

4. It is also recommended that work be initiated in the area 
of cage design and analyses to eliminate cage instability observed 
at high speeds. This work should include the analytical evalu- 
ation with respect to stability of several cage designs using 
the recently developed stability criteria as established at 
Battelle Institute. The most promising designs should then be 
manufactured and evalnation tests performed. 
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APPENDIX I  
ESTIMATED BEARING COOLING AIR FLOW 

RATE REQUI REMENT 

Based on t h e o r e t i c a l  c a l cu l a t i ons  it was e s t ab l i shed  t h a t  
a  46 mm bore angular  contact  b a l l  bearing would generate  hea t  a t  
a  r a t e  of  14,000 Btu/hr when opera t ing  a t  65,000 rpm ( 3  x 106 DN) 
and lub r i ca t ed  with o i l  m i s t  wi th  a  t h r u s t  load of 400 lb s .  
applied.  Using t h i s  value of bearing heat  generat ion r a t e  t hz  
es t imate  of t h e  cool ing a i r  required t o  remove the  heat  was per-  
formed i n  t he  following manner. 

From t e s t  d a t a  obtained i n  m i s t  l ub r i ca t i on  t e s t i n g  repor ted 
i n  Reference 2 and considering t h e  bearing as  a  hea t  exchanger 
khere t he  bear ing temperature is  uniform on a l l  su r faces  t he  
sur face  c o e f f i c i e n t  can be e s t ab l i shed  using t he  equation 

where 2 H = t h e  sur face  heat  t r a n s f e r  c o e f f i c i e n t  i n  B tu /h r - f t  - 
OF 

q = heat  t r a n s f e r  r a t e  i n  Btu/hr 
A = sur face  a r ea  i n  f t 2  

atm = mean temperature d i f f e r ence  between the  bear ing and 
a i r  a s  t he  a i r  passes a x i a l l y  through the  bear ing 

For t h e  p a r t i c u l a r  case evaluated t he  bearing heat  generat ion 
r a t e  of 15,222 Btu/hr was e s t ab l i shed  and the  following temper- 
a t u r e s  measured: 

b Bearing Temp. 
t h  

7 A i r  I n l e t  Temp. 

Bearing Width 

The exposed sur faces  of t he  125 mm bore bearing (SKF 459981-G1) 
i s  1.02 f t 2 .  The exposed sur face  includes a l l  su r faces  except 
t h e  inner  r i n g  bore and the  ou t e r  r i ng  O.D.  su r faces .  
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The mean t empera tu re  J i f f e r e i , c e  i n  a  h e a t  exchanger  i s  
o b t a i n e d  from t h e  fo l lowing  e q u a t i o n  from which d t m  of  144°F 
was c a l c u l a t e d .  

t h e n  H = 15 2 2 2  rn (144) 
= 103 ~ t u / h r - f t ~ - ~ ~  

The e f f i c i e n c y  o f  t h e  b e a r i n g  a s  a  h e a t  c x c t a n p e r  based  on t h e  
r a t i o  of t h e  a c t u a l  t empera tu re  r i s e  o f  t h e  a i r  t o  t h e  p o s s i b l e  
t empera tu re  r i s e  o f  t h e  a i r  i s  89 p e r c e n t .  

n  = Actua l  Temp. R i se  = 
P o s s i b l e  Temp. Rise  314  x  100 = 89% m 

Both o f  t h e s e  v a l u e s  a r e  c o n s i d e r a b l y  h i g h e r  t h a n  p u b l i s h e d  
v a l u e s  of  c o n v e c t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t s  and h e a t  exchanger  
e f f i c i e n c i e s .  S u r f a c e  h e a t  t r a n s f e r  c o e f f i c i e ~ t s  o f  m i s t  o i l  
impinging on a  h e a t e d  r o t a t i n g  d i s k  were measured by Mobil 
Research and Development Corpora t ion  and r e p o r t e d  i n  Reference 3 
ranged from 57 t o  64 ~ t u / h r - f t ~ - o ~ .  S i n c e  t h e s e  v a l u e s  a r e  i n  
b e t t e r  agreement w i t h  o t h e r  p u b l i s h e d  d a t a  on c o n v e c t i v e  h e a t  
t r a n s f e r  v a l u e s  and t h e  s u r f a c e  a r e a  o f  t h e  46 mm b e a r i n g  i s  
c o n s i d e r a b l y  less t h a n  t h a t  o f  t h e  125 mm b e a r i n g ,  a  b e a r i n g  h e a t  
exchanger  e f f i c i e n c y  o f  60 p e r c e n t  was s e l e c t e d  f o r  e s t i m a t i n g  
t h e  b e a r i n g  c o o l i n g  a i r  r equ i r emen t .  

The b e a r i n g  c o o l i n g  a i r  f low r a t e  ( Q )  i s  t h e n  computed 
u s i n g  t h e  f o l l o w i n g  formula :  

where 

q = b e a r i n g  h e a t  g e n e r a t i o n  r a t e  a t  65,000 rpm - 
14,000 B tu /h r  

f =  a i r  d e n s i t y  a t  70°F - 0.075 l b / f t 3  
Cp = s p e c i f i c  h e a t  o f  a i r  a t  c o n s t a n t  p r e s s u r e  - 

0.24 Btu / lb°F  
~t = a i r  i n l e t  and o u t l e t  t empera tu re  d i f f e r e n c e  
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For the expected air inlet temperature of 2OO0F and bearin! 
temperature of 500°F, at equals 180°F (exit air temperature 320 F) 
when the bearing efficiency as a heat exchanger is 60 percent. 

Then 

Heat Transfer Film Coefficients Calculated From Data 
Recorded During Tests 12 and 16 Performed During the 

Study Reported In This Report 

The following heat transfer film coefficients were calcul- 
ated from Test 16 and Test 12. 

Test No. Total Air Flow Shaft Speed Fi m Coefficient 
(scmm - scfm) (rpm-DN x lo6) (W/m $ '~-~tu/hr. ft  OF) 

The calculations were based on the assumption that all 
surfaces of the Searing were at a uniform temperature equal to 
the measured outer ring temperature and the temperature of the 
air entering the bearing war equal to that measured value 
upstream of the nozzles. The coefficients were calculated using 
the equation used for a heat exchangers 11 -1 . 
96 A tm 
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The bearing surface area used in the calculations was 0.27 ft. 2 

which includes all surfaces except the bore, outer ring O.D. and 
the two downstream faces. 

The results of the calculations indicate that the film 
coefficient increases with both bearing speed and air flow rate. 
The increase is attributed at least in part to the increase in 
turbulance which increases with the two variables. It is also 
likely that the greater coefficient values calculated for the 
higher flow rate were the result of a higher atm value actually 
existing due to the drop in the air temperature as is passed 
through the nozzles. 
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APPENDIX I1 

MIST - AND COOLING A I S  NOZZLE DESIGN 

Tn determining t h e  des ign  of t h e  mist nozz les  t h e  d e s i r e d  
v e l o c i t y  of  t h e  m i s t  impinging on t h e  bea r ing  components o r  
pass ing  through t h e  bea r ing  must be considered.  I n  t h e  a n a l y s i s  
p resen ted  below it was cons idered  d e s i r a b l e  f o r  t h e  mist t o  
have a  v e l o c i t y  which would permit  i t  t o  t ransverGe a  d i s t a n c e  
equa l  t o  a  b a l l  diameter  i n  t h e  time i n t e r v a l  a f fo rded  by t h e  
d i s t a n c e  between b a l l  passes .  This  i n s u r e s  t h a t  mist is 
a v a i l a b l e  f o r  t h e  l ead ing  s u r f a c e  of t h e  b a l l s  t o  c o l l i d e  wi th  
as they  pass  by each nozzle .  I t  can be argued t h a t  only  h a l f  
t h i s  v e l o c i t y  i s  necessa ry  due t o  t h e  shape o f  t h e  r o l l i n g  
element;  however, t h e  r e t a r d i n g  f o r c e s  of t h e  a i r  c u r r e n t s  
genera ted  by t h e  bear ing  a r e  n o t  known and t h e  h igher  v e l o c i t y  
may be d e s i r a b l e .  There w i l l  a l s o  be a  n a t u r a l  d e c e l e r a t i o n  
o f  t h e  m i s t  p a r t i c l e s  once they  l eave  t h e  nozzle .  In  a d d i t i o n ,  
h i g h e r  mist v e l o c i t i e s  w i l l  produce a  g r e a t e r  we t t ing  of  t h e  
s u r f a c e  on which t h e  m i s t  impinges. Therefore ,  t h e  h igher  
v e l o c i t y  seems d e s i r a b l e .  

The maximum o r  des ign  speed of t h e  s h a f t  i s  65,000 rpm. 
A t  t h i s  speed t h e  l i n e a r  o r b i t a l  v e l o c i t y  of t h e  b a l l s  i s  266 
f t / s e c .  This  v e l o c i t y  is  based on t h e  bear ing  p i t c h  d iameter  
o f  2.305 i n .  and a  cage K O  i n n e r  r i n g  v e l o c i t y  r a t i o  of  0.4 
which i s  a  reasonable  approximation for most b a l l  bea r ing  des igns .  
The b a l l  diameter  i s  0.3125 i n .  and t h e  gap between b a l l s  i s  
approximately 0 .1  i n .  Therefore ,  t h e  mist v e l o c i t y  should be 
(0.3125/.1) 266 o r  831 f t / s e c .  

With t h e  a i r  e n t e r i n g  t h e  nozzle  a t  200°F and zero v e l o c i t y ,  
and making t h e  assumption t h a t  t h e  flow through t h e  nozzle  i s  
i s s n t r o p i c  t h e  flow r a t e  a t  t h e  nozzle  e x i t  can be c a l c u l a t e d  
ir. t h e  fo l lowing manner: 

F i r s t  determine t h e  temperature drop of t h e  m i s t  a s  i t  
passes  through t h e  nozzle  us ing  t h e  i s e n t r o p i c  flow r a t e  
equa t ion .  

where V2 = v e l o c i t y  of m i s t  e x i t i n g  nozzle  
Cp = s p e c i f i c  hea t  a t  cons tan t  p r e s s u r e  
To = s t a g n a t i o n  tempera ture  of gas e n t e r i n g  nozz le  
T2 = t e r .pe ra tu re  o f  gas e x i t i n g  nozz le  

g = a c c e l e r a t i o n  c o n s t a n t  
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Rearranging and solving 
3 

Then the exit temperature T2 = To - ~t - 660 - 57 = 60SCR 

The nozzle exit pressure is determined by calculating the 
pressure drop across the bearing. To perform this analysis 
the turbulent flow equation between parallel surfaces is used. 
This equation is used based on the assumption that the major 
restriction exists between the cage rails and the ring ?.and. 
To calculate the pressure drop the equation is used in the 
following form : 

where Pi = pressure upstream of bearing or at nozzle exit - lb/ft 2 
PZ = pressure downstream of bearing - lb/ft2 
M = combined mass flow rate of mist and cooling air - - 

1bm/sec Ib,f t 
g = gravitational constant - 1-2 

lb ft 
R - gas constant T$VK 

m 
T = absolute temperature of air - O R  - 

lbfsec 
u = d amic viscosity of gas - -ff- 
L - f g w  iength - ft 
1 = circumferential length of gap - ft 
h = gap height - ft 

Substituting values into this equation results in a pressure 
drop of less than .301 lb/in2 and therefore could be neglected 
in establishing the density change in the gas at the nozzle exit. 

Using a mist air flow rate (w) of 12.5 scfm, which is based 
on a theoretical mist oil flow rate requirement of 34 in3/hr and 
a mist generator delivery rate of 2.7 in3/hr per scfm, the mist 
air flow rate at the nozzle exit is: 

wT2 w2 = - 12.5 14.2 ft3/min 
std 
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Using t h e  flow r a t e  equat ion  

where A = nozz le  e x i t  a r e a  

and rea r rang ing  t o  s o l v e  f o r  A,  t h e  cornlined 8 nozz le  e x i t  
a r e a s  equa l  

and t h e  d iameter  of each nozz le  equa l s  

D = = 0.080 i n .  
Tr 

A convergent angle  of  16.5" was s e l e c t e d  f o r  t h z  nozz le  
des ign  wi th  a  100 mesh screen(SO% opening) l o c a t e d  a t  t h e  i n l e t  
t o  r e c l a s s i f y  ( i n c r e a s e )  t h e  m i s t  o i l  p a r t i c l e  s i z e .  With t h i s  
combination, t h e  i n l e t  a r e a  i s  approximately 3 t imes  t h e  o u t l e t  
a r e a .  

For t h e  e i g h t  c o o l i n g  a i r  n o z z l e s ,  a  s t r a i g h t  opening 
. I25  i n .  i n  diameter  was s e l e c t e d  t o  accommodate t h e  t h e o r e t i c a l l y  
r equ i red  23.5 scfm flow r a t e .  

100 
RESEARCH LABORATORY 6 K F  I N D U ST R I ES, I N C.  



APPENDIX 111 

SUMMARY OF DATA FROM MIST LUBRICATION 

STEP-SPEED AND EXTENDED PERIOD TESTS 



TABLE 111-1 

Shaft 
Speed 
(rpm) 

Shaft 
Speed 
(rpm) 

Shaft 
Speed 
(rpm) 

TEST NO, 7 (LUBRICANT EVALIJA'TION) 

Lubricant-Advanced Ester (Mfi-L-23699) 

Rrp. 0.R. Mist Oil Coolinr; Air Coolincr Air 
Temp. !low Rase Flow Rate In/Exhaust Temp. 
(OK-"F) (cm /hr-in /hr) (scmm-scfm) (OK-OF) 

405- 270 - - 0.160-5.64 344/387-160/235 

440-333 - - 0.160-5.64 3441408-160/275 

Mist Air Mist Air Total Air 
Flow Rate In/Zxhaust Temp. Flow Rate 
(scmm-scfm) (OK-OF) (scmm-scfm) 

Heat Transfer Rate 

Cooling Air Mist Air Totzl 
(Watts-Btu/hr) (Watts-Btu/hr) (Watrs-Btu/ha) 



TABLE 111-2 

TEST NO. 8 - (LUBRICATION EVALUATION) 

Shaft 
Speed 
( rpm) 

Shaft 
Speed 
( rpm) 

Shaft 
Speed 
(rpm) 

Lubricant - Ester (MIL-L-7807) 

Brg. 0.R. Mist Oil Cooling Air Cooling Air 
Temp. Flow Rate Flow Rate In/Exhaust Temp. 
(OK- O F )  (cm3/hr- in3hr) (scmm- scfm) ( O K -  O F )  

374-215 590-36 0.158-5.6 3371364-145/195 

Mist Air Mist Air Total Air 
Flow Rate InIExhaust Tenp Flow Rate 
(scmm-scfm) (OK-OF) (scmm- scfm) 

Heat Transfer Rate 

Cooling Air Mist Air Total 
(Watts-Btu/hr) (Watts-Btu/hr) (Watts-Btulhr) 

* ( ) - Indicates minus value. 



TABLE 111-3 

Shaft 
Speed 
C~PS) 

Shaft 
Speed 
(rpm) 

Shaft 
Speed 
(rpm) 

TEST KG. 9 - (LUBRICANT EVALUATION) 
Lubricant - Ester (MIL-L-7808, NATO-C-148) 

Brg. O.R. Mist Oil Cooling Air Cooling Air 
Tent. Flow Rate Flow Rate InlExhaust Temp. 
(OK- F] [cm3/hr-inShr) (scm-scfm) (OK- OF) 

Mist Air Mist Air Total Air 
Flow Rate In/Exhaust Temp ?low Rate 
(scmm-scfn) (OK-OF) (scm- scfm) 

Heat Transfer Rate 

Cooling Air Mist Air 
(Watts-Btu/hr) (Watts-Btu/hr) 

Total 
(Watts-Btu/hr) 



TABLE 111-4 

TEST NO. 10 (LUBRICANT EVALU.41'ION) 

Lubricant - Polyphenyl Ether 

Shaft Brg. O.R. Mist Oil Cooling Air Cooling Air 
Speed Temp. Flow Rate Flow Rate In/Exhaust Temp. 
(r~m) (OK-OF) (crn3lhr-in3/hr) (scmm-scfm) ( O K - O F )  

33,000 436-325 - 0.158-5.6 333/410-140/2SO 

40,000 440-333 442-27 0.158-5.6 333/425-140/305 

50,000 491-425 442-27 0.158-5.6 353/450-140/350 

Shaft Mist Air Mist Pir Total Air 
Speed Flow Rate In/Exhaust Temp Flow Rate 
I r ~ m )  (scmq-scfm) (OK-OF) (scmm-scfm) 

30,000 0.573-13.2 269/410-205/280 0.572-18.8 

40,000 0.425-15.0 371/425-21@/305 0.583-20.6 

Heat Transfer Rate 

Shaft Cooling Air Mist Air Total 
Speed (Watts-Btu/hr) (Watts-Btu/hr) (Watts-Btu/hr) 
(rpm) 

30,000 246- 840 323-1103 5840-1943 

40,000 290- 990 451-1539 741-2529 

50,000 369-1260 640-2187 1009-3447 



TABLE 111-5 

TEST NO. 11 (DECREASED MIST - RUN 3) 

Lubricant - Advanced Ester (MIL-L-23699) 
Shaft Brg. O . R .  Mist O i l  Cooling Air Cooling Air 
Speed Tem . Flow Rate Flow Rate InIExhaust Temp. 
(r~m) ( O K - ~ F )  (cm3/hr-in3/hr) (scmn-scfa) (OK-OF) 

Shaft Mist Air Mist Air Total Air 
Speed Flow Rate In/Exhaust Temp. Flow Rate 
(rpnl) (scmm- scfm) (OK- OF) (scmm-scfm) 

Heat Transfer Rate 

Shaft Cooling Air Mist Air Total 
Speed (Watts -Btu/hr) (Watts-Btu/hr) (Watts-Btu/hr) 
I rpm) 

* ( ) - Indicates minus value. 



TABLE 111-6 

Shaft 
Speed 
(rpm) 

Shaft 
Speed 
(rpm) 

Shaft 
Speed 
(rpm) 

TEST NO. 12 (DECREASED COOLING AIR) 

Lubricant - .4dvanccd Ester (MIL-L-23699) 

Brg. O.R. Mist Oil Cooling Air Cooling Air 
Temg . glow Raie Flow Rate InIExhaust Temp. 

(O K -  F) (con /hr-in Ihr) (scmm-scfm) (OK-OF) 

410-280 442-27 0 NA 

Mist Air Mist A i r  Total Air 
Flow Rate InIExhaust Temp. Flow Rate 
(scmm-scfm) (OK-OF) (scrmn- scfm) 

0.283-10 3621388-190/240 0.283-10 

0.283-10 3591411-185/280 0.283-10 

0.283-10 358/450-182/350 0.283-10 

Heat Transfer Rate 

Cooling A i r  Mist A i r  Total 
(Watts -Btu/hr) (Watts-Btu/hr) (Watts-Btu/hr) 



TABLE 111-7 

Shaft 
Speed 
(rpm) 

Shaft 
Speed 
(rpm) 

Shaft 
Speed 
(rpm) 

TEST NO. 13 (INCREASED COOLING AIR TEMP.) 
Lubricant - Advanced Ester (MIL-L-23699) 

Brg. O.R. Mist Oil Cooling Air Cooling Air 
Temg . Flow Rate Flow Rate InIExhaust Temp. 

(* #- F) (cm31hr - in3/hr) (scmm- scfm) (OK-OF) 

Mist Air Mist Air Total Air 
Flow Rate InIExhaust Temp. Flow Rate 
(scmm- scfm) (OK-OF) (sewn-scfm) 

Heat Transfer Rate 

Cooling Air Mist Air Total 
(Watts-Btulhr) (Watts-Btu/hr) (Watts -Btu/hr) 

* ( ) - Indicates m'.lus value. 



TABLE 111-8 

S h a f t  
Speed 
t rpm) 

S h a f t  
Speed 
(rpm) 

26,000 

40,000 

55,000 

60,000 

65,000 

S h a f t  
Speed 
(rpm) 

TEST NO. 1 4  (BAFFLE PLATE) 

Lubr i can t  - Advanced Ester (MIL-L-23699) 

Brg. O.R. Mist O i l  Cool ing A i r  Cool ing A i r  
Temp. Flow Rate  Flow Rate  In/Exhaust  Temp. 

( O K -  OF) (cm3/hr- i n3 /h r )  (scmm-scfm) (OK- O F )  

383-230 451-27.5 0.184-6.5 350/372-170/210 

M i s t  A i r  Mist A i r  T o t a l  A i r  
F lov  Pa te  In/Exhaust Temp. Flow Rate 

(scmfi. - Fm) (OK- OF) (scmm- scfm) 

Heat T r a n s f e r  Rate  

Cooling A i r  Mist A i r  T o t a l  
(Watts-Btu/hr)  (Watts -Btu/hr)  (Wat t s -Btu lhr )  



TABLE 111-9 

Shaft 
Speed 
( rpr) 

Shaft 
Speed 
( rpm) 

Shaft 
Speed 
(rpm) 

TEST NO. 15 (STRAIGHT NOZZLES, NO SCREEN) 

Lubricant - Advanced Ester (MI L-L- 23699) 

Brg. O.R. Mist Oil Cooling Air Cooling Air 
Temg . Flow Kate Flow Rate In/Exhaust Temp. 

(OK- F) (cm3 fhr- in3/hr) (scmm-scfm) (OK-OF) 

Mist Air Mist Air Total Air 
Flow Rate In/Exhaust Temp. Flow Rate 
(scmm-scfm) (OK-OF) (scmm- scfm) 

Heat Transfer Rate 

Cooling Air Mist Air Total 
(Watts-Btulhr) (Watts-Btu/hr) (Watts-Btu/hr) 



TABLE 111-10 

TEST NO. 16 (DRIP MIST SYSTE!!) 

Lubr icant  - Advanced Ester (MTL-L-23699) 

S h a f t  
Speed 
(rpm) 

Brg. O.R. Mist O i l  Cooling A i r  Cooling A i  r 
Temp. Flow R a p  Flow Rate In/Exhaust Teztp. 

(OK-OF) ( c d / h r - i n  / h r )  (scmm-scfm) ( O K - O F )  

S h a f t  
Speed 
( r p 4  
26,000 

Mist A i r  Mist A i r  T o t a l  A i r  
Flow Rate In/Exhaust Temp. Flow Rate 

(scm-scfm)  [ ' K - O F )  (scmm - scfm) 
Not Used Not Appl icable  0.458-16.2 

"eat  T r a n s f e r  Rate 0.495-17.5 

Shaf t  
Speed 
(rpm) 
26,000 

Cooling A i r  Mist A i r  T o t a l  
(Watts-Btulhr)  (Watts-Btu/hr) (Watts- B t u l h r )  

216-737 Not App l i cab le  216-737 



TABLE 111-11 

Shaft 
Speed 
( ~ P H )  

Shaft 
Speed 
(rpm) 

Shaft 
Speed 
(rpm) 

15,000 

20,000 

35,000 

40,000 

45,000 

TEST NO. 17 (INCREASED CAGE CLEARANCE) 

Lubricant - Advanced Ester (MIL-L-23699) 

Brg. O.R. Mist Oil Cooling Air Cooling Air 
Temp. Flow Rate Flow Rate In/Exhaust Temp. 

(OK- F) (cm3/hr- in3/hr) (scmm-scfm) (OK- 'Fj 

410-280 426-26 0.252-8.9 Bad /402-Bad /263 

Mist Air Mist Air Total Air 
Flow Rate In/Exhaust Temp. Flow Rate 
(scmm-scfm) (OK-OF) (scmm- scfm) 

Heat Transfer Rate 

Cooling Air Mist Air Total - (Calculated 
(Watts-Btu/hr) (Watts-Btu/hr) from Brg. Torque) 

(Watts -Btu/hr) 

Not (Housing 97- 331 
Applicable Heaters On) 

136- 463 



TABLE 111-12 

TEST NO. 18 (PUkfPING HOLES THROUGH CAGE RAILS) 
Lubricant - Advanced Estar (MIL-L-23699) 

Shaft Brg. O.R. Mist Oil Cooling Air Cooling Air 
Speed Temp. Flow Rate Flow Rate In/Exhaust Temp. 
(r~m) ( O K -  OF) (cm3/hr-ins/hr) (scmm-scfm) (OK- OF) 

Snaf t Mist Air Flist Air Total Air 
Speed Flow Rate In/Exhaust Temp. Flow Rate 
(rpm) (scmm-scfm) ( O K -  O F )  (scmm-scfm) 

Heat Transfer Rate 

Shaft Cooling Air Mist Air Total 
Speed (Watts-Btu/hr) (Watts-Btu/hr) (Watts -Btu/hr) 
(rpm> 

* ( ) - Indicates minus value. 



TABLE 111-13 

Shaft 
Speed 
(rpm) 

Shaft 
Speed 
(rpm) 

Shaft 
Speed 
(rpml 

TEST NO. 19 (INNER RING GUIDED CAGE) 

Lubricant - Advanced Ester (MIL-L-23699) 

Brg. O.R. Mist Oil Cooling Air Cooling Air 
Temg . Flow Rate Flow Rate InIExhaust Temp. 
(OK- F) (cm3/hr -in3/hr) (scmm-scfm) (OK-OF) 

394-250 524-32 0.254-9 3411389-155/240 

414-285 524-32 0.254-9 344/411-160/280 

428-308 524-32 0.254-9 3441422-160/300 

Mist Air Mist Air Total Air 
Flow Rate In/Exhaust Temp. Flow Rate 
(scmm-scfm) ( O K -  OF) (scmm- scfm) 

Heat Transfer Rate 

Cooling Air Mist Air Total 
(Watts -Btu/hr) (Watts-Btu/hr) (Watts-Btu/hr) 



TABLE 111-14 

TEST N O .  2 0  (PUMPING GROOVES IN CAGE MIL)  

Lubricant  - Advanced Es t e r  (MIL-L-23699) 

Shaf t  
Speed 
(rpm) 

Brg. O.R. Mist O i l  Cooling A i r  Cooling 4ir 
Temt . Flow Rate Flow Rate In/Exhaust Temp. 

(OK- F) (cm3/hr - in3 /h r )  (scmm- scfm) (OK-OF) 

Shaf t  
Speed 
(rpm) 

Mist A i r  Mist A i r  To t a l  A i r  
Flow Rate In/Exhaust Temp. Flow Rate 

(scmm- scfm) ( O K -  OF) (scmm- scfm) 

Heat Trans fe r  Rate 

Shaf t  
Speed 
(rpm) 

Cooling A i r  Mist A i r  To ta l  
(Watts -Btu/hr) (Watts-Btulhr)  (Watts-Btu/hr) 

Not Applicable (Housing Heater  on 

During Par t  of T e s t ) .  



TEST NO, 2 1  (FIFTY HOUR TEST) 

Lubricant  - Advanced Ester (MIL-L-23699) 

Shaf t  Brg. O.R.  Mist O i l  Cooling A i r  Cooling A i r  
Speed Temp. Flow Rate Flow Rate In/Exhaust Temp. 
( r ~ m )  (OK- OF) (cm3/hr - in3/hr)  (scmm-scfm) (OK- O F ?  

Sha f t  Mist A i r  Mist A i r  T o t a l  A i r  
Speed Flow Rate In/Exhaust Temp. Flow Rate 
(rpm) (scmm- scfm) (OK-OF) (scmm-scfm) 

Heat Trans fe r  Rate 

Shaf t  Cooling A i r  Mist A i r  To ta l  
Speed ('Vat ts-Btu/hr) (Watts-Btu/hr)  (Watts -Btu/hr)  
(rpm) 



TEST NO. 2 2  (100 HOUR TEST) 
Lubricant  - Mobil Jet I 1  (MIL-L-23699) 

Typica l  Condit ions 

Shaf t  Brg. O.R. Mist O i l  Cooling A i r  Cooling A i r  
Speed Tern:. flow Raie Flow Rate In/Exhaust Temp. 
(rpm) (OK- F) (cm / h r - i n  / h r )  (scmm-scfm) (OK-OF) 

Shaf t  Mist A i r  Mist A i r  T o t a l  A i r  
Speed Flow Rate InIExhaust Temp. Flow Rate 
(rpm) (scmm-scfm) (OK-OF) (scmm- scfm) 

Heat Trans fe r  Rate 

Shaf t  Cooling A i r  Mist A i r  T o t a l  
Speed (Watts-Btu/hr) (Watts-Btu/hr) (Watts -Btu!hr) 
(rpm) 


