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FOREWORD 

This report was prepared by the AiResearch 
Manufacturing Company of Arizona, A Division of 
The Garrett Corporation, to describe the work 
conducted under Contract NAS3-9428, Brayton 
Rotating Unit Operating on Oil-Lubricated Roll- 
ing Element Bearings (BRU-R), for the National 
Aeronautics and Space Administration, Lewis 
Research Center, Cleveland, Ohio. 
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ABSTRACT 

The Brayton Rota t ing  Unit  w i t h  Ro l l ing  Element 
Bearings (BRU-R) c o n s i s t s  of a compressor, t u r b i n e ,  
and a l t e r n a t o r  mounted on a common s h a f t ,  supported 
by t w o  30-mm angu la r  c o n t a c t  ba l l  bea r ings ,  gas- 
cooled and o i l -mis t - lub r i ca t ed  w i t h i n  a closed-  
c y c l e  system. A unique b e l l o w s  f a c e . s e a 1  wi th  a 
hydrodynamic gas bea r ing  on t h e  carbon nose i s o l a t e s  
each bea r ing  and p reven t s  o i l  contamination of t h e  
Brayton-cycle working f l u i d .  The b e a r i n g  and seal 
des igns  w e r e  confirmed i n  t h e  BRU-R dur ing  a 500-hr 
and 50-hr endurance test .  Seal leakage i n t o  t h e  
Brayton loop dur ing  t h e  t e s t  was less than  t h e  
0.07 l b  of o i l  s p e c i f i e d  f o r  a 500-hr ope ra t ion .  
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FINAL REPORT 

THE DESIGN AND FABRICATION OF THE 
BRAYTON ROTATING UNIT OPERATING ON 

OIL-LUBRICATED ROLLING ELEMENT BEARINGS (BRU-R) 

1. SUMFlARY 

The AiResearch Manufacturing Company of  Arizona, A Div is ion  of 
The Garret t  Corporat ion,  has designed,  manufactured, and t e s t e d  a 
p ro to type  Brayton Rota t ing  Unit  o p e r a t i n g  on o i l - l u b r i c a t e d  r o l l i n g  
element bea r ings  (BRU-R) and t h e  a s s o c i a t e d  equipment t o  suppor t  t h e  
bear ing  and seal system. 

The Brayton Rota t ing  Unit  wi th  o i l - l u b r i c a t e d  r o l l i n g  element 
bea r ings  (BRU-R) i s  a backup u n i t  f o r  t h e  Brayton Rota t ing  Unit  (BRU) 

fu rn i shed  under Cont rac t  NAS3-9427 which o p e r a t e s  on gas bea r ings .  
The t u r b i n e  wheel and compressor aerodynamic des igns  and t h e  a l t e r n a t o r  
des ign  are i d e n t i c a l  f o r  t h e  BRU-R and t h e  BRU. The BRU-R and i t s  
l u b r i c a t i o n  and coo l ing  system are designed f o r  eva lua t ion  and tes t  a t  
t h e  NASA Space Power F a c i l i t y  (SPF) a t  Plum Brook, Ohio. 

The Brayton Ro ta t ing  Unit  wi th  o i l - l u b r i c a t e d  r o l l i n g  element 
bear ings  (BRU-R) has  a r a d i a l  t u r b i n e  wheel, a r a d i a l  compressor, 
and a four-pole  a l t e r n a t o r  rotor  assembled as a group, r o t a t i n g  a t  
3 6 , 0 0 0  rpm. The assembly is  supported by tqo 30-mm angular  c o n t a c t  
b a l l  bea r ings  t h a t  are gas-cooled and o i l -mis t - lub r i ca t ed  by a closed-  
cyc le  loop, i d e n t i f i e d  as t h e  BRU-R Lubr i ca t ion  and Cooling System (LCS) .  

Each bear ing  c a v i t y  i s  i s o l a t e d  f r o m  t h e  Brayton c y c l e  thermodynamic 
loop by a hydrodynamic face seal.  This  seal  i s  a carbon-nose, bellows- 
supported des ign  wi th  a hydrodynamic gas  bea r ing  geometry l o c a t e d  on 
t h e  i n s i d e  d iameter  of t h e  carbon nose.  The f a c e  seal has  rubbing con- 
t ac t  wi th  t h e  tungs ten  ca rb ide  ro tor  a t  speeds below 5000  t o  8000 rpm. 
A s  t h e  speed i n c r e a s e s ,  t h e  gas  bea r ing  w i l l  become hydrodynamic and 
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generate a gas film-thickness of 0.000150 in. at the design speed of 
36,000 rpm. To prevent oil from migrating into the Brayton cycle 
thermodynamic loop while the seal is hydrodynamic and noncontacting, 
a differential pressure is maintained across the hydrodynamic face seal 
to promote gas flow into the bearing cavity from the thermodynamic loop. 
The deviation controller of the BRU-R lubrication and cooling system 
maintains a set differential pressure of 0.45 psi between the pressure 
at the hub of the compressor impeller and the bearing cavity. 

A radial labyrinth seal is located between each bearing and the 
alternator cavity to prevent oil-mist from entering the alternator 
stator section. In addition, the alternator cavity is supplied with 
clean dry cooling gas from the BRU-R Lubrication and Cooling System at 
a higher pressure than the bearing cavity, thereby continually purging 
the alternator cavity through the labyrinth seals. 

The BRU-R Lubrication and Cooling System is a closed, hermetically 
sealed loop that provides a gas and oil-mist mixture to the bearings. 
The Lubrication and Cooling System utilizes the same gas as the 
Brayton cycle thermodynamic loop, i.e., a mixture of helium-xenon with 
a molecular weight of 8 3 . 8 .  A two-stage water-cooled compressor driven 
by an electric motor compresses the gas and delivers it to the lubri- 
cator tank where the flow is split, part going to purge the alternator, 
and part to an oil injection section where a positive displacement.pump 
injects a controlled amount of oil into the gas stream. These gas 
flows are delivered to the BRU-R. The gas and oil-mist mixture is 
drained from the bottom of the BRU-R and passed through two control 
valves which regulate the bearing cavity pressure. The gas and oil- 
mist mixture is filtered to remove the oil and the clean gas supplied 
to the inlet of the compressor to complete the closed loop. 

APS-5327-R 
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The bear ings  used i n  t h e  BRU-R are 30-mm, M-50 
angular-contact  b a l l  bear ings  with a con tac t  angle  
i n s t a l l e d  i n  r e s i l i e n t  mounts having a s t i f f n e s s  of 

t o o l  s teel  
f 22 deg and re 
30,000 t o  40 ,000  

l b / in .  The bear ings  are spr ing-loaded t o  maintain an a x i a l  p re load  of 
80 t o  100 lb. The bear ings  w e r e  eva lua ted  i n  a t e s t  program t h a t  i n -  
c luded i n v e s t i g a t i o n  of cool ing-gas/oi l -mist  ra t ios  and 4 0 0 : l  by weight  
w a s  s e l e c t e d .  Five bear ings  w e r e  t e s t e d  f o r  a t o t a l  of 1 8 6 4  h r  a t  a 
design speed of 36,000 rprn. This included a f i n a l  test  of 1058 h r  wi th  
no evidence of wear. 

The hydrodynamic face seal  design inco rpora t e s  a Raleigh s tepped-  
s e c t o r  gas  bea r ing  i n  conjunct ion wi th  a convent ional  s e a l i n g  land on 
t h e  f a c e  of a bellows-mounted carbon nose. The gas bear ing  f e a t u r e  
permits  t h e  seal t o  ope ra t e  wi th  a very l o w  power loss, a minute con- 
t r o l l e d  leakage and p r a c t i c a l l y  zero wear. The convent ional  s e a l i n g  
land on t h e  nose provides  s t a t i c  sea l ing .  The gas bear ing  geometry 
c o n s i s t s  of 1 8  equa l ly  spaced pads,  separa ted  by a r a d i a l  s l o t  of 1 
deg i n  width and 0.010 i n .  depth and separa ted  from t h e  s e a l i n g  land 
by an annular  s l o t  width of 0.020 i n .  and 0.010-in. depth.  The s t e p  
p o r t i o n  of t h e  geometry has  a depth of 0.0002 i n .  and has a width of 
4 deg. 

The seal  eva lua t ion  tes t  program cons i s t ed  of eva lua t ing  a con- 
t a c t i n g  carbon-nose seal  as a backup and two designs of hydrodynamic 
f a c e  seals: One with t h e  gas bear ing  geometry on t h e  i n s i d e  and t h e  

o t h e r  with it on t h e  ou t s ide .  The tests of t h e  "backup" rubbing con- 
t ac t  design demonstrated t h a t  the seal would be adequate f o r  use  i f  
necessary and would have an es t imated  l i f e  of 5000 h r .  The power l o s s ,  
however, w a s  approximately f i v e  t i m e s  a s  high as t h e  gas bear ing  
designs.  The hydrodynamic s e a l  t es t  eva lua t ion  selected t h e  design 
w i t h  t h e  gas  bear ing  geometry on t h e  i n s i d e  diameter, w i t h  t h e  o i l -  
m i s t  environment loca t ed  on t h e  ou t s ide  diameter.  A s e a l  of t h i s  de- 
s i g n  w i t h  a tungs ten  ca rb ide  r o t o r  was operated a t  a speed of 3 6 , 0 0 0  

rpm f o r  a per iod  of 1 0 0 0  h r ,  inc luding  79  hydrodynamic s t a r t s  and s t o p s  
w i t h  no measurable wear. 

APS- 5 3 2 7 -R 
Page 1-3 



AIRESEARCH MANUFACTURING COMPANY OF ARIZONA 
A DIVISIDN OF THE BARRETT CORPORATION 

The inspec t ion  and acceptance tes t  of t h e  BRU-R and t h e  L u b r i c a -  
t i o n  and Cooling System c o n s i s t e d  of t h r e e  separate tests: 500-, 50-, 
and 5-hr. The 500-hr test  w a s  performed w i t h  dummy i n e r t i a l  masses 
r e p l a c i n g  t h e  aerodynamic components. The BRU-R w a s  d r iven  wi th  an 
a i r  t u r b i n e  motor. An  e lec t r ica l  h e a t e r  w a s  a t t ached  t o  t h e  t u r b i n e  
end t o  s imula t e  t h e  thermal  input  equ iva len t  t o  ope ra t ion  a t  a 6.0-kwe 
power l e v e l .  The t u r b i n e  back shroud w a s  maintained a t  a tempera ture  
of 900° t o  950°F. The u n i t  w a s  opera ted  f o r  a t o t a l  of 502.5 h r  a t  a 
des ign  speed of 36,000 r p m  and f o r  10 min a t  an overspeed cond i t ion  of 
1 2 0  pe rcen t :  68 s t a r t s  w e r e  made du r ing  t h e  tes t .  Sea l  leakage m e a -  
s u r e m e n t s  w e r e  performed by withdrawing gas  samples from t h e  t u r b i n e  
c a v i t y  and analyzing t h e  samples on an i n f r a r e d  spectrophotometer w i t h  
a 10-meter gas  ce l l ,  These measurements showed o i l  leakage less than 
t h e  m a x i m u m  permissible of 0.070 l b  dur ing  500 h r ,  wi th  no measurable 

w e a r  on disassembly in spec t ion .  

The BRU-R w a s  reassembled w i t h  new bea r ings  and seals and t h e  
50-hr t e s t  w a s  performed. A s  i n  t h e  500-hr t es t ,  dummy i n e r t i a l  masses 
w e r e  s u b s t i t u t e d  f o r  t h e  aerodynamic components, and t h e  BRU-R was 
d r i v e n  a t  a speed of 36,000 rpm. The e l ec t r i ca l  h e a t e r  w a s  no t  used 
i n  t h i s  test. S e a l  leakage measurements w e r e  aga in  performed by draw- 
ing  a gas  sample from t h e  t u r b i n e  c a v i t y .  Analys is  on t h e  i n f r a r e d  
spectrophotometer r evea led  t h a t  t h e r e  w a s  no  measurable o i l  leakage 
p a s t  t h e  hydrodynamic f a c e  seal. The BRU-R w a s  reassembled wi th  t h e  
t u r b i n e  wheel and compressor impel le r  and opera ted  a t  des ign  speed of 
36,000 rpm f o r  5 h r .  The BRU-R w a s  then  opera ted  f o r  10 min a t  a 
des ign  overspeed cond i t ion  of  120 pe rcen t .  
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2 e INTRODUCTION 

T h i s  r e p o r t ,  submit ted by t h e  AiResearch Manufacturing Company of 

Arizona, A Divis ion of The Garrett Corporat ion,  describes t h e  r e s u l t s  
of a program performed under NASA-Lewis Research Center,  Cont rac t  
NAS3-9428. 

O r i g i n a l l y ,  t h e  program w a s  d i r e c t e d  toward the  design and f a b r i -  
c a t i o n  of a rad ia l - f low turbocompressor and the  provis ion  of a set  of 
r e sea rch  compressor components. The rad ia l - f low turbocompressor was 
t o  opera te  i n  a Brayton cyc le ,  using argon as t h e  working f l u i d  w i t h  
a t u r b i n e  i n l e t  temperature  of 1950OR. The design cons i s t ed  of a 
rad ia l - f low t u r b i n e  wheel and compressor impe l l e r  mounted on t h e  same 
s h a f t  and supported by o i l - l u b r i c a t e d  rol l ing-element  bear ings .  Dur- 
i n g  t h e  e a r l y  design s t a g e s ,  t h e  program was r e d i r e c t e d  t o  provide 

a Brayton Rota t ing  Unit  with o i l - l u b r i c a t e d  r o l l i n g  element bear ings 
(BRU-R) --a backup f o r  t h e  Brayton Rota t ing  Unit  (BRU) which opera tes  
on gas  bear ings  (NASA Cont rac t  NAS3-9427). The second major t a s k  of 
t h e  c o n t r a c t  was t h e  set of research  compressor components t o  provide 
an improved impe l l e r  design wi th  backward curved e x i t  b lad ing  and a 
scroll t o  r e t r o f i t  t h e  Compressor Research Package f a b r i c a t e d  under 
NASA Cont rac t  NAS3-2778. 

The t u r b i n e  and compressor aerodynamic and t h e  a l t e r n a t o r  designs 
are i d e n t i c a l  f o r  t h e  BRU-R and t h e  BRU. However, the  BRU-R has  two 
angular  c o n t a c t  b a l l  bear ings  t h a t  are gas-cooled and l u b r i c a t e d  w i t h  

a MIL-L-7808 o i l  m i s t ,  There a r e  t w o  s e a l s  t h a t  i s o l a t e  each bear-  
i n g  c a v i t y  and prevent  t h e  o i l -mis t  from e n t e r i n g  t h e  a l t e r n a t o r  c a v i t y  
and t h e  Brayton cyc le  thermodynamic loop. A maximum of 0 . 0 7  l b  of o i l  
leakage i n t o  the Brayton cyc le  thermodynamic loop i n  500 h r  of opera- 
t i o n  w a s  permit ted.  The o i l -mis t  and gas-cool ing was provided t o  t h e  

BRU-R i n  a c losed-loop Lubr ica t ian  and Cooling System (LCS).This system 
c o n s i s t s  of a compressor, an o i l  i n j e c t i o n  system, f i l t e r s ,  and asso- 
c i a t e d  c o n t r o l s  t o  d e l i v e r  0 . 0 0 1 1  lb/min of o i l  t o  each bear ing.  The 
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design requirements of the BRU-R are shown in Table I. The BRU-R and 
its lubrication and cooling system is intended for operation at the 
NASA Space Power Facility (SPF) at.Plum Brook, Ohio. 

Appendix A describes the preliminary mechanical design and bearing 
analysis that had been performed on the radial flow turbocompressor 
before that program was redirected toward a Brayton Rotating Unit with 
oil-lubricated rolling element bearings. 

Appendix B documents the design history of the closed-cycle lub- 
rication and cooling system. 

Appendix C details the design of the backward-curved compressor 
impeller for the retrofit of the Compressor Research Package. 

Appendix D contains drawings of the BRU-R Lubrication and Cooling 
System, the Carbon Nose Seal, and the thermocouple locations. 
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A l t e r n a t o r  o u t p u t ,  kwe 

Cycle working f l u i d  

Mass f low r a t e ,  l b / s e c  

Turbine i n l e t  t empera tu re ,  O R  

Turbine p r e s s u r e  r a t i o  

Turb ine  i n l e t  p r e s s u r e ,  p s i a  

Compressor i n l e t  t empera tu re ,  O R  

Compressor p r e s s u r e  r a t i o  

Compressor i n l e t  p r e s s u r e ,  p s i a  

Design o p e r a t i n g  l i f e ,  y e a r s  

T e s t  o p e r a t i n g  l i f e  (TBO) 
(bea r ings  and seals) , h r  

Speed c a p a b i l i t y ,  % des ign  

Speed a t  d e s i g n ,  rpm 

Bearing l u b r i c a n t  and c o o l a n t  

A l t e r n a t o r  and t u r b i n e  s e a l  c o o l a n t  

Temperature ( supply)  , OR 

Flow, l b / h r  max 

Bearing l u b r i c a n t  o b j e c t i v e s  

Flow, l b / h r  max 

E x i t  t empera tu re ,  OR max 

I n t e r n a l  l eakage  

TABLE I 

SYSTEM REQUIREMENTS 

Condi t ion  A Condit ion B Condit ion C 

2.25 6.0 10.5 

Helium-Xenon wi th  molecular  weight  of 83.8 

0.418 0.796 1.32 

2,060 2,060 2,060 

1.73 1.75 1.75 

13.7 25.8 43.2 

540 540 540 

1.88 1.9 1.9 

7.6 14.2 23.7 

5 5 5 

500 500 500 

0 t o  120a 

36 , 000 36 , 000 36,000 

MIL-L-7808 o r  e q u i v a l e n t  

Dow Corning - 200 
530 530 

To be determined by c o n t r a c t o r  

530 

To be de te rmined  by c o n t r a c t o r  

836 8 36 836 

C 

S u s t a i n  20 p e r c e n t  overspeed f o r  5 min a t  end of 500 h r  o f  t e s t  o p e r a t i o n  ( a  des ign  
o b j e c t i v e ) .  

bRefers  on ly  t o  minimum b e a r i n g  and s e a l  l i f e  be fo re  replacement  i s  r e q u i r e d  ( a  des ign  

a 

o b j e c t i v e ) .  

The u n i t  w i l l  be  des igned  wi th  t h e  o b j e c t i v e  of o b t a i n i n g  t h e  lowest  p o s s i b l e  leakage  of 
l u b r i c a n t  i n t o  t h e  c y c l e  working f l u i d .  T o t a l  accumulated leakage  of MIL-L-7808 o i l  i n t o  
t h e  c y c l e  working f l u i d  s h a l l  n o t  exceed 0.07 l b  o f  o i l  maximum f o r  t h e  500 h r  of  
o p e r a t i n g - l i f e  of t h e  b e a r i n g s  and s e a l s .  

C 
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3. BRU-R CONFIGURATION 

The Brayton Rota t ing  Unit  w i t h  Rol l ing  Element Bearings (BRU-R) 

c o n s i s t s  b a s i c a l l y  of a compressor, a four-pole  a l t e r n a t o r ,  and a t u r -  
b ine  mounted on t h e  same s h a f t  and supported on gas-cooled, o i l -mis t -  
l u b r i c a t e d  angular  c o n t a c t  b a l l  bear ings.  The BRU-R i s  shown i n  Fig- 
u r e  1; t h e  disassembled s t r u c t u r e  i n  Figure 2 ;  and t h e  c ros s - sec t ion  
i n  Figure 3. The BRU-R i s  similar t o  t h e  BRU with gas bear ings .  I n  
f a c t ,  t h e  t u r b i n e  and compressor aerodynamic designs and a l t e r n a t o r  
des igns  are i d e n t i c a l  f o r  t h e  BRU-R and t h e  BRU. 

3.1 BRU-R Rota t ina  GrouD 

The BRU-R r o t a t i n g  group (Figure 4 )  c o n s i s t s  of an a l t e r n a t o r  
r o t o r  t h a t  i s  straddle-mounted between b a l l  bear ings  with t h e  r a d i a l -  
f low compressor impe l l e r  overhung a t  one end of t h e  s h a f t  and t h e  
r ad ia l - f low t u r b i n e  wheel overhung a t  t h e  o t h e r  end. The compressor 
impe l l e r  and t h e  t u r b i n e  wheel are a t t a c h e d  t o  t h e  a l t e r n a t o r  r o t o r  
through 1.06-in.  d ia  c u r v i c  coupl ings and secured w i t h  a t i e - b o l t  and 
se l f - lock ing  nut .  The bear ing  on each end of t h e  a l t e r n a t o r  r o t o r  i s  
he ld  a g a i n s t  a shoulder  on t h e  a l t e r n a t o r  rotor w i t h  a "round nu t "  
t h a t  i s  locked t o  t h e  r o t o r  wi th  a r e t a i n i n g  r i n g .  The round nu t  a l s o  
secu res  t h e  seal r o t o r .  A s o f t  copper r o t o r  spacer  i s  placed between 
the  seal r o t o r  and t h e  round n u t  t o  prevent  d i s t o r t i o n  of t h e  s e a l  
r o t o r  under t h e  clamping fo rce .  T h e  "arm" of t h e  r e t a i n i n g  r i n g  must 
be i n s e r t e d  through one of t h e  fou r  holes  i n  t h e  a l t e r n a t o r  r o t o r  and 
i n t o  one of t h e  s i x  s l o t s  of t h e  round nu t .  This  i n s t a l l a t i o n  r e q u i r e s  
t h a t  t h e  copper r o t o r  spacer  must be lapped t o  achieve t h i s  alignment.  
The assembled BRU-R r o t a t i n g  components a r e  shown i n  Figure 5. 
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BRAYTON ROTATING UNIT WITH 
ROLLING ELEMENT BEARINGS (BRU-R) 

F I G U m  1 
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BRU-R ROTATING COMPONENTS 

FIGURE 4 
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ASSEMBLED BRU-R ROTATING GROUP 

FIGURE 5 
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3.2 Turbine and Compressor 

The t u r b i n e  wheel i s  a 4.97-in.-dia r ad ia l - f low wheel o p e r a t i n g  
over  a p r e s s u r e  r a t i o  of 1.87, has  a demonstrated performance of 90  

p e r c e n t ,  and i s  assembled wi th  a b lade  c l ea rance  between t h e  wheel and 
t h e  scrol l  of 0.008 t o  0 . 0 1 0  i n .  This  b lade  c l ea rance  i n c r e a s e s  by 
0.0135 t o  0.0153 i n .  due t o  thermal  expansion as t h e  BRU-R i s  ope ra t ed  
t o  t h e  thermodynamic c y c l e  cond i t ions  of t h e  system requirements .  For 
example, i f  t h e  b lade  c l ea rance  i s  i n i t i a l l y  se t  a t  t h e  nominal va lue  
of 0 .009  i n .  du r ing  assembly, t h e  b l ade  c l ea rance  w i l l  i n c r e a s e  t o  
0.0225 i n .  when t h e  BRU-R i s  ope ra t ed  t o  a system cond i t ion  of 2.25 kwe 
wi th  a t u r b i n e  i n l e t  temperature  of 2060OR. A s  w i l l  be d i scussed  i n  
Paragraph 3.4, t h e  t u r b i n e  end bea r ing  i s  " f ixed"  while  t h e  compressor 
end bear ing  i s  ' ' f ree"  t o  f l o a t  and accommodate thermal expansion. 

The compressor impe l l e r  has a 4.25-in. diameter  and backward- 
curved b lades .  The des ign  p r e s s u r e  r a t i o  i s  1 . 9 ,  and t h e  impe l l e r  has  
a demonstrated maximum e f f i c i e n c y  of 82 p e r c e n t  a t  des ign  c o r r e c t e d  
speed. The compressor impe l l e r  i s  assembled wi th  a b lade  c l ea rance  of  
0 .017  t o  0 .019  i n .  This  dec reases  by 0 .0076  t o  0.0095 due t o  thermal  
expansion as t h e  BRU-R i s  opera ted  under "hot"  cond i t ions .  For exam- 
p l e ,  if t h e  compressor b l a c e  c l ea rance  i s  i n i t i a l l y  set  a t  t h e  nominal 
va lue  of 0.018 i n . ,  t h e  decrease  w i l l  be t o  0.0103 i n .  when t h e  BRU-R 

i s  opera ted  t o  a system cond i t ion  of 2.25 kw wi th  a t u r b i n e  i n l e t  
temperature  of 2060OR and a compressor i n l e t  temperature  of  540OR. 

e 

3.3 A l t e r n a t o r  

The BRU-R four-pole  a l t e r n a t o r  u t i l i z e s  a s o l i d  r o t o r  (Figure 6 ) .  

The s ta tor  has  a convent iona l  three-phase ac winding, wi th  two s t a t i o n -  
a r y  f i e l d  c o i l s  l o c a t e d  o u t s i d e .  The magnetic f l u x  genera ted  by t h e  
f i e l d  co i l s  pas ses  i n t o  t h e  r o t o r  across a secondary a i r  gap a t  t h e  
end, through t h e  n o r t h  po le  of t h e  machine, around t h e  magnetic frame, 
and r e -en te r s  t h e  ro to r  a t  t h e  sou th  pole .  Then it passes  aga in  across 
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BRU-R ALTERNATOR ROTOR CONSTRUCTION 

FIGLJRE 6 
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a secondary a i r  gap a t  t h e  end of t h e  r o t o r  t o  complete t h e  f l u x  
c i r c u i t .  The c o n s t r u c t i o n  of t h e  rotor  c o n s i s t s  of two s e c t i o n s  of 
SAE 4340 steel  and a c e n t e r  segment of p r e c i s i o n  c a s t  Inconel  718. The 
t h r e e  p i e c e s  are p o s i t i o n e d  by t h e  use  of s p e c i a l  t o o l i n g ,  while  t h e  
c e n t e r  r o t o r  segment i s  brazed i n t o  p lace .  

3 . 4  Bearings and Seals 

The BRU-R o p e r a t e s  on t w o  gas-cooled, o i l -mis t - lub r i ca t ed  angular  
c o n t a c t  b a l l  bea r ings .  Each bea r ing  is r e s i l i e n t l y  mounted i n  a four-  
lobe  flex-mount. The t u r b i n e  end bear ing  i n  t h e  flex-mount i s  f i x e d  
i n  r e l a t i o n  t o  t h e  a l t e r n a t o r  housing,  and t h e  compressor end bea r ing  
i n  i t s  flex-mount i s  " f r e e "  t o  move a x i a l l y  t o  account f o r  thermal  
expansion. The r e s i l i e n t  mount ad jacen t  t o  t h e  compressor i s  spr ing-  
loaded t o  provide an a x i a l  p re load  of 80  t o  1 0 0  l b  on both bear ings .  
The a x i a l  p re load  i s  e s t a b l i s h e d  dur ing  assembly, r e a l i z i n g  t h a t  t he r -  
m a l  expansion w i l l  decrease  t h e  pre load  a s  t h e  BRU-R i s  opera ted  t o  t h e  
thermodynamic c y c l e  cond i t ions .  The thermal  expansion a t  t h e  compres- 
sor bear ing  i s  0.0089 t o  0 . 0 1 0 4  i n .  f o r  power l e v e l s  of 2.25 t o  1 0 . 5  

kw,. The s p r i n g s  t h a t  p rovide  t h e  pre load  have a ra te  of  approximately 
700 l b / in .  Thermal expansion would produce a maximum pre load  r educ t ion  
of 7.28 l b .  A s  d i scussed  i n  Sec t ion  5 ,  a s  t h e  pre load  d e c r e a s e s ,  t h e  
b a l l  s p i n / r o l l  r a t i o  i n c r e a s e s  wi th  a g r e a t e r  tendency f o r  sk idding  and 
subsequent w e a r .  However, t h e  pre load  des ign  range w a s  recommended 
t o  be 60  t o  1 0 0  l b ,  bu t  i n  o r d e r  t o  compensate f o r  thermal  expansion, 
assembly procedures  w e r e  e s t a b l i s h e d  t o  g ive  p re loads  on t h e  high s i d e  
of t h i s  range; t h a t  i s ,  80  t o  1 0 0  l b ,  

Each bea r ing  i s  i n d i v i d u a l l y  cooled and l u b r i c a t e d  by a gas  and 
o i l - m i s t  mixture  c i r c u l a t e d  through a c losed-loop l u b r i c a t i o n  and cool-  
i n g  system. Each bea r ing  i s  provided with 0 . 0 0 1 1  lb/min of  MIL-L-7808 
o i l .  The gas  and o i l - m i s t  i s  scavenged from each bea r ing  c a v i t y  and 
through a d u c t  a t  t h e  bottom of  t h e  BRU-R. Two noncontact ing seals 
surround each bea r ing  c a v i t y  t o  prevent  t h e  o i l - m i s t  from e n t e r i n g  t h e  

a l t e r n a t o r  c a v i t y  and t h e  Brayton c y c l e  loop ,  3 s  shown i n  F igure  7 .  
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ALTERNATOR ROTOR 

RADIAL LABYRINTH SEAL 

R E S I L I E N T  MOUNT 

TURBINE c 
ANGULAR CONTACT BALL BEARING 

CARBON-NOSE FACE SEAL 

BRU-R TURBINE BEARING AND SEAL CONFIGURATION 

FIGURE 7 
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The angular  contact bear ings  have a bore diameter  of 30 mm, an o u t s i d e  
diameter of 55 mm, and a width of 1 3  mm. M - 5 0  t o o l  s teel  i s  used i n  
t h e  r i n g  and t h e  b a l l s .  The b a l l  diameter  i s  9/32 i n .  The inner -  and 
outer - race  cu rva tu res  are 56 and 5 4  percen t ,  r e s p e c t i v e l y ,  of t h e  b a l l  
diameter .  The angular  c o n t a c t  b a l l  bear ing  and t h e  r e s i l i e n t  mount a r e  
shown i n  F igure  8.  The bea r ing  r e s i l i e n t  mount has  a s t i f f n e s s  of 
3 0 , 0 0 0  t o  4 0 , 0 0 0  l b / in .  

There are t w o  seals t h a t  i s o l a t e  each bea r ing  and prevent  leakage 
i n t o  t h e  Brayton c y c l e  loop: one i s  a radial-gap l a b y r i n t h  s e a l  and 
t h e  o t h e r  is  a carbon-nose bel lows f a c e  seal. Separa t ing  each bear ing  
c a v i t y  from t h e  a l t e r n a t o r  c a v i t y  i s  a r a d i a l  gap s e a l ,  a nonro ta t ing  
l a b y r i n t h  type  with a f i x e d - r a d i a l  c learance  (Figure 9 ) .  The p re s su re  
i n  t h e  a l t e r n a t o r  c a v i t y  i s  h igher  than t h a t  i n  t h e  bear ing  c a v i t y ,  
r e s u l t i n g  i n  a " c o n t r o l l e d  leakage" from t h e  a l t e r n a t o r  ac ross  t h e  
r a d i a l  gap i n t o  the bea r ing  c a v i t y .  The s e a l  l oca t ed  between t h e  
compressor impe l l e r  and t h e  ad jacen t  bear ing ,  as w e l l  a s  t h a t  between 
t h e  t u r b i n e  wheel and i t s  ad jacen t  bea r ing ,  i s  a carbon-nose, bellows 
f a c e  seal. This s e a l  and i t s  r o t o r  are shown i n  Figure 1 0 .  A Rayleigh 

s tepped-sec tor  gas bea r ing  i s  incorpora ted  i n  t h e  carbon nose of t h e  
f a c e  seal. The seal  d i f f e r e n t i a l  p re s su re  c o n t r o l  of t h e  l u b r i c a t i o n  
and cool ing  system c o n t r o l s  t h e  p re s su re  i n  t h e  bear ing  c a v i t y  t o  g ive  
a p res su re  t h a t  i s  less than t h a t  a t  t h e  compressor impe l l e r  hub. T h e  

p re s su re  a t  t h e  t u r b i n e  wheel hub i s  s l i g h t l y  h igher  than t h a t  a t  t h e  
compressor impe l l e r ,  so t h a t  t h e r e  i s  always a "con t ro l l ed  leakage" 
ac ross  t h e  f a c e  s e a l  i n t o  the  bea r ing  c a v i t y .  

3.5 A l t e r n a t o r  Housing Assembly 

The a l t e r n a t o r  housing assembly con ta ins  t h e  ins t rumenta t ion  
r e c e p t a c l e  housing,  t h e  a l t e r n a t o r  s t a t o r  and f i e l d  c o i l s ,  t h e  power 
ou tpu t  r e c e p t a c l e ,  a l l  coo lan t  supply f i t t i n g s ,  and a l l  p re s su re  t a p  
f i t t i n g s .  The a l t e r n a t o r  housing is  t h e  nucleus t o  which a l l  s t r u c -  
t u r a l  t ies  a r e  made. The compressor end i s  shown i n  Figure 11. To 
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each end, an i n g o t  i r o n  end-bel l  is  bo l t ed  t o  complete t h e  f l u x  pa th  
of t h e  a l t e r n a t o r .  To these, t h e  bear ing  c a r r i e r  assemblies ,  provid- 
i n g  t h e  suppor t  and p o s i t i o n i n g  of t h e  a l t e r n a t o r  r o t o r ,  a r e  bo l t ed .  
The seal c a r r i e r  assemblies  t h a t  p o s i t i o n  t h e  carbon-nose seals are 
b o l t e d  t o  t h e  bear ing  c a r r i e r  assemblies.  The t u r b i n e  s e a l  carrier 
assembly has i n t e r n a l  cool ing  passages f o r  e x t r a c t i o n  of h e a t  from 
t h e  t u r b i n e  s i d e .  T h e  housing assembly has p i l o t e d  diameters  f o r  
p o s i t i o n i n g  t h e  t u r b i n e  and compressor s c r o l l s .  The blade c learances  
f o r  t h e  s c r o l l s  a r e  obtained by machining s c r o l l  spacers .  Flanges a r e  
provided on t h e  a l t e r n a t o r  housing and on the s c r o l l s  f o r  t h e  a t t a c h -  
ment of s e a l i n g  channels .  The p rov i s ion  f o r  t h e s e  s e a l i n g  channels  is 
a l s o  made a t  t h e  ins t rumenta t ion  r e c e p t a c l e  housing and a t  t h e  bear ing 
d r a i n  f l ange  and a r e  welded t o  t h e  f langes  dur ing  f i n a l  p repa ra t ion  

f o r  t e s t  opera t ion .  

The BRU-R i s  instrumented w i t h  3 2  thermocouples (Figure 1 2 )  and 
three capac i tance  probe speed pickups.  These a r e  loca ted  a t  t h e  

compressor end of t h e  BRU-R (Figure 1 2 ) .  
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4 .  BRU-R LUBRICATION AND COOLING SYSTEM 

Each bea r ing  of t h e  BRU-R i s  l u b r i c a t e d  and cooled by a gas  and 
o i l - m i s t  mixture  t h a t  i s  c i r c u l a t e d  i n  a c l o s e d ,  he rme t i ca l ly  s e a l e d  
loop. The des ign  of t h e  BRU-R Lubr i ca t ion  and Cooling System (LCS) 

evolved from s e v e r a l  p re l imina ry  des ign  c o n f i g u r a t i o n s ,  as  d e t a i l e d  i n  
Appendix B. This  s e c t i o n  d i s c u s s e s  t h e  f i n a l  des ign  t h a t  w a s  used i n  
t h e  t es t  program reviewed i n  Sec t ion  1 0 .  

The BRU-R Lubr i ca t ion  and Cooling System c o n s i s t s  of a two-stage 
water-cooled compressor d r i v e n  by an e lec t r ic  motor, a p o s i t i v e  d i s -  

placement o i l - l u b r i c a t o r  pump and r e s e r v o i r ,  a s e a l  d i f f e r e n t i a l  pres-  
s u r e  c o n t r o l ,  loop in s t rumen ta t ion  and c o n t r o l  pane l s ,  and a s s o c i a t e d  
f i l t e r s ,  heat-exchangers,  and va lves .  The Lubr i ca t ion  and Cooling Sys- 
t e m  i n j e c t s  a c o n t r o l l e d  amount of  o i l  i n t o  a gas  s t ream and d i r e c t s  
t h i s  o i l - m i s t  and gas  mixture  t o  t h e  bear ings .  The system a l s o  pro- 
v i d e s  c l e a n  dry  purging gas  t o  t h e  a l t e r n a t o r  c a v i t y .  The s e a l  d i f f e r -  
e n t i a l  c o n t r o l  r e g u l a t e s  t h e  p r e s s u r e  of t h e  bear ing  c a v i t y  lower than 
t h e  compressor hub, p reven t ing  o i l - m i s t  from migra t ing  i n t o  t h e  Brayton 
cyc le .  The system f i l t e r s  t h e  o i l  from t h e  gas  stream, compresses t h e  
g a s ,  f i l t e r s  it aga in ,  and r e t u r n s  t h e  gas  t o  t h e  o i l  i n j e c t o r .  The 
BRU-R and t h e  Lubr i ca t ion  and Cooling System are designed f o r  ope ra t ion  
a t  t h e  NASA Space Power F a c i l i t y  (SPF) a t  Plum Brook. 

4 . 1  Lubr i ca t ion  and Cooling System Desc r ip t ion  

A schematic  of t h e  Lubr i ca t ion  and Caoling System i s  shown on 
Drawing 699220  i n  Appendix D. The major components are t h e  compressor 
t ank ,  t h e  l u b r i c a t o r  t ank ,  t h e  s e a l  d i f f e r e n t i a l  p re s su re  c o n t r o l ,  and 
t h e  c o n t r o l  pane l s .  I n  t h e  NASA Space Power F a c i l i t y ,  t h e  Lubr ica t ion  
and Cooling System w i l l  c o n t a i n  t h e  same gas  as  used i n  t h e  Brayton 
c y c l e  loop--a helium-xenon mixture  of molecular  weight 83.8. During 
development t e s t i n g ,  argon w a s  employed as  t h e  working f l u i d .  
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Refer r ing  t o  Drawing 6 9 9 2 2 0 ,  t h e  gas  and o i l - m i s t  mixture  e n t e r  
t h e  compressor tank through t h e  water-cooled heat-exchanger HX-1  where 
it i s  cooled t o  approximately lOOOF and then  passed t o  t h e  sump a rea .  
The o i l -mis t  e n t r a i n e d  i n  t h e  gas  is  f i l t e r e d  o u t  i n  t h e  polyfoam f i l -  
t e r  (F-2)  and d r i p s  i n t o  t h e  sump. The r e l a t i v e l y  c l e a n  gas  i s  drawn 
i n t o  t h e  compressor (C -1 )  through a coa r se  f i l t e r  (F-5).  The gas  leav-  
i n g  t h e  compressor i s  cooled t o  approximately l O O O F  by t h e  heat-  
exchanger ( H X - 2 )  and passed through an automatic  d r a i n  v o r t e x  f i l t e r  
(F-3) t o  remove any o i l  picked up dur ing  compression. The gas  pas ses  
t o  t h e  r e c e i v e r  where a motorized remote-control back-pressure regula-  
t o r  (R-2 )  main ta ins  a p r e s s u r e  of  approximately 80 p s i a .  The gas  
pas ses  from t h e  r e c e i v e r  through t h e  f i l t e r s  ( F - l ) ,  where t h e  remaining 
traces of o i l  are  removed, and t h e  c l e a n  gas  i s  then pumped through t h e  
w a l l  of t h e  space chamber t o  an e l e c t r i c a l l y  heated heat-exchanger 
where the  gas  i s  r a i s e d  t o  approximately 100 'F .  

The gas  e n t e r s  t h e  l u b r i c a t o r  tank and i s  aga in  f i l t e r e d  by  an 
automatic  d r a i n  f i l t e r  and r egu la t ed  t o  approximately 6 6  p s i a  by a motor- 
i z e d  remotely c o n t r o l l e d  r e g u l a t o r  (Reg-1). The gas  a t  t h i s  p o i n t  can 
bypass around an o i l - m i s t  i n j e c t o r  ( p o s i t i v e  displacement  pump, L-1)  o r  
through it a t  t h e  o p t i o n  of t h e  opera tor .  Solenoid va lves  (V-4 and V-5) 
provide t h i s  f e a t u r e .  From t h e  downstream s i d e  of  Reg-1, c l e a n  gas  i s  
a l s o  passed through a son ic  o r i f i c e  t o  t h e  a l t e r n a t o r  c a v i t y  of t h e  
BRU-R. The s o n i c  o r i f i c e  serves t o  l i m i t  t h e  flow of helium-xenon gas 
t o  t h e  a l t e r n a t o r  c a v i t y  t o  0 . 2  lb/min under a l l  cond i t ions  of o p e r a t i o n  
The gas  t h a t  bypasses  around o r  through t h e  l u b r i c a t o r  i s  ducted t o  t h e  
BRU-R bea r ing  c a v i t i e s  through two s o n i c  o r i f i c e s ,  which serve t o  l i m i t  
t h e  flow t o  each b e a r i n g  t o  approximately 1 . 9 0  lb/min. A f t e r  pas s ing  
through t h e  b e a r i n g s ,  t h e  coo l ing  gas  and o i l - m i s t  i s  drawn from t h e  
bottom of  t h e  BRU-R and ducted back through t h e  space chamber w a l l  t o  
c o n t r o l  va lves  V-1  and V-2. These v a l v e s  are p a r t  of an automated con- 
t r o l  system t o  maintain a f i x e d - d i f f e r e n t i a l  p r e s s u r e  between t h e  cav- 
i t y  back of t h e  BRU-R compressor impe l l e r  (P,) and the bea r ing  c a v i t y  
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pres su re  ( P 2 ) .  

leakage of o i l - m i s t  i n t o  t h e  Brayton cyc le  thermodynamic loop. As t h e  
gas  leaves  t h e  V-1  and V-2 va lves  and r e t u r n s  t o  t h e  compressor tank,  
t h e  l u b r i c a t i o n  and cool ing  loop is closed.  The thermocouple l o c a t i o n s  
i n  t h e  l u b r i c a t i o n  and cool ing  system are shown i n  Appendix D ,  Drawing 
303913 e 

The d i f f e r e n t i a l  p re s su re  i s  requi red  t o  prevent  

4.2 Seal D i f f e r e n t i a l  Pressure  Control  

The automatic  r e g u l a t i o n  of t h e  bear ing  c a v i t y  p re s su re  is  
accomplished wi th  t h e  seal  d i f f e r e n t i a l  p re s su re  con t ro l .  A block 
diagram of t h e  c o n t r o l  is  shown i n  Figure 13. 

The t r a n s m i t t e r  (Figure 1 4 )  senses  t h e  d i f f e r e n t i a l  p re s su re  i n  a 
l i q u i d - f i l l e d  diaphragm-sealed element  and e x e r t s  a f o r c e  on a p ivoted  
beam. The movement of t h e  beam v a r i e s  t h e  r e luc t ance  of a force-  
ba lance-de tec tor  u n t i l  t h e  feedback t ransducer  mounted on t h e  p ivoted  
beam e x e r t s  an equal  ba lanc ing  fo rce .  

The d e v i a t i o n  i n d i c a t i n g  c o n t r o l l e r  (Figure 15)  i s  b a s i c a l l y  an 
analog computer t h a t  compares t h e  mil l iamp s i g n a l  received from t h e  
d i f f e r e n t i a l  p re s su re  t r a n s m i t t e r  t o  a s e t - p o i n t ,  i n d i c a t e s  t h e  devia-  
t i o n ,  and s u p p l i e s  a mill iamp ou tpu t  s i g n a l  from an o p e r a t i o n a l  ampli- 
f i e r .  The a m p l i f i e r  relates t h e  i n p u t  t o  t h e  output  s i g n a l  through a 
feedback pa th  r egu la t ed  by a d j u s t a b l e  responses .  The c o n t r o l l e r  can 
be set  t o  maintain a set  d i f f e r e n t i a l  p re s su re  between 0.0 t o  0.75 p s i  
and can be opera ted  i n  e i t h e r  an automatic  o r  a manual mode. The 
normal s e t t i n g  i s  t h e  automatic  mode with a set p o i n t  o r  a process  
c o n t r o l  va lue  of 60  percent .  This r e s u l t s  i n  a con t ro l l ed  d i f f e r e n t i a l  
p re s su re  of 0.45 p s i .  

I n  t h e  electropneumatic  t r ansduce r  (Figure 1 6 ) ,  t h e  a i r  p re s su re  
is  regu la t ed  t o  provide a pneumatic ou tpu t  s i g n a l  p ropor t iona l  t o  t h e  

mill iamp i n p u t  s i g n a l .  
t i o n e r s  and c o n t r o l  va lves  shown i n  Figure 1 7 .  

The pneumatic s i g n a l  powers t h e  va lve  posi-  
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4.3 Compressor Tank 

The compressor tank conta ins  t h e  gas compressor and t h e  primary 
gas clean-up mechanism. The compressor tank i s  shown i n  Figure 1 8  and 
wi th  t h e  cover  removed i n  Figure 1 9 .  The compressor tank has  a f i t t i n g  
wi th  a p re s su re  rup tu re  diaphragm r a t e d  a t  20 t o  25 p s i ;  t h i s  f i t t i n g  
i s  f o r  a t tachment  t o  t h e  NASA gas clean-up system. 

The components w i t h i n  t h e  compressor tank a r e  a compressor and 
motor, thEee water-cooled heat-exchangers ,  fou r  f i l t e r s ,  and a gas 
r e c e i v e r  with a motorized remote c o n t r o l  back p res su re  r e g u l a t o r .  
There a r e  two f i l t e r s  (F-1) o u t s i d e  t h e  tank connected i n  p a r a l l e l  
(Figure 2 0 ) .  The motorized r e g u l a t o r  i s  s i m i l a r  t o  t h a t  shown i n  
Figure 23. 

4 . 4  Lubr i ca to r  Tank 

The l u b r i c a t o r  tank conta ins  t h e  mechanism f o r  providing t h e  o i l -  
m i s t  t o  t h e  helium-xenon gas flow. T h e  l u b r i c a t o r  tank i s  shown w i t h  

t h e  cover  removed i n  Figure 21 .  

The components of t h e  l u b r i c a t o r  tank a r e  an e l e c t r i c a l l y - h e a t e d  
heat-exchanger ( loca t ed  o u t s i d e  of t h e  t a n k ) ,  an automatic  d r a i n  
f i l t e r  (Figure 2 2 ) ,  a remotely c o n t r o l l e d  motorized r e g u l a t o r ,  two 
so leno id  va lves ,  a p o s i t i v e  displacement  meter ing pump, a check va lve ,  
a p re s su re  t r ansduce r ,  a v e n t u r i  mixing s e c t i o n ,  and an o i l  r e s e r v o i r .  
The remotely c o n t r o l l e d  motorized r e g u l a t o r  is  shown i n  Figure 23. 
There are two so leno id  va lves  i n  t h e  l u b r i c a t o r  tank; one i s  a normal- 
l y  c losed va lve  and t h e  other a normally open valve.  A t y p i c a l  va lve  
is  shown i n  F igure  2 4 .  

The o i l  i s  i n j e c t e d  i n t o  t h e  gas stream wi th  a p o s i t i v e  d i sp lace -  
ment l u b r i c a t i o n  system shown i n  Figure 25. This system c o n s i s t s  of a 

meter ing pump, a p re s su re  t r ansduce r ,  a check va lve ,  and a v e n t u r i  
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s e c t i o n .  The p o s i t i v e  displacement  meter ing pump i s  shown i n  F igure  
2 6 .  Mounted on t h e  d i scha rge  of t h e  pump i s  t h e  p re s su re  t ransducer  
and poppet check va lve .  The t r ansduce r  s enses  the p res su re  build-up 
of t h e  pump and provides  an i n p u t  s i g n a l  t o  an e l e c t r o n i c  swi tch  t h a t  
b l i n k s  a l i g h t  on t h e  l u b r i c a t o r  con t ro l  pane l .  This l i g h t  w i l l  b l i n k  
approximately 3 0  t i m e s  a minute when t h e  pump i s  p rope r ly  supplying o i l  
t o  the  gas  f l o w ,  The poppet check va lve  provides  a p o s i t i v e  d i scha rge  
p r e s s u r e  t o  a l l o w  t h e  pump's i n t e r n a l  check valves t o  seat  and thereby  
provide  p r e c i s e  f l o w  c o n t r o l .  The o i l  from t h e  d ischarge  of t h e  check 
valve i s  i n j e c t e d  i n t o  t h e  upstream side of a v e n t u r i  s e c t i o n .  Then 
it i s  carried away from t h e  i n j e c t o r ,  accelerated i n  t h e  v e n t u r i  sec- 
t i o n ,  atomized, and thoroughly mixed wi th  t h e  helium-xenon gas  flow. 
T h e  l a s t  component of the  l u b r i c a t o r  tank is  an o i l  r e s e r v o i r  f i t t e d  
w i t h  an o i l  l eve l  i n d i c a t o r  and an e lectr ical  h e a t e r  r egu la t ed  w i t h  a 
thermosta t .  T h e  o i l  l e v e l  i s  d i sp layed  on t h e  l u b r i c a t o r  c o n t r o l  
pane l  w i t h  a d i g i t a l  vo l tme te r . .  The o i l  c a p a c i t y  of t h e  r e s e r v o i r  i s  
s u f f i c i e n t  f o r  approximately 26 h r  of t e s t i n g .  A remote o i l - f i l l  
should be provided t o  r e p l e n i s h  t h e  r e s e r v o i r .  This supply can con- 
s i s t  of a so l eno id  valve, a pump, and a large o i l  r e s e r v o i r  t h a t  can 
be set  up a t  a convenient  l o c a t i o n  o u t s i d e  of t h e  l u b r i c a t o r  tank.  

4 . 5  Con t ro l  and Ins t rumenta t ion  Panels  

There are t w o  c o n t r o l  pane l s  and t h r e e  in s t rumen ta t ion  pane l s  f o r  
t h e  BRU-R l u b r i c a t i o n  and coo l ing  system. These pane ls  con ta in  t h e  

c o n t r o l s  fo r  t h e  d i f f e r e n t i a l  p re s su re ,  t h e  compressor tank ,  t h e  lub- 

r icator  t ank ,  and t h e  i n d i c a t o r s  of t h e  loop p res su re  t r ansduce r s .  

The t w o  c o n t r o l  pane l s  are f o r  t h e  gas-flow and t h e  l u b r i c a t o r .  
The cool ing  gas flow and t h e  c o n t r o l l a b l e  p r e s s u r e s  can be r e g u l a t e d  
from t h e  gas  flow c o n t r o l  pane l  (Figure 27). The swi tch  l abe led  
"Bearing Cooling F l o w  V-4/V-5" c o n t r o l s  the so leno id  va lves  w i t h i n  t h e  
l u b r i c a t o r  tank.  When t h e  s w i t c h  but ton  t i t l e d  " G a s / O i l "  i s  depressed ,  
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t h e  valve V-4 i s  opened and t h e  valve V-5 i s  closed;  t h e  helium-xenon 
gas flows through t h e  o i l -mis t  i n j e c t o r  s e c t i o n .  T h i s  is  t h e  normal 
run p o s i t i o n .  When t h e  s w i t c h  bu t ton ,  " G a s  Only", i s  depressed, t h e  

red l i g h t  above t h e  swi t ch  w i l l  be i l l umina ted ,  and t h e  helium-xenon 
gas  w i l l  bypass t h e  o i l -mis t  i n j e c t o r  s e c t i o n ;  t h e  valve V-4 w i l l  be 

c losed  and t h e  va lve  V-5 w i l l  be opened. The gas-flow c o n t r o l  panel  
also conta ins  t h r e e  switches l abe led  " Increase-Decrease" t h a t  c o n t r o l  
t h e  e l e c t r i c a l l y - h e a t e d  heat-exchanger (HX-3) and pressures  P-5 and 
P-7. A voltmeter  i s  loca ted  ad jacen t  t o  t h e  c o n t r o l  switch f o r  t h e  
HX-3 heat-exchanger. The P-5 and P-7 switches c o n t r o l  t h e  p o s i t i o n  
of t h e  Reg-1 and Reg-2 motorized r e g u l a t o r s ,  r e spec t ive ly .  

The  o i l  i n j e c t i o n  i n t o  t h e  cool ing  gas flow can be r egu la t ed  w i t h  
t h e  l u b r i c a t o r  c o n t r o l  pane l  (Figure 28). The o i l  l e v e l  i n  t h e  reser- 
v o i r  w i t h  t h e  l u b r i c a t o r  tank i s  ind ica t ed  on t h e  d i g i t a l  vol tmeter .  
The l u b r i c a t o r  panel conta ins  a l i g h t  t o  i n d i c a t e  when t h e  pump i s  
i n j e c t i n g  oil i n t o  t h e  gas stream; t h i s  l i g h t  w i l l  b l i nk  a t  a r a t e  of 
approximately 30 t i m e s  a minu te  and has a "Press-to-Test" bu t ton .  

Figure 29 i l l u s t r a t e s  three ins t rumenta t ion  panels .  The r i g h t  
hand panel  con ta ins  t h e  p re s su re  t ransducer  i n d i c a t o r s  f o r  t h e  loop 
p res su res  P-5, P-6, P-9, and P-10. P-5 i s  t h e  pressure  downstream 
from t h e  l u b r i c a t o r  pump; P-6 is  t h e  p re s su re  w i t h i n  t h e  compressor 
tank;  P-9 i s  t h e  p re s su re  of t h e  purge gas supply t o  t h e  a l t e r n a t o r  
c a v i t y ;  P-10 i s  t h e  p re s su re  wi th in  t h e  l u b r i c a t o r  tank. The middle 
panel  conta ins  t h e  p re s su re  t ransducer  i n d i c a t o r s  f o r  t he  loop pres-  
s u r e s  P-3, P-4, P-7, and P-8. P-3 i s  t h e  p re s su re  wi th in  t h e  a l t e r -  
n a t o r  purge c a v i t y ;  P-4 i s  t h a t  a t  t h e  tu rb ine  hub; P-7 i s  t h e  pres-  
s u r e  of t h e  d ischarge  of helium-xenon a s  it l eaves  t h e  compressor tank;  
P-8 i s  t h e  loop pres su re  downstream f r o m  t h e  F-1 f i l t e r s .  The l e f t  
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hand panel  con ta ins  t h e  d e v i a t i o n  c o n t r o l l e r  and t h e  p re s su re  
t r ansduce r  i n d i c a t o r s  f o r  t h e  compressor hub (P-1) and t h e  be 

c a v i t y  (P-2) e 

A complete l u b r i c a t i o n  and coo l ing  system schematie i s  i n  
Appendix D ,  Drawing 699220.  
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5. BEARING DESIGN AND TEST EVALUATION 

The bear ings  i n  t h e  BRU-R w e r e  designed t o  support  t h e  a x i a l  and 
radial  loads of t h e  t u r b i n e  wheel, compressor impe l l e r ,  and a l t e r n a t o r  
r o t o r .  The two 30-mm b a l l  bear ings  are mounted i n  r e s i l i e n t  four- lobe 
f l e x  mounts. The r e s i l i e n t  mount ad jacen t  t o  t h e  compressor i s  spr ing-  
loaded t o  provide an a x i a l  preload on both bear ings .  
i n d i v i d u a l l y  cooled and l u b r i c a t e d  with a helium-xenon gas mixture  with 
o i l -mis t .  

Each bear ing  i s  

5.1 S h a f t  Dynamics 

As with  many des igns  of r o t a t i n g  equipment, t h e  BRU-R s h a f t  
dynamic c h a r a c t e r i s t i c s  d i c t a t e d  t h e  s e l e c t i o n  of bear ing  s i z e  and 
span. Figure 30 shows t h e  e l a s t i c  and mass model of t h e  BRU-R assembly 
used t o  e s t a b l i s h  t h e  r o t o r  dynamics. The bear ing  span was placed a t  
8.650 i n .  i n  conjunct ion w i t h  a 30-mm bear ing  bore s i z e .  This config- 
u r a t i o n  r e s u l t e d  i n  a r o t o r  fundamental ( f r e e - f r e e )  bending mode c r i t i -  
cal  speed of 53,600 rpm, which i s  24 percen t  above t h e  designed 120- 
percen t  overspeed requirement  of 43,200 rpm. Figure 31 shows t h e  f i r s t  
two c r i t i c a l  speeds a s  a func t ion  of bear ing  s t i f f n e s s .  The a n a l y s i s  
revea led  t h a t  with so l id-bear ing  mounting (implying a s t i f f n e s s  i n  t h e  
order of 250 ,000  l b / i n . ) ,  t h e  f i r s t  two c r i t i c a l  speeds would be very 
near  t h e  ope ra t ing  speed of 36,000 rpm. Consequently, r e s i l i e n t  bear-  
i n g  mounts w e r e  incorpora ted  t o  reduce t h e  f i r s t  and second c r i t i c a l  
speeds.  Using a r e s i l i e n t  mount s t i f f n e s s  of 3 0 , 0 0 0  t o  40,000 l b / i n . ,  
t h e  f i r s t  and second c r i t i ca l  speeds a r e  reduced t o  1 0 , 0 0 0  t o  1 5 , 0 0 0  rpm 
and w e l l  below t h e  normal opera t ing  speed. These c r i t i ca l  v i b r a t i o n  
ranges w e r e  v e r i f i e d  dur ing  coastdown tes ts ,  as discussed i n  10.2.2.1. 
Figure 32 shows t h e  conf igu ra t ion  of t h e  r e s i l i e n t  mount designed f o r  
t h e  BRU-R. 
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The dynamic ope ra t ing  loads  on t h e  r e s i l i e n t l y  mounted bear ings  
f o r  a r o t o r  cg e c c e n t r i c i t y  of 0.0002-in. are shown i n  F igure  33. The 
loads  remain low even a t  t h e  overspeed of 43,200 rpm. 

5.2 Bearing Desiqn 

The ro l l ing-e lement  bear ings  w e r e  optimized f o r  t h e  BRU-R t o  f u l -  
f i l l  t h e  system requirements  of minimum power loss  and w e a r ,  l i g h t  
weight ,  and h igh  r e l i a b i l i t y  ( t i m e  between overhaul ,  500 h r )  and y e t  
t o  s t a y  wi th in  p r e s e n t  bear ing  des ign  and manufacturing technology t o  
ensure  t h e i r  a v a i l a b i l i t y .  This  is  normal des ign  p r a c t i c e  f o r  high- 
speed turbomachinery bear ings .  

The des ign  s e l e c t e d  as a r e s u l t  of t h e  bear ing  opt imiza t ion  pro- 
gram i s  shown i n  F igure  34. The major c h a r a c t e r i s t i c s  are: 

Bore diameter  
Outside diameter  
Width 
B a l l  d iameter  
Inner-race curva ture  
Outer-race curva ture  
Contact angle  
Ring and b a l l  material 

Separa tor  material 

30 mm 
55 mm 
13  mm 
9/32 i n .  
56% of b a l l  diameter  
54% of b a l l  diameter  
22  deg 
Consumable-electrode vacuum- 
melted M-50 t o o l  steel  
4340 Steel, s i l v e r - p l a t e d  

The c a l c u l a t e d  m a x i m u m  bear ing  power l o s s e s  wi th  o i l -mis t  l ub r i ca -  
t i o n  are 1 9 1  w a t  t h e  t u r b i n e  end and 1 9 0  a t  t h e  compressor end. The 
B10 l i f e  of t h e  turbine-end bear ing  i s  25,260 h r  and of t h e  compressor- 
end bear ing  is  25,623 h r .  This r e s u l t s  i n  a minimum system l i f e  of 

13,770 h r  and g ives  a 3100-hr t i m e  between overhaul  (TBO).  
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The design of rol l ing-element  bear ings f o r  r e l i a b l e  opera t ion  a t  
high speeds i n  turbomachinery i s  complicated by condi t ions  t h a t  do not  
e x i s t  o r  do n o t  a f f e c t  bear ing  performance a t  low speeds.  Some of 
t h e s e  condi t ions  a re :  

( a )  Cen t r i fuga l  loading of t h e  ou te r  r ace  and r o l l i n g  elements 

(b)  Skidding a t  t h e  roll ing-element-to-race contac ts  

(c) Localized hea t ing  a t  t h e  con tac t s  

Analysis of t h e s e  e f f e c t s  i s  complex and r e q u i r e s  t h e  u s e  of d i g i t a l  
computer techniques.  The method used i n  t h e  a n a l y s i s  of t h i s  appl ica-  
t i o n  was developed by M r .  A.  B. Jones,  Jr.,  whose theory has been pub- 
l i s h e d  by M c G r a w - H i l l  Book Company i n  Sect ion 3 of t h e  "Mechanical 
Design and Sys t e m s  Handbook. 'I 

I n  conjunct ion with Figure 33,  t h e  r a d i a l  loads due t o  e c c e n t r i c i t y  
i n  t h i s  a n a l y s i s  w e r e  1 0  l b  a t  t h e  compressor bear ing and 6 a t  t h e  

t u r b i n e  bear ing .  A t o t a l  of 16.75 l b  of s t a t i c  r a d i a l  load accounted 
f o r  s h a f t  and wheel weights.  An a x i a l  component of 31 l b  due t o  aero- 
dynamic imbalance w a s  a l s o  assumed. 

5 . 2 . 1  Bearing Power Loss 

Power loss from bear ing  f r i c t i o n  has t w o  poss ib l e  causes:  one, 
e f f e c t s  due t o  bear ing  speed and l u b r i c a n t  v i s c o s i t y ,  and t h e  o t h e r ,  
due t o  the  e f f e c t  of load.  The e f f e c t  of l u b r i c a n t  v i s c o s i t y  on bear- 
i n g  f r i c t i o n  is  predominant a t  i nc reas ing  speeds but  i s  almost inde- 
pendent of bear ing  geometry and s m a l l  a t  low speeds.  For t h e  opera t ing  
condi t ions  of t h i s  a p p l i c a t i o n ,  t h e  bear ing  power loss due t o  l u b r i c a n t  
v i s c o s i t y  i s  approximately 55 percent  of t h e  t o t a l ,  wi th  o i l - m i s t  
l u b r i c a t i o n .  This would inc rease  t o  84  percent  i f  o i l - j e t  l u b r i c a t i o n  
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w e r e  used, and t h e  ca l cu la t ed  bear ing  power l o s s e s  would inc rease  t o  
532 w a t  t h e  t u r b i n e  end and t o  531 a t  t h e  compressor end. 

Minimum bear ing  power loss i s  of paramount importance i n  t h i s  
a p p l i c a t i o n  because t h e  complete cool ing  system must be s i z e d  i n  propor- 
t i o n  t o  t h e  bear ing  l o s s e s .  Due t o  t h e  low s p e c i f i c  hea t  (Cp = 0.059) 
of t h e  H e - X e  cool ing  gas ,  approximately 0.9 lb/min gas flow i s  requi red  
t o  adeqnately remove each 1 0 0  w of h e a t  generated i n  t h e  bear ing.  For 
example, a nonoptimized bear iny of convent ional  design opera t ing  under 
t h e  BRU-R condi t ions  wi th  o i l -mis t  l u b r i c a t i o n  and a ca l cu la t ed  power 
l o s s  of 276 w would r e q u i r e  a gas cool ing  system 45 percent  l a r g e r  
than  requi red  f o r  t h e  optimized BRU-R bear ing.  

I n  t h e  a n a l y s i s  of bear ing system l i f e ,  t h e  B10 l i f e  f o r  each bear- 
i n g  w a s  determined. The ind iv idua l  bear ing l i v e s  w e r e  then combined 
s t a t i s t i c a l l y  t o  ob ta in  t h e  expected B 

l i f e  f o r  which 90 percen t  of t h e  bear ings  i n  t h e  system can be expected 
t o  surv ive  without  a f a t i g u e  f a i l u r e .  

l i f e  of t h e  system (LlO)--the 10 

To o b t a i n  t h e  system TBO, t h e  B10 l i f e  (Llo)  w a s  modified t o  ob- 
t a i n  t h e  B 

can be expected t o  su rv ive  without a f a t i g u e  f a i l u r e .  
l i f e  (L1)--the l i f e  f o r  which 99 percent  of t h e  bear ings 1 

Figure 35 shows t h e  r e l a t i o n s h i p  between B10 l i f e  (Llo) and bear- 
i n g  l i f e  (Lx) f o r  p r o b a b i l i t i e s  of s u r v i v a l  from 90.00  percent  t o  
99 .99  percent .  I t  can be seen t h a t  t h e  B1 l i f e  (L1) i s  0 . 2 2 5  t i m e s  
t h e  B10 l i f e  (Llo) .  

5.2.2 Race Curvature 

The curva ture  of t h e  inne r  and o u t e r  races inf luences  both bear ing 
power loss and f a t i g u e  l i f e .  General ly ,  t i g h t  curva tures  g ive  long 
f a t i g u e  l i f e  bu t  cause high power loss, while wi th  loose  curva tures  
t h e  r eve r se  is  t r u e .  
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I n  o rde r  t o  optimize f o r  t h i s  s p e c i f i c  a p p l i c a t i o n ,  r ace  
curva tures  ranging from 52 t o  56 percent  of t h e  b a l l  diameter were 
considered. 

Figures  36 and 37 show t h e  effects of r ace  curvature  on bear ing 
power loss and l i f e .  An outer-race curva ture  of 54 percent  and an 
i n n e r  of 56 pe rcen t  of t h e  b a l l  diameter w e r e  chosen. From t h e  curves,  
t h e  s l i g h t  power loss and l i f e  decrease  i s  ev ident  f o r  t he  curva tures  
greater than 56 percent .  I n  o rde r  t o  achieve minimum power loss, a 
56-percent inner - race  curva ture  w a s  selected. Outer-race curva ture ,  
however, has less in f luence  on torque than on bear ing system l i f e .  
Thus, a 54-percent outer-race curva ture  was selected t o  achieve a long 
l i f e .  

5.2.3 Contact Angle 

The angle of c o n t a c t  between t h e  races  and b a l l s  a f f e c t s  t h e  
th rus t - ca r ry ing  a b i l i t y  of t he  bear ing  and i t s  performance under com- 
bined r a d i a l  and a x i a l  loads .  

Analysis i nd ica t ed  t h a t  t h e  optimum con tac t  angle  would l i e  i n  
t h e  range between 20 and 30 deg. Since t h e  l i f e  of t h e  bear ing wi th  
t h i s  con tac t  angle i s  adequate (Figure 3 8 )  and t h e  contact-angle v a r i -  
a t i o n  due t o  load and speed i s  not  excess ive ,  t h e  22-deg con tac t  angle  
w a s  s e l e c t e d .  From Figure 39 it can be seen t h a t  minimum power loss  
would be obtained wi th  t h i s  angle .  

5.2.4 Preload 

The e f f e c t  of pre load  i s  t o  decrease f a t i g u e  l i f e  and inc rease  
power loss (Figures  4 0  and 4 1 ) .  Thus, it would s e e m  t h a t  a very low 
preload should be used. However, Figure 4 2  shows t h a t  t h e  pre load  a l s o  
in f luences  t h e  b a l l  s p i n / r o l l  r a t i o ,  which i s  a measure of t h e  skidding 
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and wear t h a t  w i l l  occur  between t h e  b a l l  and t h e  r ace .  I n  o rde r  t o  
minimize t h e  s p i n / r o l l  r a t i o ,  it i s  d e s i r a b l e  t o  use t h e  h i g h e s t  
p r a c t i c a l  preload-- in  t h i s  case  6 0  t o  1 0 0  l b .  

5.2.5 Mate r i a l s  

Consumable-electrode vacuum-melted (CEVM) M-50 t o o l  s teel  was 
s e l e c t e d  f o r  bear ing  r i n g s  and b a l l s  because of i t s  high temperature  
r e s i s t a n c e  and e x c e l l e n t  f a t i g u e - l i f e  c h a r a c t e r i s t i c s .  Bearings having 
CEVM M-50 r i n g s  and r o l l i n g  e lements  have f a t i g u e  l i v e s  up t o  1 0 . 7  

t i m e s  those  a t t a i n a b l e  wi th  t h e  use of convent ional  SAE 52100 bear ing  
steel. 

The s e p a r a t o r  material i s  s i l v e r - p l a t e d  SAE 4340  Steel .  Steel 

w a s  s e l e c t e d  r a t h e r  than bronze s i n c e  t h e  bear ing  temperatures  a r e  
expected t o  be as high as 350'F. A t  t h i s  temperature ,  bronze has poor 
mechanical p r o p e r t i e s ,  while  SAE 4340  Steel  maintains  good mechanical 
p r o p e r t i e s .  Thus, t h i s  s teel  i s  the b e t t e r  m a t e r i a l  f o r  t h i s  appl ica-  
t i o n .  

5.2.6 Separa tor  Design 

The s e p a r a t o r  i s  designed a s  a th in - sec t ion ,  ou te r - r ing  land- 
guided, one-piece machined-type t o  minimize drag and has s e v e r a l  advan- 
t a g e s  over  an inne r - r ing  land-guided design:  

(a) It al lows maximum flow of l u b r i c a n t  t o  t h e  ho t  i n n e r  r a c e  
and through t h e  bear ing .  

(b)  The r o t a t i n g  inne r - r ing  f o r c e s  t h e  l u b r i c a n t  t o  t h e  
separa tor /guid ing  land con tac t  which m i n i m i z e s  f r i c t i o n  

and wear. 
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(c)  The h e a t  genera ted  by s e p a r a t o r  rubbing i s  absorbed by t h e  
outer - rLig ,  which i s  normally t h e  c o o l e r  of t h e  t w o  and has  
t h e  l eas t  severe loading.  

5.2.7 Design Comparison 

The optimum bea r ing  des ign  f o r  t h i s  a p p l i c a t i o n  i s  nonstandard.  
F igu re  4 3  i s  a comparison between t h e  optimum and t h e  more convent iona l  
b e a r i n g  des ign .  

The t i g h t e r  race cu rva tu res  of t h e  convent iona l  des ign  would 
l o g i c a l l y  be expected t o  r e s u l t  i n  longer  f a t i g u e  l i f e  than t h a t  of 
t h e  optimized des ign ,  which has wide race cu rva tu res .  However, bear-  
i n g s  wi th  t i g h t  race cu rva tu res  r e q u i r e  r e l a t i v e l y  high t h r u s t  pre- 
l oads  t o  main ta in  c o n t a c t  between t h e  i n n e r  r ace  and t h e  b a l l s  i n  t h e  
r a d i a l l y  unloaded p o r t i o n  of t h e  race circumference.  This p reven t s  
excess ive  pounding of t h e  s e p a r a t o r  pockets  which can u l t i m a t e l y  cause 
premature bea r ing  f a i l u r e ,  Thus, t h e  minimum requ i r ed  pre load  f o r  t h e  

optimum des ign  i s  only 60 l b ,  whi le  t h a t  f o r  t h e  convent ional  des ign  
i s  1 2 0  l b .  This accounts  f o r  t h e  g r e a t e r  f a t i g u e  l i f e  and lower power 
loss c a l c u l a t e d  f o r  t h e  cptimum des ign .  

5.3 Bearing T e s t  Evalua t ion  

The tes t  e v a l u a t i o n  of t h e  bea r ings  w a s  performed i n  conjunct ion  
wi th  t h e  seal t e s t i n g  desc r ibed  i n  Sec t ion  6.3 and w e r e  performed i n  
t h e  bea r ing  and s e a l  t es t  r i g  shown i n  F igure  4 4 .  The eva lua t ion  con- 
s i s t e d  of o i l - m i s t  l u b r i c a t i o n  and bea r ing  endurance tests. For ex- 
pediency, t h e  o i l - m i s t  l u b r i c a t i o n  tests w e r e  performed wi th  20-mm b a l l  
bea r ings .  The bea r ing  and seal  t e s t  r i g  w a s  l a t e r  modified,  and endur- 
ance t e s t i n g  w a s  performed wi th  30-mm b a l l  bea r ings  of t h e  BRU-R des ign  
conf igu ra t ion .  
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5.3.1 O i l - M i s t  L u b r i c a t i o n  T e s t s  

E x p l o r a t o r y  tests of gas-cooled o i l -mis t  l ub r i ca t ed  b a l l  bearings 
w e r e  conducted w i t h  20-mm b a l l  bearings.  T h e  i n i t i a l  tests w e r e  per- 
formed over speed ranges b e t w e e n  2 0 , 0 0 0  and 6 5 , 0 0 0  r p m .  A p p r o x i m a t e l y  
2 0  h r  of t e s t i n g  w a s  a c c u m u l a t e d .  T h e  a i r /o i l -mis t  r a t i o s  (by w e i g h t )  

i nves t iga t ed  w e r e  as f o l l o w s :  

Mixture  R a t i o  
A i r / O i l  by Weight 

5 0 : l  

200 : 1 

400:  1 

800 :  1 

A i r f l o w  R a t e ,  O i l  F l o w  R a t e  ( 7 8 0 8 ) ,  
lb/min g m / m i n  

0 . 2 6 8 7  2 .440  

0 . 2 6 8 7  0 .610  

0 . 2 6 8 7  0 . 3 0 5  

0 . 2 6 8 7  0 . 1 5 2  

Severe bear ing  w e a r  w a s  encountered a f t e r  4 h r  of running a t  6 5 , 0 0 0  r p m  
w i t h  an a i r / o i l  mixture  of 8 0 0 : l .  

B e a r i n g  temperatures  w e r e  p r i m a r i l y  a func t ion  of t h e  cooling a i r  
mass f l o w  and v i r t u a l l y  independent of t h e  a i r / o i l  m i x t u r e  r a t io s  
tested. 

I n d u s t r i a l  a i r /o i l -mis t  l ub r i ca t ed  systems normal ly  operate w i t h  
airJoi.1 r a t io s  of 2 5 0 : l  t o  4 0 0 : l .  T h e s e  systems are very conservative 
and tend t o  supply an excess of o i l  f o r  l u b r i c a t i o n .  

B a s e d  on i n d u s t r i a l  practice and t h e  desire t o  min imize  t h e  o i l  
con t ro l  requi red  i n  t h e  BRU-R sys t em,  an a i r /o i l -mis t  r a t i o  of 4 0 0 : l  

w a s  selected fo r  test .  A 2 5 0 - h r  endurance t es t  w a s  run on t h e  20-mm 

bearing, opera t ing  a t  5 0 , 0 0 0  r p m  (DN = 1 , 0 0 0 , 0 0 0 )  w i t h  an a i r /oi l -mist  
r a t i o  of 4 0 0 : l .  T h e  cooling a i r f l o w  w a s  maintained a t  0 . 2 5  lb/min.  
B a s e d  on t h e  sa t i s fac tory  completion of t h i s  endurance t e s t ,  t h e  r i g  
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w a s  subsequent ly  modified t o  permi t  t e s t i n g  t h e  30-mm bea r ing  s i z e  
s e l e c t e d  f o r  t h e  BRU-R. T e s t s  w e r e  conducted on a commercially avail-  
a b l e  30-mm bea r ing ,  o p e r a t i n g  a t  36,000 rpm (DN = 1 , 0 8 0 , 0 0 0 )  t o  d e t e r -  
mine t h e  optimum coo l ing  a i r f low.  Airf lows w e r e  v a r i e d  between 0 .30  

and 0 . 5 0  lb/min while  t h e  o i l  flow w a s  he ld  cons t an t  a t  approximately 
0 . 0 0 1 1  lb/min ( a i r / o i l  r a t i o ,  4 0 0 : l  a t  0.50 lb/min a i r f l o w ) .  

Bearing temperatures  w e r e  measured by f o u r  e q u a l l y  spaced thermo- 
couples  welded t o  t h e  o u t e r  race of t h e  bear ing .  The bea r ing  tempera- 
t u r e s  a s s o c i a t e d  wi th  a coo l ing  a i r f l o w  of 0.30 lb/min averaged 1 4 7 O F  

as compared t o  an average of 137OF observed f o r  an a i r f l o w  of 0 .50  
lb/min. The temperatures  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  w e r e  uns t ab le  
and spanned a range of 35OF, whereas t h e  temperatures  a s s o c i a t e d  wi th  

, t h e  h ighe r  a i r f low w e r e  s t a b l e  and spanned a range of only 20°F.  

Using t h e  250-hr endurance t e s t  
a DN value of 1 , 0 0 0 , 0 0 0  as r e f e r e n c e  
t h e  equ iva len t  a i r f l o w  f o r  t h e  30-mm 
va lue  (36,000 rpm) w a s  c a l c u l a t e d  as 

on t h e  20-mm bear ing  ope ra t ing  a t  
f o r  s a t i s f a c t o r y  coo l ing  a i r f l o w ,  
bea r ing  ope ra t ing  a t  t h e  same DN 

approximately 0 . 4 6  lb/min. 

5 e 3.2 Beari'ng Endurance T e s t s  

Endurance t e s t i n g  of t h e  30-mm bea r ing  of t h e  BRU-R des ign  config-  
u r a t i o n  w a s  i n i t i a t e d  i n  conjunct ion  wi th  tes ts  of va r ious  seals. The 
coo l ing  a i r f l o w s  w e r e  maintained a t  0.45 t o  0 .50  lb/min and t h e  oil 
r e g u l a t e d  t o  0 . 0 0 1 1  ( i m e . ,  a i r / o i l  r a t i o  of 4 0 0 : l ) .  

F ive  bea r ings  were t e s t e d  i n  t h e  bea r ing  and seal  t e s t  r i g  f o r  a 
t o t a l  of 1864 hr--endurance tes t  t i m e s  of 132, 562, 78, 3 4 ,  and 1058 h r .  
The first bea r ing ,  wi th  a tes t  t i m e  of 132 h r ,  w a s  rep laced  because 
of roughness and a worn s e p a r a t o r  caused by an assembly error.  
a seal  t e s t ,  a scheduled disassembly f o r  seal i n s p e c t i o n  was performed, 
and upon reassembly, t h e  bea r ing  w a s  i n s t a l l e d  so t h a t  t h e  ax ia l  pre-  
load  w a s  app l i ed  i n  t h e  wrong d i r e c t i o n .  A f t e r  1 6  h r  of ope ra t ion  

During 

APS-5327-R 
Page 5-24 



AIRESEARCH MANUFACTURING COMPANY OFARIZONA 
A DIVISION OF THE GARRETT CORPORATION 

fo l lowing  t h i s  assembly e r r o r ,  roughness became apparent .  The bea r ing  
w a s  r ep laced ,  and t h i s  second one 'was  s u c c e s s f u l l y  opera ted  f o r  562 h r ,  
be fo re  it w a s  i n t e n t i o n a l l y  rep laced .  

The t h i r d  and f o u r t h  bear ings  w e r e  t e s t e d  f o r  78 and 34 hours ,  
r e s p e c t i v e l y .  These bea r ings  w e r e  removed because of problems t h a t  
appeared i n  t h e  t es t  r i g .  A f t e r  78 hours of ope ra t ion  on t h e  t h i r d  
bea r ing ,  a g r e a t l y  inc reased  flow of coo l ing  gas  t o  t h e  t e s t  r i g  w a s  
observed. Upon disassembly,  t h e  broken nozz le  supplying t h e  cool ing  
a i r  and o i l - m i s t  lodged i n  t h e  b e a r i n g  carr ier  (Figure 45) .  The nozzle  
i s  normally l o c a t e d  as shown i n  F igure  4 6 .  Fu r the r  i n v e s t i g a t i o n  
r evea led  t h a t  t h e  bea r ing  carrier had r o t a t e d  i n  a d i r e c t i o n  oppos i t e  
t o  t h a t  of t h e  bea r ing  and s h a f t  r o t a t i o n  wi th  s u f f i c i e n t  f o r c e  t o  
s h e a r  a 0.094-in.-dia a n t i r o t a t i o n  p i n  and break t h e  0.25-in. d i a  tube  
of t h e  coo l ing  nozzle .  However, bo th  t h e  BRU-R t e s t  bear ing  (30 mm) 
and t h e  b e a r i n g  of t h e  t es t  r i g  (25 mm) w e r e  f r ee - tu rn ing  and had no t  
s e i z e d .  In spec t ion  of t h e  BRU-R bea r ing  r evea led  t h a t  t h e  s i l v e r  p l a t e  
on t h e  4340 s e p a r a t o r  had been extruded and worn by t h e  b a l l s .  F igure  
47  shows a t y p i c a l  s e p a r a t o r  b a l l  pocket  wi th  t h e  s i l v e r  p l a t e  deforma- 
t i o n .  De ta i l ed  i n s p e c t i o n  of t h e  bea r ing  proved t h e  bear ing  b a l l s  and 
races w e r e  i n  e x c e l l e n t  c o n d i t i o n ,  a l though t h e  s i l v e r  p l a t e  on t h e  
s e p a r a t o r  w a s  excess ive ly  t h i c k .  The bea r ing  w a s  s e n t  t o  t h e  vendor 
f o r  an a n a l y s i s .  The t e s t  r i g  w a s  r e p a i r e d  and a new bea r ing  ( t h e  
f o u r t h )  w a s  i n s t a l l e d .  On t h e  theo ry  t h a t  t h e  h igh-ve loc i ty  coo l ing  
a i r  j e t  from t h e  nozz le  w a s  l oad ing  t h e  b a l l s  and s e p a r a t o r ,  a new 
nozz le  wi th  g r e a t l y  reduced a i r  v e l o c i t y  r e l a t i v e  t o  t h e  bea r ing  w a s  
f a b r i c a t e d  and i n s t a l l e d .  A f t e r  34 h r  of t e s t i n g ,  t h e  r i g  w a s  d i s -  
assembled and in spec ted .  The b e a r i n g  carr ier  had aga in  r o t a t e d  i n  a 
d i r e c t i o n  reverse t o  s h a f t  r o t a t i o n  b u t  had n o t  sheared t h e  a n t i r o t a -  
t i o n  p in .  The bear ing-separa tor  b a l l  pockets  showed s imi la r  wear 
of t h e  s i l v e r  p l a t e .  Considerable  f r e t t i n g  of t h e  bea r ing  carr ier  i n  
t h e  t es t  r i g  w a s  no t i ced  on both  tests where s e p a r a t o r  wear had been 
experienced.  The conclus ion  of t h e  vendor w a s  t h a t  t h e  bea r ing  had 
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been subjec ted  t o  high r a d i a l  loads.  The vendor 's  r e p o r t  emphasized 
t h a t  t h e  bear ing  was i n  e x c e l l e n t  condi t ion  d e s p i t e  t h e  s i l v e r  p l a t e  
smearing on t h e  s e p a r a t o r .  T h e  high r a d i a l  loads w e r e  undoubtedly 
caused by a loose  f i t  of t h e  bear ing  c a r r i e r .  The bear ing carrier and 
housing had experienced cons iderable  f r e t t i n g .  A t  t h e  t i m e  t h e  endur- 
ance t e s t i n g  w a s  terminated,  t h e  average c learance  between p a r t s  was 
over  0 .003  i n .  The bear ing  carrier and housing w e r e  reworked t o  a 
c learance  of 0.0003 i n .  

The f i f t h  bear ing  w a s  success fu l ly  tested f o r  a du ra t ion  of 1 0 5 8  

h r .  This bear ing  was t e s t e d  i n  conjunct ion with t h e  comparative and 
endurance tests of t h e  hydrodynamic f a c e  seals. The endurance t es t  
w a s  v o l u n t a r i l y  terminated i n  o rde r  t o  permit  assembly and s e t u p  of 
t h e  BRU-R and l u b r i c a t i o n  and cool ing  system. A t  t h e  completion of 
t h i s  test, t h e  bear ing  w a s  i n  e x c e l l e n t  condi t ion .  
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6 .  SEAL D E S I G N  AND TEST EVALUATION 

The seals i n  t h e  BRU-R w e r e  designed t o  minimize t h e  contamination 
of t h e  cyc le  working f l u i d  w i t h  t h e  l u b r i c a n t  t o  cool t h e  bea r ings .  
Two seals were designed t o  surround each bea r ing  c a v i t y .  A hydrodyna- 
m i c  f ace - sea l  w a s  designed t o  p reven t  o i l  from e n t e r i n g  t h e  cyc le  work- 
i n g  f l u i d  a t  e i t he r  the t u r b i n e  wheel  hub or  t h e  compressor impe l l e r  
hub. A r ad ia l  l a b y r i n t h  seal  w a s  provided t o  prevent  o i l  from migrat-  
i n g  i n t o  t h e  a l t e r n a t o r  c a v i t y .  The s e a l s  were designed i n  conjunct ion 
wi th  t h e  BRU-R Lubr i ca t ion  and Cooling System t o  provide a d i f f e r e n t i a l  
pressure--a  d i r e c t i o n a l  f low of helium-xenon--across each s e a l  t o  con- 
t i n u a l l y  purge and scavenge t h e  o i l - m i s t  away from t h e  seals,  through 
t h e  bea r ing  c a v i t y ,  o u t  and down through t h e  duc t  a t  t h e  bottom of t h e  

BRU-R. The e f f e c t i v e n e s s  and t h e  l i f e  of t h e  des igns  were demonstrated 
i n  a t es t  eva lua t ion  program w i t h  a s e a l  t e s t  r i g .  

6 . 1  S e a l  System Requirements 

The seal  system w a s  designed w i t h  tne o b j e c t i v e  of ob ta in ing  t h e  
lowest p o s s i b l e  leakage of t h e  l u b r i c a n t  i n t o  t h e  cyc le  working f l u i d .  
T h e  t o t a l  accumulated leakage of MIL-L-7808 o i l  i n t o  t h e  cyc le  working 
f l u i d  w a s  n o t  t o  exceed 0 .07  l b  of o i l  maximum f o r  t h e  500  h r  of 
o p e r a t i n g - l i f e  of t h e  bea r ings  and seals.  

T o  achieve  t h e  seal  o b j e c t i v e ,  c o n t r o l l e d  leakage s e a l s  w e r e  pos i -  
t i oned  on each side of t h e  i n d i v i d u a l  bea r ing  c a v i t y .  The func t ion  of 
each w a s  t o  permi t  a l i m i t e d  amount of helium-xenon working f l u i d  t o  
f l o w  i n t o  each bea r ing  c a v i t y  w i t h  a minimum of s e a l  power loss. The 
d i r e c t i o n  of flow w a s  e s t a b l i s h e d  by main ta in ing  a f avorab le  p re s su re  
d i f f e r e n t i a l  a c r o s s  each seal. T h i s  w a s  determined by ana lyz ing  t h e  

p r e s s u r e s  back of t h e  compressor impe l l e r  and t u r b i n e  w h e e l s  as a 
f u n c t i o n  of power l e v e l  and speed. The p r e s s u r e s  a t  a r a d i u s  of 0 . 6 3  

i n .  on both t h e  t u r b i n e  wheel and compressor impe l l e r  correspond t o  
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t hose  imposed on t h e  i n s i d e  of t h e  seal su r face .  S i  t r a n s i e n t  
cond i t ions  imposed on t h e  s e a l s  du r ing  s t a r t u p  and shutdown are of 
s h o r t  du ra t ion ,  t h e  p re s su res  corresponding t o  s t eady- s t a t e  opera t ion  
a t  36,000 rpm w e r e  s e l e c t e d  f o r  use i n  s e a l  des ign  and a 
fol lows : 

Pressure-Compressor Pressure-Turbine a t  
Power Level a t  Radius = 0.63 i n . ,  Radius = 0 . 6 3  i n r ,  

p s i a  p s i a  kwe 
2a25 1002 10.5 

6.00 

10.5 

1 9 . 1  

32.0 

19.8 

32.9 

I n  o rde r  t o  minimize t h e  p re s su re  d i f f e r e n t i a l s  ac ross  t h e  s e a l s  
and thereby leakage,  t h e  coo l ing  system bear ing  c a v i t y  p re s su fes  were 
ass igned  as folPows z 

Sea l  P res su re  D i f f e r e n t i a l  

Power Level, Compressor Sea l  Turbithe 1 
p s i  p s i  

2.25 10  0.2 0 .5  

6 b O O  18.9 0.2 0,9 

10.50 31.5 0.5 1.4 

!The power lass w a s  minimized by providing t h e  seal wi th  a gas 
t h r u s t  bea r ing  of s u f f i c i e n t  s e l f - a c t i n g  load  c a p a b i l i t y  t h a t  t h e  mating 
seal s u r f a c e s  and r o t o r  are sepa ra t ed  by a gas  f i l m  a t  ope ra t ing  sp&ed, 
The nonro ta t ing  seal s u r f a c e  i s  supported by an e l a s t i c  bel lows and 

t h e  seal i s  thus  e s t a b l i s h e d  by matching t h e  bellows f l e g i b i l i t y  and 
pre load  wi th  t h e  s e l f - a c t i n g  load  c a p a b i l i t y  generated in t h e  gas  

f i l m ,  

i s ,  t h e r f o r e ,  f r e e  t o  d i s p l a c e  a x i a l l y .  The leakage f l o w  ra te  054s 
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6.2  Hvdrodvnamic Face Seal Desicrn 

A c r o s s - s e c t i o n a l  v i e w  of the.hydrodynamic face-type seal  i s  
shown i n  F igu re  48 .  T h e  seal  des ign  inco rpora t e s  a convent ional  damped 
bellows hold ing  a carbon nose b u t  i s  unique i n  providing a Rayleigh 
s tepped-sec tor  gas bea r ing  as w e l l  as a s e a l i n g  land i n  t h e  face of 
t h e  carbon. The gas  bea r ing  f e a t u r e  permi ts  t h e  seal  t o  o p e r a t e  w i t h  

a t h i n  f i l m  of gas between t h e  seal  nose and ro to r ,  w h i l e  p rovid ing  an 
e x c e l l e n t  s e a l i n g  s u r f a c e .  The geometry f o r  t h e  i n i t i a l  gas  bea r ing  
sea l  nose is  shown i n  F igure  4 9 .  Eighteen s tepped-sec tors  w i t h  a 
depth of 0 .0002  i n .  are inco rpora t ed  on t h e  o u t e r  edge of t h e  seal  
nose t o  provide  t h e  hydrodynamic f i l m .  The s e a l i n g  land i s  l o c a t e d  
a t  t h e  i n n e r  edge of t h e  nose. Carbon material  w a s  selected fo r  t h e  

seal nose t o  provide convent iona l  s e a l i n g  p r o p e r t i e s  u n t i l  t h e  gas  
bea r ing  becomes hydrodynamic and can suppor t  t h e  pre load .  

The seal  des ign  u l t i m a t e l y  used i n  t h e  BRU-R i s  a v a r i a t i o n  of 
t h i s  des ign  t h a t  in te rchanges  t h e  re la t ive  l o c a t i o n s  of t h e  s e a l i n g  
l and  and t h e  s tepped-sec tor  gas  bear ing .  I n  t h i s  f i n a l  des ign ,  t h e  

gas-bear ing geometry i s  located on t h e  i n s i d e  diameter  and t h e  s e a l i n g  
land  i s  l o c a t e d  on t h e  o u t s i d e  diameter. 

The seal i s  i n s t a l l e d  so t h a t  t h e  bellows w i l l  provide a face 
p re load  of between 3 and 4 l b .  This  pre load  a s su res  s t a b i l i t y  of t h e  

gas  bea r ing  p o r t i o n  of t h e  seal  du r ing  BRU-R ope ra t ion  and a l s o  pro- 
v i d e s  s t a t i c  s e a l i n g .  The seal  des ign  i s  overbalanced so t h a t  t h e  

BRU-R loop may be evacuated t o  low p r e s s u r e s  f o r  s t a r t - u p  and purging 
wi thout  s e p a r a t i n g  t h e  seal  s u r f a c e s  and caus ing  o i l  contamination of 
t h e  main loop. 
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During a s t a r t - u p  of t h e  BRU and under t h e  s p e c i f i e d  pre load  of 
3 t o  4 l b ,  t h e  seal w i l l  have rubbing c o n t a c t  u n t i l  t h e  BRU-R reaches 
a s h a f t  speed of 5000 t o  8000 rpm. A t  t h i s  speed,  t h e  gas bea r ing  w i l l  
become hydrodynamic and g e r e r a t e  a gas f i lm- th ickness  of  0 .000050  i n .  
The curve on t h e  r i g h t  of F igure  50 shows t h i s  sea l  performance; t h e  
power loss  i s  shown on t h e  l e f t  s i d e .  Losses range between 28 and 
35 w as a func t ion  of seal  p re load  and ambient p re s su res  corresponding 
t o  2.25- and 10.5-kwe a l t e r n a t o r  power levels .  

With t h e  seal p re load  corresponding t o  t h e  load capac i ty  of t h e  
s tepped-sec t ion  gas bea r ing ,  Figure 51 shows t h a t  t h e  seal  w i l l  ope ra t e  
wi th  a gap or f i lm- th ickness  of 0 .00014  t o  0 . 0 0 0 1 8  i n . ,  aga in  a func- 
t i o n  of pre load  and ambient p r e s s u r e s .  The power loss shown p e r t a i n s  
t o  t h e  gas  bea r ing  p o r t i o n  of t h e  seal  only .  The hydrodynamic f a c e  
seal leakages r e s u l t i n g  from t h e  va r ious  p r e s s u r e  l e v e l s  and d i f f e r -  
e n t i a l s  a s s o c i a t e d  wi th  t h e  BRU-R power l e v e l s  of 2.25 and 10.5 kwe 
are shown i n  F igures  52 and 53, r e s p e c t i v e l y .  Assuming a nominal s e a l  
gas  f i lm- th ickness  of 0 . 0 0 0 1 5  i n . ,  each f a c e  s e a l  w i l l  permi t  a maxi- 
mum leakage of 0.0000025 lb/min a t  t h e  2.25-kwe power l e v e l  and 0 .00002  
lbJmin a t  t h e  10 .5  kwe power l e v e l .  

6 . 3  S e a l  T e s t  Eva lua t ion  

The sea l  tes t  program evalua ted  t h r e e  d i f f e r e n t  face- type seals 
and a r a d i a l  seal .  The face- type s e a l s  a l l  are bellows-mounted wi th  a 
carbon-nose, Two of t h e  seals are hydrodynamic wi th  a gas-bearing 
geometry incorpora ted  i n  t h e  carbon-nose and a r e  t h e  "primary" des igns  
f o r  t h e  BRU-R. One seal  has  t h e  gas  bear. 'ng geometry on t h e  o u t s i d e  
d iameter  and t h e  o t h e r  on t h e  i n s i d e  diameter .  The t h i r d  face- type 
seal  i s  a c o n t a c t i n g  carbon-nose f a c e  seal  and w a s  t e s t e d  a s  a 
"back-up" seal .  Tes t ing  t h e  back-up des ign  w a s  i n i t i a t e d  f i r s t  because 
of t h e  manufacturing t i m e s  involved.  The r a d i a l  s e a l  w a s  a noncontact- 
i n g  l a b y r i n t h  wi th  "Kapton" polyimide lands  
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A l l  seal des igns  w e r e  dynamically and s t a t i c a l l y  leak-checked, as 
d i scussed  i n  t h e  fo l lowing  paragraphs.  
t h e  gas bea r ing  geometry, t h a t  wi th  t h e  geometry on t h e  i n s i d e  r a d i u s  
demonstrated s u p e r i o r  performance. The carbon-nose con tac t ing  seal  
proved adequate f o r  a back-up des ign .  

Of t h e  two seal  des igns  wi th  

6.3.1 Contac t ing  Carbon-Nose S e a l  Tes t ing  

The c o n t a c t i n g  carbon-nose seal i s  bellows-mounted and intended 
as a "back-up" f o r  t h e  hydrodynamic seal  des igns .  The c o n t a c t i n g  
carbon-nose seal, P/N 6 9 9 1 9 0 ,  i s  shown i n  Appendix D.  The i n i t i a l  
t e s t i n g  of t h e  carbon-nose seal cons i s t ed  of a 30-hr t e s t  i n  t h e  same 
tes t  r i g  as i n  t h e  bea r ing  tests (Figure 4 4 ) .  The seal  w a s  opera ted  
a t  36,000 rpm wi th  0.5-lb/min flow of a i r - o i l - m i s t  being supp l i ed  a s  
l u b r i c a t i o n  and coo l ing  t o  t h e  30-mm b a l l  bea r ing  and sea l .  The a i r /  
o i l  r a t i o  w a s  maintained a t  400:l f o r  t h i s  t e s t .  The seal  and r o t o r  
were in spec ted  a t  lo-, 20- ,  and 30-hr i n t e r v a l s ,  and t h e  s e a l i n g  e f f e c -  
t i v e n e s s  remained cons t an t .  Figure 54 shows t h e  d e b r i s  genera ted  by 
t h e  seal du r ing  t h e  f i r s t  1 0  h r  of t h e  tes t .  The i n i t i a l  wear ra te  
of t h e  carbon f a c e  w a s  0 . 0 0 0 1  in . /hr  of ope ra t ion .  The carbon w e a r  
r a te  decreased t o  approximately 0 . 0 0 0 0 1  i n . / h r  dur ing  t h e  ba lance  of 
t h e  30-hr tes t .  The seal r o t o r  s u s t a i n e d  no measurable wear, a l though 
some s c r a t c h e s  w e r e  v i s i b l e  a t  an a r e a  corresponding t o  t h e  o u t s i d e  
d iameter  of t h e  carbon face. Based on t h e  e s t a b l i s h e d  wear r a t e ,  t h i s  
seal  design has an e s t a b l i s h e d  l i f e  of 500 t o  1 0 0 0  h r  and has  been 
i n s t a l l e d  wi th  a face load  of 4 l b .  Add i t iona l  tests w e r e  performed 
w i t h  a reduced f a c e  load  on t h e  carbon. 

Tes t ing  of t h e  carbon-face seal ,  P/N 699190-1 ,  cont inued wi th  a 
3-lb load.  The t e s t  cond i t ions  w e r e  t h e  same, and a t o t a l  of 509 h r  
of endurance t e s t i n g  w a s  accumulated on one seal .  The seal r o t o r  
a f t e r  t h e  509-hr t e s t  i s  shown i n  F igure  55 and t h e  carbon-nose face-  
seal  i s  shown i n  F igu re  56. A second seal w a s  t e s t e d  approximately 
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CARBON-NOSE SEAL AFTER 10 HOURS 

FIGURE 54 
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MP-19576 

ROTOR AFTER 509-HOUR ENDURANCE TEST 

F I G U R E  55 
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MP-19577 

CARBON-NOSE FACE SEAL 
AFTER 509-HOUR ENDURANCE T E S T  

FIGURE 5 6  

APS-5 32 7-R 
Page 6 - 1 4  



AIRESEARCH MANUFACTURING COMPANY OFARIZONA 
A DIVISION D F T H E  GARRE'IT CORPORATION 

56 h r .  The leakage ra te  of t h e  endurance s e a l  a f t e r  509  h r  of 
ope ra t ion  a t  36,000 rpm and under a d i f f e r e n t i a l  p re s su re  of 2 p s i  was 
0.000027 l b  air/min. S e a l  leakage under s t a t i c  cond i t ions  w a s  essen-  
t i a l l y  t h e  same. The equ iva len t  seal  leakage f o r  ope ra t ion  i n  a 
helium-xenon environment corresponding t o  t h e  10 .5  kw BRU-R power 
level  i s  0.000071 lb/min. The o r i g i n a l  c a l c u l a t e d  leakage f o r  t h i s  
t ype  of sea l  was 0.0531 lb/min. The measured wear of t h e  carbon nose 
a f t e r  509 h r  of ope ra t ion  w a s  0.0015 i n .  Based upon t h i s  w e a r  r a te  
and a usab le  carbon nose h e i g h t  of 0 .01s  i n . ,  t h e  es t imated  sea l  nose 
l i fe  is  5000  h r .  

e 

6.3.2 Hydrodynamic Face S e a l  Tes t ing  

Two des igns  of t h e  hydrodynamic s e a l s  w e r e  eva lua ted  i n  t h e  bear-  
i n g  and seal tes t  r i g .  Each des ign  has a gas-bearing geometry inca r -  
pora ted  i n  t h e  carbon nose of t h e  seal .  The d i f f e r e n c e  between t h e  two 
des igns  i s  t h a t  one has  t h e  gas-bearing on t h e  i n s i d e  diameter  wi th  a 
s o l i d  land  on t h e  o u t s i d e  diameter ,  and t h e  o t h e r  seal  u s e s  t h e  gas- 
b e a r i n g  on t h e  o u t s i d e  diameter  and a s o l i d  land  on t h e  i n s i d e  dia-  
m e t e r .  As with  t h e  con tac t ing  carbon-nose seal  t e s t i n g ,  t h e  evalua- 
t i o n  of t h e  hydrodynamic face seal  w a s  performed i n  t h e  seal  t e s t  r i g  
shown i n  F igure  4 4 .  

The i n i t i a l  t e s t i n g  of t h e  hydrodynamic seal  w a s  performed wi th  
t h e  gas-bearing on t h e  o u t s i d e  diameter .  These tests revea led  t h a t  
t h e  i n n e r  s e a l i n g  land  w a s  con tac t ing  t h e  r o t o r  while  t h e  gas bea r ing  
p o r t i o n  of t h e  seal  w a s  no t .  The seal  and r o t o r  wear p a t t e r n s  a f t e r  
1 2  h r  of ope ra t ion  are shown on Figure  57. The gas  bear ing  p o r t i o n  of 
t h e  seal  was func t ion ing  b u t  t h e  i n n e r  s e a l i n g  land s u r f a c e  was worn 
0 .0002 i n .  below t h a t  of t h e  o r i g i n a l  coplaner  gas  bear ing  su r faces .  
Subsequent ana lys i s  i n d i c a t e d  t h a t  t h e  wear w a s  caused by thermal  d i s -  
t o r t i o n  of t h e  rotor .  I n  normal ope ra t ion ,  t h e  seal  s u r f a c e s  are sep- 
a r a t e d  0 . 0 0 0 1 5  i n .  by t h e  hydrodynamic t h r u s t  of t h e  bear ing .  However, 
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dur ing  s t a r t - u p ,  t h e  s e a l  rubs a g a i n s t  t h e  r o t o r  w i t h  consequent large 
f r i c t i o n a l  hea t ing .  The major p o r t i o n  of t h i s  h e a t  i s  removed by t h e  

bea r ing  c o o l a n t ,  which impinges on t h e  back s ide  of t h e  r o t o r .  Thus, 
a f a i r l y  l a r g e  a x i a l  temperature  g r a d i e n t  e x i s t s  i n  t h e  r o t o r  which 
causes  t h e  o u t e r  r a d i u s  t o  bend away from t h e  t h r u s t  su r f ace .  The 

arrangement of t h e  t h r u s t  bea r ing ,  seal  l and ,  and t h e  deflected pos i -  
t i o n  of t h e  r o t o r  a r e  sketched below. 

THRUST SURFACE '-1 

The f r i c t i o n a l  h e a t i n g  p r e s e n t  under s t eady- s t a t e  cond i t ions ,  w i t h  

u n d i s t o r t e d  s u r f a c e s ,  w i l l  cause a d e f l e c t i o n  (Ay) of t h e  o rde r  of 
6 . 5  x i n .  However, as t h e  r o t o r  bea r ing  s u r f a c e  d i s t o r t s ,  t h e  

power loss w i l l  i n c r e a s e  due t o  t h e  decreased gas f i lm- th ickness ;  
consequent ly ,  a f u r t h e r  d i s t o r t i o n  i s  induced. The minimum f i l m -  
t h i ckness  can,  i n  f a c t ,  d iminish t o  ze ro  before  thermal  equ i l ib r ium 
i s  e s t a b l i s h e d .  I f  rubbing w e r e  t o  occur ,  t h e  d i s t o r t i o n  of t h e  r o t o r  
s u r f a c e  would be f u r t h e r  a c c e l e r a t e d .  

I n  o rde r  t o  reduce t h e  e f fec t  of r o t o r  the rma l  d i s t o r t i o n ,  r o t o r s  
made from tungs ten  carbide w e r e  s u b s t i t u t e d  f o r  t h e  o r i g i n a l l y  
designed 440C s t a i n l e s s  s teel  r o t o r s .  

The next  t es t  was performed w i t h  a hydrodynamic s e a l  having t h e  

gas-bear ing geometry on t h e  i n s i d e  diameter .  The s e a l  i n  t h i s  t e s t  
w a s  n o t  f l a t  and had high p o i n t s  i n  three a r e a s ;  a l s o ,  there had been 
d i s t o r t i o n  du r ing  t h e  i n s t a l l a t i o n  of t h e  eloxed carbon nose i n  t h e  

seal  ho lde r .  Subsequently,  t h e  manufacturing techniques w e r e  r e v i s e d  
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t o  permi t  t h e  Elox machini of t h e  sesl nose a f t e r  i n  
the seal bolder  and this problem d id  no t  reappear .  The 
t h i s  t e s t  had a d i s t o r t e d  s e a l  face of 0.0001 i n .  A t e s t  af LOO E-2xe 

and a 440C S t a i n l e s s  Steel r o t o r .  The-hydrodynamic seal a t  the  end of 
40 h r  is shown i n  Figure 58 a t  t h e  end of 1 0 0  h r  i n  F 
The gas bear ing  s u r f a c e  w a s  l i g h t l y  rubbed a t  t h r e e  s e p a r a t e  h i  
p o i n t s  on t h e  s e a l  face, Due t o  t h e  d i s t o r t i o n  of t h e  s e a l  s u r f  
dur ing  assembly, t h e  s e a l  leakage was s t a t i c a l l y  measured a t  1 6 0  x 

a t  36,000 rpm under t h e  s a m e  d i f f e r e n t i a l  p re s su re  was 440  x lov6 
lb/min. The leakage r a t e s  w e r e  measured a f t e r  40  and 100 hr o f  t e s t f n g  
and w e r e  i d e n t i c a l .  While t h e  leakage is r e l a t i v e l y  high due t o -  t h e  
d i s t o r t e d  s e a l  f a c e c  it is  st i l l  two orde r s  of magnitude 1, 
o r i g i n a l l y  p red ic t ed .  The test i n d i c a t e d  t h a t  t h e  gas bear ing  w 
func t ion ing  proper ly .  This conclusion i s  based on measurements of t h e  
seal test  r i g  d r i v e  torque  and on in spec t ions  during t h e  disassembly 
of t h e  t es t  r i g .  When t h e  seal  was ope ra t ing  hydrodynamically, tb 
was a measurable decrease i n  t h e  t e s t - r i g  d r i v e  torque.  Inspec t ions  
dur ing  disassembly revea led  t h e  absence a€ carbon d u s t  and na measur- 
a b l e  w e a r  of t h e  seal f ace .  

i nc lud ing  1 6  starts and stops, w a s  performed using t h e  d i s t a r t a d  P 

lb/min under a d i f f e r e n t i a l  p re s su re  of 2.0 p s i .  The s e a l  leaka 

Comparative tests of t h e  two hydrodynamic s e a l  designs were per- 
formed wi th  a tungs ten  ca rb ide  r o t o r .  The f i r s t  p a r t  was a s t a t i c  k ~ s t  

t o  determine t h e  d i f f e r e n t i a l  p re s su re  requi red  t o  cause seal  l i f t - a f f  
and leakage. With t h e  seal design having gas bear ing  ge 
i n s i d e  diameter ,  seal leakage occurred under a d i f f e r e n t i a l  p re s su re  
of 1 9  p s i ;  on t h e  o u t s i d e  diameter ,  leakage w a s  under a d i f f e r e n t i a l  
p re s su re  of 8.6 p s i .  The d i f f e r e n c e  i n  d i f f e r e n t i a l  p re s su re  a t  lift- 
o f f  of t h e  two s e a l s  was due t o  t h e  l o c a t i o n  of t h e  gas bear ing  geo- 
metry and t h e  corresponding p res su re  balance.  The s t a t i c  t e s t  r e s u l  
r e v e a l  t h a t  e i ther  design is acceptab le  i n  t h e  BRU-R, as t h e  no 
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HYDRODYNAMIC FACE SEAL AFTER 
40-HOUR TEST 

F I G U R E  58 
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HYDRODYNAMIC FACE SEAL AND 4 4 0 C  ROTOR 
I N S I D E  GAS BEARING GEOMETRY - 100 HOURS 

FIGURE 5 9  

APS-5327-R 
Page 6-20 



AI RESEARCH MANU FAGTU RI N G GO M PANY 0 F ARIZO NA 
A DIVISION O F  T H E  GARRETT CORPORATION 

o p e r a t i n g  d i f f e r e n t i a l  p re s su re  w i l l  be  approximately 0.7 p s i .  
S p e c i a l  care i n  purging t h e  Brayton Cycle Loop and Lubr ica t ion  and 
Cooling System would be r equ i r ed  if t h e  s e a l  wi th  t h e  gas bea r ing  
geometry on t h e  o u t s i d e  r a d i u s  w e r e  used. 

The second p a r t  w a s  a dynamic t e s t .  The hydrodynamic test  wi th  
t h e  gas-bearing geometry on t h e  i n s i d e  diameter  w a s  t e s t e d  f o r  1 0 7  h r  
under s imula ted  BRU-R cond i t ions  wi th  20 s tar ts  and s tops .  The seal  
(F igure  6 0 )  w a s  i n  e x c e l l e n t  cond i t ion  wi th  only l i g h t  rub marks, 
r e s u l t i n g  from t h e  un lubr i ca t ed  starts and s t o p s .  The second s e a l  
des ign  with t h e  gas-bear ing geometry on t h e  o u t s i d e  diameter  w a s  oper- 
a t e d  fo r  1 0  h r  and in spec ted .  Each gas-bear ing pad of t h e  seal  w a s  
coa ted  wi th  a t h i n  f i l m  of carbonized o i l .  The s e a l  i s  shown i n  Figure 
61 .  I n  t h i s  seal  des ign ,  t h e  MIL-L-7808 o i l - m i s t  i s  drawn i n t o  t h e  
gas bear ing  geometry and i s  subsequent ly  raised t o  high enough tempera- 
t u r e s  t o  coke t h e  oil. A s  t h e  o i l  cokes,  p a r t i c l e s  b u i l d  on t h e  gas 
bea r ing  and d e s t r o y  t h e  load  capac i ty  of t h e  bear ing  w i t h  subsequent 
rubbing and h ighe r  temperatures .  This t e s t  w a s  repea ted  wi th  a new 
seal wi th  t h e  same coking bui ldup (Figure 6 2 ) .  

Accurate measurement of t h e  s e a l  nose ope ra t ing  temperatures  
proved i m p r a c t i c a l .  H o w e v e r ,  temperatures  measured on t h e  s tee l  back- 
i n g  of t h e  carbon-nose ranged from a s t eady  250'F f o r  t h e  des ign  wi th  
t h e  gas  bea r ing  on t h e  i n s i d e  t o  a h ighly  v a r i a b l e  350' t o  450'F f o r  
t h e  des ign  wi th  t h e  gas  bea r ing  on t h e  ou t s ide .  The v a r i a b l e  tempera- 
t u r e s  co inc ide  wi th  t h e  build-up of coke on t h e  s e a l  nose and t h e  
subsequent d i s l o c a t i o n  of t h e  p a r t i c l e s .  

The conclusions of t h e s e  comparative tests w e r e  t h a t  t h e  tungs ten  
ca rb ide  r o t o r s  have e l imina ted  t h e  problems caused by thermal  d i s t o r -  
t i o n  of t h e  ro tor  and t h a t  t h e  hydrodynamic s e a l  wi th  t h e  gas-bearing 
geometry on t h e  i n s i d e  diameter  be u t i l i z e d .  
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ONE HUNDRED SEVEN-HOURS ON HYDRODYNAMIC 
FACE SEAL WITH I N S I D E  GAS-BEARING 

GEOMETRY AND T-CARBIDE ROTOR 

FIGURE 6 0  
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TEN-HOURS ON HYDRODYNAMIC FACE SEAL WITH 
OUTSIDZ GAS-BEARING GEOMETRY AND T-CARBIDE ROTOR 

MP-21108 

FIGURE 6 1  
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RETEST OF HYDRODYNAMIC FACE SEAL WITH 
OUTSIDE GAS-BEARING GEOMETRY &ND CARBIDE ROTOR 

FIGURE 62  
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It  would appear  t h a t  e i t h e r  des ign  of t h e  seal  would be 

s a t i s f a c t o r y  i n  a completely dry and un lubr i ca t ed  a p p l i c a t i o n .  How- 
ever, i f  o i l - m i s t  i s  used f o r  l u b r i c a t i o n ,  t h e  gas  bear ing  geometry 
should be on t h e  un lubr i ca t ed  s i d e  of t h e  seal .  O t h e r w i s e ,  severe cok- 
i n g  w i l l  be encountered which w i l l  r a p i d l y  lead t o  a loss of s e a l i n g  
e f f e c t i v e n e s s .  

The f i n a l  tes t  of t h e  hydrodynamic f a c e  seal  eva lua t ion  w a s  an 
endurance tes t  6f t h e  des ign  with t h e  gas-bear ing geometry on t h e  
i n s i d e  diameter .  The seal  w a s  opera ted  fo r  1 0 0 0  h r  and inc luded  79 
s tarts and s t o p s  (Figure 6 3 ) .  Inspec t ion  d i d  no t  r e v e a l  any measurable 
wear dur ing  t h e  endurance t e s t ,  and seal leakage remained unchanged. 
Thermocouples a t t a c h e d  t o  t h e  carbon nose steel  backing r evea led  t h a t  
t h e  s e a l  temperature  remained cons t an t  a t  175OF throughout t h e  tes t .  

6 . 3 . 3  Radia l  Seal, T e s t i n q  

The rad ia l  seal i s  loca ted  between t h e  bea r ing  and t h e  a l t e r n a t o r  
c a v i t i e s .  This seal  c o n s i s t s  of "Kapton" polyimide lands ( F i g u r e  6 4 )  
and permi ts  nondes t ruc t ive  rubbing w i t h  t h e  s h a f t  dur ing  c r i t i ca l -  
speed displacements  and close leakage c o n t r o l .  

The l a b y r i n t h  seal  w a s  f a b r i c a t e d  t o  provide a 0.0035-diametral 
c l ea rance  wi th  t h e  s h a f t .  T h i s  c l ea rance  w a s  chosen t o  provide a 
p r e s s u r e  drop of approximately 1 .30  p s i  w i th  an a i r f l o w  of 0 .055  

lb/min. These flow cond i t ions  f o r  a i r  correspond t o  those  p r e d i c t e d  
f o r  the helium-xefion gas  mixture  t o  be used i n  t h e  BRU-R Lubr i ca t ion  
and Cooling System. The r a d i a l  l a b y r i n t h  seal  w a s  sub jec t ed  t o  a 
100-hr dynamic t es t  i n  t h e  seal  t e s t  r i g .  N o  w e a r  was experienced 
and t h e  seal  performed as expected.  A close-up v i e w  of t h e  Kapton 
l ands  a f t e r  100  h r  i s  shown i n  Figure 65 .  
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MP-20013 

RADIAL LABYRINTH SEAL 

FIGURE 6.4 
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7. THERMAL ANALYSIS 

A thermal a n a l y s i s  w a s  made f o r  t he  BRU-R a t  s t e a d y - s t a t e  
cond i t ions  of 2 . 2 5 ,  6 . 0 ,  and 1 0 . 5  kw power l e v e l s .  The thermal  analy- 
sis of t h e  BRU-R w a s  s imi la r  t o  t h e  a n a l y s i s  (performed under Cont rac t  
N A S 3 - 9 4 2 7 )  f o r  t h e  BRU i n  t h a t  t h e  t w o  u n i t s  are i d e n t i c a l  i n  many 
areas. However, t h e  changes made i n  t h e  BRU-R t o  accommodate t h e  b a l l  

bea r ings  and seals caused a s u b s t a n t i a l  i n c r e a s e  i n  t h e  complexity of 
t h e  thermal  a n a l y s i s  and q u i t e  a d i f f e r e n t  d i s t r i b u t i o n  of temperatures  
and heat-flow from t h e  e x i s t i n g  BRU. 

7 . 1  Thermal Comparison of BRU-R and BRU 

The b a s i c  d i f f e r e n c e s  between t h e  BRU-R and t h e  BRU from a hea t -  
t r a n S f e r  s t andpo in t  are (1) t h e  a d d i t i o n  of three hea t -s inks ,  ( 2 )  t h e  
d e l e t i o n  of t h e  gas  leakage f l o w  through l a b y r i n t h  seals a t  each wheel, 
and ( 3 )  t h e  a d d i t i o n  of a s i g n i f i c a n t  heat source  a t  each bear ing  and 
each seal. T h e  heat-sink-s added are t h e  t w o  gas-flows ca r ry ing  l u b r i -  
c a n t  through each bea r ing  and t h e  a u x i l i a r y  l i q u i d  cooler wi th  s p i r a l  
passages near  t h e  t u r b i n e  wheel. The l a t t e r ,  w i t h  Dow Corning 200 

f l u i d  as t h e  c o o l a n t ,  absorbs t h e  t u r b i n e  waste-heat more e f f e c t i v e l y  
than  does t h e  combination of t h e  gas  leakage flow through t h e  labypin th  
seal and t h e  copper s h i e l d ,  which carries heat t o  t h e  a l t e r n a t o r  c o o l e r  
i n  t h e  BRU. 

The three gas  bea r ings  ( t w o  j o u r n a l  and one t h r u s t )  of t h e  BRU 

are rep laced  i n  t h e  BRU-R by t w o  b a l l  bear ings  of 30-mm-bore diameter. 
These bea r ings  r e q u i r e  a complete c losed-cycle  subsystem t o  provide 
coo l ing  and l u b r i c a t i o n .  I n  a d d i t i o n  t o  t h e  bea r ings ,  t h i s  a l s o  pro- 
v i d e s  a s i g n i f i c a n t  hea t -s ink  t o  local ized sec t ions  of t h e  BRU-R. An 
a d d i t i o n a l  source  of heat e x i s t s  i n  t h e  hydrodynamic f ace  seals ,  
i n s t a l l e d  between t h e  bea r ings  and t h e  wheels .  The bear ing  c a v i t y  
p r e s s u r e  i s  maintained l o w  enough t h a t  c y c l e  gas  leaks i n t o  t h e  bear-  
i n g  cavities and oil cannot  leak i n t o  t h e  cycle., T h e  seal  r o t o r s  a lso 
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serve a s  o i l  s l i n g e r s .  Radia l - labyr in th  seals between t h e  bea r ings  and 
t h e  a l t e r n a t o r  are a l s o  added i n  t h i s  area, and t h e  a l t e r n a t o r j c a v i , t y  
i s  p r e s s u r i z e d  w i t h  c y c l e  gas t o  p reven t  o i l  leakage. The labyrinth 
seal of t h e  BRU has been r ep laced  by a massive so l id  r i n g ,  which carries 
h e a t  from t h e  s h a f t  and t h e  back shroud t o  a l i q u i d  coo le r .  Another 
hea t -s ink  has been inco rpora t ed  in t h e  BRU-R nea r  t h e  t u r b i n e  wheel t o  
absorb t h e  t u r b i n e  waste-heat. Spir~al passages have been added t o  t h e  

t u r b i n e  seal  c a r r i e r  assembly f o r  c i r c u l a t i n g  Dow Corning 200 C 

T h i s  p revents  t h e  t u r b i n e  heat f r o m  f lowing i n t o  t h e  ba l l -bea r ing  area 
and c r e a t i n g  high temperatures ,  Because of t h e  t u r b i n e  hea t -s ink ,  khe 

bear ing  l u b r i c a t i o n  requirement ,  and the p r e s s u r e  tap  passages fo r  t h  
seal d i f f e r e n t i a l  p re s su re  contrwl., the mass of t he  a l t e r n a t o r  end 
has  been inc reased  t o  accommodate these passages.  O t h e r  s i g n i f i c a n t  
d i f f e r e n c e s  between t h e  BRU-R and t h e  BRU are t h a t  t h e  BRU-R s h a f t  i s  
smaller i n  diameter and has on ly  t w o  c u r v i c  coupl ings i n s t e a d  of t h r e e .  
N o  copper shunts  are r equ i r ed  i n  t h e  BRU-R s h a f t .  The BRU-R t u r b i n e  
wheel s h a f t  is  smaller and i s  made i n  kwo p a r t s .  The BRU- r assor’ 
impe l l e r  i s  t i t a n i u m  rather than  t h e  stainless s t e e l  of t h e  BRU. 

7 .2  BRU-R T h e r m a l  Analys is  

thermal  anazysis- of t h e  -R was performed usingl  heXi’un-xe 

as t h e  gas f b r  both t h e  t.h c c y c l e  working f l u i d  and’tHe 

assumption.%hat  t h e  compressor and t u r b i n e  scrolls were insu laeed .  
i c a t i o n  and Cooling System. The a n a l y s i s  w a s  performed’ton t 

Since no publ i shed  data w a s  found on t h e  performance of a b a l l  

bea r ing  as a heat-exchanger, tests were run on t h e  bea r ingsand  s e a l  
t e s t  r i g  t o  determine t h e  e f f e c t i v e n e s s  of t h i s  “heat-exchanger”.  K i r  

w a s  fo rced  through a b a l l  bea r ing  t u r n i n g  a t  3 6 , 0 0 0  rpm. T h e  heab- 
exchanger e f f e c t i v e n e s s  is  de f ined  as t h e  r a t i o  of t h e  gas temperatureel 
r ise  a c r o s s  t h e  bea r ing  t o  t h e  i n l e t  temperature  d i f f e r e n c e  between 
gas and bear ing .  The d a t a  w e r e  converted t o  apply t o  helium-xenon gas3 
by cons ide r ing  the  bea r ing  as  a s ing le -pass  heat-exchanger a t  constaniz 
ho t - s ide  temperature.  T h e  r e s u l t i n g  e f f e c t i v e n e s s  va lue  was 0 . 6 8 .  
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For a s t e a d y - s t a t e  cond i t ion  of 2.25, 6 . 0 ,  and 1 0 . 5  kw,  t h e  heat-  
flow d i s t r i b u t i o n  d a t a  f o r  t h e  BRU-R a r e  shown i n  F igures  6 6 ,  6 8 ,  and 
7 0 ,  and t h e  corresponding temperature  d i s t r i b u t i o n s  a r e  shown i n  Fig- 
ures  6 7 ,  6 9 ,  and 7 1 ,  r e s p e c t i v e l y .  

Due t o  t h e  a d d i t i o n  of  t h e  l iqu id-cooled  heat-s ink ad jacen t  t o  t h e  
t u r b i n e  h e a t  s h i e l d ,  t h e  flow requirements  of t h e  Dow Corning 200  cool-  
i n g  f l u i d  increase from 1 . 0  gal/min f o r  t h e  BRU t o  1 .5  f o r  t h e  BRU-R. 

A b r i e f  s tudy  was made of t h e  major e f f e c t s  of changing t h e  BRU-R 

cyc le  gas  from helium-xenon (molecular weight = 8 3 . 8 )  t o  Krypton, A 

s imi l a r  s tudy  of t h e s e  e f f e c t s  has been made on t h e  BRU. The cond i t ion  
i n v e s t i g a t e d  f o r  t h e  BRU-R was t h e  10.5-kwe power l e v e l ,  a t  which t h e  
maximum temperatures  occur.  

I 

The changes r e s u l t i n g  from t h e  s u b s t i t u t i o n  of Krypton f o r  helium- 
xenon w e r e  ( a )  reducing t h e  cool ing  e f f e c t i v e n e s s  of t h e  gas  j e t s  on 
t h e  b a l l  bea r ings  and (b)  reducing t h e  thermal conductance a c r o s s  t h e  
a l t e r n a t o r  f l u x  gaps,  t u r b i n e  s h a f t  gap, e tc .  The only important  d i f -  
f e r ence  between t h e  two gases  i s  t h a t  t h e  thermal conduc t iv i ty  of 

Krypton i s  about  4 1  pe rcen t  of t h e  conduc t iv i ty  of helium-xenon. The 
r e s u l t s  t a b u l a t e d  below are conse rva t ive  a t  t h e  t u r b i n e  end because no 
allowances f o r  t h e  d i f f e r e n c e s  i n  gas  thermal  c o n d u c t i v i t i e s  w e r e  made 
i n  t h e  wheels. 
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Temperature Temperature 
Location With He-Xe, OF With Krypton , OF 

Turbine-end ball bearing 300 388 
at the inner race 

Axial-face seal rotor 
(or oil-slinger) 

368 404 

Alternator rotor at OD 407 428 

Turbine back-shroud at 
wheel tip 

1054 1005 

The thermal penalties associated with a change to Krypton gas are 
not severe but should be considered. 

7.3 Thermal Expansion 

Thermal expansion calculations were performed on the BRU-R under 
four steady-state conditions. Three of these are the 2.25-, 6,0-, and 
10.5-kw power levels with helium-xenon cycle gas, and the fourth i s  
the 10.5-kw power level with Krypton. 

Values for relative thermal expansion were computed for the fsl- 
lowing locations: 

Shaft and rotor vs tie-bolt--Positive expansion increases 
tie-bolt tension. 

Compressor bearing vs carrier housing--Positive expansion 
increases the mount-to-housing gap width and decreases the 
preload force. 

Turbine wheel-to-scroll gap--Positive expansion increases 
the axial-gap width e 
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(d) Compressor wheel-to-scroll gap--Sign convention same as (c). 

(e) Turbine-end hydrodynamic seal--Positive expansion increases 
the bellows working height, which decreases the seal. load. 

(f) Compressor-end hydrodynamic seal--Sign convention same as ( e )  . 
Ig) Overall unit--Positive expansion increases the compressor 

inlet-to-turbine exhaust-flange length. 

These values of expansion are given in inches in the table below: 

,Helium-Xenon Krypton 

Location 2.25 kw 6.0 kw 10.5 kw 10.5 kw 
-7 

(a) Tie-bolt -0.00195 -0.0015 -0.00075 -0.0013 

(b) Bearing +0.0089 +0.0089 +0.0104 +O . O n 7  

(c) Turbine gap +O. 0135 4-0.0148 +0.0153 +0.014$ 

(d) Compressor gap -0.0077 -0.0076 -0.0095 -0.0108 

(e) Turbine seal -0.0006 -0.0005 -0.00055 -0.0006 

(f) Compressor seal -0.0093 -0.0092 -0.0108 -0.6121 

(h) Overall unit 0.0491 0.0509 0.0528 0.0528 

The above values show that the maximum change in shaft-to-tie-bolt 
relative expansion occurs at the 2.25-kw power level. This represents 
a relaxation in the tie-bolt tension of about 750 lb. This relaxdtion 
is insignificant as the tie-bolt is installed to a load of 8000 to 

10,000 lb during assembly. 

The thermal expansion calculations at the compressor bearing 
reveals that if the BRU-R is operated the bearing preload w i l l  
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decrease.  A s  t h e  bear ing  pre load  dec reases ,  t h e  b a l l  s p i n / r o l l  raeio 
i n c r e a s e s  which means t h a t  t h e r e  i s  more tendency f o r  skidding and. 
w e a r .  This  i s  no t  a problem f o r  t h e  BRU-R, as  d iscussed  i n  Paragraph 
3 . 4 .  The bea r ing  a n a l y s i s  recommended a minimum pre load  of 60 lb. 
Assembly procedures  w e r e  e s t a b l i s h e d  t o  achieve a pre load  of 80  t o  
1 0 0  l b ,  thereby  compensating i n  p a r t  f o r  t h e  p re load  decrease.  Thus, 
t h e  thermal expansion w i l l  n o t  m a t e r i a l l y  a f f e c t  bear ing  l i f e .  These 
c a l c u l a t i o n s  a l s o  reveal t h a t  t h e  clearance between t h e  t u r b i n e  wheel 
and t h e  t u r b i n e  s c r o l l  w i l l  i n c r e a s e  i f  t h e  BRU-R i s  opera ted  t o  t h  
power cond i t ions .  For example, t h e  t u r b i n e  s c r o l l  i s  i n s t a l l e d  ko 

achieve  a c l ea rance  of 0 . 0 0 9  fO.001. I f  t h e  BRU-R i s  operated wi th  
helium-xenon t o  t h e  2.25-kw power l e v e l  wi th  a t u r b i n e  i n l e t  tempera- 
t u r e  of  2060°R, t h e  gap between t h e  t u r b i n e  wheel and s c r o l l  w i , l l  in- 
crease by 0 . 0 1 3 5  i n . ;  t h e  gap w i l l  be 0 . 0 2 2 5  i f  t h e  i n i t i a l  c l e  
i s  t h e  nominal va lue .  Likewise, t h e  thermal  expansion w i l l  cause t h e  
gap between t h e  compressor impe l l e r  and t h e  compressor scroll(  de- 

crease. The compressor s c r o l l  i s  i n s t a l l e d  t o  a clearance of  O . O L 8  

f O . O O 1 .  "Hot" ope ra t ion  a t  a power leve l  of 2.25 k w  w i l l  r e s u l t  
gap of  0 . 0 1 0 3  i f  t h e  clearance i s  i n i t i , a l l y  set t o  t h e  nominal va lue  
dur ing  assembly. Overa l l ,  thermals expansion does no t  ap  pre 

a s i g n i f i c a n t  clearance problem., 
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8.  CURVIC COUPLING DEVELOPMENT 

The t u r b i n e  wheel  and t h e  compressor impe l l e r  are attached t o  t h e  
a l t e r n a t o r  ro to r  through a 1.062-in.-dia c u r v i c  coupl ing and secured 
wi th  a t i e - b o l t .  This c u r v i c  coupl ing des ign  i s  r a t h e r  unique i n  t h a t  
i t s  s m a l l  d iameter  i n i t i a t e d  c u r v i c  coupl ing tests t h a t  were performed 
on l abora to ry  se tups  t o  determine optimum t i e -bo l t  l oads ,  s t a b i l i t y ,  
and d e f l e c t i o n .  The tests cons i s t ed  of a x i a l  and bending d e f l e c t i o n .  
On t h e  b a s i s  of these tests, a t i e - b o l t  load of 1 0 , 0 0 0  l b  w a s  os tab-  
l i s h e d  as optimum f o r  t h e  BRU-R. 

8.1 Axia l  Def l ec t ion  T e s t s  

The a x i a l  d e f l e c t i o n  tests were performed by loading  s p e c i a l  tes t  
p i e c e s  w i t h  a hydrau l i c  p r e s s  as shown i n  F igure  72 .  The t e s t  p a r t s  
w e r e  machined wi th  p rov i s ions  f o r  measuring t h e  d e f l e c t i o n  df one side 

wi th  r e s p e c t  t o  t h e  o t h e r  a t  f o u r  p l a c e s ,  9 0  deg a p a r t .  This was 
necessary s i n c e  t h e  i n d i v i d u a l  measurements v a r i e d  cons iderably  accord- 
i n g  t o  load  alignment and i n d i v i d u a l  t oo th  conf igu ra t ion ,  b u t  t h e  
average reading  appeared s t a b l e .  Two t o o t h  des igns  w e r e  t e s t e d ,  one 
wi th  concave and one w i t h  convex t e e t h .  Def l ec t ions  w e r e  measured wi th  
d i a l  gauges having 0.0001-in. scale d i v i s i o n s .  The gauges w e r e  v ibra-  
ted wi th  e lec t romechanica l  buzzers  t o  overcome i n t e r n a l  f r i c t i o n .  

For both  t h e  concave and convex t o o t h  des igns ,  t h e  load w a s  v a r i e d  

f r o m  0 t o  1 0 , 0 0 0  l b  i n  increments  of 1 0 0 0 .  A t  each load  s e t t i n g ,  t h e  
d e f l e c t i o n  w a s  measured a t  f o u r  p l aces .  This  t e s t  sequence was re- 
pea ted  t o  v e r i f y  t h e  i n i t i a l  measurements. The a x i a l  d e f l e c t i o n  meas- 
urements of bo th  t h e  concave and t h e  convex t o o t h  des igns  are shown i n  
F igure  7 3 .  The concave t o o t h  des ign  w a s  s t i f f e r  than t h e  convex and 
had a s l i g h t l y  smoother load -de f l ec t ion  curve.  This i n d i c a t e d  t h a t  t h e  

b e t t e r  mating of a concave w i t h  a convex t o o t h ,  i n s t e a d  of convex t o  
convex, r e s u l t e d  i n  a b e t t e r  coupl ing wi th  less b inding  and ca t ch ing  of 
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t h e  teeth as they  w e r e  p ressed  together. Average d e f l e c t i o n  o f  t h e  
concave t o o t h  coupl ing  w a s  0 . 0 0 1 1 5  i n ,  a t  1 0 , 0 0 0  l b ,  and t h e  average 
d e f l e c t i o n  of t h e  convex des ign  w a s  0 . 0 0 1 4 4  i n .  a t  1 0 , 0 0 0  l b  load.  
S t i f f n e s s  of t h e  coupl ings increased  as t h e  teeth w e r e  jammed t i g h t e r  
t o g e t h e r  a t  h ighe r  loads .  

8 . 2  Bending Def l ec t ion  T e s t s  

The bending d e f l e c t i o n  t e s t  w a s  conducted on t h e  same hydrc?ulic 
p r e s s  a s  shown i n  F igure  74 .  A s h a f t  w a s  machined t h a t  was mechanical- 
l y  s imi l a r  t o  t h e  in tended  main r o t o r .  I t  contained two c u r v i c  coup- 
l i n g s  t h a t  were loca ted  on e i t h e r  side of t h e  load a p p l i c a t i o n  poin t ; ,  
between it and t h e  suppor t  p o i n t s .  T ie -bo l t  loads  were measured wi th  
f o u r  s t r a i n  gauges arranged i n  a b r idge  c i r c u i t  t o  measure t e n s i l e  or 
compressive s t r a i n s  on ly ,  excluding bending. The t i e - b o l t  w a s  then  
c a l i b r a t e d  by apply ing  known loads and no t ing  r e s u l t i n g  s t r a i n .  N o  

i n c r e a s e  i n  t i e - b o l t  load  w a s  noted du r ing  t h e  tests,  probably due t o  
the i n s e n s i t i v i t y  of t h e  measuring system t o  t h e  bending mode. T h e  

s h a f t  w a s  he ld  i n  V-blocks, and t h e  load app l i ed  through a 1- in . -dia  
s teel  b a l l  a t  t h e  middle of t h e  sha f t .  Def l ec t ions  w e r e  measured a t  
t h e  c e n t e r  of t h e  s h a f t  d i r e c t l y  underneath t h e  p o i n t  of load ,  and 
underneath t h e  1 1/2-in.-thick ground stock suppor t ing  t h e  V-blocks. 

Def l ec t ions  under t h e  suppor ts  were averaged and then s u b t r a c t e d  
from those  a t  t h e  c e n t e r  of t h e  s h a f t  t o  o b t a i n  t h e  co r rec t ed  de f l ec -  
t i o n .  N o  a t t empt  w a s  made t o  measure d i s t o r t i o n  of t h e  s h a f t  c r o s s  
s e c t i o n .  The w a l l  t h i ckness  w a s  a t  l eas t  0.360 i n .  a t  t h e  suppor ts  
and 0 . 4 6 5  i n .  a t  t h e  load a p p l i c a t i o n  p o i n t ,  and it w a s  f e l t  t h a t  there 

would be no s i g n i f i c a n t  d e f l e c t i o n s  i n  view of o v e r a l l  dimensions and 
load  va lues .  

A t  a t i e - b o l t  load of 1 0 , 0 0 0  l b ,  t h e  s h a f t  w i t h  t w o  c u r v i c  coup- 
l i n g s  and 1.062-in. o u t s i d e  diameter  had a corrected permanent o f f s e t  
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of 0.00035 i n .  f o r  a n  app l i ed  s i d e  load  of  1 7 0 0  l b .  The load- 
d e f l e c t i o n  curve (Figure 75) depar ted  from a l i n e a r  r e l a t i o n s h i p  a t  a 
s i d e  load of about 9 0 0  l b .  A t  lower t i e - b o l t  loads  of 9000  and 8000 lb, 
t h e  permanent o f f s e t s  w e r e  g r e a t e r  (Figure 7 6 1 ,  0,00050 and 0 . 0 0 0 9 5  i n . ,  
r e s p e c t i v e l y ,  and t h e  load -de f l ec t ion  curve depar ted  from a l i n e a r  
r e l a t i o n s h i p  e a r l i e r ,  about a 700-lb s i d e  load  f o r  a 9000-lb t i e - b o l t  
load and 500 l b  f o r  an 8000-lb load.  

On t h e  f i r s t  load-cycle a f t e r  assembly of  t h e  s h a f t ,  t h e  f r i c t i o n a l  
f o r c e s  holding t h e  t e e t h  w e r e  overcome a t  a s i d e  load ,  depending on t i e -  
b o l t  load.  The s h a f t  t hen  d e f l e c t e d  i n  a nonl inear  manner u n t i l  some 
of t h e  s l i ppage  was r eve r sed ,  and t h e  f i n a l  o f f s e t  w a s  less than a t  
f u l l - l o a d .  A comparison of  t h r e e  success ive  loading  c y c l e s  a t  8000-lb 
t i e - b o l t  load  showed t h a t  t h e  o f f s e t  was on t h e  o rde r  of 0 . 0 0 1 - i n .  a t  
1400-lb s i d e  load and 0 .0006  i n .  a t  zero s i d e  load.  A t  about 1 1 0 0 - l b  

s i d e  load ,  a mechanical lock-up of t h e  t e e t h  occurred ,  and t h e  curve 
f o r  a l l  t h r e e  c y c l e s  was i d e n t i c a l  from t h e r e  t o  t h e  u l t i m a t e  load  of 
1 4 0 0  l b .  A f t e r  t h e  f i r s t  c y c l e ,  when t h e  permanent o f f s e t  occur red ,  
t h e  s h a f t  l oad -de f l ec t ion  curve e x h i b i t e d  no f u r t h e r  d r a s t i c  changes 
wi th  a d d i t i o n a l  l oad ing  c y c l e s .  
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9. SHAFT MOBILITY TEST 
I 

A s h a f t  mob i l i t y  test  w a s  performed on t h e  BRU-R r o t a t i n g  
components t o  e s t a b l i s h  t h e  f r e e - f r e e  bending frequency. The purpose 
of t h e  tes t  w a s  t o  determine i f  t h e  requirement f o r  120-percent over- 
speed could be s a f e l y  achieved. The r o t a t i n g  components of t h e  BRU-R 

w e r e  assembled and s u b j e c t e d  t o  two tests: one w a s  performed w i t h  a 
ba r ium- t i t ana te  gauge and an o s c i l l o s c o p e ,  and t h e  o t h e r  w i th  a shaker  
and an accelerometer i n  a mob i l i t y  t es t  r i g .  The conclusion of these 

tests w a s  t h a t  t h e  a c t u a l  t h i r d  c r i t i c a l  frequency w a s  approximately 
4 8 , 0 0 0  rpm. This  i s  very  close t o  t h e  4 3 , 2 0 0  r p m  speed of t h e  120- 
percen t  overspeed requirement  but  is  wi th in  accep tab le  l i m i t s .  

S . l  Barium-Titanate Gauge T e s t  

The BRU-R r o t a t i n g  components shown i n  Figure 77  w e r e  assembled 
as shown i n  F igure  78. A bar ium- t i t ana te  gauge w a s  bonded t o  t h e  

c e n t e r  of t h e  BRU-R s h a f t  as shown i n  F igure  79 .  The gauge was con- 
nec ted  t o  one channel of a d u a l  beam o s c i l l o s c o p e  w h i l e  a v a r i a b l e  
frequency o s c i l l a t o r  w a s  connected t o  t h e  o t h e r  scope channel.  T h e  

s h a f t  w a s  suspended on a w i r e  and s t r u c k  wi th  a m a l l e t .  B y  vary ing  
t h e  o sc i l l a to r  as t h e  s h a f t  w a s  s t r u c k ,  a L i s sa jous  f i g u r e  could be 

formed and t h e  n a t u r a l  bending frequency of t h e  s h a f t  e s t a b l i s h e d ,  713 
Hz. The bea r ings ,  seal rotors ,  and n u t s  w e r e  removed and t h e  t e s t  
r epea ted  wi th  t h e  r e s u l t i n g  n a t u r a l  frequency of 678  H z .  The bea r ings ,  
seal  r o t o r s ,  and n u t s  appa ren t ly  s t i f f e n  t h e  s h a f t  and raise t h e  

n a t u r a l  frequency 35 Hz. 
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9.2 Mobil i ty  T e s t  Rig 

The assembled s h a f t ,  inc luding  bear ings ,  s e a l  r o t o r s ,  and nuts  
w a s  suspended by t h e  bear ing  r aces ,  on rubber  shock cords (Figure 80). 
An electric shaker  d r iven  by a v a r i a b l e  o s c i l l a t o r  w a s  a t t ached  t o  t h e  

c e n t e r  of t h e  s h a f t  and suspended on a shock cord.  The shaker added 
11 gm t o  t h e  m a s s  of t h e  BRU-R s h a f t .  The basic equipment used i n  t h i s  

tes t  cons i s t ed  of an automatic  sweep o s c i l l a t o r  t h a t  d r i v e s  t h e  shaker  

a t  f requencies  between 70 and 1 0 0 0  Hz. An accelerometer  on che shaker  
was connected t o  one l e g  of an X-Y p l o t t e r ,  and t h e  o s c i l l a t o r  frequen- 
cy s i g n a l  w a s  connected t o  t h e  o t h e r  l eg .  The o s c i l l a t o r  was s t a r t e d  
and a g r a p h i c a l  p l o t  of t h e  s h a f t  a c c e l e r a t i o n  versus  frequency was 
made. A t y p i c a l  p l o t  i s  shown i n  Figure 81. The peak a c c e l e r a t i o n ,  
i .e. ,  n a t u r a l  frequency of t h e  s h a f t ,  occurred a t  708 Hz. The  lower 
n a t u r a l  frequency obta ined  i n  t h i s  tes t  w a s  a t t r i b u t e d  t o  t h e  increased  
mass added by the  shaker.  

The nodal  p o i n t s  of t h e  s h a f t ,  whi le  a t  n a t u r a l  resonance, were 
determined by a hand-held accelerometer  (Figures  82 and 83). The node 
a t  t h e  compressor end w a s  l oca t ed  inboard of t h e  bear ing ,  and t h a t  a t  
t h e  t u r b i n e  end was outboard.  

Computer c a l c u l a t i o n s  indica. te  t h a t  t h e  compressor and tu rb ine  
wheels w i l l  provide enough gyroscopic  s t i f f e n i n g  t o  r a i s e  t h e  n a t u r a l  
f r e e - f r e e  bending frequency of t h e  BRU-R r o t a t i n g  s h a f t  by approximate- 
l y  90 Hz. This  would r e s u l t  i n  an a c u t a l  t h i r d - c r i t i c a l  frequency of 
approximately 800 Hz, i .e. ,  48,000 rpm. While t h i s  i s  near  t h e  120-  

percen t  des ign  speed requirement  of 43,200 rpm, i t  f a l l s  w i th in  accep- 
t a b l e  bounds. The a c t u a l  v e r i f i c a t i o n  of t h e  t h i r d  c r i t i c a l  occur r ing  
a t  48,000 rpm is  d i scussed  under Sec t ion  10.2.2.1. 
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ASSEMBLED BRU-R SHAFT 
SUSPENDED ON RUBBER SHOCK CORDS 

F I G U R E  80 
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MP-22571 

DETERMINING NODAL P O I N T S  
O F  BRU-R SHAFT 

F I G U R E  82 
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DETERMINING NODAL POINTS 
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A DIVISION O F  THE G A R R E T  C O R P O R A T I O N  

10. INSPECTION AND ACCEPTANCE TEST 

The BRU-R i n s p e c t i o n  and acceptance t e s t  a c t i v i t y  c o n s i s t e d  of 
t h r e e  s e p a r a t e  tests: 500-, 50-, and 5-hr. The 500-hr w a s  performed 
w i t h  an e lectr ical  h e a t e r  a t t a c h e d  t o  t h e  t u r b i n e  end t o  s imula t e  t h e  
thermal  i n p u t  e q u i v a l e n t  t o  t h e  6.0-kw power l e v e l .  The BRU-R w a s  
opera ted  wi th  dummy i n e r t i a l  masses r e p l a c i n g  t h e  aerodynamic compo- 
n e n t s ;  an a i r  t u r b i n e  w a s  used -to d r i v e  t h e  BRU-R. Sea l  leakage r a t e s  
w e r e  measured from a leak-proof p r e s s u r e  v e s s e l  (can) on t h e  t u r b i n e  
end. A t  t h e  completion of t h e  t es t ,  t h e  BRU-R was opera ted  a t  1 2 0 -  

p e r c e n t  speed f o r  1 0  min. 

e 

The 50-hr t e s t  w a s  performed wi th  new bea r ings  and seals and with 
t h e  same t e s t  procedure as i n  t h e  500-hr t e s t  b u t  wi thout  t h e  e lec t r i -  
ca l  h e a t e r  on t h e  t u r b i n e  end. The purpose of t h e  50-hr t e s t  was t o  
v e r i f y  t h e  o i l  leakage rates f o r  t h e  f i r s t  50 h r  of t h e  500-hr t es t .  

The 5-hr t es t  w a s  performed w i t h  t h e  t u r b i n e  wheel and compressor 
i m p e l l e r  i n s t a l l e d ;  t h e  BRU-R w a s  d r iven  wi th  compressed a i r .  A t  t h e  
completion of  t h e  t e s t ,  t h e  BRU-R w a s  opera ted  a t  120-percent des ign  
speed f o r  1 0  mine 

1 0 . 1  500-Hour T e s t  

The purpose of 
seals i n  conforming 

t h i s  t es t  was t o  demonstrate t h e  performance of t h e  
t o  t h e  o i l  leakage requirement of 0 . 0 7  l b  of o i l  

f o r  a 500-hr o p e r a t i o n a l  pe r iod .  An a d d i t i o n a l  requirement was t h a t  
t h e  t e s t  be performed wi th  a hea t - input  t o  t h e  t u r b i n e  end t h a t  simu- 

l a tes  o p e r a t i o n  a t  a 6.0-kwe power l e v e l .  
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10.1.1 Desc r ip t ion  of T e s t  Setup 

The BRU-R w a s  assembled wi th  dummy i n e r t i a l  masses i n  p l ace  of 
t h e  aerodynamic components (Figure 8 4 ) .  An a i r  t u r b i n e  motor was in-  
s t a l l e d  a t  t h e  compressor end t o  dr ive t h e  BRU-R (Figure 851,  and an 
e lec t r ica l  h e a t e r  was i n s t a l l e d  a t  t h e  t u r b i n e  end (Figure 86; ) .  

The in s t rumen ta t ion  of t h e  BRU-R c o n s i s t e d  of 36 chromel-alumel 
thermocouples and t h r e e  capac i tance  probe speed pickups.  The l o c a t i o n  

of 32 of t h e  thermocouples i s  shown i n  F igure  1 2 .  Four a d d i t i o n a l  
thermocouples w e r e  a t t a c h e d  t o  t h e  i n s i d e  of t h e  t u r b i n e  shroud assemb- 
l y  a t  d iameters  of approximately 5 . 0  and 7 . 0  i n .  The thermal  a n a l y s i s  
a t  t h e  6.0-kwe power l e v e l  p red ic t ed  t h a t  t h e  temperatures  of t h e s e  
two l o c a t i o n s  on t h e  t u r b i n e  shroud assembly should be approximately 
930' and 6 2 0 ° F ,  r e s p e c t i v e l y .  A leak-proof v e s s e l  (can)  was i n s t a l l e d  
over  t h e  dummy t u r b i n e  wheel, and t h e  v e s s e l  was f i t t e d  wi th  a length  
of t ub ing  and a va lve  wi th  which t o  draw gas samples from t h e  t u r h i n e  
c a v i t y .  

The BRU-R w a s  i n s t a l l e d  i n  t h e  Lubr i ca t ion  and Cooling System 
(Figure  8 7 ) ;  t h e  c o n t r o l  room i s  shown i n  F igure  8 8 ,  The flow schemat- 
i c  of t h e  t e s t  s e t u p  i s  i n  Appendix D as Drawing 6 9 9 2 2 0  and w a s  des- 
c r i b e d  i n  d e t a i l  i n  Sec t ion  4 .  The t e s t  1005 included two tanks  
(F igures  89 and 9 0 )  s i z e d  t o  d u p l i c a t e  t h e  es t imated  volumes of t h e  
connect ing p i p i n g  i n  t h e  NASA Plum Brook SPF BRU-R i n s t a l l a t i o n .  The 
o i l - m i s t  l u b r i c a t o r  i n  t h e  500-hr t e s t  w a s  a modified Norgren L02-200-  

OE HAU l u b r i c a t o r  head; t h e  l u b r i c a t o r  i s  shown i n s t a l l e d  i n  t h e  l u b r i -  
c a t o r  tank i n  F igure  91 .  This l u b r i c a t o r  w a s  u n r e l i a b l e  i n  main ta in ing  
o i l - f low rates  wi thout  f r e q u e n t  readjustment  of t h e  o i l -mis t  l u b r i c a -  
t o r  and w a s  r ep laced  wi th  t h e  v e n t u r i  mixing s e c t i o n  and p o s i t i v e  d i s -  
placement pump desc r ibed  i n  Sec t ion  4 a f t e r  t h e  completion of t h e  t es t .  

- 

APS-5327-R 
Page 10-2  



AIRESEARCH MANUFACTURING COMPANY OF ARIZONA 
A DIVISION OF THE OARRETT CORPORATION 

F I G U R E  84 
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MP-22779 

A I R  TURBINE MOTOR INSTALLATION 

F I G U R E  85 
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TURBINE HEATER 

FIGURE 86 
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BRU-R LUBRICATION AND COOLING LOOP 

FIGURE 87 
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BRU-R CONTROL ROOM 

FIGURE 88 
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MP-23653 

RETURN LINE VOLUME 
SIMULATION TANK 

FIGURE 89 
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t 

HIGH-PRFSSURE L I N E  VOLUME 
SIMULATION TANK 

F I G U R E  90  
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LUBRICATOR TANK 

F I G U R E  91 
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1 0 . 1 . 2  T e s t  Performance 

Fhe 500-hr t es t  w a s  i n i t i a t e d  on March 1 9  and completed on 
A p r i l  2 1 ,  1 9 6 9 .  The u n i t  was opera ted  f o r  a t o t a l  of 502.5 h r  a t  t h e  
des ign  speed of 36,000 rpm. The e l e c t r i c a l  h e a t e r  mounted on t h e  t u r -  
b i n e  end of t h e  BRU-R produced temperatures  of 900 '  t o  955'F on t h e  
t u r b i n e  shroud assembly a t  d iameters  of approximately 5 . 0  and 7 . 0  i n . ,  
r e s p e c t i v e l y ,  This  corresponds t o  a h e a t  i npu t  equ iva len t  t o  ope ra t ion  
a t  a 6.0-kwe power l e v e l .  
du r ing  t h e  tes t .  A t  t h e  conclus ion ,  t h e  u n i t  w a s  operated a t  1 2 0  per-  
c e n t  of des ign  speed f o r  1 0  min wi thout  change i n  t h e  v i b r a t i o n  l e v e l .  
The temperatures  measured i n  t h e  BRU-R and i t s  Lubr i ca t ion  and Cooling 
System are  summarized i n  Tables  I1 and 111, r e s p e c t i v e l y .  Also,  Lubri-  
c a t i o n  and System o p e r a t i o n a l  p r e s s u r e s  and flow r a t e s  a r e  shown i n  
Tables  I V  and V. 

S ix ty -e igh t  s ta r t s  of t h e  BRU-R w e r e  made 

1 0 . 1 . 2 . 1  BRU-R T7ibration 

The v i b r a t i o n  l e v e l  of t h e  BRU-R ranged from 0 . 0 0 5  t o  0 . 0 1 7  m i l  
double-amplitude displacement  f o r  t h e  e n t i r e  502.5 h r  of ope ra t ion .  
The v i b r a t i o n  l e v e l  remained unchanged dur ing  t h e  120-percent overspeed 
test .  

1 0 . 1 . 2 . 2  Bearina Lubr i ca t ion  

A t o t a l  of  64.52 lb of MIL-L-7808 o i l  was suppl ied  t o  t h e  BRU-R 

bea r ings  du r ing  t h e  502.5 h r  of ope ra t ion .  The average o i l  flow r a t e  
t o  each bea r ing  w a s  0 . 0 0 1 0 7  lb/min; t h e  des ign  flow r a t e  w a s  0 . 0 0 1 1  

lb/min. 
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AIRESEARCH MANUFACTURING COMPANY O F  ARIZONA 
A DIVISION OF THE CUlPDRATlON 

Thermocouple 
Number 

37 
38 
39 
40 
41 
42 
45 
46 
47 
48 

100 
101 
102 
10 3 
104 
105 
106 
107 
10 8 
109 
110 
116 
117 
118 
119 
120 
121 
125 
126 

TABLE 111 
TYPICAL TEMPERATURES IN LUBRICATION AND COOLING SYSTEM 

Thermocouple Location 

REG-1 Discharge 
Lubricator discharge 
Lubricator discharge 
Top of lubricator reservoir 
Bottom of lubricator reservoir 
Lubricator tank 
HX-3 outlet 
HXL3 outlet 
HX-3 inlet 
HX-3 inlet 

Compressor gas inlet 
Compressor gas inlet 
Compressor cooling water inlet 
Compressor cooling water outlet 
Compressor housing, top 
Compressor housing, bottom 
Compressor oil sump 
Compressor oil sump 
HX-1 gas outlet 
HX-1 gas outlet 
Motor hub 
Motor cooling fin 
Motor cooling fin 
HX-4 surface outlet 
HX-4 surface inlet 
HX-2 gas inlet 
HX-2 gas outlet 
Cas out of F-1 filter 
Gas out of F-1 filter 

*Cell ambient temperature of 70' - 94'" 

**Cell ambient temperature of 80' - 89'F 
Well ambient temperature of 80' - 85'F 
TtThermocouple not attached 

Test Temperature Range, OF 

500-hr* 

70 - 108 
70 - 100 
70 - 100 
70 - 95 
67 - 95 
70 - 94 
113 - 117 
110 - 112 
82 - 95 
82 - 95 

86 - 104 
86 - 104 
65 - 88 
77 - 103 
87 - 112 
102 - 115 
101 - 113 
103 - 116 

7 5  - 86 
7 6  - 86 
110 - 124 
94 - 116 
89 - 108 
70 - 85 
70 - 85 
196 - 218 
99 - 115 
73 - 95 
73 - 94 

50-hr** 

80 - 90 
80 - 93 
80 - 90 

. -  
8 3  - 71 
80 - 91 
83 - 91 
83 - 92 

87 - 100 
87 - 100 
75 - 78 

98 - 103 
92 - 116 
85 - 114 
85 - 115 
79 - 88 
79 - 88 
92 - 12G 
84 - 114 
85 - 107 
77 - 88 
77 - 88 
204 - 211 
108 - 111 
83 - 96 
83 - 95 

75 - 78 

5-hr 4 

83 - 85 
83 - 86 
82 - 88 ... . 

-. - 
. _  

85 - 88 
84 - 88 
84 - 88 
84 - 85 

92 - 98 
92 - 98 
76 - 77 
76 - 77 
99 - 102 
104 - 114 
100 - 112 
100 - 113 
82 - 86 
82 - 86 
108 - 122 
100 - 113 
93 - 101 
81 - 84 
82 - 86 
208 - 210 
109 - 111 
87 - 93 
86 - 90 

B1492 7 
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P r e s s u r e  
Transducer  

N u m b e r  

P 1  

P2 

P3 

P4 

P5 

P6 
P7 

P8 

P9 

Flow 
Number 

w 1  
w2 
w3 

w4 

w5 
W6 

TABLE I V  

TYPICAL LUBRICATION AND COOLING SYSTEM PRESSURES 

Transduce r  L o c a t i o n  

Compressor Hub 

SWP 
A l t e r n a t o r  Housing 

Turb ine  Hub 

L u b r i c a t o r  D i scha rge  

LCS Compressor Tank 

R - 1  Chamber 

F-1 F i l t e r  L i n e  Di scha rge  

Regu la to r  -1 Discha rge  

T e s t  P r e s s u r e  Range, 
p s  i a  

500-hr* 

15.8-16.4 

15.6-16.2 

17 -8- 18 .2 

15.8- 16 . 5  

63.4-65.1 

10.7-11.5 

81.0-84.5 

8 G .  5-83.5 

72 .O-75.8 

5 0-hr 

15.9-16.0 

15 e8-15.9 
17.2-17.4 

16.2-16.8 

63 -8-65.0 
11.0-12.2 

80.0-83.0 

79.9-83 .O 
70.8-73.1 

TAELE '1 

LUBRICATION AND COOL1:JG SYSTEP.1 FLUID-FLOI.! KATCS 

Flowmetering L o c a t i o n  

H e a t  Exchanger 1 Compressor I n  

Hea t  Exchanger 2 Compressor Out  

Heat  Exchanger 4 Motor 

compressor  Coo lan t  

A l t e r n a t o r  Coo lan t  

Turb ine  Coo lan t  

5-hr  

17.6-17.8 

17.5-17.7 

18.8- 19.0 

18.2- 18.4 

63.9-64.2 
11.0-11.3 

80.8-81.5 

80.8-81.5 

70.8-72.5 

F l o w  Range, gpm 

5 00-hr * 

0.72 5-1.7 1 
1.00 -2.93 

0.80 -2.20 

2.32 -2.46 
0.72 -0.95 

0.50 -0.80 

50-hr** 

- - -  
2.16 -2.41 

0.42 -0.67 

2.20 -2.25 
0.70 -0.73 

0.245-0.250 

5-hr** 

- - -  
2.37-2.54 

0.73-0.77 

2.23-2.25 
0.70-0.74 

0.25-0.25 

*Heater  i n s t a l l e d  on t u r b i n e  e n d - t u r b i n e  sh roud  t e m p e r a t u r e  of 900°F t o  955'F and 
t u r b i n e  sh roud  l e g  t e m p e r a t u r e  of 562' t o  685'F. 

**HX1 i n o p e r a t i v e  

I314928 
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10.1.2.3 Bearing Temperatures 

The BRU-R bea r ing  outer - race  temperatures  remained unchanged 
throughout t h e  t e s t  when compared under i d e n t i c a l  cooling-gas and o i l -  
f low cond i t ions .  Genera l ly ,  t h e  bea r ing  a t  t h e  t u r b i n e  end of t h e  

s h a f t  r a n  approximately lO'F h o t t e r  tha!: t h e  compressor bea r ing ,  due t o  
t h e  thermal  i n p u t  of t h e  e lec t r ica l  heater a t  t h e  t u r b i n e .  Compressor 
bea r ing  temperatures  ranged from 197' t o  210°F, while  t h e  t u r b i n e  end 
bea r ing  ope ra t ed  between 205' t o  215'F. 

10.1.2.4 Hydrodynamic Face Seal Leakage 

One of t h e  primary o b j e c t i v e s  of t h e  t e s t  w a s  t o  e v a l u a t e  t h e  hy- 
drodynamic face seals t h a t  prevent  o i l  contamination of t h e  BRU-R loop 

gas. Due t o  t h e  use of t h e  a i r  t u r b i n e  d r i v e  on t h e  BRU-R dummy comp- 
r e s s o r  and subsequent  ven t ing  of one side of t h e  compressor s e a l  t o  an 
argon bu f fe red  b u t  unsealed compressor c a v i t y ,  only t h e  seal a t  t h e  
t u r b i n e  end could be exposed t o  a s e a l e d  t u r b i n e  c a v i t y  i n t o  which o i l  
leakage could be measure<. 

10.1.2.4.1 ,:as Leakage 

The Lubr i ca t ion  and Cooling System w a s  designed t o  provide a con- 
s t a n t  d i f f e r e n t i a l  p r e s s u r e  a c r o s s  t h e  hydrodynar.ic face seals so  t h a t  

any gas  f low through t h e  seals would be from t h e  Brayton cyc le  loop 
i n t o  t h e  coo l ing  and l u b r i c a t i o n  loop. T h i s  d i r e c t i o n  of flow would 
a i d  i n  reducing  o i l  vapor contaminat ion of t h e  cyc le  working f l u i d .  
The t o t a l  des ign  argon gas  leakage through both seals f o r  t h e  set  d i f -  
f e r e n t i a l  p r e s s u r e  of 0.4 p s i  w a s  approximately 4 x loW6 lb/min. 
t h a t  leakage ra te ,  0.012 l b  of argon would have en te red  t h e  coo l ing  and 
l u b r i c a t i o n  loop du r ing  t h e  502 h r  of t es t .  N o  measureable i n c r e a s e  i n  
coo l ing  loop  p r e s s u r e  w a s  observed, t h u s  i n d i c a t i n g  t h a t  t h e  seal  leak- 

age w a s  w i t h i n  t h e  l i m i t s  of t h e  in s t rumen ta t ion  used. 

A t  
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1 0 . 1 . 2 . 4 . 2  O i l  Leakage - Turbine Wheel Cavi ty  

G a s  samples w e r e  p e r i o d i c a l l y  drawn from t h e  sea 
c a v i t y  and s u b j e c t e d  t o  i n f r a r e d  spectrophdtometer  ~ $ 8  with  a 10- 
m e t e r  gas  c e l l .  G a s  samples w e r e  drawn a t  approximately 2 2 5 ,  2 4 2 ,  3 0 7 ,  

386, 436, and 500 h r  of ope ra t ion .  G a s  sample 1, taken  a f t e r  125 h r  of 

o p e r a t i o n ,  conta ined  282 ppm of  hydrocarbons,  i n c l u d  aces of ace- 
tone.  The ace tone  w a s  in t roduced  i n t o  t h e  gas s 
b o t t l e  when cleaned.  Subsequent bo t t l e s  w carbon te t -  
r a c h l o r i d e  and p resen ted  no f u r t h  
t i o n ,  s u b s t a n t i a l  o i l  contaminat i  
The excess ive  contaminat ion w a s  caused by an 
sample c i r c u i t .  With t h e  va lve  open t o  a t  

p r e s s u r e  ac ross  t h e  hydrodynamic 
t e r e d  the c a v i t y .  As t h e  oil-mis 
c a v i t y ,  t h e  o i l  w a s  decomposed o r  
w a s  l a t e r  d iscovered  i n  t h e  d i s a s  
carbonaceous d e p o s i t  r e s u l t e d  on t h e  s h r  
wheel. A s  a r e s u l t  of t h i s  unfo 
7000 ppm of C 0 2 ,  3 1 , 0 0 0  ppm of CO 

I n  a l l  subsequent samples,  t h e  sample b o t t l &  Was fi 
t o  determine i f  any o i l  had "condensed" on t h e  
w a s  evaporated,  and i n  each case, 
less than  0 . 0 0 1  gm.  A f t e r  t h e  va 
f u r t h e r  excess ive  contaminat ion 
are summarized below: 

- 
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Contamination, ppm 

co 
125 282 0 0 

- co2 - CxHy - Opera t ion ,  h r  

7000 31  , 000 2 4 2  - 

i 

307 40  350 0 

386 98 0 0 

436 1 9 2  0 753 

5 0 0  97 320 650 

The presence of carbon d ioxide  i n  t h e  sample can be t r a c e d  t o  contami- 
n a t i o n  of t h e  coo l ing  gas  i t s e l f - - a  t r e n d  d i scussed  i n  Sec t ion  1 0 . 1 . 2 . 6 .  

These gas sample measurements demonstrate t h a t  t h e  sea l  hydrocar- 
bon leakage rates of t h e  BRU-R are less than  t h e  s p e c i f i e d  requirement  
of 0 .070  l b  f o r  a 500-hr t es t .  For example, cons ider  t h e  contamina- 
t i o n  experienced i n  gas Sample 1, which conta ined  282 ppm of hydrocar- 
bons a f t e r  125 h r .  I n  o r d e r  t o  determine t h e  a c t u a l  s e a l  l eakage ,  
t h i s  p ropor t ion  must be r e l a t e d  t o  t h e  t u r b i n e  c a v i t y  volume wi th  a 
volume of approximately 550 c m  . A contaminat ion of 282  ppm o r  0 . 0 2 8 2  

p e r c e n t  i n  t h i s  c a v i t y  means t h a t  t h e r e  are 0.155 c m 3  of gaseous hydro- 
carbons p r e s e n t .  It w a s  assumed t h a t  t h e  molecular  weight of t h e  hy- 
drocarbons could be approximated by us ing  t h e  molecular weight of 
normal hexane (C6H14) which is  86 .  

carbons i n  t h e  gas  sample i s  unknown, b u t  normal hexane i s  l i k e l y  t o  
be p r e s e n t  and t o  be one of t h e  h e a v i e s t  v o l a t i l e  hydrocarbons i n  t h e  
sample. S ince  1 gm molecular  weight  occupies  2 2 . 4  l i t e r s ,  t h i s  con- 

tamina t ion  of 282 ppm of hydrocarbons w i l l  weigh 5.95 x gm. A t  

t h i s  r a t e  f o r  t w o  seals over a 500-hr pe r iod ,  t h e  t o t a l  contamination 
would be 4.76 x gm or 1.048 x lb. This i s  only 0 . 0 1 5  per-  
c e n t  of t h e  one leakage requirement  of 0 . 0 7 0  l b  f o r  a 500-hr pe r iod .  

3 

The exact composition of t h e  hydro- 
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10.1.2.5 Lubricator 

The Norgren oil-mist lubricator used in this test was unreliable 
in maintaining oil-flow rates without frequent re-adjustment of the 
controls. In addition, the loop had to be shut down for approximately 
1 min every 8 hr in order to balance pressures within the lubricator 
and prevent a complete stoppage of oil flow. Attempts to modify a 
spare lubricator to prevent the malfunction met with limited success. 
A positive displacement, motor-driven lubricator was incorporated on 
the subsequent tests of the BRU-R. 

10.1.2.6 Lubrication and Cooling System Contamination 

The oii contamination of the Lubrication and Cooling System gas 
was checked by analyzing a gas sample drawn from the loop at a point 
immediately downstream from the dual F-1 filters. Infrared spectro- 
photometer analysis was made at 380, 430, and 500 hr of operation. The 
results are tabulated below: 

Contamina,tion, ppm 

Operation, fir 

380 
430 
500 

20 
30 

40 

150 
32 5 
1 5 5  

The general increase in hydrocarbon contamination at the end of the 
test indicates a decrease in the effectiveness of the F - l  filter ele- 
ments. 
BRU-R turbine cavity gas sample can be explained by the LCS gas con- 
tamination rather than assuming seepage - from the bearing cavity - to the 
LCS gas. A change of filter elements every 250 hr of operation should 
minimize the oil contamination. It should be noted that all lines 
downstream from F-1 were clean and dry at the completion of the 500-hr 
test. 

A l s o ,  it is believed that the presence of C 0 2  and CO in the 
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1 0 . 1 . 2 . 7  Lubr i ca t ion  and Cooling Systern F i l t e r  Performance 

A f t e r  completion of  5 0 0  h r  of o p e r a t i o n ,  t h e  va r ious  f i l t e r s  i n  
t h e  Lubr i ca t ion  and Cooling System w e r e  i n spec ted ,  and entrapped o i l  
weighed. The bulk of t h e  l u b r i c a t i n g  o i l  in t roduced  dur ing  t h e  system 
w a s  found i n  t h e  l a r g e  t ank ,  s imula t ing  t h e  volume of t h e  SPF r e t u r n  
l i n e  t o  t h e  r e c i p r o c a t i n g  compressor (Figure 8 9 ) .  The r e s u l t s  are: 

Locat ion O i l  Weight, l b  

Return Line Volume Tank 63.230 

F-1 0 .050  

F- 2 0.360 

F-3 (automatic  dump) 0 .006  

F-4 (au tomat ic  dump) 0 .000  

Compressor Tank Sump 0.870 

TOTAL 64.52 

It should be noted t h a t  o i l  p i p i n g  between F-1 f i l t e r s  and t h e  l u b r i c a -  
t o r  were d r y ,  w i th  no v i s i b l e  trace of o i l .  

10.1.2.8 Automated C o n t r o l l e r  

The Taylor  automated c o n t r o l  system, used t o  main ta in  t h e  d i f f e r -  
e n t i a l  p r e s s u r e  between P 

t ro l l e r  w a s  a b l e  t o  ho ld  t h e  set d i f f e r e n t i a l  p re s su re  of 0 . 4  p s i  with- 
i n  k0.02  throughout  t h e  tes t .  

and P 2 ,  performed wi thout  f a u l t .  The con- 1 

10.1 .2 .9  HX-3 Heater 

The h e a t e r  (HX-3) w a s  ope ra t ed  du r ing  t h e  l a s t  2 4  h r  of t h e  t e s t  
t o  main ta in  cooling-gas temperature  a t  100OF. Manual c o n t r o l  was easy  
and s t a b l e .  
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10.1.3 Disassembly InsDect ion 

The BRU-R w a s  d isassembled,  fo l lowing  completion of t h e  500-hr 
test .  

10.1.3.1 5 

Upon removal of t h e  e lectr ical  h e a t e r  assembly from t h e  BRU-R, 

carbon w a s  observed on t h e  face of t h e  t u r b i n e  shroud,  t h e  gold-p la ted  
s u r f a c e s  of t h e  t u r b i n e  wheel, and ( t o  a lesser e x t e n t )  t h e  i n s i d e  
of  t h e  h e a t e r  shroud (F igures  92  and 9 3 ) .  Approximately 0 . 1  gm of 
carbon w a s  sc raped  from t h e  components. 

10.1.3.2 Dummy Turbine Wheel 

Fur the r  disassembly r evea led  t h e  back of t h e  t u r b i n e  wheel was 
l i g h t l y  s p o t t e d  wi th  carbon (Figure 9 4 ) .  The reason f o r  o i l  condensing 
only  i n  s p o t s  i s  unknown. 

10 -1 .3 .3  Turbine Shroud 

The carbon formations on t h e  i n s i d e  of t h e  s h r o  
F igu re  95 .  These s p o t s  w e r e  caused by r a d i a l  jetsi,af 

o i l -mis t  pas s ing  fqhrough thermocouple l e a d  h o l e s  i n  t h e  
carr ier  and impinging upon t h e  high-temperature shroud. The nex t  as- 
sembly w a s  made wi th  t h e  ho le s  plugged t o  prevent  'recu ce of  t h i s  
carbon formation.  

10.1.3.4 Hydrodynamic Face Sea l s  

The hydrodynamic face seals and s t a t o r s  showed no evidence of w e a r  
a f t e r  5 0 0  h r  of ope ra t ion  and 6 8  s tarts.  The seal a t  t h e  t u r b i n e  end 
r f  t h e  s h a f t  had t h e  carbon face coated wi th  f r e s h  o i l ,  b u t  t h e r e  w a s  
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T U R B I N E  SHROUD AND 
DUMMY T U R B I N E  WHEEL 

F I G U R E  92 
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HEATER SHROUD 

F I G U R E  93 
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DUMMY TURBINE WHEEL 

F I G U R E  9 4  
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MP-23660 

TURBINE SHRQUD 

F I G U R E  95 
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no evidence of  any s i g n i f i c a n t  carbon bui ldup on t h e  hydrodynamic gas  
bea r ing  geometry. The seal  i s  shown i n  F igure  9 6 .  

The t o t a l  q u a n t i t y  of o i l  l eak ing  through t h e  t u r b i n e  end seal 
could n o t  be measured except  by weight of t h e  carbon d e p o s i t s  on 
shrouds,  seal car r ie r ,  and t u r b i n e  wheel. The carbon removed from 
t h e s e  components weighed approximately 0.2 gm. Since t h e  carbon i n  
MIL-L-7808 o i l  c o n s t i t u t e s  6 9  pe rcen t  of t h e  weight ,  it can be assumed 
t h a t  a t  l ea s t  0 . 2 9  gm of o i l  passed through t h e  s e a l .  The amount of 
o i l  l eak ing  through t h e  seal  dur ing  t h e  75 h r  of ope ra t ion  when t h e  
c a v i t y  va lve  w a s  open i s  impossible  t o  determine. 

T h e  hydrodynamic f a c e  s e a l  a t  t h e  compressor end of t h e  s h a f t  w a s  
dry.  The compressor c a v i t y  o u t s i d e  t h e  f ace  seal  conta ined  3 gm of 
o i l .  Assuming t h a t  t h e  compressor end-seal  permi t ted  t h e  e n t i r e  3 gm 
of o i l  leakage i n  t h e  compressor c a v i t y ,  t h e  t o t a l  hydrodynamic seal  
leakage would be comprised of t h e  fol lowing elements:  

Weight of O i l ,  l b  

Compressor end ( 3  gm) 
Turbine end (weight of  o i l  equivalent-  

Spectrophotometer e x t r a p o l a t i o n  
t o  0 . 2  gm of  carbon)  

(Page 10-16)  

0 . 0 0 6 6 2 0 0  

0 . 0 0 0 6 4 0 0  

0 . 0 0 0 0 1 0 5  

0.0072705 Tota l  seal leakage f o r  500 h r  
Total  seal leakage pe rmi t t ed  by c o n t r a c t  0 . 0 7 0  

The t o t a l  leakage i s  1 0 . 3  pe rcen t  of t h a t  pe rmi t t ed  by c o n t r a c t ;  how- 
e v e r ,  t h e  compressed a i r  used t o  d r i v e  t h e  motoring t u r b i n e  contz ined  

traces of o i l  t h a t  could have condensed i n  t h e  same c a v i t y .  A l s o ,  t h e  
amount of o i l  l eak ing  through t h e  t u r b i n e  end s e a l ,  when t h e  t u r b i n e  
c a v i t y  va lve  w a s  i n a d v e r t e n t l y  l e f t  open, w a s  impossible  t o  determine. 
Therefore ,  it i s  be l i eved  t h a t  a more r e p r e s e n t a t i v e  s e a l  leakage r a t e  
i s  obta ined  by e x t r a p o l a t i n g  t h e  i n f r a r e d  spectrophotometer measure- 
ments (Paragraph 10.1.2.4.2). I n  f a c t ,  t h e s e  show t h a t  a n e g l i g i b l e  
q u a n t i t y  of o i l  w a s  " l eak ing"  p a s t  t h e  seals. 
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HYDRODYNAMIC FACE SEAL :: 
TURBINE END 

F I G U R E  9 6  
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10.1.3.5 A l t e r n a t o r  Cavi ty  

The a l t e r n a t o r  c a v i t y ,  which w a s  suppl ied  with 0 . 2  lb/min of cool -  
i n g  argon, w a s  d ry  and f r e e  from a l l  t r a c e s  of o i l .  

10.1.3.6 Bearings 

The P/N 358546 bea r ings  were i n  e x c e l l e n t  cond i t ion  without  any 
trace of o i l - cok ing  o r  d i s c o l o r a t i o n .  Sepa ra to r s ,  races, and b a l l s  
appeared t o  be a s  o r i g i n a l l y  i n s t a l l e d .  

1 0 . 1 . 3 . 7  General  Condition 

A l l  components of t h e  BRU-R, i nc lud ing  l a b y r i n t h  seals ,  r e s i l i e n t  
bea r ing  mounts, s h a f t ,  and hous ings ,  completed t h e  500-hr tes t  wi thout  
any evidence of malfunct ion o r  f a i l u r e .  

1 0 . 2  Fifty-Hour T e s t  

The purpose of t h e  50-hr t e s t  was t o  v e r i f y  t h e  o i l  leakage ra tes  
t h a t  were experienced du r ing  t h e  f i r s t  50 h r  of  t h e  500-hr t es t .  This  
w a s  P a r t  1 of t h e  acceptance t e s t  and was t o  be performed with dummy 
i n e r t i a l  masses i n  p l a c e  of t h e  aerodynamic components. 

1 0 . 2 . 1  Desc r ip t ion  of T e s t  Setup 

Following t h e  d e t a i l e d  i n s p e c t i o n  a f t e r  t h e  500-hr t e s t ,  t h e  BRU-R 

w a s  assembled with riew bea r ings  and , iew seals.  An a i r  t u r b i n e  motor 
was used t o  d r i v e  t h e  BRU-R as  i n  t h e  prev ious  t e s t ;  t h e  e l e c t r i c a l  
h e a t e r  w a s  n o t  used. The Norgren l u b r i c a t o r  head w a s  rep laced  wi th  t h e  
p o s i t i v e  displacement  meter ing pump and v e n t u r i  s e c t i o n  desc r ibed  i n  

Paragraph 4 . 4  and shown i n  F igure  25. 
ment w a s  t h e  same as i n  t h e  500-hr tes t .  

The remainder of t h e  t e s t  equip- 
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10.2.2 T e s t  Per€ormance 

The 50-hr t e s t  w a s  i n i t i a t e d  on J u l y  9 and s u c c e s s f u l l y  completed 
J u l y  11, 1 9 6 9 .  The BRU-R w a s  operated for a t o t a l  of 50 h r  25 min a t  
t h e  des ign  speed of 36,000 rpm. (See t a b l e s  on Pages 10-12  through - 1 4 . )  

10.2.2.1 BRU-R Vibra t ion  

The v i b r a t i o n  level  of t h e  BRU-R remained between 0.015 t o  0 .020  

m i l  double-amplitude displacement  for  t h e  e n t i r e  50 .4  h r  of ope ra t ion .  
During coast-down, v i b r a t i o n  levels w e r e  recorded as a func t ion  of 

s h a f t  speed. These v e r i f i e d  earlier p r e d i c t i o n s  (Sec t ions  5 and 9 )  of 
c r i t i ca l  speed ranges.  Those v i b r a t i o n s  and t h e i r . c o r r e s p o n d i n g  speeds 
are summarized below: 

S h a f t  Speed, rprn Double-Amplitude Vlb ra t ion ,  m i l  

36,000 0.020 

31,500 0.100 

23,700 0,105 

2 i , o o o  0 100 

16,200 0.130 

6,000 0.120 

The 0 . 1 3 - m i l  level a t  1 6 , 2 0 0  rpm, whi le  n o t  , appears  t o  
d e f i n e  t h e  lower c r i t i ca l  whi le  t h e  0 . 1 2 - m i l  r ead ing  a t  6000  d e f i n e s  
t h e  t r a n s i t i o n  r eg ion  f o r  t h e  hydrodynamic seals. 

A l s o ,  tne u n i t  w a s  i n a d v e r t e n t l y  overspeeded which V e r i f i e d  t h e  

bending mode c r i t i c a l  speed p r e d i c t e d  a t  t h e  conclus ion  a f  Sec t ion  9 . 2 .  
A t  a s h a f t  speed of approximately 4 8 , 0 0 0  rpml v i b r a t i o n  showed marked 
i n c r e a s e ,  as p r e d i c t e d ;  howeve-r, t h i s  i s  w e l l  above t h e  120-percent 
desigr; overspeed of 43,200 rpm. 
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10 .2 .2 .2  Bearing Lubr ica t ion  

A t o t a l  of 7.36 l b  of MIL-L-7.808 o i l  w a s  suppl ied  t o  t h e  BRU-R 
bear ings  dur ing  t h e  50 .4  h r  of opera t ion .  The 
t o  each bea r ing  was 0 .00122 lb/min; t h e  design 
lb/min. 

10.2.2.3 Bearing Temperatures 

The BRU-R bear ing  ou te r - r ace  temperatures  

average o i l - f low r a t e  
flow rate  was 0 . 0 0 1 1  

remained unchanged 
throughout  t h e  test .  General ly ,  t h e  bear ing  and t h e  r e s i l i e n t  mount 
a t  t h e  compressor end of t h e  s h a f t  r a n  approximately 20°F h o t t e r  than 
t h e  t u r b i n e  end bea r ing  and r e s i l i e n t  mount. This. is t h e  r eve r se  of 
t h e  500-hr test  where t h e  t u r b i n e  end bear ing  and mount r an  10°F h o t t e r  
than t h e  compressor end bear ing  and mount. However, t h e  500-hr t e s t  
had an electrical  h e a t e r  mounted on t h e  tu rb ine  end, whereas t h e  h e a t e r  
w a s  not used durilig t h e  50-hr. Also,  s i n c e  t h e s e  two tests w e r e  per- 
formed i n  A p r i l  and J u l y ,  r e s p e c t i v e l y ,  t h e  temperature  d i f f e r e n c e  i n  
t h e  compressed a i r  t o  d r i v e  t h e  a i r  t u r b i n e  motor could account f o r  
some of t h e  temperature  d i f f e r e n t i a l .  The compressor bea r ing  tempbra- 
t u r e s  ranged from 200'  t o  215'F and t h e  r e s i l i e n t  mount from 127O t o  
155OF. The t u r b i n e  bear ing  temperatures  ranged from 183O t o  1 9 0 ° F  and 
t h e  r e s i l i e n t  mount temperature  from 106O t o  130OF. 

10 .2 .2 .4  Hydrodynamic Face Seal Leakage 

AS i n  t h e  500-hr t es t ,  t h e  o i l  leakage p a s t  t h e  hydrodynamic f ace  
s e a l  w a s  determined by drawing a gas sample from t h e  sea l ed  t u r b i n e  
c a v i t y .  The gas  sample w a s  analyzed i n  an i n f r a r e d  spectrophotometer  
wi th  a 10-m gas  ce l l .  There were no measurable q u a n t i t i e s  of hydro- 
carbons p r e s e n t  i n  t h e  gas sample. The sample b o t t l e  w a s  r i n s e d  wi th  
benzene, t h e  s o l u t i o n  evaporated,  and t h e  weight  o€ t h e  r e s idue  was 
less than 0 . 0 0 1  gm. 
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8 ,  

A gas  sample was drawn f r o m  t h e  Lubr i ca t ion  and Cooling System 
a f t e r  t h e  50-hr test .  T h i s  sample w a s  analyzed on t h e  i n f r a r e d  spec- 
t rophotometer ,  and no measurable q u a n k i t i e s  of hydrocarbon w e r e  found. 
The sample b o t t l e  w a s  r i n s e d  wi th  benzene, t h e  s o l u t i o n  evaporated,  
and t h e  r e s i d u e  weight w a s  less than 0 . 0 0 1  gm. 

10.2.3 Disassembly Inspec t ion  

A f t e r  completion of t h e  50-hr t es t ,  t h e  BRU-R sassembled t o  

t h e  dummy i n e r t i a l  wheels f o r  v i s u a l  examination of t h e  tuxbine  c a v i t y  
and t h e  compressor housing. There w a s  no evidence of o i l  i n  e i ther .  
There w a s  a trace of o i l  on t h e  d iameter  af t h e  compressor seal  ca 
where t h e  capac i tance  probes pro t rude .  T h i s  trace 
g los sy  sheen and w a s  e v i d e n t  t bud w a s  n o t  er, 
The o i l  could have been from t h e  compres a i r  f o r  t h e  d r i v e  
o r  from a "wicking" e f f e c t  a-Long t h e  capac i tance  prob I t  i s  doubt- 
f u l  t h a t  t h e  o i l  came p a s t  t h e  compressor 1, as seal bellows 
appeared dry .  

10 .3  5-Hr T e s t  

The purpose of, t h e  5-hr test w a s  a BRU-R 

b e f o r e  shipment. This t es t  w a s  Part  2 of test and w a s  
performed w i t h  t h e  aerodynamic com 
M r .  Llcryd W. R e a m  of NASA L e w i s  Research Center .  

10.3.1 Desc r ip t ion  of T e s t  Setup 

Following i n s p e c t i o n  a f te r  t h e  50-hr t e s t ,  t h e  dummy i n e r t i a l  
masses were removed and r ep laced  w i t h  t he  compressor impeller and t h e  
t u r b i n e  wheel, which w e r e  i n s t a l l e d  i n  t h e  BRU-R. A spacer  f o r  t h e  
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compressor sc ro l l  w a s  machined t o  o b t a i n  a c l ea rance  of 0.017 t o  0 .019  
i n .  between t h e  compressor impe l l e r  and t h e  s c r o l l .  A space r  f o r  t h e  
t u r b i n e  wheel w a s  machined t o  a c l ea rance  from 0 .019  t o  0 .020  i n .  
between t h e  t u r b i n e  wheel and t h e  s c ro l l .  It should be noted t h a t  
t h i s  space r  w a s  i n t e n t i o n a l l y  made t h i c k e r  t han  s p e c i f i e d  ( 0 . 0 0 8  t o  
0 . 0 1 0  i n . )  t o  prevent  damage from occur r ing  whi le  o p e r a t i n g  on co ld  
gas du r ing  t h e  5-hr test .  A second space r  f o r  t h e  t u r b i n e  wheel w a s  
machined t o  o b t a i n  a c l ea rance  of 0 . 0 0 8  t o  0 .010  i n .  and w a s  i n s t a l l e d  
before shipment. The scrolls w e r e  i n s t a l l e d  on t h e  BRU-R and a com- 
p res sed  a i r  l i n e  w a s  duc ted  t o  t h e  t u r b i n e  scrol l  i n l e t .  This t es t  
s e t u p  i s  shown i n  F igure  97 .  

10.3.2 T e s t  Performance 

The 5-hr t es t  w a s  s u c c e s s € u l l y  completed on J u l y  17, 1 9 6 9 .  The 
test  c o n s i s t e d  of o p e r a t i n g  t h e  BRU-R f o r  5 h r  a t  t h e  des ign  speed of 
36,000 rpm and a t  1 2 0  pe rcen t  of des ign  speed f o r  1 0  min. (See t a b l e s  
on Pages 10-12  through 10-14.) 

10.3.2.1 BRU-R V ib ra t ion  

The v i b r a t i o n  l e v e l  of t h e  BRU-R dur ing  t h e  5-hr tes t  remained 
between 0.015 and 0 .022  m i l  double-amplitude displacement .  During t h e  
120-percent overspeed t es t ,  t h e  v i b r a t i o n  ranged from 0.05 t o  0 . 0 7 6  

m i l .  

10.3.2.2 Bearing Temperatures 

The compressor bea r ing  ou te r - r ace  temperature  dur ing  t h e  5-hr t e s t  
ranged from 188O t o  197OF. This  i s  approximately 12'F cooler than  exh 
per ienced  du r ing  t h e  50-hr t es t .  The compressor bea r ing  r e s i l i e n t -  
mount temperature  ranged from 137O t o  150°F, which i s  approximately 
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BRU-R AND COOLING LOOP 
FOR 5-HR TEST 

FIGURE 9 7  
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the same as the 50-hr test. Because of facility instrumentation 
difficulty, no temperature measurements of the turbine bearing outer 
race could be made. The turbine bearing resilient-mount temperature 
ranged from 104O to 117OF; the resilient-mount temperature stabilized 
13OF cooler than that of the 50-hr test. During the 120-percent over- 
speed test, the compressor bearing outer race was 217OF. 
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11. CONCLUSIONS 

A p ro to type  Brayton Rota t ing  Unit  o p e r a t i n g  on gas-cooled o i l - m i s t  
l u b r i c a t e d  ro l l ing-e lement  bea r ings  (BRU-R) has been designed,  fabr i -  

c a t e d ,  and tested. A c losed  cyc le  Lubr i ca t ion  and Cooling System 
provides  t h e  BRU-R w i t h  gas coo l ing  and o i l - m i s t  l u b r i c a t i o n  b u t  a l s o  
i n c o r p o r a t e s  a unique hydrodynamic f ace - sea l  t o  prec lude  contaminat ing 
t h e  Brayton c y c l e  working f l u i d  w i t h  bea r ing  o i l .  The bear ings  and 
seals were eva lua ted  i n  component development tests and i n  s e p a r a t e  
500- and 50-hr endurance tes ts  of t h e  BRU-R. The seal leakage ra tes  
w e r e  w e l l  below t h e  level  s p e c i f i e d  by Cont rac t .  A s  a f i n a l  accep- 
t a n c e  t e s t ,  t h e  BRU-R w a s  opera ted  wi th  t h e  aerodynamic components fo r  
5 h r  a t  des ign  speed and f o r  1 0  min a t  120-percent overspeed. 

The requirement  t h a t  t h e  t o t a l  o i l  leakage i n t o  t h e  cyc le  working 
f l u i d  should n o t  exceed 0 .07  lb of o i l  f o r  500 h r  of ope ra t ion  w a s  
e a s i l y  achieved.  I n  f a c t ,  s e a l  leakage measurements r evea led  t h a t  a 
n e g l i g i b l e  q u a n t i t y  of oil ( 1 . 0 4 8  x l b  i n  5 0 0  h r )  w a s  " leak ing"  
i n t o  t h e  c y c l e  working f l u i d .  P r imar i ly  r e spons ib l e  f o r  t h i s  low 
leakage ra te  w e r e  t h e  hydrodynamic face seal  of t h e  BRU-R and t h e  seal  
d i f f e r e n t i a l  p r e s s u r e  c o n t r o l  of t h e  BRU-R Lubr ica t ion  and Cooling 

Sys t e m .  

The t e s t i n g  performed wi th  t h e  hydrodynamic face seal  demonstrated 

t h a t  t h e  sea l  does become hydrodynamic as t h e  s h a f t  speed i n c r e a s e s ,  
t h a t  t h e r e  i s  no c o n t a c t  between t h e  carbon nose and t h e  seal  ro tor  
a t  t h e  des ign  speed, and t h a t  t h e  seal  i s  capable  of making repea ted  
s t a r t - s t o p  c y c l e s  wi thou t  imparing t h e  s e a l i n g  e f f e c t i v e n e s s .  I n  
a d d i t i o n ,  t h e  seal  has  s t a t i c  s e a l i n g  c a p a b i l i t y .  N o  estimate can be 

made on t h e  seal- l i fe  because no measureable w e a r  w a s  observed dur ing  
t h e  tes t  runs  of 1 0 0 0  h r  on t h e  seal  t es t  r i g  and 500  h r  on t h e  BRU-R. 

Development t es t  exper ience  w i t h  t h e  hydrodynamic face-seal revea led  
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t h a t  t he  gas  bea r ing  geometry should be on the i n s i d e  diameter  of t h e  
carbon nose i f  t h e  o i l -mis t  environment is  on t h e  o u t s i d e  diameter .  

The seal  d i f f e r e n t i a l  p r e s s u r e  n t r o l  of t h e  BRU-R Lubr ica t ion  
and Cooling System made a s i g n i f i c a n t  c o n t r i b u t i o n  -to achiev ing  a low 
o i l  leakage p a s t  t h e  seals. The seal d i f f e r e n t i a l  p re s su re  c o n t r o l  
c o n s i s t s  of a d i f f e r e n t i a l  p r e s s u r e  t r a n s m i t t e r ,  a dev ia t ion  i n d i c a t i n g  

c o n t r o l l e r  (an analog computer) , an electsopneumatic  t r ansduce r ,  and 
t w o  c o n t r c l  va lves .  This c o n t r o l  w a s  able t o  au tomat i ca l ly  main ta in  
t h e  bea r ing  c a v i t y  p r e s s u r e  lower than  t h e  p r e s s u r e  a t  t h e  compressor 
i m p e l l e r  hub and thereby  provide c o n t i n u a l  purging ross t h e  hydro- 
dynamic f a c e  seal .  

Development t e s t i n g  wi th  va r ious  air/oil-mist  r a t i o s  i n  bear-  

eratures are p r i m a r i l y  i n g  and seal  t es t  r i g  r evea led  t h a t  b e a r  
a f u n c t i o n  of coo l ing  a i r  mass-flow 
a i r /o i l  mixture  r a t io .  Endurance t es t i  
t e s t  r i g  demonstrated t h a t  u l a r  con t  .can be success- 
f u l l y  opera ted  w i t h  g a s / o i l  r a t io s  a f  400 : 1, 

Pre l iminary  r o l l i n g  element des ign  an i n g  revea led  
that. f o r  t h i s  a p p l i c a t i o n ,  30-mm bore bear wi th  9/32-in.-diam ba l l s ,  

22-deg c o n t a c t  a n g l e s ,  56-  inner -  and 5 v a t u r  

w e r e  optimum. 
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APPENDIX A 

RADIAL-FLOW TURBOCOMPRESSOR 

The contract initially specified a radial-flow, oil-lubricated 
turbocompressor operating with argon as the cycle working fluid. 
Before the contract was redirected to the BRU-R configuration, the 
mechanical layout of the radial-flow turbocompressor had been performed 
and an analysis of the bearings had been completed. 

I. SYSTEM REQUIREMENTS 

The system requirements for the radial-flow turbocompressor are 
contained in Table A-1. 
38,506 rpm and employs argon as the cycle working fluid with a turbine 
inlet temperature of 195OOR. The turbocompressor was to operate as 
part of a Brayton cycle space power system while employing low-loss, 
oil-lubricated, rolling element bearings. The bearings and seals were 
to be selected to operate within the objectives of low-power l o s s  and 
low-leakage rates for a minimum of 500 hr before replacement is re- 
quired. 

The turbocompressor has a design speed of 

11. PRELIMINARY MECHANICAL DESIGNS 

The initial layout (No. 1) of the turbocompressor is shown in 
Figure A-1. The rotating group is supported by two 25-mm angular con- 
tact ball bearings. The shaft is an integral part of the turbine 
wheel. A buffered labyrinth seal and a cor-tactinq face-seal separates 
each bearing from the adjacent aerodynamic component. A labyrinth seal 
is situated between each bearing to keep the bearing cooling-flows 
separated. The results of the dynamic analysis of this arrangement are 
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TABLE A-1 

SYSTEM REQUIREMENTS 
RADIAL-FLOW TURBOCOMPRESSOR 

Cycle working fluid 
Mass flow rate, lb/sec 
Turbine inlet temperature, OR 
Turbine pressure ratio 
Turbine inlet pressure, psia 
Compressor inlet temperature, OR 
Compressor pressure ratio 
Compressor inlet pressure, psia 
Design operating life, hr 
Test operating life (TBO), hr 

(bearings and seals) 
Speed capability, % design 
Speed at design, rpm 
Bearing lubricant and coolant 
Argon coolant supply, OR 

pressure 
flow, % max 

Bearing lubricant objectives, 
flow lb/hr max 

Exit temperature, OR max 
Internal leakage, lb/yr max 

(3) Condition A Condition B 

Argon 
0.27 
1950 

5.87 
536 

2.66 

Argon 
0.611 
1950 
1.56 
13.2 
536 
2.30 
6 .O 

10 , 000 

500 (2) 

0 to 120(l) 
38,500 

MIL-0-7808 or equivalent 
560 

compressor delivery 
1.0 

To be determined by contractor 
8 36 
0.06 

Environmental Specifications - *NASA POO55-1 and NASA POO55-2 

*Detailed evaluation to the limit of the Specification POO55-1 may be 
limited to Section 2.2.1 with the wave shape of Section 2.1.1.3. Required 
and reasonable mountings to keep the other requirements of the specifi- 
cations within acceptable limits shall also be established By analysis. 

NOTES : 
1. Sustain 20% overspeed for 5 min at end of 500 hr of test operation 

2. Refers only to minimum bearing and seal life before replacement is 

3 .  The turbine and compressor will be designed for optimum performance 

(a design objective). 

required (a design objective). 

under Condition B system. 
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shown in Figure A-2. The fundamental bending mode critical is 
approximately 85,000 rpm. The rotating group geometry and resilient- 
mount spring-rate used for the dynamic analysis appear in Figure A-3. 

Since the free-free bending mode critical of layout No. 1 was more 
than adequately high, consideration was given to reducing the bearing 
bore size to 20 mm. This reduced bearing bore size is beneficial in 
that it reduces labyrinth seal and nose-piece diameters in the face 
contact seals. Figure A-4 is the layout for the 20-mm bearing arrange- 
ment. The turbine wheel is integral with the shaft as in the first 
25-mm bore size bearing layout. The results of the dynamic analysis 
of layout No. 2 are presented in Figure A-5. The fundamental bending 
mode critical is approximately 77,200 rprn. The rotating group geometry 
and resilient-mount spring-rate used for the dynamic analysis are 
shown in Figure A-6. 

Inspection of the two layouts reveals a rather detrimental assem- 
bly problem. The integral shaft turbine-wheel assembly would require 
that all seals and bearings be installed from the compressor end of 
the shaft. While such an assembly procedure is possible, it would be 
cumbersome. If, for instance, the turbine face contact seal needed to 
be replaced, the entire rotating assembly would have to be disassembled, 
with attendant loss of all bearings and the compressor face contact 
seal. In addition, the good heat-transfer path down the integral shaft 
would aggravate an already serious problem of cooling the turbine bear- 
ing inner race. 

To eliminate these assembly problems, arrangements using curvic 
couplings were evaluated. Figure A-7 shows one of the arrangements 
that were studied. This design uses 25-mm ball bearings. A tie-bolt, 
running through the shaft and secured by a self-locking nut at the 
compressor end, holds the rotating group together. A similar design 
using 20-mm ball bearings was discarded because of the size limitations 
imposed on the tie-bolt. In order to keep adequate inertial properties 
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i n  such a s h a f t  des ign  (from a c r i t i c a l - s p e e d  c o n s i d e r a t i o n ) ,  t h e  t ie-  
b o l t  should n o t  exceed t h e  s h a f t  c e n t r a l  ho le  dimensions. The t i e - b o l t  
of t h e  20-mm bea r ing  des ign  d i d  n o t  appear  adequate t o  lock-up t h e  

c u r v i c  coupl ings and take t h e  added stresses, due t o  t h e  a n t i c i p a t e d  
d i f f e r e n t i a l  growth between t h e  r o t a t i n g  group elements and t h e  t i e -  
b o l t  i t s e l f .  A c r i t i c a l  speed a n a l y s i s  w a s  performed and t h e  fundamen- 
t a l  bending mode speed w a s  i n  excess  of 6 0 , 0 0 0  rpm. The c u r v i c  cou- 
p l i n g  des ign  approach w a s  abandoned because it w a s  be l ieved  t h a t  t h e  
i n t e g r a l  s h a f t  and t u r b i n e  wheel w a s  a s impler  and equa l ly  effective 
approach €or t h e  turbocompressor. 

111. FINAL TURBOCOMPRESSOR D E S I G N  

The f i n a l  turbocompressor des ign  be fo re  t h e  c o n t r a c t  r e d i r e c t i o n  
i s  shown i n  F igure  A-8. This design uses  an i n t e g r a l  t u r b i n e  wheel 
and s h a f t  cons t ruc t ion .  The cast  Inconel  713 t u r b i n e  wheel i s  t o  be 
electron-beam-welded t o  an SAE 4340 Steel s h a f t .  The compressor impel- 
ler  has an i n t e r f e r e n c e  f i t  w i t h  t h e  sha f t  and u t i l i z e s  an i n t e r n a l  
s p l i n e  f o r  p o s i t i v e  d r i v e .  The bea r ing  bore s i z e  i s  25 mm. 

The c r i t i c a l  speed a n a l y s i s  w a s  performed u s i n g  the mass and s t i f f -  

n e s s  model (Figure A-9)- F igu re  A-10 shows the c r i t i c a l  speeds a s  a 
func t ion  of bearing res i l ien t -mount  spr ing-rate .  I t  can  be s e e n  from 
F igure  A-10 t ha t  there i s  no need for b e a r i n g  r e s i l i e n t  mounts, a s  the 

f irst  and second system c r i t i c a l  speeds are w e l l  b e l o w  the des ign  oper- 
a t i n g  speed of 38,500 rpm, The b e a r i n g  loads for  r i g i d l y  mounted bear- 
i n g s  are shown i n  F igu res  A-11 and A-12, The b e a r i n g  s p r i n g  r a t e  for 
the r i g i d  mounting conf igu ra t ion  w a s  chosen as 250,000 lb / in ,  
i n g  loads w e r e  computed w i t h  a 0,0002-in, e c c e n t r i c i t y  assumed for each 
m a s s ,  F igure  A-11 r e p r e s e n t s  the b e a r i n g  l o a d s  for  a mass e c c e n t r i c i t y  
d i s t r i b u t i o n  t h a t  produces maximum e x c i t a t i o n  of the second ( c y l i n d r i -  
c a l  mode) c r i t i c a l  speed, F igu re  A-12 shows  the r e s u l t s  for a n  eccen- 
t r i c i t y  d i s t r i b u t i o n  t h a t  y i e l d s  maximum e x c i t a t i o n  of the th i rd  (beam} 
c r i t i ca l ,  The maximum bearing load f o r  the o p e r a t i n g  speed of 38,500 
rpm i s  29 lb, 

The bear- 
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IV. TURBOCOMPRESSOR BEARING DESIGN 

The rolling element bearing design was performed on the turbo- 
compressor using the analysis developed by Mr. A.B. Jones whose theory 
has been published by McGraw-Hill Book Company in Section 3 of the 
"Mechanical Design and Systems Handbook". The design approach was to 
consider the effect of varying race curvature, contact angle, and pre- 
load on bearing friction and life, and from the results to select the 
best combination, This approach is the same as was previously described 
in Section 5. 

The bearing design selected as a result of the bearing optimi- 
zation program is shown on Drawing 358492.  The major characteristics 
of the bearing are: 

Bore diameter 

Outside diameter 

Width 

Number of balls 

Ball diameter 

Inner-race curvature 

Outer-race curvature 

Contact angle 

Ring and ball material 

Separator material 

25 m 

47 mm 

1 2  mm 

13 

1/4 in. 

5 6 %  of ball diameter 

54% of ball diameter 

20 deg 

Consumable-electrode 
vacuum-melted M-50 
tool steel 

Iron-silicon-bronze, 
silver-plated 

APS-5327-R 
Appendix A 
Page 17 



Ai RESEARCH MANU FACTURI NO COMPANY 0 F ARlZO NA 
A DIV IS ION O F T H E  GARRETT CORPORATION 

The calculated bearing power losses with use of oil-mist 
lubrication are: 
end. 
BlO-life of the compressor-end bearing is 35,700 hr. This results in 
a bearing system BlO-life of 18,800 hr, giving a 3,700-hr system TBO. 

134 w at the turbine end and 133 w at the compressor 
The BlO-life of the turbine-end bearing is 43,200 hr, and the 
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APPENDIX B 

LUBRICATION AND COOLING SYSTEM D E S I G N S  

The l u b r i c a t i o n  and cool ing  system descr ibed  i n  Sec t ion  4 evolved 
from a buffered-sea l ing  system t o  a closed-cycle  system. This Appendix 
p r e s e n t s  t h e s e  designs and t h e  h i s t o r i c a l  development of t h e  BRU-R 

Lubr ica t ion  and Cooling System. 

I. BUFFERED SEALING SYSTEM 

When t h e  program was r e d i r e c t e d  from a r ad ia l - f low turbocompressor 
t o  t h e  BRU-R des ign ,  a buf fered-sea l ing  system was i n i t i a l l y  devised t o  
provide o i l - m i s t  l u b r i c a t i o n  t o  the bear ings .  A schematic  of t h i s  

system is shown i n  Drawing SKP18091. 

con tac t ing  seals are placed on both s i d e s  of each bear ing  t o  i s o l a t e  
the  bear ing  from t h e  a l t e r n a t o r  c a v i t y  and t h e  ad jacen t  aerodynamic 
component. The a l t e r n a t o r  c a v i t y  i s  purged wi th  argon t o  prevent  o i l  
from e n t e r i n q  t h e  h o t  a l t e r n a t o r .  The bea r ing  l u b r i c a t i o n  i s  provided 
by an oi l -argon-mist  system. The l u b r i c a t i o n  i s  dumped overboard a f t e r  
cool ing  t h e  bear ings .  A buf fered- labyr in th  seal i s  s i t u a t e d  between 
each aerodynamic component and the  con tac t ing  f ace  seal i n c l o s i n g  t h e  

bear ing  c a v i t y .  These l a b y r i n t h  seals are buffered  by a H e - X e  gas 
mixture  so t h a t  P-1 and P-2 are e s s e n t i a l l y  equal  ( t he  same f o r  P-4 
and P-5), and P-3 and P-6 (purge gas  e x i t s )  are maintained a t  a small  
p re s su re  d i f f e r e n t i a l  t o  P-1, P-2, P-4, and P-5. 

I n  t h e  buf fered-sea l ing  system, 

Successfu l  ope ra t ion  of t h i s  system i s  a s s o c i a t e d  wi th  t h e  perform- 
ance s t a b i l i t y  of t h e  purge gas d i f f e r e n t i a l  c o n t r o l  va lves  des igna ted  
on Drawing SKP18091 as va lves  V-1 and V-2. These s p e c i a l  va lves  were 
t o  be designed and f a b r i c a t e d  by t h e  Cont rac tor .  
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Prel iminary system s t u d i e s  i n d i c a t e d  t h e  fol lowing undes i rab le  
f e a t u r e s  

( a )  

(dl 

The 

of t h e  proposed system ( i n  regard t o  va lves  V - 1  and V - 2 ) :  

P-2 would always have t o  be s l i g h t l y  h igher  than P-1 t o  
p r e s e n t  a c o n t r o l  de l t a -p res su re .  This would cont inuously 
in t roduce  a supply of H e - X e  gas mixture  i n t o  t h e  BRU-R 

c y c l e  process  gas.  

The d e l t a  p re s su re  between P-1 and P-3 should be kept  very 
low ( i n  t h e  o r d e r  of 0.2 t o  0 .5  i n .  H 2 0 )  t o  preclude l a r g e  
H e - X e  flows t o  t h e  purge gas e x i t  (P-3 o r  P - 6 ) .  

Due to p o s s i b l e  face-sea l  leakage dur ing  t r a n s i e n t s  o r  
va lve  i n s t a b i l i t i e s ,  t h e  argon-oi l  gas mixture  could be 
exhausted through t h e  purge gas e x i t  (P-3 and P-6) which 
would n e c e s s i t a t e  a formidable  purge gas cleanup by NASA. 

Some H e - X e  b u f f e r i n g  gas could leak by t h e  face-contac t  
seals and exhausted t o  atmosphere wi th  t h e  argon-oi l -mist  
l u b r i c a t i o n .  

above d i f f i c u l t i e s  s t e m  from t h e  very low p res su re  d i f f e r -  
e n t i a l  t h a t  can be developed ac ross  t h e  l a b y r i n t h  s e a l s  due t o  t h e  
d e s i r e  t o  minimize t h e  flow of t h e  expensive H e - X e  gas mix tu re .  
Breadboard t e s t i n g  of a v a i l a b l e  contractor-designed components has  
shown t h a t  t h e  design of va lves  V - 1  and V-2 would be a d i f f i c u l t ,  i f  
n o t  impossible ,  t a s k  i f  c o n t r o l  d i f f e r e n t i a l  p re s su res  i n  t h e  o rde r  
of 0 . 2  t o  0 .5  i n .  H 2 0  w e r e  t o  be maintained.  
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11. PRELIMINARY CLOSED-CYCLE COOLING SYSTEM D E S I G N  

Based on t h e s e  d i f f i c u l t i e s ,  i n v e s t i g a t i o n s  w e r e  performed t o  
explore  o t h e r  methods t o  l u b r i c a t e  t h e  BRU-R and m e e t  t h e  s t r i n g e n t  
requirement  of 0.07 l b  of o i l  leakage i n t o  t h e  cyc le  working f l u i d  f o r  
500 h r  of opera t ion .  The system design o b j e c t i v e s  sought  w e r e :  

The system should be se l f -conta ined ,  w i t h  as f e w  i n t e r f a c e s  
a s  poss ib l e .  

The gas i n  the  o i l -mis t - lub r i ca t ion  system should be t h e  
same a s  t h e  thermodynamic-cycle system gas t o  avoid mixing 
gases .  

The system should have s t a b l e  opera t ion  during t r a n s i e n t  
s t a r t - u p  and shutdown t o  prevent  backflow of en t r a ined  o i l  
i n t o  t h e  BRU-R system process  gas.  

These i n v e s t i g a t i o n s  r e s u l t e d  i n  a c losed-cycle  l u b r i c a t i o n  and 
cool ing  system t h a t  is  an ex tens ion  of t h e  Brayton cyc le  thermodynamic 
loop and i s  charged w i t h  t h e  same gas mixture  of he l ium and xenon. 
This l u b r i c a t i o n  and cool ing  system design i s  shown i n  Drawing SKPle117. 
The p res su re  i n  t h e  bear ing  c a v i t y  (P2)  i s  maintained a t  a s l i g h t l y  
lower p re s su re  than  e i t h e r  P1 ( a t  t h e  s h a f t  diameter  of t h e  compressor) 
o r  P4 ( a t  t h e  s h a f t  diameter of t h e  t u r b i n e ) .  
e n t i a l  w i l l  cause cyc le  gas t o  flow inward through t h e  compressor and 
t u r b i n e  f ace  seals. The a l t e r n a t o r  c a v i t y  i s  p res su r i zed  from t h e  
compressor s c r o l l  discharge.  System process  gas w i l l  flow across  t h e  
a l t e r n a t o r  r a d i a l  s e a l s  due t o  t h e  p re s su re  drop (P3 t o  P2). The gas 

w i l l  be  c o l l e c t e d  from t h e  bear ing  c a v i t y ,  cooled t o  approximately 
l O O O F  before  e n t e r i n g  a posi t ive-displacement  compressor, and then 
passed over a molecular  s i e v e  absorber .  The scrubbed in-flow leakage 
gas is  re tu rned  t o  t h e  lowest p re s su re  l e v e l  i n  t h e  c losed  Brayton 
cyc le ,  t h e  compressor i n l e t .  

This pressure  d i f f e r -  
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The flows across each of a l t e r n a t o r  seals are t a b u l a t e d  as W i n  3 
Drawing SKP18117 f o r  t h e  t h r e e  power-level cond i t ions .  These flows 
w e r e  c a l c u l a t e d  by assuming a 0.001-in. r a d i a l  gap a t  t h e  seal l i p  
d i ame te r  and, t h e r e f o r e ,  r e p r e s e n t  t h e  maximum in-f low leakage t o  be 
expected.  The t o t a l  process  gas in-f low t o  t h e  BRU-R i s  r ep resen ted  
by t h e  sum of W1 + 2 W  

BRU-R speed ( t r a n s i e n t  s t a r t  and s t o p )  and, of cour se ,  power-level 
o p e r a t i n g  cond i t ions .  The purposes  of t h e s e  gas  in-f lows a r e  t o  pre-  

c lude  t h e  p o s s i b i l i t y  of o i l  f i n d i n g  i t s  way i n t o  t h e  process  system 

gas and t o  keep t h e  a l t e r n a t o r  c a v i t y  o i l - f r e e .  

+ W4. These a r e  v a r i a b l e s  w i t h  r e s p e c t  t o  3 

The main gas flow i n  t h e  closed-cycle  bea r ing  l u b r i c a t i o n / c o o l i n g  

system is  t h e  flow W2 in t roduced  a t  each bear ing  l o c a t i o n .  
g a s - o i l  m i s t  provided by t h e  upstream o i l  fog device.  The gas  i s  
in t roduced  i a t o  each bea r ing  c a v i t y  through a square-edged s o n i c  o r i -  
f i c e  s i z e d  f o r  t h e  10.5-kwe power-level c o n d i t i o n ,  so t h a t  t h e  pres-  
s u r e  r a t i o  ac ross  t h e  o r i f i c e  P2/P5 = 0.4881. 

p r e s s u r e  P = 31.5/0.4881or 64.5 p s i a .  

This i s  a 

Thus, t h e  upstream 

5 

Lowering t h e  va lue  of P f o r  t h e  o t h e r  t w o  power-operating eondi- 2 
t i o n s  w i l l  no t  change t h e  gas  mass-flow ac ross  t h e  s o n i c  o r i f i c e s .  

The va lue  of W2 is ,  thereby ,  a c o n s t a n t  f o r  each of t h e  t h r e e  power 
l e v e l s .  This gas flow ( f o r  each bea r ing )  i s  1.845 lb/min. The t o t a l  
gas  f low f o r  bea r ing  l u b r i c a t i o n  and coo l ing  would then  be 2 W 2 ,  o r  
3.69 lb/min. The t o t a l  o i l - f low r a t e  t o  be mixed w i t h  t h i s  gas-flow 

i s  2 W g ,  o r  0 . 0 0 2 2  lb/min. 
m i s t  l u b r i c a t i o n  tests of 20- and 30-mm-bore-size bear ings  running a t  

DN va lues  of approximately 1 , 0 0 0 , 0 0 0 .  These tests descr ibed  i n  
S e c t i o n  5 proved t h a t  bea r ings  could o p e r a t e  very s a t i s f a c t o r i l y  a t  
DN va lues  of i,OOO,OOO when supp l i ed  wi th  an a i r / o i l - m i s t  r a t i o  (by 
weight)  of 4 0 0 : 1 ,  For t h e  30-mm-bore-size bea r ings ,  0 . 4 6  lb/min of 
a ’ 4 0 0 : l  a i r / o i l  mixture  produced a bea r ing  temperature  r i se  of approxi-  
mately l lO°F.  For  t h e  same approximate temperature  rise of t h e  

This  gas-flow r a t e  was based on a i r / o i l -  
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bearings--namely, llO°F--the following tabulated conditions would exist 
for two 30-mm-bore bearings (based on the Cp of the cooling gas used). 

Air 
Argon 
He-Xe 
(Mol Wt 
83.8) 

Gas Oil Flow Rate 
Specific Gas Flow Mixture Ratio, 

Rate ppm by weight Heat, Cp gpm ppm 
0.241 1.02 0.0022 0.903 400:l 
0.124 1.02 0.0022 1.755 780: 1 
0.059 1.02 0.0022 3.69 1640:l 

It can be seen that the flow rate for the He-Xe gas is controlled by 
the value of the gas specific heat (Cp). The absolute values of oil 
flow are the same in each case, but the gas/oil-mixture ratio varies. 
Thus, the BRU-R will be essentially a gas-cooled machine, with just 
enough oil added to provide lubricity for the bearings. 

The total collected gas outflow from the BRU-R bearing cavity 
(W5) is equal to the sum- of W1 + 2W3 + W4 + 2W2. These values, with 
the appropriate BRU-R bearing cavity pressures (P2), are as follows: 

Power Level 

2.25 
6.0 
10.5 

P2, psia 

10.0 
18.9 
31.5 

He-Xe Gas Flow, 
lb/min 

3.902 
4.028 
4.425 
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111. INTERMEDIATE SYSTEM D E S I G N  

With t h e  advent  of t h e  requirement  t o  o p e r a t e  t h e  BRU-R i n  t h e  
space  chamber of t h e  NASA Plum Brook SPF, t h e  coo l ing  and l u b r i c a t i o n  
system underwent f u r t h e r  s tudy  and a n a l y s i s .  Due t o  t h e  seve re  environ-  

mental  cond i t ions  of t h e  space chamber, p o r t i o n s  of t h e  coo l ing  system 
w e r e  remotely l o c a t e d  from t h e  BRU-R i n  a room a t  ambient environment. 

The rev ised-cool ing  and l u b r i c a t i o n  system i s  shown i n  F igure  B-1. 

The systeln schematic  i s  very  s imilar  t o  t h a t  shown i n  Drawing SKP18117 
and d e v i a t e s  b a s i c a l l y  i n  t h e  r e l o c a t i o n  of va lve  V - 1  and t h e  tank  t o  

8 

t h e  compressor package. An a d d i t i o n a l  g l a s s  wool f i l t e r  has been 
inco rpora t ed  i n  t h e  compressor package. An agtomatic  d r a i n  vo r t ex  o i l  
s e p a r a t o r  is inco rpora t ed  between t h e  compressor a f t e r - c o o l e r  and t h e  

receiver. A h e a t e r  and f i l t e r  have been incorpora ted  ahead of t h e  

o i le r  t o  c o n t r o l  t h e  temperature  and contaminat ion of t h e  coo l ing  gas 

a f t e r  having been pumped through approximately 130  f t  of p ipe  connect-  
i n g  t h e  o i l e r  and t h e  molecular  s i e v e  absorbers .  

1 
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APPENDIX C 

RESEARCH COMPRESSOR COMPONENTS 

The contract  scope of work inc luded  t h e  des ign ,  f a b r i c a t i o n ,  and 
d e l i v e r y  of one set of r e sea rch  compressor p a r t s  t o  r e t r o f i t  t h e  
Compressor Research Package (de l ive red  under Cont rac t  NAS3-2778) wi th  
a backward- curved compres s o r  impe 1 ler  . 

The 5.976-in. compressor impe l l e r  i n i t i a l l y  designed and provided 
for  the Compressor Research Package w a s  based on t h e  second-stage 
r a d i a l  i m p e l l e r  used i n  t h e  Cont rac tor  Model 331 Engine, and a s i m i l a r  
des ign  i s  used i n  t h e  Cont rac tor  T76 Turboprop Engine. Subsequently,  
t h e  second s t a g e s  of t h e s e  engines  w e r e  l a t e r  redesigned wi th  backward- 
curved e x i t  blading.  The 8.27-in. diameter  impe l l e r  of t h e  T76 Engine 
develops an e f f i c i e n c y  of 85 pe rcen t  a t  a p re s su re  r a t i o  of 2 . 1 0 : l .  

Thus, it w a s  t h e  purpose of t h i s  t a s k  of t h e  c o n t r a c t  t o  apply t h e  
same des ign  p r i n c i p l e s  by s c a l i n g  t h e  T76 compressor t o  r e t r o f i t  t h e  
Compressor Research Package. 

I. BACKWARD-CURVED COMPRESSOR IMPELLER 

The aerodynamic des ign  of t h e  backward-curved compressor impe l l e r  
w a s  performed by s c a l i n g  t h e  second-stage of t h e  Cont rac tor  T76 

Turboprop Engine us ing  a 0 .779  scale f a c t o r .  The t i p  diameter  of t h e  
scaled-down impe l l e r  is 6 . 4 4 2  i n .  i n  comparison t o  5.976 i n .  of t h e  
rad ia l -b laded  wheel i n i t i a l l y  provided i n  t h e  Compressor Research 
Package. 

The compressor des ign  va lues  are t a b u l a t e d  i n  Table C-1. The 
to ta l - to- to ta l  p r e s s u r e  r a t i o  i s  2.30, and t h e  t o t a l - t o - s t a t i c  p r e s s u r e  
r a t i o  i s  2.43; t h e  speed is  38,500 rpm. The s p e c i f i c  work is  45.5 hp/ 
Ib/sec. The weight f l o w  i s  0 . 6 1 1  lb/sec. The s p e c i f i c  speed i s  
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TABLE C-1  

BACKWARD-CURVED COMPRESSOR IMPELLER DESIGN VALUES 

I n l e t  
(Outside B l a d e )  

Impeller E x i t  
(Mean) 

D i f f u s e r  I n l e t  
( C o r e )  

D i f f u s e r  E x i t  
( C o r e )  

S c r o l l  I n l e t  
(Mean) 

Scro l l  E x i t  
(Mean) 

'TDT' 
ps ia  

6 . 0 0  

1 4 . 8  

1 4 . 7  

1 4 . 7  

1 3 . 8 6  

1 3 . 8  

'STATIC, 
ps ia  

5 . 6 8  

1 0 . 6 8  

1 1 . 1 4  

13.51 

1 3 . 6 1  

1 3 . 7 4  

*TOTAL 
OR 

5 3 6  

7 9 4  

7 9 4  

7 9 4  

7 9 4  

7 9 4  

rl 
(up t o  1oc.ation) 

0 . 9 0 5  

0 . 8 9 7  

- -  

0 . 8 2 8  

0 .821  

APS - 53 2 7-R 
A p p e n d i x  C 
P a g e  2 
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0 . 1 0 5 7 .  The backward-curved compressor impeller velocity diagram is 
shown in Figure C-1  and the diffuser velocity diagram is shown in 
Figure C-2. The rotor and the stator physical dimensions are shown in 
Figure C-3. 

A stress analysis of the 6.442-in. diameter backward-curved impel- 
ler was performed. The disk stress analysis of the scaled impeller is 
shown in Table C-2 and is graphically shown in Figure C-4. Scale 
factors applied to experimentally determined blade stresses in the full- 
scale T76 second-stage impeller show that the blade stress levels in 
the backward-curved impeller are approximately one-half of those exist- 
ing in the T76 impeller. The blade stress scale factor was derived as 
follows: 

2 Centrifugal stress = (density) (radius) (speed) 

where 

Turbocompressor speed = 3 8 , 5 0 0  rpm 

TPE speed = 4 1 , 7 0 0  rpm 

Both impellers are fabricated of Titanium Alloy Ti-6A1-4V density = 
0.16 lb/in. . Thus, 3 

2 ‘T - - 0.16 ( 0 . 7 7 9 )  (0,923)2 G o  

= 0 . 5 1 7  x a. 

where 

uT = centrifugal blade stress for turbocompressor 

a. = centrifugal blade stress for T76 impeller and 
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IMPELLER INLET (INSIDE BLADE) 

U = 664 u = 562 

u = 381 

IMPELLER E X I T  (MEAN VELOCITY I N S I D E  BLADE) 

u = 1082 

BACKWARD CURVED COMPRESSOR IMPELLER VELOCITY TRIANGLES 
FIGURE C-1 
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DIFFUSER INLET (INSIDE BLADE) 

cm = 206 

cu = 695 

DIFFUSER EXIT  (CORE VELOCITY INSIDE BLADE) 

Cu = 281 

SCROLL INLET (MEAN VELOCITY) 

k2 cm = 134 4 0  

cu = 130 

SCROLL E X I T  MEAN VELOCITY 90 FT/SEC 
YIELDING MEXIT = .O7i 

BACKWARD CURVED COMPRESSOR DIFFUSER VELOCITY TRZANGLES 

FIGURE C-2 
APS-5 3 2 7 -R 
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4.190 DIA. \ 

5.75 R 

4.540 I 

ROTOR A N D  STATOR PHYSICAL DIMENSIONS 
FIGURE C - 3  
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TABLE C-2 

CALCULATED DATA FOR TITANIUM 
BACKWARD-CURVED COMPRESSOR IMPELLER 

4 

I 

I 

Average tangential stress 
at 38,500 rpm 

Room-temperature burst- 
speed range 
(0.90 burst factor) 

250°F burst-speed range 
(0.90 burst factor) 

Room-temperature 
minimum disk yield speed 

250°F minimum disk 
yield speed 

11,200 psi 

124,000 - 137,000 rpm 

117,000 - 129,000 rpm 

70,000 rpm 

66,000 rpm 

2 Polar moment of inertia 0.015 in.-lb-sec 

Diametral moment of inertia 2 0.010 in.-lb-sec 

Weight 3.1 lb 
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11. COMPRESSOR mSEARCH PACKAGE RETROFIT 

The layout of the 6.442-in.-dia backward-curved compressor 
impeller, diffuser, and scroll, mounted on the existing NASA Compressor 
Research Package is shown in Drawing 699661. The scroll is fabricated 
of 347 Stainless Steel to minimize heat transfer by conduction from 
the scroll plenum section back along the shroud area toward the impel- 
ler inlet. The impeller is fabricated of titanium alloy 6A1-4V. The 
spinner, S/N 699625, is aluminum alloy 6061-T6. All other rotating 
parts are AlSl 4340 Steel, and all other stationary components are 
347 Stainless Steel. 

A steady-state thermal analysis of the compressor section of the 
retrofitted Compressor Research Package was performed. The cycle 
conditions for this analysis were that the impeller speed is 38,500 
rpm, the inlet pressure (total) 6.0 psia, the inlet temperature 536OR, 
the system gas argon, the mass flow-rate is 0.61 lb/sec, and the 
compressor efficiency 83 percent. It was assumed that the compressor 
is perfectly insulated from ambient conditions. The other boundary 
conditions imposed were that the temperature of the main bearing hous- 
ing was 145OF, and the temperature of the compressor-end bearing was 
150°F at the inner race. The frictional heat generation in the 
compressor seal assembly was assumed to be 100 w. 

The results of the thermal analysis are shown in Figure C-5. It 
is of interest to note the temperature gradient along the impeller 
shroud and the very small heating effect on the impeller-eye inlet 
gas. This analysis should prove useful during research package test- 
ing as an aid to determine heat balance for efficiency records. 
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APPENDIX D 

DRAWINGS AND SCHEMATICS 

1. Drawing 699220 BRU-R Lubrication and Cooling 
System Flow Schematic (Sheet 1 of 2) 

2. Drawing 699190 Contacting-Type Carbon Nose Seal 
--\. ” - 

3. Drawing 303913 Thermocouple Locations in the 
BRU-R 
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