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1.0 INTRODUCTION 

This r e p o r t  describes the work accomplished under the  Space Shu t t l e  Main 

Engine (SSME) LOX Turbopump Bearing Analys is  e f f o r t .  The ob jec t i ves  o f  t h i s  

a c t i v i t y  were t o  model t he  SSME LOX turbopump bearings and shaf t ,  and t o  

evaluate the s e n s i t i v i t y  o f  the  pump-end bear ing thermal and opera t ing  

c h a r a c t e r i s t i c s  t o  a broad range o f  imposed condi t ions.  
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2.0 SUMMARY 

A s imu la t i on  o f  the shaf t /bear ing system o f  the SSME LOX turbopump has 

been developed. The s imu la t i on  model a1 lows the thermal and mechanical 

c h a r a c t e r i s t i c s  t o  i n t e r a c t  a1 lowing a  r e a l  i s t i c  s imu la t i on  o f  the  bear ing  

opera t ing  c h a r a c t e r i s t i c s .  The model was used t o  i nves t i ga te  the s e n s i t i v i t y  

of bear ing opera t ing  c h a r a c t e r i s t i c s  t o  v a r i a t i o n s  i n  parameters such as 

contac t  f r i c t i o n ,  preloads, heat  t r a n s f e r  c o e f f i c i e n t s ,  coo lan t  f low, e t c .  

Development o f  t he  system model invo lved two major modeling e f f o r t s ;  a pump 

shaf t /bear ing  modeled on t h e  SHABERTH computer code, and a  d e t a i l e d  nodal 

model o f  the  45 mm pump bear ing modeled on the  SINDA thermal code. The 

SHABERTH model inc ludes the  shaf t ,  pump-end bearing, and turbine-end bea r ing  

p a i r s .  The inboard (Number 2 )  pump bear ing i s  modeled i n  d e t a i l  t o  a l l o w  

determinat ion o f  component temperature p r o f i l e s  and average temperatures. 

wo-phase coo lan t  cond i t ions  , and i n c l u d  

the heat  generat ion from bear ing  f r i c t i o n  and f l u i d  s t i r r i n g .  An execut ive 

program c o n t r o l s  the  i t e r a t i o n  between the  mechanical and thermal models t o  

a r r i v e  a t  so lu t i ons  s a t i s f y i n g  bo th  models. So lu t ions  t h a t  s a t i s f y  bo th  

models a re  considered t o  be r e a l i s t i c  and are  designated as converged so- 

l u t i o n s .  When the models a re  n o t  simultaneously s a t i s f i e d ,  t he  s o l u t i o n  

diverges and a  r e a l i s t i c  opera t ing  cond i t i on  i s  assumed n o t  t o  e x i s t .  

Using the  s imu la t ion  model, parametr ic analyses were performed on the  45 

mm pump-end bear ing t o  i n v e s t i g a t e  the  s e n s i t i v i t y  o f  bear ing c h a r a c t e r i s t i c s  

t o  con tac t  f r i c t i o n ,  a x i a l  preload, coo lan t  f l o w  ra te ,  cool an t  i n l e t  tempera- 

t u r e  and qual i ty, heat t r a n s f e r  c o e f f i c i e n t s ,  ou ter  race clearance and 

misalignment, and the  e f f e c t s  of thermal ly  i s o l a t i n g  the ou ter  race from t h e  

i s o l a t o r .  The s h a f t  speed was 30,000 RPM and a  r a d i a l  load p r o f i l e  was used 

t h a t  produced reac t ions  measured i n  pump b u i l d  2606 R I .  

Bearing component temperatures (average and peak) were found t o  be very  

s e n s i t i v e  t o  contac t  f r i c t i o n ,  a x i a l  preload, and boundary heat  t r a n s f e r  

conductance. The e f fec ts  o f  coo lan t  f l o w  r a t e  and i n l e t  cond i t ions  (tempera- 

t u r e  and qual i t y )  are n o t  as dramatic. However, a t  the more severe 

cond i t ions  ( i .e. ,  h igh  f r i c t i o n  and loads, they can be an important f a c t o r  i n  

determining the thermal s t a b i l  i ty o f  the shaf t /bear ing  system. The e f f e c t  on 

component temperatures o f  vary ing  ou ter  race - to - i so la to r  clearance i s  smal l ,  
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over the  range o f  clearance inves t iga ted .  Outer race clearance was l o s t ,  f o r  

the  Number 2 bearing, fo r  th'e m a j o r i t y  o f  the  cases inves t iga ted .  Since the  

ana lys i s  o n l y  considered r a d i a l  loads, the  consequence of the  loss  i n  ou te r  

race  c learance was n o t  f u l l y  determined. The l oss  o f  clearance cou ld  prevent  

a x i a l  movement of the  ou ter  race, w i t h  r e s u l t a n t  h igh  a x i a l  loads e s p e c i a l l y  

du r ing  engine power l e v e l  changes. 

A maximum sur face temperature o f  about 1800°F was est imated f o r  the  most 

severe case t h a t  converged. This  case invo lved an outer  race misalignment o f  

~ 2 9  minutes. The h ighes t  sur face temperature w i t h  p e r f e c t  ou te r  race a1 i gn -  

ment was ~700°F.  The l a r g e  increases i n  temperature w i t h  smal l  e r r o r s  i n  

ou te r  race  a1 ignment show how c r i t i c a l  proper i n s t a l l a t i o n  o f  the ou ter  race  

i s  t o  bear ing  operat ion. 

Load shar ing  o f  the Number 1 and 2 pump bearings i s  n o t  equal. I n i t i a l  - 
7y t h i s  i s  p r i m a r i l y  due 

r a d i a l  l oad  t o  the Number 2 bearing. Due t o  the  heavier  load, the Number 2 

bear ing  heats up, looses i n t e r n a l  clearance, and becomes s t i f f e r  i n  t he  

r a d i a l  d i r e c t i o n  than the  Number 1 bearing. Th is  causes the  Number 2 bear ing 

t o  share an even greater  p a r t  o f  t he  load w i t h  increas ing  temperatures and 

f u r t h e r  l oss  o f  i n t e r n a l  clearance. Analys is  i nd i ca tes  t h a t  an i n t e r n a l  

c learance o f  a t  l e a s t  3.9 m i l s  i s  necessary t o  main ta in  thermal s t a b i l i t y  f o r  

the cond i t i ons  evaluated. I f  cond i t ions  (load, f r i c t i o n ,  etc . )  become too  

severe, the  bear ing can experience severe thermal d i s t r e s s  which can lead t o  

f a i l u r e .  

D i sco lo ra t i on  o f  bear ing components i nd i ca tes  sur face temperature i n  

excess o f  t he  %700°F maximum p red i c ted  f o r  s t a b l e  ope ra t i ng  cond i t ions .  

There a re  two poss ib le  reasons f o r  these d i f f e rences  i n  hardware observat ions 

and model p red i c t i ons .  The h igh  temperatures i nd i ca ted  by the  hardware cou ld  

r e s u l t  from t r a n s i e n t  excursions which do n o t  dwel l  long enough f o r  the 

system t o  become thermal l y  unstable. These cond i t ions  cou ld  produce h i g h  

sur face temperatures, b u t  n o t  dwel l  long enough f o r  the  average temperature 

t o  increase s u f f i c i e n t l y  t o  loose c r i t i c a l  i n t e r n a l  c learance. B a l l  m i l l i n g  

o r  r a p i d  b a l l  wear experienced w i t h  the 45 mm bear ing i n  e f f e c t  increases the 

i n t e r n a l  clearance, and cou ld  a l l ow  the bear ing t o  su rv i ve  when i t  would 

otherwise f a i l  due t o  over temperature and loss o f  c r i t i c a l  i n t e r n a l  

c learance. 
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3.0 SHAFT/BEARING MODEL DESCRIPTION 

A shaf t /bear ing  sys tem model was developed t o  represent  the Space 

S h u t t l e  Main Engine (SSME) L i q u i d  Oxygen (LOX) turbopump s h a f t  and bear ing  

conf igura t ion  us ing  the SHABERTH computer program. A thermal model was 

developed s p e c i f i c a l l y  f o r  the  45 mm pump-end bear ing us ing  the Systems 

Improved Numerical D i f f e r e n c i n g  Analyzer (SINDA) program. 

3.1 SHABERTH Shaft /Beari  ng Model 

The SHABERTH model f o r  the  SSME LOX turbopump cons is ts  o f  t he  turbopump 

sha f t ,  turbine-end and pump-end bearings. The major components o f  the  

shaf t /bear ing  model a re  shown i n  F igure  3.1.1. The complete shaf t /bear ing  

system was modeled so t h a t  the  e f f e c t s  o f  pre load and s h a f t  d e f l e c t i o n  on 

bear ing load shar ing  cou ld  be studied. Var ia t ions  i n  ou ter  race clearance, 

model. The model used a s h a f t  speed o f  30,000 RPM and s h a f t  load ing  con- 

d i t i o n s  presented i n  F igure 3.1.1. These r a d i a l  loads were used t o  produce 

the reac t ions  repor ted  f o r  pump b u i l d  number 2606R1. The SHABERTH model 

p r e d i c t s  the  f r i c t i o n a l  heat  generat ion a t  the  contac t  po in t s  i n  the  bear ing 

and the  load d i s t r i b u t i o n  f o r  each bear ing  set .  

3.2 SINDA Thermal Model o f  45 rnm Bear ing 

The SINDA thermal model i s  a d e t a i l e d  nodal d i v i s i o n  o f  the SSME LOX 

turbopump Number 2 bearing. The SINDA thermal model, us ing the  nodal repre-  

sen ta t i on  o f  the  bear ing components ( i n n e r  race, b a l l ,  ou ter  race, etc.) ,  i s  

ab le  t o  p r e d i c t  component temperature p r o f i l e s  and average component tempera- 

tures. The thermal model uses the energy conservat ion equat ion t o  ob ta in  the  

temperature d i s t r i b u t i o n  i n  the bear ing components. The model solves the  

conservat ion equat ion us ing the bear ing f r i c t i o n a l  heat generation, p red i c ted  

by the  SHABERTH model, and f l u i d  s t i r r i n g  heat generation. The thermal model 

a l s o  accounts f o r  the  heat generated by pump-end bearing Number 1. 

The SINDA thermal model i s  able t o  s imulate d i f f e r e n t  coolant  f l o w  r a t e s  

and i n l e t  coo lan t  temperatures. The model i s  capable o f  s imu la t i ng  sa tura ted  

coo lan t  en te r i ng  bearing Number 2. Also, thermal i s o l a t i o n  o f  s p e c i f i c  

components i n  the bearing can be performed w i t h  t h i s  model. 
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3.3 Model I t e r a t i o n  Process 

The SHABERTH shaf t /bear ing model and the SlNDA thermal model a re  used i n  

an i n t e r a c t i v e  i t e r a t i o n  process t o  determine the  steady s t a t e  opera t ing  

cond i t ions  f o r  a s p e c i f i c  case. The i t e r a t i o n  process can a l s o  p r e d i c t  if a 

case i s  thermal ly  unstable. 

The i t e r a t i o n  process i s  t o t a l l y  automated. The user suppl ies an 

i n i t i a l  guess f o r  t he  bear ing  component temperatures and the models i t e r a t e  

u n t i l  a s o l u t i o n  i s  determined. The models a re  f i r s t  s e t  up t o  s imu la te  a 

s p e c i f i c  case. The user then suppl ies an i n i t i a l  guess f o r  the  component 

temperatures t o  the  SHABERTH shaf t /bear ing  model . The SHABERTH model then 

analyses the  shaf t /bear ing  system and ca l cu la tes  the f r i c t i o n a l  heat  

generat ion ra tes  o f  the con tac t  p o i n t s  i n  t he  bearing. These heat  genera t ion  

ra tes  are  placed i n  the SINDA thermal model. SINDA then solves the energy 

components. The average component temperatures are  ca l cu la ted  from the 

temperature p r o f i l e s  and a re  used i n  a comparison w i t h  the  average component 

temperatures used by the  SHABERTH model. I f  a l l  t he  temperatures compare t o  

w i t h i n  2"C, the  steady s t a t e  s o l u t i o n  has been reached. I f  the  comparison 

f a i l s ,  the  SHABERTH model uses the  new temperatures t o  p r e d i c t  new f r i c t i o n a l  

heat  ra tes .  The thermal model uses the  new heat ra tes  t o  p r e d i c t  another s e t  

o f  average component temperatures. The temperature comparison i s  again made. 

The i t e r a t i o n  process i s  cont inued i n  t h i s  manner u n t i l  the  temperatures 

used by the SHABERTH model a re  w i t h i n  2°C o f  the  temperatures p red i c ted  by 

the thermal model o r  the  pred ic ted  temperatures exceed an upper l i m i t  o f  

2000°F. 2000°F was chosen as the  approximate i g n i t i o n  temperature o f  440C i n  

l i q u i d  oxygen. A case i s  considered thermal ly  unstable i f  an average 

component temperature exceeds the 2000°F l i m i t .  F igure 3.3.1 i l l u s t r a t e s  the  

i t e r a t i o n  process between the  SHABERTH sha f t l bea r ing  model and the SlNDA 

thermal model f o r  a converged case. I n  t h i s  case the  f r i c t i o n  heat from 

SHABERTH and the average component temperature from SINDA increase t o  a 

converged po in t .  F igure 3.3.2 shows a d iverged ( thermal ly  unstable)  case 

which has no converged p o i n t .  
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4.0 ANALYSIS OBJECTIVES AND APPROACH 

The ob jec t i ves  o f  the SSME LOX turbopump pump-end bear ing ana lys is  were 

t o  i n v e s t i g a t e  the s e n s i t i v i t y  o f  bear ing opera t ing  c h a r a c t e r i s t i c s  t o  

v a r i a t i o n s  i n  operat ing parameters. The opera t ing  parameters t h a t  were 

considered are  1 i s t e d  below w i t h  the  values inves t iga ted .  

Coolant F l  ow Rate (I bs/sec) 3.6, 7.0 

Contact F r i c t i o n  Factor 0.2, 0.3, 0.5 

I n l e t  Cool a n t  Temperature t o  -240, -230, -218 

Bearing # 1  (OF) 

Ax ia l  Preload ( l b s )  350, 480, 850 

Outer Race Clearance (mi 1 s ) 2.6, 1.7, 1.0 

Outer Race T i 1  t (minutes) 0 through 42 

Heat Transfer  Between Outer With, Without 

The f l o w  ra te ,  f r i c t i o n  fac tor ,  i n l e t  temperature, and pre load were 

i nves t i ga ted  i n  a1 1 combinations whi l e  ho ld ing  t h e  remaining parameters a t  

t h e i r  i n i t i a l  values. This r e s u l t e d  i n  54 i n i t i a l  cases t o  be simulated. 

These cases a re  represented i n  the parameter data t r e e  o f  F igure  4.1. This  

f i g u r e  shows t h a t  42 o f  the 54 cases were thermal ly  unstable (diverged). I t  

was n o t  necessary t o  run  computer s imulat ions f o r  a l l  the  cases t o  determine 

thermal i n s t a b i l i t y .  For example, i f  a case w i t h  an i n l e t  coo lan t  tempera- 

t u r e  o f  -218OF, f low r a t e  o f  7.0 Ibs/sec, pre load o f  850 Ibs,  and f r i c t i o n  

f a c t o r  o f  0.2 was unstable, then cases f o r  f r i c t i o n  f a c t o r  o f  0.3 and 0.5 

w i t h  the  o the r  parameters t h e  same would obviously  n o t  be stable.  

The e f f e c t  o f  changes i n  coolant  f l o w  r a t e  and i n l e t  coo lan t  temperature 

were evaluated us ing  the 12 converged cases. However, more converged cases, 

over t he  f u l l  range o f  parameter values, were needed t o  p rope r l y  evaluate 

changes i n  the  remaining opera t ing  parameters. Thus, i t  was decided t o  

increase the  boundary heat t r a n s f e r  c o e f f i c i e n t  t o  ob ta in  more cases t h a t  a re  

thermal l y  s tab le .  

Changing the boundary heat  t r a n s f e r  c o e f f i c i e n t  in t roduced heat t rans fe r  

as a new parameter i n t o  the  s e n s i t i v i t y  analys is .  A second parameter data 

t r e e  was developed f o r  the increased heat t r a n s f e r  c o e f f i c i e n t s  and uneval u- 

ated parameters. F igure 4.2 shows t h i s  parameter data t ree,  which has 18 



FIGURE 4.1 PARAMETER DATA TREE WITH NOfl iNAL HEAT TRANSFER COEFFICIENT 
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more cases. The effect  of varying f r ic t ion  factor and axial preload were 
properly evaluated using these cases. 

The heat transfer coefficient was increased to  obtain converged cases 
over the range of parameter values. A thermally s table  solution was obtained 

for  a coolant flow rate  of 7.0 lbs/sec, i n l e t  temperature of -230°F, f r ic t ion  
factor  of 0.5, and preload of 480 Ibs with a 245 percent increase in heat 
t ransfer  coefficient.  An increase in heat t ransfer  coefficient of 343 
percent was needed for  the 850 1 b preloaded case. 

The variation of outer race clearance, outer race t i l t ,  and thermal 
isolation of the isolator were evaluated separately, holding a1 1 other 
parameters constant. A nominal case w i t h  a flow ra te  of 7.0 lbs/sec, i n l e t  
temperature of -230°F, f r ic t ion  factor of 0.2, and preload of 480 lbs was 
used to  evaluated these parameters. The 245 percent increased heat t ransfer  

was nee 
The 343 percent increased heat transfer coefficient was needed t o  evaluate 
the effects  of changing outer race t i l t .  



SRS Technologies 

5.0 ANALYSIS RESULTS 

The ana lys i s  o f  the  SSME LOX turbopump inc luded d i f f e r e n t  load ing  

cond i t i ons  and bear ing temperature p r o f i  1 es. A mechanical ana lys is  o f  the  

shaf t /bear ing  system was performed us ing  the SHABERTH computer model. The 

thermal ana lys is  o f  the  pump-end Number 2 ( inboard)  bear ing was performed 

us ing  the  SINDA thermal model. The use o f  these computer models, i n  an 

i n t e r a c t i v e  manner, enabled the comprehensive eva lua t ion  o f  t he  bear ing 

performance. 

5.1 Mechanical Charac te r i s t i cs  

The mechanical ana lys is  was performed us ing  a s h a f t  speed of 30,000 RPM 

and r a d i a l  loads on the  preburner impe l le r ,  main impe l le r ,  and t u r b i n e  o f  

382, 3000, and -220 lbs ,  respec t i ve l y .  These r a d i a l  loads, i l l u s t r a t e d  i n  

2606R1. The model used an unmounted d iamet r i ca l  clearance o f  6.3 m i l s ,  i nne r  

race  curva ture  o f  0.55, and outer  race curva ture  o f  0.52 f o r  the  45 mm 

inboard (Number 2) bearing. The model a l so  simulates the  ou ter  races s l i d i n g  

w i t h  a x i a l  load. This was done by manipulat ing the turbine-end bearings so 

t h a t  they t ransmi t  very smal l  a x i a l  loads t o  the pump-end bearings. 

The bear ing operat ing c h a r a c t e r i s t i c s  were determined f o r  a case us ing  

480 l b s  preload, 7.0 Ibs/sec coo lan t  f l o w  ra te ,  and f r i c t i o n  f a c t o r  o f  0.2. 

Table 5.1.1 shows the  bear ing opera t ing  c h a r a c t e r i s t i c s  f o r  a uniform 

temperature p r o f i l e  o f  -230°F. Table 5.1.2 shows the same case a t  i t s  steady 

s t a t e  (converged) temperature p r o f i l e .  As can be seen from these tables,  the 

pump-end bearings (Numbers 1 and 2 )  do n o t  share an equal amount o f  the  load. 

This  i s  p r i m a r i l y  due t o  the  s h a f t  d e f l e c t i n g  from the  l a rge  r a d i a l  load 

placed between the  pump-end bearings and the  turbine-end bearings (Numbers 3 

and 4 ) .  Bearing 2 received about 72 percent of the l oad  t o  the  pump-end 

bearings w i t h  a uni form temperature p r o f i l e .  The bearing received about 76 

percent  o f  the load, consider ing thermal e f f e c t s .  Bearing 2 received a 

greater  p o r t i o n  o f  the load w i t h  the steady s t a t e  temperature p r o f i l e  because 

o f  thermal growth o f  the b a l l ,  w i t h  respect  t o  the races. The thermal growth 

o f  the  b a l l  decreased the i n t e r n a l  clearances i n  the bear ing which increased 

the  a x i a l  load. The increased a x i a l  load caused the bearing t o  become 

" s t i f f e r "  and ab le  t o  support a l a r g e r  r a d i a l  load. 



TABLE 5.1.1 BEARING OPERATING CHARACTERISTICS 
WITH UNIFORM TEMP. PROFILE 

480 LBS AXIAL PRELOAD 
6.3 MILS DIAMETRICAL CLEARANCE 
2.6 MILS OUTER RACE CLEARANCE 

TABLE 5.1.2 BEARING OPERATING CHARACTERISTICS 
CONSIDERING THERMAL EFFECTS 

480 LBS AXIAL PRELOAD 
6.3 MILS DIAMETRICAL CLEARANCE 
1.6 EllLS OUTER RACE CLEARANCE 
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5.2 

The SINOA thermal model p red i c ted  temperatures fo r  each node of t h e  

bear ing components. The program then ca l cu la tes  the volume average tempera- 

t u r e  f o r  t he  main components. Tables 5.2.1 through 5.2.4 show t h e  average 

component and maximum t rack  temperatures f o r  the cases studying preload, 

f r i c t i o n  fac tor ,  i n l e t  temperature, and f l o w  ra te .  

The c a l c u l a t e d  r e s u l t s  w i t h  nominal heat t r a n s f e r  c o e f f i c i e n t  a r e  shown 

i n  Table 5.2.1 and 5.2.2. The e f f e c t  o f  pre load and i n l e t  coo lan t  tempera- 

tu res  a re  shown f o r  a f r i c t i o n  f a c t o r  o f  0.2 w i t h  two f l o w  ra tes  considered. 

No s t a b l e  s o l u t i o n  was achieved f o r  850 l b s  preload. Therefore, i t  was 

necessary t o  increase the  heat  t r a n s f e r  c o e f f i c i e n t  t o  ob ta in  more s t a b l e  

cases. Table 5.2.3 presents the  r e s u l t s  f o r  th ree  f r i c t i o n  f a c t o r s  and t h r e e  

preloads f o r  cases where the  heat t r a n s f e r  c o e f f i c i e n t  has been increased t o  

245% o f  i t s  nominal va lu  

thermal ly  s t a b l e  s o l u t i o n  f o r  a l l  cases except the case w i t h  0.5 f r i c t i o n  

f a c t o r  and 850 l b s  preload. To ob ta in  a thermal ly  s t a b l e  s o l u t i o n  f o r  t h i s  

case, the  heat  t r a n s f e r  c o e f f i c i e n t  was increased by 343%. The r e s u l t s  of 

the cases s tud ied  w i t h  343% increase i n  heat  t r a n s f e r  c o e f f i c i e n t  have been 

repo r ted  i n  Table 5.2.4. The maximum t r a c k  temperature has been found t o  be 

719°F w i t h  a f r i c t i o n  fac to r  o f  0.5 and a pre load o f  850 lbs. I t  should be 

observed t h a t  the  h igher  t r a c k  temperatures f o r  s tab le  cases occur w i t h  the  

h igher  heat t r a n s f e r  c o e f f i c i e n t s  and f r i c t i o n  c o e f f i c i e n t s .  These con- 

d i t i o n s  a l l o w  h igh  l o c a l  heat ing  w h i l e  p rov id ing  the  c a p a b i l i t y  t o  remove 

s u f f i c i e n t  heat t o  prevent  thermal i n s t a b i l i t y .  

E f f e c t  o f  A x i a l  Preload 

The e f f e c t  o f  vary ing  a x i a l  pre load on the  45 mm inboard bear ing was 

- determined f o r  f r i c t i o n  f a c t o r s  o f  0.2, 0.3, and 0.5. Figures 5.2.1 through 

5.2.3 show the  e f f e c t  o f  a x i a l  pre load us ing  the  increased heat  t r a n s f e r  

c o e f f i c i e n t  o f  245%. Figures 5.2.4 through 5.2.6 show the e f f e c t  o f  p re load 

us ing  the  343% increased heat t r a n s f e r  c o e f f i c i e n t .  The f i g u r e s  show t h a t  

a x i a l  pre load does have a s i g n i f i c a n t  e f f e c t  on operat ing temperatures. The 

e f f e c t  o f  pre load i s  increased as the f r i c t i o n  f a c t o r  i s  increased. A t  a  

f r i c t i o n  f a c t o r  o f  0.2, the average b a l l  temperature increases by 31°F w i t h  
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an increase o f  pre load from 350 t o  850 lbs.  A t  a f r i c t i o n  o f  0.5, the  

average b a l l  temperature increased by 226°F w i t h  an increase i n  pre load from 

350 t o  850 I bs. The dashed l i n e  i n  F igure  5.2.3 i nd i ca tes  t h a t  the  850 I b  

pre load case d i d  n o t  have a thermal ly  s tab le  so lu t ion .  

E f f e c t  o f  F r i c t i o n  Fac tor  

The e f f e c t  of i nc reas ing  the f r i c t i o n  f a c t o r  f o r  preloads o f  350, 480, 

and 850 l b s  and the  two increased heat t r a n s f e r  c o e f f i c i e n t s  a re  shown i n  

Figures 5.2.7 through 5.2.12. The r e s u l t s  show t h a t  contac t  f r i c t i o n  has a 

l a r g e  e f f e c t  on bear ing opera t ing  temperatures. An increase i n  f r i c t i o n  

f a c t o r  from 0.2 t o  0.5 increased the average b a l l  temperature by 123°F f o r  a 

pre load o f  350 1 bs and 318°F w i t h  a pre load o f  850 lbs .  

The more severe cases i n v o l v i n g  the h igher  f r i c t i o n  f a c t o r s  and preloads 

were thermal l y  uns tab le  us ing  the  nominal heat  t r a n s f e r  c o e f f i c i e n t .  Thus, 

t he  heat t rans fe r  c o e f f i c i e n t  was increased t o  ob ta in  s t a b l e  so lu t i ons  over 

the  range o f  f r i c t i o n  f a c t o r s  and p r e l  oads considered. Figures 5.2.13 

through 5.2.15 show the  r e s u l t s  o f  inc reas ing  the  heat t r a n s f e r  c o e f f i c i e n t .  

The temperatures decrease w i t h  increas ing  heat  t r a n s f e r  c o e f f i c i e n t .  The 

heat  t r a n s f e r  c o e f f i c i e n t  had a l a r g e r  e f f e c t  on the  average b a l l  temperature 

than i t  d i d  on the  average inner  and outer  race temperatures. This  was 

because the  b a l l  has a l a r g e r  sur face t o  volume r a t i o  exposed t o  the f l u i d  

than do the  i nne r  and outer  races. Thus, the  b a l l  had a l a r g e r  heat  l oss  

increase than d i d  the i nne r  o r  ou ter  race as the heat t r a n s f e r  c o e f f i c i e n t  

f o r  sur face t o  f l u i d  increased. 

The D i t t u s  Boel t e r  equat ion was used t o  determine the heat t r a n s f e r  

c o e f f i c i e n t s  f o r  t he  i nne r  and outer  races. The Katsnel lson equat ion was 

used f o r  the b a l l .  The p rope r t i es  were evaluated a t  the f i l m  temperature 

which i s  the  average o f  the  sur face and s a t u r a t i o n  temperature. 



FI
G

U
R

E 
5.

2.
7 

45
llM

 B
EA

RI
NG

 O
PE

RA
TI

NG
 T

EM
PE

RA
TU

RE
S 

VS
. 

FR
IC

TI
O

N
 F

AC
TO

R 

r 
35

0 
LB

 A
XI

AL
 P

RE
LO

AD
 

r 
7.

0 
LB

SI
SE

C
 C

OO
LA

NT
 F

LO
W

 
o 

-2
30

°F
 

IN
LE

T 
CO

OL
AN

T 
TE

M
P.

 
r 

IN
CR

EA
SE

D 
HE

AT
 T

RA
NS

FE
R 

C
O

EF
FI

C
IE

N
T 

(2
45

%
) 

OU
TE

R 
RA

CE
 

MA
X 
I
 MU

M 
TR

AC
K 

TE
M

P.
 

AV
ER

AG
E 

TE
llP

 

BA
LL

. 

OU
TE

R 
RA

CE
 

IN
NE

R 
RA

CE
 

FR
 I
 CT

 IO
N

 F
AC

TO
R 



FI
G

U
R

E 
5.

2.
8 

45
M

M
 B

EA
R

IN
G

 O
PE

R
AT

IN
G

 T
EM

PE
RA

TU
RE

S 
VS

. 
FR

IC
TI

O
N

 F
AC

TO
R 

6 
48

0 
LB

 A
X

IA
L 

PR
EL

O
AD

 
o 

7.
0 

LB
SI

SE
C

 C
O

O
LA

NT
 F

LO
W

 
e 

-2
30

°F
 

IN
LE

T 
CO

O
LA

NT
 T

EM
P 

e 
IN

CR
EA

SE
D 

HE
AT

 T
RA

NS
FE

R 
C

O
EF

FI
C

IE
N

T 
(2

45
%

) 

AV
ER

AG
E 

I E
t'I

PS
. 



FI
G

U
R

E 
5.

2.
9 

45
m

m
 B

EA
RI

NG
 O

PE
RA

TI
NG

 T
EM

PE
RA

TU
RE

S 
VS

. 
FR

IC
TI

O
N

 F
AC

TO
R 

r 
85

0 
LB

 A
X

IA
L 

PR
EL

OA
D 

B 
7.

0 
LB

S/
SE

C 
CO

OL
AN

T 
FL

OW
 

B
 

-2
30

 "
F 

IN
LE

T 
CO

OL
AN

T 
TE

M
PE

RA
TU

RE
 

e 
IN

CR
EA

SE
D 

HE
AT

 T
RA

NS
FE

R 
C

O
EF

FI
C

IE
N

T 
(2

45
%

) 

IN
NE

R 
RA

CE
 

/
 

M
AX

 I
 MU

M 
0
 

TR
AC

K 
TE

M
P.

 
/
 

/
 

/
 

/
 

I
 

I
 

- ,
 

--
 O

UT
ER

 R
k 

A
/-
-
 C 

- 
-
-
C

 
(f

 =
 

0.
5 

TH
ER

M
AL

LY
 

1 
UN

ST
AE

IL
 E

 ) 
I I I 

1 
1 

I 
I 

0
.2

 
0.
3 

0.
4 

0
.5

 

FR
:C

TI
ON

 
FA

CT
O

R 





r l
 G

UR
E 

5.
2.

11
 

45
M

M
 B

EA
RI

NG
 O

PE
RA

TI
NG

 T
Eh

!P
ER

AT
UR

ES
 

VS
. 

FR
IC

TI
O

N
 F

AC
TO

R 

48
0 

LB
 A

X
IA

L 
PR

EL
O

AD
 

7.
0 

LB
S/

SE
C 

CO
OL

AN
D 

FL
OW

 
-2

30
°F

 
IN

LE
T 

CO
O

LA
NT

 T
Et

fP
 

IN
CR

EA
SE

D 
HE

AT
 T

RA
NS

FE
R 

C
O

EF
FI

C
IE

N
T 

(3
43

%
) 

OU
TE

R 
RA

CE
 

M
AX

 I
 t4U

M
 

TR
AC

K 
TE

M
P.

 

TE
M

PE
RA

TU
RE

 
BA

LL
 

OU
TE

R 
RA

CE
 

IN
FE

R 
RA

CE
 

FR
IC

TI
O

N
 F

AC
TO

R 



F I
 G

UR
E 

5.
2.

12
 

4.5
HM

 B
EA

R
IN

G
 O

PE
RA

TI
NG

 T
EM

PE
RA

TU
RE

S 
VS

 . F
R

IC
TI

O
N

 F
AC

TO
R 

80
0 

0
 

85
0 

LB
 A

X
IA

L 
PR

EL
O

AD
 

7.
0 

LB
SI

SE
C

 C
OO

LA
NT

 F
LO

W
 

0 
-2

30
 

OF
 

IN
LE

T 
CO

OL
AN

T 
TE

M
P.

 
IN

N
ER

 R
AC

E 

0 
IN

CR
AS

ED
 H

EA
T 

TR
AF

SF
ER

 
C

O
EF

FI
C

IE
N

T 
(3

43
%

) 

60
0 

h
 

L
L
 

0
 

V
 

v
, 

40
0 

3
 

I- 2
 

W
 

%
 

2?
 

I- 

20
0 

AV
ER

AG
E 

TE
M

PE
RA

TU
RE

S 

0 

-2
00

 

FR
IC

TI
O

N
 F

AC
TO

R 



FI
GU

RE
 5

.2
.1

3
 

45
 t

lt
l 

BE
AR

IN
G

 O
PE

RA
TI

NG
 !

TE
M

PE
RA

TU
RE

S 
VS

. 
H

EA
T 

TR
AN

SF
ER

 C
O

EF
FI

C
IE

N
T 

e 
3

5
0

 L
B

 A
X

IA
L 

PR
EL

O
AD

 
,a

 
-2

30
°F

 
IN

LE
T 

CO
O

LA
NT

 T
EM

P 
e 

7.
0 

LB
SI

SE
C

 C
O

O
LA

NT
 F

LO
W

 
e 

0.
2 

FR
IC

TI
O

N
 F

AC
TO

R 

i
 

OU
TE

R 
RA

CE
 

--
'"
--
- 

M
AX

IM
UM

 
TR

AC
K 

TE
M

P.
 

AV
ER

AG
E 

TE
M

PS
. 

N
O

M
IN

AL
 

24
5%

 
IN

C
R

EA
SE

 
34

3%
 

IN
CR

EA
SE

 

H
EA

T 
TR

AN
FE

R 
C

O
EF

FI
C

IE
N

T 



FI
G

U
RE

 5
.2

.1
4 

45
M

M
 B

EA
R

IN
G

 O
PE

R
AT

IN
G

 T
EM

PE
RA

TU
RE

S 
US

. 
H

E
A

l 

I 

N
C

M
IN

AL
 

TR
AN

SF
ER

 C
O

EF
FI

C
IE

N
T 

[I
A

L 
PR

EL
O

AD
 

IL
E

T 
CO

O
LA

NT
 T

EM
P.

 
;E

C 
CO

O
LA

NT
 

FL
OW

 
'IO

N
 

FA
CT

O
R 

O
UT

ER
 R

AC
E 

Fl
AX

IM
UM

 
. 

TR
AC

K 
TE

M
P.

 

AV
ER

AG
E 

TE
M

PS
. 

BA
LL

 
OU

TE
R 

RA
CE

 
IN

N
ER

 R
AC

E 

H
EA

T 
TR

AN
SF

ER
 C

O
EF

FI
C

IE
N

T 



FI
G

U
R

E 
5.

2.
15

 
45

M
M

 B
EA

R
IN

G
 O

PE
RA

TI
NG

 T
EM

PE
RA

TU
RE

S 
VS

. 
HE

AT
 T

RA
NS

FE
R 

C
O

EF
FI

C
IE

N
T 

(N
O

M
IN

AL
 

CA
SE

 
TH

ER
M

AL
LY

 
UN

ST
AB

LE
) 

NO
M

IN
AL

 

8
5

0
 L

B
 A

X
IA

L 
PR

EL
O

AD
 

-2
30

°F
 

IN
LE

T 
CO

O
LA

NT
 T

EM
P.

 
7.

0 
LB

SI
SE

C
 C

O
O

LA
NT

 F
LO

W
 

0.
2 

FR
IC

TI
O

N
 F

AC
TO

R --
 

O
UT

ER
 

M
AX

 I
 MU

M RA
CE

 
TR

AC
K 

TE
P1

P.
 

AV
ER

AG
E 

TE
M

PS
. 

BA
LL

 
OU

TE
R 

RA
CE

 F
R

IC
TI

O
N

 F
AC

TO
R 

IN
N

ER
 R

AC
E 

24
5%

 
34

3%
 

IN
CR

EA
SE

 
IN

CR
EA

SE
 

HE
AT

 T
RA

NS
FE

R 
C

O
EF

FI
C

IE
N

T 



SRS Technologies 
E f f e c t  o f  Coolant Flow Rate 

Figures 5.2.16 through 5.2.19 show the e f f e c t  o f  changing the  coo lan t  

f l o w  ra te .  The opera t ing  temperatures do n o t  change much over t he  range of 

f l o w  ra tes  studied. However, an increase i n  coo lan t  f l o w  r a t e  cou ld  prevent  

a marginal case from diverg ing.  

E f f e c t  o f  I n l e t  Coolant Temperature 

The e f f e c t s  o f  vary ing  i n l e t  temperatures are shown i n  Figures 5.2.20 

through 5.2.23. Two subcooled cases (-240°F and -230°F) and a sa tura ted  case 

(Tsat  = -214°F) were considered. The coo lan t  was in t roduced a t  Bearing 1 and 

was a l lowed t o  increase i n  temperature w h i l e  passing through the  bearing. 

For  the sa tura ted  case, the  coolant  was in t roduced a t  -218°F and was a l lowed 

t o  increase t o  the  s a t u r a t i o n  temperature o f  -214°F when en te r i ng  Bearing 2. 

n l e t  coo lan t  temperature d i d  n o t  have a very s i g n i f i c a n t  e f f e c t  on 

the bear ing opera t ing  temperatures. But, lower ing the  i n l e t  temperature 

cou ld  cause a case t h a t  would be thermal ly  unstable t o  become stable.  

E f f e c t  o f  Outer Race Misalignment 

Angular misalignments o f  the ou ter  race up t o  31.5 minutes were s tud ied  

t o  determine the  ef fect  on bearing opera t ing  temperatures. The outer  race 

was t i l t e d  so as t o  p lace  the  heaviest  loaded b a l l  i n  the "pinch po in t " .  

Consequently, the  misal ignment cont r ibu ted  t o  the  r a d i a l  load ing  o f  the b a l l .  

F igure 5.2.24 shows the e f f e c t  o f  ou ter  race misalignment f o r  a case us ing  

480 l b s  preload, 7.0 Ibs/sec f l ow  ra te ,  0.2 f r i c t i o n  fac to r ,  -230°F i n l e t  

temperature, and 343% increased heat t r a n s f e r  c o e f f i c i e n t .  The maximum ou te r  

race tilt, t h a t  produced a s tab le  so lu t i on ,  was about 29 minutes. This t i l t  

caused the  h ighes t  s t a b l e  operat ing temperatures observed i n  t h i s  ana lys is .  

The maximum ou te r  race t rack  temperature was found t o  be 1858°F. The ti lt 

caused the  ou ter  race t o  heat  and expand more than the inner  race. Thus, t he  

bear ing i s  ab le  t o  main ta in  a s u f f i c i e n t  opera t ing  clearance f o r  h igher  b a l l  

temperatures. 

E f f e c t  o f  Outer Race t o  I s o l a t o r  Clearance 

Clearances o f  2.6, 1.7, and 1.0 m i l s  between the ou ter  race and i s o l a t o r  

were inves t iga ted .  The heat t r a n s f e r  c o e f f i c i e n t  was increased 245% of the 
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n ~ m i n a l  value t o  ob ta in  s tab le  so lu t i ons  over the range o f  parameters 

studied. The r e s u l t s  are shown i n  Table 5.2.5 and Figure 5.2.25. The 

.clearance, over the  range studied, had a small e f f e c t  on the bear ing operat-  

i n g  temperatures. The average b a l l  temperature increased 46OF f o r  a decrease 

i n  clearance o f  2.6 t o  1.0 mi 1s a t  a pre load o f  850 I bs. However, these are 

r a d i a l  loaded cond i t i ons  and the e f f e c t s  cou ld  be more serve under a x i a l  

load. The bear ing  ou ter  race could be r e s t r i c t e d  from moving i n  the  a x i a l  

d i r e c t i o n  s ince t h e  operat ing clearance between the  ou ter  race and i s o l a t o r  

i s  zero f o r  these condi t ions.  

E f f e c t  o f  Thermal I s o l a t i o n  o f  the Outer Race 

The e f f e c t  o f  thermal ly  i s o l a t i n g  the  ou ter  race from the  i s o l a t o r  was 

determined. The r e s u l t s  a re  shown i n  Table 5.2.6. The temperature increase 

o f  the heat  generat- 

ed i s  t r a n s f e r r e d  t o  the coo lan t  and very 1 i t t l e  i s  t rans fe r red  through the  

bear ing i s o l a t o r .  

Cool a n t  Qua1 i ty  

The coo lan t  qua1 i ty p r o f i l e  was determined f o r  the sa tura ted  cases us ing  

f l o w  r a t e s  o f  7.0 and 3.6 lbs/sec. The p r o f i l e s  a re  shown i n  Figures 5.2.26 

and 5.2.27, The q u a l i t y  was ca l cu la ted  as the mass o f  vapor per  t o t a l  mass 

o f  coo lan t .  The mass o f  vapor was determined from the  amount o f  heat 

t rans fer red  t o  each f l u i d  node. The f l u i d  q u a l i t y  was decreased by 

approximately 70% by increas ing  the  f l o w  r a t e  from 3.6 t o  7.0 lbs/sec. 

F igure 5.2.26 shows t h a t  no vapor was generated i n  Bearing 1 fo r  the  h igher  

f l o w  r a t e .  
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6.0 CONCLUSIONS AND RECOMMENDATIONS 

The turbopump bearing component temperatures are very sensit ive to load, 
contact f r ic t ion ,  and fluid/boundary heat transfer coefficients.  Alignment 
of the outer race was found to be c r i t i ca l  as bearing temperatures are very 
sensit ive t o  th i s  parameter. For the majority of the conditions evaluated, 
the operating clearance between the outer race and isolator  was los t .  
Although, for  the radial ly  loaded conditions, the effect  of isolator  
clearance on bearing temperatures was nominal, the loss of clearance would be 
considerably more detrimental for  axial load transients. While not as 
sensi t ive to  coolant flow (according to  analysis) and coolant quality,  these 
parameters can become important for  marginal operating conditions. According 
to  the analysis, the internal operating clearance of the 45 mm bearing must 
be a t  l eas t  53.9 mils to maintain a thermally stable operating condition. 

coefficients,  further work should be done to investigate the possible effects  
of the internal flow f ie ld  character is t ics  or fluid/boundary heat transfer-. 
In addition, recent t e s t s  of the Bearing and Seal Materials Tester showed a 
higher dependence of bearing temperature on cool ant f 1 ow than was predicted 
by analysis. This inconsistency in the analysis should be investigated. 
Improved methods for  cooling the bearings, i .e.,  under race cooling, 
introducing the coolant between the bearings, etc., should be modeled and 
eval uated for  improved efficiency i n  cool i ng the LOX turbopump bearings. 
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FOREWORD 

This r e p o r t  was prepared by SRS Technologies under Contract  NAS8- 

36183 Mod i f i ca t i on  Number 6 f o r  the George C. Marshal l  Space F l i g h t  Center 

of the  Nat ional  Aeronautics and Space Adminis t rat ion.  The work was 

administered under the  techn ica l  d i r e c t i o n  o f  t he  Engineering Physics 

D i v i s i o n  o f  the  M a t e r i a l s  and Processes Laboratory w i t h  M r .  Fred F. Dolan as 

P r o j e c t  Manager. This  r e p o r t  describes the  work accompl ished i n  accordance 

w i t h  Contract  M o d i f i c a t i o n  Number 6. M r .  Joseph C. Cody was the  SRS P r o j e c t  

Engineer. A l i s t  o f  the  key con t r i bu to rs  i s  shown below. 
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