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SUMMARY 

The ob jec t ive  of t h i s  program was t o  r e t r o f i t  a Mark 48 f u e l  turbopump wi th  hybr id  
h v d r o s t a t i c l b a l l  bear ings and t o  demonstrate hybrid bear ing f e a s i b i l i t y  and per- 
t ormawe through turbopump t e s t ing .  Requirements for f u t u r e  space maneuvering 
missions have ind ica ted  the  need fo r  t h e  improvement i n  opera t iona l  l i f e  af smli 
high-speed l i q u i d  hydrogen turbopumps. The mission requirements d i c t a t e  long l i f e  
opera t ion  a t  high speeds and wi th  many starts. Of major concern is the  long- l i fe  
r e l i a b i l i t y  of conventional b a l l  bear ings when subjec ted  t o  these opera t ing  condi- 
t ions .  The hybrid bear ing was developed with the  i n t e n t  o i  having the  capaci ty  t o  
opera te  as a conventional bear ing and ca r ry  a x i a l  t h r u s t  and r a d i a l  loads of the  
s h a f t  during turbopump t r a n s i e n t  s t a r t u p  and shutdown while being a b l e  t o  u t i l i z e  
the  hydros ta t ic  bear ing a t  high speeds with the b a l l  bear ing ou te r  and inner  r a w s  
r l> ta t iug  with  the  s h a f t .  
he . i r inp  ;it high speed, would reduce b e l l  bear ing wear and extend o v e r a l l  bear ing  
I i f r .  'l'hc s p c c i t i c  ob jec t ives  of t h l s  program were t o  design,  analyzer  and fiibri- 
cL i te  hybrid beJr ings  arid modify the Mark 48-F turbopump f o r  opera t ion  wi th  them. 
The .&iltlui~rl objec-tlve was t o  test  the turbopump wlth the bear ings using both 
e x  t c\ t - i w  1 and i i i  t e riia I (pump supp 1 i r d  ) hvd ros t c1 t i c hear iirg suyp l v  f 111 i d .  

This  s o l i d  body r o t a t i o n ,  while  opera t ing  as a hydros tn t ic  

A t  the  beginning of the  program* an a n a l y t i c a l  s tudy was made t o  determine the  
pred ic ted  opera t ing  c h a r a c t e r i s t i c s  of the  hybrid bear ings atid the  c r i t i c a l  design 
dimensions of hydros ta t ic  bear ing c learance  and o r i f  i c e  s i z e .  Also required were 
dec i s ions  as t o  where the  hydros ta t ic  bear ing f l u i d  supply would be taken from the  
pump in t he  i n t e r n a l l v  suppl ied mode. Hydrostat ic  bear ing performance p red ic t ions  
were nude f o r  d i r e c t  and cross-coupled s t i f f n e s s  and damping c h a r a c t e r i s t i c s  as  a 
funct ion of turbopump speed and supply pressures .  The a n a l y t i c a l  p red ic t ions  
ctvail.ih:e wzrc used f o r  turtapump rotordynamic a n a l y s i s  t o  determine c r i t i c a l  
speed, s t a b i l i t y ,  and responoe oi the  r o t o r  wi th in  the  turbopump housing. The 
s p r i n i -  r a t e  of the turbopump housing coupled t a  the  r o t o r  was included i n  the  
L \ , n ~ l v s i s .  
h igh-speed  turhopump v ib ra t ion  ana lys i s  developed early i n  the  program a3 a par t  of 
this cniitrac*t '?L t o r t .  'rile ob jec t ives  and r e s u l t 9  of t ha t  s tudy have been reported 
In CK- L5970, I'liiterim Report - Advanced Superpowit ion  Methods for High-speed Turbo- 
piimp V i bt-d t ion Aria l y s i s  ," N a y  1981 . 

'I'his was Gone using the advanced sLperposi t ion methods developed f o r  

Thc roturdyi imic and lvs i s  of the  turbopump prk-uided i n t e r e s t i n g  opera t iona l  pre- 
diL*t ions. 'The l iydrostat  1 I* hearing pressure and flow suppl ied by the  turbopump 
increases as pump speed increuses ,  which causes  the  hydros t a t i c  bear ing  s t i f f n e s s  
tl) iucreilsc. w i t h  HII a t tendant  increase i n  cri t ic.11 speed. This  r e s u l t 8  i n  the  
udturJ1  f r q u e w v  i l f  the ro to r  t racking  the  r o t o r  speed. Changes 111 hydrost t i t ic  
bear iiig p , i rme te r s  ( c  l ~ ~ r a n c e s ,  o r i f i c e  s i z e ,  and supply pressure  leve ls )  were 
tcrund a u c i l y t i c . i l l y  tlr slilit the  na tu ra l  trequency of the r o t o r .  I t  was fosnd t ha t  
supyls  prt-ssut'c l e v e l s  held constant  with speed  change at  o r  below the  pressures 
consistt!nt w i t h  t he  pump-supplied yresoure caueed the  rt j tor niittlri11 frrquent*v t o  
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be constant. 
and some design latitude the critical speed and stability of the rotor can be 
controlled on the turbopump. 

The results did indicate that with a wide range of supply pressures 

The design of the hybrid bearings and the turbopump modification was completed, 
The turbopump was carefully assembled with emphasis given to dynamic balancing 
of the rotor. 
minimize the imbalance changes during rotor housing assembly. 
turbopump was installed in the Advanced Propulsion Test Facility at the Rocketdyne 
Santa Susana Field Laboratory. A large amount of instrumentation was incorporated 
on the facility and turbopump to record dynamic and steady-state operating charac- 
teristics including shaft radial and axial motion. 
developed and installed to simulate pump-fed (internal) flow supply pressure to 
the hydrostatic bearings or other selected pressure profiles as a function of shaft 
speed. The supply temperature, pressure, and flowrate were measured for all test 
conditions. 
seconds of shaft speed rotation. 
(87,000 rpm) were achieved. 
cartridge speed followed and matched shaft speeds up to approximately 7,330 rad/s 
(70,000 rpm). Above that speed, the pump-end cartridge speed lagged shaft speed. 
This always occurred with a conditioq of high casing vibration levels and shaft 
orbicing amplitudes. The turbine-en& bearing did not generally rotate with the 
shaft speed due to end-play restrictions imposed on it by the basic turbopump 
design. 
ings during one test series and pump-fed liquid hydrogen to the bearings on another 
test series. 
synchronous instability occurred on two high-speed tests at the end of the test 
series. 

Procedures for rotor assembly and balancing were developed to 
The asseabled 

A pressure control system was 

The turbopump was operated in 15 tests for a total test time of 1,261 
Maximum shaft speeds in excess of 9,110 radls 

During the tests, the pump-end hydrostatic bearing 

The tests were run using externally supplied liquid hydrogen to the bear- 

High vibration levels were observed at high-speed operation and sub- 

The test data were reduced and reviewed in detail. 
with the results of the turbopump disassembly and component inspection. 
conclusions from the test results are that the turbopump has proven it can 
operate with hybrid hydrostaticlball bearings at high-speed levels. 
analysis experience points out the need for the ability to accurately predict 
the dynamic coefficients of thehydrostatic bearing to accurately determine the 
hybrid bearing operating conditions required. This will allow the 'zybrid bearing 
to operate where, with proper controls, the rotordynamic conditions are fworable 
to the turbopump for quiet, smooth operation. The problems inherent witn 
design of hybrid bearings far turbopump operation have been closely :xplored 
during this study, and solutions to many of these problems were determined. 
It is recommended that further study be made in specific areas of hydrostatic 
bearing technology so implementation of the hybrid bearings into turbopump 
designs can be accomplished. 

The results were coupled 
The 

The test and 
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INTRODUCTION 

Vehicle requirements f o r  f u t u r e  space maneuvering missims i n d i c a t e  the  need 
f o r  development of small, high-pressure l i q u i d  hydrogen turbopumps 
missions r equ i r e  high-speed opera t ion  f o r  a long l i f e ,  wi th  many starts I n  a 
u n i t  of minimum weight and envelope. 
has  been designed, f ab r i ca t ed ,  and t e s t e d  by Rocketdyne under NASA-LeRC d i r e c t i o n .  
The ob jec t ive  of t h i s  program was t o  r e t r o f i t  a Mark 48-F turbopump wi th  t h e  
ob jec t ive  of extending the  state of t h e  a r t  by demonstrating, through t e s t i n g ,  
t h e  a b i l i t y  of t h e  turbopump t o  ope ra t e  wi th  hybrid h y d r o s t a t i c l b a l l  bear ings.  

These 

A small, high pressure  hydrogen turbopump 

P r i o r  e f f o r t  by Rocketdyne on t h e  small, high-pressure hydrogen turbopump, 
under the  d i r e c t i o n  of NASA-Lewis Research Center (LeRC), was acco ...e l i s h e d  under 
Contracts  NAS 3-17794 and NAS 3-21008 (Ref. I). Pas t  e f f o r t s  included f l u i d  
dynamic and mechanical a n a l y s i s  and des ign  t o  produce a l i q u i d  hydrogen turbo- 
pump f o r  a 20,000-pound-thrust staged-combustion cyc le  engine f o r  o r b i t a l  t t ans -  
f e r  veh ic l e  appl ica t ions .  The turbopump design developed i s  t h e  Mark 48 f u e l  
turbopump which conta ins  th ree  c e n t r i f u g a l  shrouded impel ler  s t a g e s  preceded by 
an  a x i a l  inducer (Fig. 1). The impel ler  s t a g e s  are followed by i n t e r n a l  crossover  
passages and a d i f f u s e r  and volu te  on the  f i n a l  s tage .  The turbopump is dr iven  by 
a two-stage a x i a l  flow reac t ion  tu rb ine  dr iven  by hot  combustion products  of 
hydrogen and oxygen. The design speed is 9,948 r a d l s  (95,000 rpm). 

Three test series had previously been performed on che turbopump wi th  s e v t r a l  
des ign  modif icat ions developed between test series. 
from a scro l l - type  i n l e t  t o  an a x i a l  i n l e t  wi th  added inducer s t a g e  and opening 
up t h e  f i r s t - s t a g e  impel ler  eye f o r  improved suc t ion  performance. Tests speeds 
t o  9,739 r a d l s  (93,000 rpm) and pump d ischarge  pressures  t o  2885 N/cm2 (4,182 -..* ) 
have been achieved, using gaseous hydrogen as t h e  tu rb ine  d r i v e  f l u i d .  Exce 

ncY 
higher  than predicted.  On the  last test series, a resonant  condi t ion  was f.mi:' a t  
approximately 9,634 r a d / s  (92,000 rpm), causing unacceptable v i b r a t i o n  leve lg  
l i m i t i n g  f u r t h e r  t e s t i n g  a t  design speed. 

These inc lude  design ci-anges 

suc t ion  performance has  been shown with measured head rise and i s e n t m p i c  e f ,  

The program plan of t h i s  s tudy was defined i n  two b a s i c  phases. The f i r s t  phase 
cons is ted  of one technica l  t a s k  and a repor t ing  task.  The v i b r a t i o n  a n a l y s i s  t a s k  
cons is ted  of p r e l i r i n a r y  "ringing" o r  rap  t e s t i n g  of t h e  turbopump r o t o r  and t h e  
assembled housing without t he  r o t o r  t o  determine the  resonance c h a r a c t e r i s t i c s  
( f requencies  and mode shapes) of each assembly. A modal a n a l y s i s  was used t o  
determine the  cause of the  resonance condi t lon.  An in te r im repor t  summarizing 
the  r e s u l t s  was published following the  v i b r a t i o n  ana lys i s  program (Ref. 3 ) .  

The second phase of the  c o n t r a c t ,  which is repor ted  he re in ,  cons is ted  of des ign ,  
a n a l y s i s ,  and modif icat ion of t h e  turbopump t o  incorpora te  hybrid hydros t a+ ic /ba l l  
bear ings i n  both the  pump and turbine-end bear ing  packages. The completed 
turbopump conf igura t ion  was assembled and t e s t ed  and t h e  d a t a  analyzed t o  
demonstrate t he  c a p a b i l i t y  of t he  bear ings  t o  opera te  e f f e c t i v e l y  wi th in  a 
turbopump. 
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As early ae 1969, a hvbrid bearing was tested by Rocketdyne t o  d speed of 2,870 
rad/s (27,400 rpm) in Ikeon 12. 
in the study of hybrid hydrostaticlball bearings has been that of the NASA-Levis 
Research Center. Through the 1970's to the present, hybrid bearing designs were 
tested at NASA-LeRC and the basic configurations developed there and at HTI (Ref. 
2) were helpful in selecting the bearing design for these turbopump tests. A major 
achievement aade during the period of study was the development of analytical 
models ta pred!ct hydrostatic bearing behavior and stiffness 2nd damping coef- 
ficients. At present, only the data from the tests of NASA-LeRC are.available t o  
correlate with the analytically predicted direct stiffness. Programs to directly 
measure the direct stiffness and damping are in progress in a test and analysis 
program at Rocketdyne sponsored by NASA-LeRC, Contract NAS 3-23263, and entitled 
"SSME Long-Life Bearing Program." 
evident that accurate prediction of the hybrid bearing dynamic coeiiicients are 
required to utilize hybrfd bearings in high-speed turbomachinery and control the 
critical speeds and rotordynamic stability. A significant bene'icial product of 
the hydrostatic bearing is that there is some degree of stiffness and damping 
control simply by changing supply pressure to the bearing. 
during operation without requirements of access to the bearings or  rotor f o r  mechan- 
ical adjustments. 

The major analytical and test activity occurring 

During the program repcrted herein, it has been 

This can be done easily 

The benefits of using hybrid bearings within a high-speed turbopump are readily 
recognizable in extende.' bearing life and start capability. Present high-speed 
turbopump designs are prevented from achieving minimum size and weight and maximum 
efficiency by shaft speed limitations. With the development of the hybrid bearing, 
the ceiling on shaft speed and bearing DN values for reliable operation will be 
removed and the turbopumps capability and efficiency per unit weight will be 
enhanced greatly. The purpose of this study was to determine the feasibility of 
operating with the hybrid beariags in a high-speed turbopump. 
study indicate that although some technology is limited, it can be developed and 
the hybrid bearing design concept has great merit in meeting the objectives of 
higher speed, smaller, more efficient, and reliable turbomachinery. 

The results of the 
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D I SCUSS TON 

HYBRID BEARING DESIGN 

The design of the  hydros t a t i c  bear ing  packages w a s  incorporated i n t o  the Piark 48 
f u e l  turbopump (Fig. 1 and Appendix A). This w a s  coordinated by a design s tudy  
that determined the  conf igura t ion  requirements of the hydros t a t i c  bear ings  and 
hew t o  incorpora te  then  i n t o  the  e x i s t i n g  turbopump envelope. 
h y d r o s t a t i c / b a l l  bear ing  design had previously been developed f o r  t e s t i n g  by 
NASA-LeRC and MTI (Ref. 2 ) .  
made and i t  w a s  determined t h a t  t h e  b a s i c  conf igura t ion  of t he  bear ings  should 
be u t i l i z e d  i n  the  turbopump. This  would provide a s o l i d  da t a  base f o r  co r re l a -  
t i o n  between the  MTI hydros t a t i c  bear ing  performance p r e d i c t i o n s ,  NASA-LeRC tes t  
d a t a ,  and the independent Rocketdyne performance a n a l y s i s .  The turbopump tests 
would provide dynamic performance d a t a  that could be c o r r e l a t e d  back t o  dynamic 
performance p r e d i c t i o n s  based on the  combined d a t a  base.  Af te r  a review of t h e  
a v a i l a b l e  da t a ,  the  b a s i c  ground r u l e s  f o r  the  hydros t a t i c  bearing design were 
agreed upon by Rocketdyne and NASA-LeRC Pro jec t  Management. 

A hybrid 

A review of t he  b a s i c  design of these bear ings  was 

The ground r u l e s  agreed upon f o r  the  conversion of the  e x i s t i n g  Mark 48 f u e l  
turbopump with conventional b a l l  bear ings  t o  the  hybrid h y d r o s t a t i c / b a l l  bear ing  
conf igura t ion  w a s  as follows: 

Maintain b a s i c  MTI design of d e t a i l s  

NASA-LeRC test  conf igura t ion  da ta  a v a i l a b l e  

Duplicate b a s i c  pad and o r i f  i c e  conf igura t ion  

0 U t i l i z e  materials agreed upon 

J o u r x l s  and bear ings  - Inconel 718; t h i n  dense chrome-plated 
j o urna 1 s 

S i l v e r  p l a t i n g  on bear ing  i n s i d e  diameter (bearing su r face )  

Axial s tops  on turb ine  bearing - Bearium B-10 

Armalon cages on b a l l  bear ings  

0 Use s p e c i a l  ca re  i n  r o t a t i n g  assembly balancing 

Instrumentation requirements were defined f o r  

Design must  al low conversion back t o  b a l l  bear ing  conf igura t ion  

Pressure 

Temperature 

Axial and r a d i a l  p o s i t i o n  

Shaft  and jou rna l  r o t a t i n g  speed 

The bas i c  design d e t a i l s  of t he  hybrid hydros ta t ic /ba , l  bear ing  was t o  genera l ly  
match t h a t  of the  NASA-LeRC test  bear ing  conf igura t ion .  The pad and o r i f i c e  

PRECEUIKG PACE BLANK NOT I;ILmn 
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conf igura t ion  and number would d u p l i c a t e  t h a t  previously t e s t e d .  
conf igura t ion  is given i n  Fig. 2. The bear ings  and j o u r n a l s  were made of Inco- 
ne1 718 t o  match t h e  material of t he  turbopump housings. The r o t a t i n g  j o u r n a l s  
were t o  be ground and then p la ted  wi th  t h i n ,  dense chrome and the  s t a t i c  bear- 
i n g  s u r f a c e s  were t o  be p la ted  with si lver from 0.025 mm iO.001 inch) t o  0.102 mm 
(0.004 Inch) th i ck .  The a x i a l  s t o p s  on t h e  turb ine  bear ing  f o r  t r a n s i e n t  axial  
t h r u s t  c o n t r o l  were f a b r i c a t e d  of a l ead  impregnated bronze a l l o y  designated as 
Bearium B-10. The modif icat ions to  t h e  turbopump were a l s o  t o  be made t o  a l low 
conversion back to t h e  conventional b a l l  bear ing  conf igura t ion  i f  required.  

This pad 

The s e l e c t i o n  of t h e  o r i f i c e  s i z e  and t h e  h y d r o s t a t i c  bearing clearance was 
determined ‘y h y d r o s t a t i c  a n a l y s i s  and t h e  e f f e c t s  of t h e s e  two parameters on 
bear ing s t i f f n e s s  and damping. These parameters were used t o  extend t h e  a n a l y s i s  
t o  determine c r i t i c a l  speed and dynamic response and s t a b i l i t y  of t h e  r o t o r  sys- 
t e m .  A wide range of opera t ing  diametral  c learances  from 0.0152 mm (0.0006 inch) 
to  0.061 mm (0.0024 inch) were considered i n  t h e  s e l e c t i o n  process.  The o r i f i c e  
s i z e  was d i c t a t e d  by t h e  requirement t o  have t h e  pressure  ra t io  ( f l u i d  f i l m  pres- 
s u r e  drop to  the  o v e r a l l  p ressure  drop) value of between 0.3 and 0.6 through t h e  
range of operat ing speeds and condi t ions .  This a n a l y s i s  w i l l  be discussed f u l l y  
i n  a l a t e r  s e c t i o n  of t h i s  r e p o r t .  

The b a s i c  f e a t u r e s  of t h e  pump-end bear ing package modif icat ions f o r  t h e  Mark 48 
f u e l  turbopump are shown i n  Fig. 3 and 4 i n  t w o  s e p a r a t e  views. The pump-end 
bear ing flow supply e n t e r s  two r a d i a l  supply tubes (Fig. 3) t o  feed t h e  c i r c u l a r  
hydros ta t ic  bearinu manifold over t h e  bearings.  The flow then e n t e r s  through 
2 row3 of 10 o y i f i c e s  each, equal ly  spaced around the  bear ing,  and drops i n t o  t h e  
bear ing pad. 
c a r t r i d g e  i n t e r f a c e  and flows a x i a l l y  outward t o  discharge i n t o  t h e  c a v i t y  on 
e i t h e r  s i d e  of the bearing. 
bear ing flow discharge l i n e s  (Fig. 3). The s h a f t  speed is measured by a magnetic 
speed sensor  (Fig. 3).  The r a d i a l  p o s i t i o n  of t he  s h a f t  is recorded by two 
r a d i a l  pos i t ion  t ransducers  angular ly  spaced 90 degrees a p a r t  (Fig. 4). Journa l  
r o t a t i v e  speed and r a d i a l  p o s i t i o n  was recorded by one of two probe p b r t s  si:u- 
a ted over t he  journa l  which is overhung pas t  t h e  b a l l  bear ings f o r  t h a t  purpose 
(Fig. 4 ) .  
da t e  t h e  use of t h ree  small  pressure t r a n s f e r  i i n e s  which measured bear ing pad 
pressures  i n  the  hydros ta t ic  bearing. A s h a f t  a x i a l  p o s i t i o n  probe w a s  a l s o  
located i n  the  pump i n l e t  centerbody, a s  was a pressure  measurement f o r  sump 
pressure,  both e x i t i n g  from t h e  i n l e t  f l ange  as shown i n  Fig.  4. 

It is then d i s t r i b u t e d  i n t o  t h e  f l u i d  f i l m  of t h e  bearing-to- 

The discharged flow is drained overboard i n  t h e  

One of these two p o r t s  w a s  dedicated e a r l y  i n  t h e  program t o  accomo- 

The turb ine  hybrid bear ing design f e a t u r e s  are summarized i n  Fig.  5. 
ing supply l i n e s  supply f l u i d  t o  the  supply manifold. Both pump and turbine-end 
bearings a r e  general ly  of similar design. The two major d i f f e r e n c e s  of t he  hear- 
ings a r e  the discharge flow of t h e  turbine-end bear ing  s h a r e s  the  c a v i t y  with the  
balance p is ton  f l o w  from the  a f t  s i d e  of t h e  third-s tage impel ler .  This  flow is 
returned t o  the second-stage i m p e l l e r  i n l e t  through t h e  space between t h e  c e n t e r  
of t h e  impeller hubs and the  drawbolt (Appendix A ) .  The r e s i s t a n c e  of t h i s  flow 
path was decreased t o  handle t h e  added flow from the  h y d r o s t a t i c  bear ing.  
pump-end hydros ta t ic  bear ing f l u i d  is drained overboard. 
the turbine-end bear ing a rea .  One was used f o r  a radial  p o s i t i o n  t ransducer  

Two bear- 

The 
Two p o r t s  were added t o  
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Figure 3. Pump Bearing Design Features ( V i e w  1) 
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(Bently) t o  measure c a r t r i d g e  ( j o u r n a l )  r e t a t i o n  and the  o t h e r  as an in t e r im  
overboard d r a i n  t o  ensure  t h e  balance p i s ton  sump p res sc re  would no t  be exces- 
s i v e .  Other hardware modi f ica t ions  t o  t h e  turbine-end bear ing  area was t o  pro- 
v ide  a d d i t i o n a l  pressure  t aps  f o r  balance p i s ton  sump pressure  and hydros t a t i c  
bear ing  supply manifold pressure .  Bearing internal pad p res su res  could not  be 
measured i n  the  turbine-end bearing. 

Tc accommodate a x i a l  t h r u s t  t r a n s i e n t s  dur ing  start and shutdown, the  turbine-end 
bear ing  jou rna l  end p lay  was l imi t ed  with Bearium a x i a l  rub r i n g  s t o p s  on e i t h e r  
s i d e  or' t h e  jou rna l .  

Bearing Clearance Se lec t  ion 

The f i n a l  s e l e c t i o n  of the  hydros t a t i c  bear ing  d iamet ra l  c l ea rance  w a s  0.0622 mm 
(0.00245 inch) a t  no r o t a t i o n a l  speed and 0.0305 mm (0.0012 inch) co ld ,  and a t  
9948 rad/sec (95,000 rpm). 
element a n a l y s i s  is caused by t h e  dimensional changes of t h e  bear ing  c a r t r i d g e  and 
jou rna l  due t o  chilldown, pressure  load and r o t a t i o n a l  speed. These e f f e c t s  are 
shown i n  Fig. 6 and 7. The c learance  change with speed and pressure  e f f e c t s  is 
given i n  Fig. 8 and 9 f o r  t he  pump and t u r b i n e  end, r e spec t ive ly .  The a n a l y s i s  
used predic ted  f l u i d  f i l m  pressure  d i s t r i b u t i o n  as a func t ion  of speed. It is 
important to note  t h a t  each component (bear ing  and j o u r n a l )  d e f l e c t s  due t o  t h e  
f o r c e s  exer ted  upon them. This  d e f l e c t i o n  is not  uniform a long  the  a x i a l  l ength  
of the  bear ing  su r face .  This  r e s u l t s  i n  an i r r e g u l a r  c l ea rance  v a r i a t i o n  a long  
the  bearing; t hese  da t a  are given i n  Fig. 10 and 11 f o r  t h e  pump and tl;rbine-end 
bear ings ,  r e spec t ive ly .  The n e t  r e s u l t  is a su r face  i r r e g u l a r i t y  of up t o  
0.0229 rmn (0.0009 inch).  Design of a hydros t a t i c  bear ing  c l ea rance  which is not 
i r r e g u l a r  during opera t ion  is d i f f i c u l t  since the  i r r e g u l a r  loading  and stresses 
of the  su r faces  cannot be eliminated. 

The c l ea rance  change a n a l y t i c a l l y  der ived  by f i n i t e  

S t r u c t u r a l  Analvsis 

Tine design progressed with a s t r u c t u r a l  a n a l y s i s  study t o  v e r i f y  the  des ign  was 
adequate f o r  full-speed opera t ion  t o  9948 rad /sec  (95,000 rpm). The stress anal-  
y s i s  of the  modified turbopump cons is ted  of developing two axisymmetric f i n i t e  
element models of the  sepa ra t e  bear ing  packages, as shown i n  Fig. 1 2 .  Load cases  
were run t o  account f o r  t he  i n t e r f e r e n c e  f i t  between the  bear ing  o u t s i d e  l iaaeter 
and the housing, ope ra t iona l  temperatures,  c a r t r i d g e  r o t a t i o n  t o  9948 rad /sec  
(95,OGi) rpm), and pressure  f i e l d s  of t he  manifold and f l u i d  f i lm.  
t o  p red ic t  the ope ra t ing  c learances  previously presented and t o  eva lua te  the  
maximum s t r e s s  l e v e l s  on the  bear ings  and c a r t r i d g e s .  Adequate s a f e t y  f a c t o r s  
were found with the  minimum values  g r e a t e r  than 3.2 on y i e l d  and 3.6 on u l t ima te .  

This was used 

The impact t o  the  sLructure due to t he  va r ious  modi f ica t ions  was a l s o  analyzed. 
On the  pump end of t h e  turbopump, the  minimum l i m i t i n g  s a f e t y  f a c t o r  of 1.86 on 
pressure  s t r e s s  was determined f o r  t he  loading ad jacent  t o  the  i n s i d e  diameter of 
t he  Sear ing  c a v i t y  ad jacent  t o  the  supply tube.  Later, a s  t h e  components were 
reviewed during modi f ica t ion ,  t he  a n a l y s i s  set a pressure l i m i t  of 1300 p s i g  in  
the  hydros t a t i c  bearing manifold f o r  a l i m i t  s a f e t y  f a c t o r  of 1 . 4 .  A l l  o t h e r  
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areas of t he  pump bear ing  and i n l e t  modi f ica t ions  showed s a f e t y  f a c t o r s  g r e a t e r  
than 10. Analysis of the modification t o  the  turbine-end bear ing  ind ica t ed  t h e  
minimum u l t ima te  s a f e t y  f a c t o r  of 2.9 on pressure  stress due t o  t h e  removal of 
material on t h e  in s ide  diameter of t h e  bear ing  c a v i t y .  A l l  o the r  areas of stress 
i n  the  turbine-end area a l s o  were very s a t i s f a c t o r y .  

Ball Bearing S t r e s s e s  

A concern was expressed a t  t h e  s t a r t  of t h e  des ign  s tudy  that the  b a l l  bea r ing  
might be ove r s t r e s sed  as the  ou te r  race r o t a t e d  wi th  the  inner  race and b a l l s  
and might incur  loads  g r e a t e r  than t h e  b a l l  B r i n e l l  capac i ty .  Fur ther  concern w a s  
whether t h e  armalon cages would be s t rong  enough t o  c a r r y  the high r o t a t i o n a l  
speeds .  The results of t he  bear ing  a n a l y s i s  i n d i c a t e s  t he  b a l l  bear ing  is not 
overs t ressed  at  the  maximum c a r t r i d g e  speed. The b a l l  o u t e r  race stress w a s  
ca l cu la t ed  as a func t ion  of o u t e r  race  speed wi th  an a x i a l  preload of 445 N 
(100 pounds). The r e s u l t s  are shown i n  Fig.  13 and i n d i c a t e  the  o u t e r  r ace  
stress a t  maximum speed a t  260,000 N/cm2 (377,000 p s i )  whereas the  B r i n e l l  capac- 
i t y  of the b a l l s  is 344,721 N/cm2 (500,000 p s i ) .  
ind ica ted  the  cage would not be damaged by c a r t r i d g e  speed and the  ne t  d iamet ra l  
cage-to-race c learance  ( c h i l l e d  a t  speed) would range from 0.0432 t o  0.1956 mm 
(0.0017 t o  0.0077 inch).  Ball  bear ing  B1 l i f e  was c a l c u l a t e d  as a func t ion  of 
ou te r  race  speed f o r  an inner  race speed of 9948 rad/sec (95,000 rpm) and a pre- 
load  of 445 N (100 pounds). The r e s u l t s  (Fig. 14) i n d i c a t e  B1 l i f e  with no c a r t -  
r i d g e  r o t a t i o n  is 23 hours and the  minimum B1 l i f e  of 6.5 hours occurs  a t  a cart- 
r idge  speed of 6283 rad /sec  (60,000 rpmj.  
r i dge  speed above 9477 rad /sec  (90,500 rpm) g r e a t l y  improves B l  l i f e .  

Addi t iona l ly ,  the a n a l y s i s  

The curve a l s o  i n d i c a t e s  t h a t  c a r t -  

A d e t a i l e d  design review w a s  conducted a t  NASA-LeRC on 18 December 1980. The 
review indica ted  t h a t  t h e  modi f ica t ions  requi red  were acceptab le  as developed and 
that work could proceed on t h e  f a b r i c a t i o n  of t he  components. A l l  t h e  dimensions 
of the  design were f ixed  a t  that time except f o r  two values:  t he  des i r ed  hvdro- 
s t a t i c  bear ing  ope ra t ing  c learance  and the  o r i f i c e  s i z e .  
t i o n a l  dynamic a n a l y s i s  was ev ident  before  the  c l ea rance  could be e s t ab l i shed .  
This ana lys i s  w i l l  be d e t a i l e d  i n  a la ter  s e c t i o n  of t h i s  r e p o r t .  This dec i s ion  
d i d  no t ,  however, hir,der the turbopump modif ica t ion  and f a b r i c a t i o n  a c t i v i t i e s  
t h a t  f o 1 lowed. 

A necess i ty  f o r  addi- 
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TURBOPUMP MODIFICATION AND ASSEMBLY 

Modification 

The d e t a i l  design review approval allowed the  modif icat ion and f a b r i c a t i o n  of 
hardware t o  begin. The design required that many components be f ab r i ca t ed  o r  
modified. 
pump-end bear ings.  The number of items pe r  bu i ld  and t h e  number t o  be f ab r i ca t ed  
are l i s t e d .  
expected that t h e  hydros t a t i c  bear ings  may need replacement o r  rework during the  
t e s t i n g .  
dmponent p a r t  numbers i n  Pig. 15 and Appendix A. Major modi f ica t ions  t o  t h e  
exi: : t ing components are given i n  Tabie L 

These components are l i s t e d  in Table 1 f o r  both the turbine-end and 

Spares were considered necessary on some components s i n c e  it  w a s  

The parts shown €or  modif icat ion o r  f a b r i c a t i o n  are c o r r e l a t e d  with +he 

The f a b r i c a t i o n  of matching components (bear ings and jou rna l s )  had t o  be very 
c l o s e l y  con t ro l l ed .  A t a r g e t  value of 0.0610 IP (0.0024 i.11-h) s ta t ic ,  ambient 
r a d i a l  c learance  on the  hydros t a t i c  bear ings  requi red  very high to l e rances  be 
held as t he  bear ing components w e r e  mechined and assembled. The bear ings  on the 
pump end had an added complication due t o  the requirement of bear-ig pad pressure  
t a p s  (F ig .  16). To accomplish t h i s ,  ho les  t o  the  bear ing  pads were d r i l l e d  i n t o  
the rough machined bearing. 
brazed i n t o  the  bear ing  i n  a combined braz ing  and hea t  treat opera t ion .  After 
brazing,  t he  bear ing w a s  machined t o  f h a l  f i t  dimensions and t h e  in s ide  diameter 
w a s  s i l v e r  p l a t ed  t o  given requirements. The bear ing  w a s  then shrunk f i t  i n t o  
the pump i n l e t  housing. The i n l e t  housing had previously been modified t o  accozi- 
modate the  bear ing  as w e l l  as machined and welded t o  provide the  hydros t a t i c  
bear ing supply l i n e s  and instrumentat ion po r t s .  Af t e r  t h e  sh r ink  f i t .  t h e  bear- 
ing  in s ide  diameter was machined t o  concen t r i c i ty  with t h e  i n l e t  housing and t o  
the diameter of 44.303 +0.010, -0.OOO mu (1.7442 +0.0004, -0.0000 inch) .  The 
c a r t r i d g e  f o r  t he  pump-end bear ing  w a s  then match ground f o r  a t h i n ,  dense 
chrome p l a t i n g  diameter t o  provide 0.0610 k0.0076 llls (0.0024 50.0003 inch)  r a d i a l  
c learance.  
given i n  Fig. 1 7 .  

Then pressure  t r a n s f e r  tubes  were vacuum furnace 

The f i n a l  conf igura t ion  of t he  pump-end bear ing  in  the  housing is 

After f i n a l  machining of t h e  pump-end bear ing  i n  p lace  i n  t h e  housing, t he  t h r e e  
bear ing pad pressure  l i n e s  were welded t o  t r a n s f e r  tubes  and routed r a d i a l l y  out  
through a l a r g e r  t r a n s f e r  l i n e .  
flow. They were then sea led  by brazing i n  the  t r a n s f e r  tube ou t s ide  the  i n l e t  
housing body. Figure 18 shows the  two bear ing  supply l i n e s  ( l a r g e s t  tubes) ,  t h e  
bear ing pad supply pressure  t r a n s f e r  tube ( 2  o'clock) ,  t h e  e igh t  equal ly  spaced 
bear ing supply tapoff  tubes,  and o the r  pressure  t a p s  and d ra ins .  
equal ly  spaced bear ing supply tapoff  ho les  were designed t o  minimize t h e  r a d i a l  
pressure e f f e c t s  on the f i r s t - s t a g e  impel ler  f r o n t  shroud. The flow w a s  tapped 
o f €  from j u s t  i n s ide  the  impel ler  t i p  with the  tapoff  Iioles chamfered i n  t h e  flow 
d i r e c t i o n  t o  minimize the  en t rance  l o s s e s  (Fig.  19). For t h e  r e c i r c u l a t i o n  tests, 
the flow w a s  tapped off  t o  ex te rna l  l i n e s  and then routed back i n t o  the two l a r g e  
bear ing supply l i n e s  shown. 

This w a s  t o  p ro tec t  them from the  pump i n l e t  

The e igh t  

The i n l e t  f lange  P/N 4RC215131 (Appendix A) provides an enclosing f a i r e d  s e c t i o n  
f o r  t he  pump-end bear ings (Fig. 2 0 ) .  The modif icat ion t o  t h i s  p a r t  cons is ted  of 
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TABLE 2.  MAJOR COMPONENT MODIFICATION REQUIREMENTS 

TURBINE HOUSING: INCONEL 718 AND HAYNES 188 

0 

0 MACHINE FOR CARTRIDGE EXTENSION 

MACHINE FOR SUPPLY L I N E ,  MANIFOLD, AND BEARING 

MACHINE FOR PRESSURE TAPS - WELD F I T T I N G S  
0 PLUG WELD AND CLEAN UP SURFACES 
0 MACHINE FOR CARTRIDGE SPFEG PICKUP - WELD F I T T I N G  
0 SHRINK F I T  BEARINGS - F I N A L  PACHINE I N  PLACE 

I N L E T  HOUSING: INCONEL 7 1 8  

MACHINE FOR EIGHT FIRST-STAGE IMPELLER FRONT SHROUD FLOW TAPOFFS 
0 MACHINE FOR TWO SUPPLY L I N E S ,  MANIFOLD, AND BEARING 

0 MACHINE FOR MANIFOLD PRESSURE TAP - WELD F I T T I N G  
MACHINE FOR TWO CP@TRIDGE SPEED PICKUPS - WELD F I T T I N G S  

0 WELD ALL PRESSURE TAP AND SUPPLY LI iYE F I T T I N G S  
SHRINK F I T  BEARINGS - F I N A L  MACHINE I N  PLACE 

I N L E T  FLANGE: INCONEL 718 

0 MACHINE MOUNT FOR A X I A L  POSITION BENTLY 

0 D R I L L  I N  ONE VANE, L I N E  FOR A X I A L  BENTLY CABLE, SUMP PRESSURE TAP 
D R I L L  I N  TWO VANES ADDITIONAL BEARING FLOW DRAINS - WELD F I T T I N G S  
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d r i l l i n g  holes  through th ree  of t he  four  r r idial  vanes f o r  use i n  increas ing  the  
d ra in  flow area f o r  t h e  :Laring rump, as a t r a n s f e r  l i n e  f o r  the  wir ing  t o  the 
proximity de t ec to r  (Bently) f o r  s h a f t  axial  position measurement and a preasure 
measurement f o r  the  bear ing sump. The center Inside segment of t he  nose piece 
was also machined t o  mount the  axial proximeter probe. 

The turb ine  housing u d i f i c a t i o n e  were given i n  Table 2. After  a l l  the modifica- 
t i o n s  were made, including the  machining and welding, the  bore f o r  t he  hydro- 
s t a t ?  - bearing was f i n a l  machined t o  concen t r i c i ty  with the  c r i t i c a l  p i l o t  po in t s  
on the housing. The bear ing was then shrunk and p res s  f i t  i n t o  t h e  housing. 
F ina l  machining of t he  bear ing in s ide  diameter was completed. 
the turb ine  housing looking from the th i rd-s tage  impel ler  s ide .  The outer diame- 
t e r  shown is t he  balance p i s ton  high-pressure o r i f i c e  a rea  and the entrance open- 
ing of the d i f f u s e r .  The hydros t a t i c  bear ing with its c h a r a c t e r i s t i c  pressure  
pads  a r e  shown a f t  of t h e  balance p i s ton  a f t  face.  
bore is used t o  hold the  bearium low-pressure o r i f i c e  rub r i n g  for  t?le balance 
p is ton  which was not i n s t a l l e d  f o r  the photo. 
t a t i o n  of t he  photo can be seen In Fig. 5. 

Figure 21 showa 

The threaded sec t ion  i n  t h e  

A cross vect ion f o r  'letter or ien-  

The complete r o t o r  assembly of t h e  hybrid hydros t a t i c /ba l l  bear ing conf igura t ion  
is shown i n  Fig,  22. The bas i c  components shown, s t a r t i n g  from t h e  pump I n l e t  
end, a r e  a s  follows: 

0 Instrumentation nut 

0 

0 Inducer 

0 Fi r s t - ,  second-, and third-s tage impellers 

0 

0 

0 F i r r t -  and second-stage turb ine  wheels 

Hybrid bear ing - pump end 

Hybrid bear ing - tu rb ine  end 

TurbiEc hot-gas s e a l  sur face  - s h a f t  

Figure 23 shows the  pump-end bear ing and ro to r  assembly. The bear ing c a r t r i d g e  
has e igh t  0.762 mm (0.030 inch) s l o t s  equal ly  spaced about its circumference on 
the i n l e t  end f o r  use with a r a d i a l  pos i t i on  proximeter t o  record c a r t r i d g e  
speed. 
worth noting. 
encompcusing 0.785 radians (45 degrees) of a r c  and 0.152 am (0.006 inch) deep. 
This is used t o  c a l i b r a t e  t he  s h a f t  axial  pos i t i on  on the t a r g e t  r i n g  shown f o r  
t he  axial proximeter de t ec to r  mounted i n  t h e  i n l e t  f lange  (Fig. 4 ) .  Inmediately 
a f t  of the a x i a l  proximeter r i n g  i s  a four-sided sec t ion  used a s  a balancing and 
torquing su r face  and a l s o  i n  conjunction with a r a d i a l l y  mounted s h a f t  magnetic 
speed counter t o  monitor s h a f t  speed (Fig. 3). 
provide a  ROO^^ s i n e  wave s i g n a l  f o r  speed counting. 
l a r  s ec t ion  with a c d i i b r a t i o n  e l o t  cu t  Lnto the  circumfcrencc f o r  an a r c  of 
0.785 radians (45 degrees) and 0.066 llpll (0.0026 inch) deep. 
was used i n  conjunction with two or thogonal ly  mounted r a d i a l  proximeters t o  mea- 
sure  the  s h a f t  r a d i a l  motion (Fig.  4 ) .  

The instrumentation n u t  a t  the  s h a f t  end has t h ree  d i s t i n c t  f e a t u r e s  
The end sec t ion  of t h e  nut  has an a x i a l  s l o t  c u t  i n t o  the  material 

The four  f l a t s  per revolu t ion  
J u s t  a f t  of t h i s  is a c i rcu-  

This axial sec t ion  

A f t  of t he  instrumentation nut ie the  
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ball bearing locking nut. 
thr- the impeller hub 8tack v i t h  a load of approxfr@y m 3 2 H  
(9OOO pounds) ambient. 

This nut also preloads the rotor assembly stackup 

The turbine-cnd hydrostatic bear- car t r idge  rrrrnted oa the rotor r U a a l y  
between the f i r s t - s tage  turbine vhsal rad th third-s tam Snduez Ir 8fvem in 
Pig. 24. Fha cartridge is shcnm v i t h  eight equally med sleto for cartr- 
speed ronitoring. 
(45 degrees) off th rad ia l  and axial axes. 
bearing f l au  t o  discharge in to  the bearing cavity I f  tb dial position of the 
sha f t  -re to close off the end clearance be- t he  cutrim a d  the f r o a t  
a x i a l  th rus t  stop. 
These are used f o r  returning the balance pis ton and hydrostatic bear- f l m .  
back to the second-stage w l l e r  inlet. 

Adjacent to the s l o t s  are e-t blcs drilled at Q.785 rdirru 
Thse are to  all- the hydrost.tic 

A l s o  note the set of holes in the thiwktage iqmller hub. 

A l l  modifications uere made to the turbopuq hardware. 
had t o  be closely me i to red  and required special care uere d i s to r t ion  possibil- 
ities of the housings from mchining'and velding, close tolerances in match- 
hydrostatic bearing clearances combined v i t h  silver and c h r o v  p la t ing  processes, 
and shrink f t t s  on the bearings. In general, the modifications were er t i s fac tecy  
due t o  expert professional support i n  the  Rocketdyne rachlne and ueld and plat* 
f a c i l i t i e s  and several outside vendors uho fabricated the car t r idges  and other 
component s . 

lhjor problem area8 tht 

Assembly - Rotordyaari c Balancing 

The assembly of the  turbopump began with the balancing of the ro tor  assembly. 
The balancing of the rotor  a s s e d l y  was considered ex t re re ly  Important to the 
success of the  program. 
assembly, which Includes one inducer, three Impellers, and two turbine wheels, 
is the problem encountered v i t h  balancing the ou te r  races and car t r ldge  journal 
rings for  the hydrostatic bearing. A major problem encountered is that relative 
angular posit ion of the car t r idge  with the ro ta t ing  assembly changes continually. 
For sa t i s fac tory  operation a t  a l l  speeds and ch i l led  conditions, there is d i a w -  
tral clearance required between the bearing outer races and the car t r idge  which 
adds to the complexity. Therefore, it MS necessary t o  balance both components 
individually t o  a high tolerance pr ior  t o  balancing the complete assembly. 
Proper care wzls a l so  taken t o  control t o t a l  indicated runout (TIR) on the  cart- 
ridge Inside diameter and bearings were selected with minimal TIR on the  outer 
races. 

In addition to  the complexity of balancing the ro t a t i ag  

The balancing proceeded with d e t a i l  balancing of the individual car t r idges  on an 
arbor. 
onto the arbor was changed t o  ver i fy  balance correct ions were not assembly 
related.  
The basic procedures used were those developed through several  previous bui lds  

Only minor corrections were required and the assembly of the car t r idge  

The balancing of the rotor  assembly began using a set of s lave bearings. 
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(Fig. 25). 
components are added t o  the  r o t o r  un t i l  a l l  components a r e  assembled. 
s t e p  is t o  assemble t h e  f i r s t -  and th i rd-s tage  impe l l e r s  separa ted  by a pre- 
viously balanced spacer a rbor  and ob ta in  c o r r e c t i o n  requirements f o r  t h e  f i r s t  
and t h i r d  i m p e l l e r  planes.  Next, t h e  second-stage impel le r  is i n s t a l l e d  and 
co r rec t ion  determined f o r  the second-stage impel le r  plane.  Next, t h e  f i r s t  and 
second tu rb ine  wheels are added and c o r r e c t i o n s  are made f o r  t hese  planes.  
Las t ly ,  t he  in s t ruaen ta t ion  nut  is added and c o r r e c t i o n s  made f o r  t h a t  plane. 

The procedure is a step-by-step balance of t h e  r o t a t i n g  assembly as 
The f i r s t  

This process (described above) w a s  preceded by a series of b u i l d s  t o  determine 
the  r o t o r  component stackup which r e s u l t e d  i n  t h e  minimum T I R s  of each component 
(Fig. 26). 
the  assembly pos i t i on  would be dupl ica ted  every t i m e .  The balancing process  
described was then repeated s e v e r a l  times t o  determine i f  t h e  c o r r e c t i o n  requi re -  
ments repeated. A t  t h i s  t i m e ,  i t  w a s  found t h a t  t h e  procedure f o r  s t r e t c h i n g  the  
s h a f t  c e n t e r  b o l t  and torquing the  l x k i n g  nut  had t o  be modified. In  t h i s  
assembly, the  s h a f t  b o l t  is s t r e t c h e d  on a tensile machine t o  60048 N 
(13500 pounds) f o r  a s h a f t  s t r e t c h  of approximately 9.813 mm (0.032 inch) .  
previous bu i lds ,  t h e  locking nut  torque of approximatelv 3389 N-cm (300 in.-lb) 
w a s  applied p r i o r  t o  r e l eas ing  the  s h a f t  b o l t .  
bined compressive load through the  impel le r  s t a c k  of around 40032 N (9000 pounds). 
I t  w a s  found however, t h a t  t h e  added torque of t h e  locking nut  w a s  respons ib le  f o r  
causing v a r i a b l e  T I R  i n  the  r o t o r  assembly Components a f t e r  release by t he  t e n s i l e  
machine. A s  a r e s u l t ,  t h e  locking nut  torque w a s  reduced t o  565 N-cm (50 in.-lb). 
This r e s u l t e d  i n  a much smaller v a r i a t i o n  i n  T I R  a f t e r  r o t o r  assembly loading. 
S t r u c t u r a l  a n a l y s i s  ind ica ted  t h e  change w a s  acceptab le  and impel le r  hub com- 
press ion  preload requirements were s a t i s f i e d .  
s t r e t c h  was measured a t  0.452 mm (0.0178 inch) .  

The angular pos i t i on ing  of each component was matchmarked so that 

In  

This r e s u l t e d  i n  a f i n a l  n e t  com- 

The a f t e r  release s h a f t  b o l t  

The r e p e a t a b i l i t y  of t h e  r o t o r  balance between b u i l d s  w a s  found t o  be wi th in  
9 x 10-3 kg-mm (0.2 gram-inch). 
a Gisholt  balancing machine. F ina l  r o t o r  assembly balance was made wi th  t h e  
assembly conta in ing  the  s e l e c t e d  bear ings  and preba lmced c a r t r i d g e s .  
ance machine was checked f o r  s e n s i t i v i t y  by p l ac ing  0.00035 kg (0.2 grams) on 
the  t h r e e  i m p e l l e r s  a l t e r n a t e l y  a t  1.57 r ad ian  (90 degree) increments and check- 
ing  the  imbalance. The r e s u l t s  i nd ica t ed  t h e  v a r i a t i o n  i n  s e n s i t i v i t y  t o  be 
2.03 x 10-4 mm (8 x 10-6 inch).  
recorded i n  Fig.  27. 

The dynamic balancing of t h e  r o t o r  was made on 

The bal-  

The f i n a l  assembly runouts were measured and 

The r o t o r  balance was checked as a func t ion  of va r ious  angular p o s i t i o n s  of t h e  
hydros t a t i c  c a r t r i d g e s  with the  c a r t r i d g e s  i n  s t a t i c  pos i t i on .  
nine mixed o r i e n t a t i o n  pos i t i ons ,  t h e  r o t o r  balanced wi th in  1.35 x 10-3 kg-mm 
(0.03 gram-inch) a t  t he  instrumentation nu t  and tu rb ine  wheel balance planes.  
Several a t t e m p t s  were made t o  set up a balance sys tem whsreby t h e  c a r t r i d g e s  
could r o t a t e  with the  r o t o r ,  bu t  none were success fu l .  This  was due i n  p a r t  t o  
the  low f r i c t i o n  torque of t h e  assembled bear ing  which was measured a t  022.6 N-mm 
(0.2 inch-pound) f o r  an assembly preload of 578 N (130 pounds). The r o t o r  ba l -  
ance was considered t o  be s a t i s f a c t o r y .  
ments mus t  be considered as a p r i o r i t y  problem wi th  t h e  incorpora t ion  of hybrid 
bearings i n t o  a high-speed turbopump. 

For a t o t a l  of 

S a t i s f y i n g  t h e  r o t o r  balancing require- 
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Assembly - Balance P i s ton  P o s i t i o n i n g  

The a x i a l  pos i t i on ing  of t h e  balance p i s ton  o r i f i c e s  t o  coinc ide  with end p l a y  
c learances  of t h e  turbine-end hydros t a t i c  c a r t r i d g e  was recognized early i n  t h e  
program t o  be of major importance. 
balance p i s ton  is allowed t o  c o n t r o l  s h a f t  axial  p o s i t i o n  whi le  t h e  hydros t a t i c  
j ou rna l  is allowed adequate end p lay  and, t hus ,  is a b l e  t o  r o t a t e  f r e e l y .  An 
a d d i t i o n a l  concern, however, w a s  t h e  need t o  l i m i t  t h e  a x i a l  t r a v e l  of t h e  s h a f t  
during s ta r t  and shutdown t h r u s t  t r a n s i e n t s  that t h e  balance p i s t o n  could not  
con t ro l .  
t h e  range of c learances  requi red .  

I f  t he  c learances  co inc ide  proper ly ,  the 

The need f o r  t h i s  c o n t r o l  r e s u l t e d  i n  a stackup a n a l y s i s  t o  determine 

Due t o  t h e  na tu re  of t he  f i n e  a x i a l  c l ea rances  requi red ,  a bear ing  s t i c k o u t  
a n a l y s i s  was requi red  t o  determine how the  bear ing  a x i a l  p o s i t i o n  from inner  t o  
ou te r  race  changed with changes i n  ou te r  and inner  race r o t a t i o n  changes; t h i s  
a n a l y s i s  is summarizer' i n  Fig. 28, which a l s o  shows t h e  s t i c k o u t  changes due t o  
t h e  e f f e c t s  of preload and shrinkage due t o  temperature changes. The r e s u l t s  of 
t h e  study r e s u l t e d  i n  t h e  balance p i s t o n  p o s i t i o n  limits given i n  Fig. 29. 
Ambient s t a t i c  t o  c h i l l e d  ope ra t ing  cond i t ions  were d1:veloped and are given i n  
Table 3. In previous b u i l d s ,  t h e  balance p i s t o n  allowable travel between bear- 
ing  s tops  was set a t  approximately 0.279 mm (0.011 inch) .  
of a x i a l  load exer ted  on t h e  bear ing  E:OPS (o r  bear ings)  of 1779 N (400 pounds) 
i n  each d i r e c t i o n .  It was found, however, t h a t  bear ing  s p r i n g  compression and 
s t i c k o u t  changes accounted f o r  approximately ha l f  of t he  a x i a l  s h a f t  t r a v e l  allow- 
ance and would allow only 0.152 mm (0.006 inch) t o t a l  end p lay  f o r  the  turbine- 
end hydros t a t i c  bear ing  c a r t r i d g e  i f  al lowable balance p i s t o n  t r a v e l  was he ld  a t  
0.279 mm (0.011 inch) .  Analysis of hardware and d a t a  from previous  b u i l d s  ind i -  
ca t ed  t r a n s i e n t  s h a f t  ax ia l  t h r u s t  was toward t h e  t u r b i n e  and had caused t h e  
low-pressure rub r i n g  some wear, whereas no evidence of high s h a f t  t h r u s t  toward 
the  pump end w a s  seen. 
used with t h e  allowable t r a v e l  c I t h e  balance p i s t o n  being r a i s e d  t o  approxi- 
ma te ly  0.373 mm (0.0147 in?$),  t hus  allowing t h e  n e t  c h i l l e d  c learance  o r  end 
p lay  of t he  bear ings  t o  be 0.257 mm (0.010! inch) .  In  t h i s  arrangement, t h e  low- 
pressure  rub r i n g  was t o  be pro tec ted  from excess ive  rubbing i n  start t r a n s i e n t s ,  
while t he  high-pressure o r i f i c e  could have a negat ive  c learance .  
p ressure  o r i f i c e  l i p  on the  impeller d i ame t ra l ly  c l e a r s  t h e  housing s e c t i o n  of 
t he  o r i f i c e  i n  ambient and c h i l l e d  condi t ions .  The e f f e c t s  of r o t a t i o n ,  however, 
allow t h e  diameter of t he  impel le r  t i p  t o  grow, thus  caus ing  t h e  r a d i a l  c learance  
of t h e  o r i f i c e  t o  become negat ive .  S imi l a r ly ,  due t o  impel le r  and housing def lec-  
t i o n s ,  as speed and p res su re  inc reases ,  t he  balance p i s t o n  travel gap inc reases  
from 0.137 mm (0.0054 inch) t o  0.257 mm (O.O?.Ol inch).  

Th i s  is f o r  t h e  range 

A s  a resxilt, i t  w a s  decided t h a t  a compromise wolild be 

The high- 

The da ta  i n  Fig. 30 show the  results of t h e  f i n a l  assembly push-pull test of t he  
s h a f t  i n  LN2. This tes t  is done t o  v e r i f y  t h a t  t h e  ax ia l  p o s i t i o n  stackup of t h e  
balance p i s ton  and t h r u s t  c o n t r o l  bear ing  are c o r r e c t .  The r e s u l t s  show t h a t  t h e  
turbine-end jou rna l  touches the  a f t  rub r i n g  (G2 = 0) a t  a p o s i t i o n  0.0533 nun 
(0.0021 inch) before  the  balance p i s t o n  low-pressure rub r i n g  makes con tac t .  The 
f i g u r e  a l s o  i n d i c a t e s  t h e  p red ic t ed  p o s i t i o n s  of t h e  high-pressure o r i f i c e  H1 - 0 
f o r  t h e  condi t ions  of ambient -s ta t ic ,  c h i l l e d - s t a t i c ,  and chil led-high speed- 
pressur ized .  The pred ic ted  s teady-s ta te  s h a f t  ope ra t ing  p o s i t i o n  range a t  
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9948 rad/sec (95,000 rpm) is given as between H2 = 1.676 mm (0.066 inch) and 
1.930 mp (0.076 inch). 
pressure o r i f i c e  5ut indicates suf f ic ien t  capacity and gap fo r  proper operation. 

The poeit ion is only s l i g h t l y  biased toward the high- 

The exercise of t rying t o  obtain hydrostatic journal bearing a x i a l  end-play i n  a 
turbopump with a balance piston thrus t  control  is inherent i n  the  design of hydro- 
s ta t ic  bearings i n  a high-pressure turbopump. Hydrostatic bearings require  f r e e  
end-play fo r  allowing the car t r idge t o  r o t a t e  with the  shaf t .  
"floating" shaf t  requires a high tolerance balance pis ton fo r  e f f i c i e n t  operation 
whic?. operates -.  ively a t  high speeds. For these designs then, the  start and 
cutoff ti 'ansients -++ire high tolerance shaf t  posi t ion control  devices which may 
o r  may not be independent of the hydrostatic bearings. 
these s tudies  tha t  the hydrostatic bearing design considerazions fo r  high-speed 
turbopumps nust include detai led developnent of shaf t  posi t ion control.  

Similarly a 

It is clearly evident by 

Assembly - General 

The assembly of the turbopump w a s  very closely controlled with c r i t i ca l  clear- 
ances and build dimensions monitored throughout the build.  
clearances was generally taken by diameter o r  depth gage measurements of major 
components during assembly. Clearances on the  pump inlet components are given 
i n  Fig. 31 including the r ad ia l  and a x i a l  clearances of the  posi t ion transducers. 
Impeller-inducer p i lo t  diametral clearances are shown i n  Fig. 32. 
seal labyrinth diameters were measured on each labyrinth and the resu l tan t  diame- 
t r a l  clearances a re  given i n  Fig. 33. 
clearances are given i n  Fig. 34. N q t e  t he  press  f i ts  required on the bearing 
inner races t o  shaf t  diameters. 
out analysis  fo r  balance piston-turbine-end bearing spacing. 
minimum radia l  gap for  the car t r idge speed monitoring a l so  is shown. 
t r a l  clearances for the turbine seals are shown i n  Fig. 35. 
indicated a t  the turbine t i p  are from the  t i p  of the  seal  r ings  t o  the copper- 
plated inside diameter of the seal rings.  Slmilar clearances have been run t o  
high speeds i n  other ambient GH2 drive tests on t h i s  turbopump without excessive 
sea l  wear or  rubbing problems. 
clearances of the test build. The nozzle-to-blade clearances were set  in con- 
formance to  required spacing d ic ta ted  by aerodynamic design pr inciples .  

The ve r i f i ca t ion  of 

The impeller 

The turbine-end bearing and turbine seal 

These dimensions were used i n  rile kzr 'n_o st ick-  
The proximeter 

The diame- 
The small clearances 

Figure 36 presents the turbine blading ax ia l  

Upon completion of the assembly including instrumentation in s t a l l a t ion ,  a leak 
check w a s  made t o  ver i fy  the assembly was sealed properly. 
were found and corrected. After leak checks, -he pump end of the  turbopump 
assembly w a s  insulated by polyurethane foam covrred with a f iberg lass  she l l .  
The turbopump w a s  then ins ta l led  i n  the test base. The completed +urbopump 
assembly, insulated and 'nstalled i n  its base, is shown i n  Fig. 37. With the 
completion of the assembly, the turbopump was transported t o  the Acivanced Propul- 
sion Test Fac i l i ty  (APTF) a t  the Rocketdyne Santa Susana test f a c i l i t y  (SSFL) fo r  
ins ta l la t ion  and test. 

Several minor leaks 
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TESTING 

Ins  t a l l a  t ion 

The hvbrid,  h y d r o s t a t i c f b a l l  bear ing  turbopump conf igura t ion  w a s  i n s t a l l e d  i n  
kUTF Lima test s tand  where it had been previously t e s t e d  us ing  conventional b a l l  
bear ings.  I n i t i a l  i n s t a l l a t i o n  cons is ted  of plumbing e x i s t i n g  duc t ing  t o  t h e  
maia turbopump in t e r f aces ,  e.g., t h e  pump i n l e t  and discharge,  and tu rb ine  i n l e t  
and discharge and secur ing  the  base t o  t h e  trst s t and  s t r u c t u r e .  

During turbopump assembly, t h z  test f a c i l i t y  w a s  prepared t o  r ece ive  the  tur3o- 
pump f o r  test .  The bas ic  major duct ing requirements and tankage t o  be used f o r  
the  turbopump is shown i n  t h e  f a c i l i t y  schematic of Fig. 38. A major requi re -  
ment f o r  t hese  tests w a s  t o  provide a c l o s e l y  con t ro l l ed  supply of high-pressure 
l i qu id  hydrogen f o r  t he  hydros t a t i c  bear ings  from a source ex te rna l  t o  the turbo- 
pump. This  hydrogen supply a l s o  had t o  be con t ro l l ed  so t h a t  t h e  pressure  of the  
supply i n  the  hydros ta t ic  bear ing  manifold could dup l i ca t e  t h e  pressure  l e v e l s  
suppl ied by the  turbopump as a func t ion  of pump speed. The design of two con- 
trollers, one f o r  each of t h e  hydros t a t i c  bear ings,  was begun ea r ly  i n  the  test 
prepara t ions  and i n s t a l l e d  i n  the  f a c i l i t y .  These c o n t r o l l e r s  were designed t o  
provide a hydros ta t ic  bear ing  manifold supply pressure  as a func t ion  of pump 
pressure l e v e l s  fed back t o  the  c o n t r o l l e r .  The impel ler  f i r s t - s t a g e  discharge 
pressure was the feedback prcssure  re ference  f o r  the pump-end bear ings and the  
pump discharge pressure  was used a s  the  feedback re ference  pressure  fo r  t he  
turbine-end bear ings.  The c o n t r o l l e r s  can be independently used t o  provide t h e  
respec t ive  feedback pressures  t o  the  hydros t a t i c  bear ing  manifold. 
be set t o  provide a pos i t i ve  b i a s  (value g r e a t e r  than re ference  pressure  hy a 
constant)  atid a l s o  provide a l i m i t  t o  the  pressure  l e v e l  ( f o r  maximum supply 
pressures  allowed by s t r u c t u r a l  l!mitations).  The c o n t r o l l e r  designs e f f e c t i v e l y  
provided the  pressure l e v e l s  required wi th in  the  l i m i t s  of t he  ex te rna l  shpply 
pressure source.  

They a l s o  can 

The pump-end and turbine-end hydros t a t i c  bear ing  supply system is depicted sche- 
mat ica l ly  in Fig. 39 and 40, respec t ive ly .  Also shown i s  some of t he  turbopump 
instrumcncAtion. The f l u i d  suppl ied f o r  each system goes through the  c o n t r o l l e r  
regulato: .  9c.wnstream of the  c o n t r o l l e r  i s  the  sharp-edged o r i f i c e  flow measur- 
ing !evic;. €or w a s u r i n g  pressure drop across  an o r i f i c e  and temperature in s t ru -  
mentatior. befot2 the f l u i d  e n t e r s  the turbopump bearings.  The pump-end bear ing 
dra in  lLne i s  snown i n  Fig. 39. In Fig.  40, the turbine-end supplemental d ra in  
l i n e  i k  ;hewn. This d ra in  w a s  used and dumped overboard, although the  majori ty  
of t h e  balance p is ton  sump flow goes back t o  the second-stage impeller i n l e t .  

The placement of t he  turbopump i n  the  f a c i l i t y  was completed by i n s t a l l a t i o n  of 
t he  instrumentat ion l i n e s  (Fig. 41 and 4 2 ) .  The l a rge  number of f a c i l i t y  and 
turbopump ins;cumentation l i n e s  f o r  the p r e s s u r e  measurements were plumbed indi -  
vidual ly  from each pressure t ap  source t o  banks of p r e s s u r e  t ransducers  loca ted  
on t h e  top,  bottom, and s ides  of the turbopump stand.  The e l e c t r i c a l  wi r ing  from 
the t ransducers  was routed t o  the f a c i l i t y  recording center .  Tempera ture  and 
Bently proximeter s ipna l  cab les  were s i m i l a r l y  routed.  In  Fig. 41,  the  servocon- 
t r o l l e r  mechanism f o r  the pump-end and turbine-end bear ings is  shown on the  l e f t  
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and r i g h t  s i d e  of the  turboptmp, respec t ive ly .  Thephotographs were taken p r i o r  to  
the  in su la t ion  of a l l  t h e  l i q u i d  hydrogen.supply and pump flow l i n e s .  
shws t h e  pump i n l e t  a i d e  of t h e  i n s t a l l a t i o n .  
e x t e r n a l  bearing supply w a s  in use. 
hydros t a t i c  bear ings  was not  plumbed in, r c su l t i r t g  i n  e i g h t  blanked lines extend- 
ing from t h e  pump f i r s t - s t a g e  impe1ler area of t h e  housing and a plugged tapoff  i n  
the pump discharge l i n e  j u s t  domstream.of t h e  piezometer r i n g  and puap d ischarge  
temperature p o r t s  (upper l e f t  s e c t i o n  of Fig. 4 2 ) .  

Figure 42 
For t h i s  conf igura t ion ,  the 

The pump internal hydrogen supply t o  the 

Instrumentet foil 

rhe instrumentation conformed to  turbofump and f a c i l i t y  requirements to  monitor 
t he  turbopump and c o n t r o l  t h e  tests. 
defined i n  t h e  test  p lan  approved by the  NASA-LeRC p r o j e c t  manager (Ref. 17). 
The instrumentation f o r  t h e  turbopump is given i n  Fig. 43. The turbopump body 
and i n t e r n a l  s e c t i o n s  were heavi ly  instrumented with p re s su re ,  temperature, 
Bently proxinreter. magnetic speed, and accelerometer sensors .  Other sensors  
monitored a l l  f a c i l i t y  duc t ing  and tankage. 

These requirements were reviewed and 

A l l  p ressure ,  temperature, and flow measurements were recorded on tape  dur ing  
each test by means of a Beckman Model 210 Data Acquis i t ion  and Recording System. 
This system acqui res  da t a  from t h e  t ransducers  and conver t s  t h e  d a t a  t o  d i g i t a l  
form i n  binary-coded d e c k 1  format. The la t te r  is recorded on t a p e s  which are 
then used f o r  comp'iter processing. The Beckman Data Acquis i t ion  Unit sequen- 
t i a l l y  samples t h e  input channelc a t  a rate of 5625 samples per  second. Pro- 
gramed computer output c o n s i s t s  of t a b i e s  of ti= versus t h e  average parameter 
value over a prese lec ted  slice time pr in t ed  ou t  a t  t h e  appropr i a t e  slice time 
i n t e r v a l s  f o r  t h e  run duration. Ca l ib ra t ion  f a c t o r s ,  prerun and postrun zero 
readings, and relat Id d a t a  a l s o  are provided. 
a r e  machine-plotted And displayed as  CRT ou tpu t s  on appropr i a t e ly  sca led  and 
labeled g r i d s  f o r  simple determination of g rad ien t s ,  establishment of steady- 
state condi t ions ,  etc. For the  turbopump tests, a computer program w a s  ava i l -  
ab le  t o  c a l c u l a t e  propel lan t  f lowra tes  and turbopump actual and sce l ed  perform- 
ance parameters. 
from its previous use on conventional b a l l  bear ing  t e s t i n g  of t h i s  turbopump. 

The instantaneous parameter va lues  

This program was modified t o  inc lude  hybrid bear lng  parameters 

The primary da ta  recording system f o r  t he  t e s t i n g  was the  Beckman 210 System. 
The following a u x i l i a r y  recording systems a l s o  were employed: 

1. One Honeywell d i r e c t  reading osc i l l cg raph  was used t o  record t h e  
dynamic da ta  such as Bently s h a f t  wvement, accelerometer da t a ,  and 
raw s h a f t  speed s igna l .  

2 .  Direct-inking graphic recorders  (DIGRs); t h r e e  six-channel Watanabe 
s t r i p  cha r t  recorders  and n ine  Esterline-Angus two-channel s t r i p  char t ,  
recorders  were used. 
supply pressures  and. a l s o .  r e  used f o r  recording of system tempera- 
tures and pressures i o  prt-rt-tt quick-look information and r e d l i n e  moni- 
t o r ing ,  and as secondary backup t o  the  Beckman and osc i l l og raph  
recorders.  

These - h a r t s  a ided  i n  settr .3 prerun p rope l l an t  
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3. 
4. 

5 .  

6 .  

7. 

8 .  

Event recorders t o  record sequences and other  event functions 

A hlgh-frequency tape recorder was used t o  record output of h u h -  
frequency transducers, Including proxireters ,  acceleroreters ,  and 
speed signals. 
data  analysis .  

Oscilloscopes were used f o r  real tire display of the  Bently transducer 
and acceleroreter  outputs t o  be used as redlines during operation i f  
certain anomalies occurred. 

A t e lev is ion  c-ra vas u t i l i z e d  v i t h  taped replay capabi l i t l es .  
areas of the turboptrq system were umi tored  f o r  real tire operational 
analysis.  

Bell  and H o w l 1  motion p ic ture  coverage uas required f o r  each test. 
Film processing vas d e t e m h e d  fo l lav iag  each test. 
ing was required. 

S t i l l  photographs of each test hardware tns t a l l a t ion  were required fo r  
presentation in  test reports .  

A real tire d test start s ignal  was included f o r  

Key 

No f i lm process- 

A summary of a l l  the instrurentat ion requirements f o r  the turbopump test program 
is shown In Table 4. 
mance data of the  pump and turbine,  f a c i l i t y  i n s t rums ta t ion  to control  the test, 
and special  instrumentation fo r  operation of the hydrostat ic  bearing flow s y s t m  
on both pump and turbine sides.  
cation on those parameters used in previous t e s t i n g  and indicates  the type of 
instrumentat ion required. 

They include h s t ~ t a t i a n  t o  obtain the basic perfor- 

The tab le  u t i l i z e s  the 8are parareter ident i f i -  

Instrumentation and transducer ca l ibra t ions  were used to obtain appropriate fac- 
t o r s  f o r  test data reduction and t o  develop statistical h i s t o r i e s  f o r  each trans- 
ducer so that estimates of short- and long-term d e v l a t b n s  could be made and 
probable e r ro r  bands calculated. 
types of transducers a r e  described below. 

The ca l ibra t lon  methods used f o r  the  various 

Pressure transducers a re  cal ibrated against nigh-precision Bourdon tube gages. 
The latter a re  cal ibrated per iodical ly  on R u s k  deadweight testers, with weights 
traceable to  NBS. 

Subsonic ventur is  are cal ibrated by the vendor f o r  discharge coef f ic ien ts  a s  a 
function of Reynolds number with t raceabi l i ty  t o  the National Bureau of Standards. 
Using the upstream pressure, upstream temperature, and upstream t o  throa t  d i f fe r -  
en t ia1  pressure measurements, the flowrates are accurately calculated using a 
computer program that accounts fo r  changes in density through the  ventur i  and 
ventur i  dimensions due t o  the cryagenic temperatures. 
l i nes ,  t h e  flow was measured using sharp-edged o r i f i c e s  with Peasured pressure 
differences and temperatures used t o  calculate  flow from the standard o r i f i c e  
equations. 

On small supply and drain 

Resistance of the platinum resis tance thermocouples used In the  propellant lines 
are  converted t o  mi l l ivo l t  outputs by a tr iple-bridge system. Transducers a re  

64 



65 



66 



n 
'0 
a! 
3 
C 
rl 
u 
C 
0 
U 
W 

* 
w 
e3 rn 

ORIGINAL PSGE IS 
OF POOR QUALITY 

67 



ORIGINAL ?A@e if 
OF POOR QUALITY 

n 
a 
9) 
1 
C 
rl 
U 
C 
0 
CJ 
v 

68 



n 

W 

V 

W 

69 



c a l i b r a t e d  a t  ice po in t  and LN2 b o i l i n g  po in t  and, when app l i cab le ,  a t  LHe 
b o i l i n g  po in t .  
mi l l i vo l t / t empera tu re  t a b l e s .  

Thermocouple d a t a  are redilced on the b a s i s  of t h e  s tandard  NBS 
Thermocouple r eco rde r s  are e l e c t r i c a l l y  c a l i b r a t e d .  

With each proximeter used, t h e  spacing between t h e  proximeter and t h e  t a r g e t  
material w a s  documented on assembly. 
notch of a given depth was added t h a t  provided a s lope  of t h e  c a l i b r a t i o n  curve 
throughout t h e  test. Bench t e s t i n g  of the proximeters and r o t o r  assembly v e r i -  
f i e d  t h e  c a l i b r a t i o n  notch concept. A t y p i c a l  example is t h e  s i g n a l  ou tput  f o r  
t h e  two r a d i a l  proximeters used for s h a f t  r a d i a l  movement a t  ambient test condi- 
t i o n s  (Fig. 44). The top  of t h e  f i g u r e  shows the prof i lometer  trace of t h e  s l o t  
0.066 mm (0.0026 inch) deep i n  0.785 r ad ians  (45 degrees) circumference of t h e  
ins t rumenta t ion  nut of Fig. 22. The laver traces show t h e  ind iv idua l  signai 
output as the  s h a f t  is r o t a t e d  p a s t  t h e  t w o  proximeters which are 7.62 mm 
(0.300 inch) i n  diameter and spaced orthogonally or 1.571 r ad ians  (90 degrees) 
apa r t .  The c a l i b r a t i o n  cu rve  of t h e  proximeter S/N 002 a t  ambient condi t ions ,  
f o r  d i f f e r e n t  r a d i a l  gap spacings from t he  s h a f t  nu t ,  shows t h e  l i n e a r  range of 
the  transducer (Fig. 45). Also note t h e  expected d-c s h i f t  due t o  hydrogen 
environment temperatures taken from previously t e s t e d  proximeters wi th  K-Monel 
t a r g e t s .  The smaller 4.826 mm (0,190 inch) diameter pump-end proximeter probe 
(P/N ES 91792-02) c a l i b r a t i o n s  on Inconel 718 c a r t r i d g e  t a r g e t  rcaterial show a 
much smaller l i n e a r  range of signal wi th  gap (Fig. 46) than t h e  l a r g e r  d i a n e t e r  
probe (Fig. 45). This L i m i t s  t he  s m a l l  probe range of measurement c a p a b i l i t y  
over t h a t  of the  l a r g e r  probe. 

On each t a r g e t  of t h e  proximeters,  a smal l  

T e s t i n g  

A t o t a l  of 15 tests was conducted on t h e  turbopump wi th  t h e  hybrid hydros t a t i c /  
b a l l  bear ing  conffguration. 
Hydros ta t ic  bear ing  d a t a  f o r  the tests having s i g n i f i c a n t  d a t a  are t abu la t ed  in 
Appendix B. 
r o t a t i o n  was observed with t h e  maximum test speeds nea r  9215 r ad ians / sec  
(88,000 rpm) on tests 012 and 014. The tests were run i n  t h r e e  series. The 
f i r s t  of t h e  series ( t e s t  001) was a blowdown test wi th  a l l  ins t rumenta t ion  sys- 
tems, and s ta r t  sequencing completed inc luding  e x t e r n a l  flow supply a t  va r i ed  
pressure  l e v e l s  on t h e  h y d r o s t a t i c  bearings.  No gaseous hydrogen was suppl ied  
t o  t h e  tu rb ine  t o  a l low pumping and s h a f t  torque. 
a l l  instrumentation systems, chilldown, start procedures, and sequencing. The 
inf luence  of p r e t e s t  turbine-end hydros t a t i c  bear ing  supply pressures  on t h e  
ba1,ance p i s ton  sump p res su res  and the  axiai t h r u s t  balancing e f f e c t s  of added flow 
i n  t h e  balance p i s t o n  sump p res su re  also were determined. 
was with tu rb ine  GH2 d r i v e  us ing  an  e x t e r n a l  l i q u i d  hydrogen flow supply t o  t h e  
hydros t a t i c  bearings.  This  series included tests 002 through 011. During t h i s  
tes t  series, s h a f t  speeds were obtained t o  8482 r ad ians  (81,000 rpm). A wide 
range of hydros t a t i c  bear ing  supply p re s su res  t r  .882 N/cm2 (2730 ps ig )  on t h e  
turbirre end and 758 N/cm2 (1100 ps ig)  on t h e  pump end was achieved. 
supply .flowrates were continuously monitored and start a c c e l e r a t i o n  rates were 
simulated from 628 t o  10472 r ad ians / sec / sec  (6000 t o  100,000 rpm/sec). Also on 
the  l a s t  test  ( O l l ) ,  a s imula t ion  of a pump-fed bear ing  supply o r  i n t e r n a l l y  
s u p p l i e d  flow was achieved with t h e  requi red  s e t t i n g s  on t h e  bear ing  flow con- 
t r o l l e x s  previously d iscussed .  On t h e  t h i r d  test series ( t e s t s  012 t o  015), 

The sumsary of the t e s t i n g  is given in Table 5 .  

During t h e  test series, a t o t a l  of 1261 seconds of s h a f t  speed 

This allowed t h e  checkout of 

The second test series 

Bearing 
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i n t e r n a l  pump-fed bear ing supply flows were used. 

(3500 ps ig)  and pmp-end supply pressures  fed  from the f i r s t - s t a g e  impel ler  f r o n t  
shroud tapoff  source achieved a supply presscre  of 655 N/cm2 (950 ps ig)  . 
speeds in excess  of 9110 r a d l a n d s e c  (87,000 r p d  were achieved on tests 012 and 
014. In these  tests, t h e  bear ing  supply f lowra tes  were ind iv idua l ly  measured by 
rout ing  t h e  tapped off pump source f laws through the flaw-measuring o r i f i c e s  
p r i o r  t o  rout ing  the flow intcr t h e  supply lines. 

Turbine-end bear ing  su  p ly  
pressures  using 8 pump discharge supply source Yere achieved t o  2413 N / c m  s 

Shaft  

A s-ry of t h e  i n d i v i d w 1  tests with t h e i r  ob jec t ives ,  dura t ion ,  problems, 
and accomplishments f o l  3w. Reduced dc;a poin ts  of each test having va luable  
da t a  can be found i n  Appendix B. 

-- T e s t  001. 
t i v e s  of checkout ou t  t h e  chilldown procedures, and turbopump test sequencing up 
t o ,  but not  including,  a s t a r t u p  wi th  t u r b i n e  GE2 supply pressure.  Fourmajor check- 
o u t s  were required: (1) t h e  hydros t a t i c  bear ing supply temperature l e v e l s  from 
t h e  ex te rna l  tank supply, (2) the balance p i s ton  s r l p  pressure  l e v e l s  as a func- 
t i o n  of hydros t a t i c  bear ing supply pressure ,  (3) t h e  pump bearing suap pressure  
l e v e l  as a funct ion of bear ing supply pressure ,  and (4) a checkout of a l l  t h e  
instrumentat ion including t h e  Beckran data acqu i s i t i on  m d  a l l  o the r  recording 
devices.  The test s t a r t e d  with increased inlet pressure  from 28 N/cu2 (40 ps ig)  
t o  65 N/cm2 (95 ps ig)  over  120 seconds. 
speed var ied from 21 radiana/sec (200 rpm) t o  147 radians/sec (1400 rpn) a d  t h e  
hydros t a t i c  c a r t r i d g e s  ro t a t ed  b t e r n i t t e n t l y .  
bear ings ex te rna l  supply tank ( tank 11) was increased t o  3170 N/cm2 (4600 p s i j ) .  
The pump bearing manifold pressure increased t o  a maximum 474 N/cm2 (687 pqig),  
while the  sump pressure  increased only 7 N/cm2 (10 p s i )  over i n l e t  pressure.  The 
turb ine  bear ing manifold pressure  increased t o  545 N/cm2 (790 ps ig) ,  while t h e  
balance p i s ton  sump pressure  increased to  92 N/cm (133 ps ig)  or 26 N/cm2 (38 p s i )  
over i n l e t  pressure.  
forward as expected due t o  t h e  pressure  in the balance p i s ton  sump. 
i n  procedures developed by the  test r e s u l t s  were the chilldown procedures and 
pressures  used which r e su l t ed  i n  reduced LE2 usage of chilldown. Also,the'hydro- 
s t a t i c  bearing supplv pressure  c o n t r o l l e r s  w e r e  found t o  r equ i r e  increased 
response r a t e s  t o  keep up with the  tank 11 pressur iza t ion .  
p.-oblems were cor rec ted  an$ pressure  c o n t r o l l e r  systems monitoring were improved. 
This test was very successful .  

This test w a s  a blowdown test a t  c h i l l e d  condi t ions  wi th  t h e  objec- 

During t h i s  t ime, t h e  s h a f t  wind-Ill 

P re s su r i za t ion  of t h e  hydros t a t i c  

During t h i s  the ,  t he  axial  Bently s h d  t h e  s 'mft  moved 
Correct ions 

Data a c q u i s i t i o n  

T e s t  002. This test w a s  t h e  f i r s c  a t tempt  t o  start t h e  turbopump wi th  GH2 d r i v e  
gas. 
3665 radians/sec (35,000 rpm) with each of t he  hydros t a t i c  bear ing  supply con- 
t r o l l e r  pressures  set a t  103 N/cm2 (150 p s i )  above t h e  re ference  Lurbopuinp pres- 
su res  ( f i r s t - s t a g e  impel ler  discharge pressure  fol pump end md pmp d ischarge  
pressure f o r  tu rb ine  end). 
increased p r i o r  t o  s t a - t  t o  16% N/cm2 (2%40 ps ig )  when t h e  r e d l i n e  f o r  t he  pump 
bearing flow c o n t r o l l e r  valve pos i t i on  c u t  t h e  test by ind ica t ing  the supply 
valve was closed.  This ind ica ted  f u r t h e r  c o n t r o l l e r  open-close r e d l i n e  a n a l y s i s  
was required and the - .  ;tun test con t ro l  was f u r t h e r  modified i n  an e f f o r t  t o  
minimize unnecassary -st t e d l i n e  c u t o f f s  f rcia the  c o n t r o l l e r  systen.  

The ob jec t ives  were a checkout Lest wich t h e  ia i t ia l  s t a r t u p  t o  

The test wect w e l l  u n t i l  t h e  tank 11 pressure  was 
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T e s t  003. This test was a checkout test similar t o  test 002 t o  achieve t h e  
following: (1) s t a r t u p  checkout with hybrid hydros t a t i c  bear ings to  
3665 radians/sec (35,000 rpm), (2) checkout balance p i s ton  a x i a l  t h r u s t  con t ro l ,  
(3) checkout hybrid bear ing  behavior a t  s t a r t u p  and through f i r s t  and second 
predic ted  cri t ical  speeds, and (4) checkout f a c i l i t y  c a p a b i l i t y  f o r  con t ro l  of 
turbopump and hydros t a t i c  bearing. The turbopump s t a r t e d  up very f a s t  and 
reached a speed of 3037 rad ians /sec  (29.000 rpm) i n  200 mill iseconds;  t h e  pump 
c a r t r i d g e  speed acce lera ted  t o  837 radians/sec (8000 rpm) i n  1.2 seconds. 
t h a t ,  t he  test w a s  c u t  automatical ly  due t o  a low i n l e t  p ressure  r ed l ine .  
w a s  due t o  the rap id  acce le ra t ion  of t he  turbopump reducing the  i n l e t  p ressure  
belaw the c a v i t a t i o n  r ed l ine .  
start acce le ra t ion  was checked out  and corrected.  

After 
This 

The speed con t ro l  system t h a t  allowed the high 

T e s t  004. 
achieve extended running time on the bear ings a t  low speed. The start w a s  S t i d  

very rapid with shaft speed t o  3120 rad ians /sec  (29,800 rpm) i n  0.7 second and 
then t o  3946 rad ians /sec  (37,680 rpm) in  6 seconds. The tu rb ine  c a r t r i d g e  went 
t o  251 radians/sec (2400 rpm) i n  1 second and then back to zero i n  3 seconds. 
The pump c a r t r i d g e  acce lera ted  t o  t h e  s h a f t  speed of 3921 rad ians /sec  (37,440 rpm) 
i n  7 seconds. 
lers were set t o  103 N/cm2 (150 p s i )  over reference pressure  a t  start .  
s t a r t u p ,  t h e  speed was reduced t o  2308 t o  2618 rad ians /sec  (22,OGO to 25,000 rpm) 
and held for 200 seconds. 
d e l t a  pressure was r a i sed  to  552 N / c d  (800 p s i )  and 700 N/cm2 (1015 p s i )  for t h e  
pump and turb ine  end, respec t ive ly .  N e a r  t he  end of t h e  test, the  speed w a s  
reduced t o  1910 radians/sec (18,240 rprr) f o r  approximately 20 seconds. During 
the test, the  pump c a r t r i d b e  followed s h a f t  speed while t h e  tu rb ine  c a r t r i d g e  d id  
very l i t t l e  ro t a t ing .  
small range i n  an attempt to  see i f  t he  turbine-end c a r t r i d g e  might begin t o  
r o t a t e .  
cont ro l led  n ice ly  with the c o n t r o l  system providing adequate response with speed 
changes and t i g h t  con t ro l  of t h e  values  des i red .  

This test w a s  designed t o  complete t h e  ob jec t ives  of test 003 and 

The hydros t a t i c  bear ing supply manifold pressures  a t  t h e  cont ro l -  
Af te r  

The con t ro l l ed  hydros t a t i c  bear ing supply re ference  

During t h e  test, t h e  speed was manually changed over a 

L t  should be .ioted that the hydros t a t i c  bear ing  supply pressures  were 

Test 005. 
sec  (65,000 rpm) and t o  ge t  test d a t a  a t  very s t i f f  and medium s t i f f  hydros t a t i c  
bear ing pressures ,  and a l s o ,  t o  v e r i , l  a x i a l  t h r u s t  con t ro l  a t  high speeds. On 
t e s t  005, the  start was ta rge ted  t o  3141 radians/sec (30,002 rpm) but  vas cu t  due 
t o  an erroneous overspeed s i g n a l  t o  5864 rad ians /sec  (56,WG rpm). The speed was 
thought t o  be erroneous because of t he  law turb ine  d r i v e  i n l e t  pressures  recorded 
Pump-end c a r t r i d g e  acce le ra t ion  was t o  1528 rad ians /sec  (14,590 rpm) i n  
1.40 seconds. 

The ob jec t ives  of t h i s  test were to operate t o  speeds of 6807 r ad ians /  

T e s t  006. 
reached was approximately 3560 r a d i a n d s e c  (34.000 rpm) a t  start and was held i n  
t h a t  range f o r  %61 seconds. The s h a f t  speed output  i n  t h e  test indica ted  a very 
e r r a t i c  condi t ion.  
t o  c o r r e c t  i t  a s  t h e  test progressed f a i l e d .  During the  test, the  pump c a r t r i d g e  
tracked the  s h a f t  but  the  turb ine  c a r t r i d g e  showed l i t t l e  r o t a t i o n .  A t  t h e  lat-  
t e r  p a r t  of the  test, supply pressure  l e v e l s  were increased from 159 N/cm2 
(230 p s i )  t o  579 N/cm2 (840 p s i )  above reference pressure  for +he pump bearing 

T h i s  test had t h e  same cb jec t ives  of test 005. The s h a f t  speed 

This  was due t o  s igna l  cond!tioning c i r c u i t r y  and a t tempts  
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and from 276 N/cm2 (400 p s i )  to  758 N/cm2 (1100 p s i )  above re ference  pressgre  f o r  
t h e  tu rb ine  bearing. 
servovalve reaching its r e d l i n e  full-open pos i t i on .  
quate  pressure  i n  the  tank 11 supply f o r  t h e  very high supply pressures  required.  
Af te r  t he  test, procedures f o r  r ep res su r i z ing  tank 11 and co r rec t ion  of t h e  s h a f t  
speed c i r c u i t r y  were i n i t i a t e d .  

Cutoff occurred due t o  t h e  tu rb ine  bear ing flow c o n t r o l l e r  
This w a s  caused by inade- 

T e s t  007. 
speed of 6807 rad ians /sec  (65,000 rpm). 
scc (33,600 rpm! f o r  25 seconds a t  t h e  p r e s e t  bear ing  supply pressures .  Attempts 
to increase  the  supply pressures  by f i r s t  increas ing  tank 11 pressure  r e su l t ed  i n  
t h e  pump bearing valve ind ica t ing  f u l l  c losed due to  t h e  high tank 11 pressures  
e x i s t i n g  and the  high pressure  drop required ac ross  t h e  servovalve. The r e d l i n e s  
set on the  valves  were t o  p ro tec t  t h e  s y s t e n  from l o s i n g  con t ro l  of t h e  hydro- 
s t a t i c  supply pressures .  The problem a rose  t h a t  f o r  high pressure  drops,  t h e  
valves  w u l d  approach f u l l y  c losed t o  wi th in  less than S% open. 
pened, the  pos i t ion  monitor device d id  not have enough s e n s i t i v i t y  t o  read t h e  
last 5% on c losure  pos i t i on  and, as a r e s u l t ,  a c t iva t ed  the  r ed l ine .  The review 
of the r e d l i n e s  ind ica ted  t h a t  these  servovalve c l o s e  and open r e d l i n e s  could be  
de le ted  i f  o ther  test procedure precaut ions and r e d l i n e s  were incorporated,  which 
w a s  done. 
s h a f t  w e l l .  
some as higher  bear ing supply pressures  were used and h igher  speeds were reached. 
From t h e  d a t a  a n a l y s i s  the  ind ica t ions  were t h a t  a t  nigher  s h a f t  speeds, t h e  
balance p i s ton  a x i a l  pos i t i on  would be more favorable  to  t h e  tu rb ine  c a r t r i d g e  
end c learance  and t h e  c a r t r i d g e  would begin to rotate wi th  the  sha f t .  

The ob jec t ives  of t h i s  test were to  extend t h e  speed of test CO6 t o  a 
The turbopump w a s  run t o  3519 rad ians /  

When t h i s  hap- 

A t  t h i s  po in t  i n  t h e  tes t - 'ng,  t h e  pump c a r t r i d g e  speed tracked t h e  
The tu rb ine  c a r t r i d g e  d id  not t r a c k  but ,  on occasion, had ro t a t ed  

T e s t  008. 
areas covered i n  speed and hydros t a t i c  bear ing  pressure  r-qges. 
the test w a s  :o obta in  a maximum speed of 6807 r a d l a n s / s . -  (65,000 rpm) and 
obta in  a wide range of hydros t a t i c  bear ing opera t ing  condi t ions.  
operated for 140 seconds a t  t h r e e  bas i c  speed levels of 3403, 6597, and 
5027 radians/sec (32500, 6300G, and 48000 rpa). 
d i t i o n s  of the  hydros t a t i c  bear ings pressures  is given i n  Fig. 47. The d a t a  
p lo t t ed  are the opera t ing  l e v e l s  of t he  pump and turbine-end hydros t a t i c  bear ing  
supply pressures  (b*ich are con t ro l l ed  by t h e  supply pressure  c o n t r o l l e r s  as 
descr ibed)  a s  a func t ion  of pump speed. 
a t  @ start, increas ing  wi th  speed t o  the  f i r s t  opera t ing  poin t  d at  
3299 rad ians /sec  (31,500 rpm), then increas lng  t h e  two hydros t a t i c  b e a r i q  sup- 
p l y  pressures  t o  higher  va lues  a t  poin t  @. then again to  higher  va lues  @ and 
back t o  lower values  @ again.  
l i m i t  of 758 N/cm* (1109 ps ig )  w a s  maintained d d l e  t h e  turbine-end bear ing pres- 
su re  was var ied.)  
hydros t a t i c  bear ing supply pressure  t racking  reference pressure  tc poin t  @ 
w3ere the tank i l  supply pressure  matched turbine-end supply pressure  0.  
3peed was held a t  around 6702 rad ians /sec  (64,000 rpm). while  t h e  hydros t a t i c  

the supply pressure f u r t h e r  reduced t o  827 N/cm2 (1200 ps ig )  f o r  t he  tu rb ine  

This t e s t  w a s  very successfu l  from a s tandpoin t  of opera t ing  t h e  and 
The ob jec t  of 

The turbopump 

A trace of t h e  opera t ing  con- 

The f i g u r e  shows t h e  suppl pressgres  

(Note: The pump-end supply paaxiannn pressure  

The pump s h a f t  speed was then increased with the  turbine-end 

The 

pressure reduced slowly t o  1172 N / m 2  (1700 ps ig )  
then slowly reduced t o  5027 rcldiai.s/sec (48,090 

. The s h a f t  speed w a s  3 and held cons tan t  as 
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bear ings  and 655 N/cm* (950 ps ig )  f o r  t he  pump-end bear ings  @ . 
then te rmira ted  with the  s h a f t  speed going to  zero. 

The tes t  w a s  

During the  test, t h e  pump-end c a r t r i d g e  followed t h e  s h a f t  speed a t  a l l  condi- 
t i ons .  The turbiae-end c a r t r i d g e  began r o t a t i o n  a t  start but  returned t o  zero  
speed approximately 1.8 seconds i n t o  t h e  test. 
turbine-end c a r t r i d g e  r o t a t i o n  has  been developed from the  two proximeter ma- 
surement ou tpu t s  f o r  t h e  s h a f t  axial p o s i t i o n  and t h e  tu rb ine  c a r t r i d g e  r o t a t i o n ,  
as shuun i n  Fig. 48. 
s h a f t  a x i a l  p o s i t l o n  as measured from t h e  ax ia l  Bently proximeter shown. 
shown i n  Fig. 48 is the movement signal of t h e  tu rb ine  c a r t r d i g e  as each of t h e  
e i g h t  f l a t  f aces  of t h e  c a r t r i d g e  face r e g i s t e r s  a peak on t h e  t race .  
r e s u l t s  show the  s h a f t  moves f o w a r d  tovard t h e  pump end a t  s t a r t u p  approxi- 
mately 0.305 mm (0.012 inch) and then eventua l ly  back t o  approximately 0.229 mm 
(0.009 inch).  
freedom t o  a c c e l e r a t e  f o r  330 revolu t ions  of t h e  s h a f t ,  which i t  does u n t i l  t h e  
s h a f t  starts t o  move s l i g h t l y  forvard  a x i a l l y .  
c a r t r i d g e  speed quickly tai ls  of f  and s t o p s  wi th in  280 s h a f t  revolutions.  Through- 
out  t h e  test ,  the  turb ine  c a r t r i d g e  occas iona l ly  changes its clocking, bu t  only 
a t  a very low and e r r a t i c  frequency. These d a t a  show hard evidence that t h e  
s h a f t  forward movement does not allow the  tu rb ine  c a r t r i d g e  t o  r o t a t e .  Fur ther  
a n a l y s i s  of t he  s h a f t  movement t o  t h e  higher speeds (shown i n  Fig. 49) ind i -  
c a t e s  t he  pump end of the  s h a f t  moves a f t  nea r ly  0.051 mm (0.002 inch) as speed 
inc r  dses and a t  shutdown moves gen t ly  back t o  the backstop. During these  shut- 
dovn t r a n s i e n t s ,  the turbine-end c a r t r i d g e  on some tests had shown some s l i g h t  
r o t a t i o n  as  w e l l .  
delrected a t  approximately 3665 rad ians /sec  (35,000 rpm). Also on t h i s  test, a 
cas.i.ng resonance was seen a t  about 950 Hz with  a maximum amplitude of 12 g a t  a 
spec6 cf 5969 rad ians /sec  (57,000 rpm) as t h e  speed was being reduced t o  
50.'7 rad ians /sec  (48.000 rpm). 
reported i n  t h e  dynamic a n a l y s i s  s ec t ion  of t h i s  repor t .  

An i n t e r e s t i n g  c o r r e l a t i o n  of 

The time expanded and c o r r e l a t e d  d a t a  show t h e  p l o t  of . 
Also 

The 

A t  th i s  poin t ,  the  a f t  movement a l lows  t h e  tu rb ine  c a r t r i d g e  

When this happens, t h e  tu rb ine  

It should be  noted t h a t  on test 008, a c r i t i ca l  speed was 

The dvnamic a c t i v i t y  of each test w i l l  be 

---- Test 009. The ob jec t ives  of test 009 were t o  t e a t  t h e  hydros t a t i c  bear ing  turbo- 
pump a t  speeds t o  9634 rad ians /sec  (92,000 rpm) v h i l e  opera t ing  a t  very s t i f f  and 
medium s t i f f  supply pressure  l e v e l s  on t h e  h y d r o s t a t i c  bearings.  V e r i f i c a t i o n  of 
turbopump a x i a l  t h r u s t  c o n t r o l  was an i n i t i a l  check t o  be  made a t  high speeds 
before  the  t e . :  could proceed. 
p i s ton  cav i ty  and pump pressures  basea on previous test d a t a  and c u r r e n t  analy- 
sis. 
usable  da t a  were generated. 

This was done by s e t t i n g  r e d l i n e s  on t h e  balance 

Test 009 was c u t  o f f  on a high i n l e t  temperature r e d l i n e  a t  s t a r t u p  and no 

Test 010. The 
planned procedure was t c i  s ta r t  wi th  medium l e v e l  supply p re s su res  on t h e  hydro- 
s t a t i c  bear ings  of 128 N / c d  (185 p s i )  above r e fe rence  f o r  t h e  tu rb ine  supply 
and 193 N/cm2 (280 p s i )  above r e fe rence  f o r  t he  pump-end supply. This was done 
and the  s h a f t  speed was r a i s e d  t o  4294 rad lan /sec  (41,900 rpm) i n  approximately 
7 seconds. 
s t i f f n e s s  1586 N/cm2 (2300 ps ig)  on the  tu rb ine  end and 758 N/cm* (1100 ps ig )  on 
the pump end). 
vJb'.?c t a r g e t i n g  f o r  8901 rad ians /sec  (85,000 rpm). 

The ob jec t ives  of tes t  010 were similar t o  those of test 009. 

While holding a cons tan t  speed, t h e  bear ings  were pressur ized  t o  high 

The s h a f t  speed was increased t o  8282 rad ians /sec  (81,000 rpm) 
A t  t h i s  p o i n t t  t h e  test was 
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c u t  due t o  the  r e d l i n e  v i b r a t i o n  s a f e t y  cu to f f  (VSC) c i r c u i t  by pump r a d i a l  
accelerometers r e g i s t e r i n g  a v i b r a t i o n  l e v e l  g r e a t e r  than 15 g. 
c r i t i c a l  speed l e v e l s  of 3770 rad ians /sec  (36,000 rpm) and 8482 radians/frec 
(81,000 rpm) and a cas ing  resonance a t  5970 rad lans /sec  (57,000 rpm). The tur -  
b ine  c a r t r i d g e  r o t a t i o n  was n e g l i g i b l e  through the  test, and t h e  pump-end c a r t -  
r i d g e  shaved evidence of  an i n a b i l i t y  t o  t r a c k  s h a f t  speed a t  t h e  speeds above 
7330 rad ians /sec  (70,000 rpm). 
i n  Fig. 50. 
sec  (41,000 rpm) t o  high speed, t h e  pump-end c a r t r i d g e  tracked s h a f t  speed very 
w e l l  i n i t i a l l y .  
r i d g e  speed dece lera ted  as  i f  i t  had rubbed t h e  bear ing  w a l l  and then quick ly  
recovered speed and tracked the s h a f t  t o  7750 rad ians /sec  (74,000 rpm), xhen i t  
quickly dece lera ted  again as i f  i t  had touched t h e  bearing wall. Touching is 
ind ica ted  by the  r a d i a l  Bently proximeter traces a t  the  p o i n t s  of f i r s t ,  second, 
ana t h i r d  c a r t r i d g e  dece le ra t ions .  A t  t h i s  po in t ,  t he  c a r t r i d g e  d id  no t  r e t u r n  
t o  s h a f t  speed but  found an  in te rmedia te  speed of 5761r rad ians /sec  (55,000 rpm) 
and operated t h e r e  w i t h  minor f l u c t u a t i o n s  u n t i l  t h e  test c u t  o f f  due t o  exces- 
s i v e  v i b r a t i o n  l e v e l s .  Note a l s o  i n  Fig. 50 t h a t  t h e  c a r t r i d g e  increased its 
speed a t  cu to f f  u n t i l  t h e  s h a f t  speed matched i t  and thec  both dece lera ted  
toge ther .  
s ec t ion  of t h i s  report. 

The d a t a  show 

The s h a f t  and pump-end c a r t r i d g e  speed are shown 
The d a t a  show t h a t  dur ing  t h e  s h a f t  a c c e l e r a t i o n  from 4294 r ad ians /  

A t  a s h a f t  speed of 7435 rad ians /sec  (71,000 rpm), t h e  pump cart- 

These d a t a  are c l o s e l y  analyzed and reported i n  the  Dynamic Analysis 

T e s t  011. 
pressure  r a t i o  i n  an attempt t o  change t h e  balance p i s t o n  a x i a l  t h r u s t  pos i t i on .  
This was t o  provide added end p lay  to  the tu rb ine  c a r t r i C 4 e  t o  a l low i t  t o  r o t a t e .  
The pressure  r a t i o  w a s  changed from 1.5 t o  2.0 by decreas ing  the  tu rb ine  down- 
stream exhaust r e s i s t ance .  The estimated axial t h r u s t  change of t u rb ine  was 
4893 N (I100 pounds). An a d d i t i o n a l  ob jec t ive  w a s  t o  opera te  at hydros t a t i c  
bear ing  pressure  levels so as t o  s imula te  i n t e r n a l  (turbopump fed) supply condi t ions .  
The test  was begun wi th  the  hydros t a t i c  bear ing  supply p re s su res  set a t  less 
than 68 N/cm2 (100 p s i )  above r e spec t ive  r e fe rence  p res su res  on pump and tu rb ine  
bearings.  
ab le  start condi t ions .  The turbopump start brought t h e  speed t o  4189 rad ians /  
sec  (40,000 rpm) i n  3 seconds, and the  bear ing  pressures  were then reduced to  
simulate pump-fed condi t ions .  After s t a r t u p ,  t h e  tu rb ine  c a r t r i d g e  showed very 
l i t t l e  s i g n s  of r o t a t i o n .  As a r e s u l t ,  che speed was var ied  from 418s rad ians /  
sec (40,000 rpm) t o  1675 rad ians /sec  (16,000 rpm) and t h e  f lowra te s  were var ied  
from 90 t o  122% of nominal w i th  very l i t t l e  e f f e c t  on t u r b i n e  c a r t r i d g e  r o t a t i o n .  
The speed w a s  then increased slowly t o  5864 rad ians /sec  (56,000 rpm) where t h e  
test was c u t  due t o  excess ive  Vibration l e v e l s  caused by the  previously mentioned 
housing resonance. During t h i s  test, the  pump-end c a r t r i d g e  tracked t h e  s h a f t  
speed while t h e  tu rb ine  c a r t r i d g e  r o t a t i o n  was sporadic  and a t  very low speed 
when turn ing ,  although some s l i g h t  improvement i n  c a r t r i d g e  r o t a t i o n  was 
ev ident .  

The o b j e c t i v e s  of t h i s  test were t o  ope ra t e  a t  an increased tu rb ine  

This was t h e  minimum flow t o  keep t h e  bear ing  temperatures a t  respec t -  
1” 

The results of test 011 indica ted  some improvement i n  tu rb ine  c a r t r i d g e  r o t a t i o n  and 
d i c t a t e d  f u r t h e r  increases  i n  t he  tu rb ine  pressure  r a t i o  t o  approximately 2.5 f o r  
shaf t-balance p i s ton  repos i t ion ing .  Conversion t o  t h e  i n t e r n a l l y  fed h y d r o s t a t i c  
bearing pressure  supply was a l s o  i n i t i a t e d .  
d i scharge  l i n e  and rout ing  the  flow throunh t h e  pressure  c o n t r o l l e r  and flow 

This  e n t a i l e d  tapping of f  t he  p u p  
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Figure 50.  Shaft and Pump-End Cartridge Speed - Test 010 
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measurement o r i f i c e  be fo re  en te r ing  t h e  tu rb ine  bear ing  supply l i n e s .  
supply was taken from e igh t  f i r s t - s t a g e  impel ler  d i scharge  tapoff l i n e s  mani- 
folded toge ther ,  then routed through t h e  pressure  c o n t r o l l e r  and flow measure- 
ment o r i f i c e  before  en te r ing  t h e  pump-end bear ing  supply l i n e s .  The p res su re  
c o n t r o l l e r s  were locked open (not used) and an overboard d r a i n l i n e  w a s  i n se r t ed  i n t o  
the  r e c i r c u l a t i o n  loops t o  f a c i l i t a t e  chil ldawn. 
test. 

The pump 

These d r a i n s  were closed dur ing  

Test 012. 
cu la ted  supply f l o w  t o  the  hydros t a t i c  bear ings  as previously descr ibed.  
plan was t o  start t o  an intermediate  speed, v e r i f y  t h e  balance p i s ton  opera t ion  
and turb ine  c a r t r i d g e  ro t a t ion ,  then increase  speed t o  9924 rad ians /sec  
(90,000 rpm) and ge t  some opera t ing  time a t  high speed. 
c e s s f u l  t o  4189 rodians/sec (40,000 rpm) i n  10 seconds. The s h a f t  speed w a s  
then var ied down t o  2094 radians/sec (20,000 rpm) t o  a t tempt  t o  ge t  the  tu rb ine  
c a r t r i d g e  t o  speed. A t  t h i s  l e v e l ,  the  tu rb ine  c a r t r i d g e  speed var ied from zero 
t o  1204 rad ians /sec  (11,500 rpm). The speed was then increased toward d t a r g e t  
speed of 9425 rad ians /sec  (90,000 rpm) i n  10 seconds bu t ,  i n  8 seconds, when t h e  
s h a f t  speed reached 9215 rad ians /sec  (88,000 rpm), t he  test was terminated due 
t o  f a c i l i t y  d u c t i n g . l o r f r e q u e n c y  p res su re  o s c i l l a t i o n s .  
t he  pump c a r t r i d g e  t racked the  s h a f t  speed f o r  6 seconds t o  9163 rad ians /sec  
(87,500 rpm) then dropped t o -  2094 rad ians /sec  (20,000 rpm) before  test cu tof f .  
The turbine-end c a r t r i d g e  delayed acce le ra t ion  .un t i l  a s h a f t  speed of 7645 rad ians /  
s ec  (73,000 rpm) and then acce le ra t ed  t o  3665 rad ians /sec  (35,000 rpm) before  test 
termin.ition. 
s ec  (88,000 rpm) helped the  end p lay  problem wi th  t h e  tu rb ine  c a r t r i d g e  but  no t  
enough to al low completely f r e e  r o t a t i o n ,  
from the  i n t e r n a l l y  fed system worked as expected. 

The ob jec t ives  f o r  t h i s  test were t o  opera te  with i n t e r n a l l y  recir- 
The 

The pump start was suc- 

During the  acce le ra t ion ,  

The increased pressure  ratio on t h e  tu rb ine  t o  2.5 a t  9215 rad ians /  

The h y d r o s t a t i c  bear ing supply pressures  

T e s t  013. On t h i s  test, t h e  spe,ed probe t h a t  reade t h e  s h a f t  speed would not  pro- 
vide an output  s i g n a l  and the  test was terminated due t o  s h a f t  high-speed acce ler -  
a t i o n s  causing a low i n l e t  p ressure  r e d l i n e  cu tof f .  
is est imated t o  have reached 5340 r a d i a n d s e c  (51,000 rpm) in 1.6 seconds. The 
pump-end c a r t r i d g e  acce le ra t ed  t o  1728 rad ians /sec  (16,500 r p m )  in 1.9 seconds and 
the  turb ine  c a r t r i d g e  acce le ra t ed  t o  544 rad ians /eec  (5200 rpm) i n  1.9 seconds. 
These d a t a  ind ica ted  the  tu rb ine  c a r t r i d g e  was r o t a t i n g  more f r e e l y  with t h e  higher  
tu rb ine  pressure r a t i o .  The speed probe wab found t c .  ‘lave gone bad a t  t h e  shutdown 
o f . t e s t  012 when ch i l l ed .  
i n  p r e t e s t  checks of test 013, but  would not  func t ion  a t  LH2 temperatures.  

Test 014. 
sec (90,000 rpm) wi th  t h e  i n t e r n a l l y  fed  hydros t a t i c  bear ings.  This  was t o  be 
done i n  t h r e e  speed s t e p s  of 3141, 7854, and 9425 rad ians /sec  (30,000, 75,000, 
and 90,000 rpm) with balance ‘p i s ton  opera t ion  and c a r t r i d g e  r o t a t i o n  v e r i f i e d  a t  
eaLh speed. 
s t a r t e d  t o  3141 rad ians /sec  (30,000 rpm) i n  7 seconds. 
between 3246 t o  2932 rad ians /sec  (31,000 t o  28,000 rpm). 
var ied  from 1152 t o  890 rad ians /sec  (11,000 t o  8500 rpm). 

During th4.s s t a r t ,  t h e  s h a f t  

It operated s a t i s f a c t o r i l y  during ambient condi t ions  

The ob jec t ives  of tes t  014 were t o  t e a t  t h e  turbo) rsp t o  9425 rad ians /  

A l l  t h r ee  speed lwels were genera l ly  achieved. The pump was 
The speed was va r i ed  

Turblne c a r t r i d g e , s p e e d  
The pump c a r t r i d g e  
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tracked shaft speed. 
7959 rad lans /sec  (76,000 rpm). 
remained. The pump c a r t r i d g e  t racked t o  5445 rad ians /sec  (52,000 rpm) and 
eventual ly  worked its way up t o  6702 radians/Eec (64,000 rpm) although indica-I 
t i o n s  of touching dece lera t ions  occurred throughout t h e  66 seconds of opera t ion  
a t s t h i s  condi t ion.  
(87,000 rpm) i n  5.8 seconds. During t h i s  t h e ,  the  pump c a r t r i d g e  worked its 
way t o  zero rpm i n  2.6 seconds. While the  pump c a r t r i d g e  was dece le ra t ing  to . 
zero, t h e  tu rb ine  c a r t r i d g e  speed increased from zero t o  2639 rad ians /sec  
(25,200 rpm) in 2.2 seconds, then W d i a t e l y  dropped back co zero i n  0.5 second. 
During t h i s  per iod of speed increase, t h e  v ib ra t ion  l e v e l s  were increas ing  and 
t h e  v ib ra t ion  s a f e t y  cutoff  r e d l i n e  of 20 R rms was reached, causlng shutdown. 
The supply pressure  l e v e l s  of t h e  hydros t a t i c  bear ings  a t  ppexiprun speed reached 
maximum values  of 607 N/cmZ (880 ps ig)  f o r  t h e  pump-end bear ing  and 2261 N / d  
(3280 ps ig)  f o r  tLe turbine-end bearing. It should be  noted t h a t  much more tu rb ine  
c a r t r i d g e  rot i i t ion was achieved a t  t h e  h ighes t  t u rb ine  pressure  r a t i o s  of t h i s  test. 
This  i nd ica t e s  t h a t  t he  balance p i s ton  a x i a l  pos i t i on  was such as t o  nea r ly  provide 
free end p lay  f o r  t h e  turb ine  c a r t r i d g e  a t  t h e  h ighes t  speeds ind ica t e  the limits 
on clearance may be reached; however, it is mainly t i e d  t o  t h e  l a r g e  amplitude of 
v ib ra t ion  l e v e l s  encountered a t  these  speeds. The dynamics of t h i s  t e a t  
f u l l y  developed in t h e  Dynamics Analyeis section of t h i s  r epor t .  

After 71 seconds, t h e  s h a f t  speed w a s  increased t o  
The tu rb ine  c a r t r i d g e  speed went t o  zero and 

The speed of t h e  s h a f t  was then increased t o  9111 rad ians /sec  

ill be  

Test  015. 
e f f o r t  t o  achieve more operat ing time a t  high speede i n  t h e  9425 r ad lans l sec  
(90,000 rpm) range. 
not  r o t a t e  although a high tu rb ine  inlet pressure  equivalent  t o  5760 rad ians /sec  
(55,000 rpm) was supplied t o  t h e  turb ine .  
v ib ra t ion  l e v e l s  2.5 seconds after t h e  tu rb ine  d r i v e  pressure  was appl ied .  The 
data  ind ica ted  no ro t a t ion .  
up to  ambient temperatures ind ica ted  both t h e  s h a f t  and c a r t r i d g e s  would r o t a t e  
r e l a t i v e l y  easily. 
a d  '.ilbyrinth seals during ro t a t ion .  
the program had been achieved. 
before  f u r t h e r  t e s t i n g  would be bene f i c i a l .  
removed from the test s tand fo r  disassembly end inspec t ion .  

This test was attempted imnedlately folluwing t h e  test 014 in an 

The pump start sequence was i n i t i a t e d ,  bu t  the s h a f t  would 

The t e a t  was terminated due t o  high 

P o s t t e s t  torque chcckr a f t e r  t h e  turbopump warmed 

Some s l i g h t  rubbing sounds were emanating from t h e  tu rb ine  t i p  
A t  t h i b  po in t ,  t h e  major ob jec t ives  of 

A major t e a r d m  and inspec t ion  was requi red  
AO a r e s u l t ,  t he  turbopump was 

Turbopmp Disassembly - Mechanical Performance 

A t  t h e  end of t h e  t e s t i n g ,  t h e  turboounrp disoreembly and inspec t ion  provided 
i n t e r e s t i n g  information regarding t h e  condi t ion and mechanical performance of t he  
test hardware. 
t he  Engineering Development Laboratory a t  Rocketdyne. In su la t ion  was r emved  and 
the  turbopump was pressure  checked t o  c o n f i m  instrumentat ion l i n e  i n t e g r i t y .  
The balance p i s ton  cavi ty  pressure  l i n e  *as found t o  have been damaged during 
disassemb1:r and nen,ded r e p a i r  for a leak .  
s h a f t  a f t e r  removal of t he  c a r t r i d g e  speed proximeters.  A c r o s s  sec t ion  of t h e  
turbopump is given ??  Fig. 1. 
was 11.3 t o  17 N-cm (1.0 t o  1.5 in . - lb) ,  with the  pump hydros t a t i c  c a r t r i d g e  
r o t a t i n g  i n t e r m i t t e n t l y  with t h e  shaft. 
c a r t r i d g e  r e su l t ed  i n  increased torque t o  17 t o  45 N-cm ( ' k . 5  t o  4.0 in . - lb) ,  The 

After removal from the  test s tand,  t h e  turbopump was rdturned t o  

Torque checks were performed on thc  

With t h e  turbopump s h a f t  ho r -aon ta l ,  t h e  torque 

A s l i ghc  r a d i a l  Freesure on t h e  pump 
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tu rb ine  c a r t r i d g e  d id  no t  r o t a t e  wi th  t h e  s h a f t  r o t a t i o n  when t h e  p u m ~  c e n t e r l i n e  
was e i t h e r  hor iznnta l  o r  v e r t i c a l ,  but  d i d  not indicii te i t  was frozen o r  bound up. 
The s l i g h t l y  increased torque l e v e l s  over t h e  b u i l d  va lues  probably i n d i c a t e  t h e  
r e s i s t a n c e  due t o  t h e  impel ler  l a b y r i n t h  sea' and turb ine  seal daiage found during 
t h e  disassembly. 

The first- and second-stage turb ine  wheels were removed (Fig. 51). The t i p  seals 
showed excessive rubbing, as d i d  t h e  i n t e r s t a g e  seal on both wheel s i d e s .  l'ia gal- 
l i n g  o r  f r e r t i n g  was observed i n  t h e  turb ine  end t o  s h a f t  attachment su r faces .  The 
s h a f t  torque checks taken af ter  turb ine  wheel removal were between 5.6 t o  11.3 N-cm 
(0.5 t o  1.0 in .  l b )  i n  a l l  s h a f t  p o s i t i o n s  and represents  t h e  same values  found Cn 
p r e t e s t  assembly. The push-pull test was made on t h e  pump witli thch s h a f t  p o s i t i o n  
measured as a funct ion of load. The r e s u l t s  dupl ica ted  t h e  J . . c . ~  t h e  p r e t e s t  
push-pull within 0,025 mm (0.001 inch)  (Fig. 30). Remcval of t h e  turb ine  seal and 
inspec t ion  showed 8 s l i g h t  rubbing evident  on t h e  s h a f t  circumference (Fig. 52) ,  
but no s ign  of wear or scoring,  except f o r  l i g h t  c h a t t e r  marks i n d i c a t i n g  some 
i n t e r m i t t e n t  rubbing pa t t e rn .  

Removal of t h e  aEt rub r i n g  of t h e  turb ine  c a r t r i d g e  showed onl. s l i g h t ,  even rubbing 
with no scor ing  o t  t h e  bearium B10 rub r i n c  o r  Inconel 718 c a r t r i d g e .  A t  t h i s  p o i n t ,  
t h e  r a d i a l  s h a f t  movemtnt s i d e  t o  s i d e  w a s  measured. The t o t a l  movement without high 
r a d i a l  load was 0.1397 mm (0.0055 inch) a t  t h e  .dmp and and 0.1422 mm (0.056 inch) a t  
t he  turb ine  end. This i s  c l o s e  t o  t h a t  expected as the  pump end diametral  c learance 
of t h e  bear ing was C.1245 mm (0.0049 inch) and t h e  o u t e r  race of 0.0330 mm (0.0013 
inch ) ,  f o r  a t o t a l  of 0.1575 mm (0.0062 inch).  S i m J a r l y ,  t h e  turb ine  end values  of 
u.1143 mm (0.0045 inch) and 0.0356 m (0.0014 inch) respect ive]  combined f o r  a t o t a l  
of 0,1473 m (0,0058 inch) .  The r a d i a l  play Y - s  not  recorded d tL l i . g  t h e  tt,:bopump 
bu i ld ,  but may be a measurement u s e f u l  f o r  subsel 
t h a t  t h e  s t a t i c  b u i l d  radial  play d i d  not change 

The s h a f t  stackup was disassembled by s t - e t c h i n g  
the s t r e t c h i n g  nut .  The s h a f t  l ength  change was 
inch) and folind t o  agree with t h a t  of t h e  assemb 
drawn out  of the impeller s t ack  from t h e  turb ine  
3336 :J (750 pounds). The pu*,ip-end bear ings  p u l l  

uent bu i ld s .  The i n d i c a t i o n s  are 
through t h e  t e s t i n g .  

t h e  centerbol.  and releasiqg 
measured a t  0.457 mm (0.018 
y. Next, t he  s h a f t  boll- was 
end using a maximum fo rce  of 
of f  t h e  shaft i n  t h i s  process ,  

and the. tr.wbir.e-end bear ings  s t a y  with the s h a f t .  A t  disassembly, t h e  pump-end 
and turbine-end hydro; . ta t ic  bear ings  were inspected i n  d e t a i l .  

The pump-end hydros ta t ic  c a r t r i d g e  o u t s i d e  diamelzr shoked broad, dark s t r e a k i n g  
l i n e s  around the  cirtumference of t h e  c a r t r i d o e ,  a s  shown 01: t h e  l e f t  of Fig.  53. 
One s e c t i o n  a t  Lie f r o n t  end was mnzttled and microscopic examination showed 
s l i g h t  amounts of s t l v e r  f l a t t e n e d  a g a i n s t  t he  chrome p l a t i n g  i n  t h i s  a r e a .  No 
cht-ome p l a t i n g  is missing on the  t.irt. Examination of t h e  dark brown s x t i o n s  
showed them t o  be  more of a d i s c o l o r a t i o n  t h  a s u r f a c e  d e f e c t .  There a r e  a l s o  
some even1 y spaced discolored spo t s  t h a t  correspond t o  t h e  hydroscat ic: b e a r i n s  
o r i f i c e  l o c a t i o n  and s i z e ,  which i n d i c a t e s  t h e  d i s c o l o r a t i o n  may be c.aused 5 y  a 
substance i n  the  l i q u i d  hydrogen flow. 
s l i d h t  rubbing a t  the forward end of the  bearir,: between the  pad r w  2nd 
the pump-end e x i t  of the f l u i d  f i l m .  
and 5 t o  7 o'clock,  ds shown i n  Fig.  54. Light rubbing a l s o  occurs  a fc  of 
t he  f r o n t  pLid row 
c a t e  a m a t e r i a l  removal of a p p r o x i n i t f l y  0.0008 ..,m (0.0003 inch) deen  a t  t he  

The p u p e n d  bear ing showed s.Ljins of 

This rubb; 'g is evident  a t  11 t o  2 o 'c lock 

Profilometer d a t a  on the deepest s e c t i o n  of rubbing indi-  
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f ront .of  t he  bear ing for a length  of 2.54 am (0.100 inch ) ,  and a buildup of mater- 
i a l  of 0.0102 PIP (0.0004 inch)  f o r  a length  of 2.54 ma (0.100 inch)  j u s t  a f t  of 
tha t .  Further  a f t ,  over the  rest of t he  bea r i ry  axial length ,  there was no mater- 
i a l  t r ans fe r .  The major i ty  o f  t he  l i g h t  rubbing was a x i a l l y  i n  f r o n t  of t h e  f r o n t  
bear ing pad row, and t h i s  is the  area where s l i g h t  s i l v e r  t r a n s f e r  is seen on t he  
car t r idge .  In  general ,  the bear ings were i n  very good condi t ion.  

The turbine-end hydros t a t i c  ca r t r idge ,  on the  l e f t  s i d e  of Fig. 53, showed l i t t l e  
evidence of wear. 
o r  d i sco lo ra t ion  caused by the  o r i f i c e  j e t  on the  c a r t r i d g e  surface.  
l i k e  c i rcumferent ia l  l i n e s  were evident  on the  outside-flow edge loca t ion  of  each 
pad row. The bear ings showed scra tch- l ike  deformations over  t he  circumference at 
each outs ide  edge of each pad row, i nd ica t ing  some small degree of contamination 
may have occurred during opera t ion ,  as can be seen i n  Fig. 55.  Outboard of t hese  
l i n e s  were ind ica t ions  of d i sco lo ra t ion  or t a r n i s h  of the  s i l v e r  surface.  The 
general  look of t h e  bear ing would ind ica t e  very l i t t l e  rubbing has  occurred. 
should be noted t h a t  l i t t l e  r o t a t i v e  speed was developed on the  turbine-end bear- 
ing  c a r t r i d g e  during t e s t ing .  

Small, dark spo t s  on the.chrome su r face  ind ica t ed  an e t ch ing  
Two scra tch-  

It 

Inspection of the  b a l l  bear ings w a s  done ind iv idua l ly  and i n  d e t a i l .  
are designated No. 1 through 4, from t h e  pump end t o  the  tu rb ine  end. 
were first examined i n t a c t  and then separated,  with the  inner  races c h i l l e d  t o  
avoid damage. The two pump-end bear ings (No. 1 f r o n t  and No. 2 af t )  appeared t o  
be i n  exce l l en t  condi t ion;  each bear ing r o l l e d  smoothly and showed no s ign  or f e e l  
of roughness of wear. The turbine-end b a l l  bear ings (No. 3 f r o n t  and No. 4 a f t )  
are a l s o  i n  good condi t ion although they saw much more r o t a t i o n  than the  pump-end 
b a l l  bear ings because the  tu rb ine  c a r t r i d g e  ro t a t ed  very l i t t l e  i n  the  1260 seconds 
of t o t a l  s h a f t  r o t a t i o n  as previously s t a t e d .  
f a i r l y  high loads,  which is i n d i c a t i v e  of t he  r e s u l t s  of t he  high-pressure o r i f i c e  
of the  balance p i s ton  rubbing and causing the a x i a l  t h r u s t  t o  be shared with t h e  
No. 3 bearing (Fig. 56). The ind iv idua l  b a l l  becr ings were d e t a i l  inspec ted ,  and 
the  r e s u l t s  are as follows: 

The bear ings  
The bear ings 

The No. 3 bearings show s i g n s  of 

No. 1 Bearing - Pump End. 

Inner Raceway. A dark gray, uniform, eccen t r i c  load pa th  of moderate width 
w a s  observed. 
i n  the  normal contac t  area. 
shoulder due t o  dismantling . 

The raceway su r face  w a s  fa i r  and'smooth with some s c a t t e r e d  p i t t i n g  
A f e w  l i g h t  b r i n n e l l i n g  marks were seen a t  the  low 

Cuter Raceway. A similar, bu t  concent r ic  and s l i g h t l y  f r o s t e d  raceway w a s  
observed. 
preload spr ing  marks were v i s i b l e .  

Light rubbing marks on the  OD and cage i n t e r f a c e  a rea  were noted. No 

CaE.  The sur face  of the  cage had a fuzzy appearance with heavy rubbing 
a t  t h F o u t s i d e  diameter.  
rubbing a t  t he  cage pocket w a s  moderate, bu t  i n  the  c i rcumferent ia l  d i r e c t i o n  
only.  

There was no evidence of delamination. Ball contac t  

This  i nd ica t e s  very low pressure  drop a x i a l l y  a c r o s s  the  bear ings.  

Bal l s .  The b a l l  sur face  was b r igh t  and smooth with no sur face  damage and 
1 i t t  l e  burnishing. 
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No. 2 Bei r i n g  - Pump End 

Inner Raceway. 
p i t t i n g  i n  the  load path.  
bu t  marginally below t h e  high shoulder.  

A gray,  wide, e c c e n t r i c  load pa th  w a s  evident  with some 
The load  pa th  was high,  cons i s t en t  with t h e  preload,  

Outer Raceway. A l i g h t  gray, concent r lc  and smooth load path w a s  observed 
Light  preload spr ing  marks with l i g h t  rubbing marks on t h e  OD, bu t  no scoring.  

i nd ica t e  sus ta ined  preload. 

Cage. The sur face  was fuzzy with a heavy rub on t h e  OD and no delamination. 
Moderate c i rcumferent ia l  pocket con tac t  was evident ,  i nd ica t ing  low pressure  drop 
across  the  bear ings.  

Balls. 
d e f i n i t e  t r acks .  

The b a l l s  were dark gray, smooth, with no su r face  damage and no 

Nc. 3 Bearing - Turbine End 

Inner Raceway, A gray, wide, s l i g h t l y  e c c e n t r i c  t r a c k  wa8 observed t h a t  w a s  
The t r ack  runs near  t h e  high shoulder  edge , lnd ica t ing  high loads,  but  is smooth. 

marginally below the  shoulder. 
away from the load t rack ,  and w a s  probably due tci moisture between tests and warm- 
up p r i o r  t o  vacuum drying. 

A rust s t a i n  w a s  loca ted  beyond t h e  low shoulder 

Outer Raceway. A wide but  normal t rack  contac t  angle  was evident  wi th  
There were l i g h t  rub marks on t h e  OD and smooth, gray concent r ic  pos i t ion .  

preload spr ing  marks but  without scoring.  

Cage. Heavy rub marks on t h e  OD were seen and moderate t o  heavy pocket 
contac t  c i rcumferent ia l ly .  A fuzzy cage sur face  was observed but  no delamination. 

Balls. The b a l l s  were d u l l ,  gray, and smooth with no banding and no obvious 
wear. 

No. 4 Bearing - Turbine End 

Inner Raceway. 4 near ly  concent r ic ,  wide, uniform contac t  pa th  w a s  observed 
with high shoulder contac t ,  bu t  marginal ly  below t h e  shoulder.  
ind ica ted  a t  the  shoulder high poin t  t o  ind ica t e  high loads  a t  t h e  shoulder.  

No r idges  were 

Outer  Raceway. A concent r ic ,  gray,  uniform and smooth contac t  pa th  was 
observed with l i g h t  OD rubbing and preload spr ing  contac t  marks. 

Cage. 
OD. Moderate pocket contac t  wear was seen, i nd ica t ing  low pressure  drop a c r o s s  
t h e i r  bear ings.  

A fuzzy cage with no delamination w a s  seen with heavy rubbing on the  

-- Balls. A gray, uniform, and srnooth su r face  was evident  with no banding o r  
s ign  of wear. 
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The conclusions from the  bear ing observat ions was t h a t  t h e  bear ings  cape through 
the  test i n  good condition. 
t he  bearings of 490 t o  580 N (110 to  130 pounds). There was scane evidence of 
synchronous r a d i a l  load due t o  t h e  e c c e n t r i c  load pa th  of No. 1 and 2 bearing 
inner races .  The outer  races had some s l i g h t ,  occasional  r o t k t i o n  i n s i d e  t h e  
ca r t r idges ,  as evidenced by t h e  rub m r k s .  Despite t h e  fuzzy cage su r faces  and 
heEvy rubbing between t h e  cage and the ou te r  race, the re  was no delamination or 
exc.essive vear. The cage pocket w e a r  i nd ica t ions  are that l i t t le  pressure  drop 
occurred ac ross  any of t h e  bearings.  Also, t h e  r u s t  i n  t h e  No. 3 bear ing  was 
a sur face  s t a i n  only,  and was probably due t o  pos. t tes t  condensation. It d id  not  
occur on the  bear ing race path. In general ,  t h e  b a l l  bear ings were i n  very good 
condi t ion on both bear ing packages &re t h e  c a r t r i d g e s  and b a l l s  r o t a t e d  with 
the  s h a f t  and where t h e  c a r t r i d g e s  d id  not t u r n  and t h e  b a l l s  ac ted  as a conven- 
t i o n a l  bearing. . 

An even, high preload t h r u s t  vas sus ta ined  on a l l  

The removal of t he  s h a f t  and bear ings  from t h e  turbopump l e f t  t h e  impel ler  s t ages  
stacked within the  i n l e t ,  d i f f u s e r s ,  and tu rb ine  houaing a l l  connected with p i l o t  
f i t s  (Fig. 1).  The i n l e t  housing was removed from t h e  assembly, using jacking 
screws, and inspected. The inducer tunnel and blade t i p s  were f r e e  from evidence 
of rubbing. However, extensive damage had occured t o  t h e  f i r s t - s t a g e  impeller 
f r o n t  shroud w e a r  rings on the  i n l e t  housing (Fig. 57). This was typical of 
a l l  the  o ther  l abyr in th  seals on t h e  r o t o r  assembly. The damage is l imi t ed  t o  
the  s i l v e r  p l a t i n g  of t h e  lands and is evident ly  due t o  excessive s h a f t  r a d i a l  
motion. 
end than i n  previous t e s t i n g .  
s t r i p p i n g  and r ep la t ing  of t he  s i l v e r  w i l l  be required t o  r e fu rb i sh  t h e  land. 
The impeller l aby r in th  t e e t h  showed no evidence of damage, except for a s l i g h t  
roughened condi t ion on the  edges of the tee th .  
revealed similar damage t o  t h e  impel ler  rear shroud l abyr in th  seal. 
sur face  was grooved from t h e  impel ler  l aby r in th  t e e t h ,  c u t t i n g  r a d i a l l y  i n t o  them. :. 
The s i l v e r  w a s  then swaged in between t h e  Impeller l aby r in th  t e e t h  while main- 
t a in ing  a bond, and probably maintaining a r e l a t i v e l y  good aeal. 
and housing a r e  separated,  an in t e r f e rence  exists and t h e  s i lver  r o l l e d  i n t o  t h e  
clearance is drawn out  on disassembly by t h e  l a r g e r  diameter impel ler  l aby r in th  
t ee tn .  
with the  s i l v e r  p l a t i n g  damage ex tens ive  but  no apprec iab le  impel ler  l aby r in th  
t e e t h  damage. The housings were mounted on a profi lometer  machine, and t h e  pro- 
f i l e s  of t he  seal lands recorded. The r e s u l t s  i nd ica t e  a r a d i a l  movement of t h e  
ro to r  causing wear i n t o  t h e  land a t  least 0.25 mn (0.010 inch) deep on a l l  seals. 
This is combined with a measured l abyr in th  seal diametral  clearance of 0.152 to  
0.203 mm (0.006 t o  0.008 inch) .  
reported high s h a f t  r a d i a l  motions during the  t e s t i n g .  
f u r t h e r  i n  the  Dynamics Analysis  s ec t ion  of t he  r epor t .  

The damage also ind ica t e s  t h e  s h a f t  operated a x i a l l y  c l o s e r  t o  the  pump 
The land damage was excessive enough so t h a t  

Removal of t h e  f i r s t - s t a g e  impel le r  
The seal 

When t h e  impel ler  

This condi t ion ex is ted  on a l l  l abyr in th  seals on t h e  r o t o r  assembly, 

This  damage v e r i f i e s  t h e  dynamics d a t a  which 
This damage is  discussed 

The turb ine  housing conta ins  the  s i lver -p la ted  ID land of t h e  balance p i s ton  high- 
pressure o r i f  i c e  (Fig. 5 5 ) .  A rubber mold of t h i s  sur face  ind ica t e s  t h e  ou t s ide  
diameter land of the  high pressure o r i f i c e  (which is loca ted  on t h e  impel ler  t i p )  
s l i g h t l y  rubbed t h e  s i l v e r  p l a t ing .  
(0.003 inch) radial .  materl.al removal a t  t h e  corner  reducing t o  zero material a 
d is tance  of approximately 0.203 mp (0.008 inch) forward of t h e  corner .  
shown i n  F ig .  5 8 .  

This rub c rea ted  approximately 0.076 mm 

This  is 
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Figure 58. Balance P i s ton  High-Pressure O r i f i c e  Damage Schematic 

This  wear p a t t e r n  confirms t h e  a n a l y s i s  during t e s t i n g  t h a t  t h e  ax ia l  p o s i t i o n  
of t he  sha f t  was opera t ing  f u r t h e r  toward t h e  pump end than previous ly  expected. 
This  damage occurred because of t h e  relaxed r a d i a l  c learance  allowed by t h e  hydrq- 
s ta t ic  bear ing.  This  was coupled wi th  allowing t h e  high-pressure o r i f i c e  corner  
of the  impel ler  t o  move forward p a s t  t h e  o r i f i c e  corner  of t h e  housing by r e l ax ing  
the  forward s top  pos i t i on  of t he  turbine-end c a r t r i d g e  during buildup. Inspect ion 
of the  low-pressure rub r i n g  ind ica ted  very l i t t l e  contac t  wear, also ind ica t ing  
the a f t  t u rb ine  end car t r idge-bearing s t o p  was e f f e c t i v e .  

The disassembly and inspec t ion  of t h e  turbopump was completed and photograpba of 
the  hardware were taken t o  document their  condi t ion.  The major damage t o  t h e  
turbopump was caused by the  high r a d i a l  s h a f t  movements enccuntered a t  high 
speeds. These condi t ions  w i l l  be f u l l y  explored i n  the  Dynamic Analysis  sect on 
l a t e r  i n  t h i s  sec t ion .  
mainly of s t r i p p i n g  and r e p l a t i n g  of the  s i l v e r  l abyr in th  seals and balance p is -  
ton high-pressure o r i € i c e  su r faces  followed by remachining t o  dimensional 
requirements. Replating of the  copper f o r  the tu rb ine  t i p  and i n t e r s t a g e  seals 
a l s o  w i l l  be required.  

The damage repa’ir requirements t o  the  hardware c o n s i s t  
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PERFORMANCE ANALYSIS, PREDICTION, AND EMPIRICAL RESULTS 

A complete performance a n a l y s i s  of the  turbopunp was requi red  before  the  selec- 
t i o n  of t h e  hydros t a t i c  bear ing  ope ra t ing  c l ea rances ,  o r i f i c e  sizes, atld opera t -  
i n g  supply pressures  could be determined. The a n a l y s i s  s t a r t e d  w i t h  t h e  de te r -  
mination of t he  hydros t a t i c  bear ing  performance parameters inc luding  d i r e c t  and 
cross-coupled s t i f f n e s s  and damping c o e f f i c i e n t s  and f lowra te .  
l a t e d  f o r  given c learances  over t he  turbopunp o p e r a t i r g  speed spectrum and a t  
va r ious  supply pressure  l e v e l s .  These s t u d i e a  provided the  dynamic c o e f f i c i e n t s  
f o r  t h e  hydros t a t i c  bear ing  which were then coupled wi th  t h e  duplex p a i r  of b a l l  
bear ings  and input  i n t o  t h e  rotordynamic a n a l y t i c a l  model f o r  determination of 
c r i t i c a l  speed, s t a b i l i t y ,  and dynamic response f o r  each ope ra t ing  condi t ion  
analyzed. 
supply pressure  characteristics. 
the  bear ing  c learances  and o r i f i c e  diameter and cha rac t e r i zed  the  e f f e c t s  of 
supply pressures  on t h e  rotordynamics of t h e  turbopump. 
dir.ensiona1 parameters was completed, a d d i t i o n a l  c a r e  was taken t o  f ind  accept- 
ab le  ope ra t ing  condi t ions  based on t h e  rotordynamic ana lys i s .  

These were calcu- 

This a n a l y s i s  w a s  done f o r  s e v e r a l  opera t ing  c learances  and ope ra t ing  
The r e s u l t s  provided t h e  information f o r  s i z i n g  

Once s e l e c t i o n  of t h e  

The hydrodynamic a n a l y s i s  of t he  hydros t a t i c  bear ings  began e a r l y  i n  t h e  program. 
The major requirements of t he  a n a l y s i s  was t h e  need t o  accura te ly  p red ic t  t h e  
hybrid 
coupled s t i f f n e s s  and damping so t h a t  t h e  d a t a  could be used t o  determine t h e  
rotordynamics of t he  turbopump opera t ion  and t h e  hydros t a t i c  bear ing  requi red  
f lowra tes .  As t he  a n a l y s i s  progressed, i t  w a s  found t h a t  us ing  the  i n t e r n a l l y  
a v a i l a b l e  supply flow and pressures  fram t h e  turbopmp complicates t he  ro to r -  
dynamic condi t ions  of the  turbopump a t  t h e  high speeds. This  is caused by t h e  
f a c t  t h a t  as bearing s t i f f n e s s  inc reases  wi th  t h e  inc rease  i n  hydros t a t i c  bear ing  
supply pressure  a t  increased speed, t h e  r o t o r  n a t u r a l  f requencies  a l s o  increase .  
This can c i u s e  a t racking  phenomenon t h a t  allows t h e  c r i t i ca l  speed t o  rise with 
the  s h a f t  speed. This condi t ion  is s e r i o u s  i f  tne  r o t o r  n a t u r a l  frequency wi th  
bpeed matches c l o s e l y  the  s h a f t  speed over a wide speed range. However, t h i s  can 
a l s o  be a b e n e f i c i a l  condi t ion  i f  the  n a t u r a l  frequency does not  match t h e  s h a f t  
speed but  runs p a r a l l e l  t o  i L .  

hydros t a t i c  bear ing  performance c a p a b i l i t i e s  inc luding  d i r e c t  and cross -  

Another problem of concern is the  opera t ion  of t h e  hydros t a t i c  bear ing  over t h e  
pressure  range t h a t  w i l l  encompass t h e  two-phase reg ion  of t he  p re s su re  and tem- 
pe ra tu re .  When t h i s  occurs,  the  f l u i d  d e n o i t i e s  change r ap id ly  as t h e  f l u i d  prcs- 
sures drop i n  t h e i r  path thzough the  hydros t a t i c  bear ing  o r i f i c e  and f l u i d  fi lm. 
This dens i ty  change can a l s o  b r ing  about choking i n  the  f l u i d  f i l m  which decreases  
t h e  a c t u a l  f lowra te  and inc reases  t h e  pressure  d i f f e r e n t i a l  a c r o s s  t h e  f l u i d  fi lm. 

The a n a l y s i s  of t he  hydros t a t i c  bear ings  as i t  a p p l i e s  t o  turbopump opera t ion  w i l l  
be discussed in  t h i s  s ec t ion .  The rotordynamic a n a l y s i s  r e s u l t s ,  which were 
necessary t o  de f ine  acceptab le  ope ra t ing  condi t ions  f o r  t h e  turbopump t e s t i n g ,  
w i l l  be described. These s t u d i e s  evaluated a series of f i v e  poss ib l e  ope ra t ing  
c o n d j t i m s  on t h e  turbopump i n  an e f f o r t  t o  determine the  e f f e c t s  of c l ea rances  
and bearing supply pressure v a r i a t i o n s  on t h e  rotordynamic c h a r a c t e r i s t i c s  of the  
turbopmp. Also discussed w i l l  be the  a n a l y s i s  and results of t h e  hybrid bear ing  
t e s t i n g .  These results will be presented wi th  eva lua t ions  and conclusions about 
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t h e  ope ra t iona l  c h a r a c t e r i s t i c s  and c a p a b i l i t i e s  of a hybrid bear ing  system with- 
i n  a turbopump. 

Y-- H d r o s t a t i c  Bearing Analysis 

The t o o l s  a v a i l a b l e  f o r  t h e  hydros t a t i c  bear ing  a n a l y s i s  cons i s t ed  of a computer 
code developed a t  Rocketdyne t o  p r e d i c t  t h e  hydrodynamic c h a r a c t e r i s t i c s  of th? 
hydros t a t i c  bearing. 
and has both design and a n a l y s i s  c a p a b i l i t y .  
several yea r s  and has been used i n  the  design of squeeze f i lm  dampers, hydro- 
s ta t ic  seals, and shrouded axial  flow pumps f o r  damping characteristics. The 
c a p a b i l i t i e s  of the  code inc ludes  the  following: 

The code a n a l y s i s  i a  baaed on f i n i t e  d i f f e r e n c e  methodology 
The code has been developed over 

Di rec t  and cross-coupled s p r i n g  rate and damping c o e f f i c i e n t s  

Flow i n  each pocket and t o t a l  flow 

Pressure d i s t r i b u t i o n  and r e s u l t a n t  f o r c e  

A t t i t u d e  angle  due t o  r o t a t i o n  

Clearance d i s t r i b u t i o n  

With and without r o t a t i o n  

Turbulent e f f e c t s  included 

Inertia f o r c e  e f f e c t s  included 

h e -  or two-pad rows having a t o t a l  Eaximum of 20 pocketc 

Exccent r ic i ty  up t o  0.8 

Symmetrical or unsymmetrical sump pressure  d i s t r i b u t i o n  

Checks pneumat.. hammer s t a b i l i t y  

Design of o r i f i c e  r e s t r i c t o r  

The l i m i t a t i o n s  of t he  code are as follows: 

K O  angular miFalignment c a p a b i l i t y  

No two-phase flow c a p a b i l i t y  without outwide i t e r a t i o n e  

No power consumption c a l c u l a t i o n s  except f o r  f l u i d  torque and f lowra te  

Uniform c learances  along a x i s ;  no taper 
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The c m p u t e r  code was checked a t  the  start of t h e  a n a l y s i s  wi th  t h e  mall amount 
of a v a i l a b l e  data and independent ana lys i s .  The f i r s t  test w a s  a comparison wi th  
the  p r e d i c t i m s  published i n  t h e  HTI r epor t  (Ref. 2). 
p red ic t ions  with Rocketdyne p red ic t ions  us ing  the  same b a s e l i n e  'designs and oper- 
a t i n g  condi t ions  showed good agreement f o r  pred ic ted  f l w r a t e  and d i r e c t  s t i f f -  
nets values.  
test  da t a  a l s o  agreed wi th in  15%. 
bearing system e n t a i l e d  d e f i n i t i o n  of the s p e c i f i c  ope ra t ing  cond i t ions  of the 
turbopump and a v a i l a b l e  hydros t a t i c  bear ing  supply flows, 

The cooaparisons of HTI 

Values of Rocketdyne p red ic t zd  f lowrate f ram dup l i ca t ing  NASA-LeRC 
I n i t i a l  ana lys i s  of t h e  turbopmp h y d r o s t a t i c  

S t a t i c  pressure and temperature d i s t r i b u t i a n s  were used t o  f i n d  a s u i t a b l e  source 
f o r  t h e  i n t e r n a l  tapoff flow supply €or  the bearings.  
Fig. 59 and 60 f o r  the design speed, and are taken from previous test da ta .  
high pressure  l e v e l s  i n  t h e  rear bear ing  cav i ty  area d i c t a t e  t he  flow must be 
taken from the  pump d ischarge  l i n e  f o r  t h e  rear hydros t a t i c  bear ing  supply. 
This supply pressure  is more than s u f f i c i e n t  t o  supply the f r o n t  bear ings ,  but 
the  temperature of the  flow is also h igh  due t o  t h e  hea t ing  a s soc ia t ed  with the  
pressure rise. The i n l e t  p ressure  and pump bear ing  s m p  pressure  i s  approxi- 
mately 38 t o  65 N/cm2 (55 t o  95 ps i a )  ( w e l l  below t h e  c r i t i ca l  pressure  of 
129 N/cn2 (187 ps ia )  f o r  t he  hydrogen vapor dome). 
t h i s  flow path is given i n  Fig. 61. 
bearing flow due t o  dens i ty  change with pressure ,  t h e  i s e n t h a l p i c  p re s su re  drop 
ana lys i s  was made, ou t s ide  the  computer code, us ing  the t h r e e  d i f f u s e r  d i scharge  
s t age  state condi t ions  f o r  t he  supply f l u i d .  The state p o i n t s  a t  t h e  swap prea- 
su res  were then ca lcu la ted .  These d a t a  are shown i n  Table 6 .  
a s s m e s  no f r i c t i o n a l  hea t ing  e f f e c t s .  
f i r s t - s t a g e  d i f f u s e r  discharge r e s u l t s  i n  t h e  lowest i n t e r n a l  energy, h ighes t  
density f l u i d  ava i l ab le ,  using a punp fed source. 

These da t a  are given i n  
The 

The thermodynamic process  of 
To minimize t h e  choking e f f e c t  of t h e  hybrid 

The a n a l y s i s  
The r e s u l t s  show t h a t  t h e  tapoff from t h e  

The major concern was t h a t  i f  choking occurred, i t  would be loca ted  a t  t h e  e x i t  
of the pump-end hyhrid bearing. r h i s ,  i n  tu rn ,  would l i m i t  t h e  s t i f f n e s s  of t h e  
hydros ta t ic  f i l m .  This would be caused by t h e  l i m i t  of t h e  pressure  l e v e l  above 
the sump pressure a t  which choking occurred. F r i c t i o n a l  hea t ing  e f f e c t s  i n  the  
f l u i d  f i l m  when accounted f o r  would r e s u l t  i n  a s l i g h t l y  h igher  pressure  l i m i t  
f o r  the  e f f e c t i v e  sump pressure .  
s u f f i c i e n t  fo r  s a t i s f a c t o r y  operation. The two-phase state of tne f l u i d  i n  t h e  
bearing cav i ty  was not expected t o  cause a b a l l  bear ing  problem i f  t he  b a l l s  were 
not r o t a t i n g  appreciably.  
(Fig. 3) which had t o  be of s u f f i c i e n t  s ize  t o  handle t h e  flow requirements. 
It  was planned t o  hold t h e  s m p  pressure  t o  s l i g h t l y  below the  i n l e t  p re s su re ,  
i f  poss ib le ,  t o  e l imina te  o r  minimize t h e  ho t  hydrogen flow i n t o  the  pump Cnlet. 
A seal would have been appropr ia te  f o r  minimizing the  warm f l u i d  leakage t o  t h e  
i n l e t  i n  an optimized conf igura t ion ;  however, the geometry of t he  turbopump lef t  
l i t t l e  room f o r  incorporation of a seal. 

The a v a i l a b l e  s t i f f n e s s  w a s  expected t o  be 

The sump was t o  be evacuated by an overboard d r a i n  

The ana lys i s  required the  d e f i n i t i o n  of the  pump-supplied pressure  l e v e l s  t o  t h e  
hvdros ta t ic  bear ings  a s  a func t ion  of pump speed. 
(Ref. 1) provided the a v a i l a b l e  supply manifold pressures  f o r  t h e  r e spec t ive  pump- 
end and turbine-end bearings. These da t a  a r e  given i n  F ig .  62 and 63, respec- 
t i v e l y .  

A review of previous tes t  da t a  

Also sriown i s  the estlmated pad and sump pressures  of t he  bear ings .  

10 3 



'ha ' 2 s  

PAGE 19 
QUALITY 

104 



105 



I 

Lu 
0 
5 

LL s c 

L 
I 

a 
W € 04 

a 
r( 
Lc 
0 x 
X 
I 
a! 
P 
I 
a! 
0 
0 
Lc 
o d  

106 



- *  
\o 

+ 4 

n 

O b  
h .  
h m  + a  + -  

m 
a m  
Y 

n 
co 
0, 

e 
v 

d 
rc 
m c n  
o m  

rl 

-- - 

n 
m 

b, 
W 

0 m 
c o o  

n 

3 
\ 
W 
2 => 
0 
3 
Y 

n 
(u x 
V 
\ z 
Y 

h 

m 
II 
\ a 
Y 
W 

n 
x 

tx 

U 

c 

m 
I- 
LL W 

p: 
3 
v) vs 
W 
Q: n 

\ 

-J 
m w oc 

=> 

5 
W n 
25 
I- 

W 

oc 
3 
v) 
v) 
W 

n 

w 
Rz a p: 

5 
m p: 

w 
-I 
w 

v, z 
W n 

v) 
L w 
c3 

n 
Y 
CIC 
m 
2- 
I 

107 



103: 

8dl 

az 
f 
0 
c 
x a# 

5 2 

i w 

- 
w 66' 

a 4.11 
0 

P 
d 21( 

134 

a 

ORIGINAL P.45k !3 
OF BOOR QUALrrV 

Figure 62 .  Hybrid Bearing Pressure D i s t r i b u t i o n  - 
Pump Bearing 

108 



4 00 

t 

ORIGINAL PAGE 1s 
OF POOR QUALITY 

Et i 

109 



The preliminary hydrodynamic a r .a lys i s  and performance p red ic t  i ons  f o r  the  hydro- 
s t a t i c  bear ing  w a s  developed f o r  a minimum opera t ing  r a d i a l  c l ea rnce  of 0.0305 mn 
(3.0012 inch) on both pump and t u r b i n e  end bear ings.  This  condi t ion  is  r e f e r r e d  t o  
as Case A i n  the  ana lys i s .  
clearance condi t ions  f o r  t he  r e spec t ive  bear ing  as a func t ion  of j ou rna l  speed i n  
Fig. 8 and 9. 
condi t ions  of 0.0457 nun (0.0018 inch) a l s o  w a s  analyzed and w a s  i d e n t i f i e d  as 
Case B. 
band of possible opera t ing  condi t ions ,  inc luding  poss ib l e  v a r i a t i o n s  i n  t h e  s t ruc -  
t u r a l  c a l c u l a t i o n s  and f a b r i c a t i o n  to l e rance  c a p a b i l i t i e s .  

The stress a n a l y s i s  had def ined t h e  r a d i a l  ope ra t ing  

An a d d i t i o n a l  case f a r  t he  max imum r a d i a l  c learance  a t  ope ra t ing  

This  maximum and minimum r a d i a l  c learance  formed the expected to l e rance  

The hydrodynamic a n a l y s i s  of the f i n a l  design conf igura t ion  r e s u l t e d  i n  the  
following p red ic t ions  f o r  the opera t ing  condi t ions .  The predic ted  f lowra te  f o r  
each bear ing i s  given i n  Fig.  64 f o r  each bear ing  a t  maximum and minimum clear- 
ance condi t ions .  S imi la r  r e s u l t s  are presented i n  Fig. 65 through 68 f o r  t he  pre- 
d i c t ed  d i r e c t  and cross-coupled va lues  of s t i f f n e s s  and damping. The r e s u l t s  
were developed f o r  t he  pump end bear ing,  using the  i n t e r n a l  supply p re s su res  
tapped of f  from the  f i r s t - s t a g e  c rossover  and f o r  t h e  turb ine  end bear ing,  us ing  
the pump d ischarge  pressures .  I t  is i n t e r e s t i n g  t o  no te  t h a t  t h e  d i r e c t  s t i f f -  
nes s  va lues  decrease by near ly  a f a c t o r  of 5 over t h e  0.0152 mm (0.0006 inr i , )  
c learance  range used. 

Rot ordynamic De s ign  Cons i d  era t ions  

- Case G and Case B - Clearance Ef fec t s .  
t h a t  follows d i c t a t e d  t h a t  s eve ra l  ca ses  of ope ra t iona l  condi t ions  f o r  t he  hydro- 
s t a t i c  bear ing supply pressure  l e v e l s  be  a n a l y t i c a l l y  determined. The ro tor -  
dynamic model was developed and the  a n a l y s i s  of t he  rotordynamics of Case A and 
Case B was completed f o r  the range of pred ic ted  hybrid bear ing  performance para- 
meters presented as a func t ion  of Speed. The r e s u l t s  of t he  dynamic a n a l y s i s  
are given in Fig.  69 and 70 and Table 7 .  The d a t a  presented i n  Table 7 i n d i c a t e  
the  c r i t i c a l  speeds t h a t  occur and inc lude  the  r e s u l t s  of a dynamic a n a l y s i s  
wi th  t h e  hydros t a t i c  only (no b a l l )  conf igura t ion .  The c r i t i ca l  speed i s  defined 
as the speed a t  which the r o t o r  n a t u r a l  frequency of Fig.  69 and 70 ( s o l i d  l i n e s )  
i n t e r s e c t  t he  shaft synchronous speed l i n e .  The comparison of the  curves’ pos- 
s i b l e  i n t e r s e c t i o n s  i n d i c a t e s  t h a t  t he  t h i r d  c r i t i c a l  speed could vary from 5027 
$-,- 13300 rad ians /sec  (48,000 t o  127,000 rpm) over  t he  c learances  range used. 
k l so ,  s i n c e  the  s lope  of the r o t o r  n a t u r a l  frequency is near ly  p a r a l l e l  t o  t he  
syr, ‘ironous l i n e ,  the accuracy of p red ic t ion  of t h e  c r i t i c a l  speeds i n  t h a t  range 
is L ry l imi ted .  This  phenomenon is r e f e r r e d  t o  as t racking .  As a r e s u l t ,  i t  
was determined dur ing  the design review t h a t  f u r t h e r  ana lys i s  and performance 
predic t ion  would be completed. Increas ing  the  maximum opera t ing  r a d i a l  c learance  
t o  0.061 mm (0.0024 inch)  would reduce the  s t i f f n e s s  f u r t h e r  and al low the  t h i r d  
c r i t i c a l  speed t o  i n t e r s e c t  the synchronous l i n e  a t  a po in t  s l i g h t l y  below 5027 
raci ans/sec (48,000 rpm) f o r  the 0.0457 mm (0.0018 inch)  c learance .  The c l ea r -  
ance increase  was a l s o  expected t o  improve t h e  marginal s t a b i l i t y  of t h e  case  
wi th  smaller  c lzarance  which was ca l cu la t ed  and is ind ica t ed  i n  Fig. 7 1 .  The 
previous max4Jnum opera t ing  c learance  of 0.0457 w (0.0018 inch)  would then be 
used a s  the m i n i m u m  opera t ing  c learance .  
however, wi th  t h i s  change. One is tha t  t he  c l ea rance  inc rease  results i n  a l a rge  

The results of t h e  rotordyanmic a n a l y s i s  

Two areas of major concern occur ,  
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Figure 65. Predicted Hydrostatic Bearing St i f fness ,  
Cases A and B 
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Figure 68. Predicted Hydrostatic Bearing Cross-Coupled Damping, 
Cases A and B 

115 



ORtGlNAL PAQK IS 
OF POOR QUAl.IW 

ROTOR WIN SPEED - RFM 

Figure 69 .  Turbopump Rotordynamic C arac ter l e t i c s  - Case A; Hybrid 
Bearing Minimum Clearance 0.0305 mm (0.0012 inch) 
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Figure 70. Twbopump Rotordynamic Characteristics - Case B; Hybrid 
Bearing Maximum Clearance 0.0457 ram (0.0018 inch) 
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r e c i r c u l a t i o n  requirement. 
and maintaining an o r i f i c e  s i z e  cons t an t ,  t he  f l u i d  f i l m  pressure  r a t i o  i.. dras- 
t i c a l l y  changed. 
such as reduction i n  t h e  supply pressure  and/or o r i f i c e  s i z e ,  may g ive  t h e  same 
s t i f f n e s s  reduction w i t h  a much smaller penalty involved. 
firmed t h i s  conclusion. 

The o t h e r  is that by mere ly  changing the  c l e - r ance  

This can r e s u l t  i n  a pena l ty  t o  the  system where o t h e r  changes, 

Fur ther  a n a l y s i s  con- 

Case C - In tennedia te  Supply Pressure  Levels. 
encountered on t h e  preliminary a n a l y s i s ,  i t  w a s  necessary t o  determine methods 
whereby t h i s  phenomenon could be e l imina ted  or moved o u t s i d e  of t h e  ope ra t ing  
envelope. To do t h i s ,  i t  w a s  necessary t o  review t h e  pump i n t e r n a l  p re s su re  
c a p a b i l i t y  t o  determine i f  o the r  supply sources  mighc be usable  and t o  completely 
d e f i n e  the problem. 
f e a s i b l e  approach t o  the  so lu t ion .  
bear ing  system was t o  u t i l i z e  the  f u l l  range of turbopump supply p re s su res  t o  g ive  
a broad range of s t i f f n e s s  c a p a b i l i t y .  That range is given i n  Fig. 63. A c l o s e  
review of t hese  da t a  i n d i c a t e s  t h a t  he pump d ischarge  pressure  used f o r  a bear ing  
s u p p l y  could be as high as 3447 N/cm’ (5000 p s i )  a t  maximmu speed wi th  the  supply 
p r e s s u r e  varying with t h e  speed squared. A range a t  9948 r a d i a n d s e c  (95,000 rpm) 
of 3102 t o  1861 N/cm2 (4500 to 2700 p s i )  f o r  bear ing  supply pressure  w a s  con- 
s ide red  f o r  t he  tu rb ine  bear ing  co inc id ing  wi th  a balance p i s ton  (hydros t a t i c  
bearing) sump p res su re  of 1620 N / c m 2  (2350 p s i )  above i n l e t  pressure.  
bear ing  a v a i l a b l e  pressure  supply range w a s  considered t o  be 827 t o  207 N/cm2 
(1200 t o  00 p s i ) ,  Fig. 72. A mid-range pressure  l e v e l  was considered a h :  

:It82 N l c m ’  (3600 p s i )  f o r  the  tu rb ine  and 689 N / c d  (1000 p s i )  f o r  the  pump bear- 
i ng  a t  9948 rad ians /sec  (95,000 rpm) f o r  t he  s t i f f n e s s  and damping c o e f f i c i e n t s  
of Case C. These were inpu t  i n t o  the  rotordynamic a n a l y s i s ,  wi th  r e s u l t s  of t h e  
na tu ra l  response f requencies  given i n  Fig. 73 and 74. Figure 73 p resen t s  the  
r o t o r  only modes assuuing a r:gid casing. 
modes using the superpos i t ion  methods (developed i n  an earlier v i b r a t i o n  a n a l y s i s  
t a s k  reported i n  R . 3 .  3 )  ar.d connecting the  cas ing  and r o t o r  toge ther  wi th  t h e  
hydros t a t i c  and b a l l  bear ing  dynamic condi t ions .  
the  t h i r d  n a t u r a l  r o t o r  response still  t r a c k s  the  synchronous speed frequency. 
This cannot be allowed s i n c e  the  turbopump would e s s e n t i a l l y  be ope ra t ing  a t  t h e  
t h i r d  c r i t i c a l  speed anywhere above 5236 rad ians /sec  (50,000 rpm). 

Due t o  t h e  c r i t i c a l  speed t r ack ing  

Also, t he  use  of o the r  c learances  o r  o r i f i c e  s i z e s  w a s  a 
The i n i i i a l  a t t e e p t  t o  ope ra t e  t h e  hybrid 

The pump 

Figure  74 p resen t s  t he  r o t o r  and cas ing  

The r e s u l t s  c l e a r l y  show t h a t  

Case D - Constant Supply Pressure  a t  High Speed. I n  an attempt t o  c o r r e c t  t he  
t r ack ing  condi t ion  descr ibed  i n  Cases -4, B a n d C ,  the  ena lys i s  was made t o  de t e r -  
mine what was requi red  t o  reduce the  t h i r d  n a t u r a l  frequency t o  a cons tan t .  
The turtopump supp ly  pressures  of Fig. 7 2  were used for t h e  i n i t i a l  low speed 
segment of the s tar t  t r a n s i e n t  t o  5236 and 6807 r ad ians l sec  (50,000 and 65,000 
rpm) fo r  the  r e spec t ive  pump and tu rb ine  bear ing  supply pressures .  Abovc these  
speeds, t h e  supp ly  pressure  was held cons tan t .  
w i t h  speed is  given i n  Fig. 75. I t  should be noted that with curbine supply 
pressure  a cons tan t  above 6807 rad ians /sec  (65,000 rpm), t he  hydros t a t i c  bear ing  
pressure  d i f f e r e n t i a l  decreased s i n c e  the  sump pressure  rises t o  approximately 
1379 N/cm2 (2000 p s i )  a t  9948 r ad ians / sec  (95,000 rpm) f o r  t h i s  case.  Combining 
t h j s  and decreas ing  c learance  wi th  speed, generate?? nea r ly  cons tan t  s t j f f n e s s  an3 
damping values.  The r e s u l t s  of t he  dynamic a n a l y s i s  using the  s t i f f n e s s  and 
damping parameters from t h i s  ca se  a r e  ind ica t ed  i n  Fig. 76 and 77. For the  case  

This  supply pressure  d i s t r i b u t i o n  
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PRESSURE LOCATION 
0 PUMP DISCHARGE 
0 THIRD STAGE IMPELLER DISCHARGE 
0 BALANCE PISTON CAVITY 
A BAt4NT.E FIFTON SUMP 
V SECOND STAGE IMPELLEP INLET 
8 FlRSf STAGE IMPELLER trSCHARCE 

TURBINE BE4RING SUPPLY- / / 

0 40 Bo 80 1 

PUMP SPEED. RPM X103 

0 

1 I I I I 1 

PUMP SPEED, RADIANS/SEC x 

- 

0 2 4 6 8 :3 

Figure 72 .  Typical Turbopump Internal Pressure Loads, 
Case C Conditions 
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CASE C: 
SUPPLY PRESSURE VARIES AS 
SPEED SQUARED: 

BASELINE: MAXIMUM SUPPLY PUMP END TURBINE END 
PRESSURE AT sS,OW RPM 
(QW8 RAD/S) 6S9NEM2 (1OOOPSl) 2482 NEM2 (3600 PSI) 

CLEARANCE AT 91i.OOO RPM 
( W R A D l S l  0.M7 MM (Om18 INCH) OD467 MM (0.0018 INCH) 

ORIFICE DIAMETER OD= MM (0.030 INCH) 0.0762 MM ( O m  INCH) 

HYDROSTATIC BEARING RADIAL 

NO CAS 

ROTOR SPIN SPEED, PPM x lo4 

Figure 73. Turbopump Rotordynamic Characteristics - 
Rigid Cising, Case C Conditione 
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CASE c: 
SUPPLY PRESSURE VARIES AS 
SPEED SQUARED: 

BASELINE: MAXIMUM SUPPLY PUMP END TURBINE END 
PRESSURE AT 95,OOO RPM 
(9948 RADIS) 6B9 NKM2 (loo0 PSI) 2482 N/CM2 (36OOPSI) 

CLEARANCE AT 95,000 RPM 
(9948 RADIS) 0.0457 MM (Om18 INCH) 0.0457 MM (0.0018 INCH) 

ORIFICE DIAMETER 0.0762 MM (01130 INCH) 0.0762 MM (0.030 INCH) 

HYDROSTATIC BEARING RADIAL 

so CA! 

k 
SG OR BALL BEARING DAMPING 

10 50 100 

ROTOR SPIN SPEED, itPM x 

= FOF~WARD SYNCHRONOUS ROTOR MODE 
= BACKWARD SYNCHRONOUS ROTOR MODE - APPARENT ROTOR MODES 

150 

Figure 74. Turbopump Rotordynamic Characteristics - 
Rotor and Casing Superpositioned, 
Case C Condit lone 
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PUMP SPEED, RPM x 10-3 

I I I I I I 
0 2 4 0 8 10 

_ - _ _  ~ - ~ - .  - -  - -  9 
PUMP WEED, R A O I A M E C  X We 

Hybrid Bearing Supply Pressure Profile, Case D Figure 75 .  
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CASE D: 
SUPPLY PRESSURE VARIES AS PUMP END TURBINE END 
SPEED SQUARED UP TO A 
REFERENCE SPEED OF 

ABOVE THAT WEED 

CLEARANCE AT sS,OOO RPM 

5236 RADB (60000 RPM) 

207 NKW2 (300 6 1 )  

0.0457 MM (0.0018 INCH) 

8807 RADB (86ooo RPM) 

1586 N/CM2 (2300 PSI) 

0.0457 MM !O.WlB INCH) 

SUPPLY PRESSURE CONSTANT 

HYDROSTATIC BEARING RADIAL 

ORIFICE DIAMETER 0.762 MM (0.030 INCH) 0.762 MM (0.030 INCH) 

ROTOR S P I ~  SPEED, RPM x 10-3 

Figure 76. Turbopump Rotordynamic Characteristics - 
Rigid Casing, Cs: C Conditions 

125 



ORlGINAL PAGE IS 
OF: POOR QUALm 

CASE 0: 
SUPPLY PRESSURE VARIES AS 

SPEED SQUARED UP TO A 
REFERENCE SPEED OF 

ABOVE THAT SPEED 

CLEARANCE AT 95,OOO RPM 

SUPPLY PRESSURE CONSTANT 

HYDROSTATIC BEARING RADIAL 

ORtFlCE DIAMETER 

100 
90 
80 

70 

60 

50 

40 

30 

20 

10 

PUMP END TURBINE END 

5236 RADE (50000 RPM) 6807 RADB (6M)o RPM) 

207 NAN2 (300 PSI) 1586 NKM2 (2300 PSI) 

0.0467 MM (0.0018 INCH) 
0.762 MM (0.030 INCH) 

0.0457 MM (0.0018 INCH) 
0.762 MM (0.030 INCH) 

10 50 100 160 

ROTOf SPIN WEED. RPM x 

* 4 *CASING MODES - FORWARD SYNCHRONOUS ROTOR MODE 

Figure 7 7 .  Turbopmp Rotordynamic Characteristics - 
Rotor and Casing Superpositioned, 
Case D Conditions 
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wi th  r i g i d  cas ing  assumptions (Fig.  76), the  r o t o r  t h i r d  n a t u r a l  response f r e -  
quency is cons tan t  a t  60,000 cycles/minute above 6283 rad ians /sec  (60,000 rpm). 
The superpos i t ion  model us ing  ‘he cas ing  and r o t o r  combined i n d i c a t e s  generrrlly 
t h e  same r o t o r  modes wi th  add i t iona l  ca s ing  modes i d e n t i f i e d  i n  Fig.  77.  This  
case  of r e l a t i v e l y  s o f t  hydros t a t i c  bear ing  s t i f f n e s s  s a t i s f i e s  t he  ob jec t ives  
of the  a n a l y s i s  that was t o  v e r i f y  that the  t h i r d  n a t u r a l  frequency could be 
he ld  cons tan t  and moved s u f f i c i e n t l y  to allow opera t ion  above i t  i f  required.  
The completion of t h i s  ana lys i s  a l s o  covered t h e  poss ib l e  range of S t i f f n e s s  and 
damping a v a i l a b l e  from a turbopump source of bear ing  supply pressure.  

A summary of t he  two general  r o t o r  n a t u r a l  frequency response c a h r a c t e r i s t i c s  
discussed as Case C and Case D is  canpared i n  Fig. 78. 
approaches has  poss ib l e  problems when the  a n a l y s i s  inc ludes  a s t a b i l i t y  ana lys i s .  
The s t a b i l i t y  a n a l y s i s  was checked f o r  the  opera t ing  condi t ions  previously de- 
f ined .  Case C al lows supply pressure  t o  vary as speed squared (Fig.  72) and the  
o the r  (Case D) uses a cons tan t  supply pressure  a t  high speed (Fig.  75). The 
s t a b i l i t y  r e s u l t s  are shown i n  Fig. 79. They i n d i c a t e  marginal s t a b i l i t y  f o r  the 
high supply p re s su res  of Case C ,  i f  opera t ing  speeds t o  9948 r ad ians l sec  (95,000 
rpm) are required.  During t h i s  ana lys i s ,  i t  was genera l ly  found t h a t  f o r  t h i s  
design and a given c learance ,  an inc rease  i n  the  s t i f f n e s s  and damping by an 
increased siipply pressure  r e s u l t e d  i n  increased c r i t i ca l  speed l e v e l s ,  as would 
be expected. I t  was a l s o  found, however, t h a t  with t h i s  i nc rease  i n  the  supply 
pressure ,  the cross-coupling terms also change, r e s u l t i n g  i n  a decreasz  i n  the 
s t a b i l i t y  threshold.  The case f o r  b e s t  s t a b i l i t y  (Case D) is where the  very s o f t  
hydros t a t i c  bear ing supply system i s  used. 
and b a l l  bear ing damping are neglected.  
modes i s  not  completely des i r ab le .  I n  the  Case C mode, t h e  t h i r d  c r i t i c a l  speed 
fol lows ( t r acks )  t he  synchronous speed from 6283 t o  9948 rad ians /sec  (60,000 t o  
95,000 rpm). In  addi t ion ,  t he  s t a b i l i t y  margin of 10,681 rad ians /sec  (102,000 
rpm) would e n t a i l  a high s t a b i l i t y  r i s k  near 9948 r a d i a n d s e c  (95,000 rpm) des ign  
po in t  speeds. The use of the  Case D opera t ing  c h a r a c t e r i s t i c s  i n d i c a t e s  ana ly t i -  
c a l l y  der ived s t a b i l i t y  is more thar. adequate, bu t  a genera l  concern is  that of 
a c t u a l  apera t ion  i n  a realm not  aormally encountered and genera l ly  i n t e n t i o n a l l y  
avoided i n  rocke t  engine turbopump operat ion.  That realm I s  t he  ope ra t ion  above 
the  t h i r d  c r i t i c a l  speed and a l s o  at a speed i n  excess of twice t h e  f i r s t  c r i t i -  
cal  speed. A t  9848 r ad ians l sec  (95,000 rpm), the  opera t ing  speed f o r  t h i s  case  
is 4 . 1  times the f i r s t  c r i t i c a l  speed. The s t a b i i i t y  found by a n a l y s i s  us ing  
predic ted  dampin, c h a r a c t e r i s t i c s  is  very good t o  9848 r ad ians l sec  (95,OUO rpm), 
but  concern is t h a t  no test experience is a v a i l a b l e  f o r  t h i s  type of opera t ion ,  
and assessment of r i s k  t o  the  turbopump i s  d i f f i c u l t .  

Each of t hese  two 

In  the  ana lys i s ,  t he  e f f e c t s  of ca s ing  
Operation i n  e i t h e r  of the presented 

The r e s u l t s  of t h i s  a n a l y s i s  were presented t o  the  NASA-LeRC P r o j e c t  Manager 
and reviewed i n  d e t a i l .  A s  a r e s u l t ,  i t  was determined t h a t  f o r  t h e  f i rs t  test 
series, opera t ion  of t h e  turbopump below the t h i r d  c r i t i c a l  speed a.nd a t  speeds 
below the  f i n a l  t a r g e t  of 9848 rad ians /sec  (95,000 rpm) would be necessary.  

Case E - Very High Supply Pressures .  The p o s s i b i l i t y  of running t h e  i n i t i a l  tes t  
supply pressures  higher  than those ava i l ab le  from the  turbopump w a s  inves t iga ted .  
This  would, i t  was hoped, increase the  s t i f f n e s s  and push the  t h i r d  n a t u r a l  f r e -  
quency ~p above the synchronous speed l i n e .  To do t h i s  would r e q u i r e  u t i l i z a t i o n  
of a high-pressure e x t e r n a l  supply of l i q u i d  hydrogen which was a v a i l a b l e  f o r  
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RADIAL CLEARANCE - (0.0018 INCH) 0.0457 HM AT 9948 RAD/S (95,000 RPM) 

O R I F I C E  DIAMETER - (0.030 INCH)a762 mn M E  
D - 0 ------ SUPPLY PRESSURE C O N S T M  AbOVL 65,000 RPH 
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Figure 78. Rotordynamic Critical Speed P l o t ,  Caree C and D 
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ORlablAC PAQe 18 
POOR QUALm CLEARANCE - 0.0018 IN. (0.0467 mm) 

ORIFICE DIAMETER - 0.030 IN, (9762 mm) 
CASE 
C - SUPPLY PRESSURE VARIES AS SPEED SQUARED. 
.- 

0 MAXIMUM SUPPLY PRESSURE 
A NOMINAL SUPPLY PRESSURE 
0 MINIMUM SUPPLY PRESSURE 

96,OooP” - 
102.000 RPM 
112,000 RPM 

0 - SUPPLY PRESSURE CONSTANT ABOVE 60,000 RPM PUMP, 66,WO RPM 
TURBINE BEARING. 

4 CONSTANT P,, 300 PSI PUMP/23W PSI TURBINE 

[-I I 

-lo t 

80 loo 110 120 

RPM x 10.3 

MODEL ASSUMES: 
NO CASING DAMPING 
NO BALL BEARING DAMPING 

Figure 1 9 .  Hybrid Bearing Stability Map, Cases C and I) 
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t hese  tes ts  and could be c o n t r o l l e d  by a feeuoack s i g n a l  from pump discharge 
pressure  o r  impel ler  d i scharge  pressure.  as given i n  che f a c i l i t y  schematic of 
Fig. J8. 

The approach s e l e c t e d  t o  a c c m p l i s h  t h i s  was t o  use a su2ply pressure  689 N/cm 
(1000 p s i )  above t h e  f i r s t - s t a g e  impeller discharge pressure  f o r  t h e  pump-end 
bear ing and 689 N / c m 2  (1000 p i) above pump discharge pressure  f o r  t he  turb ine  

s e t t i n g  t h e  hydros ta t ic  bear ing r a d i a l  c learance  a t  0.0305 mm (0.0012 inch) a t  
9848 rad ians /sec  (S.l,OOO rpm), and an o r i f i c e  diameter of 0.610 mm (0.021 inch ) ,  
t h e  hydros ta t ic  bear ing opera t ing  parameters were c a l c u l a t e d  and -.re given i n  
Fig. 81 through 84. These r e s u l t s  were then used !n t h e  rotordynamic ana lys i s .  
The r e s u l t s  are given In Fig. 85 and 86. The d a t a  I n d i c a t e  that f o r  an assumed 
r i g i d  casing (Fig. 851, t h e  f i rs t ,  second, and t h i r d  c r i t i cc i  speeds are a t  2618, 
4712, and 12,357 radians/sec (25,000, 45,000, and 118,000 rpm) f o r  t h e  forward 
processional  modes. The o r i g i n a l  b a l l  bearing only c r i t i ca l  speeds with r i g i d  
cas ing  a s s m p t i o n s  were predic ted  a t  3141, 5550, and 14,556 rad ians /sec  (30,000, 
53,000 and 139,000 rpm), which i n d i c a t e s  t h e  hybrid bear ing  e f f e c t i v e  s t i f f n e s s  
v a l a e s  a r e  c l o s e  t o  those of the b a l l  bear ing only case. Fur ther  a a a l y s i s  using 
t h e  superposi t ion techniques developed shows l i t t l e  d i f f e r e n c e  i n  t h e  pred ic ted  
r o t o r  c r i t i c a l  speeds. This  is presented i n  Fig. 86, which a l s o  gives  t h e  c a s i n g  
n a t u r a l  f requencies  c a l c u l a t e d  f o r  t h e  model. 
3665, 5760 t o  7016, and 7854 t3 3925 radians/sec (35,000, 55,000 t o  67,000, and 
75,000 t o  90,OCQ T?N) are areas where turbopump oyera t ion  could be held without  
appreciable  v i b r a t i o n  problems. 
problem o r e r  the speed range, and i w t e b i l i t y  occurs  a t  P. minimum of 10,891 
radians/sec (104,000 rpm). 

2 

end t o  a maximum of 2758 N/cm 1 (4000 p s i ) ,  Fig. 80. Using these  ground r u l e s  and 

The r e s u l t s  show that speeds J f  

The d a t a  a l s o  showed t h a t  s t a b i l i t y  would be  no 

The leakage or f lowrate throuch t h e  e x t e r n a l l y  pressur ized  bear ings :;as C? Pcu- 
lated f o r  t he  supply presc?are p r o f i l e s  given i n  Fig. 80. These r : s u l t s  ar t  glven 
i n  Fig. 87. Note the decrease in flow a t  t h e  high spc:.jd comes from a decrebsirtg 
c learance  and on t!re turbine-e-d bear ing from a decreasing pressure  drop acrocs  
the  bear ing a t  !dgh speeds. 

C l e a r a x e  and Orifice S ize  Selectlofi. The r e s u l t s  of t h e  a n a l y s i s  ind ica ted  t h a t  
t h e  brohrlest range of opera t ing  c a p a b i l i t y  f o r  t h e  turbopump would be  t h e  use of 
t h e  0.0305 am (0.0012 inch)  r a d i a l  c learance  bear ing a t  9848 rad ians /sec  (95,000 
rpm) f o r  t he  i n i t 2 a l  tests. For t h i s  c learance,  t h e  o r i f i c e  diameter s i z e d  t o  
give a preseure r a t i o  of 0.5 t o  0.6 across  the bear ing  a t  f u l l  speed was found 
t o  be 0.610 m (0.324 inch) .  These were the  dimensions used f o r  t h e  turbopump 
t e s t i n g .  

F r i c t i o n  Tnrque Analysis.  To complete t h e  a n a l y s i s  of t h e  hybrid bear ing,  a cm- 
parison was made of f r i c t i o n  torque on t h e  b a l l  bear ings  with t h e  f l u i d  f i l m  
torque on the hydros ta t ic  b s a r i t g s .  The r e s u l t s  are given i n  Fig. 88. To make 
t h i s  a n a l y s i s ,  i n i t i a l  p red ic t ions  were made without tebt da ta .  Next, p r e d i c t i o n s  
were made from t h e  a c t u a l  b e l l  bear lqg torque, which was measured f o r  a duplex 
bear ing assembly with a preload of 378 N (130 pounds). 
she e f f e c t s  of c h i l l i n g  and increas ing  the  inner  r a c e  speed t o  9848 rad ians /sec  
(95,000 rpm) wi th  the  outer  r ace  s t a t i o n a r y  were c a l c u l a t e d  and a r e  shown i n  
Fig. 88. Then, wjth the  inner  race a t  9848 rad ians /sec  (95,000 rpm), t he  e f f e c t  

?he torque changes due t o  
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Figure 80. Hydrostatic Bearing Supply Pressure From 
External Source, Case E Condition 
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OPERATING RADIAL CLEARANCE - 0.0306 MM (0,0012 INCH1 
AT 96,OOO RPM KW 

Kyy - DIRECT STIFFNESS 
K ~ z  - CROSSCOUPLED STIFFNESS 

- 

WlGlNAL PAW 1s 
OF. POOR QUALW 

l o t '  
I I I i I 

0 ? 4 6 8 10 12 14 
102- 

SPEED, RADIANSBEC x 10-3 
I I I I I I 1 I I 1 I I I 
0 10 20 30 40 50 60 70 80 90 10o 110 120 

SPEED, RW x 10-3 

Figure 81. Pump-End Hydrastic Bearing Direct and Cross- 
Coupled S t i f fness ,  Case E Conditions 
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OPERATING RADIAL CLEARANCE 0.0306 MM (0.0012 INCH) 
AT Q5.ooO RPM 

103 

CYY - DIRECT DAMPING 
CYZ - CROSS COUPLED DAMPING 

CYY 

1 I 1 I 
2 4 8 8 10 12 14 

SPEED, RADIANSISEC x 10-3 

1 .o 
0 

I I I 1 1 I I I I I I 1 1 

SPEED, RPM x 10-3 

o 10 20 30 40 50 60 70 80 90 100 110 120 

Figure 82. Pump-End Hydrostatic Bearing Direct and Cross- 
Coupled Damping, Case E Conditions 
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OPERATING RADIAL CLEARANCE 0.4305 MY (0.0012 INCH) 
AT 96,OOO RPM 

Kvv - DIRECT STIFFNESS 
KVZ - CROSSCOUPLED STIFFNESS 

10’ 

l O e  

105 

1 0 3  

I I I I I 1 I 
2 4 6 8 10 12 14 

SPEED, RADIANSBEC x 10-3 
I I I I I I I I I I I I I 
0 10 20 30 40 50 60 70 80 90 100 110 120 

SPEED, RPM x 10-3 
Figure 83 .  Turbine-End Hydrostatic Bearing Direct and Cross- 

Coupled S t i f fness ,  Case E Conditions 
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CASE E: 
BASELINE: SUPPLY PRESSURES SUPPLY PRESSURE VARIES AS SPEED 

SQUARED TO (roo0 PSI) 2758 N K d  
ON TURBINE-END BEARING 

(lo00 PSI) 688 NKM2 HIGHER THAN 
PUMP-FED SUPPLY PRESSURES: 

PUMP-END TURBINE-END 

h Y D R W A T I C  BEARING RADIAL 
CLEARANCE AT sS,ooO RPM 
(9948 RAD/S) 0.0306 MM (0.0012 INCH) 0.0306 MM (0.0012 INCH) 

ORIFICE DIAMETER 0.610 MM ((0.024 INCH) 0.610 MM (0.024 INCH) 

10 50 100 

ROTOR SPIN SPEED, RPM x lo3 

150 

Figure 85. Turbopump Rotordynamic Characteristics - 
Rigid Casing, Case E Conditions 
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CASE E: 
BASELINE: SUPPLY PRESSURES 
(lo00 PSI) 689 N/CM2 HIGHER THAN 
PUMP-FED SUPPLY PRESSURES: 

HYDROSTATIC BEARING RADIAL 
CLEARANCE AT 95,oQo RPM 
(9948 RADIS) 

ORIFiCE DIAMETER 

SUPPLY PRESSURE VARIES AS SPEED 
SQUARED TO (roo0 PSI) 2758 N/& 
ON TURBINE-END BEARING 

PUMP END TURBINE ENG 

0.0305 MM (0.0012 INCH) 

O b l C  MM ((0.024 INCH) 
0.- MM (0.0012 INCH) 

0.610 MM (0.024 INCH) 

50 100 150 

C R I TlCA L LY DAMPED 
ROTOR SPIN SPEED, RPM x 10-3 - F = FORWARD PRECESSION - ROTOR - B = BACKWARD PRECESSION - ROTOR ABOVE 106,OOO RPM 

+ CASING MODES 

0 CRITICAL SPEEDS 
- 1ST * 26,000 RPM 
- 2ND E 46.800 RPM 
- 3RD = 121.W RPM 

;ure 86. Turbopump Rotordynamic Characteriotics - Rotor and Casing 
Superpositioned, Case E Conditions 
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APIGINAL PAGE E3 
,,C POOR Q U A W  

of  increas ing  the c a r t r i d g e  (and ou te r  b a l l  race)  t o  f u l l  speed w a s  ca l cu la t ed  
and i s  given i n  Fig. 88. Compared wi th  t h i s  i s  the  hydros t a t i c  bear ing  f l u i d  
f r i c t i o n  torque only which is  w e l l  below bal l -bear ing torque. This  i n d i c a t e s  t he  
hydros ta t ic  c a r t r i d g e  w i l l  r o t a t e  w i th  t h e  s h a f t  and with the  b a l l  bear ings  not  
r o l l i n g .  Also s h a m  is the  e f f e c t  of punping a c t i o n  on the  tu rb ine  end c a r t r i d g e  
due t o  the  hydros ta t ic  bear ing d r a i n  holes  i n  the  f r o n t  s i d e  of the  c a r t r i d g e .  
This shows the torque could meet o r  exceed the  b a l l  torque a t  very high speeds on 
the  tu rb ine  ca r t r idge .  

Hybrid Bearing T e s t  Data and Performance 

The Mark 48 turbopump hybrid bear lng test d a t a  were analyzed t o  s tudy t h e  per- 
formance t h e  hydros t a t i c  bear ings  a t  the  pump and tu rb ine  ends. Data p o i n t s  
a t  s teady-s ta te  opera t ion  were se l ec t ed  and t h e  bear ing  parameters p l o t t e d  graph- 
i c a l l y .  Nondimensional parameters were a l s o  ca lcu la ted .  The exrer imental  test 
d a t a  were compared t o  t h e  predicted va lues .  
among the  14 tests based on s teady-s ta te  speed8 and pressures  environment. 
Tables 8 and 9 list the  measured va lues  corresponding t o  these  d a t a  po in t s .  
d a t a  poin t  i d e n t i f i c a t i o n  number s p e c i f i e s  t h e  ceclt number, test sec t ion ,  and t h e  
time slice number. As shown i n  Appendix B f o r  example, d a t a  poin t  i d e n t i f i c a t i o n  
No. O l O B / 7  would mean T e s t  No. OlC, sec t ion  B and time sl ice No. 7. Most of t h e  
da t a  are f o r  t h e  pump end bear ings s i n c e  the  tu rb ine  end hydros t a t i c  bear ing d id  
not have r o t a t i o n  i n  most, tests except i n  Tests 012 and 014. 

Sixteen  d a t a  p o i n t s  vere s e l e c t e d  

The 

Data Reduction. 
are l i s t e d  i n - f a b l e s  10 and 11. 
l a t i n g  the bear ing parameters. The narnencl : turs  is defined i n  t h e  Nomenclature 
sec t ion  of the r epor t .  

Commonly used hydros t a t i c  bear ing  parameters were ca l cu la t ed  and 
The follow'ng d e f i n i t i o n s  were adopted in calcu- 

2c 30 (Ps-Pa)Fp 

P2(l - ;, L 
P o i s e u i l l e  Reynold's number, It: - -. 

C W P  = - Couette Reyr-old's number, R 
e v  

Rearing number, A = f i & f i  
P 

Squeeze number, u = ,& (:)* 
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Dimensionless f lowrate .  A = 
G c FR(Ps-Pa)g 
P 

Pr-Pa Film resistance, Rf = - (3 * 
Ps-Pr O r i f i c e  resistance, Ro = ~ 

(d 

ORIGINAL PA@! t8 
OF POOR QUALITY 

Dimensionless o r i f i c ?  resistance, R = 

The v i s c o s i t y  co r rec t ion  f a c t o r  f o r  turbulence, Gp, is  obtained from Fig. 89, 
assuming hydros t a t i c  dominance (Ref. 4). 
ings  are: 

The geometric dimensions of the bear- 

Bearing l eng th ,  L = 0.925 inch = 2.35 c m  

J ~ u r n a l  r ad ius ,  R = 0.875 inch = 2.22 cm 

Number of rows, n = 2 

Recess width,  Lp = 0.095 inch  = 2 . 4 1  mu 

nL - 
Recess parameter,  y = 0.2 = -f 

This  assumes the  recesses are s taggered without overlapping and t h e  axial  pres-  
su re  grad ien t  dominates the  flow. 

Each bear ing parameter w i l l  be discussed i n  d e t a i l  i n  the  subsequent paragraphs. 

Mass Flowrate. 
across the  bear ing i n  Fig. 90. The d a t a  from Tables 8, 10, and 11 are given num- 
b e r s  f o r  each d a t a  poin t  t o  a i d  i n  c ros s  c o r r e l a t i o n  as required.  A gradual  
i nc rease  i n  f lowra te  wi th  inc reas ing  lp was observed i n  the  da ta .  
w s r e  compared t o  t h e  pred ic ted  va lues  f o r  s e v e r a l  po in t s ,  as shown in Fig. 90- 
The r e s u l t s  i n d i c a t e  t h a t  a c t u a l  flow ve lucs  are much lower than predic ted .  

The measured f lowra te  was p l o t t e d  aga ins t  the  pressure  d i f f e r e n t i a l  

The test d a t a  

A d i r e c t  comparison of pred ic ted  f lowra te ,  ve r sus  a c t u a l  measured f lowra te  is d i f -  
f i c u l t  clue t o  the  d i f f e rences  i n  pred ic ted  p res su res  t o  opera t ing  supply pressures  
a t  t he  var ious  speeds t e s t ed .  A general  comparison can be made f o r  the  pump-end 
bear ing  using d a t a  from tes t  008 and comparing i t  to the  p red ic t ions  of flow given 
i n  Fig. 87 f o r  high ex te rna l  supply pressure  l e v e l s  achieved near  t he  a n a l y t i c a l  
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t a r g e t s  s h a m  i n  Pig.  80 ( a s  case E). as previous ly  
described i n  Fig. 47 around the  speed of  3403 r ad ians / sec  (32,500 rpm). The d a t a  
i n  Appendix B gives  f o r  T e s t  008A - S l i c e s  19-23 t h e  supply p re s su res  of 762 N/cm2 
(1106 p s i a )  a t  a speed of 3403 r ad ians / sec  (32,500 rpm). The flow rates measured 
are approximately 0.095 kg/s (0.210 lb /sec .  
Fig. 87 a r e  0.130 kg/s (0.285 lb / se . ' .  This  i s  t o  say t h a t  t he  measured flow is  
approximately 30% lower than predic ted  f o r  e x t e r n a l  supply flow. This  may be due 
i n  p a r t  t o  t h e  high temperature of t he  ex te rna l  flow which causes some choking 
e f f e c t s  a t  the  f l u i d  f i lm discharge.  This v a r i a t i o n  from t h e  p red ic t ion  can a l s o  
be accounted f o r  i n  terms of f r i c t i o n a l  e f f e c t s  and w i l l  be d iscussed  i n  d e t a i l  
i n  a la te r  sec t ion  of t h i s  r e p o r t  i n  d iscuss ion  of improved modeling techniques.  

This  occurs a t  t es t  po in t  @ 

h i l e  t he  p red ic t ed  f lowra te s  from 

The dimensiunless f lowra te  e x h i b i t s  genera l ly  cons tan t  va lues  wi th in  the  l a rge  
d a t a  s c a t t e r  with inc reas ing  p res su re  r a t i o  (Ps-Pa)/Pa (Fig. 91). The d a t a  f a l l s  
i n t o  two c a t e g a r i e s  genera l ly :  t h a t  of e x t e r n a l  supply f l u i d  (warmer) and t h a t  of 
i n t e r n a l  suppl;, (cooler )  f l u i d .  The p res su re  r a t i o  used i n  t h i s  graph is  t h e  
t o t a l  pressurc d i f f e r e n t i a l  a c r o s s  the  bear ing  inc luding  the  p re s su re  drop ac ross  
the  o r i f i c e .  I f  the  da t a  are p l o t t e d  wi th  t h e  dimensionless f lowra te  aga ins t  
PR = (Fr-Pa)/Pa, Fig. 92, t h e  same cons tan t  t r end  is a l s o  observed. 

The e f f e c t  of c learance  on t h e  dimensionless f lowra te  can be seen  i n  Fig. 93, 
the  da t a  are too  s c a t t e r e d  t o  show a t r end  of w i th  inc reas ing  (c/R). The da ta  
are grouped somewhat as a func t ion  of (Ps-Pa)/Pa. Theory p r e d i c t s  t h a t  5 i nc reases  
with c/R. 

- 

The e f f e c t  of r o t a t i o n a l  speed on f lowra te  is i l l u s t r a t e d  i n  Fig. 94. A genera l  
s l i g h t  decrease i n  f lowra te  w i t h  increased  bear ing  numberA is observed. 
bear ing  number A value  is  g r e a t e r  a t  h igher  c a r t r i d g e  speed, which a l s o  reduces 
the  c learance .  The in f luence  of A on f lowra te  is, the re fo re ,  a combined e f f e c t  
from the  c a r t r i d g e  speed and the  c learance .  
less form 6) should remove t h e  c learance  e f f e c t  (Fig. 95). It can be seen, however, 
t h a t  5 is decreas ing  genera l ly  wi th  A .  This  i n d i c a t e s  t h a t ,  f o r  genera l  turbo- 
pump a p p l i c a t i o n  using hybrid bear ings ,  the r o t a t i o n a l  and o t h e r  e f f e c t s  on flow- 
rate o the r  than the c learance  e f f e c t  may not be neg l ig ib l e .  Choking e f f e c t s  may 
a l s o  be ind ica t ed  here. 
i nc reases  wi th  the  c a r t r i d g e  speed (Fig. 96 and 97) and may a f f e c t  t h e  f lowra te  
s l i g h t l y .  With regard t o  choking, a general  review of t he  da t a  i n d i c a t e s  t h a t  
da t a  p o i n t s  16, 18, and 19 are l i k e l y  choked, as t h e i r  p red ic t ions  f o r  f lowra te  
are i n  disagreement wi th  measured da ta  by amounts much g r e a t e r  than t h e  o ther  da ta .  

The 

Expressing t h e  f lowra te  i n  dimension- 

Due t o  higher f i l m  r e s i s t a n c e ,  the p res su re  rate FR 

Car t r idge  Speed Rat& (Nc/Ns). 
s h a f t  speed very c lose ly  u n t i l  t he  l a t t e r  reached approximately 7330 rad ians /sec  
(70,000 rpm) beyond which the  speed r a t i o  starts t o  d e c l i n e  (Fig. 38). 

The pump end hydros t a t i c  c a r t r i d g e  tracked the  

A speed l a g  i n  the pump c a r t r i d g e  occurred dur ing  Test 010 when the  s h a f t  was 
acce le ra t ed  from 4189 t o  8378 r ad ians / sec  (40,000 t o  80,000 rpm), Fig. 99. The 
s h a r p  sp ikes  of the speed s i g n a l  suggested some contac t  rubbing d id  happen. A 
da t a  poin t  (010B/14) was s e l e c t e d  t o  analyze t h i s  speed phenomenon. The calcu- 
l a t e d  s t i f f n e s s  a t  t h i s  da t a  poin t  was estimated t o  be 700,472 N/cm 
(400,000 l b f / i n . )  and i t s  r a d i a l  c l ea rance  of 0.0513 pp~l (0.00202 inch ) .  The 
r a d i a l  load required t o  cause contac t  w i l l  be 700,472 N/cm x 0.00513 cm r 3558 N 
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(400,000 l b / i n .  x 0.00202 i n . S  800 l b f ) .  This  l a r g e  r a d i a l  f J could r e s u l t  
from the inf luence of the second c r i t i c a l  speed 8378 radianslaec (80,000 rpm) a s  
shown i n  the dynamics ana lys i s  of the turbopump tests. There was a high r a d i a l  
response of t he  Bently proximeter s h a f t  pos i t ion  da ta .  This p a r t  of t he  s h a f t  i s  
adjacent t o  the hydrostat ic  bearings.  I f  t he  s h a f t  response t o  t h i s  resondnce is 
grea t  enough t o  cause s l i g h t  hydros ta t ic  bear ing c o n t a c t ,  i t  would produce t h e  
speed l ag  as shown i n  Fig. 99. Once the  hydros ta t ic  bear ing sur face  has been 
degraded, the f i lm f r i c t i o n  torque could he increased t o  surpass  t h a t  b a l l  bear ing 
f r i c t i o n  torque. Note t h a t  a l l  bearing floK d a t a  a f t e r  test point 010B/14 has more 
ddta s c a t t e r  than thc p o i i t s  p r i o r  t o  t h a t  test. This may a l s o  r e f l e c t  the in- 
creased su r face  r?+ness of the bearing annulus. r h i s  speed l a g  is not  considered 
t o  be due  t o  the  d i f fe rencz  between the  b a l l  bear ing and f l u i d  f i l m  f r i c t i o n  torque. 
Early ca lcu la t ions  indicated t h a t  b a l l  b4arir.g f r i c t i o n  torque is higher  on t h e  
pump end t e a r i n g  than t h e  f i l m  f r i c t i o n  torque at a l l  speeds. 
ana lys i s  of Fig. 88 is based on a condi t ion of an al igned jou rna l  with t h e  bear- 
ing .  Shaft  d e f l e c t i o n  da ta  from t h e  s h a f t  proxlmeters would i n d i c a t e  t h a t  there 
is J great  d e a l  of s h a f t  bow which has  been indicated.  
c a r t r i d g e  speed d a t a  of Test  014 (Fig. 100) i n d i c a t e s  a combined set of fo rces .  
One of these fo rces  is t h e  f r i c t i o n a l  torque d i f f e r e n c e s  between t h e  b a l l  bear- 
ings and t h e  f l u i d  f i l m  which r e s u l t  !.n a threshold punrp c a r t r i d g e  speed of 
approximately 6283 t o  6702 r a d i a n d s e c  (60,000 t o  64,000 rpm) f o r  a s h a f t  speed 
of 7749 t o  8063 radians/sec (74,000 t o  77,000 r p m ) .  The o t h e r  f o r c e  is t h e  
s l i g h t  i n t e n n i t t e n t  contact  of t h e  juu rna l  with t h e  bear ing causing b r i e f  decel-  
e r a t i o n s  followed by recovery back t o  t h e  threshold c a r t r i d g e  speed indicated.  
Recent a n a l y t i c a l  develoDment of bearing operat ing c h a r a c t e r i s t i c  i n d i c a t e  t h e  
concept of hybrid hydros ta t ic  bearing threshold speeds is v a l i d .  This  is due to  
torque d i f fe rences  between b a l l  bear ings and bydrosta ' ic bear ings as a funct ion 
of s h a f t  speed. Although the f i l m  f r i c t i o n  is d i r e c t l y  proport ional  to t h e  
f l u i d ' s  v i s c o s i t y ,  i ts d i r e c t  inf luence on t h e  speed ra t io  is indicated to be 
negl ig ib le  within t h e  operating v i s c o s i t y  range used i n  Mark 48 turbopump (Fig. 101). 
The main cause of the csr.:idge speed l a g  seen nere is thought t o  be due t o  t h e  
vibrat ion levels which cause in te rmi t ten t  contact .  

The f r i c t i o n  

The c h a r a c t e r i s t i c  of t h e  

Effects of Clearance. Besides t h e  inf luence on f lowrate ,  an increase i n  clear- 
ante lowers the  f i l m  r e s i s t a n c e  as a r e s u l t  of less f l u i d  shear ing as i l l u s t r a t e d  
i n  Fig. 102 and 103. The consequence of t h i s  reduct ion i n  f i l m  r e s i s t a n c e  is a 
decrease i n  pressure r a t i o  PR. Since 
the clearance decreases with speed increase and t h e  f l u i d  pressures  a v a i l a b l e  t o  
the hydros ta t ic  bearings increase, t h e  opera t ing  & is genera l ly  small at low 
speed. One unoesirable  e f f e c t  is t h e  r e s u l t a n t  reduced s t i f f n e s s  and r a d i a l  load 
capacitv a t  low speeds due t o  the reduced f l u i d  f i l m  pressure  drop a t  t h e  low 
pressure r a t  io .  

~- 

This  is demonstrated i n  Fig. 104 and 105. 

Subsynchronous Vibrations during Test 014. 
occurred p r i o r  t o  c u t o f f d u r i n g  Test 014. 

High subsynchronous v i b r a t l o n  
Figure 106 shows t h e  r e l a t i o r s h i p  

between the vibra t ion  l e v e l s  a t  da t a  poin ts  1, 2, 3, 14, 17, on' 18 and t h e i r  
squeeze numbers. Data point  1 and 2 correc.  . .nds t o  t h e  f i r s t  hai;' of t h e  
T e s t  014 during which t h e  s h a f t  speed w;id 

Relat ively low ~ i b r a t i o n  l e v e l s  had beer. .=i-o;ded up t o  t h i s  s t age .  The d a t a  
point 3 (Test 014B/19) ind ica t e s  a rapid rise i n  v i b r a t i o n  when t h e  s h a f t  was 
accelerated t o  8042 radians/sec (76,800 rpm). During t h i s  time the  c a r t r i d g e  
speed increased t o  only 5948 radians/sec (56,800 rpm), (Fig. 100). This  occurred 
i n  Test l ) lOB/14  (point 14) as well (Fig. 99). 

t 3142 rad ians /sec  (30,000 rpm). 
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The phys ica l  s i g n i f i c a n c e  of t h e  squeeze number is t h e  squeeze v e l o c i t y  a t  which 
t h e  bea r ing  moves r a d i a l l y  onto  the f l u i d  f i lm .  
d i r e r t l y  p ropor t i ana l  t o  t h e  v i b r a t i o n  frequency; t he re fo re ,  i t  r ep resen t s  t h e  
e x t e r n a l  e x c i t a t i o n  frequency which, i n  t h i s  case, is t h e  s h a f t  speed. 

This squeeze v e l o c i t y  is 

Theore t i ca l  a n a l y s i s  shows t h a t  t h e r e  e x i s t s  a threshold  squeeze number beyond which 
the  bear ing  damping a b i l i t y  breaks down, r e s u l t i n g  i n  subsynchronous w h i r l  (Fig. 107). 
The d a t a  i n d i c a t e  t h e  tests condi t ions  were w e l l  below t h a t  th reshold  number of 
0.02. 
cr i t ical  speed f a l l s  below t h i s  th reshold  frequency. The d a t a  shows t h a t  a t  t h e  
poin t  uf i n s r a b i l i t y  ( t e s i  po in t  3) t h e  squeeze number w a s  a t  t h e  mid range of 
a l l  t h e  test  d a t a  (0.001 t o  0.003). The s h a f t  rpm w a s  76,827 f o r  po in t  3 and 
78,784 f o r  po in t  1’. which is  approximately twice t h e  f i r s t  cr i t ical  speed. 
da t a  above D = 0.003 were a t  r e l a t i v e l y  low speeds where s t a b i l i t y  e x i s t s  and less 
damping is  required.  

The s h a f t  bear ing  system w i l l  be uns t ab le  whenever t h e  system’s lowest 

A l l  

Figure 107 i l l u s t r a t e s  t h a t  t h e  threshold  squeeze number (7 is  approximately20.02 
from t h e  t h e o r e t i c a l  a n a l y s i s .  The squeeze numbers, of t h e  test d a t a  a l l  f a l l  w e l l  
below 0.01 as shown i n  Fig. 106. A major i ty  of t h e  v i b r a t i o n  l e v e l s  w e r e  around 
0.102 mm (0.004 inch p-p). The do t t ed  l i n e  i n d i c a t e s  the bverage v i b r a t i o n ,  and 
i t  shows a s l i g h t  r i s e  with inc reas ing  squeeze numbers. 
t he  anbalance response of a r o t o r  is p ropor t iona l  t o  t h e  square of speed. A t  d a t a  
poin t  3, t h e  r o t o r  experienced excess ive  v i b r a t i o n  but  t h e  squeeze number is  
s t i l l  very low (0.001 t o  0.003). Therefore,  i t  is very un l ike ly  t h a t  t h i s  h igh  
v i b r a t i o n  was t h e  r e s u l t  of damping breakdown due t o  h igh  squeeze ac t ion .  That is 
nc t  t o  say t h a t  t h e  bear ing  damping a lone  was s u f f i c i e n t  to  p r o h i b i t  subsynchro- 
nous wh i r l  i n s t a b i l i t i e s  bu t  t h a t  t h e  n e t  damping of t h e  system w a s  inadequate. 

This  is expected because 

A probable cause of t he  h y d r o s t a t i c  bear ing  rubbing is proposed as follows. The 
turbopump was running a t  a s teady  speed of approximately 3142 r ad ians f sec  
(30,000 rpm) f o r  t h e  first ha l f  of T e s t  014 and was acce le ra t ed  t o  8063 r ad ians /  
sec  (77,000 rpm) j u s t  be fo re  t h e  d a t a  po in t  3. The v i b r a t i o n  amplitude, which 
might a r i s e  from some residua; unbalance, increased  wi th  t h e  s h a f t  speed r e s u l t i n g  
i n  a l a r g e  s h a f t  bow ( t i l t ) .  The bear ing  is  subjec ted  t o  rubbing a t  its end i f  t he  
t i l t  is excessive.  I f  rubbing does occur,  t h e  c a r t r i d g e  w i l l  drop i n  speed r e s u l -  
t i n g  i n  lower s t i f f n e s s ,  capac i ty  and damping, which, i n  tu rn ,  aggrava tes  the  
s i t u a t i o n .  Inspec t ion  of the  p o s t t e s t  bear ing  revealed genera l ly  an all-around 
g a l l i n g  a t  t he  pump c a r t r i d g e  end, which confirmed t h e  hypothesis t h a t  rubbing d id  
cccur as a r e s u l t  of excess ive  s h a f t  bow. 

A remedy t o  t h e  t i l t - i nduced  rubbing may be t o  improve t h e  moment r e s i s t a n c e  capac i ty  
of t h e  hydros t a t i c  bearing. This  moment is p ropor t iona l  t o  t h e  d i s t a n c e  between 
row c e n t e r s  of t he  r eces ses  and t h e  bear ing  s t i f f n e s s ,  assuming a two-row recess  
conf igura t ion  is adopted. 
on t h e  o the r  hand t h e  maximum allowable t i l t  w i l l  be reduced. There seems t o  be 
an optimal L /D r a t i o  which y i e l d s  maximum moment reelstance. Wider space between 
the  rows of r eces ses  a l s o  a i d s  but  may promote g r e a t e r  f lowra te .  Greater L/D 
r a t i o  a l s o  causes h igher  f r i c t i o n .  
t y p e  s e a l s  ( s t r a i g h t  smooth) i n  the  turbopump between t h e  bear ings  t o  achieve 
damping and r e s i s t a n c e  t o  s h a f t  bow i n  concer t  with h y d r o s t a t i c  bear ing  damping. 

Increas ing  t h e  L/D r a t i o  w i l l  he lp  a g r e a t  d e a l ,  bu t  

A b e t t e r  approach might be t o  use  damping- 
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Empirical Corre la t ion  of Hydrostat ic  Bearing Flowrate 

Addit ional  empir ica l  c o r r e l a t i o n  of t h e  hydros ta t ic  bear ing test f lowra te  da t a  
with the  pred ic ted  d a t a  was used t o  improve t h e  a n a l y t i c a l  model. 
a f t e r  t e s t i n g .  The r e s u l t s  a r e  discussed below. 

Thir  was done 

Journa l  bear ings  can be divided i n t o  two c l a s s i f i c a t i o n s :  
load-carrying c a p a c i t y  depends on a n  external pressure  source and (2) bear ings  
t h a t  d e r i v e  load capac i ty  from t h e  pressure  buildup wi th in  t h e  f l u i d  f i lm .  
f i r s t  c l a s s i f i c a t i o n  i s  usua l ly  r e f e r r e d  t o  as h y d r o s t a t i c  bear ings.  For 
example, t h e  Mark 48 f u e l  pump h y d r o s t a t i c  bear ing is among t h i s  c l a s s i f i c a t i o n .  
The secund c l a s s i f i c a t i o n  is always r e f e r r e d  t o  as hydrodynamic bear ings  which 
requi re  r e l a t i v e  motion of  t h e  bear ing sur faces  and e c c e n t r i c i t y  of t h e  j o u r n a l  
t o  bui ld  up t h e  load capaci ty .  
t i o n  induced pressure  (or c i rcumferent ia l  flow) is much less Latan t h e  e x t e r n a l  
pressure-induced f o r c e  (or a x i a l  f low).  
bear ing t h e  rotation-induced f o r c e  is dominant, and t h e  h y d r o s t a t i c  e f f e c t s  are 
n e g l i g i b l e .  

(1) bear ings  where 

The 

I n  general ,  f o r  a h y d r o s t a t i c  lv i r ing,  t h e  r o t a -  

On t h e  o t h e r  hand, f o r  t h e  hydrodynamic 

I n  t h e  l a s t  decade, turbomachinery design has  evolved t o  r e q u i r e  high-speed and 
low-clearance operat ion.  
e f f e c t s  become important. The o b j e c t i v e  of t h i s  area of i n v e s t i g a t i o n  w a s  t o  
check t h e  s u r f a c e  roughness e f f e c t  of t he  model developed i n  Ref. 5 and used t o  
p r e d i c t  hybrid bear ing  f lowrates .  The check was made t o  determine the  degree of 
r o t a t i o n  and s u r f a c e  roughness e f f e c t s  on t h e  performanc- of t h e  j o u r n a l  bear- 
i ngs  or seals. 
NASA hybrid bear ing tester d a t a  base wad used t o  check t h e  model. 
bear ing performance parameters were inves t iga ted :  
t he  bear ing dynamic c o e f f i c i e n t .  

As a r s a u l t  , t h e  r o t a t i o n  and bear ing s u r f a c e  roughness 

The a v a i l a b l e  Rocketdyne Mark 48 f u e l  tcrbopump test d a t a  and 
Two major 

t h e  bear ing leakage rate and 

Mass Flowrate p r e d i c t i o n  Isprovernents. I n  1962, Yutaka Yamada (Ref. 6 and 7) 
analyzed experimentally t h e  r e s i s t a n c e  of water flow through coaxia l  c y l i n d e r s  
when t h e  inne r  cy l inder  r o t a t e s .  The fol lowing empirical formula f o r  t h e  f r i c t i o n  
c o e f f i c i e n t  was developed as presented by Ref. 8 and 11. 

3 18 
- =  f R  0.079 Ra 
4 

Part I P a r t  I1 

where Ra is t h e  axial flow Reynolds number, and R r  is t h e  r o t a t i o n a l  Reynolds 
number. 
f i c i e n t  i n  t h e  Moody diagram (Fig. 108) presented i n  many p u b l i c a t i o n s  (e.g., 
Ref. 8) .  The second p a r t  is t h e  c o r r e c t i o n  of t h e  f r i c t i o n  c o e f f i c i e n t  due t o  
r o t a t i o n  e f f e c t s .  Equation 1 was used d i r e c t l y  by Black and Jenssen (Ref. 9 and 
10) and la te r  by Childs  (Ref. 11 and 12) f o r  seal f r i c t i o n  c o e f f i c i e n t  
c a l c u l a t i o n s .  

The f i r s t  p a r t  of Eq. 1 is very c l o s e  t o  t h e  smooth p ipe  f r i c t i o n  coef- 

The Ra i n  Eq.  1 i s  def ined a s :  

u a x 2 x c x p  
R = - -  

a U 
(2 )  

169 



ORlGlNAL PAC; 3 
OF POOR QUALITY 

170 



I f  one uses  Yamada's d e f i n i t i o n  f o r  Ra which is 

Then Eq. 1 becomes 

0.38 
R 2  - f R  = 0.26 R a 0 ' 2 A  [I + (7/8)2 (L)]  

4 2Ra 
( 4 )  

where E l .  4 was t h e  original- equation presented by Yamada. 

Yaniada's equation is v a l i d  only f o r  small va lues  of r e l a t i v e  roughness k/D 
(Fig.  108),  where k is t h e  s u r f a c e  f i n i s h  and D is t h e  hydraul ic  diameter.  For 
most s e a l s  o r  h y d r o s t a t i c  bear ings t h e  c learance  is r e l a t i v e l y  small, even f o r  a 
very smooth sur face  f i n i s h ,  say 0.000406 mm (0.000016 inch) .  The r e l a t i v e  rough- 
ness f o r  a r a d i a l  c learance of 0.0381 mm (0.0015 inch)  i s  s t i l l  about 0.005 
in s t ead  of 0.0008 which is the  p e r f e c t l y  smooth s u r f a c e  assumption. 

As t h e  Reynolds number o r  sur face  roughness increases  o r  t h e  c learance  d e c r e s e s ,  
t h e  e r r o r  of t h e  smooth s u r f a c e  assumption is magnified. To account f o r  both &$e 
sur face  roughness e f f e c t s  and r o t a t i a n a l  effects ,  a semi-emperical formula based 
on Yamada's equat ion and the  Moody diagram has been developed w i t h i n  t h e  hydro- 
s t a t i c  bear ing a n a l y s i s  computer code previcus ly  mentioned (Ref. 5) and consis- 
t e n t l y  used by Rocketdyne f o r  seal f r i c t i o n  c o e f f i c i e n t  c a l c u l a t i o n s .  

Table 1 2  and T a b l e  13 represent  t h e  Rccketdyne bear ing test d a t a  (pump s i d e )  and 
the  comparison between measured d a t a  with var ious  methods of pred ic t ion .  
c a r t r i d g e  r o t a t i o n a l  speed rpm, mass f lowra te  Ih, f l u i d  d e n s i t y  p, and f l u i d  
dynamic v i s c o s i t y  LI were obtained d i r e c t l y  fro:i test d a t a ,  while  t h e  r a d i a l  
c learance C is based on t h e  stress a n a l y s i s  presented i n  Ref. 13. The axial  
v e l o c i t y  U a ,  c i rcumferent ia l  v e l o c i t y  U r ,  a x i a l  Reynolds number K,, circumferen- 
t i a l  Reynolds number R,, t h e  f r i c t i o n  c o e f f i c i e n t  without r o t a t i o n  f ,  t h e  f r i c -  
t i o n  c o e f f i c i e n t  with r o t a t i o n  fR and t h e  percentage of r o t a t i o n  e f f e c t  on t h e  
f r i c t i o n  c o e f f i c i e n t  A f ,  were c a l c u l a t e d  by t h e  fol lowing equat ions:  

The 

m 
P 
- 

=--- 
'a n x ~ x ~ x 2 g  

where t h e  d i a n e t e r  of t h e  c a r t r i d g e  D f o r  t h i s  case i s  equal  t o  4.445 cm 
(1.75 inches)  

(5) 

u r = 3 x w  D 

1 7 1  
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where U r  is the  r o t a t i o n a l  speed 

ua x 2 x c x p - 
Ra - u 

I f  Q is ca lcu la t ed  by Eq. 2 i n s t ead  of Eq. 3, then Eq. 1 should be used f o r  t h e  
f r i c t i o n  c o e f f i c i e n t  ca l cu la t ion :  

-0.25 f = 4 x 0.079 x Ra 

318 R 2  -0.25 f R  = 4 x 0.079 x 2a 

A f X  = (  f R  f - f ,  x loox 

As mentioned before ,  t h e  va lues  f o r  f R  obtained from Eq. 9 take into account 
r o t a t i o n a l  e f f e c t s  but  not  su r f ace  roughness e f f e c t s .  Based on Ref. 5, using t h e  
Moody diagram (Fig. 108), t h e  va lue  f~ was m d i f i e d  to  produce a new parameter f ’  
which in;lludes t h e  e f f e c t s  of su r f ace  roughness. 
sur fscc  roughness was set t o  0.00325 mm (0.0o0128 inch).  The va lue  of 0.00325 mm 
(0.02913-8 inch)  su r face  roughness used for Mark 48 bearing and NASA hybrid tester 
c o r r e l a t i o n  w a s  determmad by a n a l y s i s  of t h e  docketdyne test da ta .  This w a s  
s l i g h t l y  higher  than t h e  smooth p a r t  of t h e  actual hardware. However, due t o  t h e  
ex i s t ence  of t he  hydros ta t ic  pad (20 pads f o r  t h i s  ca se ) ,  which con t r ibu te s  a 
roughness e f f e c t ,  the  0.00325 m (0.000128 inch) e f f e c t i v e  s u r F ~ c e  roughness for 
t h i s  p a r t i c u l a r  bear ing w a s  used. It is very d i f f i c u l t  t o  p r e d i c t  t h e  e f f e c t i v e  
sur face  roughness f o r  the  bear ing because the va lue  depends on t h e  nmber  of ?ads 
and the flow passage in t e r rup t ions .  To determine t h e  e f f e c t i v e  sur fhce  roughness, 
a tester can be Eevelaped, and the  e f f e c t i v e  su r face  rougness can be obtained by 
p rec i se ly  measvrl . ,  the  leakage rate, c learance  and the  pressure  d-ap across  the  
tester. 

To calculate f, t h e  bear ing  

The pressure  drop across  the f i lm  (pad-to-smp) w a s  determined by: 

- 
A P ~ ~ ~ ~ ~ ~ ~ ~ ~  - (Kin + Kout + %2g x 144 

where the  hydraul ic  d iamet t r  D equals  2 t i m e s  t he  r a d i a l  clearance. 

The value of F can be def ined by f ,  fR, o r  f’. 
w a s  set t o  0.5 and the  e x i t  loss c o e f f i c i e q t  KOut  w a s  set t o  1.0. 

The en t rance  l o s s  c o e f f i c i e n t  Kin 
The 
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c h a r a c t e r i s t i c  f r i c t i o n  l eng th  L* w a s  approximated by t h e  average f l u i d  t r a v e l  
d i s t ance  i n  a x i a l  d i r e c t i o n  and estimated with: 

Lp L - n x  
L" = 

2 

where L and Lp are t h e  axial  hearing and pad l eng th  and n is t h e  number of pad 
rows. I n  t h i s  case L equal led  1 inch, Lp was about 0.1 inch and n w a s  equal t o  
two .  Therefore,  t he  L w - u e  used f o r  Yq. 11 was equal  t a  0.4 inch. Equation 12 
is a good approximation Eor low va lues  for n and e s p e c i a l l y  good f o r  n equals  
one. The prediczed press-re drop based on: (1) the  f r i c t i o n  c o e f f i c i e n t  f with- 
ou t  r o t a t i o n ,  (2) t he  f r i c t i o n  c o e f f i c i e n t  f R  with r o t a t i o n ,  and ( 3 )  t h e  f r i c t i o n  
c o e f f i c i e n t  f 0  with r o t a t i o n  and su r face  roughness e f f e c t s  included w e r e  tabu- 
l a t e d  i n  Table 13 f o r  comparison with measxed  pressure  drop. 

Table 12 i n a i c a t e s  t h a t  t h e  r o t a t i o n a l  e f f e c t  on the  f r i c t i o n  c o e f f i c i e n t  is less 
than 20%. However, t h e  su r face  roughness e f f e c t s  c m l d  increase  t h e  f r i c t i o n  
c o e f f i c i e n t  by a f a c t o r  of 3. As i nd ica t ed  i n  Table 13, without t he  su r face  
roughness e f f e c t s  included t h e  pred ic ted  p res su re  drop with or without r o t a t i o n a l  
e f f e c t s  is underestimated by 60%. With t h e  su r face  rougtmess e f f e c t s  included, 
t k  d i f f e r e n c e  between p red ic t ion  and d a t a  is less than  15%. The reason f o r  t h i s  
s i g n i f i c a n t  improvement is r e a d i l y  explained by t h e  Moody diagraui (Fig.  108). A t  
Reynolds number c l o s e  to lo5, which is c l o s e  t o  t h e  Mark 48 pump ope ra t iona l  
range, with r a d i a l  clearance i n  the  range of 0.0508 m (0.002 inch) and su r face  
roughness equal t o  0.00325 mm (0.000128 inch) ,  t he  f r i c t i o n  c o e f f i c i e n t  should be 
0.06, which is  more than 3 t i m e s  b igger  than t h e  va lue  f o r  t h e  smooth su r face  
assumption. 
t e s t  da t a  and are summarized i n  Tables 14 and 15. The NASA hybrid tester r a d i a l  
c learance  curve (as  shown i n  Fig. 109) was obtained from Ref. 14. Speed, flow- 
rate, dens i ty ,  and v i s c o s i t y  were provided by Mr. Hannum of NASA-LeRC. Compared 
t o  t h e  Rocketdyne d a t a ,  t h e  r o t a t i o n a l  e f f e c t  AfX f o r  NASA da ta  is more important. 
This  is due t o  t h e  NASA tester having r e l a t i v e l y  lower p re s su re  a c r o s s  t h e  f l u i d  
f i l m  combined wl+h the  same orde r  of r o t a t i o n a l  speed. S imi la r  t o  Table 13,  
Table 15 demonstrates t h a t  without su r face  roughness e f f e c t s  inc luded , the  acca- 
zacy is very poor. With t h e  su r face  roughness e f f e c t s  included,the e r r o r  is 
aga in  reduced t o  wi th in  15%. 
t o  s eve ra l  conclusions: 

S imi la r  c a l c u l a t i o n s  have been c a r r i e d  ou t  f o r  t h e  a v a i l a b l e  NASA 

The good agreement between d a t a  and p r e d i c t i o n  lead  

1. The q u a l i t y  of the da ta  is good. 

2. The su r face  roughness e f f e c t  model is accura te  and is a b l e  t o  pre- 
d i c t  the  pressure  drop or leakages f o r  two independxnt sets of 
t e s t  data. 

3. The predic ted  -adis: c learance  is c lose  t o  a r t u a l  ope ra t ion  condi t ion .  
( I t  must  always be noted that opera t ing  r a d i a l  c l e a r a w e  is an a n a l y t i -  
c a l l y  derived value.  Although sopn i s t i ca t ed  f i n i t e  element a n a l y s i s  i s  
used, t ne  a 'cy is l i m i t e d  due t o  t h e  l ack  or' avRi lab le  Znput of t h e  
parameters e- rct!.ng c learance  changes.) 
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Bearing Dynamic Cae f f i c i en t  E f fec t .  
s i g n i f i c a n t  i n f l u e n c e  on t h e  dynamic behavior of r o t a t i n g  machinery. 
i n  t h e  bear ing  produces f o r c e s  Fx and Fy on t h e  jou rna l  which can be w r i t t e n  as: 

Hydrostatic bear ing  f o r c e s  e x e r t  a 
The f l u i d  

(15) 

The d i r e c t  s t i f f n e s s  Kxx, KYy and d i r e c t  damping (& and Cyy i n  t h e  mat r ix  a c t  
as s t a b i l i z e r s  and the  of f-diagonal, cross-coupling terms are d e s t a b i l i z e r s .  The 
cross-coupling terms a r e  a func t ion  of t h e  rotation-induced Couette flow. The 
d i r e c t  s t i f f n e s s  and d i r e c t  damping c o e f f i c i e n t s  are generated from t h e  pressure  
d i f f e r e n c e s  ac ross  t h e  bear ing  and have a very weak dependency on t h e  r o t a t i o n a l  
speed. On t h e  o t h e r  hand, t h e  cross-coupling terms are d i r e c t l y  propor t iona l  t o  
the  r o t a t i o n a l  speed. I f  t h e r e  is no r o t a t i o n ,  Eq. 15 can be s impl i f i ed  to:  

by removi,.ig t h e  cross-coupling terms as  shown i n  Eq. 16, t h e  d i r e c t  s t i f f n e s s  and 
damping bxome more e f f e c t i v e  i n  improving t h e  r o t o r  s t a b i l i t y .  To achieve t h i s  
purpose, a grooved h y d r o s t a t i c  bear ing  has  been proposed (Ref. 15). By properly 
des igning  the  grooved angle ,  t h e  c r o s s - c o t d i n g  dynamic c o e f f i c i e n t s  can be par- 
t i a l l y ,  i f  not t o t a l l y ,  removed. 

Since no dynamic Coef f i c i en t s  were measured f o r  Mark 48 pump test, t h e  e f f e c t  of 
r o t a t i o n  on the  bear ing  performance was based on t h e  J r ed ic t ed  dynamic c o e f f i -  
c i e r t s .  According t o  previous p red ic t ions  (Ref. 13) as  reproduced i n  Fig. 65, b6, 
67 and 68, t he  crozs-coupling dynamic c o e f f i c i e n t s  axe about 10 t o  20% of t h e  
d i r e c t  terms withi.. t h e  range of the  ope ra t iona l  speed. This i m p l i e s  t h a t  t he  
bearing load capac i ty  w i l l  reduce by 10 t o  20% i f  t h e  r o t a t i o n  e f f e c t  is taken 
i n t o  account. 
of t he  r o t a t i o n a l  e f f e c t s  on t h e  system dynamic behavior.  

A more d e t a i l e d  rotordynamic a n a l y s i s  can provide a c l e a r e r  i n s i g h t  

- Bearing Analysis Conclusions. 
a n a l y s i s  of the t e s t  da t a  on the  hybrid bearir,g are as follows: 

The bas i c  conclusions t h a t  can be drawn from 

1. Within the ope ra t iona l  range of speed, the  r o t a t i o n  e f r e c t  3n the  
mass f lowra te  test va lues  i s  l e s s  tnan 20%. The a n a l y t i c a l  moddl 
shows  no e f f e c t  of speed on the  f lowra te  f o r  a cons tan t  c learance .  
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2. The test d a t a  f lowra te  va lues  were approximately 30% lower than t h e  
pred ic ted  va lues  using a smooth bear ing  s u r f a c e  hasumption. The sur- 
f a c e  roughness e f f e c t s  are much g r e a t e r  than t h e  r o t a t i o n  e f f e c t s .  
Assuming t h e  operat ing c learances  are determinable and neglec t ing  t h e  
e f f e c t i v e  s u r f a c e  roughrless, t h e  f r i c t i o n  c o e f f i c i e n t  can be under- 
es t imated by a f a c t o r  of 3. 

3. The c a l c u l a t e d  pressure  drop across t h e  bear ing  based on t h e  empir ica l ly  
der ived f r i c t i o n  c o e f f i c i e n t  w i t h  r o t a t i o n  and surface roughness e f f e c t s  
included agrees  f a i r l y  w e l l  wi th  data .  
veloped p r e d i c t i o n  and measured d a t a  are w i t h i n  15% over t h e  wide range 
of speed. 

The d i f f e r e n c e  between t h e  de- 

4. The f e a s i b i l i t y  of incorpora t ing  h y d r o s t a t i c l b a l l  bear ings  i n  a high- 
speed turbopmp f o r  cryogenic a p p l i c a t i o n s  has been demonstrated. 
achieved c a r t r i d g e  l i f t o f f  of t h e  pump-end bear ing and opera t ion  a t  s h a f t  
speed has v e r i f i e d  t h e  theory of hybrid bear ing operat ion.  

The 

5. The observed speed d i f f e r e n c e  between t h e  c a r t r i d g e  and s h a f t  a t  high 
s teady-s ta te  speeds w a s  due t o  t h e  e f f e c t  of t h e  c a r t r i d g e  rubbing r a t h e r  
than torque d i f f e r e n c e s  between t h e  h y d r o s t a t i c  and b a l l  bearing. The 
v i s c o s i t y  e f f e c t  due t o  temperature change on t h i s  speed d i f f e r e n c e  is 
negl ig ib le .  
v+’.ration amplitudes a t  t h e  high speeds. 

The l i g h t  touching of  t h e  c a r t r i d g e  w a s  caused by t h e  high 

6. Several  t r ends  of d a t a  observed i n  t h e  t e s t i n g  agree w e l l  wi th  theory. 
These are: t h e  f lowra te  i n c r e a s e s  wi th  pressure  d i f f e r e n t i a l  a c r o s s  t h e  
bearing, t he  pressure  r a t io  i n c r e a s e s  wi th  c a r t r i d g e  speed and decreases  
with c learance ,  and t h e  f l u i d  f i l m  resistance c a l c u l a t e d  from test d a t a  
decreases  wi th  increas ing  clearance.  

7.  Most da t a  fol low the  t r ends  predL.Cd except  f o r  a few s c a t t e r e d  p o i n t s ,  
which are da ta  p o i n t s  No. 1, 2,  16, 17, 18, and 19. These are assoc ia ted  
with r e l a t i v e l y  low s h a f t  speed and i n t e r n a l  flow. The actual cause f o r  
t h e  s c a t t e r i n g  has not  been determined. Teat p o i n t s  16, 18, and 19  
a r e  d a t a  where choking a t  t h e  f l u i d  film e x i t  may be occurr ing.  

8 .  Test d a t a  ind ica ted  a decreasing t rend  of t h e  f lowra te  w i t h  i n c r e a s i n g  
bearing number, A ,  even when t h e  latter i s  small. Theory, however, 
shows no s i g n i f i c a n t  e f f e c t  f f  has a low value  (0 t o  0.1). which means 
the  Couette effect  a t  low r c  - t i o n a i  e f f e c t  is n r g l i g i b l e  i n  a dominantly 
hydros ta t ic  bearing. The C-L, I of t h e  devia t ion  from t h e o r e t i c a l  predic- 
t i o n  has not been determine, 

9. The d a t a  i n d i c a t e  high v i b r a t i o n s  and subsynchronous whi r l  dur ing  Test 
No. 14  were no t  caused pr imar i ly  by bear ing  damping breakdown, as t h e  
squeeze number was q u i t e  low when these  occurred. Data show t h a t  some 
o t h e r  da t a  po in t s  which operated w i t h  s t a b i l i t y  d i d  have higher  
squeeze numbers. In t h i s  type of turbopump where t h e r e  i s  a l a r g e  
s h a f t  span between t h e  bear ings,  i t  may be b e n e f i c i a l  t o  provide o t h e r  
shL..’t damping independent of t h e  hybrid bearing. An example of t h i s  
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would be f l u i d  f i l m  damping i n  t h e  p lace  of l a b y r i n t h  seals. This  would 
have increased the  s t a b i l i t y  considerably.  The bear ing  rubbing a t  c t h e r  
ttmes is a consequence of excess ive  s h a f t  bow a t  the  bearing. 

Dynamic Analysis and Performance 

The ana lys i s  of t he  dyitamic d a t a  for t he  Mark 48-F turbopump t e s t i n g  wl th  hybrid 
bear ing  was completed. Two c r i t i c a l  speeds were de tec ted  t h a t  correspond t o  the  
second and t h i r d  a n a l y t i c a l  c r i t i c a l  speeds. The tes t  d a t a  v e r i f y  t h a t  a w i d e  
spectrum of con t ro l  of rotordynamic parameters can be maintained by the  hydro- 
s t a t i c  bear ing  supply pressure  l e v e l  a v a i l a b l e  t o  the  turbopump. The ana lys i s  
a l s o  i n d i c a t e s  t h a t  the  accuracy of t h e  p red ic t ions  of rotordynamic behavior 
hinges on the  accuracy of t he  p r e d i c t i o a s  of d i r e c t  and cross-coupled s t i f f n e s s  
and damping values .  Empirical  v e r i f i c a t i o n  of these  va lues  is bas i c  t o  the  eval-  
uat ion of the  hydros ta t ic  bear ing  p o t e n t i a l  and the  p robab i l i t y  of wide range 
rotordynamic con t ro l  by hydros t a t i c  bear ing  parameters.  The a n a l y s i s  f o r  t h i s  
s tudy of turbopump rotordynamics w a s  made us ing  the  present  s ta te-of- the-ar t  
c a p a b i l i t y  f o r  p red ic t ion  of t hese  parameters.  

The rotordynamic a n a l y s i s  of t he  turbopump test da t a  w a s  developed i n  d e t a i l .  
The a n a l y s i s  cons is ted  of seven d i f f e r e n t  areas of s tudy as follows: 

A - Indiv idua l  T e s t  Summaries 

B - Cri t ica l  Speed Analysis 

C - Subsynchronous Whirl 

D - Synchronous Harmonics of Sha f t  Speed 

E - General Bearing-Cartridge Performance 

F - Rotordynamic Ara lys i s  Conclusions 

G - Recommendations 

Each area of a n a l y s i s  is presented l n  d e t a i l  below. 

Indiv idua l  Test Summaries. A tes t -by-test  summary is presented i n  Table 16 f o r  
t he  15 Mark 48F turbopump tests us ing  hybrid bear ings.  
t i o n  l i s t e d  f o r  each test  are maximum pump and bear ing  c a r t r i d g e  speeds,  c r i t i c a l  
speeds and synchronous harmonics, maximum v i b r a t i o n  leve ls ,  and any o t h e r  dynamic 
phenomena de tec ted  during t e s t i n g .  The moat no tab le  of these  events  is  the 
subsynchronous v i b r a t i o n  which w a s  seen a t  approximately 50% of s h a f t  speed dur- 
ing the high-speed por t ions  of tests 012 and 014. Also of i n t e r e s t  are the  

Included i n  t h e  infonna- 
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970 Hz resonance, which appears t o  have been a cas ing  mode, and the  unusual 3/2 
harmonic seen during tests 006 and 007. 

C r i t i c a l  Speeds. Two c r i t i c a l  speeds were i d e n t i f i e d  dur ing  t e s t i n g ,  one a t  
3665 r ad ians / s t c  (35,000 rpm) aad another  a t  speeds vary ing  from 5760 t o  8378 
rad ians /sec  (55,000 t c  80,000 rpm), depending on the  magnitude of t he  hydro- 
s t a t i c  bear ing  supply pressures  used and the  opera t ion  of the  tu rb ine  bear ing  
ca r t r idge .  They w i l l  be r e f e r r e d  t o  as the  f i r s t  and second c r i t i c a l  speed i n  
t h i s  d i scuss ion .  

1. F i r s t  C r i t i c a l  Speed 

The f i rs t  c r i t i c a l  speed was de tec ted  a2 approximately 3665 rad ians /sec  
(35,000 rpm) f o r  tests 008, 010, and 011. Shaf t  d e f l e c t i o n  p l o t s  from 
r a d i a l  proximity probes (Bentlys) and acce le ra t jon  p l o t s  from t h e  pump-end 
r a d i a l  accelerometers  (PRA) are biven in Fig. 110 t o  113 and 114 t o  117, 
respec t ive ly .  
and 011 (Pig.  110, 111, 114, and 115). The r a d i a l  Belltlys a l s o  ind i -  
ca ted  a phase change, an example of which is  shown i n  Fig. 118 f o r  
test  011. High bear ing  supply pressures  were used dur ing  these  three 
tests (pressures  higher  than the turbopump i s  capable  of provid ins) .  
This  condi t ion  was analyzed i n  i n i t i a l  s t u d i e s ,  bu t  those p re s su res  
combined wi th  the  tu rb ine  c a r t r i d g e ' s  i n a b i l i t y  t o  turn  due t o  a x i a l  
loading ( s e e  the  sec t ion  on tu rb ine  c a r t r i d g e  performance) produced pmp- 
end and turbine-end sp r ing ra t e ,  which had not  been previously analyzed. 
This  makes a comparison of t h i s  c r i t i c a l  speed t o  any a n a l y t i c a l  d a t a  
impossible  without  fur ,her  in-depth ana lys i s .  

They show the  c r i t i c a l  speed 's  presence dur ing  tests 010 

During tests 012 and 014, the  f i r s t  c r i t i c a l  speed was not  seen on 
accelerometer d a t a ,  bu t  are ev ident  on Bently d a t a  (Fig. 112 and 113). 
These tests used pump-f ed bear ing prerjsures (pressures  the  turbopump 
provided).  
838 rad ians /sec  (8000 rpm) when the s h a f t  w a s  a t  3665 rad ians /sec  
(35,000 rprn). This  mode probably corresponds t o  the  second a n a l y t i c a l l y  
pred ic ted  c r i t i c a l  speed shown i n  Fig. i19. Cor re l a t ion  of subsyn- 
chronous wh i r l  f requencies  wi th  the second predic ted  mode adds more 
confidence t o  t h i s  assumption (see  s e c t i o n s  on subsynchronous w h i r l ) .  
Tal le  17 shows t he  pressure drops across  each bear ing f o r  tests 010, 
011, 012, and 014 a t  3665 rad ians /sec  (35,000 rprn). 

The tu rb ine  c a r t r i d g e  a t  s t w t u p  was r o t a t i n g  a t  about 

2.  3rcond C r i t i c a l  Speed 

The second c r i t i c a l  speed was de tec ted  during tests 010, 012, and 014 
( a l l  the high-speed t e s t e ) .  Pump i a d i a l  accelerometer and r a d i a l  s h a f t  
d e f l e c t i o n  p l o t s  for  test  010 (Fig 110 and 114) Ind ica t e  t h a t  the  c r i t i -  
c a l  did not appear u n t i l  almost 83;s rad ians /sec  (80,000 rpm). The 
phase change f o r  test 010 ( top  of Eig. 120) a l s o  shows t h i s .  Like the  
f i rs t  de tec ted  c r i t i c a l  f o r  tes t  010, t h i s  c r i t i c a l  cannot be compared 
t o  a n y  a n a l y t i c a l  r e s u l t s  because of the  l ack  of t u rb ine  c a r t r i d g e  
r o t a t i o n  due t o  a x i a l  loading. 
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TEST 012 'fi 
SUBSYNCHFONOUS 
VIBRATION 

SECOND CRITICAL rgmcEi SPEED SHAFTSPEED TRACKI) \I 
13 TO 18 G 

1 

I I 1 I 

SHAFT SPEED, RPM 
20,OOo r0,oOO W,oOO 80,oOo 10 

1 I I I I 
0 2.000 4.000 WJW 8,000 lo.000 

SHAFT SPEED, RADlANSlSEC 

Ooo 

Figure 116. Pump-End Radial Accelerometer Respor.ze - Test 012 
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TEST NO. 
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SHAFT SPEED, SHAFT SPEED, 
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36,Ooo 3666 
35.400 3707 

3r1.200 3581 

3047 RADB 
29-im RPM 

EXAMPLE OF PHASE CHANGE 
FROM TEST NO. 11 

3581 RADIS 
34.200 RPM 

3780 R A D 6  
36.100 RPM __. _ _  

BRAT 
OTCH 

PHASE CHANGE IS SHOWN BY BENTLY RADIAL PROXIMETER 

GLITCH CUT INTO SHAFT 
BRP-1 FOLLOWING A 0.068 MM (0.0026 INCH) 

Figure 118. First Critical Speed Evidence of Phase Change - Test 011 
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TEST NO. 10 
8063 RADB 8614 R A D 6  
77,000 RPM 81,300 RPM 

5780 RADB 
56,oOo RPM 

TEST NO. 12 
6180-7120 RADB 8558 RADE 

81.700 RPM 

SLATING AND PHASE CHANGE 
INDICATE EDGE OF CRITICAL 

BEATING AND PHASE CHANGE 
lNOlCATE EDGE OF CRITICAL 

Figure 120. Second Critical Speed - Evidence of Phase Change - 
Tests 010, 012, and 014 Bently Radial Proximeter 
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When pump-fed pressures  of lower va lues  were used dur ing  tests 012 and 
014, t h e  c r i t i ca l  speed appeared a t  a much lower speed and seemed t o  
t r ack  r o t o r  speed. 
s h a f t  d e f l e c t i o n  p l o t s  (Fig. 112, 113, 116 and 117) and a l s o  by phase 
changes i l l u s t r a t e d  by Fig. 120. Test 012 shows t k  c r i t i c a l  speed 
t r ack ing  from 5760 t o  8587 r a d / s  (55,000 t o  82,000 rpm), and test  014 
shows t r ack ing  from 6912 t o  8273 r a d / s  (66,000 t o  79,000 rpm). 
corresponds w e l l  wi th  the  t h i r d  a n a l y t i c a l  cr i t ical  which i s  shown t o  
t r a c k  r o t o r  speed i n  Fig. 119. It must be noted t h a t  t he  tu rb ine  car- 
t r i d g e  was loaded a x i a l l y  and d i d  not r o t a t e  dur ing  almost a l l  ope ra t ion  
i n  t h e  5236 t o  8376 r a d / s  (50,000 t o  80,000 rpm) range. 
once aga in  g ives  us an unknown turbine-end s p r i n g r a t e .  Table 11 gives  
the  pressure  drops across  each bear ing  f o r  t h e  c r i t i c a l ’ s  speed range. 

This is shown by pump r a d i a l  accelerometer md r a d i a l  

This  

This  condi t ion  

3. Undetected C r i t i c a l  Speed 

The f irst  a n a l y t i c a l l y  pred ic ted  c r i t i c a l  speed shown i n  Fig. 119 was 
never de tec ted  dur ing  any test. 
t o  thc smaller amount of energy i n  the  r o t o r  a t  low speed and the  e x t r a  
damping provided by the  hydros t a t i c  bearings.  I t  is  unl ike ly  t h a t  
de t ec t ion  of t h e  mode was missed due t o  inadequate i n s t r m e n t a t i o n  
pos i t ion ing .  The very rap id  accelerations of t h e  s h a f t  a t  s t a r t u p  t o  
over 30,000 rpm a l s o  rlade d e t e c t i o n  d i f f i c u l t .  

This mode was probably damped ou t  due 

4.  Casing Resonance 

What appears t o  be a very sharp cas ing  resonance was exc i t ed  between 
950 and 970 Hz on every teat  that passed through its frequency range. 
I t  can be seen on a l l  pump-end r a d i a l  acceleraneter p l o t s  (Fig. 114, 
115, 116, and 117) but does not shcw on any r a d i a l  s h a f t  d e f l e c t i o n  
p l o t s  (Fig. 110, 111, 112, and 113). Figure  121 Jhows both t h e  ana ly t i -  
c a l  and experimentally v e r i f i e d  ( rap  test) mode t h a t  corresponds t o  this 
frequency l e v e l  (Ref. 3). 

This resonance w a s  a l s o  de t ec t ed  dur ing  test 004 when s h a f t  speed was 
only 2513 r ad / s  (24,000 rpm). 
synchronous v i b r a t i o n  a t  970 Hz. 
i nop lo t  i n  Fig.  122. 

The cas ing  mode. appeared as a super- 
This  unusual behavior is shown by t h e  

Subsynchronous Whirl. Subsynchronous, synchronous, and supersynchronous d a t a  are 
de tec ted  on the  i s o p l o t s  of t he  pump r a d i a l  accelerometer test d a t a  i n  Fig. 123 
t o  127. Rota t ive  speed c h a r a c t e r i s t i c s  f o r  t he  ends of tests 010, 012, and 014 
a r e  shown i n  Fig. 128 t o  130. Subsynchronous w h i r l  was encountered dur ing  two bf  
t he  th ree  tests which reached 8376 r a d / s  (80,000 rpm). It f i r s t  appeared durirn,  
test  012 when pump speed reached 8168 r a d / s  :78,000 rpm) as shown by Fig.  129 and 
continued unt41 speed dropped t o  7645 r a d / s  (73,000 rprn). I t  var ied  from 615 t o  
715 Nz ( 3 6 , 9 b ~  t o  42,900 cyc le s  per minute) and from 47% t o  53.5% of pump speed. 
Flgure 125 shows the subsynchronous wh i r l  i n  i s o p l o t  form a s  w e l l  as synchronous 
v i b r a t i o n  and seve ra l  harmonics. Test 014 developed subsynchronous v i b r a t i o n  when 
pump speed reached 9241 r a d / s  (78,700 rpm) as shown by Fig.  130 and continued 
u n t i l  speed dropped t o  8084 r a d / s  (77,200 rpm). It  va r i ed  from ‘ ~25  t o  7 7 2  Hz 
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(37,500 t o  46,300 c y c l e s  per  a i n u t e )  and from 48.5% to  54X o f  pump speed. 
shows t h e  subsynchronous and synchronous v i b r a t i o n  along w i t h  several harmonics 
i n  i s o p l o t  1 rm. 
speed which was d e t e c t e d  st 3665 r a d / s  (35,000 rpm) on previous tests. It cor- 
responds w e l l  to  t h e  second predic ted  c r i t i c a l  speed shown ia  Fig. 119 which should 
respond i n  t h e  40,000 to  45.000 c y c l e s  per  minute range f o r  a pump speed range of 
7854 t o  9425 r a d / s  (75,000 t o  90,000 rpm) when bear ing s p r i n g r a t e s  are produced 
by pmp-fed pressures  as i n  tests 012  and 014. 

Fig. 127 

The problem is probably caused by e x c i t a t i o n  of t h e  cr i t ical  

Large v i b r a t i o n  amplitudes were found a t  the  high speeds. These were manifest  Jn 
s e v e r a l  forms. One w a s  found t o  be synchronous, which is b a s t c a l l y  a rotor 
unbalance response; t h e  o t h e r  
whirl .  An i n s t a b i l i t y  is not a forced v i b r a t i o n ,  such as unbalance response, but 
involves a mismatch of d i s s i p a t i v e  and d e s t a b i l i z i n g  forces .  The p o s i t i v e  X values  
of Fig. 79 r e l a t e  t3 regions of opera t ion  where t n e  d e s t a b i l i z i n g  f o r c e s  exceed 
the  d i s s i p a t i v e  forces .  I n  t h e  case of t h e  Merk 48-F turbopump, t h e  major d i s -  
s i p a t i v e  f o r c e s  are produced by t h e  bear ing and l a b y r i n t h  seals d i r e c t  s t i f f n e s a  
and damping. The d e s t a b i l i z i n g  f o r c e s  were produced by t h e  l a b y r i n t h  aeal i n d i r e c t  
or cross-coupling s t i f f n e s s .  The d e s t a b i l i z i n g  f o r c e s  are dependent on t h e  tan- 
g e n t i a l  ( coue t t e )  flow of t h e  t r t p p e d  f l u i d .  When r o t o r  speed reaches approxi- 
mately twice t h e  predicted second c r i t i c a l  speed, t h e  trapped f l u i d  r o t a t i o n a l  
speed matches t h a t  second predic ted  c r i t i ca l  speed, r e s u l t i n g  i n  maximization of 
t he  d e s t a b i l i z i n g  fo rces .  The r e s u l t  is l a r g e  s h a f t  d e f l e c t i o n s  which can cause 
damage t o  the  turbopump through contac t  of t h e  rotor t o  t h e  houaing. 

was t h e  i n s t a b i l i t y  which is seen as subsynchronous 

The subsynchronous w h i r l  was coincident  with heavy rubbing of t h e  pump i n t e r s t a g e  
labyr in th  s e a l s  as ind ica ted  by t h e  2 and 3 times pump speed harmonics on t h e  pump 
r a d i a l  accelerometer shown i n  F ig .  125 and 127, and as measured after t h e  pump 
was dismantled. Ind ica t ions  of similar rubbing amplitudes wi th  2 and 3 times pump 
speed harmonics occurred on earlier tests and on test 014 p r i o r  t o  subsyr.chronous 
v ib ra t ion .  This  is due t o  t h e  high amplitudes ind ica ted  by r o t o r  unbalance 
response (synchronous v i b r a t i o n ) .  The pump a t  dis8saembly showed 360-degree wear 
on casing impeller l a b y r i n t h  stage seals. 
sha f t  opera t ing  d e f l e c t i o n s  necessary t o  wear each seal t h e  amount measured. 
a l s o  shows the  hvdros ta t lc  bear in&s t o  be bound up and not a b l e  t o  rotate when 
the  maximum s e a l  wear occurred. This  d i d  i n  fact happen 2 t o  3 seconds a f t e r  
whir l  incept ion during tes t  014. k’or more information on t h i s ,  see the  s e c t i o n  
on general  bearing c a r t r i d g e  performance. 

Figure 131 shows a p l o t  of t h e  r a d i a l  
IL 

Since t h i s  pump has operated i n  excess of 9425 r a d / s  (90,000 rpm) with  s tandard 
b a l l  bear ings with no s t a b i l i t y  problems, t h i s  raises t h e  ques t ion  as t o  whether 
the incorporat ion of the hybrid bear ing conf igura t ion  i n t o  t h e  turbopump r e s u l t e d  
i n  the i n s t a b i l i t y  encountered. 
hybrid bear ings and remained s t a b l e .  This makes i t  advantageous t o  i n v e s t i g a t e  
the  d i f f e r e n t  running condi t ions  between tests 010, 012. and 014. 

Test 0 1 0  reached 8514 r a d / s  (81,300 rpm) wi th  the  

1 .  D i f  f ererice -_I_ i n  Bearing Supply Pressures  

Test Old ran higher bear ing  supply pressures  to both t h e  pump and 
tu rb ine  bear ings then d i d  tests 012 or 014 ( see  Table 17) .  However, 
according t o  t he  s t a b i l i t y  a n a l y s i s  i n  Fig. 79, softer hydros ta t ic  bear- 
ings provide g r e a t e r  s t a b i l i t y  margin. 
pressures unl ikely as t h e  cause of t he  i n s t a b i l i t y .  

This  makes t h e  drop i n  supply 
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2. Change i n  Turbine Pressure Rat io  Which Allowed Turbine Car t r idge  Rota t ion  

Various turbine-end c a r t r i d g e  p o s i t i o n s  have been schematical ly  diagrammed 
i n  Fiz.  132 through 135 f o r  i l l u s t r a t i v e  purposes. The tu rb ine  p re s su re  
r a t i o  was changed between tests 010 and 012 t o  reduce tu rb ine  .and axial 
s h a f t  load which was p r w e n t i n g  tu rb ine  c a r t r i d g e  r o t a t i o n  ( see  Fig .  132 
and the s e c t i o n  on genera l  bear ing c a r t r i d g e  performance). Th i s  allowed 
turb!-+- c a r t r i d g e  r o t a t i o n  a t  h igh  p u p  speeds f o r  t h e  f i r s t  time during 
tests 012 and 014. 
ginning of t u rb ine  caser idge  r o t a t i o n  can be seen when examining Fig. 129 
and 130. Turbine c a r t r i d g e  r o t a t i o n  s t a r t e d  0.2 second a f t e r  w h i r l  
incept ion  during test 012 and 0.7 seconds a f t e r  whi r l  incept ion  dur ing  
test 014. 
by hardware inspec t ion  is shown i n  Fig. 133. 
s h a f t  load allowed the  bear ing c a r t r i d g e  and s h a f t  t o  f l o a t  and t i l t .  
This  t i l t  caused surface-to-edge contac t  between the  Be81dum rub r i n g  
and the  bear ing  ca r t r idge .  This  contac t  c rea ted  8 polished r i n g  on the  
end of the  tu rb ine  c a r t r i d g e  ( top  r i g h t  of Fig. 133). 

A r e l a t i o n s h i p  between whi r l  incept ion  and t h e  be- 

A poss ib l e  explanat ion of t h i s  behavior which was re inforced  
The reduct ion i n  the  a x i a l  

The pump c a r t r i d g e  was a l s o  t i l t i n g  with t h e  s h a f t  bow as shown in 
Fig. 1 3 4 .  Evidence of t h i s  was found when t h e  pump was dismantled and 
i t  was d i s c o w r e d  t h a t  some of the  s i l v e r  p l a t i n g  on t h e  i n l e t t e n d  of t he  
bear ing support  had been e i t h e r  re loca ted  inward or rubbed awnv (Zee 
Fig. 135).  

Subsynchronous wh i r l  s t a r t s  j u s t  a t  t h e  beginning of t u rb ine  c a r t r i d g e  
r o t a t i o n a l  freedom, as shown i n  Fig. 129 and 130. The w h i r l  a l s o  begigs  
during the  pump c a r t r i d g e  acce le ra t ion  on test 012. With t h e  pump ca r t -  
r idge  speedup, t he  s t i f f n e s s  and damping is increased a t  t h e  same pres-  
s u r e  l e v e l s  by the  increase  in c a r t r i d g e  speed and clearance. 
the  turblne-end c a r t r i d g e  speed inc rease  result8 i n  an  increased s t i f f -  
ness and damping due t o  decreased c learances .  
eral  condi t ions  shown i n  Fig. 79 where increased e t i f f n e s s  and damping 
causes  s t a b i l i t y  margin decrease* The i n s t a b i l i t y  cannot be d i r e c t l y  
ca l cu la t ed  or predic ted  by rotordynamic a n a l y s i s  for t h i s  opera t ing  con- 
d i t i o n  due t o  the  complex taanner of  t h e  changes i n  the  var ious  parameters.  
I t  is  important t o  note  that the  s t a b i l i t y  margins of t he  turbopump could 
be enhanced by the  u s e  of s t r a i g h t  seals i n  t h e  p lace  of l abyr in th  seals. 
Although t h e  leakage rate may be compromised, t he re  is an  increased 
s t i f f n e s s  and damping a v a i l a b l e  by these  modif icat ions which were not i n  
the scope of the present  con t r ac t .  I t  is recommended t h i s  be considered 
f o r  f u t u r e  turbopump designs w h e r e  s t a b i l i t y  is marginal.  Recent s t u d i e s  
nave brought t o  l i g h t  the  p o s s i b i l i t y  t h a t  bear ing  t i l t  or  angula t ion  
through the support ing hydrogen f i l m  could produce d e s t a b i l i z i n g  fo rces  
( R e f ,  16) .  The bending modes occurr ing  a t  the  high speeds may have 
caused the sha f t  bending fo rces  t o  develop bear ing  angula t ion  s u f f i c i e n t  
t o  c r e a t e  t h i s  condi t ion.  

S imi la r ly ,  

This  agrees  wi th  t h e  gen- 
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PROPER TURBINE CARTRIDGE OPERATION 
WITH BALANCE PISTON CENTERING CARTRIDGE 

TURBINE CARTRIDGE OPERATION 
TESTS OD1 TO 010 
CAUSED BY IMPROPER POSITION OF BALANCE P l m N  

ORIGINAL PAGE 13 
OF POOR QUALITY 

INDENTATION RING 
CAUSED BY ID 
OF CARTRIDGE. 
SCUFFING CAUSED 
BY CARTRIDGE 
END SURFACE 

AXIAL 
LOAD 

BRONZE RING 

Figure 132. Turbine Cartridge Posit ion am Function of Balance Pieton 
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TURBINE CARTttlDGE OPERATION WHEN SUBSYNCHRONOUS FIRST APPkARS 

I CONTACT 

TUR6INE CARTRIDGE OPERATION (EXAGERATED) WHEN 
CARTRIDGE ROTATION AND SUBSYNCHRONOUS P9E PRESENT 

ORIGINAL PAGE IS 
OF POOR Q’I4LIW 

Figure 133.  Turbine Cartridge Position During Subsynchronous Vibration Levels 
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NORMAL PUMP CARTRIDGE #)SITION 

PUMP CARTRIDGE TILT CAUSED UY BOTH 
S' N C H F I O W  AND SUBSYNCHRONOOS VlBRAtlON 

Figure 134. Pun,-End Car',rldg? + I \. ViLtr Rotor Bending 
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CONTACT CAUSED BY BOTH SYNCHRONOUS AND SUBSYNCHRONOUS VIBRATION 

CONTACT A R U  

SKETCH Of CASlNG CONTACT AREA 

0.36 IN. 

DISPLACED SILVER 
WRING CONTACT 

Figure 135. Dirplaccd Silver Plating on Pump-End Bearing 
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Synchronous Harmonics of Shaft  Speed 

1. Exact Mul t ip les  of Shaf t  Speed 

Harmonics which were exac t  m u l t i p l e s  of s h a f t  speed were c l e a r l y  d e t e c t -  
ab le  on tests 008, 010, 012. and 014.  A l l  f ou r  tests shaved 2 and 3 
times synchronous v ib rn t ion  above 6283 r a d / s  (60,000 rpm), and test 014 
showed 4 times synchronous (see Fig. 123 through 127). 
nous whi r l  appeared du r ing  tests 012 and 014, t he  harmonics p e r s i s t e d .  
Pump disassembly showed t h a t  these harmonics were i n d i c a t i o n s  of i n t e r -  
s t a g e  l a b y r i n t h  seal rub. These seals show rubbing a t  a l l  times dur ing  
opera t ion  above 6283 r a d / s  (60,000 rpr) and h o s t  heavily dur ing  subsynch- 
ronous whi r l .  The hybrid bear ings  a lone  vere apparent ly  unable t o  l i m i t  
the  s h a f t  bending mode amplitudes s u f f i c i e n t  t o  prevent seal damage. 
I t  is not l o g i c a l  to  assme that these  bear ings  alone could prevent t h i s  
due t o  the  r e l a t i v e l y  l a r g e  mldspan of t h e  r o t o r  between t h e  bearings.  
O t h e r  damping devices  such as s t r a i g h t ,  smooth seals i n  p l ace  of t he  
labyr in th  s e a l s  would provide adequate damping of these amplitudes. 

When subsynchro- 

2.  3/2 Harmbnics of Shaf t  Speed 

During tests 006 and 007, a very unusual 3 /2  mul t ip l e  of s h a f t  speed 
was de tec ted  on the  t u r b i n e  end of the purp when s h a f t  speed was about 
3456 r a d / s  (33,000 rpm).  
explana t ion  f o r  t h i s  frequency has been determined. However, i t  should 
be noted t h a t  when t h i s  haraonic appeared, t h e  pump vas Operating j u s t  
below a 3665 r a d / s  (35,000 rpm) critical speed, which was de tec t ed  dur- 
ing  la ter  tests (see s e c t i o n  on crit ical  speeds).  
not evident on s h a f t  Bently d a t a  and the t r ack ing  of s h a f t  speed ind l -  
c a t e s  a r o t o r  phenomena r a t h e r  than a caelng resonance. 

This is shown in Fig. 136 and 137, and no 

The frequency was 
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General Bearing Car t r idge  PerforPasrrce 

1. - Pump Car t r idge  PerforPance 

The pump end h y d r o s t a t i c  bearing c a r t r i d g e  performed very w e l l  i n  t h e  
0 t o  6807 r a d / s  (0 to  65,000 rpr) range for  a l l  tests. It t racked 
pump speed during s teady state opera t ion  and followed c l o s e l y  during 
pump accelerations and dece lera t ions .  
operated i n  t h e  6807 t o  9425 r a d / s  (65,000 to  90,OOO rpm) range, t h e  
s h a f t  r a d i a l  d e f l e c t i o n s  and angula t ion  combined to  cause c o n t a c t  between 
t h e  c a r t r i d g e  and the  bear ing support  (see Fig. 99, 100 and, 135).  The 
c a r t r i d g e  would then s low dovn and speed up repeatedly u n t i l  t h e r e  
w a s  e s t a b l i s h e d  a new steady state speed a t  some f r a c t i o n  of s h a f t  
speed. This  r e l a t i o n s h i p  also can be seen i n  Fig. 128, 129, and 130 where 
both s h a f t  and c a r t r i d g e  speed are p l o t t e d .  Evidence of t h i s  rubbing 
was discovered during teardown i n  t h e  form of a small amount of s i l v e r  
p l a t i n g  t h a t  had been reaaoved or displaced inward on the  i n l e t  end of 
t h e  bear ing support  (see bottom of Fig. 135). 

However, when t h e  pump w a s  

When t h e  pump c a r t r i d g e  would o p e r a t e  below pump speed but above 
6283 r a d / s  (60.000 rpm), its own v i b r a t i o n  s i g n a t u r e  could be seen as  
s h a m  i n  Fig. 125 for test 012  --vi i n  Fig. 126 and 127 f o r  test 014.  
Its speed would a lso inf luence  shai: r a d i a l  displacement as can be seen 
i n  Fig.  130 where c a r t r i d g e  and shaft speed are p l o t t e d  along with 
d iamet ra l  s h a f t  displacement. 

2. Turbine Car t r idge  Performance 

During tests 001 through 010, t h e  t u r b i n e  c a r t r i d g e  f a i l e d  t o  t u r n  due 
t o  inadequate balance p i s t o n  pos i t ion .  The s h a f t  was moving a x i a l l y  
toward t h e  i n l e t  during s t a r t u p  as shown by t h e  a x i a l  displacement p l o t  
i n  Fig. 138 and 48. 
proximity probe on t h e  pump end, caused t h e  t u r b i n e  bear ing c a r t r i d g e  
t o  p r e s s  a g a i n s t  t h e  Bearium r i n g  which prevented r o t a t i o n  ( see  bottom 
of Fig. 132).  
teardown v e r i f i e s  t h i s  con tac t .  

This movement, which was measured by an a x i a l  

S l i g h t  rubbing marks on t h e  Bearium r i n g  discovered dur ing  

A p a r t i a l  s o l u t i o n  t o  f r e e i n g  t h e  turb ine  c a r t r i d g e  was by changing the 
turb ine  pressure  ratio. The t u r b i n e  pressure  r a t i o  was increased t o  
counterbalance the  ax ia l  load on t h e  turb ine  bear lag  and r e p o s i t i o n  the  
s h a f t  so t h a t  the rurbine c a r t r i d g e  would f l o a t  between i ts  end s t o p s .  
This r e s u l t e d  i n  turb ine  c a r t r i d g e  r o t a t i o n  a t  a f r a c t i o n  of pump speed 
during tests 012 and 014. Figure 129 shows turb ine  c a r t r i d g e  r o t a t i o n  
beginning f o r  test 012 uhen a pump speed of 8011 r a d / s  (76,500 rpm) i s  
reached and s t e a d i l y  i n c r e a s i n g  t o  a maximum of 3665 r a d / s  (35,000 rpm) 
before  t h e  test was cu t .  Fiaure 130 shows similar r e s u l t s  f o r  test  014 
u n t i l  both tu rb ine  and pump c a r t r i d g e  r o t a t i o n  a r e  stopped by l a r g e  s h a f t  
d e f l e c t i o n s .  This  f l e x u r e  caused bear ing c a r t r i d g e  contac t  and has been 
determined t o  have r e s u l t e d  i n  a backward r o t a t i o n  of t he  c a r t r i d g e s  
(see next s e c t i o n ) .  
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3. Backward Rotation of C a r t r i d g e s  

When subsynchronous w h i r l  was encountered dur ing  test 014,  s h a f t  bow 
w a s  of such a magnitude as t o  eventua l ly  bind both hydros ta t ic  
bear ing c a r t r i d g e s .  T h l s  is shown graphica l ly  i n  Fig. 131 where 
measured seal wear has been used t o  make a bowed rotor p l o t .  
Figure 130 shows t h e  pu-p c a r t r i d g e  and t u r b i n e  c a r t r i d g e  sropping 
2 .2  and 3.4 seconds, respec t ive ly .  a f t e r  t h e  i n s t a b i l i t y  appeara. 
binaing produced a slow backvard rotation of each c a r t r i d g e  dependent 
on t h e  relative diameters  of t h e  c a r t r i d g e s  and bear ing  suppor ts  and 
t h e  subsynchronous v i b r a t i o n  frequency. Evidence of t h e  ber inning of 
backward r o t a t i o n  can be seen i n  t h e  top of Fig. 139, which shows t h e  
wave form from each c a r t r i d g e  speed probe when r o t a t i o n  reverses .  
bottom of Fig.  139 shows t h e  mechanism involved us ing  synchronous vibra-  
t i o n  a s  t he  force causing cartridge-to-support  contac t .  
and 141 show t h e  c a l c u l a t i o n  of backward r o t a t i o n  speed for both car- 
t r i d g e s  using t t e  synchronous and subsynchronous f requencies  from 
test 016 a s  t h e  d r i v e r .  Comparison with t h e  measured ,?eeds i n d i c a t e  
t h a t  t h e  subsynchronous v i b r a t i o n  was t h e  p r i n c i p l e  l r i v e r  maintaining 
cartridge-to-support  contac t  12.3 r a d / s  (118 rpo) medsured and 12 .7  r a d / s  
(121 r p )  c a l c u l a t e d  f o r  t h e  pugp-end bear ing,  and 10.2 t o  15 r a d / s  
(97 t o  143 rpm) measured and 11.6 r a d / s  (111 rpm) c a l c u l a t e d  f o r  t h e  
turbine-end bear ings) .  

T h i s  

The 

Figures  160 

Rotordynamic Analysis Conclusions 

1. Comparison of t h e  c r i t i c a l  speeds detec ted  dur ing  t e s t i n g  wi th  t h e  
a n a l y t i c a l  p red ic t ions  was hampered by t h e  t u r b i n e  end c a r t r i d g e  
unknown s p r i n g  rate due t o  axial loading. It was determined, however, 
t h a t  the two c r i t i c a l  speeds de tec ted  d i d  correspond t o  t h e  second and 
t h i r d  a n a l y t i c a l  s h a f t  modes. 

2. A subsynchronous whi r l  was encountered on t h i s  turbopump a t  high speeds 
with t h e  i n t e r n a l l y  suppl ied f l o w  condi t ions.  
varied from 47 t o  54% of s h a f t  speed and corresponds well t o  t h e  second 
predicted c r i t i c a l  speed. Rotordynamic p r e d i c t i o n  of t h i s  i n s t a b i l i t y  
i n  advance was not p o s s i b l e  due to the  na ture  of t h e  hydros ta t ic  bear- 
tug and s h a f t  speed d i f f e r e n c e s  encountered in t h e  tests. lmprovement 
in the s t a b i l i t y  margin can be achieved on a r o t o r  design of t h i s  t v p e  
by t h e  addi t ion  of damping in t he  r o t o r  midspan at t h e  seals. Thls  
turbopump modif icat ion w i l l  provide s t i f f n e s s  and damping a l l  along 
the midspan o f  t he  r o t o r  and not fo rce  t h e  hvbrid bear ings t o  assume 
a l l  t he  r e s p o n s i b i l i t y  f o r  damping. 

The frequency of whir l  

3 .  Thc hvhrid bear ing r o t o r  assembly could not s u f f i c i e n t l y  c o n t r o l  
synchroimus r a d i a l  s h a f t  def 1ec.tions due t o  r o t o r  unbalance or mis-  
alignment when r o t o r  speed exceeded 7330 r a d / s  (70,000 rpm). This ,  
again,  mav have been due t o  a lack of s t i f f n e s s  and damping along the  
midspan o f  t h e  r o t o r .  
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CALCULATED SPEED 

SHAFT SPEED = 9008 r d s e c  (86,ooO RPM) 
DIAMETRAL CLEARANCE = (0.ocWS INCH) 0.1246 mm 
BEARING ID = (1.744 INCH) 4.430 cm 
CARTRIDGE OD = (1.7391 INCH) 4.417 an 

E -  10*mg) (86,OOO) = (242 RPM) 25.3 radh 
CARTRIDGE SPEED 
WITH SYNCHRONOUS DRIVER (1.7391) 

6 -  (0*0049) (43,000) = (121 RPM) 12.7 r i d s  
CARTRIDGE SPEED 
WITH SUBSYNCHRONOUS DRIVER (1.7391) 

MEASURED CARTRIDGE SPEED = (118 RPM) 12.4 rad/$ 

Figure 140. Pump-End Cartridge Backward Rotation 
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CONTACT\ 

CONTACT 

CALCULATED SPEED 

SHAFT SPEED = gooli r d m c  (Se,ooO A M )  
DIAMETRAL CLEARANCE (0.0016 INCH) 0.1113 mm 
BEARING 1.0. - (1.744 INCH) 4.430 
CARTRIDGE O.D. - (1.7306 INCH) 4.418 mm 

I (o'oo46) (88,OW) = (222RPM) 2 3 . 2 r d ~  
CARTRIDGE SPEED 
WITH SYNCHRONOUS DRIVER ( 1 . 7 s )  

(o*oo46) (43,000) - (111 RPM) 11.6 rrd/setc 
CARTRIDGE SPEED 
WITH SUBSYNCHRONOUS DRIVEH =- 

MEASUREDCARTRIDGE SPEED - (97 TO 143 RPM) 10.2 TO 16.0 d a o c  

Figure 141. Turbine-End Cartridge Backward Rotation 
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4. The balance p i s ton  was incapable  of c o n t r o l l i n g  s h a f t  axial  movement 
well  enough to p e r m i t  proper t u rb ine  bear ing  opera t ion .  This  was 
caused by rubbing of the  high-pressure o r i f i c e  a t  s t a r t u p  on i n i t i a l  
tests. The rubbing wore the  high-pressure o r i f i c e  (Fig. 58) 80 t h a t  t he  
shh f t  was requi red  t o  ope ra t e  f u r t h e r  forward toward the  pump end. This  
caused the  turb ine  c a r t r i d g e  end t o  contac t  t he  forward s t o p  and prevent 
ro t a t ion .  Th i s  r e s u l t  caused the  ope ra t ing  condi t ions  not t o  conform 
to those used i n  the  rotordynamic p red ic t ions ,  thereby making d i r e c t  
c o r r e l a t i o n s  without f u r t h e r  a n a l y t i c a l  e f f o r t  imprac t ica l .  

Rotordynamic Analysis  Recommendations 

1 .  A l l  a n a l y t i c a l  work done previously assumed c a r t r i d g e  r o t a t i o n  f o r  
both bear ings.  The loca t ion  of the  c r i t i c a l  speeds for the  combined 
condi t ion  of unnatura l ly  high bear ing  supply pressures  and the  a x i a l l y  
loaded turb ine  end bear ing  should be determined a n a l y t i c a l l y ,  i f  possi-  
b l e ,  and compared t o  the test  r e s u l t s .  

2.  F u r t h e r  s tudy should be made tc  measure or c a l c u l a t e  the d i f f e r e n c e  
i n  t h e  r e s i s t a n c e  t o  s h a f t  t i l t  or angula t ion  between duplex b a l l  
bear ings and hydrosta t i c  bear ings.  

3. The s t a b i l i t y  e n a l v s i s  should be s tud ied  t o  determine vhy the  i n s t a b i l i t y  
encountered a t  8168 rad/$ (78,000 rpm) was not pred ic ted  t o  occur mt i1  
11,536 r e d / s  (120,000 rpm). S t a b i l i t y  a n a l y s i s  is dependent on t h e  
d i r e c t  and cross-coupled c o e f f i c i e n t &  predic ted  f o r  t he  model. Ques' tons 
a r i s e  as t o  the accuracy of pred ic ted  va lues  which m u s t  be  v e r i f i e d  by 
t e s t i n g .  The a n a l y s i s  should then be re-evaluated t o  match test results. 
T h i s  may r equ i r e  cons iderable  in-depth a n a l y s i s  due t o  t h e  lack  of tur -  
bine c a r t r i d g e  r o t a t i o n  du r ing  w h i r l  incept ion .  The p o s s i b i l i t y  of 
bearing c a r t r i d g e  t i l t  o r  angula t ion  adding t o  the  d e s t a b i l i z i n g  fo rces  
is also a ques t ion  t h a t  should be addressed (Ref. 16). I n  t he  des ign  of 
a turbopump of t h i s  type,  damping need not be provided exc lus ive ly  a t  
the bear ings.  

4. I n  a turbopump of t h i s  type,  wi th  a l a rge  span between bear ings,  the  
p o s s i b i l i t y  of using s t r a i g h t ,  smooth seals  i n  p lace  of t he  l abvr in th  
s e a l s  t o  con t ro l  s h a f t  d e f l e c t i o n  should be seriously considered. Any 
pump assembled with hybrid bear ings i n  the  f u t u r e  should have evaluated 
t h e  use o f  damping-type, s t r a i g h t ,  smooth pump i n t e r s t a g e  seals.  The 
added damping i n h e r . n t  i n  t h i s  t y p e  of seal would be placed a t  t he  idea l  
locat inns for maximum e f f e c t i v e n e s s  and would provide g r e a t e r  s t a b i l i t y  
margin without a s ingi i lar  r e l i ance  on the  hybrid bear ing only t o  achieve 
t h t s  result. 



Turbopump Performance - Turbine 

During t e s t i n g  of t he  hybrid bear ing  turbopump, t h e  t u r b i n e  working f l u i d  was 
gaseous hydrogen. The tu rb ine  p re s su re  ratio was increased  between s e v e r a l  tests 
by reducing t h e  exhaust system re s i e t ance .  
t h r u s t ,  which was requi red  t o  unload t h e  tu rb ine  hydros t a t i c  oearing c a r t r i d j p  t o  
permit cartr idge r o t a  t ion. 

Th i s  was to  inc rease  t u r b i n e  a x i a l  

The tests were conducted i n  t h e  following t h r e e  series: 

1. Tests 001 t o  010 were run with t a r g e t  speeds from 2618 t o  8378 r a d / s  
(25,000 t o  80,000 rpm), t o t a l - t o - t o t a l  p ressure  r a t i o  of 1.45 ,  and 9 
holes  in  t h e  tu rb ine  exhaust o r i f i c e .  

2 .  Test 011 was run with target,  speeds of 4712 t u  6807 r ad /e  (45,000 t o  
65,000 rpm), t o t a l - to - to t a l  p ressure  r a t i o  of 2-0, and 13 ho les  i n  t h e  
tu rb ine  exhaust o r l f  ice. 

3.  Tests 012 and 014 were run wi th  t a r g e t  speeds of 4712 t o  9425 r a d / s  
(45,000 t o  90,000 rpm), t o t a l - t o - t o t a l  p re s su re  r a t i o s  2.5 and 2.95 ,  
and 17 holes  i n  the  tu rb ine  exhaust o r l f i c e .  

The a n a l y s i s  was performed f o r  each poin t  €or a range of t u r b i n e  speeds f r o n  
6283 t o  9425 r a d / s  (60,000 t o  90,000 rpm) a t  e teady-s ta te  condi t ion ,  and t h e  
to t a l - to - to t a l  p ressure  r a t i o s  from 1.45 t o  2.95 ,  and based on tests 008,  012, 
and 014 which achieved over 6283 rc\d./s (60,000 rpm). 

Turbine e f f i c i e n c y  could not be determined accu ra t e ly  because t h e  e f f e c t a  of t h e  
hydros t a t i c  bear ing  flows, overboard flows, and t u r b i n e  seal leakage on tu rb ine  
output power could not be evaluated accurately. Turbine power ca l cu la t ed  from t h e  
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measured tu rb ine  temperature droF W a c ?  no t  r e p r e s e n t a t i v e  e i t h e r ,  because t h e  
tu rb ine  seal leakage i n t o  t h e  turLine  reduced t h e  measured tu rb ine  o u t l e t  
temperature. 

An estimate of t u rb ine  output power w a s  made which par t ia l ly  accounted f o r  t h e  
h y d r o s t a t i c  bear ing  flows. The es t ima te  gave an approximate i n d i c a t i o n  of t h e  
t u r b i n e  e f f i c i e n c y  t r e n d s  f o r  opera t ion  a t  t h e  h igher  t u rb ine  p re s su re  r a t i o s  
(design pressure  r a t i o  equal led  1.443 t o t a l - t o - t o t a l ) .  
estimated from t h e  pump hydraul ic  power divided by t h e  measured pump i s e n t r o p i c  
e f f t c i e n c y .  
c o s t s  ft.im t h e  hydros t a t i c  bearing flow. 

Turbine output  power was 

Pump hydraul ic  power was modified t o  p a r t i a l l y  account f o r  t h e  power 

Test 008 w a s  run with the  e x t e r n a l  hydros t a t i c  bear ing  supply sys tem,  
power w a s  not a f f e c t e d  by t h e  pump-end bear ing  ex te rna l  supply because t h e  sys tem 
had an e x t e r n a l  supply and dra in .  
bear ing  ex te rna l  flow sys t em becarise t h e  measured bear ing  flow was drained i n t o  
t h e  second-stage impeller :?let and passed through t h e  second and t h i r d  pump 
s t a g e s  and w a s  included i n  t h e  d ischarge  v e n t u r i  measured flow. The a c t u a l  
hydraul ic  power was reduced by t h e  t u r b i n e  bear ing  flow mul t ip l i ed  by one-third 
of t he  pump o v e r a l l  head rise f o r  t h e  f i r s t - s t a g e  impeller t h a t  d id  not  pump t h e  
tu rb ine  bearing flow. 

Hydraulic 

Hydraulic power w a s  a f f e c t e d  by t h e  tu rb ine  

Tests 012 and 014 were run with t h e  i n t e r n a l  h y d r o s t a t i c  bear ing  supply system. 
The pump-end bearing flow was tapped o f f  downstream of t h e  f i r s t - s t a g e  impel le r ,  
was measured, then passed through t h e  hydros t a t i c  bear ing  t o  an  overboard d r a i n .  
The f i r s t - s t a g e  pump flow was then t h e  measured d ischarge  flow p l u s  t h e  measured 
pump-end bear ing  flow. 
flow through the  pump f i r s t  s t age .  The turbine-end h y d r o s t a t i c  bear ing  flow was 
tapped-off downstream of t h e  pump d ischarge ,  bu t  u p s t r r a  o€ t h e  d ischarge  flow 
measuring v e n t u r i .  
i n t o  t h e  second-stage impeller i n l e t .  The r e c i r c u l a t e d  t u r b i n e  bear ing  flow 
added hea t  t o  t h e  measured d ischarge  flow, which is accounted f o r  i n  t h e  pump 
measured i s e n t r o p i r  e f f i c i e n c y  es with  t h e  balance p i s t o n  r e c i r c u l a t e d  flow. 
hydraul ic  power was not ad jus ted  for the tt lrbine bear ing  flow. 

Pump hydraul ic  power was adjus ted  f o r  t h e  pump-end bear ing  

Af ter  pass ing  through the  hydros t a t i c  be: :kg, it was drained 

The 

Turbine e f f i c i e n c y  d a t a  c s i n g  t h e  estimated absorbed power discussed above and t h e  
a v a i l a b l e  tu rb ine  power were p l o t t e d  i n  Fig. 142. 
c h a r a c t e r i s t i c  is ohown referenced t o  t h e  test 008 average po in t .  
near t h e  tu rb ine  design pressure  r a t i o .  
higher pressure  r a t i o  tests i n  Fig.  142. 

The tu rb ine  c a l i b r a t i o n  curve 

An e f f i c i e n c y  decrease  is shown f o r  t h e  
Test 008 was 

An e f f i c i e n c y  r a t i o  w a s  formed i n  Fig.  143 t o  compare t h e  estimated test performance 
with the  c a l i b r a t i o n  curve c h a r a c t e r i s t i c  using the test  008 po in t  near t h e  design 
pressure  r a t i o  as the  re ference .  An e f f i c i e n c y  decrease  of 4% is shown a t  a pres- 
sure r a t i o  of 2.54. A 15% decrease  i s  shown f o r  a pregsure r a t i o  of 2.95. 

Turbine pe r fo rmnce  would tend t o  decrease  wi th  inc reas ing  p res su re  r a t i o  beyond 
the  design value due t o  higher loading and Mach numbers i n  t h e  blading. The 
tu rb ine  t i p  s e a l s  and i . l t e rs tage  s e a l s  were found damaged by rubbing during post-  
test turbopump disassembly. Turbine seals dawage would a l s o  reduce e f f i c i e n c y  and 
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by a g r e a t e r  amount a t  higher  pressure  ra t i  . The e f f e c t  or' increas ing  
pressure  r a t i o  on e f f i c i ency  could not  be  e s t ab l i shed  accu ra t e ly  because of 
t he  t i p  seal dauiage. 

Turbine f i r s t - s t a g e  nozzle  o u t l e t  c a v i t y  p re s su re  w a s  measured and r a t i o e d  wi th  
tu rb ine  i n l e t  p ressure  and o u t l e t  p ressure  and p l o t t e d  versus o v e r a l l  turbine 
pressure r a t i o  i n  Fig. 144. 
nozzle  o u t l e t  p ressure  r ep resen t s  an approximation of f i r s t - s t a g e  loading. 
r a t i o  of t h e  f i r s t - s t a g e  nozzle  o u t l e t  p re s su re  t o  t h e  t u r b i n e  o u t l e t  p re s su re  
represents  an approximation of second-stage loading since t h e  second nozzle  o u t l e t  
area is smaller  than t h e  first and second s t a g e  r o t o r  o u t l e t  areas. 
s t age  loading was l imi t ed  as o v e r a l l  p ressure  ratio increased by t h e  small second 
s t age  nozzle o u t l e t  area designed f o r  low-pressure r a t i o  opera t ion .  
i nd ica t e s  increased second-stage loading and tu rb ine  a x i a l  t h r u s t  with increased 
o v e r a l l  p ressure  r a t i o .  

The ratio of t u r b i n e  inlet pressure  t o  t h e  f i r s t - s t a g e  
The 

The f i r s t -  

The p l o t  

A flow parameter map ca l cu la t ed  from t h e  tu rb ine  of f -des ign  computer program w a s  
e s t sb l i shed  f o r  t o t a l - to - to t a l  p ressure  r a t i o s  from 1.3 to  2 . 2 ,  whicli is the  
h ighes t  p ressure  r a t i o  obta inable  from t h e  program. 
da t a  from tests 008, 012, and 014 w e r e  compared with t h e  flow parameter map 
shown i n  Fig. 145. Excel lent  agreement is shown f o r  t h e  test va lues  with t h e  map. 
The flow parameter c h a r a c t e r i s t i c  f o r  an  overall p re s su re  r a t i o  of 2.2 is shown 
t o  represent  t he  flow parameter d a t a  up t o  a p res su re  r a t i o  of 3.0. 

The t u r b i n e  flow parameter 

A conformance r a t i o  w a s  ca l cu la t ed  which is defined as t h e  test flow parameter 
( f w l )  tests, divided by t h e  ca l cu la t ed  fwl emp determined a t  the test speed 
parsmeter and pressure  r a t i o .  
r a t i o  as shown i n  Fig. 146. 
and pressure  r a t i o s  shown. 

The da ta  are p l o t t e d  as a func t ion  of pressure  
Good a g r e m e n t  is shown f o r  t h e  l a r g e  range of speeds 

Turbopump Performance - Pump 
The pump performance w a s  analyzed f o r  t h e  hybrid bear ing  test t o  v e r i f y  t h a t  t h e  
performance was not impaired wi th  t h e  use  of hydros t a t i c  bear ings .  
cons idera t ion  w a s  t h e  e f f e c t  of t h e  hydros t a t i c  bear ing on pump head. 
the hydros t a t i c  bear ing flow was suppl ied from an  e x t e r n a l  source.  
bear ing,  most of t h i s  flow is drained overboard and does not  e f f e c t  t h e  impeller 
through flow. On t he  turbine-end; however, t h e  major po r t ion  of t h e  hydros t a t i c  
bear ing flow r e t u r n s  t o  the  second-stage impeller i n l e t ,  and adds to  t h e  n e t  flow 
i n  the  second- and th i rd-s tage  impel le rs ,  and is measured as t h e  volumetric flow 
i n  the pump discharge ven tu r i .  Due t o  the  lower flow through t h e  f i r s t  impel ler  
s t age ,  ( thus  developing higher  pressure  rise) it would be expected t h a t  t h e  o v e r a l l  
head f o r  the pump on test 008 would be s l i g h t l y  h igher  than on previous test da ta .  
This  i s  the  case as is shown i n  Fig. 147. S imi l a r ly ,  as the  i n t e r n a l  flow tests 
012 and 014 were run,  t he  f i r s t - s t a g e  impel ler  supp l i e s  t h e  pump-end hydros t a t i c  
bear ing,  then drops overboard. 
off  the pump discharge l i n e  before  i t  i s  measured and routed t o  t h e  hydros t a t i c  
bearings.  In  a l l  cases ,  the  Impeller flow is g r e a t e r  than t h e  measured va lues  
by the  hydros t a t i c  bear ing flow. 
s ta t ics ta t ic  bear ing flow by approximately lo%, t h e  d a t a  of test 012 and 014 
matches f a i r l y  w e l l  wi th  the  test  d a t a  of previous turbopump tests with conven- 
t i o n a l  bear ings (Ref. 1). 

The f i r s t  
In test 008, 

On t h e  pump-end 

The turbine-end hydros t a t i c  bear ing flow is tapped 

I f  t he  sca led  f lowra te  is adjus ted  f o r  t he  hydro- 
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The pump pressure  rise of t h e  t u r b o p u q  is p l o t t e d  as a func t ion  of t h e  d ischarge  
flow i n  Fig. 148. The d a t a  for 1979 turbopump tests are given to use as a refer- 
ence for  conventional b a l l  bear ings.  The hydros t a t i c  bear ing  d a t a  are given f,.r 
t h r e e  test speeds. T e s t  012 d a t a  vere taken a t  8432 t o  9320 r a d / s  (81,000 t o  
89,000 rpm) and is sca l ed  t o  9948 r a d / s  (95,000 rpm). 
a t  7665 t o  8063 rad/s (73,000 t o  77,000 rpm) and is  sca l ed  t o  7854 rad/s (75,000 
rpm). 
and are sca led  t o  6283 r a d / s  (60,000 rpm). 
flow performance matches t h a t  of t he  previous turbopump tests d a t a  I f  t h e  e f f e c t  
of t h e  h l d r o s t a t i c  bear ing flow I s  accounted f o r  on tests 012 and 014. 
be concluded from t h i s  t h a t  the  head-flow performance of t h e  turbopump was 
repea tab le  between t h e  conventional and hybrid bear ing tests i f  t he  hydros t a t i c  
bear ing flow r e c i r c u l a t i o n  e f f e c t  is accounted f o r .  It  must be noted, however, 
that  any flow rec i r cu la t ed  wi th in  the  turbopump results In a penal ty  of e f f l c i e n c y  
due t o  t h e  f l u i d  power loss involved. 

Test 014 d a t a  were taken 

The d a t a  of test 008 were taken a t  test speeds near 6493 r a d / s  (62,000 rpa) 
A l l  t he  d a t a  i n d i c a t e  t h a t  t he  pump head 

It can 
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CONCLUDING REMARKS 

The test program and the  a n a l y s i s  of the r e s u l t s  of t he  tests of hybrid hydro- 
s t a t i c l b a l l  bearings i n  a turbopump environment has been very successfu l .  The 
s p e c i f i c  requirements of ope ra t ion  of t he  hybrid bea r ing  wi th in  a turbopump 
r e s u l t e d  i n  an enhanced understanding regard ing  t echn ica l  a p p l i c a t i o n s  of t hese  
bear ings  t o  high-speed turbomchinery .  One of t h e  major b e n e f i t s  seen  wa8 t h a t  
opera t ion  of the  pump-end hybrid bear ing  t o  approximately 7330 r a d / s  (70,000 rpm) 
was c o n s i s t e n t l y  achieved, thus  proving the  f e a s i b i l i t y  of hybrid bear ing  opera- 
t i on .  Although the  t a r g e t  speed of 9948 r a d / s  (95,000 r p )  was not achieved, 
a b e t t e r  understanding as t o  t h e  speed-limiting b a r r i e r s  that must be overcome 
f u r t h e r  d e f i n e  t h e  advanced technology requi red  f o r  hybrid bear ing  app l i ca t ion .  
Several  major a r e a s  t h a t  r equ i r e  improved technology are evident  f r m  t h i s  
program. One is the a b i l i t y  t o  accu ra t e ly  and quickly p r e d i c t  a l l  t he  d i r e c t  
and cross-coupled s t i f f n e s s  aqd damping parameters f o r  a given hydros t a t i c  
bear ing  environment. 
i n t o  an accura te  rotodypamic model t h a t  can d e f i n e  r o t o r  resonance condi t ion  
and s t a b i l i t y  l i m i t s  f o r  the  ope ra t ing  cond i t ions  imposeC. Another is t h e  
design of a turbopunp t h a t  w i l l  have enough axial  t r a v e l  t o  provide s u f f i c i e n t  
end-play f o r  t h e  hydros t a t i c  j o u r n a l s  or c a r t r i d g e .  

The second is t o  be a b l e  t o  inco rpora t e  a l l  t he  parameters 

The t e s t i n g  and a n a l y s i s  has led  t o  t h e  following s p e c i f i c  conclus ions  and 
recommendations : 

1. Hybrid h y d r o s t a t i c l b a l l  bear ings  are f e a s i b l e  f o r  use i n  high-speed 
turbopump app l i ca t ion .  
t i o n  i n  s t a r t u p  and a c c e l e r a t i o n  as w e l l  as i n  s t eady- s t a t e  speeds 
of up t o  7330 r a d / s  (70,000 rpm). 
bear ings  t o  ope ra t e  above t h i s  speed w a s  due t o  rotodynamic 
l i m i t a t i o n s  . 

The tests have shown very s a t i s f a c t o r y  opera- 

The i n a b i l i t y  of t h e  hydros t a t i c  

2. Hydros ta t ic  bear ings  pressure  and flaw i n t e r n a l l y  suppl ied  t o  t h e  
bear ings  by the punp i t s e l f  is r e l a t e d  t o  prplp s h a f t  speed. As a 
r e s u l t ,  t he  bea r ing  s t i f f n e s s  and c r i t i c a l  speeds inc rease  as the  
s h a f t  speed increases. I f  t he  rotodynamic des ign  is developed 
properly so t h a t  t he  r o t o r  n a t u r a l  frequency p a r a l l e l s  t h e  s h a f t  
speed i n  t h e  ope ra t ing  range without matching i t ,  the  c r i t i c a l  
speed can be avoided and r e s u l t  in a smoothly ope ra t ing  turbopump. 
Care must be taken, hovever, in the des ign  of t h e  system. As t h e  
s h a f t  speed inc reases ,  the bear ing  d i r e c t  and cross-coupled s t i f f n e s s  
and damping inc rease  a s  w e l l ,  bu t  they may a l s o  combine t o  cause the  
s t a b i l i t y  l i m i t  t o  reduce w i t h  speed increase .  I f  t h i s  is the  c a s e ,  
i t  may a l s o  r e q u i r e  the  use  of o the r  s t a b i l i z i n g  devices  such as 
s t r a i g h t  smooth seals independent of t h e  hydros t a t i c  bear ing  t o  improve 
s t a b i l i t y  a t  high speed. 
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3.  The proper rotordynamic design of a given turbopump is dependent 
on the  accuracy of p red ic t ion  of the d i r e c t  and cross-coupled 
s t i f f n e s s  and damping c o e f f i c i e n t s  during operat ion.  Also required 
is the  a b i l i t y  t o  i n t e g r a t e  the  coupled hybrid bear ing (hydros t a t i c  
bear ing  and b a l l  bear ing)  dynamic c o e f f i c i e n t s  i n t o  (and the  accuracy 
of t h e  development o f )  t he  r o t o r  dynamics model. The accuracy 
of p red ic t ing  t h e  dynamic c o e f f i c i e n t s  has  been found lacking as 
v e r i f i e d  by the  review of the  l imi t ed  tes t  da ta .  Addit ional  t e s t i n g ,  
measurement, and ana lys i s  of d i r e c t  and cross-coupled s t i f f n e s s  and 
damping c o e f f i c i e n t s  i n  a tester s p e c i a l l y  designed f o r  t h i s  func t ion  
is requi red  before  a n a l y t i c a l  p red ic t ions  r e l a t i n g  t o  a turbopump 
r o t o r  can be t ru s t ed .  

4. T!,e a c t u a l  measured values  of f lowra te  were lower than the  a n a l y t i c a l  
p red ic t ions .  The aaialysis of t he  test  da t a  has resu l ted  i n  an 
empir ica l ly  der ived roughness co r rec t ion  parameter, which seems t o  
provide b e t t e r  a n a l y t i c a l  accuracy. The method accounts f o r  t h e  
e f f e c t i v e  roughness based on the  o v e r a l l  pad and bear ing  configura- 
t i on .  
test  da t a  as they become ava i l ab le .  The turbopump performance d a t a  
show the  performance penal ty  f o r  using hydros t a t i c  hear ings  is not 
g rea t .  The inherent  speed increase b e n e f i t  of a hybrid bear ing  
turbopump can a l s o  r e s u l t  i n  improved e f f i c i e n c y  and pay back the  
r e s u l t a n t  l o s s  now shown i n  performance. 

T h i s  method should be developed f u r t h e r  and v e r i f i e d  by f u r t h e r  

5 .  The tes t  r e s u l t s  of t he  pump-end bear ing c a r t r i d g e  d a t a  show t h a t  
it was capable of t racking  the  s h a f t  speed r o t a t i o n  t o  approximately 
7330 r ad / s  (70,000 rpm) f o r  t h e  design r a d i a l  clearances and con- 
f i g u r a t i o n  t e s t ed .  The r o t a t i o n  of t h e  c a r t r i d g e  was, however, 
impaired above t h i s  speed by high s h a f t  o r b i t i n g  and housing 
v ibra t ior ,  l e v e l s  caused by unplanned r o t o r  behavior p a r t l y  due t o  
the tu rb ine  end bearing. It is concluded t h a t  car t r idge-to-shaf t  
speed matching could occur a t  even h igher  s h a f t  speeds than obtained 
i n  these  tests i f  r o t o r  o r b i t  l e v e l s  and casing v i b r a t i o n  l e v e l s  
were reduced. The c a r t r i d g e  speed slowdown a t  h igher  speeds is 
caused pr imar i ly  by c a r t r i d g e  t o  bear ing  contac t  f0rce.d by l a r g e  
radial  s h a f t  movements and bending modes. This speed threshold 
a l s o  i s  determined t o  be a func t ion  of r a d i a l  c learance  and the  
d i s t r i b u t i o n  of c learance  wi th in  the annulus. 
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6 .  The r e s u l t s  of t h e  assembly, ana lys i s ,  and t e s t s i n d i c a t e  t h a t  t he  
balancing of t h e  r o t o r  dur ing  assembly is very c r i t i c a l  t o  t h e  
success  of t h e  program. This  poses a problem i n  t h a t  the nmber  
of r o t o r  components r e q u i r e s  a procedure t o  balance several p lanes  
dur ing  assembly so a s  not t o  in t roduce  moment imbalance between 
the r o t o r  components. In-housing o r  in-place balancing of t h e  r o t o r  
would e lso  be h e l p f u l  t o  e l imina te  the  balance changes inherent  
i n  the f i n a l  in-housing assembly process.  Another problem occurr ing  
wi th  the  balance of the  hybrid bear ing  r o t o r  (which inc ludes  the  
b a l l  bear ings  and c a r t r i d g e s )  is  the  deadband a s soc ia t ed  wi th  t h e  
bear ing  ou te r  race  OD t o  t h e  c a r t r i d g e  ID. Care must be taken t o  
minimize the  deadband and check balance the  r o t o r  and c a r t r i d g e s  
i n  d i f f e r e n t  pc\wltions t o  minimize the  inherent  (bu i l t - i n )  imbalance. 

7.  A l l  the  r e s u l t s  of t he  t e s t i n g  of the  hybrid hydros t a t i c  bear ings  
i n d i c a t e  t h a t  t he  bear ings  are extremely rugged and, w i th  s o l u t i o n  
t o  the  dynamics problems, w i l l  provid; a very long l i f e .  The b a l l  
bear ings  from the  turbopump tests were found t o  be i n  e x c e l l e n t  
condi t ion  a f t e r  14 starts and 1260 seconds of opera t ion .  Part  of t h e  
bene f i t  of the hybrid bear ing  lies i n  its inherent  "clutch-like" 
c a p a b i l i t y  t o  a c t  as a ba l l -bear ing  i f  needed and t o  a c t  as a hydro- 
s t a t i c  bear ing  when c a l l e d  upon. 

8. I t  is concluded t h a t  one of t h e  major i nhe ren t  design problems 
a s soc ia t ed  wi th  the  hybrid h y d r o s t a t i c  bear ing  is the  requirement 
f o r  f r e e  end play so as no t  t o  i n t e r f e r e  wi th  r o t a t i o n .  To ensure  
end p lay ,  i t  is p re fe r r ed  that the bear ing  no t  have r e s p o n s i b i l i t y  
t o  con t ro l  t he  t r a n s i e n t  a x i a l  t h r u s t  loads that a balance p i s ton  
may not be a b l e  t o  con t ro l .  
i nc lus ion  of a t-asslent t h r u s t  bear ing  o r  o the r  t r a n s i e n t  c o n t r o l  
methods. I f  t h t  ,tybrid bear ing  is  t o  be respons ib le  f o r  t h a t  duty, 
i t  is importarit t h a t  t h e r e  be enough a x i a l  forg iveness  i n  t h e  balance 
p i s ton  system t o  ensure adequate end p lay  margin over t h e  ope ra t ing  
l i f e  of the  turbopmp. 

This problem can be overcome wi th  
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Bxx = d i r e c t  damping c o e f f i c i e n t  , lb-sec / in .  

Bxx = dimensionless d i r e c t  damping c o e f f i c i e n t  = 6)  CLL R 
C = clearance,  inches 

3 - 

D = journaL dameter, inches 
FR = f r i c t i o n  coe f f i c i en t  

g = grav i t a t iona l  constant  = 386.4 ids2 

G = turbulence v i s c o s i t y  co r rec t ion  f a c t o r  
P 

L = bearing length,  inches 

L* = f l u i d  f r i c t i o n  length,  inches 

La 

Lc = recess  cLrcumferentia1 length ,  inches 

L = recess  a x i a l  width, inches 

= a x i a l  length from r eces s  t o  end of bear ing,  inches 

P 

m = mass f lowrate ,  l b / s  

- 
L - K ( 5 )  (1 - p 

= dimensionless mass f lowrate  = 3- m 
gGpPc PR (Ps-Pa) 

n = number of rows of recesses  

N~ = shaf t  speed, rpm 

Nc = ca r t r idge  speed, rpm 

Pa = ambient p re s su re ,  p s i a  

P r  = recess  pressure, p s i a  

PS = supp ly  pressure,  psis 

Rf Pr-Pa - 
Ps-Pa PR = pres su re  ratFo = - 

Rf + Ro 
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R = journal radius, inches 

ORlGlNAL PAGE IS 
OF POOR QUALITY 

Ua2CP 
Ra = axial flow Reynolds No. - - 

CI 
2c 3 p(Ps-Pa)FR 

R* - Poiseuille Reynolds nunber = 
B2(1  - p> L e 

n 

2 2 Rf = film resistance, S /lb-in. 

Rf = dimensionless f i l m  resistance = 
- 

2 2 Ro = orifice resistance, S /lb-in. 
m 
I 

Ro = dimensionless orifice resistance = (Pa-Pa) Ro 

UrCP 
R, = rotational Reynolds number = - CI 

T = temperature, R 
Ua = axial velocity, in./sec 

Ur = circumferential velocity, in./sec 

X = number of recesses 

nL 

L 
- y = recess parameter = 2 

ClwR.L A = bearing number = --- 
G C *  (Ps-Pa) 

F 
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