


NASA CR-923 

TWO-STAGE POTASSIUM TEST TURBINE 

Volume I1 

Mechanical Design and Development 

By H. E. Nichols and R. W. Fink 

Distribution of this report is provided in the interest of 
information exchange. Responsibility for the contents 
resides in the author or organization that prepared it. 

Prepared under Contract No. 
GENERAL ELECTRIC '% 

Cincinnati, Ohio 

for Lewis Research Center- A 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

For sale by the Clearinghouse for Federal Scientific ond Technical Information 
Springfield, Virginia 22151 - CFSTI price $3.00 





c 

FOREWORD 

The work described in this report is part of the Two-Stage Potassium 
Test Turbine Program conducted by the Space Power and Propulsion Section 
of the General Electric Company for the National Aeronautics and Space 
Administration under Contract NAS 5-1143 for the design, manufacture and 
testing of a two-stage turbine, using potassium vapor as the working fluid. 
The contract effart covered the period of May 8, 1961 to January 28, 1966. 
This work was carried out under the Technical Management of Joseph P. 
Joyce of NASA -Lewis Research Center, Space Power Systems Division. 
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ABSTRACT 

This report is one of a ser ies  of reports describing the design and devel- 
opment of a two-stage, Rankine cycle turbine for operation with potassium 
vapor. This volume presents the turbine mechanical design and describes a 
three -phase development test program comprising steam and air testing, 
potassium vapor performance testing, and a 2000-hour endurance test with 
turbine inlet potassium vapor at 1500' F. 

blades were inserted in the second stage to observe any effects of corrosion 
and/or erosion . 

test were: 

A s  part of the endurance testing, four each of TZM and TZC molybdenum 

The average weight changes of the rotor blades during the endurance 

Stage 1 (U-700) -0.304% 
Stage 2 (U-700) -0.019% 

Stage 2 (TZC) -0.102% 
Stage 2 (TZM) -0.105% 

The testing demonstrated minimal deterioration of the turbine parts in 
2 100 hours of vapor operation, and demonstrated the feasibility of long -time 
operation of a potassium turbine of the design described herein. 
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I. SUMMARY 

h 

This r epor t  descr ibes  the  mechanical design and development of a two- 

s t age  Rankine cyc le  turb ine  f o r  test with potassium vapor. The t o t a l  

design and the  development program spanned the  t i m e  per iod from May, 1961 

t o  January, 1966. 

The turb ine  assembly i s  shown i n  Figure 1, and a photographic exploded 

view of the  tu rb ine  components is shown i n  Figure 2. The test turb ine  

c o n s i s t s  of two overhung a x i a l  f low s t ages  represent ing s t ages  three  and 

f o u r  of a f i v e  s t age ,  500 KW turbine.  

The t w o  test s t ages  are connected t o  each o t h e r  and t o  the main support  

s h a f t  by cu rv ic  coupling t e e t h  and a c e n t r a l  tie b o l t .  The s h a f t  is supported 

i n  o i l - lub r i ca t ed  bear ings,  the forward one being a pivoted pad jou rna l  

bearing, with the  r o t o r  t h r u s t  being taken by a b a l l  bearing p a i r .  Separat ion 

of o i l  and potassiupl is  e f f e c t e d  by a hydrodynamic bu f fe r  seal. Brazed 

nozzle diaphragm assemblies are mounted i n  the  ho r i zon ta l ly  s p l i t  cas ings  

which are a t tached  t o  the  turb ine  by means of welded f l anges .  A l l  i n s t ru -  

mentation i s  welded t o  prevent contamination o f ,  or leakage from the  main loop. 

The turb ine  w a s  f ab r i ca t ed  from nickel-based superal loys and o the r  mate- 

r ia ls  common t o  high temperature gas turb ine  technology. During potassium 

t e s t i n g ,  i t  w a s  operated a t  i n l e t  vapor temperatures of up t o  1580 F and a t  

r o t a t i v e  speeds of up t o  22,000 rpm. 

and eros ion  i n s e r t s  made from various candidate  blade materials w e r e  mounted 

0 

Refractory metal (molybdenum) blades 

i n  the  second s t age  to  observe the  e f f e c t s  of e ros ion  and/or cor ros ion  over a 

2000 hour test per iod a t  one operat ing condi t ion.  The turb ine  blades w e r e  

a t tached  t o  t h e  wheels  by means of dove ta i l  connections t o  a l low interchange- 

a b i l i t y  of b lades  f o r  t e s t i n g  the  r e f r a c t o r y  materials. During t e s t i n g ,  the 

turb ine  power w a s  de l ivered  t o  a water brake through a sp l ined  coupling. 

S t a r t u p  of t he  turb ine  hydrodynamic seal and motoring of the e n t i r e  system was 

accomplished by a steam turb ine  a t tached  to  the  a f t  end of the  d r i v e  t r a i n .  
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A por t ion  of the turb ine  mechanical design involved the  use  of a v a i l a b l e  

technology wi th in  the  General Electric Company, including the  high- temperature 

des ign  technology of g a s  tu rb ines ,  the vapor and s e a l  technology of gas  

turb ines  and the  vapor and seal technology of steam and mercury turb ines .  

Avai lable  gas  turb ine  turbomachinery design c r i t e r i a  was modified t o  apply 

t o  the  long l i f e  requirements of t h i s  tu rb ine ,  and f o r  a number of spec ia l i zed  

ana lyses  such a s  cr i t ical  speeds, blade v ib ra t ions ,  tu rb ine  temperature d i s t r i -  

but iun,  and wheel blade stress ana lys i s .  Available computer programs were 

employed. 

d 

phases : 

1. 

2. 

3. 

The 

A p r e t e s t i n g  phase employing air ,  water and steam. 

A potassium test development phase involving checkout t e s t i n g  

and a potassium performance test  (100 hours on potassium vapor). 

Potassium vapor endurance t e s t i n g  (2000 hours) a t  18,250 rpm, 

1500 F i n l e t  vapor temperature and i n l e t  t o t a l - t o - e x i t  s tatic 

pressure  r a t i o  of 3.47. 

0 

first phase employed easy  f l u i d s ,  t o  a l low v i sua l  observat ion and 

The design was combined w i t h  a test program accomplished i n  three 

ease of ins t rumenta t ion  f o r  measurement of t u rb ine  system dynamics and flow 

characteristics. Both the f i r s t  and the second phases of t e s t i n g  w e r e  

accompanied b y  numerous design modificatiolls r e s u l t i n g  from the f i r s t  

dynamic t e s t i n g ,  and from i n i t i a l  opera t ion  of high-temperature potassium 

vapor. During the ear ly  phases of vapor t e s t i n g ,  e ros ion  of the tu rb ine  

i n l e t  region was experienced, due to the i n j e c t i o n  of i n s u f f i c i e n t l y  atomized 

l i q u i d  potassium i n t o  the  tu rb ine  to  depress  

suspected boiler l i q u i d  c a r r y  over r e s u l t i n g  

the vapor q u a l i t y  and due t o  

from bo i l ing  i n s t a b i l i t i e s .  

-2- 



Following necessary modif icat ions t o  achieve s t a b l e  opera t ion  and the 

e l imina t ion  of l a r g e  d r o p l e t  p re - in j ec t ion ,  performance t e s t i n g  was success- 

f u l l y  completed, proving the v a l i d i t y  of the test turb ine  design. The subse- 

quent 2000-hour endurance test was conducted almost without i nc iden t ,  with a 

planned shutdown of t h e  tu rb ine  f a c i l i t y  on December 20,  1965. 

A thorough pos t - t e s t ing  inspec t ion  of t he  tu rb ine  w a s  made. The r e s u l t s  

showed very minor d e t e r i o r a t i o n  of t u rb ine  components during the 2000-hour 

endurance test, thereby demonstrating the f e a s i b i l i t y  of long-time operat ion 

of a tu rb ine  having the  speed, temperature,  vapor q u a l i t y ,  and f a b r i c a t i o n  

a l l o y s  of t he  one descr ibed here in ,  

-3- 
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I I, INTRODUCTION 
t 

4 

The turb ine  f o r  an a l k a l i  metal Rankine cyc le  space electric power 

conversion system p resen t s  a number of new design t a s k s ,  The tu rb ine  i s  

thermodynamically similar t o  steam and mercury tu rb ines ,  and mechanically 

similar t o  high-temperature g a s  tu rb ines ,  Therefore, i t s  design required 

a p p l i c a t i o n  of both these technologies.  I n  a d d i t i o n ,  a potassium vapor 

tu rb ine  designed t o  opera te  up t o  1600 F presen t s  a number of des ign  and 

development problems not encountered i n  e i t h e r  of t h e  above f i e l d s ,  

0 

Of major importance are the  me ta l lu rg ica l  problems, requi r ing  jud ic ious  

s e l e c t i o n  of containment and s t r u c t u r a l  materials f o r  maximum corros ion  and 

e ros ion  r e s i s t a n c e ,  and f o r  long opera t ing  l i f e ,  A lka l i  metal containment 

and the  need f o r  a l eak - t igh t  f a c i l i t y  are s t rong  cons idera t ions  i n  view of 

t h e  a f f i n i t y  of potass$um f o r  oxygen and water, w i t h  r e s u l t i n g  mechanical 

damage and/or oxide plugging accompanying any minute l eaks  or oxygen con- 

tamination. Also, potassium rep resen t s  a new working f l u i d  r equ i r ing  s p e c i a l  

f l u i d  des ign  and thermodynamic a n a l y s i s ,  i n  determining f low pa th  and a i r f o i l  

designs.  

The team designing t h i s  t u rb ine  c a l l e d  upon var ied  technologies wi th in  

the  General Electric Company, inc luding  gas  tu rb ine  des ign  and development 

experience wi th in  the  immediate group, and obtained p e r t i n e n t  knowledge 

regarding s t e a m  and mercury tu rb ines  from a v a i l a b l e  r e p o r t s  and d i r e c t  con- 

s u l t a t i o n  wi th  o t h e r  General Electric personnel. Spec ia l ized  information 

was obtained w i t h  regard t o  such t a s k s  as des ign  of l i q u i d  m e t a l  seals, 

moisture,  e ros ion ,  and condensate e x t r a c t i o n .  To minimize t h e  development 

time and costs, it w a s  attempted t o  employ p resen t  s t a t e -o f - the -a r t  des ign  

and f a b r i c a t i o n  techniques where poss ib le .  

%.e tu rb ine  des ign  w a s  d i c t a t e d  by a number of i n i t i a l  dec i s ions  and 

l i m i t s  as fo l lows ,  In advanced space power a lkal i  m e t a l  turbogenerator  

-5 - 



0 systems, opera t ion  w i l l  be a t  tu rb ine  i n l e t  temperatures of 1800°F t o  2100 F. 

These temperatures w i l l  r equ i r e  r e f r a c t o r y  metal f o r  both the  two-phase tes t  

loop and t h e  cons t ruc t ion  of turbomachinery. 

w i l l  r equ i r e  ex tens ive  f a c i l i t i e s ,  involving vacuum equipment and expensive 

test components (Ref. 25). I n  cons ide ra t ion  of c o s t  and development t i m e ,  

the  p re sen t  program w a s  run i n  a less complex s t a i n l e s s  steel loop and used 

a v a i l a b l e  gas  tu rb ine  a l l o y s .  The f a c i l i t y  loop w a s  made from 316 s t a i n l e s s  

steel, which l imi t ed  t h e  tu rb ine  i n l e t  vapor temperature t o  a maximum of 

1600°F, which i n  tu rn ,  w a s  chosen as t h e  des ign  po in t .  

d a t e  r e f r a c t o r y  tu rb ine  a l l o y s  f o r  a n  u l t ima te  space tu rb ine  w a s  done by 

i n s e r t i n g  sample b lades  and s t a t i o n a r y  i n s e r t s  i n  t h e  tu rb ine  second s t age .  

The development of such a system 

The t e s t i n g  of candi- 

Two s t a g e s  were t e s t e d  with t h e  des ign  philosophy that the  f i r s t  s t age  

would act as a " t rue  tu rb ine  flow genera t ing"  s t age  t o  create realist ic 

vapor and atomized l i q u i d  flow condi t ions  f o r  t he  second s t a g e ,  where a c t u a l  

test eva lua t ions  would be made. The s t a g e s  chosen are s t ages  th ree  and f o u r  

of a f ive - s t age ,  500 KW tu rb ine  designed f o r  an 1800 F vapor i n l e t  tempera- 

t u re .  Stages th ree  and f o u r  w e r e  chosen f o r  tes t ,  because i t  i s  i n  these 

s t ages  t h a t  t he  temperature (of t he  designed f ive - s t age  t u r b i n e )  has dropped 

s u f f i c i e n t l y  low t o  a l low the use of e x i s t i n g  g a s  tu rb ine  nickel-based super 

a l l o y s ,  and they  a l s o  represent  s t a g e s  where t h e  vapor q u a l i t y  has become 

s u f f i c i e n t l y  low t o  produce poss ib l e  e ros ion .  The problem of blade e ros ion  

becomes of i n t e r e s t ,  i n  t he  l i g h t  of the long opera t ing  t i m e  a s soc ia t ed  w i t h  

space turbomachinery. For t h i s  reason, a major ob jec t ive  of t h i s  program w a s  

to  observe the  i n t e g r i t y  of the var ious  tu rb ine  blade materials (including 

r e f r a c t o r y  me ta l s )  and t o  observe t h e i r  r e l a t i v e  e ros ion  r e s i s t a n c e .  Also, 

m a s s  t r a n s f e r  and washing e ros ion  on var ious  test tu rb ine  and f a c i l i t y  loop 

p a r t s  w a s  observed. Assuming s a t u r a t e d  vapor a t  the  i n l e t  of a f ive-s tage  

tu rb ine ,  s t a g e  t h r e e  would experience a 92 percent  q u a l i t y  a t  i n l e t .  Pro- 

v i s ions  w e r e  made t o  s imula te  t h i s  q u a l i t y  by i n j e c t i n g  l i q u i d  m e t a l  i n t o  

the  vapor stream ahead of t h e  tu rb ine .  It w a s  t he  i n t e n t  t o  use t h i s  l i q u i d  

0 

pre - in j ec t ion  t o  c o n t r o l  vapor q u a l i t y  t o  values between 85 and 100 percent  

vapor. I n  connect ion wi th  t h i s  l i q u i d  i n j e c t i o n ,  means w e r e  provided f o r  

-6- 
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i n t e r s t a g e  removal of moisture,  as i s  done on l a r g e  steam tu rb ines ,  t o  

imgrove thermodynamic e f f i c i e n c y  . 

I1 Another design dec i s ion  w a s  t h e  s e l e c t i o n  of an  overhung tu rb ine"  

arrangement over an  a l t e r n a t e  c rad led  tu rb ine"  design. The former w a s  

s e l e c t e d  t o  avoid t h e  complexity and aerodynamic compromise of an  i n l e t  

s c r o l l  and t h e  need t o  locate both a bear ing and a sgcond hydrodynamic s e a l  

i n  t h e  hot  i n l e t  reg ion  of t h e  tu rb ine .  

ex ten t ,  on a v a i l a b l e  General Electr ic  Company exper ienc  wherein a l a r g e  

seven stage mercury t u r b i n e  and many production steam tu rb ines  have used 

the  overhung arrangement with success.  

11 

This  dec i s ion  w a s  based, t o  some 

A three-phase test program was defined, c o n s i s t i n g  of  (1) p r e t e s t i n g ,  

(2) potassium vapor performance t e s t i n g ,  and (3) potassium vapor endurance 

t e s t i n g .  The p r e t e s t i n g  involved ope ra t ion  of t h e  tu rb ine  i n  a i r  and i n  

steam t o  observe i t s  dynamic r o t a t i n g  c h a r a c t e r i s t i c s ,  and t o  a l low adequate 

ins t rumenta t ion  and v i s u a l  observat ion of such i t e m s  as moisture ex t r ac t ion .  

This  w a s  followed by an  ex tens ive  performance test  i n  potassium vapor and 

a subsequent two thousand hour endurance test under t h e  condi t ions  defined 

below. 

Opera t i ng Turbine Turbine Rota t iona l  
Time I n l e t  Temp. Pressure  Speed 

(Hours ) ( O F )  Rat io  TT/rS (rpm) 

Performance 100 1450 & 1550 1 , 4  to  4.4 15,400 t o  20,000 
T e s t  i ng 

Endurance 2000 1500 3.47 
T e s t i n g  

18,250 

This  r e p o r t  d e a l s  w i t h  t h e  mechanical design a spec t s  of  t h e  two-stage 

potassium test  t u r b i n e ,  I t  p re sen t s  t h e  f i n a l  design, t h e  func t iona l  re- 

quirements of t h e  var ious  components, and d i scusses  the  d e t a i l e d  design 

-7 - 
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cons idera t ions ,  stresses, v i b r a t i o n ,  temperature d i s t r i b u t i o n s ,  and opera t ing  

l i f e ,  a s  w e l l  as manufacture and assembly a spec t s .  I t  covers t h e  test A 

development program i n  d e t a i l ,  and d i scusses  t h e  experience gained with 

t h i s  t u r b i n e  from a mechanical design po in t  of view. Conclusions are drawn 

a s  t o  t h e  v a l i d i t y  of t h e  design. 
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11 I TUFtBINE CONFIGURATION 
1 

& 

A. GENERAL ARRANGEMENT 

The potassium tu rb ine  test assembly is an in - l ine  arrangement, comprising 

t h r e e  main components. These are t h e  potassium tu rb ine  (shown i n  F igures  1 and 

21, water brake, and steam tu rb ine ,  which are connected by r o t o r  s p l i n e s  as 

shown i n  Figure 4. No c lu t ch ing  o r  reductton gear ing  is  employed, wi th  the  

r e s u l t  t h a t  a l l  three components r o t a t e  cont inuously and a t  the same speed 

during t e s t i n g .  The potassium tu rb ine  has two a x i a l  flow r o t o r  s t a g e s  which 

are overhung from the forward bear ing .  me rotor is supported by two bear ings ,  

t h e  forward one being a pivoted pad jou rna l  bearing which accommodates only 

r a d i a l  loading, and t h e  a f t  one being a b a l l  t h r u s t  bearing p a i r  which takes 

both a s m a l l  radial load and a l l  the tu rb ine  r o t o r  t h r u s t .  Both bearings are 

o i l  l u b r i c a t e d ,  w i t h  s epa ra t ion  of t h e  o i l  and potassium vapor being Illiaintailrced 

by the  hydrodynamic seal immediately forward of t he  pad bearing, During 

opera t ion ,  potassium vapor e n t e r s  the tu rb ine  v i a  t h e  8-inch diameter p ipe  

from the b o i l e r ,  which is loca ted  about f i f t e e n  f e e t  upstream of the  tu rb ine .  

The vapor flows over t he  i n l e t  b u l l e t  nose, and i n t o  the  two axia l - f low 

s t ages .  A f t e r  expanding through the tu rb ine ,  the vapor i s  c o l l e c t e d  i n  a 

twin-volute exhaust  s c r o l l  and i s  d i r e c t e d  downward i n t o  t h e  condenser which 

is  mounted below the  tu rb ine .  The i n s t a l l a t i o n  of t h e  t u rb ine  i n  the test 

f a c i l i t y  is shown schemat ica l ly  i n  F igure  5. ‘shis shows the  b o i l e r  loca ted  

upstream of t h e  tu rb ine ,  and t h e  condenser hanging below t h e  tu rb ine ,  wi th  

a s soc ia t ed  electromagnet ic  pump, dump tank, and o t h e r  major components of t he  

loop. An e x t e r n a l  view of the test  f a c i l i t y ,  cons t ruc ted  s p e c i f i c a l l y  f o r  

t h e  t e s t i n g  of t h i s  t u r b i n e ,  is  shown photographica l ly  i n  Figure 6 .  

During testing, the power generated by the  tu rb ine  is de l ive red  through * 
a sp l ined  s h a f t  (Koppers Coupling) to the  mult i -disk w a t e r  brake , as shown 

i n  Figure 4. The water brake is can t i l eve red  off the f a c e  of a Bytrex torque 

m e t e r * ,  which r e g i s t e r s  t h e  torque de l ive red  by t h e  t u r b i n e  by means of s t r a i n  

gaged f l e x u r e  p l a t e s .  The w a t e r  brake i s  operated on o i l  l ub r i ca t ed  b a l l  

* 
See Table V 
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I 
bearings.  During operat ion,  a flow of water is maintained to  the  brake 

such that the o u t l e t  temperature is held a t  approximately 200°F. Variat ion ). 

i n  water brake load is  obtained by varying the  water l e v e l  on the d isks  by 

adjustment of t he  back pressure  through means of  an exhaust valve. Wke rating 

of the  water brake is  2420 inch-pounds a t  20,000 rpm and can opera te  a t  

r o t a t i o n a l  speeds up t o  30,000 rpm. 

* 
The steam turbine,  loca ted  a f t  of the  water brake, provides r o t a t i o n  of 

This  is the test r i g  during s t a r t - u p  and shutdown, and during tare t e s t i n g .  

also coupled t o  the  power t r a i n  by means of a s p l i n e  s h a f t  which mates with 

the  a f t  end of the  water brake. 

tu rb ine  capable of motoring the  turb ine  t r a i n  a t  speeds of up t o  about 18,008 

rpm, although i t  is rated f o r  s a f e  apera t ion  t o  a speed of 38,000 rpm. The 

steam turb ine  i s  a l s o  overhung f r o a  a Bptrex torque weter, t o  a l l o w  measurement 

of i t s  power input  during t a r e  t e s t i n g  and during turb ine  opesation. In  

both the water brake and steam turb ine  i n s t a l l a t i o n ,  an  a t t e m p t  w a s  made t o  

e l imina te  any r e s idua l  torque produced by the  flow lines coming to-acd-from 

these components. The steam turb ine  w a s  provided w i t h  a speed pickup on its 

a f t  face,  and t h i s  i s  used t o  monitor r o t a t i o n a l  speed du.ring a l l  t e s t i n g .  

An add i t iona l  speed pickup w a s  provided on the a f t  ccuplbng to  the gain p c t a s s i u m  

turbine,  so  t h a t  dup l i ca t e  readings were ava i l ab le  En case 9€ f a i l u r e  of 

e i ther  of these  components during opera t ion ,  The steam t u r b i n e  w a s  also 

operated on conven%ional o i l - l u b r i c a t e d  b a l l  bearings,  w i t h  s epa ra t ion  o f  

steam and o i l  being maintained by an a i r -purge  Labyrinth seal, s i m i l a r  t o  

that  employed between potassium and o i l  i n  the main potassium turb ine .  The 

e n t i r e  power t r a i n  w a s  supported i n  a s t r u c t u r e  cons i s t ing  of a number of 

conica l  and c y l i n d r i c a l  members, which were assembled s o  as t o  maintain 

accu ra t e  alignment of a l l  components dur ing  t e s t i n g .  T h i s  s t r u c t u r e  forms 

a glove box, which surrounds the test turbine,  and maintains a n  environment 

of argon gas t o  prevent in-leakage of a i r  i n  the event of a casing l eak  during 

t e s t i n g .  Although glove p a r t s  w e r e  provided, they w e r e  no t  used for  assenb3.y 

and disassembly of the turb ine  during the test  program. 

IV The steam turb ine  is a s ingle-s tage  T e r r y "  

* 

* 
See Table V 
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The e n t i r e  test assembly w a s  mounted i n  a c ross -sp indle  trunnion 

adangement as shown i n  Figure 7 ,  wh&ch allowed the tu rb ine  t r a i n  t o  p ivo t  

f r e e l y  t o  accommodate t h e  v e r t i c a l  thermal expansion of t he  b o i l e r  and the 

a s soc ia t ed  movement of t he  8-inch i n l e t  pipe. The e x i t  duc t  from t h e  tu rb ine  

t o  the condenser contained a gimballed j o i n t  t o  prevent r e s t r a i n t  of the 

tu rb ine  during t h i s  adjustment. Axial thermal expansion of the f i f t e e n  feet  

long i n l e t  p ipe  was accommodated by mounting the e n t i r e  t u rb ine  and condenser 

assembly fore-and-aft r o l l i n g  d o l l y .  

Operation of t h e  power t r a i n  during a potassium vapor test w a s  b r i e f l y  

as follows: 

1. 

2. 

3. 

4. 

5 .  

6 .  

7 .  

me steam tu rb ine  w a s  allowed t o  warm up by supplying a small 

amount of steam (not g r e a t  enough t o  cause r o t a t i o n  of the power 

t r a i n ) .  

Argon w a s  turned on t o  the  potassium tu rb ine  bearing housing 

l a b y r i n t h  seals and then o i l  t o  both the pad bearing and the  

b a l l  bearings.  

O i l  and cooling a i r  w a s  turned on t o  the  water brake and steam 

tu rb ine ,  

Steam pres su re  t o  the steam tu rb ine  w a s  increased u n t i l  r o t a t i o n  

occurred. 

The speed is increased  t o  8,000 rpm, a t  which t i m e  potassium 

l i q u i d  i s  introduced i n t o  the potassium tu rb ine  hydrodynamic seal. 

The speed is increased t o  12,000 rpm and held u n t i l  potassium 

vapor starts coming from the b o i l e r  which has been hea t ing  up 

i n  the meantime, a t  a rate of about 100°F/hour, 

A t  t he  onsek of vapor, t he  tu rb ine  speed reduces s l i g h t l y ,  (due 

to  condensate formation i n  the c o l d e r  i n l e t  pipe,  wi th  subsequent 

drag on the blades) and then takes on a s t eady  acce le ra t ion .  

-11- 
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8 .  A t  18,000 rpm, the  steam t o  t h e  steam tu rb ine  is  slowly reduced, 

and water i s  let  i n t o  the  water brake.  

j u s t i n g  the  water brake flow and o u t l e t  temperature while  t h e  amount 

of vapor t o  the tu rb ine  increases t o  the  des ign  po in t  f o r  t h e  test. 

"his speed is  he ld  by a& 

9. Water i s  added t o  t h e  water brake as necessary t o  absorb a l l  t h e  

power output of both turb ines .  The steam tu rb ine  power i s  u l t i -  

mately reduced t o ,  and held a t  approximately 3 horsepower through- 

out  t e s t i n g  * 

B. TURBINE COMPONENTS 

Following is a gene ra l  d e s c r i p t i o n  of t h e  important t u rb ine  components, 

and t h e i r  func t ions .  Some of t h e  b a s i c  des ign  cons idera t ions  mentioned here 

are d iscussed  i n  f u r t h e r  d e t a i l  i n  References 6 and 7 .  Materials s e l e c t i o n  

f o r  the var ious  components is d iscussed  i n  Reference 5. 

1. Wheels and Rotor Assembly 

The tu rb ine  r o t o r  comprises two wheels (shown i n  Figure 83 ,  and a 

s h a f t ,  held toge the r  by a c e n t r a l  t ie b o l t ,  and indexed t o  each o t h e r  

by a cu rv ic  coupling, a method which has been found t o  g i v e  maximum 

s t r u c t u r a l  s t a b i l i t y  i n  high-speed r o t o r s .  This attachment, i n  fact, 

proved i t s e l f  extremely w e l l  i n  t h i s  t u rb ine  during vapor t e s t i n g  where, 

although, t h e  e n t i r e  t u rb ine  wheels w e r e  running a t  temperatures as high 

as 1500 F, no l o s s  of balance of t h e  r o t o r  r e s u l t e d .  Both wheels w e r e  

f a b r i c a t e d  f r o m  t h e  same supe ra l loy  (Astroloy), a material which is 

very similar i n  composition and s t r e n g t h  t o  the U-700 used f o r  the 

t u r b i n e  blades.  .The stage two wheel con ta ins  a l a b y r i n t h  i n t e r s t a g e  

seal on t h e  forward torque cy l inde r ,  and a screw seal on t h e  a f t  

c y l i n d e r  t o  minimize the  flow of potassium condensate i n t o  t h e  hydro- 

dynamic seal forward entrance.  

0 
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2. ,Rotor  Blades 

The tu rb ine  r o t o r  b lades  f o r  both s t a g e s  are shown i n  Figure 9. 

Both stages employ a d o v e t a i l  connection between b lades  and wheel. 

The same d o v e t a i l  form is  employed f o r  both s t a g e s  one and two, and 

allows f o r  complete replacement of blades (found t o  be a d e f i n i t e  

advantage during vapor t e s t i n g ) ,  and maximum blade damping i n  r e s i s t i n g  

v ib ra to ry  f a t i g u e .  I n  a d d i t i o n  t o  these advantages, d o v e t a i l s  are a 

d e f i n i t e  requirement i n  the  second s t a g e  wheel where i n s e r t i o n  of var ious  

r e f r a c t o r y  metal blades along with the  supe ra l loy  b lades  (U-700) w a s  

required.  The d o v e t a i l  form employed is the  same one used as on the  5-85 

General E l e c t r i c  t u r b o j e t  engine,  thereby al lowing the  use of e x i s t i n g  

too l ing  f o r  wheel broaching and d o v e t a i l  inspec t ion .  "he blades were 

held i n  t h e  wheels by Rene' 41 f a s t e n e r s  which w e r e  i n s e r t e d  under the  

blades and bent  up a t  each end. The number of blades i n  the  f i r s t  and 

second stages are 62 and 60 r e spec t ive ly ,  with corresponding a i r f o i l  

he ights  of 0.735 inches  and 0.955 inches along t h e  r a d i a l  s t ack ing  axis. 

Since t h e  blades are uncooled, no shank is employed, and t h e  d o v e t a i l  is 

placed immediately beneath the  a i r f o i l  platform. The blades w e r e  manu- 

f ac tu red  w i t h  s t r a igh t - s ided  p la t forms  to  al low each blade t o  be in- 

d i v i d u a l l y  replaced without  disassembly of t he  e n t i r e  blade assemblage. 

Tip shrouds w e r e  not used, and t h e  a i r f o i l  contour  w a s  continued t o  the  

t i p  of t h e  blade (as opposed t o  a t h i n  rubbing s u r f a c e  on t h e  b lade  t i p ) .  

Ins tead ,  a y i e ld ing  rub su r face  w a s  provided by the  honeycomb t i p  seal 

i n s t a l l e d  d i r e c t l y  over each blade row i n  t h e  tu rb ine  casing. The a i r  

f o i l s  w e r e  t a n g e n t i a l l y  o f f s e t  s l i g h t l y  from the d o v e t a i l  radial  c e n t e r  

l i n e  t o  cancel t h e  e f f e c t s  of g a s  bending loads.  No s p e c i a l  p repara t ion  

was made t o  prevent  f r e t t i n g  o r  g a l l i n g  of t h e  d o v e t a i l  connection in 

t h e  wheel sl,ot (desp i te  similar materials), and i n  fact, no f r e t t i n g  w a s  

observed during t h e  en t i re  tu rb ine  test. 
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3. Hydrodynamic Seal  
I 

A schematic of the  hydrodynamic seal i s  shown i n  Figure 10. 

Seal ing between o i l  and potassium is accomplished i n  two s t e p s ,  (1) 

by the  rotating cup (see Figure 10) f i l l e d  with l i q u i d  potassium, and 

(2) by the  l abyr in th  seals which are purged by argon gas in j ec t ed  

between l abyr in ths .  The purpose of the  r o t a t i n g  cup (see Figure 10)  is  

t o  con ta in  l i q u i d  potassium under c e n t r i f u g a l  fo rce ,  which s u s t a i n s  a 

pressure  d i f f e rence  across the  l i q u i d  leg .  This allows the  forward 

reg ion  ( turb ine  wheel space) t o  be evacuated during s t a r t u p  o r  t o  allow 

changes of pressure  during opera t ion  without a f f e c t i n g  the  pressure  i n  

the  seal sump region,  ( cav i ty  2) which is kept s l i g h t l y  above atmospheric 

pressure.  The pressure  i n  c a v i t y  2, i n  t u rn ,  is kept  nea r ly  the  same as 

t h a t  i n  the  o i l  sump cav i ty  t o  balance ac ross  the  l abyr in th  seals, which 

a c t u a l l y  maintain separa t ion  of t h e  potassium and o i l  by constant  purging. 

The forward segment of the  inboard pivoted pad bear ing assembly 

consists of a screw seal to  minimize migrat ion of o i l  along the  s h a f t  

i n t o  the  l abyr in th  seal region. The argon purge gas  flowing i n t o  both 

the  potassium seal sump and the  o i l  sump is  u l t ima te ly  ex t r ac t ed  from 

those two f l u i d s  and reclaimed f o r  continuous use. The l i q u i d  potassium 

i n j e c t i o n  i n t o  the  seal continuously overflows and is  withdrawn to  remove 

hea t  of f l u i d  f r i c t i o n  and conduction. A number of phys ica l  arrangements 

for a hydrodynamic seal were o r i g i n a l l y  inves t iga ted  t o  minimize the  

space requi red ,  s i n c e  the  seal d i r e c t l y  con t r ibu te s  t o  the  r o t o r  over- 

hang. A photograph of the  hydrodynamic seal is shown i n  Figure 11. 

The f o u r  tubes shown are f o r  the  i n j e c t i o n  of potassium l i q u i d  i n t o  

the  seal. 

4. Pivoted Pad Bearing 

The choice of rotor bear ings w a s  d i e t a t e d  l a r g e l y  by the  choice 

of a n  overhung turb ine  arrangement, since t o  support  the  overhanging 

weight,  and t o  maintain dynamic s t a b i l i t y  a t  high opera t iona l  speeds, 
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8 r e l a t i v e l y  large diameter  rotor s h a f t  is  required.  

inch  diameter journa l  of t h i s  tu rb ine ,  a pe r iphe ra l  ve loc i ty  of 290 f t / s e c  

i s  experienced a t  t h e  inboard bear ing a t  19,200 rpm (or  a DN value of 

1.69 x 10 1. For conventional b a l l  o r  roller bear ixqs,  DN values of 

1 or 1.2 m i l l i o n  are f a i r l y  common, but a bear ing of DN value of 

1.69 x 10 would involve considerable  r i s k  of f a i l u r e ,  e s p e c i a l l y  i n  

the  l i g h t  of the  r e l a t i v e l y  long l i f e  requirements of t h i s  test turbine.  

Therefore,  ins tead  of a r o l l i n g  element bearing, a hydrodynamic jou rna l  

bearing, and s p e c i f i c a l l y ,  a segmented pivoted pad bearing was se l ec t ed .  

The pivoted pad bear ing has shown i t s e l f  to have good damping character-  

istics, and i n  add i t ion ,  provides  good dynamic s t a b i l i t y  a t  high speeds. 

For t h e  3.464- 

6 

6 

1 It also has extremely good wear c h a r a c t e r i s t i c s ,  r e s u l t i n g  i n  long l i f e .  

For a pivoted pad bear ing of almost the  exac t  size required i n  t h i s  

tu rb ine ,  s p e c i f i c  design and test d a t a  were a v a i l a b l e  wi th in  the  General 

Electric Company, and were employed i n  the  design of the  bear ing f o r  t h i s  

turbine.  The des ign  is discussed f u r t h e r  i n  Reference 20. 

A p i c t u r e  of t h e  pivoted pad bear ing is  shown i n  Figure 12. I t  

comprises f i v e  pads with c y l i n d r i c a l  p ivo t s  a t tached  to the  back of t he  

pads, and is  designed f o r  a 0.005-inch d iamet ra l  c learance ,  and a L/D 

of 0.29. It  is  made of A-286 a l l o y  with a s i lve r -p l a t ed  su r face  (0.010 

inches th i ck )  f o r  l u b r i c i t y  i n  the  event of momentary journal-pad 

contac t ,  and f o r  imbeddabili ty of s m a l l  impur i t ies .  The p ivot  cy l inders  

are s i l v e r  p l a t ed  for maximum dry  lub r i ca t ion ,  bu t  obtain d i r e c t  o i l  

l u b r i c a t i o n  from the lube o i l  i n j ec t ed  i n t o  the bearing. An "in-lube" 

design,  developed a t  General Electric i s  used, wherein o i l  is in j ec t ed  

i n t o  the  pad and through i n t e r n a l  flow duct ing,  flows t o  the  bear ing 

sur face ,  providing pressur ized  pad lub r i ca t ion .  "he feed  slots can be 

seen i n  the  photograph. 

p ivo t  c e n t e r  located 51-3 percent  of the  arc d i s t a n c e  from leading-to- 

trailing edge of t h e  pools ,  This w a s  later modified t o  a value of 56 

percent ,  as discussed i n  Sect ion VHI. 

The o r i g i n a l  bear ing w a s  manufactured w i t h  t he  
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5 .  S t a b i l i z e r  Bearing 
1. 

I n  a d d i t i o n  t o  the  r o t o r  support  bear ings ,  the o r i g i n a l  concern 

t h a t  t he  high r o t a t i v e  speed, i n  combination with the low r o t o s  weight 

(approximately 50 pounds), might produce dynamic i n s t a b i l i t i e s  i n  the  

l i g h t l y  loaded forward jou rna l  bearing, t he  “ s t a b i l i z e r  bearing” w a s  

incorporated.  

p i s t o n  (using argon g a s ) ,  shown photographical ly  i n  Figure 13. Although 

t h i s  bear ing w a s  t e s t e d  and found t o  opera te  s a t i s f a c t o r i l y  t o  23,000 

rpm, i t  was never  a c t u a l l y  needed because of t he  inherent  damping of 

t h e  pivoted pad bearing, and the re fo re ,  w a s  e l imina ted  from the  tu rb ine  

assemblies during t h e  f i n a l  performance and endurance potassium vapor 

t e s t i n g  . 

This cons i s t ed  of a s i n g l e  bearing pad ac tua ted  by a 

6. Thrust Bearings 

The a f t  t h r u s t  bearing c o n s i s t s  of a p a i r  of high-precision, b a l l  
* 6 t h r u s t  bear ings  , running a t  a DN value of 0.96 (10 ) a t  19,200 rpm, 

This o r i g i n a l l y  was a s i n g l e  bearing, but because t h e  s i n g l e  bearing 

allowed a 0.015-inch a x i a l  movement, the s i n g l e  bearing des ign  w a s  re- 

placed by t h e  preloaded p a i r  arrangement, which e l imina ted  the  a x i a l  

s h i f t i n g  of t h e  r o t o r  occurring between loop evacuat ion and vapor 

testing. 

B e l l e v i l l e  sp r ing  which e x e r t s  approximately 400 pounds f o r c e  i n  a d d i t i o n  

t o  the  a f t  r o t o r  t h r u s t  of 622 pounds during vapor opera t ion .  

The t h r u s t  bear ings  are cont inuously loaded rearward by a 

The a f t  seal of t h e  bearing o i l  sump is c losed  by a conventional 

carbon f a c e  seal. Although n o t  vacuum-tight, t he  seal is  adequate, 

s i n c e  during ope ra t ion  the o i l  sump is maintained a t  above atmospheric 

argon gas pressure  to  prevent  in-leakage of a i r .  

* 
F a f n i r  MM-210-VMZ Bearing 
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7. , I n l e t  Duct 

The i n l e t  duc t ,  shown i n  Figure 14, conta ins  a fou r  s t rut-supported 

b u l l e t  nose f o r  d i r e c t i n g  and acce le ra t ing  the  turb ine  i n l e t  flowM. It 

also conta ins  the  s t age  one nozzle diaphragm assembly during operat ion.  

8 .  Ekaring Housing 

The turb ine  bearing housing, comprising the  main support  s t r u c t u r e  

for t he  r o t o r ,  and the  mounting s t r u c t u r e  f o r  t he  turb ine  is shown i n  

Figure 2. This no t  only houses the  bear ings f o r  the  r o t o r ,  but  a lso 

supports  t h e  turb ine  exhaust s c r o l l ,  which i n  t u r n  a t t aches  t o  the  i n l e t  

casing. The bear ing housing a f t  f lange  i s  a t tached  t o  the  dished head 

of t h e  test f a c i l i t y  glove box (Figure 41, thereby mounting the  turh ine  

i n  t h e  test f a c i l i t y .  The hydrodynamic s e a l  is a t tached  t o  the  forward 

end of t he  turb ine  bearing housing by welding, and its potassium i n l e t  

and o u t l e t  l i n e s  are extended along the  ou te r  per iphery of the  bearing 

housing t o  t h e  outs ide .  A l l  o the r  tubes car ry ing  argon and/or o i l  i n  

and ou t  of the  turb ine  a l s o  are conducted through the  bearing housing. 

These l i e  i n  a c a v i t y  around the  ou te r  per iphery of the  housing, and 

are enclosed by a shee t  metal "heat s h i e l d  cover" with a bellows f o r  

thermal expansion as shown i n  Figure 15. This comprises a n  argon purged 

c a v i t y  between the  hot  exhaust  vapors of the  scroll and the  o i l  sump of 

the  bear ing housing which prevents  condensation of potassium vapor around 

the  many flow tubes.  The forward end of t h e  bearing housing conta ins  the  

wear sur faces  f o r  the  previously discussed l abyr in th  seals i n  the  hydro- 

dynamic seal assembly. These sur faces  were o r i g i n a l l y  nickel-plated 

because of concern for potassium contamination of the wear material, but  

w e r e  later replaced with copper p l a t i n g  which served w e l l  i n  performance 

and endurance potassium t e s t i n g .  The tubes extending o u t  of the  bearing 

housing are i n s t a l l e d  i n  a h e l i c a l  manner t o  al low f o r  d i f f e r e n t i a l  

thermal expansion between tubes and main bearing housing. 

o r i g i n a l l y  brazed i n t o  the  housing, but  because of embrit t lement of t he  

They w e r e  
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tube j o i n t s  during brazing, they were later a t tached  by welding. The 

t u rb ine  exhaust s c r o l l  is a t t ached  t o  the  bearing housing by the  

con ica l  mid-f lange which is welded. 

9. Casing 

Two d i f f e r e n t  t u rb ine  cas ing  des igns  w e r e  i nves t iga t ed ,  involving 

c i r cumfe ren t i a l  and ho r i zon ta l  f l anges  r e spec t ive ly ,  as discussed i n  

d e t a i l  i n  Reference 7 ,  Although the  c i r cumfe ren t i a l ly  s p l i t  ca s ing?  

involving a number of r ing  segments, o f f e red  the  p o s s i b i l i t y  of better 

dimensional s t a b i l i t y  under the  hot t u rb ine  running condi t ions ,  i t  d i d  

not lend i t s e l f  t o  assembly and disassembly, considering the  need t o  

weld a l l  nozzle diaphragm pressure  and temperature ins t rumenta t ion  t o  

the  cas ing  during assembly. With a c i r cumfe ren t i a l  f langed casing, 

t h e  pressure  and temperature ins t rumenta t ion  would have had t o  be 

threaded" through the  cas ing  w a l l  wi th  each assembly and disassembly 

wi th  subsequent seal-welding (or c u t t i n g )  t o  prevent a i r - leakage  i n t o  

the  loop. A s  a r e s u l t ,  t h e  h o r i z o n t a l l y  s p l i t  cas ing  shown i n  P i g w e  16 

has been used wherein nozzle diaphragms, t i p  seals, etc. ,  are also 

h o r i z o n t a l l y  s p l i t ,  and become a n  i n t e g r a l  p a r t  of the cas ing  af ter  

i n s e r t i n g  and welding of instrumentation. Both casing-nozzle halves 

are placed around the  r o t o r  as pre-assembled u n i t s  during f i n a l  buildup, 

and t h e  f l anges  are welded c losed .  The tu rb ine  cas ing  w a s  o r i g i n a l l y  

designed f o r  use of bo l ted  flanges i n  an  a t tempt  t o  avoid weld d i s t o r t i o n  

a f t e r  assembly r e s u l t i n g  from such f l ange  welding and t o  provide ease of 

assembly and disassembly. The b o l t i n g  approach however, w a s  la ter  

abandoned due to  i n a b i l i t y  t o  maintain adequate s e a l i n g  a g a i n s t  potassium 

and/or oxygen leakage, and w e l d  f l a n g e s  were incorporated,  as d iscussed  

later. By s p e c i a l  weld-flange des ign  and s p e c i f i c a l l y  planned and care- 

f u l l y  c o n t r o l l e d  welding techniques,  weld d i s t o r t i o n  t o  the cas ing  as 

f i n a l  assembly w a s  held wi th in  acceptab le  limits. Also, it was demon- 

s t r a t e d  t h a t  t h e  welded f l ange  could be c u t  or rewelded a number of 

t i m e s  wi thout  d i f f i c u l t y .  The cas ing  is f a b r i c a t e d  from t h e  same 

material as is  used i n  t h e  rest of t h e  f a c i l i t y  loop (316 s t a i n l e s s  

11 
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steel) for maximum weld compa t ib i l i t y  wi th  the  major loop duc t ing  and 

e l imina t ion  of d i f f e r e n t i a l  thermal expansion between jo in ing  p a r t s .  
k 

10. Blade Tip S e a l s  

A tu rb ine  t i p  seal f a b r i c a t e d  from 316 s t a i n l e s s  steel honeycomb 

t o  g ive  maximum p r o t e c t i o n  a g a i n s t  blade damage i n  the event of t i p  

rubs r e s u l t i n g  from cas ing  d i s t o r t i o n  w a s  placed over each r o t o r  blade 

row. This turned ou t  t o  be an  advantage on a number of occasions where 

s l i g h t  t i p  rubs a c t u a l l y  occurred, "he t i p  seals are shown photo- 

g r a p h i c a l l y  i n  Figure 17. Also, t he  similar 321 s t a i n l e s s  steel honey- 

comb i n t e r s t a g e  rub seal is  shown. 

11. Nozzle Diaphragm Assemblies 

The nozzle diaphragm assemblies are assembled from s o l i d  L-605 

vanes (except for r a d i a l  instrumentation tubing holes through s e l e c t e d  

vanes) brazed to  316 s t a i n l e s s  steel o u t e r  and i n n e r  shroud bands. 

The nozzle diaphragms are rabbet ted  and bol ted  i n t o  the  cas ing  and 

t h e i r  ins t rumenta t ion  tubing is then seal-welded t o  the cas ing  where 

i t  comes through, as indica ted  above. Stage o m  nozzle diaphragm 

assembly is  i n s t a l l e d  i n  the  i n l e t  b u l l e t  nose duc t ,  thereby avoiding 

t h e  necess i ty  of s p l i t t i n g  t h e  nozzle diaphragm as is necessary w i t h  the 

s t a g e  two nozzle diaphragm, and a l s o ,  by loca t ing  the forward cas ing  

f l ange  downstream of t h e  f i r s t  stage nozzle diaphragm, the  pressure  

stresses on the  cas ing  f l ange  are accord ingly  reduced (from 31 p s i a  

t o  24 p s i a  a t  design-point  opera t ion) .  

cons i s t ing  of f low s t r a i g h t e n i n g  vanes, is h o r i z o n t a l l y  s p l i t  and 

rabbet ted  t o  the cas i ag  i n  a similar manner as tha t  of t he  s t a g e  two 

nozzle assembly. Pressure  ins t rumenta t ion  is brazed i n t o  the nozzle 

diaphragms during their manufacture, and c o n s i s t s  of l/S-inch diameter  

tubing i n  both i n n e r  and o u t e r  flow pa th  regions.  Photographs of t he  

nozzle diaphragm and o u t l e t  guide vane assemblies are shown i n  Figures 

18, 19 and 20, r e spec t ive ly .  

The o u t l e t  guide vane assembly, 
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Exhaust S c r o l l  
i 

The turb ine  exhaust s c r o l l  shown i n  Figure 21, i s  a 316 stainless 

steel s t r u c t u r e  which is  welded t o  the  bearing housing and the turb ine  

casing. Any gross  d i s t o r t i o n  of the  s c r o l l  would a l low movement of 

the  casing with r e s u l t i n g  turb ine  t i p  rubs. 

Moisture Spray I n j e c t i o n  

To s imulate  condi t ions  of l o w  vapor q u a l i t y  i n  the  incoming po- 

tassium vapor, heated-l iquid potassium w a s  i n j ec t ed  i n t o  the  e s s e n t i a l l y  

d ry  vapor coming from the  b o i l e r  a t  a po in t  j u s t  ahead of the  turb ine .  

Although the  spray  valve w a s  designed f o r  maximum atomizat ion of the  

l i q u i d ,  i t  w a s  recognized e a r l y  i n  the  test  program t h a t  any spraying 

technique would be inadequate t o  s imulate  submicron d r o p l e t  formation 

r ep resen ta t ive  of fog-type condensation t h a t  might form i n  a rea1 turb ine  

stage . 

me primary reason f o r  selecting a two-stage turb ine  w a s  t o  provide 

the  second stage with moisture having a realist ic drop-size d i s t r i b u t i o n .  

The xotor  blades of most i n t e r e s t  were mounted i n  the  second s t age .  The 

means f o r  i n j e c t i n g  l i q u i d  cons is ted  of a conica l  spray valve-nozzle 

combination which in j ec t ed  up t o  t en  ga l lons  p e r  minute of l i qu id  PO- 

tassium ahead of the  stage one nozzle diaphragm. Figure 22 shows a 

cross -sec t iona l  view of t he  spray valve and a photograph of i ts ins ta l -  

l a t i o n  i n t o  the  upstream duct .  The valve i s  gas  pressure  ac tua ted  (using 

argon). 

Interstage Condensate Ext rac t ion  

The tu rb ine  i n  turn ,  w a s  equipped for  i n t e r s t a g e  removal of the  

moi s tu re ) in j ec t ed  i n t o  i ts  i n l e t .  This is t y p i c a l l y  done i n  the  l a t t e r  

stages of steam turb ines  t o  improve e f f i c i e n c y  and minimize the e ros ive  

e f f e c t s  of m o i s t  vapor. Shown i n  Figure 23 is the design employed to  

e x t r a c t  moisture from t h i s  tu rb ine ,  which c o n s i s t s  of drainage slots i n  
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the  casing downstream of each r o t o r  blade row. The l i qu id  is co l l ec t ed  

i n  a c i rcumferent ia l  groove, and feeds  out  through a t angen t i a l  d r a i n  

i n  the  casing. This design d i f f e r s  from t h a t  of steam turb ines  i n  t h a t  

i n  the  lat ter,  the  casing drainage s l o t s  are loca ted  d i r e c t l y  over t he  

blade t i p  and comprise a r e l a t i v e l y  l a r g e  opening, while t i p  s ea l ing  

is  done a x i a l l y  by the  edges of blade t i p  shrouds. In  t h i s  tu rb ine ,  

t he  blades were no t  provided with t i p  shrouds due t o  the  high tempera- 

t u r e s  and stresses of the  ro tor .  Consequently, the  blade t i p  region 

w a s  made a smooth flow pa th  contour f o r  s ea l ing  purposes, and the  

drainage s l o t s  w e r e  located downstream of the  rotat ing blade r o w  with 

the  i n t e n t i o n  t h a t  the  l i q u i d  would f low a x i a l l y  along the  o u t e r  w a l l  

and i n t o  the  s l o t s ,  Reference 6 .  This approach was only p a r t i a l l y  

e f f e c t i v e ,  as descr ibed i n  Sect ion V I I .  
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IV. FABRICATPOP: AND TURBINE ASSEMBLY 

A. ' TURBINE MANUFACTURE 

The potassium turb ine  was designed w i t h  the i n t e n t  of minimizing t h e  

number of components or component groups requi r ing  a development program 

t o  e f f e c t  t h e i r  manufacture, This w a s  done by using s ta te -of - the-ar t  

f a b r i c a t i o n  techniques a* materials which were common t o  the  gas  turb ine  

technology of t he  General Electric Company where poss ib le .  This w a s  

p a r t i c u l a r l y  bene f i c i a l  during the  r o t o r  wheel manufacture f o r  example, 

s ince  e x i s t i n g  broach too l ing  w a s  a v a i l a b l e  f o r  c u t t i n g  blade dovetails  i n  

the  wheels. Also, the  cu rv ic  coupling on wheels and s h a f t  employed e x i s t i n g  

design and too l ing ,  and the  ex i s t ence  of brazing and welding technology 

s u i t a b l e  f o r  t he  potassium turb ine  allowed manufacture t o  proceed without 

ex tens ive  proof- tes t ing  of the  selected techniques.  

The supera l loys  used i n  the  turb ine  are t h e  same as those i n  the  m o s t  

advanced gas turb ine  designs.  By using available a l l o y s ,  ex tens ive  ma te r i a l  

p rope r t i e s  data f o r  design purposes were a v a i l a b l e ,  and although the  forg ings  

had t o  be procured by  s p e c i a l  order, t h e y  viere a v a i l a b l e  from commercial 

forg ing  sources.  H e a t  t reatment  cyc le s  f o r  both t h e  U-700 blades and 

Astroloy wheels are discussed i n  detail  i n  Reference 5. 

An i n i t i a l  concern i n  f a b r i c a t i o n  involved t h e  broaching of the  turb ine  

wheels. Astroloy,  i n  i ts  f u l l y  hea t  treated condi t ion ,  exceeds t h e  recom- 

mended hardness for a v a i l a b l e  broaching c u t t e r s  (RC 42). 

breakage, a n  experimental  program w a s  m n  which involved broaching the 

d o v e t a i l  i n  less- than-f u l ly-hea t - t rea ted  condi t ion ,  and then measurement Of 

the  s lo t  after f i n a l  hea t  treat t o  observe the dimensional s t a b i l i t y  of the 

accura te  su r faces  through f i n a l  heat treatment.  Coupons (shown holding the 

blades i n  the  test i n  Figure 56a) were used i n  t h i s  test. They showed 

e x c e l l e n t  dimensional s t a b i l i t y ,  and through heat-treatment,  ar.d the  technique 

of broaching before  f i n a l  hardness Were successfu l ly  incorporated i n t o  the  

tu rb ine  wheel manufacture e 

To avliid c u t t e r  
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Turbine blades were machined from bar  stock. Manufacturing and 

inspec t ion  of a l l  aerodynamic components was done i n  General Electric shops 

and e s t ab l i shed  vendor sources.  

i n  machining the  hard 111-700 blades,  bu t  were resolved by use of co r rec t  

c u t t i n g  equipment and machining techniques.  Machining the  r e f r a c t o r y  metal 

blades presented p a r t i c u l a r  problems. 

(discussed i n  Reference 21, combined with the  t h i n  sec t ions  of the  blade 

platform re su l t ed  i n  cracking and breakage of the blades during i n i t i a l  

machining. 

around the  blades before  machining. Spec ia l  consultatPon w i t h  General 

Electric development shops w a s  maintained i n  the  machining of r e f r a c t o r y  

metals. 

Some d i f f i c u l t i e s  were encountered i n i t i a l l y  

giae low room temperature d u c t i l i t y  

This was solved by cas t ing  a supporting material ( s o f t  metal) 

As i n  any such development program, considerable  manufacturing e f f o r t  

cons is ted  of modif icat ions t o  e x i s t i n g  components, done under pressure  of a 

time schedule t o  prevent  t e s t i n g  de lays ,  Close engineering follow-up i n  

manufacturing shops during these  modif icat ions were genera,lly successfu l  

i n  providing c o r r e c t l y  made p a r t s  w i t h  m a x i m u m  speed. 

Brazing was accomplished w i t h  a cobalt-based braze a l l o y  (discussed i n  

Reference 2 and designated as H-33 a l l o y )  which has shQwn exce l l en t  thermal 

shock c h a r a c t e r i s t i c s  i n  gas turb ines .  This worked w e 1 1  i n  t h e  present  PO- 

tassium turb ine ,  and d e s p i t e  s e v e r a l  thermal shocks during turb ine  s t a r t u p ,  

the  braze i n  the nozzle diaphragms never exhib i ted  cracks.  Embrittlement 

of thin-walled tubing during brazing w i t h  t h i s  a l l o y  was a problem, however, 

requi r ing  replacement of almost a l l  tubing brazing with welding. 

Standard mach techniques w e r e  used throughout the program, in- 

cluding electrical discharge machining. 

spraying used to  apply  copper, s i l v e r ,  n i cke l ,  and molybdenum t o  var ious 

seal arid rabbet  su r f aces ,  and a "puddling" process,  involving flowing s i l v e r  

onto a su r face  f r o m  a s i l v e r  weld rod w a s  used i n  applying s i l v e r  t o  the  

shaft s c r e w  seal. 

Standard p l a t i n g  and/or flame 

-24 - 



c 

The turb ine  throughout Its testing w a s  assembled on a " se l ec t ive - f i t "  

b a s i s  where necessary. Records were maintained of a l l  dimensional f i t s  i n  

each ind iv idua l  buildup. Ind iv idua l  p a r t - f i t t i n g  of non-c r i t i ca l  components 

w a s  allowed, i n  t h a t  a s i n g l e  turb ine  w a s  being b u i l t  and t e s t ed .  Since 

seve ra l  components were re-used i n  a number of buildups,  thermal d i s t o r t i o n s  

required ind iv idua l  remachining and s e l e c t i v e  f i t t i n g  of the  re-used p a r t s .  

During welding of t he  tu rb ine  i n  final assembly, s p e c i f i c  welding 

sequences, and between-weld cool ing schedules were required.  I n  add i t ion ,  

where poss ib le ,  dimensional measurements were made during the  welding, such 

as with d i a l  i nd ica to r s  which cons t an t ly  observed the  p a t t e r n  of d i s t o r t i o n  

t o  i n d i c a t e  where the  next w e l d  should be made. These techniques w e r e  q u i t e  

successfu l  i n  allowing welding t o  be done on high-precis ion machined coni- 

ponents during f i n a l  assembly, without excessive d i s t o r t i o n .  

Bo TURBINE ASSEMBLY 

Turbine assembly comprises th ree  major phases: 

1. Rotor assembly and balance. 

2. Subassembly of s eve ra l  sets of s t a t o r  p a s t s ,  

3.  Fina l  r o t o r - s t a t o r  assembly and welding. 

An exploded view of the turb ine  assembly i s  shown i n  Figure 2, 

1. Rotor Assembly and Balance 

The f i r s t  s t e p  in r o t o r  assembly is the  buildup of the  ind iv idua l  

wheels and blades. A l l  b lades  are preweighed (as  are a l l  turb ine  p a r t s  

before  running) and the blades are i n s t a l l e d  f o r  t he  bes t  i n i t i a l  

balance of t h e  wheel, as determined on a r o t a t i n g  f o r c e  balance machine, 

The b lades  are t i p  ground a f t e r  assembly, and t h e  wheels are rebalanced 

to a to le rance  t o  0.5 gram-inches or  less re s idua l  unbalance. The 

r o t o r  is  then assembled as shown i n  Figure 24 and is  dynamically 

balanced i n  a two-plane dynamic balancing machine , as shown i n  Figure 25. 
* 

* 
See Table V 
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I n  p r a c t i c e ,  balance l e v e l s  of better than 0,5 gram-inch f o r  the 

o v e r a l l  r o t o r  have been t y p i c a l .  Balancing is  performed using the t 

standard balance equipment used i n  the balancing of gas  tu rb ine  r o t o r s .  

Balancing is achieved by selective placing of the preweighed buckets 

and by metal removal from l e a s t - s t r e s s e d  a r e a s  of t he  discs and s h a f t .  

Because the hydrodynamic seal conta ins  both static and r o t a t i n g  

components which are not  separable  because of an in t e r lock ing  of t he  

r o t a t i n g  cup with the  s t a t i o n a r y  discs, and because the r o t o r  cannot 

be i n s t a l l e d  as an assembled u n i t ,  it w a s  necessary to disassemble the  

r o t o r  a f t e r  balance.  

without any observed l o s s  of balance during u l t i m a t e  t e s t i n g .  

T h i s  was done f o r  every bui ldup of t h e  tu rb ine  

2. S t a t o r  Assembly 

The major subassemblies of s ta t ic  p a r t s  are the: 

1. I n l e t  Duci; 

2. Casings 

3. S c r o l l  Assembly 

The i n l e t  duc t  subassembly c o n s i s t s  of t he  i n l e t  duc t ,  first 

s t a g e  nozzle diaphragm, a i d  honeycomb t i p  seals a s  shown i n  Figure 26a. 

The nozzle diaphragm is hold i n  place by the t i p  seal, which i n  t u r n  

i s  bolted t o  the i n l e t  duc t  a f t  f lange .  

the nozzle  diaphragm i n  t k - e  casing. 

i n  Figure 26b, showLng the t r a i l i n g  edges of the f i r s t  s t age  nozzle 

diaphragm . 

Four keys prevent  r o t a t i o n  of 

The complete subassembly is  shown 

The cas ing  subassembly (Figure 27)  c o n s i s t s  of the casing s h e l l  

forg ing ,  second s t age  nozzle diaphragm, second s t age  t i p  seal, i n t e r -  

s t a g e  seal, and o u t l e t  guide vane. 

to  the casing.  

A l l  p a r t s  are rabbetted and bol ted  
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The scroll (Figure 211, when combined with the  cas ings  and i n l e t  

duc t  subassemblies makes up the  eomplete stator of t he  turb ine .  When 

completely assembled, t he  scroll e f f e c t s  t he  alignment of the  bear ing 

housing and r o t o r  with the  s t a t o r ,  as indica ted  previously.  

The bear ing housing subassemblies comprise the  bearing housing 

hydrodynamic seal weldment, the  pad bearing assembly, and the  bal4 

bearing housing assembly. This to ta l  assembly conta ins  the  turb ine  

rotor bear ings,  t he  hydrodynamic seal, and a l l  in te rna l  piping t o  

provide the  argon, potassium, and lube o i l  flows t o  and from the  i n t e r n a l  

components. Figure 15 shows the  housing with hydrodynamic seal a t tached ,  

before  and a f t e r  the  a d d i t i o n  of t he  hea t  s h i e l d  bellows cover. 

The pad bear ing assembly (Figure 28) comprises the  bear ing pads,  

socket  r ing ,  forward retainer r ing ,  a f t  r e t a i n e r  ring and keys. The 

gocket ring conta ins  t h e  f i v e  bear ing pads by cy l inde r  sockets  which 

have a close f i t  t o  the  b a r r e l s  on the  pads (0.0005-inch r a d i a l  

clearance), The O.D. of the r ing  is, i n  tu rn ,  c l o s e l y  f i t t e d  t o  the  

1.D. of the  bearing housing i n  cold condi t ion.  In hot  condi t ion  - hot  

cas ing ,  co ld  bear ing - s i x  r a d i a l  keys ensure concen t r i c i ty  of bear ing 

housing and socket  ring. A t  both ends of the  socket  ring, the  pads 

are eontained by the  retainer rings, the  forward one also comprising 

the  s h a f t  o i l  screw seal. 

The b a l l  t h r u s t  bearing housing assembly (Figure 29) c o n s i s t s  of 

the  ou te r  housing, two b a l l  bear ings , B e l l e v i l l e  spr ing ,  B e l l e v i l l e  

loader ,  and a carbon seal assembly. This assembly e s t ab l i shed  t h e  a x i a l  

pos i t i on  of the  r o t o r  as shown assembled i n  Figure 1. The two b a l l  

bear ings f i t  i n t o  the  P.D. of the  housing with a 0,0007 d iamet ra l  

clearawe and are held i n  a 400-pound a x i a l  preload by the  B e l l e v i l l e  

spring. 
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F i n a l  Assembly and Ins ta l la t ion 

The first s t e p  i n  f i n a l  assembly is  welding the  bearing hous ing ' to  

the  s c r o l l  as shown i n  Figure 30. A t  t h i s  po in t  none of t he  bearing 

housing subassemblies a r e  i n  p lace .  The s h a f t  and pad bear ing assemblies 

are then in se r t ed  i n  the bear ing housing, thus e f f e c t i n g  the  forward 

mounting of t h e  r o t o r  s h a f t .  Subsequently, i n s t a l l a t i o n  of t h e  i n t e r n a l  

ins t rumenta t ion  is  done from the  a f t  end, as shown i n  Figure 31. The 

cas ings  and rotor are then t r i a l - f i t t e d  f o r  v e r i f i c a t i o n  of c learances  

a s  shown i n  Figure 32. The s c r o l l  i s  placed i n  a v e r t i c a l  pos i t fon  f o r  

t h i s  check. The measured c learances  are compared t o  predetermined 

al lowable l i m i t s ,  and are then tabula ted  as shown i n  Figure 33, which 

includes the  cr i t ical  c learances  f o r  a l l  major buildups.  Af t e r  ver i -  

f i c a t i o n  of c learances ,  the  i n l e t  duc t ,  casings, and s c r o l l  a r e  welded 

toge ther ,  with the  tu rb ine  r o t o r  i n  p lace  t o  complete the  assembly, 

a s  shown i n  Figure 34. The tu rb ine  is  then mounted i n  the  test f a c i l i t y  

by welding vapor i n l e t  and o u t l e t  duc t s  to its lead and e x i t  f l anges .  
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V . CO@ONENT. DES IGM 

A .  DESIGN CRITERIA 

The genera l  des ign  cri teria employed i n  the  des ign  of t he  potassium 

tu rb ine  is similar t o  t h a t  developed f o r  t u r b o j e t  engines,  with some 

modi f ica t ions  t o  accommodate the long l i f e  and otherwise s p e c i f i c  require- 

ments of t he  p re sen t  design. Following are t h e  bas i c  f a i l u r e  cri teria and 

gene ra l  des ign  techniques employed f o r  t he  potassium test turb ine .  

1. L i fe  determination: Where stress l i m i t a t i o n s  were set by long-time 

opera t ing  c h a r a c t e r i s t i c s  of c reep  and stress rup tu re  (which i s  

g e n e r a l l y  the  case of t h e  hot  r o t a t i n g  p a r t s ) ,  the  a l lowable running 

condi t ions  were based on a " t o t a l  l i fe  used up" d i s t r i b u t i o n  according 

t o  the  fol lowing r e l a t i o n s h i p :  
1 1 

t2 

t2 
Percent  of t o t a l  l i f e  used up = - + - + * - . , . . a *  

= a c t u a l  opera t ing  t i m e  under opera t ion  cond i t ion  1. 

= a c t u a l  opera t ing  t i m e  under opera t ion  c o d i t i o n  2. 

1 
tl 

t2 

where 

1 

= maximum allowable opera t ing  t i m e  under ope ra t ion  

condi t ion  1. 

= maximum allowable opera t ing  t i m e  under opera t ion  t2 
cond i t ion  2. 

The allowable stress as a func t ion  of opera t ing  t i m e  and temperature 

was based upon the  "Larson-Miller Parameter "M" and t h e  published material 

s t r e n g t h  curve : 
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where T = material temperature i n  OR 

t = required operat ing t i m e  i n  hours 

C = empir ica l  cons tan t  depending upon the material 

and a v a i l a b l e  data. 

I 

2. Theory of Fa i lure :  It  has been found that nearness t o  f a i l u r e  is most 

accu ra t e ly  represented by t h e  theory  of cons tan t  elastic s t r a i n  energy 

of d i s t o r t i o n  (Reference 211, w i t h  the r e s u l t i n g  e f f e c t i v e  stress" 

being the  best measure of nearness t o  f a i l u r e ,  as fol lows:  

? I  

where (J = e f f e c t i v e  stress e 
T = shear stress 

CT = direct stress 

x, y, z = the  three mutually perpendicular  planes 

3. Steady-Stage Loads: For steady-stage loads , the  stress l e v e l s  were 

determined by whichever of the  following w a s  lower: 

a. 100 percent  of 0.2 percent  o f f s e t  y i e l d  strength 

100 percent  of 1 percent  p l a s t i c  creep strength 

80 percent  of stress rupture  s t r e n g t h  (except i n  extremely 
loca l i zed  regions of stress, such as dove ta i l  connections,  
or wheel bore stress, where 90 percent  of stress rupture  
s t r e n g t h  w a s  used). 

On a l l  published material curves of y i e l d ,  creep,  or stress m p t u r e  

s t r eng th ,  the allowable strength was determined by the l o w e r  band of the 

spread of material data which, i n  t u r n  w a s  determined by a 3 sigma 

statist ical  d i s t r i b u t i o n  or a "material dev ia t ion  f ac to r " ,  which va r i e s  

between 75 percent  and 90 percent .  Shear stresses, when not  d i r e c t l y  

a v a i l a b l e ,  were determined as 0.57 of the material's u l t imate  t e n s i l e  

s t r e n g t h ,  
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4.' Alterna t ing  S t r e s s :  The t o t a l  stress imposed on a blade comprises a 

s teady  component due t o  c e n t r i f u g a l  f o r c e ,  upon which is  superimposed 

an a l t e r n a t i n g  stress r e s u l t i n g  pr imar i ly  from the repeated pu l sa t ions  

of vapor from the passing nozzle vanes. For any s teady  state l e v e l  of 

stress, there i s  a maximum a l t e r n a t i n g  stress permit ted t o  r e a l i z e  a 

p a r t i c u l a r  l i f e  ( f o r  any given ma te r i a l  and temperature).  This is 

presented i n  a "Goodman Diagram" which f o r  U-700 a t  1500°F ( turb ine  

i n l e t  temperature a t  endurance t e s t i n g  design po in t  cond i t ions ) ,  i s  

shown i n  Figure 35a, 

I n  t h i s  turb ine  design,  the a l t e r n a t i n g  stress l e v e l  w a s  considered 

to  be t h a t  produced by the complete removal and re -appl ica t ion  of the 

t o t a l  gas  bending loads.  

Some of the  important a spec t s  of s p e c i f i c  component design a r e  

a s  fol lows.  ' 

B. STRESS ANALYSIS 

1. Rotor 

The techniques f o r  analyzing the stresses i n  tu rb ine  b lades ,  dove- 

tai ls  and wheels followed the  same as those used f o r  t u r b o j e t  engine 

design,  and a v a i l a b l e  computer and a n a l y t i c a l  procedure programs were  

used where poss ib le .  

8 ,  

The r o t o r  stress a n a l y s i s  is discussed i n  Reference 

Because the tu rb ine  blade a i r foi ls  have a r ig id  cross -sec t ion  and 

s h o r t  length, and because the r o t a t i o n a l  speed is high {coyresponding 

t o  l o w  torque f o r  the g iven  tu rb ine  horsepower), the gas bending loads 

i n  t h e  b lades  r e s u l t  i n  bending skresses of only a f e w  hundred ps i ,  so 

t h a t  the primary stresses are due to c e n t r i f u g a l  loadings.  To compensate 

fo r  the bending loads, the blade a i r f o i l  was o f f s e t  s l i g h t l y  (0.006 

inches)  from the d o v e t a i l  vertical c e n t e r l i n e  t o  c e n t r i f u g a l l y  cancel  
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t h e  bending stresses a t  the  design-point  condi t ions .  Because of t h e  

r e l a t i v e l y  s h o r t  l eng th  of the  turb ine  blades,  t h e  a i r f o i l  stresses were 

not of primary s i g n i f i c a n c e ,  but rather d o v e t a i l  s t . resses  i n  the con- 

nec t ion  between blade and wheel  became the  l imi t ing  stress. The r e s u l t s  

of the d o v e t a i l  stress analysis f o r  both blade and wheel are given f o r  

s t ages  one and t w o  i n  Figure 35c. The stress a t  the  bottom tang of the 

wheel d o v e t a i l  comprises t h e  l i m i t i n g  stress i n  the e n t i r e  t u rb ine  

r o t o r .  As seen  i n  Figure 35c, the  stress f o r  s t age  one d o v e t a i l s  i s  

g iven  f o r  the  n i c k e l  a l l o y  (U-700) blades only,  s ince  no r e f r a c t o r y  

materials w e r e  used i n  the f i r s t  s t age .  For s t age  two, stresses i n  t h e  

wheel d o v e t a i l  f o r  both U-700 (n icke l  a l l o y )  and TZM and TZC (molybdenum 

a l l o y )  blades are given, and as can be observed, t h e  stresses i n  the  

po r t ion  of t h e  tu rb ine  wheel car ry ing  the  molybdenum blades are h igher  

than f o r  the  n i cke l  a l l o y  blades, r e s u l t i n g  from the g r e a t e r  d e n s i t y  of 

the molybdenum a l l o y s  (0.369 1b/i11.~ compared w i t h  0.286 lb / in .3  f o r  U-700). 

, 

For U-700 wrought a l l o y ,  t h e  Larson M i l l e s  parameter p l o t  f o r  

rup tu re  stress is shown i n  Figure 35b and i n  Reference 5. This curve 

r ep resen t s  t h e  lower l i m i t  of the  band produced by three standard de- 

v i a t i o n s  from t h e  "average" material s t r e n g t h  r e s u l t i n g  from labora tory  

p u l l  tests. Furthermore, superimposed on t h i s  p l o t  is  t h e  curve showing 

the  locus of stresses rat 90 percent  of the  above curve, which according 

to  t h e  d i scuss ion  i n  the  "Design Criteria" s e c t i o n  above, r ep resen t s  

t h e  maximum al lowable l e v e l  of stresses to  be used f o r  blade and wheel 

des ign  purposes. 

so similar t o  those of U-700 used i n  the  blades, t h a t  t h e  U-700 data are 

used i n  the des ign  of both blades and wheels. ) 

(The p r o p e r t i e s  of Astroloy used i n  the  wheels  are 

Refer r ing  t o  Figure 35, i t  can  be seen  that  t h e  maximum stress l e v e l s  

i n  the  wheel d o v e t a i l s  ( f o r  t he  design-point  r o t a t i v e  speed of 19,200 

rpm) are: 

Stage 1 wheel d o v e t a i l  stress = 32,600 p s i  

Stage 2 wheel  d o v e t a i l  stress = 50,250 p s i  
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'For  the  stage one and stage t w o  wheel temperatures of 1460 0 F and 1310 0 F 

re spec t ive ly ,  (corresponding to  a turb ine  i n l e t  temperature of 1500 0 F) 
these stresses al low the  fol lowing wheel operat ing l i f e ,  based upon 

rupture  stress: 

Stage 1 al lowable l i f e  = 2,000 hours 

Stage 2 allowable l i f e  = 3,000 hours 

From t h i s ,  t h e  turb ine  continuous opera t ing  l i f e  i s  l imi t ed  by stage 

one. 

P r i o r  to the  endurance t e s t i n g ,  however, because of an t i c ipa t ed  

v ib ra t ions  a t  the  19,200 rpm condi t ion ,  (Figure 43b) the operat ing speed 

was changed to 18,250 rpm, r e s u l t i n g  i n  a corresponding reduct ion i n  a l l  

stresses given i n  Figure 35c (by the  square of t h e  i n i t f a l - t o - f i n a l  speed 

r a t i o ) .  

opera t ing  l i f e , o f  s t ages  one and two as follows: 

T h i s  r e s u l t e d  i n  an  increase  i n  t h e  Corresponding allowable 

Stage 1 allowable l i f e  = 4,000 hours 

Stage 2 allowable l i f e  = 12,000 hours  

From these data, i t  can be seen t h a t  because of i t s  higher  tempera- 

t u r e ,  d e s p i t e  i ts  lower stress l e v e l ,  stage one wheel becomes l imi t ing ,  

and f i x e s  the t u r b i n e ' s  accumulative operat ing l i f e  a t  4,000 hours. 

I n  analyzing turb ine  whee l  web and bore stresses, Reference 8, 

thermal stresses w e r e  ignored, s ince  the wheel i s  bathed a t  e s s e n t i a l l y  

one temperature during steady- s tage opera t  ion Whee 1 stresses a n a l y s i s  

w a s  performed on a d i g i t a l  computer using an  a v a i l a b l e  elastic d i s k  

a n a l y s i s  program. On stage one, in addPtion to  rotational stresses, 

t h e  wheel is subjec ted  to an axial load a t  i t s  bore of 10,000 lbs  due 

to  the t ens ion  of the tie bolt, t h i s  f o r c e  being counteracted through 

the cu rv ic  coupling torque cy l inde r ,  and producing a bending stress 

around the  inne r  bore of t h e  wheel (about 11,000 ps i  a t  i n i t i a l  tie 

bolt tension). This r e s u l t i n g  stress w a s  superimposed upon the  c e n t r i -  
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fuga1 stress c a l c u l a t i o n s  to  g ive  a n  o v e r a l l  stress d i s t r i b u t i o n  as 

shown i n  Figures  36 and 37 for  s t ages  one and t w o  wheels respec t ive ly .  

The stresses shown are 

presented equat ion (Section V-A-2). 

i 

11 e f f e c t i v e  stresses" according to  the previously 

I t  can be seen t h a t  the bore stresses, as usual ,  are highest and 

are q u i t e  localized. On stage one, the  maximum stress values shown 

represent  t h e  bore stress a t  t h e  a f t  end of t h e  c e n t r a l  hole. Since 

these are local stresses, t h e i r  allowable l e v e l s  were taken as 95 per- 

cen t  of the  publ i shed  s t r e s s - rup tu re  data. With t i m e ,  local c reep  causes 

these bore stresses to  re l ax  t o  lower values than those used i n  the  l i f e  

ca l cu la t ions .  Figures  36 and 37 show t h e  average wheel stresses t o  be 

50 to  60 percent  of the  maximum bore values ,  and the re fo re ,  safe. 

The stress and temperature d i s t r i b u t i o n  i n  the  tie bolt is shown 

i n  Figure 38. A steep temperature  g rad ien t  exists from the ho t  end 

toward the  co lde r  end of the  bol t .  Its a x i a l  force pre tens ion  (10,000 

lbs)  i s  s u f f i c i e n t  to hold t h e  rotor together under normal running 

condi t ions.  The diameter of the  bol t  was var ied according to  tempera- 

t u r e  d i s t r i b u t i o n .  I t  w a s  made r e l a t i v e l y  large a t  t h e  hot  end t o  

minimize stress, and smaller a t  the  cold end t o  ob ta in  a higher  i n i t i a l  

elastic e longat ion  t o ,  i n  tu rn ,  prevent loosening of t h e  b o l t  under t h e  

d i f f e r e n t i a l  thermal expansion between t h e  bol t  and shaf t-wheel a s sembly  

a t  opera t ing  temperature. The tie bolt stress a n a l y s i s  does no t  permit 

direct use of the  s t r e s s - r e l a x a t i o n  design curves which are based on 

the  e n t i r e  bolt being a t  a uniform temperature and re lax ing  w i t h  t i m e .  

Rather, the material property of major concern i s  t h e  plastic creep  

rate, because plastic ex tens ion  of the  b o l t  near  i ts  head is t h e  pr imary 

factor i n  reducing the  locking stress. The bo l t  was designed to  s t a y  

wi th in  the  0.2 percent  p l a s t i c  c reep  range i n  the  short  hot sec t ion .  No 

t o r s i o n a l  stresses were imposed on the  bol t ,  s ince  i t  w a s  pretensioned 

a x i a l l y  w i t h  a hydraul ic  r a m ,  and the  lock-nut turned finger-tight before 

releasing the r a m  load. 
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2, S t a t o r  

(a) Casing and Ducting 

The i n l e t  duc t ,  tu rb ine  cas ing  and exi t  scroll have s u f f i c i e n t l y  

heavy w a l l  s t r u c t u r e s  t h a t ,  under the  m a x i m u m  i n t e r n a l  tu rb ine  pressure  

of 21.7 ps ig ,  the  w a l l  stresses produced were no t  of s ign i f i cance .  

The only stresses of concern i n  these p a r t s  were i n  the  welds on t h e  

t h i n  sec t ions  of the f langes .  Figure 39 summarizes these stress l e v e l s ?  

which are a l l  wi th in  s t r e s s - rup tu re  l i m i t s  f o r  t he  316 s t a i n l e s s  steel 

ma te r i a l .  The forces considered as stress-producing were: 

1. The a x i a l  t e n s i l e  load across the  forward and a f t  diametral 

f l anges  r e s u l t i n g  f rom a pulley-weight arrangement which w a s  

app l i ed  to p u l l  the a f t  end of the tu rb ine  and thereby prevent 

buckling of t h e  t u rb ine - in l e t  duc t  assembly during thermal 

expansion a t  s t a r t u p .  This f o r c e  w a s  approximately 200 lbs ,  

and was treated as a direct t e n s i l e  stress across t h e  forward 

and a f t  flange welds (see Figure 39). 

2. The radial  forces acting t o  sepa ra t e  both the  radial and 

horiieontal f l anges ,  r e s u l t i n g  from the i n t e r n a l  pressures  

w i t h i n  the casing. These are of m o s t  s i gn i f i cance  a t  t h e  

i n l e t  end of t h e  cas ing ,  w h e r e  both the p res su re  and tempem- 

t u r e  are highest. The hor izonta l  flange stress was treated 

i n  simple tens ion  across the w e l d .  

3. Pressure drop forces ac ross  the  nozzle diaphragms. 

(b) Nozzle Diaphragms 

The major n a z l e  diaphragm stresses w e r e  imposed by the pressure  

d i f f e r e n t i a l  a c t i n g  across the nozzle diaphragm. These f o r c e s  reso lve  

i n t o  hoop stresses i n  the  inne r  and o u t e r  bands and bending stresses 

on the o u t e r  diaphragm rabbets, which are qukte low, and are summarized 

i n  Figure 40. 
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C. VIBRATION 

1. Blades 

< 

A v i b r a t i o n  analysis w a s  performed on both stages of the  rotor 

blades (Reference 8) to  determine t h e i r  n a t u r a l  f requencies ,  using 

an  a v a i l a b l e  "twisted blade" program on a digi ta l  computer. 

of the  high stiffness of the blade a i r fo i l  sec t ions ,  the d o v e t a i l s  could 

not  be considered i n f i n i t e l y  s t i f f  by comparison, and the  ana lys i s  w a s  

made w i t h  a n  assumed d o v e t a i l  sp r ing  cons tan t  included. Previous 

experience on small aircraft  engine development programs has  shown 

dovetail  "spring" to m a t e r i a l l y  reduce blade f requencies  below those 

of the a i r f o i l  a lone ,  e s p e c i a l l y  as i n  t h i s  design,  where a s l ende r  

shank is not  incorporated.  However, a l though the  turb ine  blades have 

no long shanks as such, t h e r e  is a neck s e c t i o n  jo in ing  the  d o v e t a i l  to 

t h e  a i r f o i l  which f o r  purposes of s imulat ing a c t u a l  s t i f f n e s s  (based 

upan a v a i l a b l e  experience wi th in  General Electric) was considered to  be 

60 percent  of the t r u e  platfom w i d t h  as shown below: 

Because 

Based up 
I 

bove reasoning, a f i r s t  f l e x u r a l  
I 

bove reasoning, a f i r s t  f l e x u r a l  de frequency 

of about  5800 cycles per second was ca lcu la t ed  f o r  both stages one and 

two. Although higher m o d e s  w e r e  also i d e n t i f i e d ,  they become i n s i g n i f i -  

c a n t  s ince  t h e  vapor d r iv ing  forces on the blades w e r e  very l o w .  The 

ca lcu la t ed  blade n a t u r a l  f requencies  are shown i n  Figures  41 and 42 for  

n t h  b l  
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both stages. Subsequent t o  t h i s  a n a l y s i s ,  and as discussed i n  Sec t ion  

' VI1 i n  t h i s  r epor t ,  bench tests on a c t u a l  blades were pun w i t h  the  

blades clamped i n  var ious manners i n  a dove ta i l - s lo t t ed  coupon. A l s o ,  

i n  tu rb ine  p r e t e s t i n g ,  the blades were instrumented for  f l e x u r a l  and 

t o r s i o n a l  v i b r a t i o n  measurements, and resonant f requencies  were ob- 

served under a c t u a l  running condi t ions  i n  a i r .  

To avoid e x c i t i n g  the  blades a t  even-cycle impulses a t  blade- 

passing f requencies  from t h e  gas stream (at  NASA suggest ion) ,  half t h e  

nozzle vanes of each diaphragm were rotated through 1/3 vane space as 

discussed i n  Reference 4. This appears t o  have been e f f e c t i v e ,  s ince  

i n  actual testing (Sect ion VIP and Figures  65 and 661, t h e  v ibra tory  

stresses on the  blades were so  l o w  as tQ hard ly  be measurable. It  can 

be seen  that t h e  measured a i r fo i l  bending stresses were i n  the  order of 

200 to  300 p s i .  Throughout the  e n t i r e  test program, blade v ib ra t ions  

were not a problem. 

2. Critical Speeds 

The cr i t ical  speeds of t h e  e n t i r e  tu rb ine  sys t em w e r e  ca l cu la t ed  

using an  available computer program employing the  balance of k i n e t i c  and 

p o t e n t i a l  ene rg ie s ,  known as "VAST". 

(rotor and stator) is considered to  be a series of short  segments, 

linked together, and considered as f l e x i n g  beams w i t h  local s t i f f n e s s  

and area p r o p e r t i e s ,  and w i t h  t he i r  mass concentrated a t  t h e i r  ends.  

Bearings are replaced for  c a l c u l a t i o n a l  purposes by sp r ings  w i t h  assumed 

sp r ing  cons tan ts .  The cr i t ical  speed a n a l y s i s  is  discussed i n  Fkference 

9 and t h e  tu rb ine  cri t ical  speeds ( including t h e  support ing s t r u c t u r e  

and i n l e t  duc t )  are shown i n  Figure 43 for  the  assumed bearing spr ing  

cons tan ts  shown. Of the  three cri t ical  speeds i d e n t i f i e d ,  the only 

one i n  t h e  turb ine  opera t ing  range is a t  14,792 rpm wherein t h e  rotor 

is acting as a r i g i d  body i n  t h e  bear ing sp r ings  and resonat ing  i n  

the con ica l  m o d e .  

I n  t h i s  a n a l y s i s ,  t h e  e n t i r e  system 

v 
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During turb ine  t e s t i n g ,  the  presence of any p rec i se  potassium 
I 

tu rb ine  cri t ical  speed w a s  d i f f i c u l t  to i d e n t i f y ,  and some va r i a t ions  i n  

system v ibra tory  p a t t e r n s  were observed w i t h  each buildup. Sone s l i g h t  

evidence of increased accelerometer readings i n  the pivoted pad bearing 

reg ion  w a s  gene ra l ly  observed i n  the  speed range of 14,000 r p m  to 16,000 

rpm during operat ion.  

rotor balance w i t h  each buildup ( r e s idua l  unbalance of less than  0.5 

gram-inches a t  each turb ine  bear ing)  no d i f f i c u l t i e s  were e v e r  en- 

countered i n  the  potassium turb ine  i n  passing through cri t ical  speeds. 

However, by obtaining a high degree of i n i t i a l  

The presence of cr i t ical  speeds was sensed more acu te ly  i n  the 

water brake and steam turb ine  d r i v e  t r a i n  than i n  t h e  potassium turb ine ,  

as indica ted  i n  Figure 43b. This shows measured v ibra tory  amplitudes f o r  

a l l  t h ree  of these components f o r  one p a r t i c u l a r  buildup (test beginning 

October, 1964). A s  can be seen,  resonances do occur i n  the opera t ing  

range, w i t h  the  r e s u l t  that during endurance t e s t i n g ,  t h e  previously 

discussed 'adjustment  of opera t ing  speed ( f r o m  19,200 r p m  to 18,250 rpm) 

was made to o b t a i n  a minimum l e v e l  of v ib ra t ion .  In  opera t ion ,  passing 

through any of the  s y s t e m  cr i t ical  speeds w a s  no t  a problem, and i n  

fact, during t h e  numerous changes of rotor speed to  accomplish perfor- 

mance testing, the  cr i t ical  speed range was passed through many t i m e s .  

D. TEMPERAWRE: DISTRIBUTION 

The temperature d i s t r i b u t i o n  throughout t h e  turb ine  w a s  ca l cu la t ed  for  

seve ra l  i n l e t  temperatures,  and is shown i n  Figure 44 for  t h e  155OoF i n l e t  

vapor temperature case. This employed a computer program which u s e s  a thermal- 

electrical r e s i s t a n c e  analogy i n  c a l c u l a t i n g  the  temperature d i s t r i b u t i o n .  

Figure 44 also shows s e v e r a l  temperatures a c t u a l l y  measured during vapor 

testing. 

Figure 45 shows t h e  ca l cu la t ed  opening and closing of var ious critical 

radial and axial c learances  throughout t h e  tu rb ine  (based upon the above 

temperature d i s t r i b u t i o n ) .  These d i f f e r e n t i a l  thermal expansions w e r e  used 
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t o  set the turb ine  f i n a l  dimensions p r i o r  to manufacture of the  components, 

anH were used t o  determine the  hot and cold c learances  of each tu rb ine  

buildup. These c learance  changes r e s u l t  both from t h e  ex i s t ence  of tempera- 

t u r e  d i f f e rences  between p a r t s  during opera t ion ,  and from the  s i g n i f i c a n t  

d i f f e rences  i n  c o e f f i c i e n t s  of thermal expansion between 316 s t a i n l e s s  steel 

and U-700 supera l loy .  

c o e f f i c i e n t  of 10 .4  i n . / i n .  w h i l e  U-700 has a c o e f f i c i e n t  of 8 . 4  (10 

i n . / i n .  This r e s u l t s  i n  a n  inherent  opening of t i p  c learances  w i t h  in- 

c reas ing  temperature,  f o r  example. 

A t  14OO0F, f o r  example, 316 s t a i n l e s s  steel has 8 
-6 

, 
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A. GENERAL 

The o v e r a l l  test program f o r  t h e  potassium turb ine  represents  an  e f f o r t  

covering three years. The chronology of s i g n i f i c a n t  t e s t i n g  events  is in- 

cluded i n  Table V I  of t h i s  r e p o r t ,  and a h i s t o r i c  record of accumulated 

test t i m e  on potassium vapor i s  shown i n  Figure 3, The turb ine  t e s t i n g  

cons is ted  of both a "pre tes t ing"  phase employing water, steam, and a i r ,  

and u l t ima te ly ,  the  "potassium vapor t e s t i n g "  phase i n  t h e  potassium f a c i l i t y .  

These t e s t i n g  e f f o r t s  were accompanied by numerous side- tests of ind iv idua l  

components and sub-systems i n  both the  turb ine  and test  f a c i l i t y .  

The o v e r a l l  program achieved its ob jec t ives  of obtaining performance 

data and accomplishing its endurance test program, and provided valuable  

test and a l k a l i  metal vapor turbomachinery development experience Typical 

of development undertakings of t h i s  type,  t h e  program was also markedp and 

occasional ly  directed, by development problems i n  both  t h e  test f a c i l i t y  and 

the  turbine.  The s i g n i f i c a n t  ones are discussed here in .  These problems 

w e r e  u l t ima te ly  solved, t o  a l l o w  accomplishment of t he  test ob jec t ives  w i t h  

a successfu l  completion of a 2000 hour endurance test on D e c e m b e r  20, 1965. 

B. TLJRBINE PRETESTING 

P r i o r  to committing the two-stage turb ine  to  a lka l i  metal testing, a 

series of tests w e r e  run i n  easy  f l u i d s  to  i d e n t i f y  opera t ion  characteristics 

of ind iv idua l  components (bearings, seals), and to determine the o v e r a l l  

system dynamic v ib ra t ion  p a t t e r n s ,  (References 10, 11, 12, 13, and 14).  

This t e s t i n g  w a s  done w i t h  d r y  a i r ,  s t e a m  and water so that  i n s t a l l a t i o n ,  

instrumentat ion,  and v i s u a l  observat ion of equipment w a s  poss ib le .  This 

involved : 

1. Bench t e s t i n g  of ind iv idua l  components and sub-systems. 

2. D y n a m i c  testing (wherein t h e  turb ine  rotor w a s  d r iven  by the  
steam turb ine  1. 
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3. P r e t e s t i n g ,  where the  potassium turb ine  was operated as a 
power-producing machine using steam and a i r .  

For t h e  dynamic bearing and seal p r e t e s t i n g ,  t h e  tu rb ine  was set up 

i n  the  test cell as shown schematically i n  Figure 46a and p i c t o r i a l l y  i n  

Figure 46b (Reference 12).  The potassium turb ine  r o t o r  (without blades o r  

casing enclosure)  was d r iven  by t h e  steam turb ine  to  a speed of 23,000 rpm. 

The water brake was not  i n s t a l l e d ,  s ince  no power was being extracted f r o m  

the  potassium turb ine .  The purpose of t h i s  testing was to: 

1. Observe the  temperature-f l o w  characteristics of t h e  pad bearing 

2,  Observe t h e  sea l ing  capac i ty  and f l u i d  dynamics of t h e  hydro- 

3. Observe the  genera l  v ibra tory  characteristics of the rotor. 

and ball t h r u s t  bearing a t  operat ing speeds. 

dynamic seal. 

1. Instrumentat ion 

The turb ine  instrumentat ion employed during the  p r e t e s t i n g  phase 

(see Reference 13 cons is ted  pr imar i ly  of pressure  temperature,  speed 

and v i b r a t i o n  instrumentat ion.  Temperature, speed, and v i b r a t i o n  

measurements w e r e  made w i t h  s tandard thermocouples, inductance pickups, 

and s t ra in  gages, w h i l e  p ressure  measurement i n  the vapor f l a w  stream 

w a s  made by t h e  "efflux" technique described i n  References 1 and 22. 

The technique employed is one of maintaining a s m a l l  f l o w  of purge gas 

through t h e  pressure  t a p  l i n e ,  and measuring the  pressure  necessary t o  

force t h i s  f l o w  inward a g a i n s t  the vapor pressure  a t  the tap o u t l e t .  

This testing provided t h e  first opera t iona l  checkout of t h e  e f f l u x  

pressure  measuring system which was u l t i m a t e l y  success fu l ly  employed 

i n  potassium vapor testing. 

Where both continuous records and v i s u a l  monitoring of sys t em 

temperatures w e r e  necessary,  readout was done both on Sanborn and 

Mult ipoint  recorders. Bourdon gages and oscilloscopes w e r e  used for  

v i s u a l  observa t ion  of the var ious c a v i t y  pressures  and rotor dynamics, 
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respec t ive ly .  Blade v ib ra t ions  and rotor acce le ra t ions  w e r e  recorded 

on a 1 4 c h a n n e l  tape  recorder  (Figure 64b), 

2. Bearing Testing 

P r i o r  to  i n s t a l l i n g  the  pivoted pad bearing a series of f i v e  thermo- 

couples w e r e  i n s t a l l e d  i n  the  pads, p r imar i ly  along the  trailing edges 

t o  read maximum temperatures as shown below. 

1 
2 

The bearing w a s  l ub r i ca t ed  w i t h  Socony Mobil DTE 797 o i l ,  and was 

t e s t ed  over the following range of var iab les  I 

Running Speed 

Lube I n l e t  Temperature 

Lube Flow Rates 

0 t o  23,000 rpm 

97CP t o  1700F 

2.2 gpm t o  4.5 gpm 

During the  f i r s t  runs,  i t  was found t h a t  a n  automatic reduct ion 

i n  lube flow occurred wi th  increas ing  r o t a t i v e  speed f o r  a l l  condi t ions  

of flow and temperature. This decrease i n  o i l  flow w a s  found to be 

caused by the pivoted moment produced by the  c e n t e r  of hydrodynamic 

pressure  and the p ivo t  roller r eac t ion .  
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r e s u l t a n t  
pres su re  
fo rce  

lube feed 
s l o t  

Pivot  
r e a c t i o n  n fo rce  

A s  t he  speed increased ,  hydrodynamic f o r c e s  caused r o t a t i o n  of 

the pad, thereby press ing  t h e  feed  s l o t  a g a i n s t  the  jou rna l  w i t h  subse- 

quent reduct ion i n  the  lube flow area. By removing material from 

t h e  t r a i l i n g  edge of the  bearing pads,  the f low reduct ion wi th  speed 

w a s  e s s e n t i a l l y  eliminated f o r  the flow rate of i n t e r e s t  (2.2 gpm) as 

seen i n  Figure 47. Also, t h e  curve shows tha t  maximum bearing tempera- 

t u r e  i s  e s s e n t i a l l y  independent of lube flow rate f o r  the range of 

flows tested, ind ica t ing  t h a t  any flow beyond the  lower value of 2 .2  

gpm leaks out  around t h e  sides of t h e  bearing pads, and does not  add 

t o  the  cool ing capac i ty  of t h e  bearing. 

Figure 48 shows t h e  temperature of t h e  o u t e r  race of t he  b a l l  

t h r u s t  bearing as a func t ion  of opera t ion  speed for a range of lube  

i n l e t  temperatures and a f l o w  rate of 0.8 gpm. These w e r e  wi thin 

allowable l i m i t s  f o r  the  bear ing material used (52100 steel). 

3. Hydrodynannic Seal T e s t  

During the pretesting discussed above, i t  was observed t h a t  the  

potassium and argon f l o w  ex i t  d u c t s  from t h e  hydrodynamic seal sump 

(see Figure 10) were too s m a l l  to c a r r y  away t h e  combined seal l i q u i d  

and purge gas from the  Seal sump region,  Or ig ina l ly ,  t h e  s e a l i n g  l i q u i d  
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w a s  c a r r i e d  from t h e  seal  exhaust sump by t w o  tubes of  0.194 inch  I.D. 

which served t o  scavenge both t h e  s e a l  l i q u i d  and sea l - s ide  argon. 

The maximum flow which could be accommodated by t h i s  design was not  

s u f f i c i e n t  t o  ca r ry  away t h e  seal  f l u i d  f r i c t i o n  hea t .  For t h i s  reason, 

development of t h e  hdyrodynamic seal  was pursued i n  a s p e c i a l  test r i g ,  

(Reference 11). The t e s t  ob jec t ives  were a s  fol lows:  

1. 

2. 

3. 

To v i s u a l l y  observe t h e  ope ra t ion  of t h e  seal ,  no t ing  any 

tendency f o r  leakage out  t he  f r o n t ,  or ac ross  t h e  gas-purged 

l a b y r i n t h  seal .  

To record pressure-flow-horsepower consumption da ta  t o  

determine t h e  accuracy of previous c a l c u l a t i o n s  and t o  

provide a series of ope ra t ing  curves de f in ing  t h e  ope ra t ing  

l i m i t s  of t h e  seal. 

To determine t h e  number Qf l i q u i d  o u t l e t s  needed i n  t h e  

l i q u i d  sump reg ion  t o  adequately pass both t h e  purge gas 

and t h e  seal  l i q u i d  flow, and t o  determine t h e  i n t e r n a l  

seal pressure  d i s t r i b u t i o n s  dur ing  opera t ion .  

To observe, v i s u a l l y ,  t h e  flow through t h e  hydrodynamic sea l ,  and 

t o  measure pressures  and power consumption of t h e  seal ,  a test model 

w a s  set up i n  a p l e x i g l a s s  housing (as  shown i n  Figure 49a and photo- 

g raph ica l ly  i n  Figure 49b) with r o t a t i n g  steel p a r t s  o f  t h e  s a m e  

geometry and s ize  a s  those  i n  t h e  a c t u a l  t u rb ine ,  but with numerous 

pressure  t a p s  b u i l t  i n t o  them, i n  t h e  l o c a t i o n s  shown i n  Figure 50. 

The e n t i r e  test  r i g  was overhung on a bearing-mounted s h a f t ,  al lowing 

seal horespower consumption to  be determined from torque  measurements 

obtained from a load cel l  on an arm extending from t h e  main housing. 

The seal w a s  assembled i n  an  e x i s t i n g  high speed a i r - t u r b i n e  d r iven  

test r i g  as shown i n  F igure  51a and schemat ica l ly  i n s t a l l e d  a s  i n  

Figure 51b. A t o t a l  of 11 pressures  w e r e  measured by a scanning swi tch  

which s e q u e n t i a l l y  p r i n t e d  ou t  a l l  p ressures  on a s i n g l e  s t r i p  of 

Sanborn. 
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A t  t he  beginning of t e s t i n g  a l i q u i d  leakage a t  t h e  forward end 

of t h e  seal  cav i ty  i n  t h e  v i c i n i t y  of t h e  forward screw threads was 

observed (see Figure 49a). The screw threads  w e r e  incorporated i n  

t h e  s e a l  t o  pump vapor and condensate away from the  l i q u i d  i n  t h e  

s l i n g e r  cup, and had a correspondingly "forward" advance, but i t  w a s  

found t h a t  when t h e  threads  became f u l l y  wetted, they became a primed 

pump" which pul led  l i q u i d  from t h e  s l i n g e r  cup, and pumped it  d i r e c t l y  

i n t o  t h e  forward tu rb ine  wheel space.  

11 

A number of screw thread  conf igura t ions  w e r e  t e s t e d ,  t h e  bes t  

s o l u t i o n  being t h e  combination r igh t -and- le f t  hand screw thread  

shown i n  Figure 52. On t h e  sea l ' s  l i q u i d  s i d e  t h e  l i q u i d  would be 

pumped back i n t o  t h e  pump s l i n g e r  cup, and on t h e  vapor s i d e ,  t he  

screw thread  of  oppos i te  hand would pump vapor condensate back i n t o  

t h e  vapor (wheel space)  cavi ty .  I n  add i t ion  t o  the  change i n  screw 

thread  geometry, t h e  means of i n j e c t i n g  l i q u i d  t o  t h e  seal  w a s  changed 

from t h a t  shown i n  Figure 53a t o  t h a t  of Figure 53b, e l imina t ing  any 

d i r e c t  sp l a sh ing  of incoming l i q u i d  i n t o  the  threads .  

Fur ther  t e s t i n g  allowed v i s u a l  a n f i r m a t i o n  t h a t  t h e  f l u i d  and 

purge gas o u t l e t  holes  (Figure 53) were too s m a l l  t o  pass  t h e  requi red  

f l o w .  The number and size w e r e  increased  from a to t a l  of  t w o  1/4-inch 

diameter ho les  t o  a t o t a l  of s i x  3/8-inch diameter exhaust po r t s ,  which 

provided adequate f l o w  area, and which w e r e  subsequently incorporated 

i n t o  t h e  potassium tu rb ine  hardware. 

The major performance r e s u l t s  of t h i s  hydrodynamic seal bench 

t e s t i n g  are shown i n  Figures  54 and 55. 

F igure  54 shows t h e  a c t c a l  horsepower measurements compared t o  

those  of previous ca l cu la t ion ,  which i n d i c a t e  a good co r re l a t ion .  

Figure 55 shows t h e  maximum s e a l i n g  c a p a b i l i t i e s  ac ross  t h e  r o t a t i n g  

cup as a func t ion  of speed. Included i n  both these  curves are cor- 

responding c a l c u l a t i o n s  of seal horsepower consumption and s e a l i n g  
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, c a p a c i t y  us ing  potassium a s  a working f l u i d .  The b a s i c  equat ions  f o r  

t hese  c a l c u l a t i o n s  are included i n  Reference 11, and a d e t a i l e d  pre- 

s e n t a t i o n  of t h e  seal theory  and a n a l y s i s  is  presented i n  Reference 24. 

4 .  Blade Vib ra t ion  Tes t ing  

P r i o r  t o  i n s t a l l i n g  them i n  t h e  tu rb ine ,  both stages one and two 

tu rb ine  blades were subjec ted  t o  bench tests t o  determine, and t o  

compare with previous c a l c u l a t i o n s ,  t h e i r  var ious  n a t u r a l  f requencies  

(Reference 15). 

throughout t h e  blades was determined. For bench t e s t i n g ,  t h e  blades w e r e  

held i n  dovetail-broach coupons (such a s  shown i n  Figure 56a) which i n  

t u r n  were clamped i n  v i c e  jaws, and t h e  b lades  were e x c i t e d  electromag- 

n e t i c a l l y .  Provisions w e r e  made t o  exert v e r t i c a l  fo rces  on t h e  

b lades  t o  somewhat s imula te  c e n t r i f u g a l  f o r c e  by t h e  screws and push 

rods  extending up through t h e  bottom of  the  coupon. A s  t h e  screw w a s  

t igh tened ,  t h e  n a t u r a l  frequencies were obtained a s  i n  Table I .  Both 

t h e  t o r s i o n a l  and t h e  second f l e x u r a l  modes were very d i f f i c u l t  t o  

i d e n t i f y  due t o  t h e  h,igh s t i f f n e s s  of t h e  blades.  Figures 65 and 66, 

discussed f u r t h e r  i n  t h i s  s e c t i o n ,  show comparison of ca l cu la t ed ,  bench 

t e s t i n g ,  and r o t a t i v e  t e s t i n g  r e s u l t s  of  blade resonance f o r  both s t ages .  

Also, a p l o t  of nodal p a t t e r n s  and stress d i s t r i b u t i o n  

To determine t h e  stress d i s t r i b u t i o n  i n  t h e  blades,  s t r a i n  gages 

were a t t ached  as shown i n  Figure 57. The blades were exc i t ed  and a 

p l o t  w a s  made of t h e  s t r a i n  a s  shown c h a r a c t e r i s t i c a l l y  i n  Figures 58 

and 59 f o r  stage one and two. This  r ep resen t s  t h e  stress p a t t e r n  wi th in  

t h e  e l a s t i c  l i m i t  of t h e  ma te r i a l  and a t  t h e  f i r s t  n a t u r a l  frequency. 

The s t r a i n s  are represented  as percentages of t h e  maximum value  measured, 

thereby also r ep resen t ing  a normalized stress d i s t r i b u t i o n .  The s t r a i n  

values shown were measured a t  t h e  po in t s  on t h e  a i r f o i l  a s  i nd ica t ed  

i n  t h e  schematic blade drawing d i r e c t l y  above t h e  s t r a i n  p l o t .  The 

pos i t i ons  of t h e  s t r a i n  gages a t t ached  to  the  blades f o r  subsequent 

tests a f t e r  i n s t a l l a t i o n  i n t o  t h e  t u r b i n e  a r e  a l s o  shown. 
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Following t h e  bench t e s t i n g  of t h e  blades,  they  w e r e  i n s t a l l e d  
, 

i n  t h e  t u r b i n e  wheels and t h e  t u r b i n e  was prepared for dynamic vibra- 

t i o n  t e s t i n g  while ope ra t ing  t h e  potassium t u r b i n e  on steam and a i r .  

This  involved a complete buildup and assembly of t h e  potassium tu rb ine .  

The b lades  were i n s t a l l e d  i n  t h e  t u r b i n e  wheels, as shown t y p i c a l l y  

i n  Figure 60 where t h e  s t r a i n  gages a r e  a t tached  t o  t h e  t u r b i n e  blades 

and t h e  wheel web. A l l  t h e  s t r a i n  gage w i r e s  w e r e  covered with nichrome 

ribbon, tack  welded t o  t h e  tu rb ine  wheel, and a l l  l eads  were l e d  a x i a l l y  

out  through t h e  c e n t r a l  ho le  i n  t h e  t i e  b o l t .  The s t r a i n  gages were 

covered with nichrome shea th  t o  prevent gage damage from t h e  e ros ive  

q u a l i t i e s  of w e t  steam. I n  Figure 25 t h e  s t r a i n  gage w i r e s  can be seen 

coming from t h e  a f t  end of t h e  t u r b i n e  r o t o r .  Following i n s t a l l a t i o n  of 

t h e  s t r a i n  gages t h e  t u r b i n e  was completely assembled with casings and 

i n l e t  duc t ing  i n  p repa ra t ion  f o r  ope ra t ion  on steam. Figure 61  shows 

t h e  t u r b i n e  p a r t i a l l y  b u i l t  up f o r  p r e t e s t i n g ,  us ing  t h e  bol ted  easing. 

5. Steam P r e t e s t i n g  

For t h e  steam t e s t i n g ,  t h e  t u r b i n e  and d r i v e  t r a i n  were assembled 

as shown schemat ica l ly  i n  F igure  62. I n  t h i s  t e s t i n g ,  s i n c e  t h e  tu rb ine  

produced power, t h e  water brake w a s  i n s t a l l e d .  Figure 63 i s  an o v e r a l l  

view of  t h e  t u r b i n e  i n s t a l l e d  and prepared f o r  running. The main steam 

duct ing  and i n l e t  t h r o t t l e  va lve  are shown i n  t h e  foreground, and i n  t h e  

background is  t h e  i n s t a l l e d  t u r b i n e  and loading  system a long  with instrumen- 

t a t ion  and f l o w  l i n e s .  These p re s su re  t a p s  w e r e  hooked t o  t h e  e f f l u x  

p res su re  measuring system which continuously purges t h e  l i n e s  dur ing  

ope ra t ion  and prevents  in-flow of  w a t e r  from steam condensation. Immediately 

upstream of t h e  t u r b i n e  can be seen  t h e  i n l e t  l i n e s  for  con t ro l  and water 

f eed  t o  t h e  sp ray  va lve  used t o  cont ro l  t h e  q u a l i t y  of t h e  vapor e n t e r i n g  

t h e  tu rb ine .  F igures  64a and 64b show t h e  assemblage of c o n t r o l  and 

readout equipment i n  t h e  c o n t r o l  room for v i b r a t i o n  t e s t i n g .  

A number of tests w e r e  run  t o  r o t a t i v e  speeds of 23,000 rpm. Some 

problems w e r e  encountered i n  d e t e r i o r a t i o n  of the  s l i p  r i n g  carbon 

faces a t  t h i s  speed, and of  moisture shorting-out t h e  s t r a i n  gages, 

but these w e r e  overcome. As i nd ica t ed  previously,  t he  v i b r a t i o n  test 
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resu l t s  are shown i n  F igures  65 and 66 f o r  stages one and two re- 

spec t ive ly ,  inc luding  the  r e su l t s  of t h e  f i r s t  f l e x u r a l  frequency 

obtained through c a l c u l a t i o n ,  and 1)y t h e  previous bench t e s t i n g .  

Shown here i s  the  bench t e s t  i h i c h  most c l o s e l y  matches the  r e s u l t s  

obtained i n  t h e  a c t u a l  -:otatiIrg tu rb ine  v i b r a t i o n  tests. I n  gene ra l ,  

the  energy f e d  i n t o  t h e  blade.:: during running i s  so low t h a t  ob ta in ing  

readings  of resonant f r2quenc .s w<.s d i f f i c u l t .  Ind ica t ions  of t h e  

f i r s t  f l e x u r a l  frequency of t.lie buc,kets were picked up on both stages, 

but i n  no cases  were the  higher f l e x u r a l  modes or any t o r s i o n a l  modes 

of v i b r a t i o n  d i s c e r n i b l e  ' I  c a i '  he seen from Figures  65 and 66 t h a t  

t he  blade v ib ra to ry  s t ress . :*  ~ r ' e  a: t h e  very low l e v e l s  of about 300 

p s i ,  which accounts f o i  thr ., l i ' i c r i l ty  i n  reading resonant f requencies ,  

The ex i s t ence  of de f in l t t ?  1'e.ma.ice p o i n t s  due  t o  j e t s  e j e c t i n g  from 

t h e  nozz les  was no t  evideiit,  1-ritlicating t h a t  the uneven spacing of the  

nozzle vanes around the t u r b i  ;ie flow pa th  was successfu l  i n  e l imina t ing  

blade resonance. The g r s p h s  shjw t h a t  i n  both s t ages :  some s t i f f e n i n g  

of t h e  b lades  w i t h  increasint: c e n t r i f u g a l  f o r c e  i s  ev ident .  

Crit ical  speeds of the turb ine  were d i f f i c u l t  t o  i d e n t i f y  because 

of t h e  inhe ren t  s t a b i l i t y  a .tl damping c h a r a c t e r i s t i c s  of t h e  pivoted 

pad bearing, and t h e  high Lcv+:l of r o t o r  balancing obtained ( r e s idua l  

unbalance of u sua l ly  less than 0 . 3  gram-inch), During opera t ion ,  however, 

there w a s  some ind ica t ion  o f  c r i t i c a l  speeds a t  15,000 rpm, corresponding 

t o  a ca l cu la t ed  resonence o f  14,792 rpm. The major i n d i c a t i o n  of 

c r i t i ca l  speeds were ,n l!ie water brake steam tu rb ine  load t r a i n .  

During t h e  o p e r h t i r n  o f  the  potassium tu rb ine  on steam, t h e  tech- 

niques of opera t ing  the water brake were e s t a b l i s h e d .  I n  add i t ion ,  

water w a s  sprayed i n t o  t h e  i n l e t  of t h e  tu rb ine  w i t h  t h e  steam, t o  

simulate low-quality w p o r ,  and ope ra t ion  o f  t h e  prev ious ly  discussed 

condensate e x t r a c t i m  s y s t e m  i n  the  tu rb ine  w a s  i nves t iga t ed  (Reference 

14). The r e s u l t s  e r e  s h o m  i n  Figure 67, w h e r e  i t  can  be seen t h a t  

i r r e s p e c t i v e  of t h e  a ; , so lu te  l e v e l  of upstream i n j e c t i o n  flow, t h e  
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condensate e x t r a c t i o n  e f f ec t iveness  decreased w i t h  increas ing  speed. , 

A t  r o t a t i v e  speeds of 3000 t o  4000 rpm as much as 30 percent  of the  

in j ec t ed  l i q u i d  t o  s tage  two could be ex t r ac t ed ,  but t h i s  decreased 

t o  about 5 percent  f o r  the  ac tua l  operat ing speed range o f  the  turbine.  

The r a t i o  of extracted-to- injected f low had e s s e n t i a l l y  a f ixed  value, 

f o r  any given speed. The r e s u l t s  ind ica ted  t h a t  a t  speeds of i n t e r e s t  

(above 16,000 rpm), the  condensate ex t rac ted  w a s  less than 10 percent  

of the  in j ec t ed  flow, thereby l i m i t i n g  i t s  value as  a performance- 

improving mechanism i n  the  present  design. I t  was concluded t h a t  the  

moisture e x t r a c t i o n  geometry i n  the  turb ine  was not optimum, and 

condensate e x t r a c t i o n  e f f o r t s  were el iminated from t h i s  test  program. 

Liquid e x t r a c t i o n  w a s  not incorporated a s  p a r t  of t h e  potassium vapor 

te  s t i n g  e 

During t h i s  t e s t i n g ,  t h e  hydrodynamic s e a l  which had been modified 

according t o  the  previously discussed bench t e s t i n g ,  operated w e l l ,  and 

maintained separa t ion  of o i l  and steam. 

6 .  POTASSIUM VAPOR TESTING 

1. T e s t  Prepara t ions  and F a c i l i t y  Checkout 

P r i o r  t o  i n s t a l l i n g  and testing the  turb ine  on potassium vapor, a 

number of prepara t ions  and design c h a n g e s t 0  test equipment w e r e  made, 

and prel iminary tests were run t o  cheek ou t  both the  test  turb ine  and 

t h e  f a c i l i t y .  The checkout of the  test f a c i l i t y  on potassium vapor w a s  

i n  p a r t  accomplished dur ing  the  converging-diverging flow nozzle test 

descr ibed i n  Reference 1. The nozzle was i n s t a l l e d  i n  p lace  of the test 

turb ine  as shown i n  Figure 68 and served not  only to  provide the  re- 

quired thermodynamic data, but  a l s o  provided necessary proof- tes t ing of 

t he  bol ted f l ange  design which had o r i g i n a l l y  been incorporated to  avoid 

the welding of accu ra t e ly  manufactured turb ine  casing f langes .  The 

design comprised a m e t a l  O-ring and bol ted  f l ange  arrangement enclosed 

i n  a n  a rgon-f i l led  sheet m e t a l  cover. Tes t ing  revealed the bolted 
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f lange t o  be inadequate,  under thermal cycl ing,  f o r  the  turb ine  vapor 

t e s t ing .  This t e s t i n g  a l s o  revealed some tendency f o r  plugging of the  

e f f l u x  l i n e s  during t e s t i n g ,  a problem requi r ing  the  design and i n s t a l -  

l a t i o n  of potassium vapor t r a p s  descr ibed i n  Reference 3, and shown 

above the  glove box i n  Figure 71. 

The bol ted f lange  t e s t i n g  r e su l t ed  i n  t h e  redesign and incorpora- 

t i o n  of the welded f lange  (mentioned i n  Section V I  of t h i s  r epor t  and 

discussed i n  References 14 and 16 )  on a l l  tu rb ine  t e s t  p a r t s  before  

i n s t a l l a t i o n .  The genera l  f lange  design i s  shown on the  cas ings  and 

s c r o l l  i n  Figure 69. Also shown i s  the redesign of t h e  attachment of 

t h e  hydrodynamic seal from bolted t o  welded cons t ruc t ion ,  a s  discussed 

l a t e r .  The ex te rna l  f lange  (casing and s c r o l l )  i s  s t r u c t u r a l l y  closed 

by an ou te r  b u t t  w e l d ,  and the Plange body i s  designed f o r  minimum 

heat  f low i n t o  the  s t r u c t u r a l  rabbets  during welding. I t  al lows f l ex -  

i b i l i t y  t o  prevent weld cracking while providing adequate s t r u c t u r a l  

s t rength .  Before incorporat ing t h i s  f lange  i n t o  the  t e s t  hardware, 

prototype f l anges  were machined onto an experimental  casing which w a s  

welded i n  a prescr ibed sequence and then measured. I t  w a s  found t o  

produce s u f f i c i e n t l y  low thermal d i s t o r t i o n s ,  and these weld f langes  

were incorporated i n t o  a l l  tu rb ine  s ta t ic  p a r t s  a s  shown photographi- 

c a l l y  on the  i n l e t  duc t  i n  Figure 70. Also, shown i n  t h i s  photograph 

are some of the  numerous welded instrumentat ion l ines. ,  The welded f lange  

w a s  used i n  every subsequent buildup w i t h  completely s a t i s f a c t o r y  

r e s u l t s  as ind ica ted  by t h e  absence of any f lange  weld cracking or 

tu rb ine  rubs a t t r i b u t a b l e  t o  t h e  welding. I n  f i n a l  assembly, t h e  

tu rb ine  w a s  welded as shown previously i n  Figure 34, which r ep resen t s  

t h e  tu rb ine  j u s t  p r i o r  t o  i t s  i n s t a l l a t i o n  i n  the  test f a c i l i t y .  

The tu rb ine  i s  shown i n s t a l l e d  i n  the  glove box of the test  

f a c i l i t y  i n  F igures  71 and 72, which a r e  forward and a f t  q u a r t e r  views 

after welding i t  i n t o  the f a c i l i t y ,  and applying thermal in su la t ion .  

The e f f l u x  vapor demister  capsules  and l i n e s  are c l e a r l y  v i s ib l e .  

-51- 



z 

Also, i n  Figure 72 can be seen t h e  var ious  o i l ,  argon, and potassium 

flow l i n e s  which provide these  a u x i l i a r y  f lows  t o  and from the  turb ine .  

F igures  73 and 74 show forward and a f t  views a f t e r  c los ing  the  glove 

box and t h e  a d d i t i o n  of a l l  rear d r i v e  t r a i n  equipment prepara tory  t o  

t e s t i n g .  The t runions  which support t he  e n t i r e  glove box rear d r i v e  

t r a i n  system can be seen. 

4 

2. Potassium Tare Testing 

Following i n s t a l l a t i o n  of t h e  tu rb ine ,  but p r i o r  t o  in t roduc t ion  

of potassium vapor, a series of high-speed tes t  runs  w e r e  made d r iv ing  

t h e  potassium tu rb ine  t o  speeds i n  excess  of 17,000 rpm with t h e  steam 

tu rb ine ,  t o  determine the  tare horsepower consumption of r o t o r  windage, 

hydrodynamic seal f r i c t i o n ,  and r o t o r  bearing f r i c t i o n .  Also, these  

runs  served a s  a f i n a l  check of r o t o r  balance, and allowed observa t ions  

of bearing temperatures, f a c i l i t y  f low equipment, and gene ra l  opera t ion  

of t h e  test equipment before  t h e  commitment t o  potassium vapor t e s t i n g ,  

This was adopted a s  a standard procedure with each new buildup of the  

tu rb ine  throughout t h e  test  program. The f i r s t  tare test  w a s  run on 

Apr i l  12,  1964 and revealed the  test  r ig ro tor -bear ing-v ibra t iona l  

ope ra t ion  t o  be s a t i s f a c t o r y ,  with t h e  hydrodynamic seal working w e l l ,  

and t h e  test  was success fu l ly  completed. This represented the f i r s t  

occasion on which potassium w a s  admitted t o  t h e  hydrodynamic seal. 

Following t h e  tes t ,  t he  tu rb ine  w a s  shut  down i n  p repa ra t ion  for b o i l e r  

f i r i n g  and heatup f o r  vapor t e s t i n g .  

3.  Seal  Malfunction 

During t h e  subsequent t u rb ine  s t a r t u p  p r i o r  t o  admission of po- 

tassium vapor, several  a t tempts  t o  start the  hydrodynamic seal loop EM 

pump w e r e  made without success (References 16 and 17). I t  w a s  d i s -  

covered t h a t  lube o i l  had en tered  the  seal loop and reac ted  with i t ,  

forming a black res idue  t h a t  blocked the  EM pump. Cer t a in  amounts of 

potassium were found i n  t h e  lube  o i l  system, a l s o  rendering these  
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sumps inoperat ive.  Because of the  concern f o r  poss ib le  o i l  leakage 

i n t o  t h e  s e a l  from the  turb ine  bearing sump because of inadequate s e a l  

design,  the  turb ine  bearing housing was removed from the  t e s t  f a c i l i t y ,  

and a s e r i e s  of modif icat ions and v e r i f i c a t i o n  tests were subsequently 

made and run t o  prevent a recurrence of f l u i d  mixing. 

Analysis of the  s e a l  malfunction revealed problems both i n  

opera t ion  of t h e  equipment during test and i n  the  design of the  seal 

sys t em.  Since the  seal volume i s  small ,  i t  has l i t t l e  s torage  capac i ty  

f o r  unbalanced flows, and r equ i r e s  c lose  observat ion of pressures  and 

flows i n  a l l  c a v i t i e s  during operat ion.  Such observat ions have been 

made i n  the  previously discussed s e a l  p r e t e s t i n g ,  and while i t  had been 

attempted t o  opera te  the  s e a l  i n  potassium within these  previously 

e s t ab l i shed  boundaries, no s e a l  pressure  instrumentat ion had been 

i n s t a l l e d  i n  t h e  potassium loop. I t  w a s  necessary t o  i n s t a l l  pressure 

instrumentat ioq i n t o  a l l  the  seal c a v i t i e s  shown i n  Figure 10 t o  

provide continuous monitoring i n  t h e  test cell.  Also, r e s idua l  po- 

tassium w a s  removed from seal exhaust argon by a f r eez ing  process,  

which i f  inadequately cont ro l led  could plug o u t l e t  duct ing w i t h  subse- 

quent flow backup i n  the  seal. Also, no warning of presence of po- 

tassium i n  t h e  o i l  system w a s  ava i l ab le ,  I n  addi t ion ,  no means of 

v i sua l  observat ion of f l u i d s  leav ing  the seal had been provided t o  

check f o r  obvious mixing. Inadequate o i l  drainage and venting of the 

turb ine  o i l  bear ing sump w a s  a l s o  suspected as a con t r ibu to r  to  f l u i d  

mixing, and the concern t h a t  o i l  might l eak  forward along the s h a f t ,  

underneath t h e  var ious s leeves,  and thereby bypass the seal, r e su l t ed  

i n  design modif icat ions.  The fol lowing sys t em add i t ions  w e r e  made 

(Reference 18) : 

1. Addition of t h e  o i l  screw seal forward of the pivoted pad 

bear ing (discussed previously and shown i n  Figure 10) t o  

minimize forward o i l  flow, and to create an add i t iona l  seal 

bu f fe r  cav i ty  (cavi ty  4) .  
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2. Extension of some tubes from c a v i t y  4 out  through the  

turb ine  t o  observe exhaust bu f fe r  argon during opera t ion  

f o r  any ind ica t ions  of o i l  or potassium. 

3.  Addition of a chevron O-ring combined seal (shown i n  

Figure 10) on the  shaf t  t o  prevent  o i l  creeping forward 

underneath t h e  s leeves.  

4. Addition of an o i l  scavenge pump. 

5. I n s t a l l a t i o n  of "spark plug" warning of potassium-in-oil ,  

During a l l  subsequent t e s t i n g ,  no recurrence of o i l  en t e r ing  t h e  

hydrodynamic s e a l  loop ever  occurred. 

4. I n i t i a l  Potassium Vapor Testing 

,On J u l y  13, 1964, the  turb ine  was f i r s t  operated on potassium vapor. 
0 

The b o i l e r  w a s  f i r e d  and brought t o  over 1400 F i n  about three hours. 

The hydrodynamic s e a l  w a s  e s t ab l i shed  a t  10,000 rpm, and t h e  turb ine  

speed w a s  increased t o  16,000 rpm by opera t ing  i t  w i t h  t h e  steam turb ine .  

Saturated potassium vapor entered the  turb ine  a t  about 1100 F, w a t e r  

was admitted t o  the  water brake,  the  steam dr iv ing  turb ine  w a s  slowly 

shut  o f f ,  and the  speed was con t ro l l ed  w i t h  t h e  water brake. 

0 

About ten  minutes a f t e r  potassium bo i l ing  began, the  turb ine  w a s  

s e l f - sus t a in ing ,  and opera t ing  as a power-producing machine. No 

evidence of malfunctioning of the  turb ine  could be observed, s ince  

a l l  flows, temperatures,  p ressures ,  and v ib ra t iona l  c h a r a c t e r i s t i c s  

w e r e  wi th in  s a t i s f a c t o r y  l i m i t s .  Despite i t s  proximity t o  the  hot  

tu rb ine  wheels, the  pivoted pad bearing temperature a t  no t i m e  during 

the tes t  exceeded 200 F, and the r o t o r  v ib ra t ions  were never i n  

excess  of 1.5 g ' s .  Seal c a v i t i e s  operated w i t h  proper pressure d i f -  

f erences.  

0 
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About one-half hour a f t e r  admission of potassium vapor, t he  

turb ine  experienced a sharp dece le ra t ion  from 14,000 rpm t o  3,000 rpm 

i n  approximately two seconds, and t h e r e a f t e r  an  automatic recovery of 

speed t o  14,000 rpm (see Figure 75). A s  t e s t i n g  continued, and the  

amount of power ex t r ac t ed  from the  tu rb ine  increased,  t h e  speed o s c i l -  

l a t i o n s  became more f requent ,  with each speed drop showing about the 

same c h a r a c t e r i s t i c .  I t  w a s  i n i t i a l l y  suspected t h a t  l i q u i d  w a s  

being "car r ied  over" with t h e  potassium vapor from t h e  b o i l e r  and 

en te r ing  the  i n l e t  of the  turb ine ,  with a corresponding "braking" 

e f f e c t .  For t h i s  reason, t h e  i n l e t  t h r o t t l e  valve was p a r t i a l l y  c losed 

t o  cause such l i q u i d ,  if present ,  t o  f l a s h  i n t o  vapor. However, no 

d e f i n i t e  improvement of the  speed excursion problem w a s  noted. Af te r  

about one-half hour of opera t ion  during which such speed excursions 

occurred as o f t e n  a s  one every three minutes,  t h e  i n l e t  vapor t h r o t t l e  

valve w a s  t o t a l l y  c losed,  and t h e  turb ine  speed w a s  sustained by the  

steam turb ine .  A s  soon as t h i s  was done, t h e  speed smoothed-out w i t h  

no evidence of o s c i l l a t i o n  o r  surges.  N o  o t h e r  flows, or t u rb ine  

mechanical characteristics were changed. On at tempting t o  opera te  

with vapor again,  t he  speed excursions returned,  and w i t h  increas ing  

load, appeared t o  become more frequent .  

as would be expected i n  the  event of mechanical rubs. 

N o  " w e a r i n g  in" w a s  observed, 

I n  a d d i t i o n  t o  the  speed f l u c t u a t i o n s ,  evidence of leakage i n  

the  potassium i n l e t  l i n e s  to the hydrodynamic seal. was observed by 

a continuous dep le t ion  of t h e  reserve  tank supplying potassium t o  the  

seal. This  potassium w a s  leaking d i r e c t l y  i n t o  the main loop, a t  a 

rate which required t h e  three g a l l o n  seal  s u p p l y  tank t o  be r e f i l l e d  

about every f i f t e e n  minutes (by t r a n s f e r r i n g  potassium from t h e  main 

dump tank).  This  seal leakage (which w a s  immediately suspected t o  be 

a t  t h e  junc t ion  where the hydrodynamic seal  w a s  bo l ted  t o  the  bear ing 

housing, and a t  which poin t  t h e  potassium i n l e t  f low must br idge,  as  

shown i n  F igure  69) appeared t o  become progress ive ly  worse w i t h  t i m e .  
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A s  t e s t i n g  continued, the  temperature of the  vapor en te r ing  the 
0 

tu rb ine  increased t o  approximately 1500 F. Continuously, during 

t e s t i n g  a number of data po in t s  were taken, providing some performance 

readings and a checkout of t h e  d i g i t a l  recording system and o the r  

vapor and mechanical instrumentation. Af te r  about three hours of 

opera t ion ,  a small leak occurred i n  a pressure  t a p  upstream of t h e  

turb ine  which required r epa i r .  Also, s ince  no improvements i n  the  

speed con t ro l  or seal leak problems could be achieved i t  w a s  decided 

t o  s top  t e s t i n g  and t o  c l o s e l y  examine the  recording c h a r t s  i n  an 

at tempt  t o  c o r r e l a t e  some f a c i l i t y  or tu rb ine  flow o r  mechanical 

c h a r a c t e r i s t i c  w i t h  the  speed excursions.  

The b o i l e r  was brought t o  low-fire,  and a normal shutdown of 

t h e  tu rb ine  was e f f ec t ed .  I t s  speed was dropped t o  2,000 rpm, and 

was held a t  t h i s  speed f o r  about t en  hours w i t h  s u f f i c i e n t  o i l  f low 

t o  the  bear ings t o  keep them cool w h i l e  the  massive f a c i l i t y - t u r b i n e  

system 'cooled t o  below 500°F. 

I t  was determined t h a t  due t o  the  apparent potassium leak from 

the  hydrodynamic seal, i t  would be necessary t o  remove t h e  bearing 

housing and r e p a i r  the leak, 

Although t h i s  i n i t i a l  test  r e s u l t e d  i n  premature shutdown, a 

number of p o s i t i v e  r e s u l t s  were achieved. A checkout of the f a c i l i t y  

and turb ine  temperature, pressure,  f low and mechanical instrumentat ion 

opera t ing  on potassium vapor was obtained. The d i g i t a l  recording 

system worked w e l l ,  and the  e f f l u x  pressure  measurement system proved 

s a t i s f a c t o r y .  Also, d e s p i t e  t he  speed i n s t a b i l i t i e s  reported above, 

t h e  tu rb ine  r an  a t  v ib ra t ion  ind ica t ions  of a lways less than 3 g ' s  on 

the  forward bear ing accelerometers, and a t  rotor temperatures i n  

excess  of 140OoF with  a l l  bear ings  operat ing as predic ted  i n  the  test 

plan. "he hydrodynamic and l abyr in th  seals (despi te  some leakage and 

rubs)  worked s a t i s f a c t o r i l y ,  and maintained complete separa t ion  of 

potassium and o i l .  
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A l l  f a c i l i t y  subloops (hydrodynamic s e a l  supply, argon reclamation, 

lube system, and main loop argon e x t r a c t i o n )  performed as required.  

There w a s  some i n i t i a l  concern t h a t  speed excursions had been 

caused by rubs i n  turb ine  p a r t s ,  s ince  i t  could not  y e t  be concluded 

from instrumentat ion measurements t h a t  b o i l e r  i n s t a b i l i t i e s  w e r e  the  

cause of t he  speed excursions (see Reference 17) .  This suspicion 

was re inforced  by the  observat ion of a number of seal rubs a f t e r  re- 

moval of t h e  turb ine  bearing housing from the  test  f a c i l i t y .  

This t e s t  represented t h e  f i r s t  of a number of prel iminary po- 

tass ium vapor tests p r i o r  t o  the u l t i m a t e  performance t e s t i n g  (as indi-  

cated i n  Sect ion II of t h i s  r e p o r t )  and spanning a time period of from 

J u l y  15 t o  October 1.3, 1964 during which a t o t a l  of 35 hours of t e s t i n g  

were accumulated on vapor, but during which a number of i n t e r m i t t e n t  

shutdowns were necessary f o r  r e p a i r  and modif i c a t l o n  of tu rb ine  and 

f a c i l i t y  components. Following i s  a d iscuss ion  of t h e  mechanical 

problems experienced and t h e i r  assoc ia ted  so lu t ion .  

5. Development Testing and Modif icat ions 

Due to  t h e  hydrodynamic s e a l  leakage a t  i t s  bol ted f lange  as 

stated above, the  j o i n t  w a s  modified to  a welded connection, thereby 

e l imina t ing  the  l a s t  bo l ted  seal j o i n t  i n  the  tu rb ine  (see Reference 

181, t h e  welded conf igura t ion  being shown i n  Figure 69. I t  w a s  also 

found upon-disassembly following the  f i r s t  vapor t e s t i n g  t h a t  the  

l abyr in th  and bear ing s e a l s  had rubbed (although no t  the  turb ine  t i p  

sea l ) .  This w a s  p a r t l y  a t t r i b u t e d  t o  an opening of the  c learance  which 

conta ins  t h e  pivoted pad bear ing assembly, caused by t h e  d i f f e r e n t i a l  

thermal expansion between the hot bear ing housing and the oil-cooled 

bearing. This  problem w a s  solved by add i t ion  of s i x  square keys 

located c i r cumfe ren t i a l ly  around the  pad bear ing r e t a in ing  r i n g  as 

shown i n  Figure 76. To e l imina te  any r a d i a l  o r  a x i a l  motion of the 
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tu rb ine  sha f t ,  the  s i n g l e  b a l l  t h r u s t  bear ing w a s  combined with an 

a d d i t i o n a l  bear ing making a spr ing  loaded p a i r ,  as discussed i n  

Sect ion V of t h i s  r epor t  and shown also i n  Figure 76. 

An a d d i t i o n a l  modif icat ion w a s  t o  change the l abyr in th  seal rub 

sur face  material from n icke l  t o  copper due to the  hardness of the  

n icke l ,  and the  subsequent damage to  the  seal t e e t h  with any rubbing. 

T e s t s  performed on copper had shown tha t  i t  exhib i ted  a good- r e s i s t ance  

t o  potassium cor ros ion  t o  temperatures of about 700 F (Reference 231, 

and t h a t  i t  would form channels r a t h e r  than g a l l  when rubbed by a 

toothed surface.  The copper w a s  appl ied  by p l a t ing ,  using e s t ab l i shed  

procedures.  

0 

The rout ing  of t h e  tu rb ine  i n  the  bear ing housing had been such 

t h a t  a l l  f l u i d s  en te r ing  or l eav ing  the  tu rb ine  passed through the  

cav i ty  between the  bear ing housing and the  s c r o l l .  I f  l e a k s  were t o  

occur i n  any t w o  tubes of a d i f f e r e n t  f l u i d  there would be a mixing 

of these  f l u i d s .  This would be e s p e c i a l l y  d i f f i c u l t  to  handle i n  

the  case of o i l  mixing with potassium. A change w a s  t he re fo re  made 

t o  r e rou te  the  o i l  supply l i n e s  d i r e c t l y  through the  bear ing sump 

leaving  only potassium and argon l i n e s  i n  the  o u t e r  tube cavi ty .  

Figure 77 and Figure 1 shows t h i s  change where each pad i s  ind iv idua l ly  

fed  with an o i l  supply tube extending through the  o i l  sump. 

Although i t  w a s  i n i t i a l l y  suspected t h a t  rubs i n  t h e  turb ine  could 

cause the  speed excursion problem, c a l c u l a t i o n s  ind ica ted  t h a t  50 horse- 

power would be needed t o  slow the  turb ine  down during each speed ex- 

cursion,  and i t  w a s  t he re fo re  considered un l ike ly  that  speed drops con- 

suming t h i s  amount of horsepower could be repeated f o r  over  25 t i m e s  

(as w a s  t he  case during i n i t i a l  testing) without any change of pa t te rn .  

Evidence of b o i l e r  i n s t a b i l i t i e s  w a s  increas ing ,  and testing w a s  con- 

t inued t o  observe the  b o i l e r ,  and t o  determine the e f f e c t  of the  above 

discussed modi f ica t ions  on tu rb ine  performance. Resumption of tu rb ine  
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t e s t i n g  on September 28, 1964 revealed s a t i s f a c t o r y  tu rb ine  operat ion,  

but with t h e  same speed excursion problem a s  ind ica t ed  previously.  

The numerous turbomachinery design changes had no e f f e c t  on changing 

t h e  c h a r a c t e r i s t i c  of t h e  speed excursions.  B o i l e r  i n s t a b i l i t y  was 

s t rong ly  suspected. For f u r t h e r  d e t a i l s ,  see the  d e t a i l e d  d iscuss ion  

regarding boiler i n s t a b i l i t y  and t h e  corresponding opera t ion  of t h e  

test f a c i l i t y  during t h i s  por t ion  of t h e  t e s t i n g  i n  Sec t ion  2.2.2 Of 

Volume111 of t h i s  r epor t ,  Reference I t  w a s  decided t h a t ,  s i n c e  

the  turb ine  i t s e l f  w a s  running w e l l ,  t e s t i n g  would be continued i n  an 

attempt t o  f i n d  more s t a b l e  opera t ing  condi t ions.  

3 . 

Test ing  continued through October 13, 1964, while during nine 

ind iv idua l  runs a t o t a l  of 35 hours of vapor opera t ion  a t  t u rb ine  i n l e t  

temperatures exceeding 1450OF (and as high a s  1582OF) w a s  accumulated. 

During t h i s  t i m e ,  103 of a t o t a l  of 114 requi red  da ta  po in t s  w e r e  taken 

a t  apeeds of between 16,000 and 20,000 rpm. 

w e r e  accompanied by inadequate speed cont ro l ,  they w e r e  l a t e r  repeated.)  

(Since m o s t  of t hese  da ta  

During t h i s  t e s t i n g ,  l i q u i d  potassium w a s  i n j e c t e d  i n t o  t h e  i n l e t  

of t h e  tu rb ine  t o  cont ro l  t he  q u a l i t y  of t h e  incoming vapor, and t o  

br ing  it t o  values  a s  l o w  as 85 percent .  Liquid w a s  sprayed i n t o  t h e  

i n l e t  i n  varying amounts according t o  t h e  cha r t  shown i n  Figure 78 f o r  

a t o t a l  of about nine hours. This  phase of t e s t i n g  w a s  i n t e r rup ted  by 

a number of shutdowns, caused by f a c i l i t y  and turbomachinery problems 

as  follows (see Reference 18). 

On October 2, 1964, a shutdown w a s  requi red  by a n  electrical 

failure of t h e  d i g i t a l  da t a  recording system, prevent ing any da ta  

taking. 

Problems such as potassium plugging of the  hydrodynamic seal loop, EM 

pump cav i t a t ion ,  and potassium i n  the  argon reclamation system accom- 

panied t h e  t e s t i n g .  On October 2, 1964, a momentary f r eez ing  of t he  

potassium-out l i n e  from t h e  hydrodynamic seal casued an overflow of 

This  w a s  r epa i r ed  wi th in  a few hours, and t e s t i n g  w a s  resumed. 
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potassium i n t o  the  o i l  r e s e r v o i r ,  causing a p a r t i a l  plugging and 

r equ i r ing  a shutdown f o r  cleaning. Also, during running, some # 

i n s t a b i l i t y  of water brake speed con t ro l  was observed. This was 

a t t r i b u t e d  t o  t h e  low l e v e l  of power loading on the  brake, compared 

t o  i t s  capaci ty .  Also, two needle valves  w e r e  i n s t a l l e d  f o r  b e t t e r  

water flow cont ro l .  I t  w a s  a lso observed during t e s t i n g  t h a t  a 

high pressure  (150 p s i )  was requi red  t o  fo rce  the  necessary 2 gpm 

of potassium l i q u i d  i n t o  the  hydrodynamic seal. This w a s  l a t e r  

solved by i n s t a l l i n g  t w o  add i t iona l  flow l i n e s  i n t o  the  seal. On 

October 8 ,  1964, i t  was observed t h a t  an oxida t ion  scale had formed 

9n some of t h e  b o i l e r  tubes and was f l a k i n g  o f f .  An inspec t ion  

shutdown revealed t h a t  t h i s  scale w a s  only 0.002-inch th i ck ,  and 

the re fo re ,  of no s ign i f i cance .  During t e s t i n g ,  on s e v e r a l  occasions,  

shutdowns w e r e  necessary because of leaks  i n  e f f l u x  pressure  

measurement l i n e s  a t  weld junc t ions .  On October 4,  1964, one such 

l eak  i n  a pressure  t a p  on t h e  lower po r t ion  of  t h e  tu rb ine  casing 

r e s u l t e d  i n  damage to  i n t e r n a l  t u rb ine  p a r t s  due t o  a i r  which was 

drawn i n t o  t h e  loop i n  t h i s  sub-atmospheric pressure  region.  This  

damage is  discussed l a t e r .  

During t h i s  t e s t i n g ,  i t  w a s  discovered t h a t  a f t e r  reaching a 

high vapor i n l e t  temperature and then reducing b o i l e r  f i r e  to  r e t u r n  

to  a lower temperature, t h e  tu rb ine  speed became completely smooth 

during t h e  temperature reduct  ion per iod,  

changes i n  b o i l e r  ope ra t ion  had a d i r e c t  in f luence  on speed control .  

aga in  i n d i c a t i n g  t h a t  

On October 13, 1964, t e s t i n g  was progressing with t h e  i n t e n t i o n  

of completing t h e  1600OF i n l e t  temperature performance t e s t i n g .  

Ear ly  i n  t h e  t e s t i n g ,  it w a s  observed t h a t  a potassium l eak  f r o m  

t h e  hydrodynamic seal i n t o  the  main loop had occurred, presumably 

due t o  t h e  thermal c y c l e s  imposed on t h e  turbomachinery during the  

previously discussed shutdowns. Argon w a s  e n t e r i n g  t h e  main loop a t  
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a rate exceeding 25 pounds per hour, making i t  impossible t o  evacuate 

t h e  loop below 5 ps i a .  Shor t ly  a f t e r  reaching 1450OF vapor temper- 

a t u r e ,  smoke was observed coming from one of t h e  b o i l e r  exhaust 

s t a c k s ,  and subsequently,  a small  flame w a s  observed coming from 

t h e  top  o f  t h e  b o i l e r .  Emergency shutdown procedures were immediately 

imposed, and an  o r d e r l y  shutdown ensued. This  leak r e s u l t e d  i n  a 

down t i m e  of f i v e  months du r ing  which a number of major f a c i l i t y  

modifications w e r e  incorpora ted  as discussed i n  Reference 3, 

and dur ing  which t i m e  some f u r t h e r  t u r b i n e  modifications were 

made. 

Removal of t h e  t u r b i n e  bear ing  housing f o r  r e p a i r  of t h e  

leak ing  hydrodynamic seal revea led  two problems. Two of t h e  plugs 

used t o  c l o s e  previous manufacturing holes  i n  t h e  seal  had leaked. 

Also, t h e  sheet, metal cover enc los ing  t h e  numerous tubes on t h e  

outer bear ing  housing had developed a crack, and allowed t h e  leakage 

of argon i n t o  t h e  loop. This  w a s  l a t e r  rep laced  with t h e  bellows 

cover, which solved t h i s  thermal e raeking  problem. Observation 

of t h e  copper on t h e  l a b y r i n t h  seals showed i t  t o  withstand t e s t i n g  

q u i t e  w e l l .  

The above t e s t i n g ,  although marked with b o i l e r  i n s t a b i l i t y ,  

system leaks ,  and numereous mechanical problems i n  both turbomachinery 

and f a c i l i t y ,  se rved  a number of purposes. 

I t  proved t h e  a b i l i t y  of t h e  t u r b i n e  t o  perform a t  i ts  design 

condi t ions  of temperature and speed, with l o w  l e v e l s  of v i b r a t i o n  and 

freedom from s e r i o u s  problems of excess ive  stress, or  major mechanical 

failure. I t  represented  t h e  first sus t a ined  vapor opera t ion ,  and 
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allowed i d e n t i f i c a t i o n  of problems and system weaknesses which could 

not  be observed or solved without running on vapor. I t  provided in- 

valuable opera t ing  experience t o  three crews of t e s t i n g  personnel i n  

the  opera t ion  of t h e  highly complex t u r b i n e - f a c i l i t y  system, requi r ing  

c l o s e  coordinat ion of e f f o r t s  i n  the  test c e l l .  The shakedown of 

equipment during t h i s  development t e s t i n g  afforded much smoother 

opera t ion  during the  subsequent performance and endurance t e s t i n g .  

During t h i s  downtime, the  turb ine  was opened for inspect ion.  

This involved opening the forward f lange  of t h e  tu rb ine  by  gr inding  its 

weld, and separa t ing  the  i n l e t  duc t  from the  turb ine  approximately three 

inches as shown i n  Figure 79. This v i s u a l  inspec t ion  of the  turb ine  

i n l e t  region revealed the following two problems (discussed i n  de t a i l  

i n  Reference 19)  : 

1.'  Gross sur face  metal l o s s  t o  the i n l e t  region components of 

t h e  tu rb ine .  

2. Damage t o  the  o u t e r  band of t h e  second s tage  nozzle diaphragm 

a s  a r e s u l t  of f i r e  caused by a leak on October 4, 1964 as 

descr ibed below. 

A s  a r e s u l t  of t h e  pressure  t a p  leak ,  a i r  was drawn i n t o  the  turb ine  

a t  t h e  bottom-most po in t  of the casing,  where i t  burned through t h e  

forward second s t age  nozzle diaphragm o u t e r  band, and then through the  

nozzle vanes, damaging the  t r a i l i n g  edge of t h ree  vanes and a segment of 

the  honeycomb seal shown i n  Figures  80a and 80b a f t e r  cas ing  disassembly. 

Figure 80b shows the  second s tage  nozzle diaphragm a f t e r  f u r t h e r  d i s -  

assembly from the  casing,  and shows t h e  f i r e  damage on t h e  lower ha l f  

of t he  assembly. 
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6. Metal Removal on Fluid Dynamic Components 

A d e t a i l e d  desc r ip t ion  of the  damage t o  the  i n l e t  region f l u i d  

dynamic p a r t s  (blades,  nozzles,  wheels,  t i p  seals) and the  me ta l lu rg ica l  

impl ica t ions  are discussed i n  Reference 2. Observation of the  turb ine  

p a r t s  upon disassembly ind ica ted  the following. 

( a )  The l i q u i d  d r o p l e t s  h i t t i n g  the  r o t o r  blades had a l o w  

a x i a l  ve loc i ty .  

(b)  The c e n t r i f u g a l  fo rce  ac t ing  on the  l i q u i d  h i t t i n g  the  

blades was s u f f i c i e n t l y  high t h a t  the  l i q u i d  thrown o f f  the  

blade t i p  h i t  the  honeycomb rub s t r i p  a t  a place only 

s l i g h t l y  downstream of the  r o t o r  blade leading edge. 

A ve loc i ty  diagram of probable d rop le t  motion of l i qu id  en te r ing  

the f i r s t  s tage  r o t o r  blade row i s  given and i s  discussed i n  Reference 

2. I t  i s  concluded t h a t  a t  a r o t o r  speed of 18,250 rpm, the  r e l a t i v e  

impacting ve loc i ty  of l i q u i d  d r o p l e t s  On the  t i p  of the  f i r s t  s tage  

r o t o r  blades w a s  about 400 fps .  The turb ine  i n l e t  region showed a 

p a t t e r n  of metal  removal as shown below. I t  appeared t h a t  slow-moving 

l i q u i d  en te r ing  through the  nozzles  w a s  f i r s t  s t r u c k  by t h e  fast-moving 

blades,  and w a s  then both thrown back onto the  a f t  edge of t h e  nozzle 

vanes, and r a d i a l l y  outward i n t o  t h e  leading region of the honeycomb 

t i p  seal, as shown below, and i n  d e t a i l  i n  Figure 81. 

/ Eoneycomb Tip  
I I  Seal  

vapor 

Leading jiquJ- Rotor 
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A detailed comparison of both new and damaged s t age  one turb ine  I 

blades i s  shown i n  Figure 82. The lead ing  edge of t he  a i r f o i l  has been 

s u f f i c i e n t l y  corroded t o  change the  a i r f o i l  shape, On the  f i r s t  s tage  

forward r o t o r  face ,  the  wheel dove ta i l  neck and blade r e t a i n e r  c l i p s  

were a l s o  notched by l i q u i d  impact. 

It  i s  s i g n i f i c a n t  t h a t  the  second s tage  showed much less damage 

on both r o t a t i n g  and s t a t i o n a r y  p a r t s ,  even though it experienced 

about t h ree  percent  more moisture during t e s t ing .  A comparison between 

a new and a damaged s tage  two r o t o r  blade i s  given i n  Figure 82c. 

Second s tage  e ros ion  produced only a sur face  “roughness” and d id  not  

a f f e c t  the  bas i c  a i r f o i l  contour (Reference 19). The lesser-damaged 

condi t ion  of s tage  two i s  a t t r i b u t e d  i n  l a rge  p a r t  t o  the  f i n e  m i s t  

generated by the  f i r s t  s tage ,  which is  f e l t  t o  have reduced the o v e r a l l  

l i q u i d  impact f o r c e s  on the  s tage  two components, thereby reducing the 

degree ,of  blade damage from t h a t  of s t age  one. This tends t o  support  

the  o r i g i n a l  argument f o r  a two-stage turb ine ,  wherein the  f i r s t  s tage  

genera tes  real is t ic  turb ine  f l u i d  condi t ions  f o r  t e s t i n g  of t h e  second 

s tage.  

Comparison of before- tes t  and af ter-test blade weights revealed 

an average weight  loss, due t o  corrosion,  of 6.7 percent  f o r  s t age  one 

and 0.7 percent  f o r  stage two. New stage one and two blades weigh 

about 16.2 grams, and 21.9 grams, r e spec t ive ly .  

The component damage w a s  due to  l i q u i d  carried i n t o  the  i n l e t  of 

t he  tu rb ine  with the  vapor. One known source of l i q u i d  w a s  the  in- 

jected spray from the  upstream valve, intended t o  con t ro l  t he  q u a l i t y  

of the incoming vapor. The other w a s  the poss ib le ,  but  unknown, 

l i q u i d  carryover  w i t h  t he  vapor from the  bo i l e r .  

It w a s  concluded t h a t  even i f  b o i l e r  carryover  w e r e  e l iminated,  

t he  damage to  the  f i r s t  stage due t o  l i q u i d  i n j e c t i o n  may s t i l l  be 
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“ u n r e a l i s t i c a l l y  g r e a t ,  s ince  no matter how f i n e l y  the  i n l e t  spray i s  

atomized, t h i s  pre- in jec t ion  causes  the i n l e t  duc t ,  b u l l e t  nose, and 

nozzle diaphragm upstream of the  r o t o r  to  be covered with l i q u i d  and 

t o  a c t  as  

l a rge  d rop le t s .  This mechanism of d rop le t  formation i s  a func t ion  of 

q u a l i t y  r a t h e r  than the  ind iv idua l  s i z e  of the  atomized d r o p l e t s  i n  

the i n j e c t i o n  spray. For t h i s  reason, a l l  con t ro l  of i n l e t ’ q u a l i t y  by 

l i q u i d  i n j e c t i o n  upstream of t h e  turb ine  i n l e t  w a s  e l iminated f o r  t he  

remainder of the  t e s t  program, and second s tage  moisture was generated 

only by energy e x t r a c t i o n  from t h e  flowstream, amounting t o  vapor 

q u a l i t y  as low as 96 percent  en te r ing  s t age  two. 

I t  c o l l e c t o r s ”  which then discharge l i q u i d  i n t o  the  turb ine  i n  

7. Test  Prepara t ions  

P r i o r  t o  cont inua t ion  o f  t e s t i n g ,  both replacement of damaged 

turb ine  p a r t s  ,and r e p a i r  of t h e  test  f a c i l i t y  b o i l e r  ensued. The 

turb ine  r o t o r  blades and eroded honeycomb seals were replaced, and the  

f i r e  damage t o  the  second s tage  s t a t o r  w a s  repa i red  as shown i n  Figure 

83. Also, p ressure  instrumentat ion w a s  replaced w i t h  heavier-walled 

tubing, (probe tube w a l l  th ickness  increased t o  0.030 inch from o r i g i n a l  

0.015 inch) and the  c r i t i ca l  instrumentat ion tubing weld j o i n t s  w e r e  

extended outward beyond turb ine  i n s u l a t i o n  i n t o  a cooler  region. See 

Figure 84 f o r  detai ls  o f  t h e  instrumentat ion i n s t a l l a t i o n  and con- 

s t ruc t ion .  This e l iminated any f u r t h e r  instrumentat ion leakage for the  

remainder of the  test program. A bellows w a s  incorporated i n t o  the  

sheet m e t a l  tube c a v i t y  cover of the  bear ing housing (as shown i n  

Figure 15) t o  e l i m i n a t e  thermal cracking. 

I n  add i t ion  t o  r epa i r ing  the  leak  i n  the  b o i l e r  assoc ia ted  w i t h  

the  previously discussed shutdown, numerous f a c i l i t y  changes w e r e  

made to  the b o i l e r  and the  8-inch vapor o u t l e t  l i n e  lead ing  to  the  

turb ine  as descr ibed i n  d e t a i l  i n  Reference 3. 
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Following these  modif icat ions,  t he  turb ine  w a s  i n s t a l l e d  f o r  

cont inua t ion  of t e s t ing .  A s  discussed i n  the  following, these  

modif icat ions el iminated speed i n s t a b i l i t y ,  and allowed successful  

performance t e s t i n g  . 

D. PERFORMANCE TESTING 

The performance t e s t i n g  of the  turb ine  was accomplished i n  two major 

test runs,  accumulating a t o t a l  of 53 hours of test t i m e .  

1. 

2. 

T e s t  Plan 

The performance test  plan defined t e s t i n g  a t  two turb ine  i n l e t  
0 0 vapor temperatures,  1450 F and 1550 F, w i t h  p ressure  r a t i o  va r i a t ions  

of 1 .4  t o  3.6 a t  r o t a t i o n a l  speeds ranging between 15,400 rpm and 

22,000 rpm, comprising a t o t a l  of 77 test po in t s  a t  a constant  i n l e t  

vapor q u a l i t y  of 99 percent ,  and reaching a l e v e l  as low as 96 percent  

en te r ing  t h e  second s t age .  

Instrumentat ion 

The instrumentat ion f o r  vapor performance t e s t i n g  i s  shown i n  

Figure 84. This f i g u r e  shows both the  turb ine  performance in s t ru -  

mentation i n  t h e  main turb ine  potassium f low region, and the  monitoring 

instrumentat ion throughout t h e  turb ine  d r i v e  t r a i n .  The former i s  

intended pr imar i ly  f o r  performance da ta ,  and t h e  l a t t e r  for monitoring 

the  mechanical opera t ion  o f  the  r o t a t i n g  equipment, and t o  observe any 

d e t e r i o r a t i o n  of bear ings,  o r  couplings as ind ica ted  by increased 

temperatures or vibra t ions .  

I n  add i t ion  t o  ind ica t ing  t h e  loca t ion  of var ious instruments,  

Figure 84 a l s o  shows the  d e t a i l s  of cons t ruc t ion  employed i n  bringing 

the  pressure  and temperature instrumentat ion out  through the  cas ing  

w a l l .  This comprises a number of tubes,  f ab r i ca t ed  t o  a l loy c u t t i n g  
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and replacement of instrumentat ion during teardown and assembly of t he  

turb ine .  

t h e  thermocouples a r e  chrome1 alumel, and a r e  imbedded i n  l/S-inch 

diameter w e l l s .  Vibrat ions w e r e  sensed by v e l o c i t y  pickups, except a s  

i n  Zone E-E of t he  drawing, wherein accelerometers a r e  used. Numerous 

thermocouples w e r e  loca ted  i n  the  v i c i n i t y  of t h e  hydrodynamic s e a l  and 

a t  s t r a t e g i c  po in t s  i n  t h e  bear ing housing t o  determine temperature 

grad ien ts  i n  these  components while t e s t i n g .  Two induct ion gauge 

proximity probes, mounted a t  90°, w e r e  employed t o  observe any whir l  

or dynamic i n s t a b i l i t i e s  i n  the  potassium tu rb ine  s h a f t  ( see  Figure 

84, Sect ion G ) .  

The pressure  t a p s  cons i s t  of  1/8-inch diameter tubing, and 

3. Performance Tes t ing  of March 1965 

Potassium vapor opera t ion  was s t a r t e d  on March 21, 1965, and 

continued f o r  a per iod of four  days during which t i m e  a t o t a l  of 18.8 

hours of vapor opera t ion  was obtained. Operation during t h i s  per iod 

was charac te r ized  by e l imina t ion  of t he  previously experienced speed 

cont ro l  problems induced by b o i l e r  i n s t a b i l i t i e s .  Operation a t  low 

l i q u i d  l e v e l s  i n  the  upper b o i l e r  drum Was credited w i t h  t he  e l imina t ion  

of the  speed i n s t a b i l i t i e s .  T h i s  t e s t i n g  yielded s i x  da ta  po in t s  during 

which t i m e  tu rb ine  mechanical opera t ion  w a s  charac te r ized  by s t a b l e  

running a t  l o w  v ib ra t ion  l e v e l s  ( l e s s  than 2 g ' s ) .  Two c l e a r l y  defined 

resonant po in t s  ex i s t ed  a t  13,500 rpm and 16,500 rpm, which w e r e  s u f f i -  

c i e n t l y  damped t o  l i m i t  the  peak amplitude of t h e  r o t o r  t o  0.6 m i l s .  

Turbine speed was held within a 400 rpm band. A t  low Levels of t u rb ine  

power output ,  some v a r i a t i o n  i n  speed was experienced a s  a r e s u l t  of 

water brake load con t ro l .  This  was pr imar i ly  due t o  the  l o w  percentage 

of i ts  t o t a l  load absorbing capac i ty  which was being used (20 to  30 

percent) .  During t h i s  t e s t i n g ,  a l l  bear ing temperatures w e r e  held below 

300°F, and a l l  i n t e r n a l  f l u i d  cav i ty  pressures  w e r e  maintained a t  within 

prescr ibed l i m i t s .  
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A l eak  i n  a potassium l i q u i d  supply l i n e  t o  t h e  hydrodynamic , 
seal on March 25, 1965 requi red  an  unscheduled shutdown. The leak  

occurred so t h a t  t he  closed tube c a v i t y  of t he  bearing housing f i l l e d  

with potassium, which then  provided a heat-conducting pa th  from t h e  

s c r o l l  t o  t he  bearing housing. 

The bearing housing w a s  removed from t h e  s c r o l l ,  t he  tube w a s  

replaced, and t e s t i n g  w a s  continued. 

4. Performance Testing of May 1965 

Performance t e s t i n g  w a s  resumed on May 19, 1965, and continued 

without i n t e r r u p t i o n  through May 21, 1965 a t  which t i m e  performance 

t e s t i n g  w a s  success fu l ly  completed. During t h i s  t e s t i n g ,  the  tu rb ine  

speed c o n t r o l  continued t o  be completely s a t i s f a c t o r y ,  namely, wi th in  

-+ 250 rpm, which i n  p a r t  w a s  accomplished by ope ra t ing  the  water brake 

a t  o u t l e t  temperatures of about 190 F. 
- 

0 

Although t e s t i n g  continued without any malfunction of the  bas i c  

test  r i g ,  i t  w a s  marked by two i n c i d e n t s  r e s u l t i n g  from malfunctions 

of support  equipment. A t  19:25 hours on May 19, with a n  i n l e t  vapor 

temperature of 1460°F, a pressure  r a t i o  of 3 . 3 ,  and a speed of 18,300 

rpm, a n  ins tan taneous  i n t e r r u p t i o n  of the  120 v o l t  f a c i l i t y  e lec t r ica l  

c o n t r o l  power occurred. A l l  of t he  items on the  c o n t r o l  power sys t em 

were momentarily a f f ec t ed ,  but recovery of s teady-s ta te  ope ra t ion  was 

e f f e c t e d  wi th in  minutes. On May 20, a momentary l o s s  of oil t o  t he  

pivoted pad bear ing  occurred, which w a s  t r i gge red  by a malfunction of 

an i n t e r l o c k  i n  t h e  l a b y r i n t h  seal  argon supply s y s t e m  from an  e x t e r n a l  

tank. This r e s u l t e d  i n  damage t o  the  su r face  of t h e  pivoted pad 

bearing, t h e  e x t e n t  of which w a s  no t  known u n t i l  disassembly following 

performance t e s t i n g .  However, subsequent t o  t h i s  i n c i d e n t  during 

t e s t i n g ,  i t  w a s  observed t h a t  t h e  pressure  necessary t o  maintain re- 

qui red  lube  f low t o  the  bear ing  had decreased t o  20 percent  of i t s  

i n i t i a l  value,  and continued a t  t h i s  lower value for t h e  remainder o f  
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the  t e s t i n g .  Although t h e  s h a f t  proximity probe ind ica t ed  a greater 

bearing c learance ,  t h e  tu rb ine  continued t o  ope ra t e  s a t i s f a c t o r i l y  

throughout t h e  t e s t i n g .  On May 21, 1965, a t  19:03 hours, t u rb ine  

performance t e s t i n g  w a s  completed, and shutdown from potassium vapor 

opera t ion  w a s  begun. By 20:27 hours, vapor flow t o  the  tu rb ine  had 

stopped, and t h e  s y s t e m  w a s  continued t o  motor overn ight  f o r  a cool -  

down and f o r  subsequent post-performance tare tests. By May 22, 1965, 

a l l  a f t e r - t e s t  tare  t e s t i n g  w a s  completed, and the  tu rb ine  was pre- 

pared f o r  disassembly. 

* 

5 .  Post-Test Inspec t ion  

Post- test  disassembly in spec t ion  of t h e  tu rb ine  shoued n e g l i g i b l e  

mechanical d e t e r i o r a t i o n  with except ion  of t h e  above mentioned pad 

bearing damage. Measurements showed t h a t  t he  d iamet ra l  clearance had 

opened from 0.006 inch t o  0.018 inch.  A l l  o t h e r  test  bear ings  w e r e  

reuseable ,  

On t h e  s t a t o r  s ec t ions ,  no d e t e r i o r a t i o n  occux-ed except f o r  t h e  

expected out-of-round (0.010 inch)  which i s  i n e v i t a b l e  from high tempera- 

t u r e  opera t ion .  On the  r o t o r  i t  w a s  observed t h a t  a metal l ic  depos i t  

had formed on the  b lades  of both s t a g e s  which caused a 0.13 percent  

weight i nc rease  of t h e  f i r s t  stage b lades  and a 0.02 percent  average 

inc rease  of t he  stage two b lades .  This depos i t  i s  shown i n  Figure 85a 

on t h e  b lades  and i n  85b on t h e  f i r s t  stage nozzle i n l e t ,  I t  w a s  

a t t r i b u t e d  t o  t h r o t t l i n g  of t h e  i n l e t  valve i n  t h e  8-inch upstream 

l i n e  of t he  test  f a c i l i t y .  The a l l o y  c o n s t i t u e n t s  of t h i s  material  

depos i t  and f u r t h e r  d i scuss ion  of i t s  source are presented i n  Reference 

2. During t h e  subsequent 2000-hour endurance tes t ,  t h r o t t l i n g  w a s  no t  

done, and t h i s  depos i t  d id  no t  occur. 
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E. ENDURANCE TESTING t 

The bas i c  ob jec t ive  of t he  endurance test was t o  determine the  long- 

t i m e  effects of potassium l i q u i d  and vapor on blades f ab r i ca t ed  from U-700 

and the  r e f r a c t o r y  metal a l l o y s ,  TZM and T!ZC, which are candidates  for the  

advanced Rankine c y c l e  space power turb ines .  

The e f f e c t s  w e r e  t o  be measured as fol lows:  

1. Turbine performance change with t i m e .  

2. Macroscopic v i sua l  inspec t ion  of tes t  hardware a f t e r  t e s t i n g .  

3. Metal lurg ica l  ana lyses  (photo micrographs, a n a l y s i s  f o r  

i n t e r s t i t i a l s ,  observat ion of mass t r a n s f e r ) .  

4. Creep and/or d i s t o r t i o n  measurements. 

1. T e s t  Pran 

The running condi t ions  f o r  the  endurance t e s t i n g  w e r e  se lec ted  

as fol lows:  

Rotat ive Speed 18,250 rpm - + 200 

+ 10 I n l e t  Vapor Temperature 1500°F - 
I n l e t  To tal- To-Exi t S t a t i c  
Pressure Rat io  3.47 + 0.25 - 

During t e s t i n g ,  da t a  were taken as  fo l lows  t o  observe any 

d e t e r i o r a t i o n  of performance, thereby ind ica t ing  poss ib le  corresponding 

mechanical d e t e r i o r a t i o n .  

(a) A l l  the  c r i t i ca l  test va r i ab le s ,  tu rb ine  output  torque, 

t h e  test condi t ions,  r o t o r  v ib ra t ions ,  etc.,  were recorded 

and observed continuously t o  i d e n t i f y  any t rouble  areas. 

(b) Every t w o  hours, data w e r e  recorded on hand log sheets t o  -- 
p o s i t i v e l y  es tabl ish proper opera t ion  of t h e  test turb ine ,  

a l l  subloops, and the test loop. 
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( c )  Every f o u r  hours a l l  da t a  were taken w i t h  the  d i g i t a l  
I_- 

* 
s y s t e m ,  t o  be subsequently used f o r  c a l c u l a t i o n  of per- 

formance, and t o  provide a permanent record of the  test. 

Provis ions were made i n  the  turb ine  casing f o r  t h e  i n s e r t i o n  of 

borescopes t o  observe the  mechanical i n t e g r i t y  of the  turb ine  r o t o r  

and s t a t o r  i f  i t  became necessary t o  shut  down during t e s t i n g  f o r  

r e p a i r s ,  etc. 

2. Test  Preparat ions 

The test  turb ine  f o r  the  2000-hour endurance test was b u i l t  up of 

components t h a t  had previously been used i n  the  performance t e s t i n g ,  

with some modif icat ions f o r  the  endurance test. 

One such modif icat ion involved e l imina t ion  of argon e f f l u x  pressure  

measuring inqtrumentation t o  a conf igura t ion  a s  shown i n  Figure 86. One 

e f f l u x  pressure  measuring device s ta t ic  and one e f f l u x  pressure  measuring 

device t o t a l  pressure t a p  w e r e  re ta ined  i n  the  turb ine  i n l e t  duc t  t o  

pe r iod ica l ly  measure i n l e t  vapor flow f o r  comparison w i t h  the  EM pump. 

Elimination of these  instrumentat ion lead-outs  correspondingly in- 

creased the  r e l i a b i l i t y  of t h e  tu rb ine  aga ins t  poss ib le  leaks. Suf- 

f i c i e n t  instrumentat ion w a s  l e f t  t o  determine the macroscopic tu rb ine  

performance. The turb ine  mechanical design w a s  t h e  same as t h a t  used 

i n  performance t e s t i n g .  Several  new pieces  of test hardware w e r e  in- 

stalled t o  o b t a i n  the  maximum value from the test. 

The tu rb ine  wheels  were new, i n  keeping w i t h  t he  4,000 hour t o t a l  

opera t ing  l i f e  on s tage  one, (see Sect ion V). To b e s t  observe any 

e f f e c t s  of e ros ion ,  the tu rb ine  blades w i t h  the  least h i s t o r y  of 

previous t e s t i n g  w e r e  used. For s t age  one, new blades w e r e  i n s t a l l e d ,  

and f o r  s t a g e  t w o ,  the U-700 blades  used during the May, 1965 potassium 

vapor performance t e s t i n g  w e r e  i n s t a l l e d .  In  a d d i t i o n  the  s p e c i a l  re- 

f r a c t o r y  blades,  v i z . ,  f o u r  TZC and f o u r  TZM, w e r e  i n s t a l l e d  i n  stage 
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two. Figure 87 shows the  s tage  one wheel assembly before endurance 

test, and the  corresponding s t age  two before- tes t  wheel assembly i s  ' 

shown i n  Figure 88. In s tage  two, f i f ty - two of the  s i x t y  blades were 

of U-700, and e i g h t  were TZM and TZG molybdenum, pos i t i on  a s  shown. 

I n  add i t ion  t o  the  e ros ion  t e s t i n g  of r e f r ac to ry  blades,  a number of 

s t a t o r  ma te r i a l  test i n s e r t s  were i n s t a l l e d  i n  the second s t age  honey- 

comb t i p  s e a l  a s  shown i n  Figure 89, and the  drawing of FBgure 1. 

These were i n s t a l l e d  t o  observe e ros ion  r e s u l t i n g  from the  "s l inging" 

of l i q u i d  from the  t r a i l i n g  edge of the  r o t a t i n g  blades i n t o  the  

leading edge of a subsequent nozzle blade row. A number of o the r  new 

p a r t s  were i n s t a l l e d  f o r  the  endurance test as  ind ica ted  i n  t h e  d e t a i l e d  

component s t a t u s  l i s t  given i n  Table 11. 

A number of test f a c i l i t y  modif icat ions were made t o  provide f o r  

automatic con t ro l  of the system, a s  descr ibed i n  Reference 3 .  

3. 2000-Hour T e s t  

The 2000-hour test  was preceded by the  standard r o t a t i n g  c a l i b r a t i o n  

and t a r e  tests as w a s  done before the  performance t e s t i n g .  A l l  power 

t r a i n  mechanical parameters were wi th in  prescr ibed l i m i t s ,  and essen- 

t i a l l y  the  same a s  i n  previous vapor t e s t i n g .  On September 13 a t  13:19 

hours, the  f i r s t  vapor entered the  turb ine ,  and by 16:35 hours the  

tu rb ine  was "on point"  a t  an i n l e t  temperature of 1500 F. 

po in t  on, the  speed w a s  held a t  18,250 rpm + 250 rpm. 

0 From t h i s  

- 

Afte r  254 hours of continuous opera t ion ,  during a c a l i b r a t i o n  check, 

the  overspeed t r i p  w a s  inadver ten t ly  energized by an e l e c t r o n i c  m a l -  

func t ion ing  i n  the  speed-sensing equipment, causing the  f a c i l i t y  t o  

automatical ly  shut  down. N o  overspeed had a c t u a l l y  occurred. The pad 

bear ing w a s  damaged during t h i s  emergency condi t ion  due t o  l o s s  of o i l  

l ub r i can t  and had to be replaced. The primary o i l  supply i s  shut  off 

when an overspeed s i g n a l  i s  sensed, as p a r t  of an automatic shutdown. 

An accumulator i n  the  o i l  s y s t e m  suppl ies  l u b r i c a n t  f o r  a sho r t  t i m e .  
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The primary o i l  w a s  not resumed u n t i l  a f t e r  the  accumulator w a s  

emptied. Bearing damage r e s u l t e d ,  During t h i s  shutdown period, 

the borescope p o r t s  i n  t h e  nozzle diaphragm and wheel s ec t ions  were 

opened f o r  a v i sua l  inspec t ion  of these components. N o  e ros ion  or 

damage could be seen. 

On October 8, 1965, the  turb ine  w a s  reassembled and s t a r t e d  up 

f o r  cont inua t ion  of endurance t e s t i n g .  A l l  tu rb ine  and f a c i l i t y  

s y s t e m s  per fomed normally with no evidence of damage caused by the  

shutdown. Af te r  1000 hours of accumulated endurance t i m e ,  t h e  moni- 

tored instrumentat ion showed the  turb ine  t o  be i n  exce l l en t  condi t ion.  

Test ing was continued without i n t e r r u p t i o n  through t o  the  end of 2000 

hours. I n  the  l a s t  1000 hours of t e s t i n g ,  i t  w a s  observed t h a t  the  

o i l  sump pressure  var ied between 3 ps ig  and 0.5 ps ig  on approximately 

48 hour i n t e r v a l s .  This caused no problem however, and i t  w a s  a t t r i -  

buted t o  pe r iod ic  o i l  "coking" i n  the  pad bearing forward o i l  screw 

seal (see Figure l o ) ,  e f f e c t i n g  a " t ightening" of the  seal. Also, 

during t h i s  per iod it  w a s  observed t h a t  an increase  i n  o i l  p ressure  

w a s  accompanied by a s l i gh t  decrease i n  turb ine  v ibra t ion .  

On December 20, 1965 the  2000-hour test  w a s  completed and the  

turb ine  w a s  shut  down. After 2-1/4 hours of cool ing down, vapor had 

ceased t o  flow i n t o  the  turb ine  and, wi th in  f i v e  minutes, t he  turb ine  

suddenly stopped due to  a t i l t i n g  pad bear ing se izure .  Subsequent 

a n a l y s i s  of t h i s  stoppage has shown the se i zu re  w a s  due t o  a squeezing 

of t he  bear ing by t h e  bear ing housing from thermal cont rac t ion  during 

cool-down, as a r e s u l t  of o i l  carbon buildup between bearing o u t e r  

r i n g  and housing, 
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V I 1  . TEST RESULTS 

* 
The tu rb ine  t e s t i n g  program r e s u l t e d  i n  t h e  f u l f i l l m e n t  of t h e  ob jec t ives  

discussed i n  Sec t ion  I11 of t h i s  r epor t .  A s  discussed previously,  t h e  pre- 

performance t e s t i n g  r e s u l t e d  i n  some geometric modif icat ions of  t h e  turb ine ,  

and the  t e s t i n g  of  October 1964 w h i l e  i n j e c t i n g  l i q u i d  spray  provided s i g n i f i -  

cant,  i f  undesirable ,  r e s u l t s  on tu rb ine  flow path ma te r i a l s  erosion.  The 

performance t e s t i n g  of May 1965 r e s u l t e d  i n  measurement of a l l  requi red  per- 

formance da ta  po in t s  and establ ishment  of c h a r a c t e r i s t i c  mechanical opera t ion  of 

t he  turb ine  a t  ope ra t ing  temperature. 

October, November and December of 1965 provided information on the  long-bime 

e f f e c t s  of high q u a l i t y  vapor on tu rb ine  flow-path mater ia l s ,  and i n  addi t ion ,  

e s t ab l i shed  the  mechanical i n t e g r i t y  of  t he  tu rb ine  f o r  continuous 1500OF operat ion.  

The 2000-hour endurance test of September, 

A .  PERFORNlANCE TESTING 

The performance t e s t i n g  of May 1965 completed t h e  test plan of 73 da ta  

poin ts .  The tu rb ine  power output  during t h i s  tes t  ranged from a maximum of 251.9 

horsepower a t  a t o t a l - t o - t o t a l  p ressure  r a t i o  of 3.57, 1550OF i n l e t  vapor temper- 

a t u r e  and 19,288 rpm, t o  a minimum of 18.7 horsepower a t  a t o t a l - t o - t o t a l  

pressure r a t i o  of 1.41, 1450OF i n l e t  vapor temperature, and 19,997 rpm. The 

maximum tu rb ine  e f f i c i e n c y  ( t o t a l - t o - s t a t i c )  obtained during t h i s  t e s t i n g  w a s  

75 percent ,  a s  shown i n  Figure 79 of Volume I of t h i s  r e p o r t ,  (Reference 1). 

I n  add i t ion  t o  providing t h e  f l u i d  dynamic da ta  discussed i n  d e t a i l  i n  

Reference 1, t he  performance t e s t i n g  e s t ab l i shed  t h e  mechanical c h a r a c t e r i s t i c s  

ynamic (potassium l i q u i d )  s e a l ,  l aby r in th  (argon gas) seals, pad 

b a l l  bearings.  The mechanical opera t ion  w a s  determined by moni- 

t o r i n g  temperatures,  pressures ,  flows, horsepower consumption, and v ib ra t ion .  

The hydrodynamic s e a l i n g  c a p a b i l i t i e s  as shown i n  Figure 55 w e r e  

v e r i f i e d .  The horsepower consumption (Figure 54) w a s  v e r i f i e d  i n  pre- 

vapor tare t e s t i n g .  Figure 90 shows t h e  t y p i c a l  temperature rise of 
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potassium i n  the s e a l  during vapor operat ion,  much of which is due t o  + 

thermal conduction and condensation of vapor i n t o  the seal l i q u i d ,  

The l abyr in th  seals, which phys ica l ly  are p a r t  of the  hydrodynamic 

seal, and the  o i l  screw s e a l  were e f f e c t i v e  i n  preventing potassium from 

contaminating the o i l .  

0 
The pad bearing and b a l l  bearing temperatures were 200 F or less 

during vapor t e s t i n g  as can be seen i n  Figure 91 . This curve descr ibes  

expected operat ion f o r  a 0.006-inch diametral  c learance and a 135 F o i l  
0 

supply temperature. 

B. ENDURANCE TESTING 

The 2000 hour endurance test yielded information regarding long-time, 

high temperature corrosion and e ros ion  by high q u a l i t y  i n l e t  vapor (99%) 

on the  turb ine  f l u i d  dynamic componen.d;s. Turbine mechanical c h a r a c t e r i s t i c s  
. .  

w e r e  observed as shown i n  the following tabula t ion .  This shows turb ine  d a t a  

which w e r e  continuously monitored during endurance t e s t i n g .  It can be seen 

by observing any given parameter a t  var ious times t h a t  t he  change throughout 

the test w a s  s l i g h t .  

POTASSIUM TURBINE 

B a l l  Thrust  Bearing, ?F 
B e a r i n g  Housing Temp., ?F 
Liquid Potassium i n t o  

Hydrodynamic Sea l ,  OF 
Liquid Potassium out  of 

Hydrodynamic Sea l ,  OF 
Turbine Horizontal 

Vibrat ion,  g ' s  
Turbine V e r t i c a l  

Vibration, g 's  

DATE AW AC-TED HOURS 

235 hours 536 hours 1014.7 hours 1997.5 hours 
9-23-65 10-19-65 11-19-65 12-20-65 

18,250 
188 
190 
312 

258 

825 

0.1 

1.1 

18,300 
199 
194 
320 

280 

862 

0.08 

1.0 

18,100 18,150 
198 205 
196 197 
3 15 378 

262 278 

85 4 863 

0.01 0.7 

0.70 2.0 
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DATE AND ACCUMULA!CED HOURS (Cont'd) 
+ 

WATER BRAlCE 235 hours 536 hours 1014.7 hours 1997.5 hours 
9-23-65 10-19-65 11-19-65 12-20-65 

F 274 163 156 15 2 
125 117 115 122 

Forward Bearing Tern 
A f t  Bearing Temp., 
Water I n l e t  Temp., F 68 68 68 68 
Water Outlet Temp., OF 197 193 193 193 

0 

8- 1 

STEAM TURBHME 

OF 158 15 4 152 152 
159 155 153 - 153 

Forward Bearing Tern 
Mid Bearing Temp., 
A f t  Bearing Temp., OF 168 162 160 158 

!$$ 

Figure 92 shows the  v a r i a t i o n  i n  l abyr in th  seal pressures  f o r  the  above 

tabulated po in t s  during the  test. Although when disassembled, i t  w a s  d i s -  

covered t h a t  the  bond of the  p la ted  copper rubbing su r face  in the  argon 

l abyr in th  seals had separated,  i t  did not  r e s u l t  i n  any gas  leakage s u f f i c i e n t  

t o  a f f e c t  the  seal cav i ty  pressure  d i s t r i b u t i o n .  Figure 93 shows the  oscil80- 

scope t r a c e s  of the  proximity gage outputs  which measure the  s h a f t  excursions 

two inches a f t  of the  pad bear ing,  and ind ica t e  the  unchanging cha rac t e r  of 

r o t o r  dynamics during the  endurance test. 

Figure 94 shows t h e  turb ine  casing assembly upon opening immediately 

a f t e r  the  2000 hour test. A s  can be seen, there  was no v i s i b l e  evidence of 

d e t e r i o r a t i o n  of any of i t s  components, and a s i m i l a r  observat ion was made 

f o r  a l l  r o t o r  components. 

Both s t age  one and t w o  nozzle diaphragm assemblies withstood t h e  

endurance test without v i s i b l e  evidence of d e t e r i o r a t i o n ,  although both 

s t a g e s  exhib i ted  a sur face  d i sco lo ra t ion  a s  shown i n  Figures  95 and 96 

befon? su r face  c leani rg .  The t r a i l i n g  edge w e a r  of s t age  one r e su l t ed  from 

p r i o r  t e s t ing .  Special  observat ion was made of the  flow stream exposed 

f i l l e t s  of the  brazed j o i n t s  which f a s t e n  t h e  nozzle vanes t o  the  inne r  and 

ou te r  shroud bands. The f i l l e t s  were not  eroded from any t e s t i n g  even 

though t h e i r  l oca t ion  a t  the hub and t i p  would make them e s p e c i a l l y  vul- 

nerable  t o  contac t  with condensed l i q u i d  from the  duc t  w a l l s .  
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The second s t age  nozzle diaphragm, which had a g r e a t e r  opportuni ty  ~ 

f o r  potassium l i q u i d  p a r t i c l e  contac t  a l s o  showed no d e t e r i o r a t i o n ,  as  

seen i n  Figure 97. 

A s  ind ica ted  i n  Figure 97 above, the  honeycomb t i p  seals sustained 

no v i s i b l e  d e t e r i o r a t i o n  from t h e  2000-hour test. The seals w e r e  new a t  

the  beginning of the  test, and Figure 98 shows enlarged views of t he  seals 

immediately a f te r  t e s t ing .  The o r i g i n a l  sharp edges of the  0.005-inch 

th i ck  honeycomb stock can be observed. 

One of the  most s i g n i f i c a n t  r e s u l t s  of the  endurance test i s  t h a t  t h e  

turb ine  b lades  i n  both s t ages  endured the  t e s t i n g  with almost no de te r io-  

r a t ion .  Figures  99 and 100 show o v e r a l l  views of both of the  s t i l l -assembled 

turb ine  wheels a f t e r  t he  test. Figures  101 and 102 show close-up views of 

r ep resen ta t ive  b lades  i n  each stage! f i r s t  fol lowing a s u p e r f i c i a l  steam 

cleaning before  disassembly a f t e r  the  2000-hour test, and l a t e r ,  a f t e r  

c leaning  and re-assembly f o r  continued t e s t i n g ,  as  requested by Amendment 

20 t o  t h i s  con t r ac t  e f f o r t .  I n  the  photographs p r i o r  t o  disassembly, i t  

can be seen t h a t ,  al though coated w i t h  a r e s i d u e  of potassium oxide, there 

was no v i s i b l e  evidence of blade d e t e r i o r a t i o n  such as g ross  mass t r a n s f e r ,  

chemical corrosion,  o r  impingement e ros ion  during t e s t i n g ,  and t h i s  i s  

f u r t h e r  borne ou t  by t h e  " a f t e r  cleaning' '  photographs. 

e f f e c t s  of t e s t i n g  on the  b lades  are discussed i n  d e t a i l  i n  Reference 2, 

and are indica ted  p a r t l y  by t h e  s m a l l  weight changes discussed below. 

Figure 103 shows close-up photographs of both s t age  one and s tage  two U-ZOO 

blades compared before-and-after t h e  2000-hour endurance test .  Figure 104 

shows corresponding before-and-after photographic comparison of the  re f rac-  

t o r y  metal test  blades.  

The meta l lurg ica l  

* 
Surface oxide w a s  removed by l i g h t  vapor b l a s t i n g  a f t e r  testing, 

and blades w e r e  weighed. The t abu la t ion  of Table III shows an average weight 

* 
Vapor b l a s t  ab ras ive :  S i l iceous  Earth #1250 NVB manufactured by 

Vapor B l a s t  Manufacturing Company". I ?  
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, 
decrease of 0.304 percent  f o r  a l l  s tage  one blades.  S imi l a r i l y ,  a weight 

decrease of a l l  s t age  two U-700 blades w a s  0.019 percent .  The r e f r a c t o r y  

blades i n  s t age  two experienced some cor ros ion  on t h e  suc t ion  sur face  of 

the  lead ing  edge, g iv ing  the  appearance of a cor ros ion  trace as  shown i n  

Figure 104b. I n  Table I V  k t  can be seen t h a t  both the  TZC and TZM blades 

experienced approximately the  same weight l o s s  of 0.10 percent.  There w a s  

no evidence of f r e t t i n g  or washing eros ion  of t h e  tu rb ine  wheel d o v e t a i l s  

as  shown i n  Figure 105. There w a s  a l s o  no evidence of blade dove ta i l  

f r e t t i n g .  The r e s u l t s  of e ros ion  t e s t i n g  on the  s t a t o r  i n s e r t  (Figure 89)  

are discussed i n  Reference 

The 2000-hour endurance test a l s o  ve r i f i ed  t h e  long-time c a p a b i l i t y  of 

t he  o t h e r  tu rb ine  components. Table I V  shows the  physical  r e s u l t s  of the  

disassembly inspec t ion  following the  2000-hour endurance test. On the  hot  

s t a t o r  components, r e s i s t a n c e  t o  r e l axa t ion  and creep  w a s  demonstrated. 

During the  test t h e r e  w a s  no ind ica t ion  of mechanical rubs e i ther  on s t a r t u p  

or during the  test. A t  disassembly, a f t e r  completion of the  test ,  t he  

measured thermal d i s t o r t i o n  w a s  e s s e n t i a l l y  comparable t o  t h a t  sustained 

i n  the  65-hour performance test with l o c a l  out-of-roundness of about 0.005 

inch on t h e  turb ine  casing f langes .  The turb ine  r o t o r  balance and bearing 

damping and s t i f f n e s s  remained constant  throughout t h e  e n t i r e  2000-hour 

test. The tu rb ine  dynamics w e r e  measured by accelerometers ,  proximity 

gages, and ve loc i ty  pickups. 
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+ VI 1 I .  CONCLUSIONS AND RECOMMENDATIONS - 
4 

A. CONCLUSIONS 

The conclusions regarding the  mechanical design and development of t h e  

two-stage turb ine  on t h i s  program are as fol lows:  

1. The turb ine  descr ibed here in  has demonstrated i t s  design and 

opera t iona l  r e l i a b i l i t y  throughout a range of test condi t ions.  

I n  a number of test  runs,  the potassium turb ine  accumulated 

over 2100 hours of opera t ion ,  with the  l as t  1754 hours 

continuous. 

were made, the  bas ic  tu rb ine  design was adequate, a s  evidenced 

by the  absence of any s t r u c t u r a l  f a i l u r e s  of fundamental 

components such as wheels, blades,  o r  nozzle  diaphragm 

assemblies throughout the  e n t i r e  program. Of s ign i f i cance  

are the following observat ions : 

Although a number of minor design modif i c a t i o n s  

a. No c r i t i ca l  speed problems w e r e  encountered i n  the  

potassium turbine.  

b. The pivoted pad bearing operated s t ab ly ,  providing 

r o t o r  damping i n  passing through resonances and 

operated a t  conservat ive temperatures (200 F )  d e s p i t e  

i t s  proximity t o  the  hot potassium vapor. 

0 

. Although the turb ine  wheels operated a t  the  l o c a l  vapor 

temperatures,  t he  r o t o r  balance obtained during buildup 

was re ta ined  through a l l  performance and endurance 

t e s t i n g .  The curv ic  coupling - t i e  b o l t  arrangement 

w a s  completely s a t i s f a c t o r y  with no evidence of r e l a t i v e  

s h i f t i n g  of p a r t s  during running. 

d.  Rotor blade v ibra t ion ,  as predicted i n  a n a l y s i s  and 

bench t e s t i n g ,  w a s  never a problem. Vibratory blade 

stresses were so low as to  make measurement of the  
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exac t  stresses d i f f i c u l t  (approximately 300 p s i )  and 

no g a l l i n g  or f r e t t i n g  of dove ta i l  connections w a s  

evident .  

e. The i n i t i a l  d i f f e r e n t i a l  ’ arms expansion a n a l y s i s  

of t he  turb ine  w a s  v e r i f i  fl by ? s t ing ,  i n  t h a t  no 

a x i a l  rubs were ever  experienced, and a l l  r a d i a l  rubs 

were minor and were i n  zones where previously a n t i c i -  

pated (such as i n  l abyr in th  or r o t o r  t i p  s e a l s ) .  

f .  The use of the hydrodynam’c sea: t o  separa te  potassium 

vapor and bear ing l u b r i c a t i n g  03.1 worked successfu l ly .  

Once adequately instrumented to permit con t ro l  of 

pressures  and pressure  d i f f e rences  i n  the  seal, the  

s e a l  maintained separa t ion  of potassium and o i l ,  and 

performed according t o  a n a l y t i c  3 1  pred ic t ion  and the  

r e s u l t s  of the  i n i t i a l  easy-f lbid t e s t i n g .  No  r o t o r  

unbalance as a r e s u l t  of r o t a t i n g  seal l i q u i d  w a s  en- 

countered and, i n  f a c t ,  t e s t i n g  ind ica ted  a damping of 

r o t o r  v ib ra t ion  during per iods  of seal operat ion.  

2. The 2000-hour t e s t  e s t ab l i shed  the  feasibility of employing re- 

f r a c t o r y  turb ine  materials f o r  long-time t e s t i n g  i n  a s t a i n l e s s  

steel loop. 

No evidence of g ross  d e t e r i o r a t i o n  was apparent  i n  the  in- 

spec t ion  following the  2000-hour test  on either r e f r ac to ry  

metal  blades and i n s e r t s  or non-refractory turb ine  components, 

and the  r o t o r  b lades  from both s t ages  are being used i n  addi- 

t i o n a l  t e s t i n g .  Erosion w a s  not  a pmblem a t  the  tempera- 

t u re s ,  speeds and vapor q u a l i t i e s  encountered i n  t h i s  

t e s t ing .  A l l  p a r t s  went through the  2000-hour test  w i t h  

almost immeasurable erosion,  corrosion or mass t r ans fe r .  
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3. Several design modif icat ions w e r e  required to overcome mechanical 

shortcomings i n  the  o r i g i n a l  design. 

The o r i g i n a l  design employed metal  O-rings and bol ted f l anges  

(with argon cover gas)  which revealed themselves t o  be in-  

adequate i n  sea l ing  during t e s t ing .  Bolted connections were 

el iminated not  only from ex te rna l  f langes ,  but a l s o  from the  

potassium seal j o i n t s  within the  turb ine ,  and a l l  such con- 

nec t ions  were successfu l ly  replaced w i t h  welded construct ion.  

Also, a number of leaks  i n  instrumentat ion welds required 

redesign and heavier  cons t ruc t ion  o f  inst rumentat ion tubing. 

Several  modif icat ions w e r e  required t o  overcome mechanical 

problems such as i n s t a l l a t i o n  of r a d i a l  keys t o  cen te r  the 

pivoted pad bearing, and the  r e r o u t i n g  of l u b r i c a t i o n  l i n e s .  

These minor modif i c a t i o n s  perf omed t h e i r  des i r ed  func t ions ,  

and prevented the need f o r  ever  undergoing a major tu rb ine  

redesign e f f o r t  . 

4. The t e s t i n g  which involves  spraying of l i q u i d  i n t o  the  turb ine  t o  

con t ro l  i n l e t  q u a l i t y  and t h e  corresponding i n t e r s t a g e  moisture 

e x t r a c t i o n  d id  not produce t h e  des i red  r e s u l t s ,  

The l i q u i d  spraying produced excessive mechanical damage t o  

the  i n l e t  s tage ,  and had t o  be el iminated f o r  f i n a l  vapor 

t e s t i n g .  Also, although the  means provided f o r  i n t e r s t a g e  

moisture e x t r a c t i o n  worked i n  p r i n c i p l e ,  t h e  amount of l i q u i d  

ex t r ac t ed  w a s  inadequate,  due t o  a non-optimum moisture ex- 

t r a c t i o n  geometry i n  the  turb ine .  

5. The turb ine  opera t ing  techniques, e s p e c i a l l y  during t r a n s i e n t  

condi t ions  of s t a r t u p  and shutdown worked w e l l .  

The s t a r t u p  with steam turb ine ,  es tabl ishment  of hydrodynamic 

seal, and subsequent loading of brake went smoothly i n  m o s t  

t e s t i n g .  The tu rb ine  power t r a i n  operated s a t i s f a c t o r i l y  and 
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reliably during final testing, although marked with minor problems 
of misalignment during initial testing. 

(I 

B. RECOMMENDATIONS 

In addition to the positive conclusions reached in this program, an area re- 
quiring further investigation was revealed, as  follows: 

1. It was observed that rotor blades of nickel base superalloy and molyb- 
denum metal alloys experience a slight weight loss when tested in wet 
potassium vapor. This amount of weight loss should increase with a 
corresponding decrease in the vapor quality, or increase as a result of 
longer duration test at the same vapor quality in the turbine. Vapor 
qualities in the testing described herein vary between about 99 percent at 
the inlet to about 93 percent at exit. 

Further tests of longer duration or  testing at lower vapor qualities (more 
characteristic of multi-stage high power Rankine cycle turbines) is 
recommended to gain a better understanding of the corrosion and erosion 
phenomena in potassium vapor turbines. The resulting data should be 
correlated with available steam turbine data and experience. 
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a 
TABLE I 

BLADE CLAMPING CONDITIONS FOR BENCH VIBRATION TESTING 

Pe pmanent 1 y 
Wedged Filler 

Cbuwn A 

Direction 

Screws push up 

Clamping Condition Coupon 1 Designation I 
None Available 
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TABLE I1 

HISTORY OF TURBINE COMPONENTS AT THE START OF 2000 HR, ENDURANCE TEST 
+ 

Component 

F i r s t  Stage Blades 

Second Stage Blades (U700) 

Second Stage Blades (Refractory) 

F i r s t  Stage Honeycomb T i p  Seal 

Second Stage Honeycomb Tip Seal 

Inters tage Honeycomb S e a l  

F i r s t  Stage Wheel 

Second Stage Wheel 

Blade Retainers (F i r s t  and Second Stage) 

Casings 

Nozzle Diaphragm and OGV 

Exhaust Scro l l  

Bearing Housing 

Pivoted Pad Bearing 

B a l l  Thrust Bearings 

Turbine Shaft 

Tie-Bolt 

Hydrodynamic Seal 

I n l e t  Duct 

Koppers Drive Coupling 

Water Brake (Disks, Shaft, Stator)  

History 

New 

Same as Used i n  May 1965 
Performance Testing 

New 

New 

New 

New 

New 

New 

New 

Used i n  Performance Testing 
of May 1965 

Same as Those Used i n  A l l  
Previous Testing 

Same as the One Used i n  A l l  
Previous Testing 

Same as the One Used i n  Potassium 
Vapor Performance Testing 

New 

New 

Same as Used i n  May 1965 
Performance Testing 

Used i n  May 1965 Performance 
Testing 

Same as Used i n  May 1965 
Performance Testing 

Same as Used i n  A l l  Previous 
Testing 

Same as Used i n  A l l  Potassium 
Vapor Testing 

Same as Used During A l l  Previous 
Potassium Vapor Testing 



TABLE ITI 
TURBINE BUILD-UP FOR 2000 HOUR EhDURANCE TEST: BLADE WEIGHTS BEFORE ABJI AFTER TEST 

STAGE ONE BLADES 

Weight 
A f t e r  Weight 

Weight T e s t i n g  A f t e r  
Before & Brush Vapor 

No N o .  G r a m s  Grams Change G r a m s  
B l a d e  S e t  Tes t ing ,  Cleaning, Per Cent B l a s t ,  Per  Cent 

Change 

1 
1 
2 
3 
4 
5 
6 
6 
9 
10 
11 
13 
15 
16 
17 
18 
18 
19 
20 
21 
21 
22 
23 
25 
26 
27 
28 
30 
33 
36 
37 
38 

/ 39 

3 
2 
3 
2 
3 
3 
3 
2 
3 
3 
3 
2 
3 
3 
3 
2 
3 
3 
3 
2 
3 
3 
3 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 

16,1574 
16.1283 
16.5298 
16.1892 
16.1365 
16.1929 
16.0671 
16.2274 
16.2705 
16.1603 
16.2666 
16.1243 
16.1077 
16.3785 
16.2684 
16.1860 
16.2688 
16.1310 
16.2629 
16.3705 
16.2390 
16.2579 
16.4296 
16.3460 
16.1379 
16.2693 
16.0693 
16.2564 
15.9647 
16.3087 
16.0629 
16.2312 
16.3532 

16.1.623 
16,1365 
16,5327 
16.2000 
16,1403 
16,1967 
16.0790 
16.2361 
1.6.2791 
16.1658 
16.2731 
16.1294 
16.1170 
16,3826 
16,2741 
16,1908 
16 2750 
16,1423 
16,2678 
16.3763 
16,2458 
16,2617 
16.4350 
16.3573 
16,1425 
16,2740 
16.0760 
16,2614 
15.9720 
16.3150 
16,0698 
16.2347 
16,3593 

+.030* 
+ .050 
+ .018 
+ .066 
+ .024 
+. 023 
+.074 
+ ,054 
+.053 
+ * 034 
+ .040 
c .  031 
+ ,057 
+. 025 
+.035 
+ .029 
+ .O38 
+.070 
+.030 
+ .035 
+.042 
+.023 
+. 033 
+. 069 
+ .029 
+ .029 
+. 041 
+ .030 
c.046 
+ .038 
c. 043 
+.022 
+.037 

C o n t i n u e d  On Next Page 

16.1176 
16.0845 
16.4712 
16.1448 
16,0883 
16.1470 
16.0143 
16,1686 
16.2329 
16.1117 
16.2139 
16.0640 
16.0579 
16.3312 
16.2096 
16.1414 
16.2204 

16.2195 
16.3192 
16.1880 
16.2017 
16.3796 

16.0948 
16.2278 
16.0178 
16.2041 
15.9239 

--- 

--- 

--- 
--- 
--- 

16.3037 

- .247* 
- .272 
- ,373 
- 275 
- .323 
- * 282 
- .330 
- .364 
- ,302 
- ,325 
- .375 
- ,368 
- .290 
- .361 
- .306 

- .232 

- .298 
--- 

- .268 
- .314 
- .315 
- ,347 
- ,305 
- .268 
- .256 
- .326 
- .323 
- .256 

--- 

--- 
--- 
--- 

- .304 

m * 
i- Weight Gain 
- Weight Loss  
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Wckght 
A f  t P r  

Weight Testing 
Before ik Brush 

Blade Set Testing, Cleaning, 
No * No. Grams Grams 

41 3 15.9776 15.9837 
43 3 15.8722 15 8785 
44 3 16.3859 16.3928 
45 3 16.3913 16 ~ 3951 
47 2 16 e 3410 16.3497 
48 3 26.4137 16.4259 
49 3 16.4360 16.4405 
50 3 16.3400 16.3450 
51 3 16 .(I629 16.0680 
52 3 16.2578 16 ~ 2607 
54 3 16 2711 16.2776 
55 3 16 ~ 0941 16 a 1015 
56 3 16.5699 16.5755 
57 3 ’ 16.3318 16 3379 
58 3 16.1636 16 ~ 1673 
61 3 16 0710 16.C758 
62 3 16.0510 16.0546 
64 3 16.3904 16.3978 
65 3 16 1722 16.1784 
67 3 16.1993 16 e 2085 
68 3 16.3173 16.3253 
70 3 16.4085 16 4160 
71 3 15.9777 15.9840 
73 3 16 0943 16.1020 
74 2 16 1.565 16 e 1640 
74 3 16.1566 16 2954 

75 3 16.1895 16.1945 
77 3 16 2278 16.2345 
78 2 16.1690 16.1714 

Weight 
A i  ter 
Va po r 

Per  Cent Blast, Per Cent 
Change Grams Change 

+ .O38 15.9280 -.311 
+ 040 15 I 8260 - .292 
+.042 16.3.375 - ,296 
i.023 
+ .052 16.2840 - .350 
+ * ?37 16 3625 - 350 
+ 0 027 16 I 3980 - -231 
+ *  O31 16.2944 - .280 
+.0’3l 16.0063 - .354 
+.O17 16 e 1973 - .374 
+.04.0 16,2163 - .338 
+ 046 16 e 0412 - .330 
+ < 033 
t -037 16 2749 - .95@ 
+ .023 
+. 030 16.0360 - .218 
+ .022 16.01 1 1. - .250 
+.045 16.3397 - .310 
+. 038 16.1210 - .  318 
+. 056 16.1456 - .333 
+ .049 16 2563 - .375 
+.045 I6 e 3596 - .299 
+.039 15 9264 - .321 
+ 048 16 0478 - .290 
+ .046 16 1282 - .175 
Apparently a Misreading was 
Taken on the Weight Before Testing 

- - -  - -  - 

- - -  - - -  

--- - - -  

+. 031 16 * 1366 - .328 
+ .041 16.1713 - .356 
i.014 16.1278 ’ -.255 

+. 0380 -. 304 
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TABLE I11 
(Continued) 

STAGE TWO BLADES 

Weight 
A f t e r  Weight 

Weight T e s t i n g  A f t e r  
Before & Brush Vapor 

Blade S e t  T e s t i n g ,  Cleaning,  P e r  Cent B l a s t ,  Per  Cent 
No. N o .  Grams G r a m s  Change G r a m s  Change 

U-700 1 
2 
4 
5 
6 
7 
8 
9 

1 0  
12  
14 
13 
16  
17  
1 8  
19 
20 
21 
22 
24 
25 
26 
27 
29 
30 
31 
32 
33 
34 
35 
36A 
36B 
37 
38 

1 
1 
1 
1 
.1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

21.8200 
21.7645 
21.9408 
21.8300 
22.0598 
22.0718 
22.3274 
21.9272 
22.1263 
21.9530 
21.4661 
22.3506 
22.0192 
21,6002 
21.7043 
21.7720 
22.2017 
21.6210 
21 -9106 
22.0456 
21.5750 
21.6550 
21.1207 
20 9290 
20.9985 
21.5878 
21.4038 
21.6738 
21.3474 
21.3150 
21.2260 
21.4488 
21.7440 
21.2380 

21.8490 
21.8006 
21.9739 
21.8608 
22 a 0910 
22.1070 
22.3644 
21 9571 
22 1520 
21 9836 
21 ~ 5023 
22 a 3870 
22.0517 
21.6284 
21.7388 
21.8040 
22 a 2368 
21.6578 
21.9417 
22.0819 
21.6054 
21 6832 
21.1528 
20 9595 
21.0275 
21 a 6230 
21.4367 
21.7024 
21.3779 
21.3442 
21.2580 
21.4809 
21.7747 
21.2683 

+. 133 
+. 166 
+. 151 
+. 141 
+, 141 
+. 159 
+. 165 
+. 136 
+.116 
+.139 
+. 168 
+.163 
+. 148 
+.130 
+. 159 
+. 147 
+. 158 
+. 170 
+. 142 
+. 164 
+. 141 
+. 130 
+ .152 
+. 145 
+. 138 
+. 163 
+. 153 
+.132 
+. 143 
+. 137 
+. 150 
+. 149 
+.141 
+. 142 

--- 
21.7540 
21.9384 
21.8246 
22.0607 
22.0711 
22.3228 
21.9250 
22.1298 
21.9662 
21.4628 
22.3452 
22,0152 
21,5995 
21.6957 
21.7650 

21.6179 
21.9117 
22.0381 
21.5687 
21.6499 
21.1201 
20.9238 
20 * 9944 
21.5823 
21.3976 
21.6647 

21.3123 
21.2243 
21.4476 
21.7460 
21.2311 

--- 

--- 

--- 
- .048 
- .011 
- .024 
+.004 
- -003  
- .021 
- .010 
+.016 
+.060 
- .015 
- .024 
- .018 
- .003 
- .040 
- .032 
--- 

- .014 
+ .005 
- .034 
- -032 
- .024 
- .003 
- .025 
- .02Q 
- .026 
- .029 
- .065 
--- 

- .013 
- .008 
- .006 
- .009 
- .033 

Continued On Next Page 
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TABLE 11% 
(Continued) 

Weight 
A f t e r  Weight 

Weight T e s t i n g  Af t e r  
Before & Brush Vapor 

Bucket S e t  Tes t ing ,  Cleaning, P e r  Cent B l a s t ,  P e r  Cent 
N o .  N o .  G r a m s  G r a m s  Change G r a m s  Change 

39 1 21,4116 21.4441 +. 152 21.4032 - .008 
40 1 21,3435 21.3742 +. 144 21.3332 - .OlO 
41 1 21.6153 21 6520 +.170 21.6136 - .002 
42 1 21,1273 21.1571 +. 141 21 1218 - .006 
43 1 21.2838 21.3143 +.143 --- I--  

44 1 21 2753 21.3068 +. 148 21 2690 - .006 
45 1 21,7005 21 e 7366 +. 166 21 6894 - .011 
47 1 21 i 1-48 21 1468 +,151 21.1139 - .OOl 
49 1 21.4360 21 4677 + 148 21 4300 - .006 
51 1 21 ~ 2694 21.2985 + 137 21.2696 + 001 
54 1 21 2065 21.2377 +.147 --- --- 
55 1 21.4686 21 3209 +.150 --- --- 

+. 141 --- -I- 58 1 21.2181 21 e 2782 
60 1 ’  21.6222 21 6530 +. 142 21.6166 - -026 
61 1 21.3406 21 3713 + 144 21 3351 - -026 
62 1 21.4368 21 4685 +. 148 21 4321 - .022 
63 1 21.1203 21 e 1492 +. 137 21 1169 - .Oi6 
64 1 21.5735 21.6080 +.160 21 5584 - .om 

AVERAGE t .147 
_1 

AVERAGE - .019 - 
TZU 17 1 28.0209 28.0090 - .042 - -- --- 

20 1 26.9403 26 a 9282 - .045 --- --- 
21 1 27 8451 27 8329 - .044 27.8171 - * 104 
23 1 27.9722 27.9601 - -043 27 9417 - .lo9 

- .lo5 - - .044 AVERAGE AVERAGE - 
rzc 1 1 28 3167 28.3076 - .032 28.2905 - .093 

2 1 28.3958 28,3857 - .035 28.3616 - .121 
11 1 28.5019 28,4908 - .039 28 e 4738 - .099 
12 1 28.4353 28.4275 - .027 28 4086 - .094 

AVERAGE - .033 -- AVERAGE -. 102 
_I_ 
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P 

ROTOR - 
T i e  Bolt 

Before - Length 
After - Length 
Measured Relaxation of Bolt Tension 
a t  Disassembly 

F i r s t  Stage Wheel 

Before - Over Blade D i a m e t e r  
After  - Over Blade Diameter 

Second Stage Wheel 

Before - Over Blade Diameter 
After  - Over Blade Diameter 
Before - Inters tage Sea l  Teeth Diameter 
After  - In t e r s t age  Seal Teeth Diameter 
Before - Screw Seal  Diameter 

, After  - Screw Seal Diameter 

Shaft  

Before - Screw Seal Deameter 
After  - Screw Seal Diameter 

22 229 
22,231 

10 per cent  

8 816 
8.818 

9,623 - 9.624 
9.625 
4 e 069 
4 069 
3 870 
3 869 

3 880 
3 844 

Hydrodynamic S e a l  

Before and After  - Inner and Outer 
Labyrinth Teeth D i a m e t e r s  

Outer Inner 
Before 4 . 7 m 7 5 0  3 9 7-Zm-?49 
After  4 74414 746 3.745/3,746 

STATOR 

I n l e t  Duct 

Diameter a t  0' 
Diameter a t  90° 

S c r o l l  

O.R, of Bearing Housing Flange 
a t  Oo 
a t  goo 

* 
Unless Specified,  Dimensions Given i n  Inches 

9 483 
9 e 488 

8.192 
8.220 
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STATOR (Continued) 

TABLE IV 
(Continued) 

Bearing Housing and Internal Parts 

Bearing Housing O.R. of Aft Diameter 
at Oo 
at 90' 

O.R, of Pad Bearing Seat Diameter 
at 0' 
at 90° 

Socket Ring O.R, 
at Oo 
at 90° 

7,230 
7 231 

4.538 
4,538 

5 118 
5,116 
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TABLE V I  

TWO-STAGE POTASSIUM TEST TURBINE 

OPERATING HISTORY 

The h i s t o r y  of major milestones and accumulated test t i m e  on potassium 

vapor f o r  t h e  two-stage t u r b i n e  is  given i n  Figure 3. 

Date - 
5-8-61 

5-30- 62 

8-31-62 

12 -20- 62 

11-30-63 

12-29-63 

4 - 13-64 

7-13-64 

Accumulated 
Operating 
Time ( H r s . )  

-- 
-- 

4 

10- 13- 64 39 

Remarks 

o Contract Signed 

Q Turbine Design Complete 

9 Turbine Components Procurement Complete 

e F i r s t  Pre-Test Run of Turbine 

e Completion of Turbine Pre-Testing ( a i r ,  water, steam) 

e Completion of Tes t  F a c i l i t y  Checkout, Flow Nozzle 

e Tare Tes t  of Turbine with K is  6 e a l  

T e s t s ;  Convert Turbine t o  Weld Flanges 

Mixing of O i l  and Potassium 

Improve Sea l  Instrumentation and O i l  System, 
I n s t a l l  Scavenge Pump, Modify Argon Reclamation 
System and Potassium Loop Far Sea l  

cp Turbine Operated on K Vapor For Four Hours. 
Observed Sea l  Rubs, K Leak i n  Sea l ,  I n s t a b i l i t i e s  

Turbine, Improved Bearing S t i f f n e s s ,  Weld Up 
Sea l  Housing and Sea l  Peed Lines 

Q Performance Test For 35 Hours, Taking 102 Data Poin ts  

0 Boi l e r  Unstable, Leaks i n  Instrumentation, 

Q Leak i n  Bo i l e r ,  Blade Erosion 

Redesign Bo i l e r  Feed System Provide Feed Preheat,  
Improve Ins t runen ta t ion  and Boi le r  Level Control,  
Improve Accuracy of Torque and Flow Measurement. 
Rebuild Turbine. 

c 
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TABLE VI 

TWO-STAGE PCrrASSIUM TEST TURBINE 

OPERATING HI STORY 

A ccumula t ed 
Operating 

Date Time (Hrs.) 

3-23-65 51 
- 

5-22-65 104 

9-13-65 104 

9-24-65 358 

10-8-65 358 

12- 19- 65 2 104 

Jan. 1966 

Feb. 1966 

(Continued) 

Remarks 

Performance Test for 12 Hours - Six Data Points 
Improved Method of Data Taking 
K Leak in Seal Feed Lihe 
Repair Bearing Housing 
Establish Accurate Tare Losses 

g Successful Completion of Second Performance Test 

6 Good Data, Repeatable Results 

e 53 Hours Uninterrupted Operation Above 1400°F 

e No Erosion, No Boiling Instabilities 

0 No Leaks, No Seal Failures 

0 Prepare for Endurance Testing 

Rebuild Turbine 
Reduce Instrumentation 

*Begin Endurance Test 
1500°F, 18,250 RPM, pr = 2.95:l 

0 254 Hours Completed 

0 Unwanted Shutdown by Triggering Over Speed Trip 

Borescope Inspection of Turbine, 
No Erosion, No Observed Mass Transfer 

e Resume Endurance Testing 

*Endurance Test Completed After 2000 Hours 

,Planned Shutdown 

QPost Test Inspection of Hardware 

@Material Evaluation 

0 Evaluation of Test Results 

.Final Reports 
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rim Turbine Attached to Loading and Starting 
Supported Water Brake and Steam Turbine. 
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Figure 5. 3000 Kh Lomponent 'Lest Faci l i ty .  
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f igu re  0 .  External v i e w  of T e s t  Turbine Faci l i ty .  
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Figure 11. Turbine Hydrodynamic Sea l  wi th  Potassium Liquid Supply Tubes 
and Argon Labyrinth Sea l s  Shown. 
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Figure 12. Pivoted Pad Hydrodynamic Bearing. 
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Figure 13. Stabilizer Bearing Assembly. 
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Figure 15. Bearing Housing Showing Assembly of Heat Shield Cover. 
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Figure 16. Turbine Casing Top and B o t t o m  Halves Showing Instrumentation 
Lead Outs and. Borescope Ports. 
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Figure 18. 1st Stage Nozzle Diaphragm (Leading Edge Face). 

Figure 19. 2nd Stage Nozzle Diaphragm (Trailing Edge Face). 

Figure 20. Outlet Guide Vane (Trailing Edge Pace). 
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Figure  21. Turbine Exhaust Scroll. 
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n 
Gas Pressure 

Liquid Metal (In) 
6’ 

Figure 22. Inlet Duct Showing Installed Spray Valve. 
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Figure 25. Turbine Rotor Shown In Balance Machine. 
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Figure 26a. Exploded V i e w  of I n l e t  Duct Assembly. 

Figure 26b. I n l e t  Duct Showing Ins ta l l ed  1 s t  Stage Nozzle Diaphragm and 
1 s t  Stage Tip Seal .  
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Figure 30. Turbine Exhaust S c r o l l  w i t h  Bearing Housing Installed. ,  
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Figure 32. P a r t i a l  Assembly of Turbine Rotor and S t a t o r  Showing Radial 
and Axial Clearances.  
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Figure 34. Assembled Turbine Ready for I n s t a l l a t i o n  i n t o  Test F a c i l i t y .  
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Larson - Miller Parameter 
P = T(20 + log t)(lO-3) 

Figure 35b, Master Rupture S t rength  of U-700 Forging, 
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P 

Stress  
(psi) 

ut . 
oa 
7 

(JC 

DOVETAIL STRESSES 
B LPDE 

Airfoil t oo t  Stress  
Stg 1 695Opsi 
Stg 2 = 9940 psi 

Blade Dovetail Wheel Dovetail 
Top Tang Bottom Tang Top Tang Bottom Tang 
15, 380 12,150 12, 210 21,060 
10, 500 6,420 15, 260 15,290 

8,150 5,870 5,170. 6,900 
23,280 16 , 920 24 , 160 32,600 

cya = Dovetail neck stress 

ut = Tang bending s t r e s s  (hook stress) 

Stress 
(ps i )  

=t 
ua 
7 

UC 

7 = Tang shear s t r e s s  

uc = Combined s t r e s s  at dovetail fillet 

-Blade Dovetail Wheel Dovetail 
U-700 Blades U-700 Blades Refractory Metal Blades 
Top Tang Bottom Tang Top Tang Bottom Tang Top Tang Bottom Tang 
19, 500 15,470 15,790 27,090 20,320 34,850 
14, 330 8,640 14,380 16, 230 17,760 20,630 

30,330 21,900 2 6,800 39,220 33 , 880 50,250 
10,170 7,730 6,550 9,850 6,400 9,100 

Naximum 
Comb i n e 7  
Stress 

Wheel 

Stresses may be modified for 
various speeds by multiplying 
given values by the factor 

-135- 



40 

35 

30 

25 

20 

15 

10 

5 

0 

rheel Stres 

P I 

P = O  
P = 10,000 Lb 

- - -  

Stress Shown is Max. 
Stress and Occurs 
At Inside Surface “ S  

T1095-24 

0 1 2 3 4 5 

Disk Radius in. 
Figure 36. Stage 1 Wheel Stress Distribution During 19,2000 

RPM Operation. 
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STAGE 1 

S h e a r  S t r e s s  
= 222 p s i  

_d 

A 

d 

p -  
_9 - 

S h e a r  S t r e s s  
= 222 p s i  

/*  

Hoop S t r e s s  = 796 p s i  

I S h e a r  Stress = 
STAGE 2 / 203 p s i  

- 
S h e a r  S t r e s s  = 

305 p s i  - 

/ 
Hoop S t r e s s  = 256 p s i  

Figure 40. Stresses in Nozzle Diaphragms. 
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Physical Model For Cr i t i ca l  Speed Analysis 
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Mode Shaped at 
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Rotor 

~ 

T1095-31 

Figure 43a. Two Stage Turbine Ixsta l led  Resonant Frequency Survey. 
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Figure 43b, Measured Vibratory AmplPtudes of Major T e s t  R i g  
Components E 
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Steam Drive 
Turbine 

Po tass ium 
Turbine 

Hor izonta l  
Hor izonta l  and 
Vertical Veloc i ty  
Accelerometers 

F igure  46a. Schematic Diagram of Turbine Pre tes t  I n s t a l l a t i o n .  
~ 

and 

Figure  46b. Turbine P r e t e s t  I n s t a l l a t i o n .  
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Figure 47. Pad Bearing Temperatures During Pretesting. 
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Figure 49. Hydrodynamic Seal T e s t  Rig. 
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Figure 50. Pressure Instrumentation Locations wi th in  Hydrodynamic Sea l .  
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F i g u r e  51a. Overall V i e w .  

c i t y  

Manometer 

b 

A l r  and 
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of 

Senborn 
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Tl095-55 

F i g u r e  51b. Schematic of S e a l  T e s t  Rig. 
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5.920" t Diameter 

Liqu id  
In 

Figure 53a.  Hydrodynamic Seal  Showing Seal  Liquid Injected Into 
A f t  Rotor Cavity.  

5.920" I Diameter 

Liquid 
In 

Figure 53b. Hydrodynamic Seal  Showing Liquid Injected Into 
Forward Rotor Cavity.  

T1095-58 

-154- 
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Figure 54. Hydrodynamic Seal Horszpower Consumption. 
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TlO95-61 

Figure 55. Hydrodynamic Seal Sealing Pressure. 
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Figure 56a. Bucket Clamping Coupons for Vibration Bench T e s t s .  

Figure 56b. Blade Vibration Bench Test Setup. 
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Figure 57a. Strain-Gauged Buckets. 

Gauge Type : CB-11 
Resistance: 
Gauge Factor: 3.152 1% /- Y!'' Line 
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Figure 57b. Placement of Strain-Gauges. T109!5-€3 
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Figure 58. Strain Distribution for Potassium Test Turbine 
B l a d e  - Stage 1 First Flexural Mode. 
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Figure 59. S t r a i n  Di s tr ibut ion  for Potassium Tes t  Turbine 
B l a  d e  - Stage 2 F i r s t  Flexural  Mode. 
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Figure 60. Second S t a g e  Turb ine  Wheel B lade  S t r a i n  Gauge I n s t a l l a t i o n .  
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Figure 66. Blade Natural Frequencies and Vibratory Stress - Stage 2. 
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Figure 69. Cross-section Views Showing the Change From a Bolted to 
Welded Construction. 
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Figure 72. Aft View of Turbine After Being Welded I n t o  the 3000 KW 
Facility, 
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Design of Indiv idual ly  Fed Bearing Pads and I n t e r s e a l  
Cavity Bleed Design. 

Figure 77.  
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Figure 78. Time Hietory of Potassium Liquid Enjection into Turbine. 
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Figure 80a. Assembled Tiirbine Casing Half Removed From Turbine A f t e r  
Potassium Vapor Testing. 

Figure 80b. Stage 2 Nozzle Diaphragm Upon Removal From Casing Af te r  
Potassium Vapor Testing. 
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Figure 82a. Comparison of Tip Sec t ion  of F i r s t  Stage Blade Before and 
Af te r  35 Hour Turbine Checkout 

Figure 82b. Comparison of a F i r s t  Stage Blade Before and Af te r  35 Hour 
Turbine meckout.  
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Figure  83. Stage 2 Nozzle Diaphragm Outer Shroud F i r e  Damage and 
Subsequent Repair. 

-188- 





- 190 - 

Figure 84. Instrumentation 



11095-91 
for Perfonnance Test ing.  
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Figure 85b. Leading Edge of Stage 1 Nozzle Blades Showing Meta l l ic  
Deposit Af te r  Performance Testing of May, 1965, 
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Figure 86. Instrumentation 
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for  Endurance Testing. 
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Figure 86. Concluded. 
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Test of 3/24/65, 
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Figure 9 1, Pad Bearing Temperatures During Performance Test of 3/24/65. 
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Figure 93. Oscilloscope Trace Showing Rotor Shaft Excursion During 
Endurqnce Testing in September, October, vovember’and 
December, 1965. 
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Figure 94a. Top Half of Turbine Casing Assembly Af te r  2000 Hour Endurance 
Test .  

Figure 94b. Bottom Half of Turbine Casing Assembly Af te r  2000 Hour 
Endurance Test 
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Figure 95. F i r s t  Stage Nozzle Diaphragm ( I n l e t  Side) A f t e r  2000 
Endurance T e s t .  



Figure 96, F i r s t  Stage  Nozzle Diaphragm (Out let  S i d e )  A f t e r  2000 Hour 
Endurance T e s t  . 
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Figure 97a. Second Stage Nozzle Diaphragm ( In le t  Side) A f t e r  2000 Hour 
Endurance Test.  

-208- 



i 

-209- 



9 

Figure 98a. F i r s t  Stage  Tip S e a l  After 2000 Hour Endurance T e s t .  
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Figure 98b. Second Stage  Tip S e a l  A f t e r  2000 Hour Endurance T e s t .  



Figure 99. First Stage Turbine Wheel A f t e r  2000 Hour Endurance T e s t .  
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Figure 100. Second Stage Turbine Wheel Af t e r  2000 Endurance T e s t .  

-212- 



Figure 101a. 2000 Hour T e s t  F i r s t  Stage Wheel Assembly Showing Leading 
Edges of Blades Before Wheel Disassembly. 

Figure 101b. 2000 Hour F i r s t  Stage Wheel Assembly Showing Leading Edges 
o f  Blades After Vapor Blast  Cleaning and Assembled f o r  
Subsequent 3000 Hour Endurance T e s t .  
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F i g u r e  102a. 2000 Hour T e s t  Second S t a g e  Wheel Assembly Showing Leading 
Edges of B l a d e s  Before  Wheel Disassembly.  

F i g u r e  102b. 2000 Hour T e s t  Second Stage  Wheel Assembly Showing Leading 
Edges of Blades A f t e r  Vapor B l a s t  Cleaning and Assembled 
f o r  Subsequent 3000 Hour Endurance T e s t .  
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Figure 105a. 2000 Hour Test F i r s t  Stage Wheel Sbowing Dovetails Af t e r  
Cleaning 

Figure 105b. 2000 Hour Test Second Stage Wheel Showing Doveta i l s  Af t e r  
Steam Cleaning ~ 
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