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SUMMARY 

Wet v a p o r   p o t a s s i u m   t u r b i n e s   i n c o r p o r a t e d   i n   n u c l e a r   s p a c e  power 

systems are e x p e c t e d   t o   o p e r a t e   u n a t t e n d e d   f o r  5 y e a r s .   T u r b i n e   e r o s i o n  

was c o n s i d e r e d   t o   b e  a b a r r i e r   p r o b l e m   w i t h   t h i s   l i f e   o b j e c t i v e ,  A t u r -  

b ine  was t e s t e d   i n   o r d e r   t o   d e t e r m i n e   i f ,   w i t h  exi t  v a p o r   q u a l i t y   a s  low 

a s  87 p e r c e n t ,   b l a d e   e r o s i o n  limits t u r b i n e   l i f e .  

Blade  damage  experienced  by  impingement  erosion  during 5000 test 

hour s   unde r   cond i t ions   t yp ica l  of KTA low p r e s s u r e   t u r b i n e   s t a g e s  was 

n e g l i g i b l e ,   c o n f i r m i n g  a 3 t o  5 y e a r   l i f e   p o t e n t i a l .  

The tes t  c o n d i t i o n s  were f a r  from i d e a l .  Weld f a i l u r e s  were n o t  

uncommon, and   r e su l t ed  i n  f a c i l i t y  shutdown,   leakage of potassium  from 

t h e   f a c i l i t y ,  and  leakage  of a i r ,  p a r t i c u l a r l y   o x y g e n ,   i n t o   t h e  sys tem.  

P o t a s s i u m   d i z i r c o n a t e   d e p o s i t s   f r o m  a g e t t e r i n g   z i r c o n i u m   h o t  t r a p  ac- 

cumula t ed   on   t u rb ine   ro to r   and   s t a to r   b l ad ing .   The  tes t  t u r b i n e   i t s e l f  

d i d   n o t   c a u s e  a s i n g l e  tes t  i n t e r r u p t i o n ,   a n d ,   e s p e c i a l l y ,   t h e   t u r b i n e  

r o t o r  was s t i l l  i n  good mechan ica l   cond i t ion  a t  the   end   o f   t he  test .  
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I. INTRODUCTION 

T h i s   r e p o r t   c o v e r s   t h e   r e s u l t s  of a 5000 hour  endurance tes t  of a 

three-s tage   po tass ium test  t u r b i n e   u n d e r   o p e r a t i n g   c o n d i t i o n s   s p e c i f i e d  

i n   T a b l e  I. The test r e p r e s e n t s  a cont inua t ion   of   e ros ion  tests c a r r i e d  

ou t   w i th  a two-stage  turbine  and  an ear l ie r  th ree - s t age  tes t  t u r b i n e .  

The  two-stage test turbine  exposed a number o f   t u rb ine   b l ades  of wrought 

Udimet 700 and  wrought molybdenum TZM and TZC t o  5000 hours  of endurance 

t e s t i n g  a t  t he   ope ra t ing   cond i t ions   o f   Tab le  I .  The b l ades   su rv ived   t h i s  

tes t  in   exce l len t   form.  No c a v i t a t i o n   o r   e r o s i o n   p i t s  were observed,  and 

on ly   minor   co r ros ive   a t t ack   and   s igns   o f   i nc ip i en t   e ros ion  were v i s i b l e  

under  the  microscope. (1' 

By adding a t h i r d   s t a g e   t o  a tu rb ine   o the rwise   t he  same,  Figure 1, (2-4 1 
t h e   c a l c u l a t e d   m o i s t u r e   l e v e l   e n t e r i n g   t h e  l as t  t u r b i n e   s t a g e  was in-  

creased  from 3 . 3  t o  8 .9  pe rcen t ,  a va lue   more   representa t ive  of u t i l i t y  

p r a c t i c e .  A t  t h e  same time, t h e   t i p   d i a m e t e r  and t i p  speed   o f   t he   f i na l  

s t a g e  were increased  (Table  I ) .  The b a s i c  test o b j e c t i v e  was t o   f i n d   o u t  

whether   blade  erosion a t  t h i s  more severe  combination of  m o i s t u r e   l e v e l ,  

b lade  speed,   blade material and   t empera tu re   cou ld   be   t o l e ra t ed   i n  space 

tu rb ines   w i th  a t h r e e -   t o   f i v e - y e a r   l i f e   o b j e c t i v e .  The 5000 hour en- 

durance test per iod  was assumed t o   b e   r e p r e s e n t a t i v e   o f   t h e   d i f f i c u l t i e s  

t o   be   encoun te red   i n   ope ra t ing   t h ree   t o   f i ve   yea r s .  

A 1400-hour tes t ,  c a r r i e d   o u t   i n  1968, ended   wi th   inconclus ive   resu l t s .  

The t u r b i n e  was shu t  down as a r e s u l t   o f   e x c e s s i v e  and inexp l i cab le   ou tpu t  

to rque   reduct ion .  Upon open ing   t he   t u rb ine ,  i t  was d i scove red   t ha t   t he  

four  Mo-TZM th i rd - s t age   b l ades  had l o s t   s u b s t a n t i a l   p o r t i o n s  o f  t h e i r   t i p  

shrouds .   In   addi t ion ,  many o f   t h e   b l a d e   r e t a i n e r   c l i p s  of a l l  s t a g e s  had 

s t r a in   age   ha rdened  and f r a c t u r e d  a t  the  non-annealed  aft   assembly  bend. 

Mechanical damage d u e   t o   t h e   r e t a i n e r   c l i p   f r a g m e n t s  was noted   genera l ly  

on   ro to r   and   s t a to r   b l ades .  The  damage to   t he   l ead ing   edges   o f   t he   t h i rd -  

s t a g e   r o t o r   b l a d e s  was such as  t o   p r e c l u d e   s e p a r a t i o n  of mechanical  and 

e r o s i v e   e f f e c t s ,   F i g u r e  2 .  The t i p  shroud  f ragments   could  have  contr ibuted 

t o   t h i s   l e a d i n g   e d g e  damage. 

("Numbers i n   p a r e n t h e s e s   r e f e r   t o  documents l i s t e d   i n   t h e   R e f e r e n c e s  
s e c t i o n .  
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TABLE I 

NOMINAL OPERATING CONDITIONS  FOR  POTASSIUM  VAPOR  TURBINES 

Turbine - General 

T e s t  Per iod ,   hours  

I n l e t  Vapor  Temperature, OF (OC) 

I n l e t   T o t a l   P r e s s u r e ,   p s i a  (KN/m ) 

O u t l e t   S t a t i c   P r e s s u r e ,  

2 

p s i a  (KN/m2) 

Rotat ional   Speed,  rpm 

I n l e t  Vapor Qua l i ty ,  % 

Vapor  Flow Rate, lb / sec   (Kg/sec)  

Turbine - Fina l   Rotor   S tage  

In le t   Tempera ture ,  OF (OC) 

I n l e t   T o t a l   P r e s s u r e ,   p s i a  (KN/m ) 

Outlet   Temperature,  OF (OC) 

O u t l e t   S t a t i c   P r e s s u r e ,  

2 

p s i a  (KN/m2> 

I n l e t   M o i s t u r e ,  % 

Out le t   Mois ture ,  % 

Rotor   In le t   Absolu te  Gas 
Ve loc i ty ,   f t / s ec   (m/sec )  

R o t o r   I n l e t   R e l a t i v e  Gas 
Ve loc i ty ,  f t /sec (m/sec) 

R o t o r   I n l e t  Wheel Speed, 
f t / s e c   ( m / s e c )  

Rotor   In le t   Absolu te  Gas Ve loc i ty  
a t  T ip ,   f t / s ec   (m/sec )  

R o t o r   I n l e t   R e l a t i v e  Gas Ve loc i ty  
a t  T ip ,   f t / s ec   (m/sec )  

R o t o r   I n l e t  Wheel Speed a t  T ip ,  
f t l s e c  (m/sec> 

,. . 

Two-Stage 

5000 

1500  (816) 

24.66  (166.7) 

7.1  (48) 

18,250 

99 

1.5  (0.68) 

2 

1390  (754) 

14.4  (97.4) 

1240  (691) 

7.1  (48) 

- 

3.3 

8 .0  

1048  (319) 

446  (136) 

691  (211) 

926  (282) 

298 (91) 

770 (235) 

Three-Stage 

5000 

1500 (816) 

24.66  (166.7) 

2.5  (17) 

18,250 

99 

1.54  (0.70) (1) 

3 

1276  (691) 

7.7  (52) 

1140  (616) 

2 . 5  (17) 

- 

8.9 

14.5 

1222 P i t ch l ine   (372)  

601   P i tch l ine   (183)  

743 P i t ch l ine   (226)  

1094  Estimated (333) 

481  Estimated  (147) 

838 Estimated  (255) 

“’Vapor f low rate va r i ed   du r ing   t e s t ing   f rom 1.4 l b / s e c  (0.64  kg/sec)   to  
1.8 l b / s e c  (0.82  kg/sec) as shown on Figure  14a.  
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Figure 1 .  Three Stage  Potassium Vapor Test Turbine. 



Anothe r   t h ree   s t age   t u rb ine   bu i ldup  w a s  made u t i l i z i n g  new r o t o r  com- 

ponents  where  required.  To i n s u r e  some d a t a   b e i n g   a v a i l a b l e   i n  case t h e  

t u r b i n e  was  damaged a f t e r   a c c u m u l a t i o n  of many t e s t  hour s ,   pe r iod ic   shu t -  

downs for   blade  inspect ion  and  erosion  measurements  were planned. A b lade  

i n s p e c t i o n   p o r t ,   F i g u r e  3 ,  w a s  added t o   t h e   t u r b i n e   c a s i n g   t o   p e r m i t   d i r e c t ,  

a s  w e l l  as bo rescope ,   i n spec t ion   o f   t he   t h i rd - s t age   b l ad ing .  A removable 

s t a t o r   v a n e   a n d   t i p  seal i n s e r t ,   F i g u r e  5, permi t ted  the use  of  a l a r g e  

d i ame te r   bo rescope   t o   v i sua l ly   obse rve   t he   t h i rd - s t age   b l ade   l ead ing   edges  

and to   ob ta in   c lose -up   p i c tu re s   o f   s e l ec t ed   b l ades   w i th  a 35 mm SLR camera 

mounted on  the  borescope,   Figure 4. A steel  rod  of known diameter  (0.047 

i n .  ) served as a r e f e r e n c e  scale. 

The photographic  parameters were: 

35 mm Nikon-F SLR camera  with 35 mm f o c a l   l e n g t h   u s e d   a t   f 1 . 2 .  

Kodak Plus-X  Panchromatic  black-and-white  film (ASA 125). 

Camera speed  of  one  second  for  leading  edge  photos.  

Camera speed  of   four   seconds   for   t ra i l ing   edge   photos .  

L ight ing  by  American  Cystoscope  Makers,  Inc., Model B34-A borescope 

(0.400 inch  diameter)  a t  f u l l   r h e o s t a t   s e t t i n g .  The borescope 

ob jec t ive   end  was shortened  about 0.3 inch  and a camera  holder 

w a s  f a b r i c a t e d   f o r   t h e   e y e p i e c e .  

I n   a d d i t i o n ,  a d i a l   i n d i c a t o r  method  of  measuring  the  leading  edge 

contours   o f   the   ro tor   b lades  w a s  e s t a b l i s h e d .  The f r o n t   f a c e  of  each 

b l a d e   d o v e t a i l   t a n g  i s  the   re fe rence   for   the   b lade   contour .   Repea tab le  

measurements  of  the  blade  contour were obtained,   Figure  6 .  

To e l imina te   t he   p rev ious   sou rce  o f  mechanical  damage, new s p r i n g  

type bucke t   r e t a ine r s ,   F igu re  7 ,  were developed  and  incorporated  in   the 

turb ine .  The t i p   s h r o u d s   o f   t h e   t h i r d - s t a g e   r o t o r   b l a d e s  were removed 

t o   e l i m i n a t e   a n o t h e r   p o t e n t i a l   f o r  damage, Figure 8. This   permit ted 

d i r e c t   v i s u a l   b l a d e   t i p   i n s p e c t i o n .  

The a g i n g   s t a i n l e s s - s t e e l   t u r b i n e  tes t  f a c i l i t y ,   ( 5 )   w h i c h   a l r e a d y  

had  7000 opera t ing   hours   above  1400°F a t   t h i s  time, w a s  inspected  and 

overhauled. 

The s u c c e s s f u l  5000 hour  endurance test began  on  August 2 6 ,  1969, 

and w a s  t e rmina ted   on   Ju ly  5 ,  1970.  The 5000 hour test  was completed  with 

a s ing le   t u rb ine   bu i ld -up   i n   con t r a s t   t o   t he   i n spec t ion   and   r eas sembly  

5 



Figure 2 .  Third  Stage  Turbine Wheel Showing 
Combined Mechanical  and  Erosion 
DamaRe Af ter  1400 Tes t  Hours i n  
1968: (P68-9-8J) 

Figure 3 .  Three-Stage  Potassium Test Turbine With 
Blade  Inspection  Port .  (AS-857) 

Figure 4 .  Blade  Inspection P o r t  Equipped 
With Borescope  and Camera. 
(P69-8-1D) 



Figure 7. Three-Stage  Turbine 

Seal  Insert  After 405 Hr  of  Testinp.  Material, Rene' 41. 
Figure 5. Stage  3  Removable  Nozzle  Vane  and  Tip  Blade  Retainers - 

(P69-9-25A) 
~~~ a 

(P69-5-384) 

Figure 6. Dial  Indicator  Used  to 
Measure  Blade  Leading  Edges. 
(P69-8-1E) 

Figure 8. Third-Stage  Rotor  Blades  With 
Tip  Shrouds  Removed  and  New 
Blade  Retainers. (P69-5-38AG) 

7 



of t h e   t w o - s t a g e   t u r b i n e   a f t e r  2000 hour s   o f   t e s t ing .   Or ig ina l ly   shu t -  

downs were planned  every 500 h o u r s   t o   i n s p e c t   t h e   t h i r d - s t a g e   r o t o r   b l a d e s .  

However, a f a c i l i t y  breakdown a t  405 h o u r s   r e p l a c e d   t h e   f i r s t   p l a n n e d  

shutdown  and  provided  suff ic ient  time f o r   b l a d e   i n s p e c t i o n .  The next  

two shutdowns a t  1000 hours  and 1856 hours  were scheduled,  a s  was t h e  

f i n a l  shutdown a t  5000 hours .  A l l  o t h e r   i n s p e c t i o n s   u t i l i z e d   f a c i l i t y  

breakdown  and r e p a i r   p e r i o d s .   F i g u r e  9 d e t a i l s   t h e  shutdown  and s t a r t u p  

d a t e s ,   c a u s e s  o f   shu tdowns ,   and   t o t a l   t e s t ing   hour s .  

On t e n   o c c a s i o n s   t h e   t u r b i n e   f a c i l i t y   o r   t u r b i n e   i n s t r u m e n t a t i o n  

piping  developed  potassium  leaks  which  necessitated  unscheduled  shutdowns. 

The ear ly  de tec t ion   of   each   d i screpancy   and   acce lera ted   cont ro l led  s h u t -  

down procedures   resu l ted   in   min imal   poss ib le  damage. None of  the  shut- 

downs r e s u l t e d   f r o m   b a s i c   t u r b i n e   f a i l u r e   o r   o p e r a t o r   e r r o r .  The l o c a t i o n s  

o f   t he   va r ious   l eaks   and  number  of occurrences were: b o i l e r  and i n l e t  

piping - 8,  tu rb ine   i n s t rumen ta t ion   p ip ing  - 3 ,  and  condenser   in le t  - 1. 

Repair time i n t e r v a l s  were minimized by a round- the -c lock   u t i l i za t ion   o f  

t h e   t h r e e  man tes t  crews  and  supporting  personnel.  

A t  t he   comple t ion   o f   t he  t e s t ,  the   tu rb ine   had   successfu l ly   reached  

i t s  d e s i g n   t e s t i n g   g o a l   a n d   t h e   b o i l e r  and f a c i l i t y  had  accumulated a t o t a l  

of 11,610 hours  of  operation  above 1400'F. The e f f e c t i v e   u t i l i z a t i o n   o f  

t h e  7600 hours   of   e lapsed time from start t o   f i n i s h  of t e s t i n g  was 66 

percent .  

11. OPERATIONAL  EXPERIENCE 

Turbine-Ball   Bearings 

During  the  performance  tes t ing  of   the  turbine  which  preceded  the 

start of endurance   t e s t ing ,  dynamic i n s t a b i l i t y  of t h e   t u r b i n e   r o t o r  and 

bear ing  system was exper ienced .   Normal ly ,   the   ro tor   o rb i t  was c i r c u l a r  

and  approximately  one m i l  peak-to-peak as measured  by  eddy-current  dis- 

p l a c e m e n t   t r a n s d u c e r s .   D u r i n g   t h e   i n s t a b i l i t i e s   t h e   L i s s a j o u s   f i g u r e  

on   an   osc i l loscope   gave  a g ross ly   d i s to r t ed   d i sp l acemen t   i nd ica t ion   o f  

approximately  four  mils peak-to-peak.   Accelerometers   a t tached  to   the 

bear ing   hous ing   ind ica ted  an i n c r e a s e   f r o m   t h r e e   t o   e i g h t   g ' s  when t h e  

i n s t a b i l i t i e s   o c c u r r e d .  

The i n s t a b i l i t i e s   a p p r e n t l y  were caused  by  the  greater   unbalance  of  

this   assembly  than  previous  ones.   The  unbalance was caused t o  some 

8 
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e x t e n t  by t h e  new r e t a i n e r   d e s i g n ,   w h i c h   p e r m i t t e d   a x i a l   s h i f t i n g  of 

buckets  more than   des i r ed .  The c e n t r i f u g a l   f o r c e s   d u e   t o   u n b a l a n c e  

unloaded  the two 27' a n g u l a r   c o n t a c t   b a l l   b e a r i n g s  a t  t h e  rear o f   t h e  

tu rb ine .   Ax ia l   p re load  was p rov ided   t o   ma in ta in   con t inuous   con tac t   o f  

t h e   b a l l s   a n d   r a c e s .  

The u n a c c e p t a b l e   r o t o r   i n s t a b i l i t y  a t  t h e  start of t e s t i n g   o c c u r r e d  

a t  t h e   i n t e n d e d   o p e r a t i n g   c o n d i t i o n  of 18,250 rpm a n d   t u r b i n e   o u t l e t  

p ressure   o f  3.9 p s i a .   R o t o r   s t a b i l i t y  was rega ined   by   reducing   the  

tu rb ine   ou t l e t   p re s su re   t o   2 .5   p s i a ,   wh ich   p roduced   g rea t e r   ro to r   t h rus t  

i n   t h e   a f t   d i r e c t i o n   ( d o w n s t r e a m ,   o r   t o   t h e   r i g h t   i n   F i g u r e   1 ) .  The 

ho r i zon ta l   and   ve r t i ca l   d i sp l acemen t   s enso r s   i nd ica t ed  1 2 0.5 mils and 

t h e   a c c e l e r a t i o n s  were about  2 ? 1.5 g ' s .  

Various  turbine  shutdowns were used  to   change  bear ing  preload  and 

t o  improve  the  bear ing  a l ignment   by  increasing  the  c learance  between  the 

f l o a t i n g   b a l l   b e a r i n g  and i t s  hous ing .   Af t e r   s eve ra l  t r i a l s  an  arrange-  

ment evolved  which  applied a pre load   of  660 pounds   ac t ing   i n  a forward 

d i r e c t i o n   t o   s u p p o r t   t h e   v e c t o r  of gas   l oads   ac t ing   on   t he   t u rb ine   ro to r .  

This   vec tor   a lways  is  i n  the   forward   d i rec t ion   and   assumes   var ious  

magni tudes   dur ing   s ta r tup   and   tu rb ine   opera t ion .   This  dynamic i n s t a b i l i t y  

r e s u l t e d   i n   t h e   p o s s i b i l i t y   o f   v e r y   s h o r t   b e a r i n g   l i v e s   b y   p i t t i n g   b a l l s  

and r aces .  Ball bea r ings  were r ep laced  a t  each  shutdown  to 2425 tes t  

hours ,   wi th  damage seen  a t  one time a f t e r  856  hours   of   use .  

P r e l o a d i n g   i n   t h e   f o r w a r d   d i r e c t i o n  w a s  a p p l i e d   t o   t h e   b a l l   b e a r i n g  

by a redes igned   co i l   spr ing   a r rangement  a t  t h e  2425 hour  shutdown. A l -  

though t h i s   c h a n g e   e l i m i n a t e d   t h e   r o t o r   i n s t a b i l i t i e s   w h i c h   h a d   o c c u r r e d  

a t  3.9 ps ia   ou t l e t   p re s su re   t he   r ema inde r   o f   t he   endurance  tes t  continued 

t o   u s e   t h e   2 . 5   p s i a   t u r b i n e   o u t l e t   p r e s s u r e .  

The b e a r i n g   i n s t a b i l i t y   e x p e r i e n c e d  is  t y p i c a l   f o r   b a l l   b e a r i n g  which 

o f f e r  no  damping c a p a b i l i t y .  The use   o f   s leeve   o r   p ivoted-pad   bear ings  

w i t h   i n h e r e n t  damping c a p a b i l i t y  is a n t i c i p a t e d   f o r  a fu l l - sca le   po tass ium 

t u r b o a l t e r n a t o r  (KTA) . 
Turbine - Buffer   Seal  Breakdown 

A f t e r  3775 hours  of o p e r a t i o n  a breakdown of t h e  Argon b u f f e r  seal  

sepa ra t ing   o i l   and   po ta s s ium was exper ienced .   Ins tead   of   t e rmina t ing  
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t u r b i n e   o p e r a t i o n   f o r   r e p a i r   o f   t h e   b u f f e r  seal ,  t h e  test  p e r s o n n e l ,   a f t e r  

some t r i a l  and e r r o r ,   e s t a b l i s h e d  a new  mode o f   b u f f e r  seal opera t ion   by  

i n j e c t i n g  two times the  normal  amount of   a rgon   used .   Pos t - tes t   inspec t ion  

showed t h a t  a 20' s egmen t   o f   t he   ou te r   s ea l   r i ng   o f   t he   bu f fe r  seal r o t o r  

was l o s t .   T h i s   f a i l u r e  was p robab ly   t he   r e su l t   o f   h igh   t he rma l  stresses. 

It was r emarkab le   t ha t   t he  test could  be  cont inued  for   another   1225  hours  

d e s p i t e   t h i s   s e v e r e   b u f f e r  seal damage. It s h o u l d   b e   n o t e d   t h a t   t h i s  

b u f f e r  seal is t y p i c a l   o n l y   o f  a test t u r b i n e   o p e r a t i n g   o n   o i l   l u b r i c a t e d  

bear ings .  A KTA opera t ing  on potass ium  bear ings   does   no t   requi re  a 

b u f f e r   s e a l .  

Turbine - Efflux  Tubes 

Most o f   t h e   e f f l u x   p r e s s u r e   s e n s i n g   t u b e s  w e r e  cut   off   and  plugged 

by w e l d i n g   p r i o r   t o   t h e  5000 hour test .  In t he   cou r se   o f   t e s t ing ,   s eve ra l  

l e a k s  were encountered a t  t h e   j u n c t i o n   o f   t h e   t u b e s   w i t h   t h e   i n l e t   d u c t  

and   the   tu rb ine   cas ing .   These   l eaks   occur red   in   the   weld   and  were probably 

caused by r e f lux ing   o f   po ta s s ium  wi th in   t he  two inch  long  tube  s tubs.   Fur-  

t h e r   l e a k s  were e l imina ted   by   removing   these   s tubs   f lush   wi th   the   cas ing  

and  welding. 

Turbine - ~ I n l e t  Duct  Bulletnose 

After   approximately 750 t e s t  hour s ,   t he   f l ow  r a t e   began   t o   i nc rease  

and e v e n t u a l l y   l e v e l e d   o f f   a t  a v a l u e   g r e a t e r   t h a n  i t s  i n i t i a l   v a l u e .  

Flow bypassing  the  nozzle   diaphragms w a s  suspec ted   bu t   the   loca t ion   could  

not  be  determined. A t  shutdown a 1.5 inch  x 3 i nch   ova l   ho le  w a s  found 

a t   t h e   b o t t o m   s i d e   o f   t h e   i n l e t   d u c t   b u l l e t  nose which  permit ted  one  third 

of t h e   f l o w   t o   b y p a s s   t h e   s t a g e  1 nozzle   diaphragm.  This   hole   appeared  to  

be   the   resu l t   o f   cor ros ion   f rom  the   ins ide   o f   the   bu l le t   nose   where  a 

s tagnant   pool   o f   po tass ium  condensa te   r ich   in   ox ides  had  formed i n   a n  

undrained area. 

F a c i l i t y  - Post -Tes t   Inspec t ion  

Af te r   t he   comple t ion   o f   t e s t ing ,   v i sua l   and   dye   pene t r an t   i n spec t ions  

of bo i l e r   t ube   we lds   d id   no t  reveal any   ex te rna l   su r f ace   c r acks .  The 

i n s i d e   o f   t h e   b o i l e r   v a p o r  drum  was inspec ted   us ing  a 10-foot  long  bore- 

scope. No i n t e r n a l   c r a c k s   i n  c r i t i c a l  welds were observed   in   the   minor  

po r t ion   o f   t he   vapor  drum which  could  be  seen. The most s i g n i f i c a n t  ob- 

s e r v a t i o n  w a s  t h a t   t h e   i n t e r i o r   o f   t h e   v a p o r  drum w a s  s u r p r i s i n g l y   c l e a n  
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and   f r ee   o f   deb r i s .  The i n t e r n a l   v a p o r  drum b a f f l e s ,   f e e d l i n e s ,   a n d  

s c r e e n   s e p a r a t o r s  were g e n e r a l l y   i n  good c o n d i t i o n   e x c e p t   t h a t   t h e   s o u t h  

s p l a s h   b a f f l e   b r o k e   l o o s e ,   d i s l o d g e d   t h e   a d j a c e n t   b o i l e r   f e e d l i n e   a n d  

p u l l e d  i t  o u t  of t h e  downcomer. Thus the   re turn ing   condensa te   could  no 

l o n g e r   d i s c h a r g e   d i r e c t l y   i n t o   t h e  downcomer.  The vapor drum was bowed 

downward about 3 t o  4 inches  on  each  end  and  forced  against   the   f i re-box 

the rma l   i n su la t ion ,   b reak ing   ou t   r e l a t ive ly   l a rge   s ec t ions   o f   t he   i n su la -  

t i o n .  No " c a t a s t r o p h i c   o x i d a t i o n ' '   o f   t h e   b o i l e r  metal w a s  found. 

The b o i l e r   h o t   t r a p  w a s  removed  and  examined.  The 0.025 inch   t h i ck  

z i r con ium  p l a t e s  were q u i t e   b r i t t l e   a n d   b a d l y   o x i d i z e d .  The i n l e t   t o  

t h e  t r a p  w a s  p a r t i a l l y   p l u g g e d .  The o u t l e t   d i r t   t r a p   c o n t a i n e d   p o t a s s i u m  

d i z i r c o n a t e .  The h o t   t r a p  i s  assumed to   be   t he   p r inc ipa l   sou rce   o f   t he  

potass ium  d iz i rconate   which   en tered   the   tu rb ine   and   depos i ted   on   the   ro tor  

and s t a t o r   b l a d e s .  

No damage to   the   condenser  was found  by  visual  examination.  Borescope 

in spec t ion   o f   t he   condense r   ho t   t r ap  showed t h e   b r i t t l e ,   o x i d i z e d   z i r c o n i u m  

ducts   to   be  buckled  and  cracked.  The condenser   ho t   t rap  is not   cons idered  

t o  have   con t r ibu ted   s ign i f i can t ly   t o   t he   fo rma t ion   o f   po ta s s ium  d i z i r cona te  

in   the  f low  components .  

111. SUMMARY OF BORESCOPE OBSERVATIONS DURING TESTING 

Borescope  visual  observations  and  photographs  of  the  Stage 3 record 

buckets  were made a t  every   oppor tuni ty   dur ing   tes t ing   shutdowns .   Table  I1 

synopsizes   the  development   of   the   major   events .  

The d e p o s i t s  were always removed  from the   removable   nozz le   vane   p r ior  

t o  i t s  r e 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 .  

The designat ions  of   "washing  corrosion"  and  " impact   erosion ' '   are  

t h e   o b s e r v e r s '   b e s t  estimates o f   t he  mechanisms involved.  The  comments 

concern ing   the   p rogress ive   washing   e ros ion  are based   pr imar i ly  on t h e  

v i sua l   impress ions   o f   t he   obse rve r .  

I V .  POST-TEST MECHANICAL INSPECTION 

General   Observat ions 

Turb ine   d i sassembly   and   inspec t ion   a f te r  5000 hours   o f   t es t ing   con-  

f i rmed  the   impress ions   ob ta ined   in   borescope   inspec t ions   dur ing  test 
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TABLE I1 
S W Y  OF  BORESCOPE INSPECTIONS 

Test   Stage 3 Mo and  Rene' 77 Blades Stage 3 El0 and  Rene' 77 Blades 
Time Washing Corrosion Conments Impact  Erosion Comments Deposit Comments Other Comnents 

405 
Hr. lower  leading  edges  and  top  of 

Ser ious   cor ros ion   grooves   a long  No evidence. 

dove ta i l   p l a t fo rm  o f  No b lades ,  
r o u g h l y   p a r a l l e l   t o   t h e   d i r e c t i o n  
of  vapor  flow.  Leading  edges 
were thinned  and  sharp.  
33-5021 of Rene' 77 b lades  showed 
minor f l a t  a t  lead ing   edge   t ips .  

F i r s t   i n d i c a t i o n s   a p p e a r e d   a s  
p i t s  on the   convex   t ip   l ead ing  
edge  corners   of   a   fev  Rene '  77 
buckets .  

Hr. previous   pa t te rns  at a  reduced 
1000 Corros ion   apparent ly   cont inued  in 

ra te .   L ight   cor ros ion   p i t t ing   o f  
convex  surfaces  appeared,  but ob- 

by the  presence  of   a   potassium 
s e r v a t i o n s  were sowvhat   obscured 

f i lm.  

1856 Cor ros ion   appa ren t ly   con t inued   i n   P i t s   obse rved   i n   a   t r i angu la r  
Er. prev ious   pa t t e rns .  Rounded lead-  p a t t e r n   a t   t h e   t i p   l e a d i n g  

ing  edges  and  convex  t ips  on Mo edges  of many Rene' 77 b lades  
k l ades  . vere   gene ra l ly  < l o  m i l  ( 0 . 2 5  

mml diameter  hemisoheres.  

D e p o s i t s   o n   a l l  components Dial indicator  measurements 
appeared  to   be  potassium  oxides  through  viewport showed some 
or  hydroxides,   probably  formed leading   edge   loss   f rom a11 
when the  viewport  was opened. types of   blades.  

One m i l  th ick   Fe lNi   depos i t s  were Increased  leading  edge ma- 
f lak ing   of f   the   b lades ,   and   Fe /Ni   t e r ia l   loss   measurements .  

were p resen t  on the  removable 
and   po tass ium  d iz i rconate   depos i t s  

nozzle  vane. 

Lighter   po tass ium  d iz i rconate   Increased   lead ing   edge  
d e p o s i t s  on the  removable  nozzle 
vanes   than   prev ious ly .  

material loss measurements. 

2425 Corros ion   apparent ly   cont inued   in   F i r s t   ev idence   o f   impact   e ros ion   Potass ium  f i lm  depos i t s   ob l i te ra ted   Increased   lead ing   edge  ma- 
tu. prev ious   pa t t e rns .  Mo b lade  in- p i t s  on Mo blades.  >10 m i l  ( 0 . 2 5  some d e t a i l s .  

board  leading  edges  very  rough. mm) diameter   hemispher ica l   p i t -  
Radial   corrosion  grooves  appeared t ing  observed on a l l  Rene' 77 
t o   b e   s t a r t i n g  on a l l   t y p e s   o f  blades.  The t r i a n g u l a r   v e a r  
buckets. pa t t e rn   i nc reased .  

terial loss  measurements.  

3568 Corros ion   aooarent lv   cont inued  One Rene' 77 b l a d e   l o s t  small All buckets  had  a nrav-brown All molv  buckets  have  ranaed .. 
Hr. i n   p r e v i o u s   p a t t e r n s .  

- _  
volume  of t i p   l e a d i n g   e d g e  appearance. No potassium de- 
co rne r  by p i t t i n g   t h r o u g h  p o s i t s   v e r e   e v i d e n t .  

" 

but  sh&p  leading  edges.  

paren t   mi t i r ia l :  

3778 Corros ion   aoparent lv   cont inued  More Rene' 77 blades   los t   t io   Buckets   coa ted   wi th   s i lverv   Axia l   pos i t ion   measurements  .. Hr. i n   p r e v i o u s   p a t t e r n s .  

5000 Corrosion  continued. Mo buckets  
Hr. had  very  sharp  leading  edges  and 

were   ax ia l ly   g rooved   s eve re ly   i n  
t he   l ower   ha lves   o f   a i r fo i l   l ead -  

A i r f o i l   r o o t s  and t r a i l i n g   e d g e s  
ing  edges  and  tops  of  platforms. 

were grooved  radial ly .  Concave 
s u r f a c e s  and af t   ha l f   o f   convex  
s u r f a c e s   v e r e   v i r t u a l l y   l i k e  
nev.  Rene' 77 b lades  had r a d i a l  
grooves on bo th   s ides   o f   t he  
t r a i l i n g   e d g e s  and  concave s i d e  
of   the   l ead ing   edges .  Convex 
t i p s  were s l igh t ly   rounded ,   w i th  
minor  grooving. 

leading  edge  mater ia ls .  The 
border ing   sur face  had a  spongy 
p i t ted   appearance .  

Rene' 77 b lades  had convex t i p  
lead ing   edge   p i t t ing   and   t ip  
corner   e ros ion .  Mo b l a d e   p i t s  
vere  microscopic in s i z e .  The 

was mechan ica l ly   i n s ign i f i can t .  
damage to   e i the r   t ype   o f   b l ade  

The maximum t r i a n g u l a r  wear 
p a t t e r n  was about 150 m i l  

mm) r a d i a l .  For  example, see 
( 3 . 6 6  mm) a x i a l   x  75 m i l  ( 1 . 8 3  

t i p  of bucket on r i g h t   s i d e   o f  
Figure 11. 

potassium f i l m  and  gray  powder, shoved f10 m i l  ( 0 . 2 5  mm) 
g lobu les  and  whiskers. v a r i a t i o n s   i n   l o c a t i o n   o v e r  

t h e   f u l l   b l a d e  complement. 

A l l  r o t a t i n g  and s t a t i c  components  See  Figures 10-13. 
were  covered  with  FelNi  f i lm  about 
one m i l  t h i ck .  All had  potassium 
d i z i r c o n a t e   d e p o s i t s  which v e r e  
t h i n  on r o t a t i n g  components b u t  
c losed some s t a t o r   v a n e   e x i t  
passages.  



shutdowns: t he   impac t   e ros ion  damage w a s  l i m i t e d  t o   t h e -   t h i r d   s t a g e   r o t o r  

blading  and w a s  comple t e ly   i n s ign i f i can t .  The b l a d e   t i p s  were eroded  but  

r equ i r ed   magn i f i ca t ion   t o   be   r ead i ly   obse rved ,   F igu re  10. This  damage 

had no measurable   e f fec t   on   tu rb ine   per formance .  More s i g n i f i c a n t  were 

the   e f f ec t s   o f   wash ing   co r ros ion  upon t h e  molybdenum b l a d e s   o f   s t a g e s  2 

and 3.  These   b l ades   exh ib i t ed   g rooves   nea r   t he   l ead ing   and   t r a i l i ng   edge  

roots  where  impact damage  would n o t   b e   a n t i c i p a t e d ,   F i g u r e  11. The 

g rooves   a r e   a t t r i bu ted   t o   t he   p re sence   o f   oxygen   i n   t he   po ta s s ium  condensa te .  

Washing c o r r o s i o n  w a s  concen t r a t ed   on   t he   b l ades ,   w i th  some minor 

evidence  of i t s  presence on t i p   s e a l  honeycombs and   the   forward   faces   o f  

the   wheels ,   where   the   po tass ium  vapor   f lowed  th rough  the   in te rs tage  

l a b y r i n t h   s e a l s .  Oxygen i n g e s t i o n   t h r o u g h   t h e   e f f l u x   t u b e   l e a k s  washed 

grooves   th rough  the   t ip  seal honeycombs a n d   i n t o   t h e i r   s u p p o r t i n g   s t r u c t u r e  

a t  a few d i s c r e t e   l o c a t i o n s   a d j a c e n t   t o   t h e   l e a k s .  

The t u r b i n e   r o t o r  as a whole was s t i l l  a p e r f e c t l y   i n t e g r a l   a s s e m b l y ,  

with no b u c k e t   r e t a i n e r s   m i s s i n g   o r   b r o k e n   o f f .  The b l a d e   t i p s  showed 

no ind ica t ion   o f   t i p   rubs   and   t he   t i p   c l ea rances   had   ha rd ly   changed .  The 

buckets  were evenly  covered  with a t h i n  (1 m i l )  metallic d e p o s i t .   I n  

add i t ion ,   t he   b l ades   had   wh i t e   po ta s s ium  d i z i r cona te   depos i t s   concen t r a t ed  

a t  f lowpa th   s t agna t ion   po in t s .  The po ta s s ium  d i z i r cona te   depos i t s   on   t he  

s t a t o r  were much more severe, i n c r e a s i n g   i n   d e p t h   f r o m   f o r w a r d   t o   a f t   u n t i l  

t h e   t h i r d   s t a g e   s t a t o r  h a d   d e p o s i t s   l o c a l l y  up to   0 .25   inch   h igh .  Addi- 

t i o n a l  metallic d e p o s i t s   a l i g n e d   w i t h   t h e   b u l l e t n o s e   h o l e  were found  on 

t h e   f i r s t   s t a g e   w h e e l .  

Minor  damage  by impaction of metallic bodies,  which  most  probably 

were s l u g s   o f   b u l l e t n o s e  material, could  be  seen  on  nozzle   vanes  and 

t i p  seal honeycombs,  and s t a g e  1 r o t o r   b u c k e t s .  

Minor g a l l i n g  was p re sen t   on   cu rv ic   coup l ing   t ee th .  The c u r v i c  

t e e t h  had  bonded  where t h e   t e e t h  were both  of Mo-TZM. This  can  be an 

advan tage   i n  a long- l i f e   sys t em by c a u s i n g   c u r v i c   j o i n t s   t o  become 

almost   welded  together .   Bonding  did  not   occur   where  the  teeth were of 

d i s s i m i l a r  materials (Mo-TZM t o  U-700 wheels, U-700 wheel   to  A286 s h a f t ) .  

Rubbing  damage w a s  non-exis tent  a t  t h e   t i p  seals and w a s  minimal a t  

t h e   i n t e r s t a g e   l a b y r i n t h  seals. It was more ev ident  a t  t h e   l a b y r i n t h  

seals fo rward   o f   t he   pad   bea r ing   and   t he   ou te r   l aby r in th  seal o f   t h e  

14 



Figure 10. Forward  Convex Surfaces  of  Stage 3 Rotor  Buckets and  Wheel After 
5000 Hour Test. Mo Alloy Buckets  Third and Fourth From Left. 
(P70-6-19T) 
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Figure 11. Forward Surface  of  Stage 3 Rotor  Bucket and  Wheel After 5000 Hour Test. 
Mo-TZC Buckets X and V i n  Center. (P70-6-19AE) 



hydrodynamic seal, both  caused  by  thermal   dis tor t ion  effects .   Thermal  

c r a c k s   i n   t h e   o u t e r  seal r i n g  of the  hydrodynamic seal a l s o   c o n t r i b u t e d  

t o   t h e  damage. 

The  pad  bearing  assembly was i n   v e r y  good cond i t ion ,   w i th   t he   minor  

amount  of e x t r u s i o n   o f   t h e  si lver p l a t i n g   o n   t h e   p a d s   l e a v i n g  them i n  

c o n d i t i o n   t o   o p e r a t e   p e r h a p s   t o  50,000 hours .  

The b a l l   b e a r i n g s ,   a f t e r   o p e r a t i n g   f o r  2575 h o u r s ,   r e t a i n e d   t h e i r  

o r ig ina l   appearance .  The cas ing   a s sembly ,   s c ro l l ,   t i ebo l t ,   and   sha f t  

were v i r t u a l l y  as a s sembled   excep t   fo r   s t a ins   and   ve ry   l i gh t   depos i t s .  

V. SUMMARY OF  MEASUREMENTS 

The ave rage   we igh t   changes   o f   t he   ro to r   bucke t s   and   r e t a ine r s  are 

summarized i n   T a b l e  111. Almost a l l  of t he   bucke t s   and   r e t a ine r s  w e r e  

weighed a f t e r  washing  with water t o  remove metallic potassium  and  potassium 

sa l t s .   Nex t ,  a smaller number of   buckets   and   re ta iners  were vapor  honed 

with -320  g r i t  A1203  t o  remove po ta s s ium  d i z i r cona te   depos i t s ,   and  

reweighed. 

The  Rene' 77  b u c k e t s   p r i m a r i l y   e x h i b i t e d   a i r f o i l  wear, p i t t i n g ,   a n d  

surface  roughening  with some roughening   of   the   doveta i l   p la t form.  The 

molybdenum buckets   exhib i ted   obvious   th inning   of   the   p la t forms   in   addi t ion  

t o   t h e   a i r f o i l  damage. A l l  buckets  had a me:allic coa t ing   de te rmined   to  

be  almost a 50-50 i ron-nickel   mixture .   For   weight  estimates, a coa t ing  

thickness  of  one m i l  and a dens i ty   o f  8.42 g/cc  were assumed. 

The  Rene' 77 bucke t s   and   r e t a ine r s   exh ib i t ed  a ne t   we igh t   i nc rease  

a f t e r  washing  due to   t he   p re sence   o f   po ta s s ium  d i z i r cona te   and /o r   i ron -  

n icke l   depos i t s .   Af te r   vapor   honing ,  some bucke t s   and   r e t a ine r s  s t i l l  

had w e i g h t s   g r e a t e r   t h a n   t h e i r   o r i g i n a l   v a l u e s .  All molybdenum buckets  

exhibi ted  weight  loss a f t e r   w a s h i n g   a n d   a d d i t i o n a l   w e i g h t   l o s s   a f t e r  

vapor  honing. 

A f t e r   s u b t r a c t i o n   o f   t h e  assumed f i lm  weight ,   the   weight   change   of  

the  second  s tage  Rene '  77 buckets  became negat ive .  On t h i s   b a s i s ,   t h e  

average Rene' 77 bucket   exhibi ted  about   one-fourth  the  average  weight  loss 

of t h e  molybdenum buckets ,   and   one- th i rd   the   loss  as  a percentage   o f   the  

o r i g i n a l   a v e r a g e  component we igh t .   S imi l a r ly ,   t he   t h i rd   s t age   Rene '  77 

buckets   exhibi ted  one-half   the   weight  loss and  one-half   the  percentage 
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TABLE I11 

AVERAGE BUCKET AND RETAINER WEIGHT CHANGE DURING 5000 HOURS OF TESTING IN POTASSIUM VAPOR 

Avg. Weight Change/ Avg. W t .  Change/ 
Sample Avg. Weight Change After A i r f o i l  W t .  Avg. Original  Bucket Film Component 

Stage si7.p Washin Bucket W t .  Weight After  V H - F i l m  Weight Weight After W I VH-W !After VH 
g % g g % g ( 3 )  g g 

Buckets 

1 Rene‘ 77 62 

Rene‘ 77 52 

2 Mo-TZM 4 

Mo-TZC 4 

Rene’ 77  43 

3 Mo-TZM 3 

Mo-TZC 3 

Retainers 

Rene’ 4 1  52 

31  “0 .641 +7.27 -0.030  -0.34 

+0.179 26 +0.722  +9.36  +0.107  +1.38 

+0.117 

2  -3.097  -4.22  -4.827  -6.63 

-1.011 2 -2.982  -4.04  -3.276  -4.42 
-1.055 

22  +0.412  +5.05  -0.151  -1.86 

-0.817 1  -2.258  -3.27  -2.534  -3.70 
-0.840 2 -2.321  -3.36  -2.610  -3.77 
“0 .115 

-0.122 49.6 18.289 -2.8  -0.51 0.500  -0.005 

-0.152 

33.901 -1.71 -5.0 1 -1.105 -0.094 

34.065  -2.26 -6.6  -1.659 -0.604 

24.927 -0.58 -2.3  0.605 “0.027 

-0.157 

-0.925 -0.108 

36.174  -1.61 -4.4 -0.944  -0.104 

64.1 27.874  -0.71 -2.5  0.665  -0.042 

36.164 -1.59  -4.4 ‘r 
9  +1.101  +0.36  -0.378  -0.12 

0.745 -0.002  -0.003 +0.001 9  +0.126  +0.05  -0.318  -0.12 

0.635 +O -0.004 +0.004 10  +0.641  +0.24 +0.027 +0.01 

0.529 -0.002 -0.008  +0.006 

(l)W = Washed, VH = Vapor  Honed. 

(”Weight changes  es t imated  for   the  ful l  complement of buckets of each  material:  
Stage 1 - 62 Rene’ 77 
Stage 2 - 52 Rene‘ 77,   4  Mo-TZM, 4 Mo-TZC 
Stage 3 - 44 Rene’ 77,   4  Mo-TZM, 4 Mo-TZC 

(3)Based on  a meta l l ic   f i lm at  8.42 g/cc (50%Fe + 50%Ni) one m i l  th ick  aver   or iginal   bucket   area.  



loss. The ca lcu la t ions   obvious ly   depend upon t h e  assumed f i lm  weight .  

F u r t h e r ,   t h e r e  is no way t o  compare Rene' 77 and molybdenum weight  changes 

i n  t h e   a i r f o i l s   a l o n e .  

A d i f f e r e n t   i n d i c a t i o n   o f   a i r f o i l  material l o s s  is t h e   P a n t a s c r i b e  

r e s u l t s   f o r   t h r e e   S t a g e  3 bucke t s .   Pan ta sc r ib ing  is an inspect ion  pro-  

cedure   where in   t he   a i r fo i l  i s  t raced   by  a s h a r p   s t y l u s ,   w i t h   t h e   c o n t o u r  

permanently  recorded  on a c o a t e d   g l a s s   p l a t e .   P r e t e s t   a n d   p o s t - t e s t  

contours  were recorded a t  t h e  same l o c a t i o n s   o n   t h e  same buckets .   Separate  

p l a t e s  made b e f o r e   a n d   a f t e r   t e s t i n g  were superimposed  to a judged  "best  

match'' c o n d i t i o n  a t  20X magnif icat ion,   Figure  12.  The P a n t a s c r i b e   s t a t i o n s  

are i d e n t i f i e d   i n   F i g u r e  13.  The p o t a s s i u m   d i z i r c o n a t e   d e p o s i t s  were 

present   during  the  post- tes t   measurements ,   but   most   of   the   deposi ts  were 

removed by the   sharp   s ty lus   dur ing   measurement .  The  concave  surfaces 

matched  best ,   possibly  because  they were r e l a t i v e l y   f r e e   o f   t h e   p o t a s s i u m  

d i z i r c o n a t e   d e p o s i t s .  

Rene' 77 bucket 45, Figure  12a,  showed no loss of  leading  edge material 

excep t   fo r  a 5 m i l  deep x 10 m i l  wide  corrosion  groove  on  the T 4  concave 

su r face   ( s ee   a r row) .  The 0-12 m i l  d e p o s i t s   n o t   p e n e t r a t e d   b y   t h e   s t y l u s  

were p r imar i ly   po ta s s ium  d i z i r cona te .  The t r a i l i n g   e d g e   l o s t  12 m i l s  a t  

s e c t i o n  T4 ,  which i s  the  approximate  locat ion  where  the  concave and  convex 

s u r f a c e   r a d i a l   c o r r o s i o n   g r o o v e s   i n t e r s e c t .  

Mo-TZM bucket AA, Figure  12b, showed subs tan t ia l   l ead ing   edge   and  

t r a i l i n g   e d g e   m a t e r i a l   l o s s e s .  The T2 and T4 concave  surfaces  were un- 

changed  except  for 0-5 m i l  deep   rad ia l   g rooves   near   the   l ead ing   edge   and  

t r a i l i n g   e d g e .  The T5 concave   su r f ace   l o s t  material g e n e r a l l y ,  up t o  

10 m i l s  depth.  A l l  convex   su r f aces   l o s t  material g e n e r a l l y ,  up t o  20 m i l s  

depth,   an  indicat ion  of   washing  corrosion.  

Mo-TZC bucket W, F igure  12c,  showed wear p a t t e r n s  similar t o   t h o s e  

of Mo-TZM bucket AA. Both Mo-TZC and Mo-TZM are s i m i l a r l y   s u s c e p t i b l e  

to   corrosion  by  potassium  which  contains   oxygen.  The d i f f e r e n c e   i n  

material l o s s  a t  comparable   posi t ions i s  a f u n c t i o n   o f   t h e   a b i l i t y   o f   t h e  

s t y l u s   t o   p e n e t r a t e   t h e   d e p o s i t s  on the   bucke t s   and   o f   t he   obse rve r   t o  

accura te ly   match  the p r e t e s t   a n d   p o s t - t e s t   a i r f o i l   c o n t o u r s .  

A t h i r d  method o f   e s t ima t ing  material l o s s  is  shown i n   F i g u r e  13,  

w h e r e   t h e   r o o t - t o - t i p   l e a d i n g   e d g e   p r o f i l e s   a f t e r   t e s t i n g  are measured 
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a - Rene' 77 Bucket 45 

Rotation 

b - Mo-TZM  Bucket AA 

c - Mo-TZC  Bucket W 

Figure 12. Pantascribe Measurements of Three Stage 3 Rotor  Buckets  Before  and 
After 5000 Hour  Test  With Potassium Dizirconate Deposits  Present. 

(All Dimensions in  Inches) 

20 



LEADING EDGE  OF NEW BUCKETS 
\ LEADING EDGE AFTER 5000 HOUR TEST 

6 021 
- 

.003 

" . . . . . 

. " II I L""~ _I 
l4 -RENE1  77  Mo-TZC 

~ 

Mo-TZM RENE' 7 7  Mo-TZC Mo-TZM RENE' 77 Mo-TZM 
NO. 4 W BB NO. 7 1  X DD  NO. 45 AA 

Figure 13. Surface  Plate  Measurements of Stage 3 Bucket  Leading  Edges. 
(All dimensions  in  inches) 



a t  0.1 inch  increments.  The d o v e t a i l   f o r w a r d   f a c e s  were used as a r e f e r -  

ence   s ince   sha l low  pre tes t   ident i f ica t ion   marks   and   machin ing   grooves  

could  be  seen when not   covered by t h e  metallic f i l m .  The d i f f e r e n c e s  

between p re t e s t  a n d   p o s t - t e s t   c o n f i g u r a t i o n s   c o r r e l a t e  well w i t h   t h e  

Pantascribe  measurements  of  Figure  12.  

The leading  edges  of   the   three  Rene '  77 Stage 3 buckets  of Figure  13 

exhibi ted  only  minor  material l o s s  (0-2 m i l s )  near t h e   a i r f o i l   r o o t s .  The 

lo s s   i nc reased   t oward   t he   t i p s   t o  a maximum of 27 m i l s .  The Mo-TZM buckets ,  

on   the   o ther   hand ,  had s u b s t a n t i a l   r o o t  material removal  (15-21  mils)  which 

increased  toward  the t i p s .  The t i p   l o s s  (50-64 m i l s )  was about   twice  the 

maximum Rene' 77 t i p   l o s s .  The Mo-TZC buckets  had m a t e r i a l   l o s s e s   v e r y  

s i m i l a r   t o   t h o s e   o f  Mo-TZM. 

Leading  edge  measurements were made during  each  shutdown  through  the 

viewing  port .  The  measurements  established  the re la t ive leading  edge  pro- 

f i l e s  and i d e n t i f i e d   t h e   g r e a t e r   l o s s   o f   m a t e r i a l   f r o m   t h e  molybdenum 

buckets.  However, post-test   measurements showed tha t   the   v iewpor t   measure-  

ments   indicated material l o s s e s   s u b s t a n t i a l l y   g r e a t e r   t h a n   t h e   a c t u a l  

l o s ses .   Th i s   e r ro r   cou ld  ar ise  f rom  inaccura te   de te rmina t ion   of   the  

r e fe rence   dove ta i l   f o rward   f ace .  An improved  method is r e q u i r e d  i f  t h e  

viewport is t o   b e   u s e d   f o r   p e r i o d i c   m e a s u r e m e n t s   a s   o r i g i n a l l y   i n t e n d e d .  

Clearance  Measurements 

The c r i t i c a l   d i a m e t r a l   c l e a r a n c e s   b e t w e e n   t h e   t u r b i n e   s t a t i c   a n d  

ro t a t ing   componen t s ,   p lus   t he   t i ebo l t   l eng th ,   be fo re  and a f t e r   t h e  5000 

hour tes t  are l i s t e d   i n   T a b l e  I V .  

The t i p  seal changes are caused by c o n i c a l   t h e r m a l   d i s t o r t i o n   o f  

t h e   s t a t i c   t i p  seals. Measurements a t  two o r  more a x i a l   s t a t i o n s  show 

tha t   t hese   a r e   l a rge r   on   t he i r   unsuppor t ed   ends .  The measurements do not  

i n c l u d e   t h e   e f f e c t s   o f   t h e   l i g h t   s c o r i n g .  The appearance  of   the  scoring 

marks  suggests random c o n t a c t   b y   i r r e g u l a r l y   s h a p e d   m e t a l l i c   b o d i e s .  The 

bul le tnose   f ragments  were t h e  most l i k e l y   s o u r c e  of such  bodies.  

The cold  wheel  assembly  diameters  increased  only 1-2 m i l s .  The 

changes i n   i n t e r s t a g e  seal diameters  were similar, based on 

measurements   which  ignored  the  l ight   scoring  grooves  caused 

w i t h   t h e   r o t a t i n g   l a b y r i n t h  seal t e e t h .  

d iamet ra l  

by   contac t  
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TABLE IV 

THREE STAGE  POTASSIUM  TURBINE  CRITICAL  DIAMETRAL  CLEARANCES 

Characteristic Post-Test Pre-Test 
Dimension Change Clearance Clearance 

Components ’ Mils (”) Mils (W) Mils (MM) In.  (CM) 

Tip Seals 

Stage 1 9.114 (23.15) 
Stage 2 9.954 (25.28) 
Stage 3 10.503 (26.68) 

Interstage Seals 

40 (1.02) -21/-29 (-0.53/-0.74) 11-19 (0.28-0.48) 
40 (1.02) 

-5/-27 (-0.13/-0.69) 13-35 (0.33-0.89) 40 (1.02) 
-3 (-0.08) 37 (0.94) 

Stage 1-2 4.081  (10.37) 20 (0.51) 
Stage 2-3 4.081  (10.37) 20 (0.51) 

(9.83) 20 (0.51) 
Shaf  t-Ni  Seal 3.871  (9.83) 20 (0.51) 

Tiebolt 

18.5  (0.47)  -1.5  (-0.04) 
12  (0.30) 

0 20 (0.51) 
-17 (-0.43)  3  (0.08) 
-8 (-0.21) 

Length (70F) -1.9 (-0.05) 28.434 In. (72.22 CM) 28.4359  (72.23) 



The t i e b o l t   l e n g t h   c h a n g e  of 1.5 mils decrease  i s  probably a measure- 

ment e r r o r ,   s i n c e   t h e   t i e b o l t   l e n g t h  would b e   e x p e c t e d   t o   i n c r e a s e   s l i g h t l y  

due   t o   c r eep   i n   5 ,000   hour s .  The o r i g i n a l   t i e b o l t   l o a d   o f  10,000 l b .  

dec reased   t o   7 ,400   l b .  as a r e s u l t   o f   t h e   c r e e p .  

V I .  AEROTHERMODYNAMIC PERFORMANCE 

The th ree   s t age   po ta s s ium  vapor   t u rb ine  w a s  run   fo r   5 ,000   hour s  a t  

18,250  rpm,  with 1500°F in l e t   vapor   t empera tu re   and  a t u r b i n e   t o t a l - t o -  

s t a t i c   p r e s s u r e   r a t i o   o f   9 . 8 6 .  The t h i r d   s t a g e   r o t o r ,   w i t h  a t i p  speed 

of   837   f t / sec  and a temperature  of 1176'F, operated  in   an  environment   of  

wet potassium  vapor  with a q u a l i t y   o f   0 . 9 1   f o r   t h e   i n i t i a l  p a r t  o f  t h e  

tes t  and  no  more  than  0.93 up u n t i l   t h e  shutdown a t  4268 hours .  

Shown i n   F i g u r e  14 are the   impor tan t   per formance   parameters   p lo t ted  

a s  a func t ion   of  time. I t  can   be   seen   tha t   the   f low rate and  net   torque 

d e c r e a s e d   s i g n i f i c a n t l y   a f t e r   t h e   f i r s t  shutdown.  Subsequently  the  flow 

rate i n c r e a s e d   t o  a v a l u e   g r e a t e r   t h a n   t h e   i n i t i a l   v a l u e   w h i l e   t h e   t o r q u e  

i n c r e a s e d   o n l y   s l i g h t l y .  It a p p e a r s   l i k e l y   t h a t   t h e  i n i t i a l  d e c r e a s e   i n  

flow  and  torque was caused   by   po tass ium  d iz i rconate   o r   i ron-n icke l  de- 

pos i t s   on   t he   t u rb ine   b l ades ,   and   t he   subsequen t   i nc rease   i n   f l ow rate 

was d u e   t o   t h e   h o l e   i n   t h e   b u l l e t n o s e   w h i c h   e v e n t u a l l y   p e r m i t t e d   a b o u t  

one- th i rd   o f   the   f low  to   bypass   the  f i rs t  s t a g e   n o z z l e .   T h i s   r a t i o n a l e  

is suppor ted   by   the   t empera ture   p lo t   which  shows a n   i n c r e a s e   i n   t h e  

f i r s t   s t a g e   n o z z l e   e x i t   t e m p e r a t u r e ,  T4,  i n   t h e  700- t o  1500-hour time 

period when t h e   f l o w  rate  w a s  i n c r e a s i n g .   T h u s   t h e   h o l e   i n   t h e   b u l l e t -  

nose seems to   have   occu r red   a f t e r  700 hours .  The d e c r e a s e s   i n   t o r q u e   a t  

1856  and  4268 hours  are a t t r i b u t e d   t o   p o t a s s i u m   d i z i r c o n a t e   d e p o s i t s  

found  on t h e   t u r b i n e   b l a d e s .  The d e c r e a s e   i n   f l o w   a f t e r  4200 hours  is  

a t t r i b u t e d   t o   h e a v y   p o t a s s i u m   d i z i r c o n a t e   d e p o s i t s   o n   t h e   t h i r d   s t a g e  

nozzle   vanes.   This   conjecture  is  suppor t ed   by   t he   s ign i f i can t   i nc rease  

i n   t h e   t e m p e r a t u r e   a f t e r   t h e   s e c o n d   s t a g e   r o t o r ,  T7,  which  could  resul t  , 
f o r   i n s t a n c e ,   f r o m   t h e   p a r t i a l   b l o c k a g e  of t h e   t h i r d   s t a g e   n o z z l e .  

The v a l u e s   o f   t h e   v a p o r   q u a l i t y  a t  t h e   i n l e t   t o   t h e   t h i r d   s t a g e ,  

which is a measure of t h e  maximum condensate  which  can damage t h e   t h i r d  

s t a g e   r o t o r ,  was e s t i m a t e d   i n   t h e   f o l l o w i n g  way: t h e   r e s u l t s   f r o m   t h e  

5000 hour  endurance test t a k e n   o n   t h e   f i r s t  two days were i n  good 
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agreement   with  the 1968 performance test resu l t s (4)   which   de te rmined  a 

benchmark tu rb ine   e f f i c i ency .   Fo r   subsequen t  test p o i n t s   t h e   t u r b i n e  

e f f i c i e n c y  was est imated  f rom  measured  values  of f low rate, speed,  and 

n e t   t o r q u e .   T h e   t u r b i n e   e f f i c i e n c y ,   e x i t   p r e s s u r e ,   a n d   i n l e t   c o n d i t i o n s  

l o c a t e   t h e   c o n d i t i o n   l i n e  of the   tu rb ine   on   the   po tass ium  Mol l ie r   d iagram.  

The q u a l i t y   a t   t h e   i n l e t   t o   t h e   t h i r d   s t a g e  was es t imated   f rom  the  mea- 

su red   va lue   o f   t he   s econd   ro to r   ex i t   t empera tu re ,  T7, (Figure  14)  and 

i t s  l o c a t i o n   o n   t h e   t u r b i n e   c o n d i t i o n   l i n e   o n  a Moll ier   d iagram. The 

t h i r d   s t a g e   i n l e t   q u a l i t y   v a r i e d  from  0.91 a t  the   beginning   of   the  test 

t o   0 . 9 3   a f t e r   t h e   b u l l e t n o s e  was f u l l y   o p e n e d ,   c o n t i n u i n g   a t   0 . 9 3   u n t i l  

4268 hours .   Af te r   the   next   shutdown  the   qua l i ty   rose   to   about  0 .95  when 

the   pe r fo rmance   dec reased   due   t o   heavy   depos i t s   on   t he   t h i rd   s t age   nozz le  

vanes.  

Shown i n   F i g u r e  15 is  a comparison  of  performance tes t  r e s u l t s  ob- 

ta ined  f rom  the 1968  performance test ,  be fo re   t he  5,000 hour  endurance 

t e s t ,  and a f t e r   t he   endurance  test. The f low rate  is about   the  same f o r  

a l l   t h r e e  tests, b u t   t h e   t o r q u e   a f t e r  5,000 hours  i s  about 25% lower 

t h a n   t h e   o r i g i n a l   v a l u e s .   T h i s  i s  abou t   t he  same decrease  shown on 

Figure 14 f o r   t h e  5,000 hour  endurance test. 

A i r  tes ts  of t h e   d e f e c t i v e   b u l l e t n o s e  showed tha t   about   one- th i rd  

of t h e   f l o w   b y p a s s e d   t h e   f i r s t   s t a g e   n o z z l e .   A d d i t i o n a l  a i r  tests showed 

tha t   t he   f l ow  coe f f i c i en t s   o f   t he   t h ree   nozz le   d i aphragms  were reduced 1, 

5,  and   13%  r e spec t ive ly   due   t o   depos i t s   on   t he   nozz le   vanes .  By incor-  

po ra t ing   t hese   changes   i n to   t he   o f f -des ign   ca l cu la t ion   p rog ram  and   i n -  

c r e a s i n g   t h e   b l a d e   l o s s   c o e f f i c i e n t s   b y  a f a c t o r   o f   f i v e ( 6 )   t o   s i m u l a t e  

the  roughness   of   the   deposi ts ,   the   performance  decrease  of   the   turbine 

was s imula ted   wi th in  2% a t  a p r e s s u r e   r a t i o   o f   t e n .  

I n  summary: 

1. The b u l l e t n o s e   f a i l u r e  w a s  p r o b a b l y   i n i t i a t e d   a f t e r  700 hours  

and w a s  probably  completed a t  about 1700 hours.  

2.  For  most  of  the test ( 4 2 6 8   h o u r s )   t h e   t h i r d   s t a g e   i n l e t   q u a l i t y  

w a s  no  more than  0.93. 

3. The decrease   in   f low  and   to rque   a f te r   the   next - to- las t   shutdown 

w a s  c a u s e d   b y   h e a v y   d e p o s i t s ,   p r i m a r i l y   i n   t h e   t h i r d   s t a g e  

nozzle .  
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4 .  C a l c u l a t i o n s   u t i l i z i n g   m e a s u r e d   n o z z l e   f l o w  area changes  and 

es t imated  . .  b l a d e   l o s s   c o e f f i c i e n t s   t o . a c c o u n t   f o r   r o u g h n e s s  

caused   . by .b l ade   , depos i t s   co r re l a t e   w i th , the .   obse rved   pe r -  

formance  degradation. 

V I I .  POTASSIUM LOOP CHEMISTRY 

Potassium reacts with  oxygen  to  form- potassium  oxide  which  has a high 

so lubi l i ty   in   po tass ium.   Potass ium  which   conta ins   oxygen  i s  known to   co r -  

r o d e   r e f r a c t o r y   m e t a l   a l l o y s ;   e . g . ,  molybdenum a l loys .   Consequent ly ,  

oxygen g e t t e r s  are in t roduced   i n to   t he   po ta s s ium  loop  a t  th ree   p l aces  

and the   oxygen   concent ra t ion   in   the   po tass ium is moni tored   dur ing   s ta r tup ,  

operation  and  shutdown. 

. .  

~ 1 

The oxygen g e t t e r s  are z i r con ium  shee t s   l oca t ed   i n   t he   condense r ,  

z i r con ium  shee t s   i n  a boi le r   by-pass   ho t   t rap ,   and   t i t an ium  shee ts   loca ted  

i n   t h e   f a c i l i t y  dump tank. The t i t an ium  se rves  as a g e t t e r   w h i l e   h e a t i n g  

t h e   p o t a s s i u m   p r i o r   t o   f i l l i n g   t h e   b o i l e r .   D u r i n g   o p e r a t i o n   t h e   c o n d e n s e r  

zirconium i s  exposed t o   t h e   f u l l   p o t a s s i u m   f l o w .  The boi le r   z i rconium sees 

only a smal l   by-pass   f low  due   to   mater ia l   c i rcu la t ion   f rom  the   bo i le r  

' u p p e r  drum t o   t h e   b o i l e r   l o w e r  drum. 

Potassium  samples  can  be  removed,  for  oxygen  analysis,   from  the  loop 

i a t  the  condenser  ' .  bowl and  from  the EM pump by-pass. An e lec t rochemica l  

.oxygen meter is  l o c a t e d   i n  a similar EM pump by-pass. The condenser bowl 

catches  l iquid  potassium  from  the  two-phase  exhaust   f low  pr ior   to  con- 

densat ion.   Consequent ly ,   the   oxygen  concentrat ion i s  expected  to   be 

grea te r   for   these   samples   than   for   the   d i lu ted   ( f rom  condensa t ion)   s ing le  

phase  l iquid  potassium  from  the  condenser  ( the EM pump by-passes).  

The oxygen in   the   po tass ium  samples  was determined  using  the .amalga- 

mation  method.  This  method  has  limited  accuracy  because of a blank 

associated  with  sampling  and  analysis   which  amounts   to   f ive  to   ten  micro-  

grams, 'and a s tandard   devia t ion   which  is about 2.5 micrograms. The 

amalgamation  oxygen  values were always i n   e r r o r   o n   t h e   h i g h  s i d e  and 

normally  ran  between  f ive  and  ten ppm. Such v a l u e s  were considered 

t o   i n d i c a t e   e s s e n t i a l l y  0 pprn oxygen  concentration. 
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The oxygen meter e l ec t rode   cons i s t ed   o f  a t h o r i a - y t t r i a   e l e c t r o l y t e  

th rough   wh ich   e l ec t r i c i ty  may pass  by oxide   ion   migra t ion .  It w a s  q u i t e  

susceptab le   to   mechanica l   and   thermal   shock ,  two condi t ions   which  were 

sometimes d i f f i c u l t   t o   a v o i d .  The c a l i b r a t i o n   d a t a  w a s  ob ta ined  a t  

r e l a t i v e l y   h i g h   o x y g e n   c o n c e n t r a t i o n s .   I n   a c t u a l   o p e r a t i o n   i n   t h e   t u r -  

b i n e   f a c i l i t y ,   t h i s   d a t a  must b e   e x t r a p o l a t e d   o v e r   t h r e e   o r d e r s   o f  magni- 

tude.  The oxygen meter w a s  o r i g i n a l l y   i n s t a l l e d  as a s a f e t y   d e v i c e   t o  

r a p i d l y   i n d i c a t e   l e a k s   i n   t h e   s u b a t m o s p h e r i c   s e c t i o n s   o f   t h e   l o o p .  I t  was 

never  intended as an   accu ra t e  method for   de te rmining   oxygen   concent ra t ions ;  

however, i t  w a s  a good  method fo r   fo l lowing   t r ends .  

Figure  16a shows the  oxygen meter d a t a   f o r   t h e   f i r s t  2425 hours  of 

endurance   t e s t ing .   Dur ing   t he   i n i t i a l   ope ra t ion   t he   i nd ica t ed   oxygen  

concen t r a t ion   d ropped   r ap id ly .   Af t e r   t he   bo i l e r   ho t   t r ap   l eak   t he  rate 

of  decrease w a s  much less. Dur ing   t h i s  same period  the  condenser  bowl 

and  bypass  samples  also showed h igher   than   normal   va lues   (5   to  10 ppm) 

wi th   the   bypass   va lues   be ing   lower ,  as expected. The oxygen meter v a l u e s  

were, of  course,  s t i l l  lower  because  of  the  blank in   t he   ama lgamat ion  

da ta .  The da ta   i nd ica t ed   t ha t   t he   l oop  w a s  contaminated   to  a cons iderable  

ex ten t .  A torque  decrease was noted a t  t h e  405-hour s t a r t u p  and  potassium 

d i z i r c o n a t e  ( K  0'2Zr0 ) was no ted   on   t he   s t a to r   vanes   a t   t he  1000-hour 

inspec t ion .  The ensuing   da ta   ind ica ted   tha t   subsequent   p roblems  d id   no t  

r e s u l t   i n   s e r i o u s   c o n t a m i n a t i o n ,   a s   i n d i c a t e d  by the   ve ry   r ap id   d rop   i n  

oxide   concent ra t ion   dur ing   s ta r tups   and   the   cont inua l ly   decreas ing   va lues  

during  normal  operation.  Analysis of condenser bowl samples ,   dur ing  the 

per iod when no oxygen meter w a s  o p e r a t i n g ,   i n d i c a t e d   t h e   u s u a l   v a l u e s  

between f i v e  and t e n  ppm. A t  about 2200 hours  a new e l e c t r o d e  was in-  

s t a l l e d   d u r i n g   o p e r a t i o n  and the   no ted   sp ike  was due   to   c leanup  of   the  

oxygen meter loop. 

2 2 

Figure  16b  shows  that   the   boi ler   leak  which  occurred  af ter  2425 hours  

o f   ope ra t ion   d id   no t   r e su l t   i n   s e r ious   con tamina t ion   no r   d id   subsequen t  

m i s h a p s   u n t i l   t h e   l e a k   i n   t h e   t o p   b o i l e r  drum a t  about 3900 hours.  Another 

e l e c t r o d e  was i n s t a l l e d  a t  t h i s   p o i n t .  It had  been  used  previously  in  a 

N a K  system  and  had  to  be  cleaned up  by an   a l coho l   wash ing   be fo re   i n s t a l l a -  

t i o n   i n   t h e   t u r b i n e   f a c i l i t y .  It is no t   poss ib l e   t o   s ay   whe the r   t he  

apparent  slow  cleanup of t h e   l o o p   a f t e r   t h i s   m i s h a p  w a s  due  to  contamina- 

t i o n   o r  t o  c o n d i t i o n i n g   o f   t h e   e l c t r o d e .  However, the   condenser  bowl 
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sample  indicated  seven ppm oxygen a t  t h e   s t a r t u p  and   suppor ts   the  con- 

t en t ion   t ha t   con tamina t ion  w a s  n o t   e x c e s s i v e .   I n   c o n t r a s t ,   t h e   b o i l e r  

l e a k   a t  4268 h o u r s   d e f i n i t e l y   r e s u l t e d   i n   c o n t a m i n a t i o n ,  as ind ica t ed   by  

the   r e l a t ive ly   s low  dec rease   i n   oxygen  meter concent ra t ion   and   by   the  

high  values   obtained  f rom  the  condenser  bowl  samples. A d e c r e a s e   i n  

torque w a s  aga in   seen   and  a t  t h e   f i n a l   i n s p e c t i o n   p o t a s s i u m   d i z i r c o n a t e  

was aga in   found  to   be   depos i ted   on   the   s ta tor   vanes .   Af te r   the  5000-hour 

tes t ,  v isua l   inspec t ion   of   the   condenser   z i rconium  hot   t rap  showed i t  t o  

b e   c r a c k i n g ,   b u t   e s s e n t i a l l y   i n t a c t .  X-ray d i f f r a c t i o n   i n d i c a t e d   t h a t  

t h e   b l a c k  powder found  on   the   sur faces   cons is ted  of  Zr4Fe  and a t r a c e  o f  

p o t a s s i u m   d i z i r c o n a t e .   I n   c o n t r a s t ,   i n s p e c t i o n  a t  t h e   b o i l e r   b y p a s s  

z i rconium  hot   t rap  showed t h a t  i t  was d is in tegra t ing   and   conta ined  a 

cons iderable   quant i ty   o f   po tass ium  d iz i rconate .   Therefore ,  i t  was t h e  

p r i n c i p a l   s o u r c e  of t h e   t u r b i n e   d e p o s i t s .  

The impor tan t   po in t   to   be   no ted   f rom  th i s   cont inua l   moni tor ing   of  

l o o p   c l e a n l i n e s s  is tha t   s e r ious   con tamina t ion   occu r red   on ly   tw ice   due  

t o  a i r  inges t ion   du r ing  a leak.   Both  incidents   caused a s t e p   d e c r e a s e  

in   to rque   and   heavy  depos i t s   o f   po tass ium  d iz i rconate .  A r e f r a c t o r y  

meta l   sys tem,   opera t ing  of n e c e s s i t y   i n  a vacuum,  would n o t   b e  con- 

taminated by similar l e a k s .  

Me ta l l i c   impur i ty   concen t r a t ions  were g e n e r a l l y   b e l o w   t h e   d e t e c t i o n  

limits of 2-30 ppm. Zirconium w a s  always  below  10 ppm, which is t h e  

d e t e c t i o n  l i m i t .  
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VIII. METALLURGICAL RESULTS 

The p o s t - t e s t  material e v a l u a t i o n  is focused  on a l i m i t e d  number of 

f low  path  components   and  turbine  specimens  f rom  the  s tandpoint   of   l iquid 

meta l   cor ros ion   and   l iqu id  metal e ros ion .   Super imposed   on   these   e f fec ts  

are t h e   e f f e c t s   o f   t h e   s t a i n l e s s  steel f a c i l i t y ,  where  the mass t r a n s f e r  

of  elements  such as i ron ,   n i cke l ,   and  chromium through  potassium is de- 

p o s i t e d  on the  f low  path  components  which  could  cause  accelerated  corro- 

s ion   o f   t he  molybdenum a l l o y   b u c k e t s  by the   format ion   of  complex com- 

pounds.  (7 y 8  Most of t h e  damage observed  could  have  occurred  over a 

r e l a t i v e l y   s h o r t   p e r i o d   o f  time, dur ing  a l e a k  when a i r  had  the  oppor- 

t u n i t y   t o   e n t e r   t h e   t u r b i n e .   ( l o )  It has   been   repor ted   tha t   the  mass 

t r a n s f e r   o f  molybdenum in   po ta s s ium  inc reases   w i th   i nc reas ing   oxygen  

content .  (11) 

Overa l l ,   t he   t u rb ine   bucke t s   l ooked  good a f t e r  5000 hours  of  opera- 

t i o n .  A small amount of   impact   erosion was observed a t  t h e   t i p   o f   t h e  

leading  edges  of   both molybdenum a l loys   and  cast Rene' 77 nickel-base 

superal loy  buckets .  Most of t h e  metal removal   observed,   especial ly  on 

molybdenum a l loy   bucke t s ,  was associated  with  oxygen-accelerated  washing 

cor ros ion .  

* 

Rotor  Buckets 

To charac te r ize   the   t i l i rd   s tage   buckets   and   the   th in   f i lms   found  on  

them,  metal lographic   and  chemical   analysis   techniques were employed. 

Figure  17c shows the  leading  edge  of  a Stage 3 Mo-TZM bucket .  The 

heavies t   washing   cor ros ion   occur red  a t  the   roo t   o f   t he   b l ade .  On top 

o f   t he   dove ta i l   p l a t fo rm,   where   unde rcu t t ing   can   be   no ted ,   t he   uppe r  

p o r t i o n   o f   t h e   a i r f o i l   h a s   b e e n  worn t o  a kni fe   edge .  A small amount of 

*Composition: Mo-TZM - Mo + 0.08Zr + 0.5Ti + 0.02C 
Mo-TZC - Mo + 0.15Zr + 1.25Ti + 0.12C 
Rene' 77 - N i  + 15Co + 14Cr + 4A1 + 3Ti + 0.07C 
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impact   erosion damage is  evident  a t  t h e   t i p   o f   t h e   b l a d e   d e s p i t e   t h e  

washing  corrosion  which  also  occurred a t  t h e   t i p .  

Figure 17b  shows a deep   cor ros ion   groove   tha t  starts o n   t h e   p r e s s u r e  

s u r f a c e  and e x t e n d s   r a d i a l l y  upward  on t h e   s u c t i o n   s u r f a c e .   T h e s e  ob- 

s e r v a t i o n s  are t y p i c a l   f o r   b o t h  Mo-TZM and Mo-TZC buckets .  

Figure  18a is a scanning   e lec t ron   micrograph   of   the   impact   e ros ion  

a t   t h e  t i p  of a Mo-TZM bucket.  Great s i m i l a r i t y  is seen   be tween  th i s  

su r f ace   and   imp ingemen t   e ros ion   su r f aces   r epor t ed   i n   t he   l i t e r a tu re ;  

however, no c racks  were noted a t  the   base  o f  t h e   p i t s .  The evidence of 

cor ros ion   products ,   seen  as w h i t e   p a r t i c l e s   i n   F i g u r e  18a,* i n d i c a t e d  

the   su r f ace   has   been   a l t e r ed  by washing  corrosion. 

(12) 

Figures  18b  and 18c show the   scanning   e lec t ron   micrographs  of  t h e  

damaged s u r f a c e s  a t  t h e   u p p e r   p o r t i o n   a n d   r o o t ,   r e s p e c t i v e l y ,  of t h e  

leading  edge  of   the Mo-TZM bucket.  A t  t h e   r o o t  of t h e   a i r f o i l  where 

washing   cor ros ion   has   occur red   the   sur faces   on   the   inc l ine   o f   the   r idges  

a r e   v e r y  smooth  even a t  200X, a s u r f a c e   t y p i c a l   o f  a bulk  corrosion 

e f f e c t .  However, i n   t h e  area of the   th inned   lead ing   edge   the   sur faces  

a re   rougher   and   p i t ted   and   have   grea t   s imi la r i ty   to   repor ted   impingement  

e ros ion   su r f aces .  It appears   tha t   bo th   cor ros ion   and   e ros ion   occur red  

a t  the   l ead ing   edge  of t he   b l ade .  

Figure 19 shows the   mic ros t ruc tu re  of a t h i r d - s t a g e  Mo-TZC bucket .  

Washing corrosion  has   occurred  on  both  the  concave  and  convex  surfaces  

a t  the   base  of  t h e   a i r f o i l   l e a d i n g   e d g e .  Some o f   t h e  material removal 

occurred  on  the  concave  surface  of   the  thinned  leading  edge.  Also ,  s i g n s  

of   corrosion are seen   a t   the   t ra i l ing   edge   convex   sur face   where  a groove 

runs   a lmost   the   en t i re   l ength   o f   the   convex   sur face  of t h e   a i r f o i l .  The 

groove i s  0.030 inch  wide  and  has a maximum depth  of 0.005 inch.  

Figure 20 shows a Stage 3 Rene' 77 bucke t .   Excep t   fo r   s igns  of 

impact   e ros ion   a t   the   t ip   o f   the   bucket   and   the   p resence   o f   the   th in  

f i lms  and  deposi ts ,   the   Rene '  77 buckets  show very few s i g n s  of d e t r i -  

o r a t   i o n .  

Apparent ly   the   d i f fe rences   in   appearance   be tween  the  molybdenum 

a l l o y  and   n i cke l   a l l oy   bucke t s   can   be   a t t r i bu ted   t o   oxygen   e f f ec t s .  

*White p a r t i c l e s   i d e n t i f i e d   t o   b e  ceramic i n   o r i g i n  by   back   sca t te r  
scanning   e lec t ron   microscopic   t echniques .  
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Figure 18. Magnified Views of Damage on Stage 3 Mo-TZM Bucket No. CC. 
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Figure 19. Microstructure of Mo-TZC #U Third  Stage  Rotor Bucket. 
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19 Third  Stage  Rotor  Bucket  Following 5000 Hours Exposure to Potassium- 
Vapor  Temperature 1250°F,-Vapor Quality 90-93%, Tip Speed 845 fdsec. 



Washing cor ros ion   of   the   roo ts   and   lead ing   edges   o f   the  molybdenum b lades  

was observed  through  the  borescope a t  t h e  shutdown f o r  the l e a k  a t  405 
hours  of t e s t i n g .   A l s o ,  as mentioned ear l ier ,  t h e  mass t r a n s f e r   o f  

molybdenum increases   wi th   increas ing   oxygen  i n  potassium;  however,   the 

oxygen  concentrat ion  has  l i t t l e  e f f e c t  on t h e   d i s s o l u t i o n   o f   n i c k e l ,  

t h e   p r i n c i p a l   c o n s t i t u e n t   o f  Rene' 77 .  

(13) 

E r o s i o n   I n s e r t s  and  Refractory Metal Ring  Specimens 

Ten e r o s i o n   i n s e r t s   c o n s i s t i n g   o f  Mo-TZM,  Mo-TZC, Rene' 7 7 ,  and 

U-700 materials were l o c a t e d   a f t  of t h e   S t a g e  3 r o t o r  and s u b j e c t e d   t o  

l i qu id   d rop le t   impac t  a t  838 f t / s e c  a t  1200OF. F igure  2 1  shows the   loca-  

t i o n  of   the   e ros ion  inser ts  r e l a t i v e   t o   t h e   S t a g e  3 blades .   Drople ts  

depa r t ing   t angen t i a l ly   f rom  the   t r a i l i ng   edge   fo rward   t o   t he  mid-chord 

impac t   on to   t he   e ros ion   i n se r t s .  A s  can  be  seen i n  Figure  21,  a l l  t he  

e ros ion  inser ts  showed classical  impact   e ros ion  as cha rac t e r i zed  by p i t s .  

Scanning  e lectron  micrographs show t h a t   c r a c k s  are p resen t  a t  the   bo t tom 

of t h e   p i t s .  The impact   surfaces  of t h e  molybdenum a l loy   spec imens   a l so  

contained  signs  of  corrosion.  Figure  22,   which shows t h e   c r o s s   s e c t i o n  

of a Mo-TZC and  Rene' 77 s p e c i m e n ,   i n d i c a t e s   t h a t   t h e   c r a c k   f r o n t  on t h e  

Mo-TZM is c o n t a i n e d   v e r y   c l o s e   t o   t h e   b o t t o m   o f   t h e   p i t .  The maximum 

depth   and   d iameter   o f   the   p i t s  are ind ica t ed .  

Table V c o n t a i n s   t h e  summary o f   e r o s i o n   i n s e r t  volume loss which 

i n d i c a t e s   t h a t   t h e  molybdenum a l loys   l o s t   abou t   0 .1   cub ic   cen t ime te r ,  

s i x t e e n  times t h a t  of  Rene' 77 and e i g h t  times t h a t  of t he  U-700. How- 

e v e r ,   t h e  material l o s s  o f   t h e  molybdenum i n s e r t s  by  washing  corrosion 

is p a r t  of t h e   t o t a l  volume lo s s .  

The summary of the   weight   change   and   in te rs t i t i a l   e lement   p ickup 

o f   t h e   r e f r a c t o r y  metal r ing   p robes  is  a l s o   c o n t a i n e d   i n   T a b l e  V. 

The ups t ream  pos i t ion  w a s  forward  of   the test tu rb ine ,   exposed   t o   t he  

in le t   vapor   t empera ture   o f  1500'F. The downstream  posit ion was a f t  of 

the  turbine,   exposed t o  the   ou t l e t   vapor   t empera tu re  o f  116O0F. The 

specimens were i n  a p e r f o r a t e d   s t a i n l e s s  steel  tube.  The Cb-1Zr speci- 

mens, t h e   b e s t   i n d i c a t o r s  of the  oxygen  content  of  the  potassium  which 

the  flow  components see, i n d i c a t e  1911 ppm oxygen  pickup  upstream  and 

544 ppm oxygen  pickup  downstream. However, the  surface  of   the  downstream 

Cb-1Zr specimen  had  holes  up  to  26 m i l s  deep,   presumably  due  to   spal l ing 
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Figure 21. Impact  Surface of Mo-TZM No. 1 Erosion  Insert and Magnifications  of Damage 
After 5000 Hours of  Test. 



a) Mo-TZC - Maximum  Pit  Diameter = 0.0090 In. 

b) Rene' 77 - Maximum  Pit  Diameter = 0.0025 In. 

Figure 22. Magnified  Cross-Sections  of  Mo-TZM  and Rene' 77 Erosion  Inserts. 
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TABLE V 

MATERIAL LOSS AND CHANGE  OF  SURFACE INTERSTITIAL ELEMENT 
CONTENT  FOR  EROSION INSERTS AND  REFRACTORY  METAL  RING  SPECIMENS 

~~ ". . 

P o s t - T e s t  Weight Volume Density,  
Loss,  cc g/cc 

" 

Yo-TZM S/N 1 34.1256  33.0363  -1.0893  0.1065 

Rene'  77 S/N 2 29.0121  28.9680  -0.044 1 0.00557 
7 . 9 1  Rene'  77 S/N 1 29.3050  29.2501  -0.0549  0.00694 

10.22 ?lo-TZC S/N  2  35.8980  34.9172  -0.9778  0.0956 
10.22 

7.91  0 .01402 -0.1109 , U700 S/N  3  29.3178  29.2069 
7 . 9 1  U700 S/N 2 28.2771  28.1568  -0.1203  0.01203 
7 .91  

iJpstream Ring Specimen  (1)  

Cb-lZrii7  8.5265 8.2091  -0.3174 
TZC# 19 9.8925 9.8753  -0.0172 

TZM# 2 3 9.9290 9.8985 -0.0305 
TZM# 18 9.3297  9.2783 -0.0514 

- ~ ~ - _  - 

.__"I ~ 

TZM# 17 - 9.3881 - 

,, \ 
Downstream Ring  

Cb-lZr#S 
TZCili21 

T Z C t 2 4  
TZM# 12 

T Z M ~  14 

... - ~ 

Specimen 

r- 

Specimen'') 

10.0023 9.9790 
9.3050 9.2848 
9.7691 9.7404 

-0.2070 
-0.0233 
-0.0202 
-0.0287 - 

~~ 

~ ~~~~ 

0, PPm N ,  ppm c ,  ppm H, Ppm 
P r e   P o s t   P r e   P o s t  P r e   P o s t  P o s t  P r e  

-~ T e s t   T e s t  Change T e s t   T e s t  Change T e s t   T e s t   C h a n g e   T e s t   T e s t  Change 
t r i  

Upst ream  Ring   Spec imen (1) 

18 15 

TZM 0.5 

2.6 

1.5 <1 
-300  1200 1500 3 4 <1 

525  565 40  22.4 25 

-24 214 258 1 

2 .6  

3 <1 
-100 1400 1500 2.5 3.5 <1 

314 354 40   11 .4  14 

-36  202 238 2 

(l)Data f o r  f i n a l  4600 hours of t e s t ing .  
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of  oxidized Cb-1Zr. It is  p o s s i b l e   t h a t  oxygen   does   no t   r ea l ly   d i f fuse  

i n t o   t h e  Cb-1Zr a t   t h e   l o w e r   t e m p e r a t u r e ;   i n s t e a d ,  i t  could  form  an 

ox ide   sk in   wh ich   even tua l ly   spa l l s   o f f .  

The   weight   loss   measurements   ind ica te   tha t  more m a t e r i a l  was l o s t  

from the  upstream Cb-1Zr spec imens ,   desp i te   the   ho les   in   the   downst ream 

specimen.  Unfortunately,   the  samples were des t royed   for   chemica l   ana lyses  

before   they  could  be  reweighed  to   ver i fy   the  anamolous  apparent ly   greater  

weight  loss  of  the  upstream  specimens.  

Deposits and  Films 

The th ick   depos i t s   found  on  a l l  the  f low  path  components were i d e n t i -  

f i e d  by X-ray d i f f r a c t i o n  as potass ium  d iz i rconate .   Spec t rographic  

ana lys i s   r epor t ed   t he   ma jo r  elements as K and Z r ,  wi th  a minor   addi t ion 

of Mo, N i ,  F e ,  Coy  and C r ,  and a trace of Ag, A l ,  C a y  Cu, Mg, Mn, S i ,  T i ,  

V ,  and W. 

The fi lm  which w a s  found  on a l l  t h e   r o t o r   b u c k e t s  had a th ickness  

of approximately  one m i l  and was magnetic.   The  analyses showed: 

Analysis Method Mo Buckets Rene’ 77 Buckets 

X-ray Fey  Mo, N i ,  C r ,  Z r  Fe, N i ,  Mo, C r ,  Z r ,  Co, Mn 
Fluorescent  

Spectrographic  1-lOFe, l-lOMo, >10Ni,  5-25Fe, l-lOMo, >10Ni, 
(weight  percent)  0.1-l.OCr,  0.5-5Zr,  0.1-1Cr , 0.5-5Zr , 

5.25Mn, 0.1- lSi ,  1-lOMn, 0.5-5Siy  0.1-lCa, 
0.5-5A1, 0.05-0.5Ti 0.5-5A1, 0.05-0.5Ti 
0.1-1Ca 

Apparent ly   the   th ick   depos i t s   o r ig ina ted   f rom  the   z i rconium  hot  

t r a p s  of t h e  tes t  f a c i l i t y .  The t h i n   f i l m s   p r i m a r i l y   r e s u l t   f r o m  mass 

t r a n s f e r  of  e lements   f rom  the   s ta in less  steel b o i l e r   f a c i l i t y .  

Mater ia l s  Summary 

The r e s u l t s   o f   t h e  material e v a l u a t i o n   i n d i c a t e d   t h a t  most  of t h e  

m a t e r i a l  removed from  the molybdenum a l l o y   r o t o r   b u c k e t s  w a s  a s s o c i a t e d  

with  oxygen-accelerated  washing  corrosion. A small amount of  impact 

e ros ion  w a s  observed a t  the   convex   t i p   o f   bo th  molybdenum- and  nickel-  

base   ro tor   buckets .  However, the   scanning   e lec t ron   micrographs   ind ica ted  

t h a t ,  on t h e  molybdenum a l loy   buckets ,   washing   cor ros ion  was superimposed 

o n   t h e   t i p .  Also, washing  corrosion  of   the molybdenum buckets   has  masked 
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some minimal  impact  erosion  that  had occurred   on   o ther  areas of   the  

leading  edge. From t h e   e r o s i o n   r e s u l t s   o n l y ,  i t  is es t ima ted   t ha t   t he  

turb ine   buckets  and vanes would s u c c e s s f u l l y  l a s t  f o r  50,000 hours ,  

which would sa t i s fy   t he   r equ i r emen t s   o f  a program  such as the  Potassium 

Turboal te rna tor  (KTA) using Mo-TZM o r  Mo-TZC b lades   and   r e f r ac to ry   me ta l  

containment  of  the  system. 

IX.  CONCLUSIONS 

I n  5000 hour s   o f   t e s t ing   w i th  oxygen levels h i g h e r   t h a n   d e s i r a b l e  

only a n e g l i g i b l e  amount of impingement  erosion damage has  been  experi-  

enced  with  rotat ing  buckets   exposed  to   vapor   of   an  average 7% wetness,  

when en ter ing   S tage  3 a t  1200°F and 838 f p s   t i p   s p e e d .  

Borescope  observat ions  es tabl ished  the  higher   res is tance  to   impinge-  

ment erosion  of molybdenum v e r s u s  Rene' 77.  Cons iderable   cor ros ion  was 

experienced,   especial ly   on molybdenum buckets .  Based  on 5000 and 10,000 

hours   of   corrosion  loop  operat ion i t  is  conc luded   t ha t   i n  a c l e a n  re- 

f r a c t o r y  metal loop  the  corrosion  problem would be   e l imina ted .  

The ho le   i n   t he   bu l l e tnose   and   t he   po ta s s ium  d i z i r cona te   depos i t s  

on   t u rb ine   b l ad ing   c r ea t ed   abnorma l   f l ow  cond i t ions   i n   t he   t u rb ine .  It 

was poss ib l e ,   however ,   t o   r ep resen t   t hese   f l ow  cond i t ions   and   t he i r  

effects   on  temperatures ,   moisture   levels ,   and  performance by computerized 

a n a l y s i s .  
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