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FOREWORD 

T h i s  r epor t  summarizes an a n a l y t i c a l  comparison of cesium and potas- 

sium as working fluids f o r  Rankine cycle  space power plants. The work 

was conducted by the  Oak Ridge Nat ional  Laboratory f o r  NASA under AEC 

Interagency Agreement 40-98-66, NASA Order W-12,353 under t h e  t e c h n i c a l  

management of A. P. Fraas of t h e  Oak Ridge National Laboratory. Pro jec t  

management f o r  NASA was performed by S. V. Manson of NASA Headquarters. 
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SUMMARY OF A DESIGN COMPARISON OF CESIUM AID 'PDTASSIUM 
AS WORKING FLUIDS I N  IT\PIIEGEUTED 
WINE CYCLE SPACE POWER PLANTS 

A. P. Fraas  

The r epor t  summarizes a s e r i e s  of s t u d i e s  on the  r e l a t i v e  
advantages and disadvantages of cesium and potassium as working 
f l u i d s  i n  Rankine cycle  space pbwer p l a n t s  designed f o r  an out- 
put  of 300 Kw(e). The design s tud ie s ,  operat ing experience,  
and related information ava i l ab le  on space power p l a n t s  were re- 
viewed t o  provide t h e  b a s i s  €or  a cons i s t en t  s e t  of design pre- 
cepts ,  and using these  precepts  designs were evolved f o r  t he  
turb ine-genera tor ,  b o i l e r ,  condenser, r ad ia to r ,  and pumps. These 
d e t a i l e d  s t u d i e s  have been covered i n  a s e r i e s  of twelve r epor t s .  
This r epor t  summarizes t h e  component designs from those d e t a i l e d  
s t u d i e s  and presents  t h e  in t eg ra t ed  systems t h a t  emerged from 
power p l a n t  layout  s t u d i e s .  The l a t t e r  included considerat ion 
of regenera t ive  feed heat ing,  t he  use of d i f f e r e n t  types of pump, 
and system con t ro l  problems. 

A few s i g n i f i c a n t  d i f f e rences  between the  two working f l u i d s  
were found. Cesium gives  a s u b s t a n t i a l l y  smaller ,  l i g h t e r ,  
s impler  t u rb ine ,  bu t  r equ i r e s  a somewhat l a r g e r  genera tor  and 
b o i l e r .  The combined weight of these  t h r e e  components i s  about 
285 l b  lower i n  t h e  cesium system than  i n  t h e  potassium system. 
There i s  l i t t l e  d i f f e rence  i n  the  feed  pump weights i f  a f r e e  
turb ine-dr iven  feed  pump i s  employed. If h e l i c a l  induct ion 
electromagnet ic  pumps a r e  employed, t h e  weight increment as- 
soc ia t ed  with t h e  pump and r e l a t e d  equipment i s  about 1657 lb 
g r e a t e r  f o r  cesium than  f o r  potassium, For  t h e  case i n  which 
electromagnet ic  pmps  are used the  system weight f o r  cesium i s  
7342 lb as compared t o  5938 l b  f o r  potassium. 

INTRODUCTION 

A number of a u t h o r i t i e s  have pointed out  t h a t  t he  thermodynamic 

p rope r t i e s  of cesium a f f o r d  t h e  t u r b i n e  designer  some degrees of freedom 

t h a t  a r e  not  a v a i l a b l e  wi th  potassium, and t h a t  t hese  may make poss ib le  

l i g h t e r ,  s impler ,  more r e l i a b l e  tu rb ines .  The problems involved have 

Some have concluded t h a t  been examined by a number of organizat ions.  

t h e r e  is l i t t l e  d i f f e rence  between the  systems, whereas o the r s  have con- 

cluded t h a t  t h e r e  would be a major advantage Lo t'ne use of cesium. The 

Oak Ridge Mational Laboratory w a s  asked by NASA t o  undertake a compara- 

t i v e  s tudy of t h e  two systems with the  ob jec t ive  of h igh l igh t i ag  t h e  

p r i n c i p a l  d i f f e rences  t h a t  result f r o n  the  use of' one f l u i d  o r  t h e  o ther ,  
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and t h e  p r i n c i p a l  advantages and disa,dvantages of each from t h e  s tand-  

p o i n t  of t h e  design and development of t h e  ind iv idua l  components and .the 

complete in tegra- ted  systems ( AEC In te ragency  Agreement 40-98-66 NASA 
Order W-12, 353). 

The major problem areas involved i n  the design of t h e  p r i n c i p a l  com- 

ponents such as t h e  tu-b ine-genera tor ,  b o i l e r ,  condenser, r a d i a t o r ,  pumps, 

e t c .  , have been inves t iga t ed ,  avid a r e p o r t  covering each of t h e s e  s t u d i e s  

This  sum- inc luding  recorririended re ference  designs has been prepared .  

mary r e p o r t  i s  concerned wi-Lii the i n t e g r a t i o n  of t h e  va r ious  components 

t o  g ive  a compl.ete system t h a t  w i l l  s a t i s f y  as w e l l  as p o s s i b l e  tlie many 

requirements t h a t  it slnou1.d meet. A s  i n  t h e  subs id i a ry  s t u d i e s  on t h e  

i n d i v i d u a l  components, a common se t  of  design precepts  has been employed 

t o  h i g h l i g h t  as well as poss ib l e  t h e  r e l a t i v e  advantages and disadvantages 

of t h e  two working f l u i d s .  

4-16 

Tile s i z e  of the  power p l a n t  as a whole, and t h e  s i z e  and weigh-t of 

most of t h e  components i n  t h e  system, are r e l a t i v e l y  independent of 

whether cesium or potassium i s  employed as t h e  working f l u i d  i n  t h e  

Rankine cyc le .  The o v e r a l l  Lhermodynamic cyc le  e f f i c i e n c y  f o r  ope ra t ion  

be-Lween a given se-L o f  temperature  l i m i t s  i s  t h e  same, and hence a l l  of 

the coniponents i n  t h e  primary r e a c t o r  c i r c u i - t  and i n  t h e  r a d i a t o r  c i r -  

c u i t s  are t h e  Sam? irrespec.Live of t h e  choice of working f l u i d .  There 

a r e  some d i f f e rences  i n  t l ie b o i l e r s  and condensers b u t  t h e s e  d i f f e r e n c e s  

are no-t g r e a t .  The only  components i n  which t h e r e  are l a r g e  d i f f e r e n c e s  

between t h e  two working f l u i d s  a r e  t h e  tu rb ine -gene ra to r  u n i t  and t h e  

e lec t romagnet ic  f eed  pumps. 

The much l a r g e r  molecular weight of cesium as compared t o  potassium 

makes it poss ib l e  t o  employ a g r e a t e r  tempera1;ure drop p e r  s t age  w i t h  a 

lower tu rb ine  wheel t i p  speed whi le  y e t  maintaining a h igh  aerodynamic 

effri-ciency i n  t h e  t u r b i n e .  This  makes i t  p o s s i b l e  t o  reduce t h e  number 

of  t u rb ine  s t a g e s  i n  t h e  cesium t u r b i n e  t o  roughly h a l f  t h e  number re- 

qui red  f o r  a potassium vapor t u r b i n e ,  and t h i s  i n  t u r n  makes it p r a c t i -  

cab le  t o  mount t h e  t u r b i n e  r o t o r  d i r e c t l y  on t h e  end of t h e  gene ra to r  
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r o t o r  t o  give a compact t u rb ine  generator u n i t  with only two bearings i n -  

s t ead  of t he  usual four-bearing configuration having a f l e x i b l e  coupling 

between t h e  tu rb ine  and generator.  

study the  r e s u l t i n g  saving i n  tu rb ine  weight w a s  estimated t o  be 560 l b .  

The l a r g e  temperature drop per stage i n  the  cesium turb ine ,  however, does 

have t h e  disadvantage t h a t  it gives a high a x i a l  temperature grad ien t  i n  

both t h e  turb ine  r o t o r  and t h e  tu rb ine  s t a t o r ,  and t h i s  l eads  t o  major 

thermal s t r e s s  problems. 

answer to t hese  problems i n  t h e  present study, preliminary analyses in- 

d i ca t e  t h a t  acceptable so lu t ions  probably can be found. Assuming t h a t  

t h i s  can be done, a l a r g e r  temperature drop per s tage  leads t o  lower wheel 

operating temperatures, and t h i s ,  coupled with the  lower s t r e s s e s  i n  the  

lower t i p  speed cesium tu rb ine  ro to r s ,  g r e a t l y  eases  the  creep problem i n  

t h e  cesium r o t o r s .  I n  addi t ion ,  analyses of t h e  erosion problem indica te  

t h a t  t h e  threshold  f o r  damage w i l l  exceed t h e  design t i p  speed by a g r e a t e r  

margin f o r  cesium than f o r  potassium. 

For t h e  reference designs of t h i s  

While it w a s  not poss ib le  t o  obta in  a d e f i n i t i v e  

It i s  d i f f i c u l t  t o  assess t h e  poss ib le  d i f fe rences  i n  r e l i a b i l i t y  

between t h e  cesium and potassium turb ines .  The r e l i a b i l i t y  advantages 

of t h e  s m a l l  two-bearing machine t h a t  would be poss ib le  with cesium must 

be weighed aga ins t  t he  thermal s t r e s s  and thermal d i s t o r t i o n  problems i n -  

heren t  i n  t h e  use oi a l a r g e  temperature drop per s tage .  

The lower tu rb ine  speed des i r ab le  f o r  use with cesium l e a d s  t o  a 

lower genera tor  speed and a somewhat l a r g e r  and heavier  genera tor  than 

would be t h e  case f o r  potassium. 

of t h i s  study, t h e  increase  i n  genera tor  weight appears t o  be of t he  order 

of 140 l b ,  which o f f s e t s  about one-fourth of t he  560 l b  weight advantage 

of t h e  s m a l l  cesium tu rb ine .  

For t h e  300 kw e l e c t r i c a l  output u n i t  

If a f r e e  turb ine-dr iven  feed pump i s  employed, t he  same character-  

i s t i c s  of cesium t h a t  y i e l d  a smaller tu rb ine  f o r  t h e  tu rb ine  generator 

u n i t  a l s o  l ead  t o  a smal le r  and l i g h t e r  t u rb ine  driven c e n t r i f u g a l  feed 

pump. The f r e e  turb ine-dr iven  feed  pump weighs only 72 I b  f o r  potassium 

and 35 lb f o r  cesium, a f a c t o r  of two d i f fe rence  for t h e  pump i t s e l f .  

However, t h e  g r e a t e r  volume flow r a t e  and dens i ty  f o r  t h e  cesium l ead  t o  

a g r e a t e r  vapor bleed requirement s o  t h a t  t h e  o v e r a l l  weight penalty as- 

soc ia t ed  w i t h  t h e  feed  pump is 1’74 l b  f o r  cesium as compared t o  135 Lb 
f o r  potassium. If an electromagnetic feed  pump were employed, t h e  much 

poorer e l e c t r i c a l  conduct lv i ty  and higher weight flow rate assoc ia ted  w i t h  



cesium l e a d  t o  an es t imated  pump weight of 1.430 lb f o r  cesium a.s compared 

t o  372 lb f o r  potassiiim. The d i f f e rence  i n  system s p e c i f i c  weight a f t e r  

allowances f o r  a u x i l i a r y  equi-pment and e l e c t r i c a l  power requirements i s  

even l a r g e r ;  t h e  potassium pump i s  estimated t o  e n t a i l  a t o t a l  increment 

i n  system weight of 635 l b  as opposed t o  2292 l b  f o r  t h e  cesium pump. 

The h e l i c a l  induct ion  e lec t romagnet ic  pumps have no r o t a t i n g  p a r t s  

s o  t h a t  t h e  pump i t s e l f  should be more r e l i a b l e  than  a f r e e  t u r b i n e  dr iven  

pump. However, e lec t romagnet ic  pumps depend on a complex cha in  of switch 

gear ,  power supply, and cool ing  system equipment, so t h e  o v e r a l l  system 

r e l i a b i l i t y  may be lower than  f o r  t h e  f ree  tu rb ine -d r iven  f eed  p m p .  

The o v e r a l l  system weight no t  inc luding  t h e  r e a c t o r  and s h i e l d  as- 

sembly, ins t rumenta t ion  and c o n t r o l s ,  or p o w e r  conversion equipment ( a l l  

of which should be t h e  same i r r e s p e c t i v e  of whether cesj.iim o r  potassj-um 

i s  employed), w a s  es t imated  t o  be 51-85 l b  f o r  cesium o r  5477 l b  f o r  po tas -  

sium i f  a f r e e  tu rb ine -d r iven  f eed  pump i s  employed, and 73422: l b  f o r  

cesium o r  5938 l b  f o r  potassium if  a h e l i c a l  induct ion  e lec t romagnet ic  

f eed  pump i s  employed. 

A survey of t h e  ope ra t ing  experience wi th  b o i l i n g  cesium and potas -  

sium systems has sh.own that,  a t o - t a l  of 6000 h r  o€ opera t ing  experience 

has been obta ined  w i t h  cesium systems as compared wi th  about 136,000 h r  

of ope ra t ing  experience w i t h  potassium systems. A l l  of t h e  cesium sys -  

tems t h a t  have been run were s m a l l ,  s imple t e s t  loops  whereas a t  l e a s t  

seven of t h e  potassium systems were f a i r l y  l a r g e  and complex, and included 

t u r b i n e s ,  b o i l e r s ,  and condensers t h a t  were f a i r l y  good prel . iminary ap- 

proximations t o  u n i t s  t h a t  might be employed i n  a space p o w r  p l a n t .  

W ? i l e  t h e r e  are gaps and some incons i s t enc ie s  i n  t h e  data, it ap- 

pea r s  tha.t  t h e r e  i s  EO s i g n i f i c a n t  d i f f e r e n c c  between cesium and potassium 

from t h e  s tandpoin t  of  co r ros ion  and mass t r a n s f e r  i n  r e f r s c t o r y  metal 

systems, and both f l u i d s  should be sa t i s f ac to - ry .  

A survey of the phys ica l  p roper ty ,  heat; t r a n s f e r ,  and fl-uid flow 

data on cesi.um and potassium i n d i c a t e s  that, while  more data would be de- 

sirable, s u f f i c i e n t  data are a v a i l a b l e  f o r  bo th  f l u i d s  t o  permit a mean- 

i n g f u l  comparison. 



. 
There appears t o  be no s i g n i f i c a n t  d i f fe rence  between t h e  cesium and 

potassium system reference designs from t h e  standpoint of system s t a b i l i t y  

and c o n t r o l  o the r  than  t h e  lower melting poin t  of cesium ( 8 3 " ~  vs 145°F 
f o r  potassium) which may a f f e c t  some s t a r t - u p  problems. 

DELINEATION OF BASIC SYS'hN 

The o r i g i n a l  NASA work statement spec i f i ed  t h a t  t h e  study should be 

d i r ec t ed  toward a 300 K w ( e ) ,  3-loop system with a l i t h ium primary c i r c u i t ,  

a Rankine cycle power conversion system using e i t h e r  potassium o r  cesium, 

and a s e t  of p a r a l l e l  t e r t i a r y  loops employed t o  t r anspor t  t he  heat from 

the  condenser t o  t h e  r ad ia to r .  The turb ine  i n l e t  temperature w a s  speci-  

f i e d  as 2150°F with 25'F of superheat, and the  condenser temperature as 

1330'F. 
cussions, ORNL w a s  requested t o  perform add i t iona l  ca l cu la t ions  t o  show 

t h e  e f f e c t s  of dropping the  tu rb ine  i n l e t  temperature t o  2000"F, and of 

dropping t h e  condenser temperature t o  1200°F and 1040°F, respec t ive ly  

( s e e  Table 1). 

d i t i o n a l  operating conditions,  bu t  d e t a i l e d  design s tud ie s  of components 

were made only f o r  t h e  s i n g l e  o r i g i n a l  s e t  of design condi t ions .  

The design l i f e  w a s  spec i f i ed  as 40,000 hr. I n  subsequent d i s -  

Performance ca l cu la t ions  were ca r r i ed  out f o r  these  ad- 

Several  r e f r a c t o r y  a l l o y s  were considered f o r  use i n  t h e  reference 

designs.  Their r e l a t i v e  merits were examined, p a r t i c u l a r l y  with respec t  

t o  c reep  s t r e s s  considerations,  and it w a s  decided t h a t ,  f o r  purposes of 

t h e  sub jec t  study, D-43 (Nb-9 W-1 Zr)'" would be employed f o r  all e l e -  

ments of t h e  s t r u c t u r e  t h a t  would requi re  welding, and t h a t  TZM, a molyb- 

denum a l loy ,  would be used f o r  t h e  tu rb ine  r o t o r .  While o the r  a l loys  

such as T-111, a tantalum a l loy ,  might be used," it w a s  f e l t  Lhat t h e  

choice of o t h e r  candidates would have l i t t l e  o r  no e f f e c t  on the  r e l a t i v e  

a t t r a c t i v e n e s s  of cesium and potassium. S imi la r ly ,  it w a s  f e l t  t h a t  t h e r e  

would be important advantages t o  t h e  use of s t a i n l e s s  steel  i n  t h e  radia- 

t o r s ,  

e f f e c t  on t h e  r e l a t i v e  merits of t h e  two working f l u i d s .  

16 and t h a t  i t s  use t h e r e  i n  t h e  p lace  of D-43 would have l i t t l e  

The work statement spec i f i ed  that  OFNL should not do any design work 

on t h e  r e a c t o r  and s h i e l d  assembly but should d i r e c t  t he  study t o  t h e  

rest of t h e  system, 
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Table 1. Thermodynamic Cycle Conditions 

Turbine I n l e t  Condenser 

F l u i d  
Pressure  Temperature Superheat Pressure  Temperature 

( P s i 4  ( O F )  (OF) ( P s i 4  (OF’> 

C S  314.6 
K 214.3 

CS 314.6 
314.6 
220.4 
200.4 

K 214.3 
214.3 
141.6 
141.6 

Ref e rence Des i g  ns 

2150 25 
2150 25 

Parametr ic  S tudies  

2150 
2150 
2000 
2000 
2150 
2150 
2000 
2000 

25 
25 
25 
25 
25 
25 
25 
25 

23.6 
10.4 

12.1 

23.6 
12.1 

1.5 
10.4 

4.4 

4.8 

4.8 

1330 
1330 

1200 
1040 
1330 
1200 
1200 
1040 
1330 
I200 

Flow Sheet 

The p r i n c i p l e  f e a t u r e s  of t h e  system s tud ied  are shown i n  t h e  flow 

sheet of F ig .  1. This  d-iffers from t h e  flow s h e e t  used i n  t h e  SNAP-50 

work” i n  t h a t  it inc ludes  a r egene ra t ive  f eed  hea.ter and a f ree  tu rb ine -  

dr iven  feed  pump.lg 

cause d e t a i l e d  s t u d i e s  of t h e  thermodynamics and aerodynamics of t h e  

tu rb ine -gene ra to r  i n d i c a t e  t h a t  t h e  regenera t ive  f eed  h e a t e r  makes it 

p o s s i b l e  t o  inc rease  t h e  o v e r a l l  cycle  e f f i c i e n c y  by 7.59 and reduce t h e  

r a d i a t o r  s i z e  by 8.8%.6 Fur the r ,  it provides  a convenient way t o  remove 

moisture  from t h e  Lurbirie and thus  reduces t h e  p o s s i b i l i t y  of t u r b i n e  

bucket. e ros ion  and should i nc rease  t h e  t u r b i n e  e f f i c i e n c y  by minimizing 

moisture  churning losses. It a l s o  eases  b o i l e r  design problems by re- 

ducing thermal st,resses i n  t h e  v i c i n i t y  of t h e  b o i l e r  i n l e t . ” ’  

problems are discussed  i n  more d e t a i l  i n  t h e  companion r e p o r t  on t u r b i n e  

design . 

The r egene ra t ive  f eed  h e a t e r  has  been included be- 

These 

6 
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A f ree  tu rb ine -d r iven  f eed  pump ra ther  t h a n  an  e lec t romagent ic  pump 

has been employed i n  t h e  l ayou t  s t u d i e s  f o r  s e v e r a l  reasons.  The pump 

i t se l f  i s  much l i g h t e r  and t h e  loss  a s s o c i a t e d  wi th  t h e  power requi red  t o  

d r i v e  i-t i s  h a l f  as g r e a t  as it would be for an e lec t romagnet ic  pump. 

Most important of a l l ,  however, it appears  t o  be more r e l i a b l e  than  an 

electroma.gnet,ic pump because it does not  depend on a cha in  of swi tch  gea r  

and a u x i l i a r y  power s u p p l i e s  t o  keep it i n  ope ra t ion .  Fu r the r ,  t es t s  of 

a 360 Kw(t) Rankine cyc le  systemlg have shown t h a t  a f ree  tu rb ine -d r iven  

f eed  pump can be employed wi th  l i t t l e  o r  no c o n t r o l  equipment, t hus  

f u r t h e r  i nc reas ing  t h e  r e l i a b i l i t y  and reducing t h e  weight of a u x i l i a r y  

equipment a 

A f a i . r l y  d e t a i l e d  s e t  of design s t u d i e s  i n  t h e  companion r e p o r t  on 

pumps i -ndicate  - tha t  h e l i c a l  induct ion  e lec t romagnet ic  pumps appear t o  be 

t h e  b e s t  choice f o r  -the l i t h i u m  and N a K  c i r c u i t s . ”  

c e n t r i f u g a l  pumps would probably be l i g h t e r ,  t h e y  in t roduce  somewhat 

g r e a t e r  problems, p a r t i c u l a r l y  i n  t h e  l i t h i u m  c i r c u i t ,  and hence were not  

used i n  t h e  re ference  design system of t h i s  s tudy .  J e t  pumps were chosen 

as t h e  b e s t  means f o r  scavenging t h e  condensers and providing c a v i t a t i o n  

suppression head. f o r  t h e  feed  pumps. 

While canned ro.tor 

1 0 , 1 9 , 2 l  

Full Power Design Conditions 

The temperature  drops chosen f o r  t h e  l i t h ium and NaK c i r c u i t s  have 

important  e f f e c t s .  The choice i n  any g iven  system depends on t r a d e - o f f s  

between t h e  pumping power, t h e  s i z e  arld weight o f  t h e  equipment, t h e  over- 

a l l  thermal e f f i c i e n c y ,  and such f a c t o r s  as thermal  stresses i n  hea t  ex- 

changers .  Most previous s t u d i e s  have made use of a temperature  drop i n  

t h e  r a d i a t o r  c i r c u i t  of about 100’F. 

t imiza t ion  s tudy,  hence t h e  r e p r e s e n t a t i v e  va lue  of 100°F w a s  employed f o r  

the re ference  design systems. S i m i l a r  t r a d e - o f f  cons ide ra t ions  apply t o  

the l i t h i u m  c i r c u i t .  However, s i n c e  d e t a i l s  of the r e a c t o r  design were 

spec i f ica l . ly  ou t s ide  t h e  scope of t h e  ORNL study,  and s i n c e  without  these  

it w a s  ou t  of  t h e  ques t ion  t o  make op t imiza t ion  s t u d i e s  of t h e  l i thiurn 

c i r c u i t ,  aga in  a round number of 100°F w a s  employed as rep resen ta t ive  of 

t h e  range of va lues  chosen i n  o t h e r  op t imiza t ion  s t u d i e s  f o r  t h e  l i t h i u m  

c i r c u i t  temperature  drop. 

Time d i d  not  permit  a d e t a i l e d  op- 



. 
LAYOUT STUDIES OF THE: INTEGRATED sysmrds 

The information on component s i z e s  and weights developed i n  t h e  de- 

t a i l  design s tud ie s  covered i n  companion r epor t s  i s  summarized i n  Table 2. 

Also included i n  Table 2 a re  data on t h e  s i z e s  of t he  expansion tanks 

and piping which were developed i n  t h e  layout s t u d i e s  of t h i s  repor t .  

I n  preparing seve ra l  l ayouts  t o  inves t iga t e  various arrangements of 

t h e  components, it w a s  assumed t h a t  t he  power p l an t  would be used i n  an 

unmanned vehic le  o r  would be i n s t a l l e d  with a reactor-crew separa t ion  

d is tance  of 300 f t  or more, This makes it poss ib le  t o  place t h e  b o i l e r  

ou ts ide  t h e  s h i e l d  and not have the  1 3  Mev be ta s  from the  rad ioac t ive  

decay of ac t iva t ed  l i t h ium give too  se r ious  a Bremsstrahlung gamma source. 

While some might favor  burying t h e  b o i l e r  i n  the  sh i e ld ,  t h i s  does not 

appear t o  be necessary. I n  any event, t h e  r eac to r  arid s h i e l d  design were 

outs ide  t h e  scope of t h e  present  study. 

A major question i n  t h e  design of an in t eg ra t ed  r eac to r  s h i e l d  and 

space power p l an t  system i s  presented by r ad ia t ion  emitted from a highly 

asymmetric r eac to r  s h i e l d  and s c a t t e r e d  from the  r ad ia to r .  Unfortunately, 

t h e  problem is  extremely complex, and very l i t t l e  information i s  ava i l ab le  

to guide t h e  designer.  However, it i s  be l ieved  t h a t  t he  b e s t  information 

ava i l ab le  i s  t h a t  being developed i n  a sh i e ld ing  study under way a t  O r w L  

a t  t h e  time of wr i t i ng .  Preliminary r e s u l t s  from t h i s  work ind ica te  t h a t  

a reasonably good compromise i n  t h e  power p l an t  and s h i e l d  design can be 

e f f ec t ed  by separa t ing  the  r e a c t o r  s h i e l d  assembly from t h e  base of t h e  

r a d i a t o r  by 3 f t  t o  7 f t  as shown i n  F ig .  2, and this approach w a s  adopted 

f o r  t h e  purposes of t h e  subjec t  study. 

O f  t he  seve ra l  l ayouts  prepared, t h a t  shown i n  Fig.  2 seemed b e s t  

from t h e  standpoints of s t r u c t u r a l  s t r eng th  and i n t e g r i t y  under launch 

acce le ra t ions  and v ib ra t ion ,  materials compatibil i ty,  provisions for d i f -  

f e r e n t i a l  thermal expansion, a c c e s s i b i l i t y  f o r  maintenance ( p a r t i c u l a r l y  

during development t e s t  work), and minimization of system l i q u i d  inven- 

to ry .  The l a t t e r  i s  important not only from t h e  standpoint of f l u i d  in- 

ventory weight, but a l s o  as a means of reducing t h e  f l u i d  c i r c u i t  t r a n s i t  

times and con t ro l  system l a g s  as w e l l  as t h e  hazard p o t e n t i a l  assoc ia ted  

with combustion of t h e  a lkal i  metals i n  a ground t e s t  f a c i l i t y .  The 
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Table 2. Summary of S ize  and Weight Data f o r  Major Cornponents"J'-'" 

Cesium System Potassium System 

Component 
D i a m  Length Weight D i a m  Length Weight 
( i n . )  ( i n . )  ( l b )  ( i n . )  ( i n . )  (1b )  

Turbine 

Generator  

B o i l e r  

Condenser 

Radia tor  (Main) 

Radl a t o r  (Aux i l i a ry )  

Regenerative f eed  h e a t e r  

Pumps : 

a 

Primary c i r c u i t  
Feed pump - Free  

tu rb inea  
Feed pump - ET4 -- bare  
- wi th  a u x i l i a r i e s "  

Radia tor  c i r c u i t  sb 

Expansion tanks : 
Primary c i r c u i t  
Bo i l e r  c i r c u i t  
Radia tor  c i r c u i t  b 

P ip ing  : 
Primary 
Vapor l i n e  t o  t u r b i n e  
Vapor l i n e  t o  condenser 
B o i l e r  f eed  p ip ing  
Radia tor  c i r c u i t s b  

Reactor  c i r c u i t '  
Power conversion system 
Radia tor  c i r c u i t s  

Liquid  

16 
23 
14.85 
4.6 

120 

120 

2.5 

8 
10 

18 

8 

6 
4 
6 

2 
2 
3.4 
1.5 
1.5 

T o t a l  Weight 

T o t a l  Weight 

(Free t u r b i n e  f eed  pump) 

(Electromagnet ic  f eed  pump) 

7 120 

20 690 
27 23 5 
33 80 

192 1353 
23 162 

50 25 

16 378 
6 135 

2292 
24 1320 

15 15 
15 10 
30 120 

190 32 
120 20 

180 1 5  
310 11 2 

30 
35 
210 

5185 

40 1430 

80 88 

7342 

20 

21 

7.8 
4.0 

120 

120 

2.5 

8 
12 

11 

8 

6 
4 
6 

2 
2 
3.2 
1.1 
1.5 

25 680 

19 550 
53 99 
37 72 
192 1353 
23 162 

50 25 

16 378 
7 174 

28 372 
635 

24 1320 

15 1 5  
10 10 
30 120 

190 32 
120 20 
80 88 
180 15 
31.0 112 

30 
12 
210 

5 4'77 

5938 

aWeight inc ludes  allowances f u r  a u x i l i a r y  equipment and power re -  

bDirnensi.ons given a r e  f o r  one component (four are requi red) ;  weights  

'Not inc luding  l i t h i u m  i n  r e a c t o r  and s 'niel  d .  

qu i red  t o  d r i v e  the  reed  pump. 

are t o t a l s  €or a l l  four components ope ra t ing  i n  p a r a l l e l .  
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Fig. 2. Reference Design Power Plant Layout f o r  the Potassium System. 
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I -a t ter  i s  l i k e l y  t o  be a major f a c t o r  i n  determining t h e  cos t  of such a 

f a c i l i - t y .  

The l ayou t  of  F ig .  2 envis ions  d i v i s i o n  of the r a d i a t o r  i n t o  f o u r  

qu-adrants t h a t  would be b o l t e d  t o g e t h e r  t o  provide a s t u r d y  s t r u c t u r e .  

Each quadrant would be served  by a sepa ra t e  condenser, NaK c i r c u l a t i n g  

pump, and expansion tank .  Each of t h e  f o u r  condensers of  t h e s e  f o u r  sys-  

tems would be scavenged by a j e t  pump t h a t  would r e t u r n  t h e  feed  t o  t h e  

main b o i l e r  f eed  pump.10j19 

c i r c u i t s  ceased to func t ion ,  t h e  condenser -Tor t h a t  c i r c u i t  would become 

i n e f f e c t i v e ,  and vapor would tend t o  pass  d i r e c t l y  from t h e  t u r b i n e  out-  

l e t  i n t o  t h e  feed pump. However, t h e  condenser scavenging j e t  pump would 

in t roduce  such a severe  r e s t r i c t i o n  t h a t  t h e  amount of vapor t h a t  could 

flow through t h e  condenser i n t o  t h e  f eed  l i n e  would be q u i t e  small. The 

p r e c i s e  e f f e c t s  on t h e  rest of t h e  system would depend on t h e  amount of 

h e a t  l o s s e s  from va r ious  components and t h e  elements of p ip ing  involved.  

It i s  be l i eved  t h a t  c a r e f u l  propor t ion ing  of t h e s e  h e a t  l o s s e s  would make 

it poss ib l e  t o  g e t  s a t i s f a c t o r y o p e r a t i o n  of the  system without  t h e  use of 

a valve t o  i s o l a t e  t h e  condenser from t h e  rest of t h e  system. If t h i s  

d i d  not  prove 'to be poss ib l e ,  it would be necessary  t o  in t roduce  a va lve  

between t h e  condenser o u t l e t  and t h e  manifold j o i n i n g  t h e  f o u r  condensers 

t o  t h e  f eed  pump. If t h i s  were done, s u f f i c i e n t  excess  potassium would 

have t o  be c a r r i e d  i n  t he  expansion t a n k  t o  permit  loading  up t h e  inopera-  

t i v e  condenser w i t h  l i q u i d  potassium. Provis ion  f o r  t h i s  has not  been 

h c l u d e d  i n  Table 2 o r  i n  t h e  l ayou t  of  F ig .  2 *  I n  p r i n c i p a l ,  it would 

be poss ib l e  t o  avoid t h e  requirement f o r  e x t r a  l i q u i d  inventory  by pro-  

v id ing  a va lve  i n  t h e  vapor l i n e  between the t u r b i n e  and t h e  condenser.  

In pract i -ce ,  the  vapor l i n e  i s  so  l a r g e  t h a t  t h e  weight of  such a va lve  

would be many times t h a t  of t h e  e x t r a  l i q u i d  inventory,  and it would be 

very  hard - i f  not  i n p o s s i b l e  - to a s s u r e  t h a t  it would be t r u l y  l e a k  

t i g h t .  

I n  t h e  event  t h a t  any one of t h e  f o u r  NaK 

COMPAP.ISON OF CESIW AID POTASSIUM VAPOR SYSTEMS 

The e f f e c t s  of t h e  choice of working f l u i d  on t h e  size and weight of 

t h e  various components a r e  summarized i n  Table 2 which w a s  compiled from 



t h e  various d e t a i l  design and layout studies."-" 

are given f o r  t h e  r eac to r  and s h i e l d  assembly o r  f o r  the  instrumentation 

and con t ro l  equipment and power conditioning equipment because these  were 

outs ide  t h e  scope of t h e  study, and, furkher,  t h e i r  s i z e  and weight would 

be independent of t h e  choce of working f l u i d  i n  t h e  Rankine cycle. 

Table 2 shows t h a t  t h e  r a d i a t o r  s i z e  - and hence t h e  power p l an t  s i z e  - i s  

e s s e n t i a l l y  independent of t he  choice of working f l u i d ,  bu t  t h e  weights 

of some components d i f f e r  s u b s t a n t i a l l y .  The t o t a l  weight of t he  com- 

ponents considered i n  t h e  study i s  given a t  t h e  bottom of Table 2 f o r  two 

d i f f e r e n t  conditions,  t h a t  is, systems using a f r e e  tu rb ine  driven cen- 

tr ifugal feed pump and systems making use of h e l i c a l  induction e l ec t ro -  

magnetic feed pmps .  I n  t h e  former case t h e  cesium system is 292 lb 

l i g h t e r  than t h e  potassium system whereas i n  the  l a t t e r  case it i s  1124 l b  

heavier .  A s  ind ica ted  i n  t h e  r epor t  on pumps,10 t h i s  sterns from t h e  r e l a -  

t i v e l y  poor e l e c t r i c a l  conductivity, t h e h i g h e r  volume f l o w  r a t e ,  and t h e  

higher pump head assoc ia ted  wi th  cesium as compared t o  potassium. 

Note t h a t  no weights 

Except f o r  t h e  electromagnetic feed  pump, t h e  turbine-generator un i t ,  

and t h e  b o i l e r ,  o the r  components have much t h e  same weight f o r  cesium as 

f o r  potassium. The b o i l e r  is  d e f i n i t e l y  l i g h t e r  f o r  potassium because 

t h e  lower weight flow of t h e  potassium aqpears t o  make poss ib le  designs 

t h a t  give higher power d e n s i t i e s  i n  t h e  b o i l e r  than can be obtained with 

cesium f o r  t h e  same bas ic  design boundary conditions.  On t h e  o the r  hand, 

t h e  higher dens i ty  of t h e  cesium makes f o r  a smal le r  t u rb ine  with fewer 

s t ages  s o  t h a t  t he  reduction i n  turb ine  weight poss ib le  with cesium much 

more than o f f s e t s  t h e  increase i n  b o i l e r  weight.6 

cesium molecular weight, and hence lower vapor sonic ve loc i ty ,  favor  the  

use of a lower turb ine  rpm, and hence t h i s  i n  t u r n  l eads  t o  a somewhat 

heavier  generator.  The ne t  e f f e c t  of t hese  various f a c t o r s  is t o  give 

a weight saving of about 260 l b  f o r  t he  cesium boi le r - turb ine-genera tor  

combination as compared t o  potassium. This d i f fe rence  represents  about 

5% of t h e  t o t a l  weight of p l a n t  components included i n  t h e  study. 

€3 

However, t h e  higher 

6 
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Turbine -Gene rat o r  

About h a l f  t h e  t o t a l  e f f o r t  i n  t h e  s tudy  

gene ra to r  u n i t ,  and many d i f f e r e n t  a spec t s  of 

w a s  devoted t o  t h e  tu rb ine -  

t h e  design were i n v e s t i g a t e d  

i n  an e f f o r t  t o  h i g h l i g h t  t h e  d i f f e r e n c e s  t o  be expected i n  wel l -pro-  

por t ioned  u n i t s  f o r  t h e  two working f l u i d s . "  

t h e  s i z e  and weight of a l l  t he  o t h e r  components of t h e  p l a n t  are d i r e c t l y  

r e l a t e d  t o  t h e  t u r b i n e  e f f i c i e n c y ,  a high e f f i c i e n c y  w a s  considered a 

more important design o b j e c t i v e  than  t u r b i n e  s i z e  o r  weight,. While re- 

l i a b i l i t y  i s  an  even iiiore important cons ide ra t ion  than  e f f i c i e n c y ,  i t  

i s  a far more d i f f i c u l t  c h a r a c t e r i s t i c  to eva lua te  a n a l y t i c a l l y  s i n c e  it 

depends on su-btle i n t e r - r e l a t i o n s h i p s  between such cons ide ra t ions  as t u r -  

b i n e  bucket e ros ion ,  c r eep  i n  t h e  t u r b i n e  r o t o r ,  thermal  s t r e s s e s  i n  the  

r o t o r  and cas ings  , the-mal  d i s t o r t i o n ,  and bea r ing  l u b r i c a t i o n .  These 

problems were exarniiied and a n  e f f o r t  w a s  made i n  each case  t o  determine 

whether there  would be any advantage t o  t h e  use of cesium over  potassium 

o r  v i c e  ve r sa .  

I n  view of t h e  f a c t  t h a t  

Thermodynamic a d  Aerodynamic Design 

The firs-t s t e p  i n  t h e  t u r b i n e  s tudy  was t o  c a r r y  ou t  a parametr ic  

survey t o  determine t h e  e f f e c t s  of t h e  number of s t ages  on the  tu rb ine  

ro.tor s i z e s  and e f f i c i e n c i e s  using a common s e t  of design preeep-Ls and 

allowances f o r  aerodynamic, moisture  churning, and seal leakage l o s s e s  

i n  t h e  t u r b i n e .  F igure  3 shows one of t h e  most s i g n i f i c a n t  curves  ob- 

ta i .ned from t h a t  s tudy .  Examination of t h e  e f f i c i e n c y  curves a t  t h e  t o p  

of F i g .  3 i n d i c a t e s  t ha t  a th ree - s t age  cesium t u r b i n e  g ives  c lose  t o  the 

maxirflum performance o b t a h a b l e  wi th  cesium, and t h a t  a seven- o r  e i g h t -  

s t a g e  t u r b i n e  would g ive  e s s e n - t i a l l y  t h e  same performance wi th  potassium, 

On t h e  recommendation of Warner Stewart  and A. J .  Glassman of EASA-Lewis 

Lab, t h e  th ree - s t age  cesium t u r b i n e  and an e igh t - s t age  potassium t u r b i n e  

were chosen f o r  primary re ference  design purposes.  The l ayou t s  developed 

f o r  t h e s e  two cases  are shown i n  F igs .  1-1 and 5. I n  add i t ion ,  a two-stage 

cesiwn t u r b i n e  and a f ive - s t age  potassium t u r b i n e  were chosen as addi-  

t i o n a l  r e fe rence  design cases  t o  i n v e s t i g a t e  t h e  e f f e c t s  of balancing a 

s m a l l  l o s s  i n  e f f i c i e n c y  agains- t  t h e  s i m p l i f i c a t i o n s  i n  t he  t u r b i n e  design 
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t h a t  t h e  smaller number of  s t a g e s  would make poss ib l e ,  p a r t i c u l a r l y  i n  

t h e  potassium t u r b i n e .  

l i a b i l i t y  by improving the  r o t o r  dynamics, ea s ing  bear ing  problems, e t c .  

These problems were s tud ied  and t h e  r e s u l t s  a r e  summarized below. The 

propor t ions  of the re ference  design t u r b i n e s  are given i n  Table 3. 

The l a t t e r  y i e l d s  a d e f i n i t e  improvement i n  re-  

The e f f e c t s  of changing cyc le  design condi t ions  on t h e  o v e r a l l  cyc le  

e f f i c i e n c y  were a l s o  i n v e s t i g a t e d  and some of t h e  r e s u l t s  a r e  summarized 

i n  Figs. 6, '7, and 8. These show the e f f e c t s  of varying t h e  condenser 

temperature  f o r  two d i f f e r e n t  t u r b i n e  i n l e t  temperatures  w i t h  and without  

r egene ra t ive  feed  hea t ing .  From t h e s e  curves it i s  easy  t o  make r a t h e r  

good es t ima tes  of t h e  e f f e c t s  on o v e r a l l  cyc le  e f f i c i e n c y  of changes i n  

t h e  cyc le  design condi.t,ions. 

The same techniques  were employed f o r  bo th  po.tassium and cesium 

i n  ca r ry ing  out  t h e  aerodynamic and thermodynamic ana lyses ,  While o t h e r  

a n a l y s t s  might have used somewhat h ighe r  o r  lower c o e f f i c i e n t s  i n  es t i -  

mating t h e  va r ious  lo s ses ,  t h e  r e l a t i v e  performance of cesium and potas -  

sium should be unaf fec ted .  The most important u n c e r t a i n t y  i n  t h i s  work 

appears  t o  t h e  writer t o  be t h a t  associa-bed wi th  t h e  thermodynamic c a l -  

c u l a t i o n s .  There seems t o  be an anomaly i n  t h a t  t h e  cesium and potassium 

i d e a l i z e d  cyc le s  wi th  aerodynamic losses y i e l d  less than  h a l f  a po in t  d i f -  

fe rence  i n  thermodynamic e f f i c i e n c y  between t h e  same temperature  limits 

wi th  no r egene ra t ive  f eed  hea t ing ,  b u t  t h e  d i f f e r e n c e  inc reases  approxi-  

mately oiie p o i n t  i n  f a v o r  of cesium wi th  regenerat i .ve f eed  hea t ing .  These 

d i f f e r e n c e s  a r e  increased  by inc lus ion  of moisture  l o s s e s .  They may stem 

from t h e  thermodynamic d a t a  used.11,12 i n  view of t h e  s m a l l  number of 

experimental  phys i ca l  p roper ty  measurements on which t h e  thermodynamic 

c h a r t s  were based ( f o r  e i t h e r  cesium o r  potassium),  t h e  u n c e r t a i n t i e s  i n  

t h e  absolu-te values ,  and the u n c e r t a i n t i e s  i n  t h e  empir ica l  r e l a t i o n s  em- 

ployed f o r  i n t e r p o l a t i n g  and e x t r a p o l a t i n g  t h e  l i m i t e d  phys ica l  p roper ty  

da t a ,  it appears  t h a t  t h i s  d i f f e r e n c e  between cesium a n d  potassium may be 

an a r t i f a c t  of t h e  techniques  used i n  construc-tir ig t h e  thermodynamic d i a -  

grams r a t h e r  t han  a r e a l  d i f f e rence .  

Turbine Bucket Erosion 

A review of t h e  t;urbi.ne bucket  e ros ion  problem i n  w e t  vapor t u r b i n e s  

d i s c l o s e d  t h a t  t h e r e  i s  no widely accepted b a s i s  f o r  estimati-ng t h e  



Table 3. Swnniary of Data for Reference Design Turbines 

Case Number 1 2 3 4 5 6 

Working f l u i d  

Number of s tages  i n  tu rb ine  

Number of bearings 

Average temperature of 1st s tage  ro to r ,  

Rotor rpm 

O.D. of 1st s tage  ro to r ,  i n .  

Tip speed of 1st s tage  ro tor ,  f t / s e c  

Tip speed of l a s t  s tage  ro to r ,  f t / s e c  

O.D. of tu rb ine  casing, i n .  

Length of tu rb ine  casing, i n ,  

"F 

cs 

3 
4 

1740 
18,000 

5 923 

413 

597 
16 

9.6 

cs 
2 

2 

17 40 

18,000 

7 215 
467 
578 
16.7 
6 

cs 

3 
2 

1880 

18,000 

5.923 

41 3 

597 
16 

7 

K 

5 
4 

1990 

24,000 

6.297 
581 
943 
20 

15 

K 

8 

4 

2050 

24,000 

5 076 

838 
20 

25 

420 

K 

3/za 
2 

1990 
24,000 

6.297 
581 

943 
20 

16 

aThree s tages  overhung a t  one end of generator  and two a t  o ther .  
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r e l a t i v e  amounts of damage i n  t h e  reference design tu rb ines  f o r  t h e  cesium 

and potassium vapor systems. However, t he re  a r e  s t rong  ind ica t ions  t h a t  

tu rb ine  bucket erosion would be much less of a problem i n  cesium and 

potassium vapor turb ines  than i n  steam u n i t s  and t h a t  cesium should pre- 

s e n t  less of a problem than  potassium. ' 7  

The b e s t  techniques f o r  analyzing t h e  e ros ion  problem i n  w e t  vapor 

turb ines  appeared t o  be those developed a t  t h e  Westinghouse Astronuclear 

Division under NASA cont rac t ,  hence a subcontract w a s  arranged with 

Westinghouse t o  estimate t h e  r a t e  of moisture formation and deposit ion,  

and, from t h i s ,  the  p o s s i b i l i t y  of erosion i n  t he  fou r  reference design 

tu rb ines .  The r e s u l t s  of t he  study ind ica te  t h a t ,  i f  moisture removal 

between s tages  were employed, t he re  should be no d i f f i c u l t y  with turb ine  

bucket e ros ion  i n  e i t h e r  t he  cesium or potassium vapor turb ines ,  and t h a t  

t h e  margin between design conditions and those t h a t  would induce erosion 

would be g r e a t e r  f o r  cesium than f o r  potassium f o r  t h e  reference designs 

s tud ied .13  

Rotor Creep 

The e f f i c i e n c y  of t h e  first s tages  i n  t h e  reference design turb ines  

f o r  both cesium and potassium i s  r a t h e r  s e n s i t i v e  t o  t h e  t i p  clearance 

because t h e  blades a r e  r e l a t i v e l y  sho r t  ( s e e  Figs.  4 and 5 ) .  Ef f ic iency  

considerations make it necessary t o  l i m i t  t h e  t i p  clearance t o  something 

of t h e  order of 0.010 i n .  t o  0.020 i n . ,  and hence it is important t o  de- 

s ign  the  r o t o r  so t h a t  c reep  i n  t h e  course of a 40,000 h r  l i f e  w i l l  not 

use up more than a modest f r a c t i o n  of t h e  i n i t i a l  t i p  clearance.  An 

analysis of t h e  problem was ca r r i ed  out a t  Mechanical Technology, Inc. 

under a subcontract.  The r e s u l t s  i nd ica t e  t h a t  t h e  reference design t u r -  

b ines  f o r  cesium are sa t i s f ac to ry f rom t h e  standpoint of creep, but those 

f o r  potassium are not.  

it would be necessary t o  reduce t h e  turb ine  i n l e t  temperature t o  the  po- 

tassium tu rb ines  by about 150°F t o  keep t h e  amount of c reep  within ac- 

ceptab le  l i m i t s ,  l4 

by reducing t h e  diameter of t h e  f i r s t  s tage  r o t o r  by about 22% t o  r e d x e  

t h e  c e n t r i f u g a l  stresses. This would cause a loss of about 3 poin ts  i n  

t he  e f f i c i e n c y  of t he  first s tage ,  o r  less than  half a poin t  i n  t h e  o v e r a l l  

14 If no changes were made i n  t h e  tu rb ine  layouts,  

A more a t t r a c t i v e  course would be t o  modify the  designs 



e f f i c i e n c y  of t h e  t u r b i n e .  

by about, 0.2 po in t ,  which compares wi th  the lo s s  of about 1 po in t  i n  t h e  

o v e r a l l  cyc le  e f f i c i e n c y  t h a t  would be a s s o c i a t e d  wikh dropping t h e  t u r b i n e  

i n l e t  tempera1;ure 100°F. 

This  would reduce t h e  o v e r a l l  cyc le  e f f i c i e n c y  

Rotor arid Bearing Dynamics 

Two b a s i c  r o t o r  and bear ing  conf igu ra t ions  were considered for t h e  

r e fe rence  design tu rb ine -gene ra to r  u n i t s  of  Table 3. I n  one, on ly  two 

bear ings  were provided, one a t  e i t h e r  end of t h e  gene ra to r  r o t o r ,  and 

t h e  t u r b i n e  r o t o r s  were overhung from t h e  end o f  t h e  gene ra to r  shaf - t .  

This  i s  r e f e r r e d  t o  here  as a two-bearing machine. I n  t h e  o t h e r  configu- 

rBt ion,  t h e  gene ra to r  and t u r b i n e  r o t o r s  would be i n d i v i d u a l l y  s t s add le -  

mounted wi th  one bear ing  a t  e i t h e r  end of’ the  shaf t  of each u n i t  w i th  a 

f l e x i b l e  coupling between t h e  -two u n i t s  t o  g ive  a four-bear ing machine. 

The two-bearing arrangement g ives  a smaller and l i gh t , e r  machine wi th  no 

coupl ing problem but  makes it necessary  t o  i n t e g r a t e  t h e  tu rb ine  and 

gene ra to r  very  c l o s e l y  throughout t h e  development program. The four -  

bear ing  machine g ives  g r e a t x r  f l e x i b i l i t y  i n  t i ie development program and 

eases  the  hea t  I.oss and thermal s t r e s s  problems a s s o c i a t e d  w i t h  p l ac ing  

t h e  hot  t u r b i n e  immediately ad jacent  t o  t h e  r e l a t i v e l y  co ld  genera tor .  

Bearing aligbment i n  t i ie two-bearing machine would probably be easier t o  

maintain than  i n  t h e  four -bear ing  machine, b u t  it i s  d i f f i c u l t  t o  a t t a c h  

q u a n t i t a t l v e  va lues  t o  any of t h e  above cons ide ra t ions .  

Inc reas ing  t h e  nurnber of s t a g e s  i n  -the t u r b i n e  r o t o r ,  i t s  r p m ,  and 

i t s  diameter  a l l  i nc rease  t h e  l i k e l i h o o d  t h a t  d i f f i c u l t i e s  may be en- 

coun-tered i n  t h e  r o t o r  and hear ing  dynamics. O f  course it is  desirable 

t o  keep t h e  f i r s t  c r i t i c a l  speed above t h e  ope ra t ing  range, b u t  t h i s  is  

o r d i n a r i l y  not  poss ib l e  i n  the high speed u n i t s  requi red  f o r  high s p e c i f i c  

outpu-t. I n  genera l ,  it has been found t h a t  s a t i s f a c t o r y  ope ra t ing  con- 

d i t i o n s  can be obta ined  w i t h  t h e  T i r s t  two c r i t i c a l  speeds below t h e  op- 

e r a t i n g  range provided that, t h e  r o t o r  l ayou t  and bea r ing  des ign  a r e  such 

t h a t  damping i n  t h e  bea r ings  will l i m i t  t h e  amplitude of t h e  jou rna l  gy- 

r a t i o n  i n  t h e  bea r ings  t o  s u b s t a n t i a l l y  less than  the bear ing  c learance  

so tha t  the joirrnal F r i l l  not  touch the bear ing  and no damage t o  t h e  
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. bearing su r faces  w i l l  occur i n  passing through t h e  c r i t i c a l  speeds i n  the  

course of s t a r t u p  or shutdown. The l a t t e r  r o t o r  and bear ing dynamics 

problem is  p a r t i c u l a r l y  complex i f  - as i n  t h i s  case - t h e  bear ings 

operate  i n  t h e  tu rbu len t  f l o w  regime, and, t o  t h e  w r i t e r ' s  knowledge, 

only one computational technique has been developed t o  handle it f o r  t h e  

condi t ions present  i n  t h e  reference designs.  

con t r ac t  w a s  arranged wi th  t h e  developers of t h i s  technique, Mechanical 

Technology, Inc. ,  t o  c a r r y  out  t h e  analyses  f o r  t he  s i x  reference design 

cases  of Table 3. 

show t h a t  a l l  s i x  of t h e  reference designs have t h e i r  t h i r d  c r i t i c a l  

speed above t h e  design speed, and damping i n  t h e  bear ings appears to be 

adequate t o  l i m i t  t o  an acceptable  value t h e  amplitude of the  jou rna l  

gyra t ions  i n  the  bear ings i n  passing through t h e  f i r s t  two c r i t i c a l  speeds. 

The only marginal case appears t o  be the  f ive-s tage  potassium tu rb ine  i n  

which t h r e e  s t ages  would be overhung a t  one end of the  genera tor  s h a f t  

and two s t ages  would be overhung a t  the  o the r .  Thus t h i s  l a t t e r  configura- 

t i o n  probably should be avoided. 

A s  a consequence, a sub- 

A s  can be seen i n  Table 4, t h e  r e s u l t s  of t h e  study 

It i s  a l s o  ev ident  t h a t  it would be des i r ab le  t o  s t i f f e n  t h e  r o t o r  

of t h e  e ight -s tage  potassium tu rb ine  by increas ing  the hub diameter some- 

what t o  increase  t h e  t h i r d  c r i t i c a l  speed of t h a t  un i t ,  bu t  t h i s  does riot 

appear t o  present  any p a r t i c u l a r  d i f f i c u l t i e s .  

I n  appra is ing  t h e  r e s u l t s  of Table 4 it appears t h a t ,  from the  s tand-  

poin t  of r o t o r  and bear ing dynamics, e i t h e r  a two- or a three-s tage  cesium 

tu rb ine  could be b u i l t  wi th  t h e  r o t o r  overhung from t h e  end of t h e  gene- 

r a t o r ,  thus  e l imina t ing  t h e  need f o r  t h e  coupling t h a t  would be required 

if a four-bear ing machine were employed. 

p o s s i b i l i t y  of t roub le s  wi th  bear ing and r o t o r  dynamics t h a t  might be 

induced by d i s t o r t i o n  and/or misalignment between t h e  tu rb ine  and the  

genera tor  i n  a four-bear ing machine. 

This would a l s o  e l imina te  t h e  

Thermal S t r e s ses  

The temperature d i f f e rence  between t h e  i n l e t  and o u t l e t  of a tu rb ine  

tends t o  induce thermal s t r e s s e s  i n  both t h e  r o t o r  arid t h e  s ta - tor .  The 

magnitude of t hese  stresses i s  d i r e c t l y  propor t iona l  t o  t h e  temperature 

g rad ien t  so t h a t ,  as t h e  number of s t a g e s  i n  t h e  tu rb ine  i s  reduced, t h e  



Table 4. Svmmary of Data from Turbine Rotor and Bearing Dynamics ana Creep S tud ie s  a t  MTI f o r  ORNL1* 

Case Mmi5er 1 2 3 4 5 6 

Working FlLiid cs 
Mwnber of s tages  i n  t u r b i n e  3 
Nurriber of bear ings 4 

Average temperature of 1st  s t a g e  r o t o r  1740 

Rotor rpm 

O.D. of 1st s tage  r o t o r ,  i n .  

Tip speed of 1st s t a g e  rotor, f t / s e c  

Bearings : 
Journa l  diameter, i n .  
Journa l  length,  i n .  
Jou rna l  tempera-Lure, “F 
Diametral c learance,  i n .  

Approximate c r i t i c a l  speeds: 
l s t ,  rpm 
2nd, r p r n  
3rd, rpm 

1st c r i t i c a l  speed, m i l s  
2nd c r i t i c a l  speed, m i l s  
Gesigri speed, mils 

F r i c t i o n  horsepower, hp 

Maximum journa l  o r b i t  amplitude :b 

Average t a n g e n t i a l  stress, p s i  

R i m  growth ( c i r cumfe ren t i a l ) ,  i n .  

18,000 

5 * 923 

413 

2 
1 . 5  
1330 
0.0030 

7,000 
14,000 
>30, ooo 

0.01 
0. o2rc 
0.032 
4.0 

9,100 

<a. 0027 

cs 
2 

2 

17 40 
18,000 

467 

3 
2.25 
830 

7.215 

0.0045 

5,500 

>30, 000 

0.005 

0.015 

io ,  900 

8 

<a. 003 

cs 
3 
2 

1830 
18,000 

5.923 

413 

3 
2.25 
830 
0.0045 

5,500 

>30, 000 

0.006 

0.019 
8 

92 100 
4 .0027  

K 

5 
lc 

1950 

24,000 

6.297 

531 

2 
1.5 
1330 
0.0030 

6,500 
15,000 
A O ,  000 

0.01 
0.036 
3.055 
4.4 

14,200 

0.0891 

K 

8 

4 

2050 

24,000 

5 076 
420 

2 
1 . 5  
1330 
0.0030 

6,500 
15, 000 
>40,000 

0.01 
0.036 
0.055 
4 .4  

12,700 

Frac tu re  

K 

3/za 
2 

1990 

24,000 

6.297 

581 

3 
2.25 
530 
0.0045 

5 > 800 
8,300 
27,000 

0.01 
0.015 
0.075 
12.5 

14,200 

0.0891 

a 

b 

Three s t ages  overhung a t  one e rd  of gene ra to r  and two a t  o t h e r .  

Nax’,mw, ampli’cude occurred i n  genera tor  ra ther  than  i n  turb iEe  bea r i cgs  
i n  four-bearing machines. 



' thermal s t r e s s e s  tend t o  increase.  

p rec iab le  d i f fe rence  between cesium and potassium tu rb ines  from t h e  

standpoint of thermal s!;ress if t h e  number of s tages  is the  same, bu t  

i t  is  c l e a r  t h a t  t h e  thermal s t r e s s  problems i n  a three-stage turb ine  

a r e  much more severe t h a n t h o s e i n  an e igh t -  o r  even a f ive-s tage  tu rb ine .  

Work a t  W L 2 '  toge ther  with extensive experience a t  ORNL with components 

i n  l i q u i d  metal systems operating a t  temperatures above 1000°F ind ica t e s  

t h a t  it is  des i r ab le  t o  avoid axial temperature grad ien ts  g r e a t e r  than 

roughly 100'F per  diameter i n  c y l i n d r i c a l  p a r t s .  A s  a consequence, i n  

preparing t h e  layouts  f o r  t h e  reference design turb ines ,  much thought w a s  

given t o  means f o r  minimizing t h e  thermal s t r e s s e s ,  p a r t i c u l a r l y  i n  the  

turb ines  having two t o  f i v e  s tages .  

segment t h e  r o t o r  and s t a t o r  as ind ica ted  i n  F igs .  4 and 5 t o  provide heat 

dams between each p a i r  of s tages .  Thus the  r o t o r  and s t a t o r  were designed 

t o  c o n s i s t  of s t acks  of d i sks  joined toge the r  by a l a r g e  axial b o l t  through 

t h e  cen te r  of t h e  r o t o r  and a s e r i e s  of' s m a l l  a x i a l  b o l t s  around the  

perimeter of t he  s t a t o r .  

There does not appear t o  be any ap- 

The b e s t  approach appeared t o  be t o  

I n  attempting t o  analyze the  configurations of F igs .  4 and 5 it w a s  

found necessary t o  develop a new computer program t o  allow f o r  t h e  d i s -  

c o n t i n u i t i e s  represented by t h e  pa r t ing  sur faces  between s t ages .  Such a 

program w a s  developed t o  obta in  the  temperature d i s t r i b u t i o n ,  and a sec- 

ond program w a s  adapted from an e x i s t i n g  program t o  determine t,he thermal 

s t r e s s e s  i n  any given segment using t h e  temperature d i s t r i b u t i o n s  as i n -  

pu t ,  The r e s u l t s  of these  analyses ind ica t e  t h a t  segmentation reduces 

t h e  l o s s e s  assoc ia ted  with a x i a l  heat flow and appears t o  keep the  therm31 
s t r e s s e s  within acceptable l i m i t s  i n  a l l  of t h e  reference design cases.  7 5  

A s p e c i a l  s e t  of thermal s t r e s s  problems p r e v a i l  i n  the turb ine  

buckets. 

any given s tage  determines t h e  temperature of t h e  bulk of  t h e  r o t o r  i n  

t h a t  s t a g e ,  However, i f  t h e  thermal conductivity of t h e  r o t o r  were low 

as compared t o  t h e  l o c a l  heat t r a n s f e r  coe f f i c i en t ,  t he  temperature i n  

t h e  s tagnat ion  region along t h e  lead ing  edge of' the turbine bucket might 

be expected t o  run c lose  t o  t h e  t o t a l  temperature, t he  temperature of the 

vapor a t  t he  i n l e t  t o  -the s t a t o r  of t h a t  s t age .  This would induce l o c a l  

The s t a t i c  temperature of t h e  high v e l o c i t y  vapor passing through 



thermal  stresses t h a t  would be d i r e c t l y  p ropor t iona l  t o  t h e  temperature  

drop ac ross  t h e  s t a g e .  

Tests wi th  thermocouples i n  h igh  v e l o c i t y  gas  streams normally y i e l d  

ind ica t ed  temperatures  rougloly midway between t h e  s t a t i c  temperature  and 

t h e  t o t a l  temperature  of t h e  gas  stream because hea t  i s  conducted through 

a s h o r t  pa th  from t h e  high temperature  po r t ion  of t h e  thermocouple per imeter  

Lo t h e  low temperature  po r t ion .  The problem i s  complicated i n  a w e t  vapor 

by t h e  f a c t  t h a t  d r o p l e t s  will t end  t o  impinge on t h e  l ead ing  edge and re- 

evaporate  s o  t h a t  evapora t ive  cool ing  may occur  j u s t  downstream of t h e  

s t agna t ion  reg ion .  Attempts were made t o  analyze t h e  problem, bu t  t h e r e  

are so many u n c e r t a i n t i e s  t h a t  any such a n a l y s i s  i s  open t o  s e r i o u s  ques- 

t i .on.  However, i-t does appear  t h a t  t h e  l o c a l  temperatures  a long t h e  lead-  

ing  edge of t h e  tu rb ine  buckets might run roughly midway be-Lween t h e  t o t a l  

temperature  and t h e  s t a t i c  temperature,  and t h a t  t h i s  would be l i k e l y  t o  

induce s e r i o u s  l o c a l  thermal  stresses i n  t u r b i n e s  i n  which a high tempera- 

t u r e  drop p e r  s t a g e  i s  employed, If a two- or t h ree - s t age  cesium t u r b i n e  

development program i s  contemplated, it appears  t h a t  one of t h e  firs-t 

s t e p s  should be an  experimental  i n v e s t i g a t i o n  of t h e  l o c a l  thermal  stresses 

stemming from t h e  h igh  temperatures  i n  t h e  s t a g n a t i o n  reg ion  along t h e  

l ead ing  edges of the t u r b i n e  buckets .  

Genera t o r  

The p r i n c i p a l  d i f f e r e n c e  between t h e  cesium and potassium t u r b i n e s  

so f a r  as gene ra to r s  a r e  concerned i s  the d e s i r a b i l i t y  of  us ing  24,000 

rpm f o r  the potassium t u r b i n e  and 18,000 rpm f o r  tile cesium tu rb ine .  

lower speed eases t h e  r o t o r  and bear ing  dynamics p r o b l e m  b u t  l e a d s  t o  a 

net, i nc rease  i n  t h e  s i z e  and weight of t h e  gene ra to r  r o t o r  and s t a t o r .  

The problem w a s  d i scussed  w i t h  Westinghouse engineers  a t  L ima ,  Ohio who 

w e r e  i n  t h e  course of a study of gene ra to r s  €or  spac’e power p l a n t s  for 

the  AEC.  They k ind ly  added two cases  t o  t h e  s e r i e s  used i n  t h e i r  s tudy  

and suppl ied  t h e  d a t a  used i n  Table 2. Note i n  Table 2 t h a t  t h e  gene ra to r  

for t h e  cesium system i s  140 I b  heav ie r  t han  t h a t  for the  potassium 

system. 

The 



Boi le r  designs were developed f o r  both potassium and cesiwn using 
8 

two d i f f e r e n t  design approaches. The f i r s t  w a s  based on the  use of vortex 

genera tor  i n s e r t s  t o  cent r i fuge  d rop le t s  t o  the  tube walls and thus  i m -  

prove hea t  t r a n s f e r  i n  t h e  m i s t  flow region between t h e  annular  f i l m  flow 

por t ion  of t h e  b o i l e r  and t h e  superheater .  

pursued w a s  d i r ec t ed  toward designing for low l i q u i d  entrairiment i n  the  

b o i l i n g  region so  t h a t  annular  Liquid f i l m  flow could be maintained up t o  

q u a l i t i e s  of 90% t o  97%. Both s t r a i g h t  and tapered  tubes were considered 

i n  the  l a t t e r  approach toge the r  with the  use of a combination p a r a l l e l  

flow-counter flow conf igura t ion  designed t o  reduce t h e  hea t  flux i n  the  

t r a n s i t i o n  region and thus  he lp  t o  de fe r  t he  t r a n s i t i o n  from annular  flow 

t o  a dry w a l l - m i s t  flow condi t ion t o  a higher  vapor qua l i ty .8  

The second design approach 

The r e s u l t s  of t he  design s t u d i e s  ind ica t e  t h a t  t h e  low l i q u i d  en- 

t ra inment  approach makes it poss ib l e  t o  reduce t h e  s i z e  and weight of t h e  

b o i l e r  appreciably over t he  vor tex  genera tor  approach. The reduct ion i n  

weight was est imated t o  be a f a c t o r  of approximately two f o r  potassium and 

about 20% f o r  cesium. 

entrainment approach were chosen f o r  the o v e r a l l  system reference design. 

A s  a consequence t h e  b o i l e r s  designed by Yne l o w  

The higher  weight flows a s soc ia t ed  wi th  the  m e  of cesium l e d  t o  some 

what l a r g e r  arid heavier  b o i l e r s  for cesium than f o r  potassium i r r e spec -  

t i v e  of whether t h e  vor tex  genera tor  or t he  low l i q u i d  entraininent approach 

was employed, bu t  the  d i f f e rences  i n  favor  of the  low l i q u i d  entrainment 

approach were much g r e a t e r  f o r  potassium.' 

Condenser 

Condenser designs were developed f o r  bo th  cesium and potassium using 

tapered  tubes  t o  maintain a f a i r l y  uniformly high vapor v e l o c i t y  down t he  

tubes  t o  sweep t h e  l i q u i d  f i l m  toward t h e  tube o u t l e t  under zero-g con- 

d i t i o n s .  A s  w a s  found t o  be i n  the  case i n  the  b o i l e r s ,  a somewhat l a r g e r  

number of s h o r t e r  tubes w a s  required f o r  the  cesium condensers, bu t  the 

o v e r a l l  d i f f e rence  i n  t h e  weight of t h e  components w a s  almost t r i v i a l ,  

t h e  s e t  of f o u r  cesium condensers weighing 188 l b  p e r  power plen'i as com- 

pared t o  78 l b  f o r  p o t a ~ s i u m . ~  

9 



Radia tor  

A number of d i f f e r e n t  types of radi.at,or hea t  t r a n s f e r  su r f ace  were 

considered inc luding  t h e  t h r e e  f inned  tube  conf igu ra t ions  of P ig .  9 and 

s e v e r a l  conf igu ra t ions  employing h e a t  p ipes  as f i n s ?  

f i g u r a t i o n s  were dropped because s e v e r a l  thermal  stress problems appear  t o  

be  inhe ren t  i n  any of t h e  conf igu ra t ions  t h a t  have been proposed i n  t h e  

l i t e r a t u r e .  The f inned  conf igu ra t ions  of F i g .  9 were compared and it w a s  

found t h a t  t h e  use of a r e f l e c t o r  as ind ica t ed  i n  F ig .  9c yi.elded a weight 

about 40% lower than  t h e  more convent ional  conf igu ra t ion  of F ig .  9b when 

t h e  propor t ions  of bo th  were optimized f o r  minimum s p e c i f i c  weight ,  hence 

t h e  t h i n  tube  and r e f l e c t o r  conf igu ra t ion  of F ig .  9b w a s  chosen f o r  refer- 

ence desigil purposes,  

The hea-t p ipe  con- 

9 

There should be no d i f f e r e n c e  i n  the weight of t h e  r a d i a t o r s  o r  ra- 

d i a t o r  systems i r r e s p e c t i v e  of whether cesium o r  potassium i s  used be- 

cause t h e  o v e r a l l  thermal  e f f i c i e n c y  of t h e  two thermodynamic cyc le s  would 

be t h e  same. 

Pumps 

Various types  of pump were considered f o r  use i n  the th ree  l i q u i d  

systems of t h e  power plant. ' '  These included both  ac  and dc e l e c t r o -  

magnetic pimps, e l e c t r i c  motor dr iven  c e n t r i f u g a l  pumps, and, f o r  t h e  

b o i l e r  f eed  pump se rv ice ,  f r e e  tu rb ine  dr iven  c e n t r i f u g a l  pumps. Pre- 

l imina ry  designs and weight e s t ima tes  were prepared f o r  each of t h e  p r i n c i -  

p a l  t ypes  of pump f o r  each of t h e  d i f f e r e n t  t ypes  of s e r v i c e  f o r  which it 

w a s  app l i cab le  us ing  a common set of des ign  p recep t s .  1 0  

'The b o i l e r  feed  pump presented  a v e r y  complex s e t  of problems. 

S tud ie s  of c a v i t a t i o n  suppress ion  head requirements  coupled wi-th system 

h e a t  l o s s  and r a d i a t o r  heat r e j e c t i o n  cons ide ra t ions  ind ica t ed  t h a t  it 

would be b e s t  'io employ j e t  pumps t o  scavevge t h e  condensers and provide 

some c a v i t a t i o n  suppress ion  head a t  t h e  i n l e t  t o  t h e  feed pumps r a t h e r  

t han  depend s o l e l y  on subcooling e Fur the r ,  t h e  s t u d i e s  ind ica t ed  t h a t ,  

t o  accomplish t h i s ,  t h e  flow through c e n t r i f u g a l  pumps should be increased  

by 25% over  t h e  b o i l e r  f eed  requirements t o  provide the  e x t r a  f low needed 
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t o  d r i v e  t h e  j e t  pumps. S imi l a r ly ,  e s t ima tes  ind ica t ed  t h a t  t h e  lower 

c a v i t a t i o n  suppression head requirements of electromagnet ic  pumps gave a 

wel l -proport ioned i n s t a l l a t i o n  wi th  t h e  floTd through t h e  b o i l e r  f eed  

pump increased  by 12% t o  provide t h e  f l u i d  t o  d r i v e  t h e  j e t  pumps. 10 

I n  comparing t h e  va r ious  types of pump f o r  b o i l e r  f eed  s e r v i c e  it 

was found necessary t o  estimate not  on ly  t h e  weight of t‘ne pump u n i t  it- 

self  bu t  a l s o  appropr i a t e  weight p e n a l t i e s  t o  al low f o r  t h e  e l e c t r i c  power 

consumed, power condi t ion ing  equipment, e x t r a  cool ing  system and r a d i a t o r  

requirements ,  e t c  . I n  e s t ima t ing  t h e s e  weight p e n a l t i e s  a r e l a t i v e l y  

small allowance f o r  t h e  power p l a n t  weight increment p e r  u n i t  of e x t r a  

power p l a n t  capac i ty  w a s  chosen, t h a t  i s ,  10 lb/kw of e l e c t r i c  power r e -  

qu i red  f o r  t h e  pumps. Tne r e s u l t i n g  va lues  f o r  -the t o t a l  incremental  

weight chargeable  t o  the feed  pumps a r e  summarized i n  Table 2. These e x t r a  

weight p e n a l t i e s  were not  incl.uded f o r  t h e  NaK and l i t h i u m  pumps of Table 2 

because they  would be t h e  same f o r  cesium as f o r  potassium. They are 

given,  however, i n  t h e  r e p o r t  covering t h e  pump design s tudy .  10 

SYSTEM CONTROL 

An iiiiportant cons ide ra t ion  i n  t h e  design of any power p l a n t  i s  i t s  

behavior  under i d l e ,  s t a r t u p ,  pa r t - load ,  and t r a n s i e n t  cond i t ions .  Tne 

c h a r a c t e r i s t i c s  of t h e  va r ious  components i n  t h e  system a r e  s u f f i c i e n t l y  

complex that, t h e r e  i s  a wide-spread tendency t o  design t h e  ind iv idua l  com- 

ponents on t h e  b a s i s  of t h e i r  full power des ign  performance wi th  no regard 

t o  p a r t - l o a d  opera t ion ,  couple them toge the r  w i th  p ipes ,  in t roduce  a num- 

b e r  of va lves ,  and then  c a l l  i n  ins t rumenta t ion  and c o n t r o l  e x p e r t s  and 

ask them t o  provide a number of b lack  boxes t h a t  w i l l  keep ope ra t ing  con- 

d i t i o n s  w i t h i n  p re sc r ibed  l i m i t s .  This  may lead t o  t h e  conclusion t h a t  

t h e  only  t h i n g  t o  do i.s t o  gel; t h e  power p l a n t  from zero  power t o  f u l l  

power as quickly  as possi’ol.e, arid then keep it a t  f u l l  power i r r e s p e c t i v e  

of ‘ihe e l e c t r i c a l  l oad  and simply d i s s f p a t e  unneeded e l e c t r i c  power wi th  

an  e l e c t r i c a l .  r e s i s t a n c e  g r i d .  T h i s  crude approach e n t a i l s  running t h e  

power p l a n t  at f u l l  power and hence a t  peak des ign  temperatures  through- 

out, i ts  1.ife.  This  approach w i l l  c u t  the life of t h e  power p l a n t  a t  l e a s t  

i n  half because,  i n  a power pl-ant designed t o  opera te  a-i; as h igh  a 
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temperature as possible ,  t h e  c reep  r a t e  i n  pressure vesse ls ,  tu rb ine  

wheels, piping,  Puel element capsules ,  e t c . ,  increases  very r ap id ly  wi th  

temperature.  Perhaps even more important, t h e  d i f fus ion  r a t e s  of' f i s s i o n  

products through t h e  c r y s t a l  l a t t i ce  of any ceramic f u e l  increase  r ap id ly  

wi th  temperature,  and t h i s  increases  the  r a t e  a t  which both swel l ing of 

t h e  ceramic f u e l  matr ix  and a bui ldup of pressure  wi th in  the  f 'uel  element 

capsule  occur.  

requi red  will double t h e  r a t e  of f u e l  burnup. This will i nev i t ab ly  shorten 

t h e  l i f e  of t he  r eac to r .  Thus t h e r e  are important i ncen t ives  t o  reduce 

t h e  power and temperature f o r  par t - load  opera t ion .  This, i n  tu rn ,  m a n s  

t h a t  t h e  ind iv idua l  components should be designed t o  f a c i l i t a t e  con t ro l  

under par t - load  condi t ions.  

Fur ther ,  operat ion a t  f u l l  power when only ha l f  power i s  

It i s  riot easy t o  evolve a s e t  of design c r i t e r i a  f o r  good system 

s t a b i l i t y  and c o n t r o l  c h a r a c t e r i s t i c s  a t  p a r t  load .  

duce t h e  power output of a tu rb ine  running a t  constant  speed i s  t o  reduce 

t h e  dens i ty  of the  f l u i d  flowing through the  tu rb ine .  An obvious s t e p  

i s  t o  reduce t h e  tu rb ine  i n l e t  p ressure  and temperature.  

11 show the  tu rb ine  i n l e t  temperature as a func t ion  of load f o r  t h e  cesium 

and potassium reference design tu rb ines  of t h i s  s tudy.  The curves are 

e s s e n t i a l l y  similar and show t he  n a t u r a l  par t - load  requirements of a 

t y p i c a l  t u rb ine  i f  it is suppl ied with a cons tan t  amount of superheat .  

A s  i nd ica t ed  i n  t h e  companion r epor t  on b o i l e r s ,  t he  c h a r a c t e r i s t i c s  of 

t he  boi le r -superhea ter  u n i t  would cause t h e  amount of superheat t o  in-  

c rease  somewhat as t h e  load  i s  reduced, b a t  t h e  curves shown i.1 Fig .  10 

or 11 represent  a good approximation t o  the  condi t ions that; would pre- 

v a i l .  I n  sho r t ,  t h e  vapor pressure  and dens i ty  i n  t h e  tu rb ine  should be 

approximately d i r e c t l y  propor t iona l  t o  t h e  power so t h a t  t he  temperature 

Tne only way t o  re- 

Figures  10 and 

w i l l  drop with reduct ions i n  power from the  f u l l  design power condi t ion.  

Inasmuch as the  tu rb ine  a c t s  as i f  it were a s e r i e s  of c r i t i c a l  

p ressure  drop o r i f i c e s ,  t h e  pressure  r a t i o  across  t h e  tu rb ine  i s  n a t u r a l l y  

inc l ined  t o  remain cons tan t .  The tu rb ine  out le t ,  temperature,  assuming 

t h i s  condi t ion,  i s  a l s o  p l o t t e d  i n  F i g s .  10 and 11 t o  ind ica t e  the  i d e a l  

condenser temperature a s soc ia t ed  w i t h  any given boilel-  01.1 t l e t  temperature 

( i . e . ,  any given tu rb ine  i n l e t  temperature).  

r a d i a t o r  temperature will drop more r ap id ly  than  t h e  tu rb ine  outlet ,  

It happens t h a t  the mean 
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. temperature because t h e  rate a t  which hea t  w i l l  be emi t ted  from a space 

r a d i a t o r  v a r i e s  as t h e  f o u r t h  power of the abso lu te  temperature of t h e  

r a d i a t o r .  A f t e r  a l lowing f o r  t he  temperature  d i f f e r e n c e  between t h e  work- 

ing  f l u i d  and t h e  NaK i n  the  r a d i a t o r  c i r c u i t ?  it is  poss ib l e  t o  work 

back from t h e  average r a d i a t o r  ternperat,ure as def ined  f o r  full power de- 

s i g n  condi t ions  and d e l i n e a t e  a condenser temperature  as a func t ion  of 

l oad  f o r  opera-tioin wi th  no c o n t r o l  on t h e  r a d i a t o r  system. Unfortunately,  

t h e  r e s u l t i n g  va lues  are for a mean r a d i a t o r  -temperature, and do not  g ive  

a complete p i c t u r e  of t h e  temperature  s t ruc- ture  wi th in  t h e  condenser.  

I'he problem i s  complicated by t h e  f a c t  t h a t  t h e  vapor d e n s i t y  f o r  bo th  

cesium and po ta s s i im  f a l l s  o f f  very  r a p i d l y  w i t h  a reduct ion  i n  tempera- 

t u r e  ( s e e  F ig .  1 2 )  so  t h a t  choking w i l l  occur  a t  t h e  i n l e t  t o  t h e  con- 

denser  tubes  if  t h e  s-y-stern i s  designed proper ly .  Space does not  permit 

a more d e t a i l e d  d i scuss ion  b u t  it can be s a i d  t h a t  t h i s  i s  t h e  b e s t  p l ace  

f o r  choking t o  occur  as it w i l l  make it poss ib l e  t o  maintain a uniform 

f l u i d  flow d i s t r i b u t i o n  through t h e  conderiser. 21 

occur  a t  some o t h e r  po in t ,  a poor flow d i s t r i b u t i o n  i n  t h e  condenser would 

be l i k e l y  t o  resul t .  For  -the condensers of t h e  r e fe rence  design power 

p l a n t s ,  t h e  maximum condenser temperature  f o r  choking of the flow a t  t h e  

i n l e - t  t o  t h e  condenser tubes  i s  shown as a dashed l i n e  not  far below t h e  

t u r b i n e  o u t l e t  temperature .  

If choking were to 

The condenser temperature  can be allowed t o  drop somewhat below t h a t  

f o r  choking of t h e  vapor flow a t  t h e  i n l e t  t o  t h e  condenser tubes .  Tne 

system w i l l  s t i l l  ope ra t e  s a t i s f a c t o r i l y  provided t h a t  Lhe l i q u i d  can be 

scavenged from t h e  condenser.  This  i n  t u r n  means t h a t  t h e r e  m u s t  be su f -  

f l c i e n t  c a v i t a t i o n  suppress ion  head a v a i l a b l e  from subcool ing o f  t h e  l i q u i d  

l e a v i n g  the corldenser so  t h a t  t h e  pump scavenging t h e  r a d i a t o r  w i l l  func- 

t i o n  s a t i s f a c t o r i l y .  Previous OrWL experience i n d i c a t e s  t h a t  t h e  most 

e f f e c € i v e  way t o  scavenge 1.i.quid from a condenser a t  1 . 0 ~  condenser pres -  

s u r e s  i s  t o  employ a je- t  pump? and tha t  s u c h  a pump can be designed t o  

opera-te w i t h  a ca .v i ta t ion  suppress ion  head of around 2 f t  a t  f u l l  flow, 

and as 1itt)l.e as 0.01 f t  a t  very  low loads. To show the  e f f e c t  of t h i s  

boundary condiLlion an addi-Lional curve has been added i n  F igs .  10 and 11 t o  

show t h e  minlmum condenser o u t l e t  temperature  f o r  which subcooling t h e  
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t h e  condensat,e 100°F w i l l  suppress  cavita-Lion i n  a j e t  pump scavenging 

t h e  condenser.  

Inasmiic'n as it is d e s i r a b l e  bu t  not  essent ia l .  t o  maintain t h e  con- 

denser  temperature  somewhere between the t u r b i n e  o u t l e t  temperature  and 

the maximum condenser temperature  f o r  choked flow and it i s  e s s e n t i a l  t o  

maintain t h e  condenser temperature  above t h e  minimum f o r  adequate c a v i t a -  

t i o n  suppress ion  i n  t h e  scavenging pumps, it i s  ev ident  t h a t  some means 

should be provided t o  reduce t h e  amount o f  hea t  l a s t  from t h e  r a d i a t o r  

system a t  low l o a d s .  One approach t o  t h i s  i s  t o  make use of a by-pass 

va lve  i n  the N a K  c i r c u i t  so t h a t  a p o r t i o n  of t he  NaK would be r ec i r cu -  

l a t e d  through t h e  r a d i a t o r  without  pass ing  through t h e  condenser, and hence 

t h e  mean N a K  temperature i n  t h e  r a d i a t o r  would be much below t h e  mean NaK 

temperature  i n  tiie condenser.  T h i s  approach has t h e  di-sadvantage of in-  

t roducing  a l a r g e  temperature  d i f f e rence  i n  t h e  flow immediately down- 

s t ream of t h e  mixing va lve .  ORNL experience has  shown t h a t  t h i s  i n  t u r n  

l e a d s  t o  severe  thermal. stresses and cracking  i n  t h e  walls of t h e  passage.  

Another approach i s  t o  employ s h u t t e r s  on 'ihe ou t s ide  of the r a d i a t o r  as 

i n d i c a t e d  i n  F ig .  9c. These can be opened and c losed  au tomat i ca l ly  by 

using an ind iv idua l  thermosta t  on each s h u t t e r .  

20 

21 

Reac-tor C i r c u i t  TemDerature and Flow Control  

The f o u r  p r i n c i p a l  manners i n  which t h e  r e a c t o r  c i r c u i t  temperature  

and flow might be c o n t r o l l e d  are i l l u s t , r a t e d  i n  Figs. 1 3  and 14. 
f i r s t  of these i s  shown a t  t h e  l e f t  i n  Fig. 13. The r e a c t o r  o u t l e t  t e m -  

p e r a t i r e  and flow rate would be he ld  cons tan t  and the o t h e r  temperatures  

of t he  system would vary as ind ica t ed .  The l i n e  shown for t h e  b o i l e r  t e m -  

p e r a t u r e  w a s  prepared assuming a once--through b o i l e r  w i t h  no t h r o t t l e  

va lve  between t h e  b o i l e r  o u t l e t  and -the t u r b i n e  b u t  wi th  a val-ve o r  o t h e r  

device designed t o  c o n t r o l  t he  r a t e  a t  which l i q u i d  would be f e d  i n t o  t h e  

b o i l e r .  Note t h a t  t h i s  arrangement l e a d s  t o  an inc rease  i n  t i ie r e a c t o r  

i n l - e t  t empera twe  as t h e  l o a d  i s  reduced as w e l l  as an inc rease  i n  the  

supe rhea te r  o u t l e t  temperature .  T h i s  arrangement would l e a d  t o  very  l a r g e  

temperature  d i f f e r e n c e s  at, t h e  i n l e t  t o  the b o i l e r ,  which woEld mean bo th  

severe  Lhermal s t r e s s e s  and uns t ab le  b o i l i n g  cond i t ions .  

The 

8 
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Fig .  13. Effects of Load on System Temperatures in which t h e  Reactor 
Circuit Temperature and Flow May Be Controlled. 
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OBNL DWG. 68-2586 
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Fig. 14. Effects of Load on System Temperatures in Which the Reactor 
Circuit Temperature and Flow May Be Controlled. 



An a d d i t i o n a l  con t ro l  t o  vary t h e  primary c i r c u i t  flow rate could 

be added t o  g ive  t h e  system c h a r a c t e r i s t i c s  shown a t  t h e  r i g h t  of Fig. 13. 
For t h i s  system t h e  flow r a t e  would be d i r e c t l y  propor t iona l  t o  t h e  load .  

This would r e s u l t  i n  only a l i t t l e  improvement i n  t he  temperature s t r u c -  

t u r e  a t  low loads.  

A b e t t e r  approach t o  t h e  r e a c t o r  c i r c u i t  temperature and flow con- 

With t h i s  arrangement, t h e  r e a c t o r  o u t l e t  tem- t r o l  i s  shown i n  F ig .  14. 
pera tu re  would be scheduled t o  fol low a curve roughly p a r a l l e l  t o  t h a t  

f o r  t h e  b o i l e r  temperature as def ined by the  tu rb ine  opera t ing  ckiaracter- 

i s t i c s  ind ica ted  i n  F igs .  10  o r  11. There would be considerable  l a t i t u d e  

i n  the  p rec i se  shape of t h e  curve t h a t  t he  r e a c t o r  o u t l e t  temperature 

would be scheduled t o  follow, as wel l  as considerable  l a t i t u d e  i n  t h e  

p rec i s ion  w i t h  which t h e  con t ro l s  should fo l low the  curve provided t h a t  

t h e  temperature schedule w a s  chosen t o  maintain an amount of superheat 

somewhat g r e a t e r  a t  p a r t  load than a t  f u l l  load as ind ica ted  i n  Fig.  14. 
The con t ro l  scheme having t h e  c h a r a c t e r i s t i c s  shown a t  t h z  l e f t  of 

F ig .  14 w a s  assumed t o  have a primary c i r c u i t  flow r a t e  t h a t  would remain 

cons tan t  i n  o rde r  t o  s impl i fy  t h e  con t ro l  system a t  t h e  expense of in-  

c reas ing  t h e  p a r a s i t i c  load  imposed by r e a c t o r  c i r c u i t  pump under p a r t -  

load  condi t ions .  

which t h e  primary c i r c u i t  f l o w  r a t e  would f a l l  o f f  l i n e a r l y  with power 

t o  reduce t h e  pumping l o s s e s  a t  p a r t  load .  

The curves a t  t h e  r i g h t  of F ig .  14 a r e  f o r  a system i n  

While time d id  not permit d e t a i l e d  s t u d i e s  of t h e  dynamic response 

of t he  systems, it i s  bel ieved t h a t  t he re  would be l i t t l e  d i f fe rence  be- 

tween the  system s t a b i l i t y  and c o n t r o l  c h a r a c t e r i s t i c s  t h a t  could be ob- 

t a ined  wi th  cesium o r  potassium using t h e  system of e i t h e r  Fig.  13 o r  

F i g .  14 .  
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