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A POTASSIUM-STEAM BINARY VAPOR CYCLE 
FOR NLJCWAR POWER PLANTS 

W. R. Cl~anibei-s A. P. El-aas 
M. N. Ozisik 

Abstract 

The basic f ac to r s  l imi t ing  t h e  e f f ic iency  of both con- 
ventional  steam power plants  and mercury-vapor and steam b i -  
nary cycle plants  a r e  discussed r e l a t i v e  t o  t h e  po ten t ia l  of 
a potassium-vapor and steam cycle f o r  nuclear power plant  ap- 
p l i ca t ions .  A conceptual design f o r  one embodiment of t h e  
l a t t e r  coupled t o  a molten-salt r eac tor  i s  described. I t s  
thermal e f f i c iency  i s  estimated t o  be 545, and t h e  associated 
calcula t ions ,  including those f o r  t h e  s i z e  of t h e  p r inc ipa l  
components, a r e  appended. The quan t i t i es  of mater ia l  r e -  
quired f o r  t h e  heat  exchangers and piping f o r  both a coal-  
f i r e d  supercr i t ica l -pressure  steam plant  and a nuclear-powered 
potassium vapor and supercr i t ica l -s team plant  a r e  estimated 
along with t he  associated costs .  The r e su l t i ng  cost  and per- 
formance data ind ica te  t h a t  t he  nuclear p lant  with a potas- 
sium-vapor and steam binary cycle could give both lower c a p i t a l  
charges and a much higher overa l l  e f f i c iency  than a coal- f i red 
supercr i t ica l -pressure  steam plant .  

Introduction 

Since t he  inception of ORNL work on space power plants  i n  1958, t h e  
-I-.- -- 

p o s s i b i l i t y  of coupling a nuclear reac tor  t o  a potassium-vapor cycle from 

which t he  waste heat  would be re jec ted  t o  a steam cycle has seemed a t -  

t r a c t i ve .  This arrangement would achieve t h e  advantages of t he  mercury- 

steam binary vapor cycle and ye t  avoid both t h e  r e l a t i v e l y  high pressures 

and t h e  mass t r ans f e r  problems of a mercury system f o r  t h e  1100 t o  1500°F 

temperature range. It would be capable of an overa l l  thermal e f f i c iency  

of around 545, thus cu t t ing  not only t he  f u e l  and c a p i t a l  cos t s  but  a l s o  

t he  condenser cooling-water requirement. The l a t t e r  would be reduced t o  

about ha l f  t h a t  of a conventional steam plant ,  a  major advantage f o r  many 

power plant  locat ions  e i t h e r  on r i v e r s  o r  i n  a r i d  areas  where cooling 

towers a r e  required. Many of our r i v e r s  a r e  now showing s ign i f i c an t  tem- 

perature increases i n  summer because of t h e  many -. power plants  along t h e i r  

oourccc, and t h e  c i t ua t i on  w i l l  grow worce i n  t h e  yesrc t o  come. 



An attempt t o  l a y  out a system u t i l i z i n g  a binary vapor cyle was made 

e a r l y  i n  1959, but  t h e r e  were so  many uncer ta in t ies  t h a t  f u r t he r  work was 

deferred.  Suf f ic ien t  experience has now been gained from basic  t e s t s  on 

bo i l i ng  hea t  t r ans f e r ,  mater ia ls  compatibility, and key components f o r  

potassium-vapor-cycle space power p lan t s  t o  make possible a preliminary 

design with enough d e t a i l  t o  give a f a i r l y  good idea of t h e  s i ze s  of the  

major pieces of equipment and of t h e  quan t i t i es  of fue l ,  working f lu ids ,  

and expensive a l loys  required f o r  t h e  system. This design study was pre- 

pared t o  ind ica te  t h e  form t h a t  such a system might t ake  f o r  a p lant  t o  

be bu i l t  about 19m, i t s  advantages, and something of t he  problems i n -  

volved. 

Summary 

To i l l u s t r a t e  t h e  problems involved and t he  s i z e  of t h e  major items 

of equipment, it was decided t o  base t h e  design on a plant  t h a t  would em- 

ploy a molten-salt  r eac tor  with a f u e l  ou t l e t  temperature of 1800°F. This 

would de l iver  heat  through an intermediate heat  exchanger t o  an i n e r t  s a l t  

a t  1700°F, which would, i n  turn ,  heat  a potassium bo i l e r  t h a t  would de l iver  

potassium vapor t o  a turbine  a t  1540°F. A 100°F temperature drop would 

be taken i n  each of t h e  two s a l t  c i r c u i t s .  The potassium vapor leaving 

t h e  tu rb ine  would condense a t  llOO°F, and t h e  heat  of condensation would 

be t r ans f e r r ed  d i r e c t l y  t o  generate steam a t  4000 p s i  and 1050°F with two 

reheats  t o  1050°F ( these  steam conditions a r e  those of t he  second super: 

c r i t i c a l  u n i t  a t  t h e  Philadelphia E l ec t r i c  Company Eddystone plant ,  which 

has an outstanding service  record).  

The s t r u c t u r a l  mater ia ls  i n  both s a l t  c i r c u i t s  would be a re f rac tory  

a l l o y  something l i k e  t he  columbium-1% zirconium a l l o y  t h a t  has been given 

much a t t en t i on  i n  recent years. The potassium system would employ s t a in -  

l e s s  s t e e l  throughout, except f o r  t h e  tubes i n  t h e  potassium boi le r ,  which 

would be made of t he  r e f r ac to ry  a l loy .  

The p r inc ipa l  bas ic  f e a s i b i l i t y  questions f o r  t he  system a r e  associ-  

a t ed  with t he  corrosion of t h e  re f rac tory  a l l o y  by both t he  f u e l  s a l t  and 

t h e  i n e r t  s a l t  i n  t h e  intermediate c i r c u i t  and t he  compatibil i ty of t h e  

r e f r ac to ry  a l l o y  with bo i l ing  potassium i n  a s t a i n l e s s  s t e e l  system where 



mass t r ans f e r  might be a problem. This design study indicates  t h a t  t h e  

merits  of t he  power plant  proposed a r e  s u f f i c i e n t  t o  j u s t i f y  some research 

t o  evaluate i t s  f e a s i b i l i t y .  

The basic  concept i s  a l s o  applicable t o  other  reactor  types, e . g . ,  

a sodium- or  potassium-cooled f a s t  reactor .  A boiling-potassium reac tor  

i s  a pa r t i cu l a r l y  i n t e r e s t i ng  poss ib i l i ty ,  s ince  it would make it possible  

t o  bui ld  t he  e n t i r e  system of s t a i n l e s s  s t e e l  and t o  el iminate t h e  i n t e r -  

mediate heat  exchangers i f  a subs tan t ia l  amount of r ad ioac t i v i t y  could be 

to le ra ted  i n  t h e  potassium turbines.  A preliminary design f o r  such a 

plant  must await t h e  r e s u l t s  of t h e  MPRE development program. While, i n  

pr inciple ,  t h e  cycle could be applied t o  a foss i l - fue led  plant ,  a i r - s i de  

corrosion would probably make t h i s  impracticable, pa r t i cu l a r l y  s ince  t h e  

poor heat  t r a n s f e r  coef f ic ien t  on t he  a i r  s i de  would make it necessary t o  

use a l a rge  quant i ty  of expensive high-alloy mater ia ls  i n  t h e  potassium 

boi le r .  

Use of Binary 'Vapor Cycles 

A s  t he  peak temperatures of Rankine cycles have been increased i n  an 

e f f o r t  t o  improve cycle efficiency,  t h e  l a rge  increases i n  pressure have 

posed d i f f i c u l t  problems. These have proved pa r t i cu l a r l y  onerous because 

t h e  s t rengths  of t h e  s t r u c t u r a l  a l loys  ava i lab le  f a l l  off  with increasing 

temperature. An obvious way t o  ease t h e  problem i s  t o  employ two working 

f l u i d s  having widely d i f f e r en t  vapor pressures i n  two stages.  A heat  ex- 

changer between t he  two would serve a s  both t he  condenser f o r  t h e  low- 

vapor-pressure f l u i d  i n  t h e  higher temperature port ion of t h e  cycle and 

a s  t h e  bo i l e r  f o r  t h e  high-vapor-pressure f l u i d  i n  t h e  lower temperature 

port ion of t he  cycle. This arrangement not only serves t o  reduce t h e  pres 

sure  (and s t r e s s e s )  i n  the  highest  temperature port ions of t h e  system, 

but it has t h e  fu r the r  advantage t h a t  t h e  proportions' of t he  turbines  be- 

come more reasonable - i n  a conventional steam system t h e  low-pressure 

turbine  with a discharge pressure of about 1- in .  Hg abs i s  l a rge  and awk- 

ward, while t h e  very-high-pressure turbines  a r e  so  small t h a t  t i p  c l e a r -  

ance losses  a r e  a problem. Since steam systems b u i l t  of iron-chromium- 

nickel  a l loys  a r e  l imi ted by steam-side corrosion t o  t h e  temperature range 



below about 1300°F', t h i s  l im i t a t i on  can a l s o  be avoided by t he  proper 

choice of t h e  working f l u i d  f o r  t h e  high-temperature cycle. 

The importance of the  l im i t a t i ons  on t he  development of ,conventional 

steam power p lan t s  is  indicated by Fig. 1 ( r e f s .  1 and 2) ,  which shows 

t h a t ,  while t h e  operating temperatures of new steam plants  increased 

s t e a d i l y  throughout t h e  f i r s t  ha l f  of t h i s  century, t h e  increase has es-  

s e n t i a l l y  stopped f o r  t h e  past  decade, and, f o r  t h e  reasons c i t e d  above, 

t h e r e  seems l i t t l e  l ikel ihood t h a t  it w i l l  resume. E f fo r t s  toward i m -  

provements i n  cycle e f f ic iency  a r e  centered on refinements, such as  super- 

c r i t i c a l - p r e s s u r e  systems, mul t ip le  s tages  of reheat ,  and Larger numbers 

of s tages  i n  t h e  regenerative feedwater heating system. The fu r the r  i m -  

provements i n  ove ra l l  thermal eft ' iciency obtainable from any of these  a r e  

inheren t ly  qu i te  small.  

Background of Experience with Binary Vapor Cycles 

The advantages of a binary vapor cycle f o r  power generation have been 

recognized f o r  a long time, and mercury was one of t h e  f i r s t  f l u i d s  t o  be 

considered f o r  t h i s  purpose. Since about 1913, experience i.n opera t i ng 

mercury systems has been accumulatingp t h e  f i r s t  mercury-vapor turbine-  

generator u n i t  having been s t a r t e d  up i n  1917. A t o t a l  of six other mer- 

cury vapor and steam power p lan t s  have s ince  been, b ~ i l t . ~ , * J ~  A t  present, 

t h e  only one of these  s t i l l  operating i s  t he  Sch i l l e r  p lant  o f . t h e  Public 

Service Company a t  Portsmouth, N. .H.7 While t he  mercury-steam binary cycle 

showed a favorable economy i n  t h e  1920's  when t he  maximum steam pressures 

were of t h e  order of 450 p s i  and t h e  capacity of turbine-generator un i t s  

was much smaller  than  a t  present, conditions a r e  much d i f f e r en t  today. 

The Sch i l l e r  plant ,  when f i r s t  b u i l t  i n  1949, was i n  a unique posi t ion i n  

t h a t  it was i n  an a rea  where t h e r e  was a need f o r  a r e l a t i v e l y  small ca- 

pac i t y  p lan t  and .the f u e l  cos t s  were high. The mercury-steam u n i t  was t h e  

f i r s t  t o  'be i n s t a l l e d  i n  t h e  Schill..er plant ,  and it was put i n t o  commercial 

operation with a design r a t i n g  of 125 psia  and.960°F a t  t he  i n l e t  t o  the  

mercury tu rb ines .  7, * The r a t ed  capacity i s  15,000 kw f o r  t h e  two mercury 

un i t s ,  whfch exhaust i n t o  a mercury condenser and steam bo i l e r  t h a t  feeds 

a steam turb ine  having a capaci ty  of 25,000 kw. The t o t a l  p lant  cost  was 



Fig.  1. Thermal Eff ic iency and Turbine I n l e t  Temperature and Pres-  
sure f o r  the  United S t a t e s  Steam Power P lan t s  as a ~ u n c t i o n ' o f  the  Year 
of Construction. ( D a t a  r ep lo t t ed  from r e f s .  1 and 2 . )  



$12,'700,000 o r  $317 per  kw. The plant  has been i n  continuous commercial 

operation f o r  over 10 years. ~ c ' c o r d i n ~  t o  t h e  Federal Power Commission 

Report, t h e  hea t  r a t e  averages 9700 Btu, giving an overa l l  p lant  e f f i -  

ciency of 36.3%. The Sch i l l e r  p lant  has been enlarged t o  i t s  present ca- 

pac i ty  of 190,000 kw by t he . add i t i on  of standard steam turbine  u n i t s  of 

about 40,000 kw each, with a heat  r a t e  of about 11,000 Btu per kw or  31% 

ove ra l l  e f f i c i ency  a t  a cos t  of $140 per kw. 

While t h e  thermodynamic proper t ies  of mercury a r e  well su i t ed  t o  the  

temperature range t h a t  was a t t r a c t i v e  i n  t he  1920fs ,  both high pressures 

and corrosion problems a t  temperatures above 950°F make mercury unat t rac-  

t i v e  f o r  use  with t h e  supercr i t ica l -pressure ,  high-temperature steam sys- 

tems now i n  common use. Further, t h e  poor wetting cha rac t e r i s t i c s  of mer- 

cury make it necessary t o  employ heat  t r a n s f e r  r a t e s  about 15 or  20% of 

those  commonly employed i n  steam boilers, ,  thus increasing t h e  s i z e  and 

cos t  of both t h e  mercury b o i l e r  and t h e  mercury condenser. While it was 

found i n  t h e  e a r l y  1920's  t h a t  the  wetting d i f f i c u l t i e s  could be overcome 

t o  some extent  by t h e  addi t ion of small amounts of niagnesl.urn and titanium, 

t h i s  p rac t ice  i s  not wholly satisfactory. Further, t h . e  sii.pply o f  mercury 

i s  s o  l imi ted  t h a t  t h e  amount required f o r  a l a rge  modern plant  would rep- 

r e sen t  a major c a p i t a l  investment, even i f  it did  not drive I I ~  t h e  market. 

p r ice .  The l a t t e r  was such a serious problem f o r  the Sch i l l e r  plant, +,hat. 

General E l e c t r i c  had i ts  purchasing agents a l l  over t h e  world buying small 

amounts of mercury unobtrusively. The mercury inventory i n  t he  40-Mw 

Sch i l l e r  p lan t  is 300,000 lb ,  while t h a t  of a 400-Mw p3.an-t. would be about 

3 x l o 6  l b ,  o r  about 15% of t h e  t o t a l  world. p rod~ . i c t i~n  ;in 1961, 
The hea l th  hazard represented by t h e  t o x i c i t y  of mercury vapor i n  

a i r  i s  a ser ious  one - so much so t h a t  t h e  mercury inventory represents 
' 

a hazard po t en t i a l  about a s  g r ea t  a s  t h a t  associated with t h e  v o l a t i l e  

f i s s i o n  products i n  a reac tor  f o r  a power plant  of t h e  same capacity. 

That i s ,  it would take  about a s  much a i r  t o  d i l u t e  t h e  mercury vapor t o  

standard to le rance  l eve l s  a s  would be required f o r  s imi la r  d i l u t i on  of 

t h e  v o l a t i l e  f i s s i o n  products accumulated i n  a nuclear reac tor  i n  t h e  

cour.se of a year of operation. 
. . 



The thermodynamic properties of potassium are well suited for use 

in a binary vapor cycle in which the steam conditions in the lower 

temperature portion of the cycle are the same as those used in the more 

advanced steam plants built in recent years. A potassium-vapor cycle 

could be used in a stainless steel system to effect a major improvement 

in cycle efficiency, and when more refractory materials of construction 

are available at reasonable prices, higher temperatures could be used in 

the potassium-vapor system to effect further substantial increases in over- 

all cycle efficiency. Experience gained in the course of the ANP and 

SNAP programs indicates that, in a well-constructed stainless steel sys- 

tem, there should be no troubles with corrosion, mass transfer, or poor 

wetting of the sort that has plagued the mercury systems for the past 50 

years. Thus potassium appears to be a good choice for a modern binary- 

cycle system. 

The cost of potassium is much lower than that of mercury - about. $50 
per ft3 as compa~ed with about $2000 per ft3 for mercuryg - and the volume 
required per kilowatt is about one-fifth as much for potassium because 

the good wetting characteristics permit heat fluxes about five times as 

great. Unlike mercury, potassium is not toxic, but it does burn in air. 

The ignition temperature is sufficiently low that it sometimes ignites 

spontaneously at a temperature just above the melting point. It reacts 

rapidly with water at low pressures, but experiments have shown1' that 

the reaction rate is uniform and not too rapid at temperatures above about, 

600°F. The potassium-water reaction itself is not explosive; however, if 

the hydrogen evolved mixes with air, the resulting mixture may explode 

or even detonate. 'Thus, the latter constitutes the principal hazard as- 

socia-ted with the potassium-water reaction, and the plant design should 

be such that the consequences of such a reaction will not be too serious. 

It should be remembered that a hydrogen explosion is an everyday possi- 

bility in plants using hydrogen-cooled generators, whereas it represents 

a rare contingency in a potassium-vapor plant. 

Many attempts have been made to find other materials that would be 

better than potassium for high-temperature vapor cycles, but only cesium 



and ru'bidium appear t o  have t h e  desi red characl;eristics, and both of these  

a r e  expensive and d i f f i c u l t  t o  procure. An organic compound, fluorocarbor,, 

s i l i cone ,  o r  t h e  l i k e  -may be developed i n  t he  fu ture  t h a t  would be a t t r a c -  

t i v e  fo r  b inary cycles  i n  connection with reactors .  A s  an example, 

Freon 11 is used a s  a working f l u i d  f o r  t he  low-temperature port ion of 

a binary cycle f o r  gas turbines  on pipe l i n e s  i n  Texas. To da te  s i x  or  

more pumping s t a t i o n s  operate unattended with high e f f ic iency  and s a t i s -  

fac to ry  r e l i a b i l i t y .  However, thermal decomposition of these  organic and 

s imi la r  compounds have proved t o  be ser ious  a t  temperatures'above 900°F 

with a l l  t h e  f l u i d s  t r i e d  t o  da te  (e .  g., ~owtherm). 

In  view of t h e  long-range nature of t h e  proposed design, it seemed 

bes t  t o  employ t h e  most advanced of t h e  steam systems cur ren t ly  i n  use 

o r  proposed, namely, a supercr i t ica l -pressure  steam system. Table 1 sum- 

marizes da ta  on t h e  1 3  supercr i t ica l -pressure  u n i t s  t h a t  have been b u i l t  

o r  a r e  under const ruct ion i n  t h e  United Sta tes .  '"16 

Di.scussions with engine.ers i n  the  u t i l i t i e s  companies t h a t  have op- 

e ra ted  supe rc r i t i c a l  pressure u n i t s  indicate  t h a t  the use of supe rc r i t i c a l  

steam a t  4000 t o  5000 p s i  i s  so,uid and pract icable .  There has been some 

d i f f i c u l t y  with copper pickup from Monel tubes i n  the  upper-stage feed- 

water heaters ,  but  t h i s  apparently can be corrected by using s t e e l  ins tead 

of Monel tubes  . Other d i f f i c u l t i e s  experienced have involved a i r -  s ide '  

corrosion o r  eros ion o r  have beer1 smtters  of de t a i l ed  design t h a t  have 

e i t h e r  been corrected o r  could be .corrected i n  fu ture  designs. Air-side 

corrosion i s ,  of course, an inherent  problem i n  foss i l - fue led  pla~l ' ts ,  

but it can be avoided i n  a nuclear p lan t .  

A good set; uf da l a  is available iil t h C  litC!lluLumlc Tur ~upwrcl'i.kli.c& 

pressure un i t  No. 2 i n  the  Eddystone plant  of t he  Philadelphia E l ec t r i c  

Co. Since t he  design condit ions f o r  un i t  No. 2 a r e  t yp i ca l  and wel l  sui ted 

t o  t he  app l ica t ion  at hand, t he  steam condit ions of th3.s study were taken 

t o  be e s s e n t i a l l y  t h e  same a s  those of the  Eddyskone p lan t .  



Table 1. Summary of Data on United S t a t e s  Supercr i t i ca l -Pressure  Steam Plan ts  

Company 
year  of E:Z:Z Tempera- xni.+,i.al 

Refer- 
Plant  Name t u r e  

( o ~ )  Operation 
ence 

Ohio Power Co. 

Cleveland E l e c t r i c  
I l luminat  ing 

Phi ladelphia E l e c t r i c  Co. 

Appalachian Power Co. 

Indiana & Michigan E l e c t r i c  

American E l e c t r i c  Cu. 

Tennessee Valley Authority 

Public Service E l e c t r i c  

Potomac E l e c t r i c  

Union E l e c t r i c  Co. 

Avon 

Eddystone No. 1 
Eddystone No. 2 

P h i l i p  Sporn 

Breed 

Tawero Creak 

Bull  Run 

Hudson No. 1 

Chalk Point No. 1 
Chalk Point No. 2 

S i o u  No. 1 
Sioux No. 2 

General Design Considerations 

The first step in the design study was to make a thermodynamic analy- 

sis of the potassium-vapor cycle coupled to a supercritical-steam cycle 

similar to that of the second supercritical-pressure unit at the Eddystone 

plant. The system contemplated is shown in Fig. 2. Since energy is re- 

moved efficiently in the potassium-vapor cycle, there is no incentive to 

increase the peak steam-cycle temperature other than to increase the po- 

tassium-vapor density in the condenser and thus reduce the size of the 

potassium turbine and condenser. Thus, the choice of the temperature 

level at which heat is interchanged between the condensing potassium and 

the supercritical-pressure steam depends on balancing the cost of small, 

very-high-pressure steam equipment against large low-pressure potassium- 

vapor equipment. Rough estimates indicated that near-minimum costs would 

be obtained by condensing the potassium at 1100°F and transferring the 

heat to steam at a peak temperature of 1050°F. The temperature-entropy 

diagram for the resulting binary vapor cycle is presented in Fig. 3, and 

thc corrcsponding operating condition€ are ~wnmarized in Tables 2 and 3. 

It was possible to employ the steam flow sheet for the Eddystone plant 
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Fig. 2. Flow Diagran for Binary-Vapor-Cycle Power Plant. 
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Table 2. Temperature and Pressure Condi-Lions for the 
Steam and Potassium Cycles Shown in Fig. 3 

Pressure Temperature Enthalpy Locat ion 
(psis ) (OF) (~tu/lb ) 

Steam cycle 1 4000 . 
2 1133 
3 1043 
4 263 
5 251 
6 0.50, vacuum 
' I  U ,3U, V ~ G U U ~  

8 4300 

Potassium cycle LO . 29.0 1540 1.27,O 
11 2.4 1-1 00 1068 
12 ~ 2.4 1100 290 
13 30.0 1500 368 

Table 3. Temperature and Pressure Conditions for the Steam- and 
Potas.sium-Cycle Extractions Shown in Fig. 3 

p1.- essui-e - - Te~~ipt~ature- Temperature of 
( ps ia ) (OF) 

Heated Feed 
(OF) 

Steam cycle extractions 
to heat feed 

~otassium' cycle extraction . 

with essentially no changes. Further, the overall thermal efficiency of 

the steam portion of the system could be taken as that of t h e  Eddystone 

plant with allowances for differences between the two systems stemming 

from such factors as the stack losses and the power requirements for aux- 

iliaries. 



A s  mentioned, potassium was chosen a s  t h e  upper-stage working f l u i d  

i n  t h e  proposed binary vapor cycle because i t s  thermodynamic proper t ies  

make it espec ia l ly  well su i ted  t o  t h e  application.  The pressures a r e  

low enough over t h e  desi red temperature range so  t h a t  pressure s t r e s se s  

a r e  not serious,  and ye t  t he  vapor densi ty  is  high enough so  t h a t  system 

components a r e  not unreasonably large .  This can be seen by examining 

Table 4, which gives . the p r inc ipa l  physical proper t ies  of potassium, 1 7  

along with t he  corresponding proper t ies  of water a t  t h e  same pressure. 

Thece data show t h a t  Lhe spec i f ic  volumes of potassium l i q u i d  and vapor 

a r e  about t h e  same as  t h e  corresponding values fo r  water a t  t h e  same pres-  

sure, and t h e  heat  of vaporization i s  much t he  same. Other propert ies,  

such a s  t h e  surface tension and t h e  v i s cos i t y  of t h e  l iqu id ,  a r e  wi thin  

a f ac to r  of approximately 2 of being t h e  same. The only ma.jor d . i . f f e r ~ n r ~  

i n  physical proper t ies  between t h e  two f l u i d s  is  t h a t  t he  thermal con- 

duc t i v i t y  of t h e  l i q u i d  potassium i s  about 60 times t h a t  of water. This 

. . . . Table 4. Comparison of Physi.cal Propert ies of Potassium 
and Water f o r  Condensing Conditions . ,. 

Potassium Water 

Liquid Vapor Liquid Vapor 

Temperature, O F  

Pressure, psia 

Specif ic  volume, 
f t 3 / l b  

Enthalpy, ~ t u / l b  

Specif ic  heat, 
~ k u / l b .  'F 

Viscosity, l b / f t  . h r  

Thermal ' conductivity, 
3tu/hr. f t  . F 

Frandtl  No., cpp/k 

Surface tension, l b / f t  



i s  advantageoiis i n  improving the heat t r ans fe r  coeff ic ient ,  especial ly  

i n  t he  potassium condenser. The much lower spec i f ic  heat of l i qu id  po- . 

tassium as  compared with t h a t  of water is of some advantage i n  improving 

t h e  cycle eff ic iency.  

A reactor  thermal output of 1000 Mw was taken f o r  t he  reference de- 

s ign  condition with t h e  expectation t h a t  the  overal l  thermal eff ic iency 

would be c lose t o  54% and hence would y ie ld  a t o t a l  of about 540 Mw of 

ne t  e l e c t r i c a l  output. The flow sheet shown i n  Fig. 2 was prepared t o  

a i d  i n  v i sua l iz ing  t h e  major features  of the  system. 

A w,nnber of overa l l  plant layouts was prepared of which t h a t  shown 

i n  Fig. 4 appeared t o  be the  most promising. With t h i s  system, thermal 

convection is  s i ~ f f i c i e n t  t o  remove about 10% of tke  reactor power o u t p ~ ~ t  

i n  the  event of f a i l u r e  of the  power supply .I;u a l l  the  pumps. This is 

much more than enough t o  remove the  a f te rhea t  from fission-product decay. 

A wide va r i e ty  of fac tors  was considered i n  evolving the s e r i e s  of 

layouts leading t o  t h a t  preselrted i n  Fig. 4. These design precepts a re  

l i s t e d  below: 

1. The design should be such t h a t  any component of the  system may 

be replaced with l i t t l e  disturbance of other-,parts. 

2. There should be su f f i c i en t  shielding between the reactor  and the 

fue l - to - iner t - sa l t  heat  exchangel; and su f f i c i en t  neutron poison i n  the  

l a t t e r  ( t o  absorb d.elayed neutrons) t o  reduce ac t iva t ion  of' the  inert 

s a l t  t o  a l e v e l  t h a t  would permit l imited contact maintenance of any com- 

ponent i n  t he  i n e r t  s a l t  system, except .the fue l - to - iner t - sa l t  heat ex- 

changer. 

3 .  Both the  f u e l  pump ro to r  assemblies and the  fue l - to - iner t - sa l t  

heat  exchanger tube bundles should be designed so t h a t  they can be i ~ i -  

ser ted  in'1r.u v e r t i c a l  wells with t he  s e a l  flange i n  a shielded zone and 

contact maintenance ac l iv ib ies  can bc cu~?r. led out a t  t h . ~  flange, e. g. ,, 

s e a l  welding and inspection of t he  flanges. 

4.  Differential. thermal expansion i n  t h e  piping connecting the  hot 

components should be absorbed e i t h e r  i n  simple bending of the  piping or 

i n  to ro ida l  expansion joints .  Stainless  s t e e l  bellows should be used only 

i n  low-pressure, low-temperature zones, .such as  those around penetrations 

i n  the  containment e~rv.elope. 
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5. All four f l u id  systems (fuel, inert  sa l t ,  potassium, and water) 

should be designed t o  provide sufficient thermal convection t o  remove 

afterheat in the event of complete fai lure i n  the power supplied t o  a l l  

the  pumps. 

6. The inventory of the fuel, inert  sa l t ,  potassium, and refractory 

al loy structural  material should be kept t o  a minimum t o  reduce both the 

costs and the hazards. 

The heat exchanger sizes were based on a l l  refractory alloy tubing 

3/8 in. OD with a 0.040-in. -thick wall. Experience indicates that  fouling 

of these small-diameter tubes is not a problem i n  systems where f luid 

cleanliness requirements are as stringent as they are for  the molten-salt 

and potassium systems. It should be mentioned that  the bore of the super- 

heater tubes i n  the Philo plant of the Ohio Power Company, a supercritical 

water plant, is 0.40 in. 

Component Design 

Reactor Core and Heat Exchanger Assembly 

A s  shown i n  Fig. 5, the reactor core and the fuel-to-inert-salt heat 

exchanger assembly are  mounted i n  a 17-ft-diam, 26-ft-high, cylindrical 

shell .  The core is LO f t  i n  diameter and 10 ft in height and is rno~mntad 

QI the lower portion of the shell.  It is surrounded with 3 f t  of graphite 

reflector  with the 3-ft-long blocks l a id  with the i r  axes normal t o  the 

core-reflector interface so that  the heat generated in  the graphite re- 

f lec tor  can be removed by fue l  flowing over ei ther  the inboard or outboard 

ends of the  graphite blocks. Fuel i n  the cracks between the blocks con- 

s t i t u t e s  such a small percentage by volume of the reflector that  the f i s -  

sion heat generated i n  t h i s  fuel  can also be removed by radial  heat con- 

duction through the graphite without a large axial temperature variation 

along the length of the  graphite block. 

E'uel flows axiaUy upward through the core and then up through a 

central column approximately 7 f t  i n  diameter t o  the top of the heat ex- 

changer region. Fuel flows downward and then back upward over a baffle 

between U-tubes in the  heat exchanger. It then returns downward in  the 
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annular region between the heat exchangers and the outer shel l  through 

six axial-flow pumps flange-mounted in wells above the top of the fuel  

expansion tank. The pumps are driven by long overhung shafts with out- 

board bearings lubricated by the fuel  sa l t .  (A pump with a molten-salt 

bearing of t h i s  type has been operated sat isfactori ly for  12,000 hr  a t  

O m .  ) The heat exchanger consists of six tube bundles, each about 4 f t  

i n  diameter and 6 ft i n  length. The whole arrangement is designed t o  pro- 

vide for  thermal-convection removal of afterheat. In fact, analysis in- 

dicates tha t  it should be so effective i n  t h i s  respect tha t  thermal con- 

vection of the fuel  should suffice t o  remove 10 t o  2076 of the full-power 

out put. 

The control rods are mounted i n  the central region so that  they opss- 

a t e  through the fuel-channel r i s e r  from the core t o  the heat exchanger 

in le t .  !The control rod drives, the pumps, and the heat exchangers are 

mounted with t he i r  flanges i n  a relat ively cool zone above a 4-ft-thick 

shielded region over the heat exchanger and fuel  expansion tank. The lay- 

out i s  such tha t  any pump or heat exchanger may be removed by vert ical  

withdrawal from the top without disturbing any other unit. The weight 

of each wit is such that  it more than counterbalances the pressure forces 

acting a t  the flange, so only a seal  weld is required. 

A neutron poison is placed between the top of the graphite reflector 

over the core and the  heat exchanger t o  reduce activation of the inert  

s a l t  in the secondary f luid circuit .  The cooled fuel  stream returning 

t o  the core around the  outer perimeter of the reflector exerts a modest 

net radial  pressure inward on the graphite blocks, thus tending t o  force 

them together and minimize the clearances between them. 

Potassium Boiler, Turbine, and Condenser Units 

'I'he potassium-vapor turbines look much l i ke  the low-pressure steam 

turbines fo r  a conventional steam power plant. The t i p  speed limitations 

are  somewhat higher fo r  the potassium, and hence with an 1800-rp shaft 

speed and tyo turbines ( to  keep the size of each unit  down) the rotor di- 

ameter a t  the outlet end is about 10 f t .  From f ive t o  seven stages are 

required, with the turbine rotor  in le t  around 6 ft i n  diameter. 



The very large volumetric flow r a t e  of the  potassium vapor, both out 

of the  boi ler  t o  the turbine and out of the  turbine in to  the  condenser, 

made it desirable t o  incorporate both the  potassium boi ler  and the  potas- 

sium condenser i n  uni t s  d i r ec t ly  beneath the turbine i n  much the  same 

fashion as is standard practice with conventional steam turbine condensers. 

To minimize the  temperature gradient i n  the  v ic in i ty  of the  turbine shaf t  

sea ls  and bearings and t o  keep the  temperature of the  turbine casing down 

t o  llOO°F where its strength would not be much lower than a t  room tempera- 

ture,  the  condenser was divided in to  two sections, with one a t  e i the r  enC 

of the  double-flow turbine. The boi ler  region was placed between these 

two condenser regions. The general layout is  shown i n  Fig. 6. 

A s  i n  the  heat exchangers incorporated i n  the  reactor pressure ves- 

sel ,  it seemed best t o  design so  tha t  both the  potassium boiler  and the  

potassium condenser would consist  of a mult ipl ici ty  of tube bundles, each 

of which could be ins ta l led  by moving it in to  position along a v e r t i c a l  

axis  and securing it i n  place with a s e a l  weld. Fortunately, the  pres- 

sure on the potassium-vapor side is nominal i n  both cases, i. e., about 

15 ps i  above atmospheric i n  the  potassium boi ler  and about 12 ps i  below 

atmospheric i n  the potassium condenser. Thus, the  pressure loads on the  

potassium side are small. In fact ,  the  pressure force i s  of about the  

same order a s  the weight of the  tube bundle. 

A pair of iner t -sa l t  pipes delivers s a l t  from each of the  fuel-to- 

s a l t  heat exchanger tube bundles t o  one of a s e t  of s i x  tube bundles 

mounted i n  the  potassium boiler  casing below each turbine. Each of the  

potassium boiler  tube bundles makes use of about 1000 U-shaped tubes. The 

U ' s  a re  about 5 ft long and inverted so tha t  each tube bundle can be with- 

drawn ver t ica l ly  downward from a flanged joint a t  the  bottom of the  boiler 

casing. A n  advantage of t h i s  potassium boiler  configuration is  t h a t  it 

appears t o  redilce the  potassium inventory t o  a r e l a t ive ly  low value f o r  

such a large plant, i. e., about 800 ft3, or  35,000 lb .  

The supercritical-pressure boi le r  and the  reheaters a re  made up of 

U-shaped tubes arranged i n  cylindrical bundles and mounted i n  a casing 

under the turbine t o  serve as  the potassium condenser. The feedwater 

(or  reheat steam) enters one leg  of a U and flows ve r t i ca l ly  upward and 

then returns downward t o  the  tube-bundle outlet .  It is t o  be noted t h a t  
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there  is no sharply defined phase change i n  a supercritical-steam boi le r  - 
only a s teep gradient i n  the  f l u i d  density. This occurs mainly i n  the 

f i r s t  portion of the  heated length of the  boi lc r  tube. 

The most d i f f i c u l t  s e t  of tube bundles t o  design was t h a t  f o r  the 

supercritical-water boi le r  because the  high pressures on the  water s ide 

made it necessary t o  employ very thick-walled header drums and tubes. 

While the  temperature i n  the  potassium boi le r  is high, the  pressures there  

a re  low s o  t h a t  the  s t r e s s  problems a re  much l e s s  severe. The close 

spacing required of the  tubes i n  the  potassium condenser region i n  order 

t o  keep the  uni t  suf f ic ien t ly  compact t o  f i t  t he  turbine l ed  t o  serious 

d i f f i cu l t i e s  in laying out the  s h e l l  and header drum f o r  the  superheated 

steam. Bifurcated tubes s imilar  t o  those shown i n  Fig. 7 a re  employed 

t o  reduce the number of penetrations i n  the superheated-steam header drum 

and thus reduce the  s t r e s s  concentration problem there.  A s  can be seen 

i n  Fig. 6, f ive  rows of nozzles a re  employed in the  steam out le t  drum. 

Each nozzle is  connected t o  a short  bifurcated tube, each l eg  of which 

is i n  t u r n  connected t o  two additional pairs  of bifurcated tubes (see 

Fig. 8) t o  give two banks of bifurcated tubes. Each of these banks is 

f i t t e d  with a separate feedwater i n l e t  manifold. These a re  connected t o  

a header t h a t  i s  brought out of the  potassium-condenser region by extend- 

ing it ve r t i ca l ly  downward through a ve r t i ca l  thermal sleeve. 

The reheater tube bundles have the same tube length but only about 

one-fourth of the  tube matrix volume of the  supercr i t ical-boi ler  tube 

bundles and are  located a t  the  in-board ends o l  the  superheater header 

drums, as  indicated i n  the  reduced-scale plan view of Fig. 6. This a r -  

rangement was chosen t o  f a c i l i t a t e  access t o  the  connecting piping and 

the  closure welds f o r  the  various uni ts .  The steam pipes out of the  super- 

heater header drums are  10 in. i n  diameter and a re  run horizontally jus t  

below the closure flange l e v e l  t o  reach a region well c l ea r  of t h e  con- 

gested space beneath the  turbine. The much la rger  pipes f o r  t h e  reheater 

tube bundles a re  s t i f f e r  and pose more d i f f i c u l t  d i f f e ren t i a l  thermal ex- 

pansion problems, and hence they are  run ve r t i ca l ly  downward from the  tube 

bundles i n  the cent ra l  region. With t h i s  arrangement, any one of the tube 

bundles can be approached with a special ly  b u i l t  machine designed for  in-  

s t a l l i n g  and removing tube bundles with a hydraulic l i f t .  After severing 



the connecting piping, attachment points on the tube bundles would be con- 

nected to the elevator mechanism on the machine, and the closure weld 

would be cut with appropriate tooling. The tube bundle would then be 

lowered and removed from the area, and a new bundle would be installed. 
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Fig. 8. Detai l  of Bifurcated Tube Headers f o r  Condenser of Binary- 
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In  the  layout shown i n  Fig. 4c t h e  columbium pipes carrying the  i n e r t  

s a l t  from the  reactor and intermediate heat exchanger assembly up t o  the  

potassium-boiler tube bundles are  enclosed within a large s t e e l  casing so  

t h a t  they can be kept i n  e i the r  a vacuum or an ine r t  gas atmosphere t o  avoid 



d i f f i c u l t i e s  with oxidation. A bellows joint is required between the  cas- 

ing around these pipes and the  s ta in less  s t e e l  s h e l l  of the  potassium 

boiler .  A removable sleeve around these pipes is required t o  provide space 

f o r  insert ion of the  boi ler  tube bundles. The use of horizontal pipes 

passing outward from the superheater out let  drums for  the  supercri t ical-  

water system leaves the  f loor  f ree  f o r  access t o  these removable sleeves. 

A major advantage of the  layout of Fig. 6 is tha t  gravi tat ional  forces 

a i d  i n  scavenging condensate from the  condenser and a lso  help t o  recircu- 

l a t e  the l iqu id  potassium i n  the  potassium boiler.  It should be pointed 

out tha t  the  potassium boiler  is designed f o r  recirculat ion with a boi ler  

exit qual i ty  of about lo$. A vapor separator in  the  vapor region above 

the  boi le r  is designed t o  remove the  l iquid  potassium and return it t o  

t h e  base of the  boi ler .  The vapor quality supplied t o  the  potassium tu r -  

bine should be in excess of 998. Ekperience with natural-thermal-convec- 

t i o n  boiling-potassium systems i n  the  course of the  space program indicates 

t h a t  t h i s  configuration can be b u i l t  t o  work as effect ively with potassium 

as  it would with water, and it should give much the  same performance char- 

a c t e r i s t  i c s  . 
Different ial  expansion in the  potassium-vapor turbine casings poses 

a major problem, part icular ly since the  vapor i d e t  region operates a t  

about 1540uF, while the  condenser region runs a t  1100°F. The most promis- 

5ng approach seemed t o  be t o  make the  portion of the  turbine casing tha t  

supports the  s t a t o r  integral  with the  potassium boiler  and couple t h i s  

in to  the bearing housing t o  give good concentricity i n  the  s t a t o r  region. 

The potassium condenser casing was then arrawed outside t h i s  and con- 

nected t o  it r ig id ly  only a t  the  bearing housing. While t h i s  layout 

presents a number of d i f f i c u l t  detai led design problems, it appears tha t  

one of the  most important, i. e., d i f f e ren t i a l  thermal expansion, can be 

solved with f lex ib le  omega or  bellows joints placed between the  boiler 

and the  condenser casings on the  one hand and the  turbine casing on the  

other. With t h e  oil-lubricated bearings envisioned, the  thermal gradient 

between t h e  hot portion of the  rotor  and the  200°F bearings must be kept 

t o  a reasonable value. A buffer zone about two shaf t  diameters long w i l l  

probably be required t o  give an acceptable thermal gradient i n  the  shaft .  

This zone can be used for  the  shaft  seal .  A reentrant section i n  the  



housing w i l l  be required t o  accommodate t h e  thermal gradient  between t h e  

bearing and t he  large-diameter high-temperature por t ion of t h e  casing. 

Shaft Seals 

The sha f t  s e a l  configuration of Fig. 6 was chosen, i n  par t ,  because 

it seemed t o  give a good sound design and, i n  par t ,  because there  a r e  two 

small potassium-vapor turbines  under construction t h a t  employ e s s e n t i a l l y  

s imi la r  sea l s .  One of these  i s  a t  t he  NASA Lewis Laboratory, and t he  other  

i s  i n  t he  GE Gas Turbine Division a t  Evendale, Oh.io. I n  both instances, 

t h e  turbine  wheel i s  about a foot  i n  diameter and i s  separated from o i l -  

lubr ica ted  bearings by a close-clearance s e a l  with an i n e r t  buffer  gas 

supplied t o  t h e  region between t h e  potassium vapor and t h e  o i l .  Two bleeds 

a r e  used i n  each case from the  labyr inth ,  one t o  ca r ry  off  a mixture of 

i n e r t  buf fe r  gas and potassium vapor and t h e  other  t o  ca r ry  off  a mixture 

of i n e r t  gas and o i l .  Auxiliary equipment is  being employed i n  these  sys- 
u 

tems t o  separate t h e  potassium from the  argon and t h e  o i l  from the  argon, 

hence t h e  f e a s i b i l i t y  of conducting these  two operations should a l so  be 

determined i n  t h e  course of t he  t e s t  programs scheduled f o r  t h e  coming 

year. In  both t h e  GE and t he  NASA uni t s ,  argon i s  employed a s  t h e  i n e r t  

gas t o  reduce t h e  leakage flow r a t e s ,  which would run approximately t h r ee  

times higher with helium. 

Potassium Feed Pumps 

While not shown i n  Fig. 6, two 100-hp potassium feed pumps a r e  10- 

cated ins ide  t h e  s h e l l  of t h e  condenser f o r  each tu rb ine  un i t .  The l - f t -  

diam s ingle-s tage cen t r i fuga l  impeller of each pump i s  coupled d i r e c t l y  

t o  a 2-ft-diam single-stage reentry  potassium-vapor tu rb ine  wheel. The 

pumps remove t h e  condensate from the  base of t he  potassium condenser and 

r e tu rn  it through t h e  regenerative feed heaters  t o  t h e  bo i l e r .  Since 

much work i s  under way i n  t h e  space power plant  program t o  develop potas- 

sium-lubricated bearings, it seems l i k e l y  t h a t  these  u n i t s  can operate 

with potassium a s  t h e  lubr icant .  This arrangement should give a l i gh t ,  

compact turbine-driven pump u n i t  t h a t  could be i n s t a l l e d  i n  t h e  s ide  of 

t he  condenser a t  e i t h e r  end of 'each la rge  turbine .  These should be very 

re l i ab le ,  s ince  they would be independent of f a i l u r e s  i n  such components 



a s  e l e c t r i c a l  switchgear. Tests  have shown t h a t  such a turbine-driven 

pump u n i t  can be "bootstrapped" by simply applying heat  t o  t he  bo i le r .  

A d i f ference i n  pressure between t he  bo i l e r  and t h e  condenser w i l l  begin 

t o  develop when t h e  b o i l e r  vapor-discharge r a t e  becomes s u f f i c i e n t l y  high 

t o  induce a pressure drop a s  it flows through t h e  complex passages i n  t h e  

turbine .  The l i q u i d  l e v e l  i n  t h e  condenser w i l l  tend t o  r i s e  a b i t  above 

t h e  l i q u i d  l e v e l  i n  t h e  b o i l e r  and, when t h i s  d i f ference i n  l e v e l  bui lds  

up t o  6 t o  12 i n . ,  t h e  vapor dynamic forces act ing on t he  turbine  blades 

should be s u f f i c i e n t  t o  overcome t h e  f r i c t i o n  i n  the  bearYngs and s t a r t  

t h e  ro to r  revolving. Once t h e  ro to r  begins t o  turn ,  t h e  cen t r i fuga l  pump 

w i l l  begin t o  funct ion,  and t h e  pressure i n  t he  bo i l e r  w i l l  r i s e  r e l a t i v e  

t o  t h a t  i n  t h e  condenser by an amount much grea te r  than t h e  di f ference i n  

s t a t i c  head between t h e  condenser hot wel l  and t h e  bo i l e r  sump. 

Regenerative Feed  eat ing f o r  t h e  Potassium 

Regenerative feed hea te rs  a r e  placed b e n e a t h t h e  potassium turbine  

between t h e  b o i l e r  and t he  condenser. These u n i t s  a r e  designed t o  employ 

vapor bled off  between s tages  of t h e  potassium turb ine  t o  preheat t he  po- 

tassium feed t o  a temperature nea r . t he  bo i l ing .po in t  before supplying it 

t o  t he  potassium b o i l e r ;  There a r e  a number of reasons f o r  doing t h i s .  

The most important of these is t o  avoid thermal s t r e s se s  i n  t h e  bo i l e r  

t h a t  would be associa ted with t he  admission 6f l i q u i d  feed a t  a tempera- 

t u r e  of 440°F below t h e  bo i l e r  temperature. This problem is  so  important 

t h a t  it alone may be su f f i c i en t  t o  j u s t i f y  t he  use of a regenerative feed 

heater .  A second reason f o r  using a regenerative feed heating system is 

t h a t  it i s  possible t o .  obtain a small improvement i n  overa l l  cycle e f -  

f iciency, ' but t h i s  improvement i s  l e s s  than 1%) and by i t s e l f  is  probably 

not  adequate t o  j u s t i f y  t h e  ex t r a  complexity. However, t h e  regenerative 

feed  heater  w i l l  reduce t h e  s i z e  of t h e  potassium b o i l e r  from 4 t o  8%) de- 

pending on ;the d e t a i l s  of the  bleed system used f o r  t he  regenerative feed 

heater  and t he  proportions employed. Final ly ,  t he  in te r s tage  bleeds i n  

t h e  turbine  can be designed t o  remove moisture and reduce t he  l ikel ihood 

of blade e ros ion . -  If the vapor bled off  i n  t h i s  fashion i s  employed f o r  

regenerative feed heating, an increase r a the r  than a l o s s  i n  cycle e f -  

f i c iency  can be obtained. 



The regenerator envisioned f o r  t h i s  app l ica t ion  cons i s t s  of tube 

bundles i n  which t h e  potassium flows upward from t h e  ou t l e t  of t h e  feed 

pump located i n  t h e  condenser through t h e  tube s ide  t o  t he  o u t l e t  a t  t h e  

t op  and then downward i n t o  t he  bo i le r .  Vapor bled off  between turbine  

s tages  flows downward from the  turbine  i n t o  t h e  s h e l l  s ide  of t h e  tube 

bundles, and t h e  condensate drains i n t o  t h e  base of t h e  condenser. 

Potassium Storage and Cleanup System 

Space i s  a l loca ted  f o r  potassium s torage tanks and cleanup equipment. 

Fortunately, t he  cost  of potassium is only about $1 per lb ,  so  t h e  in -  

vestment i n  potassium is  qu i te  small compared with t h a t  f o r  t h e  mercury 

i n  mercury-vapor plants .  For t h i s  reason, e laborate  cleanup equipment 

i s  not j u s t i f i ed ;  i f  t h e  potassium became badly contaminated, it would 

be cheaper t o  dispose of it and buy f resh  potassium, s ince  t he  value of 

t h e  e n t i r e  potassium inventory i s  of t h e  order of only about $40,000. , 

However, some potassium cleanup equipment i s  needed f o r  t he  removal of 

oxygen by some process, such as  ge t te r ing  with zirconium,, and space i s  . 

provided f o r  t h i s  equipment. 

Containment 

A s h e l l  i s  provided t o  maintain an i n e r t  atmosphere (o r  a vacuum) 

around t h e  columbium portion of t h e  system t o  p ro tec t  it from oxidation, 

and t h i s  s h e l l  a l s o  serves as  a containment envelope f o r  f i s s i o n  products 

t h a t  might escape from the fiiel.. The arrangement envisioned is  shown i n  

Fig. 4c. The cy l indr ica l  s h e l l  f i t s  f a i r l y  c lose ly  around t h e  reac tor  

pressure vesse l  and i so l a t e s  it from t h e  surrounding concrete shie lding.  

The upper end of t h i s  cy l i nd r i ca l  containment vesse l  encloses t he  equip- 

ment employed f o r  removing f i s s i o n  products from t h e  f u e l  and provides 

space f o r  maintenance operat ions f o r  t h e  reactor ,  con t ro l  rods, pumps, 

and heat  exchanger tube bundles. Connecting sleeves of e l l i p t i c a l  cross  

sec t ion  enclose t he  i n e r t - s a l t  piping t o  t h e  potassium boi le r s .  S ta in less  

s t e e l  bellows a r e  provided between these  sleeves and t he  casing of t h e  

pota.ssj.~im bo?.l.er t,o provide f o r  misalignment and small  amounts of d i f -  

f e r e n t i a l  thermal expansion. A large-diameter f lange i s  i n s t a l l e d  i n  t h e  



t o p  of t h e  c y l i n d r i c a l  s h e l l  t o  f a c i l i t a t e  maintenance. The containment 

s h e l l  is t o  be f i l l e d  with an i n e r t  gas so  t h a t  oxidation of t h e  re f rac -  

t o r y  metal piping and s h e l l s  can be kept t o  a to le rab le  l eve l .  It i s  

poss ible  t h a t  it might u l t imate ly  prove b e t t e r  t o  employ a vacuum i n  t h i s  

region during operation.  In  any case, an i n e r t  gas could .be used during 

t h e  maintenance operations, and some s o r t  of an elastomer could be used 

t o  s e a l  t h e  f langes  a t  t he  t o p  when coupling t o  Che maintenance equipment. 

The bui lding surrounding t h e  complete system, including t h e  potas- 

sium and steam turbines ,  can be designed t o  be reasonably t i g h t ,  and 

blowers discharging through f i l t e r s  can be employed t o  maintain the  build- 

ing pressure a l i t t l e  below atmospheric so  t h a t  it w i l l  serve a s  a sec- 

ondary containment envelope. 

Hazards Associated with Fluid Leakawe 

The exce l len t  hea t  removal by thermal convection provided by t h e  l ay-  

out  of Fig. 4, coupled with t h e  mul t iuni t  r e l i a b i l i t y  provided by t he  ex- 

t ens ive  pa ra l l e l i ng  of uni te ,  el iminates pump stoppage a s  a major hazard; 

hence t h e  most obvious hazard i s  reac t ion  of t h e  potassium with e i t h e r  

water or  a i r .  I n  appraising t h e  maximum possible re lease  of energy from 

t h i s  source, it should be noted t h a t  t h e  t o t a l  inventory of potassium ia 

each complete turbine-generator u n i t  w i l l  probably be about 400 f t 3 ,  i. e .  , 
about 20,000 l b .  The heat  t h a t  would be re leased by t he  combination of 

a l l  t h i s  potassium with water would be about 40 X l o 6  .Rt81.1. A si-mil-ar r e -  

ac t ion  of t h e  potassium with a i r  could y i e ld  a s l i g h t l y  l a rge r  heat  r e -  

l ease .  I n  e i t h e r  case t he  energy re lease  i s  only about one-third of t he  

f ission-product decay heat from the  f u e l  during t h e  f i r s t  2 h r  a f t e r  shut-  

down, and hence t he  l a t t e r  presents a g rea te r  heat-removal problem i n  t h e  

design of t h e  containment system. The energy ava i lab le  i n  t h e  superheated 

water and steam inventory i n  t h e  steam system t o t a l s  about 4 X l o6  Btu, 

i. e. ,  only about 10% of t h a t  po t en t i a l l y  ava i lab le  from potassium oxida- 

t i o n .  It should be noted t h a t  t h e  inventory of superheated water and steam 

i n  t h i s  p lan t  i s  only about 20% of t h a t  f o r  a conventional coa l - f i red  

plant .  



The th ree  p r inc ipa l  types of leakage t h a t  might lead t o  t he  r e l ea se  

of chemical energy from react ious  of water or  a i r  with potassium a r e  a 

potassium leak  from the  bottom of t h e  potassium bo i l e r  t o  atmosphere, 

a s imi la r  l eak  of a i r  i n t o  t he  potassium condenser, and a steam l eak  i n t o  

t he  potassium condenser. (A  l eak  of molten s a l t  i n t o  t he  potassium o r  

vice versa would not l ead  t o  any appreciable chemical react ions .  ) I n  any 

case, t he  most probable development would be a r e l a t i v e l y  small leak, so  

only a small f r ac t i on  of t h e  t o t a l  inventory would be released.  Past 

experience with a l k a l i  metal f i r e s  has indicated t h a t  a f i r e  r e su l t i ng  

from a potassium leak  i n to  a room can be brought under control  readi ly .  

A steam leak  i n to  t h e  potassium condenser would lead  t o  a buildup of pres-  

sure within the  boiler-turbine-condenser u n i t  a s  hydrogen was re leased by 

t he  water-potassium react ion.  The back pressure of hydrogen i n  t h e  con- 

denser would bu i ld  up and reduce t h e  r a t e  a t  which potassium vapor came 

over from the  boi ler .  I f  .l;he s a l t  temperature remained constant, t he  

bo i l e r  pressure would increase somewhat and t h e  bo i l ing  r a t e  would drop 

u n t i l  equilibrium conditions were reached. Continued inflow of steam 

through t he  l eak  would cause t he  hydrogen pressure t o  bu i ld  up fu r the r  

u n t i l  it blew one of a s e r i e s  of blowout patches designed f o r  t h i s  con- 

tingency. The hot hydrogen gas emerging from the  blowout patches would 

i gn i t e  and burn with a i r .  Pipes extending from.the blowout patches t o  

some point above t h e  bui lding would serve t o  ge t  r i d  of t h e  hydrogen i n  

t he  form of a harmless f l a r e .  The volume of hydrogen re leased would be 

roughly equal t o  t h e  f r e e  volume of t h e  steam leaking from the  bo i l e r  sys- 

tem I l r t u  Lhe pu(;assiu~~~ system. 

There i s  no way i n  which a l eak  i n  e i t h e r  t he  steam o r  t he  molten- 

s a l t  system would lead  t o  contamination of t he  steam system with molten 

s a l t  or  v ice  versa. Further, there  i s  no way i n  which t h e  high steam 

pressure could induce a high pressure i n  t h e  i n e r t - s a l t  c i r c u i t ,  but  even 

i f  it did, t h e  short-time y i e ld  s t rength of t h e  tubes i n  t h e  fue l - to - iner t -  

oul-t lieat exc1lauge.r .would be more than su f f i c i en t  t o  withstand t h e  f u l l  

4000 p s i  of t h e  steam system. 



The Maximum Crediblc Accident 

While t h e  design of t h e  system f o r  a f t e rhea t  removal by thermal con- 

vec t ion  should v i r t u a l l y  assure  a f t e rhea t  removal under a l l  conditions, 

t h e r e  is s t i l l  t h e  remote p o s s i b i l i t y  of severe reac tor  overheating by 

some mechanism t h a t  has not ye t  been visual ized and t h e  escape of f i e 1  

i n t o  t h e  containment she l l .  I f  t h i s  were t o  occur, the re  should be some 

means f o r  removing t h i s  f ission-product decay heat .  A simple and r e l a -  

t i v e l y  inexpensive way of coping with t h i s  problem is t o  employ a water 

annulus surrounding t h e  lower por t ion of t h e  reactor.containment vessel .  

I n  t h e  layout shown i n  Fig. 4, t h i s  annulus has been made 3 f t  t h i ck  t o  

provide adequate working space between t h e  conLainment s h e l l  a ~ i d  t he  s h e l l  

holding t h e  water. This gives an adequate supply of water so  t h a t  even 

i f  no makeup water were added, t h e  amount boi led away during t h e  f i r s t  

24 h r  following a maximum cred ib le  accident would be only about 10% of 

t h e  water ava i lab le  i n  t he  rese rvo i r .  Any molten s a l t  t h a t  drained i n to  

t h e  containment s h e l l  would form a frozen l aye r  against  t h e  s h e l l  because 

hea t  removal by bo i l i ng  of t h e  water a t  t h e  outer surface would exceed 

t h e  r a t e  at which hea t  conduction could t ake  place i n  -the frozen s a l t .  

  his was v e r i f i e d  i n  1954 by experiments conducted i n  t he  course of t h e  
I 

a i r c r a f t  reactojr program. ) I f  a f a i r l y  deep puddle of molt-en f'~~.e.l. were 
t o  c o l l e c t  i n  t h e  bottom of t h e  contaiu~ment she l l ,  t h e  temperature gra- 

d i en t  could become high enough so  t h a t  t h e  s a l t  would b o i l  a t  t he  l i qu id  

surface .  The vapor r i s i n g  from t h e  pool would carry  both heat  and f i s -  

s i on  products t o  t h e  cold upper walls  of t h e  containment she.LI and thus 

d i s t r i b u t e  t h e  heat  load over a l a rge  area .  I f  uniformly d i s t r i bu t ed  

over t h e  walls  of t h e  containment she l l ,  t he  f i s s i o n  productc would give 

a beat  f l u ,  of only about 10,000 ~ t u / h r .  f t 2 .  

Relative Costs 

While t h e  many novel components i n  t h e  proposed plant  make it o1.1t. 

of the  question t o  prepare a d e f i n i t i v e  cos t  estimate, some notion of i t s  

cos t  r e l a t i v e  t o  t h a t  of a conventional coa l - f i red  plant  can be gained 

from a comparison of t he  quan t i t i es  of mater ia l  required and t h e i r  un i t  



costs .  In t he  f i r s t  place, t he  steam system should cost  t h e  same as  t h a t  

f o r  a coal- f i red plant ,  except f o r  t h e  steam generator and t h e  piping con- 

necting it t o  t he  turbine .  The connecting piping f o r  t h e  Eddystone Sl~per-  

c r i t i c a l  u n i t  No. 2 t o t a l s  approximately 5400 f t  and weighs approximately 

1,000,000 l b .  I n  t h e  plant  layout of Fig. 4, t he  corresponding piping 

has a t o t a l  length of approximately 2000 f t  and hence would cos t  about 

40% as  much. Although t h e  wr i te r s  do not have de ta i l ed  data  f o r  t h e  s t e e l  

i n  t h e  bo i l e r  tubes f o r  t h e  Eddystone plant ,  data  a r e  ava i lab le  f o r  a 

somewhat s imi la r  .boi ler ,  i. e.,  u n i t  No. 5 of t h e  TVA Colbert p lant .  This 

u n i t  ha1s a 2400-psi straight-through bo i l e r  designed t o  de l i ve r  500 Mw 

of gross e l e c t r i c a l  output. The weight of t h e  tubing i n  t h i s  b o i l e r  is  

approximately 5,000,000 lb ,  while t he  connecting piping weighs approxi- 

mately 1,600,000 l b .  The l a t t e r  value is  consis tent  with t h e  Eddystone 

Superc r i t i ca l  u n i t  No. 2 i f  allowance i s  made f o r  t h e  l a r g e r  capacity. 

The s t a i n l e s s  s t e e l  tubing i n  t h e  potassium-condenser, water-boiler, super- 

heater ,  and reheater  u n i t s  i n  t he  proposed plant  has a t o t a l  weight of 

approximately 400,000 lb ,  i . e . ,  about 10% of t h e  weight of corre~ponding 

tubing required f o r  Colbert un i t  No. 5 .  Because of t h e  higher pressure, 

t he  tubing weight f o r  Eddystone un i t  No. 2 would probably be considerably 

g rea te r  - a 50% increase i n  weight was assumed i n  preparing Table 5. This 

d r a s t i c  reduction i n  tube weight required f o r  t he  proposed binary vapor 

cycle stems pa r t l y  from the  higher heat  t r a n s f e r  coef f ic ien t s  and higher 

heat  f luxes  avai lable  i n  t h e  potassium condenser, p a r t l y  from t h e  smaller 

diameter tubing employed, and pa r t l y  from t h e  f a c t  t h a t  only one s ide  of 

t he  tube$ i n  t h e  rndi.ant..~hca$ing eo0.e 1r.l a coal-PPred 'boiler  i s  used f o r  

heat  t r a n s f e r  purposes. The biggest  f a c to r  i s ,  of course, t he  'urliform 

temperature on t he  potassium side,  which means t h a t  the re  is  no danger 

of a hot spot forming and leading t o  a burn-out condition, and hence t h e  

heat  exchanger can be designed f o r  a high, f a i r l y  uniform heat  f l ux  over 

Lhe e n t i r e  surface area.  

This high b e a t  f lux,  coupled .with the absence of a Ylow d i s t r i b u t i o n  

problem, makes it possible t o  employ an extremely compact heat  t r a n s f e r  

matrix so  t h a t  t he  t o t a l  volume required f o r  t h e  potassium condenser is  

somewhat l e s s  than t h a t  required f o r  -the condenser of a 'convent ional  steam 

turbine  of t h e  same output. It should be noted, i n  par t i cu la r ,  t h a t  one 



Table 5. Estimated Boiler Tubing and Piping Requirements 
f o r  Both the  Proposed Plant and a Coal-Fired Plant 

of the Same Net Output 

Total Cost i n  
Weight Thousands 

( l b  ) of Dollars 

Steam system 

Piping 

Proposed Plant of 550 Mwe 

Boiler, superheater, and 430,000 
reheater tubing 

Tube-to-header joi-nts 
(134,000 joints  ) 

Total fo r  steam system 830,000 

Sa l t  system 

Piping 40,000 

Tube-to-header joints 
(19,000 ?joints ) 

Reactor and heat exchanger 40,000 
pressure' vessel  

Total fo r  s a l t  system 1'70,000 

Total 1,000,000 

Coal-Fired Plant of 550 Mwe 

Piping 1,700,000 

Boiler, superheater, and 8,000, 000 8,000 
reheater tubing 

Tube -to-header joints 
(55,000 jo in t s )  . 

Total 9,700,000 $12,200 

8 
Tubing f o r  both the fuel- to-sal t  and the sa l t - to -  

potassium heat exchangers. 



of t he  p r inc ipa l  ba r r i e r s  t o  heat  flow i n  a steam condenser tube i s  t h e  

r e l a t i v e l y  low-thermal-conductivity f i lm of condensate. The high thermal 

conductivity of t h e  l i q u i d  potassium e s s e n t i a l l y  el iminates t h i s  b a r r i e r  

t o  heat  t r ans f e r .  However, t he  biggest  f a c to r  i n  reducing t h e  s i z e  of 

t he  potassium condenser i n  t he  proposed design, as  compared with a con- 

ventional  steam condenser, i s  t he  150°F mean temperature di f ference be- 

tween t h e  condensing vapor and t h e  f l u i d  being heated, i . e . ,  over f i ve  

times t h e  value o rd inar i ly  used i n  conventional steam plants .  

The columbium tubing required f o r  both t h e  fue l - t o - i ne r t - s a l t  heat  

exchanger and t he  inert-sal t- to-potassium bo i l e r  has a t o t a l  weight some- 

what l e s s  than 100,000 l b .  ORNL meta l lu rg i s t s  est imate t h a t  by 1980 t h e  

cost  per foot  of t h i s  tubing w i l l  be roughly 20 times t h a t  of s t a i n l e s s  

s t e e l  tubing f o r  t h e  same tube diameter and wall  thickness.  Even on t h i s  

bas is ,  however, t he  cost  of the  columbium tubing f o r  t h e  proposed p lan t  

should be about t h e  same a s  the  cost  of t h e  s t e e l  tubing f o r  a conven- 

t i o n a l  coa l - f i red  plant  such as  u n i t  No. 5 of t h e  TVA Colbert p lant .  . . 
The columbium piping between t h e  fue l - t o - i ne r t - s a l t  heat  exchanger 

8 

and t he  salt-to-potassium bo i l e r  would weigh about 30,000 l b .  This would 

be equivalent i n  cost  t o  approximately 600,000 l b  of s t a i n l e s s  s t e e l  piping. 

Since t h e  wall  thickness of t h i s  piping need be only 1/4 t o  1/2 in . ,  i t s  
,! ,: cost  coupled with t he  cost  of t he  steam piping i n  t h e  proposed plant  would 

s t i l l  be l e s s  than t h a t  of t he  corresponding steam piping f o r  a coa l - f i red  &, ' 

plant  of equivalent capacity. 

An important a rea  i n  which t he  cost  of the  binary-vapor-cycle p lan t  

proposed should be much l e s s  than t h a t  f o r  a conventional coa l - f i red  steam 

plant  is  i n  t h e  s i z e  of t h e  building.  The furnace f o r  a conventional 

coal- f i red plant  commonly runs 120 f t  high and requires  subs t an t i a l  amounts 

oS space, both above and beneath it, and a l a rge  f l o o r  area.  The saving 

i n  t he  s t e e l  required f o r  t h e  building, coal  storage bins, ash hoppers, 

e t c . ,  should much more than compensate f o r  t h e  s t e e l  required i n  t he  con- 

tainment s h e l l  around t h e  reactor,  and thus t he  ove ra l l  building cost  

should be l e s s  f o r  t he  nuclear p lant .  
. 



Calculation of Cycle Efficiencies 

The total cycle efficiency of the power plant, 7, was determined by 

combining the cycle efficiencies for the potassium and steam cycles, as 

follows : 

where 7 and 7 are the cycle efficiencies for the potassium and steam 
k s 

cycles, respectively. Figure 3 shows the temperature-entropy diagram both 

for the potassium and steam cycles. Iii the high-lempen'at;ure cy-cle, putas-  

sium is evaporated at 29 psia (1540'~) to give saturated vapor and then 

expanded through the potassium turbine to 2 . 4  psia (1100'~) with a tur'bine 

efficiency of 75%. To simplify the calculations, one-stage extraction 

at 26 psia and 1510°F was assumed for regeneratively heating the liquid 

potassium feed to 1500°F. This is simply a rough approximation. It is 

optimistic in that it assumes a 10°F approach temperature at the hot end 

of the feed heater. However, this effect is more than offset by the fact 

that use of a single extraction point gives a pessimistic estimate of the 

cycle efficiency, since four or five extraction points would be used in 

the actual plant, and this would increase the thermodynamic cycle effi- 

ciency. The data used for the pressures, temperatures, and enthalpies 

for the potassium vapor cycle for the various locations shown in Fig. 3 

are listed in Table 6. 

The fraction F of potassium to be extracted from the turbine to heat 

the feed potassium to a 1500°F liquid was calculated from: 

The cycle efficiency for the potassium cycle was evaluated from the fol- 

lowing relation: 



Table 6. Pressures, Temperatures, and Enthalpies 
f o r  t h e  Potassium Vapor Cycle 

Locat ion Pressure Temperature Enthalpy, H 
( ~ s i a  > ( O F  ( ~ t u / l b  ) 

If isentropic  2.4 1100 1021 
Actual (7  = 0.75) 

k 
2.4 1100 1068 

12 2.4 1100 290 

Net work done i n  potassium turbine  
'k = Total  heal; input t o  t h e  cycle 

Subst i tu t ing numerical values i n  Eq. ( 3 )  gives 

The steam-cycle port ion of t he  power plant  was assumed t o  be t h e  same 

as t h a t ,  nf Eddystoae Supcrc r i t i ca l  uull; No. 2. P'or t h i s  system, with 

4000-psia, 1 0 5 0 " ~  steam with two stages of rcheat  t o  1050°F, and a 1 112- 

p s i  vacuum, t he  cycle e f f ic iency  was 40.7%.' This f i gu re  i s  f o r  t h e  net  

efficiency,  including allowances f o r  t h e  bo i l e r  feed pumps, the  bo i l e r -  

e f f i c iency  and s tack  losses ,  and a u x i l i a r i e s  o ther  than t h e  bo i l e r  feed 

u s .  For t he  reactor  power plant ,  el iminating t h e  bo i le r -e f f ic iency  

and stack losses  and allowing 176 f o r  [;he fuel and i n e r t - s a l t  circi11-ating 

pumps gave a net  steam-cycle e f f ic iency  of 46.2%. The t o t a l  cycle e f f i -  

ciency f o r  t h e  power plant  was evaluated by combining t he  potassium- and 

steam-cycle e f f i c i enc i e s  according t o  t he  r e l a t i o n  given by Eq. (l), which 

gives : 



Thus, the  ne t  ove ra l l  cycle e f f i c iency  i s  about 54%. A lower steam con- 

denser temperature would improve t h e  cycle e f f ic iency  one or  two points.  

Sizing of Heat Exchangers 

A sumary  of t h e  calcula t ions  f o r  s i z ing  t h e  heat  exchangers i s  pre- 

sented i n  Table 7. The basic  assumptions made and t he  ca lcu la t iona l  pro- 

cedure adopted i n  obtaining t h e  r e s u l t s  presented i n  t h i s  t a b l e  a r e  given 

below. 

Heat ' Exchangers 

There a r e  four  p r inc ipa l  heal; exchangers i n  t h e  present p lant  layout.  

1. The f u e l  No. 133- to-sal t  No. 12 axial-f low heat  exchanger has 

s a l t  No. 12  flowing ins ide  t h e  tubes i n  t h e  opposite d i r ec t i on  t o  t he  

f u e l .  I n  t h i s  un i t ,  r e l a t i v e l y  small tubes, 318 in .  OD with 0.040-in. - 
t h i c k  walls, are used t o  reduce t h e  heat  exchanger s i z e  and thereby r e -  

duce the  inventor ies  of both t h e  columbium and t h e  f u e l  i n  t he  system. 

U-shaped tubes a r e  employed t o  provide f o r  thermal expansion and t o  r e -  

duce t he  height  of t h e  heat  exchanger matrix. The spacing between t he  

t.iibes was determined from pressure-druy consideration. 

2. The s a l t  No. 12-to-potassium b o i l e r  is u f  310-in. -OD, 0.040-in. - 
wall  columbium tubes, with po-1;ass ium boi l ing  a t  1540°F outs j.cl,e of t he  

tubes.  A U-tube arrangement i s  used f o r  t h e  bundles. 

3. The potassium-to-steam bo i l e r  i s  of 314-in. -OD, 318-in. - I D  s t a i n -  

.I ess s t e e l  tubes,, with potassium condensing a t  llOO°F outs ide  t h e  U-tube 

'bundles and generating s u p e r c r i t i c a l  steam at 4000 psia  and 1050°F ins ide  

t h e  tubes.  

4. The steam rehea te rs  a r e  made of 1.0-in.-OD, 0.8-in.-ID s t a i n l e s s  

s teel .  tubes  f o r  1090-psia reheat  and of 1 .0- in .  -OD, 0.875-in. -ID s t a i n -  

l e s s  s t e e l  tubes f o r  257-psia reheat .  A s  i n  the  bo i le r ,  heat  i s  supplied 

by potassium condensing a t  llOO°F, and a U-tu'be arrangemeub i s  used. 

Data on these  u n i t s  a r e  presented i n  Table 7. 



Table 7. Summary of Flow Rates, Flow Areas, Tube Lengths, and Weights for  the 
Heat Exchangers i n  a 1000-Mw (thermal) Binary-Vapor-Cycle Power planta 

Fuel No. Salt  No. 12- 
133-t.o-S?lt to-Potassiu~u Potassium- 

No. 12 Heat Heat to-Steam Reheater 1 Reheater 2 

Exchangerb Exchanger Boiler 

Tube material Columbium Columbium Stainless 
ste'el 

314 OD, 
318 I D  

Stainless 
s t e e l  

Stainless 
s t e e l  

1.0 OD, 
0.875 I D  

Tube size, in. 318 OD, 
0.040 wall 

318 OD, 
0.040 wall 

1 .0  OD, 
0.8 I D  

Fluids 

Tube side 
Shell side 

Snlt No. 12 
Fuel No. 133 

Salt  No. 12 
Boiling 
potassium 

Steam 
Condensing 
potassium 

Steam 
Condensing 
potassium 

St eam 
Condensing 
potassium 

Inle t  temperature,. OF 

Tube side 
Shell side 

Outlet temperature, "F 

Tube side 
Shell side 

Mean temperature di f fer-  
ence, O F  

Mean pressure, psia 

Tube side 
Shell side 

Pressure drop for  tube matrix, 
ps i a  

Tube side 
Shell side 

Fluid density, lb / f t3  

Tube side 
Shell side 

Total flow rate,  lb/sec 

Tube side 
Shell side 

Mass flow rate,  lh / f t2 .  sec 

TII~F:  s i d ~  
Shell side 

Total flow passage sren, f t 2  

Tube side 
Shell side 

a ~ a s e d  on combined cycle efficiency of 0.54, i . e . ,  potassium cycle efficiency of 
0.156 and steam cycle efficiency of 0,462. 

b~ounterflow, axial .  

%iperheates. 

d~cunumizer. 

e ~ t  outlet .  

I A ~  in le t .  



Table 7 (continued) 

Fuel No. Sal t  No. 12- Potassium- 
133-to-Salt to-Potassium 
No. 12 Heat Heat 

to-Steam Reheater 1 ,Reheater 2 

Exchangerb Exchanger 
Boiler 

Velocity, f t / sec  

Tube side 7.4 13.1 13. 5e 72.0e 200e 
Shell  side 7.4 136. Oe 315. of 275. of 250f 

Flow area per tube, f t2  

Tube side 0.475 'x 0.475 x 0.769 x 3.5 x 4.18 x lom3 
Shell  side 0.415 X 

Fluid volume i n  matrix, f t 3  

Tube side 170 80.5 235 24.5 23.3 
Shell  side , 196 975 

Tube length, f t  9. G 7.0 22.6 22.9 23.2 

Total number of t ~ ~ b e s  42,500 24,200 13,800 :1.8UO 1750 

Total tube length, f t  408,000 169,000 312,000 41,000 40; 500 

Total tube weight, l b  65,200 27,100 364,000 38,300 ' 25,800 

Total surface area, f t2  40,000 . 16,600 61,000 107,000 106,000 

Total cross section with 100 175 570 86 80 
U-bundle arrangement, ft  

Number of un i t s  6 1? 16 8 8 

Diamctcr of equivalent. 4.6 4.3 G. 7 3.7 3.  ti 
circular  unit ,  f t  

Number of U tubes per uni t  7080 2020 (300 222 221 

Flow Rates 

The first s tep  i n  the calculations was Lhe estimation of the tcjl;al 

mass flow ra t e s  of the f lu ids  i n  the  heat exchangers l i s t e d  above. These 

were determined by equating the  t o t a l  heat ra te ,  Q, t o  the heat carried 

by the f lu r id ,  t h a t  is, 

where W i s  the  f l u i d  flow ra te ,  c is the f l u i d  specif ic  heat, and 6 t  i s  
P 

the  temperature drop. A 1000-Mw heat generation r a t e  i n  the reactor i s  

eq~~ival-ent  t o  0.946 X l o 6  Btu/sec. Therefore, from Eq. (4 )  the  flow r a t e  

of fuel  No. 133 was  found t o  be 28,700 lb/sec, assuming a specif ic  heat 

of 0.33 Btu/lb- O F  and a temperature drop of 100°F. Similarly the flow 

r a t e  f o r  s a l t  No. 12 was 21,000 lb/sec fo r  a specif ic  heat of 0.45 

~ t u / l b .  OF and a temperature r i s e  of 100°F. Similarly, a flow r a t e  of 



1115 lb/sec  f o r  t h e  bo i l ing  potassium was obtained f o r  a heat  of evaporiza- 

t i o n  of potassiun~ aL 29 psia  of 842 Btu/lb. 

The flow r a t e  of potassium vapor t o  t h e  potassium condenser was evalu- 

a ted from t h e  r e l a t i o n  

where 

Q = heat  generation r a t e  i n  reactor ,  Btu/sec, 

7 = ef f ic iency  of potassium vapor cycle, 
k 
F = f r ac t i on  of vapor 'extracted f o r  feed heater ,  

AH = heat  of condensation f o r  potassium, Btu/lb, 

W = potassium vapor flow ra te ,  lb/sec.  
k 

Evaluating Eq. (5 )  gives 

and thus t h e  flow r a t e  of potassium vapor t o  t h e  condenser i s  W k = 971 

lb/sec.  This quant i ty  i s  t h e  t o t a l  amount of potassium t h a t  w i l l  con- 

dense on t he  tubes of t he  steam generator and t h e  two steam reheaters .  

The amount of condensate f o r  each of these  u n i t s  w i l l  be proportional  t o  

t h e  f r ac t i on  o f t h e  t o t a l  heat  t r ans fe r red  i n  each case. Assuming about . 

16% ex t rac t ion  f o r  feedwater heating before t h e  steam en te rs  each of t h e  

reheaters ,  t h e  f r ac t i ona l  d i s t r i bu t i on  of power input t o  t h e  steam bo i l e r  

and t h e  reheaters  was estimated. The r e s u l t s  a r e  presented i n  Table 8. 

Ta'ble 8. Dis t r ibut ion of Power t o  Steam Boiler  and Reheaters 

Heat of Fract ional  
Condensat ion Weight Flow Power Unit f o r  Steam, MI Ha-be of QH Uistr ibut ion 

(Btu/lb ) Steam, W 

Steam bo i l e r  886.0 1 . 0  886 0.775 

Rel~ea.l;er 1 161.0 0.84 135 0.118 

Rel~eater  2 180.2 0.68 123 0.107 



Based on %he values of Table 8, t he  r a t e s  of condensation of potas- 

sium on t h e  steam generator, reheater 1, and reheater 2 a re  752, 115, and 

104 lb/sec,  respect ively.  The steam flow r a t e s  through these un i t s  can 

be obtained d i r e c t l y  by multiplying the r a t e  of condensation of potassium 

f o r  each of these u n i t s  by the  r a t i o  of t he  l a t e n t  heat  of condensation 

of potassium t o  t he  enthalpy r i s e  of steam i n  each uni t .  In reheater 1, 

f o r  instance, t he  steam flow r a t e  i s  

The t o t a l  flow r a t e s  thus calculated a re  l i s t e d  i n  Table 7. 

Heat Transfer and Pressure Urop 

The general  r e l a t i on  f o r  determining pressure drop through c i rcu la r  

passages i s  

If Eq. ( 6 )  is rearranged, and the  un i t s  f o r  pressure drop, flow rate ,  and ' 

t he  tube diameter a r e  converted t o  conventional energy uni ts ,  

where 

G' = flow r a t e ,  l b / f t 2 .  sec,  

Dl?// = prcssure drop, psia, 

d = equivalent passage diameLer, in . ,  
e 
L = tube length, f t ,  

p = density, l b / f t 3 ,  

f = f r i c t i o n  fac tor  based on eqi.~.i.velent hydraulic diame-Ler, dimen- 
s ionless .  

Another r e l a t i on  can be obtained from heat t r ans fe r  considerations by equat- 

ing the heat car r ied  by the  tube s ide f l u i d  t o  the  heat t ransferred across 



t he  tube: 

where t h e  subscr ipt  (i) r e f e r s  t o  t h e  flows ins ide  t h e  tubes, and 

d .  = tube ins ide  diameter, in . ,  
1 

- d .  1 + do 
d = , in.  (where d is tube outside diameter), 

A 0 

c = spec i f ic  heat, Btu/lb. OF, 
p i  

G! = mass flow ra te ,  l b / f t 2 -  sec, 
1 

at. = temperature r i s e  or  drop of tube s i de  f l u id ,  OF, 
1 

U = overa l l  heat  t r ans f e r  coeff ic ient ,  Btu/hr. f t  2. OF, 

At = mean temperature di f ference between t h e  tube s ide  and s h e l l  s i de  
f lu ids ,  OF, 

or, solving f o r  At, 

The tube length t h a t  w i l l  s a t i s f y  both t h e  heat  t r ans f e r  and t h e  pres-  

sure drop r e l a t i ons  given above (i. e. ,  Eqs. 7 and 8 )  may be found f o r  

t yp i ca l  conditions of i n t e r e s t .  Suitable values may be chosen f o r  f ,  AP", 

de' 
and p f o r  both t he  tube s ide  and t h e  s h e l l  s ide  f l u id s  and t he  values 

of G' evaluated from Eq. ( 7 )  fo r  an a r b i t r a r i l y  chosen value of L. The 

heat t r ans f e r  coef f ic ien t s  f o r  t h e  tube-side and she l l - s ide  f l u id s ,  hi 

and h c a n t h e n b e  calculated u s i n g t h e  flow r a t e s  obtained. The ove ra l l  
0' 

heat transfer cnef f ic ien t  i s  given by: . 



A constant  value of 3000 ~ t u / h r .  ft2. O F  was chosen fo r  h f o r  bo i l ing  po- 
0 

tassium;18 t h e  values of h .  f o r  t h e  s a l t  were calculated;  and the  values 
1 

obtailied f o r  U were subs t i tu ted  i n  Eq. ( 8 )  t o  obtain At. 

The ca lcu la t ions  were repeated f o r  d i f f e r en t  tube lengths, and a 

curve was p lo t ted  t o  give L a s  a funct ion of At. The tube length corres-  

ponding t o  t h e  design temperature di f ference i n  t h e  heat  exchanger w i l l  

s a t i s f y  a l l  t h e  conditions assumed. The external  and i n t e rna l  mass flow 

r a t e s  G' and G: corresponding t o  t h e  above tube length may be obtained 
0 1 

by in te rpo la t ion .  The flow r a t e  per tube may be obtained by multiplying 

t h e  mass flow r a t e  by the  flow area  per tube. The t o t a l  number of tubes 

was obtained by dividing t h e  t o t a l  mass flow r a t e  of t h e  f l u i d  by t he  

mass flow r a t e  per tube. The r e s u l t s  of these  ca lcu la t ions  a r e  presented 

i n  Table 7. 

It was assumed t h a t  t h e  tubes would be arranged i n  t h e  form of U-tube 

bundles. Since t h e  t o t a l  cross-sect ional  area of t h e  bundles, as  shown 

i n  Table 7, was too  la rge  f o r  each heat  exchanger t o  be arranged i n  a 

s i ng l e  un i t ,  t h e  number of u n i t s  chosen f o r  each type of tube bundle i s  

a l s o  given, a s  i s  t h e  approximate diameter of an equivalent round tube- 

bundle u n i t  and t h e  number of U-tubes i n  each un i t .  

The physical  proper t ies  of t h e  f l u i d s  used i n  performing these  heat 

t r a n s f e r  and pressure drop calcula t ions  a r e  given i n  Table 9. The basic  

r e l a t i o n s  used i n  est imating values f o r  t he  heat  t r a n s f e r  coef't 'icient, h, 

a r e  summarized below: 

For f u e l  No. 133: 

(from r e f .  21) 

and f o r  0.235-in. -ID tubes, 

For the  temperatures considered, 



Table 9. Physical Propert ies of Fuel, I ne r t  Sa l t ,  
and Superc r i t i ca l  Steam 

Fuel . Sa l t  Superc r i t i ca l  
No. 133a No. 12b Steam 

Operating temperature, OF 1700 1700 1000 800 
Operating pressure, p s i  70 . 70 4000 ,4000 
Density, p, l b / f t 3  218C 117d 
Spec i f  i c  heat ,  cp Btu/lb- OF 0.33C 0 . 4 5 ~  0.83. 2.00 
Viscosity, p, lb , / f t .hr  16. l e  5.0a. 0.122 0.131 
Thermal conductivity, k, Btu/hr. f t  OF 1. 75e 2.6d 0.0372 0.0355 
Prandtl .  No. , Pr = cpp/k 3.04 0. 87d 2.72 , 7.35 

a 
LiF-BeF2-UFq-ThF4 (67-18.5-0.5 -14 mole 5 ) .  

b ~ a ~ - ~ ~ - ~ i ~  (11.5-42-46.5 mole $) . 
C 
Take11 rl.uu~ leer. 19 .. 

d ~ a k e n  from r e f .  20. 
e Personal communication from J. Cook, Oak Ridge National ~aborator-y.  

For s a l t  No. 12: 

Nu = 0.023 Re0. Pro. , 

and f o r  0.295 -in. - I D  tubes and t h e  temieratures considered, 

For t he  steam i n  t he  superheater: 

Nu = 0.023 x Re0' P r o e 4  , 

and f o r  0.375-in. -ID tubes and 4000 psia  steam, 

h = C (G/)'e8 . 

In  t h i s  expression f o r  h, 



The Main Pipinp, 

A summary o f . t h e  s ize ,  weight, and length of t h e  main piping between 

t h e  p r inc ipa l  u n i t s  is  presented i n  Table 10. Included i n  t h i s  t a b l e  a r e  

t h e  temperature and pressure conditions, t h e  flow ra tes ,  and t h e  e s t i -  

mated pressure drops through t h e  s t r a i g h t  port ions of t h e  piping. A 2 112% 

~r-1% Mo s t e e l  was assumed f o r  a l l  t he  steam l i n e s  and columbium f o r  the  

s a l t  l i n e s .  The l a s t  row of t h e  t a b l e  summarizes t h e  approximate weights 

of pipe mate r ia l  - for  each system considered. 

Power Dis t r ibut ion 

Approximately one-third of t h e  t o t a l  power is  generated by t he  potas- 

sium turbine  and t h e  r e s t  by t h e  steam turbines .  The power required f o r  

t h e  b o i l e r  feed pumps was estimated t o  be 12 Mw, while t h a t  f o r  t he  aux- 

i l i a r i e s  over t h e  b o i l e r  feed was taken a s  4 Mw. Thus, of t he  574 Mw of 

gross  power generated, t h e  ne t  power output of t h e  plant  would be about 

558 Mw. 



Tabk 10. Pressures, Temperatures, Lengths, Sizes, snd Flow Rates of Main Piping 

From Steam From Salt Heat From Potassium Boiler to From Very- From Reheater 1 From High- From 

Exchanger t o  Boiler t o  High-Pressure toHigh-  Reheater 2 t o  
Potassium Salt Heat T ~ r b  ine t o  Pressure Pressure Intermediate- 

Pressure Turbine t o  Pressure Boiler Exchanger Turbine Reheater 1 !jhrbipe Reheater 2 
Turbine 

Fluid 

Pipe material 

Pipe size,  in.  

Total flow rate: lb/sec 

Peak pressure, psia 

Peak temperature, "F 

Number of l ines  

Flow r a t e  per l ine ,  l'b/sec 

Density, l b / f t 3  

Flow area per lLne, f t 2  

Flow velocity, ?t/sec 

Mean length per l ine ,  ft 

Pressure drop, ps i  

Total length of piping, f t  

Weight per uni t  length, l b / f t  

Total weight of piping, l b  

Salt  No. 12 

Columbium 

12 ID,  1/4 
wall 

21, 000 

70 

1700 

12 

1750 

117 

0.785 

16.0 

50 

7 

600 

33 

19,800 

Salt  No. 12 

Columbium 

12 ID, 114 
wall 

21, 000 

70 

1600 

12 

1750 

117 

0.785 , 

16.0 

50 

7 

600 

33 

19,800 

Steam 

Steela 

5 ID,  2.4 
wall 

746 

4000 

1050 

8 

93 

5.08 

0.1385 

129 

90 

94 

720 

200 

144,000 

Steam 

%eela 

10 ID,  1 
wall 

630 

1133 

786 

4 

158 

1.69 

0.545 

170 

90 

27 

360 

110 

39,500 

Steam 

Steela 

10 ID, 1.56 
wall 

639 

1043 

1050 

4 

158 

1.22 b 

0.545 

233 

95 

39 

380 

170 

64,800 

Steam 

Steela 

20 ID,  0.875 
wall 

508 

263 

705 
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