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ESTIMATED COST OF ADDING A THIRD SALT-CIRCULATING SYSTEN FOR 

CONTROLLING TRITIUM MIGRATION I N  THE lOOO-MW( e )  MSBR 

Roy C. Robertson 

ABSTRACT 

Control l ing tritium migration t o  t h e  steam system of 
t h e  1000-MW(e) reference design MSBR power s t a t i o n  by 
in te rpos ing  a KN03-NaNOa-NaN03 s a l t - c i r c u l a t i n g  system t o  
chemically t r a p  t h e  tritium would add about $13 mi l l ion  
t o  t h e  t o t a l  of $206 mi l l ion  now estimated as t h e  cost  of 
t h e  reference p lan t  i f  Hastelloy N i s  used t o  contain t h e  
'LiF-BFa sa l t  employed t o  t r anspor t  hea t  from t h e  f u e l  
sa l t  t o  t h e  n i t r a t e - n i t r i t e  salt, and about $10 mi l l ion  
i f  Incoloy could be used. The major expenses associated 
with t h e  modification a re  the  cos t s  of t h e  add i t iona l  
heat  exchangers ($9 mi l l i on ) ,  t h e  add i t iona l  pumps ($5 
mi l l i on ) ,  and the  7LiF-BeFa inventory ($4.8 mi l l i on ) .  
Some of t h e  expense i s  o f f s e t  by el iminat ion of some 
equipment from the  feedwater system ($2 mil l ion ) ,  through 
use of less expensive mater ia l s  i n  t h e  steam generators  
and rehea, ters  (about $2 mil l ion) ,  and through an improved 
thermal e f f i c i ency  of t h e  p l an t  (worth about $1 m i l l i o n ) .  
I n  addi t ion  t o  ac t ing  as an e f f e c t i v e  tritium t r a p  t h e  
t h i r d  c i r c u l a t i n g  system would make acc identa l  mixing of 
t h e  f u e l  and secondary salts  of l e s s  consequence and 
would s implify s t a r t u p  and operat ion of t h e  MSBR. A 
s impl i f ied  flowsheet f o r  t h e  modified p lan t ,  a c e l l  l ay-  
out showing loca t ion  of t h e  new equipment, physical  prop- 
e r t i e s  of t h e  f l u i d s ,  design da ta  and cos t  estimates f o r  
t h e  new and modified equipment a r e  presented. 

KFY WORDS - *MSBR + *ritium + *capi ta l  cost  + conceptual 
design + loop + coolants + heat  exchangers + pumps + 
power cos t s  + fuel-cycle  cos t s  + steam system. 
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SUMMARY AND CONCLUSIONS 
Y 

Control l ing tritium migration t o  the  steam system of t h e  1000-MW(e) 

reference design MSBR power s t a t i o n  by in te rpos ing  s a l t - c i r c u l a t i n g  loops 

t o  chemically t r a p  the  tritium would add 4 t o  6$ t o  t h e  t o t a l  p l an t  cos t .  

The ne t  increase  i n  c a p i t a l  cos t  of t h e  p l an t ,  including i n d i r e c t  costs ,  

i s  about $13 mi l l ion  if Hastel loy N i s  used t o  contain t h e  7LiF-BeF, 

salt  employed as the  heat  t r anspor t  f l u i d  i n  t h e  secondary system, and 

about $10 mi l l ion  i f  Incoloy could be used. 

t o  a cost  f o r  t h e  reference design p l an t  now estimated a t  about $206 
mi l l ion  (based on e a r l y  1970 c o s t s ) .  

crease t h e  power production cos t s  by 0.24 .3  mills/kWhr, making t h e  

t o t a l  cost  about 5.5 mills/kWhr . 

These increases  would apply 

Addition of t h e  loops would in-  

A s  shown i n  t h e  cost  summary, Table 1, t h e  major po r t ion  of t h e  

cos t  of modifying the  design i s  due t o  t h e  add i t iona l  hea t  exchangers 

and pumps required,  and t o  t h e  r e l a t i v e l y  high cos t  of t h e  7Li-bearing 

secondary sa l t .  There were a l s o  increases  i n  t h e  cos t  of t h e  primary 

hea t  exchangers and i n  t h e  f u e l - s a l t  inventory.  However, t h e  added 

t h i r d  loops use a n i t r a t e - n i t r i t e  hea t  t r anspor t  sa l t  which permits 

savings i n  t h e  material cos t s  i n  the  steam generators  and r ehea te r s .  

Use of t h i s  sa l t  a l s o  permits reduct ions i n  t h e  feedwater and cold r e -  

heat  steam temperatures, and through changes i n  the  steam system flow- 

sheet  and t h e  a u x i l i a r y  e l e c t r i c  load, produces a reduct ion of c o s t s  

equivalent  t o  a p l an t  investment of about $800,000. 

savings was taken i n  t h e  ne t  c o s t s  mentioned above. 

Credi t  f o r  t hese  

In addi t ion  t o  serving as an e f f e c t i v e  tritium t r a p ,  t h e  t h i r d  

loops of fe r  o the r  important advantages over t he  reference design. 

a r e  f e a t u r e s  which, i n  general ,  could not have cos t  c r e d i t s  assigned. 

For example, t he  s i m i l a r i t y  of t he  f u e l  and secondary sal ts  makes mixing 

due t o  leaks  i n  the  primary heat  exchanger of f a r  l e s s  consequence than 

i n  t h e  reference design. S ta r tup  and operat ion of t h e  MSBR would be 

s impl i f ied  because of changes t h a t  could be made i n  the  steam system 

flow shee t ,  

These 
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Table 1. Summary of Cost Items Affected by Modifying MSBR Reference 
Design t o  Include Third Sa l t -Ci rcu la t ing  Loops 

( i n  $1000) 

Rev. Reference Modified MSBR 
Design MSBR with Third Loops 

A. With Hastel loy N secondary system 

Revised equipment : 

Primary heat  exchangers (see Table 4) $8,660 
Steam generators  (see Table 6 )  7,230 
Steam rehea te r s  ( see  Table 7) 1,565 
Coolant sa l t  pumps (see  Table 11) 4,400 
Coolant salt  piping allowance 1,900 
Coolant salt d ra in  tank 800 
Coolant sa l t  inventory cost  500 
Auxiliary b o i l e r  allowance 3,000 

New equipment : 

Secondary heat  exchanger ( see  Table 5) 
Secondary pumps (see Table 11) 

Secondary sa l t  d ra in  tank 

Secondary system piping allowance 

Accessory e l e c t r i c a l  f o r  secondary 
system 

Eliminated equipment: 

Reheat steam preheaters  (see Table 8) 
Pressure-booster pumps 

Mixing chambers 

Tota l  d i r e c t  construct ion cost ,  i n  $1000 

Difference i n  d i r e c t  construct ion cos t s  

Difference i n  t o t a l  cost  with added 

7LiF-BeF 

Credit  f o r  r e s a l e  value of 7LiF-BeFa 

Credit  f o r  improved p lan t  e f f i c i ency  

Net estimated c a p i t a l  cost  of adding t h i r d  

i n d i r e c t  cos t s  of 33$ 
inventory cost  ( s ee  Tables 13 

and 147 

( see  Table 12)  

loops 

$ 9,880 
6,192 
1,216 
2,750 
1,500 
800 
135 

2,500 

6,883 
3,800 
800 
375 
200 

1,056 
650 
80 

$29,841 $37,031 
$7,190 
$9,563 

4,800 

-239 
-817 

$13,300 
( continued) 
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Table 1 (continued) 

Rev. Reference Modified MSBR 
Design MSBR with Third Loops 

Changes i n  power production cos t :  

Net cost  of adding t h i r d  loops, a t  13.7% FC 

LiF-&Fa inventory, a t  13.2% FC 

Credi t  f o r  r e s a l e  LiF-&Fa, a t  13.2% FC 

Credit  f o r  improved ef f ic iency ,  a t  13.7% FC 

Increase i n  fuel-cycle  cost  

Net increase i n  cost  of power 

B. With Incoloy secondary system 

All items i n  modified MSBR not a f f ec t ed  by 
use of Incoloy r a t h e r  than Hastel loy N i n  
secondary c i r c u l a t i n g  loop, from Pa r t  A, above. 

Cost of items i n  which Incoloy i s  subs t i t u t ed  
f o r  Hastel loy N: 

Primary heat  exchangers, ( see  Table 4) 
Secondary sa l t  piping allowance 

Secondary heat  exchangers ( see  Table 5) 

Cost of rev ised  reference design, from Pa r t  A 

Difference i n  d i r e c t  construct ion cos t s  

Difference i n  t o t a l  cost  with ind i r ec t  

7LiF-BeFa inventory cost  ( see  Tables 13 and 14) 
Credi t  f o r  r e s a l e  value of ?LiF-BeF, 

cos t s  of 33% added 

mills/kWhr 

+ 0.187 
-t 0.090 
- 0.005 
- 0.015 
+ 0.013 
+ 0.27 mills/kWhr 

$ 19,893 

8,661 
225 

5,879 
$ 34,658 

$ 4,817 

$ 6,407 

-29,841 

4,800 
-239 

Credit  f o r  improved p lan t  e f f i c i ency  (see  Table 12) -817 
Net estimated cos t  of adding t h i r d  loops $ 10,200 

Changes i n  power production c o s t .  mills/kWhr 

Net cost  adding t h i r d  loops, a t  13.7% FC + 0.125 
LiF-BFa inventory,  a t  13.2% FC + 0.090 
Credit  f o r  r e s a l e  LiF-&Fa, a t  13.2% FC - 0.005 
Credi t  f o r  improved ef f ic iency ,  a t  13.7% FC - 0.015 
Increase i n  fue l -cyc le  cost  + 0.013 

Net increase i n  cost  of power. + 0.21 mills/kWhr 
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1. INTRODUCTION 

T r i t i u m  formed i n  t h e  MSBR f u e l  salt must be prevented from reaching 

t h e  steam system. 

wi th  which hydrogen d i f fuses  through most metals a t  MSBR operating tem- 

pera tures .  Studies  are being made a t  ORNL of severa l  d i f f e r e n t  methods 

of tritium control ;  of these, t h e  introduct ion of a t h i r d  s a l t - c i r c u l a t i n g  

system t o  chemically t r a p  t h e  tritium between t h e  secondary salt and the 

steam system i s  t h e  only one wel l  within present  technology and, on t h e  

b a s i s  of present  knowledge, o f f e r s  assured confinement of t h e  tritium. 

It i s  poss ib ly  one of t h e  most expensive of the cont ro l  methods being con- 

s idered,  however, and r a i s e s  t h e  question as t o  whether i t s  use would add 

p roh ib i t i ve ly  t o  the  cost  of a molten-salt  reac tor  power s t a t i o n .  

The problem i s  d i f f i c u l t  because of t h e  r e l a t i v e  ease 

This study evaluates  t h e  var ious cost  f a c t o r s  involved i n  adding 

the t h i r d  s a l t - c i r c u l a t i n g  system t o  t h e  1000-MW(e) MSBR reference design 

described i n  0RNL-4541.1 
i n  t h a t  r epor t .  

c a p i t a l  cost  of t h e  ex t r a  equipment, the  salt  inventor ies ,  and a l s o  r e f l e c t  

t h e  cost  e f f e c t s  of t h e  new designs f o r  t he  hea t  t r a n s f e r  equipment made 

necessary by t h e  use of heat  t r a n s f e r  f l u i d s  d i f f e r e n t  from those used i n  

t h e  reference concept. (The ca lcu la t ions  f o r  the new and modified heat 

exchangers were made by C. E. Eettis e t  a l . ,  using e s s e n t i a l l y  t h e  same 

computer programs as were used i n  t h e  reference design.)  

mates a l so  take c red i t  for the  equipment not needed i n  the  feedwater 

system of t h e  modified p l an t  and f o r  t h e  improved thermal e f f i c i ency  of 

t h e  s t a t i o n ,  as explained below. 

The cost  es t imat ing methods follows those used 

The cos t s  of modifying t h e  reference design include t h e  

The cost  es t i -  

The reference MSBR design uses  c i r c u l a t i n g  sodium f luoroborate ,  

NaF-NaBF4, t o  t r anspor t  heat t o  the steam generators  and rehea ters ,  whereas 

t h e  modified design uses  a n i t r a t e - n i t r i t e  heat  t r a n s f e r  sa l t ,  KN03-NaN02- 

NaNO, (known commercially as "Hitec"),  t o  hea t  t h e  steam equipment. 

has f i v e  important advantages: 

This 

(1) any hydrogen d i f fus ing  i n t o  t h e  salt  

'Roy C. Robertson e t  al.,  Conceptual Design of a Single-Fluid Molten- 
S a l t  Breeder Reactor, 0-541 (May 1971). 
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would combine with t h e  oxygen and subsequently be drawn o f f  as steam and 

co l lec ted ,  forming an e f f e c t i v e  tritium trap ;  ( 2 )  t h e  sal t  i s  not corro- 

s ive  t o  l e s s  expensive ma te r i a l s  of construct ion,  allowing Incoloy 800, 

o r  a similar mater ia l ,  t o  be subs t i t u t ed  f o r  t h e  Hastel loy N used i n  t h e  

reference design; (3)  i t s  low melt ing temperature of 2 8 8 " ~  permits use of 

conventional feedwater and cold rehea t  temperatures i n  t h e  steam system 

and e l imina tes  t h e  need f o r  t h e  rehea t  steam preheaters ,  t h e  pressure-  

booster  pumps and mixing chambers used i n  t h e  re ference  design; (4 )  
s t a r t u p  of t h e  system i s  s impl i f ied  and t h e  a u x i l i a r y  b o i l e r  probably 

does not need t o  be a supe rc r i t i ca l -p re s su re  u n i t  as i n  t h e  reference 

p lan t ;  and ( 5 )  t h e  sal t  has a low cos t  of only about 15 cents / lb .  The 
salt does not r e a c t  exothermically with water and it has good flow and 

heat  t r a n s f e r  p rope r t i e s .  

The modified design would use a 7LiF-BeF, salt  t o  t r anspor t  hea t  

from t h e  f u e l  s a l t  t o  t h e  n i t r a t e - n i t r i t e  sa l t .  With t h e  exception of 

t he  uraniam and thorium components, t h i s  salt i s  t h e  same as t h e  f u e l  

s a l t ,  and thus  a leak i n  t h e  primary heat  exchanger would be of f a r  less 

consequence than  i n  t h e  re ference  design where d i s s imi l a r  salts would mix. 

The 7LiF-BeF, i s  not corrosive t o  ma te r i a l s  less expensive than  Hastel loy 

N, provided t h a t  no moisture i s  present .  One cos t  es t imate  i n  t h i s  study 

has been made using Hastel loy N f o r  t h e  secondary system and another 

using Incoloy. Due t o  t h e  l i thium-7 content,  t h e  cos t  of t h e  salt  i s  

r e l a t i v e l y  high -- about $12/1b. 

30-year p l an t  l i f e  has been taken i n t o  account, although t h e  e f f e c t  i s  

not  g rea t .  

I ts  r e s a l e  value a t  t h e  end of t h e  

The re ference  MSBR design cons i s t s  of a s ing le  r eac to r  supplying 

hea t  t o  four  primary c i r c u l a t i n g  loops,  each containing a s a l t - c i r c u l a t i n g  

pump and a hea t  exchanger. The coolan t -sa l t  system contains  fou r  loops, 

with each containing a s a l t - c i r c u l a t i n g  pump, fou r  steam generators  and 

two rehea ters .  This arrangement was not a l t e r e d  i n  t h e  modified design, 

although t h e r e  was some adjustment of t h e  temperatures.  The in te rposed  

s a l t - c i r c u l a t i n g  system would cons i s t  of fou r  loops,  each containing a 

c i r c u l a t i n g  pump and a hea t  exchanger. 

adopted. 

The following terminology has been 
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Fuel sa l t  t o  'LiF-BeF2 heat  exchanger 

LiF-&Fa t o  KN03-NaN02-NaN03 exchanger 

KN03-NaNOo-NaN03 t o  steam exchangers 

-- Primary heat  exchanger 

-- Secondary heat  exchanger 

-- Steam generator o r  
steam rehea ter  

Fue l -sa l t  c i r c u l a t i n g  pump 

LiF-&Fa c i r c u l a t i n g  pump 

-- Primary pump 

-- Secondary pump 

KN0,-NaNOa-NaN03 c i r c u l a t i n g  pump -- Ter t i a ry  pump 

This study i s  pr imari ly  concerned with evaluat ing t h e  cost  e f f e c t s  

of adding t h e  t h i r d  s a l t - c i r c u l a t i n g  loops.  The concept was not car r ied  

fu r the r  than t o  ind ica t e  general  f e a s i b i l i t y  and t o  provide a b a s i s  for 
cost  es t imates .  No e f f o r t  was made toward optimization. 

I n  comparing t h e  cost  of t h e  MSBR modified with t h e  t h i r d  loops 

t o  t h e  reference design cost  es t imates ,  it was necessary t o  make some re -  

v i s ions  t o  t h e  l a t t e r  as reported i n  ORNL-4541. The heat  t r a n s f e r  equip- 

ment design da ta  haveundergone two r e l a t i v e l y  recent  rev is ions .  

f irst  was made i n  time t o  be tabula ted  with t h e  design da ta  i n  t h e  l a t e s t  

d i s t r i b u t e d  d r a f t  of t h e  r epor t ,  but ,  because of the  extensive changes 

required and t h e  f a c t  t h a t  a t  t he  time t h e  inf luence on cos t s  appeared 

t o  be s m a l l ,  t h e  cost  es t imates  were not adjusted accordingly.  The 

second rev is ion ,  which appl ied only t o  t h e  primary heat  exchanger, was 

made j u s t  i n  time f o r  t h e  da ta  t o  be changed before t h e  r epor t  was 

pr in ted ,  but ,  again,  t h e  cost  es t imates  could not be revised.  All of 

t h e  rev is ions  tended t o  increase costs ,  however, and when t h e  cost  es t i -  
mates were rev ised  i n  t h i s  study it was found t h a t  i n  aggregate they 

amounted t o  about $4 mill ion,  including t h e  i n d i r e c t  charges. 

c a p i t a l  cost  of t h e  reference design MSBR i s  thus  about $206 mi l l i on  

r a t h e r  than the  $202 mi l l i on  given i n  ORNL-4541. 
on t h e  e a r l y  1970 value of t h e  do l l a r .  

The 

The t o t a l  

Both amounts a r e  based 

2 ,  DESCRIPTION OF MSBR MODIFIED WITH THIRD LOOPS 

A s impl i f ied  flowsheet f o r  t h e  1000-MW(e) MSBR s t a t i o n  as modified 

t o  include t h e  t h i r d  s a l t - c i r c u l a t i n g  loops i s  shown i n  Fig. 1. It can 

be noted t h a t  t h e  temperatures have been adjusted from those used i n  t h e  

reference design and t h a t  t he re  were corresponding changes i n  t h e  mass 



ORML-DWG 71-7322 

Primary 
pump 

14,255 BFon 

n 

Fig. 1. 

S e co nda ry 
-2 

0 I 

T e r t i a r y  
m 

17,370 QFn 
lOOO'F + ---- 

I- Steam 
I lOOO'F 

1200'F 

Primary HX Secondary HX R e  heat e r 

Steam 

13.3 x lo6 lb/hr  Feedwater 

A l l  flow rates are f o r  each of four loops 

Schematic Flowsheet of lOOO-MW( e ) MSBR Power Station 

Q 

as Modified with Addition of Third Loops to Trap 3H. 



9 

flow r a t e s  of t h e  salts .  The flow q u a n t i t i e s  shown on the  flowsheet a r e  

f o r  each of t he  four  c i r c u l a t i n g  loops.  

The secondary hea t  exchangers and t h e  assoc ia ted  LiF-BeFa pumps 

can be arranged i n  t h e  r eac to r  c e l l  without changing the dimensions of 

t he  containment s t ruc tu re ,  as ind ica ted  i n  Fig.  2. The layout  provides 

r e l a t i v e l y  sho r t  p ip ing  between t h e  primary and secondary hea t  exchangers 

t o  keep the lithium-7 inventory low. 

i n  t h e  salt  piping t o  t h e  steam generators  and r ehea te r s .  On t h i s  basis, 

t h e  cost  es t imates  f o r  t he  modified system do not  include any expenses 

for modif icat ion of the  bui ld ing  o r  c e l l  s t r u c t u r e .  

No major changes would be required 

3. HEAT TRANSFER EQUIPMENT 

The phys ica l  p rope r t i e s  of i n t e r e s t  f o r  t he  f u e l  and hea t - t ranspor t  

salts are given i n  Table 2. 

comparison, although not used i n  the  modified MSBR system.) 

(Sodium f luoroborate  has been included f o r  

The cos t s  of t h e  hea t  t r a n s f e r  equipment were based on t h e  estimated 

weights of  t h e  var ious shapes of mater ia l s  used i n  f ab r i ca t ion ,  and on a 

u n i t  p r i c e  which r e f l e c t s  t h e  cos t s  of f ab r i ca t ion ,  inspect ion,  t r a n s -  

por ta t ion ,  and i n s t a l l a t i o n  ready f o r  use.  

Hastel loy N and Incoloy 800, as used i n  t h i s  study, are l i s t e d  i n  Table 

3. A s  i n  t h e  reference design, t h e  base p r i c e s  of materials can be de te r -  

mined with r e l a t i v e l y  good ce r t a in ty ,  but  t h e  addi t ions  t o  provide t h e  

total i n s t a l l e d  cost greatly overshadow the  basic material  cos t  i n  i m p o r -  

t ance  and also involve considerable i n t u i t i v e  j u d p e n t .  A s  a rough check 

on t h e  reasonableness of t h e  cos t  estimates, t h e  c o s t s  per  square foo t  of 

heat  t r a n s f e r  sur face  are compared i n  Table 10. 

The t o t a l  i n s t a l l e d  cos t s  of 

1. Primary Heat Exchangers 

The cos t  es t imate  f o r  t h e  primary hea t  exchangers i n  the  reference 

design, a s  reported i n  OWL-4541, has been changed from $7.3 mil l ion  t o  

about $8.7 mi l l i on  t o  r e f l e c t  t h e  r ev i s ions  t o  t h e  design data, as ind i -  

cated i n  Table 4. 
of t h e  baffles and t o  inc lus ion  of t h e  double-pipe coolan t -sa l t  nozzles,  

which had previously been assumed t o  be covered by t h e  piping cos t  

The cos t  increase  i s  a l s o  due t o  adding i n  t h e  cos t  
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ORNL-DWG 71-7323 

Fig. 2 .  YSER Reactor Cell Layout Ind ica t ing  Possible Location 
f a r  Secordary Heat Exchanger and P u ~ p .  (One of fou r  loops i s  shown.) 



Table 2. Selected Propert ies  of t h e  MSBR Molten S a l t s  

7LiF-BeF,-ThF,-UF4 Na,F-NaBF4 'LiF- BeF, KN0,-NaN0,-NaNO, 

Composition, mole 4 
Molecular weight, approximate 

Density, l b / f t 3  a t  1000°F 

Viscosity, lb/f t -hr  a t  1000°F 

Specif ic  heat, Btu/lb-"F 

Thermal conductivity, Btu/f t -hr- " F 

Estimated cost, $/lb 

Circulat ion required per loop b 

for 556-~w( t )  heat load: 

lb/hr  

gPm 
Liquidus temperature, "F 

71.7-16-12-0.3 
64 
212 

41 
0.32 

0.67 t o  0.68 
57 * 00 

23.4 x lo6 
14,260 
9 30 

92-8 
104 
117 
3 
0.36 
0.23 

0.50 

66-34 
33 
124 

29 
0.57 
0.58 

12.00 

13.3 x lo6 
13,380 
850 

44.2-48.9-6.9& 
84 
105 

3 
0.37 
0.33 
0.15 

14.7 x lo6 

288 
17,370 

Eht e c t  i c compos it i on. a 

bBased on propert ies  a t  average temperatures i n  MSBR system. 

Based on 250°F at i n  modified MSBR. C 
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Table 3. Material  Costs Used i n  Estimates" 

Hastelloy N Incoloy 

Tubes, 3/8 i n .  diam $30/1b 
1/2 i n .  d i m  and l a r g e r  20 17 

She l l s  and l i n e r s  10 7 

Heads 15 12 

Baff les  1-5 12 

Rings "20 18 

Tube shee t s 20 18 

Downcomers, l a r g e  nozzles 15 12 

Miscellaneous nozzles, e t c .  20 18 

a 

inspection, and i n s t a l l a t i o n  ready f o r  use.  
Includes cos t  of material, f ab r i ca t ion ,  t r anspor t a t ion ,  

allowance. It was a l s o  found t h a t  t h e  i n s i d e  diameter of t h e  s h e l l  

s t a t e d  i n  ORNL-4541 appl ied t o  t h e  inne r  l i n e r  r a t h e r  than t o  t h e  

outer  s h e l l .  

The design da ta  f o r  t h e  primary heat exchangers as modified t o  use 

LiF-BeFa on t h e  s h e l l  s ide  are a l s o  shown i n  Table 4. These design 

da ta  have not been r eca l cu la t ed  using t h e  May 1971 r ev i s ions  t o  t h e  com- 

pu te r  program (see Introduct ion) ,  but  t h e  e f f e c t s  of t h e  changes could 

be estimated by using t h e i r  influence on t h e  reference design primary 

heat  exchanger c o s t s  as a guide, as follows: 

l i n e r  (+8.7$), heads (-1.4$), r i n g s  (-l.O$), downcorners, U-bends and 

baffles (+4.1$). 

tubes (+6.4$), s h e l l  and 

The tubes and other  port ions of t h e  primary hea t  exchanger i n  con- 

t a c t  with t h e  f u e l  sa l t  must be constructed of Hastelloy N. This was 

a l s o  t r u e  i n  t h e  reference design f o r  t h e  po r t ions  i n  contact with t h e  

sodium f luoroborate  s a l t .  I n  t h e  modified design, however, consideration W 



Table 4. Primary Heat Exchangers 
~ ~~~ ~~ 

Revised Reference Modified YiBR 
Design MSBR With Third Loop 

Capacity, MW(t), each of four units 
Fuel salt temperatures, in-out, "F 
Coolant salt temperature, in-out, "F 
Coolant salt 
Tube size (enhanced), OD x wall 

Number of tubes 
Length of tubes, ft 

Heat transfer area, fta 

Liner, ID x thickness, in. 
Shell, ID x thickness, in. 
Pressure drops: tube side, psi 

thickness, in. 

shell side, psi 

Head thickness, in. 

Number of baffles, disc and 
doughnut, 3/8 in. thick 

Overall heat transfer coefficient, 
Btu/hr- f ta - " F 

5 56 

850-1150 
NaF-NaBF4 

3/8 x 0.035 

5803 
24.4 

1300-1050 

13,916 
67.6 x 2.5 
73.6 x 1/2 

130 
116 

3/4 
21  

785 

5 56 
1300-1050 
950-1200 
LiF-BeF, 

3/8 x 0.035 

6312 
25.5 
15,789 

76.3 x 1/2 

130 
118 

3/ 4 
34 

672944 

70.3 X 2.5 

A. Material costs with Hastellov N tubes and shell (in $1000): 
Tubes, at $30/lb 
Shells, at $10/lb 
Liners, at $10/lb 
Heads, at $15/lb 
Rings and tube sheets, at $20/lb 
Downcomers, baffles, and double- 

Installation allowance 
pipe coolant nozzles, at $15/1b 

Total for four units 

$ 2,457 
414 

1,959 
141 

2,823 
666 

200 

$ 2,970 
487 

2,308 
150 

2,911 
85 4 

200 

$ 8,660 $ 9,880 

(continued) 



Table 4 (cont inued)  

Revised Reference Modified MSBR 
Design MSBR With Third Loop 

B. bhterial cos t s  with Hastel loy N tubes  and Incoloy s h e l l  ( i n  $1000): 

Tubes, a t  $30/lb 

Shel l s ,  a t  $8/lb 

Liners  , a t  $8/lb 

Heads, a t  $l5/lb 

Hastel loy N r i ngs  and tubesheets,  a t  $20/lb 

Incoloy r ings ,  a t  $17/1b 

Downcomer, a t  $12/lb 

Double-pipe coolant nozzles , a t  $12/1b 

Baff les ,  a t  $12/lb 

I n s t a l l a t i o n  allowance 

Tota l  

350 

1J 658 
150 

1 J  9O7 
812 
126 
65 

42 4 
200 

$ 8,661 

can be given t o  use of l e s s  expensive ma te r i a l s  i n  t h e  s h e l l  s ide  of t he  

system, provided t h a t  no moisture i s  present .  The more conservat ive 

approach i s  t o  use Hastel loy N f o r  a l l  por t ions  of t h e  secondary system, 

and t h i s  i s  t h e  b a s i s  f o r  t h e  cos t  es t imates  shown i n  P a r t  A of Tables 

1, 4, and 5. Since the re  has been noteworthy success i n  excluding water 

from sal t  systems, however, it may be p r a c t i c a l  t o  use Incoloy, o r  a 

s i m i l a r  material, i n  t h e  secondary system. The estimated cos t s  i n  t h i s  

case a r e  shown i n  Pa r t  B of Tables 1, 4, and 5. 
use of Incoloy would save about $3 mi l l i on  i n  t o t a l  cos t s  when i n d i r e c t  

charges a r e  included. 

It w i l l  be noted t h a t  

2. Secondary Heat Exchangers 

The secondary heat  exchangers i n  the  modified MSBR p l a n t  a r e  en- 

vis ioned as U-shell and U-tube types,  arranged v e r t i c a l l y  i n  t h e  r eac to r  

c e l l ,  as ind ica ted  i n  Fig.  2. The design da ta  were generated on t h e  

b a s i s  of four  u n i t s  with 3/8-in.-OD tubing. The arrangement was not 



Table 5. Secondary Heat &changers 

Capacity, each of fou r  un i t s ,  M W ( t )  

LiF-BeF, ( tubes )  temperatures, in -out ,  "F 

I(TJO,-NaNOa-NaNO, ( s h e l l )  temperatures, i m u t ,  "F 

Tube s i z e  (not  enhanced), OD x w a l l  thickness,  i n .  

Number of tubes 

Length of tubes,  f t  

Heat t r a n s f e r  surface,  f t a  

Pressure drops: tube s ide,  p s i  

She l l ,  I D  x w a l l  th ickness ,  i n .  

Number of b a f f l e s ,  crosscut,  3/8 i n .  t h i ck  

Tubesheet thickness ,  i n .  

Head thickness ,  i n .  

Overall  heat  t r a n s f e r  coe f f i c i en t ,  Btu/hr-fta-"F 

s h e l l  s ide,  p s i  

Modified MSBR With 
Third Loop 

5 56 
1200-950 

3/8 x 0.035 

5989 
44 
25,665 

750-1100 

79.2 
79.6 
61.5 x 1/2 

33 
3 
3/ 4 
505 

A. Material cost  with Hastelloy N tubes and Incoloy s h e l l  ( i n  $1000): 

Tubes, a t  $30/lb 
Shel l ,  a t  @/ lb  
Tubesheet, a t  $20/lb 
Heads, a t  $l5/lb 
Baff les ,  a t  $12/1b 
Nozzles, e t c . ,  a t  $ 2 O / l b  
I n s t a l l a t i o n  allowance 

Total  f o r  four  u n i t s  

$ 4,542 
483 
458 
102 

1,018 
80 

200 
$m 

B. Material  cost  with Incoloy s h e l l  and tubes ( i n  $1000): 

Tubes, a t  $27/lb 
Shel l ,  a t  $8/lb 
Tubesheets, a t  $18/lb 
Heads, a t  $12/lb 
Baffles,  a t  $12/lb 
Nozzles, e t c . ,  a t  $18/1b 
I n s t a l l a t i o n  allowance 

Tota l  f o r  four  u n i t s  

$ 3,670 
483 
370 
78 

1,018 
65 

200 
$5,879 
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optimized, however, and although s u f f i c i e n t  f o r  cost-est imat ing purposes, 

t h e r e  a r e  ind ica t ions  t h a t  f u r t h e r  study may be needed. 

t h e  ca lcu la ted  s h e l l  diameter of over 60 i n .  i s  questionable f o r  t h e  U- 

s h e l l  configurat ion.  

OD tubing i s  needed t o  minimize t h e  LiF-&Fa inventory and surface re -  

quirements, but it i s  r e l a t i v e l y  expensive compared t o  l a r g e r  s i z e s  ( see  

Table 3) .  
four ,  and t o  use of s t ra ight - tube  designs,  although space i n  t h e  c e l l  i s  

somewhat l imi ted .  

For example, 

The tube s i z e  needs optimizing i n  t h a t  t h e  3/8-in.- 

Consideration could be given t o  use of e igh t  u n i t s  r a t h e r  t hac  

A s  previously discussed, t he re  i s  a poss ib le  opt ion i n  se l ec t ing  

ma te r i a l s  t o  be used on contact  with t h e  LiF-&Fa salt .  

5 shows t h e  estimated d i r e c t  cos t  of t h e  secondary hea t  exchangers i f  

constructed with Hastel loy N tubes and heads, and Pa r t  B i n d i c a t e s  t h e  

cos t  i f  Incoloy i s  used f o r  t hese  p a r t s .  

Pa r t  A of Table 

3. Steam Generators 

The cost  estimate f o r  the  steam generators  i n  t h e  re ference  design 

was changed from $6.3 mi l l i on  t o  $7.2 mi l l i on  t o  r e f l e c t  t h e  r ev i s ions  

i n  the  design da ta .  The p r i n c i p a l  d i f f e rences  were due t o  an increase  

i n  t h e  number and length  of t h e  tubes  and an increase  i n  t h e  th ickness  

of the  tube  shee ts  used i n  t h e  cos t  es t imate .  The da ta  and eos t s  a r e  

shown i n  Table 6. 
The design da ta  and t h e  est imated cos t  of t h e  steam generators  f o r  

t h e  modified MSBR system using KNO,-NaNOa-NaNO, on t h e  s h e l l  s ide  a r e  

a l s o  shown i n  Table 6. The lower t o t a l  cos t  of t he  u n i t s  for t h e  modi- 

f i e d  design i s  pr imar i ly  due t o  use of Incoloy r a t h e r  than Hastel loy N. 

It may be noted t h a t  t he  steam generators  a r e  designed f o r  555°F en ter -  

ing feedwater r a t h e r  than t h e  551°F temperature ca l l ed  f o r  i n  t h e  flow- 

shee ts .  

r ev i se  t h e  number, but  s ince  t h e  t o t a l  amount of hea t  t o  be t r a n s f e r r e d  

was not a l t e r e d ,  t h e  only s a c r i f i c e  t o  accuracy was r e l a t i v e l y  small 

ve loc i ty  e f f e c t s .  

A t e c h n i c a l i t y  i n  the  computer program made it necessary t o  

I 
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Table 6. Steam Generators 

Revised Reference Modified MSBR 
Design MSBR With Third Loop 

For each of 16 u n i t s :  

Capacity, MW( t ) 

me 
Major mate r i a l  of construct ion 

Heat t r anspor t  sa l t  ( s h e l l  s i d e )  

S a l t  temperatures,  in -out ,  "F 

Feedwater temperature, "F 

Steam temperature out,  "F 

Steam pressure,  p s i a  

Tube s i ze ,  OD x wall thickness ,  i n .  

Number of tubes  

Tube length,  f t  

Heat t r a n s f e r  surface,  f t a  

Shel l ,  I D  x w a l l  th ickness ,  i n .  
Number of baffles (3/8 i n .  t h i c k )  

Head ( s p h e r i c a l )  thickness ,  i n .  

Pressure drops: tube s ide,  p s i  
shell ( sa l t )  

s ide,  p s i  

Overall U, Btu/hr-fta-"F 

Material cos t s  (all 16 units): 
Tubes: Cost, $/lb 

Tota l  cos t  ($1000) 

Shel l s :  Cost, $/lb 
Tota l  cos t  ($1000) 

Heads: Cost, $/lb 
Tota l  cos t  ($1000) 

Tubesheets: Cost, $/lb 
Tota l  cos t  ($1000) 

Misc.: Cost, $/lb 
To ta l  cos t  ($1000) 

I n s t a l l a t i o n  allowance 

To ta l  cos t  ($1000) 

121 121 

U-shell, U-tube U-shell, U-tube 

Hastel loy N 

NaJ?-NaBF4 

1150-850 
700 
1000 

3625 
1/2 x 0.077 
393 
76 
3929 
18.3 x 3/8 
18 
4 
152 
61 

Incoloy 800 
KNO, -NaNOa -NaNO, 

1100-750 

555 
1000 

3625 
1/2 x 0.077 
341 
99 
4428 
17 x 3/8 
28 
4 
12 5 
90 

655 
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4. Steam Reheaters 

The estimated cos t  of t h e  steam hea te r s  i n  t h e  re ference  design 

was revised from $1.7 mil l ion  t o  $1.6 mi l l i on  t o  correspond t o  t h e  re- 

vised design data ,  as shown i n  Table 7. Although t h e  rev ised  u n i t  has 

more surface,  t h e  previously used p r i c e  of Hastel loy N tub ing  d id  not 

r e f l e c t  the  lower u n i t  p r i c e  of 3/4-in.-OD tubing as compared t o  3/8- 
i n .  -OD tubing.  

The design da ta  and estimated cost  of t h e  modified r ehea te r s  using 

XNO3-NaN0,-NaNO3 on t h e  s h e l l  s ide  a r e  a l s o  shown i n  Table 7. 
Incoloy r a t h e r  than Hastel loy N accounted f o r  t h e  reduct ion i n  cost  t o  

$1.2 mi l l ion .  

en ter ing  cold reheat  temperature, as taken d i r e c t l y  from t h e  high-pressure 

turb ine  exhaust.  

Using 

It w i l l  be noted t h a t  t h e  u n i t  i s  designed f o r  550°F 

5. Reheat Steam Preheaters  

Reheat steam prehea ters  were used i n  t h e  re ference  design t o  heat  

t he  high-pressure tu rb ine  exhaust from 550°F t o  650"~ before t h e  stem 

entered t h e  r ehea te r s  t o  avoid poss ib l e  problems of coolan t -sa l t  f reez ing .  

The cos t  of t he  prehea ters  was underestimated i n  t h e  re ference  design 

repor t  because t h e  thickness  of t he  sphe r i ca l  heads was used i n  t h e  ca l -  

cu la t ions  as 1/2-in.  r a t h e r  than t h e  cor rec t  value of 2-1/2 i n .  

t h e  ma te r i a l  cos t s  assumed f o r  t h e  Croloy i n  t h e  re ference  design appeared 

too  low. 

as shown i n  Table 8. 

Further ,  

The revised cos t  es t imate  f o r  t h e  prehea ters  i s  now $924,000, 

The prehea ter  design was not  optimized. Use of 3/8-in. tubes  may 

involve a cost  penal ty ,  and some improvement i n  cos t s  might be obtained 

i f  t h e  number of u n i t s  was increased.  

The modified MSBR with t h e  t h i r d  loops added t o  t r a p  tritium does 

not requi re  use of prehea ters  because of t h e  low l iqu idus  temperature of 

t he  n i t r a t e - n i t r i t e  sa l t .  

6. General E f fec t s  of Revising and Modifying t h e  Heat Transfer  
Equipment 

The t o t a l  cost  e f f e c t s  of r ev i s ing  t h e  design da ta  f o r  t h e  heat  

t r a n s f e r  equipment i n  t h e  reference design a r e  summarized i n  Table 9. 
The ne t  increase  of about $4 mi l l i on  ( inc luding  i n d i r e c t  charges)  



Table 7. Steam Reheaters 
W 

Revised Reference Modified MSBR 
Design MSBR With Third Loop 

W 

For each of 8 units: 
Capacity, MW( t ) 
Major material of construction 
Heat transport salt 

Salt temperatures, in-out, OF 
Steam temperature in, O F  

Steam temperature out, "F 
Entrance steam pressure, psia 
Tube size, OD x wall thickness, in. 
Number of tubes 
Tube length 
Heat transfer surface, fta 

Shell, ID x wall thickness, in. 
Number of disc and doughnut baffles 
Head thickness, in. 

Pressure drops: tube side, psi 

Overall U, Btu/hr-fta-"F 
Material costs (all 8 units): 

shell side, psi 

Tubes : $/ lb 

Shells : $/lb 

cost, in $1000 

cost, in $1000 

cost, in $1000 

cost, in $1000 

cost, in $1000 

cost, in $1000 

Tubesheets : $/lb 

Heads : $/lb 

Eaf f les : $/lb 

Nozzles, etc: $/lb 

I n s t a l l a t  ion allowance 
Total cost, in $1000 

36.6 
Hastelloy N 
NaF-NaBF4 
1150-850 

650 

5 80 
3/4 x 0.035 
400 
30 
2376 
21.2 x 0.5 
21 & 21 

0.5 

30 
60 
306 

1000 

36.6 
Incoloy 800 

KNO, -NaNOa -NaN03 
1100-750 
5 50 
1000 

5 80 
3/4 % 0.035 
696 

2520 

21 x 0.5 

30 29 
0.5 
40 
90 
340 

28 

200 

$ 1,216 



Table 8. Reheat Steam Prehea ters  

For each of 8 u n i t s :  

Capacity, MW( t ) 
Major ma te r i a l  of eo t ruc t  i 

Shel l -s ide conditions:  

Heated steam entrance temperature, "F 

Entrance pressure,  p s i a  : 

Tube-side conditions:  

Heating steam entrance temperature, "F 

Entrance pressure,  p s i a  

Tube s i ze ,  OD x w a l l  th ickness ,  i n .  

Number of tubes 

Tube length,  f t  

Heat t r a n s f e r  surface,  f t a  

Shel l ,  I D  x w a l l  th ickness ,  i n .  

Overal l  U, Btu/hr-fta-"F 

Head thickness ,  i n .  

Mater ia l  cos t s  ( a l l  8 u n i t s ) ,  i n  $1000: 

Tubes, a t  $18/1b 
Shel l s ,  a t  $8/lb 

Heads, a t  $10/lb 

Tubesheets, a t  $18/lb 
Nozzles, e t c . ,  a t  $18/1b 

I n s t a l l a t i o n  allowance 

Revised Reference 
Design MSBR 

12.3 
Croloy 

5 51 
595 

1000 

3600 
318 x 0.065 
603 

781 

162 

13.2 

20-114 x 7/16 

2 4 2  

$ 252 
88 
296 
323 
72 
25 
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V 
Table 9. Revised Reference Design Costs f o r  Heat 

Transfer Equipment ( i n  $1000) 

Reference MSBR Revised Reference 
De signa Design Costsb 

W 

Primary heat  exchangers $ 7,347 $ 8,660 

Steam generators  6; 270 7,230 
Reheater s 1,668 1,565 
Reheat steam prehea ters  135 924 

$ 15,420 $ 18,379 
Increase i n  reference design d i r e c t  cos ts  $ i 2,959 

Increase i n  t o t a l  cos t ,  including i n d i r e c t s  $ ’ 3,935 

Tota l  rev ised  reference design cos t  $ 206,589 

202,654 a Reference design t o t a l  cos t  

A s  l i s t e d  i n  ORNL-4541. a 

bFor Hastel loy N f u e l  and coolan t -sa l t  systems. 

r e s u l t s  i n  r a i s i n g  the  t o t a l  es t imated p lan t  cost  of t he  reference design 

MSBR p l a n t  from about $202 mi l l ion  t o  $206 mi l l ion .  

Use of Incoloy r a t h e r  than  Hastelloy N f o r  t h e  por t ions  of the second- 

a r y  system i n  contact with LiF-BeF, would save about $1.6 mi l l i on  i n  t he  

t o t a l  cost  ( including i n d i r e c t  charges) of the  primary heat exchangers, 

about $1.3 mi l l i on  f o r  t h e  secondary hea t  exchangers, and about $200,000 

f o r  t h e  secondary sa l t  piping, f o r  a t o t a l  savings of about $3 mi l l ion .  

The cos t s  of t h e  hea t  t r a n s f e r  equipment on a square foo t  basis are 

While t h e  values  are not p a r t i c u l a r l y  conclusive, compared i n  Table 10. 

they ind ica t e  t h a t  t h e  estimated cos t s  a r e  general ly  within reason f o r  

t h i s  type of nuclear  power s t a t i o n  equipment. 

4. SALT-CIRCULATING PUMPS 

Since s a l t - c i r c u l a t i n g  pumps of the  s i z e  required f o r  t h e  1000-MW(e) 

MSBR s t a t i o n  have never been fabr ica ted ,  t h e  cost-estimating method used 
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Table 10. Estimated Direct Cost of I n s t a l l e d  Heat Transfer 
Equipment per  Square Foot of Surface 

Revised Reference Modified MSBR 
Design MSBR With Third Loop 

Primary heat  exchangers 

Hastelloy N tubes and s h e l l  
Hastelloy N tubes and Incoloy s h e l l  - 

$ 155 

Secondary heat  exchangers 

Hastelloy N tubes and s h e l l  

Hastelloy N tubes and Incoloy s h e l l  

Steam generators  115 
Steam rehea te r s  82 

Reheat steam preheaters  149 

$ 147 
129 

67 
43 
76 
54 

none 

i n  t h i s  study and i n  t h e  reference design repor t  i s  based on published 

cos t s  of similar pumps (as adjusted f o r  capaci ty  and head requirements),  

on MSRF, pump cost  experience, and on t h e  b a s i s  of considerable i n t u i t i v e  

judgment. Table 11 ind ica t e s  t he  pumping requirements which served as 

a b a s i s  f o r  a s s m i n g  allowances f o r  t h e  pump cos t s  i n  t he  modified WEB 
p lan t .  

U s e  of t h e  t h i r d  c i r c u l a t i n g  sal t  system would add four  pumps of 

about 2700 hp each, would reduce t h e  power requirements of another s e t  

of four  pumps from 3200 hp t o  1800 hp each, and would el iminate  t h e  

need f o r  t h e  two 6000-hp each pressure-booster pumps i n  t h e  feedwater 

system. A s  shown i n  Table 12, t he  connected load of t h e  pump motors i s  

reduced by a t o t a l  of about 5,400 kW(e) i n  t h e  modified system. 

i s  assumed t h a t  a l l  t h e  pumping energy i s  use fu l ly  converted t o  hea t ,  

about 5,400 kW(t) i s  thus not ava i l ab le  i n  the  modified system f o r  con- 

vers ion i n t o  e l e c t r i c  pow= a t  t h e  average ove ra l l  p lan t  e f f i c i ency  of 

44.4%. The ne t  savings i n  a u x i l i a r y  e l e c t r i c  load i s  thus  about 3,000 

kW(e). With power worth 5.3 mills/kWhr, and 80% p lan t  f a c t o r ,  t h i s  

amounts t o  about $111,00O/year. 

equivalent t o  a p lan t  investment of about $817,000. 

been taken i n  P a r t s  A and B of Table 1. 

If it 

A t  13.7% f ixed  charges, t h e  savings i s  

Credi t  f o r  t h i s  has 
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W 
Table 11. Estimated Design Data and Allowances f o r  I n s t a l l e d  

Costs of Sa l t -Ci rcu la t ing  Pumps 
_ _  ~ 

Modified MSBR 
Secondary- 

Fuel-Salt  S a l t  Pump Secondary- Ter t ia ry-  
Pumps Ref. MSBR S a l t  mUnp S a l t  Pump 

For each of 4 pumps: 

Actual capaci ty ,  gpm 14,255 18,768 13,380 17,372 
Nominal capaci ty ,  gpm 16,000 20,000 16,000 20 , 000 

Cost allowance, i n  $1000, $3300 $4400 $2750 $3800 

Average salt densi ty ,  l b / f t a  208 117 124 10 5 
Estimated t o t a l  head, f t a  1.50 300 2 30 300 
Estimated horsepower 2 360 3210 1800 2680 

f o r  t o t a l  of 4 pumps 
- 

a 

bCost assumed t o  be i n  proport ion t o  capaci ty  and horsepower require-  

Estimate based on ca lcu la ted  &Is i n  hea t  t r a n s f e r  equipment. 

ment. 

Table 12. Estimated Pumping Power Requirements and Worth of 
Improved B f i c i e n c y  of Modified MSBR Cycle 

Reference Design Modified MSBR 
MSRR With Third Loops 

Tota l  pumping power, kW( e )  : 
Pressure-booster pumps 
Fuel -sa l t  p w p s  
Secondary-salt pumps 
Tertiary-salt pumps 

9,200 
7,039 
9,575 * 

Savings i n  pump power with modified system, 

Difference i n  hea t  i npu t s  t o  systems from 

E l e c t r i c  power p o t e n t i a l  of 5,400 kW(t) a t  

N e t  savings i n  power with modified cycle,  

Capi ta l  cos t  worth of 3,000 kW(e) a t  80% 

5,400 

5,400 

2,400 

3,000 

$817,000 

kW( e ) 

pump work, kW(t) 

44.4% thermal e f f ic iency ,  kW(e) 

kW( e ) 

p lan t  f a c t o r ,  13.7% f ixed  charges, and 
power worth 5.3 mills/kWhr 

none 
7,039 
5,369 
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5. SALT INVENTORY COSTS 

The modified primary heat  exchangers w i l l  contain about 56 f t 3  

more f u e l  sa l t  than those used i n  t h e  reference design, as indicated i n  

Table 13. On t h e  basis of t h e  $57/1b f u e l - s a l t  cos t  used i n  ORNL-4541, 
t h i s  amounts t o  an add i t iona l  investment of @7l,OOO f o r  t h e  MSBR p l an t .  

Following t h e  procedures used i n  t h e  reference r epor t ,  however, t h i s  

c a p i t a l  cos t  i s  not included i n  t h e  p l a n t  c a p i t a l  cos t  but  i n  t h e  f u e l -  

cycle cos t .  This would increase t h e  fuel-cycle  cos t  by about 0.013 

mills/kWhr. 

was assumed t h a t  t h e  cleanup c o s t s  f o r  t h e  f u e l  sa l t  a t  t h e  end of t h e  

30-year p l an t  l i f e  would be g rea t  enough t o  make it have e s s e n t i a l l y  no 

resale, o r  "scrap" value.  ) 

( I n  both t h e  reference and t h e  modified p l a n t  designs it 

I *  

The estimated p r i c e  of t h e  n i t r a t e - n i t r i t e  salt used i n  t h e  modified 

design i s  15 cents / lb  as compared t o  50 cents / lb  f o r  t h e  sodium fluoro- 

borate  used i n  t h e  reference design. Both of t hese  salts  are assumed t o  

have no resale value a t  end of t h e  u s e f u l  l i f e  of t h e  p l a n t .  

A s  shown i n  Table 14, t h e  estimated volume of t h e  LiF-EeF, used i n  

t h e  secondary system i s  about 3200 f t 3 .  Almost three-fourths  of t h i s  i s  

i n  t h e  she l l - s ide  of t h e  primary hea t  exchangers. Using t h e  same p r i c e s  

as i n  ORNL-4541, where 7 L i  i s  assumed t o  cos t  $120/kg, and 7LiF and &Fa 

t o  cos t  $16.50 and $7.50/lb, respect ively,  t h e  estimated cos t  of 7LiF-BeFa 

i s  about $12/1b. The t o t a l  estimated cos t  of t h e  secondary sa l t  inventory 

i s  about $4,800,000, as shown i n  Table 13. It i s  assumed t h a t  t h e  sa l t  

w i l l  l a s t  t h e  l i fe t ime of t h e  p l an t  without reprocessing o r  replacement 

cos t s .  A t  t h e  end of 30 years it i s  assumed t h a t  t h e  sa l t  w i l l  have a 

resale value of SO'$, o r  @/lb.  (The sa l t  could be used as t h e  secondary 

coolant i n  another MSBR o r  as t h e  c a r r i e r  t o  make up new batches of f u e l  

s a l t . )  

i s  $239,000, and c r e d i t  f o r  t h i s  has  been taken i n  Table 1. 

The present  worth of $2,400,000 t h i r t y  years  hence a t  8% i n t e r e s t  
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Table 13. Estimated Sa l t  Inventory Costs 

Reference Design Modified MSBR 
MSBR With Third Loops 

_ _ _ -  

Fuel salt 
a Total volume, ft '  

Total weight, l b  

Total cost  

Resale value a f t e r  30 y r  

b 

Secondary salt  
Total volume, f t 3  

Total weight, l b  

Average cost, $/lb 

Total cost  

Resale value a f t e r  30 yr 

Present worth, a t  8% 

Tert iary salt  

Total volume, f t 3  

Total weight, lb 

Average cost, $/lb 

Total cost 

Resale value a f t e r  30 yr  

7LiF-BeF,-ThF4-UF, 7LiF-BeF, -ThF, -UF4 
2200 2256 

457,000 469,000 

$23,533,000 $24,204,000 

0 0 

NaF-NaBF, 7LiF-BeF2 

8400 3200' 

1,000,000 397,000 

$500,000 $4,800, ooo 
$0.50 $12d 

0 $2,400,000 

$239,000 

none 

KNO,-NaNO, -NaNO, 

8 b O e  
~0,000 

$0.15 
$135,000 
0 

Includes 480 f t 3  i n  chemical processing plant .  a 

bEased on f e r t i l e  salt  cost of about $57/lb and an average inventory 
value of $31/lb i n  t h e  chemical plant .  

See Table 11. C 

dEased on 7 L i  a t  $l20/kg, 7LiF a t  $16.50/lb, &Fa a t  $7.50/lb. 

e Assumed t o  have same volume as reference design secondary system. 
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Table 14. Estimated Volume of LiF-BeF, S a l t  i n  
Secondary System of Modified MSBR 

Primary heat  exchanger volumes 

Shel l ,  f t 3  per  u n i t  + 762 f t 3  

Head, f t 3  per  u n i t  + 13 
Tubes, f t 3  per  u n i t  - 123 

Liner, f t a  per  u n i t  - 95 
Down c ome r - 5  
Baff les  - 17 
90" o u t l e t  bends + 19 

N e t  volume one u n i t  

Total  volume 4 u n i t s  

554 f t 3  

Secondary heat  exchanger volumes ( tube s i d e )  

Tubes 

Head allowance 

Volume i n  one u n i t  

Tota l  volume i n  4- u n i t s  

Secondary sal t  piping volumes 

Volume of 35-ft 20-in. pipe 
per  u n i t ,  f o r  t o t a l  4 u n i t s  

2,216 f t 3  

612 

Drain tank hee l  allowance 

Tota l  estimated volume of sa l t  

306 

66 
3,200 f t 3  
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