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Ar,orr,izs International-Combustion Engineering j o i n t  group (AI-cE)  
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x i i  

achi-eved under HWOCK o p e r a t h g  coiidit ions;  t e s t s  of organic coolant  and 

i t s  film-forming a c t i o n  under HWOCR condi t ions need f u r t h e r  i nves t iga t ion .  

Use of SAP f o r  process  tubes and f u e l  c ladding involves a makr i a l  

having low ductil . i . ty and one f o r  which spec i f i ca t ions  and information on 

permissible  design s t r e s s e s  have not  been completely developed. Experi- 

mental measurements and long-term t e s t s  a r e  required. t o  v e r i f y  the  p r a c t i -  

c a l i t y  of SAP f o r  HWOCR m e .  Also ,  t h e  p o s i t i v e  coolant  temperatiire co- 

e f f i c i e n t  of the HWOCR imposes s t r i n g e n t  demands on the  opera t ion  of t he  

s a f e t y  and control. systems. 
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1. INTRODIJCTION 

Heavy- wa- t e r  - mo d e rat ed or  ga n i. c - c o ol 2 d. re a c t or  s ys t ems a,r e b e l  i ev e d t CJ 

be capqable of producing low-cost power i n  p l an t s  having l a r g e  capac i - t ies .  

Such r eac to r s  represent  advanced converters  i n  t h e  sense t h a t  they  have 

higherr conversion r a t i o s  and lower s p e c i f i c  f i s s i l e  i-nventories than the 

l ight-waber r eac to r s  p re sen t ly  bering b u i l t .  'Thus i t  i s  hoped tha.t  such 

s y s t e m ,  i n  conjunction rwith providing low-cosi; power, w i l l  g ive improved 

f u e l  u t i l i z a t i o n .  

Ear ly  i n  1965 the Oak Ridge National. La'ooratory (ORNL) was requested 

by the  USMC t o  perform an eva lua t ion  of  heavy-water organic-cooled power 

r eac to r s  (HWOCR) . T h i s  s tudy  WRS to involve t echn ica l  evaluat ion of t h e  

design concepts and. w a s  t o  include a comparative eva lua t ion  with the r e -  

su l t s  of t h e  advanced converter  r eac to r  study repor ted  previoins1.y. ' The 

r eax to r  p l a n t  design was t o  be based on a 1000-Mw(e) rea.ctor system. The 

design of a system u t i l i z i n g  t h e  uranium f u e l  cycle  w a s  t o  be provided by 

Atomlcs International-Combustion Engineering ( AI-CE) . The AI-CE design 

concept i s  presen-ted i n  a r e p o r t 2  submitted t o  ORNL on October 1, 1965. 

In  ad.di.t,ion, Uabcock & Wilcox (B&W) was t o  develop core designs ba,sed on 

the  use of thorium and recyc le  f u e l .  The a s soc ia t ed  core design study3 

r e s u l t s  were presented. t o  OiiNI, i n  ear1.y October 1965; subsequently, re- 

vised core designs were s m a r i z e d  i n  a repor t /+  presented. on November 15, 

1965. 

1.1 Eases f o r  Evalixa-tion 

Tne s t a t u s  of HWOCR development i s  such t h a t  appl. ication of HWOCR 

powe-r. p l a n t s  i s  foreseen i n  t h e  ea.r ly  1970's. T:i? breeder  r eac to r  con- 

stru.cti.on dominates i n  about 25 years ,  t h e  per iod of p a r t i c u l a r  i n t e r e s t  

for IfinJOCli's i s  the  two decad.es following 1.970. This study i s  the re fo re  

direc-t;ed. toward eva lua t ing  BWOCR ' s  constructed during t h a t  time period. 

The eva lua t ion  factor t h a t  ericorflpasses a l l  o the r s  i n  commercial app l i -  

ca t ion  of r e a c t b r s  i s  power production cos t ,  and t h i s  i s  the  primary 

cons idera t ion  i n  determining the i-ncerrtive f o r  developing HldOCR 's. 

s i d e r a t i o n s  such as f u e l  u t i l i z a t i o n  and conservat ion of f u e l  resources  

Con- 
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are  iniportalit f a c t o r s  i n  determining p l a n t  economics, but  Lhey should be 

cons i s t en t  with y i e ld ing  minimum power c o s t s  over a given per iod of t i r o e .  

O f  course, i n  eva lua t ing  economics, f u t u r e  condi t ions  m u s t  be proper ly  

weighed, and a t t i - t udes  of governmental agencies,  as re f l -ec ted  i n  tax pro- 

v i s ions  and i n  t h e  r egu la t ion  of f inanc ing  and r a t e s ,  must be taken i n t o  

considerat ion.  

Rased on 'die above, 'chis study w a s  d i r ec t ed  toward es t imat ing  t h e  

c o s t  of power from HWQCR's b u i l t  i n  t n e  peri.od following 1970. 

c o s t  w a s  obtained from estimates of c a p i t a l ,  operat ing,  and f u e l  cycle  

c o s t s .  The technologica l  eva lua t ion  w a s  on the  b a s i s  t h a t  t h e  r e a c t o r  

desi-gn must be f e a s i b l e  today; -this implies t h a t  although engineer ing 

development might be requi red  t o  make the  design p rac t i cab le ,  app l i ca t ion  

of t h e  design should not  depend on a technologica,l  breakthrough. Required 

d.evel.opments were i d e n t i f i e d ,  a;nd t n e  design and predic ted  engineer ing 

performance of  t he  r e a c t o r  p l a n t s  were subjected t o  review and evaluat ion;  

because of  t h e  na ture  of t h e  problems and time l i m i t a t i o n s ,  engineer ing 

judgments concerning achievable  performance were o f t en  involved. 

The power 

1 . 2  Reactor Systems ,Studied 

HWOCR's have l a t t i c e - t y y c  cores i n  which t h e  organic coolant  i s  sepa- 

r a t e  from the heav-y-water moderator. Based on design condi t ions ,  t h e  

coolanl; cons i s t s  pr imar i ly  of a mixture of ortho- and metaterphenyls,  and 

i t  1.ea.ves the  r eac to r  a t  750°F. Steam i s  produced. a t  725°F and 900 ps ig  

i n  the steam cycle ;  t he  r e s u l t i n g  o v e r a l l  system thermal e f f i c i ency  i~s 

about 35%. The nominal p lan t  power r a t i n g  is 1000 Mw(e). 

The M-CE s tudy considered t h e  e n t i r e  power p l a n t  design, inclu.ding 

t h e  reac tor ,  hea t  exchaiige, an.d. steam systems. The p l an t  designs f o r  both 

t h e  uranium and thorium f u e l  cyc les  were e s s e n t i a l l y  based on t h e  A I 4 E  

study; however, the  A I 4 E  core  design u t i l i z e d  t h e  uranium fuel. cycle ,  

while t h e  B&W core designs considered t h e  thorium cycle.  

on-power r e fue l ing  with b i d i r e c  t;iona,l moveiiient o f  fuel. i n  ad jacent  chan- 

n e l s  w a s  considered. 

For both fuel-s, 

The AI-CE core design i s  based on t h e  use of  uranium carb ide  f u e l  

made from s l i g h t l y  enr iched uranium. Also, t h e  f u e l  feed  rmter ia l  i s  
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always s l i g h t l y  enriched uranium; t'ne plutonium o'otained. a t  t h e  end of each 

fuel-exposure cyc le  i s  sold. Eidi.rec.tiona1 f u e l i n g  of ad jacent  f u e l  clian- 

ne15 i n  t h e  core i s  accomplished wi th  two f u e l i n g  machines, one a t  each 

end of t h e  core. Coolant flow i s  always i n  t h e  d i r e c t i o n  of f u e l  move- 

ment. T'he f u e l  i s  c l a d  with a s i n t e r e d  aluminum product (SAP o r  XAP, con- 

s i s t i n g  of aluminum oxide d ispersed  i n  a mat r ix  of alumii lum) and i s  lo -  

ea-Led i n  492 f u e l  channels. 

Two b a s i c  f u e l  elements a r e  considered f o r  the B&W core d.esi.gns. One 

design u t i l i z e s  an annular m e t a l l i c  finel element c l ad  with Zircaloy-4; t h e  

o ther  cons iders  c l u s t e r s  of p ins  of oxide f u e l  clad. with XAP. 'The i n i t i a l  

f u e l  c o n s i s t s  of thorium wi th  235U added as t h e  f i s s i l e  ma te r i a l .  

su'osequen-L cycles ,  .the bred  233U i s  recycled, and makeup 235U i s  added a s  

needed. B id i r ec t iona l  f u e l i n g  i n  ad jacent  channels i s  acconipl.ished w i t h .  

one r e f u e l i n g  machine opera t ing  from one end of t,he reactoi-. 

through t h e  r e a c t o r  core 7.s m i d i - r e c t i o n a l ,  however, With the  mne-Lallic 

f u e l  assembly, 299 process tubes a r e  used; wi th  the  oxide f u e l  assembly, 

335 process channels are used. 

i n  

Coolant flow 

Additional d e t a i l s  of t h e  p l a n t  and r e a c t o r  core designs obtained 

from t h e  AI-CE and B&\J s tud i~es  a r e  siunrnarized i n  Chapter 3. 

1.3 Procedures Followed 

At t h e  i n i t i a t i o n  of t h i s  study, t h e  time per iod and economi.c con- 

t e x t  associated- wi th  t h e  r e a c t o r  evalua-tion were defrined and a s e t  of 

ground r u l e s  was formnulated. 

a r e  given below, and Chapter 2 l i s t s  them i n  d e t a i l .  

The major provis ions  of t h e  ground r u l e s  

1. The tec'moloyy t o  be used i n  t'ne r e a c t o r  p l a n t  i s  gene ra l ly  r e -  

s t r i c t e d  t o  t h a t  which would be f e a s i b l e  f o r  a smaller prototype r e a c t o r  

t o  be b u i l t  f o r  s t a r t u p  in 1970. 

2. Economic parameters a r e  t o  r ep resen t  t he  average condi t ions  ex- 

i s t i n g  dur ing  t h e  l i f e  of r e a c t o r s  bu i l - t  i n  t h e  per iod 1970-J-990. Pr iva te  

oTrmership of r e a c t o r  fuel. f a b r i c a t i o n  and processing p l a n t s  i s  a.ssumed for 

t h e  re ference  condi t ions ,  

3 .  The t o t a l  e l e c t r i c a l  capac i ty  of a r e a c t o r  p l a n t  i s  1000 Mw(e); 

however, -the f u e l  f a b r i c a t i o n  and processing indus t ry  i s  based on 
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se rv ic ing  pl.a.nts w i t 1 1  a t o t a l  capac i ty  of 15:OOO bFd(e) assoc ia ted  with a 

given r eac to r  core  design. Consequently, the  f u e l  f a b r i c a t i o n  and pro- 

cess ing  indus t ry  s i z e  v a r i e s  with t h e  f u e l  b u r n q .  

The fuel-cycle  cos t  i s  based on present-value accounting i n  which 4. 

t h e  system behavior i s  averaged over a 30-yeai: period. 

5. The uranium froni t he  thorium-uranium-fueled cores  i s  recycled 

throughout; t he  r eac to r  l i f e t ime ,  but, f o r  t h e  uranium-fueled cores  t h e  sale 

of plutonium wi.th no recyc le  i s  assumed. 

I n  present ing  t h e  r e s u l t s  i n  t h i s  repor t ,  separa te  chapters  are de- 

'The engineer ing a p p r a i s a l s  voted t o  t h e  major subdivis ions o f  t h e  study. 

of t h e  core  and of t he  p l a n t  a r e  presented i n  dl . f ferent  sec'cions, as are 

the c a p i t a l ,  operat ing,  f u e l  preparat ion,  f u e l  f ab r i ca t ion ,  shipping, and 

f u e l  processing c o s t  es t imates .  

separa te ly .  A chapter  on fue l -cyc le  c o s t s  combi.n.es -the r e s u l t s  of t h e  

physics  and u n i t  cos t  s tud ie s ,  and. t h e  optimum f u e l  cycle  c o s t s  a r e  i n  

t u r n  added t o  the  opera t ing  and c a p i t a l  c o s t s  i n  -the c h a p k r  on power 

c o s t s .  The major r e s u l t s  of t h i s  s tudy and t h e  m0s-L important conclu- 

s ions  a r e  summarized i n  t h e  f i n a l  chapter .  

Reactor physics  analyses  are discussed 

1 .4 Limitat ions of t h e  Studs 

The ob jec t ives  of t h i s  s tudy  were t o  eva lua te  t h e  proposed r e a c t o r  

desigas ,  compare t h e m  with each other ,  and eva lua te  t h e  HWOCR i n  r e l a t i o n  

t o  t h e  r e s u l t s  from t h e  advanced converter  r eac to r  study. '  

t h e  s p e c i f i c  designs provided by AI-CE and B&W w e r e  employed. The designs 

presented a t  t h i s  t i m e  may not  necessa r i ly  represen-t; t h e  optimum designs 

t h a t  w i l l -  be developed f o r  t he  two f u e l  cyc les .  

proposed design, change:; that needed t o  be incorporated i n  t h e  spccifi- 

cai;l:.ons were pointed out  and t h e i r  e f f e c t s  ind ica ted .  

I n  so  doing 

Iu our evaluat ion of t h e  

T'he power c o s t s  f o r  t hese  r e a c t o r s  were obtained on t h e  basis of  a 

spec i f i ed  economic context .  While some economic f a c t o r s  were var ied  i n  

t h e  evaluat ion,  t h i s  w a s  done i n  a gross  manner and not  on -the basis of 

reoptimizing the  core design f o r  d i f f e r e n t  economi-c condi t ions.  I n  gen- 

e r a l ,  t h e  r eac to r  concepts were optimized f o r  the production of power a t  

t h e  1-owest cost on t h e  b a s i s  of  t h e  re ference  ground rules. 
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In  estimati-ng costs, successful development of component,s r e q u - i ~ e d  

by the design w a s  pos tu la ted .  The most common example is the specifica- 

t i o n  of equipment t h a t  i s  Larger than any r i m  being ' o u i i t ,  al-.tiiough t h e r e  

are some coinporient f e a t u r e s  t h a t  have not  !jeen demonstrated even in smal.l-er 

s i z e .  Development needs are i d e n t i f i e d  in t h e  engineer ing evalua.l;ion chap- 

t e r s  and t h e  extent to tfhl.ch they :represent extr'apol.atlons of technology 

i.s noted. In arldit ion,  t h e r e  are other areas  :+here no t  enough i n f o m a t i o n  

has been o'otsined a t  t h i s  .time. 

on an absolutx basis and whi.ch t o  a large exLent involved. engineer ing 

j udgme n-t  Lnc I.ixde d m a t e r  i a l  6 c ompat ib il it y , de s i.gn. c r i t e  r ia e va lua t  lion , re  - 
l a t i o m h i p  b e t m e n  refue1ing abllT.t;y am1 opera t ion  and naintenance coats ,  

and reactor con t ro l  and safety. 

Key areas which were cJ.i.ffieult t o  judge 

The performance of L h r :  IiFJOCH pla,nts can be compared w:LJGIII . i ; h ~  advanced- 

t e r - rear- -t or p e r f o r m a m  e r e p o r t  e d :p r ev io us 1.y. con v 

13e t a k m  i.n w!a,king such compa.r'isoris because t h e  design ,.,Peeif:ic-a-ti.ons as- 

soc ia ted  with t'ne per.t;inet:tt coneelits have changed s ince  t b e  o:rig:i.nal. s tudy ;  

also, -the TIWCi':E: evaluati.on was based on sl.ightly' d:'i f ferer i t  grcund r u l e s  

r e l a  t i ve t o  p l u t  cni um pri.c e and. f11.e 1. $17" epura,t ion,  fabr ic at5 on 

ing c o s t s  ~ 'Thu.:;, only gross crjmpa:ri.son.s can be made, biit these m o  sl;llJ_ 

-meanj.ngful. when r.::cogaii;:i (3n is given to t h e  d i f f e r e n t  bases employe? a 

~iowever , c a. :r e mu.s t 

and p roc 9, s s - 

1*5 Evaluat ion Azea.s and Personnel 

The study was organized by fwwt;j.on, with drif'feren'c group:; r e spons ib l e  

f o r  'che plxys-ic~s aiid. fuel  c o s t  anal.yses, con t ro l  s tud ies ,  engineering and 

design evaluat ions,  and.  the  c o s t  estimates assoc ia ted  with c a p i t a l  invest-  

nen-t; and f : ~ l  preparation, f-z'nrica-ti.on, shipping, and prseessi.:cig. iJ31e 

a reas  am3 personnel irmalved are given i n  Tab3.e I-. 1. 

noted previously, design and cos t  ini"o-ma,l;i.on vas siippl l.ed by 

A I 4 E  aid B&W wi th  regard to their design coricep'~:;. In a l l  cases these 

i i r r a s  w e r e  ~ e r y  coope:ra-t;ive i n  providing info .mat ion  required in the evalu-  

at i on . 
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1 1  1aol.e 7 1.1. HWOCH Evaluation Areas and Associated Personnel 

Study Coordination 

Paul R. Kas’cen 

Reactor Physics 

R. S. Carlsmith, E. H. G i f t ,  R. E. Hoskins (TVA), 
1,. Jung, D. R. Vondy, D. B. Wehmeyer (consu-l tant) ,  
F. G. Welfare 

Engineering Evaluation of Reactor Cores 

Core Thermal Pzrfomance 

R. C. Olson, R. H. Chapman, J. E). Snders  

Fuel  Performance, Material Compatibil i ty,  and 
Design C r i t e r i a  

R. E. Adam, €3. C. Olson  

Organic Coolant 

L. B. Yestts 

Reacior  Controls and ,Safety 

E. P. Epler, R. S. Stone, C. S. Walker 

P lan t  Design and Cost Evaluation 

R .  C .  Olson, E. P. EpLer, R .  D .  Frey, H .  A .  McLaLn, 
M. L. Myers, R .  C .  Rober’ison, R .  Salmon, C .  S .  Walker, 
I,. V.  Wilson, F. C .  Zapp 

Fuel-Cycle Cost E s t i m a t e s  

Ehel Preparat ion 

F. E. Harring-ion 

Fuel Fabr ica t ion  

T. N. Washburn, A. L. Lo t t s  

Fuel Processing 

J. T. Roberts, F. E. liarrington, J. 0. Blomeke, 
R. Salmon 

Fuel Snipping 

R. Salmon 

Tota l  bFuel Cycle Costs 

R. S. Carl.smi_th, E. H. G i f t ,  D. H. Vondy 
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2. GROUND R m S  AND COS?’ BASES 

‘l‘he technology used i n  t h e  r e a c t o r  power p l a n t  design was i n  g‘neral 

t h a t  which would be f e a s i b l e  f o r  smaller  prototype r e a c t o r s  t o  be b u i l t  

f o r  s t a r t u p  i n  1970. The r e a c t o r s  evaluated were presumed t o  begin oper- 

a t i n g  with un i r r ad ia t ed  f u e l ,  and the  p l a n t  l i f e t i m e  w a s  taken t o  be 30 

years .  Fuel-cycle c o s t s  were based on t h e  i n t e g r a l  number of f u e l i n g  

cyc les  that came c l o s e s t  t o  30 years .  I n  t h e  ihorium systems, bred f u e l  

w a s  recycled throughout t h e  r e a c t o r  l i f e t i m e ;  i n  t h e  uranium f u e l  cycle ,  

t h e  sale of pliitonium without recyc le  w a s  assumed. 

2 . 1  Power Cost Components 

2. I.. 1 Fuel-Cycle Cost. 

The fuel-cyc1.e cos t  w a s  resolved i n t o  the followri~ig components : 

(1) burnup cos t ,  ( 2 )  f u e l  prepara t ion  cos t ,  (3) f a b r i c a t i o n  cos t ,  ( 4 )  pro- 

cess ing  cos t ,  including u l t imate  waste d i sposa l  cos t ,  (5 )  shipping cos t ,  

(6) f ixed  charges on f i s s i le  and f e r t i l e  inventor ies ,  and (7) i n t e r e s t  

charges on opera t ing  c a p i t a l  irives-ted i n  f ab r i ca t ion ,  processing, and 

shippi-ng f a c i l i t i e s  and i n  inven to r i e s  of  s p e c i a l  material-s.  The f ixed  

charges and i n t e r e s t  were computed by t h e  ffpresent-worthff  formula. A 

value w a s  ass igned t o  f u e l  discharged from the  r e a c t o r  a t  t h e  end of p l a n t  

l i f e  (-30 years )  t h a t  included l i n e a r l y  prora ted  c r e d i t s  f o r  f a b r i c a t i o n  

and d e b i t s  f o r  processing of p a r - t i a l l y  i r r a d i a t e d  f u e l .  In c o m p t i n g  t h e  

present  worth of t h e  power produced, t h e  p r i c e  of power and t h e  p l a n t  

f a c t o r  were assumed. no t  t o  change with time. 

2.1.2 Reactor Plant  Capi ta l  Cost 

Capi ta l  c o s t s  were est imated f o r  each r e a c t o r  p l a n t .  It was assumed 

that t h e  p l a n t  w a s  one of rz number of t h e  s a m e  type t o  be b u i l t  and t h a t  

the equipment and system f o r  the p l a n t  had been f u l l y  developed. 

di.scou.nt c r e d i t s  f o r  quan t i ty  orders  of equipment were not assumed. 

However, 

Capi ta l  c o s t  breakdowns were arranged. i n  accordance with t h e  system 

of accoiints given i n  Volume 1 of t h e  AEC Handbook “Guide .to Nuclear Power 

Cost Evaluation. “I E s t i m a t e s  of i n d i r e c t  c o s t s  appropr ia te  t o  t h e  reactor 



si.ze were also based on the breakdowri u.sec1 111 Ref. 1.. However, iiew e s t i -  

m a t e s  v e ~ e  iiiack of  percentages ap.pli.ed Cor each i n d i r e c t  cos t  ?.Gcm t o  re -  

f l e c t  recent experience.  F-ixed charge:; on the reactor plarit were Laken 

as constant  over t'ne plant life, ~rl.?'.th a. reference nlue of 1 . ~ $  :per year 

lor i n v t l . ~ t o r - o ~ ~ ~ ~ d  l,~t,i~-it-ies anti wi t11  ai: elterna-i;e value O~C" 7% per year 

.i;o represent  publ ic  orn~ersbip. The compcnents of  these  fixed charge r.ates 

are gi.zrm i~ 9.ppendix A, 

. T 

2.1 3 Reactor' Plant  Operating Cosl; 

Operating and maintenance costs  ere estimated f o r  each m m A o r  p lan t .  

2 2 Financing Conventi ons 

P r iva t e  ownership of  2uel and of Pabrication. and reprocessing piaats 

:ms assumed f o r  t h e  base C ' R S ~ S .  

various fixed ehazge :ra-t,e~, i n t e r e s t  rates, aiid -vi3lues oY niaterials were 

used., as  io.d.ica-Led i n  the ?"ol.lowing paragraphs I Single values of each 

quan t i ty  were specii'ied, however, f o r  use i n  s e l e c t i n g  re:Eerenee designs. 

Ot.mershlip of fissi1.e an.d. f e r t i l e  ma te r i a l s  d . u ~ i n g  f a h r i c a t i o n  and 

processing, 3 s  well  as wlriilzri on si . te at the  reac tor ,  was considered Lo be 

vested ri.n the r eac to r  p 1 a . t  1) Inventcry charges r 3 ~ 1  F i s s i l e  and. f"eri;ile 

inven-Lories ware coiiipu~ed with E reference value of IO$ pea year; values 

were a l s o  computed st 5$ per  year t,o represent public oimers:ni.p. 

terminir:.g t he  i _ ~ ~ ~ ! z n t ~ r y  charges, changes f ' rom j.ni-tLa1 -to f i n a l  va1.ues were 

nssumed t o  occ i~r  linearly with time ci.uxing irrtzd.i.ati.on, 

Because of mcer t a in ty  RS i:.o -their val.ijes, 

 or de- 

I n t e r e s t  chayges 013.  he ~a'.r%cz~?,j.cx cost of f u e l  elemen.% w e r e  corn- 

puted. in.  tChe same way as the fixed charges or; f u e l .  

Lhe f u e l  elements were assumed t o  deprec ia te  l i n e a r l y  w i t h  time over. the 

perLod G:F i r r a d i a t i o n .  The reference discount; f a c t o r  f o r  coq3uti.ng yres-  

errL worth vas 6s per  armwrl; ~ G W ~ V W ,  L+$ :ms used wi.tb the  lower f ixed  

cbargc:s arid in te res t ,  r a t e s  . that  represeated public om-ership. Interest 

payments and col.lection of revenme w e y e  assumed t o  ?)e macle twice ili year, 

For this p.rpose, 

Heavy :m-ter was treated.  as a nondeprec iat-irig a s se t ,  and .!;he ir1yerrtoi-y 

cost was computed with 10% per year ::is t h e  re~^erence -value; an aj.terna~-t;e 

v8lue of 5$ per  yeas was associated.  wi.t;b public ocrnership. 
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2 - 3  Value of Materials 

1. Natural  u ran ium:  re ference  val-ue of  $8.00/lb of u308, a l t e r n a t e  value 

Of $16/lb Of u308. 

2. Unirradiated thorium: $5.00/lb of ThO2. 

3. Unirradia,ted enriched uranium: the  value w a s  based on a sepa ra t ive  

work cos t  of $30/kg. 

4. Deple’ied. ixranium of ].ow enrichment: t he  value corresponded. t o  i t s  

enri-chment i n  23 5U based on t o t a l  urai?ium present ,  with no  additional^ 

pena l ty  i^or 2 3 6 ~  content .  

Wghly enriched ura:ni.im contai.ni.ng 233U: 

ture va.s computzd from i-ts i s o t o p i c  composition by assigni-ng t h e  235U 

the same value per gram it has i n  90% enriched i r ran iu i~  ( r e fe rence  

value of  $12/g), ass igning  t h e  contained 233U one and one-hall” t i m e s  

t h e  vr,.l.ue of the  235U, and ass igning  a negat ive value t -  Lhe 23GU 

equal. t o  -tha.L of t he  235U. 

5. t h e  value o f  t h e  fuel. m i x -  

6. Plutoni.1.m: t h e  f i s s i l e  content  w a s  valued. a t  f i v e - s i x t h s  of the value 

of the 2 3 5 ~  i n  uranium of 90% enrichnent. 

D20: 

Conversj-on of u308 t o  u F 6 :  

‘1. 

8. 

a value of $20/lb w a s  ass igned t o  DzO of 99.86% pil r i ty .  

$2.70 per  kilogram of uranium. 

2 I 4 Reac Lor Ilant 

The e lecLr ic  s t a t i o n  w a s  assumed t o  have FI ne t  c a p a b i l i t y  of 1000 

Mw(e), with one r e a c t o r  per  s t a t i o n ,  

t o  be 1.5 in .  abs. A r e a c t o r  plan-i; a v a i l a b i l i t y  f a c t o r  of 0.9 w a s  r e -  

quj-red ’io achieve an average p l an t  f a c t o r  of 0.8 over tile plant; l i f e .  

The uranium-cycle r eac io r  w a s  assumed t o  he loaded i.nitia1l.y with 

un i r r ad ia t ed  uranium and t o  be r e fue led  with un i r r ad ia t ed  urailium through- 

out  its l i f e .  ‘The thorium-cycle reactor w a s  assumed t o  be heled i n i -  

t i a l l y  with e i t h e r  p3.iitoniun o r  un i r r ad ia t ed  enriched uranium and thorium, 

and plutonium o r  imi r r ad ia t ed  enriched uranium w a s  t o  be used as requi red  

f o r  i n i t i a l  r e fue l ings ,  After a s u i t a b l e  delay f o r  processing and re fab-  

r i c a t i o n ,  however, reeyc1.e fuel of  t he  same composri.tion and amouct as - that  

The coiidenser pressure  w a s  assumed 



2.5 F’uel Fabrication Plant 
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based on a 180-day decay time from the  time of  discharge from the  r eac to r .  

Holdup time was es i ab l i shed  f o r  each concept. 

2 ,  ‘7 Fuel Premara-Lion 

>-bel prepara t ion  w a s  def ined t o  includ-e t h e  prepara t ion  of ceramic- 

grade oxide powder, arc-fused oxide fragments, sol-gel oxide fragments, 

o r  thorium metal powder or  sponge, as appropr ia te .  Enriched uranium ob- 

talined as UO6 an.d p1Utonii1.111 obtained as ni-Lrate were assumed t o  be con- 

ver ted  -io the  proper form for. iLic1usiori i i i  t h e  f u e l  as par t  of the f u e l  

preparati-on s t eps .  The f a c i l i t i e s  required for f u e l  prepara t ion  were 

assumed t o  be assoc ia ted  w i t h  those  f o r  reprocessing o r  f a b r i c a t i o n  as 

m i t a b l e ,  and c o s t  es t imates  were based on t h e  f inanc ing  conventions ap- 

p l i e d  t o  thc o-tiier p l an t s .  

2.8 Fuel Shipping 

Shipping c o s t s  Tor f r e s h  and spent  fiuels were est imated f o r  each reac-  

t o r  concept. It was assumed tha t  f a b r i c a t i o n  and reprocessing were t o  be 

performed e t  t h e  same s i te ,  loca ted  1000 iiiiles from the  r eac to r .  For 

spen-t f u e l s ,  casks were assumed t o  be purchased a t  a cos t  of $1.00 pe r  

pound of cask weight; casks were shared among 1.5 i d e n t i c a l  r e a c t o r s ;  t h e  

upper weight l i m i t  f o r  casks was  110 tons  loaded; t h e  cask 3.ife w a s  30 

years; handling c o s t  w a s  $500 pe r  round t r i p ;  r a i l  f r e i g h t  rates were 

$0.0193 pe r  pound f o r  loaded casks s.nd $0.0181 p e r  pound f o r  empty casks;  

and pi-oper-ty insurance c o s t  w a s  0.05% of -the value of t h e  shtpment, in-  

c luding  cask and contents .  Casks used. f o r  shipping recycled f resh f u e l  

( thorium cycle)  were assumed t o  be t h e  same t y p e  as those used f o r  spent  

fue l s .  Fresh f u e l s  haviiig essentis.J.1.y no gamma a c t i v i t y  were assumed t o  

be shipped i n  nonshielded con-iainers. Y!he cost of l i a b i l i t y -  insurance 

w a s  included in. the  charges against, the r eac to r ,  processing, aiid f ab r i ca -  

tri.on p l an t s .  
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R e f  e r en c e 

1.. Guide to Nuclear Power Cost Evzluation, U S " C  Report, TII)-'7025, 

Vol. I., Mar. 15, 1942. 
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3 .  L ) ~ S C K l P T I O € J  OF REACTORS 

Brief desc r ip t ions  a r e  gi-veri here of the  power p l an t  ad, r e a c t o r  core  

designs as presented by t h e  design sponsors. More d e t a l i e d  i-nformation 

i s  pj-vnn i.n Chapters 5 and 6. Addii;i.unal information i s  given i n  t h e  re- 

p o r t ~ ' - ~  of the design sponsors. 

t h e  A I 4 E  study; t he  COR designs considered were the uranium fu.el. cyc le  

( M X E  s-tudy) and t h e  thorium f u e l  cycle (B&W s tudy) .  

The bas i c  p l a n t  design was obtained from 

3.1. P lan t  Design 

The HW-OCK power p l a n t  uses a 3093--Mw( t) heavy--i.ia.'i;c-r-moderated organic- 

cooled r eac to r  as the  heat source t o  pi'oduce superheated steam t h a t  i s  

de l ivered  -'io i h e  turbine a t  300 p s i g  and 725°F. 

rehea t  steam cycle ,  t he  system generates  1046 MFr(e) net .  The p l a n t  fea-  

t u r e s  a process-tu>be reactoy with on-power r e fue l ing ,  carbon s-Lee1 primary 

loops, recovery f a c i l i t i e s  f o r  decomposed organfc coolant,  primary heat  

t r a n s f e r  system componen-is l oca t ed  outs ide  t h e  containment bui lding,  and 

e f f i c i e n t  energy utiliza1;ioi-! t h a t  y i e lds  a n e t  plant; e f f i c i e n c y  of 34=€?$. 

A simplified. flow diagram obtained from the  A I X E  s tudy is shown i n  Fig. 

3.1. 

Operating on a nu-clear 

Santowax OM coolant  (p r imar i ly  a mixture of or tho-  and metaterphenyls) 

i s  used to t r a n s f e r  heat  from t h e  r e a c t o r  t o  t h e  primary hea t  exchangers. 

Coolant at 750°F, which i s  col-lected i n  t h e  o u t l e t  mixing tank, separa-ies 

i n t o  three  p a r a l l e l  loops and i s  pumped by 90,OOO-g-pm turbine-dj:i.ven pumps 

t o  the superheaters ,  r ehea te r s ,  and. steam generators ,  Superheated steam 

i s  generated i n  the evapora.tor and superheater  and i s  de l ivered  t o  the  

turb ine  -gen.erat,oi-, After passing through the  s t e a m  generator ,  t h e  595" F 

(560°F i n  B&W design)  coo1a.n.i. flows back t o  t h e  r e a c t o r  through an i n l e t  

mixing tank. Since t h e  pixq~s and hea t  exchangers o f  t h e  pr i rmry hea t  

t r a n s f e r  system loops a rc  loca ted  i n  a separa te  bu i ld ing  from the react,or,  

two motor-operated i s o l a t i o n  valves a r e  provided. i n  -the i n l e t  and out l .e t  

l iner;  of each loop to pi-event f ' issioii products from being c i r c u l a t e d  wfkh 

t h e  cool a n t  i f  r e l eased  by fuel-eleaierit rupture .  
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Fig. 3.1. Simpl i f j  ed Schematic Flow Diagram of IOOO-Mw(e) IIWWR. 
(From Ref. I.) 

Euring r e a c t o r  operat ion,  t h e  orgaiiic coolant  undergoes radiolytic 

and pyrolybic  decomposition a t  t h e  raLe of about 1.450 l b /h r .  

position proiiiicts, which c o n s i s t  of low ’noilers, intemedkiate boi.l.ers, 

high boilers, decomposi-Lion gases, a s  ve l1  as corrosi-on products,  are 

cont inuously removed from . the  coolant stream i n  order t o  malin.tain the  cool- 

~ n t ,  a t  an accepLa’ole p u r i t y  l e v e l .  

degmif  iers  ; corros ion  products and ps.r’ii.cula-te matter are removed by pass- 

ing a frac-ti.on of the  s-brean through an ac-Livated clay adsorbent a,nd f i l -  

L ~ S .  

able coo1a:n.t by ea-tal-ytic h;ycJ.rocrack.ing. T h i s  high-boj. ler recovery system 

reduces the  cool.a^nt l o s s  ( f lue t o  decomposition) t o  sboil’c 150 Ib/hr .  

The decom- 

D e c o r q x i t i o n  gases a r e  removed i n  

L High boi l .ers  m?e removed by d i s - t i l l a t i o n  a i d .  are coaver-Led t o  us- 

Ti?e tUbii?e-gene-P%tor plarit has a s i n g l e  Landem-compouuid, slx-flow, 

.. 1 $OO-rpm, steajn tui-biile; the  u n i t  h a s  5 2 - h .  1-aot-stage buckets and i n -  

terna.1 moisture rem.oval f ea tu re s .  ,Steam e a t e r s  -Llie t u r b i n e  at  900 ps ig  

and 725°F m d  i s  rehea-tec? before  being retunxed t o  t%e t h r e e  double-Plow 

low-pressure casings,  vhcre 7.L expands t o  t h e  coidenser pressure of 1 .5  

ps ig .  A por t ion  of  Lhe hot  r ehea t  s t r a m  i s  used ‘I;o dr ive  tbe primary pimp 



and feedwater pump tur-biu;.e,?: t r a . c t i  [7rL s tem-  from e> alPr.:? 

w i ' ~ h  c.r,ergy d e p o s i t e d  i n  t h e  mod,-raiorl i s  useL5 l " v  feedwater hec 

'The 'ciasic AI-CE p lan t  design i s  general.1.y app; i c a b l c  t o  t h e  thr-ei; 

r eac to r  concepts u-nder consL1eration. Hovever, Liicre r,re d i f fe rences  Ln 

de'LzLil between the A14F wanium-fae led  concept and t h e  two R&W t h o r i m -  

fue7.e.d concepts. PlarAt and core c h a r a c t e r i s t i c s  f'or the -three designs 

are compared a:d su.mmarized i n  Table 3.1. 

F.eactcr pcwer 

Coolant  

Cornpositi on 

Reactor pressare  d 

F ~ O V  I s t e ,  Lb/tir 
header, p s i  

o r e  ir.1c-t tei-.pera;~lre, "F 
earl core o u t l e t  tempera;u-r, "F 
ilrrber of  coo1ar.t loops 

Cor 2 therli.a.-. peia.''orrt1nrL<: e 

rerege hcat f l u x ,  ?t~;!>,i.. 2' 
,ximur. i ieat  f: .uw; 3 tu/ l i r .  f:* 

f e r t i l e  m a t e r i i l  

Descr ip t ion  o? ccre  2nd f u e l  

Moderator rm tiriel 
Ref lec tor  m a t e r i e l  
020 icventory,  l b  
Fuel  m a t e r i a l  
Equival~rnt, d ianezer  01' core ,  f t  
i ic t lve ?.eight of ccre ,  f: 
J u ~ k ~ r  of  c tnnr .e ls  

Fuei eLe:-ler.t t p e  
1,att:ce p i t c t ,  ic. Isc.1uar.e) 
Prccess  t u b c  ?:i:,steiial 
Precess  tube i n s i d e  diametel-, i n .  
Process tube t k l c l m e s s ,  i n .  
Zalnctfiriz zube r m t e r i a l  
C ~ i l a n d r i a  :ube I n s l 3 e  diameter, i n .  
Calandria ziube thlckripss, ir.. 
Cladding m a t e r i t l  
Cladding o: i t s ide  d'an-.tc-*, i n .  
C1addir.g t h i c h ? s s ,  i n .  
Fuel th ickness  o r  ciir ; .?ter,  i n .  

of assern-ali es  per 'channel 

3 2  c 
D2 0 
621 ,OCC 
'Th-U 
19.0 
2-t.3 
293 
6 
5 iAested cy l inders  
11.67 
SAP 
5 . '3'3 

.>.L 113.0y-2 
5.366 
c.072 
Z i rcdoy-4  

0.C25 
i: .1c: 

3.1333 
I,:  ..^_ 



Contir?l.lou.s, oil 
line, bi:?irec- 
t: Sfl'l~ 

2 I 1. 

20,300 

3 . 2  Core Cesim 

A s-mary of the  core desi-gii. featines is included. in '1'abl.e 3. 1.. Re- 

cause of the similarity i .~?  core concepts, the following deserlptions are  

given prirnarlly i.n te.rms of the A ! 4 E  design, with those I3&U  ore features 

c i t e d .  t ha t  emphasize the difi'ereuces in the  desigrm for tile t,wo fuel cy- 

cles. 

The core cons is t s  of 492 fiicl channels, wi.th each cniita-ining a. stJack 

of f ive  SAP-clad slightly enri.ched uranium car .bid.e  fuel assemblies. The 

fuel. feed ma-ierial I s  always slightly enriched u a n i u m ,  and the plutoniurri 
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obtaj..ned. a-'i. t h e  end of  eRch fuel-exposure cycle  is so ld .  The rue1  chan- 

n e l s  are arranged v e r t i c a l l y  i n  a tal-andria vesse l  that, conta ins  the  heavy- 

water moderator. Each channel i s  def ined by a 4.32-in. - ID ,  0.116-in. - 
t h i c k  SAP process tube, containing the  cool.ant, which i s  surrou1ded by a 

5.09-in. - I D ,  0.052-in. -'chick Zirrca3-oy-2 ca l andr i a  tube i n  contac t  w i t h  

t h e  iiiodkrator. 

and t h e  caland-r ia  tube tha. t  a1.m serves  as a leak-de iec t ion  volume. Car- 

bon s t ee l  extensions of t h e  SAF tubes  te rmina te  a t  ho r i zon ta l  p3-anes ap- 

proximatel-y 1 2  f.t above ard below the 3-ft-.i;hick r e a c t o r  end sh ie lds .  The 

r eac to r  end s h i e l d s  and c i rcumferent ia l  thermal. shiel-ds are Joined -t;o pro- 

vide a CO2-filled c a v i t y  around the  r eac to r .  The r eac to r  vessel i s  a 

s t a i n l e s s  s t ee l  calandria.  tank i n  -ihe form of a cy l inder  25 f t  i n  diameter 

and 20 f t  high. The D2O moderator fi.1-ls the  space bztweeii the  tal-andria 

tubes,  while Santowax OM coolant  i s  c i r c u l a t e d  t'nrough the  process  tubes.  

There i s  an insula-Ling gap of CO;! between t h e  process  tube 

Each f u e l  assembly c o n s i s t s  of 37 uranium carb ide  CUP' Yc'ds cl..ad. i n  

SA? tubes,  Thiyty-one rods 017 0.521-in. diameter and s i x  rods of  0.324.-in. 

diameter a r e  used t o  form a f u e l  assembly of  4.260-in. dianieter. 

are  spaced by means of s p i r a l  f i n s .  Each f u e l  assembly has an overal l  

l eng th  of  44 in . ,  and f i v e  su.ch assem'olies are stacked i n  a process  'Lube. 

The average power ou'iput per  process  tube i s  aoout 5 . 9  M w ( t ) ,  and t h e  

average f u e l  s p e c i f i c  power i s  ab0u-L 25 kw per kilogram of f e r t i l e  m a t e -  

r ia l .  

The rods 

The f u e l  assemblies a r e  on a 10,5-in.  -square l a t t i c e  pi-tch.  

Ridi-rectional on-l ine r e fue l ing  i s  used f o r  shim control.; two maclllnes 

opera te  toge ther  from above and helow -the r e a c t o r  t o  e f f e c t i v e l y  move fuel 

i n  opposii;e d- i rect ions i n  ad jacent  process  tiibes. The coolant  fl.ow i s  

al-so b i d i r e c t i o n a l  and i n  t h e  sa.me d i r e c t i o n  as the f u e l  feed wi th in  each 

tube. The coolant  j o i n s  the  i n l e t  and o u t l e t  headers tliroi.,gh ind iv idua l  

p i g t a i l s  connected t o  t h e  carbon s-ieei extensions;  it e n t e r s  t h e  r e a c t o r  

a t  595°F and undergoes a pressure  d.rop of about 185 p s i  i n  passing through 

the  r eac to r  (one p a s s ) ,  

Reac t iv i ty  shutdown con t ro l  i s  provided. by 84. hor.izonts1 rods of 

boron-carbide and s t a i n l e s s  steel; t hese  rods a r e  held out  of t h e  core  

region by 1)20 hydraul ic  pressure  durrring r eac to r  opera t ion  aad are i n s e r t e d  

by springs for- shiutdown. Xenon o s c i l l a t i o n  and power level conti-01 a r e  

provided by 60 ver ' i ical ly  ad justable sbsorber  rods suppor.ted by s t ee l  



tapes; t hese  tapes are stored. on mo-Lor-driven drums loca.ted a t  the  t o p  of 

t h e  reactor between process tubes.  

s'nutdovn con t ro l  axe provided by disso lv ing  'ooron in t h e  mod.erator. 

Control during s t a r t u p  and a l so  backup 

3 .2 .2  RRW Thorivjn-'LTraniuni-~~~led. Core 

The ba.sic arrangement of the  E&N core i s  sirnilar to that of the M-CE 

core described. above. Zo~wvei-, there are s i g n i f i c a n t  diffex-ences, The 

i n i t i a l  fuel for t h e  BQd core consists of tho?-iim with 235-[J added as i;he 

f i s s i l e  1:iaterial; i n  subseqiient cyc les  the bred 233U is recycled ~m.i.t,h. 

m.ak.t.iip 2 3 5 U  ad-decl 3,s needed, 

s e r b l i e s  ; one u t i l i z e s  amu.l.ar m e t a l l i c  f u e l  elements, a.nd the o the r  hzs 

pin-ty-pe e l -us te rs  containing oxide f u e l .  

'?lie B&W designs consider  two basic f u e l  as- 

'The m e t a l l i c  assembly c o n s i s t s  of f i v e  0.10-in. -~m1.1. thorium-u.-raniurn 

metal cy l inders  clad i n  Zivcaloy-4 and, arranged concen t r i ca l ly  i n  t h e  pro- 

cess tube with a Fkintowax regi.on i n  the center. The c o o h n t  channels Fe- 

tiseen cyl inders  a x e  of zrarying .thickxesses that decrease t G : m r d  the center .  

T'he fuel cyli-nders, toge ther  wri.t,h the  clad.d%ng, a r e  made by a coextrusion 

process.  Six assemblies are stacked i n  a channel, and there are 299 chan- 

ne ls  i n  t h e  core.  The average power geiieratiori per channel Is 9.75 Mw(t), 

and t h e  s p e c i f i c  power. is  33 w -per kilogrnm of f e r t i l e  mater ia l .  

The oxide p i n  assernb3.y consits or" a 66-pin cl.uster of ThO2-UO2 c l ad  

i n  X A F - 0 0 4 .  The fue l  p ins  *are 0,356 in.  i n  outs ide  diameter and a r e  8.1.- 

ranged- I.n a hexagonal array between a hexagcnal can a,nd the  process tube 

t o  approximate a n  annular  region. The space inside the  hexagonal can i.s 

filled with k%ntowax and o r i f i c e d  relative t o  coolant  Ylov so t h a t  the 

Santowax oil"ilet t e rqx ra tu re  i s  +;he same as that of  the main cool mt a Six  

f u e l  assemblies make up t h e  loading f o r  one channel, ??::le core has 335 

char in el.^, and the average power generat ion i s  8.7' F 4 w ( t )  per channel.. 

average specifl ie power i s  53 kw per  kilogram of f e r t i l e  material.. 

The 

:3&W employs a, I-arger process t;ube, 5.00-in. ID r a t h e r  than 4.32 i n . ,  

and a Larger ealandria.  tialoe, 5,.37-in. ID r a t h e r  than 5.09 i.n. The E&W 

laL-Lice p i t c h  i s  l1.47 i n .  cornpared with 10.5 i n .  f o r  the AI--CE design. 

Coo1.an.t f l o w  i s  dowmard through the core i n  a l l  channels i n  the 13&N 

design r a t h e r  t,ha.n being b i d i r e c t i o n a l .  B&W uses b i d i r e e t t o n a l  f u e l  mm- 

agement, but - the  hand.ling i s  a l l  accomplished by one refuel..ing machine a.% 



'die top. 

when cine of the s i x  assemblies i s  replaced. The organic  coolant  e n t e r s  

t h e  r eac to r  a t  560°F and undergoes a pressure  d.rop rif about 220 psi. i n  

pass  i-rig through t h e  reac.tor. 

The design thus  r equ i r e s  t h a t  a channel be cornpl-etely unl-oaded. 

The B&W r e a c t o r  ves se l s  are of stai-n?.ess s-tee1 cons t ruc t ion  but have 

i.ii.t;egr:al s t a i n l e s s  steel end sh ie lds  ins tead  of t h e  separa te  cai-bon s teel  

end sh ie lds  used. i n  the AI-CE design. 'T!he he ights  of the  moderator t ank  

in s ide  t h e  3-f t -deep end sh ie lds  a r e  25 f5, 2 in .  f o r  the  pin--type f u e l  

elements and 26 ft 5 i n .  f o r  the cyl inder  design. 

vesse ls  are 22 f t  3 in, and 23. ft 5 i n .  f o r  the p in  afid cy l inder  designs,  

The diameters of t h e  

I' '> ,:< ,pectively.  
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cepLual Design D a t a  f o r  ORNL Evaluation, U S A X  Report (winwnbered), 

Nov. l-Eji 1965. 
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4 .  PIESICS ANALYSIS OF HrdOCR SYSTEMS 

The r e a c t o r  physics  a n a l p i s  computations f o r  t h e  t h r e e  r e a c t o ~  cores 

evaluated were made i n  a xanner anaLogous t o  that used i n  -Uie comparative 

eval.uation of advanced cower t e r s  .’ I n  both cvalzmti.ons the primary emn- 

phasis was pl.aced on cletermiizing .Line economic p e r f o r x ~ n c e  OF’ the  syste:ms 

when operated with appropriate fuel-managemerit s chernes Thus an  .important 

goail. w a s  t h e  ea.l.ciil.ation of fue:I. feed  requirements and discharge f u e l  corn- 

p o s i t i o n  as a funct ion  of‘ f ue l  feed burnup. 

Since the  three heav5r-wa~ter.-rrioderat~ed organic-cooled reactors involved 

i n  this s tudy  are 7re-y~ x i m i l a x ’ ,  t h e  cal-culs t ional  proced-ucs empl.oyed were 

f o r  t h e  most p a r t  t h e  same. ‘The rmjor d i f f e rences  required. i n  procetiixe 

were brought about by the d.i.fferent placement of fue l  w i th in  the pressure  

trfoe and t h e  d i f f e r e n t  fuel m-berials . C a x e f u l  a t tenLion was  give^ t o  de- 

t a i l s  of the eel.]. and spect?*um ca3-culati.on t o  provide t’ne b e s t  cho?’..ce o f  

conip1xta.i; ional- t, echniques . 

4.1 Zero-Dirnensional. Uepleticjn Cal.cul.aS,i.or!s 

‘rne zero-fitimens ion.al. mi l t  igroulj code  TONG^ was iiseci 8.1.most excI.u- 

si.veI.y To?? the  ci.epl.eti.on r:al.cul.ations i n  thi.s s tudy ,  The p i n - t  depletior,  

model was chosen primarily to hc7l.d. the eorriputer time requirements .to a 

reasonable  3.evel.. The model. sppears  t o  be adequate f o r  use in I.arge re- 

fl.ec-ted cores i n  which t he  power d i s t r i b u t i o n  i s  rela,tiv-el.:y- uniform in 

space.  In orde:r t o  include t h e  effects of neutron J.eaka.ge, the  r?:ritica.l. 

groiip-dependent bucklings werc computed for the  r eac to r s  zoned bo th  .mi- 

dial 1.y arid axia l ly  fol:icming the  ind ica ted  loadings of the  respec t ive  r e -  

actor sponsor o 

:r-7, geometry. 

T h i s  cal. r:ula.tion. was doue by D.SSAULT3 i.r! two-dimens i o n n l  

In the TONG calcu_la.tion {;he core inay be :reloaded. by a. niiilti’oa.tch 

technique by ideriiiifying t h e  ind ividzul.  batches o f  TueI. separate1.y e The 

eode wi1.1. cirre;itl.y handle 15 sepa ra t e  batches of f u e l .  The cycle se -  

quence f o r  remov:i.ng fuel  5a.t,ches can  be spec i f i ed ,  as well ;is tlie replace-  

rrient rue1  co rnps i t i on .  

fj.ed. number of re fue l ing  i!zi;erva,~s ) the recovered f u e l  rriay- be r e i ~ r n e ! ~  

~i’- ter  a, suitaiil.e d e l a y  f o r  reprocessing ( a  speci- 
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to t he  CCI-2 along with a spec j f j ed  makeup f u e l .  Coni rwl  can be  maintaiaed 

by var ious opt ions of poi son control ,  moderator composition changes, o r  

f u e l  composition changes. Thus a colmpletc h i s t o r y  of  t h e  opera t ing  l i f e  

of a r eac to r  can be  establ is l ied with one continuous computer ca l cu la t i cn .  

lL. 2 Calculat ion of Spectra 2r1-s~ Sections- 

The TONG program uses  rmdif ied versi-ons of GAM-I" and THEilMOS5 t o  

calcu3.ate fas t  and thermal group cross  sec t ions  f o r  use i n  t h e  d.epletion 

s tud ie s .  

those  used i n  t h e  comparative eml_~i.ation of advanced converters  'Ihe 

only changes were f o r  233Pa and 232Th. 

The b a s i c  cross  sec t ions6  used. i n  t h i s  s tudy were e s s e n t i a l l y  
I 

For 233Pa we used t h e  more r ecen t ly  measured. resolved resonance pa- 

r a m e t e r ~ ~  but d id  not  change t h e  t o t a l  resonance in-tegral..  

we used a negat ive energy resonance t o  g ive  t h e  hiown non-l/v energy de- 

pendence and r eca l cu la t ed  t h e  cross  sec t ion  i n  t h e  thermal energy range. 

The new cross  secti.on i s  t h e  same as the  o ld  one a t  2200 m/s, and. t h e  

o v e r a l l  e f f e c t  of t h e  change should be  unimportant. 

For thorium 

We used only the 233U c ross -sec t ion  sei; thzt y i e l d s  t h e  lower (0.17) 

average alpha above 0 .4  ev r a t h e r  than  t h e  c ross -sec t ion  s e t  which yie1d.s 

t h e  higher  ( 0.23) average alpha.  I.end~ 

f u r t h e r  support  t o  this  choice, al-though t h e  matter  canno-t y e t  be regarded 

as completely s e t t l ~ e d .  

Hecent experimental  measurements 8J  

I n  t he  epithermal energy range, resonance parameters were used -Lo 

determine sh ie lded  cross  sec t ions  f o r  t h e  ferti.1.e isotopes (ri-ncluding 

2 3 4 U  and 240Pu) and f o r  233Pa, 236U, and 242Fu. 

f o r  zirconium were al.so obtained from t h e  resonance parameters. Unshielded 

group cross-sec t ion  da ta  were used f o r  a l l  o ther  nucl ides ,  incl~uding t h e  

f i s s i l e  nuc l ides .  

Shielded~ cross  sec t ions  

i n  order  t o  al.low f o r  spectrum changes w i t ' n  time, a l l  depl-etion ca l -  

cu la t ions  were ma& w i t h  f i v e  fast groups (above 1.86 ev) and four  thermal 

groups. These nine group cross-see-Lion s e t s  were cornputed s p e c i f i c a l l y  

for each r eac to r  design. 

T o  -treat, t h e  enhanced fast f i s s i o n  and absorpt ion caused by hetero-  

geiieity of fue l  and mcder,atoi", nei-ther of which a r e  included i n  t h e  b a s i c  
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C A M - I  cal.cul.ations , w e  developed a procedure f o r  computing group advantage 

f a c t o r s .  

mul.tigroup cross-sec t ion  c a l c u l a t i o n s .  Tnis procedum? w a s  found. t o  irn- 

prove s ignif icant1.y the agreement between t h e  resul.ts of TONG ca l cu la t ions  

and correspondiiig r e s u l t s  from c r i t i c a l .  and exponent ia l  f a x i l i t y  experi-  

ments. 

These f a c t o r s  were incorporated i n  t h e  CLAM-I fast speckrum and 

The T-HERMOS code was modified t o  ob ta in  t h e  ind iv idua l  f u e l  p i n  d i s -  

ad.vantage f a c t o r s  i n  t h e  thermal  range and. subsequently t o  ob ta in  group- 

averaged cross sec t ions  appropr i a t e  t o  t h e  e n t i r e  inn i t  c e l l  of  f u e l  p i n  

c l u s t e r ,  p ressure  tube, and. a s soc ia t ed  1320 moderator. I n  t h i s  procedure 

two success ive  T~~ELWIOS cases  are requi red .  The f i r s t ,  o r  p in -ce l l ,  c a l -  

cu la t ion  modifies the b a s i c  30-group cross  sec%ions by applying Pliix fac-  

. tors  t o  all matc r i a , l . s  w i th in  t'ne avemge p in  c e l l .  'file second THEI3vIOS 

calculat ion t r e a t s  t h e  p re s su re  tube  and i t s  accoi-q-panying moderator a s  a 

uni.t ce3.1. and uses Yne atj.justed 30-group s e t  of c ross  sec t ions  f o r  t h e  

final.  spec t r im and cross-sec t ion  averaging. 

(+. 3 Calcula t ion  of Reac t iv i ty  Coeff l icients -- 
Reactors o f  t h e  type consridered i n  th i s  eva luz t ion  tend  t o  be over- 

noderated, s ince  the mimimum pressure- tube spa Q i s  d i c t a t e d  by mechani- 

cal. conside.rat tons.  A s  a r e s u l t ,  the modera,tor temperature c o e f f i c i e n t s  

can be p o s i t i v e .  The use of an orgaliic a.s t h e  coolant  with i t s  aLtenciant 

h igh  neutron l o s s e s  t o  hydrogen makes t h e  mol.ant temperature a:ncl. cool-ant 

void coef f i c i e n t s  p o s i t i v e  also. The fbel. Doppler coeffic5.en.t is negat ive  

bu t  no t  l a rge .  The coinbi.iati.on of t h e  r e a c t i v i t y  c o e f f i c i e n t s  can prod.uce 

a condi t ion i n  which an  iricrease i n  powes causes the r e a c t i v i t y  Lo i m -  

c rease  . 
To determine t'ne magnitudes of Lhe r e a c t i v i t y  coef 'f icients a l a r g e  

number of GAM-I and TlEiiMOS ca l cu la t ions  were made. 

tit i e  s were tnve s t i g a t  ei?. : 

1. 

2. 

3 .  

The following qum- 

f b e l  temperature from 6 8  to 1200SF, 

cool.ant tenpera ture  from 190 t o  675"F, 

moderator temperature f r o m  68 t o  190"E', 
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5. 

coolant void from zero t o  100$, 

moderator puricy- from 99.79 t o  97.C mole $ D20. 
Thermal s c a t t e r i n g  kerne ls  f o r  hydrogen, oxygen, dei!tcrlurr., end car-  

bon were computed spec i f i ca l  l y  f o r  each temperature.  Since hydrogen i s  

iil t h e  cell as a coolac t  and as a p a r t  of t he  moderatoy and carbon i s  i n  

t h e  c e l l  as p a r t  o f  Lhe cool.ant and as diluej1.t i~ t h e  Ahel,  it was pre- 

sumed necessary -to provid.e s c a t t e r i n g  kerne ls  f o r  each of t hese  na'cerials 

a t  more than  One tenpera ture .  

Very few appl icable  experiments have been run -that provide da ta  for 

evalua t ing  t h c  method used i n  computing t h e  vari0u.s react ivi ' iy  coe f f i -  

c i e n t s .  

t o  nave been wi th in  50$ or" t h e  expei-imenta.1 coolant  voi-d c o 2 f f i c i e n t .  

Comparison w i t h  i;wo Zed-? experiments'' snows our cal.culations 

4 , 4  Optimiza>tlon ___I-_ of' t h e  Eke1 Cycles 

I n  Yne shori; t ime avail-able,  it was not  poss ib l e  t o  i n v e s t i g a t e  i n  

d e t a i l  t h e  behavior of each r eac to r  concept. A'i the same time, it was 

des i r ab le  t h a t  t he  fiie3. cycle  be optimized. w i t h  respec t  'LO t h e  spec i f i ed  

economic paramebers . This requi red  def in ing  an approach t o  equ-i. l i b r i m -  

cycle  operat ion and optimizing t h e  equj.libriuri cyc-?.e. An opt imiza, t ion o f  

t h e  s t a r t u p  cycle  was not  attempted, but e f f o r t s  were x ide  t o  prevent  

penalizj-ng ei.ther ccncept by choice of a poor approach t o  equilibx-ium. 

I n  order  t o  optimize cycles  for low f u e l  cos-Cis, t h e  cycl~e times were 

varied. around t h a t  chosen by t h e  sponsors.  This was done by adding f u e l  

or sub t r ac t ing  f i e 1  a t  t h e  begi.!i.ni.ng of each cycle .  

I n  general- t h e  procedure followed was t o  specj.fy a s m a l l  excess r e -  

a c t i v i t y  value a t  t h e  s tar t  of each dep ie t ion  time s t ep .  Each cycle  was 

then  divided. i n t o  an appropr ia te  number of time s t e p s ;  a t  the  beginning 

of  each intermediate  time s t e p  t h e  reactui.  w a s  brought back to t h e  spec i -  

f i e d  value of r e a c t i v i t y  by -the addri.ti.on o f  fuel.. Depl-etion over a srna1.i. 

time s t e p  was done without a d d i t i o n a l  poison, and 'die time s t eps  were 

chosen s o  t h a t  t h e  change i n  reac.Livi'cy over a time s t e p  was general-ly 

about 1%. 

a c t o r s  should be approximated qu i t e  we l l .  

I n  this manner t h e  continuous r e fue l ing  assumed f o r  ihese  re- 



A b a s i c  d i f f e rence  i n  t h e  i n i t i a t i o n  of t h e  f i r s t  fue l  cycles  was 

considered f o r  t h e  AI -CE and t h e  B&N des igns .  For the  AI-CE reackor, de- 

p le - t ion  e a l c u l a t  ion ar! axiall.y zoned enrichment was assumed, a s  Lndicated 

i n  t h e  proposal..”’ 

a c t o r  Twas assixfled t o  be  no d i f f e r e n t  from t h a t  f o r  the ot,lrer cyc les .  

lowest enrichment .fuel vas withdrawn qui te  soon a f t e r  s t a r t u p .  For the 

B&N r e a c t o r s  t h e  axial loading was assumed. t o  be uniform. I n  order  that 

the fu.el elements would not be removed prema-tuel.y, it was assumed -t;hat 

the r e a c t o r  w0uJ.d be I.oaded i n i t i a l - l y  w i t h  s u f f i c i e n t  yeac t iv i ty  such t h a t  

no f u e l  would be withdrawn before  it had an accumul.ated. 1-ifetime of  about 

one-fourth t h e  average f o r  l a t e r .  batches.  Succeeding cyc les  were t r e a t e d  

as i n  the  AI-CE desigc,  except that  discharge uranium was recycled. in t h e  

BQd design, whereas no f u e l  recyc le  occirrred i n  t h e  AI-CE design.  

me f u e l  nianagement f o r  t;he f i r s t  cyc le  i n  t h i s  re-, 

Tlie 

Power-peaking factors were inves t iga t ed  i n  some d e t a i l  f o r  al.l t h r e e  

reac- tors .  A moye complete s tudy w a s  made f o r  t h e  AI-CE reac tor ,  wi-th in -  

vest,.iga%iOi? of t h e  e f f e c t s  o f  deple t ion .  

I n  general. i;he procedure involved inves t iga t ion  of  t h e  e f f e c t s  d i s -  

cussed. below: 

I_. Gross rad ia , l  and axial. power d i s t r i b u t i o n s  were obta,ined. from 

two-rlimensional r - z  ca l cu la t ions .  I n  these  ca l cu la t ions  t h e  regi.ons con- 

t a i n i n g  %he end f i t t i n g s  were spec i f ica l . lg  i d e n t i f i e d .  The compositions 

i n  each regl.on were assumed t o  be averages of those  of two adjacent  f u e l  

channels. 

2 .  The channel i n t eyac t ion  between fresh and deple ted  f u e l  was ob- 

ta ined by mocking up two adjacent  f u e l  channels as s l abs  i n  a two-dimen- 

s i o n a l  x-y geometry c a l c u l a t i o n  f o r  which the axial reg ion  concent ra t ions  

could be explicit1.y descri-bed. 

3. ‘The local rad-r ia l  power d is t r ibu . t i ,on  w a s  obtained from THEKP/IOS 

ca l cu la t ions  i n  which t h e  v o l ~ m x  wi th in  Lhe process  t,u’oe was subdivided 

i n t o  a t  leasf; t h r e e  d i f f e r e n t  f u e l  reg ions .  ‘Fnis calcu.?.ation was per-  

formed f o r  a l l  r e a c t o r s  a t  beginning of 3.ife. For t h e  AI-CE reac’cor. the 
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e f f e c t  of raClial changes i n  f u e l  composition on l o c a l  power dens i ty  as a 

functi-on of deple t ion  was also inves t iga ted .  

4.6 Physics of  t h e  TJrani.um-Fueled hWOCR 

Our reactor. physics ana1.ysj.s of -the uranium-fueled W O C H  was divided 

i n t o  -three pal-ts: 

1. TVIul~tidi.rnensiona1. cal..cul.ations o f  t h e  core and ref]-cctor were mad e 

t o  determine t h e  c r i t i c a l -  core bucklings and t h e  power dens i ty  d i s t r i b u -  

t i o n  throughout the core.  'The r e a c t i v i t y  computed f o r  t hese  cases  served 

as a check on the  r e a c t i v i t y  of t h e  zero-dimensional ca l cu la t ions .  

2.  Fuel, cool.ant, and moderator 1-eacti.vi.ty cocff i c i e n t s  were com- 

puted. 

3. Reactoi. deple t ion  ca l cu la t ions  were r0ad.e f o r  fue l -cyc le  a n d  long- 

'Lenn-behavior anal.ysis of the r eac to r .  

LF. 6.1 Mult idimens lonal  Reactor Calculkt ions 
._-._I 

T h e  b a s i c  mu.l.%id.iinensional cal.culati.ons cons is ted  of an r - z  ca lcu la-  

t i o n  of  t he  e n t i r e  core, as descr ibed i n  the AI-CE report ," an x-y cal.cu.- 

1ai;ion of two adjacent  channels, and a radial  calcu.l.ati.ci? t o  obta in  the  

local- power d i s t r i b u t i o n  wi th in  t h e  pressure  tube .  The two-dimensional 

r -z  ca l cu la t ions  were done f o r  s t a r t u p  condi t ions and f o r  t h e  equi l ibr ima 

f u e l  composition predic ted  from t h e  '201% zem-dimensional ca l cu la t ion .  

C r i t i c a l  group-dependent bucklings were computed from t h e  s t a r t u p  case 

and used i n  all. subsequent deple t ion  cases .  lke  comput,ed. buck-lings are  

given i n  Table 4.1.  The corresponding ge0rnetri.c buckling based~ on 3.. 0-ft 

r e f l e c t o r  savings w a s  0.000070 Thus t h e  c r i t i c a l  bucki ing f o r  'ihe 

ra.dia.l . ly and axial ly  zoned core was s u b s t a n t i a l l y  g r e a t e r  than  t h e  geo- 

met r ic  buckling. This i s  especia.lLy evident  f o r  -the higher  energy groups. 

Tab1.e L+. 2 shows a cornparison of t he  two-dimensional calcul .a t ion wi th  sev- 

eral. po in t  ca l cu la t ions  made with d i f f e r e n t  buckling approximxtions . This 

t a b l e  i-ndicates t h a t  t h e  use o f  bucklings der ived from a two-dimensional 

cal.cula.tion of an a x i a l l y  and r a d i a 1 . l ~  zoned core will. b p r o v e  the accuracy 

of the  zero-dimensional- method f o r  a t  l ea s t  t h e  effec'i;ive c r i t i c a l . i t y  and 

the  conversion r a t i o .  
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Fable Lsl, Group-Dependcnt Bucklings 
for the Uranium-Fueled HWOCR 

U-pper Energy Buckling 
G7-OUp bJ> (em- ) 

3- 
2 
3 
4. 
5 
6 
7 
8 
9 

1.0 x 307 

3.1.8 x 104 
8.21 X lo5 

1230.0 
47 e 9  
1.. 86 
0.65 
0.1.8 
0.06 

0.00061 
0.00038 
0 a 00025 
0.00012 
0.00015 
0.00015 
0.00011 
0.00002 

Table 4 . 2 .  Coinparison of P o i n t  and Dimensional 
C a d c u l a t  ions 

A ~ e ~ a q e  f i x 1  enrichment: 0.800 w t  $ 

___ -- __ 

Method Buc kl i ng kef f 

Two dimensional 1.0370 

Zero diniensional 0.00007 1 .04/,8 

Zero dimensional From two-dimensional 1.0377 
calculation 

Gross power distributions were computed from -the two-dim-ensional r-z 

cal6ulations at bo-t;h startup and equilibrium concentrations a s  predicted 

by tilie zero-dimensional depletlion calculation. 

in Tables. 4.3 am1 A . 4  as a power density map of the core.  The tables 

show a gross maxLmun-to-average power ratio of 1.653 at startup and 1..595 

for the equilibrjum core. 

are relatively alike, it appears that AI-CE rmde good choices for the 

ini.t;ial. concentrations. 

sity a long  the  horizontal section containing the gross maximurn power. 

calcu3-ated rmximum-to-average power ratio is 1.39 compared with the 1.1.7 

T'nese results are presented 

Since the power distributions for both cases 

.Figure 4.1. sl?_ows tile relative ra .d . fa l  power den- 

OUT 



?k'blii 4.3. A I - C 4  1000-Mw(e) F:WOCR Gross Powcr Densi ty  D l s t r ' b u t i o n  for the I r i l t i a l  Core Loading 

Gross  Power Density" X s t a n c e  
Axial frox Axial 
ZOilC! 

&iid-Plme Irmer Radial  Zone Outer Radial  Zone 

(cm) 
8.E cmb 26.3 cn 113.8 e n  166.3 err! 236.4 cm 236.4 em 275.6 cm 314.7 em 329.4 cm 334.3 cr, 

Outer 270.5 
262 .7 
227.6 
196.3 
i65. i 

N on f uel c d 

l n t  ermediat e 16-. 6 
-26.5 
9L.3 
56.2 

Non h e l e d  

C en ,ra- 52.8 
3'7 .7 
22.6 
7.6 

0.523 
0.625 
1.140 
1.462 
1.653 

1. 555 
i .56S 
1.543 
I. 509 

I. 448 

1.376 
1.368 

I .397 

0.514 0.4rl0 
0.614 0.585 
1 . l l c )  1.067 

1.625 1.554 
1.1137 1.372 

1.530 1.464 
1 .53'7 1.474 
l.520 1.460 
1.487 1 .431 

1.1+26 1.373 
1.376 1.325 
1.356 1.306 
1.348 1.299 

0.449 0.367 
0.537 c . )+39 
11.962 0.807 
I. 266 I. 352 
? .442 1.219 

1.15t: I. -51 
1.174 I. 189 
1.368 1.198 
1.346 1. 187 

1 . 2:91 1.139 
L .248 1.103 
I. 233 1 * 0E9 
I. 224 1.085 

0.38@ 
0.45L+ 
0.835 
I. 389 
I. 262 

1.237 
1.277 
1.28'7 
1. 276 

I. 228 
1.188 
1. i74 
1.168 

0.301 
0.360 
0.666 
0.875 
i .O26 

I. 007 
1.054 
1.070 
1~ .066 

I. 026 
9.994 
0.983 
0.979 

0 .19 5 
0.234 
(2.432 
0.570 
0.6'74 

0.662 
0.699 
0.714 
0.714 

0.68'7 
0.667 
0.660 
0.658 

0.157 
0.189 
0.351 
0. L64 
0.548 

0.53') 
0.5'72 
0.585 
0.584 

0.563 
0.549 
0.544 
0.542 

0.147 
0.179 
0.314 
0.441 
0.519 

0.510 
0.544 
0.557 
0.555 

c .534 
G. 522 
Li .518 
0.510 

a 

-bCore radiLis. 

Da-ta norrna1:zed t o  an aver tge powe:. dens i ty  of 1 . 0  i n  LLeled reglons.  



Table 4.4 .  AT-CE 1009-Mw(e) :BklCrJR Gross Powei- Densi-cy Dts t r ibu t ion  for the Equ;il ibriwi Core Loading 

~~ ~ ~ 

Gross Power Densft-t? 
D i s t anc e 

Axial from Axial Inner  Radle l  Zone Oaser Radial  Zone 
Zosc Mid- Plane 

(CN:) > -. S.9 enTD 26.3 err; 1.~3.8 e n  146.3 cr:: 236.4 em 236.4 cm 275.6 CT:; X.4.7 ex 329.4 em 334.3 cx 

Out e r  270.5 
262.7 
227.6 
196.3 
165.  I 

Boniheled 

I n t  crmediat e 161.6 
126.5 

91.3 
56.2 

Nonfuded 

i: ent ral 52.8 
37.7 
22.6 

7 . 6  

3.353 
3.406 
0.763 
1.365 
1.380 

3.349 
0.402 
0.755 
1.054 
1.364 

0.340 
0.392 
G .  735  
1.. 026 
1.331 

G .326 
0.375 
0.704 
0.982 
i .273 

0.330 
0.346 
0.550 
O.',OG 
1.152 

0.305 
0.352 
0.660 
0.915 
1. I71 

0.261 
0.322 
0.568 
3.784 
0.992 

0.178 
0.206 
0.337 
e .  532 
c .672 

0.146 
0.172 
0.324 
0 .446 
0.560 

9.139 
0.167 
0.316 
0.435 
0.542 

N c, 

0.558 
0.622 
0.669 
0.734 

1.355 
1.490 
I. 546 
1. 523 

1.297 
I .  429 
1.49s 
1.479 

I. 171 
1.287 
1.362 
1.399 

1. 209 
1.327 
1. 405 
1.444 

i .023 
1.119 
1.194 
I. 258 

0.692 
c. 753 
0.815 
0.867 

0.576 
G ,637 
0.685 
0.726 

1.405 
1.541 
i. 595 
1.548 

1.391 
1.527 
1.58: 
1. 553 

1.540 
i .424 
1.374 
1.352 

1.525 
1.413 
1.364 
1.342 

1.499 
1.388 
1.SLrO 
1.319 

1.456 
1.353 
1.309 
1.291 

1.385 
i.313 
1.289 
1.280 

1.435 
1.360 
1.335 
1.325 

1.255 
I. 207 
1.197 
1.193 

0.666 
0.838 
3.833 
0.833 

0.725 
a .  707 
0.704 
0.723 

0.703 
c. 692 
0.689 
0.639 

-~ ~~~ ~ 

3. 3eta normalized t o  an average power densi-,y o; 1.0 i n  fueleL regloss. 

'Core r ad lus .  
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G R N L - 3 N C  66-'+46 
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Fig.  4 .1 .  Gross Radial. Power Di s t r ibu t ion  f o r  AI-CE IiWOCH Desi-gn 
Conditions a 

repor ted  by AT-CE." 'Thus, for t'ne st ,artup fuel. concentrat ions,  as chosen 

by AT-CE;: t h e  CRNL ca l cu la t ions  do not  show the  high degree of power f la t -  

ten ing  repor ted  by- AI-CE. '' 
r a d i a l  ca l cu la t ions  were done to i nves t iga t e  the  am-ount of change i n  av- 

erage f u e i  concentrat ion requi red  t o  fl ir they f l a t t e n  t h e  radial power d i s -  

t r i b u t i o n .  The base concentrat ions chosen were those a s soc ia t ed  w i t h  t h e  

midplane of t he  equi l ibr ium core. These concentrat ions were representa-  

L i v e  of those  fuel. feed r a t e s  which would y i e l d  f i n a l  exposures o f  a'oov-t 

16,800 P&wd/MT i n  .the inlier zone and. 12,600 b%d/MT i n  t h e  outer  zone. 

Nominal +5 aiid tlQ% changes -in each of  t hese  concentrat lons were made i n  

successive ca l cu la t ions .  The resul ts  ind:i.cate t h a t  changing t h e  f u e l  con- 

cen t r a t ions  by about 5$ should p e m i t  achievement of t h e  maximur,i-to-average 

power r a t i o  given i n  -the AI -CS  design r epor t .  Fuel_-concenti'ation changes 

of  t h i s  amount woul..d have only a minor e f f e c t  on the  economic performance 

of  t h e  r e a c t o r .  

f i n a l  r e a c t i v i t y  l i f e t i m e  of  approximately 1_8,500 b?wd/MT f.11 the inner  zone 

%)Ti?, 11,600 lh~d/Ml? rin Yne outer  zone. Thus, s m a l l  changes i n  f u e l  concen- 

t r*aLion and neutron leakage have relative1.y l a r g e  effec-Ls on rad.i.al. powex- 

d i s t r i b u t i o n ,  which emphasizes the  need for cazefu l  s p a t i a l  react ivr i ty  

Because o f  t h i s ,  a s e r i e s  of one-dimensiona,l 

J..  . 

A 10% change i n  fie1 concentrat ion i s  equivalent  'LO a 
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control. i n  order  t o  l.i-mit pawer-peaking f a c t o r s  -t;hroughout r eac to r  opera- 

t ions.  

The x-y caicula.tj.on of two ad jacent  cha.1-1nel.s y i e l d s  information. 011 

the effects of  t h e  s igr i i f  i c a n t l y  d i f f e r e n t  f i ~ I  concentrat ions on t h e  

local.. power dens i ty .  

compositlons speci-fied by AI-CE and f u r  t h e  eqiiilibriwn. d i s t r ibvb ion  corn- 

pct-ted b.y TOKC-. 

dens j t y -  traverse. Figure 4.2 shows the axi.al. power d-ensity d . i s t r i b u t i o n  

along a. fiiel- channel. for the s t a r t u p  core and t h e  equi l ibr ium c0r.e. The 

r r ,axi~~l~-to-average power dens i ty  r a t i o  fox- these two channe!,~ i s  1.609 

for the  starkup core and 1.516 Tor t h e  equi l ibr ium core.  

of t h e  f i n e  a x i a l  amrl charnel. i n t e r a c t i o n  e f f e c t s  on t'ne power densi.ty 

was Tound t o  be 1.250 f o r  t h e  s-l;artu.p core.  

These ca l cu la t ions  were made f o r  the startup core 

Tnese r e s u l t s  a r e  presented i n  Table 4 . 5  as aa axial power 

The combination 

ORNL-DWG 66--t447 

I 

~- EQUILIBRIUM FUEi 
FRESH FUEL I - -_ 

300 200 100 0 I00 
DISTANCE FROM CORE MID-PLANE (Cffl) 

DISCHARGE 

200 300 

Fig- 4.2. AI-CE 1000--M~w(e) Hlt?OCR Axial Power Di s t r ibu t ion  f o r  a 3'wo- 
Dinens tonal Biaxial. Refueling C e l l  Model. 
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Talbl~e A .  5. AI-CX 1000-Mw( e HWOCR Axial Power Dis tr.ibui;iona 

~ - 

Ratio of  Local Fuel Power Denslty t o  thc 
Aversg \ Axial Fue l  Power Density 

- ~ . . ~  __I____ Dl s t anc e 
Axial  €mLn Heactor Inttial Core Equj  l ibs ium Core 
Zone Ni d - P l  an 2 Loadi nt; T,oadi I I ~  

111- (cm> 
Charging JJi scbarge Charging Discharge 

End End k d  had 

Out, er 270.5 
267.0 
260.0 
235. A 
217.8 
200.2 
1.75.6 
168.6 
7.65. l 

Nonfueled 

I n t  ermed. i.3 t e 161.6 
158. i 
151.1 
126.5 
108.9 

91.3 
66.7 
59.7 
56.2 

Nonf ueled 

Central- 52.7 
43.2 
42.2 
17 .6  

0.5011 
0" 543 
0.633 
0.985 
1.200 
1.368 
1.. 529 
I. 581 
I-. 609 

1.386 
1.352 
1.376 
1.389 
1.332 
1.381 
1.. 357 
I. 3G'i 
I. 373 

1.121 
1.1.G 
i e 0g? 
1. 058 

0.27'7 
3.302 
13 .354 
0.551 
0.671. 
0 .765 
0.856 
0.881 
0.89i 

0.971 
0.371 
0.96Z 
0.979 
0.981 
0.473 
0.958 
0 .?Gl 
C.362 

1.120 
1. .7-08 
1.085 
I. 058 

0.337 
0.358 
O.Ll.3 
0.651 
0.822 
0.96Lt 
1.154 
1. . 2 20 
1.255 

1.216 
1- .211 
1.21~9 
1.308 
1. .3 6'1 
1. .411 
1.462 
1.. 49L 
I. 516 

1 .399  
1 * 375 
i . 3 i 3  
1.324 

3.243 
0.263 
c .302 
c.175 
0.535 
0.703 
0.848 
0.901 
0.932 

1.. 005 
I. 005 
1.013 
1.090 
1.139 
1.. i.75 
I. 224 
1.257 
1. * 281 

3.- 382 
1.363 
1.337 
I. 323 

~ . ~- 
a 

model. 
Cal cil iated for a two-dlmensional b i d i r e c t i o n a l  r e fue l ing  ci.11 

'The f i n e  radial  power dens i ty  was iii.vestiga,ted by  THETWOS ca7-cii.1.a- 

t i o n s .  Depletion e f f e c t s  were incl-uded by doing t h e  ca1cul.ations f o r  f u e l  

mix-turea corresponding t o  r e a c t i v i t y  l i f e t i m e s  predicted.  by t'ne zero- 

dimensional depl.etion cases  and assuming a spa - t i a l  dependence of the nu- 

c l i d e s  wi-Lhin t h e  f u e l  region. i n  accordance T w i t 1 1  a previous one-d?.mensi.onal 

deple t ion  calculation.12 'lhe results a r e  given i n  'Table 4.6 as a f'unc'Lion 
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Table 4.4.  R a d . i a 1  Power Density TIistribut;?’.oa i n  Fuel El.ement 
C e l l  as a Func-Lion o f  Irrad-ia-Lion fop A I - C E  Core 

Inner Ring 
P1u.s c end;ral 

Pili 

Second Outer 
Ring Ring 

Number of f u e l  p ins  7 1 2  1. s 
Fuel. volume f r a c t i o n  0.1898 0.3260 0.424% 

Hela t ive  po57er densiky 

FOT 1,000 MW~/T i-t-rsiiiation 0.62’3 0.81<7 1.26’3 
For 3,000 Mwd/T i r r a d i a t i o n  0.645 0.234 1 . 2 5 1  

For 15,000 Kwd/T i -r-cadlation 0.637 0.860 1.213 
For 7,000 blwd/T i r r n d  i a t  ion 0.655 0.842 1.243. 

of burnup arid r e l a t i v e  posi-Lion wi th in  the p r e s s w e  ‘Lube e These resu l - t s  

a r e  q u i t e  simtlar t o  those reported by AI-CE in Fig. 11-16 of Xei‘. 11. 

Our power d . i s t r ibu t ion  results a t  s t a r t u p  imy be swmarized in. com- 

parison with those  reported by AI-CF: as follows: 

AI- CE 

Gross radial power 1.39 (1.17)“ l.17 

Gross axial. power 1.20 1.33 
r a t i o  

r a t i o  

1-atio 

rati.0 

E’ine radial power 1.27 1.30 

Fine axial power 1.25 1.175 

We m d e  110 check on t h e  AI-CF,  estjmate of 1.05 for the  local fl.ux tilt 

due t o  xenon o s c i l l a t i o n .  I t  appears t o  b e  a reasonable estimate. 

*?“ne l.39 valim was obtained f o r  t h e  specific AI-CE design condi t ions;  
however, the gross  radial power r a t i o  i s  very s e n s i t i v e  t o  fue l  concentra- 
ti.ons and neutron leakage, arid we concur that a 1.17 va.l.ue C ~ A  be  obtained 
without sj.gnif icant economic pensl.ty . 



4.6.2 Reac t iv i tv  Ccef f ic ien ts  

Cal.culations were made wi th  GAM-I. and TfBRMOX t o  determine t h e  r e -  

a c t i v i t y  c o e f f i c i e n t s  a s soc ia t ed  with fue l ,  coolant,  and moderator tem- 

perat-are change, coolant void, and nioderator purlity . The resulbs axe 

presented and compared. wi.th those of  simi.3.ar computations performed by 

AI-CE i n  Tab1.e 4.'7. There are considerabl-e uncer-LainLies i n  t h e  quant i -  

t a , t ive  r e s u l t s  f o r  -the r e a c t i v i t y  c o e f f i c i e n t  ca lcu la t ions ,  as indica%ed 

by t h e  v a r i a t i o n  between OmL, and AI-CE r e s u l t s  f o r  -the same cores .  ilow- 

ever, 'chi. same general. e f f e c t s  a r e  observed f r o m  both s e t s  of  da ta .  Based 

on t h e s e  r e s u l t s ,  t h e  HWOCR w i l l  havz 

1. s i g n i f i c a n t ,  p o s i t i v e  coolant and moderator temperature c o e f f i c i e n t s  

f o r  the  equilibrriixn core;  

strong, p o s i t i v e  cool.ant void c o e f f i c i e n t s ;  

a negatj-ve fuel .Lernpera.ture coe f f i c i en t  bo th  w i t h  f r e s h  and equi- 

l ib r ium fuel  mixtures.  

2. 

3 .  

Ta'o1.e d.7. Sumnary o f  I i e a c t i v i t y  C o e l f i c i e n t s  f o r  AI-CL i I lKXX 

B e a c t i v i t y  C o e f f i c i e n t s  
._.I_.I 

Equil ibr ium Concentrstions O R N T , ~  
S ta r tup  

AT-C E" OWJL" C oilcentrat  i ons  

a 

bCdcnl.at . id f o r  t h e  s u p c r c r i . t i c a 1  conaition, keff - 1..16. 
C-,lculated f o r  the n e a r l y  c r i t i c a l  condi~tion, kef<  - 1..335. 
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4.6.3 Keactor De-cl.etion Calculat ions 

The prhiary reactor.  dep le t ion  ca l cu la t ions  were m d e  v i k h  the TONG 

code The core rmter la l .s ,  dimemioris, and phys ica l  tempenxtures employed 

i n  -these calcul .a t ions were those  specif ied.  ~n t h e  AI-CE r e p o r t  .lo 

i n i t i a l  core  loading s p e c i f i e d  by AI-CE was -io be zoned i n t o  two radia.1. 

and t e n  axial. zones. EquilYoriun feed. e n r i c h e n t  t o  each equal-volume 

radial  zone was t o  be  -Uie same with t'ne outer  zone feed  r a t e  g r e a t e r  L1m.n 

t h a t  of the inne r  zone. Tnis was 1x1 r e s u l t  i n  t h e  ou te r  r a d . i a l  z0n.e hav- 

ing  an average r e a c t i v i t y  l ifeti i i ie of 13,390 ?@vJ~/MT and. t h e  inner  zone 

h a v h g  a I-ifetime of 16,700 Mwd/blT. 

erage reac t iv i -by  1ifeti.me of 15,000 M + J ~ / M I .  Fueling of t h e  r eac to r  w a s  

t o  be coimtercu .~rent  i n  ad jacent  channels wi-tih fi.ve fuel asseinblies per 

channel. 1 n i t i a . l  axial. enr?.chtnents were spec?-fied i n  each zone. 

nie 

Thus the core as a  hole had aa av- 

'The TONG c a k u l a t i o n  with f i v e  fast- aiid f o u r  therrral-neutron groups 

was used t o  es t imate  the  concentrat ion behavior i n  Yne AI-CE r eac to r .  To 

approxi-mate closely t b e  opera'ciijri of continuous re fue l ing ,  1.5 zones ( . ~ ~ i e  

m.axi.mum allowed by the code) were chosen f o r  t h e  ca lcu la t ion .  

these 15 zones were loaded v i t h  f i v e  d i f f e r e n t  concentrat ions represent ing  

t h e  average fuel concentra2;ions along a channel in t h e  inner  a.nd oute:r 

i-adial. zones. I n  +;he deple t ion  ca l cu la t ion  descr ibed here  a cycle i s  de- 

f i n e d .  as the time between r e fue l ings  o f  each of the 1 5  zones. 'Thus 15 

cyc les  a r e  requi red  t o  r ep lace  the core completely, and wtth the exception 

of the i n i t i a l  core  loading, each zone rema.l.ns i n  the  core  f o r  15 cycles .  

Cr i t l i ca l  group-dependent bii.ckI.ij?gs from two-dimensional ca l cu la t ions  were 

ernployed f o r  a1 1 depletion ca lcu la t ions .  A s  reported earl-ier., comparison 

of zero- and two-d.imeiisiona1.. ca l cu la t ions  showed good- agreement a% s t a r t u p  a 

A t  sta:rtiJp 

A t  each depletion t ime s t e p  wi'c'nin a cycle  the reacbor. was mai.ritained 

w i t h  t h e  excess r e a c t i v i t y  between 9.00& ant1 0.000. Thus the average ex- 

cess  r e a c t i v i t y  was approximately 0.002, corresponding t o  i n s e r t i o n  of 

one-222l.f of t h e  avail.ab1.e shim rod worth. For fuel .  cost ca lcu la t ions ,  

a.l.1 f u e l  added duri .ng a cycl?  w a s  a.ssmed -Lo be a.rlded a t  t he  beginning 

o f  the  cyc1.n. A t  t,he a i d  of each cyc le  the fu.cl  i n  t h e  z ~ i l e  l-lEiviilg - t h e  

g r e a t e s t  exposure was removed for reprocessing, and suf f ic ien i ;  f resh  f u e l  

was added t o  maintain r e a c t i v i t y .  The deple t ion  ca l cu la t ions  were 1;tad.c 
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for t h ree  r e a c t i v i t y  l i f e t i m e s .  'The sumr'a.ry of t h e  results f o r  t hese  

th ree  cases  i s  given 'in Table 4.8 as cases  &-I, Q-2, and &-3. Represen- 

t a t i v e  core  neutron balances as a func t ion  of t ime a r e  given I n  'Table 

4.9. The f i n a l  neiitron balance i s  r ep resen ta t ive  of t h e  equi.librium 

core .  The conversion r a t i o  as a func'r,-i.on o f  t h e  i s  given i n  F ig .  4.3. 

Lifctime mass bal.a:nces of t h e  heavy metals are given i n  Tab2.e 4.1-0. 

For case 0-2 with  an  average r e a c t i v i t y  l i f e t i m e  of  15,000 bZWd/P?I', 

A i - C E  p r e d i c t s  an i n i t i a l .  enrri.chment of  1.1.6 w t  /"; 235U.  

a required. enrichment o f  1.17 w t  $ 235U.  

predic-Ls an  average o f  3.16 Q of f i s s i l e  pl.utoniilin per  kilogram of  ura- 

nium a t  d-i-scharge, while  our r e s u l t s  predic-'i 3.20. "he agreemell-i; o f  t hese  

two q u a n t i t i e s  i s  excellent. 

Our r e s u l t s  gi-ve 

For t he  equi l ibr ium core AT-CIE 

We also est imated i;he e f f e c t  on t h e  fuel. cyc le  o f  the  red-uced neu- 

t m n  economy if i t  shou1.d be necessary t o  increase t h e  neutron absorpt ions 

i n  shim con t ro l  r0d . s .  For our base calcul~a-Lions w e  a.ssuiied t h i s  aimwit 

t o  be approximately 0.2$, on -Lhe average. 'Table 4.11 shows -tile e f f e c t  

t h a t  s m a l l ,  a d d i t i o n a l  amounts of such con t ro l  poison wi2.l. have on t h e  

equri.1.ibriurn feed enrichment and on the  equi l ibr ium fue l  -cycl.e cos t .  

'labl~e h e 8 .  Slxmary of  Cycle Perforiflance f o r  AI-Cb Design 

c a s e s  

Q- 1 3- 2 $-3 

First c y c l e  

I n i t i a l -  r ? a c t i - v i t y  (no m d s )  
Initial enrichment,  wt $ 2 3  5U 

Equilibriurri cyc le  

Initial r e a c t i v i t y  (no r o d s )  
2ycl.i. t i  T C ,  fu l l -power days 
Discharge exposme, NwzI/MT of U 
Fzed e n r i  chnierit, wt f 
Discharge enrichrr*ent, wt $ 2 3  5U 
Discharge Fu, g/kg of' U feed 

5U 

PU comsositiori, w t  
2 3 9 h  
240h 

1.004 
510 
12,869 
1.. 088 
0.234 
4.83 

54.9 
28.6 
11.9 
4 .4  

1.004 
0 .78iL 

I. 004 
600 

1.168 
0 . 21 0 
5.1. 

14,842 

52.8 
28.8 
12.7 
5.7 

I. 004 
675 

I. 251 
0 .11.89 
5.33 

1.6,801 

51 .I 
28.'7 
13.3 
6.9 
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iiishl~e 4.1-0. Cumula,’iivc: Mass Balance f o r  ‘Total 
Kcactor  Hi-story of AT-CE Design 

Q-1 &- 2 Q- 3 

Reacti .vity l i f e t i m e ,  !‘Iwd/KT 

His tory  t ime ,  years ,  a t  0 .8  p l a n t  f a c t o r  

Equilibrium fuel residence Lime, days, 

I n i t i a l .  loading,  kg 

a-t 0.8  p lan t  fac- tor  

2 3  5u 

T o t a l  u 
Tota l  purchased ma-berial., kg 

2 3  5u 

T o i a l  U 

Final. core loading ( a t  discharge), ks 
2 3  5 5  

T 0 t a . l  u 
FiSSi 1.C PU. 

ToLal d-ischarge (inciuding f i n a l  
core  ) , kc 

2 3  4u 
2 3  5u 

2 3 6 ~  

2 3  8~ 

Fissile Fu 

1.3,000 

5 .0 

645 

975 .76 
124,150” 

4,643 
463,639 

660.18 

298.72 
122,855 

0 
1 ,518  
505.32 

I, 298 
454,863 

15 , 000 

5 .75  

750  

972.77 
124,155 

4,934 
463,543 

662.35 
122,768 
31.5 -66 

0 
1 ,432  
563.55 
454,29 8 
1,353 

17,003 

6 . 5  

840 

970 .‘?A 
124,15.3 

5 y 240 
464,236 

66‘1 .1.8 
122,686 
330.40 

0 
I, 363 
619.94 
453 , 746 
1. > 407 

Table 4.1.3.. Effect of  incx-eased Control. 
Poison on AI-CE Ii’dOCH 

Equil.i.briun Feed Average 
c O l l t  1- 0 1  

ReactiLvity 
Life-time Fuel Cost Enrichment 

Poison (Mw5/MT ) ( n i l l s / k w i i r  ) ( w t  g 2 3 % )  (79 

0 . 2  14,830 0.852 1 a 1-69 
0 e 7  14,827 0 .868  1.187 
1.0 14 J 824 0 .884  1.204 



7,239 

c. 9999 
I-..-- I. -.-̂ I 



235U, and 23gR1j a r e  i n  s u b s t a n t i a l  agreement. 

absorpt ion a r e  probably a r e s u l t  of  s p e c i f i c  t reatment  of 2 3 9 N p  i n  the  

ORnL c o q u t a t  i o n .  

Ear ly  d i f fe rences  iLi 239R2 

d.6.5.  - Cornpaxison o f  Zero- and One-Dimensional Depletion Resul ts  

'The zero-dimensional deple t ion  model used t o  represent  b i d i r e c t i o n a l ,  

continuous r e f u e l i n g  j.s a s impl i f ied  one. A somewhai; more complex and 

p o t e n t i a l l y  more exact  d.epl.etion model uses an  eq!. i c i t  axial- representa-  

t i o n  of the core i n  one dimension. I n  this model- t h e  axial  . t raverse  i s  

subdivided i n t o  many l a y e r s .  The b i d i r e c t i o n a l  r e fue l ing  requires t h a t  

t he  f u e l  composition J-ayers of the axial sand.wich be a l ~ t e r n a t e l y  those 

corresponding t o  two adjacent  f u e l  regions.  For exaql -e ,  i f  we desigiiate 

"1" as f r e s h  f u e l  and numbers 2, 3, and 4 as f u e l  of progress ive ly  higher  

f u e l  deple t ion  (with 'i being the  discharge f u e l ) ,  t h e  sandwi.ch i s  as f o l -  

lows: 4, 1, 3: 2, 2, 3, I, 1,. The symmeiry o f  t h e  core i s  such that 

only one-ha1.f of  t h i s  sandwich need be a c t u a l . 1 ~  i.ncl.uded i n  Lhe ca.1cula.- 

t i o n ;  t h a t  is ,  l aye r s  L i y  1, 3, 2. Region s i z e s  were chosen t o  give ap- 

proxiniate3.y t h e  same centxr-  to-center  spacing as t h e  d i s t ance  be-tween 

ad jacent  channels i n  order t o  ob ta in  approximately the c o r r e c t  fl..ux d i s -  

t r i b u t i o n .  However, we found.  i n  exploratory ca>Lculatlons t h a t  t h e  fluxes, 

bu t  no-t the power, i n  ad-jacent channels a r e  very nea r ly  t h e  same. 

I n  OW calcul-ations we s ta r t  wlth an i n i t i a l  f u e l  d i s ty ibu t ion .  'lhe 

core i s  deple-Led, while being kept c r i t i c a l  wiLh changes i.n poisoaing, 

u n t i l  t h e  excess r e a c t i v i t y  i.s gone. Material. ri.u each o f  the numbered 

regions is  then interchanged wi th  t h e  next  hi@-r numbered region ; t h a t  

is ,  1 becomes 2, 2 becomes 3, 3 becomes 4,  an-d 4 i s  discharged f r o m  t h e  

core.  Fresh f u e l  of  a predetermined enriehmen-'i i s  ad-ded in region 1. A 

c r i t i ca l . i . t y  search  for t h e  new control. poison requirement i s  then made, 

and the deple t ion  f o r  t h e  next cycle is begun. This cycle  of  refuel-ing 

a.nd deple t ion  i s  continued for t he  des i r ed  number of  times. 

We d i d  t h i s  ca~lcul.ation for the AI-CE core wikh t h e  code ASSAULL'. 

F i f t een  axial. regions were used in s t ead  of  t h e  four  regions assumed i n  

t he  above i l l u s t r a t i o n s  o f  t he  method. 'The dep1.etri.m results o f  th is  



one-dimens i o n a l  cal.cu.lat.ion are compaxed with those o f  t;he poir?.t deple- 

t i o n  ca l cu la t ion ,  Q-2, rin Tab& 4.13. The data skmj\l that; Lhe one-dimen- 

s iona l  ca1-c.ul.a'iion leads to s1ightl.y iwre f a v o m b l e  resul.ts than the porint  

ea1 cixIa,ti on. Nevertheless,  .the ag remen t  between t h e  two ca l cu la t ions  i.s 

very close and gives corifid.ence j.n the  resul1,s obtained f rom 1;he point 

c aiculat  i o n a l  modi? 1 . 

'Table 4.13. Comparison of One- axid Zero-Dimensional 
Deple-t ion Calcul.ati.ons 

Case R-1, Case Q-2, 

Depletion Depk t ion 
One - Dimens i onal Zero- Di rne r i s  i onsl 

Startup er i r ichient ,  wt $ 2 3 5 ~  0.820 0.784 

Feed enric~mient, w-t $ 2 3 5 ~  1.159 1.. 1.68 
Discharge enriclment, w t  $ 2 3 5 U  0.197 0.21.0 
Discharge fissile Pu, g/kg of U 3.34 3,34 

R ~ R .  ct i v i  t y I i f e t ime , M~KI/MT 
Average excess r e a c t i v i t y  0.008 0.002 

Equil i -oi- iwn 

Core conversion r a t i o  0.694 0.654 
16,009 14,842 

4.7 Physics of the ThorizmL-Cycle M O C R  

'The r eac to r  plzysir-s analysis of the  thoriwn-cyc1.e HWOCR a l s o  con- 

s i s ted .  of t'ne compukt.tiori of c r i t i c a l .  bucklings xnd power dens i t i e s  by 

r f l ~ i l t  idime 11 s i ona.1. ca 1 culai, i o m ,  the c orripi+zta t; i on of  rea. c t ivi t 3- c o e f f i c i eriC s , 
and Yne r e a c t o r  depletion ca,Lculations f o r  fuel-cycle and long-term re- 

actor 'oeha.vlior. I n  t h i s  case,  s ince  B&.N submitted twci fue l  e2.emerit de- 

signs cons i s t ing  of  ( I - )  a. nested cy l inder  wi.t'n thorium-uraniwn metal fuel. 

and ( 2 )  a c~.uster of pins with ' T M I ~ - U O ~  f u e l ,  ~)o.i ;~i  designs were exi,linatcd.. 

4..?. I 1hltidimen.siona.l Reactor Calculat ions 

'The b a s i c  rmultidimensional. calculations performed were an r - z  calcu- 

lation of t h e  e n t i r e  core  approxi.nlatel.y as described in t h e  R&W conceptual 



design r epor t  'The core w a s  represented as hav-ing Llirez equaJ-volucne 

r a d i a l  zones and a uniform a x i a l  loading Fuel. concentrat ions approxi- 

mately equal to those i.n F i g .  3.2 of' t h e  A&\$ report13 were used. 

The c r i t i c a l .  group-dependent bucklings ob Laincd from these  calcula-  

For coniparri son  t h e  corresponding geo- t i o n s  a r e  repor.ted. i n  Ta'u1.e A .  14 .  

met r ic  blxcklii-igs based on a 1.0-ft r e f l e c t o r  saving a r e  0.000072 and 

0.000061 f o r  t he  nested-cyl inder  and t h e  pin-clus  Ley  designs,  r e spec t ive ly .  

Thus as i n  the  AI-CE design the  cri.ti.ca1. buckI..ing f o r  t h e  r a d t a l l y  zoned 

r e a c t o r  i s  s u b s t a n t i a l l y  grect-ter than  the geometric buckling, espec-ially 

foi .  t h e  higher energy groups. 

Gross power d i s t r i b u t i o n s  w e r e  computed from the two-dimensional I--z 

calculatiims f o r  t h e  assumed s t a r t u p  ccndi. t ions.  These r e s u l t s  a.re pre-  

sen ted  i n  Tables 4.15 and 4.16 f o r  t h e  nested-cyl.inder and p in -c lus t e r  

cores,  respec t ive ly .  These t a b l e s  show a gross rna.xirnu~~i-to-average power 

r a t i o ,  which occurs on the hor i zon ta l  plane t'hrough the czn'ier of t h e  re -  

ac tor ,  o f  1.67 for t h e  nested-cyl inder  design a.nd 186 for t h e  pin-el-uster  

design. 

h o r i z o n t a l  s ec t ion .  The maxi-rmm--Lo-avera,ge radial  power d i s t r i b u t i o n  of 

1.14 shown i n  Fig.  4 .4  'may be compared w i t h  t he  vs.?.ue of 1.1.7 repor ted  

f o r  t h e  B&W desi.gn. 

radial. fueL regions is q u i t e  high. 

Figure 4.4 shows the  r e l a t i v e  radial power dens i ty  a long t h e  sane 

Tine cjegree of power f l a t t e n i n g  achieved by the  t h r e e  

Tab1 e 4.14. Group-Dependent Bucklings 
for the  Thori.?ixn-Cycle HWOCR 

i3uckIi.ng ( em- ) 
Upper Energy 

Group f ,,,\ 
Nested Cylinder Pin Clus te r  \ c v  I 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1.0 x 107 
8.21- x 105 
3.18 x lo4 
1230.0 
47.9 
1.86, 
0.65 
0.18 
0.06 

0.00072 
0.00040 
0.00026 
0.00020 
0.00017 
0.00011 
0.00012 
-0.000005 

0.00050 
0.00031 
0.00022 
0.00018 
0. 00016 
0.00010 
0.00013 
0.000026 



Tabie 4.15. 3 & W  Blested-Cylinder Fuei Ilement Gross 3ower 3ensi;y Dis t r ibu t ton  f o r  t h e  SnibicLi Core Loading 

Gross Power Dens%@ 

Central  Fuel Region lnterniediate  Fuel Region Outer Radial  Zone 

Distance 
Axial from Axial 
Zone Mid-Plane 

(cnl' 6.6 csh 118.3 CDI 150.9 em -67.0 cm 167.0 cm 201.5 cm 774.6 cn 236.1 cm 236.1 e11 758.9 cm 274.0 cm 289.2 cm 

Outer 

Nonlueled 

i n t e m e d i s t e  

Jonfueled 

Cen t ra l  

Konl'ueled 

370.7 L1 .733 
364.6 a .  754 
353.3 3.337 
332.0 3.473 
289.2 0. '726 
248.5 0.973 

246.8 0.982 

165.8 1.754 
145.1 1.401 
124.7 1.461 

226.5 I. Oil 

125.0 1.486 
102.7 1.52: 
57.0 1. 633 
2L.2 1,640 
0.8 :L .667 

0.726 
0.249 
0.331 
0.462 
0.713 
0.957 

2.965 
1.053 
1.233 
1.377 
1.456 

1.461 
1.495 
1.575 
1.612 
1.638 

0.775 
0.246 
0.326 

0.735 
0.946 

0.1856 

3.954 
1.341 
1.219 
1.361 
1.443 

1. b44 
1.478 
1.558 
1.594 
1.6i9 

L1.273 
0.743 
'3.323 
0.452 
0.698 
0.936 

c.945 
1.031 
1.237 
1.348 
1.426 

L.430 
?. .46L 
It. 542 
1.578 
1.633 

0.229 
0.2% 
,2.3?7 
0.464 
0.717 
3.962 

0.971 
1.060 
1.741 
1.385 
1.L65 

1.470 
1.50L. 
1.585 
:L. 622 
i .648 

0.217 
0.236 
3.315 
0.441 
0.681 
0.914 

0.977 
1.007 
1. 180 
1.317 
1.392 

:L .396 
1.430 
1.537 
1.542 
i .566 

0.231 
0.220 
0.793 
0.411 
0.636 
0.853 

0.661 
0.940 
i. i2i 
I. 229 
1.298 

1.303 
1.335 
1.408 
1.439 
1.462 

0. i90 
0.207 
0.778 
0.388 
C. 601 
C .806 

3. Si? 
3.688 
1. 040 
1.160 
1.276 

1.720 
1 * 260 
1.330 
1.359 
1.380 

0.714 
0.233 
0.311 
0. L37 
0.675 
0.936 

'3.914 
3.999 
1.170 
I. 305 
1.379 

1.363 
1.417 
1.495 
1. 529 
1.552 

0.176 
0.197 
0.257 
0.3;: 
0.558 
0.748 

3.755 
0.825 
0.967 
1.0'76' 
1.139 

I. 143 
I. 171 
1.735 
I. 762 
1.76'2 

3.142 
0.155 
0.208 
0.292 
0.451 
0.606 

0.611 
C.668 
C. '782 
0.872 
c.373 

0.925 
0.948 
i. os0 
l.02? 
1.039 

0.117 
0.177 
0.177 
0.242 
0.374 
c .49? 

0.5'34 
0.553 
0.645 
0.722. 
0.760 

0.762 
0.784 
3.625 
0.646 
8.855 

a Data normaLzed t o  an average gower dens i ty  of i . O  i n  fueled regions 

bCore rad ius .  



'l'able 4.l6. URW Pin-Clustered h e 1  Eiement Gross Power Density Distribhtion f o r  t h e  I n i t i a l  Core Loading 

Gross Power 3cns i ty"  Dis.tance 
Axial from Axis1 
Zone Mid-?lnne Intermediate Fuel  Region Outer Fuel Region Central Fuel Region 

10.4 em0 52.0 crL l i 4 . 4  cm 176.7 c n  176.7 cm 195.0 em 222.5 em 249.9 cm 249.9 em 268.1+ em 285.9 cm 306.1 cm 
( a n )  

Outer 350.0 0.255 0.253 0.247 0.232 0.240 0.231 o . 2 ~  0.1~6 0.209 0.17? 0.i40 o.009 
340.0 0.206 0.304 0.296 0.279 0.267 0.278 0.257 0.224 0.251 0.2-4 0.167 0.124 
294.0 0.638 0.623 0.615 0.581 0.599 0.580 0.537 0.475 0.527 0.450 0.352 0.261 
256.8 0.889 0.883 0.857 0.810 0.835 0.808 0.748 0.654 0.732 0.626 0.463 0.362 
238.2 1.055 1.3L7 1.017 0.961 0.9'30 0.959 0.688 0.775 0.869 0.743 0.580 0.423 

Nonfueled 

Xntermediate 232.1 1.390 1.082 1.050 0.332 1 .023 0.990 0.917 0.8Ci 0.897 0.767 0.600 0.437 
213 .7 1.15; 1.:,45 1.112 1.051 1.084 1.049 0.972 0.849 0.951 0.813 0.636 0.471 
176.5 1.351 1.341 1.303 1.232 1.271 L.230 1.140 0.998 l.li7 0.356 0.747 0.554 
139.2 1.510 1.438 1.455 1.376 1 . 4 S  .245 1.064 0.832 0.616 
123.6 1.649 1.63; 1.589 1.502 1.549 ,.359 1.162 0.908 0.662 

Yonfueled 

Central 34.7 1.667 L.655 1.6C7 1.5i-9 1.567 1.52j 1.434 ;..227 1.374 1.175 0.919 0.66? 
96.1 1.652 1.640 1.593 1.506 1.553 1.503 1.393 .218 1.363 1.166 0.311 0.675 
58.8 1.738 1.726 1.676 1.%6 1.635 1.583 1.468 1.254 1.438 1.231 0.962 3.713 
21.6 1.776 1.763 1.712 1.620 1.670 1..616 1.498 1.339 1.465 1.251 0.980 0.726 

2.94 1.862 :i.849 1.795 1.697 1 .750 -1.694 1.569 1.371 1.536 1.31.3 i.027 0.748 

lionfueled 

? l a t a  normalized t o  an average power dens i ty  of 1.0 i n  t h e  fue led  regions 
b 

Core radlus. 
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T 7 *  
2 1.g. 4.4 .  Gross Radial. Power D i s t r i b u t i o n  f o r  BQW Nested-Cylinder 

Design. 

For the oxide-fueled case a two-dimensional x-y calcul.ation m s  m-ade 

using t h e  equ.ilib.rium axial fuel d i s t r i b u t i o n  obtained from the TONG de- 

pletion calcinl.atiori. This calculation includ-ed explici-t1.y both  the axial. 

v a r i a t i o n  i n  fuel i n  two adjacent  channels and. the coolant  d e m i t y  charlge 

nlong the channe1.s. The e f f e c t  of t h e  coolant  dens i ty  change i s  s ig r i i f i -  

cant,  since flow i n  dowxwa.rd. i n  all channels in the B&N desi.gn.s. Tlle re-  

sin1.t~ a r e  presented  i n  Tab:!.e 4.17 and i n  Fig. 4 . 5  as an a x i a l .  power (3.en- 

0 

"he naxiniurn- to-average power m t i o  computed was 1.74 in 

I 

CUEI. MOVEMENT .._ 

0RNL;-DWG %--(450 
................. 

I 

~ 

~ 

400 300 200 100 0 1 ( X  2co 300 4QO 
DIST41UCE FROM REACTOR PAID-PLANE (cm) 
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Tahl r- 4.17. B&bJ 1003-Nw( e ) Th02-UO2 -Fuel-ed HWOCR Axial Power Dis t,ribution 

......... - 
Ra.tio of Loca,L Fuel Power Density t o  :;he 

Average Axial Fuel Power Dens l t ya  
_I___.._.m.ll ~ 

Distatnce 
AxiaJ. from Reactor 
Z O f l e  Mid - 1) lane 

Coolant Inl.ei; End Coolant Outlei; End 
-. ._. __.......__I.. I__lg . . . . .. . . 

Cold End Hot End Cold Ehd Hot End 
Fuel Charge Fuel Chsrge Fuel Charqe Fuel Charge 

(e.) 

Nonfuel2d 

 LA^ ermediat e 

Nonf u e l n d  

C en t ra l  

Nonfuel -d 

350.0 
3 i,.'.. . 4 
333.2 
31.6 . 4  
294.1 
271 .7 
255.0 
243.8 
238.2 

232.3 
226.7 
215.6 
1.98.8 
176.4 
1.54.1 
1-37 .3 
126.1 
120. G 

114. '7 
109. .? 

97.9 
81.2 
58.8 
36.5 
19.7 
8.5 
2.9 

0.064 
0.070 
0.092 
0.136 
0.215 
C . 3 3 1  
0.458 
0.590 
0.697 

0.719 
0.762 
0 877 
1. e 055 
1.1259 
1. I 4.15 
1. 503 
1.533 
1.667 

1.561. 
I.. . 516 
1.. 510 
1.547 
1.589 
1.613 
1.626 
I-. 670 
I. 738 

0.052 
0.058 
0 .077 
0.114 
0.181 
0.278 
0.383 
0.484 
0.555 

0.627 
0.659 
0.754 
0.906 
1. "081 
1. 217 
1.292 
I. 361 
1.431~ 

I-. rk96 
1.. 455 
1~. 450 
I. 486 
1. 527 
1.550 
1.564 
3- a 604 
1.672 

'2. c59 
0.066 
0.387 
0.128 
0.202 
0.307 
0.420 
0.529 
0.605 

0.683 
0.71'7 
0.818 
0.979 
1.1.61 
1.296 
1.. 369 
1.437 
1.508 

1.574 
1.528 
I. 516 
1.543 
I. 571 
1.579 
1.579 
I. 612 
I. 67L 

3. 073 
3.079 
2 .  1-0A 
0.153 
0.240 
0.366 
0.503 

0.760 
0.645 

0.782 
0.828 
0.950 
1.. 1.38 
1. .3 51 
1.. 508 
1.. 592 
1.670 
1.756 

I. 641 
I-. 592 
1.. 573 
I. 606 
1.6311 
1.642 
1.64-2 
1.6'75 
1. .740 

a, Calculated wi.i;h a two-dimensional b id j r ec t iona l  refi ieli~ng c e l l  model. 



the ch.annel. f o r  wliic'n t h e  f u e l  movement was opposi te  to coolant  f l o w .  

The power r a t i o  from f i n e  a x i a l  and chamiel i n t e r a c t i o n  e f f e c t s  w a s  com- 

puted t o  be 1.156. 

The f i n e  radial power dens i ty  d i s t r i b u t i o n  lwas a l s o  inves t iga t ed  f o r  

s t a r t u p  condi t ions.  

of radial  posi t4on f o r  both BBW desligns . 
r a d i a l  power ratio w a s  found to be l.Lt51 for t h e  nested-cyl-inder design 

and 1.265 f o r  t h e  p in -c lus t e r  design. 

These r e s u l t s  a r e  given i n  Table 4.18 as a f imct ion 

I%e rr,axrirnvun-to-aver.age l o c a l  

Table r b . 1 8 .  Fine Rad. ia l .  Power Density Distribution 
fo r  B&W Designs 

Pin- Cl.us t e r  Design Nested-Cylinder Design 
- 

Fuel  Cu-ter Ratio of Region Fuel- Iimer Outer X a k L O  of Regiori 
Region Rad.ius A~rerage Power -to Region R:id ius Radius Average Power to 

N o .  (cm) cell. Average Power No . ( cm) (cnr) Ce! 1_ Ave:rage Power 
I ~- 

~I 

0 2.589 1 3.056 3.31.0 0.668 
1 3 .  e43 0.73 2 3.7173 3.357 0.731. 
2 5.096 0.858 3 4,166 r,. 620 0.828 
3 6.350 1.263 Lk 5.050 5.304 1.038 

5 5 .'i% 6.032 I a 451. 
II 

'The overaI.l resu l t s  may be compared wi th  those  repor ted  by I?&? as 

fol lows : 

Gross rad t a l  po.we-r 

Grcss axial  power 

Fine redial .  power 

Fine axj.al. power 

r a t i o  

ra t io  

rat i.0 

ral; i o  

1.460 1.33 

l.451 1.29 

1.130 1.05 

1.505 1-33 

1.265 1.20 

3. .I. 54 I. 1'7 



4.7.2 K e a c t i v i t j  Coef f ic ien ts  ____.-.-- -......II 

Reactivi-ty c o e f f i c i e n t  caIcul.ations similar t o  those made for t h e  

AI-CE design were made for t h e  h o  B&W designs, but only f o r  s-tartxp con- 

d i t i o n s .  These resul-ts a re  presented i.n Tab7.e 4.1.9 f o r  bo th  BRTd core de- 

s igns .  Since B&W d id  not  make a similar sei; of ca lcu la t ions ,  o m  r e s u l t s  

may not 'ue compared.. 

similar t o  those o f  t h e  AI-CE study; thus 'ihe B@d cores  w i l l  have 

1. 

2.  strong, pos i t i ve ,  coolant  void coe f f i c i en t s ,  

3. a negat ive fuel coe f f i c i en i ,  

4 .  a negat ive time-zero moderakor c o e f f i c i e n t .  

The gene:ral- effects apgacent from th i s  s tudy  are 

sigIii.f$.cant p o s i t i v e  coolant tempera.tin-e coe f f i c i en t s ,  

A co:rpari.son of these  resul-ts with those conpuied f o r  Lhe AI-CE 

uranium-fueled HWOCR ind ica t e s  t h a t  the thorium-fueled reactor has a 

more posi.ti>-e cool.ant terperat1x-e c o e f f i c i e n t  of rcactiv-i . ty ini.tia1.l.y. 

Tab12 4.19. Summary of Reac t iv i ty  Coeff ic ien t  
Calcu la t j  ons €or R & h  Designs 

Reac t iv i ty  Coeff ic ien ts  

Ne "u t ed -Cylin+r IJin-C i 11s t e r  
Core Cor e 

Fuel  tzmpzr2tur.e , /*ke//is~ ( O F )  
Coolant temperature, ~'ik / & % ( O F . )  

Moderator temperature,  &,/AT ( OF ) 
M o d e ~ , ~ . t o r  purity, E k e /  (A$ T-120) 

e 

0.9975 t o  0.99 mole f r a c t i o n  D20 
0.9975 t o  0.98 mole fraetj .cn U20 
0.9975 t o  0.97 mole f r a c t i o n  D20 

Coolant void,  ok /(A$ vo id )  e 
A t  33 3./3$ void. 
Ai; 66 2/3$ void 
A t  loo$ void 

-0.8016 X lom5 

-1-0.1.550 X 1-OVL+ 

-0.242'7 X l o W 4  

-0.0182% 
4.01.853 
13.018'10 

+0.2957 X 

+0.3359 X 
+3.3039 x 

-0.5170 x 10-5 

+0.6758 X 

4.1630 X 

-0.01866 
4 . 0 2 3 1 9  
4 . 0 2 0 7 8  

+0.3089 x 
+0.3326 x 1.0-3 
40.3322 x 
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4.7.3 Reactor Depletion Calculat ions 

'The primary r e a c t o r  dep1et i .m ca l cu la t ions  were zero-dimen.si.onal and 

were made w i t h  t ine TONG code. The core ~ i ia te r i i t l .~ ,  dimensions, and 'Lem- 

peratuxes were taken from t h e  E8.W desi-gn repor t14  i n s o f a r  as possib1.e. 

B8.W gave no met t icx i  f o r  t h e  approach to t h e  assumed continuous r e f u e l i n g  

o f  the r e a c t o r  co~es. Since t h e  calcul.ation of  30-year fue l -cyc le  cos t s  

requi red  that some assumption be  made about t h e  r e a c t o r  s t a r tup ,  it w a s  

assumed that t h e  i n i t i a l  core loading would be s u f f i c i e n t  t o  give a burnup 

of 3000 t o  5000 Mwd/Mi' iii  t h e  f i r s t  Tuel. t o  be removed f o r  reprocessing.  

During Ynis per iod  of t ime t h e  reactor was assumed t o  be kept c r i t i c a l .  by 

poison con t ro l .  All succeeding cyc les  were then computed. by t h e  continu- 

ous r e f u e l i n g  method descr ibed previms1.y f o r  t h e  AI-CE ura-nium-fueled 

IGfOC'II. For the BRW r eac to r s  1.2 zones of' i.miform f u e l  concent ra t ion  were 

chosen for t h e  ca l cu la t ion .  The group-dependent buckl ings descr ibed i n  

Sect ion 4.7.1 (Table 4.14) o f  t h i s  Chapter were used f o r  t h e  dep le t ion  

calcul .a t ions . 
Reactor l i f e t i m e  r e s u l t s  are summarized i n  Tabl.es 4 .20  wid 4 . 2 1  as 

cases  X-1, X-2, X-3, and W-1, W-2, W-3 f o r  t h e  nes ted-cyl inder  and pin- 

c l -us te r  designs,  r e spec t ive ly .  For each design f u e l  exposures of 1.7,000, 

20,000, and 23,000 Kwd/MI were computed t o  a l low some degree of c o s t  op t i -  

mi.zation. Represer1i;ative neut,ron balances as a func t ion  of  time f o r  t h e  

two designs a r e  given i n  Tables 4.22 and (1-.23. T'ne f i n a l  neutron balance 

of t h e s e  t a b l e s  i s  r ep resen ta t ive  of  t h e  equi l ibr ium cores .  Lifetime m a s s  

balances of t h e  heavy metals  are  given i n  'Tabl.es A.24 and 4.25 for t h e  

nested-  cyl ind er and pin-  c l u s t e r  designs , r e spec t  ivel-y . 
A.7.4 Comparison of ORNL and H&W Deplet ion Resul ts  Usirig 

t h e  Same Method 

I n  order  to compare OUT r e a c t i v i t y  ca l cu la t ions  and b a s i c  nuclear  

da t a  with those  of  B&W, one dep le t ion  cal.cu1.ation w a s  made using t h e  EC@d 

d.epletion method. This scheme may be descr ibed as the deple t ion  of  Yfle 

r e a c t o r  a t  a given i n i t i a l  enrichmen-L from s u p e r c r i t i c a l  un t i l .  t h e  reae-  

t ivi ' ty j u s t  equals  1.0. The deple- t ion i s  -t;lren continued f o r  an add- i t iona l  

equal- dep le t ion  t i m e  with t h e  r e a c t o r  j.n t h e  subcri t ica .1  s t a t e .  
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Ta,bl-e 4 .20 ,  Siimmzry of Cycle Performance f o r  
B&W Ne s .t ed- C yl. i nd ~r L) es i En 

Cases 

x-1 x- 2 x- 3 

First cycle  

I n i t i a l  r eac t iv i ty -  (no r o d s )  1.1 1.1 1.1 
1nitia. l .  enrichment, w t  $ 235U 2.044 2.044 2.044 

F ina l  cyc le  

In i t i a l -  reactivity (no rods)  0..004 1.004 l"004 
Cycle time, full-poTwer days 515 6C6 69 7 
Exposure, Mwd/'L' o f  TJ + 'i'h 16,888 0-9,840 22,768 
235U makeup em<-chment, w t  $ 3.392 3.474 3.570 
2 3  5~ recycj..e enriciirnent, w t  ;" 0.287 0.288 0.2139 
2 3 3 ~  recjr-cle enrichment, wt $ 1.347 1..349 l.348 
Total  f i s s i l e  feed enrichment, w t  $ 2.026 2.111 2.20'7 

-.......- ~ ~-__-- 

Table 4.21. Summary of Cycle Performance f o r  
I3&N :'in-Cl us t er Des i en 

Cases 

w- 1 w- 2 w- 3 
-- 

Ikrs  t cycle  

1niti.a.l. r e a c t i v i t y  (no rods ) 
I n i t i a l  enrichment, w t  $ 2 3 5 ~  

Fina l  cyc le  

I n j - t i a l  r e a c t i v i t y  (no rods ) 
Cycle time, ful..l-power days 
Exposure, Nwd/'i' of U + Y'h 
2 3  5U ma,keup enrichment, WL $ 
2 3  5~ recycl..r enrichment, wt $ 
2 3 3 ~  recyc1.e enrichment, wt  $ 
Tota l  fissile reed mrichrnent, wt $ 

3- * 1 
2.213 

1.004 
276 
1.4, '747 
3 .  A86 
0.391 
1.. 405 
2.282 

1.1 
2.213 

1 e 00/+ 
378 
19,845 
0.672 
3.365 
1.425 
2.462 

1.1 
2 . 21.3 

1. 00A 
4-3 2 

0.775 
0.351, 
1 .424 
2.551 

22,805 
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Cyc2.e numb (?I- 

T i n e ,  yi:a-ro 

Nucl.ide 

Hydrogen 
Deut er i UT 

Boron 
Carbon 
Oxygen 
A l i ~ m i n . ~ i  
Zirconiixo 
2 3 2 ~ r l  
233Pa 
233u 
23Lu 
23 5 u  
2 3 6 ~  
23 8 u  
239pu 

135x, 

l 4  9s1n 
Fission pr.odu.c ts 
Leakage 

Total 

Conversion r a t i o  

1, s t a . r  t 

0 

0.0332 
0.0048 
0.0788 
0.0005 
0 .002i+ 
0 .CO87 
0.0172 
0.3340 

0.4925 

0.0022 

0.025'1 

1. GOO0 

0.6690 

7, cnd 

1.090 

0.0366 
0.0050 

0.0005 
0.0024 
0.0395 
0 .018i- 
0.3551 
0.0077 
0.1546 
0.0028 
0.3138 
0,0033 
0.0023 
0.0017 
0.0214 
0.006'7 
0.0326 
0.0255 

I. 0000 

0.7403 

15, end 

2.198 

0.0366 
0.0053 

0.0005 
0.0024 
0.0096 
0.0184 
0.1560 
0.0077 
0 a 2489 
0.00'/1 
0.2079 
0.0052 
0.0025 
0.0019 
0.0209 
0.0065 
0.0'3'72 
0.0255 

1 5 ,  end 

6.352 

0.0359 
0.0050 

0.0005 
0.0024 
0.0094 
0 .OIffl. 
0.3506 
0.00'75 
0.72'32 
0.0231 
0.1178 
0.0083 
0.0030 
0 .ow3 
0.0201, 
0.0060 
0.03&8 
0.025'1 

60, enfl 

8.429 

0.0353 
0.0050 

0.0005 
0.002/, 
0.0042 
0 .O1 eo 
0 .346l~ 
0.0074 
0.3295 
0.0281 
3.11.73 
0.0092 
0.0032 
0 .om5 
0,0204 
0.0059 
0.0345 
0.0255 

74, end 

10.367 

0.03(+9 
0.0050 

0.000.5 
0.00211 
0.0091. 
0.0179 
0.3427 
0.0073 
0.3275 
0.0313 
0.1195 
0.0100 
0.0034 
0,0026 
0.0204 
0.0059 
0.0343 
0.0253 

1 .no00 

0.7704 

1.0000 

0.8116 

1. D000 

0.81.34 

1. 0000 

0.8132 

Cycle numher 

T j m c ,  years 

Nuelid? 

Iiyfirogrn 
Deuterium 
Boron 
Carbon 
Oxygen 
A 1  minim 
Zirconiuv 
2 3 2 ~ ~  
2 3 3 ~ ~  
2 3 3 ~  

23511 
23 6~ 

23 8 u  

2341~ 

23 9 P u  
l3 5 ~ e  
149~r3 
Fi..-'- ba2.dn products 

Le3 kdg i: 

'Iota3 

Cornersion ratl.0 

1, s ta r t  

0 

0.0523 
0.0062 
0.9830 
0.0007 
0.0031 
0.0278 
0.0081 
0.3023 

0.4901 

0 I 0015 

0.0268 

I. 0000 

0.6125 

-_I 

7, end 

0.  6/*8 

0.05'713 
0.0066 

0 .0005 
0.0035 
0.030L. 
0.0087 
0.3230 
0.0076 
0.1171 
0.0017 
0.3556 
0.0021 
0.0017 
0.0012 
0.022.7 
0.0064 
0.0264 
0.0249 

I.. G000 

0.6692 

-- 

15, end 

1.337 

0.0577 
0.0066 

0.0008 
0.0035 
0.0306 
0. 00fM 
0.3239 
0.0076 
0 . 212% 
0.00L5 
0.2560 
0.0035 
0.0018 
0.00114 
0.0223 
O.OC64 
0.0113 
0.0267 

I. 0000 

0.6922 

it5, <:rid 

3.922 

0.0571 
0.0066 

0.0008 
0.0035 
0 .@?Or, 
0.0037 
0. 32.1r7 
9.0075 
0.2095 
0.0172 
0.1522 
0.00611 
0.0025 
0.OOl.Y 
0.021.8 
0.00.53 
0.0296 
0.0263 

1.0009 

0.7328 

60, end 

5.215 

0.0564 
0.0065 

0. 0008 
0.0035 
0.0300 
0.0086 
0.3181 
0.00'7i 
0.3023 
0.0217 
0.1&8-5 
0.00711 
0.0027 
0.0021. 
O.OZ.7 
0.0058 
0 .OX3 
0.0267 

1.0000 

0.7363 

71, end 

6.507 

0.05517 
0.0065 

0.0008 
0.0035 
0 .0290 

0.3150 
0.0073 
0.3018 
0.0250 
Q.ll.95 
0.0082 
0.0030 
0.0022 
0 .0217 
0.0058 
0.0291 
0.0268 

1.0000 

0.7374 

0. 008s 

~~ ~. 

100, a d  

8.661 

0.0513 
0.0064 

0.0008 
0.0034 
0.0292 
0. 0084 
0.3111 
0.00'71 
0.2988 
0.0281 
0.1527 
0.0095 
0 * 0033 
0.0025 
0.0217 
0.005'/ 

0.0266 

I # 0000 

0 .'73'75 

o . o m  
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Tabl=. i+.24. Cumulaiive Nass Balances f o r  t h e  Reactor H i s t o r y  
of the B&W Nested-Cylinder Uessgn 

Case number 
Pl_a.nt f a c t  o r  
Reac t iv i ty  lif etimz, Mwd/M2 
Hjs tory  time, years 
T,a,st cycle  Lime, days, a t  0 .8  load  f a c t o r  
initial l s a d h g ,  kg 

23 5u 

T o t a l  IJ 
232Th 

Total purchased ma te r i a l ,  kg 
23 5u 

Tota l  U 
2 3 2 m  

Fina l  core  1-oading (e t  discharge ), kg 
2 3 3 ~  
23 5u 

Total TJ 

core ) , kg 
'Yotal discharge ( inc luding  f i n a l  

233u 
23 
23 5u 
23qJ 

232Th 
23 81; 

Total rnatc:rIsJ. recycled (after l o s ses  ), kg 
2 3 3 u  

2 3 4 u  

23 5u 
23 6u 

2 3  8U 
2 3 2 m  

x- 1 
O . e  
17,000 
l? -0 
648 

1,905 
2,038 
9L, 1-53 

4 , 810 

134,768 
5, I44 

I, 279 
417.31- 
2 , 748 

8 , 045 
1,723 
3,063 
2,537 

636,356 
1 , 149 

6,274 

2,530 
1,896 
881.72 
513,943. 

l,198 

X- 2 
0 . 8  
20 , 000 
12 .9  
756 

1,906 
2,050 
91,159 

5,329 
5,730 
136 , 011 

1,282 
443.01 
2,890 

8,209 
1,929 

2,753 
1,307 
534,901 

2 , 877 

6 , 433 
1,359 
2,319 
2,049 
994.74 
509,698 

x- 3 
0 .8  
23 , 000 
14.8 
876 

1,305 
2,038 
9 1  , 159 

5,887 
6,296 
1-37 219 

1,284 
473.71 
2,995 

8,326 
2,103 
2,758 
2,971 
1,268 
633,487 

6, 547 

2,1-70 

958.19 
508 , 491 

1,498 

2,202 

Tables 4.26 and 4.27 compare neut:eon bal-ances f o r  the p in -ch i s t e r  and 

nested-cyl inder  designs as computed by ORNT, and B&W. The ORPJI, resul. ts  i n  

Table 4.26 a l s o  consider use o f  geornetric o r  c r i t i c a l  buckl ings.  

s ta rkup  a l l  the  pin-cl-uster  cases compare wel.7. with r e spec t  t o  i n i t i a l  

reactr ivi ty  and convei-.sion r a t i o .  

ra-Lios s t i l l  agree q u i t e  w e l l ,  bu t  t he  agreement i n  r e a c t i v i t y  i.s poorer .  

This i nd ica t e s  t'nat, f o r  t h e  sane f i n a l  r e a c t i v i t y  the B&W cases would show 

A t  

A t  end of l i f e  t h e  computed conversion 
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Table 4 . 2 5 .  Cwndat ive Mass Ba,la.nces €or t h e  Resckor History 
or the  RRN Pin-Cluster Design 

Case number 
Plant  f a c t o r  
Re%ct iv i ty  l i f e t i m e ,  JWd/MT 
His tory  .Lime, years  
L a s t  cyc le  time, dsys, a t  0.8 load  fa.ctor 

Total  purchased mate r i a l ,  Erg 
23 5u 

Total U 
23 2 y n  

F h a l  core loading  (a , t  discharge ), kg 
2 3 3 u  
2 3 5 u  

core), kg 
2 3 3 '[J 

2 3 6 u  

Total  U 
'l'0t;e.l. d ischarge ( including f i n a l  

2 3 4 ~  
2 3  5u 

23 8~ 

2 3  2 y b  

T o t s l  mate r i a l  recycled ( a f t e r  losses ), kg 
2 3 3 ~  
2 3 4 ~ j  

23 5u 

23  'TJ 
2 3  3~ 

2 3 2 T b  

w- 1 
0.8 
15,000 
6 .0  
3l+8 

I., 277 
1,370 
56,328 

3,453 
3,705 
82,291. 

829.22 
345.02 
I, 888 

5,010 

1.,72s 

344,355 

3,864 

886 
2,6L+'7 

915 

597.28 
2,203 
1,268 
692.40 
316,693 

w- 2 
0.8 
20,000 
8.0 
463 

I., 2'77 
1,370 
56,328 

4,l.51 
4 , A53 
83,545 

839.21 
365.35 
2,067 

5,278 
1,149 
2,297 
2,055 
1,017 
392,886 

4,116 
793.11 
1, $K! 
I-, 500 
'753.34 
315,446 

w- 3 
0.8 
23,000 
9.2 
540 

1,277 
1,370 
56,328 

4,898 
4,565 

EX, 242 

81+1.13 
377.88 
2,159 

5,374 

2,234 
1,076 

4,203 
8'30.08 
1,690 
1,625 
796.03 
3 1.4,?49 

1,275 
2,155 

392,070 

a higher c0nversi.m ratio %ham t h e  ORNL ca,sc?s. 

in final r e a c t i v i t y  i s  worth approxirfiate1.y 0.05 i n  conversion r a t i o .  

the ORNT, resu3.ts Ln Table 4.26 indicate that; use of t h e  geometric buckling 

r a t h e r  than t h e  c r i t i c a l  buckl.ing h a s  t h e  e f f e c t  o f  increas ing  the  con- 

version ratio by i3pproximately 0.02; neutron losses to leakage are de- 

creased by 25 t o  20% throughout the r e a c t i v i t y  l i f e t i m e  i f  geometric 

r a t h e r  than c r i t i c a l  buekl.i.ngs a r e  empll oyed. 

Tae near ly  3% di f fe rence  

Also, 
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Tab1.o 4.26. Neutron %lances for RR!q Pin-Cluster Design Ease3 on 
Depleticn f ~ u m  Bupzrcrit ical  

- .--.....-.. .. . . . . lll_ 

O?J& Results BFd 3csults 
_I . . . . . . . . . _-- 

For Gecmetric Bu-kling ?cr Cr i t i ca l  Buckl.ing 

Absorptions Produ-5icr.s P.bsc:gtior.s Productions 
Absorptions Productions -111 - 

Time--elL 
e?emcn; 

Hydrogen 
Deuteriuria 
Carboy1 
Oxygen 
4 l u m i  nm 
Z i r c or. ium 
Thoriwi! 
i 3 5 u  
2 3 8 "  

Lea,kage 

Tc te l  

Cor-versicn 
r a t  i o  

End of life 

liydrogen 
c eut e rim? 
Carbon 
Oxygen 
A.1urilnm 
Zirccniun 
2 3 z r I h  

2 3 3 ~ a  
2 3 3 ~  

2 3 4 ~  

235" 
2 3 6 ~  

2 3 8 ~  

239pu 

5 ~ e  
1 4 9 %  

Eission 

Leakage 
procuc t s 

T o t a l  

Ccnvtrsion 
r e t i o  

379 days 

(? . 0367 

0.0C39 
3.  CCCO 
3.5083 
0.3000 
0.3834 
0.0'333 
0. 0'333 
0. 1?031 

0. 0216 

1.9333 '3. 3954 

C.t3+72 

C. 0528 
C. 0063 0.0362 
r: . OO0? 
C: . CC3L, 
9. C280 
0.0081 
3.3044 0. 0038 
3.5678 1.1496 
0. 3317 0. CCOO 
0 . ,326 8 

1.0'330 1.1596 

0.5369 

-. . . . . . . . . .. 

379 days 

3.12623 
3.307c 
'3.0009 
1:). '3037 
i7.0331 
0. 1313% 
Q.3453 
C. 009% 
c. 2240 
0.  CC52  
3.188C 
0.0036 
0.3317 
0. O016 
0 . 0 2  21, 
0.0066 
C .0489 

0. C067 

0.0339 
0. '30'33 
0.505? 
c. 0003 
C .  3815 
0. CC00 
0. CC00 
3.0031 

0. C271 

1. 0occ r:. 9005 

0.8254 

~. 

3.0563 
0.3035 
0.3307 
0.3351 
0.3266 
0.0083 
? .3 1)~4 
C: .56 0)- 
C. 0916 
0.  Cl42 

1. coo0 
3.5478 

400 

0. ,3656 
e.0038 
c .0@08 
0.0051 
0.  C311 
0. CC89 
3.1562 
3.3084 
0.2306 
0.0046 
13.1996 
0. 0033 
C .0015 
0. (2023 
0. C235 
3.0C53 
'3.0436 

12. 311+9 

1 .0003 

c .a317 

0.0041 
I.. 1.625 
'3. 00nc 

. . . 
1.1666 

days 

c .004i 
0. cool. 
0.5307 
3.  00Cl 
'3.3893 
0.3301 
0. '3000 
0.0036 

... . .... 
0.9286 

aThe O W L  r e su l t s  include the n,2n reactions i n  t he  deu$erium ahsorpticns 

TaSl.e 4 . 2 7  shows thr,t, Cor t he  nested-cyl inder  design t h e  agreement 

i n  i n i t i a l  r e a c t i v i t y  i s  good, but  t h e  compu-Lcd conversion r a t i o s  a r e  

sFgnificant1.y d-i..i'ferznt. This d-iffei-ence seems to be caused prlimnari.1-y 

by t h e  neutron lo s ses  from leakage. The d i f f e rence  of approximately 0.05 

i n  conversion r a t i o  i s  aga in  evident  a t  t h e  end of I . i f e  condi t ion.  A s  i n  

t h e  p in -c lus t e r  case the  sgreernent i n  f i n a l  r e a c t i v i t y  i s  poorer than a t  
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s t a r t u p .  

ani3 conversion r a t i o  mentfoned f o r  the p i n - c l ; x t e r  cases  also apply here .  

'Thus f o r  nonrecycl.ed fuel. and exposures of  about 29,000 EvK./MT, our ca l -  

cu la t tons  give a. conversion r a t t o  about 5% lower than t h a t  ob-tatned by- 

B&W. 

Tne comments wi th  respec t  t o  the r e l a t i o n s h l p  be-Lween reacti-vii ;y 

1 .  

2. 

3 .  

4 .  

5 .  

6 .  

7. 

8 .  

9. 
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5. ENGINEEXING EV'ALIJATION OF REACTOR COKES 

Some major engineering cha . rac te r i s t ics  of t h e  th ree  core designs a r e  

summarized i n  Table 5.1. h ipor tan t  bases f o r  t h e  design spec i f i ca t ions  

se lec ted  by AI-CE a r e  

1. 

2. 

3. no su.bcooled nucleate  bo i l ing  i.n t h e  core, 

4. 

a maximum cladding sur face  temperature of  850°F, 

a minimum DNB* r a t i o  of 2.0, 

a maximumaverage coola.nl; ve loc i ty  of 30 fps  a t  t h e  coolaiit average 

densi ty ,  

5.  a maximum carbide f u e l  cen te r - l i ne  tempera.ture of 2LOO"F o r  l e s s  and 

no s t r a i n  of  t he  cladding as a r e s u l t  of  fuel. growth, 

6. 110 foul ing  f i l m  on f u e l  elemen-i surface.  

The B&57 design was based on the same l i m i t i n g  coiiditri.ons, except 

Also, t he  t h a t  t he  average cool.ant ve loc i ty  w a s  not  I.imi_t,ed t o  30 fps. 

maximurii f u e l  temperatures were d i f f e r e n t  because oxide and metal f u e l s  

were considered. 

The maximum permissib1.e temperature of t h e  SAP clad.d.ing and the  maxi- 

mum permissible  'cenrperature of t h e  organic coolant  must be considered i n  

t h e  s e l e c t i o n  of t he  maximum permissible  f u e l  sur face  temperature. In  

t h e i r  reference design report '  (pages 11-3 and 11-A) ,  AT-CE ind ica t e s  

t h a t  t he  major considerat ions a r e  -the s t rength ,  creep, and elongat ion 

p rope r t i e s  of t h e  SAP c1ad.diti.g and t h a t  850°F appears t o  be a. maximum 

permissible temperature, al.ti?ough higher temperatures cou-ld be sustained 

f o r  3-imited per iods of time. We agree with t h i s  s p e c i f i c a t i o n  but  wlsh 

t o  emphasize t h a t  t h e  SAP s t r eng th  p rope r t i e s  employed a r e  based on val-  

ues in fe r r ed  by ex t rapola t ion  of experimental da ta ;  thus  850" F should be 

considered t h e  maximum pemnissible f u e l  su.rface temperatiire u n t i l  f u r t h e r  

experimental resiil-ts a r e  obtained. 

Il'he cladding sur face  tempers"iure c r i t e r i o n  i s  a l s o  r e l a t e d  t o  t h e  

max~.miim temperature t h a t  t h e  coolant  can sus ta in ,  s ince  coolant  contac ts  

t he  fuel element surface.  The l i m i t a t i o n  on coolant  terriperature i s  de- 

t,e:rmined by the  r e l a t ionsh ip  between coolant  r ad ia t ion  dama.ge, pyr(3lytri.c 

*DNB = departure  from nucleate  bo i l ing .  



Nc'i, power trans-r"eJwed to coolnnt, 3 t \ r (  t) 

Tota.1 ccoL?at ~ L O T Y ,  lb/hr 

Cool.mt inlet terqJerature, P 
~ o o ~ . a r , t  o u t l e t  temperature, "F 

@taximu= avsrage coolant  velocity, I'ps 

pressure drop over fuel  , p s i  

Fressiiri: at reac t,or discharge header, psia 

p ~ ~ i r n i * m  power p e r  pressure tube, NW( t) 

Nm.ber o f  pressure tubes 

Pressure tube i n s i d e  d i m e t z r ,  in. 

'I'nt.al a c t i v e  fuel length,  f t  

Total lengtii  of assemblies, f't 

PJurriSer of assembl-ies per pressure tube 

Riel material 

FLl'uel 

H'ahricntion method 
Claddtng material 

m e 1  el.enent desi,yi 

F i i d  outs ide  d i m z t e r J  in .  
Fuel  thickness, i n .  
Cladding thickness, in .  
Fuel-clad-ding gapJ in. 
E'ission-gas plenum, i n .  
Fuel length ,  i n .  

R ie l  operat ing con.fIitions a t  vated power 

Average ?xi.rnup in element, MWCI/T 
~ ~ x i m u n i  burnup i n  rod, m d / T  
I k x i m u m  htmt ra t inz ,  hw/ft 
Y l x i r m n  cladding teniperati ire, IF 
lkximum fiiel  temperature (hot spot ) ,  "F  

Fowe r- pz ;%king factor n 

&sic radial 
Lncel r a d i a l  (maximum) 
? a s k  axial 
Jhca l  a x i a l  (nmximum) 
Gross a x i a l  
Plxx tilt 

Mixing factor, 

Eagineeri-ng f a c t o r s  

Coolant te i rperature  change 
Temperature drop across the i.i.lrn 
Heat flux 

2921 

110 x 106 
595 

'150 

30 

142a, 

100 

7.30 

49 7 

4.320 

17.3 

18.0 

5 

2921 

03.9 x 2-06 

5 69 

750 

37 

158b 

100 

12.36 

299 

5.000 

211.0 

24.375 

6 

2921 

89.9 x 106 
560 

750 

32 

169C'd 

100 

10.2 

33 5 

5.000 

22.0 

23. r+l 
6 

0.476 

0.020 
0.0025 
0. GO 
41.7 

16,700 
20,500 
26.7 
850 
24G0 

1.17 
1.31 
1.33 
1 .1.7_ 
I.. 45- 
1.05 

64 

1.09 
1.21 
1.12 

TI-u a l l o y  

Zircaloy-(+ 
C0eXtXlJ.S ion 

4.80Cb2.656 
0.100 
0.027 

413 

20,000 

850 
345 

3 .17 
1.29 
1 .33  
1.05 
1 .40  
1.55 

0 

1.17 ( h o t ) f  

(Th- I J )Oz  
Vi'rxa-tory compnction 
SAP 

0.316 

0.020 

1.81 
41. 

20,000 

11.85 
8.50 
4750 

1.17 
1.21 
1.33 
1.17 
1.56 
I.. 05 

64 

1.09 
1.21 
1*12 

"Includes 25-psi drop (total) f o r  t'ne low assembly jmct i ions.  

bIncludes 1.5-velocity-hear? extrance and exit loss  t o  pressrire tube. 

'Corrected f o r  static head. 

%es not  include entrance and exi-t l-oss to the  precsix-e tube. 
e- 

i n t e rp re t ed  Qrum Pig. 11-9 of  Kef. l; value used by AI-CF:  is 1-48. 

For t h e  twc high-power chamels; f a c t o r  is  3..32 f o r  miter ch.annel.. 
f 



60 

damage, and fou l ing  of t h e  f u e l  element sur face  as a func t ion  of opera t -  

ing  condi.ti.ons. Due t o  mixing of t h e  f l u i d  ad jacent  t o  t h e  sur face  wi th  

the  bulk coolant ,  only a small po r t ion  of t h e  coolant  w i l l  remain a t  t h e  

f u e l  elemen'i sur face  temperature f o r  s h o r t  perk& o f  t i m e ,  However, it 

i s  kinown t h a t  under i r radia , t ion,  t h e  damage t o  the  coo1a.n.t increases  

markedly with increas ing  temperature;  a l so ,  t he  krinetics of t h e  damage 

and t h e  fi1.l-n formation processes  have not  been e s t ab l i shed .  It appears 

t h a t  w i t h  a l i m i t i n g  clad.ding sur face  temperature of 850°F, t h e  l i m i t i n g  

coolan t  temperature i s  determined by su.rfac_e foul ing .  The a v a i l a b l e  ex-. 

per imental  da t a  i.ndics.i;e t h a t  t h e  temperature drop across  t,he surface-  

fou l ing  f i l m  a t  rnaxirflum HWOCR heat  Pluxes may be 25--50°F. Thus, w e  do 

not  be l ieve  t h a t  s p e c i f i c a t i o n  6 corresponds t o  a f e a s i b l e  cond.ition based 

on present  information. The inf luence of fou l ing  on core thermal pe r fo r -  

mance and t h e  hea t  t r a n s f e r  and f l u i d  flow f a c t o r s  are discussed i n  See-- 

t i o n  5.1. Fuel element sur face  fou l ing  i s  discussed i n  Secti-on 5.5. 

It i s  not  poss ib le  t o  predict, accu ra t e ly  the  c r i t i c a l  hea t  f lux 

under HWOCH conditi.ons because of l a c k  of per t inen- t  hez t  flux da ta  and 

wit.lcertaint,i.es Cn pred ic t ing  t h e  vapor pressure  of t h e  cracked and re- 

cycled organic coolant .  pi; appears t h a t  a, minimum DNR r a t i o  of 2 i s  t o o  

l o w  as a reasonable design b a s i s  al; t h i s  time and. t h a t  a value of 4 should 

be used. 

The c r t t e r i o n  of ''no subcooled nuc lea te  b o i l i n g  in the  core" i s  de- 

s i r a b l e ,  bu t  i n s u f f i c i 2 n t  information i s  p r e s e n t l y  avaLl-ab1.e about con- 

d i t i o n s  t h a t  w i l l  a ssure  no subcooled nu.cleate b o i l i n g  and not  l i m i t  t h e  

amount of diphenyl.  From the  s tandpoint  of f e a s i b i l i t y ,  i t  was consid- 

ered tha- t  Lhe DhB ra t i -o  w a s  t h e  governing c r i t e r i o n ,  wi th  no a d d i t i o n a l  

r e s t r i c t i o n s  on subcooled nuc lea te  b o i l i n g  as such. 

The maximum average coolant  v e l o c i t y  of 30 f p s  appears t o  be reason- 

ab le ,  bu t  t h e r e  w i l l  be v a r i a t i o n s  from t h i s  value. Since t h e  maximuni 

average coolant  ve1ocj:i;y i s  spec i f i ed  a t  t h e  average coolant  densi ty ,  

t h e r e  w i l l  be v e l o c i t i e s  i n  some sdochamels  t h a t  w i l l  be  g r e a t e r  thxn 

t h e  average and, f o r  s ec t ions  of 'Lhe presswe tube where t h e  temperature 

of t h e  coolant  i s  above i t s  average, t h e  average v e l o c i t y  w i l l  be greater 

than 30 fps .  W e  understand t h a t  tile v e l o c i t y  1.imita-t;ion w a s  spec i f i ed  



on the  b a s i s  of  v i b r a t i o n a l  considera.tions. We have not  attempted t o  

make a -p-ibr.ational. ana.lysi~s of t;he fuel.  assembly i n  the coolarit stream 

si.nee, i f  v i b r a t i o n a l  p rob lem do develop a t  spec i f i ed  v e l c c i t i e s ,  t hese  

will be evalu.ated i n  requi red  -fluid-fl.ow mockup studi.es. There are seve ra l  

mpthods by which such v i ' u ra t iond  problems can be eliminated. 

The s e l e c t i o n  of t h e  maximwn coolant  v e l o c i t y  i s  a l s o  dependent upon 

cons idera t ion  of t h e  pumping power requirements and t h e  sssociiated. hea t  

transfer c h a r a c t e r i s t i c s  as a func t ion  of coolant flow rate. Pressure 

losses a r e  dependent upon t h e  v e l o c i t y  t o  t h e  1 .8  power, and h e a t  t r a n s -  

f e r  r a t e s  a r e  dependent on t h e  veloci-by t o  t h e  0.8 power. Our ca lcu la -  

t i o n s  i n d i c a t e  t h a t  considerable f l e x i b i - l i t y  e x i s t s  i.n spec-i-fying even 

t h e  average coolan t  ve loc i ty ,  wi th  reasonable values being i n  t h e  25 t o  

4.0 Yps range. 

The l i m i t a t i o n  on fue l  c e n t e r - l i n e  temperature i s  influenced by f u e l  

growth as a func t ion  of temperature and exposure, which i n  t u r n  is  re- 

l a t e d  t o  t h e  behavior of f i ss ion-product  gases under r e a c t o r  condi t ions .  

-Eased on p resen t  information, we judge that t h e  s p e c i f i e d  mxirnum value 

of 2400°F f o r  ea-rbi.de f u e l  i s  t o o  high Tor t h e  f u e l  el.ement des ign  under 

cons idera t ion  and t h a t  2200" F i s  t h e  maximum f e a s i b l e  temperature. Tl11l.s 

value may change as more experimental d a t a  'oecorne a v a i l a b l e  and may be 

love r  than  220G"F. 

d i t i o n s ,  we d id  not f i n d  t h a t  t h e  mximwn c e n t e r - l i n e  temperature ex- 

ceeded t h e  2200°F value. 

t h e  SAF cladding. 

A-t t h e  same time, f o r  t h e  s p e c i f i e d  AI-CE design con- 

We concur t h a t  fuel growth should not s t r a i n  

'The s t i p u l a t i o n  t h a t  no fou l ing  f i l m  should exist on t h e  f u e l  e l r -  

men.t sur faces ,  while it is des i r ab le ,  cannot be jus t i . f ied  on t h e  b a s i s  

of present  operati-ng experience. As d.iscussed. i n  Section 5.5, w.e f e e l  

t h a t  all.owance shoiild be m d e  i n  the p resen t  design f o r  t h e  presence of 

a film, and we believe t h a t  t h e  f i l m  w i l l .  be of such a magni.t-ude t h a t  a 

rn.j.nimum temperature d i f f e rence  of 25 t o  513°F' w i l l  exist across i-t a t  the  

mwrirrium sur face  terriperature, If 850°F i s  considered t o  ?-,e t h e  max imun  

temperature f o r  the  SAP cl.add.ing, as pi-eviousI.y stated, the l i m i t a t i o n  

must ,  be imposed t h a t  t h e  meximum terr1perat~ur.e of the c o o l a n t  i n  contac t  
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wi'ch Liie f i l m  be about 800 t o  825°F based on the  fou.l.lig-film temperatu-e 

drop  of 25 t o  50°F. 

In  add i t ion  t o  t h e  cons idera t ions  di.scussed above, a t t e n t i o n  m i l s t  

be given t o  ma te r i a l s  compa t ib i l i t y  and t o  mechanical and phys ica l  prop- 

e r t i e s  of  the ma te r i a l s  a s  furic-Lions of design condi t ions  and r e a c t o r  

con-trol c h a r a c t e r i s t i c s .  Tnese f a c t o r s  a r e  discussed i.n t h e  sec t ions  

t h a t  follow. 

5.1- F lu id  Flow and Heat Transfer Arialys::s 

I n  t h e  eva lua t ion  of t h e  hydraulic and thermal perforfm,ince of t h e  

proposed core designs, the basic c r i t e r i a  were exmined  along wi' ih t h e  

valu-es s e l e c t e d  f o r  t he  design parameters, I n  doing t h i s ,  i-i was neces- 

sary,  f o r  t h e  most p a r t ,  t o  use i n r i t i a l l y  t h e  flux disth-ibution iziforma- 

tion furn ished  by the  designers.  ,As information formulated by ORNL be- 

came ava i l ab le ,  i.t w a s  included i n  t h i s  eval.uation. Disagreements w i - t h  

-the design parameters m d  dependent va r i ab le s  are discussed below and 

t h e i r  in f luences  on opera t ing  condi-Lions a r e  indicated.  

A prominent design f e a t u r e  of t h e  pin-.L-ype elements proposed by both 

AI-CE and by B&W i s  t h a t  advantage is  taken of  t h e  mixing between t h e  

f l u i d  flowing j.n t h e  various suqocliannels between the  eleiiients t o  reduce 

the -t;emperatixe r i s e  of both t h e  coolant and 'the cl.addi.ng a t  t h e  h o t t e s t  

subchannel. Careful ana1ysi.s of t h e  e f f e c t  of  mixing i s  a r a t h e r  in -  

TJolved process and has been handled f o r  previous r e a c t o r  designs only in 

a genera l  imner. To f a c i l i t a t e  'ciie ana1ysi.s of t h i s  e f f e c t  of mixing, 

copies of two computer codes were obtained from Combustion Engineering 

and adapted f o r  our IBM-7090 computer. For re ference  purposes, t hese  

codes are c a l l e d  U-3  and TI:fiME 1, and they  a r e  discussed 7.n more d e t a i l  

i r i  Appendix B of -Li.iis report .  

?'he evalua t ion  of t h e  t h e r n i . a l  a.nd hydraulic pel-foi-mance of t h e  pro- 

posed cores ms resolved i n t o  t h r e e  tasks: (I) eva1ixal;ion of t h e  codes, 

( 2 )  formulation of the input  data ,  and (3) a n a l y s i s  of t h e  output of  t h e  

code E " 
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5 , l . l  Evaluation of t h e  Computer Codes 

Tle two codes d i f f e r  i n  two p r i n c i p a l  f e a t u r e s :  (1) purpose and 

( 2 )  t reatment  of t h e  mix ing  concept. 

the pressure tube ( o r  a t  l e a s t  a symmetrical segment of it); THEME: 1 con- 

s i d e r s  t h e  hot subchannel as an  ind iv idua l  channel but  represents  t he  r e -  

m;~.Er:l,d.e:r of the flow cl-i?miel i n  terms of i t s  hydraul ic  and  the rma , l  equiva- 

l e n t .  Consequently, IJ-3 cm.  be used t o  st-u.d.y a r e a c t o r  design i n  detai . l ,  

a i i t l  'EEME 1 i s  useful i n  making engineering parameter st,ixdies. 

U-3 considers  each subchannel of 

U-3 t r e a t s  mlxing by e?iteri.ng a propor t iona l i t y  constant  vh.i.ch, wh.en 

malLiplied by the average linear v e l o c i t y  i n  t he  pressure tube, produces 

t h e  crossflow rst,e between subeharxtlels. It i s  possi-ble, then, t o  wr i t e  

an energy bal.ance over an incremental  segment; of l eng th  and t o  prodlice 

the terniperature change with in t e r subchamxl  ~ ~ ( I ) ' G J ,  TilEME 1, Ori t h e  o ther  

hand, uses t h e  mtxing f a c t o r  def ined on page 11-8 of F.ef. 1- to determine 

the temperature rise i n  t h e  hot su.br_hannel wi:th mixing over a given im- 

eremen-t of length.  In  addi t ion,  it i s  poss ib le  t o  e n t e r  the engineering 

fact,cxs d.i.rectly in-Lo THEDE 1. They can be entered only i.n an oblique 

i11.2mer i n  U-3. 

U-3 Code. TJ-3 appears to be an a,deqvl.ate representa t ion  of t h e  con- 

d i t i o n s  exi?.: i 71.g i n  t h e  pressure txbe provided, pa.rtie-ul:wly f o r  -the case 

of y~i.iilri.ng, -the pi-oper input values ca.n be obtained A1.though the  hy- 

cLul ic  c c o r r e l a t i o n  does not appear t o  be conservative,  iLs app l i ca t ion  

l a  t h i s  case 1ead.s t o  EL conservat ive value (overest imat ion)  of th? pres- 

sure l o s s  (J-ue to f r ic t i -on .  The 1Yyd.raulic ca l cu la t ions  a r e  not compl.etely 

sa t i s fnc to ry ,  s ince  they zre made before  and. independen-tl-y of the  t,l?ermal 

ca l cu la t ions  II For -the hydrainlic calcu.lat ions , all phy-s ical. p rope r t i e s  

a - e  eviLLU.aAted a t  average fl.ui.d teniperatu.rt~, which i s  i n  turii based on 

a.!i i n l e t  tempera-tire arid an estimated temperature rise 111 -the hGt pres- 

sure LuJx (both input  val.ues) s 

ca lcu la t ions  i s  then  used th:r.ougliout t h e  thermal r,aicuJ-a.tions 

The flow diS.i;ribLution obtained from these  

The thermsl ca l cx la t ions  are also dependeri-t upon t h e  empir ical  cor- 

rel.,z-t;ioiis entered i n  the code; t hese  correl.a-t;ions a r e  di:l-cussed l a t e r  i n  

t h i s  s ec t ion  and. i n  Appendices C a,nd E). The energy bal.aaces are a l s o  



dependen'i. oil t h e  proper r ep resen ta t ion  of t he  power I.nput f o r  t h e  incre-  

men-t; over which t h e  balance i s  made. 

The s p a t i a l  d i s t r i b u t i o n  of  t h e  power 7.s considered by using seve ra l  

inpiit f a c t o r s .  The easiest  t o  incorpora te  a r e  t h e  'oasic radial  and the 

Cl.ux tilt f a c t o r s .  The most d i f f i c u l t  spatri-al e f f e c t  t o  represent  i.s 

the  l o c a l  r a d i a l  f a c t o r  i n  t h e  process  tu'oe s ince,  wi th  increas ing  burnup 

( a s soc ia t ed  with mo.vement of the fuel  assembly through the Teactor) , fuel  

i s  p r e f e r e n t i a l l y  burned from t h e  oute~ fuel- elements, This causes a 

change i n  t h e  local- r a d i a l  power d i s t r i b u t i o n  with pos i t i on ,  The code 

does not  permit a r ep resen ta t ion  of t h i s  vari.ati.on, and i.t i s  necessary 

t o  incorporate  a judicious average that; is a good r ep resen ta t ion  of both 

t h e  t o t a l  hea t  added t o  t h e  cool-ant and the hea t  f lux a t  t h e  "hot spot .  'I 

I 3  w0ul.d be possibl-e t o  a l t e r  t h e  code t o  represent  t h e  rod r a d i a l  fac-  

t o r  as a func t ion  of axial  pos i t i on  i n  t h e  preSs1Ai-e 'iu'oe, bu t  t h e  prob- 

l e m  i s  not  q u i t e  -that simple, s ince  f u e l  i s  not  exposed. t o  t h e  same flux 

over t h e  exposure per iod.  Therefore, the rod r a d i a l  fac-tor i s  not ,  i n  

general., adequately represented by one number. 

A second problem i n  t h e  energy balance ca lc i i la t ions  i.s assoc ia t ed  

with t h e  use of predetermined l eng th  increments (an i.1ip.t va lue) .  

addi t ion ,  t h e  gross  axial (produel; of bas i c  and l o c a l  axial) f lux i s  sub- 

s t i t u t e d  a t  selec-Led pos i t i ons  over t h e  he ight  of t h e  r eac to r ,  and l i n e a r  

i n t e rpo la t ions  a r e  made bekween these  poin ts .  If the  pe r tu rba t ions  i n  

-the a x i a l  f l u x  a r e  smal le r  than  t h e  predetermined increments (such as 

they  would be wi th  the  app l i ca t ion  of a l o c a l  a x i a l  f a c t o r  over a s h o r t  

lengbii), t h e  pe r tu rba t ion  i s  never seen i n  the  hea t  input  calculatri.on, 

I n  t h e  U-3  code, however, t he  axial  f l u x  i s  enbered both as a normalized 

po in t  f lux and a normalized i n t e g r a l  f l u x  so t h a t  t h e  pe r tu rba t ions  are 

represented i.n t h e  flux i n t e g r a l .  Again, t h e  code could be a l t e r e d  'io 

e l imina te  t h i s  d i f f i c u l t y .  

I n  

The most dubious concept used i n  the code i s  t h e  model represen-Ling 

f l v i d .  mixing. Th7.s concepi i s  based on the hypothesis  t h a t  t h e  cross- 

flow ra te  between subchannel-s i s  propor t iona l  t o  t h e  average l i n e a r  ve- 

l -oc i ty  i n  the pressure  tube.  The app l i cab i l i - t y  of t h i s  model. was based. 

on compayisons of ca l cu la t ed  temperatures with experimental  measwemenLs 
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f o r  wire-wrapped elements. I n  wire-wrapped elements t he re  i s  a. rnuch b e t -  

t e r  direc-Li.on of f l o w  between subchannels, and t h e  phys ica l  s i t u a t i o n  

appears t o  be much more predic tab le .  

s p i r a l l y  firmed elements where opposing i’lows a r e  c rea ted  i s  y e t  t o  be 

proven. 

t i veness  of each intercoririecting pa th  for e f f e c t i n g  crossflow. It i s  

d i f f i c u l t  t o  know t h e  proper crossflow -value when the  s p i r a l l y  finned 

elements are adjacent  t o  w a l l s  or when s t r a igh t - f inned  elemerits a r e  pres-  

e n t  . 

Tne a p p l i c a b i l i t y  of thfs incjdel t o  

In  addition., an estixate must he mzde as t o  t h e  r e l a t i v e  e f f ec -  

THEME 1 Code. The same hydraul ic  co r re l a t ions  as those used i n  U-3 

a r e  used i n  THEIB 1. The est imate  of t he  pressure drop i s  even more con- 

se rva t ive  (overest imate) ,  however, because t h e  e n t i r e  pressure tube is  

represented as one equivalen-t flow channel, 

The heat  t r a n s f e r  c o e f f i c i e n t  c o r r e l a t i o n  i s  the  same as the one 

used i n  U-3. The bas ic  r a d i a l  f lux and t h e  f lux tilt f a c t o r s  are entered 

i n  t h i s  code and appl ied i n  the  same manner as f o r  U-3. The l o c a l  r a d i a l  

f a c t o r s  must be en tered  o n . 1 ~  f o r  those elements bordering on t h e  hot sub- 

channel, but t he  same problem as in TJ-3 e x i s t s  i n  represent ing  t h e i r  

a x i a l  va r i a t ion .  The gross  normalized a x i a l  f lux values a r e  en tered  at  

se l ec t ed  axri.al pos i t ions ,  and temperature ca l cu la t ions  are made only at  

these  pos i t i ons .  

In  t h i s  code t h e  ca l cu la t ion  of t h e  e f f e c t  of mixing is  exact be- 

cause it depends upon the  d e f i n i t i c n  of t h e  mixing f ac to r .  The v a l i d i t y  

of t h e  r e s u l t s  of t h i s  ca , lculat ion depends d i r e c t l y  upon the  accuracy 

with which t h e  m i - X i n g  f a c t o r  can be determined. 

As was previously mentioned, t h e  engineering f a c t o r s  can be entered 

d i r e c t l y  i n t o  THEME 1. There i s  a f ac to r ,  however, of 1.04 t h a t  i s  b u i l t  

i n t o  t h e  code t o  account f o r  t h e  mald is t r ibu t ion  of flow between pressure 

tubes.  

i n  t he  f a c t o r s  given i n  Ref. l), t he  b u i l t i n  f a c t o r  must be fac tored  out. 

It may be worthwhile a t  t h i s  po in t  t o  mention t h a t  f low r e d i s t r i b u t i o n  

( t h a t  is, rionuniPorni f l o w  i n  t h e  subchannels) i s  incorporated i n  t h e  c a l -  

cu la t ion  by both U-3 and T-HEME l and t h a t  t h i s  f a c t o r  (which a l s o  has a 

value of approxinlately 1.04 according t o  AI-CE) should be mul t ip l ied  by 

If t h i s  f a c t o r  i s  included i n  -the engineering f a c t o r  ( a s  it is 
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t h e  f a c t o r s  given i.n Ref. 1. i? another  mode of ca lcu la t ion  j.s used (such 

as assuming u n i . t o ~ m  flow di.stri.'nution 'oe~tween r'1.0~ subchannels) . 

5. I-. 2 Eval.v.a.-'c:i.cm of C o r r e h t i o n s  Used i n  t h e  Codes _.__ -_._-.-.,..-- 

As men'iioned above, both U - 3  and THEME 1 employ -ihe same pi-essure 

l o s s  and hea t  t r a n s f e r  c o e f f i c i e n i  cor re l -a t ions .  I n  addi t ion:  THEINE 1. 

has an empirical. c o r r e l a t i o n  t h a t  p r e d i c t s  tile c r i t i c a l  hea-t f lux  from 

which the  c r i t i c a l  heal; f l u x  r a t i o  i s  ca lcu la ted .  

Pressure Loss Comela t ion .  'The pressure  loss c o r r e l a t i o n  used in 

This expression ex-- t h e  codes i s  one expressed by Coleb:rook2 i n  1939. 

tended the  c o r r e l a t i o n  foi- f l . 0 7 ~  i n  a so-cal-led " t ransi ' i ion ' '  region, w-ilicli 

i s  used here a.s that region between smooth pipe flow and f l O % T  f o r  which 

the f r i c t i o n  f a c t o r  i s  constant .  (This  'wans i t ion  region should iiot be 

confused. with the  t r a n s i t i o n  region from 1-aminar t o  turbulen t  flow, which 

occurs between Reynolds numbers of 2100 and 4000.) 

presented t h e  Colebrook f imct ion i n  the well.-known Moody d.i.agram and alsc 

gave an approximatk equat ion thai; agrees  wi-kh  ilie Moody diagram wi th in  

35% f o r  values of t h e  Reyjol.ds number between 4000 and lo7. He recom- 

mezided a to le rance  of 110% f o r  t he  Moody-diagram f r i c - t i o n  f a c t o r s  for 

o the r  than  t h e  smooth-pipe da ta .  

MoodyY3 iii 1-944, 

For I"7.o~ i n  nonci rcu lar  channels, a revriew by 1daggener" recommends 

t h e  use of t h e  equivalent  hydraul ic  diameter (which i.s equal  t o  four  

t i m e s  t he  c ros s - sec t iona l  ? l o w  area divided by t h e  wetted per imeter)  ~ 

The a r t i c l e  noted t h a t  Tor flow i.n t r i a n g u l a r  channels t h e  dai;a fe1.l 

aboui; 3% under t h e  Moody smooth l i n e ,  and f o r  flow i n  square chmiiels  t h e  

da t a  Yell  about 10% under the Moody l i n e  for Reynolds numbers between 

10" and 2 X lo5.  
and f o r  irre,Pular shapes t h a t  w i l l  have s m a l l  equival.ert  diameters,  the 

Reynolds num'oers will be saml.1. and the re fo re  ' h e  es t imated f r i c t i o n  f a c -  

tors should be l a rge .  

Since t h e  ca l cu la t ions  in t h e  codes are f o r  smooth pipe 

The conclusion i.s t h a t ,  while the  pressure  drop c o n e l . a t i o n  used i n  

the codes may not  be conservat ive,  i t s  app l i ca t lon  t o  t h i s  type of -fl.oszr 

channel w i l l  r e s u l t  i n  a conservat ive c a l c u l a t i o n  ( t h a t  i.s, art over- 

e s t h 3 . t i o n )  of the pressure d.rop. The Colebrook equat ion i s  not  t he  most 
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convenient r e l a t i o n  f o r  use i n  the  code, s ince  it cannot be sol-ved ex- 

p l - i c i t l y  f o r  -tine f r i . c t ion  f a c t o r .  The s e n s t t i v i t y  of t h i s  r e l a t i o n s h i p  

w a s  such, however, tha.1; i t  did not r equ i r e  excessive machine time, U s e  

of t h e  Moody approximation, however, would have r e su l t ed  i n  a f a s t e r  c a l -  

culat ioi i ,  and t h e  r e s u l t  would have been as meaningrZ1. 

Heat Transfer  Coeff ic ien t  Correlat ion.  The heat  t r a n s f e r  co r re l a -  
-~ 

t i o n  used i n  both U-3 and THEME 1 codes to p r e d i c t  t h e  heat  t ransPer  co- 

e fP ic i en t  a t  t h c  surface o€ t h e  cladding i s  the  one used by Oldaker,5 

who s t a t e d  t h x t  it agrees very c lose ly  wi th  t h e  c o r r e l a t i o n  of Rogers of 

Canadian General E l e c t r i c  Company. The c o r r e l a t i o n  used i s  

NU. = 0.0243 Reo* ' Pro" 9 (1) 

where Nu i s  the  Nusselt number, Re i s  the  Reynolds number, and Pr i s  t h e  

Prandt l  number. Members of t h e  AI-CE s tudy team claimed t h a t  t h i s  cor- 

r e l a t i o n ,  with t h e  present  phys ica l  p rcper ty  data ,  p red ic ted  hea t  trans- 

f e r  c o e f f i c i e n t s  that ,  were below a l l  experimental values * 

Chir ana lys l s  of the present  heat  t r a n s f e r  da ta  based on the  bes t  

values f o r  t he  phys ica l  p rope r t i e s  cu r ren t ly  ava i l ab le  docs not confirm 

t h e  above conclusion. miis ana lys i s  is d-iscussed i n  more d e t a i l  i n  Ap- 

pendix C to t h i s  repor t .  For smooth tubes and anni l i ,  t h e  heat  t r a n s f e r  

c o r r e l a t i o n  obtained by NIT6 for organic coolant  ,appears t o  be best .  

This r e l a t i o n  i s  

Nu = 0.023 Reo .  Pros ' , (2) 

where the  symbols have -the same s igni f icance  as i n  t h e  previous equation. 

Reevaluation of other curren t  data ,  superimposed on co r re l a t ions  recom- 

mended i n  t h e  ORGEL program, a r e  presented toge ther  with the  values  in-  

d ica ted  by these  two equations i n  Fig. 5.1 ( R e f s .  7-9). The MIT da ta6  

are given i n  Fig. 5.2, along with t h e  MIT nnd OHGEL co r re l a t ions .  

The presence of t h e  c lose ly  spaced fins i n  t h e  p in -c lus t e r  design 

requi res  a reduct ion i n  t h e  c o e f f i c i e n t  of Eq. ( 2 ) .  Experimental da t a  

have shown t h a t  even allowing for f i n  efficiency, t he  presence of c lose ly  

spaced f i n s  c rea t e s  a r e s t r i c t e d  flow a rea  between t h e  fins which leads  

t o  lower c o e f f i c i e n t s  than predic ted  f o r  widely spaced f i n s  or bare  sur- 

faces. We est imate  t h a t  t he  c o e f f i c i e n t s  computed from c o r r e l a t i o n s  
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Fig. 3 .i. Zornpari son of Yeat TYansYer Corre la i ions .  

based on si-nooth-tube and annii1.i d a t a  should be reduced hy about 10% t o  

account f o r  t he  e f f e c t s  o f  nonci rcv lar  geometry and of  decreased v e l o c i t y  

between the  fuel p in  f i n s .  The result ing hea t  t r a n s f e r  relati.on i s  then 

(3) Nu ::: 0.021 R e 0 %  pro. . 
(3) i s  t o  reduce t h e  hea t  t r a n s r e r  co- 

The 

The n e t  e f f e c t  of using Eq. 

e f f i c i en - i  1.5% below -that, w e d  by AI-CE .in t h e i r  co& ca]-culations.  

ca l cu la t ions  made by B&W w e r e  based on t h e  same c o r r e l a t i o n  as t h a t  used. 

by AI-C.E. 

Cri-tj.ea1. Heat Flux Corr,elatj.on. The c r i t i c a l .  hea t  flux correl-at ion 
I 

u s e d .  t o  calcul.ate t h e  DNB r a t i o s ,  which w a s  c i t e d  on page 11-13 of  Ref. 1, 
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F i g ,  5 . 2 ,  I feat  Transfer  Ila-ta f o r  MJT-Irradiated O r g m L c  Coolant;. 

was not  the  s a m e  as t h e  correl-at ion employed i n  TIIEME 1 f o r  t h i s  purpose. 

The c o r r e l a t i o n  c i t e d  by AI-CE, which i s  recommended i n  the “Organic 

Hea-t; Transfer  Manual, 

IS, i s  

i s  t h e  same as t h a t  given by Liurie and Robinson.l’ 

(Q/A)c = 129,000 -I- 11 a. Go* , ( 4 )  

where (Q/A)c i s  t h e  c r i t i c a l  hea-t f lux i n  Bi;u/hr.ft2, AT 

cool ing i n  O F ,  and G i s  the m a s s  v e l o c i t y  i n  ru/sec.ft2. ~ k i e  co r r e l a -  

t i o n  used i n  THEW 1 ts t h a t  devel.oped by Core and %to,12 which i s  of 

I.s t h e  sub- 
s u.3 



t h e  form 

where i h e  si-milar terms have t h e  same sri.g;nj.fi.cance as above an& V i s  t h e  

l i n e a r  v e l o c i t y  i n  fps. Lui-ie and Robinson”’ inves t iga t ed  OHMX-I1 cool-  

a n t  and Santowax K with var ious add.i.tives and. were abl-e t o  c o r r e l a t e  t h e i r  

r e s u l t s  and previous da t a  ( inc luding  those of Core and %to’2) with  t h e i r  

exyressi.on. Since -tize two co r re l a t ions  represent  -the same data ,  we con- 

cliide t h a t  approximately -Lhe same DIVB heat; f l u x  w i l l  r e s u l t  from e i t h e r  

correlati-on. B&N a l s o  used Fq. (5)  t o  es‘clmate t h e  DIU13 hea t  flux i n  their  

re ference  r e a c t o r  design. 

Roxall and hj-s co-workersb3 i n  t h e  Canadian orga.nk coolant program 

repor ted  a more recent  “asymp-toti.c “ heat  f lux c o r r e l a t i o n  f o r  Santowa,x 

OM p1.u.s 30% OMRE high b o i l e r s .  

system of  u n i t s  used above, are given %y 

Their results,  when converked t o  t h e  

0u.r conclusion, based on a l i m i t e d  review, which i s  discussed i n  more de- 

t a i l  i n  Appendix D, i s  b a t  t h i s  c o r r e l a t i o n  der ived from t h e  Cauad.ian 

organic c o o k n t  progrzm i s  t h e  most r e l i a b l e  and  convenient t o  use. From 

tl ic s h o r t  a i scuss ior .  repor’kd by Boxal l  nn5 his c o - ~ o r k ~ r s ~ ~  it appears 

tha-i; t h i s  s t u d y  I s  mor,z r ccec t  and t a k e s  advantage of z a ~ 1 . i  e r  work. It 

I s  moi-e extensive i n  t h a t  1engi;kl efi’ects ha.ve been investigated., and iz 

i s  more z ~ p l l i  cab le  sj-ncz the coolant ,  Santowax OY w l ~ h  30% GYRE high 

boill.e-cs, is probably more reprzsznta t ive  of  t h e  coolant proposed Tor t h e  

re ferzpce  rezctor designs t h a n  t h e  o t h e r  cooLants tested. 

As i s  indica?ied in Appendix D, a l l  t he  prev ious ly  discussed co r re l a -  

’Lions .were deri~ved from eqcrir i ients  wit,h heated tubes o r  annul i .  R0gej-s 

aril EarnsL4 po in t  out  t h a i  i.t i s  meaningless -io apply these  equat ions to 

predict I)NR f a i l u r e  hea t  Yluxes for a miiltirod f u e l  bund1.e design, even 

when subchannel. condi t ions a r e  used to eval.uste t he  parameters. Also, 

l30gei-s’~ p o i n t s  oui; ’chat use  of ;jl DRB c o r r e l a t i o n  from annu.1-i 01- tubes 

-Lo es t a h l i s h  t h e  maximum permissible  hea t  f l uxes  f o r  organic-cooled -fue?~ 

bundles may leai?. t o  unsafe designs.  However, s ince  i1o cori-clations ex i s t  
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f o r  nuil.tirod bundles, we be l i eve  it reasonable t o  use Eq. (6), which i s  

not d i r e c t l y  appl.icable, togethe-r. w i th  a reasonable safety f a c t o r  applied 

i n  t h e  form o-f a DSB rati.0. Thcii AI-CE design bases s p z c i f i e d  a minimum 

DNS r a t i o  of 2, based on u s e  of Eq.  

should be no less than 4 and.  thak t h i s  value should be usecl i n  conjunc- 

t i o n  with Eq. ( 6 ) .  

t a i n t i e s  associa,ted wi-th t'ne cool a n t  composition and wit'n q p l i c a t i o n  of 

a c o m e l a t i o n  based on d s t a  not d i r e c t l y  applicable t o  multIelement fue l  

bundles.  

( 5 ) ;  we jixdge t h a t  t h e  DIG3 r a t i o  

T'he r e l a t i v e l y  high DNU ratio i s  due t o  t h e  mcer-  

Since Eqs .  (5) and (6) are of -the same -form, it i s  r e a d i l y  seen t h a t  

Eq. (5) predicts lower v a l u e s  for t h e  c r i t i c a l  hea t  f l u x  than does Eq. (6). 
Thus, f o r  a given design heat f lux ,  Yne TX'TJR r a t i o  a s soc ia t ed  w i t h  Eq. (6) 

w i l l  be higher than t h e  ratio assor i .a ted.  wli:th E q .  ( 5 ) .  

condi t ions,  a DNB r.8,ti.o of  4 a.pplied t o  Eq. (6) corresporids t o  a DNB 

raLio  of  2.5 applied. t o  Eq. ( 5 ) .  

For t he  IIWOCR-U 

5.1.3 Formulation of I n p t  Data for t h e  Codes 

k previous ly  s t a t e d ,  t h e  a p p l i c a b i l i t y  of -the codes depends i n  many 

ways on t h e  accuracy with  whid i  l,he input  da t a  can b e  formla ted .  Impor- 

tant,  f a c t o r s  a b o u t  which the uncer ta in ty  e x i s t s  a r e  d i s c w s e d  i n  t h e  

f'olI.owi~rig s ec  Lions . They a!-e : 

factors, and (3 ) -the engineering factors. 

(I ) t h e  mixirig f a c t o r ,  (2  ) t'ne flux-pea.king 

Mixing Factor. For t h e  U-3 code, t h e  mixing Yactou i s  a const;ant 

which, when multi.pl.i.ed by the average v e l o c i t y  i n  the  pressure  tu'oe, gives 

the  crossflow ra te  between silschannels. In the  1. code t he  mixing 

f a c t o r  is  def ined  i n  terms of temperature rises as given on page 11-8 of 

R e f ,  1. It i s  

 liere re M i.s tine mixing Tactor, LITHc i s  t h e  temperature rise in the hot 

s u b c h m i e l  without mixing, AT? 

channel. wi-th mixing, arid AT i s  the overal.1. temperature r i s e  i n  t h e  pres- 

s i ~ e  tu'oe. After the f low rates and. heat input have been established.,  

ris t h e  tempel-ature r i se  in the hot sub- HC 

A 
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t h e  -'ieinperature r i s e  i n  t h e  hot subchamel  without mixing and tile tem- 

pera ture  r ise i n  t h e  pressure  tube can be ca?cu.lxted. T'hen from the  

value of the mixing f ac to r ,  t hc  temperature r ise  i n  the hot, subchanriel~ 

with mixing can be calcula'ied. 

The b a s i s  for a select?-on of a value f o r  t hese  mixi.ng cons tan ts  be- 

gan with a recommended. value f o r  t h e  crossf low r a t e  between subchai?.ael.s 

of  0.1.75 l'u/f-t.sec, which was c i t e d  on page 23 of Ref. 16. 

was f o r  a wire-wrapped. p i n  wi th  a smaller pi- lch than  Employed i n  t h e  AI-CE 

design. Ekt rapola t ion  of t h e  crossf low ra te  t o  a 1.owe-c value t o  adj i is t  

f o r  t h e  longer  pFtch ( 4 .  f t )  of t h e  s p i r a l  f i n s  and ex-'irapolati-on back t o  

a higher  va1i.i.e t o  accouiit f o r  t h e  e f f e c t  of mul t ip le  f i n s  r a t h e r  than a 

single w i r e  l e d  Comhustion Engineering t o  a va,lue of 0.038 J_b/f t .sec,  

which they  be l t eve  i s  a conservat ive esti-mate. They would es t imate  that 

t h e  most. probable range for t h i s  crossf low r a t e  i s  hetwecn 0.04 and 0.1 

l b / f t .  seeI  and the re fo re  t h e i r  s e l ec t ed  value i s  below t h e  lower l i m i t  

of  t h e i r  es t imate .  

"his value 

The above procedure represents  ex-ti-eme ex t r apo la t ion  of cxis t i -ng 

experimental  da ta ;  experimental  s tudy of t h e  proposed AI-CE assembly i s  

requi red  t o  v e r i f y  t h e  procedure. There i s  one redeeming f ea tu re ,  how- 

ever,  i n  t h a t  a " l i t - i l e  mixing goes a long way" in a f f e c t i n g  t h e  tern-- 

peratl ire r ise  i n  t h e  hot  subchannel. To demonstrate this and a l s o  to 

e s t a b l i s h  a r e l a t i o n s h i p  between mixing and 'ihe maximum surfaxe tempera- 

t u x ,  a series of  i d e n t i c a l  cases  were run wi th  both  U-3 and THEME 1 f o r  

t h e  AI-CE design .in which only t h e  amoujlt of mixing was varied.  

crossflow rates varying f r o m  0.01 t o  0.15 l b / f t -  sec were used, 

responding mixing r a t e  cons tan ts  ( i n  Liie u n i t s  of t h e  code) ranged from 

0.0001628 t o  0.002441 g/cm2 f o r  an average vel-oci ty  of 30 fps.  

of tile correspondi.ng maximum sur face  temperatixres i n  channel 8 (Lhe hot  

cban.nel i s  irid.i.cated by AI-CE, see FTsm 11-2 of  R e f .  I) as a func t ion  of 

crossfLow rate  i s  shown i n  Fig, 5.3. 

For U-3, 

Thz cor- 

A p l o t  

The sitll!.c case ca l cu la t ed  with THEME 1. employed mixing i'actors [as  

prev ious ly  def ined i n  Ea_. (7 )  ] f r o m  0.05 t o  0.80. 

i n  Fig. 5.4, L$ comparing t h e  maximum sur face  teniperatui-es obtained i n  

the  ''hot channel," i t  Ls possible t o  r e l a t e  Lhe crossflow rate wi th  tlhe 

The r e su l - t s  a r e  shown 
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temperature r i s e  mixing f a c t o r .  This r e l a t i o n s h i p  i s  shown i n  Fig. 5.5. 

A s i m i l a r  r e l a t i o n s h i p  obtained by AT.-.CE i s  presented i.n t h i s  plmt, and 

it Fs from t h i s  plo-i  t h a t  a mixing f a c t o r  of w a s  p red ic ted  based oil 

t h e  ex tmpo la t ed  crossflow r a t e  of 0.038 lb / f t -  see .  

Several. i rqmrtant  Teatures can be no.i;ed i n  t h e  r e l a t i o n s h i p  presented 

i.n Fig. 5.5. F i r s t ,  t h e  re la%ionship  i s  qirite s t e e p  over -the mosl; Frob- 

ab le  range of values; t h a t  is, a l a r g e  change i n  t h e  crossfll.ow r a t e  p ~ c -  

duces only a small  change i n  t h e  temperaiure r ise mixi~ng f a c t o r .  There- 

f o r e  t h e r e  can be a consider3;bl.e e r r o r  i n  t,he predi.ction of  t h e  crossfi.ow 

r a t e  without making a major e r r o r  i n  the mixing f a c t o r .  

Second, theye i s  a d t f f e rence  between 'the curves produced by AI-CE 

and. by our ca l cu la t ions .  Several  f a c t o r s  account f o r  t h i s  v a r i a t i o n .  

For our comparison, we def ined similar cases  as those having simlil.ar maxi- 

mum cladding temperatures,  and these  s i rn i la r j - t ies  were hascd on comparing 

the  output  of THEME 1, which. includzd t h e  engineer ing fa,ci;o;-s, wi th  t h e  

ouLpu-t of U-3, which had. been corrected.  t o  include t h e  engineer ing far_- 

t o r s .  Ai-CE, on t h e  o the r  hand, simply used t h e  ou-Lput from t h e  code 

t o  eva lua te  t h e  mixing factor '  as def ined Ln Eq. (7). Therefore, i n  e l -  

fee-i, AT-CE w a s  de f in ing  si-mj-lar cases  as those  wi.t,h t h e  s3me o u t l e t  
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temperature from the h o t  subchannel. Since t h i s  i s  not  -the l i m i t i n g  con- 

d i t i o n  i n  t h e  desi-gri of t'nese r eac to r s ,  we be.1.i.eve that our choice f o r  

t h e  b a s i s  of s i m i l a r i t y  i s  more meaningful for t h i s  comparison. In  addi-  

t i on ,  t he  effects of the  engineering f a c t o r s  were not  iricluded i n  the 

comparison devel-oped by AI-CE, while they  vere  included. i n  t h e  construc - 
ti.on of our c'Irrve. 

The major concl.usi.on t h a t  cam be di-awn from t h e  coq?arrison of these  

two eiirves i s  t h a t  t he  d i f f e rences  a r e  r e l a t i v e l y  s m a l l ,  and o w  calcu-  

l a t i o n s  show t h a t  the AI-CE r e l a t i o n s h i p  i s  conservat ive.  The d i f f e r -  

ences i n  t h e  two curves may account f o r  t h e  d i f f e rences  we obtained. in 

t h e  maximum surface temperatures based on TI-IEME 1. and U-3 as compared 

l a t e r  i n  t h i s  sectlorr. !Bits would ind-icate that  i f  t h e  cri teriori  that 

similar maxirrium su r face  temperztures be developed i s  used t o  compare the 

t w o  r ep resen ta t ions  of mixing, t h e  raisi-ng f a c t o r  should be something like 

72% r a t h e r  than @+$. 
It should 'oe emphasized t h a t  t h e  r.el.ation ind ica ted  i n  Fig. 5.5 w a s  

ca l cu la t ed  only f o r  the AI-CE design and canno-t be appl ied  with conf i -  

dence t o  any o the r  design without f u r t h e r  study. It w a s ,  i n  e f f e c t ,  ap- 

p l i e d  t o  t h e  B&M p i n  design, however, when t h e  assumption was made t h a t  

-t;he N-CE mixing f a c t o r  appli-ecl. Lo t h e  B&W design. 

i s  t h a t  it would 'oe expected. that, t h e  r e l a t i o n s h i p  s ? i o ~ n  i n  Fig.  5 .5  

would pass  through t h e  po in t  ( 0 , O ) ;  t h a t  is, zero crossf low should pro- 

duce zero mixing. AI-CE drew t h e i r  curve through t h i s  point ,  bu t  ow: 

ca lcu la t ions  d id  not  i n d i c a t e  t h a t  t he  curve passes  through poin t  ( 0 , O )  . 
This result i n d i c a t e s  t h a t  t h e  representa t ions  of t he  e f f e c t  of mixing 

i n  the  two programs a r e  not  completeljr cons i s t en t ,  particull-arly a t  very 

low m i x i r i g  r a t e s .  

h o t h e r  notable  po in t  

Flux-Peaking Factors. The problem of accu ra t e ly  represent in-g the 

v a r i a t i o n  of -the l o c a l  f lux-peaking f a c t o r  for a rod as a funct ion  of 

ax ia l  p o s i t i o n  i n  both t h e  U-3 and TI-IEME 1 codes wzs discussed above. 

Not only does t h i s  f a c t o r  inf luence the  t o t a l  hea t  ri.npm-t t o  t h e  coolant  

and t h e  maximum cladding sur face  temperature, bu t  it a l so  inf luences  the  

d.esignation of t h e  "hot subchannel. 'I 
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7. j i g .  5.6 ind.icates t h e  dependence on t h e  l o c a l  radial fwto i -s  on 

AI-CE desisn. Data for t h e  ouLer rj.r*g of  f u e l  and t h e  

seccnd r i n g  c:f I"u?I- were obtain26 f 'z~os F l g .  11-16 of 2ef .  1.. A l s o  shown 

c11 j ' j g .  5.6 a.re similar values  calcula'ied by ORCVL, as well as th i .  va.l.ues 

r?coi-mncnded as "Judicious"  choices 'io regresent  t h c  e n t l r e  I-ength, as 

Y c<jvcn by A I - C E .  For t h e  inl ier  ring and ccntei. p ih ,  OXNL calculakions 

ind.icated l o c a l  rod r a d i a l  f a c t o r s  of 0.63, 0.64, and 0.70 at 1000, 3000, 

and 15,000 Mwd/WL' of uranium, r e spec t ive ly .  

AI-CE were 0.66 f o r  t h e  inner  ring and 0.56 f o r  t h e  cen te r  p-in. Good 

agreement i s  indica'ied between t h e  ORNL ca l cu la t ions  and the AI-CE val.ues 

f o r  the ou te r  rj.nge The lower values  f o r  t he  second r i n g  ca l cu la t ed  by 

ORNL i nd ica t e  t h a i  the AI-CE numbers shoul.d gi.ve a conservat ive ,nstilim- 

t i o n  o f  ihc peri"ormance of t h e  "hot subchannel," which lies between t h e  

outer. arid second r ing .  

'The recommended choices by 

Local r a d i a l  f lux f a c t o r s  were furnished by B&W Tor. each p in  j.n t h e i r  
1 1  lh02 d.esi.gm. No d-ependence upon axial posi-Lion w a s  ihdi.cated, and i n  

t h i s  case, where the  conversion r a t i o  l is higher,  t he  v a r i a t i o n  should be 

smaller ihan f o r  t he  AI-CE d.esi.gn. 

1 3  

t 

0 8  

?'is, 5.6. Local Rod Eladial Flux Factors  as a Function of Burnu?. 



The gross axial  flux f ac to r s ,  which a r e  t.he product of t h e  bas i c  

<axial flu factor. and t h e  l o c a l  axial f lux f a c t o r ,  a r e  entered i n  t h e  

code a t  se l ec t ed  axial loca t ions .  In  t h e  IJ-3 code the  normalized l o c a l  

f lux  and the  normalized i n t e g r a l  flux 

the code. Tn THENE 1, only the normalized l o c a l  f lux  i s  entered, am€ 

t he  in t eg ra t ion  i s  performed within t h e  code. In  both cases,  a l i n e a r  

i n t e rpo la t ion  i o  made t o  est imate  the  f lux between t h e  se l ec t ed  poin ts .  

t o  t h a t  pos i t i on  a r e  ent,ered i n  

For t h e  AI-C% design, t h e  axial f lux d i s t r i b u t i o n  was obtained from 

Fig" 11-9 of 2ef. 1. Values were read Yrorn t h i s  p l o t  for  su'osti.tu.tri.on 

in t h e  c0d.e. The maximum w a s  read a s  1.45, but  we were l a t e r  inTormed 

by AI-CE t h a t  it was 1.48. 
t o  t h i s  value, no e f f o r t  was  made t o  a l t e r  our input .  We have r ecen t ly  

obtained r e s u l t s  from OUT own ca lcu la t ions ,  ,and both -Lhe ORNL values and 

t h e  AI-CE values are shown in Fig. 5.7. 

Hovever, s ince  a l l  t h e  po in t s  were normalized 
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For t h e  BKTd cores; t h e  a x i a l  f l u x  d i s t r i b u t i o n  was cons t ruc ted  based 

on the statement tha- i  it was represented by a chopped cosine ~ i . t h  a peak- 

to-average r a t i o  of 1~.33. This was assumed va l id ;  i n  a,d.di.tion, a l o c a l  

r a d i a l  f a c t o r  of J...17 f o r  t h e  p i n  assembly alzd 1.,05 f o r  t h e  nested-cyl in-  

- e l e n a t  w a s  imposed upon the 1,33 f a c t o r .  We r e c e n t l y  co:rrpleted o u r  

cal.cilJ.ations of t h e  ax ia l  f l u x  di.strri.butlon Tor these  -two designs,  and 

these  resu1i;s toge ther  wLth OUT assumed values are shown i.n Figs.  5.8 

and 5.9. 

In  Chapter 4 of t h i s  repoTt, ORNL c a l c u l a t i o a s  f o r  t h e  bas i c  r a d i a l  

flux dis t , r ibu t ion  a r e  g7.ve-n f o r  both the B&W designs and t h e  AI-CE design 

'The value giver, by both organiza t ions  f o r  thi-s  f a c t o r  w a s  1.17 and, i n  

t h e  case of t h e  R&W designs,  -the values  calcula-Led by ORNL d i f f e r e d  only 

slight3-y. For t h e  AI-CE design condi t ions,  a value of 1 .39  was found, 

whi-ch i s  a s i g n i f i c a n t  change from the value of 1.17. However, by s m a l l  

changes i l l .  f u e l  exposure o r  fueJ. enrichmeri-t conditi.ans, a value of I.TL.7 

car: be obtained. In addi t ion ,  it has been found t h a t  -the rmxiii?um devel- 

oped sur face  temperature i s  not  very s e n s i t i v e  t o  va r i a t ions  i n  t h e  bas i c  

r a d i a l  f a c t o r  i f  f lu id- f low oi-i-ficing matches flow t o  t h e  basi.c radiaL 

- . . . . . . . . 

__ ORNL FLUX CALCULATIONS -_I_ 

VALUES DERIVED FROM 
38W DATA 

t- ' 
I 

COOLANT FLOW 
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power dis-tributi-on. Under the l a t te r  circumstances, i f  t h e  hot pressure 

tube (a t  t h e  center  of t h e  reactor.)  I s  considered., -the hea t  gelzera-Lion 

r a t e  increases  propor%ionately with t h e  increase i n  t h e  'oasic radial. f1.u.x 

f ac to r .  If the  c0ol.ant flow r a t e  i.s al.so iiicreased proport ionately,  t h e  

bulk temperature of t he  coolsnt  is  -the sane xt r e l a t ive  a x i a l  pos i t i ons  

i.n e i t h e r  case (except f o r  s m a 1 . l  cb.ang=.s i n .  heat  capac i ty  with tempera- 

ture). The surface temperature i s  the sun oi" t he  bulk coolant  tempera- 

.Lure p lus  the temperature drop across the Pi1.m. The tmnperature drop 

across  the f i l m  i.s d i r e c t l y  proportiorial to t h e  hea t  flux and. inverse ly  

propor t iona l  t o  t h e  hea t  t r a n s f e r  coe%fic ien t .  

p ropor t iona l  -to -the bas ic  r a d i a l  Y ~ L L X  f a c t o r ,  and t h e  heat t r a n s f e r  co- 

e f f i c i e n t  i s  d i r e c t l y  propor t iana l  t o  t h e  ve loc i ty  t o  t h e  0.8 power, 

which i n  t u rn  i s  propor t iona l  t o  t he  beisic r a d i a l  f l - 1 ~ ~  factor to t he  0.8 

power, i f  o r i f i c i n g  ?-s t o  foli.ow the  basic r3,di.al f l ux  f a c t o r .  

r e s u l t  i s  t h a t  

The beat  f lux i s  d.irec-Ll-y 

The ne t  

vhere 813 i s  t h e  bas ic  radial. rfl-ux f a c t o r .  Equation ( 8 )  s t a t e s  -that t h e  



temperature drop across  t h e  f i l m  i s  propor t iona l  -to iiie bas i c  radial  f l u x  

f a c t o r  -'io t he  0 . 2  power, if o r i f i c l n g  eorresponds t o  thc bas i c  radi.al. f lux 

factor. .  

For t h e  specif ic .  case of t h e  AI-CE reactoi-, i-ncreasing t h e  basl.c ra- 

dial flux f a c t o r  fro-m l.17 t o  1.39 represents an increase  i n  18. g$, but  

(1,188) 

across  the  f ' i . lm i s  only 3. 5$ when flow i s  proper ly  oriiYced.. 

spo t "  of t h e  hot  su'ochannel i n  t h i s  design the .l;emperzl;ixe drop across  

t h e  f i l m  i s  75.6"F and t h e  corresponding increase  i s  2.6"F. Even when 

this increase  i s  mu?-iiplied by the  engineer ing fac- tor  f o r  t h e  film tem- 

pera ture  drop of 1..23., t he  increase  i s  only 3.2"F'. A t  t h e  same Lime, in -  

e r e x - i n g  t h e  bas i c  r a d i a l  f l u x  f a c t o r  fcorn 1 . 1 7  t o  1.39 (and a,l.so t h e  

o r i f i c i ~ n g  f a c t o r )  increases  t h e  pressure  l o s s  due t o  f r i - c t i o n  through the 

hot pressure  tube from 11'7 t o  161 psi., 

' I s  equal  t o  1.035, so  t h e  k c r e a s e  i n  t h e  l;enipers.-t,u-re drop 

A t  t h e  "hot 

- 
mgineer ing  b'ac.iors In order  t o  eva lua te  t h e  engineer ing f a c t o r s  

as giveii by AI-CK i r i  Table 11-1 oil' Ref. ?. and as adopted by B&W, it was 

necessary t o  know t h e i r  component parts. It w a s  a l s o  necessary t o  know 

t h e  exac t  d e f i n i t i o n s  of t hese  engineer ing f a c t o r s ,  s ince  they  d i f f e r e d  

from s i . m i l . a r  f a c t o r s  used i n  o the r  r e a c t o r  designs and i n  the  l i t e r a t u r e ,  

A breakdown of these  Tactors i s  given i n  Table 5.2. 

A discussion of t h e  f a c t o r s  i s  given i;n Appendix E. On 'ihe whole, 

t he  vr,l.ues used appear "io be conservat ive,  p a r t i c u l a r l y  t h e  f a c t o r  of 

Table 5.2.  Components of the Engineering Factors" 

-.-_.I _._ 

Component F(Q/A) ~ ( m f )  F(AT',) 

Flow mal.distribution bztween process  1 . c  1.03 1 .04  

Local c o e f f i c i e n t  unce r t a in ty  1 . 0  1.05 1.00 

Mechanical : pell. e-t diameter,  dens i ty ,  1 .10  1 .10  I" 02 

-. 

tubes 

e c c e n t r i c i t y ,  enrichment, etc. 

Rod and bund]-e I.ocat,ion and bowling 1.02 1 .02  1.03 

To ta l  f a c t o r  (produc-l; of corn;!7ojleu-t,s) 1 .12 1.. 23. 1.09 

a 
b 'or  d e f i n i t i o n  of t hese  f a c t o r s  see p. LL-8 of He?. 1. 
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1.10 f o r  mecha,nl:.cal. e f f e c t s  i n  F( Q/A) and F(&,) ; however, 'we question 

the f a c t o r  of 1 .02  f o r  mecha.nica.1 effec-ts i n  F(AT ) .  
review of s i m i l a r  f a c t o r s  by C'heI.emer and  ToagXf7 th.a,t a f a c t o r  of I- Oh 

might he more approprl'.ate. 

I 
Ii; appears f r o m  a 

C 

T h i s  would ril8ke F(& ) equal ?;o 1.11. 
C 

It should. be remem'uered, as dlisciissed e a r l i e r ,  t h a t  -these f a c t o r s  

do not  include a f a c t o r  f o r  flow redis t r t 'out ion,  ~hich 7.s handled by +,%le 

codes e 

this red . ia t r ibu t ion  i s  not included i n  the ca lcu la t ion ,  1x1 add i t iona l  

f a c t o r  (mnultiiplier) oT 1-04 should be included. 

In comparing these  engineering f a c t o r s  with s i m i l a r  f a c t o r s  where 

A3 discussed. 5.n Appendix E, t h e  f a c t o r  of 1-04 for flow mald i s t r i -  

biit,lon appears optimisi;i.c, and a Tactor of 1.05 i s  more r e a l i s t i r . .  Since 

the 1.04 f a c t o r  i s  bu-i l t  i n t o  the  ca l cu la t ions  of THEME I, kiowever, and 

s ince  :;he suggested change is smi3..1., no at.ternp-i; Twa..; nad? to assess t h e  

assoc ia ted  change i n  t h e  f i n a l  calcula1;ed va.lues. 

5.1.4 Analysis of t he  Output of t h e  Codes 

AI-CE Design. As would. be expected, using the  design p a r m e t e r s  i n  

the  manaer i n  which they appl ied them t o  -their codes, t h e  IUC-CE design 

f e l l  within their design spec i f i ca t ions .  Fran THDE I, fo r  v e l o c i t i e s  

approaching 30 fps ,  the pressure drop per  pressure tube vas 1-10 psi.. 

This compared w e l l  wi th  t h e  predicted value of 117 p s i  given by AI-CE. 

The m a x i m u m  surface temperature under these condi t ions was EL3.5"F. 

f i g x e  d id  not allow, however, any imcei-tai.nty i n  t h e  p red ic t ion  of t h e  

f i l m  heat transfer coe f f i c i en t .  If' we lower the ca lcu la ted  f i l m  he:& 

Lransfer coef-ficien-t by 3.5% ( see  iYppend.l.x C ) ,  we r a i s e  the m.xl.ma sur -  

face  temperature by about 19.5"F. lii addi t ion ,  i f  we ass ign  a value of 

1.11 t o  F(LZTCc) instead of 1.09, the mFaimum sur face  temperature increases 

another 2.5"F t o  a maximum value of a h u t  872°F. 

Thts  

E'rom caleiil.ations w i t h  t h e  IT-3 code, t h e  average ve loc i ty  i n  the  

pressure -Lube ha-vi-ng maximum fl.ow i s  30.0 fps, 'and the  pred ic ted  pressure 

drop i s  116.8 ps3.; t h i s  pressure drop agrees closely with t h e  value of 

117 given by AI-GE. 

cu la t ion  Fs 83YF, and it occur's in chmnel. 4 r a t h e r  than channel. 8 ( s e e  

E'i.g. 11-2 of Ref. I). No allowance w a s  made i n  th-is calculation for  flow 

The ma;ximwn surface temperature given by t h i s  cal- 
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mal.distribution, so It app,zzrs i ha t  t1i.c mgi.nezring f a c t o r s  can be  sppl: ed 

d i r e c t l y  t o  the i ' e su l i ; .  By a2pl~yi-ng a i'actoi" of 1.11 t o  t h e  coc lan t  tern- 

peratl ire rise and i . 2 1  t c  t he  film temperature d i f f e rence  arid using a 

hea t  i;rans€cr c o e f f i c i e n t  va l ix  which overzl.1- i s 1-5,% ?.ewer than t h a . t  used 

by AT-CE, a maxixum sur face  te r rqera ture  of 876°F i s  obtained. Thls should 

he compared w i t h  the  value oi" 872°F obtained from t h e  THEME 1 calcu.l~a- 

t ion.  The differci ice  can be a t t r i b u t e d  t o  t h e  differei ice  i n  t he  equiva- 

k n e e  of t he  mixing factor and crossf low rate, as shown i n  Fig.  5.5, ani3 

i l l u s t r a t e s  the d i f f i c u l t y  rin determining i;he maximum sur face  tempera- 

ture prec ise ly .  

c e r t a i n t y  i n  t h e  p red ic t ion  of t h e  flux f a c t o r s  and t h e  engineeri-ng fac-  

tors * 

These d i f fe rences  probah1.y lie v i t h i n  -tile range of un- 

Rased on 1-esi~3.t~ of OHNL ca lcu la t ions  of  power-peaking f a c t o r s  ( s e e  

Fig. S.7) ,  we f i n d  a correspondi-ng maxi.mwn sur face  temperature of 878°F 

i.il channel 8 as cal..culal;ed by THEME 1; the maximum v - a l - 1 ~  cdYa ined  from 

U-3 (now f o r  channel. 4 )  w a s  878°F. All t h e s e  values were o b t x . n e d  f o r  a 

bas i c  r a d i a l  povei" f a c t o r  of 1. I?, which app,ear.s achievable.  
... in cal.cuj.at-i.ng the DNB rat-i-o, t h e  a;r;.,oimt o f  subcooling needs t o  bc 

eva-luated, and t h i s  requi res  knohri1ig t h e  b o i l i n g  temGerature o f  t h e  c o c l k ~ t  

a t  the pressure  e x i s t i n g  at t h e  "hot  spot" j.n t h e  r e a c t o r .  I€ a pl-ol, is 

made fo r  t h e  vapor pressure  of t he  coolant as  a func t ion  of temperature, 

as given i n  'i'a.bl.e 1111-2, page TIL-3, of  Ref. I, and a n  i -n te rpola t ion  Is 

made f o r  lo$ high b o i l e r s ,  3, b o i l i n g  temperature o f  900°F i s  found to 

correspond .'io a nressure of 109 p i a ,  which i s  t h e  out l -e t  p ressure  frorii 

the  r e a c t o r .  For t h i s  pressure,  t he  DNR r a t i o  ca l cu la t ed  by THEME I i s  

2.44. However, a more r e a l i s - t i c  pr-essure esti.l::ate f o r  ihe "hot s p o t "  

Il.ocation wou1.d be about 190 psia,, which corresponds t o  a. b o i l i n g  tempera- 

ture of 1000°F based on 'ihesr same da ta .  

f o r  t h e  value o f  30p used i n  t h e  code r e s u l t s  i n  a D E  r a t i o  of  3.61. 

The correspondihg A I - C E  value i.s d 9  as given j.n Fig. 11-5 of Ref. 1; s ince  

t h e  DXE r a , t i o  i s  very s e n s i t i v e  t o  t h e  estimated values of 'uo l l ing  -kern- 

p e r s t w e  and pressure  a t  t h e  "hot spo t , "  t h e r e  appears t o  be good agree- 

ment between our value and the A I - C E  value f o r  t k i ?  condj - t ions  c i t e d .  

Suhsti'Liit-i.ng t h e  val.ue of llOC3"F 



I n  ,ad-ditioii t o  t h e  above, evslu.ation of t h e  vapor pressu.re mast also 

i ,afe i n t o  cons idera t ion  t h e  e f f e c t  of increased biphenyl content, a s  dis- 

cussed in Sect ion 5 -5. The & i f x  f ~ x  coolant containing 1.2$ biphenyl led 

us i;o a "best, guess" for the eq1~i.J.ihx-j um c o o l a ~ i t  va.poi- pressu.re-tempera- 

1,ure rel.a.ti.ons'iiip -Lila{; ind ica t ed  a, b o i l i n g  t m p e r a t u r e  0-r" 910°F a,t 1.90 

psia., Eased on this v d u e  t h e  DNB ratio i s  2.56 at t h e  "hot spot"  loca,- 

2; i on .  

L 

L 

As discussed previously,  we es t imate  t h a t  t h z  lowest, f e a s i b l e  DPJR 

ratio based on present  inforrna-tion i s  about 2.5 i f  tile loeat-f.l.ux c o r r ~ l a -  

t i o n  incorporated i n  TliEX33 1 i s  employed [ t h e  cor re la t ior i  used  i n  t h e  

code appears conservat ive,  so  a DNU r a t i o  of 2 .5  based on Y7a.t cor rc l a -  

t i .on actu.a,l.l-y c0rrespond.s t o  a DNR ratio of 4 based on Eq. ( C , ) ] .  ThiisJ 

we consider  the AI-CE design (::onclit-icjns t o  be f e a s i b l e  r e l a t i v e  t o  permis- 

sib1.r liea-t; f lux and  DNB ratio. 

A c r i t e r i o n  spec i f i ed  by AI-CE but  whicli w a s  no t  ac:;ua.lly considered 

w a s  that no subcooled niucles'ce boj- l ing shou2.d occur i n  t h e  core .  We do 

not  know whether .the c r i t e r i o n  i s  requi red  a n d  have sssimeci tha , t  it i s  

not  nwessaxy .  Only further data on f u e l  e.l.ernent performance znd reac-  

t o r  kii1eti.c performance as R. func t ion  of' DNI3 r a t i o  c a n  d.etermine t h i s .  

If t he  c r i k r i o n  of no subcooled riuelea.te bo?-ling i s  required,  the permis- 

sible heat flux could Le below specified values arid wou.1.d be dependent on 

the biphenyl concentrat ion of t;he coolant .  

B&W Pin-Cluster  Design. From the resul-Ls of TIBI',I% 1, t h e  pressixre 

drop p red ic t ed  fo r  t h e  B&W pin design is 177 psi., T&ti.ch. i s  the  sane as  

t h e  value repor ted  by R&W (co r rec t ed  for s t a t i c  head). 

ence i s  t h a t ,  accordliig t o  information from U&W, t h e i r  value does not  

inc lude  entrance and ex i t  l o s s e s  t o  t h e  assemblies,  w h i l e  khe value from 

T'I-EME 1 al lows 1 .5  v e l o c i t y  heads for t h e  losses. 

temperature p red ic t ed  by THEME 1 i s  832°F based on B&W's des igoa t ion  of 

t h e  hot  channel- and B&W's power d i s t r i b u t i o n  f a c t o r s .  

The only d i2 fe r -  

The maximixa surface 

This value i s  

based on the hea t  transfer c o e f f j c i e n t  r e l a t i o n  used by AI-CE. 

t h e  coeffic3.en-t by 15% increases  the n a x i m w n  sixrface temperature t o  about 

850°F. Again, if t h e  engineer ing f a c t o r ,  lT(LLC ), i s  changed t o  l.lI., the 

m a x i m u m  sur face  temperature i s  increased  by an additional.  3°F t o  a value 

of 853°F. 

Lowering 

c, 
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Code U-3 p r e d i c t s  a pressure drop thmugh the pressure tube oi” 179.9 

p s i ,  which agrees  well vi.th t h e  cal.culations from THEME I, 

surface ternperatture occin-s i n  one of t he  chaimels adjacent  t o  t h e  f3.o~ 

bl-ocker (no t  t h e  same as t h e  one designated by B&W); however, it d i f f e r s  

by less  than  2°F from t h e  more normal cha.nnel. 

t h e  engineering f a c t o r s  t o  these  r e s u l t s  [ a  valine of 1.11 i s  used f o r  

F(ATc) ] and using tile hea t  t r a n s f e r  coeff ic i -ent  ob ta ined  from Eq, (.3) re- 

sults i n  a maximum su r l ace  temperature of about 858”F, again using -the 

spec i f i ca t ion  of t h e  axial. power d i s t r i b u t i o n  as given by B&W. 

The maxi.mum 

Applying t h e  values  of 

The value of’ 858°F predic ted  by U-3 should compare with the value 

No  p rec i se  explanat ion f o r  t h e  v a r i a t i o n  of 853°F predic ted  by TIEME 1.- 

can be made a t  t h i s  -time. The most probable explana-tiLonJ a t  present,, 

appears t o  be that, t h e  r e l a t i o n s h i p  between t h e  crossr low r a t e  aiid t h e  

mi-Xing fac toy  f o r  t h e  two designs,  as shown i n  Fig. 5.5, does not   hold^ 

f o r  the B&W design,  Since t h e  U-3 code had t o  be modified considerably 

t o  descr ibe  mixing i n  +,he B&W design, i-t i s  poss ib le  .that t h e  efi”ecti_ve- 

liess of crossfl-ow i n  l irr , i t ing the  hot  channel tt.:;iperature rise was d i f -  

f e r e n t  than j.n t h e  AI-CE des ign ,  

These calcul  ati~ons were repeated f o r  the ORNL axial powsr d i - s t r ibu t ion  

shown i n  F i g a  5 .8  ana t h e  local radi.al power f a c t o r s  determi_iied by ORNL. 

The r e s u l t s  of  t hese  calculati .ons a r e  surmarized i n  ‘iabl-e 5.3 for t h e  

channel designated as the hot, subcha.nnel by B&W. This channel. w a s  a t r i -  

angular  channel j u s t  i n s ide  and touching the  two outer  p ins  nea res t  t h e  

Corner of the hexagonal a r ray .  Actually U-3 calculati .ons ind ica ted  t h a t  

hi-gher sur face  temperatures were developed i n  t h e  subchannel adjacent  t o  

t h e  c i r c u l a r  flow blocker,  bu t  this s i t u a t i o n  could e a s i l y  be remedied 

by reducing t h e  s i z e  ol“ t he  flow blocker  and. permi t t ing  more flow. 

The B&W p in -c lus t e r  desi-gn had s i g n i f i c a n t l y  higher  axial  peaking 

f a c t o r s  than t h e  AI-CE core design, which axcounts f o r  t h e  high sur face  

tempe1,atures. We j h i t i a l l y  thought these f a c t o r s  could be reduced by 

shortening t h e  BRW core l eng th ,  but  recent  ca l cu la t ions  ind3.cated tha-t 

reducing t h e  RRW core l eng th  t o  t h a t  of t h e  AI-CE r ra .c tor  d id  not  lower 

the a x i a l  peaking f a c t o r s .  It i s  probable t h a t  t hese  f a c t o r s  can be 

lowered. by use of a d i f f e r e n t  fue l - shu f f l ing  scheme; p lac ing  t h e  more 
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Table 5 .%. Ma,xi.m~un. Surface Teiinpera-tures i n  the 

Coef f i c i en t  Based on Eq .  (3) 
R@d Pin Design for the :Teat Transfer  

(ORNL-based power peaking f a c t o r s  ) 

Fuel Maxi.mwn 
Code Temper at m e  I n s e r t i o n  F(&J 

Posit, i. on (OF) 

TOP 
TOP 
Bottom 
Bottom 
Top 
TOP 
Bottom 
Bottom 

1.07 
1.11 
1.09 
1.11 
1.09 
1.1.1 
1.09 
1.1.1 

TfEm 1 
TIEME 1 
T m  1 
THEME l 
u-3 
u- 3 
TJ- .3 
U- 3 

880 
88 2 
$92 
893 
382 
886 
868 
891 

h igh ly  burned f u e l  a t  t'ne center of the reactor could reduce !;he ma.ximmm 

value s i g n l f i e n n t l y .  Chaaging the -fbeling scheme 8,l~so changes the re-  

cluii?ed f i x e l  enrichment an? can inf luence  a ~zinnber of ot11.e~ design ft-atu.l-e:s . 
Since such a s tudy  woilld e s s e n t l d l y  I-eq1ii.i-e a d e t a i l e d  desj.gn-pa;raflete:c 

inves-Li-gation, i.t was considered outsid.e  t h e  scope of  . this  eva lua t ion  . 
RRN l!Tested.-iJylinder Des?'.gn - O n l y  the TJ-3 code w a s  u s e f u l  i n  evalu.- 

s t i n g  the  B&W iiested-cyJ.inder design,  A m z j o r  d i f f e rence  was Tound :in 

t h e  c a l c u l a t i o n  of t h e  pressure l o s s  due to f r i c t i o n  t!i:roiugh the assem- 

blfes .  A value of 171 ps i  was predic ted  by U-3, while tbe  value l i s t e d  

by B&W, corrected. f o r  s t a t i c  head, w a s  166 psi .  This figure was su,ppost~d 

t o  i.nc;lude 1 .5  v e l o c i t y  heads f o r  l o s s e s  a t  entrance and e x i t  from t,he 

r e s t r i c t e d  f l o w  area, according to B&W. 

In calculat iug tbe maximum shea th  temperatures, ERN d i d  no t  apply 

the engineer ing factors to t1iei.r design as such, but they made recalcu- 

l a t ions  with t1iei.s TANC code arid allowed t,he maximu possible deviat.i.ons 

i n  geomtry and concentratFGns. These ca lcu la t ions  were dtscussed wi-Lh 

the B&N personnel, and -therir approach appears to ?)e realLstTc i f  the 

correct  dependence on the  neutron f l u x  vax-j-aliioris w a s  entered. Foi- the 

pi-esent s tudy  it xas f e l t  tb.a.l; aps ly ing  t h e  same engineering fac tors  as 
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those used for- t h e  pin-cI.uster design woul-d be reasonable;  because of 

t h e  good flow geometry, Eq. ( 2 )  w a s  used i n  obtaining,  the hea t  t r a n s f e r  

coe f f i c i en t .  For these  condi t ions,  a maximum sur face  temnperaturc of 

847°F w a s  found when F(AT ) was equal t o  1-09; 850°F w a s  ca l cu la t ed  when 

F(AT ) w m  1.11. 

t o r s  I 

c 
These results are based on t h e  E&bi power-peaking fac-  

C 

For the gross  a x i a l  power d is t i - ibu t ion  ca l cu la t ed  'oy O N L  (and show1 

i n  Fig. 5.9) bile maximiun sur face  temperature was encountered on t h e  outer  

wa1.l of t h e  ou te r  cy l inder .  'The coolan i  i s su ing  from t h e  ou te r  channel 

w a s  no t  the h o t t e s t  coolant,  so  decreases  i.n temperature could probably 

be b e t t e r  obtained by decreasing the  moimt  of  f u e l  i n  Yne ou te r  cy l inder  

than  by increa.sri.ng the  flow of coolant  i n  -the ou te r  channel. 

t he  engineering f a c t o r s  t h a t  were used i n  t h e  case of  t h e  p ins ,  we found 

surface temperatures of' 860°F f o r  $'(AT' ) equal. t o  1.09 o r  864°F f o r  F(ATc) 

equal. t o  1.11 for fuel. en tz r ing  a t  t i le  t o p  of the r eac to r .  For f u e l  ea- 

t e r i n g  the bottom of the  coolant  chtzini7el ( t h a t  ?.s, new f u e l  encountering 

hot  cooJ.ant) , t'ne mzximum temperatures a r e  s l i g h t l y  higher.  lhe maximum 

surface  temperature, a t  t he  same loca t ion  as before  and corresponding 

t o  t h e  864,"F value above, w a s  found t o  be 879°F. 

Applying 

C 

Eased cn recent  cal.culations a.t ORNT,, decres.sing t h e  leng-th of  t h e  

fuel channel t o  tha.'i i n  t h e  A I - C g  desigil d id  no'i lower the a x i a l  powel. 

peaking f a c t o r  GI" the nes t d - c y l i n d e r  d e s i s n .  P.r, impr0vemen.L ijould prob- 

ably  be obtalned by cha.nging t h e  fuel-shuffl~i.ng scheme -Lo one which _uosi- 

t i o n z j  t h c  s o s t  highly exposed f u e l  i n  the cen'ier p a r t  of the r eac to r .  

Such a scheme would al.so d e c r e a s e  the axial  power peaking f a c t o r  i n  bi le  

AI-CK r eac to r  i;ut i s  not  needed. as rruch as I n  the B&W concept.  Because 

cp t imiza t ion  of Lhe yefuel ing schenz involves a number of des ign  considzrs- 

t i c n s  o ther  'Liian min ix -z r t ion  of t h e  axLal power peaking f a c t o r ,  para.meter 

s tud ie s  concerning t h e  r e fue l ing  scheme were considered outs ide  t h e  scope 

of our evaluatli on arid were no'i pe r f  orrned.. 

5.1. 5 Discussion and. Evaluation of "iiie Reactor Cores I-._-. 

Based on 'ihe ORNJI, eval.uation and. use of tine engineer ing a d  hea t  

t r a n s f e r  f ac to r s ,  arid using t h e  ORNL power-peaking f ac to r s ,  ri:t appears 

tha-L t h e  AI-CE core design gives  a maximum surfa,ce tempej-ature of about 
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8'78"F, which exceeds the  specif ied.  ma,ximwtl v3lue of 850°F. T'ne B&W pin- 

c l .us te r  d e s i g n  has a m a x i m u m  fuel-surface temperature of  about 884°F f o r  

fuel elements that  move i n  t h e  same di rec- t ion  as t h e  c o o l m t  f l o w ,  while 

the msximulli .  i;:mperatu.r.e is 3.hoii.t 832"ii' f o r  el.emen.ts whose fuel- movement 

i s  o p p s i t e  t o  tha-t; of coolant  f l o w .  Thu.s, by using .the s3,me coolant  

!3ow arrangement a,s p o p o s e d  by AI-CE,  the ma,xi.mum f u e l  sur face  tempera- 

t u r e  f o r  the p in -c lus t e r  element would be about 884,"F. 

AT-CE arrangement fea,si.ble, econorflLcal., and applicab1.e t o  the M i d  design. 

We consider  t h e  

The B&FJ annular-cyl inder  design has a niaximum fue l - sur face  terrrpera- 

ture of  about 864'3' f o r  f u e l  en ter ing  t,hc r e a c t o r  i n  l;he same tli-.rt.ction 

3,;s coolant f l o w ,  and about  879°F for fuel .  cntex=iiig Z;he rea,ctor i n  n d i -  

rection opposite t o  t ha t  of coolant  f low.  Again, we consider  {;he AI-CE 

coolant-flow arramgement t o  be feasih1.e for t h e  B K W  concept, and i f  

u t i l i z e d  f o r  t h e  mnular cylind.r.ica,l elements, t h e  max imism fuel-su-rface 

tempersture  woidd be  about 864:"F 

If the axial peaki.ng f a c t o r s  can be s i g n i f i c , m t l y  reduced by changes 

i.n t h e  fuel management, scheme 03.' by d.esign change:; -the maximum fu.cl SUI- 

f ace  temperatunes can be reduced. consid.er$bly For  both t h e  A4:[.-CE and B&W 

concepts ,  wi1;h more p(jte111;i.al. reduci;i on poss Ible i n  the 38W concept. 

Iii reporttr ig t h e  foregoing mnaximm s in face  teiqeratures, no al- 

lowanei: w m  i e f o r  the effect of a Bou-ling f i l m  on Lhe heat LransPzr 

surface. T'be possihi.l.i.ty of the presence of sii.ch a f i l m  has ,xI1:eady been 

mentioned and w i l l  'oe discussed. in more d e t a i l  i n  S e c t i m  5.5- The ef-  

f e c t  of such a fflm would. %e -to incxease -the maximum s ~ w f a e e  'cernpera-ixce 

by 25 t o  5O"P, sc,cordiri.g to our estimates, Tne resif.lt would. be to in- 

crease -the su:rface tempera.tures, which are already a'cove the a.llowable 

val.ue of 8.50°F based on GUT" estimates of the flux-peaking f a c t o r s  m d  

the correlations i -~scd for l;h.e hea t  t r a n s f e r  coefficient, 

Remnedi e s  for t hese  overtemperatures have already been suggested, 

Irrcl-easing the coolan-i; v-el.oc 7.t-y ~ 0 u l . d  improve heat transfer, and at t h e  

scam kime increase pimping requirement:; ; as pointed 0u.t prev-riou.sly, it 

appears feasible to increase the core pressure drop. .An o'uvic~i~s remedy 

for the overtemperature due to the  fou l ing  film i s  to decrease the  i n l e t  

and o u t l e t  t eqe ra tu re  a i d  thereby :nsirJ.ta.i.n the same total power generat-j_on 
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but reduce -Lhe surface temGeratu.:re .* Unfortunately,  a decrease i n  t h e  

bulk coo lan t  temperature of 50°F does not  produce a corresponding rediic- 

t i o n  in t h e  rue1  zlernmit surCace terny;ei?ature. The reason f o r  t h i s  i s  

t h a t  the heat  t r a n s f e r  coef f ic ienc  i s  dependent upoil th- coolant  physi-  

c a l ~  proper t tes ,  and a decrease i n  terrpera.ture produces a decreasa ij; t h e  

hea.?; trznsf!::r coe f f i c i en t ,  and a l s o  changes zhe 1oca’i.ion o f  the  peak sur- 

face temperature.  Of  t h e s e  two e f f ec t s ,  t he  l a k t e l -  i s  the  c o r e  si~~:n.iifi.- 

can i  one, b a s d  on U-3  cal.cul.ations i.n which ihe r eac to r  i n l e t  coolant 

temperature w a s  decreased below ‘:lie design va lue .  ‘ihe heat  Lransfer 

coe f f i c i en t  was var ied  5.n accordance w i t h  Lhe v a r i a t i o n  ir, coolant physi-  

c a l  p rope r t i e s  with ternp::rature; a constant  mass f low r a t e  was assumed. 

Reducing t y k  j inlet  cool-ant ’iemperature by 50°F i n  the AI-CE reac’ior l e d  

t o  a reduct ion i n  maxirrm f u e l  sur face  tenlpcratu.re of about 38°F: thcse 

r e s u l t s  were obtained w . t h  the  hea t  t rarrsfer  coef f ic ienk  and engineering 

f a c t o r s  CHNL spec i f ied  previously.  Thus, the coo:.ant temperatur:: has 

to be reduced about 65°F t o  compensate f o r  a 50°F drop across  t h e  fou l ing  

f i l m ,  based on an 850°F maximum f u e l  sur face  ieaipera’iuye. 

There are seve ra l  add i t iona l  f ac  Lors t h a t  r equ i r e  invest iga- t ion and 

Tdiich have a. major bear ing on t h e  final r e a c t o r  design. These i n v c s t i -  

ga t ions  should inc1ud.e (1-1 t h e  exact  determinat ion of  t h e  e l f e c t  of  mix- 

ing  on the hot-channel te-rqxratiire rise, (2 )  a stu&y of t h e  p o s s i b i l i t y  

of siibcooled nuc lea te  bol.ling i n  t h e  c o o l m t ,  (3) an ana lys i s  of the e f -  

feci; of off-centered assemblies i n  -the -pressure tube on maximum sur face  

temnperat,ures, and ( 4 )  an examination of t h e  end-plate design and i t s  e f -  

f e c t  on pressure  loss and. flow r e d i s t r i b u t i o n  i n  the AT-CT assembly. 

E f fec t  of  Mixing. As was disci.issed previously i n  t h i s  sectlion, t h e  

determination of  the crossf3.ow r a t e  w a s  t h e  resul-t of  extreme ext rapola-  

t i o n  froiii da.ta, t o r  e s s e n t i a l l y  a d i f  fereni; type of assembly. 1ieln-t;i.ng 

l__l̂ .._l 

*The maximur:. sur face  terripez.at.ze can be reduced by o ther  ineL’nods. 
One wou.1-d- be t o  reduce t h e  power out~ut; per  process tube by i-r?creasiiig 
t h e  nur::bar of tu’ocs i n  t he  r e a c t o r .  This has been d.one i n  t h e  DPmonstrz-- 
tion Pian‘i design and thc  sur face  teniperature has been reduce5 t o  below 
860°F at, design condi t ions ( m a x i m u r n  power output), with no allowance-: f o r  
f l l r f l  d e p ; s i t .  



this crossf low rate t o  a f a c t o r  expressi-rig t h e  temperature r i s e  i n  the  

h o t  stioehavlnel ifas dependent upon art assumed and unproven model. The 

e f f e c t  of mixing must be e:qjerl.mentally determined f o r  t h e  p a r t i c u l a . r  de- 

sign, and addi t ional-  work i s  necessary before  extending -Lhis t o  even s - i m i -  

l a r  designs,  'There i s  no s u b s t i t u t e  here f o r  add.it.i.ona1.. experimental  in- 

ves t  Tgat ions.  

Effec-t  of Off-Centered. Assemblies. I n  making these  calcidat ions for 

both  the AT-CE arid B&W pin designs,  it was assumed thai, a 30-mil c l e a r -  

ance ex i s t ed  on each. side of  the assembly. During the course of t h e  eal-  

cu la t ions ,  i-t ~ jecane  apparerit t h a t  very srnal.1 changes i n  flow axeas (al- 

most b d o w  the  1 . i m i t s  of the engineer ing to l e rances )  could make signi.I"i.- 
(...3nj. d.i.0" 

_ I - _ _ i  ~ ~ e r e n c e s  i n  t h e  red is t r i .bu t ion  of flow i n  t h e  assembly. T'nese 

d.ifferences would., i n  t u n ,  a f f e c t  the maximum temperatures developed i n  

the assembly. T t  i s  cert ,ain that; the pos i t i on ing  of an assembly so t h a t  

zero  c lear ,mce  ex i s t ed  or1 one s ide  and 60 m i l s  cl.earance on the  o the r  

would have a puofour-d e f f e c t  on the  flow d is t r ib iu t ion  and r e s u l t a n t  tern- 

pe ra tu re s .  Although t h i s  e f f e c t  co1d.d be est imated through a s e r i e s  of 

recalc1,ilations, t h i s  study was not made. To be tru.l .y meaningful-, 1;he re- 

ca l cu la t ions  should be coupled with a reeva lua t ion  of the rod r-adial f lux 

Ilsctors. 

count f o r  this e f f e c t  does not  tzppear adequate t o  account Tor the devia- 

-tion t h a t  might r e s u l t .  

The f a c t o r  of 1.02  inclu.d.ed i n  t h e  engineering factors to ac- 

Ef fec t  of Fad-Plate Misdigmerlt. A po in t  t h a t  has not  been exam 

ined i n  dekai l  i f i  t h e  K-CE design is  t h e  pressure loss  allowed Tor t he  

end pl .a tes  between assemblies.  A t  p resent ,  approximately 6 psi i s  a l -  

lowed f o r  each of t h e  four  ,junctions; this is  only a l i t t l e  over one ve- 

l o c i t y  head for the  average v e l o c i t y  i n  t h e  assembly. It i s  assumed t h a t  

the end-plate  desi-gn has not  been i;horoi~g'tily e s t ab l i shed  but  that it w i l l  

tif:ford a t  l e a s t  as much flow area as i n  the  p in  sec t ion .  iiowetrer, mi-s- 

alignment of t h e  end p l a t e s  could present  a considerably more r e s t r i c t e d  

i"lo'w pnssage an6 conseqiiently a consii lerably higher  pressure  l o s s .  BJen 

more important, tine misaligrmenl of t h e  end p l a t e s  could eZzuse an 1x1- 

favorable  r e d i s t r i b u t i o n  of Ylow and "s tarve " (a,t l e a s t  temporar i ly)  t h e  

hot sibchannel.. Since power peaking o c c w s  at t h e  ends of the f u e l  
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zssemblica,  " f h w  s tazving" a'i; -Lhese poi.nts j ~ n  high flux regi_.ons would be 

p a r t i c u l a r l y  unfor tuna te .  

It i s  s t rong ly  recommended tha- i  much :more atten'i-ion be given t o  t h e  

s tudy of 'che eiid--plate desigv and t h a t  some cons idera t ion  be given t o  Lhe 

o r i e n t a t i o n  of  ad jacent  assemblies s o  t h a t  excess pressure  l o s s e s  a;nd 

poss ib le  chaimel. s t a rv ing  can be avoided. 

5.1.6 Conclusions 

Evaluation of  t h e  themal and hydraul ic  c h a r a c t e r i s t i c s  of  HWOCR 

r e a c t o r  cores  cons is ted  of a n  eva lua t ion  of c e r t a i n  computer codes, Tor- 

mulation and eval.uai;<.on of t h e  input  da ta ,  and ana lys i s  of the output  of 

the codes. 

t h e  r e se rva t ions  Lhat t h e  mixing model, which proved adequaLe to corre-  

l a t e  intersu'ochannel flow i n  wire-wapped. bundles, mighl; not  prove as 

accura te  f o r  s p i r a l l y  f i-med elements, and app l i ca t ion  of t h i s  mixing 

model t o  -the presen t  design represer i ts  a l a r g e  ex t rapola t ion .  

Application of 'iiie codes appears t o  be s a t i s f a c t o r y ,  with 

According t o  r ecen t  heai; t r a n s f e r  da ta ,  t h e  c o r r e l a t i o n  f o r  t h e  hea-i; 

t r a n s r e r  c o e f f i c i e n t  used i n  t h e  codes, and by AI-CB and B&W, anpears 

high by about 5%. la addi t ion ,  t o  accou-u'i for t h e  geometry and fl..ow 

condi t ions  t h a t  exis t  wi th  p in -c lus t e r  elemen-is, t h e  c o e f f i c i e n t  shou.1.d 

be decreased by an a d d i t i o n a l  f o r  a x i a l  flow i n  fuel bundles. The 

c o r r e l a t i o n  f o r  the c r i t i c a l  hea t  flux used i.n t h e  codes i s  not  d i r e c t l y  

appl icable  t o  rod bundles, and a DNB r a t i o  of a t  leas-t 3 appems advis-  

ah1.e. I n  addi t ion ,  the biphenyl. concent ra t ion  i n  the equi l ibr ium cool- 

a n t  appears higher than ind ica ted  by AI-CE, which r e s u l t s  i n  lower DNB 

r a t i o s  than  w0ul.d otherwise be the case. 

1.n formulat ing t h e  input  da t a  f o r  t h e  codes considerable  devia t ion  

w a s  found between t h e  power peaking f a c t o r s  as s p e c i f i e d  i n  -Lhe designs 

and those ca l cu la t ed  by ORNL, I n  t h e  AI-CE design, the major d i f f e rence  

was in t he  bas i c  r a d i a l  f l u x  patkern; however, t h i s  diYference could be 

ad jus ted  by varying t h e  enrichment o r  feed  rate.  

major d i f f e rence  was i n  the a x i a l  f l u x  pattern. O u r  c a l cu la t ions  ind i -  

c a t e  t h a t  the thoriwr;-fueJ ed r e a c t o r  tends -to have h ighe r  a x i a l  power 

pea,ki~r.g f a c t o r s  than does t,hc urani.wn-fueled system. The engineeri-cg 

I n  'che B&W desigm, t h e  
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factors suppl ied  by t h e  sponsors sppea.red t o  'oe s l i g h t l y  Iow, and minor 

adjustments were made i n  these .  

Eased on t h e  AI-CE design eond.i.tions wi th  no fue l - sur face  foul.ing> 

we es t imate  a maximwn cladding sur face  temperature of 878" E', as compared. 

with  a maximum al.1ovabl.e si.xr72'faee temperature of 850" F. Under t h e  :;me 

conditions,  temperatures i n  t h e  range of 884. t o  ,392OF 'were ca l cu la t ed  for 

the D&W pin-clus-ter design, depending upon t h e  di.recti.on of flow of eool- 

a n t  with r e spec t  t o  t h e  fuel movement. 

sign, t h e  maxirnm s i n f a c e  temperatures were 864 and 879"E', again depend- 

ing upon th.e d k e c t i o n  of coolant flow. 

URN r e a c t o r s  can be reduced i f  t h e  axial. power-peaking factors  can be 

lowered t o  AI-CE values. 

For t h e  B&W nested-cyl inder  de- 

The majlinizun temperatures for t h e  

Inc lus ion  of a fou1Ln.g f i l m  on t h e  heat - t ransfer  sur face  wi1 . l  tend 

t o  inc rease  maxiniim su_rface temperattures. It is es t imated  . that  such a 

f i l m _  w i l l  e x i s t  and have a 25 .to 50°F temperature drop ac ross  it. 1x3~- 

e r i n g  the c o o l a t  tem-perature by W E '  would not  produce 8 corresponding 

reductiofi i n  t h e  surfaxe temperature,  s ince  t h e  e f f e c t  of temperature c x i  

t h e  coolan t  p r o p e r t i e s  would decrease the heal; t r a n s f e r  c o e f f i c i e n t  ; the  

corresponding reduet ion  i n  sur face  temperature would only be 38" E' f o r  

the AI-CE design condritl.ons. Lowering t h e  bulk coolant temperatirre by 
50°F would, however, have tlie effect of increas ing  l;he DNR ratio tc 3.15 

based on %q. ( 5 )  and t o  about r+.9 based on Eq. (6). 
r 1 7  lne pressure  tlrop across t h e  fuel sssenibl.ies may be f ec t ed  by Y i l m  

buildup, bu . t  i t  i.s expected t h a t  a.ny increase  can be accommodated. i.n t h ~ z  

desi-gn wi-th l i t t l e  o r  no penal ty .  We es t imate  t h a t  t h e  maximin! f i l m  

bui ldup f o r  t h e  1;ti:inperatu.re drop ass1mec1, i;hat i s ,  50°F d.rop across  t h e  

€ i l .m ,  would not exceed 1. m i l  i n  t h F c h e s s .  If a film of this t,hri.ckness 

d.eposited vjnifor1nljr on t h e  surf'aces of' t h e  f u e l  elements (AI-CE design), 

t he  c ros s - sec t iona l  flow area would be reduced about 1.856. For t'ne seme 

f 1 . o ~  r a t e  through the core,  the f r i c t i o n a l  pr.essure loss i n  t h e  core  

would. be increased by a,pproxirria.-t;cly 3.3% or ;%bout 3 . 8  p s i .  

system pressure l.oss, however, would incrrl-axe only about 1.3$. 

effect would be thixt; ?low would decrease a srna.11 anount depending upon 

the  c h a r a c t e r i s t i c  c u r ~ e  cf the purtip. At most t'ne drop i n  flow Fs est3.- 

mated to 'oe 1.3 gpm ( f o r  a pressure drop of 3.8 p s i )  or 3.bciut 0 . 5 s .  

The trital 

T h e  ac tu .a . l  



'Yhe above analysis d b e s  not take into accoi~nt  t h e  effec-t  of  a r y  

change ir- sur face  roughness. Canadi.an da ta  indicakc that a. smooth f i l m  

forms i f  t h e  depos i t ion  r z t e  i s  s l o w ,  as  it i s  assumed 'GO be for t h e  

HhKICZ design. Thau be?ng t h e  case,  iile e f f e c t  of chanEc i n  sin-face 

roughness i s expected t o  be .negl igible .  

Tn t h e  A I - C Z  design, 24 p s i  has been allowed f o r  tile pressure  l o s s  

a t  tiie four  junc t ions  bdween  t h e  fi.ve assemblies i n  each pressure  Lube. 

'This value of 6 p s l  1-0s~ per  junc t ion  represents  only  a rough est imate  a t  

t h e  present  t ime and nay vary  over 2 considerab1.e ralige depending upon 

t h e  degiaca of' a l i gn ren t  o f  t h e  flow channels i n  adjacent  assemblies.  This 

iloss could be s i g n i f i c a n t l y  reduced and rendered more p red jc t ab le  by 

aligiiiiient cf  t he  assmbl.ie:s as discussed i n  t h i s  r e p o r t .  The varSab2-e 

na ture  of '~iie pressure  l o s s  a t  tk1i.s intera.ssernbly juiiction makes a con- 

s i d e r s t i o n  of t h e  pressure  l o s s  due t o  film formation insignri .f icant a i  

ti1i.s t i r . e .  

I n  ordo?, t c  achieve a maximum surface temperature not  i.n excess of 

850°F for t h e  A I - C E  design condi t ions w i t h  a 25°F t enpera ture  drop aifross 

t'ne coolan-L foul.i.ng fi.l.m a . t  thn, pos-ition of peak sur face  tenperzture,  t'ne 

cool.ant o u t l e t  t enpera ture  would have t o  be lowered about 70°F t o  680°F. 

The correspondi-ng decrease i n  ou-tl-ri; coolant  temperature f o r  a 50°F tem- 

pzra ture  drop across  t h e  I"ouli.ng film would be about i~OO"F, o r  an o u t l e t  

Lemperature of 650°F. 

t o r  design condi t ions so t h a t  t h e  o u t l e t  c o o l a n t  temp t u r e  can be in-  

creased a t  l e s s  econo-mic penal ty  than t h a t  a.ssocj.ated wiLh opera t ing  t h e  

present  design a t  an o u t l e t  terr .perature i n  the  650 t o  680°F range. 

example, it i s  poss ib le  t o  lower t h e  f u e l  sur race  temperature by increas ing  

the cool.a.nt v e l o c i t y  or by decreasing t h e  f u e l  power dens i ty .  I n  parti-cu- 

l a r ,  s ince  t h e  3 x 2 .  j-nventory charge has a low value,  t h e  r eac to r  could 

bc redesigned with advantage taken of t h i s  s i t u a t i o n .  However, such a 

change woiild involve some pe11al.ti.e~ i n  c a p i t a l  c o s t s  and i n  f u e l  i.nventory 

c o s t s  khat would need t o  be evaluated.  A l t e rna t ive ly ,  t h e  th ickness  of 

t h e  f u e l  element e l a d d k g  could be increased,  so  t h a t  a higher  sur face  

temperature would be permissible  wi-thout lead ing  t o  excessive stresses 

i n  t h e  SAP cladding. Such a change would increase  t h e  required f u e l  

L A t  t h e  same time, it i s  poss ib le  to a l - te r  t'ne reac- 

For 
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element enrichment and would 1ea.d to an h e r e a s e  i n  the  diameter of' t h e  

SAP process tube,  and could not  be incorporated int,o t'ne design without 

some pena l ty  i n  fue l -cyc le  performance and powei--production cos t .  Nonethe- 

l e s s ,  su-ch design changes undoubtedly would in t roduce  less pena l t i e s  than  

would t h e  d i r e c t  app l i ca t ion  of t h e  lower coolaa t  temperatures dj.scu.ssed 

above. To i n v e s t i g a t e  t h e  above matter thoroughly would r equ i r e  extensive 

d m i q n  opti.niization s tud ie s ,  and t h e s e  were outside t he  scope of  c u r  eva.lu.- 

a t i o n .  A t  the sa.me tj.me, in eval.uai;iiig 1iWC)CR. performmlce, con:;ideration 

should be given to the above a l t e r n a t i v e s  = To account f o r  reoptirr,iza.tion 

of design condi t ions,  it i s  est imated t h a t  t h e  qui-va1.en.t; o u t l e t  coolant  

temperature to be  associ.ated with t h e  present  AI-C.8 design i s  475 t o  700°F 

f o r  a fou l ing  f i l m  tenipersture drop of' 25 to 50°F at the posit.i.on of' mmxi- 

inw2 f u e l  sur face  temperature e 

i s  used i n  eva lua t ing  t h e  A-I-CE concept. Such a condi t ion  can 'oe considered 

equival-ent to increas ing  'dne fuel. c.ladd.ing -thickness so  t h a t  a maximwn SAP 

su r face  texpeyature  of  about 870°F i.s perr;.iissibl.e, wi-t;h th.2 clecrea.se i n  

nuc1ea.r performance a s soc ia t ed  with such a design change accounted for by 

decreasing t h e  o u t l e t  eoo.l.ant tempel-aturre ,about '7 "F. 

The above o u t l e t  coolant  temperature range 

The B&W .fil.ior.ium desigri condition:; r e s u l t e d  i n  higher  maximum f u e l  

temperatures than those of t h e  AI-CE core design, and f'or t hese  circim- 

s tances  the  e f f e c t i v e  o u t l e t  coolant  temperature would need t o  be reduced- 

i n  accordance with t h e  above discuss ion  to values  i n  t h e  660 t o  630°F 

range. However, i f  b i d i r e c t i o n a l  coolant  f low were ertiyJl.oyed, :rather than  

f2ie u n i d i r e c t i o n s l  flow spec i f i ed ,  t h e  nested-cyl inder  case would. improve 

s i g n i f i c a a t l y  and l ead  to e f f e c t i v e  o u t l e t  cool.ant -i tu.res .in 1;hc 675 

t o  r)OOoE' range. 

l e t  coolsn t  temperature f o r  t h e  p i n  design j.s considered t o  be 660 to 690":F'; 

t h . e  corwespondiag range for t h e  nested-cyl.i~nder des j-gn i s  6'75 1;o '7QC"F. 

Thus i n  e-va.l.ue,tirig the  B&.W core designs t h e  e f f e c t i v e  out- 

Hedesign of t h e  thorium cores  probably could lead. t o  a s i g n i f i c a n t  de- 

c rease  i n  the a x i a l  power peaking f x t o r s ,  s ince  these  were rnuc~ri I.arger 

than  the ccrresponding va lues  i n  tile A I - C E  design.  The hi.@ peaking fac-  

t o r s  were d.ue t o  the  spaces betwem f u e l  assemblies and the high  absorp- 

tion c ross  sec t ion  assoc ia ted  with t h e  f u e l .  These power peaks co1.~1d be 

reduced by using only f e r t i l e  materia,l at t h e  ends of  t h e  assemblies .  
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Eowever, -there would be sssociat ,ed chang in f u e l  fabrica-tjoii  cos t s  and 

i n  nuclear  p?rformanco t o  be considered. Such studi-es were no-i, performed 

here;  bu t  they should be included i n  any redesign s tud ie s  of the thorium- 

fueled cores .  I f  axial .  power peaking c3.n be s ign l f i can t l -y  decreased, t h e  

ou-tl et C G O l h r t  temperature could. inci-ease t o  va,i.ues above 730°F. 

There a r e  seve ra l  add i t iona l  fac- tors  t h a t  r equ i r ?  further invect iga-  

t i o n .  These a r e  (1) experimeirtal. measurement of f l u i d  mixing i n  flow 

channels containing s p i r a l l y  f i.nned elements, 

with scbcoole5 nucleate  bo i l ing ,  

in t he  pressure tube on f l u i d  flow condi t ions,  and ( A )  t h e  e f f z c t  of f u e l  

assenbly and plate placements on pressure  I.oss an5 flow dist3:ibution i n  

t'ne AI-CE design. T o  i nves t iga t e  these  a reas ,  f u l l - s c a l e  rPiockups repre- 

sent ing  HWOCR design condi t ions a r e  r equ i r ed ,  with det.ziled measurements 

made of variab3-es such as flow, temperature,  and f l u i d  rnixing under HWOCR 

operati.ng condi t ions .  A l so ,  studi.es of t h e  eYfi.ct of changes i n  pararetcy 

vaLues on variabl-e behavior would assis-t i i i  design opt lmiza t ion ,  

(2 ) t he  condit,i.ons assoc ia ted  

(3 ) t h e  e f f ec  t of off-centered ,xssernblies 

5.  2. Fuel Element Perforimi-ce Evaluation 

Fuel element performance charac t e r i s t i c s  ve re  examined foi- each re-  

ac-tor t o  i d e n t i f y  areas t h a t  migh-t 1.ri.mit t h e  l i f e  of t h e  f u c l  element. 

O f  priiicipa,]. concern w e r e  f iss ion-gas releast? and f u e l  swel-ling and t h e  

a b i l i t y  of t he  fuel clad.di.ng t o  maintain i t s  integriLy.  Many o the r  f ac -  

tors can con t r ibu te  t o  f u e l  elerneat, damage, and i t ;  is t h e  improbable con- 

currence oY a combina-ti.on of f a c t o r s  thaL o f t e n  causes fuel. element f a i l -  

U.R. 

opera t ing  condi.tions, ex-tensive tes-t i i ig i s  requi.red 'Lo determine pe r fo r -  

marice under HrdOCR condi t ions ~ 

Since "Llie p r o b a b i l i t y  of a f a i l u r e  increases  wi th  severi ty-  of t h e  

Fuel element c h a r a c t e r i s t i c s  o f  t h e  t h r e e  r e a c t o r  f u e l  assenibl.i.es 

a r e  l i s t e d  above i n  '1'abI.e 5.1. 

5 . 2 . 1  A I - U  Fuel. E1emen.i 

The AT-CE f u e l  elerrtent, has 37 SAP-clad tubes  con~Laining c a s t  hypzr- 

s to ich iometr ic  IJC. The f ree-s tanding  cladding j .s 0,020 in .  t h i ck  and 

has 1 2  extruded f i n s  t h a t  spiral a.t 90" pe r  foo t .  The f u e l  rods are 
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44 in .  long and are nes ted  into Zircaloy-4 end p l a t e s .  Dimensions are 

such t h a t  f i n s  of ad jacent  elements touch and support each other .  Five 

fuel. elements a r e  stacked v e r t i c a l l y  i n  t h e  reactor. The 12 o u t e r  iiuel 

rods a r e  a t tached  t o  both end p l a t e s  and support t h e  wei.ght arld hydrau- 

lic forces exerted. on t h e  f u e l  elements above. These rods opera te  a t  t h e  

h ighes t  power level and s u s t a i n  mxximum isurnup i n  t h e  charnel.  The fuel.  

assembly has a radial. c learance  of 0.030 in .  between it and t'ne 4.320-in. 

I D  of the SAP pressure  tube. 

T'ne approximately 3-in.-long TJC fuel slugs are c a s t  and formed t o  

give a 0.0025-in. radial c learance  i n  t h e  cladding. The fuel element 

l i f e  i s  about 700 days, and max i rmm T-,urnup in any rod is 20,5rSO Mwd/T. 

The coolant i n l e t  -temnperature i s  59.5" F. Cladding temperature and hea t  

ra t i f ig  Lncrease as the f u e l  element moves tlirough t h e  r eac to r .  The 

maximum r a t e d  cln,dd.j.ng terr1peratuz.e and t h e  heat rating of  any rod are 

850°F and 26.6 kw/f t ,  r e spec t ive ly .  

I r r a d i a t i o n  t e s t s  of  SAP-c1.a.d 1JC f u e l  elements wer? made in t h e  X-'; 

Loop of t h e  Canadi.a.n NRX r eac to r  at heat  ratings up t o  1.4 kw/ft. 

elements were examined after a. peak. b1wnu.p of 8600 Mwd/T, and some were 

Severa l  

r e i i i s e r t ed  and operal;ti:c? -to a ~ 3 l c u l a t e d  binnup of 11,500 !vlwd/lr. 18 De-  

t a i l e d  iilfi2rl7iation on posti-rrad.iation exsminst,i.on 3.s not ye t  availab1.e 

Add.itionaJ. in -ad ia t ior i  tests have been c a r r i e d  out 'uy Atomics In-bernat ional  

i il t h e  U - 3 0 5  experiment, and t?ie d:?tai.led r e s u l t s  should be wmi1a.bl.e 

:.3 CI on . 
T'ne A I - C E  f u e l  el.eInent, ~ 3 s  anal.yzed with r e spec t  t o  i t s  expected per- 

formance at Lhe higher hea t  ratings, power l e v e l s ,  and burnups pro jec ted  

for t he  HWWR eon.di t ions . Froni the vi.evTJolnt of fuel element -perfo.rmance, 

a, pri.neipa.1 c o n c e r , ~  i s  that f u e l  rod des and operating conditions be 

such t ? m t  f'ucl swel l ing  and -Fissi.m-~zs ?:elease wil.1. not, c"a.use c ladding  

f a i l u r ? .  

Urani-urn carb ide  i s  a proven f'u.zl~ mate r i a l  and has been bested ex- 

te i is ively during .the past several. years. ' 9-21 
been made with i.l~,ostoichi.omei;rlic UC o r  with (U-Pu)C fuels, hyperstoichlo- 

met r ic  UC (fuel etnplcyed i n  IFdOCR) i s  usua l ly  cotxs.idered super ior  t o  

e i t h e r .  Fission-ga.s release i s  tenperx ture  dependent;, and d.a ta  have been 

o'otained n.1; bu.ma.ps of 40,000 Nwd/T Ynat ShoPi I.ess -than I$ gas r e l e a s e  

~l.t;i-ioug'n many .tests have 
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st -t?iapel-atures of 2000°F o r  

Atomics international i s  shown i n  F i g .  5.10. More r e c z n t  da t a  have con.- 

firmed thzse r e s u l t s .  22 

I.i.nearly with burnu11 to w e l l  beyond expected ILWOCR exposures.  S w e U l n g  

An ana.lysis2' of  the da ta  by 

337elling cf UC during i r r a d i a t i o n  increases about 
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i s  also temperature dependent, as shown i n  F ig .  5.11. These d a t a  adso 

have been confiriiied. by more r ecen t  r e s u l t s .  2 2  

The rnaximurr~ tempera{;ure of  t h e  AT-CE f u e l  i s c r i t i c a l l y  dependent; 

on hea t  transfer across  t h e  gap a t  t h e  i n t e r f a c e  between the f u e l  a.nd the 

c7-ail.d:i.ng. The heat t r a n s f e r  acz-oss t h e  r a d i a l  gap, i n i t i a . l l y  0 .(I025 i n .  

thick and containing helium gas, cl-iariges as 'i,?i~? h e 1  swel.1.s t;o reduce gap 

thielrness 2nd as t h e  gas conducti.vit;y -is reduced by d i l u t i o n  with r e -  

l-eased fi ssFon gases .  Heat-generation r a t e s  o f  local po-rLlons: of t h e  

f u e l  change a s  t h e  f u e l  element progresses through the yeactor.. Atomics 

I n t e r n a t i o n a l  has cxarnined these  Yactors i n  d e t a i l  and concluded. that t h e  

maiij.ro.urn f u e l  temperatu.re w i l l  be ab0u.t 2000"ii'.1a O w  ca l cu la t ions ,  based 

on AT-CE es-t;iinates of c ladding temperature and power peaking f a c t o r s ,  

i nd ica . t e  temperatures of about 21.00"E' a t  the  ends 0.f tile ou ter  f u e l  rods 

CRNL-DWC 66-4460 
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during residence i n  t h e  first, two pos i t i ons  with conduction through helium 

gas i n  t h e  fuel-cl.sdding gap. Temperatures at succeed-i ng posi- l ions w i l l  

be Ilower, as wil.l temperatures o f  o the r  rods tha'i have lower r a d i a l  power 

peaking f a c t o r s .  We consider t h e  above condi t ions  -Lo be f e a s i b l e .  &ti-- 

rnates of maxirnwi: f u e l  temperatures are sub jec t  t o  considerable i naccura- 

c l e s ,  however, becEuse hea t  t r a n s f e r  ac ross  the fue l -c ladding  in t z rysce  

i-s a func t ion  o f  cany v a r i a b l e s .  Contact between t i n y -  p ro j ec t ions  r::ay 

redu-ce thermal r e s i s t a n c e  a t  t h e  i n t e r f a c e ,  and dimensional v a r i a t i o n s  

frorr, f a b r j  cakion to.Lerances precl.Ij.de accura te  ca i cu la t ions  . 
From t h e  avai l -able  da ta ,  Atomics I n t e r n a t i o n a l  concludes t h e t  f i s s lon -  

gas r e l e a s e  frorn t h e  most h ighly  r a t e d  element will. be about 0 . 3 l f  and 

c a l c u l a t e s  thaL i n t e r n a l  pressure  w i l l  no t  exceed about 300 p s i  with a 

f i ss ion-gas  plenim 0.6C i n .  J..ong. We concur w i t h  t h e s e  d a t a  if f u e l  

swelling d.oe& no t  exceed 2% p e r  10,000-Mwd/T exposure. 

The AI-Ce: f u e l  e lexent  I s  designed on t h e  b a s i s  of 2$ fuel. swel l ing  

p e r  lo4 Mwd/!C, from which it i s  concluded t h a t  t h e  cladding s t r a i n  woul.d 

be 0.5% e t  2 maximum f'uel exposure of 24,000 Mwd/T. 

5.1-1 indica-Le t h a t  3$ s w e l l k g  i s  a d i - s t i n c t  possi .bi . l i ty.  

O.0135-i 11. diarnetiaal clearance,  an i s o t r o p i c  37 volume i i icrease woi2.d ex- 

ceed t h e  expected l i m i t  o f  0.5% strain foi- SAP cla.dding a t  regl-ons where 

1 oca1 burnup reaches ahoiit 16,030 MwdjT. 

t h e  29 v o l u i e t r i c  expansion per  l0,000-TvF~~d/T exposure i s  8 f e a s i b l e  valuz, 

a l a r g e r  r a t e  may be  appll.ica,ble. Addit ional  information on f u e l  swel l ing  

must be obtained before  successful. opera t ion  of t h e  IiWCCK at, t h e  proposed 

burnup can be predic ted .*  

'The da ta  of !'le. 
Based on - i ; k i ~ .  

Thus, although we agree t h a t  

*The re ference  f u e l  e lenent  descr i~bed i n  AI-CZ-Memo-25 (Ref.  2 3 )  i s  
similar t o  t h e  element considered above, bu~t  i-adial  cLearance between 
fuel and cladding i s  increased from 0.0025 t o  0.0035 i n .  and t h e  l eng th  
of t h e  fissrion gas pl -enum i s  i n c r  sed from 3.63 t o  l . 0  j~n .  This w i l l  
aceormodate g r e a t e r  swel l ing  and f i ss ion-gas  r e l e a s e .  Based on heat  
r a t i n g s  f o r  t h e  750-Mw(e) design, the  maximum f u e l  temperature w i l l  'oe 
increased by about 200°F above thz  AI-CE-Memo 4 design va.lue,' a condi- 
t i o n  we consider t o  be excessive.  A t  t he  I-ower hea-L rati .ngs a s soc ia t ed  
with 50O-b?d( e ) opera t ion  t h e  element described. i.n AI-CE-Memo-25 (Ref. 23 ) 
w i l l  have a maximum temperature of about 1900"F, which i s  much more con- 
s e r v a t i v e .  Tes t ing  w i l l  of coarse  be requi.red t o  es'Lati1ish performaxce 
i n  t h e  r a d i a t i o n  cnvi Torment. 
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I n  add i t ion  t o  t h e  above f a c t o r s ,  s eve ra l  o the r  pmblem areas .for 

t h e  A I - C E  fuel el.ement w?’ , . l l  r egu i r e  inves t igs. . t ion.  Data i n d i c a t e  t h a t  

hyperstoichiometr ic  TJC i s  more subjec t  t o  cracking than is IJC of lower 

carbon content  . 2 2  

chi.ppj.ng of cracked f u e l .  If p?irticl.es become tra.pped a t  the f uel-cladding 

i n t e r f a c e ,  t hese  could cause excessive l o c a l  s t r e s s e s  i n  3, l ow-duc t i l i t y  

ma te r i a l  l i k e  SAP. Also, the fuel- cla,dd-ing f i n s  wiJ.1. bear aga ins t  the 

i.nner w a l l  of t h e  SfIP p re s su re  tubes, and t h e  a c t i o n  of alu_triiriim aga ins t  

a,luniinum could l ead  t o  weadr o r  g a l l i n g  of  t h e  inner  surf’aee of t h e  pres-  

s u ~ e  tubes.  Such phenomena rriay d s o  infl.uonce the forces  requi red  t o  

remove fu.el elements from tiie r e a c t o r .  The performance of the f u e l  ele- 

ment i n  organic  coolant with respec-L t o  f u e l  tube bowj.ng and behavior 

a f t e r  c ladding fa i l  u.re 3.s a functrion of f a b r i c a t i o n  tolerance:; must d . s o  

be  determri.ned. 

T h e  e f f e c t s  of v i b r a t i o n  and. thermal cyc l ing  may ca..i~se 

Conclusions. ‘The TJC €uel. el-erfleiit appears t o  be properly d-esigned 

and sui-Le d f o r  HTt?OCR a p p l i c a t i o n  based on present; information and Teas i- 

bi.lit;y condi t ions .  It should be c2ipabl.e of opera t ing  at proposed. h e s t  

r a t i n g s  and tciapemtures . Available data a r e  no t  y e t  s u f f i c i e n t  Lo I : . s t i i ’ o -  

l i s h  fuel. element l i r e .  Achievermat of the  desired ’ownup w i l l  be c r i t i -  

c ~ ~ l ~ l y  dependent on tiie fuel swel.l.i.ng a t  opera t ing  condi t ions ; increases  

i n  r a d i a l  gap th ickness  t o  accoirunodate greater swelling w i l l  cause s i g -  

n i . f ican t  increases  :in m a t m i m  temperature.  The  s t r i c t  l i r r i i ta t ions on ga,p 

th ickness  imply r i g i d  c o n t r o l  of  dimensional. v a r i a t i o n s  of bo th  the UC 

fu.el  and t h e  i n s i d e  diameter c2-C th.5 SAP cladding.  Addit ional  irrad.!’..a.ti.on 

t e s t i n g  i s  a l s o  requi red  t o  demonstrate - tha t  r e a c t o r  o p e r a t k g  condi t ions 

dtc) not  l e a d  t o  o the r  d i f f i c u l t i e s  .f;ha.t w i l l .  1.jrni.t t h e  l i f e  of t h e  fuel. 

elements. 

5.2.2 B&W Nested Cylinders 

The R&W r eac to r  has five concentr ic  f u e l  tubes f a b r i c a t e d  of  cocx- 

t ruded Zircaloy-4-clad thorium-uranium metal. 

in.  - t h i ck  Zircaloy-4 cladding:; t h e  fuel thich-ess i s  0.100 in., and it 

c o n s i s t s  of thorium conta in ing  approximately 2$ enriched uranium. 

ou te r  diameters rmge from 4.800 t o  2.656 in .  

All f u e l  tubes  ham 0.025- 

Tube 

The coolant  channel 
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spacings,  x&ich range from 0.078 t o  0.137 i n . ,  are maintained by .i;liree 

s p i r a l  spacers (J./8 i.n. t h i c k )  a t tached  by welding t o  t h e  outer  f u e l  c lad-  

ding sur face ;  t h e s r  spacers  normally have bear ing sur faces  only a t  -the 

ends of t h e  f u e l  'Lubes. bke1 .  tubes  are welded i n t o  t h e  lower end pJ.ates 

and a r e  f r e e  t o  expand a x i a l l y .  'The f u e l  elements a r e  4 3  in .  long, and 

s i x  elements are sLacked ve:i.ti.cally wi th in  t h e  SAP process  -Lube. A cen- 

t r a l  moderator c a n  of Zircal-oy-2 supports  t h e  . w e i ~ h ' i .  of -the f u e l  el-ements, 

l;he1 elements spend one-Gixth of  t h e i r  l i f e  i n  each v e r t i c a l  pos i t ion .  

The i n l e t  coolan-t temperature i.s 560" F, and t h e  o u t l e t  - temperatwe i s  

750°F. I n  a l l  fu.el. channels, t he  ou te r  tube opera tes  a t  t h e  highest, tem- 

p-raturn m d  power level and achieves t h e  h ighes t  burnup. The average 

burnup i n  the fuel. j.s pro jec ted  a t  20,000 Mwd/T. 

Technique s Tor. f a 7 u r  i. c at, ion of' Z i r c  a l o  y - c I ad tub  e s of t hor ium- ur an i uin 
2 k  a.1.l.oy f u e l  have been developed for tubes 1.75 in .  OD by l a 0 5  in .  ID ,  

and 8-in.-long specirnena of such tubes a r e  bej-ng t e s t e d  a t  t h e  Pac i f i c  

Nor-thwzst Laboratory i n  high-pressure water-cooled loops. The fiuel. c lad-  

di.ng temperature i s  about L+OOoli', and t h e  nmxirnum fuel. temperature has 

var ied  between about 1080 a.nd. 860°F'. The f u e l  volume increase  has been 

detei-mined by dens i ty  measurements; a t  approximately 11,000 Mwd/T expo- 
2 5  sure,  i"i was about 1.5% f o r  t he  most highly r a t e d  specimen. 

iiah River Laboratory has t e s t e d  a 10- f t - long  tube,  2 .5  in .  OD and l.85 ine 

I D ,  i n  t he  HWCTR ' to an  exposure of 3600 Mwd/T. 

cJ_add.ing sur face  temperature and the  m a x i m u m  meisl t e i r ie ra ture  a t  t h e  

p o i n t  o f  maximum burnup were 482 snd 880°F, respec t ive ly .  

m e  increase  was about 0.8$ a-t, t h e  region of maxi.mum exposure and pro- 

diiced a 0.005-in.. ri-ncrease i n  t h e  outs ide  diameter and about a 0.001-in. 

decrease i n  t h e  in s ide  diameter. 26 

thorium-uranium a l l o y s  at Argonne National. Taboratory ind ica t e  swel l ing 

o f  approximately 2% p e ~  atom percznt  burnup a t  temperatures below about 

1000°F f o r  burnups up t o  4 at ,  % (approximately 40,000 Mwd/T) 

sile enrichment and s h o r t  exposure t i m e s  f o r  the l a t t e r  t e s t s ,  however, 

prevent d iyec t  app l i ca t ion  of t h e  d a t a  t o  -HWOC:R condi t ions.  

The Savan- 

The time-weighted average 

The fue l  vel- 

Capsu1.e i r r a d i a t i o n  t e s t s  27 of unclad 

High f is-  



Zircaloy-4 claddings have been found s u i t a b l e  f o r  operat ion i n  or- 

ganic-cooled r eac to r s  i f  s t r i c t  con t ro l  of coolant  composition i s  main- 

ta ined .  D a t a  on hydride absorpt ion a r e  discussed i n  Section 5.3. 

Areas o f  Concern. The metal-fueled r e a c t o r  represents  a signi i ' icant  

Nested-cylin- ex t rapola t ion  beyond present  tec lmolow,  as i s  recognized. 

der  f u e l  elements have been considered for seve ra l  r eac to r  systems; how- 

ever, tests of t h i s  type of fuel element have been l imi t ed  t o  s ing le ,  

r e l a t i v e l y  small-diameter tubes.  Problems of coolant floss cont ro l ,  ef- 

fects of v ib ra t ion  on fuel cyl inders ,  d i s t o r t i o n  as  a result of Eonurii- 

form temperatures, o r  f u e l  swel l ing can be s i g n i f i c a n t  with mult iple  

nested f u e l  elements. 

t he  f u e l  elements w i l l  operate  a s  proposed. 

Additional research i s  necessary t o  es - tab l i sh  t h a t  

Comparison of pro jec ted  HWOCE operat ing condi t ions wl th  a c t u a l  f u e l  

t e s t  condi t ions shows t h a t  t h e  progected f u e l  bu_rnup and the  cladding 

sur face  tempera-tures are higher than values  associated. with t e s t  condi - 
t i o n s ;  also, coolant  pressures  during t e s t  operat ions have been higher 

than proposed lYWOCR pressures .  However, t h e  proposed f u e l  assemblies 

have a favorable  gecrnetry because of t h e  r e l a t i v e l y  t h i n  (0.100-3.n. ) fuel 
th ic lmess  Thus, proposed maximum f u e l  temperatures a re  we l l  within t h e  

values e x i s t i n g  during t e s t s .  

change per  atom percent; burnup will cause less than 0.5% st>rain i n  t h e  

outer eladdling of t h e  smallest Riel element, and less than 0.25$ s t r a i n  

i n  t h e  l a r g e s t  fuel. tube.  

Also, f u e l  swel l ing based on 3% v01m-e 

The p rac t i ca l i t , y  of operat ing Zircaloy-4 c l ad  tubes i n  organic cool- 

Compatibil i ty probl-erns and. hydridirrg r a t e s  

Hy2rides i n  zirconium reduce Lhe du.ctili.ty, 

mt i s  y e t  -to be es tab l i shed .  

a r e  discussed i n  Section 5.3. 

but t h e  nagnitude of the e f f e c t  is a funct ion of m y  var iab les .  

include t h e  composition, o r i en ta t ion ,  axid f a b r i c a t i o n  h i s t o r y  of the a l l o y  

2nd t h e  stress condi t ions and temperature environment. Signiflicant fac  - 
t o r s  are the o r i e n t a t i o n  of t h e  hydride p l a t e l e t s  r e l a t i v e  t o  .the pr in -  

c i p a l  s t r e s s  and the r e l a t i o n  between p l a t e l e t  s i z e  and metal thic-kness" 

Thus permissible  hydride concentrat ions cannot be spec i f i ed  wi-t;h ce r -  

Lainty. Early work suggests a permissible limit of 250 ppm hydrogen. 

Tnese 

........................................ - - - -  ...................................... 
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Severe embrittlcinent has been det,ec-ted at s i g n i f i c a n t l y  lower concentra- 

t i ons ,  bu t  claddings with up t o  Le00 ppm hydrogen have been found i n  fuel 

elements t h a t  operated without f a i l u r e  t o  10,500 Mwd/T. 

Two a d d i t i o n a l  f a c t w s  complicate the problem of  predic-Ling permis- 

s i b l e  hydrogen concenLrations for t h e  clad.d.ing of  t h e  nes Led-cylimler 

fue l  element. '%ne ixxture developed i n  coextrii.ded tubing i s  such t h a t  

hydride p l aLe le t s  p r e c i p i t a t e  with maximum di.mensi-ons perpzndicu-lar t o  

t h e  s t r e s s  d l r e c t i o n 2  and w i l l  t he re fo re  have maximum de t r imen ta l  e f -  

fect. 

oped by s p e c i a l  f a b r i c a t i o n  procedures. 3 o  

element geometry ( t h i n  f u e l  l a y e r  and Large tube  diameters) i s  such t h a t  

fuel. swelling is expected t o  cause l i t t l e  cladding sti-afn, so l i t t l e  

d u c t i l i t y  may be required of t h i s  type of f u e l  element. 

The p o s s i b i l i t y  e x i s t s  tha'c more favorable t e x t u r e s  may be devel- 

On t h e  o the r  hand, t h e  f u e l  

Conclusions. 'The nested-cylinder f u e l  element appears t o  be we1.l ...- 
designed, and it should be operable a t  -the heat, ra-Lings and temperature 

l i m i t s  proposed, It rep resen t s  a reasonable ex t r apo la t ion  of present  

technology, but addi-ti-onal t e s t i n g  i s  requi red  -Lo demonstrate t h a t  pro- 

j ec t ed  l i f e  and burnwp can be achieved under r e a c t o r  ope r s t ing  condi- 

t i o n s .  It must be shown t h a t  f u e l  element d i s to r - t i ons  result ing from 

thermal g rzd ien t s  o r  f u e l  swelling do not aciverse1.y a f f e c t  opera t lon  of 

l a rge ,  el-osely spaced nes ted  tubes,  and a l s o  t h a t  -the many f a c t o r s  a f -  

fee ti.ng hydrogen pickup and hydride embrittlement can be con t ro l l ed  'LO 

insure  s a t i s f a c t o r y  l i f e  f o r  f u e l  elements of t h i s  geometry. 

5.2.3 B&FJ Pin-Cluster Fuel  Assembly 

'The pi.n-cluster f u e l  assernbl-y has 66 f u e l  p ins  (0.356 f-n. OD, 0.020- 

i n .  w a l l )  arranged around a hexagonal moderator can. The fuel  cladding 

i s  exkruded SAF 004 and has s i x  cooling f i n s  0.030 i n .  'ihikk and 0.065 

in .  high t h a t  s p i r a l  wi th  a 1L 1../2-in. p i t ch .  

t hc  SAP lower base pla-te and are bound as a bundle a round  t h e  c e n t r a l  

moderator can with c i r c u l a r  s t r a p s  of Zircaloy-2 t o  reduce v ib ra t ion  o f  

f u e l  rods. Six f u e l  assemblies a r e  stacked v e r t i c a l l y  i n  t h e  r eac to r ,  

and t h e i r  weight i s  c a r r i e d  by t h e  ce-ntral. moderator cans. 

Fuel. rods a r e  a t tached  t o  
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Tine f u e l  i s  Vipac (vibration-compacted) sol-gel. (Th-U) 0 2  of 889 

t h e o r e t i c a l  densi ty .  

t h e  top  of each fuel pin.  

A 1.81-in.-long f i s s ion -gas  plenum l is provided a t  

The performance of p e l l e t i z e d  UO2 f u e l s  i n  Zircaloy or s t a i n l e s s  

s t e e l  cladding i n  pressur ized  w a t e r  systems has been demonstrated a t  hea t  

r a t i n g s  and burnups which exceed those proposed far  the  DlOCR. Vibratory 

compaction is  a s a t i s f a c t o r y  method f o r  f a b r i c a t i n g  oxide f u e l s  i n t o  

s t a i n l e s s  s t e e l  o r  Zircaloy tubes, as has been demonstrated by research 

a t  se-vera1 Iahora tor ies .  3 1 - 3 4  Early fail-urres with such f u e l s  were t raced  

.to i q j u r i t i e s  and adsor'oed gases i n  t h e  f u e l  and have been l a r g e l y  avoided 

by inprovemeats i n  f a b r i c a t i o n  techniques There i s  considerable  experi- 

ence with .dater-cooled f u e l  elements t o  ind ica t e  t h a t  w'zter-logging o r  

f u e l  washout from defec t ive  o r  ra i led vibration-compacted file1 el-ements 

does not cause s u b s t a n t i a l  fuel. l o s ses .  Fuel has been t e s t e d  i n  t h e  

PRTR, and. U O 2 - P u O ~  a t  a hea-1; r a t i n g  of 15 kw/ft has achi.eved exposues 

of 10,000 IWd/T; t e s t s  a r e  being s t a r t e d  i n  the  Saxton Reactor using 

simi.la,r  fuels with hea t  r a t i n g s  and exposures equivalent  t o  those pro- 

posed Tor the  oxide-fueled NWOCR. '" 
The f e a s i b i l i t y  o f  operat ing UO;! fuel. e l emmts  with SAP cLaZlding has 

been dernonstrntetl up t o  12,000 M W ~ / T  i n  t h e  OMRE. O our f u e l  el-ements, 

eaeh 3 f t  i n  length  and containing 25 f u e l  rods loaded with p e l l e t s  of 

95$ t t i eo re t i ca l  densi ty ,  s e r e  operated a t  cladding temperatures up t o  

850" E'. 

bowlng, defoma-tton, o r  o the r  adverse e f f e c t s ,  Xeat ra-Lings were sigaifi- 

cai i t ly  lower (maxi.mum centr,d tempera1;ure of 2270" F) than proposed. f o r  

t he  3&M fuel. elements. 

No f a i l u r e  occurred and post i rvadia>t ion examination d isc losed  no 

35 

SAP-clad U02 p e l l e t  f u . e l s  have been t e s t e d  a t  heat  rIi.til?_gs i.n excess 

of those proposed. 

bu-mups of only 24-00 Mwd/T. 

thou.gh adequate diametral  c learance was provid-ed; some evidence of sur- 

face r eac t ion  1:x-Lween the  SAP snd t h e  TJOz was also foimd at shea-i;'rl tem- 

pera tures  i.n excess of 430°C. 3 6  

Some fai.lur.es have occurred i n  long tes t  rods zt; 

Evi-dence m s  foimd of  sheath s t ra in  even 

O R ?  experknee with ('Ill-U) 0 2  fuels has indicated.  t h a t  physical 

changes which de-velop du.ririg i r r a d i a t i o n  w i l l  occur a.t; heat  r a t i n g s  at 
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l ea s t  10s higher  than wi th  U 0 2  under similar condi t ions  - 
pacted (Th-U)02 rods have been operated t o  20,000 Mwd./T a t  hea-t r a t i n g s  

of up t o  26 kw/f-t wi ' i h  no evidence of swel l ing and wi th  less "Lhaii 30% 

f i s s ion -gss  r e l ease .  

Vibration-com- 

3 7  

Areas of Concern. The p r i n c i p a l  area of c o n c z n  i s  - b i z a t  the  fuel. 

element has no t  yet been t e s t e d  umder opera'kiizg condi t ions.  The coInbi- 

na t ion  of SAP cladding 2nd vibra t ion-coni~ac ted  f u e l  has no-t been t e s t e d  

under proposed condi ti.ons. Calculat ions i n d i c a t e  t h a t  tile f iss ion-Sas 

pressure  w i l l  no t  cause excessilve cladding stresses i f  f i s s ion -gas  re.. 

lease i s  no more than 1.5$, which appears t o  be a reasonable estimate. 

Pddi.tiona1 da ta  are needed t o  demonstrate t h a t  fuel. crackj-ng does not  

s t r a i n  t h e  SA.? cladding excessively.  It i s  a l so  poss ib le  t h a t  SAY cla.rl- 

ding cannot wiLhstand t h e  v i b r a t i o n a l  znergy requi red  t o  a t t a i n  t h e  file3 

dens i ty  proposed. 

Conclusions. The SAP-clad vi-bratioa-compacted element shows promise -.. 
f o r  HlJOCK application; however, addi'cional d a t a  and tes-Ling are requi red  

to shov t h a t  t h e  f u e l  element w i l l  opera te  s a t i s f a c t o r i l y  under t h e  pro- 

posed condit,ions. P a r t i e u l a r l y ,  experiments must be performed 'LO demon- 

s t r a t e  t h a t  t h e  e f f e c t  of burnup i n  SAP-clad vibra~tion-compacted f u e l  i s  

not  de t r imea ta l  t o  t h e  clkdding. Also, it must be shown experimental ly  

-khat SAF cladding I s  not  adversely a f f ec t ed  by t h e  v7.hratory compaction 

operat ion.  

5.3 Core Ma.teyial Comuatibi l i tv  Evaluation 

S a t i s f a c t o r y  performance of a reacbor depends oil t h e  a,'oili.Ly of the 

core  materials t o  r e t a i n  t h e i r  Lntegr i ty  over t h e  opera-Ling l i f e .  It i s  

the re fo re  e s s e n t i a l  t h a t  t h e  reactol- materia.ls be compatible with their  

environment. For t h i s  stud.y, a b r i e f  survey was made t o  def ine  the  com- 

p a t i b i l i t y  r e l a t i o n s  among t h e  coolant,, cladding, pressure  tube,  and f u e l  

m a - b e r i a l s  under condi t ions  normally t o  be encountered i n  operat ion.  Re- 

havior of  t h e  materia1.s under g r o s s l y  abnormal condit3ons, such as f a i l -  

ure OF pressure o r  ca l andr i a  tubes, 7.s no t  discussed here.  
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5.3.1 Coolant-Cladding Compatibility 

Compatibility between the coolant and the fuel-element cladding in 

its operating environment is of major importance. The maxiinum cladding 

temperature for all the reactors is specified as 85OoI", although a given 

fuel element will experience this maximum temperature only a fraction of 

its core residence time. Residence times of the fue l  elements axe about 

700 days for the AI-CE SAP-clad UC fuel, GOO days for the B&W metal fuel, 

and about 400 days for the B&W oxide fuel. 

Coolant-SAP Compatibility. SAP is the cladding material for the 

AI-CE fuel and for the B&W oxide fuel; -it is also proposed as the process 

tube material for both reactors. Considerable data from capsule tests 

and from reactor and loop experiments have established that aluminum clad- 

d-ings operate satisfactorily with organic coolants at temperatures up to 

which pyrolysis of the coolant becomes excessive. 1 3 J 3 5 9 3 8 - 4 0  

(Euratom organic-cooled reactor) investiga-tors have shown that corrosion 

effects are negligible (order of mg/dm2 per 2000 hr, where 1 mg/dm2 is 

equivalent to 1.5 X in. ) when water concentrations are less -than 

approximately 1000 ppm. Water vapor contents of several thousand ppm 

can cause severe intergranular attack, but such high wa.ter concentrations 

should not be encountered. 3 9  

ORGEL 

Coolant-Zircaloy Compatibility. Zircaloy-4 is proposed as cladding 

The performance of zirconium for the B&W thorium-uranium metal fuel. 

alloys in organic coolants has been under investigation in Canada since 

early 1961, and the basic compatibility of the materials has been estab- 

lished. Of concern is the  rate of hydrogen pickup by the zirconium and 

the effect of the absorbed. hydrides on the physical properties and life 

of the cladding. 

Available Canadian data on hydriding rates have been summarized by 

Sawatzky and others.13J41J42 

era1 variables, in particular the coolant composition arld the condition 

of the metal surface. Several important effects are listed below. 

Hydriding rates are quite sensiti-ve to sev- 

1. Hydriding is inhibited by a thin oxide film on the metal surface, 

such as that Tormed by air oxidation or steam autoclaving. It is most 
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e f f e c t i v e  i.f Pormed a-t temperatures near  coolant  opera t ing  tkmperatures.  

Finger p r i n t s  o r  sc ra tches  des t roy  t h e  e f€ec t iveness  of t h e  f i l m .  

2. Chlorides as a coolant  impuri-iy have a marked de t r imenta l  e f f ec - t  

and increase  t h e  hydriding r a t e .  

3. Water vapor in t h e  coolant  a t  l e v e l s  of approxiinate3.y GO t o  200 

ppm appears t o  reduce t h e  hydridj-ng r a t e ,  p a r t i c u l a r l y  i f  excessive chlo- 

r i d e  i s  present  i n  t h e  coolant.  

4. The hydriding ra te  seems t o  be enhanced by neutron i r rad- ia t ion .  " 

aased on scaqty da ta ,  tbe enhancement f a c t o r  appea.rs t o  be under a value 

of 2 f o r  a thermal-neutron flux of 4 X 1Ol3 neutrons/cm2.sec. 

5. Eased on a 5000-hi- t e s t ,  hydrri.d.ing r a t e s  of Zircaloy-4 i n  or -  

ganic coolant  ai; about 716°F are only s l i g h t l y  g r e a t e r  than  those  obtai-ned 

wi.th w a t e r  coolant  a t  680°F. The data, suggest a hydriding ra te  of a,bout 

5 x loW3 pg/cm2.hr i n  organic cool.a.nt a t  716°F; a t  608°F t h e  r a t e  i s  r e -  

duced to about o r ~ e - t e n t h ~ '  of t h e  above value.  Within the  s c a t t e r  band, 

presumably caused by v a r i a t i o n s  i n  cool-ant pu r i ty ,  t he  hydrogen pickup 

by Zircaloy-4. i s  approximately l i n e a r  wiLh exposure t i m e .  

6. 

Zircaloy-A, which a r e  about one-ha1.f those  f o r  Zircaloy-2.  

Ifyd.-r.iding raLes o f  Zr-2.5$ Nib are about one-feu-rth those  f o r  
41 

Tne p o s s i b i l i t y  of using fills as hydride s i n k s  t o  which absorbed hy- 

drogen w i l l  d - i t fuse  because of t h e i r  lower opera t ing  temperature i s  a l s o  

suggested. by t h e  Canadkn data .  l3  4 2  

wire wrap ranged up t o  9000 ppm with ad jacent  Zircaloy-2 cladd.ing hydro- 

gen contents  i n  t h e  range o f  200 to 550 ppm. 

mdrogen contents  of Zircaloy-2 

Canadian inves t iga to r s  conclude t h a t  zirconium a l l o y s  show d e r i n i t e  

promise f o r  use as cladding or hot  process  tubes i n  organic-cooled sys- 

tems but  that, f u r t h e r  research  is  necessary t o  def ine  ope ra t iona l  l i m i t s  

t h a t  w i l l  assure  s a t i s f a c t o r y  l i f e  of r e a c t o r  components. 4? 

5.3.2 Coolant-Fuel ComDatibilitv 

T t  i s  t o  be expected t h a t  an occasional  fue l  element fa i lure  wi.11 

occus i n  t h e  operatj-ng r eac to r .  The e f f e c t s  of such f a i l u r e s  will be 

less ser-ious with r e spec t  t o  r e a c t o r  opera t ion  i.f good compatri.bi.l.ity ex- 

i~sts  between t h e  fuel and t h e  cool-ant. If signifj.ca:nt r eac t ions  OCCUIC, 



entrance of coolant through tiny cladding flaws can cause cladding defor- 

mations that will rapidly increase the size of the hole. Similarly, if 

reactions are negligible, longer operation of failed fuel elements can 

be permitted before it is necessary to discharge them. 

Coolant-UC Compatibility. The stability of UC lin orgraics has been 

demonstrated in experiments investigating reactions of unclad uranium 

metal with organics. 3 8  

to slight surface attack (<3 %/em2 per month, <6 x lo-* mils per month) 

f o r  4500-hr tests. 

overpressure. The threshold hydrogen pressure for the metal-organic re- 

action is temperature dependent; it is near 1 atm at 572°F and about 15 

atm at 752°F. UC forms as the reaction product at high hydrogen pres- 

sures. The data obtained suggest that UH3 fo-rms by reaction of U wlth 

the E2 and that the UH3 then reacts with the organic to form TJC. Thus, 

stability of UC in the organic coolant seems assured and reaction between 

UC and coolant will be negligible. 

In these tests, reactions at 750°F were limited 

Much more rapid corrosion can occur with hydrogen 

Coolant-ThO2-UO2 Compatibility. No data were found on the corrpat- 
ibility belween orga,nie coolants and (Tn-U)02 fuels .  L i t t l e  react ion is 

expected, since neither Tho2 nor U02 is reduced by organic decomposition 

products. The excellent compatibility of U02 fuel with organic coolant 

is indicated by results of experiments described by Parkins of Atomics 

International. r'3 

tested by temperature cycling to force coolant through the defected SAP. 

No evidence of chemical reaction was found. A three-week test in a re- 
actor caused the release of some gaseous fission products, but no fuel 

particles escaped into the coolant. Thus, no compatibility problems ap- 

pear evident between coolant and oxide fuels. 

In these tests, defected SAP-clad U02 elements vere 

Coolant-Thorium Metal Comatibilitv. Limited data are available 

which indicate that thorium metal has good compatibility with organic 

coolants. lt0 Ibwever, some reactions can occur from oxide or chloride 

impurities, and significant hydrogen overpressures can lead to hydriding. 

Static tests ga-Je weight changes equivalent to less than 1 mil of metal 

consumed per month at 300°F and appreciably less corrosion than that at 

800" F. Comparative data indi.cate thorium to be slightly less resistant 
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t o  a i i a c k  than  uranium m e t , a l ,  f o r  which t h e r e  

ind ica t e  exce l l en t  compat ib i l i ty  with organic 

defec ted  a 1  uinjniun-clad uranium s lugs  (1/16-in. 

are considerable  da t a  t o  

cooJ.ants. Experiments with 

hole through t h e  cladding)  

showed no a t t a c k  u n t i l  s i g n i f i c a n t  hydrogen pressnres  were developed. 

E ~ r k i n s ~ ~  descr ibed a fail.ili-e of a U-3 .5$  Mo f u e l  element in t h e  OMRE i n  

which coolant  f low r e s t r i c t i o n  led t o  overheat ing and subsequent mel t ing 

of some of the f u e l  elements. Examination d isc losed  no forinatj-on of UC, 

and the re  w a s  no evidence of chemical r eac t ion  between the organic cool- 

ant, and the  melted uranium m e t a l .  O n l y  v o l a t i l e  f iss l .on produc-Ls were 

de tec ted  i n  the  coolant .  

Compatibi l i ty  of Cool-ant with Claclding Fa i lures .  Occurrence of a 

cladrling f a i l u r e  permrits coolant  t o  e n t e r  a region of e s s e n t i a l l y  zero 

coolant  flow. Decomposition of t h e  s tagnant  organic coolant  witthin t h e  

defect, and i n  any adjacent  c learance space y i e l d s  a porous m a s s  t h a t  can 

be penetrated by add i t iona l  coolant ,  Con-tinua’ci.cn of t h e  process  can 

y i e l d  a s3ow1.y growing s o l i d i f i e d  m a s s  ’ilia-t l eads  t o  interTerence with 

coolant  flow. This growth process  should not  occur with m e t a l l i c  f u e l  

elemenks that have bonded claddings how eve^, wi.th t h e  nonboncled f u e l  

pins ,  coolant  leakage i.ntc t h e  element combined w . i t h  thermal and r ad i -  

a t i o n  damage t o  t h e  s tagnant  coo1.an-t should be avoided, If p in  cladding 

de fec t s  occur dui-ing operat ion,  t h e  de fec t ive  f u e l  elements should be r e -  

caved Tram t i le r eac to r  immediately. 

L i ’ L h  defec t i - f s  elements car be t o l e r a t e d .  Experimerits with deFeciive 

elements i n  organic-cool.ed 1-00~s 1dj.j.l be required t o  zvalua’ce th? magni - 
tude of‘ this problem. 

I_____ I 

In watcr.-c3ctl pCI r e a c t o r s  o p e r a t i o n  

5.3.3 Claddin.<-Fuel ComDatibilitv 

it, is necessary f o r  s a t i s f a c t o r y  fuel. elemen-L opera t ion  t h a t  reac-  

t i o n s  between cladding and f u e l  no t  des t roy  cladding i n t e g r i t y  during 

the l i f e  of t he  f u e l  elemeni;. Chemical r e a c t i v i t t e s  of t h e  cladding- 

f u e l  combinations a r e  considered i n  the  fol lowing sec t ions .  Mechanical 

e f f e c t s  were considered i-u Section 5.2. 

SAP-UC. Data on compat ib i l i ty  between UC and SAP i n d i c a t e  t h a t  t h i s  --__ 
combination i s  more reaxti-ve than  U 0 2  and ahminuill. Ear ly  work by ORP-L 



es t ab l i shed  t h a t  i n  powder compacts, UC reac ted  wiYn aluminum i n  7-0 hr  

a t  a temperature of 1148°F and t h a t  UC2 was  much l .ess  r e a c t i v e  than  UC. '+' 

Danish inves t iga to r s4 '  found s l i g h t  r eac t ion  between UC and SAP i n  7300 h r  

a t  842°F and marked r eac t ion  €or t h e  same t i m e  a t  977°F. 

t h e  r eac t ion  could be prevented by anodizing t h e  SAP p r i o r  t o  t h e  t e s t ;  

wi th  anodized specimens there  w a s  no r eac t ion  a f t e r  9200 hr  a t  1.11.2"F. 

Atomics I n t e r m t i - o n a l  found no r e a c t i o n  a f t e r  12,000 h r  a t  850°F and only 

s l i g h t  r eac t ion  a f t e r  12,000 hr  a t  950°F. 2 3  

They found t h a t  

I r r a d i a t i o n  t es t  r e s u l t s  from t h e  X - 7 2 1  loop experiments showed lit- 

t l e  o r  no r eac t ion  between SAP and UC operated f o r  3500 h r  at a 740 t o  
I8 840" F cladding temperature.  

The f u e l  ma te r i a l  i s  spec i f i ed  t o  be hy-perstoichiometric uranium 

carbide.  It is  d e s i r a b l e  t h a t  t n e  carbon content  of t h e  f u e l  not; drop 

below the  s to ich iometr ic  composition i n  order  t o  avoid formation of ura- 

nium m 3 t a l  a t  t h e  graln boundaries of t h e  IJC. Elemental uranium d i f f u s e s  

r a p i d l y  i n t o  aluminum a t  temperatures above approximately 572"F, and clad-  

i ng  pene t r a t ion  l eads  t o  r ap id  f a i l u r e  i n  oxid iz ing  coolants .  Al-though 

no r eac t ion  would occur between uranium and t h e  organic coolant ,  t h e  de- 

f e c t i v e  element might l e a d  t o  opera t ing  problems, as discussed above i n  

Section 5.3.2. 

On t h e  bas i s  o f  -tile compat ib i l i ty  data, it appears t h a t  SAP and 

hyperstoichiome-tric UC will be s u i t a b l e  f o r  use in t he  HFJGCR envirmment.  

Since the oxi-de sur face  on a.l.umtnm h h i b i t s  t h e  r eac t ion  between UC and 

SAP, p o t e n t i a l  des t ruc t ion  of t h e  oxide f i lm  u n d e r  dynamic condi-Lions o f  

HNOCR operati-on must be considered. I r r a d i a t i o n  t e s t s  oP prototype f u e l  

rods w i l l  be required. t o  de:nonstra.te t h a t  fuel chipping and a.?srasion do 

not  acce le ra t e  r eac t ions  and l i m j t  f u e l  element l i f e .  

SAP-Th02. The proposed BBW oxide f u e l  c o n s i s t s  of vibration-com- 

pacted (Th-U)02 f u e l  i n  SAP cladding. No d a t a  on compat ib i l i ty  between 

SAP o r  aluminum and Tho2 have been found, bu t  thermodynamic consider- 

a t i o n s  suggest t h a t  t h e  chemical r e a c t i v i t y  w i l l  be l e s s  than wi-th UO2. 

A s tudy  a t  ORNL of pressed compacts of U02 and aluminum powder (-100 

4-325 mesh) showed extensive r eac t ion  a t  1112°F and some reac t ion  a t  

932"F.46 The r eac t ion  i s  favored by in t imate  contac t  and very f i n e  
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part-iLc-le s i z e  of t h e  UO2,  and t h e  data stigges-t kha t  t h e  formation of r e -  

zc t ion  produc i;s inhibri t s  t h e  reacbion. 

An inves t iga t ion  a t  ,Cl-i;omics h t e m a t i o n a l  w i L h  p e l l e t s  of UO;! placed 

be-Lween SAP and aluminum pel..lets showed no r eac t ion  i.n 5000 h r  at 1000” F. 

Danish i n v r s t i e a t o r s  found no reac-Lion. between U02 and SAF i n  .1.4,300 hr 

a t  850°F o r  i n  8500 hi- at 977°F. 

at l100”F but marked r eac t ion  a f t e r  8000 h-r. 

They found no r eac t ion  a f te r  1000 h r  

These da ta .  may be compared with -iiiose from experiments with U02 and 

zirconium i n  which urani.um penetrated about 3 mi1.s i n t o  zirconium clad- 

ding i n  9500 hr a t  1100°F. With Zr-UOz,  r eac t ion  r a t e s  were extremely 

s l o i . ~  a t  750 aiid 350°F. ‘‘ I n  a more recent, study of "the Zr-UOz system, 

i- t  w a s  concluded -ihat t h e  combination would be li.mit-i,ed t o  1230°F f o r  a 

two-year li-f’e. 

1i:radiation t e s t s  on UO;! with SAP o r  aluminum cladding have been 

rnade by seve ra l  i nves t iga to r s .  Atomics In-ieraa-t;-ional. oistained s a t i s f a c -  

t o r y  performance a t  exposures up to I . ~ , O O O  MW~/T of uranium i n  f u e l  e2.e.- 

ineiits t e s t e d  i n  OMRE w i t h .  peak cladding surface temperatures o f  850”F.18 

Canadian inves t iga to r s  s tudied SAP-clad. UO;! f u e l s  and found some r e x -  

t i o n s  a t  terr1pera”cures above 806” F. 

burnup w a s  reported f o r  elements operat,i-ng a t  a maximum sheaLii tempera- 

t u r e  of 932OF, and SAP-cl.ad. TJO2 f u e l  i s  spec i f i ed  as t h e  in i t r i a l  f u e l  

TOY tile biR-1. organic-cooled reac tor .  

Satisfac-Lory performance t o  low 

Zircaloy-4-Tliorj.um Metal. Limited da ta  a r e  avai1abl.e on t h e  com- 

p a t i b i l i t y  of t h e  Zircal~oy-1, cladding and thorium metal. f u e l  tubes speci-  

f i e d  f o r  the ERW nested-cylinder concept. The zi-rconium cladding i s  

metal . lurgically bonded .Lo the t1iori.u.m metal, and some me L a 1  d i f fus ion  

occurs. Shor L’cirne heat t r e a t i n g  experimen”is a t  Ha.nford2 indicated t h e  

liia.jor port ion of the bond -Lo be 70.6 w t  % zirconium. Bond -t;hicknesses 

as a funct ion ol” heat  treatment,  based on Hanford and Olii\TL d a t a , 4 8  a,re 

i-ndicated i n  Table 5.4.. 
Valid extrapolat ions t o  -the much 3-onger times and lower zempei-aturec 

of i n - t e re s t  foi- t h e  B&W reac-Lor cannot be made f o r  ‘ihese d . a t a .  However, 

i.t seems l i k e l y  that  sati-sfactory performance w i l l  be obtained, pa r t i cu -  

l a r l y  i n  view of t h e  l o w  r e a c t i v i t y  betwcen t h e  Lhoriim metal and the 
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Table 5.4. Bond Thickness Between Zircaloy-4 
and Thorium Metal ns a Function of 

Heat-Treating Temperature 

Diffusion Zone Thickness (mils) 
for Indicated Heat Treatment Tine 

Treat ing 
Temperature 

1./2 hr 1 hr 3 hr  4 hr  
( O bl) 

1.652 2.0 
14'72 (3.6 1 . 0  1 . 6  
1.382 0.6 1.1 
1292 0.15 0.2" 
1202 ('d 
1112 (4  
a 

D a t a  from Ref. 48 .  

L r r e g d a r  d i f fus ton  3.aye-r. 

No apparent d i f fus ion .  

b 

C 

coolant.  However, add i t iona l  da t a  on the performance of such f u e l  ele- 

ments a r e  required. -to e s t a b l i s h  t h a t  s i g n i f i c a n t  changes i n  volunle o r  

eladding d u c t i l i t y  do not  develop. Data from recent  Hanford i r r a d i a t i o n  

k s t s  may 'oe enl ightening when they  become ava i lab le ,  bu t  t he  ~rax..irrrmn 

operat ing temperatures are about 180°F l e s s  than proposed for t h e  .B&W r e -  

ac tor .  

5.3.4 Conclusions 

It appears that  t h e  only coolant  compat ib i l i ty  problem f o r  these  

r eac to r  systems i s  t h a t  of hydriding of t h e  Zircaloy-4 eladding i n  t h e  

r e a c t o r  with thorium-uranium metal f u e l .  

Zircaloy-4 appears f e a s i b l e ;  however, add i t iona l  development work i s  nec- 

essary. Although reac t ions  cain oec1ur between t h e  vazious f u e l  and clad-  

ding components it; does not appear t h a t  such r eac t ions  w i l l  proceed t o  

t h e  polint where ser ious  cladding f a i l u r e s  r e s u l t .  If cladding f a i l u r e s  

occur i n  t h e  -unbonded ( p i n  type)  f u e l  elements, t h e  defec t ive  elements 

should be removed from t h e  reac tor .  Additional t e s t  da ta  under r eac to r  

operat ing condi t ions w i l l ,  of course, be required t o  v e r i f y  t h i s  evalu- 

a t i o n  of present  information. 

Even f o r  t h a t  core, use of 
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5.4  Core Desi-gn C r i t e r i a  Evaluation 

'The a b i l i t y  t o  b u i l d  and operate  t h e  r e a c t o r  as proposed w i l l  de- 

pend l a r g e l y  on the ex ten t  t o  which t h e  r eac to r  opera t ing  condi t ions do 

not  lezd t o  f a i l u r e  of t h e  materials used. O f  p a r t i c u l a r  concern. a r e  

t h e  mechanical p rope r t i e s  of  SAP, s ince  SAP 1.s a r e l a t i v e l y  new ma te r i a l  

f o r  which spec i f i ca t ions  and design sti-psses have not  j e t  been developed. 

5.4- . I  Mechanical Proper t ies  of SAP .._._I- 

T'he tcriti SAP i s  a general  designat ion f o r  al-loys of aluminum metel 

and. aluminurn oxide i n  which thz  oxi-de content ranges between about 6 and 

149, 

d u c t i l i t y  decreases .  

i n v e s t i S a t o r ~ , ' ~ J  4 5 J  49-51 and rniich of t h e  information has been compiled 

i n t o  a d r a f t  of a SAP Mater ia l s  iiandbook ed i ted  by 

SrW has good nuclear  p rope r t i e s  and good mechaiiical s t r eng th  a t  high 

The s t r eng th  of t h 2  a l l o y  increases  w i t h  oxide content whi1.e t h e  

Mechanical p rope r t i e s  have been repor ted  by many 

temperatures.  I ts  l l m i t a t i o n s  a r e  th3.t; (1) s - t a - i i s t i c a l  u n c e r t a i n t k s  i n  

SAP proper ty  da t a  a r e  considerable ,  

p e r a t i r e s  and low s t r a i n  rates,  par t icu l -a r ly  under creep condi t ions,  and 

(3) it i s  an an i so t rop ic  mater ia l ,  wi th  s t r eng th  and d u c t i l i t y  i n  the 

t ransverse  o r  c i r c u t ~ e r e n t i a l  dii-ection of tubes being s i g n i f i c a n t l y  l e s s  

(about 30% l e s s  for s t r e s s - rup tu re  d a t a )  than  i n  t h e  axi-al. d i r ec t ion .  

Ekrthermore, results of a few notched-speci-men s t r e s s - rup tu re  t es t s  in -  

d t c a t e  t h a t  notches se r ious ly  reduce rupture  s t r eng th .  

( 2 )  it has low d u c t i l i t y  a t  high t e r n -  

The use of  SAP i n  organic-cooled r e a c t o r s  3.s being c u r r e n t l y  inves- 

t iga- ted by research  a t  OKPJL and AI. A pr incipal .  ob jec t ive  a t  03NX i s  t o  

inves t iga t e  and develop technology t o  produice ma te r i a l  wlith cons i s t en t  

p roper t ies  a Data have ind ica ted  t h r e e  rnai.n reasons f o r  repor ted  s c a t t e r  

i n  property data .  F i r s t ,  d i f f e rences  i n  f a b r i c a t i o n  techniques can a f f e c t  

proper-Lies, and i n  the p a s t  sixppliers have improved t h e i r  processes  with- 

out changing f i n a l  psoduct designat ion.  Second, SAF prope r i i e s  are par- 

t i c u l a r l y  s e n s i t i v e  t o  va r i ab le s  i n  tes t i -ng techniques.  Both high-tem- 

p e r a t m e  s t r eng th  and elongat ion are affected.  by s t r a i n  rate.  Inconstant  

t e s t  temperature and mechanj-ea1 alignment du r ins  t e s t i n g  a r e  a l s o  more 
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critical with SAP than with usual engineering material. Finally, unrec- 

ognized flaws in the test naterial can cause significant variations in 

rrieasured properties. Surface scratches and oxide stringers or inclusions 

can increase stress at Local regions. 

significant in comparing mechanical property d.a-ta obtained on the same 

material fabricated in different shapes. 

Anisotropy effects may also be 

It is probable that strict attention to fabrication and test vari- 

ables will reduce the variations in property data for SAP. 

Ductility of SAP. The l o w  ductility of SAP at low strain rates is 

a serious limitation. 

an important func-tion of strain rate, but strain rates in the range of 

1% per hour or less are sufficient to limit total elongation to 1% or 

less. 

the ductility of SAP, and it is probable that SAP components in the HWOCR 

must be designed on the basis of a maximum of about 0.5% creep strain. 

Work at ORNL has shown that fracture ductility is 

Die ORPE SAP development program is not directed toward improving 

It should be pointed out that the low ductility and notch sensitivity 

of SAP are not indications of brittleness. SAP actually fractures in a 

ductile manner. However, because the metal has low capacity for work 

hardening at high temperatures, most of the deformation i.s confined to 

the local area of initial yielding, S O  low values of elongation are ob- 

tained. Because of its greater duct;i l i- ty at b i g h e r  s t r a i n  rates, SAP 

would exhibit greater deformation under transient conditions than in 

steady-state creep. The effects of transient stresses on material ex- 

posed to long-time creep must be determined before the effect of low duc- 

tility on performance of SAP components in organic-cooled reactors can 

be evalua-Led. 

Stren&n of SAP. AI-CE design stresses for SAP pressure tubes were 

taken from plots based on the Larson-TvTiller correlation of stress-rupture 

data; values of 61.00 psi a-t %he 595°F inlet temperature and 4500 psi at 

the 750" F outlet temperature were d.erived. However, the krson-Miller 

correlation has been shown to have serious limitations.53 

of available hoop stress-rupture data based on tests of 100 hr or more 

is shown in Fig. 5.12. &cause so few data were available, they were 

supplemented by values of 70s of the  axial stress-rupture data obtained 

in long-time tests. 

A simple plot 

%sed on the ASTM code criterion of either 60% of 
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Fig .  5.12. Deslgn S t r e s s  for SAP 895; 'Transverse Rupture S t rength .  

t h e  average values  o r  80% of t h e  minimum values and t h e  s t r e s s - r u p t u r e  

da t a  given i n  Fig;. 5.12, t h e  AI-CE design s t r eng th  values  appear to be 

reasonable.  

The ASME Code f o r  Unfired Pressure Vessels (Sect ion 5 )  s p e c i f i e s  t h a t  

the design stresses should no'c exceed one-fourth o f  the t e n s i l e  s'irength 

a t  t h e  operaLing temperatures,  Values of one-fow-Lh t h e  t e n s i l e  s t r e n g t h  

from longi-tudinal and t ransverse  d i r e c t i o n s  oP extruded bars ,  as repor ted  

by Boxall and Fle~~~i . i lg ,  '' a r e  axso p l o t t e d  on Fig. 5.12. These values  a r e  

s i g n i f i c a n t l y  below the design s t r e s s  determined from s t r e s s - r u p t u r e  da t a  

and. suggest l i m i t i n g  design values of about 4900 psi. a t  595°F and 3500 psi. 

a t  750°F i f  one.-.€oiirth of  Yne t e n s i l e  s t r e n g t h  i s  t o  be t h e  c r i t e r i o n .  

The ASW nuclear  code (Sec t ion  3) s p e c i f i e s  design s t r e s s e s  of oiic- 

t h i r d  the  t e n s i l e  strengi;h, bu t  t h i s  app l i e s  t o  f e r rous  mater ia l s .  Simi- 

l a r  code s p e c i f i c a t i o n s  have been w r i t t e n  f o r  i s o l a t e d  nonferrous m a t e -  

rials, bu t  t hese  have phys ica l  p rope r t i e s  much d i f f e r e n t  than  those of 

SAP. To da t e  t h e r e  are no ASME nuclear  code design c r i t e r i a  f o r  t h e  use 

of SAP mater ia l s ,  s ince  t h e r e  i s  i n s u f f i c i e n t  information and expcrience.  

We do not  h o w  w h a t  design c r i t e r i a  should apply r e l a t i v e  t o  use of 

SAP. ?"nose spec i f i ed  by AI-CE may indeed. be s a t i s f a c t o r y  aiid a r e  con- 

s idered  t o  be f e a s i b l e .  For pressu-re tubes,  c r eep - s t r e s s  da t a  a r e  most 

important;  t h e  a d d i t i o n a l  r e s t r i c t i o n  imposed by l i m i t i n g  stresses t o  
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one-fourth the tensile strength at the operating temperature may not be 

justified for materials with the low creep rate of SAP. 

the limited experience with SAP d.oes not appear to justify any relaxation 
of established criteria. Much additional material and component testing 

is required before design criteria can be satisfactorily established. 

On the other hand, 

5.4.2 Kadiation Effects on SAP 

I 

Effects of neutron irradiation on the strength and tensile ductility 

of SAP alloys were investigated to a limited extent by Danish workers.45 

Test specimens exposed to an integrated neutron flux of 4.5 x lo2' 
neutrons/cm2 (E > 2.9 Mev) shoved reduced ductility and increased strength 

when irradiated at 104-"F and tested at room temperature. Specimens simi- 

larly tested after irradiation at 527°F showed no effects from irradia- 

tion. Apparently irradiation damage effects are annealed at 527'F, but 

additional information at higher exposure and temperatures is needed. 

5.4.3 SAP Process Tube Design 

The maximum AI-(32 process tube stresses are the hoop stress of 6020 

psi at the 595°F inlet temperature and the 3890-psi axial stress a,t the 

750°F outlet temperature. These stresses are within the design specifi- 

cations determined by the stress-rupture criterion or by values based on 

one-third the ultimate strength, but they are above those determined by 

one-fouth the tensile strength. 

The B&W reactor has 5.0-in. -ID 0.093-in. -wall process tubes. Hoop 

stresses at the 560°F inlet temperature are about 8170 psi and 7700 psi 

for the nested-cylinder and pin-cluster designs, respectively. The 

stresses at the 750°F outlet coolant temperature are correspondingly about 

3580 and 3500 psi. The stresses at the i n l e t  end are too high, and it 

appears that -the process tube thickness will have to be increased by about 

25% to reduce stresses to values consistent with AI-CE values. 

5.4.4 SAP Fuel-Cladding Design 

SAP cladding is used for the AI-CE fuel and for the BScW vi'oration- 

compacted-oxide pin-cluster fuel element. The AI -CE fue l  cladding is 
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subjectei! t o  f l u i d  pressure  and hydraul ic  fo rces  arid t h e  weight of t h e  

f u e l  elements above it. An ana lys i s  of  t h e  s t r e s s e s  developed agrees  

e s s e n t i a l l y  wi th  t h a t  of t he  proponents, and i-’i i s  concluded t h a t  t h e  

s t r eng th  of SAP i s  adequate for t h i s  appl icahion-  

SAF cladding for t h e  R&W reactor  f u e l  does not  support, t h e  f‘del 

weight. Sti*csses a r e  thus  de-termhed by coolaii’i or fi .ssion-gas pressure. 

The s t r eng th  of SAP appears t o  be adequate i n  t h i s  applicati-on. The 

f e a s i b i l i t y  of using v ib ra to ry  compaction with t h e  b r j - t t l e  SAP sheaths  

has been demonstrated f o r  4- f t - long  elemen’is; however, longer  elements 

have f a i l e d  durin.2 loading. 

5.4.5 Zircaloy Calandkia Tube Design 

Zircaloy ca l andr i a  tubes arc used i.n t,hese r e a c t o r  concepts. Ordi- 

n a r i l y  these  tubes  a r e  subjec ted  t o  s l i g h t  loads from t h e  s t a t i c  head of 

t h e  moderator, ’out axial s t r e s s e s  from weigh’c loads and thermal s t r e s s e s  

are a l s o  involved. Calculat ions c i t e d  by AI-CE f o r  a s i m i l a r  reac-Lor 

suggest ‘ihat s t r e s s e s  w i l l  be we1.1. wi th in  t h e  design l i m i t  07 13,000 psi 

Cor Zircaloy-2.  

Zircaloy pressure  tubes are used i n  t h e  NPD, CVTR, and C N D U  reac-  

t o r s ,  and successfu l  performance has been es- tabl ished i n  pressurized-water  

r eac to r s .  

570” F and the  CVTR tubes on 18,000 p s i  a t  250°F. 5 4  

‘The CANDU tubes a r e  based on a design stress of 15,900 p s i  a t  

iiupture of a process  tube would al low ’ihe ho’t coolant  t o  contac t  t h e  

ca l andr i a  t u b e  an.d subjec t  it t o  t h e  coolant  pressure  and. -to a d d i t i o n a l  

-‘ilier~nal. s t r e s s e s .  Calculati-ons ind ica t e  t h a t  if coolant  f low through a 

f a i l e d  process tube i s  s u f f i c i e n t  t o  maintain t h e  initial- Lemperature 

d i f f e r e n t i a l  across  tile ca1andrj.a tube w a l l ,  the  the-mal  s t r e s s  will be 

approximately 13,000 p s i  and t h e  hoop stress will be an ad.dit ional 5000 

p s i .  

c i e n t  violence t o  cause f a i l u r e  of t h e  %l.rcaSoy ca landr i a  tube appears 

remote. 

The p o s s i b i l i t y  t h a t  a SAP pj-.essul-e tube might ruptui-e wi th  suf f i -  

5.4.6 Zircaloy Process Tubes 

The feasi .bil . i ty of, using Zirca.Soy process tubes i n  oqpnic-cooled  

r e a c t o r s  i s  being considered i n  Canada , 6 J  lt9 J a.nd some Zircaloy-4 
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process tubes are to be used in the TdR-I. reactor. Of principal concern 

are the hydrogen-absorption rate and the effect of hydrogen on the duc- 

tility of the metal.. 'These factors were discussed with respect tc the 

Zircaloy-clad thorium-metal fuel tubes in Sections 5.3.1 and 5.2.2. 

In Canadian experiments Zircaloy-4 process tubes were used in an 

organic-cooled loop. No excessive hydriding occurred in SO00 hr of ir- 

radiation at temperatures which ranged from 626 to 752°F. There is con- 

siderable experimental evidence to show that control of coolant composi- 

tion is a major factor affecting hydriding rates. 

impurities accelerate the adsorption rate, while the presence of small 

amounts of water decreases hydriding, apparently because it assists i.n 

maintenance of a Zr02 barrier layer. Further reductions in hydriding 

rates are considered feasible either by applying a metal barrier to t he  

surface of the Zircaloy or by developing an improved zirconium-base alloy. 

Alwninixn coatings have been found to be an effective liydi-ogen barrier, 

probably due to the presence of a thin AI-203 surface layer. '1 Initial 

tests indicated that aluminum-clad Zircaloy surfaces were damaged by ther- 

mal cycling, but thinner cladding may be more stable. A considerable 
development effort would be needed to achieve a successful structure of 

thls type. 

one-fourth the rate for Zircaloy-4 and therefore offers an attra.ctive al- 

ternate material. Current work to control textures of Zircaloy alloys 

so that hydride platelets form parallel to direction of stress may relax 

the necessity for low hydriding rates. l3 T%in?ls, although the practical 

use of Zircaloy process tubes f o r  organic-cooled reactors is yet to be 

established, several potential methods appear amLlable :for improving the 

performance of Zircaloy tubes under HWOCR conditions. 

For instance, chloride 

Zirconium-2.5$ niobium has been found to hydride at about 

5.4.. 7 Conclusions 

On the basis of the limited data available, it is concluded that the 

use of SAP for process tubes as proposed in the AI-CE reacbor is feasi- 

ble; the B&W reactor will require thicker process tubes than specified. 

T h e  use of SAP fuel claddings appears feasible for both designs. However, 

additional information will be required before the effect of low SAP 

ductility on design criteria can be adequately evaluated. 



The process  -Lube i s  a very important p a r t  of  t h e  r e a c t o r  core,  s ince  

i.t s epa ra t e s  t h e  organic coolant  from t h e  Zircaloy-2 cal.a.nd.ria tube.  A l -  

though t h e  process  tuui_le can he replaced,  it would be necessary t o  shut  

down t h e  r e a c t o r  during replacement. Thus, it i s  most. rimpor-t.ant f o r  .the 

process  tube  t o  have a long l i f e .  

feasible, it i s  not  c e r t a i n  t h a t  a material having t h e  low d u c t i l i t y  of  

SAP wi.1.1. have sufficient l i f e  under the  r i g o r s  of reackor operat ion.  

it appears advisable  t h a t ,  i n  a-ddi-Lion Lo the SAP development program, 

an extensive backup program be c a r r i e d  ou t  r e l a t i v e  t o  t h e  development 

of s a t i s f a c t o r y  zirconium-alloy process  tubes.  

Although the presen t  designs appear 

Thus, 

The use of Zircaloy f o r  t h e  ca l andr i a  tube appears Lo be f eas ib lk .  

Also ,  a s  discussed i n  .Section 5.3, t he  use of Zircaloy as cladding f o r  

t he  metal f u e l  elements appears f e a s i b l e .  However, much more information 

on t h e  e f f e c t s  and con t ro l  of hydriding i s  needed. 

5 .5  Organic Coolant Evaluation 
I 

O f  t h e  many types of 0rgani.c compounds examined i n  t h e  past as po- 

t e n t i a l  organic  coolants, t h e  aromatic hydrocarbons are the  most s t a b l e  

towad heat  and radia’cion. The choice of reactor coolant  from t h i s  gen- 

e r a l  c l a s s  of compoimds w a s  made on t h e  b a s i s  of economic considerat , ions 

i n  conjunct ion wit’n d e s i r a b l e  phys ica l  and chemical prope r t t e s .  

.terphenyl isomers have low vapor pressures  compared with water and caxi 

operate  a t  r e l a t i v e l y  high temperatures;  .t‘ney- are a l s o  p r a c t i c a l l y  t n e r t  

or noricorrosive toward standard. cons t ruc t ion  materials and. var ious types 

of r e a c t o r  fuels. Thus, it i s  poss ib l e  Lo use carbon s t e e l  f o r  pi-pes, 

valves,  and o ther  coola.nt systern components. The organic f l u i d  i s  known 

t o  acquire  l i t t l e  i-nduced a c t i v i t y  from r e a c t o r  i . r rad ia t ion ;  5 5  t he re fo re ,  

l i t t l e  o r  no sh ie ld ing  i s  reqyi red  f o r  t h e  primary cool-ant system, and 

maintenance can be accomplished d i r e c t l y .  

The 

A commercially ava i l ab le  mi-xture of t h e  terpheiiyl  isomers, Santowax 

OM,* i s  charged t o  t h e  coolan t  system initial.1.y. However, under t h e  e f -  

Tects of r e a c t o r  hea t  and. r ad ia t ion ,  h igh-boi l ing  product,s (HE) are 

“Monsanto Che-mica.1 Company t r a d e  name. 
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formed. Through purif icat ion,  an equilibrium concentration of IDIS is  

maintained. AI-CE has estimated t h a t  a value of 10 wt  

bes t  compromise between associated physical and heat t r ans fe r  properties,  

rate of H 3  forma.tion, and cost  ot purif icat ion;  we c o ~ i c u r  t h a t  t h i s  is a 

reasonable value. 

, 

IE provides the  

5.5.1 Fnysical Properties 

Compositions of the  reactor  coolant a t  equ-ilibrium and of the IB 
a re  characterized i n  Tab1.e 5.5, a s  presented. by AI-CE. 23 
fo r  the  physical propert ies  of the coolant are given i n  Table 5.6 t h a t  

Estimated. values 

Table 5.5. Approximate Composition of Orgailic 
Coolant and High-Boiler Product 

Content 
( $1 

Santowax OM + 20$ KB 

Lm. bo i l e r s  
Biphenyl 
Terphenyls 
Lntermediate boilers 
High bo i l e r s  

High-boiler product composition by molecular 
weight rarige 

226-268 

34!%420 
269-344 

421-49 6 
49 7-572 
573-648 
>648 

High-boiler product composition by compound 
d is  tr  ibut  i-on 

Polyphenyl s 
Triphenylene 
Phenanthrenes 
Olefins 
Gther types 

<O. 03 
2 
77 
11 
10 

6 
6 

1 0  
73 
1 

U 
3 

75 
1 5  

2 
3 
5 
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Table 5.6. Proper t ies  of  Organic Coolant Based on 
Data f o r  Santowax OMJ? 

Property 

Value of  Property a t  
Indicated Temperature a 

500°F 600°F 700°F 800°F 

Density, g/cm3 

With no TU 
With 10% €E 
With 20% KB 
With 30% HE 

Viscosi ty ,  cp 

With no KR 
With 1.0% iiI3 
With 20% HB 
wi th  30% I?6: 

Spec i f i c  hea t  wi th  0 t o  

Thermal conduct ivi ty ,  

Btu/lb "F 

Btv./hr * f t * "F 

With no HB 
With 10$ HE? 
With 20% K9 
With 30$ HE3 

Vapor pressure, p s i a  

With no HE 
With 1-4$ 
With 3'7% HBc 

30% €!B,b 

0.917 
0.930 
0. 9u+ 
0.958 

0.54 
0.66 
0.73 
0.98 

0.534 

0.06'3 
0.071 
0.073 
0.075 

2 

0.870 
0.885 
0.900 
0.915 

0.37 
0.43 
0.51 
0.63 

0.566 

0.066 
0.068 
0.070 
0.072 

6 
7 
17 

0.824 
0.839 
0.855 
0.871 

0.26 
0.30 
0.35 
0.43 

0.599 

0.062 
0.065 
0.067 
0.069 

16 
20 
39 

0.776 
0. '794 
0.810 
0.829 

0.20 
0.23 
0.26 
0.31 

0.631 

0.059 
0.061 
0.064- 
0.067 

40 
50 
89 

a 

b 
Melting po in t  o f  organic w i t 2 1  10% €E i s  178°F. 

Decrease a t  30$ iiR i s  <2.0$. 

Estimated from 0MR.E coolant  d a t a .  
c 

are based on d a t a  f o r  a s i m i l a r  coolant ,  Santowax OMP, which has had con- 

s ide rab le  study. Additional physical proper ty  d a t a  are given i n  Appendix 

C;  as ind ica ted  t h e r e  the coolant  phys ica l  p roper ty  values  measu.red and. 

used by var ious groups have l e d  t o  nea r ly  -tile same heat  t r a n s f e r  c o e f f i -  

ci-ents f o r  h igh-boi le r  concentrati-ons of 3.0%. 
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A t  present no organic-cooled reactor  has operated with a ca t a ly t i c  

hydrocracker for recovery of coolant from the  IB; also, t he  products fed 

t o  the  coolant system from the  hydrocracking un i t s  could have a marked 

influence on the  equilibrium composition of the  reactor  cool\mt and the 

Hi3 composition. It i s  t h i s  equilibrium composition t h a t  w i l l  e s tab l i sh  

the propert ies  of the coolant. 

indicate  t h a t  the  equilibrium concentration of biphenyl i n  the  coolant 

w i l l  be about 1276, which i s  s igni f icant ly  above the 2% estimate by AI-CE 

when a hydrocracker un i t  i s  u t i l i z e d  (see Chapt. 6, Sect. 6.7 t h i s  r e -  

p o r t ) .  Under these circumstances the  vapor pressure w i l l  be greater  than 

would be the  case with lover biphenyl content and r e s u l t s  i n  a calculated 

DNB r a t i o  of about 2.5, based on Eq. 'Lowering the naximm coolant 

temperature t o  800°F (which decreases the ou t l e t  coolant temperature t o  

about 700°F or  lower) r e s u l t s  i n  a calculated DNB r a t i o  of 3.15. 

E,qerimental r e s u l t s  reported by Gardner56 

(5). 

The present,? of biphenyl and a lky l  biphenyls i n  Yne reactor  coolant 

a t  the  expected leve ls  (about 12$ biphenyls and S $  alkyl biphenyls) will 

decrease the densi ty  of the  coolant about 2$ and the  v iscos i ty  about 8.5$, 

while the  thermal cond.uctivity and spec i f ic  heat w i l l  remain e s sen t i a l ly  

the  same; the heat t ransfer  coef f ic ien t  will increase about 2%. Thus, 

t he  presence of the biphenyls wi.11 tend t o  improve heat t r ans fe r  char- 

ac t e r  i s  t i c  s. 

5.5.2 Thermal and. Eadiolytic Stabil-i ty 

The pyrolyt ic  d,amage t o  terphenyl mixtures i s  minor a t  a temperature 

of 750"F, being about 0.5 wt $ per day. 57 

t h e  r a t e  of HE formation i n  reclaimed coolant increased more -khan four- 

fo ld  upon going from 750 t o  825°F; about 7 wt $ HE formed a t  750°F a f t e r  

two days, while 31 w t  $ HA formed at  825°F i n  the  same time interval .  

Also, ea r ly  work on pyrolysis and radiolysis indicates  t h a t  t he  combina- 

t i o n  of rad ta t ion  and temperature a t  temperatures above some "threshold" 

value leads t o  a marked increase i n  radiat ion damage. 58 

temperature is  usual ly  below that; associated with s ign i f icant  damage due 

t o  pyrolysis alone. More recent information i s  given by MIT resul ts5 '  

obtained from i r r ad ia t ions  of Fantowax WR i n  the  cent ra l  f u e l  posit ion 

Tlowever, G a ~ - d n e r ~ ~  found t h a t  

T h i s  threshold 
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of t h e  M i T  research  r eac to r .  Figure 5.1.3 gives  values  f o r  terphenyl  d . i s -  

appearance as a function of i .rradiation temperature and coolant  composi- 

t i o n  and shows t h e  marked increase  i n  the ra te  of degradat ion ai t e m -  

pe ra tu re s  above 700°F; t h e  r e s u l t s  i nd ica t e  a l s o  t h a t  tempera t i res  above 

800°F i n  combination wi.th high r a d i a t i o n  l e v e l s  l e a d  t o  very high coolant-  

degrada-Lion Yates. Since the  HWOCR design coadi t ions  permit f u e l  ele- 

inent sur face  temperatures as high as 850°F, t h e r e  w i l l  be s ign i f j -cant  

des t ruc t ion  of t h e  coolant  i n  contac t  wi th  such sur faces .  Although l i t t l e  

information i.s ava i l ab le  concerning t h e  inf luence of coolant  damage ra te  

on cool.ant fou l ing- f i lm formation, it appears reasonable t h a t  su.rface 

fou l ing  -Lends t o  increase  with increas ing  f u e l  element sur face  tempera- 

tixrre, with t h e  degree of feu-ling j-nfluenced by t h e  coolant  purity- and 

f l o w  Fate. A ~ o ,  cool.ant damage w i l l  inf luence the coolant  makeup r a t e .  

02NI:DWG 66-6925 

A SANTOWAX VIR, ?5-31% B O T T O M S  
0 SANTOWAX WR, I O - 1 7 %  B O T T O M S  
A SANTOWAX O M 4  33% B O T T O M S  

ERROR L IMITS A R E  2 u  
1 

I 
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I 

0 '  J 
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I R R A D I A T I O N  T E M P E R A 1  U H E  ( O F )  

F i g .  5.13. Ef fec t  of 'Temperature on Degradation of Terphenyl. 
Coolaiits i n  MZT LOOF I r r a d i a t i o n s  (faken from Ref. 59). 



123 

Coolant damage, a s  calculated by AI-CE,  w a s  based on 

where 

G = molecules of terphenyl decomposed per 100 ev of energy absorbed 

from the total radiation field, 

f 

f 

G 

I= 0.77 = ??$ absorption of radiation energy due to neutrons, 
= 0.23 = 23$ absorption of radiation energy due to gammas, 

= molecules of terphenyl decomposed per 100 ev of energy absorbed 

n 

Y 
Y 

from gammas, 

G = molecules of terphenyl decomposed per 100 ev of energy absorbed n 
from fast neutrons. 

The literature60-62 shows general agreement on the value of 0.20 ? 0.01 

for the G of unirradiated Santowax at temperatures between 600 and 700°F. 

The ratio G /G at these temperatures is no more than 4. to 5, so the value 

of G is approximately 0.9 around 700°F. As the iIB concentra-Lion builds 

up, the rate of terphenyl degradation decreases because of the deci-eased 

terphenyl concentration. There is some evidence that second-order kinet- 

ics are associated with the radiolysis degradation of terphenyl; 59 on 

this basis, the G values for terphenyl degradation would d.ecrease with 

increasing HD content, as indicated in Table 5.7. To date, however, there 

Y 

n Y  
n 

Table 5.7. Calculated G Values for HWOCR Coolanta 

Average Core Temperature 
Terphenyl 
Content 600" F 650" F 700" F 
09 

G G Gn G 
Gn Y 

G G 
Gn Y 

G 
Y 

100 0.19 0.83 0.68 0.19 0.86 0.71 0.20 0.90 0.74 
90 0.15 0.68 0.56 0.16 0.70 0.58 0.16 0.73 0.60 

70 0.0'31 0.41 0.34 0.094 0.42 0.35 0.098 0.44 0.36 
80 0.12 0.53 0.44 0.12 0.55 0.45 0.13 0.58 0.48 

a AI-CE values baaed on second-order kinetics f o r  radiolysis. 



i s  no conclusive evidence t h a t  t hese  calcul.ated G values  can be appl ied  

direct1.y t o  FdOCR condi t ions.  

I n - p i l e  i r r a2 ia t i . ons  6 3 ~  64 03 biphenyl and the  te rphenyls  i nd ica t e  

t h a t  G f o r  'oi-phenyl i s  1 . 5  t o  t imes t h e  same quan t i ty  f o r  Fantowax R o r  

t h e  terphenyls ;  however, t h e  ra'ie of  HE formation from diphenyl degrada- 

t i o n  on a weight b a s i s  would be about t he  s a m e  as f o r  t h e  terphenyls .  

Also ,  the degradat ion associ.ated with the  coolant  a-L tempera%u.res above 

about, 800°F w i l l  be d i spropor t iona te ly  high, but  t h e  volume o f  such cool- 

a n t  i s  I.ow, 

Based on 100% load f a c t o r ,  t h e  Ai-CE ca l cu la t ions  i.iidicated t h a t  

about 10 Mw of thermal energy w a s  absorbed i n  t h e  cool-ant due t o  fas'i- 

neutron slowing down, while t h e  corresponding value f o r  gamma energy ab- 

sorp t ion  w a s  about 3 b!w(th). 

t he  energy absorp t ton  due t o  neu-tron slowing down [lo M w ( t h )  a t  f u l l  

power], but we es t imate  t h a t  about 6 M w ( t h )  of g a m a  energy is absorbed 

by t h e  coolant .  Eecause of t he  complex geometry involved, it i s  d i f f i -  

c u l t  t o  perform an exact  calculati .on f o r  t h e  energy depos i t ion  i n  the 

coolant. We be l i eve  the  above s e t s  of values are i n  reasonable agree- 

ment, p a r t i c u l a r l y  s ince  the  inf luence of gamma absorpt ion i s  rei-atively 

s m a l l  and t h e  economic d i f f e rence  assoc ia ted  with the two se-Ls of values  

i s  i n s i g n i f i c a n t .  

deposi-Led i.n t h e  coolhnt due t o  neutron slowing down and t h a t  4.5 Mw(th) 

of gamma energy i s  absorbed i n  t h e  coolant, when t h e  r e a c t o r  i s  opera t ing  

a t  f u l l  power. 

The r e s u l t s  of our ca l cu la t ions  agreed wi th  

I n  what follows we w i l l  consider  t h a t  10 Mw(th) i s  

Based on t h e i r  reac-tor condi-Lions, AI-CE ca l cu la t ed  a full-power 

cool.ant decomposition r a t e  of 1150 l b /h r  and a py ro ly t i c  decomposition 

r a t e  of about 30 I_h/hr. For the  same condi-t ions,  we estimate t h e  t e r -  

phenyl r a d i o l y t i c  decomposition ra te  t o  be about 1600 l b / h r  and t h e  py- 

ro1y'Lj.c decomposition r a t e  t o  be about 250 lb/hr ,  based on an o u t l e t  

coolaflt temperature of 750°F. However, consider ing fou l ing  e f f e c t s  and 

f u e l  surface temperature l i m i t a t i o n s ,  we es t imate  t h a t  'che maximum cool-  

a n t  o u t l e t  temperature w i l l  be aboufc 700" F. For t h i s  o u t l e t  temperature 

and t h e  energy deposrition rates given previously,  we es t imate  that t h e  

terphenyl  r a d i o l y t i c  decomposition rate w i l l  be about 1430 lb /h r ,  and 
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that the pyrolytic decomposition rate will be about 70 lb/hr. 

ter values are the ones used in our evaluation. 

These lat- 

Accurate measurements of radiation damage to coolant have been per- 

formed primarily in loops having no internal fuel elements; thus, the 

neutron energy spectrum in these tests did not necessarily represent the 

spectrum that 'F70Uld exist in an HWOCR fuel channel. 

arid flow distributions need to be representative of reactor values. 

perimental measurements of coolant degradation rates need 'io be performed 

under HWOCR conditions before the accuracy of the above values can be 

determined. 

Also, temperature 

Ex- 

5.5.3 Corrosion and F0ulin.g 

The low-corrosion charscteristics of terphenyls in contact with a 

number of structural materials have been demonstrated repeatedly. No 

corrosion or mass transfer65 was found in tilting-furnace capsiLLes in 

which specimens of type 304 stainless steel, mild steel, carbon steel, 

2s aluminum, aluminum-288, and SAP were exposed to 0- a.nd p-terphenyl up 

io 1000 hr at temperatures as high as 770°F. 

reports that different types of SLD, carbon s-t;eel, and stainless steel 

-t;ested statically between 750 :and 845°F showed good resist;a.nce -Lo pure 

terphenyl. mixtures during exposure times of 24 to 2000 hrs 

with a number of different types of steels and al ixninum showed that -they 

were all essentially inert or urireac-Live to the virgin organic coolants. 

'The presence of .water at the 400 ppm level in the coohnt seemed to have 

no corrosive effect68 on any of these materials, except a!,wninm alloys; 

polyphenyls with 0.1 to 0.2% (1000 to 2000 ppm) water corroded aluminixn 

seriously. 

pronounced corrosive a,ction than did water. However, 18-13 stainless steel 

continued to show good corrosion resistance regardless of the water and 

oxygen content in the eiivironment. 

to influence the corrosion rate. However, the presence of chlori.ne- 

con-taining compounds in the organlc coolant enhanced the attack on a.11 

steels. Additional information on basic compatibility is given in Sec- 

tions 5.3 and 5.4.6. 

An ORGEZ investigatorc6 

In-pile t e s t s 6 7  

The presence of oxygen in i-rradiated coolant produced a more 

In no cases did irradiation appear 
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The s i t u a t i o n  wi th  regard t o  f u e l  element Youling u . . i e r  proposed 

XqOCR condi t ions  does not  appear as favorahle  as above. I n  one experj.- 

ment,69 fue l  bundles of U02 c lad  with SAP were i r r a d i a t e d  f o r  about fou r  

months i n  t'ne NRX r eac to r ;  t h e  organic coolant  temperature w a s  approxi- 

mat,ely 590°F, and t h e  maxiraum sheath temperature was 860°F. 

fluxes were Toughly 100 w/cm2. 

over t h e  fue led  sec t ions  a f t e r  i r r a d i a t i o n .  The film, 

organic and 60 wt. $ FegO4? increased t h e  shea'ih temperature by 108°F. 

t h e  same t i m e ,  neg l ig ib l e  f i l m  formation occu.rred on nonfu.el sur faces .  

Also, f i lm bui ldup on fuel sur faces  appeared t o  be g r e a t e s t  during p e r i -  

ods of e r r a t i c  r e a c t o r  or loop operat ion.  Although these  results were 

not  t o o  encouraging, t he  Epilogue i n  Ref. 69 ind ica ted  t h a t  fou l ing  prob- 

l e m s  could be el iminated by improved operat ion of t h e  c l a y  absorpt ion co l -  

umns assoc ia ted  writh coolant, p u r i t y  con t ro l .  

have not  e n t i r e l y  su'ostantiated t h e  Epilogue statement.  

Surface hea t  

A f i l m  about; 80-p t h i c k  covered t h e  sheath 

wt $ polymerized 

A t  

However, l a te r  r e s ~ l t s ~ ~ . 7  'I 

Test r e s u l t s  repor ted  i n  Ref. 70 were based on low-foul ing-rate  sys- 

'ceins. The lowest depos i t ion  ra-tes were observed i n  unfuel.ed sec t ions  of 

t h e  loop, and these  were sometimes used t o  charact ,er ize  the  r e s u l t s .  The 

lowest depositi-on ra te  reported foi- a fue led  sec t ion  was 0.14 pg/cm2- h r .  

Recent experi1nenta.l resul-i;s were obtained during opera t ion  of t h e  U-305  

loop. The r e s u l t s  i nd ica t e  some fou l ing  of the f u e l  surface,  although 

t h e r e  have been period-s of operat ion when fou l ing  d i d  no t  appear t o  i n -  

c rease  wi th  increas ing  exposure, based on temperature measurements. I n  

general ,  it appeared7' t h a t  t h e  fou l ing  r a t e  w a s  higher  than t h a t  ob- 

t a ined  i n  t h e  X-7 loop7o and. t h a t  a foul.ri.ng r a t e  of about 0.2 pg/cm2.hr 

i s  a rea1is t i . c  minimum rate  t o  expect a t  a hea t  f l u x  of 1.00 w/cm2 and. 

HWOCR opera t ing  condi t ions.  Tni.s i s  equivalent  to a r ise  i n  f u e l  sur -  

face  tempera'ture of 45°F at, a hea t  f l u x  of 100 w/crn2 f o r  one year  based 

on measurements of t h e  thermal r e s i s t a n c e  of d-eposits generated at low 

deposrition rates. 'O 

tems exceeds 100 w/cm2, the  peak f u e l  element; tempera.tu:re is  850"F, and 

t h e  f u e l  would gene ra l ly  remain wi th in  t h e  core  about two years ,  it is 

estimated t h a t  a foul ing  f i l m  carmot be negl.ected. The a c t u a l  temperature 

drop thi-ough t h i s  f i lm cannot be accu ra t e ly  spec i f i ed  a t  t h i s  t ime; based. 

Since the peak hea t  f l u x  i n  t h e  proposed. HWOCR sys- 
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on present information, a value of 25 t o  50°F under peak temperature con- 

d i t i ons  i s  judged t o  be feas ib le  and t o  correspond t o  film-formation r a t e s  

under. HWOCR conditions. 

Any impurity i n  the coolant t h a t  reac ts  with mi ld .  s teel  t o  place 

i ron i n  solut ion w i l l  increase the r a t e  of f i l m  formation and, f ina l ly ,  

fouling of the  fuel elements; t h i s  can lead t o  cladding f a i l u r e  due t o  

overheating. 

rap id ly  with ii-radiated coolants t o  form compounds t h a t  corrode mild s t e e l  

systems and lead t o  fouling. A Canadian report7* presents evidence t h a t  

chlorine i n  combined form causes a Fouling problem when it i s  present i n  

the  coolant a t  a. concentration grea te r  than about 5 ppm. Inorganic par- 

t i c u l a t e  matter, such as rust, welding slag,  and metal f i l i n g s  from piping 

and containment vessels, w i l l  also contribute t o  the  plugging of coolant 

channels. 

ALSO, there  i s  experimental evidence 5 5  t h a t  oxygen reac ts  

Eased on present in formt ion ,  t he  bes t  way t o  minimize f i l m  forma- 

t i o n  and fouling of the  fuel. elements i s  t o  exclude contaminants from the  

coolant. AI-CE has specrfied procedures, coolant puri ty ,  and purif ica-  

t i o n  systems t o  a,pproach t h i s  objective.  73 

ant  system with CITY nitrogen before f i l l i n g  it with San.towax, c i rcu la t ing  

the %ntowa,: with the d i s t i l l a t i o n  system operating p r io r  t o  s tar tup,  and 

maintaining a mii.rogen atmosphere oT?er the  coolant during operation t o  

pi-event contact with air. The proposed 1-efineling operation appears t o  

require  minimal contact between coolant and a i r .  Farticula-te matter i s  

remo-v-ed as tne cool,tnt passes t>hrough g lass  spcjol f i l t e r s  located a t  

several. d.ifferen.t places i n  the l i n e s  In addition, d i s t i l l a t i o n  removes 

about '70% of the  oxygen-containing compounds and a l l  inorganic particu- 

l a t e s ,  i f  they reach t h i s  point i n  the  system. 

They specify purging the  eool- 

As long as the  ro1.e of contaminants i s  recognized and the proper 

precautions a r e  exercised t o  exc1ud.e and remove them, there i s  no reason 

t o  exyect the construction materials recomnended by AI-CE f o r  the cool- 

ant  system t o  undergo s igni f icant  corrosiori or  massive fouling under the  

proposed environmental conditions. 



5.5.4 Other R o w r t i e s  

The e xpl o s i ve c har  a,c t er i s t i c s , temper a t  i r e  1 i m i  t s o t flmia’o i. 1 ity, 

a.nd mi.nimm spontaneous i g n i t i o n  temperatures f o r  r e l a t e d  mater ia l s ,  i. e .  , 
biphenyl, Santowax R, a.nd i.rradl.ated 0N-a cool-ant, were determined by 

t h e  Bureau of Mines, Division of &plosj.ves Technology-. ‘ 4  

es t ab l i shed  t h a t  wi th  favorab1.e geometry f o r  a i r  access  and hea t  r e t en -  

t i o n ,  Santowax OM i s  suscep t ib l e  t o  spontaneou-s com’oustion a t  735°F and 

probably a t  a temperature as l o w  as 660°F. 

ho t  areas were visi’ole in s ide  the  ri.iisulation. 

Canadian t e s t s 7 5  

No flame w a s  evident  bu t  r ed  

The ava i l ab le  inforiiiationr7h on t h e  i r r i t a t i n g  e f f e c t s  of  polyphenyl 

coolan ts  on t h e  eyes, pulmonary passages, and skin,  as wel .1  as t h e i r  

a b i l i t y  t o  s e n s i t i z e  ind iv idua ls ,  i n d i c a k s  t h a t  care  and precaiiti.ons a r e  

requfred t o  handle them sa fe ly .  However, no d i f f i c u l t y -  i.s expected i f  

good i n d u s t r i a l  hygiene p r a c t i c e s  are followed and r e s p i r a t o r s  and pi-0- 

t e c t i v e  c lo th ing  are used. 

f o r  a 180-lb man i s  near1.y 1 /2  l b  ingested.  

components are much too  i n v o l a t i l e  a t  room temperat1.n-e f o r  one t o  inha le  

a se r ious  dose. 

The est imated le thal .  dose77 of  Sintowax R 

Furthermore, -the coolant; 

5.5.5 Conclusions 

‘Y’he use of Santowax OM as the  coolant  i n  these  HWOCR systems appears 

s a t i s f a c t o r y .  We es t imate  t h a t  t h e  degradati-on r a t e  of the coolant  w i l l  

be about 1500 Ib/hi- under design power condi t ions,  wi th  an average outle-t 

coolant  temperature of 700°F. 

90% of the degraded coolant  w i l l  r e s u l t  lim. hi-phenyl concentrat ions i n  t h e  

cool-ant which w i l l  inf luence the  DI\JR r a t i o ,  bu-i p resent  design condi t ions  

appear feasi-ble r e h t i v e  t o  permissible  DNR r a t i o .  Corrosioii i n  HWOCR 

systems does not  appear t o  be a problem; however, t h e  formation of a, 

f ou l ing  f i l m  cannot be neglected.  It i s  est imated t h a t  t h e  temperature 

drop across  t h e  fiiuliilg f i l m  on t h e  f u e l  surface i n  these  IIThiOCR systems 

will be 25 t o  50°F imder fa.vorable condi t ions  a t  peak f x l .  sur face  t e m -  

pera ture  pos i t i ons .  

U s e  of a hydrocraxker u n i t  t o  recover a’nout 
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5.6 Reactor Controls and Safety Evaluation 

Control of' the  HWOCR i s  dependent on the  regulat ion of a l l  the var i -  

ables  t h a t  a f f e c t  r e a c t i v i t y .  React ivi ty  i s  a f fec ted  by the  movement of 

neutron-absorbing control  rods, the  var ia t ion  of boron concentration i n  

the  D2O moderator, and the var ia t ion  of temperatures i n  t h e  fuel ,  the 

moderator, and the  organic coolant. While control  rods and boron con- 

cent ra t ion  can be control led d i r e c t l y ,  the  temperatures t h a t  a f f e c t  re -  

a c t i v i t y  a r e  determined by numerous interdependent var iables .  These var i -  

ables  include a l l  f a c t o r s  t h a t  a f f e c t  heat t r a n s f e r  coef f ic ien ts  i n  the  

reactor  core, as w e l l  as the relat ionships  between reactor  power, coolant 

flow, and temperature of the coolant enter ing the reactor .  It is the  

behavior of these interdependent var iables  t h a t  character izes  the  control  

and s a f e t y  problems of t h i s  reactor .  

5.6.1 Control arid Safety Aspects of the  Plant 

The temperatlure coef f ic ien ts  of r e a c t i v i t y  of both the organic cool- 

an t  and t h e  D2O moderator a r e  positj-ve, and the  void coef f ic ien t  of the 

coolant is  posi t ive.  The f u e l  has a calculated negative temperature co- 

e f f i c i e n t  because of  the Doppler e f f e c t  i n  the f e r t i l e  material .  O f  t h e  

three  terrrperature coeff ic ien ts ,  the  pos i t ive  coef f ic ien t  of -the coolant 

i s  the one of most concern r e l a t i v e  t o  control  and safety.  

The important coef f ic ien ts  of r e a c t i v i t y  were computed by both ORNL 

and AI-CE and are l i s t e d  i n  Table 5.8. 

were ass-umed, without consideration of changes i n  absorption resonances 

of f i s s i l e  material .  The AI-CE values are taken from Appendix A of the  

AI-CE reference repor t ,  

Equilibrium fue l ing  conditions 

It i s  of i n t e r e s t  t o  note that; a r a t h e r  nominal r i s e  i n  the  mean 

temperature of the  cool.ant would increase the  r e a c t i v i t y  by an amount 

grea te r  than the e f f e c t i v e  delayed-neutron f r a c t i o n  of 0.43$ l i s t e d  i n  

Appendix A of the AI-CE report .  This temperature rise is approximately 

120°F for the  ORNL coef f ic ien t  and approximately 93OF f o r  the AI-CE co- 

e f f i c i e n t .  Also, a complete lo s s  of the  coolant o r  a displacement of 

the  coolant by a void, such as steam, would increase the  r e a c t i v i t y  by 

an amount grea te r  than t h a t  associated with the  delayed-neutron f r a c t i o n  
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Table 5.8. React ivi ty  Coefficients of HWOCR 

React ivi ty  CoeUicient  ($) 

ORNL-Computed AI-CE-Computed 
Value Value 

fie1 temperature, &,/OF -0.56 x 10-3 -0.43 x 
Coolant temperature, kc/" F W.Ll x +o. 53 x 
Moderator temperature, &,/OF +O. 82 x +4.4 x 10-4 
Coolant void, &,/A$ void +o. 58 x lo-* Cl.1 x 

for. e i t h e r  the ORNL- or AI-CE-calcu.l.ated void coef f ic ien t .  Thus it i s  

not surpr is ing t h a t  the  positive temperature and void coef f ic ien ts  of 

the  coolan-i; play an i-mportant r o l e  i n  the control. and safe ty  of the plant .  

The mod.erator temperature coef f ic ien t  w i l l  be of l i t t l e  si-gflif icaace 

in t rans ien ts  because of the large thermal capacity of the  D20, together  

wit'? the  small arflount o f  powex- absorbed by the moderator. 

The power coef f ic ien t  of r e a c t i v i t y  may be e i t h e r  pos i t ive  or  nega- 

t i v e ,  dependi-ng upon the changes i n  reactor  f u e l  and coolant .temperatures. 

If the temperature of the coolant enter ing the reac tor  and t h e  coolant 

flow a r e  both held constant while the reactor  power i s  increased, the  

power coefficien-t  i s  posi t ive,  as s t a t e d  i n  the AI-12% report .  However, 

i f  the  p lan t  i s  operated i n  such a 10l;t:mLzler t h a t  steam is  produced i n  the 

steam generator at, a constant temperature and a-i; a cons-Lant pressure over 

the power range, the  power coef f ic ien t  w i l l  be negat,ive. I n  t h i s  l a t t e r  

case, the  coolant f l o w  must be v-ari.ed i n  almost d i r e c t  proportion t o  t h e  

p lan t  power and, since the reactor  coolant i n l e t ,  o u t l e t ,  and mean t e m -  

peratures w t l l  remain almost cons-Lank, they w i l l  have l i t t l e  e f f e c t  on 

r e a c t i v i t y .  The r i s e  i n  reactor  f u e l  temperature with increased power 

t r i l l  be the  dominant c h a r a c t e r i s t i c  and w i l l  contr ibute  a negative re-  

a c t i v i t y .  

ke/$ pover change f o r  t h i s  type of operation. 

We found t h e  power coef f ic ien t  to be approximately -0.25 X 

Although the power coef f ic ien t  i s  negative f o r  changes f r o m  one 

steady-state power l e v e l  t o  another i n  t h e  above operating mode, a power 
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increase without a corresponding coolant flow increase w i l l  produce an 

increase i n  reac t iv i ty .  The reactor  control  system must continuousl~y 

combat the  e f f ec t  of  the pos i t ive  temperature coef f ic ien t  of the  coolant. 

The ingredients of an unstable condition are always present, and f a i l u r e  

of continuous control  can lead e i t h e r  t o  a posi t ive power excursion t h a t  

requires  prompt act ion of the safe ty  system o r  t o  a negative power t ran-  

s i e n t  'chat shuts the  reactor  dovn. 

Heat; t r ans fe r  information and temperature coef f ic ien ts  obtained from 

W. C. Coppersmith of Combustion Engineering were used i n  the  analog eom- 

puter study of the k ine t ic  thermal cha rac t e r i s t i c s  of the HWOCR, as  de- 

scribed i n  Appendix F. The r e s u l t s  of a s t ep  increase i n  reactor  power 

from 0 t o  100% of ra ted  value a re  i l l u s t r a t e d  i n  Fig. 5.14. 

r ise i n  power provides an input var ia t ion fo r  ana ly t ica l ly  examining the 

resu l tan t  temperature changes and r eac t iv i ty  variation. The coolant f l o w  

w a s  held constant a t  20% of i-ts f u l l  value, and the reactor  i n l e t  tem- 

perature w a s  held constant a t  600°F. These values of coolant flow and 

i n l e t  temperature represent t he  probable lower l i m i - t  of operation i n  the  

The s tep  

"F O F  
COOLAN1 OUTLET 

TEMPERATIJRE 
600 1- L J L- 

0 10 20 30 40 50 60 70 

TIME. (sec) 

2600 

600 

ORNL-DWG 66- -44GP 
I I I I 

Fig. 5.2-4.. Thermal Behavior Following Step Rise i n  Power. 
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power range. 

was not included in t h i s  s e t  of' curves, s ince  we intended t o  observe only 

the  thermal behavior of t h e  f u e l  and coolant and t o  deteriiiine the effec-t  

of temperature changes on reactivi-Ly-. As shown i n  t h e  curves, the s t e p  

increase i n  power produced a small i - n i t i a l  decrease i n  r e a c t i v i t y  of ap- 

proximately 0.005% during t h e  f i r s t  ha l f  second while t h e  f u e l  tempera- 

t u r e  was r i s i n g  and before the  coolant temperature increased s ign i f i can t ly .  

The coolant temperature r i s e  lagged behind the  f u e l  temperature rise by 

less than l see, and t h e  ne t  r e a c t i v i t y  was posi.t,ive and r i s i n g  i n  l e s s  

than 1 see a f t e r  t h e  power s t e p  7-s initia'Ged. Thus, al-though the  promp'c 

power coe f f i c i en t  i s  indeed iiegativ-e, both the  magnitude and duration of 

this negative aspect of reac t i> , - i ty  a r e  exceeding1.y s m a l l ,  

The e f f e c t  o f  t he  r e a c t i v i t y  varia-Lion on reac-Lor pover 

The temperature va r i a t ions  in Fig. 5.14 are yulite s i m i l a r  t o  solu- 

t i ons  of f i r s t - o r d e r  l i n e a r  d i f f e r e n t i a l  equations, and i.t i s  l o g i c a l  

t o  consider t he  time i-equired f o r  t he  temperature t o  reach 63% of  i t s  

f i n a l  value as a ttme constant.  ?'he time constants of these  va r i a t ions  

a t  204 coolant f.lo~.r a r e  approximately 12.0 see : f o r  the  coolant o u t l e t  

temperature and approximately 7.5 sec Tor .the h o t t e s t  f u e l  temperature. 

Since there  w a s  a delay of about 1 see a f t e r  t h e  s"iep i n  power before t h e  

outlet. temperatiwe of the  coolant began i t s  rap id  increase, t h e  -time con- 

s t a n t  of the  coolant has l e s s  physical  meaning than t h a t  of' -the fue l .  

In other curves obtained a t  loo$ fl.ow, t h e  di f fe rence  be-tween these  t i m e  

constants 57as neg1ig.i-bly small-; both the  fue l  and coolant temperatures 

began t o  r i s e  almost simultaneously, and both had a time constant of ap- 

proximately 4.8 see. 

5 .6 .2  Reactor S tar tup  

The manipulation of r e a c t i v i t y  during star-tup i s  d i c t a t ed  by t h e  

requiremen-ts t h a t  t h e  moderator must contain no boron a t  full power wi-th 

equi1ibri .m xenon and tha.t t h e  shutdown rods must be f u l l y  wi.thdra%m be- 

fo re  the  r eac to r  becomes c r i t i c a l .  The v e r t i c a l  control. rods l a c k  suffi_- 

c i e n t  r e a c t i v i t y  t o  con t ro l  t h e  r eac to r  over t he  range from zero power 

isothermal conditions a t  190" F t o  full power a t  operat,ing temperatures. 

Since t h e  hor izonta l  shutdown rods a r e  Yully withdrawn before the  begin- 

ning of a power increase, almost a l l  t he  necessary r e a c t i v i t y  va r i a t ions  
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must be accomplished by changes i n  boron concentration, while the control  

rods are allowed t o  maintain continuous f i n e  control.  Since the  reference 

AI-CE report1 gave no spec i f ic  s t a r tup  procedure, we suggest t he  following 

conditions and procedures for i l l u s t r a t i v e  purposes: 

1. The reactor  system is  i n i t i a l l y  assmed t o  be isothermal a t  

190°F. The moderator temperature i s  t o  be held constant a-t 190°F. One 

coolant pwrrp i s  i n i t i a l l y  i n  operation a t  low speed, and it provides ap- 

proximately 20% of f u l l  coolant flow. 

2.  Tne excess r e a c t i v i t y  of t he  clean core (with no boron and iso- 

thermal conditions a t  19O0F) i s  a t  an i n i t i a l  value t h a t  w i l l  permit the  

reactor  t o  be c r i t i c a l  when operating temperatures a re  reached a t  f u l l  

power with equilibrium xenon poisoning present and the  v e r t i c a l  control 

rods inser ted  t o  t h e i r  midpoints. We estimate t h i s  excess r eac t iv i ty  

t o  be approximately 1.2%. 
3. The mod-erator i n i - t i a l l y  contains su f f i c i en t  boron t o  keep t he  

reactor  from being supe rc r i t i ca l  with a l l  the shutdown rods withdrawn 

completely and a l l  the  control  rods withdrawn t o  t h e i r  m'dpoints. 

4. Those ve r t i ca l  control  rods assigned t o  power coritrol are placed 

i n  the  center of t h e i r  stroke t o  make r e a c t i v i t y  changes avai lable  i n  

both d.irections. The remaining -ver t ical  control  rods a re  placed i n  s u i t -  

able  posi t ions and a re  held i n  readiness for f lux-dis t r ibut ion control.  

5. The shutdown rods are withdrawn, not i n  unison, but i n  groups 

with successively fewer rods i n  each group as c r i t i c a l i t y  i s  approached, 

u n t i l  the  l a s t  few shutdo-m rods are  withdrawn individxally.  

rod has no intermediate posit ion; it i s  e i the r  f u l l y  inserted,  f u l l y  with- 

drawn, or i n  motion.) 

(A shutdown 

6 .  The moderator p u r i f i e r  system i s  placed i n  operation t o  increase 

r eac t iv i ty  by reducing the  boron concentrntion. 

7. The reactor  i s  brought c r i t i c a l  by boron removal from the mod- 

e ra to r  with the  power l e v e l  control  rods withdrawn approximately t o  t h e i r  

midpoints. 

estimated t o  be worth approximately 1.2$ i n  r eac t iv i ty .  

Under t h i s  condition the  boron remaining i n  the  moderator i s  

8.  The power l eve l  control  rods are  then moved t o  increase reac- 

t i v i t y  and i n i t i a t e  a reactor  power r i s e .  As the  temperatures of the  



f u e l  and coolant  r i s e  slowly, t he  con t ro l  rods a r e  in se r t ed  t o  con t ro l  

r e a c t i v i t y .  ( A  f lux servo t o  c o n t r o l  t hese  rods probably w i l l  be neces- 

sary;  t h e  p l a n t  operator  would then  r a i s e  the servo s e t p o i n t  t o  increase  

the  power.) 

t r o l  t h e  r e a c t o r  coolant  i n l e t  temperature.  

t o  a s teady-s- ta te  condi t ion before  t h e  c o n t r o l  rods are f u l l y  in se r t ed .  

Boron i s  then added t o  t h e  moderator while t h e  power is being held con- 

s t a n t  by withdrawal of con t ro l  yods. 

before t h e  cont,.rol rods are completely withdrawn. 

The cool ing system must be brought i n t o  opera t ion  t o  con- 

The r e a c t o r  must be brougiit 

The add i t ion  of boron must be stopped 

9.  The procedure of a l - t e rna te ly  rai -s ing t h e  power and adding boron 

i s  continued until operat,ing temperatures are reached with t h e  r e a c t o r  

a . t  20% power. 

maxim-m value.  The steam system must be i n  opera t ion  and t h e  p l a n t  ready 

for automatic. power con t ro l .  Duniping of  steam d i r e c t l y  t o  the condenser 

m y  be requi red .  

A t  t h i s  power l e v e l ,  the boron concentra.ti.nn i s  a t  i t s  

10. ~n increase  i n  power from 20 t o  100% r equ i r e s  an  increase  i n  

r e a c t i v i t y  t o  overcome the negat ive power c o e f f i c i e n t  of t h e  normal mode 

of operat ion,  as discussed i n .  Sect ion 5.6.1. Therefore,  boron i s  removed 

from t h e  moderator, and the  coolant  flow i s  increased while t h e  coolant  

i n l e t  and out le t ,  temperatures remain nea r ly  constant .  While t h e  boron 

i s  being removed, t h e  p l a n t  power increases ,  and t h e  con"iro1 rods are 

maintained near  t he  cen te r  of t h e i r  s t roke  i n  order  f o r  them t o  be a v a i l -  

a b l e  t o  suppress r e a c t i v i t y  t rans ien- t s .  The two a d d i t b n a l  coolant  pumps 

a r e  s t a r t e d  and a11 t h r e e  p w p s  a r e  a t  f u l l  speed when t h e  p l a n t  reaches 

fu1.1 power. FTheil t h e  p l a n t  f i r s t  a t t a i n s  full power wlth l i t t l e  samarium 

or  xerioii poison i n  t h e  r eac to r ,  t he  boron i n  -the moderator should have 

a r e a c t i v i t y  worth neax.1-y equal t o  t h e  equi l ibr ium worth of xenon. 

11. Boron i s  removed from t h e  moderator to hold t h e  r eac to r  a t  f u l l  

power and compensate f o r  t h e  reactivri.t,y decrease caused by t h e  bui ldup 

of xenon until t h e  xeiion r e a c t i v i t y  reaches i t s  equi.librium value of 2.7%. 

A t  t h i s  po in t ,  no boron should remain i n  the  moderator, and t h e  f u e l  

l~oadiiig machi-ne i s  then  used t o  load t h e  Fresh f u e l  required t o  compen- 

sate f o r  f u e l  deple t ion  and buildup of samarium. The c o n t r o l  rods are 

t o  be kept near  t h e  center  of t h e i r  stroke t o  a l low t h e  c o n t r o l  system 
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t o  handle operating t r ans i en t s  of e i t h e r  decreasing or  increasing reac- 

t i v i t y .  

The above discussion i l l u s t r a t e s ,  we believe, a reasonable procedure 

f o r  bringing the plant  from an i so the rm1  subc r i t i ca l  condition t o  f u l l  

power. The process requires  the cor rec t  var ia t ion  of boron dissolved i n  

the moderator, together with the  proper motion of the  power l eve l  control  

rods. Correct manipidation of these two parameters will be especial ly  

important when  the reactor  temperatures begin t o  r i s e  and the  nonlinear 

re la t ionship  between power and r e a c t i v i t y  becomes 8 complicating fac tor .  

The pr ice  of a nli-scalculation can be a reactor  scram t o  s top a positive 

power excursion or a shutdown from a downward reactor  power trajnsient. 

Given su f f i c i en t  t r a in ing  and time, an operator might be able t o  car ry  

out t he  required procedure; however, t h i s  appears t o  be an appropriate 

area for computer control .  

5.6.3 Restart Af'ter a Scram 

One method of r e s t a r t i n g  after a scram requires  a delay u n t i l  t h e  

xenon has decayed t o  a  OW r e a c t i v i t y  value. This res- tar t ing procedure 

would be qui te  similar t o  t h a t  described for s t a r tup  i n  Section 5,6.2. 

After the xenon bui.l.ds -up t o  more than 2.776 r e a c t i v i t y  after a scram, 

r e s t a r t  i s  not possl'ole because there i s  i-nsufficient excess r e a c t i v i t y  

i n  the core. The next r e s t a r t  must be delayed u n t i l  a f t e r  t he  xenon re- 

a c t i v i t y  fa l ls  below 2.776 - a delay of a'uout 34 hr. This delay, plus an 

addi t ional  delay of several- hours i n  a t t a in ing  full. load, would r e s u l t  

i n  .the stat,i.on being off the  l i n e  fo r  a t  least one and possibly two da i ly  

load peaks and should be avoided i f  possible.  

Another method of r e s t a r t i n g  would eliminate the  delay fo r  xenon 

decay. This me-t-.hod uses control  of th.e ccjolant heat removal system, to-  

ge-ther with a f te rhea t  generation, t o  make the  reactor  cri-tj-cal by tem- 

perature control  with the shutdom- rods wiLhdram and no boron j.n -the 

moderator. We have estimated the  isothermal temperature a t  which the  

reac tor  will be c r i t i c a l  immediately following a scram before the xenon 

concentration Increases. This temperature i s  approximately 600" F based 

on the ORNL temperature coef f ic ien ts .  A rise of 100°F i n  t h i s  isothermal 
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teniperature w i l l  add a r e a c t t v i t y  of approximately- 0.3.5$, 

xenon buildup a f t e r  s c r a m  from i t s  equi1.i.brim value of 2 - 7 6  t o  a l a r g e r  

r e a c t i v i t y  worth of 3.0% would r equ i r e  the  isothermal. temperature to be 

rai.sed t o  approximately 685°F. 

condi t ion,  boron i s  not  ava i l ab le  f o r  removal; thus,  Lhe only r e a c t i v i t y  

con t ro l  poss ib l e  i s  from motion of c o n t r o l  rods and. v a r i a t i o n  of coolant  

and f u e l  temperatures.  Control of t h e  steam system and coolant  flow now 

become means f o r  r e a c t i v i t y  cont ro l ,  ajld stearn temperature and steam 

pressure  must be allowed .to vary as requi red .  A siearn dump may be nec- 

e s sa ry  i f  t h e  steam condi t ions a r e  ilot siiittable f o r  opera t ion  of t h e  main 

turbine.  'The tu rb ines  d r iv ing  t h e  coolant  pwnps must be designed t o  

operate  on t h e  stea,m pressure  and temperature obtaj.ned. during t h e  r ise  

t o  f u l l  power. We consider t h e  r e s t a r t i n g  method Impci-tarit, s ince  t h e  

acceptabi l - i . ty  of this p lan t  in a. powsr g r i d  may depend on i t s  a b i l i t y  t o  

restart without a two-day delay i n  power operat ion following a shutdown. 

Therefore 

During a ri .se t o  power from t h i s  c r i t i c a l  

5.6 .4  Safzty System Requiremenis 

The minimum performance requirements of 'Ale r e a c t o r  s a f e t y  syst,em 

a r e  e s t ab l i shed  by consida:rj.ng t h e  consequences of f a i l u r e s  of t h e  re.- 

a c t o r  con t ro l  system. Since -the HWOCII ts an inhe ren t ly  uns tab le  reac tor ,  

a 3-oss of  r e a c t i v i t y  con t ro l  can l e a d  to an unders i rab le  power excursion. 

Any imbalance between the rates of hea t  generat ion and hea t  removal w i l l  

i .n i . t ia te  a r e a c t o r  power t r a n s i e n t  tha'L cont inues t o  force  a f u r t h e r  d i -  

vergence, Figures  5.15 and 5.16 show t h e  results of power excursj-ons 

t h a t  began wi th  i n i t i a l  s t eady- s t a t e  condi t ions  of 20s power xnd 20% cool- 

an-t flow. ?'he r e a c t o r  coolant  i n l e t  temperature and. f low w e r e  held con- 

s t a n t  i n  both cases .  

The curves i n  Fig. 5.15 show t h e  r e s u l t  of perii i l t t ing t h e  power t o  

d r i f t  upward f o r  s eve ra l  seconds without correctj-ve ac t ion .  A power in -  

c rease  w a s  not  l in i t ia ted  In t en t iona l ly ;  r a t h e r ,  t h e  simulated r e a c t o r  

had been he1.d a t  s teady  s ta te  by means of r eac t iv i - ty  con t ro l  f o r  more 

than  2 min before  t h i s  con t ro l  w a s  removed. 

sl_owly and w a s  no t  pe rcep t ib l e  on t h e  power t r a c e  during t h e  f i r s t  20 see  

a f t e r  t h e  con-Lrol.ler w a s  turned o f f .  The absc i s sa  i n  Fig. 5.15 g ives  

t h e  time I n t e r v a l  a f te r  con t ro l  was removed. 'The las t  5 see of t he  curves 

The power r i s e  began very 
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w a s  recorded with a d i f f e r e n t  time s c a l e  in order  t o  show b e t t e r  t h e  

r ap id  r i s e  of power during t h e  f i n a l  po r t ion  of t he  t r a n s i e n t .  The r e -  

a c t o r  per iod had shortened. t o  approximate1.y 1.8 see a t  t h e  i n s t a n t  t h e  

r eac to r  power reached i t s  loo$ value of 3000 Mw(th). 

temperature w a s  900°F. 

t u r e  w a s  approxrmately GO"F/sec, and t he  r a t e  was increasing.  

same procedure was t r i e d  wi th  i n i t i a l  values  of 100% flow and 3COO Md(l;h), 

the period. w a s  16.7 see when the power reached 5000 Mw(th). 

The coolant  o u t l e t  

The r a t e  of r i s e  of t h e  coolant  o u t l e t  tempera- 

Tdlien the  

The curves shown i n  Fig.  5-16 show t h e  result of a s t e p  increase  i n  

reactivi-Ly inse r t ed  a t  t h e  nomen-t; the  automatic power con t ro l  w a s  t umxd  

o f f .  

fuel and coolant temperatures a t  Yne tine 3000 Mw(th) w a s  reached w e r e  

lower than  t h e  corresponding values Fn Fig. 5.15. The reac to r  per iod 

w a s  also s l i g h t l y  shor-ter than i n  the  previous case, being 1 .7  see at 

The magnitude of t he  s t e p  of r e a c t i v i t y  w a s  0.2$ & . Tbth t h e  
e 



13 8 

5000 

REACTOR 
POWER 

(Mw) 

0 

zoo 

COOl-AN1 
FLOW 
(XI 

0 

COOLANT 
OUTLET 

TEMPERATURE 
!"F) 

0 

1000 

ORNL-DIG 65-1464 

TEMPERAllJRC 

TEMPERATURE 

1000 

HOTTEST 
CLADDING 

TEMPERATURE 
! O F )  

0 

2000 

FUEL 
TEM"ERATUTUSE 

ADJrlCENT 
TO ~IOTTES r 

CLADDING ( O F )  

0 4 2  0 { 2  

r lME !seci TIME ( s e c l  

F i g .  5.16. Reactor Power Excursions - Step  Increase of 0.2% ilk t o  
i n i  t i a  Le Sxcurs i on a 

3000 Mw(tii) as compared wi th  1.8 sec.  

i.s q u i t e  apparent .  

The i r icreasing rate of power r i s e  

The curves i n  Fig. 5.16 q u a l i t a t i v e l y  i l l u s t r a t e  3 s t a r t u p  acc iden t .  

It. i.s pos-Lulated t h a t  f a i l u r e  of t he  sta:et,up ins t rumenta t ion  and c o n t r o l  

system causes  reactivi-by t o  be added a t  t h e  maximum possi-hle r a t e  by with-  

drawa.1 of c o n t r o l  and/or shutdown rods, and c r i t i c a l i t y  i s  reached be fo re  

t h e  rods a r e  compl.etely withdrawn. T h i s  acc iden t  could. be q u i t e  severe  

i n  the  KFJOCR, and it e s t a b l i s h e s  t h e  minimum performance requiremen-ts of 

the s a f e t y  system. The power excurs ion  can be terminated only by i n s e r -  

t i o n  of  t h e  shutdown rods o r  by redistri.bu-Li.ou of t h e  core  i n t o  a l e s s  

r e a c t i v e  conf igura t ion .  
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The s t a r tup  accident could occur when most, o r  a l l ,  of the boron had 

mistakenly been removed from the  moderator and i;he shutdown rods were 

withdrawn i n  preparation f o r  going c r i t i c a l .  

moved., the  reactor  would be supe rc r i t i ca l  by about 1.2% &e wlith a l l  the  

shutdown rods withdrawn, the v e r t i c a l  control  rods withdrawn t o  t h e i r  

midpoints, and the  core isothermal a t  190°F. 

the excursion would cause the  organic coolant t o  b o i l  and the  l i qu id  t o  

be expelled f romthe  core. Our analysis  of t'ne r e s u l t s  given i n  Figs. 

5.15 and 5.16 shows t h a t  i n  a power excursion a t  low coolant flow r a t e s  

the  r a t e  of r e a c t i v i t y  addi t ion associated with the posi t ive coolant tem- 

perature coef f ic ien t  i s  almost twice the  r8 t e  of react iv- i ty  removal by 

the  negative f u e l  coef f ic ien t .  In order t o  control  stlch excursions it 

w i l l  be necessary t o  retai.n the period. t r i p  i n  the power range or, a l t e r -  

natively,  employ a r a t e  t r i p  or  r e se t  the f lux  l e v e l  t r i p  point as a 

function of the  expected power. Since it is possible for the  period of 

the excursion t o  be e i t h e r  qui te  short  o r  only s l i g h t l y  l a rge r  than the 

t r i p  se t t ing ,  both the period t r i p  (or  r a t e  t r i p )  and l e v e l  t r i p  are re -  

quired t o  perform re l iab ly .  A r e se t  of the f lux  l e v e l  t r i p  point, Ff  

applied, must have a design r e l i a b i l i t y  consis tent  with safe ty  system 

requirements. Frirther ,analysis of power excursions will be needed t o  

e s t ab l i sh  the  required response time of t he  safe ty  system, b-u t  it, i s  

probable t h a t  the  proposed t i m e  of 3 sec t o  i n s e r t  1% Cvr: 

If a l l  t he  boron were re -  

If allowed t o  go unchecked, 

- 

i s  too long. 

The kinebic behavior of the HWOCR i s  such t h a t  f a i l u r e  t o  obtain 
e 

prompt; and adequate control  response reslats i n  l o s s  of  control,  w i t h  a 

high degree of certainty t h a t  a power excursion w i l l  follow. Thus, f a i l -  

ure t o  act ,  ra ther  than the comiss ion  of a se r i e s  of misoperations, can 

require infall i 'ole operation of the  safe ty  system. Even a s l i g h t  i n i t i a l  

t rans ien t  withaat sa fe ty  act ion w i l l  lead t o  a power excursion tha t  re- 

quires red is t r ibu t lon  of the  fue l  o r  expul.sion of the moderator to shut 

down the  reactor.  The containment s t ruc ture  appears mable t o  withstand 

the  consequences of the f a i lu re  of' the  safe ty  system. Since both the  

reactor  and the con.tainment system require  i n f a l l i b l e  performance on the 

part of the  safety system, two complete and independent sets of ins t ru-  

ments a i d  shutdown rods are required. In order t o  minimize common T a i l -  

ure mcdes, t he  two systems must be of d i f f e ren t  design and construction, 
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and both  must have adequate time response. It i s  poss ib l e  t h a t  t h e  coin- 

bined r e a c t i v i t y  worth of both sets  of rods w i l l  remain at; 4% an; how- 

ever ,  more analyses  a r e  required t o  determine t h e  response and r e a c t i v i t y  

needed. The co r rec t  operatioii  of either group of shutdown rods must af- 

fo rd  pro tec t ion .  

L 

5.6.5 Reactor Control System Requirements 

The r eac t iv i - ty  con t ro l  of t h e  H[IJOCR should be capable of keeping 

the  r e a c t o r  i n  opem'ii.on i n  spite of probable reactoi-  t r z r i s i en t s  such as 

those a r i s i n g  from the i n s e r t i o n  of one shu'idowfl rod or  t h e  1-oss of  one 

coolant  pump. 

fai.l.ures causing i n s e r t i o n  of ind.ividua1 rods coifid be expected -io occur 

seve ra l  t i m e s  per  year .  

f o r e  have t h e  capac i ty  and response 'io compensate f o r  such a r e a c t i v i t y  

decrease wi th  a minimal dis turbance of r e a c t o r  operat ion.  Al-so, a loss 

of motive power t o  one of t h e  t h r e e  coolant  punips while the p l a n t  i s  a t  

full. power i.s qu i t e  likely. Simul-i;aneousI.y wi.th coastdown of the pump, 

the c o n t r o l  system must reg,?xl.at,:: t h e  r e a c t i v i t y  t o  reduce the r e a c t o r  

power as reqii ired t o  al.low continued opera t ion  a t  reduced power ~ 

With 84 shutdown rods being held i n  t h e  withdrawn posi'cion, 

Yne r e a c t o r  power regula-Lilig system should t h e r e -  

Resul ts  obtained from our analog computer s tudy ( see  Appendix F)  of 

t h e  e f f e c t  of i n s e r t i n g  one shutd.own rod a r e  given i n  Figs. 5.17, 5.18, 

5.19, and 5.20. The most r eac t ive  shutdown rod i s  est imated t o  be worth 

approximately 0.1% ake, and t h e  t i m e  i n t e rva l  f o r  i n s e r t i o n  of t h e  shut-  

down rods must be smal..l t o  meet t h e  s a f e t y  system requirements discussed 

i n  Section 5.6.4. 

t o  s imulate  the  rap id  i n s e r t i o n  of such a rod. An automatic r e a c t o r  

power con t ro l  system w a s  used i n  an at tempt  t o  maintain the  ireactor power 

a t  i t s  o r i g i n a l  value.  I n  t h e  run shown i n  F7.g. 5.17, t h e  r e a c t i v i t y  

r a t e  add i t ion  of t h e  con t ro l  system w a s  l imi t ed  t o  +O.OOS% B e / s e c ,  with 

a mnxi.murn oi" i - O . l O $  ak ava i l ab le  for control. 

t h i s  case was not  capable of copring wi.th t h e  sudden reduc-Lion i n  reac-  

t i v i t y ,  and the  r eac to r  w a s  shut  down. The curves i n  Fig.  5.18 show t h e  

e f f e c t  of increasi i ig  t h e  maximum r e a c t i v i t y  ava i l ab le  for con t ro l ,  When 

t h e  r e a c t i v i t y  of t h e  con t ro l  rods w a s  chan.getl from t-0.10 t o  +0.15% AkeJ 

Therefore, a step reduct ion oT 0.18 o Ake w a s  introduced 

The c o n t r o l  system i n  e 
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the  system w a s  able t o  recover i n  approximately 1 .5  min, but the  oi i t le t  

temperature of t h e  coolant suffered a 50°F var ia t ion  during the  t ran-  

s i e n t .  When the  control  system r e a c t i v i t y  r a t e  w a s  increased from k0.005 

t o  50.01% Ak /see with a maximum control  system react , ivi ty  change of 

+0.15$1 &e, the reac tor  was  res tored -to normal conditions approximately 

22.5 see a f t e r  the s t e p  decrease i n  r e a c t i v i t y .  The o u t l e t  temperature 

varied approxima,tely 30°F, as shown i n  Fig. 5.19. An increase in control  

system r e a c t i v i t y  r a t e  f r o m  k0.01 t o  +0.015$ k e / s e c ,  with a maximiun re- 

a c t i v i t y  control  of ?0.15% &e, decreased the  var ia t ion  i n  outlet, tem- 

perature  t o  20°F and produced a recovery i n  approximately 10 sec, as 

shown i n  Fig. 5.20. These f o a r  s e t s  of curves indicate  t h a t  recovery of 

the  reactor  from a 0.1% Ak 

creasing the  withdrawal r a t e  from 0.005% a e / s e c  t o  O . O l $  a e / s e c .  

e 

negative s t e p  i s  g r e a t l y  enhanced by in- 
e 
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Provis ion  of more r e g u l a t i n g  rod worth than  50.15% me would probably 

con t r ibu te  1.j.ttl.e t o  t h z  hand]-ing of a shutdown rod i n s e r t i o n .  

W e  a l s o  examined t h e  e f f e c t s  of  a p o s i t i v e  s-tep of O*l% ke, as 

shown i n  F igs .  5.21 and 5.22. With a c o n t r o l  system worth of +0.15% Ake, 

R c o n t r o l  ra te  of 20.01% k e / s e c  was i -n su f f i c i en t ,  as shown i n  Fig.  5.21. 

A c o n t r o l  Tate of +O. 015% k e / s e c  l i m i t e d  t h e  maximum power t o  4200 Mw(-th), 

t h e  o u t l e t  temperature  to 790"F, t h e  c ladding  temperature  t o  840°F, and 

t h e  f u e l  temperature  t o  1800°F. 'I'he t r a n s i e n t  was over iil approximately 

45 see. It should be emphasized t h a t  a p o s i t i v e  s t e p  of  O s ] - $  Ak 

unusual condi.tion a r b i t r a r i l y  imposed on t h e  system and does not  r ep resen t  

any s p e c i f i c  i nc iden t .  

i s  an  
e 

The e f f e c t s  of coastdown of one of t h e  three coolant pumps under 

var ious  coiidritions are shown i n  Figs.  5.23, 5.24, 5.25, and 5.26. The 
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Fig. 5.25. Response to Coolant Pump Coastdown on 10-sec 'Time Con- 
stant; Contro l  of +0.1.5$ Ake at ?0.015$ C,k,/sec. 

simulated con t ro l  system endeavored t o  a d j u s t  .t'ne r e a c t o r  power t o  COT- 

respond to t h e  coolant flow i n  each case.  The cool.ant f low w a s  assumed 

t o  decrease from 100 t o  78% on a flow-time r e l a t i o n s h i p  descr ibed by a 

l i n e a r  f irs%-order d i f f e r e n t i a l  equation. Three rims were made with a 

coastdown time constant; of LO see and one with a tirue constant  of 20 see .  

It, was necessary f o r  t h e  con t ro l  system t o  decrease t h e  r e a c t i v i t y  t o  

prevent a power excursion and ti3 bring t he  power down t o  match t h e  re -  

d.uced coolant flow. The curves i n  Fig. 5.23 show t h a t  a r e a c t i v i t y  rate 

of 10.005% KK /see w a s  i n s u f f i c i e n t  t o  cope with the r e s u l t s  of a pump 

coastdown with a time constant  of  10 see.  A scram would have been re-  

quired t o  h a l t  t n e  ensuing excursion. An increase  i n  the  control reac-  

t i v i t y  t o  rt r0 .010% b e / s e c  was siuffi-cient t o  prevent an excursi-on, as 

2 
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Fig. 5.26. Response to Coolant Pump Coastdown on 20-sec T i m e  Con- 
stant; Control of 10.10% &, at ~0.005% &,/see. 

shown in Fig. 5.24. 

ke/sec provided an even smoother transition from 100 to 78$ power in 

response to a pump coastdown, as shown -in Fig. 5.25. In the last case, 

the coolant outlet temperature rose approximately 20°F before gradually 

decreasing to its design-point value. The temperature transient existed 

for less than 20 see. 

coastdown time constant of 20 see, and a reactivity control rate of over 

rtO.005$ Ake/sec was sufyicient to cope with the transient, as show-t in 

Fig. 5.26. In general, all these curves show that the transient due to 

a pump coastdown is much less severe than that of rapid insertion of a 

single shutdown rod. 

Another increase in seactivity control rate to 20.015% 

An additional run vas made with the slower pump 

Another t ype  of transient requiring adequate reactivity con t ro l  

arises from a change 09 the temperature of the coolant entering the re- 

actor. Such a temperature perturbation could be produced by a sudden 



change i.n steam flow. 

exac t  mechanisms f o r  causing the p a r t i c u l a r  coolant  temperature v a r i a t i o n s  

t h a t  were examined, t he  con t ro l  system needs s u f f i c i e n t  c a p a b i l i t y  i n  

t h i s  a rea ,  

Although no at tempt  has been made t o  descr ibe  t h e  

Tne t r a n s i e n t  was i n i t i a t e d  by a s t eep  ramp i n  coola~-i t  i n l e t  k i n -  

pera ture ,  w i t h  t h e  flow held constant  a-1; i t s  design value. The f i rs t  

change w a s  a 6°F r i s e  introduced i n  1 see,  shown i n  Fig. 5.27. A con- 

t r o l  sys-tern reac-Li-vity r a t e  of  li0.005% & /see handled the  t ransient ,  

wi.td7i.n approximately 1 2  see.  The power momentarily reached 3300 Mw, and 

t h e  coolant  o u t l e t  -temperature rose about 10°F f o r  a f e w  seconds. 

e 

The 
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Fig .  5.27. Response t o  Rise 
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next t r a n s i e n t  w a s  i n i t i a t e d  by a 12°F ramp rise i n  coolant  i n l e t  tem- 

perature ,  which w a s  a l s o  in-troduced i n  1 see, as shown i n  Fig. 5.28. For 

t h i s  case, the  r e a c t i v i t y  con t ro l  r a t e  w a s  irO.OlO% Clke/sec. 

con t ro l  r a t e  handled t h e  12°F r i s e  i n  i n l e t  temperature almost as well 

as the  +0.005$ Llk /see r a t e  handled the  6°F r i s e .  

i n  approximately 1 2  sec.  

and the  coolant  outlet;  temperature went t o  a high of 780°F. 

i n  Fig. 5.28 a l s o  show the  r e s u l t s  of t h e  same coola~t i n l e t  temperature 

change i n  a downward d i r ec t ion .  The t r a n s i e n t  from a decrease i n  coolant  

temperature i s  much less pronounced than tha t  from an increase  i n  tem- 

pera ture ,  

This new 

The t ransient ,  was over 
e 

The r eac to r  power went t o  a peak of 3700 Mw, 

The curves 

A r eac to r  con t ro l  system having +0.15$ Llk r e a c t i v i t y  ava i l ab le  a t  

w a s  capable of  coping with a l l  the  s i t u a t i o n s  
e 

a r a t e  of +0.015$ 
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Fig. 5.28. Response t o  Change i n  Coolant In l e t  'Teriperatill.e of 12°F 
(a )  Temperature in-  i n  1 see;  Control of +O. l iS$  &-e at  -1-0.010$ Lke/sec. 

c reas? .  (b ) Temperature decrease.  
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examined. 

required,  depending on t h e  cause of the  dis turbance,  a total .  c o n t r o l  sys- 

tem reac t iv i - ty  of approximately 0.3% LY~ appears necessary.  TO f a c i l i -  

t a t e  con t ro l  without excessive power and temperature fluctua,ti.ons, a r e -  

a c t i v i t y  ra te  of approximately +0.015$ Ak /see i s  needed, 

Since both p o s i t i v e  and negat ive r e a c t i v i t y  changes may be 

e 

e 
Another f a c t o r  thai; rieeds t o  be considered i.s -the r e a c t i v i t y  r e -  

quired f o r  s a t i s f a c t o r y  suppression of  t h e  xenon s p a t i a l  o s c i l l a t i o n s .  

Although of  secondary impor-tance t o  t h e  problems discussed above, xenon 

con t ro l  i s  needed i n  order  t o  obta in  the  average f u e l  performa.nce speci-  

f i e d  f o r  t h e  HWOCR. 

There i.s considerable  economic incent ive  i n  providing a con t ro l  sys- 

tern f o r  t he  HWOCR tha.t  w i l l  continue t o  operate  ,the i-eactor d e s p i t e  fail.- 

ure  of a system component. 

c o n t r o l l e r s  asranged t o  supply t h r e e  similar e r r o r  signa1.s for con t ro l  

of t h e  conti-ol rods. The median s i g n a l  would then  be se l ec t ed  by a con- 

t r o l l e r  f o r  each rod dr ive .  A faLlure  of one e r r o r  s i g n a l  wou.1.d be com- 

pensated by- the  remaining Lwo s igna ls ,  and a f a i l u r e  of one c o n t r o l l e r  

f o r  one rod should be t o l e r a b l e .  Th7.s system i s  di-scussed i n  Section 

6.8.2, and a block diagram of t h e  arrangement i s  shown i n  Fig. 6”g. 

We reconmiend t h a t  t h e  system use multip1.e 

5 .6 .6  Reactor Shutdown Margin 

I n  a reac%or having p o s i t i v e  c o e f f i c i e n t s ,  shutdown margin becomes 

a m a % t e r  of urgent  concern. When the  shutdown rods a r e  inser ted ,  the 

r e a c t i v i t y  decreases  as the  coolant, temperature decreases .  Addition of 

boron f u r t h e r  reduces r e a c t i v i t y  u n t i l  t h e  conf igura-tion becomes even 

more s u b c r i t i c a l .  Later, as f o r  exLvnpl.e when a l t e r a t i o n s  a r e  being made 

t o  t h e  core and t h e  rods,  t h e  r e a c t o r  could again become c r i t i c a l  and, 

with p o s i t i v e  c o e f f i c i e n t s ,  be severe ly  damaged. It, i s  extremely impor- 

t a n t  t he re fo re  t h a t  reserve  negat ive r e a c t i v i t y  be held i n  readiness  t o  

be i n s e r t e d  in order  t o  buy time t o  remove f u e l  o r  moderator o r  t ake  

o the r  s u i t a b l e  ac t ion .  

With spare  nega-Live r e a c t i v i t y  a v a i l a b l e  f o r  shutdown margin, t h e  

condi t ions arid procedures given below a r e  suggested f o r  t he  HWOCR f o l -  

lowing a r e a c t o r  shutdown: 
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1. A normal reac tor  scram should cause both groups of shutdown rods 

t o  be inser ted.  

2. Immediately followlng the  scram, half  the  rods of each of the  

two rod groups should be withdrawn and remain i n  the withdrawn posi t ion 

throughout the  shutdown period and subsequent r e s t a r t .  A reduction i n  

coolant temperature and the  addition of boron would supply the operating 

shutdown margin, leaving 2 s  Ak 

unplanned c r i t i c a l i t y  . 
i n  one bank of rods as reserve against  

e 

Although the boron addition system i s  useful for its intended pur- 

pose, it has ce r t a in  l imi ta t ions .  It i s  not capable of the fast response 

required of a safe ty  system, and it may require the operation of auxil-  

i a r y  devices, such as moderator c i rcu la t ing  pumps, in order fo r  it t o  

be used. 

more d i f f i c u l t  t o  measure than i s  the  posi t ion of each shutdown rod. One 

of our ma,jor reasons for recommending t h a t  spare negative r eac t iv i ty  be 

a-vailable i n  the  form of withdrawn shutdown rods i s  t h a t  the boron con- 

centrat ion might, slowly be reduced unknowingly u n t i l  c r i t i c a l i t y  was 

ac hieve d. 

Also, the cirnount of  boron dissolved i n  the  moderator i s  much 

Another aspect of shutdown margin i s  r e l a t ed  t o  the maximum reac- 

t i v i t y  t h a t  can be introduced by optimum voiding. 

of 1.1$ f o r  a complete l o s s  of coolant w a s  used by AI-CE i n  estimating 

the  r e a c t i v i t y  needed i n  the shutdown rods. However, complete 8oid.ing 

does not correspond t o  maximum reac t iv i ty  control needs; ra ther ,  vazious 

s p a t i a l  void d is t r ibu t ions  and coolant temperature d is t r ibu t ions  need. t o  

be considered. Thus fur ther  analyses a re  needed t o  determine the  maximum 

r e a c t i v i t y  addrition possi'ole from a.n optimum voiding i n  order t o  a l l o w  

an evaluation of the  r eac t iv i ty  needed i n  the shutdown rods. A s a t i s -  

factory shutdown margin must be achieved by e i the r  of the  shutdown sys- 

tems discussed i n  Section 5.6.4.. 

A r eac t iv i ty  increase 

5.6.7 Conclusions 

The posi t ive coolant temperature coef f ic ien t  of the IWOCR imposes 

severe demands on the operation of the  safe ty  and control  systems. Fur- 

ther ,  the  containment system i s  not independpent of the safe ty  system, 
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s ince  perBorinance of t he  containment, system as proposed r equ i r e s  tha-t  

t h e  safet,y system shut  d . o m  t’ne r eac to r .  The safety and control- systems 

envisioned i n  the  design r e p o r t  appear d e f i c i e n t  i n  the  areas of r e l i -  

a b i l i t y  and performance; however, we be l i eve  that ,  these d e f i c i e n c i e s  can 

be cor rec ted  and sa t j - s f ac to ry  systems can be appl ied  t o  the  HWOCR. 

The s a f e t y  system should be s p l t t ,  i n t o  two separa te  aild independent 

shutdown syst,ems. Two s e t s  oP instruments and shut,down rods are required.  

Each shutdown system should have suf f ic ien- t ly  fast response a s d  s u f f i c i e n t  

r e a c t i v i t y  to give  pro tec t ion .  ?‘he use of two h ighly  r e l i a b l e  independent 

systems appears necessary t o  decrease t h e  probabi l i t ,y  of  shutdown faj.1- 

u-re t o  a s a t i s f a c t o r y  l e v e l .  Further  analyses  w i l l  bc requi red  t o  e s t ab -  

l i s h  t h e  necessary response -time ar,d r e a c t i v i t y  cont ro l ,  bu t  t h e  s p e c i f i e d  

i n s e r t i o n  speed of t h e  shutdown rods appears t o o  slow. The total. i-eac- 

t i v i t y  c o n t r o l  of 4% Bk 

be s u f f i c i e n t  bu t  shoi1l.d be divided equal ly  between t h e  two shutdown sys- 

tems t o  provide Z$ Ak 

rods must have  d.rive mechanisms of di.ffe:rent design t o  reduce the  proba- 

b i l i t y  of a comon-mode f a i l u r e .  

p re sen t ly  ava i l ab le  i n  Lhe 84 shutdown rods  may e 

i n  each se t  of rods.  The two sets of shutdown e 

Reserve negat ive r e a c t i v i t y  should. be ava i l ab le  when t h e  r e a c t o r  i s  

i n  a shutdown condi t ion.  Such i-eserve r e a c t i v i t y  can bo obtained by t‘ne 

withdrawal of a p a r t  of each se t  of shutidown rodk a f t e r  a n  eva lua t ion  of 

t he  s i t u a t i o n  fol lowing r eac to r  shutdown. These rods should. be maintained 

i n  the  withdrawn pos i t i on  imt i l  t h e  next r e a c t o r  shutdown. 

The rod c o n t r o l  system f o r  normal. power r egu la t ion  of t h e  r eac to r  

should be made more r e l i a b l e  through the  u s e  of mul t ip le  c o n t r o l l e r s .  

I n  addi t ion ,  both the  amount and rate of r e a c t i v i t y  change ava.-il.a’ole f o r  

power con t ro l  should be increased t o  provi.de f o r  coni;inued c o n t r o l  of 

t h e  r e a c t o r  fol lowing poss ib le  r e a c t i v i t y  pe r tu rba t ions  during p l a n t  opera- 

t i on .  An increase  i n  t h e  diameter, Ikngth, or number of  v e r t i c a l  c o n t r o l  

rods a l loca t ed  t o  power con t ro l  w i l l  be needed. The necessary r e a c t i v i t y  

change r a t e  appears r e a d i l y  obtainable ,  
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6. ENGINEEKING R E V B W  OF PIANT DESIGN 

'The AI-CE design' w a s  used as t h e  o v e r a l l  plan'c r e fe rence  design i n  

t h i s  study, as mentioned previously,  a l though t h e r e  are e s s e n t i a l  d i f f e r -  

ences between t h e  AI-CE and B&W designs i n  t h e  reac.tor v e s s e l s  and r e -  

f u e l i n g  systems. The pr inc i .pa l  d i f f e rences  were discussed i n  Chapter 3. 

This review of p l a n t  r e a t u r e s  i s  concerned p r i m a r i l y  wi th  

1. t h e  f e a s i b i l i t y  of  devel.opirig, bu i ld ing ,  and ope ra t ing  t h e  p l a n t  

under t h e  s p e c i f i e d  condit3.ons and app l i cab le  ground r u l e s  of this 

study, 

2 .  a compari son of sys.teriis, where appropr ia te ,  wi-Lh t h e i r  counterpar t s  

i n  t h e  hea,vy-water o r  pressurized-water  p l a n t s  of t he  advanced con- 

v e r t e r  stu.dy2 t o  e s t a b l i s h  bases  f o r  c a p i t a l  cos t  normalizat ions,  

3. a comparison of  A I - C E  and B&W concepts where d i f f e rences  e x i s t .  

In  t h e  fol lowing d iscuss ions ,  p r i n c t p a l  f e a t u r e s  of  t h e  p l a n t  sys-  

tems and major components a r e  swnrflarized; i t  i s  assumed t h a t  t h e  reader 

wil~l have access  t o  t h e  AT-CE and B&W conceptual  design reports ' J3j  '' f o r  

more d e t a i l e d  informatj-on. Along wi th  t h e  d iscuss ions ,  we have indri.cated 

where we were unable t o  v e r i f y  desigil values  as presented  o r  where w e  

t h i n k  t h a t  modi f ica t ions  t o  t h e  design may impmve cos t ,  r e l i a b i l i t y ,  o r  

s a f e t y  of t h e  p l a n t .  

Comparisons of  HWOCK systems w i t h  systems of o the r  advanced-converter 

reac- tors  r e l a t i v e  t o  des ign  and c o s t  normali-zation were l i m i t e d  t o  com- 

par i sons  of  bui.l.ding requi-rements, turbine-generatoy f a c i l i t i e s ,  and some 

of  t h e  moderator a u x i l i a r t e s .  The concepts most similar t o  t h e  FWOCH a r e  

t h e  two heavy-water rea.ct,or concepts d i scussed  i n  Ref. 2 .  These heavy- 

water  ~ e a c t o r s  ope ra t e  wi th  D2O coolant  p re s su res  i n  t h e  range of 1800 t o  

3.900 p s i a  a t  a uiaximum temperatiire of approximate1.y 580"F, and they  have 

2-r-2 l/2$ Nb pres su re  tubes .  

organic  coolant  p re s su re  of about L O O  p s i  and a maximum temperature  of 

'750"F, and it has SAP-895 pres su re  tubes. The d i s t i n c t  d i f f e r e n c e s  i n  

r e a c t o r  and hea t  t r a n s f e r  system designs due t o  t h e  d i f f e r e n t  coolan-ts 

l i m i t  t h e  ex ten t  t o  which normaliza%ion comparisons of t h e s e  systems a r e  

meaningful. 

In comparison, t h e  I-IWOCR opera tes  w i th  an 



6.1 Reactor  Vessels  and I n t e r n a l  S t ruc tu res  

6 .1 .1  Calandria  and Sh ie ld  

The AI-CE concept has a s t a i n l e s s  s t e e l  c a l a n d r i a  25 f t  i n  ou t s ide  

diameter  and 20 f t  h igh  t h a t  i s  supported a t  t h e  t o p  tube  s h e e t  of t h e  

lower end s h i e l d  and conta ins  t h e  D 2 O  moderator f l u i d .  'The phys ica l  

arrangement i s  ind ica t ed  i n  Fig.  6.1. The Z i rca loy  tubes,  which a r e  

mechanical ly  r o l l e d  i n t o  t h e  tube shee t s ,  are s i z e d  to provide an annular  

c l ea rance  between them and t h e  SAP process  tubes. Add i t iona l  v e r t i c a l  

and h o r i z o n t a l  p e n e t r a t i o n s  a r e  provided f o r  ins t rumenta t ion ,  cont ro l ,  

and maintenance. This design has an  emergency spray  system t h a t  c a n  

ba the  t h e  t o p  tube  shee t  w i t h  D 2 0  from nozz les  i f  a drop i n  moderator 

l e v e l  occurs .  A l e v e l - c o n t r o l  t a n k  maintains  a p res su re  of  2 p s i g  a t  

t h e  t o p  tube  shee t ,  arid a helium cover gas i s  rnaintained i n  t h e  tank .  

Bearing pads w e l d e d  t o  t h e  bottom o f  t he  c a l a n d r i a  bea r  on mating pads 

welded t o  t h e  t o p  of t h e  lower s h i e l d ,  and keys and keyways prevent  ro-  

t a t i o n  and displacement of  t h e  c a l a n d r i a  due t o  thermal  cyc l ing .  Since 

t h e  s t r u c t u r e  a s soc ia t ed  with t h e  proposed design i s  s u b j e c t  t o  s i g n i f i -  

can t  s t r e s s e s  i n  bo th  t h e  tubes and calandria.  t o p  corner  wel.rls, and a 

major shutdown i s  requi red  t o  r ep lace  a d e f e c t i v e  tube  (by sem5remote 

procedures) ,  it would be d e s i r a b l e  t o  i n v e s t i g a t e  o t h e r  design approaches 

t h a t  e i t h e r  e l imina te  o r  reduce t h e s e  problems. 

The end and thermal. s h i e l d s  are made of carbon s t e e l  and a r e  cooled 

w i t h  t r e a t e d  l i g h t  water. Eight  curved s e c t i o n s  form t h e  c y l i n d r i c a l  

thermal  s i d e  s h i e l d  that surrounds t h e  c a l a n d r i a .  F l e x i b l e  seals a r e  

used t o  con ta in  t h e  CO2 atmosphere of  t h e  c a l a n d r i a  vau1.t. Sea l s  must 

be  used a t  a l l  c o n t r o l  rod pene t r a t ions ,  between t h e  thermal -sh ie ld  sec-  

Lions, and between t h e  t h e m a l  and end s h i e l d s .  

t h e  i n t e r s e c t i o n  of t h e  s i d e  thermal  s h i e l d  and t h e  end s h i e l d s  m u s t  

s imultaneously accommodate c i r c u m f e r e n t i a l  arid a x i a l  expansion. 

The seal t o  be used a t  

The design does no t  provide  for i n spec t ion  and/or replacement of  

t h e  D 2 O  sp ray  nozzles  of t h e  emergency spray system. Since f l o w  blockage 

i n  severa.1 nozzles  would in f luence  r e a c t o r  s a fe ty ,  we feel t h a t  inspec- 

t i o n  and replacement p rov i s ions  should be inc luded .  Also, a method a.nd 
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procedure should be es tab l i shed  f o r  t h e  remote or  semiremote replacement 

of a defec t ive  C02 bellows s e a l  i n  a v e r t i c a l  con t ro l  rod housing. 

I n  t he  E&W design t h e  c y l i n d r i c a l  ca landr ia  tank and end sh ie lds  

a r e  f ab r i ca t ed  as one l a rge  u n i t  and arranged as shown i n  Fig. 6.2.  This 

design, coupled wi th  t h e  f u e l  channel assembly design, eliminates t h e  

ca landr ia  tubes as p a r t  of t he  ca landr ia  s t r u c t u r e .  The 3 & W  sh ie ld-  

ca landr ia  v e s s e l  i s  approximately 22 ft i n  diameter and 32 f t  high and 

i s  fabr ica ted  of s t a i n l e s s  s t e e l .  Lead shot i s  used i n  t h e  end sh ie lds ,  

which a r e  cooled wi th  l i g h t  water. No thermal s i d e  sh i e ld  i s  shown i n  

t h e  B&W design, bu t  we have assumed t h a t  one would be required as i n  t he  

A I -  CE des ign. 

6.1.2 Fuel Channel Assemblies 

AI-CE Assembly. The AI-CE f u e l  channel assembly, shown i n  Fig. 6.3, 

cons i s t s  of a SAP process tube with s t a i n l e s s  s t e e l  t r a n s i t i o n  sec t ions  

on each end, top  and bottom carbon s t e e l  extensions t o  which the  tube 

t r a n s i t i o n  sec t ions  are welded, and mechanical end s e a l  plugs a t  the  top 

and bottom. 

bottom extensions, and t h e  top  extension i s  bol ted  t o  and suppo.rted by 

t h e  top  tube shee t  of t he  upper end sh ie ld .  The process tube i s  supported 

by t h e  upper extension, which passes through a s t a t i o n a r y  sleeve i n  the  

upper end sh ie ld .  AI-ignment bearings are also located i n  t h i s  sleeve. 

The process tube passes through the  Zircaloy-2 ca landr ia  tube and i s  

welded to t he  lower extension. This lower extension passes through a 

s leeve  i n  the lower end sh ie ld ,  which contains a SI-iding alignment bear- 

ing, and provides a packed gla.nd t o  allow - Je r t i ca l  thermal expansion and 

cont rac t ion  of t he  f u e l  channel. This gland must seal  the  CO;? gas used 

as a thermal b a r r i e r  i n  t h e  annular space between the  pressure  and ca- 

l andr i a  tubes.  Eoth top  and bottom extension pieces a r e  provided. with 

a n t i r o t a t i o n a l  keys to r e s i s t  t o r s ion  loads from t h e  p i g t a i l  piping. 

P i g t a i l  i n l e t  and o u t l e t  p ip ing  i s  welded t o  the  top and 

A s  shown, s t a i n l e s s  steel-to-carbon s t e e l  welds a r e  made between 

t h e  pressure  tube t r a n s i t i o n  sec t ions  and t h e  m e 1  channel extensions. 

'These d i s s imi l a r  metal welds could be avoided by welding a carbon steel. 

piece t o  t h e  t r a n s i t i o n  sec t ions  during shop f ab r i ca t ion .  



164 

ii 
E 

E 

e a 1 $ 
[
~

-
i
 



165 

ROLLED 
JOlllT-----. 

RANSITION ........ 

SLI DI :I c 

1 

. S E C T I O N  ... T H R U  UPPER 
SEAL PLlJG 

~ SECTION ...................... THRlJ IJPF’ER 
v.Oi.DDOWN FLANGE 

SEAL. PI.UG 

.............. 

. ;FTAINER ................... & F L A N G E  

~_ 

‘-SEAL PLUG 
SECTION THRU L0WE.R 

SENLPLVG 

HOLD DOWN 

Fig. 6.3.  A I - C E  Process Tinbe Desi.gn. (From Ref. I) 



146 

Latch assembl.i.es, which p o s i t i o n  and support  t h e  f u e l  coI.umn, a r e  

mounted i n  t h e  top and bottom extens ion  p i eces .  These a r e  spring-loaded 

cam-operated devices  t h a t  must be  a c t i v a t e d  by coordinated opera t ions  of 

b o t h  t h e  t o p  and bottom r e f u e l i n g  machines. 

be r ev i sed  t o  provi.de f o r  replacement of t h e  l a t c h  assembl.i.es, and a 

l a t c h  assembly replacement device should be incorpora ted  i n  t h e  des ign  

of  t h e  refuel~ing-~-clachine head, The consequences of a l a t c h  f a i l u r e  must 

be eval-uated wi th  r e spec t  t o  r e f u e l i n g  operat,j.ons and dis located.  fuel 

assemblies .  Proper opera t ion  of t he  c i imnel  l a t c h e s  i s  imperative,  s i n c e  

they  must support  t h e  e n t i r e  fuel. column and a c t  t o  r e t a i n  the column 

dur ing  r e f u e l i n g  opera t ions  when one machine ram j.s r e t r a c t e d .  

The p resen t  design should 

The p res su re  tube replacement procedure r equ i r e s  t h e  development of 

remotely operated cu t t i ng ,  welding, and in spec t ion  devices ,  which a r e  

d i f f i c u l t  -to manipulate .  Nonetheless, t h e  deveI.opment of such devices  

appears f e a s i b l e .  The p a r t i c u l a r  tube t r a n s i t i o n  pj-ece-to-extension weld. 

j o i n t  conf igure t ions  sh0.m i n  F i g .  6 . 3  appear t o  be d i f f i . c u l t  t o  make and 

in spec t  refnotel-y. While some success  has been achieved i n  designing and 

t e s t i n g  equipment t o  perform s imi lk r  opera t ions ,  5 ,  

and developnent work w i l l  be I-equired to t a i l o r  such machines and inspec- 

t i o n  devlces  t c  t h e  exac t  j o in - t  conf igura t ions  t o  be used. This  type  of 

progra,m can great1.y inc rease  d.evelopment costs. Remote f ie1.d-welding, 

c u t t i n g ,  and inspec t ion  opera t ions  should be avoided hiizenever possi-ble.  

addi t ional .  design 

Commercial tub ing  to l e rances  w i l l  no t  maintain the  r a d i a l  cllearance 

chosen f o r  t h i s  des ign .  It appears  t h a t  due t o  accumulatlve to l e rances ,  

t h e  r a d i a l  c learance  between t h e  p re s su re  and ca,l.andria tubes  can be r e -  

duced t o  t h e  p o i n t  where t h e  tubes touch. The l a c k  of c learance  would 

inc rease  t h e  chance of damaging a cal.andria tube  dur ing  a p res su re  tube  

removal opera t ion .  

I n  -the p re sen t  design, t h e  proeess  tube  i s  allowed. t o  expand down- 

wai-d.  I n  a d d i t i o n  t o  a hoop-stress  loading, the  tube  i s  sil‘ojected t o  an. 

axial .  loading due t o  t h e  weights of  t h e  f u e l  column, channel hardware, 

lower extension,  an.d organic  f7.uid and t o  compression from sp r ing  and 

hydraul ic  forces .  These s t e a d y - s t a t e  a x i a l  loads  r e s u l t  i n  an  a x i a l  

s t r e s s  t h a t  i s  bel-ow -the al lowable design s t r e s s  chosen f o r  t h e  SAP 
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material. On the basis of maximum shear theory the equivalent rupture 

stress will be greater than the axial stress but less than the hoop 

stress used to calculate the process tube wall thickriess; however, the 

hoop stress approaches the allowable stress based on RO$ of the stress 

required to rupture the tube in 30 years. 

based on an extrapolation of available experimental data. In addition 

to the steady-state axial loads, shor-t-term loadings will be introduced 

by operations involving the attachment of the refueling machine and 

operation of -the machine-head rams. Thus, while the design appears 

feasible based on present informatiori and interpretations, additional 

data are needed to eval.uate it adequately. An allowable design stress 

can be firndy established. only after fabricstir?g and testing actual pres- 

sure tubes over a,n extended period of time under simulated operating 

conditions. 

This allowable stress is 

A pressure tube ratchetting problem may develop due .to thermal ex- 
pansion and contraction of' the tube associated with binding of the anti- 

rotational keys located in the bottom extensions. The l/&in. a.llowable 

deflection of the extensions (due to expansion of the pigtail piping) 

and the refueling-machine head-coupling operations could produce forces 

t ha t  would act to bind the keys and contribute to the rachetting prc~blem. 

A procedure is needed for replacing a damaged calandria tube, and 

semiremotely operable d-evices that can reliably replace a tube must be 

designed, devehped, and tested. This operation must fol low removal. of 

the associated process tube and its extensions. 

for these operations are given in the AI-CE report, we estimate that at 

l e a s t ,  20 hr would be req-uired to repl.ace a ealandria tube, including the 

t5me for D20 drainage and filling operations. 

be drained to perform this operation, additional time will be required 

for the radiation level in other f u e l  tubes to decay sufficiently for 

the moderator to be drained. 

to limit the escape of the GO;! gas during a process tube replacement 

operation and the escape of' both CO2 and helium gases during calandria 

tube replacement operations. During a process tube replacement operation, 

consideration must be given to the problems associated with induced and 

Though no time estimates 

Since the calaridria must 

Equipment and procedures are also needed 
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a i r b o r n e  a c t i v t t y ,  decontamination, segmentation o f  t h e  tube,  nega.kive 

p re s su re  fo2' semiremote operakion, and sh ie lded  c a r y i e r  handling:" 

BQW Assemblx. 'The BQW channel- assembly, shown i n  Pig. 5.4,  i s  based 

on a- u n i t i z e d  design i n  which bo th  t h e  p re s su re  and c a l s n d r i a  tubes  a r e  

shop f a b r i c a t e d  i n  one assembly. Axial t he -ma l  expansi-on of both tubes 

i s  acconmodated by expansion j o i n t s  loca ted  near t h e  botLon-1 o f  the lower 

end s h i e l d  ex tens ion .  %'low i n  a l l  c h a m e l s  i s  dcwmar'd; a cl.osill-e p lug  

i s  used at the top,  and piping U-bends wi.th rnechan3.cal. j o i n t s  are used 

at t h e  top and bottom extens ions .  R cos t  savings coul-d be e f f e c t e d  and 

r e l i a b i l - i t y  increased  by rep lac ing  the  mechanical. j o i n t s  w i t h  wel.ded 

closu-res .  

A fuel channel. i s  instal.)_ed. o r  replaced. sernirernotely by f i e l d  weld- 

i ng  t h e  top  and bol;.l;om s e c t i o n s  t o  the t o p  arid bottom end s h i e l d  exten- 

s i o n  p ieces ,  r e s p e c t i v e l y .  

t h e  ca l andr i a  dur ing  a channel rep lacexent  ope ra t i  on by i n s t a l l i n g  a 

maintenaxlee can Ij During c e r t a i n  opera t ions  the  moderator l e v e l  wou3.d 

have to be lowered and. consid.eratior1 given to assoc ia t ed  thermal  s t r e s s e s  

that; might develop i n  t h e  Z i r ca loy  tubes or i n  o t h e r  p a r t s  o f  t h e  r e a c t o r  

s t r u c t u r e .  

cover gas duri.ng channel rep1acenm-k opera t ions .  

Provis ion  i s  made f o r  r e t a i n i n g  t h e  D2O i n  

A rnethod r u s t  be  devised t o  l i m i t  t h e  escape of the helium 

*It has been noted tha,t AI-CE r e p o r t  (Merno-25) on the 500-Mw(e) 
dcmonstratj.cn pLa.nt desj-gii p re sen t s  several .  new f e a t u r e s  t h a t  improve 
Lhe conceptual  d.esign o f  the process  tube assembly and t h e  calanclyia ves- 
se!. e 

L 

Y'he new proposed pi>ocess-tube f low-turning and b a f f l e  arrange-rient 
improves t h e  des i sn ,  a.nd t h e  s u b s t i t u t i o n  o f  a bel-lows foy the packing 
seal will pre-vent I.eskage of C O z .  Of courstfl t h e  probl-err, of r e l i a b i i l i t y  
of  a bellows w i l l .  have t o  be inves t iga t ed  thoroughly.  
l a t t i c e  p i t c h  from 1.0 1/2 t o  11 i n .  should help alKLeviatcii a c c e s s i b i l i t y  
prcbl-erss . The i n t roduc t ion  o f  an  enlar~ed-~iameter s e c t i o n  near  the top 
of t h e  eal.a?.ndrl a v e s s e l  t o  accommodate cxpansi on between tihe tubes  and 
s h c l l  appears  Lo h p r o v e  t h e  design.  

has apparenLly increased  f r o m  0.25 t o  0.33 i n .  'The lower ex-tension i s  
t o  be designed t o  absorb t h i s  d e f l ~ c c t i o n .  

The s e l e c t i o n  of a type 304 s t a jmles s  s tee l .  s e c t i o n  welded t o  t h o  
SA-213-Tll 3.ow-allloy s t e e l  for t h e  extension. p i e c e  permits  a s-tainl-css 
s t e e l - t o - s t a i n l e s s  steel .  f i e l d  weld r a t h e r  than a d i s s imi l a r -me ta l  weld 
as  prev ious ly  r equ i r ed .  

Increas ing  %he 

The dei ' l cc t ion  of' t h e  process  tu'ue 2xtcnsi 011s a t  the re€uel ing  flang<?s 
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Shop f a b r i c a t i o n  of t h e  e n t i r e  assembly i s  an  a t t r a c t i v e  f e a t u r e  of 

t h i s  design;  however, it requ i r e s  t h e  i n s t a l l a t i o n  of two long bel.lows 

t o  accommodate t h e  thermal  expansion o f  t h e  tubes .  Both bellows a r e  in -  

s t a l l e d  wi th in  t h e  lower end s h i e l d  extension,  and t h e  inne r  bel loi js  

would be  exposed t o  r e l a t i v e l y  s tagnant  organic  coolan t .  T,ife t e s t i n g  

of t h e  bel.lows appears  desirabl-e,  s i n c e  f a i l u r e  of  e i t h e r  bellows would 

r e q u i r e  a reac_t,or shutdown f m  removal. of t h e  enLire  channel a.ssembly. 

The 0.09-in.  nominal r a d i a l  c learance  between t h e  p re s su re  and ca- 

l a n d r i a  tubes does not  appear t o  be assui-ed becaiuse o f  p o s s i b l e  accumu- 

l a t i v e  fa.bricai;ion to l e rances .  

The 412-psi  core  i n l e t  p re s su re  given i n  Table 4 .1  (and 4.16 psi. i n  

'Table 5 .1)  of t h e  RRW r e p o r t 4  3.s i n c o r r e c t .  

p re s su re  t o  be 281. p s i g  f o r  t h e  p i n - c l u s t e r  design and 298 p s i g  f o r  Lhe 

nes ted-cyl inder  design.. The hoop s t r e s s e s  for t h e  5-in.-IDY 0.093-in.- 

wa.11 SAP tub ing  w i t h  281 o r  298 p s i g  i n t e r n a l  p re s su res  a r e  about 7700 

and 8170 p s i ,  respec-tive3.y. 

r i a l  a t  560"F, based on s t r e s s - r u p t u r e  c r i t e r i a ,  i s  6800 p s i .  The th i ck -  

ness  o f  t h e  process  tubes  f o r  bo th  thorium-fueled concepts m u s t  t h e r e f o r e  

be  increased  about 25%. IT t h e  p re s su re  tube  ruptured o r  t h e  bellows 

f a i l e d  and pemit 'ced t h e  Z i x a l o y  cal-andria  tube  t o  be exposed t o  t h e  

298-psig coolan t  pressure ,  a hoop s t r e s s  of a-pproximately 11,300 p s i  

could be developed i n  t h e  Zircaloy-2 tube .  This i s  not  a n  excess ive  

s t r e s s ,  b u t  it i s  not  c l e a r  what 'ihermal s t r e s s e s  would be  introduced i f  

ho t  organic  coolant  were to spray  on Lhe re lat ive1.y coo l  Z i r ca loy  tube.  

We f i n d  t h e  core  i n l e t  

'The maximum al lowable s t r e s s  f o r  t h i s  mate- 

6 .2  Refuel ing and he]. H W  

6 . 2 . 1  Refuel ing Operations 

Both t h e  AI-CE and B&W r e a c t o r  concepts a r e  dependent on r e l i a b l e  

on- l ine  b i d i r e c t i o n a l  re fue l  ing. The Ai-CE r e f u e l i n g  assembly, shown i n  

Fig.  6.5, i s  based on us ing  two machines a t t ached  t o  t h e  t o p  and bottom 

extens ions  of t h e  f u e l  channels, respect , jvely.  These pachines  are pa t -  

t e rned  a f t e r  t h e  C A W U  pro to type  r c f u e l i n g  machjnes, b u i  t h e r e  are s jg-  

i i i f i c a n t  d i f f e rences  due t o  t h e  use  of organic  coolant  i n s t e a d  of D2O 
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and t h e  higher  temperatures .  The l u b r i c a t i o n  p r o p e r t i e s  of  t h e  organic  

coolant  a r e  poorer  than those  of  D20, and the  h igher  temperatures  p re sen t  

s e a l i n g  and magazine-housing thermal  problems. L i f e  t e s t i n g  of 

t h e  refueling-machine components arid t he  con’irol system will be r equ i r ed .  

I a t ches  in t h e  channel. normally r e t a i n  t h e  f u e l  col-umn and spacer  

s h i e l d s  during t h e  refuel-j-ng opera t ions  i-ndicated i n  F ig .  6.6. When t h e  

l a t c h e s  a r e  rei-eased, t h e  f u e l  column i s  supported by t h e  refuelring rna- 

chine rams, which proceed t o  i n s e r t  and remove t h e  spacer  s h i e l d s  and 

f u e l  assemblies  by a s e r i e s  of coord imted  axial motions and l a t c h i n g  

opera t ions .  Individual. l a t c h  cans a r e  used t o  t i - a m f e r  t h e  spacer  s h i e l d s  

and f u e l  assemblies  and t o  a c t u a t e  t h e  rue1  channel. l a t c h e s .  The t o p  and 

bottom refueling-machine head-assembly con t ro l s  must be c a r e f u l l y  i n t e r -  

locked during r e f u e l i n g  opera t ions  t o  avoid excess ive  ram Porces on t h e  

f u e l  assemblies  or t h e  fuel-channel  l a t c h e s .  Bid i rec- t iona l  coolant  f l . o w  

i s  used i n  t h e  AI-CE concept t o  provide maximum cool ing i n  t h e  h igher  

power regions of the  core .  New f u e l  i s  tntroduced i n  t h e  coolan t  i n l e t  

end of each channel.  

The r e f u e l i n g  procedure must cope w i t h  problems a s soc ia t ed  wi th  me- 

chanica l  equipment f a i l u r e s  during a r e f u e l i n g  operatJ.on. Some pos tu l a t ed  

f a i l u r e s  tha- t  would presen’c s e r i o u s  problems a r e  fa i l .u re  of t h e  head- 

assembly magazine t o  index o r  f a i l u r e  of a ram mechanrism to fv.nct5on w i t h  

spent; f u e l  a l r e a d y  deposrited i n  t h e  magazine assembly. A f a i l u r e  of a 

refuel ing-nachine organic-coolant  l i n e  dur ing  r e f u e l i n g  must a l s o  be 

considered.  

Operator access  t o  equipment widel? emergency condi t ions  j.s not  d i s -  

cussed i n  t h e  repor t ; ’  however, some degree of emergency access  i n t o  t h e  

r e f u e l i n g  a r e a  should be provided.  Diipl~Tcate, o r  add i t iona l ,  i n s  Lrumen- 

t a t i o n  t h a t  would enable t h e  ope ra to r  t o  d e t e c t  t h e  cause o f  a fai.lu.re i.n 

t h e  aut0matj.c system and meam t o  all-ow -the ope ra to r  Lo c o n t r o l  t h e  opera- 

t-ions mammll.y a r e  d e s i r a b l e  f ~ o m  t h e  s’caridpoiiits of o p e r a b i l i t y  and 

s a f e t y  . 
Rernotely con t ro l l ed  be lev is ion  cameras would be invalua’ile i n  help- 

i.i?g= to guide t h e  ref-uel ing machines dur ing  fuel.-channel a t tachment  opera- 

t i-ons.  Tlne lower a-ttachment w i l l  be  a s e n s i t i v e  opera-t,ion, s i n c e  t h e  



Fig .  6.6. A I - C E  Refueling Sequence (S teps  1 t,hrGugh 5). (From Ref. 1) 



extens ion  ends, which can expmd a x i a l l y i  may no t  a l l  be  i n  t h e  same hor i -  

zon ta l  p lane .  

The Lime required f o r  each fuel-assembly r e f u e l i n g  operai;iori i s  given 

by AI-CE as lt5 min; however, we have est imated that Prom 90 t o  180 min 

per  fuel assembly m a y  be r equ i r ed  i f  d i f f i c u l t i e s  are encountered i n  

synchronizlng t h e  two machines and i n  checking procedures .  Each fbe l  

assembly i s  haridled twice by each r e f u e l i n g  machine, and dur ing  i t s  l i f e  

i n  the  r e a c t o r  ri.t t r a v e l s  approximately 23 ft through a f u e l  channel 

p re s su re  tube .  For a corfl-pl.ete core  fineb chailge of 2460 assemblies  and 

984 spacer  sh i e lds ,  each machine would be  requi red  to make 27,060 s t r o k e s .  

Thi.s inc ludes  a1.l opera t ions  from loading  a. new el-ernent t o  d ischarg ing  

spent  f u e l .  A machine s t r o k e  of approximately 185 i n .  i s  r equ i r ed  f o r  

r e f u e l i n g ;  however, corpletel-y unloadtng a process  tube f o r  tube  yepiace- 

ment r equ i r e s  a s t r o k e  of approximately 475 i n .  

mum machi.ne fuel.  r a m  t r a v e l  of 340 i n .  

Fig. 11-39 of Ref. 1) it appears that t h e  only c ros s - sec t iona l  a r e a  open 

f o r  coolant  f low i s  t h e  0.030-in.  r a d i a l  cl-earance between t h e  process  

tube  inne r  sur face  and the  ou te r  sur face  of t h e  fuel-assembly end p l a t e s .  

AI-CE i n d i c a t e s  a m a x i -  

During s t e p s  2 through 20 ( s e e  

A s  mentioned previoiisl-y, t h e  BRW concept s p e c i f i e s  b i d i r e c t i o n a l  

r e fue l ing ;  however, coolant  f low i s  downward i n  a1.l. channels, and al..l 

r e  f i e l i n g  ope1.a-Lions a r e  performed by one machine opera t ing  a t  t h e  top  

f a c e  of the r e a c t o r .  Each f u e l  assem'o1.y ts handled 1.2 t imes during i t s  

core l i f e  and, depending on t h e  fuel-assembly concept, w i l l  t r a v e l  e i t h e r  

162 o r  3-70 f t  tiirou.gh a fue l -channel  p re s su re  tube .  For a comnplete core  

fiie3- change t h e  r e f u e l i n g  machine i s  requi red  t o  make A3,056 s t r o k e s  f o r  

t h e  299-channel concepl; o r  48,240 strokes f o r  t h e  335-channel concept.  

.~f two f u e l  assemblies,  ra th-er  than  one as s t a t e d  i n  HKW's procedure, 

a r e  loaded i n i t i a l l y  t h e  corresponding numbers of machine s t r o k e s  a r e  

reduced t o  41_, 262 and 46, 230, respect ively- .  

- 

Since t h e  R&hT r epor t  does no t  p re sen t  a refueling-machine concept, 

we can only  v i s u a l i z e  Lhe machine i n  terms o f  t h e  opera t ions  r equ i r ed  t o  

handle t h e  proposed fuel.  assemblies  i n  t h e  pyoposed f u e l  channels.  A 

machine s t r o k e  of approxlmately 42 f t  i s  requi red  f o r  r e f u e l i n g  opera- 

t i o n s ,  and 8 s t roke  of approximately 46 f t  w i l - l  be  needed t o  r ep lace  a 
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bottom sh ie ld  plug. 

one or  two handling p ins  assoc ia ted  wi th  t h e  proposed f u e l  assemblies 

and of o r i en t ing  t h e  two-pin assembly. 

trans]-ational motions t h e  machine must a l s o  be ab le  to r o t a t e  bhe top  

sh ie ld  plug I.atch and t h e  top  c losure  ( see  Fig. 10.5.7 of Ref. 3'). Latch- 

ing  assembl-ies must a l s o  be incorporated i n  t h e  machine, and desiglz con- 

s ide ra t ion  must be given to the  manner i n  which components and mechanisms 

assoc ia ted  with on-line r e f u e l i n g  operations can be repaired o r  replaced 

remotely. 

elements s t i c k i n g  toge ther  because of coking i n  t h e  stagnant regions 

around t h e  alignment p ins .  

t ake  p lace  i n  stagnant coolan t . )  

for s t o r i n g  t h e  sh i e ld  plugs, it appears t h a t  it w i l l  have t o  be l a rge  

enough t o  accommodate more than a 7-ft sec t ion .  We assumed -that the  new 

and spent fuel-assembly a u x i l i a r y  systems would be similar t o  those pro- 

posed by AI-CE. 

This machine must be capable of grasping e i t h e r  t h e  

In  addi t ion  t o  t h e  grasping and 

Consideration must a l s o  be given t o  t h e  p o s s i b i l i t y  of f u e l  

(Pigua experience ind ica tes  t h a t  coking will 

If t h e  r e fue l ing  machine has a magazine 

No effort, was made i n  t h i s  review t o  change the r eac to r  vessel ,  i n -  

t e r n a l  s t ruc tu res ,  o r  r e fue l ing  concepts proposed by AI-CE and B&W; how- 

ever, an  attempt w a s  made to po in t  out some design and development problem 

a reas  associated with each preliminary design proposal. Lack of  de t a i l ed  

design and d e f i n i t i v e  information precluded a quan t i t a t ive  review. It 

appears t h a t  a d d i t i o n a l  e f f o r t  could be used. p r o f i t a b l y  i n  preliminary 

and T i t l e  I design phases t o  examine a l t e r n a t e  approaches i n  the  design 

of t hese  components t h a t  would improve r e l i a b i l i t y  and reduce the  number 

of development problems. 

6.2.2 Fuel Handling 

A s  described by AI-CE, t he  system f o r  handling new f u e l  receives, 

inspects,  s tores ,  and prepares f'uel assemblies f o r  loading i n t o  t h e  re -  

f u e l i n g  machines, and the  spent-fuel system receives spent assemblies 

from t h e  re fue l ing  machines, t r anspor t s  them t o  t h e  fuel.. storage pool 

tubes, where they a r e  cooled, and then t r a n s f e r s  them t o  shipping casks. 

The environmental con t ro l  systems minimize fue l  assembly thermal shock 

due t o  environmental changes. They a l s o  prevent contaminants from being 
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int roduced i n t o  t h e  r e a c t o r  core  and provide a means f o r  d i s s i p a t i n g  

spent-fuel. decay hea t  dur ing  t r a n s f e r  from t h e  core t o  t h e  s to rage  pool. 

New fuel- i n  t h e  loading  s t a t i o n  i s  preheated i n  HB-40 f l u i d  t o  400°F 

before  it i s  t r a n s f e r r e d  i n t o  a r e f u e l i n g  iliachine environmental  system. 

In  t h i s  system t h e  f u e l  i s  maintained a t  400°F i n  Santowax OM, and the  

p re s su re  i s  j-ncreased from 50 to 300 psi.a. During t r a n s f e r  of  fuel. from 

the 1oad.in.g s t a t i o n  t o  t h e  r e f u e l i n g  machine, t h e  Hfi-40 and Santowax OM 

fl-uid pressures. a r e  equal ized t o  minimize mixing. The HB-/+O f l u i d  i n  t h e  

spen t - fue l  unloading s t a t i o n s  i s  maintained at 250°F' dur ing  fue l . - t ransfer  

opera t ions .  A hea t  exchanger i s  u t i l i z e d  -Lo remove spen t - fue l  decay hea t .  

Again t h e  refuel-ing-machine and unloading-s ta t ion  f l u i d  p re s su res  a r e  

equal ized t o  minimize mi-xing. The spent  fuel.  i s  then  discharged i n t o  

pool  s to rage  tubes,  which a r e  f i l l e d  w i t h  F?B-40. 

not  expla in  how t h e  new fue l  i s  heated and na in ta ined  a t  the 130°F 

"ambient" temperature o r  how t h e  f u e l  assetnbli-es a r e  t r a n s f e r r e d  from 

s to rage  t o  t h e  loading  s t a t i o n s .  

'The AI-CE r e p o r t  does 

R number of  h c o n s i s t e n c i e s  were noted i n  t h e  AI-CE t 'uel-handling 

system, which i s  represented  only schertiatically.  %'igv.res 11-17, 11-18, 

11-27, and 11-28 o f  Ref. I, which show new-fuel and spen t - fue l  f a c i l i t i e s ,  

a r e  n o t  i n  agreement. Provis ion  f o r  s t o r i n g  120 f u e l  assemblies  i n  each 

new fue l - s to rage  a r e a  i s  requ.ired if a two-months supply i s  t o  be main- 

t a i n e d  as c a l l e d  f o r  elsewhere i n  t h e  r e p o r t .  Page 11-83 aj1.d Fig.  11-26 

o f  Ref. 1- i n d i c a t e  provis ion  f o r  s t o r i n g  60 fue l  asseroblies i n  each new 

fue l - s to rage  a r e a .  

We feel. t h a t  f . t  should be f e a s i b l e  t o  work out; t he  l^uel-handl.i.ng 

system along t h e  l i n e s  descr ibed by AI-CE, b u t  t he  p re sen t  information 

i s  incomplete, and we cannot comment s p e c i f i c a l l y  on handl ing methods 

and equipment from t h e  information avail.ab.le. 

6.3 Plan t  A v a i l a b i l i t y  

The grauiid riil-es of t h i s  s tudy  c a l l  f o r  t h e  W O C X  t o  operate as a 

base-load power p l a n t  w t t h  a 0.8  load  facLor.  It i.s assumed t h a t  the 

p l a n t  must be capable  of an average a v a . i l a b i l i t y  o f  0.9 over i t s  30-year 

l i f e  iil  o rder  t o  q u a l i f y  f o r  a 0.8 load fac-toy. 
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Plant a v a i l a b i l i t y -  was defined i n  t h e  advanced-converter evaluation2 

as t h e  product of four independent a v a i l a b i l i t y  fac tors ,  which accounted. 

for 

I. r e fue l ing  downtime and frequency, 

2. r eac to r  per iodic  maintenance and inspection f o r  one week.per 

year - f a c t o r  of 0.99, 

steam-plant per iodic  maintenance and iiispection f o r  30 days of 

every two years operating time - f a c t o r  of 0.964, 

steam-plant forced outages f o r  equipment r e p a i r  - f a c t o r  of 0.977. 

According t o  these  assumptions, the maximum poss ib le  p l an t  avail- 

3.  

4. 

abi l i ty  would be 0.931.. Refueling downtime i n  excess of t he  time allowed 

f o r  scheduled maintenance would be fac tored  i n  and TrOUld f u r t h e r  reduce 

the  o v e r a l l  p l an t  a v a i l a b i l i t y  f a c t o r .  'The margin of p l an t  a v a i l a b i l i t y  

above 0.9 gives an ind-ication of  how m1.l the  fuel-management scheme and 

r e fue l ing  in.Lerva1. a r e  coordinated with the  requirements of the  r e s t  of 

the  system. If t h e  system ba re ly  meets -the required 0.9 f ac to r ,  mod.ifi- 

ca t ions  of t he  fueI.-h~andling approach and equipment design a r e  indicated,  

s ince  the re  would be l i t t l e  o r  no rcargin ava i l ab le  for forced outages of 

r eac to r  equipment. 

The IiWOCR pla-nt employs on-power re fue l ing  and thus has a high 

a v a i l a b i l i t y  potentia,l.  

w a s  made t o  evaluate the  r e l a t i v e  r e l i a b i l i t i e s  of t he  reac tor  p l an t s  o r  

t o  estimate the  p robab i l i t y  of  reactor-plant forced outages and the  e f -  

f e c t  of these  outages on p lan t  a v a i l a b i l i t y .  Each of the concepts re- 

quired development and demonstration of s p e c i a l  f ea tu re s  t o  e s t a b l i s h  

t h e i r  design performance requirements. The r e l a t i v e  r e l i a b i l i t y  of plar?t 

components t he re fo re  could not be assessed quan t i t a t ive ly  from t h e  infor -  

mation av-aila'bl~e. 'The same is t r u e  for t h e  IIWOCR; t h e  present evaluation 

i s  r e s t r i c t ed .  t o  considering poss ib le  f a i l u r e s  of c r i t i c a l  systems or 

components of t h e  plant and t h e  consequences of t hese  fail-ur-es on p l an t  

ava i l ab i l . i t y .  

I n  the  advanced- converter evaluation2 no attempt 

Downtime due t o  forced outages of r eac to r  primary heat t r a n s f e r  

equipment should be low, even though t h e  EdOCR has only th ree  loops. 

equipment i s  access ib le  and can be readi1.y repaired because of t he  very 

The 
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 OPT a c t i v i t y  of t he  coolamt under normal opera t ion .  Coolant and moderator 

p u r i f i c a t i o n  f a c i l i t i e s  a r e  s i z e d  t o  permit such fac i l . i t i es  t o  be closed 

down f o r  r e p a i r  f o r  a reasonable  per iod  of t ime tsithou-L r e q u i r i n g  a r e -  

a c t o r  shu-tdown; a l so ,  t h e  coolant  pu r i f j - ca t ion  f a c i l i t i e s  can. be used t o  

c lean  up the  coolant  i n  case  it becomes contaminated w i t h  f i s s i o n  products  

rei-eased from ruptured o r  l eak ing  f u e l  e7-emenis. However, l a r g e  r e l e a s e s  

of ac- t iv i . ty  t o  t h e  coolant  could r e s u l t  i n  lengthy  shutdown per iods f o r  

c leaning  t h e  coolant, and decontamlinating equipment. 

The r e l i a b i l . i t i e s  of t h e  r e a c t o r  c o n t r o l  system, r e a c t o r  corrponents, 

and r e f u e l i n g  opera t ion  a r e  sub jec t  t o  ques t ion  became  of t h e  h igh  per- 

formance requirements of t h e  system. Poss ib l e  modes of  f a i l u r e  a r e  d i s -  

cussed i n  o the r  p a r t s  of  t h i s  s ec t ion ,  but more complete ana lyses  a r e  

requi red  t o  e s t a b l i s h  t h e  o v e r a l l  r e l i a b i l i t y  -to be  expected. 

A r e a c t o r  shutdowii from load changes, coolant  system i n s t a b i l f t y ,  

malf imct ioning of t h e  r e a c t o r  c o n t r o l  system, o r  from o the r  poss ib l e  

modes of  failure could r e s u l t  i n  an offstream. time o f  perhaps 40 hr t o  

a l low for xenon decay and subsequent s-Lartup t i m e .  

'The d u r a b i l i t y  o f  SA? tubes must be demonstrated be fo re  downtime f o r  

process  tube  replacement can be discounted as a f a c t o r  .to cons ider  i n  

pl.ant a , v a l l a b i l i t y .  

and t h e  average time requi red  f o r  replacement shou3.d be based on r e s u l t s  

f r o m  experimentaJ s t u d i e s  . 

The probable  frequ.ency o f  process  tube  replacement 

I4echanical. f a i l u r e  of t h e  r e f u e l i n g  machine dur ing  opera'cion would 

r e q u i r e  shutdown o f  t h e  r e a c t o r  t o  permit access  t o  t h e  refuel- ing axea 

-Lo c o r r e c t  t h e  f a i l u r e .  'This sys.t;ern m u s t ,  t he re fo re ,  'oe e s s e n t i a l l y  

p e r f e c t  mechanically to avoid an excess ive  number of shutdowns. 

There i s  a margin o f  about 260 kr a v a i l a b l e  f o r  unscheduled outages 

o f  r e a c t o r  equipment, according t o  asswnpkions made i n  t h i s  eva1ual;ion. 

Unscheduled r eax to r  shutdowns f o r  any o f  t h e  a'oove reasons o r  o t h e r s  

would thus be l in l i ted  t o  about six per yea r  t o  comply wi th  t h e  average 

0 .3  p l a n t  a v a i l a b i l i t y  f a c t o r .  Assuming success fu l  development; of  SAP 

and o f  refuel- ing machines, w e  s e e  no b a s i c  reason why t h e  IIWOCII coiild no t  

e a s i l y  a t ta . ln  a 0.8 load f a c t o r .  

f a c t o r  as feasi 'ole, a l though equipment; rel.iabil.ity needs t o  be demon- 

s t r a t e d  t o  s u b s t a n t i a t e  such opera t ion .  

A t  t h i s  po in t  we  consider  5 0.9 load 
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6.4 Control Rod Systems 

6./+.1 Shutdown Rods 

Normally t h e  r eac to r  w i l l  be shut down by the i n s e r t i o n  of 84 hy- 

d r a u l i c a l l y  actuated,  hollow, cy l ind r i ca l ,  neutron poison rods cons is t ing  

of s t a i n l e s s  s t e e l  tubes containing boron carbide.  The rods a r e  inser ted  

ho r i zon ta l ly  i n t o  t h e  moderator, and i n  order t o  mlnimize unwanted. neutron 

lo s ses  no guide tubes a r e  used. The t o t a l  r e a c t i v i t y  worth of  a l l  84 rods 

i s  4% Lvr,, and t h e  time f o r  SO$ i n s e r t i o n  i s  5 sec, according t o  t he  AI-CE 

r epor t .  

ful ly  in se r t ed  pos i t i on .  

The rods w i l l  be maintained e i t h e r  i n  t h e  f u l l y  withdrawn or 

The rods a r e  normally f u l l y  withdrawn i n t o  a guide tube and, on 

in se r t ion ,  a r e  driven unsupported i n t o  t h e  core. If a f.%ult should occur 

i n  such a “ray as to separa te  the  rod from the  d r ive  piston, f a i l u r e  would 

take  place on t h e  occurrence of a scram such t h a t  t he  rod would f a l l  t o  

the  bottom of t h e  ca landr ia  a f t e r  i t  was pushed i n t o  the  core. Since 

ind iv idua l  average rod worth i s  l e s s  than 0.059% Ak, t he  l.oss of a number 

of rods could pass unnoticed unless a rout ine  t e s t  were ava i l ab le  f o r  de- 

t e c t i o n  of t h i s  type of f a i l u r e .  Such a t e s t  could cons is t  of i n s e r t i o n  

and withdrawal of ind iv idua l  rods wi th  t h e  r eac to r  a t  power. 

ment of con t ro l  rods required t o  keep the  r eac to r  a t  power would ind ica t e  

t h e  v a r i a t i o n  i n  poison caused by movement of a shutdown rod. 

The move- 

During r eac to r  s t a r t u p  it w o u l d  be he lp fu l  i f  the  shutdown rods 

could be withdrawn indiv idua l ly .  This would provide a more cautious 

approa.ch t o  c r i t i c a l i t y  and thereby reduce t h e  aniount of boron addition, 

and subsequent remoml, required. t o  guarantee s u b c r i t i c a l i t y .  Inasmuch 

as c r i t i c a l i t y  must be  reached through boron removal, it would be he lp fu l  

t o  be ab le  t o  withdraw and i n s e r t  a s ing le  rod i n  order t o  observe changes 

i n  s u b c r i t i c a l  mul t ip l ica t ion .  

Figure 11-47 of t he  AI-CZ r e p o d -  shows schematically the  hydraulic 

system f o r  withdrawing and i n s e r t i n g  t h e  shutdown rods. 

t h a t  w i l l  allow a rod d r ive  t o  be isolated f o r  maintenance purposes. If 

these  valves were all closed because o f  confused maintenance or operaLirig 

orders, t h e  system would be unable t o  operate.  

Valves are shown 

‘This type o f  f a i l u r e  can 



be made ex1;rernel.y improba'nle by c a r e f u l  monitoring of va lve  pos i t i on ,  

b u t  t h i s  i.s c i t e d  as an  example o f  a p o s s i b l e  sys temat ic  f a i l u r e  t h a t  

could cause a l l  i d e n t i c a l  uni ts  t o  fa.j-1 from a s i n g l e  cause. Wi.th pos9.- 

t i v e  c o e f f i c i e n t s ,  t h e  most t r i v i a l  3.0~s of  control followed by f a t l u r e  

t o  s h u t  down could r e s u l t  i n  d e s t r u c t i o n  of  the coi-e. I n  oriler t o  mini- 

mize t h e  possibi.l.i.ty of a sys temat ic  f a i l u r e  immobilizing all rods,  we 

propose that  t h e  84 rods and d r i v e s  be  made up of two groups of d i f f e r e n t  

design xnd incorpora ted  i n t o  two independen-L systems. Also, t h e  r e c u l t s  

shown in Figs.  5.1-3 and 5.l4, as discussed i n  Sec t ion  5.6.4, r e q u i r e  the 

time f o r  i n s e r t i o n  of  t h e  shutdown rods t o  be decreased below t h e  p re sen t  

design ~ a l u c .  

6.4.2 Control  of Spa t i a l  Power Oistr i 'out ion --.I_.. and Power Level 

The AI-CE repor'i s t a t e s  t h a t  c o n t r o l  o f  s p a t i a l  f1.m o s c i l l a t i o n s  

and s m a l l  power t r a n s i e n t s  w i l l  be  accomplished by mems of 60 absorber  

rods,  each 1 / 2  i n .  i n  diameter aJld 8 f-i; long, suspended by  stainless 

steel.. t apes .  Si.nce t h e  rods a r e  s h o r t  w i t h  r e spec t  t o  t h e  2O-ft  he ight  

o f  t h e  core,  t hey  may be pos i t i oned  a t  w i l l .  w t th in  Lhe core w i t h  r e l a -  

t i v e l y  s m a l l  n e t  change i n  r e a c t i v i t y .  T h i r t y - f o w  rods w i t h  a combined 

worth oi" 0.2$ Ak a r e  designated f o r  s p a t i a l  flux con t ro l .  The remaining 

26 rods,  w i th  a combined worth of 0.1% &, w i l l  be operated par t ia1 l .y  

inser.Led i n  t h e  coi-e f o r  power level. control.. I n  operat ion,  a d i g i t a l .  

computer w i l l  des igna te  rod positri.ons for optimum spa t ia l .  con t ro l .  The 

computer w i l l  a l s o  dk rec t  t h e  f u e l  loading  s o  as t o  majn ta in  the  power 

1-evel c o n t r o l  rods i n  t h e i r  opera t ing  range. 'The pl-ant c o n t r o l  system 

will independent ly  p o s i t i o n  t h e  power c o n t r o l  rods .  

It i s  proposed i n  t h e  A I - C E  r e p o r t  t h a t  all t h e  rods 'ne a v a i l a b l e  

f o r  reac . tor  s t a r t u p ;  however, s e v e r a l  cons idera t ions  d i c t a t e  'chat t h e  

two groixps of  rods furiction s e p a r a t e l ~ y  and t h a t  t h e  worth and v e l o c i t y  

c a p a b i l i t y  of  t h e  power c o n t r o l  rods be increased  t o  c o n t r o l  8 var ie ty-  

of probable t r a n s i e n t s .  As developed i n  Section 5.6.5, the flux servo wi.1.3. 

r e q u i r e  +0.15% be con-trol  a t  a r a t e  of approximately 0.015% Ak / s e e .  

e x i s t i n g  combined wor-Lh of t h e  60 ve r t i ca l .  c o n t r o l  rods i s  0.3% Ak; how- 

ever, t h e  rods assigned t o  s p a t i a l  f l u x  control- a r e  unsu i t ab le  f o r  trsn- 

si.ent con t ro l .  

The e 

'Their use  durri.ng a power t r a n s i e n t  would upset t h e  spa t ia l .  
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flux d i s t r i b u t i o n .  Although withdrawing some of t h e  rods through t h e  

e n t i r e  length  of t he  core would cause l i t t l e  r e a c t i v i t y  change, t he  re -  

a c t i v i t y  change would go f i r s t  negative and then p o s i t i v e  i f  s t a r t i n g  

from t h e  lower p a r t  of t h e  core. 

It w i l l  be necessary t o  increase  the  diameter, length, o r  number of 

v e r t i c a l  absorber rods a l loca t ed  t o  power con t ro l  t o  r a i s e  t h e i r  worth 

from t h e i r  present value of a p p r o x h a t e l y  0.1% Ake t o  a new value of 

0.3% &,. 
t r a n s f e r  coe f f i c i en t  through t h e  gas gap between t h e  UO2 f u e l  slugs and 

t h e  cladding, and s ince  t h e  value of t h i s  coe f f i c i en t  i s  not wel l  known 

and va r i e s  wi th  f u e l  burnup, t h e  value of 0.3% L!!< shou1.d be considered 

m i i i i n l a l .  

Inasmuch as the  con t ro l  requirements a r e  a f f ec t ed  by t h e  heat 

e 

6.5 Primary Heat Transfer Systems 

A flow diagram of t h e  HWOCR primary heat t r a n s f e r  system i s  shown i n  

Fig. 6.7, and t h e  AI-CE and BRW design conditions a r e  compared i n  Table 6.1. 

The WWOCR heat t r a n s f e r  system cons i s t s  of t h r e e  p a r a l l e l  loops, each wi th  

an evaporator, superheater, and reheater,  a coolant c i r c u l a t i n g  pump, i so-  

l a t i o n  valves, and interconnecting piping. Carbon s t e e l  components a r e  

used throughout t h e  system, except f o r  some of the  ro ta t : ing  p a r t s  of the  

PWP 

Coolant pumps and heat exchangers a r e  located i n  a bui ld ing  separa te  

from t h e  r eac to r  bu i ld ing .  Each loop i s  connected across r eac to r  i n l e t  

and o u t l e t  mixing tanks, which serve  as coolaat co l l ec t ion  headers. The 

o u t l e t  mixing tank a l s o  serves t o  provide a time delay for t h e  coolant 

leav ing  the  reac tor .  

loops i f  f i s s i o n  products are detected i n  t h e  coolant leaving the  r eac to r .  

Upon loop i so l a t ion ,  t he  r eac to r  would be scrammed and t h e  emergency cool- 

i ng  loop would remove shutdown decay hea t .  

Motor-operated ga te  valves a r e  used t o  i s o l a t e  t he  

The main coolant pumps a r e  turb ine  driven and each i s  designed t o  de- 

l i v e r  90,000 gpm of coolant a t  750°F aga ins t  an 800-ft to ta l  dynamic head. 

(The BRW concepts yequire p u p s  of lower capacity bu t  higher head.) 

pumps are located i n  the  loop hot l egs  t o  reduce t h e  pressure i n  the  f u e l  

channel pressure tubes.  According t o  an  AI-CE report ,  t h i s  reduced 

The 
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Table 6.1. B&W and AI-CE HWOCR Primary System 
Parameter Comparisona 

B &W AI- CE 
'Thorium- Uranium- 
Fueled Fueled 
HWOCR I-mom 

Reactor coolant inlet temperature, "E' 

Reactor coolant outlet temperature, "F 

Coolant temperature rise across reactor, O F  

Total reactor coolant €low, lb/hr 

Total reactor fission power, &T( t) 

Net power to coolant, Mw(t) 

Total system pressure drop, psi 

Reactor pressure drop (header to header), psi 

Main loop coolant velocity, fps 

Total pumping power, Mw 

Superheaters 

Total flow, lb/hr 
Pressure drop, psi 
Inlet temperatue, "F 
Outlet temperature, "F 
T o t a l  heat transfer area, ft2 
Total thermal duty, T4v 

Re heaters 

Total flow, lb/hr 
Pressure drop, psi 
Inlet temperature, "F 
Outlet temperature, "F 
Total heat transfer area, ftz 
Total thermal duty, Mw 

Evaporators 

Total flow, l b / b  
Pressure drop, psi 
Inlet temperature, "F 
Out1 et temperature, "F 
Heat transfer area, ft2 
Thermal duty, Mw 

56 0 

750 

190 

89.9 x lo6 
3082 

2928 

312 

218 

24.5 

34 

6f+ x 10' 
15.3 
750 
7 14 

406 
99,000 

25.9 
1.8 
750 
661. 

405 
97, 200 

89.9 x lo6 
45 
699.5 
560 
261,000 
2117 

5 95 

7511 

155 

110 x 10' 

3093 

2943 

284 

184 

30 

38 

79 x l o 6  
15 
750 
721 
Yl, 500 
(+06 

30.9 
18 
750 
67 2 

420 
97, 200 

110 x lo6  
35 
707 
595 

2117 
202,000 

a Va1.ues given by sponsors. 



pres su re  r e s u l t s  i n  a fiiej. c o s t  advmtxge t h a t  i s  g r e a t e r  than  t h e  addi- 

tiona.1. c o s t  of pumping t h -  h o t t e r  cool~ant .  

There should be no d i f f i c u l t y  i.n designing and f a b r i c a t i n g  t h e  main 

coolant  pumps. 

manufacturers.  For t h e  p a r t i c u l a r  condi'cions of t h i s  design, some model 

t e s t i n g  i n  water may be requi red  t o  v e r i f y  t h e  pump performance charac- 

t e r i s t i c s ,  such as head, flow, n e t  p re s su re  suc t ion  head, e t c . ,  as w e l l  

as t h e  impel-ler radi .a l  - th rus t  needed f o r  t h e  bea r ing  design.  Face-type 

s e a l s  have been used under condi t ions  more exac t ing  than  those  p re sen t  

i n  t h e  IiWOCR. Other f a c t o r s  that must be considered and which a r e  :recog- 

nized by experienced pump des igners  inc lude  thermal  s t r e s s e s ,  v ib ra t ion ,  

opera t ion  of  radial and . t h rus t  bear ings,  rotor dynamics, ma in ta inab i l i t y ,  

equipment fa'DrLcation, and a p p l i c a t i o n  of design codes; none of  t h e s e  

appear t o  p re sen t  unsolvable  problems f o r  t h e  I-IWOCR. 

h r g e r  pii.rps have a l r e a d y  been buil'c by s e v e r a l  pump 

Tne l a r g e  hea t  exchangers, emporatoi-, superhea ter ,  and r e h e a t e r  

can be  shop f a b r i c a t e d  and shipped by barge  t o  'die s i t e .  T'ne l a r g e s t  of 

t h e s e  i s  t h e  evapora tor .  Xach of  t h e  re ference  des ign  evaporators  i s  

51  f t  long and 13 f t  i n  diameter, and ri.t weighs 500 tons  dry .  The hea t  

bransfer su r face  a r e a  i s  67,330 f t 2 .  

I n  our review of t h e  evaporator  design, we ca l cu la t ed  a thermal  duty  

of 701 Mw i n s t e s d  of 706 Mw as shown i n  'Table 111-5 o f  Kef'. I.. The l o g  

mean ternpera.ture d i f f e r e n c e  i n  t h e  p rehea te r  s e c t i o n  was ca l cu la t ed  t o  

be 1.18"E' i n s t ead  of 1.08"E' and t h e  o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t  i n  

t h e  p rehea te r  s e c t i o n  w a s  found t o  be 330 B tu /h r . f t2  - "F compared w i t h  t h e  

1x1-ue of  1.67 B-' iu/hr.ft2.  "F repor ted  by AT-CE. 

marily due t o  t h e  value assumed f o r  thermal  conduct iv i ty  of water  on t h e  

s h e l l  s i d e .  The o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t  i n  t h e  b o i l i n g  s e c t i o n  

was ca lcu la t ed  t o  be 490 R t u / h r . f t 2 .  "E' compared wi th  -the AI-CE value  o f  

AGO Htu/hr . f t2 ."F .  A s  a r e s u l t ,  the  minimw~i requi red  heat t r a n s f e r  sur- 

f a c e  a r e a  w a s  determined t o  be &,000 ft2 compared wi th  t h e  design va lue  

of 62,300 f t j2 .  

u n c e r t a i n t i e s .  Thus, f o r  t h e  c a p i t a l  cost, determinat ion,  w e  used an  

a r e a  of 51,000 f t 2  f o r  each u n i t .  

h e a t e r  and superhea ter  a r e a s  checked reasonably w e l l  writh t h e  repor-Led 

va lues .  Evaporator su r face  area. requi red  i n  t h e  B&W concepts i s  about 

'This discrepancy i s  p r i -  

We would allow about I-C$ add5tiona.l t o  our fi-gure f o r  

Resul-ts of c a l c u l a t l o n s  of the r e -  
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30% g r e a t e r  than  required i n  t h e  A I - C E  r e fe rence  design, because of  t h e  

lower coolant  temperature l eav ing  t h e  h e a t  exchanger. 

The des ign  assumes no f o u l i n g  r e s i s t a n c e  on t h e  organic  s i d e  of t h e  

hea t  exchangers. Piqua maximnm coolant  temperature  i s  some 175°F lower 

than  t h e  HWOCR des ign  maximum coolant  temperature .  To e s t a b l i s h  that no 

f o u l i n g  w i l l  occur, s u c c e s s f u l  t e s t  experience under HWOCR design condi- 

t i o n s  w i l l  be  r equ i r ed  be fo re  t h e  s i z e  of t h e  u n i t s  as s p e c i f i e d  can be 

considered firm. 

The IZFJGCR system has fewer cool-ant loops than  any of t h e  advanced- 

conve r t e r  concepts of Ref. 2. The l a r g e r  u n i t  s i z e  of components, p l u s  

t h e  f a c t  t h a t  t h e  hea t  exchanger tub ing  i s  carbon s t e e l  r a t h e r  than  t h e  

Inconel  used f o r  t h e  pressurized-water-cooled r e a c t o r s ,  r e s u l t s  i n  a 

s ign i f i can t ,  c o s t  advantage for the HWOCR. 

t h a t  r e c e n t  pressur ized-water  r e a c t o r  designs a r e  us ing  fewer loops 

( I n d i a n  Po in t  No. 2 w i l l  have four  loops), and t h i s  i s  a f a c t o r  t o  con- 

s i d e r  i n  comparing c o s t s  o f  t h e  I-PdOCR w i t h  those  of  t h e  advanced-converter 

r e a c t o r s  eva lua ted  p rev ious ly .  

It w i l l  be noted, however, 

6.6 Heavy-Water Systems 

Some d i r e c t  comparisons can be  made between t h e  heavy-water systems 

of t h e  HWOCR and those  of  t h e  DuPont heavy-water r e a c t o r  designs eva,luated 

i n  t h e  advanced-converter s tudy .2  R high  degree of  system i n t e g r i t y  must 

be  maintained f o r  a l l  t h e s e  systems t o  prevent  D 2 O  l o s s e s .  Contamination 

must be he]-d t o  a minimum by provid ing  a cover gas t o  prevent  a i r  in l eak -  

age and p u r i f i c a t i o n  f a c i l i t i e s  t o  remove p a r t i c u l a t e  r a t t e r  and corrosion 

products .  

The important d i f f e rence ,  however, between t h e  FITEJOCR and DuPont 

heavy-water r e a c t o r  systems i s  t h a t  t h e  FlldOCK uses  heavy water  a t  r e l a -  

t ive2.y low pressure ,  whereas i n  t h e  o the r  designs heavy water a t  2000 p s i  

is  used as t h e  co0l.an.t;. ‘Yhus t h e  HWOCR D20 inventory  i s  comparatively 

low, and a s s o c i a t e d  1.osses should be  cons iderably  l e s s  t h a n  i n  the pres-  

sur? tube  concepts .  
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Also, s p e c i a l  f e a t u r e s  have been introduced i n  the  HIJOCR desi.gn: 

1-. The moderator hea t  i s  recoveree i n  'oo!.7er feedwater i n s t e a d  of be- 

i ng  reject ,ed t o  cool ing  water;  t h i s  improves the p l a n t  thermal. e f f i c i e n c y .  

2. Heavy wa,ter from the  model-ator i s  used t o  provide flow t o  t h e  

hydraul.ica1.l.y ac tua ted  r e a c t o r  shutdowr~ system and as an  in jec- t ion  f l u i d  

f o r  -the soluble-poison shuLdown system. 

A heavy-water l o s s  r a t e  of 1 0  lb p e r  day has been assumed. A t  t h i s  

This i s  r a t e  0.56% o f  t h e  heavgr-water invent,ory would be  3.ost annual ly .  

i n  c o n t r a s t  t o  an  annual- l..oss of  2% of t h e  invenLorj- assimed f o r  t h e  

DuPont heavy-waker s y s t e m  . 
and. moderator, as rmch as 95% of the t o t a l  l o s s  i s  a t - t r i b u t c d  'to Losses 

from t h e  high-pressure coolant  system. The t o t a l .  annual. D20 l~oss from 

t he  DuPont r e a c t o r  systems w a s  33,000 l b  for t h e  Xd8-?'h concept and 

2'1,000 lb f u r  t h e  b3dR-U r e a c t o r .  Thus, t h e  l o s s  r a t e  of l C  Ib per  da.y 

for t h e  HWOCR appears  acceptab le  t o  assixnUnC f o r  t h e  piirpose of k h i s  s t u d y .  

I n  sys-terns w t t h  hea%y water f o r  bo th  coolant  

A I - C E  assuiizd t h a t  f r e s h  D23 makeup to r ep lace  heavy-water l o s s e s  

would be s u f f i c i e n t  t o  maintain t h e  l i gh t -wa te r  conten t  a t  an  acceptab1.e 

l e v e l .  Theyefore, d l s t i l l a t i o n  u n i t s  a r e  no t  provided a t  t h e  s iLe  f o r  

i s o t o p i c  upgrading. D 2 0  from a c c i d e n t a l  s p i l l s  o r  from demineral-izer 

washes thal; has been downgraded below specifica.tj.on l e v e l  f o r  l i gh t -wa te r  

conten t  w i l l  be  shipped t o  o-ther f a c i l i t i e s  f o r  recovery.  Since a cover 

gas of helium i s  maintained on t h e  system and presumably a t  1-ocatious 

where l eaks  f r o x  pwnps and  va lves  a r e  co l l ec t ed ,  normal contaiisiaation by 

exposure Lo moist  a i r  should be n e g l i g i b l e .  However, i t  seems t h a t  an  

es t imate  of q u a n t i t i e s  of heavy water t o  be skipped cu t  f o r  recovery 

should be made Lo determine whether ope ra t ing  c o s t s  a r e  apprec iab ly  af-  

f ec t ed .  

A p o t e n t i a l  source of heavy-water l o s s  i s  i n  the moderator c o o l e r .  

' - t iu rn  d e t e c t o r s  may be used t o  moni-tor the  fezdw,?.ter strearri and thus  

tic-tect gross Leakage. However, t h e  s e m i - t i v i t y  of t h i s  device may be 

l i m i t e d  (es t imated  as -1 ppm Dz0 from a s o l u t i o n  near  s a t u r a t i o n  w i ' i h  

tritium) so  t h a t  leakage s e v e r a l  tliiies the s p e c j f i e d  loss r a t e  ma,y occur 

without be ing  de tec t ed .  Other means of c1osel.y monitoring t h e  D2O system 

inventory  w i l l -  be  necessary  t o  make su re  t h a t  g ross  7-eakages w i l l  no t  

occur f o r  any apprec iab le  per iod  of t ime.  
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6.7 Organic Coolant Decomposition, Recovery, and Na*keup 

Calcula t ions  were made t o  v e r i f y  the  r equ i r ed  throughput of t h e  hy- 

drocracking u n i t  and t o  determine i t s  e f f e c t  on t h e  equi l ibr ium composition 

of t h e  coolan t .  A check w a s  a l s o  made of t h e  process  design of t h e  hydro- 

c racke r .  It was considered t h a t  t h e  neutron,  gaIluna, and thermal  exposures 

o€ t h e  coolan t  wider full-power operati-on l e a d s  t o  t e rpheny l  degra-dation 

a t  t h e  r a t e  of  1500 lb /h r .  

o u t l e t  coolan t  a. t  7Q0°F', and a l s o  corresponds t o  t h e  AI-CE c a l c n l a t e d  

va luc  with o u t l e t  coolan t  temperature  a t  750°F ( s e e  Sec t ion  5 .5 ) .  

conclusions reached under t h e s e  circumstances a r e  gi.ven below. 

d i c a t e  gene ra l  agreement wi th  t h e  hydrocracker throughput and process  

des ign  a.s g iven  by AI-CE; t h e  biphenyl  concent ra t ion  i n  .the equi l ibr ium 

coolant ,  however, w a s  es t imated  a t  12 t o  20 w t  $, r a t h e r  than  t h e  2% 
shown i n  Table 111-1 of  Ref. 1.. 

T h i s  corresponds to our  c a l c u l a t e d  va lue  with 

The 

Y'ey in-  

The coolan t  degrada t ion  r a t e  of  1500 lb /h r  corresponds t o  an absorbed 

neutron dose of about  LO Mw(th), an absorbed garrria dose of about  4.5 

Mw(th), and an o u t l e t  coolant  temperature  of '700°F. 

d e s t r u c t i o n  r a t e  of 1500 lb /h r  i n  t h e  hydrocracker,  t h e  r a t e  of biphenyl  

product ion was es t imated .  A design conversion (d isappearance)  of  HB of  

3 0 s  per  pass i n  t h e  hydrocracker w a s  assumed, i n  accordance w j . t h  AI-CE. '-  

Wlth t h i s  conversion f a c t o r ,  t h e  biphenyl  product ion est imated by P h i l l i p s  

Petrolewa Company i s  about 23 w t  $ of  t h e  EFE disappearance; '  t h i s  g ives  a 

biphenyl  product ion r a t e  of  345 l b / h r .  

equal.ed by the r a t e  o f  biphenyl.. disa.ppearance by r a d i o l y s i s  arid py ro lys i s ,  

s i n c e  t h e r e  i s  no o the r  removal of  biphenyl  from t h e  system. The G val.ue 

f o r  t h e  radi.ol.ysis of biphenyl  i s  about 1 .8  times t h a t  of terphenyl. ' , '  

These cons ide ra t ions  l e a d  t o  a n  es t imated biphenyl. concent ra t ion  of about  

1.2 w t  $. However, some of t h e  data" i n d i c a t e  t h a t  t h e  biphenyl  y i e l d  i n  

t h e  hydrocracker cov.1.d be as high  as 40 w t  $ of  t h e  HB disappearance.  

On t h i s  basis, an  equ i l ib r ium biphenyl  concent ra t ion  of about  203 might 

b e  reached. 

w a s  c a l c u l a t e d  t o  be 50 t o  60 p s i a  a t  750"F, as compared w i t h  about  35 

psia shown (by in t e rpo la t io r i )  i n  Table 111-2 of  R e f .  1. Because bench- 

s c a l e  runs on a once-through u n i t  canno-L completely d u p l i c a t e  a c t u a l  

Then, wi th  an HB 

A t  equilibri.um, t h i s  must be 

The vapor p re s su re  of t h e  equi l ibr ium coolant  (w i th  1.0% iEB) 



CondiCions o f  continuous operatj-on, t h e  de te rmina t ion  of t h e  a.ci;l.lal equi- 

1 i-brium concent ra t ion  w i l l  have t o  w a i t  unti.1- hydrocracking da’ca a r e  

ohtaj.:ned a t  t h e  proposed Piqua i .nsi;all-st ion.  A t  p re sen t  it i s  recommended 

th8.t p -ovis ions  be  made t o  in su re  that, t h e  r e a c t o r  cool ing system i s  

operable  with a vapor pressu-re as high a s  6 C  p s i a  ir. t h e  o u t l e t  mixing 

tank, i f  t h 2  o u t l e t  coolan t  - tcrngeratue i s  750°F. 

A requi red  makeup r a t e  of about 200 Ib/hr  of f r e s h  coolan t  was es-  

t imated, i n  s u b s t a n t i a l  agreemen-t; wi th  t h e  AI-CE f fgure  o f  0.4 g y m .  

However, t h i s  does not  inc lude  any al.lowance f o r  mechanical leakage.  

The process  design and estimat,ed c o s t  o f  t h e  hydrocracker appear 

t o  be w e l l  supported by t h e  a,vaiI.able data.” 

opera t ion  of  t he  FFqua u n i t  w i l l  l e ad  . to improvements and poss ib ly  t o  

c o s t  reduct ion .  Tne cos t  of the IiWOCK hydyocracker u n i t  i s  est imated t o  

be abcu’c $8C83,C00, i n  agreement with t h e  AT-CE value .  If’ - the  thr*ou.ghput 

were a different r a t e ,  w e  es t imate  t h e  capi-La1 c0s-L wou1.d vary  as t h e  

0.6 power of t h e  throughput r a t e .  

It may be expected tha- t  

Caicu la t ions  were rnade i n  order  t o  es t imate  the time requi red  t o  

approach equi l ibr ium ccol a n t  cornposi-Lion. About t h r e e  o r  four rnonuis of 

opera-Lion at, near-design condi t ions  should b r i n g  t h e  biphenyl  bu i ld i ip  t c  

wi th in  90% of i t s  equi l . ib r iun  value.  

Th.- following po in t s  a r e  suggested Tor cons idera t ion  i n  t h e  present  

1. The vacuurn f l a s h  c o l ~ ~ ~ m  and t h e  r e a c t o r  feed t ank  could be  com- 

bined i n t o  one v e s s e l  w i th  a uniform diameeer’ of  6 f t .  

2 .  The f lash-col imn d i s t i l l a t e  r e c e i v e r  cciild be  reduced t o  about 

4 f.t, i n  diameter by  12 f t  i n  he ight ,  s i n c e  t h e r e  i s  no process  requli-re- 

ment f o r  a 1.ong surge time. 

3. ‘The high-pressure hydrogen-liquid s e p a r a t o r  might be  increased  

t o  about 4 ft t i n  d iameter  by 1 2  f t  i n  height; Lo g ive  b e t t e r  disengaging. 

The proposed si .ze o f  750 g a l  appears  t o  be small. 

4.. The low-pressure hydrogen-liquid separa-toor. ( a t cosphe r i c  degas.- 

fier) capac i ty  c0uJ.d be reduced from 2400 g a l  t o  about 1.200 g a l  ( L )  X 1 2  fl;). 

5. The suc t ion  cool-er of  t h e  hydrogen r ecyc le  compressor might be 

more e f f i c i e n t  and cheaper i f  removed from t h e  sepa ra to r  v e s s e l  and made 

a sepa ra t e  u n i t .  
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6.8 Ins t rumenta t ion  and Controls  

6.8.1 Pl-ant Controls  

The requirements for r e a c t o r  control. were d iscussed  i n  Sec t ion  5 . 6 .  

The d e s i r a b i l i t y ,  i f  not  a need, f o r  computer c o n t r o l  dur ing  s t a r t u p  w a s  

i nd ica t ed  i n  Sec t ion  5.6.2, and t h e  need f o r  t h e  c a p a b i l i t y  of t h e  con- 

t r o l  system t o  keep t h e  p l a n t  i n  ope ra t ion  fo l lowing  probable  pl .ant nal- 

func t ions  w a s  d i scussed  b r i e f l y  i n  Sec t ion  5.6 .5 .  

I n  our analog  computer s t u d i e s  of  t h e  HWOCR, we were a b l e  t o  inain- 

t a i n  t h e  r e a c t o r  at a fa i r ly  cons tan t  power level by man7slal c o n t r o l  of 

r e a c t i v i t y  when t h e  p l a n t  w a s  ope ra t ing  normally;  however, cons tan t  at- 

t e n t i o n  w a s  requi red ,  and any r e l a x a t i o n  of e f f o r t  o f t e n  lead to r e s u l t s  

similar t o  those  i n  Fig.  5.15. We do not  recommend manual ope ra t ion  of 

t h e  HWOCR p l a n t ,  a l though a s ta tement  on page VI-1 of t h e  AI-CE report’  

i n d i c a t e s  t h a t  manual control. from zero t o  loo$ power i s  a des ign  c r i -  

t e r i o n .  

It should be p o s s i b l e  f o r  an  autornatic p l a n t  c o n t r o l  system t o  meet 

t h e  design c r i t e r i o n  of  cons t an t  steam p res su re  and temperature  (900 p s i g  

and 725°F) a t  t h e  t u r b i n e  t h r o t t l e  over a l i m i t e d  range of power w i t h  a 

l i m i t e d  r a t e  of  power change. This l i r d t a t i o n  of power range i s  requi red  

by t h e  l i m i t e d  r e a c t i v i t y  t h a t  can be made available i n  t h e  c o n t r o l  rods  

t o  compensate f o r  t h e  nega t ive  power c o e f f i c i e n t  d i scussed  i n  Sec t ion  

5.6.1. The to t a l .  r e a c t i v i t y  of t h e  control.  rods ass igned  t o  power c o n t r o l  

m u s t  never be consumed i n  maintaining s t e a d y - s t a t e  power l e v e l s .  Rather,  

t h e s e  c o n t r o l  rods should be kept  near  t h e  midrange of t h e i r  s t r o k e  i n  

o rde r  t h a t  r e a c t i v i t y  i s  aJways availab1.e f o r  c o n t r o l  of t r a n s i e n t s ,  a s  

d i scussed  i n  Secticjn 5.6 .5 .  E i t h e r  changes i n  fue l  loading o r  t h e  use  of  

boron i n  t h e  moderator m u s t  provide t h e  r e a c t i v i t y  changes needed f o r  a 

variatr ion in .  ope ra t ing  power of more than  a few pe rcen t .  

-0.15$ ok a v a i l a b l e  from complete i n s e r t i o n  of t h e  c o n t r o l  rods from 

t h e i r  midposi t ion i s  s u f f i c i e n t  t o  reduce t h e  power from 100 t o  40$, it 

would be unwise t o  ope ra t e  w i t h  t h e s e  rods f u l l y  i n s e r t e d  f o r  more than  

a very  s h o r t  t ime.  Fur ther  ana lyses  and computer s t u d i e s  of t h e  p l a n t  

will be r equ i r ed  t o  e s t a b l i s h  t h e  design of  t h e  p l a n t  c o n t r o l  system. 

Although t h e  



Any p l a n t  c o n t r o l  system i n  which, t h e  r e a c t o r  polwer i s  a s l a v e  t o  

t u r b i n e  output  w i l l -  r equ i r e  a r e a c - t i v i t y  v a r i a t i o n  capable of changing 

-tile r e a c t o r  power t o  meet whatever change i.n load. i s  imposed on t h e  tur- 

bi.ne. The W O C R  does not  have t h i s  3-nherent c a p a b i l i t y ;  t he re fo re ,  t h i s  

p l a n t  should probably have a c o n t r o l  system of -the type  such t h a t  t h e  

turb ine  i s  a s l a v e  t o  t h e  r eac to r ,  and t h e  r e a c t o r  power i s  u l t i m a t e l y  

w r i e d  t o  meet t h e  requirements of t h e  power system. Rod c o n t r o l  would 

be  by means of a flux servo, wi th  t h e  s e t p o i n t  f o r  t h i s  c o n t r o l l e r  be ing  

obtained from t h e  rneasureiiient of c e r t a i n  process  v a r i a b l e s .  One of t h e  

measured process  v a r i a b l e s  would be coolant  f1.017; tliiis, v a r i a t i o n s  i n  

coolant  f low f o r  any reason would be r e f l e c t e d  by changes i n  r e a c t o r  

power. Steam temperature cou7-d be  con t ro l l ed  by sciguals khat u l t i n i a t e ly  

a f f e c t e d  t h e  s e t p o i n t  of t h e  f l u x  servo.  The t u r b i n e  t h r o t t l e  would be  

con t ro l l ed  by steam pressure, and thus  t h e  tu rb ine  waul-d be a s l a v e  to 

t h e  r e a c t o r .  ‘The p l a n t  power s e t p o i n t  would c o n t r o l  - t h e  coolant  pumps; 

t h e r e f o r e  t h e  p l a n t  power output would be determined, i.n acti ialiLy, by 

t h e  ra - te  of coolant  flow. This power s e t p o i n t  could be modified auto-  

n a t i c a l l y  by power system demand, provided t h e  changes s o  produced were 

s u f f i c i e n t l y  l i m i t e d  i n  magnitude and r a t e .  We do not  recommend t h e  use 

o f  mu l t ip l e  interdependent  s e t p o i n t s  t h a t  must be vayied s irnultaneously 

by a power conputer ,  a s  i nd ica t ed  i n  Fig. VI-3 of t h e  AL-CE r e p 0 r t . l  

I n  case t h e  e l e c t r i c a l .  4.oad on the pl-ant sudde-nly decreased because 

of some d is turbance  i n  t h e  power network, t h e  c o n t r o l  system would have 

t o  change c o n t r o l  of t h e  t u r b i n e  t h r o t t l e  from steam pi-essure con-trol  t o  

speed governor cont ro l ,  w i th  excess steam be ing  clumped. 

6.8.2 Nuclear Instrumentat ion 

The nuc lear  ins t rumenta t ion  system proposed i n  t h e  diagram o f  PLg. 

V I - 2  of  t h e  AI-CE report’  consis- ts  o f  16 chamcl s ,  as follows: 

l+ BF3 source-range channels 

4 compensated ion  chamber in te rmedia te  channels 

4 compensated. ion  cha.mber power-regulating cha-nnels 

4 uncompensated ion  chamber power-range (safeky-) channels 

I n  order  t o  more near1.y match t h e  r e a c t o r ’ s  c h a r a c t e r l s t i c s  and t o  take  

advankage of r ecen t  developments, w e  propose 1 2  channels, as shown i n  
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Figs. 6.8 and 6.9. 

I-owing channe1.s : 

This nuclear instrumentation would provide the fol- 

3 fission chamber wide-range counting channels 

3 uncompensated ion chamber power-regulating 

G uncompensated ion chamber safety channels 

c hanne Is 

(2 sets of 3 channels each) 

Wide-Range Counting Channels. 

ters to cover the first five decades of operation on the assumptions that 

ten decades of range from source to full power are required and that no 

single instrument can satisfactorily cover the entire flux range. Be- 

cause of statistical fluctuations of neutron pulses, the period signal 

from the source range channels is of an erratic nature and is employed 

only as an operating aid. No automatic corrective action would be taken 

because of the sta.tistica1 fluctuations. 

The AI-CE report’ proposes SF3 coun- 

The assumptions underlying this choice do not take into account the 

fol.l.owing points : 

1. The strong photoneutron source from 7-n reactions on D2O will 

produce an operating range much less than ten decades that will vary with 

the duration of shut,down. This strong source will permit the use of a 

fission chamber rather than the less-convenient BF3 chamber. 

2. A wide-range counting system is available that is capable of 

covering ten decades of operation,” and we recommend its use in the 

HWOCR. This system empl.oys a servo-controlled moving detector in a 

water-filled attenuating tube and is routinely used for automatic reactor 

startuF without interference from statistical fluctuations. 

Power-Regulating Channels. Because failure to obtain prompt and 

adequate response -will result in an uncontrolled excursion, it is required 

that unusual rel.iabil.ity be built into the flux-regulating servo and other 

controllers which, on failwe, would cause the plant to go off the line. 

The problem is often met by employing setback - a controlled reduction 
in power - in order to avoid a reactor scram that would be brought about 
either by an excursion of some process variable or by an instrument nial- 

function. 

tion in power, but an insertion of the vertical control rods to continue 

The AI-CE report’ proposes, as setback, not a controlled reduc- 



192 

j ......... 

r
 

.......___I 

t 
r 

I
 

J
 
4
 

ti 

v
 

>
 
t
 

in 
J
 

W
 
z
 

c
 
I
 

0
 

0
 
z
 

t
 

z
 

3
 
0
 

U
 

W
 

0
 

7
 

4
 

r
 

tu 
D

 

4
1
 

-
 

-
 

5
 

P
, 

Ir 
0
 

- 

~ 0
 

2
 

J
 

4
 
z
 

0
 

07 

E
 
0
 

K
 

cc 
W

 

~ N
 

0
 

i
 

i
 

z
 

Lo 

a
 
0
 

X
 

X
 

W
 

a
 

'3 El 
.......... 

W
 

.... 

U
 
U
 

LL 

i
 

C
 
0
 

a
 

--L
\ 

I
 

c
 

.z 1
 

w
 
z
 

2
 

4
 
I
 

ti 
m

 
4
 

w
 

H
 

4
 

LQ 

z
 

t
 

t
 

2
 

LL1 

2
 
3
 

E
 

0
 

t
 

in 

z
 

-
 

N
 

0
 

z
 

J
 

1 S
I 
z
 

z
 

4
 
1
 

u
 



193 

c
 

_
- 

a 
d
 
z
 



194 

as long as t h e  excursion p e r s i s t s ,  while  a t  -the same time automatic  con- 

t ro l .  i s  t o  be  turned  o f f .  Szlnce manual c o n t r o l  would be d r i f f i cu l t  i f  

not  impossLb1.e i n  t h e  power range, an unwanted t u r b i n e  t r i p  would prob- 

a b l y  r e s u l t .  Signa3.s taken from t h e  s a f e t y  system and used i n .  t h e  con- 

t r o l  system t o  reduce power t o  prevent  a scram a r e  q u i t e  des i r ab le ,  b u t  

such a reduct ion  i n  power must no t  pu-t; t h e  p l a n t  ou t  of con t ro l .  We do 

no t  recommend t h a t  se tback  be employed as proposed. 

I n  order  t o  obtairi  r e l i a b l e  c o n t m l  we  propose t h a t  r a t h e r  t han  t h e  

s e l e c t i o n  of  one o f  fou r  power channels as inpu t  f o r  nuc lea r  con t ro l ,  a 

mul t ip l e  c o n t r o l  system be employed t o  minimize t h e  e f f e c t  of f a i l u r e  of 

a cont ro l . le r  o r  of  f a i l u r e  of i npu t s  t o  a cont ro l . le r .  One ve r s ion  of 

such a system uses a f u l l  complement of i npu t s  t o  each of t h r e e  rod-drive 

c o n t r o l l e r s .  The outpu-t; v e l o c i t i e s  o f  t h e  t h r e e  c o n t r o l l e r s  a r e  added, 

and al.3. c o n t r o l  rods a r e  moved w i t h  a v e l o c i t y  equal  t o  -the a l g e b r a i c  

s u n  of Lhe v e l o c i t i e s  of t h e  three Thus t h e  f a i l u r e  of 

any one c o n t r o l l e r  w i l l  be compemated by t h e  remaining two. Another 

way of achiev ing  t h e  same end would be t o  auc t ionee r  the s i g n a l s  from 

each of the t h r e e  controllers so as t o  s e l e c t  t h e  median signal for con- 

t r o l .  l3 This  l a t t e r  system i s  shown i n  Fig. 6.8. 

Intermediate-Kange Channels. The A I - C E  r e p o r t  proposes fou r  i n t e r - -  

mediate l o g a r i t ' m i c  channels overlapping t h e  lower p o r t i o n  of  t h e  power 

range and the  upper p o r t i o n  of t h e  source range.  Pie r e p o r t  s t a t e s  t h a t  

t h e  pepiod circuih--y used t o  i n i t i a t e  fast shutdown i s  to be  c u t  ou t  of 

s e r v i c e  when t h e  r e a c h -  power reaches a va lue  somewhere between 2 t o  20% 

of r a t e d  power i n  order  t o  e l imina te  f a l s e  per iod  scrams ri.n t h e  range. 

Again t h e  assumptions do not, f u l l y  t ake  i n t o  account t h e  r e a c t o r  

c h a r a c t e r i s t i c s  and a v a i l a b l e  ins.tr.urnentation techniques,  8,s follows: 

1. Overlapping of b o t h  the  power and source ranges i s  a technique 

t h a t  i s  useful- on ly  f o r  c l ean  r e a c t o r s  (without  appreci3bI.e gamma back- 

ground) and i s  f o r  r e a c t o r s  having a wide ope ra t ing  range. 

once operated a t  power, w i l l  n e i t h e r  be c lean  nor  have a wide ope ra t ing  

range. 

This r eac tu r ,  

2. It is t r u e  t h a t  per iod  c i r c u i t r y  i s  gene ra l ly  subjec-L t o  spu r i -  

ous t2"ips brought about by u n r e a l i s t i c  t r i p  s e t t i n g s  i n  combination w i t h  
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power-line transients. However, we have accumulated several years of 

operating experience without a single spurfous trip of a log N period 

trip set at 1 sec.  14 

We propose to eliminate the intermediate channels and allow the 

wide-range counter channels to provide the logarithmic range and long- 

period control and to transfer the short-period protection function to 

the safety system. 

Safety Channels. The AI-CE report' proposes fou r  safety channels 

arranged so that scram and setback occur when reactor power exceeds pre- 

set 1-imits in any two of the four channels. We propose a tota.1 of six 

safety channels arranged with t'nree channels in each of two separate 

systems as shown in Fig. 6.7. PNO complete and independent sets of 

safety channels are needed to meet the stringent requirements described 

in Section 5.6.4, The two sets of safety channels should be of different 

design so that ca.uses of common failures of the two sets are reduced. to 

a minimum. 

Period trips are shown in Fig. 6.9; these period trips must remain 

in service at all times, as also discussed. in Section 5.6.4. 

system can be operated without spurious trips with the trip set at a 

1-see period.,14 whereas attempts to trip on longer periods result in many 

spixrious scram unless a long delay in response is acceptable. A period- 

trip circuit combined with the flux-level trip so that both functions 

can be obtained from a single chamber has been developed15 and is shown 

in Safety System "A" in Fig. 6.9. 
and period signals originate separately are shown in Safety System "B" 

in Fig. 6.7. Uncompensated chambers can be used in the safety channels 

of the HWOCR because of the large photoneutron source. 

A safety 

Dual chambers in which the flux level 

6.9 Containment Structure 

The reactor building provides the containment structure for the re -  

actor, moderator cooling system, and refueling facilities. Primary 

coolant system pumps and heat exchangers are housed in separate buildings. 

Four fast-closing block valves, two in series in both the inlet and outlet 

lines, are provided to automatically isolate the I.oops in case of excessive 
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quan t ik i e s  of r a d i o a c t i v e  m a t e r i a l  i n  t h e  coolan t .  T'nis va lve  a c t i o n  

w i l l  a l s o  matntain containment i n t e g r i t y  rin the  event  of an  acc iden t  i n -  

vo-1-ving a b reak  i.n a coolant  l i n e  accom.panied by a r e l e a s e  o f  r a d i o a c t i v i t y  

t o  t h e  r e a c t o r  b u i l d i n g  atmospheire. Thi.s me-Lhod of containment i s  s i m i l a r  

t o  khat used f o r  d i r ec t - cyc le  r e a c t o r  p l a n t s  b u t  i s  unique f o r  an  i -ndirect-  

cyc le  r e a c t o r  p l a n t .  I n  princi-pl.e, t h i s  method of containment should be  

acceptab le  f o r  t h e  ITdOCR system, s i n c e  precedence f o r  t h i s  meYnod i s  al-  

ready e s t a b l i s h e d  for d i rec t - cyc le  p l a n t s .  Rates of  leakage through Tso- 

l a t i o n  va lves  and o the r  pene t r a t ions  m u s t ,  of course,  be d-etermiried and 

shown t o  be w i t h i n  acceptab le  l i m i t s  f o r  containment s t r u c t u r e s  of  t h i s  

t ype .  

The containment s t i - u c t u e  i s  a v e r t i c a l  cy l inder ,  140 f t  i n  diameter 

and 187 f t  h igh  above grade, wi.til a. hemispheri-cal head and a concave base. 

It i s  a carbon-s tee l  s t r u c t u r e  designed for a n  in te rna l -  p re s su re  of 15  

p s i g  a t  155°F. The i n t e r n a l  f r e e  volume i s  1 .5  X l o 6  f t3.  

AI-CE representa-tI .ves have acknowledged t h a t  compl.ete ana lyses  o f  

maximurn c r i t i c a l  acc iden t  (mea) condi t ions  have not  been made. However, 

AI-CE concluded from t h e i r  p re l iminary  s t u d i e s  t h a t  t h e  containment de- 

s i g n  as proposed would provide adequate p r o t e c t i o n .  These s t u d i e s  con- 

s ide red  p res su re  resu l - t ing  from l a r g e  orga.nic s p i l l s  and f i r e s  w i t h  co- 

i n c i d e n t a l  use of water  pumps t o  c o n t r o l  t h e  f i r e .  

One acc iden t  t h a t  bea r s  cons idera t ion  be fo re  t h e  proposed containment 

design can be  considered accep tab le  i s  a 1 .0s~  of  coolan'i. a cc iden t  accom- 

paiiied by a rup tu re  of t h e  r e a c t o r  ca landr ia ,  which would r e l e a s e  heavy 

water .  The hea t  content  of  a l a r g e  quantrity of  hot coolant would be suf -  

f i c i e n t  t o  vapor ize  heavy water  i n  an amount t h a t  would cause a, p r e s su re  

bui ldup  much in excess of  t h e  1.5-psig design p res su re .  For example, we 

have ca l cu la t ed  t h a t  a r e l e a s e  of some 1.,AOO,OOO lb of coolant  ( -2 /3 the  

coolan t  inventory)  could r e s u l t  in a pres su re  buj ldup o f  approximately 75 

p s i g  if a l a r g e  q u a n t i t y  of water  were t o  come i n  con tac t  w i t h  it. If 

t h e  coolan t  s p i l l  were confined t o  h a l f  t h a t  amount, t he  p re s su re  could 

bui1.d up .Lo 45 p s i g .  The organic  s p i l l  would have t o  be l i m i t e d  t o  l e s s  

than  230,000 lb (<35,@00 ga l ) ,  or t h e  heavy-water r e l e a s e  t o  less thari 

4G,OOO Ib, t o  l i m i t  t'ne pres su re  bui ldup  t o  l e s s  than  15 psig.  The pro- 

posed containment scheme m u s t  t h e r e f o r e  be considered t e n t a t i v e  u n t i l  more 
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detailed investigations of possible accident conditions have been made. 

Pressure suppression in conjunction with the proposed containment scheme 

might be used to limit pressure buildup to an acceptable value. 

6.10 Turbine-Generator System 

Turbine plant design data are simnmarized in Table 6.2. We have 

checked through the heat balances and calculational methodsL6 furnished 

by AI-CE for this evaluation and are in general agreement with the refer- 

ence design values listed. The selections of the reference design con- 

ditions are supported by AI-CE investigations of seven cycles ranging 

from a basic nonreheat system to a reheat arrangement. The effec-ts of 

three pressure and temperature points on cycle components, efficiency, 

and plant thermal. requirements were considered. From the three throttle 

steam conditions investigated,16 namely, 600 psig and 675'E', 900 psig and 

725'F, and 1200 psig and 775'F, the intermediate case was chosen as opti- 

mum. 

that is, investigations are needed to 

1. confirm the selection of a single turbine-generator unit over two half 

Areas where further optimization would be desirable were recognized; 

size units for specific power system applications, 

set final feedwater heater arrangement (number of heaters, heater 

terminal differences, the use of condenser deaeration, and utiliza- 

tion of generator heat losses), 

set throttle and reheat steam conditions on a plant cycle basis, 

2 .  

3. 

4 .  consider noncondensing auxiliary turbine drives in ha.lf- and full- 

capacity sizes, 

5. evaluate partial plant load operation for confirming equipment design 

selections and to establish plant control modes. 

Our estimates of potential improvements in efficiency associated with 

several of these effects are given in Table 6.3. Although improvements in 

cycle efficiency are possib1.e from these effects, they rnay not be practi- 

cal to achieve for several reasons. 

penditures are necessary to add one stage of feedwater heating. 

temperature must be acceptable for the reactor heat cycle, and the effect 

on reactor plant equipment costs must al.so be evaluated. Noncondensing 

Approximately $300,000 capital ex- 

The final 
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Table 6.2. Turbine P lan t  Design Summary 

Reactor  thermal  ouLput ( inc luding  moderator 

Reactor thermal. poTwer t o  coolant ,  MM 

Evapora-tor and superhea ter  therrrial power, Mw 

l ieheater thermal  power, Mw 

Gross genera tor  e l e c t r i c a l  output (0.85 p f ) ,  bhv 

P l an t  auxiliary e lec-Lr ica l  power, bfw 

P l an t  n e t  e l ec t r i ca .1  output,  Mw 

P l a n t  n e t  hea t  r a t e ,  Btulhwhr 

P lan t  n e t  thermal  e f f i c i ency ,  $ 
Turrb i n c  - genera tor  

and s h i e l d ) ,  Mw 

'l'urb i n  e ar  rangenie n t  
T h r o t t l e  pressure ,  p s i a  
Thyot t le  temperature,  OF 
T h r o t t l e  enthalpy, B'cul1.b 
T h r o t t l e  flow, l b / h r  
Reheat; p ressure ,  p i a  
Reheat temperature,  "F 
Reheat enthalpy, Btu/lb 
Reheat floTw, 1b/hr 
Condenser pressure ,  i n .  Hg abs. 
Tur'oine exhaust flow, t o t a l ,  l b /h r  
Turbine exhaust enthalpy, Btu/1b 
Condenser duty, t o t a l ,  Btu/hr 
Generator r a t i n g ,  kva 
Generator tex-rninal vol tage,  kv 
Generator power r a c t o r  
Generstor  hydrogen pressure ,  psig 
Feedwater temperature,  f i n a l ,  "F 
%'e e dwa t e r en tha lpy  , B t u /  lb 
Shaf t -dr iven  a u x i l i a r i e s  
Steam-driven a u x i l i a r i e s ,  ho t  r ehea t  

3093 

2921 

2524 

41-9 

1088 

12.0 

1076 

9800 

34. 8 

(4  
915 
725 
1345.9 
9.05 X l o 6  
167 
725 
1388.0 
7.893 x lo6 
1.5 
6.437 x lo6 
.1.03.1.7 
6.13 x lo9 
I, 280,000 
24 
0.85 
60 
420 
3 9 . 5  
None 
Main feedwater and 
main coolan t  pmps 

" ' rand  em compound, s i x  flow; 52- i n .  last - s tage 

energy end p o i n t .  

bucke'cs . 
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Table 6 .2  (cont inued)  

Main condensers 

Number of cooling-water pumps 
Flow rate, each, g p m  
Head, f t  
Drive r a t i n g ,  hp 

Condenser type  
Number of u n i t s  
Tube w a l l ,  BWG 

Mate r i a l  
Size,  i n .  
Length, f t  

Design h e a t  t ransfer  sur face ,  each, f t 2  
Design cooling-water temperature,  OF 
Design s a t u r a t i o n  temperature,  "F 
Cooling-water flow, each condenser, g p m  

6 

30 
1000 
Sing le  pass 
3 
18 
Admiralty 
1 
50 
160,000 
57 
91.7 
200,000 

1of3,ooo 

Fe edwat e r  system 

Feedwater deminera l iz ing  None 
Deaerat ion Yes 
Feedwater hea te rs ,  t o t a l  nwnber 13 

Ex t rac t ion  closed 9 
Ex t rac t  ion  open 1 
Moderator heat recovery 3 
Number of banks 3 
D r a i n s  Cascade 

3 
Flow, each, gpm 6600 

T o t a l  dynamic head, ft 2700 
Dr iver  type  Auxiliary steam 

Dr iver  power, hp 6500 

Flow, g p m  500 
T o t a l  dynamic head., f t  25CO 
Driver  t n e  Motor 
Driver power, lip 400 

Number of main feedwater  pmnps 

Feedwater temperature, O F  3 M .  8 

t u r b i n e  

Number of  auxiliary f eedwater pumps 1 
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Table 6.3. Est imates  of  Poss ib l e  Ef f i c i ency  lrnprovernents 
i n  Steam Cycle 

Approxinat e 
Reduced Hea-t 
Rate Based on 

Se lec ted  Cycle 

Chaiige i n  
P lan t  Net 
E f f i c i ency  

Remarks 

(%I ($1 

High-pressure feed- 0.5 +o. 2 
water  hea-ter s t a g e  

Reheat pressure ,  >0.1 +O. 005 

Nonconderis ing  None 

5% change 

auxj - l ia ry  d r i v e  
tu rb ines  

Genera t o r  r egenera- 
'i i v e  h e a t  ex changer 

Total 

+0.1 

- 
4-0.3 

Steam fl.ows a f f e c t e d ;  
r e a c t o r  p l a n t  m u s t  
be  considered 

S l i g h t l y  h igher  p rc s -  
s u r e  may be optimum 

Condensing usua l ly  
more e f f i c i e n t  

Generator l o s s e s  a r e  
12.5 Mw; not  a l l  
recoverable  

auxi.Iiary t u r b i n e  d r i v e s  a r e  of doubt fu l  benef5.t for e f f i c i e n c y  improve- 

ment f o r  t h e  cyc le  such as t h e  HWOCR, and c o s t s  cannot be  a s ses sed  without; 

ex tens ive  overal l .  p lan- t  optil-nization. Since genera tor  coo le r s  a r e  a l r eady  

pi-ovi.ded, t h e  cos t  o f  p rovid ing  f o r  cyc le  hea t  recovery- i n  p l ace  of dump- 

iilg t h e  hea t  would probably not  exceed $50,000. 

improvements t h a t  can be j u s t i f i e d  on an  ecoi1omj.c b a s i s  a r e  es t imated -to 

be  of  t h e  o rde r  of 0.2%; t h i s  sugges ts  a p o t e n t i a l  maximum n e t  p l a n t  e f -  

f i c i e n c y  o f  35.0% f o r  t h e  r e fe rence  condi t ions .  

In  sumary ,  e f f i c i e n c y  

'The e f f i c i e n c i e s  f o r  t h e  HWOCR cyc le  a:re based on t h e  nuc lear  hea t  
1 7  balance c a l c u l a t i o n  me-thod devebped  by t h e  General E lec - t r i c  Company. 

F ie ld  experience w i t h  conventional- ililits has o f t e n  shown t h a t  manufac- 

t u r e r ' s  cal .culat iona1 methods a r e  on t h e  conserva t ive  s i d e .  

A summary of t h e  con-tr ibut ions t o  t h e  p l a n t  thermal  e f f i c i e n c y  made 

by specrj.al f e a t u r e s  of t h e  turb ine-cyc le  des ign  fol.l.ows : '' 
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Use of 52-in. l a s t - s t a g e  buckets ins tead  of 43 i n .  +0.9$ 

Use of condensing a u x i l i a r y  turb ines  ins tead  of +0.3 

Use of hot rehea t  instead of cold rehea t  f o r  +0.1 

motor dr ives  

auxi1ia.r-y turb ine  dr ives  

Use of rehea t  ins tead  of nonreheat 

Use of moderator hea t  exchanger 

Tota l  

+1.7 

+0.3 

+3.3$ 

The only items of equipment i n  the  turbine-generator p l a n t  t h a t  re -  

qu i re  important development a r e  t h e  turb ine  (including t h e  52-in. last  

s tage  buckets),  t h e  generator, and t h e  main e x c i t e r  ( i f  r e c t i f i c a t i o n  i s  

employed) . 
f o r  t h i s  study follows the  genera l ly  accepted conclusion both by manu- 

f a c t u r e r  and indus t ry  t h a t  t h i s  s i z e  equipment w i l l  be a-Jailable when 

the  demand i s  created.  R e l i a b i l i t y  i s  riot so  e a s i l y  predicted.  

The GO$ ext rapola t ion  i n  turbine-generator s i z e  necessary 

Tle main generator was designed wi th  the  conventional brush-type ex- 

c i t e r s  (two one-half s i z e  u n i t s ) .  

exc i t e r s  a r e  now ava i l ab le  i n  r a t ings  up t o  5800 kvJ f o r  10OO-inva genera- 

tcjrs.18 

t o  be f e a s i b l e  f o r  t h e  operating period of t h i s  study. One arrangement 

being offered'9 t h a t  permits complete elimination of brushes, commutators, 

and c o l l e c t o r  r ings  has t h e  fuse wheels, diode r e c t i f i e r  wheel, and r o t o r s  

of t h e  p i l o t  exc i t e r ,  ac exc i t e r ,  and ac  generastor a l l  on a s ing le  s h a f t .  

Cutput from the  r o t o r  (armature) of t h e  e x c i t e r  i s  r e c t i f i e d  by the  d i -  

odes and fed t o  the  r o t o r  ( f i e l d )  of t he  ac  generator by leads through 

and along the  d i r e c t l y  connected s h a f t s .  Over f i v e  years operating ex- 

perience t o  1965 has shown l e s s  maintenance and higher r e l i a b i l i t y  than 

f o r  t he  b r u s h - t y p  o r  conventional e x c i t e r  system. 

more than r a t ed  diode capacity i s  provided t o  serve as "spare" i n  event 

ind iv idua l  diode systems f a u l t .  There is ,  therefore,  no ex t r a  r o t a t i n g  

equipment employed. The ex t r a  diode capacity serves t h i s  need. The ex- 

c i t e r  would be provided as p a r t  of equtpment furnished wi th  the  turbine- 

generator u n i t  and included i n  the  cos t  i n  the  usual manner. 

However, brushless diode r e c t i f i e r  

A f u r t h e r  increase t o  1280 mva i s  considered by the  manufacturers 

Approximately 20% 

'l'he turbine-generator plafit does not  serve as an emergency heat dump 

f o r  t he  nuclear p l a n t ;  hence it i s  not encumbered with s p e c i a l  backup 



equipment and/or c o n t r o l  f o r  t h i s  purpose.  

main condensers i s  provided, however, b u t  t h i s  i s  f o r  l o s s  of e l . ec t r i ca l  

load  or r e a c t o r  decay hea t  removal a f t e r  scheduled shutdown and i s  not  

r e l a t e d  t o  nuc lear  p l a n t  emergency requirements .  Transfer  of  moderator 

cool ing  t o  emergency cool ing  i s  independent of t h e  feedwater system. 

'The use of  ho-i r e h e a t  f o r  steam suppl ied  t o  t h e  primary cool.an'i 

pump and feedwater pump t u r b i n e  d r i v e s  appears  t o  be j u s t i f i e d ,  a l though 

cold r ehea t  i s  more commonly used f o r  a u x i l i a r y  t u r b i n e s .  A ba lance  of  

hea t  exchanger cos ts ,  a u x i l i a r y  t u r b i n e  cos t s ,  and p ip ing  c o s t s  would 

probably favor  us ing  hot  r ehea t  i n  t h e  HWOCK system; however, we have 

not  checked t h i s  p o i n t  i n  detai.1.. 

Turbine stearn bypass t o  t h e  

The cos t  pena l ty  f o r  providing a speed reducer  f o r  .the b o i l e r  feed. 

pump i s  no t  c l e a r ,  s i n c e  t u r b i n e  speed c o n t r o l  can s a t i s f y  t h i s  req1xk-e- 

ment . 
The hea t  ba lance  shown i n  F ig .  6.10 c losed  w i t h  0.15s. Steam con- 

d i t i o n s  and n e t  p l a n t  eff i .c iency f o r  t h e  thorium-cycle design condi t ions  

a r e  e s s e n t i a l l y  t h e  same as f o r  the r e fe rence  AI-CE design cond i t ions .  

A s  pointed out  i n  Sect ion 5.1, t h e  p re sen t  r e a c t o r  designs do no t  

appear  capable of producing an o u t l e t  coolan t  t empera twe  of 750°F and 

s t i l l  meet o t h e r  s p e c i f i e d  c r i k e r i a .  Thus, t h e  e f f e c t  oil t h e  o v e r a l l  

p l a n t  e f f i c i e n c y  of changing t h e  temperature of  .the steam leaving  t h e  

bo i l e r - supe rhea te r  and t h e  r ehea te r  w a s  eva lua ted .  

The AI-CE d a t a  and f lowsheet  were used as t h e  basis f o r  comparing 

t h e  d i f f e r e n t  steam cyc le s .  The t o t a l  reactor.  hea t  chargeable  a g a i n s t  

t h e  p l a n t  thermal  e f f i c i e n c y  was 3093 M w ( t ) .  

bo th  the  r e a c t o r  and c i r c u l a t i n g  coolant ,  arid a r e a c t o r  p l a n t  a u x i l i a r y  

e l e c t r i c  load of 1.2 Mw(e) must be  charged a g a i n s t  t h e  output .  

es t imate  of performance appa ren t ly  assumed 1~62 Mw( t ) of h e a t  a v a i l a b l e  

t o  t h e  steam system for feedwater hea t ing  i n  t h e  D 2 0  cooler .  

judged t h a t  t h i s  i s  more c o r r e c t l y  156 M w ( t )  . 'The 7251125°F cycle  per-  

formance w a s  cal.cul.ated based on this condt t ion  i n  order  to give  a cor- 

r e c t  basis of  comparison f o r  t h e  675/675"F case .  A s  i n  t h e  AI-CE e s t i -  

mate, it w a s  assumed t h a t  90% of t h e  hea t  equiva len t  o f  t h e  work done by 

t h e  coolant  pump i s  re turned  t o  t h e  cyc le .  The overal.1. r e su l . t s  a r e  l i s t e d  

below: 

'There a r e  h e a t  l o s s e s  from 

The AI-CE 

It has been 



LOSSES* 
2 2,625 
1345.9h 

1575’ 
1206.7h- @ GROSS PLANT HEAT RATE 9696 BTUIKW-HR 

NET P U N T  HEAT RATE 9 8 0 6  BTU / KWHR 
XGROSS PLANT = 35.2% 
n N E T  PLANT = 34-8% 

HWOCR HEAT PALANCE 
900 PSIG, 7251725OF 

I H GA,GENEWTOR CAW81 C t TY 
l366.5h 1780 MVA 

Fig. 6.19. rirrlGCR Heat Balance. (From R e f .  1 j 
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Overa l l  Planl; 
E f f i c i ency  Bas  ed 

Steam Conditions Steam Cycle from on 3093 M w ( t )  
t o  Turbiae D20 Cooler [ M w ( t ) ]  Heactor Power ($) 

Heat Avai lab le  t o  

I 

936 psi.a-?25/725"F 142 
936 psia-725/725"F I. 56 
936 psia-675/675"F 156 
815 ps ia-6 50/650"F 156 

34.81 
34.78 
34.08 
33.2 

The condi t ions  given above were a s s o c i a t e d  wi th  s p e c i f i c  o u t l e t  

coolan t  temperatures  and p a r t i c u l a r  hea t  exchanger design va lues .  The 

675/675"F steam condi t ions  correspond t o  an  outl .et  coolan t  temperatilrce 

of 700°F and a s t e a m  gerierator having about  twice t h e  su r face  a r e a  of 

tha- t  gi.ven lin t h e  AI-CE design.  

spond t o  u s ing  t h e  same s i z e  h e a t  exchange equipment as f o r  t h e  675/675"F 

case  wi th  lowered f eedwater tempera.tures i n  o rde r  t o  reduce "pinch-point" 

e f f e c t s .  Cost information on t h e s e  aspecks i s  given i n  Chapter 7 .  

The 650/650"F stearn condi t ions  cor re-  

The r e s u l t s  given above were used i n  OUT eva lua t ion  of t h e  IINOCR 

perfoncance; s p e c i f i c a l l y ,  w i t h  an  average coolant  out]-et temperature  o f  

700°F t h e  thermal  eff l ic iency w a s  t aken  as 34-19. An e f f i c i e n c y  va lue  of 

33.2% was assoc ia t ed  with an average coolan t  o u t l e t  temperature  of 675°F. 

6.11 E l e c t r i c a l  Sys tems 

Aux i l i a ry  power requLrernents f o r  t h e  HWOCH a r e  r e l a t i v e l y  low because 

a l l  major pimps a r e  t u r b i n e  dr iven .  T f  b rush le s s  e x c i t e r s  can be  u t i l i z e d ,  

t h e r e  w i l l  be  no iliotojr b reaker  requirements g r e a t e r  than  1000 hp. 

The system i s  organized alone; convent ional  l i n e s  and employs 4160-v 

feeder  breakers  ope ra t ing  Trorn f o u r  buses.  The emergency ac  and de power 

provis ions  descr ibed  are adequate f o r  t h i s  p l a n t .  

6.12 Serv ice  Systems 

Reactor s e r v i c e  systems a r e  prov5ded f o r  spen t - fue l  cool-j-ng, high- 

and low- temperature cool ing water,  n i t rogen  supply, carbon d ioxide  supply, 

r e a c t o r  s t a r t u p  steam, r a d i o a c t i v e  waste disposal-, r e f u e l i n g  machine 

se rv ices ,  m d .  new coolant  handl ing,  Funct ional  requirements and c a p a c i t i e s  
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of these systems given in the conceptual design report' were r ev j  ewed 

rnaFnly for cost evaluation. 

the result of the review that was made. 

We have no particular points to qucstion as 

Plant service systems are comparable to equivalent systems of the 
concepts considered in the advanced-converter study. 2 

6.13 Site and Structures 

The site for the reference plant is the AEC hypothetical Middletown. 

The features of the site have been described by the AEC.20 

Because of the position of the turbine building with respect to the 

reactor building in the HWOCR plant layout, condenser cooling water inlet 

lines are longer than would be the case for parallel arrangement with the 

river. A rearrangment of the layout could reduce the cost of these lines 
somewhat but might result in higher costs elsewhere in the system. The 

savings, if any, w o u l d  be too small to justify additional study of the 

building arrangements. 

Structures appear to be adequately sized for the systems described. 

The type of construction for the turbine-generator build<-ng and auxiliary 

buildings is assumed to be the same for purposes of cost normalization 

as for equivalent buildings in the ad-mnced-converter study. IloweTJer, 

the reactor building is of concrete-lined welded steel-plate construction, 

whereas in the advanced-converter studies most of the reactor buildings 

were constructed of reinforced concrete to withstand a high internal 

pressure. 

The design of the turbine-generator building could be revised to re- 

duce the volume. The turbine-generator equipment could be housed in a 

building of the same size as the pressurized-water reactor building used 

as a standard for normalization in the advanced-converter study.2 

6.14 Plant Safeguards 

Informatlon presented on plant safeguards was not in sufficient de- 

tail for evaluation of the adequacy of .the safeguards provided. Although 
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the design repoi.t' s t a t e s  t h a t  an  acc iden t  ana1.ysi.s should cons ider  t h e  

p o s s i b i l i t y  of l a r g e  organic  spi1l.s and f i res  i n s i d e  t h e  containment 

'ouilding, w i t h  co inc ident  use  of t h e  wa te r - sp r ink le r  system, no d e t a i l e d  

a n a l y s i s  i s  presented  of  t h e  consequences of  such a n  acc iden t .  Even 

though 3 coolan-L rei-ease in i t s e l f  would n o t  r e s u l t  i n  a l a r g e  inc rease  

i n  conLairunent pressure ,  t h e  t r a n s f e r  of t h e  l a r g e  amount of hea t  s to red  

i n  t h e  coolan t  t o  e i t h e r  t h e  moderator or water  i'rom t h e  spyay system 

has t h e  p o t e n t i a l  o f  causing a containment p re s su re  h igher  than  t h e  de- 

s i g n  value.  

We considered t h a t  use  of double i s o l a t i o n  va lves  on a l l  main coolant  

l i n e s  p e n e t r a t i n g  t h e  r e a c t o r  b u i l d i n g  makes it feasib1.e t o  l o c a t e  t h e  

steam genera.tors ou t s ide  t h e  r e a c t o r  bu i ld ing .  However, t h i s  phi losophy 

may r e s t r i c t  t h i s  type of p l a n t  t o  remote s i t e s ,  such as t h e  AEC Middle- 

town s i t e  assumed f o r  t h i s  s tudy .  Although s i t i n g  near urban a r e a s  w a s  

not  a requirement i n  t h i s  study, cons ide ra t ion  should be  given t o  a l t e r -  

na.te designs t h a t  might be more accep tab le  than t h e  p r e s e n t  m e  from t h i s  

viewpoint,  such as arrangements us ing  mul t ip l e  containment of t h e  r e a c t o r  

and a s s o c i a t e d  coolant  equipment. P l an t  safeguard requirements a r e  de- 

pendent on t h e  condi t ions  a s s o c i a t e d  w i t h  t h e  maxjlriwn c r e d i b l e  acc ident ,  

which has not been def ined  or i nves t iga t ed .  

1. 

2. 

3. 
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7. CAPITAL COSTS 

An evaluation of capital cost estimates for the reference uraniwn- 

fueled HWOCR plant was made, and capital cost differences between the 

uranium-fueled plant and the trwo thorium-fueled reactor concepts were 

estimated. The adjusted capital cost estimates we determined for the 

reference designs are compared with the costs reported by AI-CE for the 

uranium-fueled W O C R  plant in Table 7.1. The total direct construction 

costs are essentially the same, since the cost adjustments made in ac- 

counts 21., 22, and 23 offset each other. Except for the adjustment in 

reactor equipment costs, the adjustments of the reported costs resulted 

mainly from normalization of costs relative to the costs of the advanced- 

converter concepts No significant changes to the design described by 

AI-CE were considered in making these cost estimates. The influence of 

required design changes on costs is estimated separately. Also, possible 

compromises in the design to provide additional safety margins are dis- 

cussed, but the effects of' these compromises on capttal c o s t  were not 

evaluated. 

Indirect costs were based on the same percentages as those used in 

the a,dvanced-converter study. The breakdown of these percentages is 

given in Table 7.1. 

Tlie capital- cost estimates for the thorium-fueled concepts were ob- 

tained by estimating the cost differentials associated with variations 

from the reference uranium-fueled design. The direct capital cost of 

the B&W nested-cylinder concept was $3.9 million lower than that of the 

AI-CE uranium-fueled concept, and the direct capital cost of the B&W pin- 

cluster design was $3.2 million lower. 

7.1 Capital. Cost Breakdown for AI-CE Reference 
I) e s ign Conditions 

The breakdown of direct capita.]. costs for the reference design was 

made in accordance with the AEC classification of accounts. Table 7.2. 

compares the breakdown of costs reported by AI-CE with the adjusted costs 

of this evaluation study for the reference design conditions. In arriv- 

ing at the adjusted costs, correlations from the advanced-converter study 
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Tab1 e 7.1. Estimated Total  Capi ta l  Costs for l000-Mw( e )  dWOCK Reference Plark 

?"nemal power: 3093 Mw 
Themal  e f f ic iency:  34.8$ 

OLWL 
Ad j us t ea 

Cost 

Basis of in -  
direct, Cost Cost Reported 
( $  of d i r e c t  by AI-CE 

c o s t )  

Di rec t  construct ion cos t  

Account 

21 - Structures  and improvenents 
22 - Reactor p lan t  equipment 
23 - 'l'urbine-generator u n i t s  
21~ - Accessory e l e c t r i c  equipment 
25 - Miscelhneous power p lan t  equipment 

Total d i r e c t  construct ion cos t  

I n d i i e c t  construct ion cost  

General and adminis t ra t ive 

Subtotal  

Miscellaneous construct  ion 

Silo t o t a 1 

Engineering design and inspect ion 

Ai-chitectu-ral and engineering services  

Sub 'i. o ta  1 

Nuclear engineering 

Subtotal  

S ta r tup  cos ts :  35% of annual operat ing 
and maintenance cos t  

Sub t o  t a l  

Continger,cy 

TOTAL DIRECT Arm II~DITRECT CONSTBUCTIOK COST 

Ci is  toiner cost  

Inves t o r -  owned p lan t  

I n t e r e s t  during construct ion 

TOTAL DEPRECLAELE CAPITAL COST 

2C - Land and land r i g h t s  

TOTAL CAPl'TAL COST 

Publicly owned p lan t  

I-nterest during construct ion 

TOTAL DEP,%CTABLE CAPITAT, COST 

20 - Land and land r i g h t s  

TOTAL CAPITAL COST 

$ 11,326,000 
38,719,900 
30, 925,600 
3,345,300 
785,400 

$ 85,702,203 

5, 142, 100 

$ 11, /+63,003 

29,666,800 
40, /+79,1@0 

3,345,303 
785, /+00 

$ 85,739,603 

5,144,403 

$ 90,844,700 
908,403 

$ 90,881+, 003 
908,900 

$ 91,752,70'3 

4,587,600 

$ 96,340,300 
I, 926,800 

$ 91, '192,903 

4,589,603 

$ 96,382,500 
1,927,703 

$ 98,267,100 
695,!+00 

$ 98,310,203 
605,400 

10 

9 98,872,500 
9,887,200 

$ 98,915,600 
9,891., 603 

10.8 

3194,759,700 

11,746, coo 

$1?0,5C5,700 

360, COO 

$1-08,807,203 

11,751,200 

$120,558,400 

360,003 

$120,865,709 

7.2 7,810,700 

$120,918,400 

7,834,100 

$116,590,400 

360, 000 

$116,6~1,300 

360,000 

$116,950,400 $1.17, C01,300 
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Table 7.2. Breakdown of Estimated Direct Construction Costs 
f o r  ~ o O O - M W (  e )  HWCCK Keference Plant  

ORNL 

Cost 

Cost Reported 
by AI-CE Adjusted 

Account 

20 - Land and land r i g h t s  

21 - Struc tures  and improvements 

211 Ground. improvements 
212 'Euilidings 

A-212 Stearn generator  bu i ld ing  
E-212 Ywbine-generator bu l ld ing  
C-212 Auxil iary bui ld ing  
D-212 Administration bui ld ing  
E-212 Fuel-handl.ing buil-ding 
F-212 Service bui ld ing  
G-212 Screen well. 
H-21.2 D20 serv ice  huil-ding 
1-212 Pump bui ld ing  
5-212 Gate house 
K-212 Well. purnp house 

Tota l  cost ,  item 212 

218 Stacks ( i n  C-212) 
219 Reactor containment s t r u c t u r e  

Total  cost ,  account 2 1  

22 - Reactor pl.ant equipment 

221. Reactor equipnent 
.I Reactor vesse l  
. 2  Reactor contro1.s 
.3 Reactor sh ie ld ing  
.4  Reactor a u x i l i a r y  cooling and. 

.5 Reactor pl-ant containers  ( i n  219) 

.G Moderator and r e f l e c t o r  (1-isted 

.7 Reactor p lan t  cranes and h o i s t s  

heating; systeras 

elsewhere ) 

Total  cost ,  i tem 22.1 

222 ?Teat t r a n s f e r  systems 
.1 Reactor coolant system 
.3 a )  Steam generators  

b )  Superheaters 
c )  Reheaters 

.4 Reactor coolant receiving,  
supply, and treatment 

.5 Reactor moderator a u x i l i a r y  
systems 

.6 Operating f l u i d s  

Total. cost ,  i tem 222 

5 Speci f ic  items adjusted.  

$ 360,000 $ 360,000 

735,000 

61.2,400 
2,218,000 

516,000 

531, 000 
127,000 
551,000 
315,000 
6 03 , 000 

2,600 

220,000 

10,000 

$ 5,706,000 

$ 5,485,000 

$11., 926,000 

6,283,800 

1,460, 200 
837,900 

474,900 

160,500 

$ 9,217,300 

4,799,000 
2,833,000 

881,5C0 
I, 443 , 500 

1 , 286 , 8C0 

1,232,200 

10,000 

$12,491,000 

86G, 000" 

556, 400a 
1,680, OOC" 

516 , 000 

531, 000 
127,000 
551,000 
315,000 

220,000 

603,000 
10,000 

2,600 

$ 5,112,000"- 

$ 5,485,000 

$I]., 463,000" 

7,528, OOOa 
474,900 

1,460,200 
837 , 900 

160,500 

$10, 461, 500a 

5,202, OocJa 

1,443, 500 
881,500 

1, 286, 800 

2,950, oOoa 

1,232,200 

10,000 

$13,O06,00Oa 
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'Table 7.2 (continued) 

O W L  
Adjusted 

Ccst 

Cost Reported 
by AT-CE 

22 - Xeactor p lan t  equj.pment (continued) 

223 Nixlkar fuel-handling and 

225 Radioactive waste treatment 

226 Instrumentaticn and cont ro l  
227 Feedwater supply and treatiiient 
224 Steam, condensate, and feedwater 

229 Other reac tor  p lan t  equipment 

s torage  equipment 

and d isposa l  

piping 

$ 3,182,100 

337,590 

7,461,800 
2,899,300 
3,195,900 

135,000 

$ 3,182,103 

137,530 

7,461,803 
2,899,333 
3,195,903 

135,000 

'Total. cost ,  account 22 

23 - Turbine-generator u n i t s  

231 'Turbine ger,erators 
232 Circulating-wa~tcr systems 
233 Condensers 
235 Turbine p l a n t  boards, instruments, 

236 Turbine p1an.t piping ( i n  228) 
237 Aiixil iary equipment for generators  
238 Other turb5.m pl-ant equipment ( i n  232) 

and controls  

Total. cost ,  account 23 

2)+ - Accessory e l e c t r i c  equipnen'i 

25 - %scel.laneous power p lan t  equipment 

$38,719,900 

$26,291,100 
1,580,500 
2,677,100 

326,900 

50,000 

$25,473, 9CGa 
1,376, CCO" 
2,440, CCOa 

326,900 

50,000 

$30,925,600 

$ 3,345,300 

785,400 

$29,666,800" 

.$ 3,345,300 

8 785,400 

and related cost surveys were used as a check of the estimates submitted. 

To further assist in this evaluation, Ai-CE provided second-order break- 

downs separating labor and material costs, al.ong with backup Information, 

as requested, on data. used in estimating costs of some of the major compo- 

nents. The followiilg discussion of our evaluation of direct cosLs reported 

for each major account gives rezsons for the adjustments we made. 

The cosk of ground improvements (account 21.1.) was revised upward to 

agree with the cost used in the advanced-converter study. 

Building costs reported by AI-CE were checked closely with unit cost 

correlations derived from the advanced-converter study. The turbine- 

generator biril.ding cos t  (a.ccount 3-212) was reduced because the building 

voI.me of the pressurized-water reactor. and other saturated-steam turbine 



213 

plants in the advanced-converter study would be adequate for the HWOCR 

plant. A slightly higher unit cost was used, however, since more recent 

cost data show unit costs reported for the pressurized-water reactor 

turbine-generator building to be low, even for a minimum estimate. 

Correlations from studies of pressure-tube reactor costs and cost 

breakdowns submitted by AI-CE and E&W on their reactor plants were used 

in evaluating the reactor vessel costs (account 221.1). Unit costs re- 

ported by AI-CE and B&W for fabricated SAP and Zircaloy-2 tubes (approxi- 

mately $25 and $32/lb, respectively) were based on manufacturer's quota- 

tions and were used in the adjusted cost estimate. 

for assembly and other material charges were estimated to be some 30$ 

higher than the AI-CE reported values. O u r  estimates of the calandria 

vessel and shields agreed closely with those reported by AI-CE. 

However, the costs 

We found little related cost information that could be applied to 

check the reported cost of reactor controls (account 221.2). Tine designs 

of both the regulating controls and shutdown rods are simple, and it; seems 

reasonable to assume that they can be built for the costs reported. The 

necessity to change to a more sophisticated control rod system would sig- 

nificantly increase the cost in the subaccount.* 

We agreed with costs reported for the reactor coolant system (ac- 

count 221.1) except that the cost of the reduction gear €or the turbine- 

pump assembly did not appear to be accounbed for. The cost was adjusted 

to account for this assembly. 

Our calculations indicated that the heat transfer area of' the steam 

generators (account 222.3~~) could be reduced, but we estimated unit costs 

to be about $19/ft2 instead of the unit cost of $15/ft2 of the AI-CE 

estimate. The net result was a small increase in the cost of these units. 

AI-CE estimates o f  the refueling machine (in account 223) were based 

on the cost of similar Canadian units and were used as reported. 

*The demonstration plant design2 has 6L+ three-rod-cluster power- 
control rods as compared with 9 four-rod and 8 t'nree-rod clusters in the 
reference plant. 
rod system design and costs, we estimate that costs in tinis subaccount 
for the 1000-Mw(e) reactor contr0l.s would be increased more than one 
million dollars over t'ne amount shown in Table 7.2. 

Based on a scaleup of t h e  demonstration plant; control 



The c o s t  of equiprnmt f o r  rad.loactive w a s  t i ?  -treatment and disposal .  

(account  225) appears low when compared. w i t h  c o s t s  f o r  similar systems 

f o r  o the r  l a r g e  r eac to r s ,  b u t  it seems c o n s i s t e n t  w i t h  t h e  sirnplrici.ty of 

t h e  system descr ibed i n  t h e  conceptual. design r e p o r t .  Thus we made no 

adjustment to t h e  r epor t ed  c o s t .  

_I- Instrunlentat ion and c o n t r o l  (account  226) c o s t s  were reviewed and 

checked a g a l n s t  o the r  cos t  d a t a .  The repor ted  c o s t s  a r e  be l ieved  t o  be 

conserva t ive  f o r  t h i s  concept, even though modi f ica t ions  t o  t h e  proposed 

c o n t r o l  scheme appear to be requi red .  

Costs of  feedwater supply and t rea tment  (account  227) and s t e a n  con- 

densa te  and feedwater p i p i n g  were estimabed and found t o  ag ree  c l o s e l y  

wi th  those  repor ted  by AI-CE. 

I n  t h e  advanced-converter study, es t imate6  l i s t  p r i c e s  of t u rb ine -  

g e n e r s t o r  u n i t s  (account 231) were discounted 22% t o  a r r i v e  a-t t h e  ad- 

j u s t e d  c o s t s .  The cos t  of t h e  turb ine-genera tor  u n i t  f o r  t h e  HWOCR w a s  

obtained by AT-CE as a budgetary quote from Westinghouse f o r  t h e  sei-ling 

p r i c e  of a u n i t  o f  t h i s  type and. r a t i n g .  It i s  assumed t h a t  Westinghouse 

app l i ed  a discount ,  but t;iie amount of d iscount  i s  not  known. Due t o  t h e  

s p e c i a l  design Yeaturres o f  t h i s  u n i t ,  a pr.obab3.e sel.l.ing p r i c e  cannot be  

developed w i t h  much accuracy from e x i s t i n g  p r i c e  t a b l e s .  Therefore,  we 

made no adjustment t o  t h e  repor ted  c o s t  f o r  t h e  turb ine-genera tor  u n i t s .  

'The cost of t h e  e x c i t e r  i s  included as p a r t  of t h e  c o s t  of t h e  

tu rb ine -gene ra to r  units md.,  i n  t h i s  case,  it i s  assumed a brush le s s  de- 

s i g n  wi th  spare  b u i l t - i n  capac i ty  would be  provided. Tne spa re  u n i t  

c a l l e d  f o r  i n  t h e  r e fe rence  design would t h e r e f o r e  be e l imina ted .  The 

c o s t  f o r  Lhis account w a s  thus  ad jus t ed  by s u b t r a c t i n g  t h e  cost of  t h e  

spa re  e x c i t e r  and reducing t h e  foundat ion and i n s t a l l a t i o n  c o s t s .  

The c i r c u l a t i n g  water  system (account  232) costs w e r e  noi-mali.zed t o  

be consisLent w i th  t h e  c o s t s  of t h i s  system i n  t h e  advanced-converter 

s tudy.  

Normalization of t h e  condenser ( a c c o m t  233) c o s t s  resul. ted i n  a 9% 

reduct ion  i n  tile cos t  repor ted  f o r  t h i s  account .  

We agreed wi th  other cos t s  repor ted  under account 23 and saLis fac-  

t o r i l y  checked c o s t s  r epor t ed  f o r  accoimts 2.4 and 25. 



7 . 2  Cayital Cost Normalization of B&W Concepts 

The principal differences between concepts proposed by B&W for the 

thorium-fueled reactors and the reference AI-CE concept that affect costs 

are the following: 

I.. The reactor vessels for the B&W concepts are smaller in diameter 

because of fewer fuel channels but are longer than the AI-CE vessel. 'The 

B&N reactor calandria and process tubes are longer and larger in diameter 

than the AI-CE reactor tubes. 

2 .  B&W proposes single-direction coolant flow and on-power refuel- 

ing from one end instead of bidirectional flow and refueling from both 

ends as in the AI-CE reference plant concept. 

3. Because of a higher coolant temperature rise and greater pres- 

sure drop across the core, the B&W concepts require about 0.8 of the 

coolant flow and 0.9 of the pumping power required by the AI-CE concept. 

TIe B&W concepts require steam generators about 30% larger in order to 

produce steam at -the same pressure and temperature as in the reference 

d.esign. 

Estimated direct capital cost differences associated with these de- 

sign variations are compared in Table 7.3. These differences were 

Table 7.3. Capi ta l  Cos t  Differences Between 
AI-CE and B&W Designs 

Cost D i f f e r e n t i a l  Adjusted 
AI-CE 
Bas e 
cost 

Account It ero. B&bJ Nested- B&W P ~ u -  
Cylinder Cluster 
Design Desigt! 

A212 
219 
221.1 
and 
221.3 
221.2 
222.1 
222.3a 
222.3b 
223 

226 

S t e m  generator bu i ld ing  
Reactor containment structure 
Keactor ves se l  and sh ie lds  

Reactor cont ro ls  
Reactor cool-ant system 
Steam generators 
Superheaters 
Nuc1es.r bel-handling a n d  

Instrumentation and cont ro l  
Net d i r e c t  c a p i t a l  cos t  

s torage  equipment 

d i f fe rence  

$ 556,400 

8, %E!, 200 
5,485,000 

474,900 
5,202,000 
2,950,000 
1,443,500 
3,182,100 

7,461,800 

$ +108,000 
--r,50,000 

-2,481,000 

-94,900 
-330, COO 
+600,000 
+26,500 
-602,100 

-665, coo 
$-3,888,500 

$ +108,000 

-1,942,800 
-(+50,000 

-94, 900 
-330,000 

-602,100 

+600,000 
+26,500 

-540,000 
$+3,225,300 
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ed from normsllizations of  cos t  t o  t h e  r e fe rence  design cond;’.tj.ons 

according t o  assnrnptAons d iscussed  below. 

The BRW steam genera tor  b u i l d i n g  (account  212) would be l a r g e r  t o  

accomnodate l a r g e r  steam generatoi-s . The r e fe rence  design u n i t  c o s t  w a s  

used t o  make t h e  adjustment f o r  the increased bu i ld ing  volume. 

It w a s  estima.ted t h a t  t h e  r e a c t o r  containment s t r u c t u r e  (account  219) 

could be reduced. about 5 f t  i n  diameter because of t h e  moi-e compact header 

arrangerrents of the B&b? des ign .  It i s  not c l e a r  how much reduct ion  i n  

he ight  would be  r e a l i z e d  because o f  r e f u e l i n g  from one end. Space r e -  

qu?rerflents f o r  f u e l  s to rage  and f o ~  moderator f a c i l i t l i e s  would be equiva- 

l en t  i n  a l l  des igns .  More d e t a i l e d  1-ayout s t u d i e s  wou.lld he necessary  t o  

determine rninimum containment he igh t  f o r  t h e  B&W concepts ; however, a 

reduct ion  of 15  ft w a s  assuned f o r  t h i s  es’iimate . W i t h  the  reduced vol- 

imie, t h e  containment vessel. would be  r equ imd  t o  withstand a higher  in -  

t e r n a l  p re s su re  for t h e  same acc iden t  condi t ions  and thus  have a t h i c k e r  

s t e e l  shell t han  t h e  base  design.  

A d i f f e r e n t i a l  c o s t  o f  $c+50,@00 l e s s  w a s  es t imated f o r  n e t  changes 

i n  subs t ruc ture ,  p re s su re  vesse l ,  and i n t e r n a l  concre te .  

‘The end s h i e l d s  (account 221.3) f o r  the B&W concepts a r e  integral .  

p a r t s  of t h e  r e a c t o r  ves se l  (account 221.1) but a r e  s e p a r a t e  components 

i n  the  A I - C E  re ference  design.  FOT t h e  purpose of cos t  normalizat ion,  

the  enr? c losu res  were considered as be ing  p a r t  of t h e  r e a x t o r  vesse l ,  

and t h e  remainder w a s  considered i n  t h e  s h i e l d i n g  cost,s. A summary of 

t h e  normalized cos t  comparison of  r e a c t o r  v e s s e l s  and s h i e l d s  i s  shown 

i n  Table 7.4* Side s h i e l d s  were assumed t o  be  requi red  f o r  bo th  concepts.  

Di f fe rences  ri.n r e a c t o r  control. (account  221. e 2 )  requirements were not  

def ined .  

number of process  tubes and c o n t r o l  zones. 

An a r b i t r a r y  reduct ion  of 20% was assumed because of t h e  fewer 

The reactor.  coolant  systeiri cos t  (account 221..1) w a s  ad jus t ed  to ac-  

count f o r  reduced pumping requirements .  D i f f e r e n t i a l  pump c o s t s  were 

eval.uated a t  $65/bhp. 

The norimlized cos t  of stearn genera tors  (account 223.a) w a s  de t e r -  

mined on a d i f f e r e n t i a l  b a s i s ;  i t  w a s  s ca l ed  by t h e  0.7 power of s i z e .  

This r e s u l t e d  i n  a d i f f e r e n t i a l  cos t  a d d i t i o n  of about $600,000 f o r  t h e  
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Table 7 .4 .  Summary of Normalized Cost of Reactor 
Vessels and Shields -Accounts 221.1 and 221.3 

AI- CE B&W Designs 
Desigr? 

Adjusted Nested Cylinder Pin Cluster 

Vessel $ 966,500 $ 827,500 $ 845,500 

Pigtails and headers 1,366,000 1,068, GOO 1,121, ooc) 

Total $3,9m,200 $6,5M, 200 $7,045,4(10 

C hanne 1 as s emb li e s 5,195,500 3,638,700 4,076,300 

1,460,200 973, GOO 1,002,000 Shi e Id s 

m D i f  f ererice Base $-2,481,000 *yl, 942,800 

B&W concepts. 

223.b) at the base case value of $L4.80/ft2. 

The minor increase in superheater area. was costed. (account 

The single fuel-handling machine cost (account 223 - nuclear fuel- 
handling and storage equtpment was arbitrarily taken at 80% of the re- 

ported cost for the two machines in the reference plant.  There was not 

enough deta.iled information to identify cost differences for this ac- 

count more accura,tely; however, since the storage length 37a.s relatively 

long and much more fuel handling was involved than far the AI-CE mecha- 

nism, improved reliability was required. 

Reactor p1,an-t; instrumentation (ELCCCJUK~ 226) for %he reference plant 

is estimated to cost $4,310,000, of which about $1.,200,G00 is for the 

cmrputer complex. The difference of $3,110,000 was adjusted for reactor 

volumes and number of fuel channels to arrive at the estimated costs f o r  

the BRW concepts. 

'7.3 ?.loderator and Coolant Investment 

A s m a r y  of moderator and coolant inventories and corresponding 

investments for the uranium- and. thorium-fueled HWOCH designs is given 

in 'Table 7.5. Coolant inventories reported for the uranium-fueled de- 

sign were assumed l;o be applicable to all three concepts. 
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'7.5. Moderator ana CooJ-ant h v e s t m c n t s  

H&W Pin- BBW Nested- 
c l~US t el- Cy-l i.nd er 
Thorium- Thor iwn- 
FUeI.ed Fueled 
Design Design 

AT- CE 
Uranjxrn- 

%beled  
Design 

Cal andr i a  D20 inventory,  l b  588, COO 567,000 555,000 

' l 'otal D20 inventoyy, l b  65&, 000 633,000 621 000 

Moderator a u x i l i a r i e s  J)20 66,0@0 66,000 66, 0C0 
inventory,  Ib 

Tota l  J)pC investment, $ 13,080, OOC 12,660,000 12,420,000 
Coal ant inventory,  lb 2,300,000 2,300,000 2,300,000 
Coolant,  inves  Lment, A 276,000 276, OCO 276,000 

7.4 Cost Unce r t a in t i e s  

n 7  JLQere a r e  a nurn'nej- of d i f f j c u l t i e s  i n  i n t e r p r e t i n g  design r equ i r e -  

ments t h a t  can inti-oduce cost u n c e r t a i n t i e s ,  asi.d.e from t h e  imcer+;ainties 

associ-ated w i t h  normal e s t ima t ing  inaccurac i e s .  Some spec i - f ic  i tems i n  

ques t ion  a r e  

1.. the addi t iona l .  c o s t  of  r e a c t o r  containment i f  p re s su re  suppression 

i.s requi red ,  

t h e   special^ tools and se rv ices  requi red  f o r  emergency opera t ions  

which were not  f u l l y  evalua-Led ii? t h i s  conceptual  study, 

khe cos t  o f  t h e  ins t rumenta t ion  ami c o n t r o l  systems requi red  to arle- 

qua te ly  c o n t r o l  an HLJOCR wi th  a p o s i t i v e  texnperatu.re coeff ic i .e i i t  o f  

r e a c t i v i t y ,  * 

2. 

3 .  

%l'ihough t h i s  c o s t  cannot be speci-f ied re1iabI.y without  much more 
inves t iga t ion ,  i-t i s  c l e a r  that; a sophis t ica t ,ed  c o n t r o l  system i s  rz- 
qui red .  The total .  money provided f o r  instr .umentation, conti-ol rods, and 
driv-es i s  be l ieved  rn0i-e than  adequate based on needs s p e c i f i e d  by t h e  
des ign  sponsor;  cons ider ing  our suggested. changes, t h e  funds a l l o c a t e d  
appear s u f f i c i e n t  t o  cover the  instrimen-La-tion and con-Lrol- needs. 
ever,  s a f e t y  cons idera t ions ,  maximum-credible-accident s Ludies, and 
a s soc ia t ed  containmeilt requirements need t o  be  i n v e s t i g a t e d  i n  d e t a i l ,  
and resul . ts  of these s t u d i e s  could infl-uence r e a c t o r  c o s t s .  

How- 
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4 .  t he  r e l i a b i l i t y  of on-line r e fue l ing  and fuel-handing equipment r e l a -  

t i v e  t o  maintaining a high load f ac to r ,  

t h e  turbine-generator costs,  which may not ha-re been discounted t o  

the  same exten t  as t he  turbine-generator cos ts  used i n  t h e  advanced- 

converter study. 

5. 

7.5 Ef fec t  of Recommended Design Changes on 
E s t i m a t e s  of Camitnl Costs 

The design changes t h a t  appear necessary f o r  p l an t  f e a s i b i l i t y  have 

an influence on the  cos t  estimates;  the  most s i g n i f i c a n t  one r e l a t i v e  to 

power cos ts  i s  t h e  lower coolant temperature required because of heat 

t r ans fe r ,  f l u i d  flow, and foul ing  considerations.  It i s  estimated t h a t  

f o r  t h e  spec i f ied  design conditions, t h e  f u e l  surface temperature i s  

about 880°F with no foul ing  f i l m  present,  and t h e  temperature drop through 

the  foul ing  f i l m  assoc ia ted  with f u e l  a t  t h e  maximum surface temperature 

w i l l  r a i s e  the  maximum f u e l  temperature an add i t iona l  25 t o  50°F. While 

t h e  influence of these  f a c t o r s  can be incorporated i n  seve ra l  ways, t h e  

most d i r e c t  i s  t o  consider a change i n  coolant temperature f o r  e s s e n t i a l l y  

t h e  same design. Under such conditions t h e  r eac to r  i n l e t  and o u t l e t  tem- 

pera tures  would be lowered, and the  steam conditions would be those given 

previoas1.y i n  Chapter 6. 

drop from 34.8 t o  about 33.2 t o  34.1%. 

would he accompanied by an increase i n  heat exchanger s i z e s  i n  order t o  

minimize changes i n  stearn conditions.  We estimate t h a t  decreasing the  

o u t l e t  coolant temperature from 750 t o  700°F would increase t h e  d i r e c t  

c o s t s  of t h e  hea t  exchangers and associa.ted equipment about $2,500,000 

and lead  t o  a p lan t  thermal e f f i c i ency  of %..I$. 

s ide ra t ion  t h e  d i r e c t  cos t s  plus h d i r e c t  cos t s  f o r  t h e  above items, t h e  

adjusted cos t  estimate i n  Table 7.1, and the change i n  thermal e f f ic iency ,  

our lower estLmate of c a p i t a l  cos t s  f o r  t he  AI-CE p lan t  i s  $124,400,000 

f o r  a p l an t  producing 1052 Mw(e) or  $Ilg/kw(e) for an investor-owned 

p lan t ;  the corresponding number f o r  a publ ic ly  owned p l a n t  i s  $114 /kw(e ) .  

The thermal e f f i c i ency  of t h e  plant would then 

The above changes in tern-peratures 

By taking i n t o  con- 

Based on an o u t l e t  coolant temperature of 675”F, the thermal e f f i -  

ciency would be reduced t o  33.2$, and t h e  c a p i t a l  cos ts  would remain as 
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adjusted. above ( i n c r e a s i n g  the s i z e  of the heat  exchanger beyond t h a t  

considered above does n o t  appear t o  be adva.ntageous because of t ranspor-  

t a t i o n  l i m i t a t i o n s )  . Under t h e s e  circumstances,  t h e  cap i - t a l  c o s t s  f o r  

t h e  A I - C Z  design correspond t o  $12l/kw(e ) for Investor-oirned p l a n t s  a,nd 

$ l l r / / k w (  e )  f o r  p u b l i c l y  owned plants. 

SiniLar  changes j n h e a t  exchanger c o s t s  and thermal  condit<.ons apply- 

t o  k h t i  B&N des igns .  However, t h e  s i t l l a t i o n  i s  more invol.ved, s i n c e  t h e  

power-peaking ?ac tors  i n  t h e  Lhoriurn-fueled cases  can be improved by us ing  

an "out-in'' type  o f  f u e l l n g  scheme. Such a change i - s  feas!'.ble, b u t  a new 

dcsign stutly would be requi red  to determine t h e  desigil parameter values  

t h z t  would apply.  ,41so, usi~ng b t d i r e c t i o n a l  coolan t  f low lowers peak 

. a t u r z s ;  we consider  such cool.ant flow d.esS.rsbie and appl icabi-e .  

F o r  t h e  ARM nes ted-cyl inder  f u e l  design,  t h e  outl-et  orga.jzic coolan-L 

temperature Is estimated- to be 675 -io 700°F. 

h e a t  exchanger sys'i-.ms would be eiila,rged above t h e  bast? case t o  maintain 

a. h igh thei-mal cff l ic iency f o r  t h e  plant. 

e n t  temperatures  ani3 hea t  exchanger s i z e s  are  e s t i m t e d .  t o  add about 

$1,800,00~3 t o  t h e  d i r e c t  c o s t s  given i n  Table 7 .3 ,  while t h e  a s soc ia t ed  

inc rease  i n  cool.ant pumging requirements would add about $5OO,OOO. 

t h e  direct;  c o s t  changes given i n  Table 7 . 3  f o r  t h e  nes ted-cyl inder  design 

would be increased  by $2,300,000. 

ad jus t ed  cost,s of Tabl-e 7.1 gives t o t a l  c a p i i a l  c o s t s  of $118,700,000 f o r  

a n  inves tor -omed p l a n t .  'The associa'Ged thermal  eff ' iciency would be i n  

t h e  range of 33 .2  t o  34 . l$  arid would g ive  u n i t  c o s t s  of $113 t o  11_6/kw(e) 

f o r  the A&\$ inves tor -omcd nes ted-cyl inder  r eac  Lor. Rased on pub l i c  

owneyship accounting, t h e  u n i t  c a p i t a l  c o s t s  wou1.d be  i n  tine range $103 

t o  112/kw(e). 

E'OY such condi t ions  t h e  

The associ-ated changes i n  cool.- 

.'l"nu.s 

Appl-ying i n d i r e c t  c o s t s  and t h e  ORNK 

S imi l a r ly ,  t h e  t o t a l  c a p i t a l  c o s t s  f o r  t h e  B&N p in -c lus t e r  design 

would be  $119,60O,OCO for inves-tor-owned u'r;ili.ti.es and $.1.3.5,70C,OOO f o r  

p u b l i c l y  owned. p l a n t s .  The o u t l e t  cool.ant tenip:T,a$ure would be  660 to 

690°F and would. gi~ve  an est imated p l a n t  thermal e f f i c i e n c y  i n  the range 

of 32 .5  t o  33.9%. 

would t h e n  be $114 t o  119/kw(e) for inves-Lor-owned pJ.a.nts ar-d- $i1.@ t o  

115/kw(e) f o r  publ.~i.cly owned f a c i l i t i e s .  

'The u n i t  cap i ta l -  costs for t h e  B&W p i n - c l u s t e r  design 
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The above estimates of c a p i t a l  cos t s  f o r  100G-Mw(e) s t a t i o n s  a r e  

summarized i n  Table 7.6. 

feasible system; they imply t h a t  s p e c i a l  f ea tu re s  of the p l a n t  w i l l .  be 

successfu l ly  demonstrated through t h e  development programs now i n  prog- 

r e s s .  

These cos t s  a r e  based on requirements of a 

Table 7.6. Swnmary of  Unit Capi ta l  Cost Estimates 
f o r  1.000-l\/Iw(e) XWOCR P lan ts  

'Total Capi ta l  Costs [ $/h( e )  1 

Inve s-t; or - Owned Publicly Owned 
Plan t  P lan t  

AI-CE design, inranimfl cycle 1 18-12 1 114-117 
BBW design, thorium cycle 

Oxide f u e l  114-11 9 110-115 
Metal fuel 113-116 109-112 

lief er ences 

1. M. W .  Rosenthal e t  al., A Comparative Emluation of Advanced Con- 

ve r t e r s ,  USAEC Report OFFXL-3686, Oak Ridge National Laboratory, 

January 1965. 

2.  Combustion Engineering, Inc. ,  and Atomics In t e rna t iona l ,  Ileavy bkter 

Grganic Cooled Reactor, USAEC Report  AI-CE-Memo-25, Mar. 29, 1966. 
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0 t o t h i  operat,ion arid rnainienance cos t s  rzpoi-ted by AI-CE are coi-i..- 

sistea-l with Liie t o t a l  opera t ion  and mi.lit,enance c o s t s  used. for the ad- 

vanced-converter comparisons. 'de have no e r a 1  basi s for niodi.fying 

-til;. c o s t s  as prcsei-ited f o ~  this eval.uation stiidy; bu t  we reconmend t h a t  

iiiCre d e t z i l e d  e v a i u a t b n s  and breakdowns of these  cos.1;~ be nadz e.s apera- 

'L i0i-L and e qui.pmen?l r i  Li l - t  e m  r?c e r c qui-reme r,t s 5 e c orne be %%e r e s -t;ilh 1- i s  he d . 
The breakdo-mL of opera.Lion an? maintenance cos t s  7.s ITs ted  Selow: 

Amira l  Cost 

Toinl payrol l  $ 680,000 

liepair  a n d  maintenance ms Lerials 1,050,000 
and contract  s e rv i ces  

Insurance 353,000 

Coolani makeup cost* 148,OOc) 

Heavy-water mmkeup cost, 

Tot a1 

73,000 

$2,324,000 
~~ 

The total pay-r.ol.1. cost; repar ted  above i s  based on a permanent staff  

of about 70 people with a.n aI . lo~~a~i .ce  of  25s  f o r  payroll. f r i n g e  b e n e f l t s  

and 20% for genei-al and adminis - tmt ive  expense. 

a r e  cons is - tea t  with t h e  values  us& i n  t h e  advanced-converter s Lud-y, we 

now believe t he  s-Laff cos-L t o  be ui idel-est i i i ia lxd by as much as 30 to 40$, 

based on prel iminary informati.o;i. i n  Brookhaven Nat,ionai Laboratory'  5; 

proposed r e v i s i o n  to SecL-ion 530 of  t h e  ,4EC "Chide t o  Nuclear Power Cost 

Evalu.a,tion. 

All-thougli these  costs 

1ncressj.i-g t h e  'iota]. payroll. cos 1; by 35% increases t h e  
-1- UI - i L a 1  co s t  f i g u r e  i.n t h e  above tabu1-ati.on from $2,324,000 t o  $2,562,000. 

Under the above circumstances, t h e  opera-Lion and rmintenance cos t  c o n t r i -  

bu'cion t o  power prod.irction cost, incresses  from 0.332 t o  0.366 m i l l / h h r ( e ) .  

'The c o s t s  associa-Led w i t h  coolant  makmqc and heavy-water J-osses a-re 

nearly t h e  same f o r  t h e  u r a i i i u m -  and t2ioi-ium-Tueled reactors, so only a 

s i n g l e  value i s  considered here .  The cost; COT eoola.i?t, makecp depends on 

t h e  successful devel.opment of a cataly-';i~c hydrocracker t o  produce coolanl; 

. 

*Based on 0 . 8  load f a c i o r  and coolani  C O S L  of 12@,/1b. 
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of the required properties. 

quirements of 200 1b/hr at f'ull-power operation; the heavy-water losses 

are estimated to be 0.56% of the total D20 inventory per year. 

The coolant makeup costs  are based on re- 

He ferences 

1. M. W. Rosenthal et al., A Comparative Evaluation of Advanced Conver- 

ters, USAEC Report ORNL-3686, Oak Ridge National. Laboratory, January 

1965. 

2. Guide to Nuclear Power Cost Eval.uation, USAEC Report TID-7025, 
Mar. 15, 1962. 



Fuel p e p a r a t i s n  co i l s i s t s  GI" those  age-ations n e c e s s a q  t o  convert, 

rnak,e.Jp and/or r e c y c l e  in3 i~.:p,kl- to the &roper  chemical. anE ?nysical.. form 

needed f o r  fue;. f'a'brica.t:'!.orL. The coql~a:clty of t h e s e  opera t ions  v a r i e s  

w i t h  the fuel. cyc1.e envis ioned.  4bel prepa ra t ion  i s  ce f inea  here  t o  in -  

clude t h e  p repa ra t ion  of ceramic-pade  oxide powder, arc-f-used oxide f rag-  

1. oxide ?ragmeiits, s ~ ~ l - g e ; .  oxide fragmen-ts conta i-ning cx'uon, 

thorium-met21 powder o r  spo~ t j e ,  o r  uranriim-metal b i l l e t s ,  as appropr i a t e .  

'The przgarat i -on OF EC from ceramic-grace oxi.de i s  not  considered here  but 

i s  included i.n f u e l  f a b r i c a t i o r  (Cha.pt. 10). 

F'ueJ. material. p repa ra t ion  TOi- the proposed AI-CE UC-fueled r e a c t o r  

c o n s i s t s  of the conversion of s l i g h t l y  et-riched U F 6  t o  U02. Normal pro- 

ces s ing  methods f o r  feed m a t e r t a l  product ion may be used f o r  t h i s  conver- 

s ion .  No r ecyc le  of plutonium or rleple-Lei? i r a n i u m  is considered.  

B&W consi~dered .LWG a? . t cma te  f ~ l s  i n  t h e i r  s;l;udies; naxely, ixania--  

t h o r i a  i.n c lus t e red  SAP- c k d  pj-ns OX- uTEniU171-thoril.lirc me'ial ir: Zi.rcaloy- 

cl.ad nes  Le6  cy l inde r s .  Fuel  pi-epzrat ion consi-s ts  oi' conversicii of par-  

t i a l l y  decontaminated ni t r a i e  product  solutions from t h e  reprocessi-ng p l a n t  

Lo iwznia- thor ia  f o r  Lhe p i r s  o r  t c  pressed 'chori-iun powde~ and uranium 

bi. l . lets f ' o ~  t h e  ncs ted  cy l inde r s  . Nakeiip uranium of' h igh enrichment i s  

converted f r o m  UF6 t o  pui-i-fj-ed for the oxide cyc1.e c r  t o  UF4 f o r  t he  

metal. cyc le .  The appropr i a t e  compoimd. i s  theil addcd t o  t h e  s i n g l e  "sc?.- 

g e l "  l isle requiyed f o r  u ran ia - tho r i a  p repa ra t ion  oi" t o  'ihe metal l i n e .  

Thorium cornpounds ( a s  purchased) may be  add-ed. direci1.y t o  t h e s e  al-terria'ce 

f i e l - p r e p a r a t i o n  l i n e s .  'Yhe chemical conversion o? recycle thori-um and 

2 3 3 U  r equ i r e s  remo-Le operations j.ri a h i2k .y  sh i e lded  faci1i'Gy. 

3.1 . K s t i m a t i n g ~ ~ ~ ~ ~ ~  .-. . . . 

The t o t a l  es-iirnated c o s L  o f  product ion j.s Lhe sum of 'Che cii.rect oper-, 

e t i n g  cos- ts  and a capi te l .  chayge of 22% 01" 1.5$ p e r  year  or? JGhe t o t a l  esLi- 

rnated capi.tz.1. CCS'L. 
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’The s t eps  i n  obtaining the  estimated c a p i t a l  cos t  a r e  t o  

1. prepare process flowsheet, 

2. s i z e  ind iv idua l  process equipment items, 

3 .  s i z e  bu i ld ing  t o  house process equipment, 

4 .  estimate cos t  of i n s t a l l e d  process equipment items and the  building, 

including normal services,  and 

estimate complete cos t  by niultiplying itera 4 cos t s  by f ac to r s  t h a t  

take i n t o  account t h e  requirements f o r  a complete p l a n t .  

5. 

0pera.ting cos ts  a r e  based on the  required. s t a f f ,  overhead, and other 

needs, such a s  chernicals, other supplies,  se rv ices ,  and u t i l i t i e s .  

‘The f u e l  preparation p l a n t  i s  considered -to be a n  i n t e g r a l  por t ion  of 

t h e  p r o c e s s i n g - f a ~ r i c a t i o n  f a c i l i t y .  

year i s  assumed. Trie prepara t ion  p l an t  i s  assunied t o  share items such as 

s i t e ,  se rv ice ,  and u t i l i t y  services,  a s  wel l  as c e r t a i n  manpower, with the  

reprocessing o r  f a b r i c a t i o n  p l a n t s  as appropriate,  and this i s  r e f l e c t e d  

i n  estimated cos t s .  

An onstream fac to r  of 260 days pe r  

9.2 Ul?,-to-UO, Conversion f o r  AI-CE Fuel 

The AI-CE f i e 1  cycle s t a r t s  with slightly enriched UF6, and t h e  f’uel 

preparation s t e p  provides f o r  t h e  conversion o f  t h i s  mater ia l  t o  ceramic- 

gra-de UO:!. I n  estimating the  cos t  of  f i e 1  preparation, t h e  process was 

subdivided as follows : 

1. UF6 i s  oxid-ized l;o U3Og by r eac t ion  with steam a t  500°E’, fol~lowed. 

by pyrohydrolysis i n  a propane-oxygen flame. 

2. ‘The impure U3Og i s  dissolved i n  n i t r i c  acid, passed. through a 

so lvent  ex t r ac t ion  cycle, and converted t o  U03 by steam den i t r a t ion .  

3. U03 i s  converted t o  UO2 by hydrogen reduction i n  a f l u i d  bed.. 

The estimated cos t s  f o r  t he  i n s t a l l e d  equipment; and d i r e c t  operations 

f o r  s t eps  (I) and ( 2 )  a r e  taken d i r e c t l y  from a previous study.’ 

t imates were made f o r  s t e p  (3 ) .  

same bui ld ing .  Table 9.1 s i m a r i z e s  t h e  cos ts  f o r  these  operations, in -  

cluding building, a u x i l i a r i e s ,  operating, and se rv ice  cos t s .  

New es-  

All t h ree  s t eps  a r e  performed i n  the 
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‘Table 9.1. r s t ima ted  Cosi of  Converting UP’6 t o  UOz f o r  A I - C E  Fuel 

~1-an. t  cos t s ,  $ 
I n s t a l l e d  equipment 

UF6 t o  U308 172,000 787,000 

1,467,000 U03 to UO2 427 J 000 

Subto tal 1,225, 000 4,  037, 0c0 

U3O8 t o  U03 626,000 1,783, 000 

.- 

Building 

Total. physical. COS’I 

518,000 1,510, 000 

1.; ‘743, 003 5,147,000 

With yard. improvements (7.5%) 2,004, 0CO 5,919, 000 
With cons t rue  t io i i  overhead 2,605,000 7,695, GOC 

With a rch i t ec t - eng inee r  fees 2, 996,030 8,849,000 

ToLal. e s t i n a t e d  c a p i t a l  c o s i  3,295,000 9,732,000 

(30%) 

(15s) 

( w i t 1 1  I.O$ contingency) 

U n i t  opera t ing  cos t s ,  $/kg 

Direc t  operating COSTS 

Sub total .  

Cap i t a l  charges 

At 22% per  year  
A t  15$ p e r  yea.r 

T o t a l  es t imated cos t  

At 225 
At 15$ 

0.67 0.20 
l.52 0.40 
1.43 0.42 

3.62 1.02 
- ~ 

2.79 
1.90 

6.41 
5.52 

0.82 
3.56 

1.84 
1.58 
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9.3 Preparation of 'Barium rFuels f o r  5 & W  Designs 

Preparation of t h e  two B&W Riels cons i s t s  e s s e n t i a l l y  of (1) c o ~ ~ v e r -  

s ion  of p a r t i a l l y  decontaminated n i t r a t e  product so lu t ions  from the  re -  

processing 2 l a n t  t o  u r a i i a - t h o r i a  o r  t o  pressed thorium-metal powder and 

uranium b i l l e t s ,  and ( 2 )  conversion of makeup uF6 t o  pw-rifted U03 o r  t o  

u F 4  

The reprocessing p l a n t  cons i s t s  of a sing1.e-cycle solvent ex t rac t ion  

u n i t .  Conversion of the recovered n i t r a t e  products t o  the form des i red  

for f a b r i c a t i o n  requi res  remote operations i n  a highly shielded canyon. 

The required makeup 2 3 5 U  i s  conver-Led t o  t h e  &sired form i n  a nonshieldeci 

a r ea ;  t h e  r e s u l t i n g  ma te r i a l  i s  then added t o  the remote-operations fa.- 

c i l i t y  at t h e  appropr ia te  s t e p .  

I n  estimating t h e  cos t  f o r  t he  oxide f a c i l i t y ,  an e a r l i e r  estimate2 

w a s  used, along with modifications.  The princip'al  changes were increases 

i n  the  fa,ctors converting total physical cost t o  t o t a l  c a p i t a l  cost, an  

increase  i n  labor overhead t o  loo$, and a, decrease i n  operating time t o  

260 onstream days per year.  The r e s u l t s  are summarized i n  Table 9.2. 

The metal-fuel f a c i l i - t y  cons i s t s  of a heavi ly  shiel.ded thorium- 

metal.. powder l i n e  based on t h e  Nuclear Fuel Services3 appma.ch and an 

Table 9.2. Preparation Costs f o r  B&W Oxide Fuel 

Item 

~~ 

1-MT/Day Plant 4-MT/Day Plant 

Capital. cos t  

Total, $ 5,819,000 10,973,000 

$/kg a t  15% per year c a p i t a l  charge 3.35 1.58 

$/yr a,t 22% per  year capital. charge 1,28~3,000 2,414,000 
$/kg f o r  260 days per year 4.92 2.32 

Operating cos t  

Direct, $/kg 

$/kg a t  22$ 
$/kg a t  15% 

Total 
4.83 1.98 

9.75 4.30 
8 " 1.8 3.56 



enr l ched-u ran iw  b i l l e t  l i n e  based on inforrilation Prom Y-12.4 

surmnarizes t h e  f u c l  preparati-on c o s t s  a s soc ia t ed  with t h e  r equ i r ed  f a c i l i -  

ties. 

"able 9 .3  

Table 9.3. P repa ra t ion  Costs f o r  3&Jd Metal Fuel 

~~ 

liem l-MT/Day PI ant &KT/Day I b n t  -- 
C a p i i a i  C O S ~  

Total ,  $ 6, €437,000 12,l 26, 000 
$/yr a t  3 2 2  per ye?? c a p i t a l  charge 1,504, 000 2,668,000 
$/kg fLr 260 days p e r  year  5.78 2.56 
$/kg at 15% p e r  year  c a p i t a l  charge 3.9L 1- .74 

Operating c o s i  

D i rec t ,  $/kg 
Total 

7.71 4.34 

$/kg a t  22% 13.49 6.90 
$/kg at 15s 1.1.65 6.08 

__...I. ... .__._.._ __- 

9 .A  S m a r y  

Table 9.4 s u m a r i z e s  t h e  es t imated  pi-eparaiion cos-ts f o r  t h e  f u e l s  

and condi t ions  considered.  The r epor t ed  poii?t esti.mates m a y  he connected 

by a s t r a i . gh t  l i n e  on a log-log graph to ob ta in  t h e  cos t s  for f u e l  through- 

p u t  r a t e s  d i f f e r e n t  than those  i n v e s t i g a t e d ;  t h e  resixl.ting graph i s  given 

i n  Fig.  9.1. 

I n  t h e  advanced-converter evaluation, f u e l  prepayat ion  c o s t s  were 

based on a "cold sol-gel" process  and were included as p a r t  of  t h e  fabri-  

c a t i o n  c o s t s .  To make a comparison o f  -the above -results with those  of -the 

advanced-converter study, -the fue l  p repa ra t ion  c o s t s  used i n  t h e  advanced- 

conver te r  study have been i d e n t i f i e d . 6  These a r e  given i n  Table 9.5 based 

on use of "cold so l -ge l "  oxide p repa ra t ion .  Metal7.ic fuel. was not  con- 

s ide red  i n  t h e  advanced-converter study, s o  no a s soc ia t ed  c o s t s  can be  

given.  
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Table 9.4. Summary of Estimated Fuel P repa ra t ion  Costs 

. _.__ 

A n n u l  Costs ($/kg1 
C a p i t a l  
Charge 1-MT/Day 4-MT/Day lO-MT/Day 

($4 Plan t  P lan t  P l an t  

AI-CE f’uel 

B&W fie1 

22 
15 

TJrania-thor ia 22 
15 

Uranim-  thor i u m  22 
15 

6.41 
5.52 

9.75 
8.1% 
13.49 
11.65 

1.84 
1.58 

4.30 
3.56 
6.90 
6.023 

22 % PER YEAR FIX1 

\ 

CHARGE RAT 

OHNL-GWG 66.-7A 

B 8 W  METAL FUEL ‘m E8UV OXIDE FUEL 

, , ,  
41-CE CARBIDE FUE 

4 2 3 4 5 6 7 8 9 1 0  
PRODUCTION R A i E  (MT/day)  

Fig .  9.1.  Estimated Fuel Prepa ra t ion  Costs as Funct ion o f  Produc- 
t i o n  Rate.  
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10. FUEL FABRICATION COSTS 

10.1 General Procedure f o r  Cost Est imat ing 

'The method of estimating f'uel f ab r i ca t ion  cos t s  f o r  t h i s  evaliiation 

i s  cons is ten t  wi th  and s i m i l a r  t o  t h a t  used i n  t h e  advanced-converter 

evalua,tion.' 

perform t h e  many ca lcu la t ions  requi red  i n  estimating f ab r i ca t ion  cos ts .  

Both operating and c a p i t a l  cos ts  a r e  s to red  i n  t he  program f o r  performing 

each s t e p  of t'ne f a b r i c a t i o n  process over a wide range of productlion r a t e s .  

Costs of tubing, end caps, and o ther  items of f u e l  element hardware a r e  

spec i f ied ,  wi th  values covering the  ranges of' physical  dimensions, q u a l i t y  

l eve l ,  and procurement r a t e s  required f o r  d ~ i f f e r e n t  evaluations.  Input 

da t a  f o r  each p a r t i c u l a r  case include a spec i f i ca t ion  of' t he  h e ] .  element 

parameters, t h e  fa-brication process selected,  r a t e  of  ca,pital  amortiza- 

t ion,  a.n estimated r e j e c t  r a t e ,  a p l an t  u t i l i z a t i o n  faxtor,  and t h e  pro- 

duction r a t e s  of i n t e r e s t .  The computer program then s e l e c t s  t he  appro- 

p r i a t e  cos t  f o r  each s t e p  of t h e  process and accumulates and manipulates 

t hese  cos t s  f o r  each spec i f i ed  s e t  of conditions t o  ca l cu la t e  the  f u e l  

f ab r i ca t ion  cos t  i n  d o l l a r s  pe r  kilogram of heavy metal. 

I n  b r i e f ,  t h i s  method makes use of a computer program t o  

I n  t h i s  study, f ab r i ca t ion  cos t s  a r e  divided i n t o  th ree  p r i n c i p a l  

p a r t s  : operating expenses, c a p i t a l  charges, and hardware cos ts .  Costs 

of f u e l  preparation, which were included i n  f ab r i ca t ion  i n  t h e  advanced- 

converter evaluation, a r e  given i n  Chapter 9. 

used. i n  estimating fabrica,t ion cos t s  a r e  given i n  Chapter 2. 

The general  ground yules. 

10.2 Fabrication Costs f o r  AI-CE Fuel 

The AI-CE uranium carbide f u e l  assembly i s  described i n  Chapter 3 .  

The f u e l  f a b r i c a t i o n  flowsheet t h a t  would be assoc ia ted  with t h e  AI-CE 

assembly i s  shown i n  Fig. 10.1. Input mater ia l  t o  t h e  f a b r i c a t i o n  p l a n t  

i s  ceramic-grade UO;! supplied by the  fuel preparation p l an t ;  t h e  output 

of t he  f a b r i c a t i o n  p l a n t  would be f u e l  assemblies packaged for shipment. 

The fue l  production r a t e  requi red  i n  the f ab r i ca t ion  p l an t  f o r  r e f -  

erence conditions i s  3475 kg of  uranium per day; t h i s  corresponds t o  a, 
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Fig. 1.0.1. Flowsheet for Fabrj-cat ion of LJra.:?i urn Carbide Fuel  for 
HWOCK . 

f u e l  exposure of 15,000 M i i d  p e r  met r ic  'con of  uranium, a r e a c t o r  on - l ine  

fa,ctoi- of  0.8, ope ra t i cn  o f  t h e  f a b r i c a t i o n  p l a n t  269 days p e r  year ,  and 

f u r c i s h i n g  t h e  f u e l i n g  needs o f  a 15,000-14w(e) i n d u s t r y .  This scale of  

product ion i s  a l a r g e  ex t r apo la i ion  of e x i s  Ling techno]-ogy aiid experience;  

thus, tine cos-L e s t i m a t e s  ob-Lained a r e  based p r imar i ly  oil ecg ineer ing  e s t i -  

mates and judgments. A major unliiiown i s  the I"ui;ure price of  SAP el-adding 

for l a r g e  orders .  Rased or information suppl ied  by AI-CE, BQW, o-LIier 

sources ,  and our  ow^ i n t e r p r e t a t i o n s ,  an  averagc SAP p r i c e  of $1.95 p e r  

f o o t  o f  tub ing  was ass igned  t o  the AI-CE f k l .  element.  

The est imated fixel fabr ica . t io i i  c o s t  f o r  f i I -CE fbel assemblies  a t  vari-  

ous product ion r a t e s  i s  shown i n  Fis. 1.0.2 f o r  equi.l.ibriwn-fiieIec3 cores .  

For a. produc-Lion Yate of  3475 kg p e r  day a n d  a 22$ per  year  f i x e d  charge 
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r a t e ,  t h e  I"abrication cos t  breakdown i s  t h a t  given below: 

Cost ($/kg 
of uranium) 

Capi ta l  charges 8.50 
Ope r a t i n g  expenses 13.46 
Hardware cos ts  6.46 

Tota l  28.42 

Since t h e  i n i t i a l  core of t h e  AI-CE design uses f u e l  of  nine d i f -  

f e r c n t  enrichments, f ab r i ca t ion  of thc i n i t i a l  cores would involve lo s ses  

of time f o r  changing over from one enrichment t o  another. Additional work 

mxiLd a l so  be involved i n  i d e n t i f i c a t i o n  a n d  mater ia l s  cont ro l .  For these  

reasons, a pena l ty  of 10% was assigned t o  the  operating cos ts  of t h e  p l a n t  

when f ab r i ca t ing  i n i t i a l  cores; t he  r e s u l t i n g  i n i t i a l  core f ab r i ca t ion  

cos ts  a r e  given i n  Fig. 10.3. 

1.0.3 Fabrication Costs f o r  BBW Fuels 

The two Bad thorium fuel. assembly designs a r e  described i n  Chapter 3 .  

The f'uel f ab r i ca t ion  flow shee t  f o r  the oxide-containing assembly i s  shown 

i n  Fig. 10.4, and Fig. 10.5 gives the  some information f o r  the  ilietal1.i~ 

f u e l  assembly. blzterial  fed to the f a b r i c a t i o n  p l an t  i s  sol-gel-produced 

high-dens i t y  t h o r i a - u a n i a  fra.gments f o r  the oxide h e l  and th0r i .m powder 

b r i q u e t t e s  and f'ully enriched uranium metal f o r  t h e  meta.llic fv.el. For 

both fue ls ,  output of t h e  f a b r i c a t i o n  plant; cons i s t s  of fuel assemblies 

packaged f o r  shipment . 
The f u e l  f a b r i c a t i o n  r a t e  required f o r  t he  reference conditions i s  

25'30 kg of hea.70 metal per day; t h i s  i s  based on a f u e l  exposure of 2r3,000 

Mwd pe r  metric ton  of heavy metal, a, r eac to r  load f a c t o r  of 0.8, operation 

of t he  fa-brication p l an t  f o r  260 days per year, and furn ish ing  the fue l ing  

1rleed.s of a 15,000-!@$( e )  indus t ry .  

The above production r a t e ,  when f ab r i ca t ing  v i r g i n  material ,  i s  not 

so l a r g e  an exl;rapola.tion of cur ren t  experience as t h a t  f o r  the  carbide 

f u e l .  The major area of ex t rapola t ion  f o r  f ab r i ca t ion  of the  thori-Lm 

cores i s  the I-arge-scale appl.j.cation of  remote operations requi red  for 
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r ecyc le  fuel. While vilnrator.y compact:! on of  sol-gel. thoria . -urania  fuel 

has been performed i n  O K N L ' s  K i lo rod  and B&hT has evaluated the 

process  on a pilo-L-plant s c a l e  i n  a hooded f a c i l i t y y 5  there  i s  no e q e y i -  

ence t o  d a t e  wi th  a i-emotel-y opera ted  f a b r i c a t i o n  p l a n t  of -tlie t;yp-> t. en- 

visioned-. However, a d e t a i l e d  engineer ing design of bo th  f a c i l i t i e s  and 

equipment for remote f a b r i c a t i o n  wads made f o r  the  Thorium Uranium Recycle 

F a c i l i t y  (TURF) a t  Tn addi t ion ,  design s t u d i e s  and eva lua t ion  of 

f.: c to r s  involved i r _  p l a n t  ex t r apo la t ions  'nave been done ex tens ive ly  i n  

oi;her work a t  ORNL. Thus, t h e  p r o j e c t i o n  of  f a b r i c a t i o n  c o s t s  in remotely 

opera ted  l a r g e - s c a l e  p l an t s  for oxide fuels appears  reasoriably w e l l  founded. 

I"ne coext rvs ion  of  uranium metal. w i t h  Z i r ca loy  c ladding  OIi a produc- 

t i o n  basis has been done s u c c e s s f u l l y  f o r  a number of  yea r s .  Also, 

thori.wrruranium a l l o y s  have been coextruded wi th  Z i r ca loy  c1add.i.r.g at 
Hanford7 and by Nuclear Metals, lilt . y  f o r  Savannah River  Laboratory.  8 

There i s  no experience,  however, r e l a t i v e  t o  "remote" f a b r i c a t t o n  by t h i s  

process .  Tlierefoye, t h e  accuracy of t he  c o s t  e s t ima te  f o r  t h e  m e t a l l i c  

finel. assenibly is probakly l e s s  than  t h a t  for t h e  oxide p i n  assembly. 

The p r i c e  of  SAP cladding for t h e  oxi.de p i n  design was considered t o  

be $1.57/ft. 

b ide  f u e l  c ladding.  Due t o  t h e  smal le r  p i n  diameter and fewer f i n s  (6  

v-ersus 12), clhdk3ing c o s t  p e r  Yoot of  lerigth i s  20$ I.ess f o r  t h e  oxidc 

p i n  des ign .  

T'n.3.s p r i c e  j.s consis tent ,  w i t h  that, used f o r  t h e  AI-CE ca r -  

Estimated f a b r i c a t i o n  c o s t s  f o r  t h e  oxide f u e l  desigii a r e  given i n  

Fig.  10.6, and those  f o r  t h e  metal  fie1 desigii a r e  shown in Fig .  10.7. 

For t h e  re ference  condi-t ions of 2590 kg p e r  day product ion and 8 22% p e r  

year  f i x e d  charge r a t e ,  t h e  c o s t  breakdom- i s  as fo l lows:  

Unit  Cost ($/kg 
of  heavy meta l )  

Metal oxi de 

Cap i t a l  charges 15.07 21.31 

Hardware c o s t s  16.27 23.63 

ro ta l  42.15 63.52 

Operating expenses 10.81. 18.58 
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Our estif?,ate of  t h e  5,121 Tabriczt , ion c o s t  f o r  t h e  x i e t a l l i c  f u e l  as -  

sernbj-i ~b i s  i n  reasonahlz  ageemen t  wi ih  t h e  B&W estj.mate. HoTnlever, our 

estima'ie f o r  t h e  oxide fuel. i s  s? i .bs tan t ia l ly  h igher  than  t h a t  r eyor t ed  'by 

B&W. There a r e  t h r e e  major i t e m s  a s s o c i a t e d  vf th  iliese d i f fe ren ' ;  e s t i -  

mates. B&M has estfmated. a lower u n i t  f a b r i c a t i o n  time, 1-ess opera ' i ing 

cos t  pe r  ope ra to r  man-year, and l e s s  c a p i t a l  iiives-Lment t h i l  al lowed for 

i n  t h e  ORKE es t imate .  In recent discuss jons ;  the d- i f fe rence  i n  operatiizg 

cos t  p e r  opera tor  man-year has been reeol.ved i n  favor  of our  va lue ;  bow- 

ever,  t h e  d i f f e rences  i n  t h e  o the r  i tems skj.1-l- e x i s t .  With regard  t o  r e -  

quired u n i t  f a b r i c a t i o n  ti.me, a jcdgnent i s  r equ i r ea ,  s i n c e  a c t u a l  ex- 

per ience  i s  lacking .  We es t imate  h igher  r equ i r ed  t imes 'ihan does RKIW. 

';"ne capi'cal cos t  d i f f e r e n c e  i s  a s soc ia t ed  wi th  c a p i t a l  c o s t  es t imates  

themselves and. a l s o  wi th  the type  o f  fue l - r ecyc le  f a c i l i t y .  Ou- e s t i -  

mates a r e  based on sepa ra t e  f u e l  process ixg  and f a b r i c a t i o n  plants l o -  

ca t zd  at. t h e  same sri t e .  R&W considered an i i i t eg r s t ed  process ing- fabr i -  

caLrion cornp1.e~ wi-th shared mailpower, f a c i l i t i e s ,  and s e r v i c e s .  We agree  

t h a t  undel- such circumstances thei-e would b e  cos t  savi-ngs r e l a t i v e  t o  

f a b r i c a t i o n  c o s t s ;  however, t he  ground r u l e s  for L h i s  s tudy  d i u  no t  con- 

s i d e r  t h i s  s i t u a t i o n .  If an i n t e g r a t e d  f a c i l i t y -  were used, we woul_d r e -  

ducc oiir f a b r i c a t i o n  c o s t  es t imates ,  b u t  we doubt wheLSier t hey  could be 

reduced as milch as $I.O/kg ol" heavy metal. 
.. 

An o v e r a l l  cornparison of t h e  estri.mated fabr i -ca t ion  c o s t s  p e r  ki.logram 

of heavy meta l  f o r  the t h r e e  desi.gns, based on r e fe rence  condi t ions ,  i s  

given i.n Fig. 10.8. ?'fie s p e c i f i c  desrigr pa-rameters a s s o c i a t e d  wi th  t h e  

d i f f e r e n t  f u e l  assembl.ies a r e  given i n  Table 1.0.1. On a r e l a ' i i ve  basis, 

t h e  oxi.de p i n  design i s  "penal ized" by  i t s  small f u e l  diameter and low 

fuel densiky-. The metal  f i e 1  design i s  l ikewise  "penal ized" by i t s  t h i n  

f u e l  s e c t i o n  and low d e n s i t y  rel.ati.vz t o  t h a t  of uranium carb ide .  

carb ide  fuel. design has r e l x t i v e  c o s t  advantages due t o  t h e  h igh  f i e 1  den- 

s i t y  and. l a r g e  p i n  diameLer; botdn t hese  f a c t o r s  con t r ibu te  t o  a h igh  f u e l  

1oa.ding per unit; length,  which decreases  t h e  number of  fue.1-bearing com- 

ponents p e r  u n i t  wetght o f  f u e l  ma te r i a l .  

The 



Table 10.1. Comparison oI" $%el Element Parameters ana Fuel Fabrication Costs 

BGd Th-U Alloy -Fuel AI-CE UC Fuel D 9 T . l  
D (Yn 

(Th-U)02 
Ring 1 Ring 2 Ring 3 Ring 4 Ring 5 Large Small 

Boas Rods 

Fuel dimensions 

Outside diameter, in .  
Inside diameter, in .  
Length, in .  
Thickness, in .  

Fuel density 

Theoretical, g / c c  
Attained, $ 

0.472 0.275 0.316 2.606 3.116 3.638 4.176 4.750 
2.406 2.915, 3.438 3.976 4.550 

41.5 41.5 44 48 48 48 48 48 
0.100 3.ICO 0.100 0.1oc 0.100 

IU w 
a 

13.4 13.4 10.0 11.85 
100 2-00 88 190 

Fuel per plece, iig of  heavy metal L.52 C.52 2.44 7.34 8.83 10.36 11.94 13.62 

Fuel per foot, kg af heavy metal 0.44 2-15 c.12 1.84 2.21 2.59 2.99 3.41 

Nmber of rods ( r ings)  per assembly 31 6 66 1 1 1 1 1 

Fuel per assembly, kg of  heavy metal 50.09 29.07 52.09 

Fuel element autoclatred NO NO Yes 

!?y-pe of Tabr I c a t  ioLc €Eo ode d Rcmote Remote 

Fuel fabr icat ion cost, $/kg of 28.4 63.5 42. i  
heavy metal 
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Table 10.2. Fuel Fabrica?,ion Cost Per Core f o r  
Fabr i ca t  ion  PI ant Capar 7' ties Associated with 

Differen t  Burnup Levels 

Fixed charge ra te :  22% per year 

Fabrication Cost 

$/kg of l o 6  $ F'ue 1 Burnup fie1 p e r  Corea 
Mate r i a l  (Mwd/MT) (kg of heavj metal)  

Heavy Per  
Me t a l  Cor e 

Uranium carb ide  15, OOOb 
Tn-U metal  20, ooob 
Th-U oxide 20, 000b 

Uranium carb ide  15, O@Ob 
Th-U metal 15,000 
7%-U oxide 15,000 

Uraniixn carb ide  20,000 
'211-U meta l  20, ooob 
Th-U oxide 20, ooob 

123,300 
93,400 
58,1.60 

123, GO0 

58,160 

123,000 

58,160 

93,400 

93,400 

28.41 
L+2 a 14 
63.50 

28.41 
37.25 
60.00 

30.50 

63.40 
42.14 

3.5 
3.9 
3.7 

3.5 
3.5 
3 .5  

3 .8  
3.9 
3 .? 

a 

bBurnup s p e c i f i e d  by sponsors; t h i s  va lue  deterrnincs fabrica- 

Spec: ifri ed by sponsor.  

t ion  p l a n t  capaci t y .  
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These r e s u l t s  show t h a t  f o r  the th ree  f u e l  assembly designs evaluated, 

t he  f ab r i ca t ion  cos t  per  kilogram of heavy metal i s  l e a s t  f o r  t he  carbide 

($28.42), intermediate f o r  the  meta,l. (@+2.15) , and g r e a t e s t  f o r  t h e  oxide 

($63.52). However, when converted t o  a f ab r i ca t ion  cos t  per  r eac to r  core, 

t h e  spread i n  cos t  i s  wi th in  12s a t  reference design conditions because of 

the  large di f fe rences  i n  quant i ty  of f u e l  f o r  t h e  d i f f e r e n t  cores.  If an 

exposure of 15,000 Mwd/MT i s  assumed t o  apply t o  each of t he  f'ucls, the 

f a b r i c a t i o n  cos t s  p e r  core a re  e s s e n t i a l l y  t h e  same. If an exposure of 

2CJ,O00 Mwd/MT i s  assumed f o r  each of t h e  fue ls ,  t he  cos t  per  core i s  within 

6%. These po in t s  a r e  i l l -u s t r a t ed  i n  Table 10.2. 

1. 

2. 

3 .  

4 . 

5 .  
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11. SPENT-RIEL PROCESSING COSTS 

The HWOCR fuel-processing costs were estimated on two bases: one 

was exactly the same as that used for the advanced converter evaluation,l 

and the other was a revised basis that is felt to be more realistic. The 

estimates obtained on the latter basis were used in this evaluation. 

The HWOCR estimates are presented in Tables 11.1 and 11.2 for the 

reference-burnup throughputs on both old and new bases. 

very different from the numbers for the corresponding HWR-U and HWR-Th 

cases (see Appendix G), except that the higher thermal efficiency of the 

HWOCR requires lower fuel throughput for the same power generation and, 

hence, lower total costs. Comparison of fuel-processing costs for ad- 

vanced converters other than the HWOCR on the old and new bases are giver?_ 

in Appendix G. 

They are not 

11.1 Cost Eases and Assumptions 

The advanced eonver1;er evaluation estimates were based on Du Pont 

estimates for 0.907- and 9.07-MT/day remote-maintenance processing plants, 

with adjustments estimated by us to cover escalation and competitive con- 

ditions , differences in head-end treatment, throughput rates (fertile , 
fissile, and fission product), and cost items not included in the original 

estimates (land, startup costs, working capital, and ultimate disposal 

of radioactive wastes). 

mates for a 9.07-MT/day limited-maintenance processing plant, plus new 

Du Pont estimates made for the HWOGR evaluation,4J5 and also on our in- 

terpretation and evaluatlon of published Nuclear Fuel Services (NFS) capi- 

tal and operating costs for a l.O-MT/day limited-maintenance plant. 6~ We 

have modified these basic estimates by adjusting them to the same basis 

with respect to escalation, competition, head-end treatment requirements, 

throughput rates, land, startup, working capital, and ultimate waste dis- 

posal. 

cal Technology Division estimates8> 

studies. lo 

The revised estimates are based on Du Pont esti- 

For ultimate waste disposal costs we have used 1965 ORJYL Chemi- 

rather than those used in ear1Le.r 
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Table 11.2. Spent-Fuel Processing Cost Estimates for HVOCR-Th Evaluation 

Basis: Single-purpose processing plants serving 15 reactors of 
a given concept; 1000 Mw(e) each; 0.8 load factor; 
34.1$ thermal efficiency 

Revised Basis 
Previous Basis” 

Oxide Fuel Metal Fuel 
Burnup, I’Frd/MT 15,000 20,000 15,000 20) 000 15,000 20) 000 

Throughput , m/yr 856 642 856 642 856 642 

Processing days per year 155 155 260 260 260 260 

Processing rate, KC/day 5.52 4.14 3.29 2.47 

2.4.7 3.29 
Total capital investment, $ 
Operating cost, $/yr 

66.8 x lo6 63.4 x lo6 42.1 x lo6 38.2 x lo6 42.1 x lo6 38.2 x l o 6  
5.82 x lo6 5.42 x lo6 4.21 x lo6 3.82 x lo6 4.21 x lo6 3.82 x lo6 

Total waste disposal charge, $/yr 2.38 X lo6 2.38 X lo6 3.02 X lo6 3.02 X lo6 2.21 X lo6 2.21 X lo6 

Ucit cost at 15% per year FCRb 

21.3 
0.173 
100 

$/kg 
Mill/kwhr (e ) 
Cost expressed as per cent of 

27.0 
0.165 
100 

15.8 
0.129 
74.6 

19.6 
0.120 
72.7 

14.9 
0.121 
69.9 

18.3 
0.112 
67.9 Ref. 1 basis 

b Unit cost at 22$ per year FCR 
26.8 33.9 19.3 23.7 18.3 22.5 

0.207 0.157 0.145 0.149 0.137 

66.2 
0.218 100 72.0 70.0 68.3 
100 

$/kg 
Mi11/brhr (e  ) 
Cost expressed as per cent of 
Ref. 1 basis 

See Ref. 1. a 

’Fixed charge rate. 



1.1 .l. 1 C s l )  i ~ a l  Tnvestment -.-... .. -_- 
The or:i.gj-nal Du Pont estrirflates were $43 x lo6 for  3 0.907-MT/day 

p l a n t  ani? $60 X 106 for a 9.07-MTjday p lan i  (Rei‘. 2, C8sef3 I and. ID:, 

remd;e maintenance), corresponding t o  a. s ca l ing  f a c t o r  of about 0.1.5. 

E’or t he  advanced. converter  evaluat ion;  we ad jus ted  these  numbers ‘io re- 

f lec t escal-at  ion, cornpe-Lit ive pressures  and tech.nol.ogi.ca1 improvement s, 

land cos t s ,  s t a r t u p  c o s t s  and working ca.pi-i;ai., and flowshee-t and through- 

pur; d i f f e rences  t o  get, t h e  numbers sho-wn j.:n Table G.l of Appendix G. Far 

bot,h t he  uraniim and l:hc ‘ihorrium fuels 

tion from f i s s i o n  products;  and s ince  t h e r e  J.s  a throughput rate pena,l..t,y 

for thorium i.n t h a t  it, can be processed, a t  only 50 t o  60% of “che urantum 

throughput i n  t h e  ,same s i . ze  d i s so lve r s  and so lvent  ex t r ac t ion  col~uxnns , 
thri.5 l.ed t o  a c o s t  penalty of 10 t o  15% f o r  t h e  same througbpi.lt i n  dLf- 

f e r e n t  slngle-purpose pla.n.’c,s. 

assumed comp1.e L e  deconlamina- 

A la ter  Du Font estima-Le gave $58 X 1.06 f o r  a 9.07-Wll/day l imi ted-  

ma3.n-tenance p l a n t  ( H e f .  3, Case V I I ) ,  t h a t  is, $2 X IO6 less  thsrl for 

the remote-maintensnce plant. For t he  present  eval-uation, Du Pont e s t i -  

matxd t h a t  f o r  HI.JOC!I-Tii fuel  a 9. 07-Ml1/day relnote-maintenance p l a n t  would 

cos t  very near1.y the  same as t h e i r  o r i g i n a l  9.07-MT,/day uranium plant, 

t h a t  i s ,  $60 x 1.06 on t h e  o r i g i n a l  basis,‘) after t a k h g  in’i;o consider- 

aLion khat l a r g e r  equipment w a s  needed 1m-t tha- t  fewer cyc les  of decon- 

taminati-on were r eq r i r ed ,  s ince  venio-ke f a b r i c a t i o n  of t h e  recyc le  thorium 

and uraniim would be p rac t i ced  i n  any eveiit because of t h e  presence of  

t h e  garma-active daughters OF 228Th and 232U. 

no thorium processing c o s t  pena l ty  on t h i s  b a s i s .  

Du Poilt estim.aLed $65 x l o 6  (lief. 5 ) ,  t h a t  ris, $5 x lo6 more ”ihafi f o r  

t h e  o r i g i n a l  bas i c  p lan t ,  f o r  a coniplete deeontamlnatioa remote-mminte- 

name  p lan t ,  after adding e x t r a  c o s t s  f o r  a uranium carbide head-eizrl 

trea-tment and f o r  converting t h e  recovered depleted uraniuIii nitrat;:? t o  

oxide and s t o r i n g  it. 

HW0C:I-U fuel,’  one fur recovering only t h e  plutonium whi1.e leav ing  the 

iiranium i n  the high-level  W B S ~ , ~ ,  and the o the r  f o r  p l u t o n i m  recovery 

p lus  recovery and storage of  parti.al1.y decontaminated uraninn. 

mentioned a l te rnaLlve  gave a. lower est imated processing ;@.ant c o s t  but 

I n  othe:r woi-ds, - there i s  

For t he  HWOCR-U fuel, 

(“here were two addi t iona l  Du Pon-i; estimates f o r  

The f irst-  



high waste disposal costs and has undesirable fuel-utilization implica- 

tions; hence we chose not to consider it for our evaluation. The second- 

mentioned alternative had the highest processing plant cost, and we elimi- 

nated it on this basis.) 

$5 X l o 6  for interim waste storage facilities. 
evaluation, we left this item in the processing plant cost; for the HWOCR 

evaluation we removed it and included all waste disposal costs under a 

separate heading (see Sect. 11.1.3). 

The Du Pont estimates mentioned include about 

For the advanced converter 

For our revised processing cost basis, we scaled from 'hodified- 

Du Pont" limited-maintenance cost estimates at 9.07 MT/day down to "modi- 

fied-NFS" limited-maintenance cost estimates at 1.0 m/day. 

reference PWR fuel, for example, the two estimates were: 

For the 

l.O-MT/Day 9.07-MT/Day 
Plant Plant 

x l o 6  x l o 6  
%sic project cost $27.5 $58.0 
Less 

Plus 

PllXS 

interim waste storage -3.0 -5.0 

$24.5 $53.0 
gwIi modifications +L. 5 +3.0 

$26.0 $56.0 
land, startup, and 4-3.0 t-6.0 

working capital 

$29.0 $62.0 

The scaling Tactor is about 0.34, which is much higher than t'ne 

Ixz Pont scaling factor (for remote-maintenance plants) of 0.15 but almost 

the s u e  as a published French estimate of 0.4.11 

1965 dollars, with escalation of the 1961 Du Pont estimates having been 

assumed to be offset by competitive cond.itions and technological improve- 

ments. (see also Sect. 11.2, "Cost Estimates. ") 

The numbers represent 

11.1.2 Annual Operating Costs 

The Du Pont estimates of annual operating costs for the basic 0.907- 

and 9.07-MT/day remote-maintenance plants were $3.73 X l o 6  and $6.23 X l o 6  
per year, respectively, corresponding to a scaling factor of about 0.22. 
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For oui’ revised es t imates  we a r r ived  a t  numbers approxiniatc1.y equal t o  

10% of t h e  t o - t a l  c a p i t a l  investment f o r  t h e  refe&nce EdX T’uel, and we 

decided t o  apply t h i s  percentage i n  a l l  cases  r a t h e r  than est-;.matc each 

case ind iv idua l ly .  This gives  t h e  same sca l ing  f a c i o r  as t h a t  f o r  t h e  

c a p i t a l  cos t s ,  a’oout 0.34, which i s  higher  than  the  corresponding Du Pont 

ftgure mentioned. above bu-i i n  T ~ L @  agreement w i - t h  French es.LYmates of 

0.3 on l abor  and 1 .0  on m t e r i a l s . ”  

11.1.3 Radioactive Waste Disposal. Cosis 

The 01 Pont es t imates  incIi..de orily an i n i t i . a l  investment i n  l i q u i d -  

waste s torage  tanks.  For -the purposes of the advanced converter  evalua- 

t i o n  we assumed that t h e  DJ Poni estimates adequately covered Ihw-  and 

in te rmedia te - leve l  waste d isposa l  bu-t provided f o r  on ly  a m i n i m u m  of 

i n t e r im  s torage  f o r  h igh- leve l  l i q u i d  wastes,  

u l t imate  disposal- of  high-level  wastes, we added a sui  based on es t imates”  

for a scheme cons i s t ing  of (1) in-teri.m a c i d i c - l i q u i d  s torage,  (2)  c a l c i -  

nakion t o  a thermally sbable s o l i d  i n  s ta i -n less  s t ee l  pots ,  

s torage  of the ca lc ined  s o l i d s  a t  ’die processing p l an t ,  

a sal t -mine d i sposa l  f ac i - l i t y ,  and (5) ulhimate d isposa l  i n  a deep rock- 

sa l t  formation. A t  -the time of t he  advanced converter  eval.uation, t h i s  

d i sposa l  scheme had not  been optirni-zed, and thus  t h e  e s t i a a t e d  cos t  used 

w a s  only a firsi; approxi-mation. 

To a l low f o r  t h e  eventual- 

( 3 )  i n t e r im  

( 4 )  shipment t o  

For t h e  present  evalua-Lion, our rev ised  es t im-Les  show an i tem f o r  

t o - t a l  waste d isposa l  costs, including c a p i t a l  and opera-Ling cos-ts in -  

curred du.ring t h e  per iod of opera t ion  of  t h e  processing p l an t ,  as we l l  

as t h e  subsequent ‘IperpetuRI-maintenance I ’  costs. We have assumed some 

form of government (city-, state, o r  federal) ownt3:rship of  t h e  waste d i s -  

posal  f a c i l i t i e s  i n  khat we have used a 4% c o s t  of money, -Lax free,  and 

we have assuned t h a t  t h e  t o t a l  w a s t e  c o s t  i s  charged t o  t h e  processing 

p l a n t  on an amortized eqiial annual. payment bas i s .  Thus t h e  c o s t s  are 

t r e a t e d  as an operati-ng cost of t h e  processing p l a n t  (private1.y owned) 

ins tead  of as a combinaLioi? of capr’,.tal and opera’ci.ng cos t s .  This i s  

something li-ke t h e  arrangelnient between NFS and New York Stake and hence 

i s  f e l t  t o  be reasonab1.y real is’ i ic .  
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We used the cost estimating bases developed for two recent studies 

of optimized costs of perpetual liquid storage' and of conversion to 

solids for salt-mine disposal9 for a particular mixture of uranium and 

thorium converter reactors totaling 22,400 Mw(e). We calculated optimized 

perpetual liquid storage costs with the TASCO computer code' for a variety 

of possible cases, including acidic and neutralized storage, with and 

without the uranium or thorium left in the high-level fission-product 

waste and with the clad material assumed to be either in the high-level 

liquid waste or in a separate chemical-declad liquid waste or in a sepa- 

rate leached-hulls solid waste. The most economical realistic cases 

were the Yellowing: 

1. HWOCR-U. Dissolve SAP cladding with fuel. Recover uranium and 

plutonium. Store neutralized aluminum-containing waste. 

2. HWOCR-Th (oxide). Dissolve SAP cladding with fuel. Recover 

thorium and uranium. Store neutralized aluminum-containing waste. 

3. hWOCR-Th (metal). Use shear-leach head-end treatment. Dissolve 

only 5 to 10% of the zirconium cladding with the fuel. 

solution. 

Store acidic 

?%e cost for each of the three cases was estimated to be a'Dout 

$2.0 X lo6 per year. 

increased the cost by $1.1 to 2 .4  X l o 6  per year, and separate chemical 
decladding added a similar amount. Though the cheapest liquid-disposal 

scheme is economically competitive with the solid-disposal scheme, the 

latter is felt to be inherently safer and was used as the reference basis 

for comparison in this study. The revised-basis total waste-disposal 

charges represent the five-step scheme described earlier, with allowance 

for the varying mounts of fission products, bemuse of differing ther- 

mal efficiencies, and for the varying amounts of inert solids in the 

wastes (especially the aluminum f o r  SAP-clad. fuels and 5 to lO$ of the 

zirconium for zirconium-clad thorium Tuels), because of differences in 

chemical flowsheets. Tne revised solid-disposal scheme costs are, in 

general, lower than those for the advanced. converter evaluation because 

further study has produced more nearly optimized condi-ti.ons. 

Leaving the ural?ium or thorium in the wastes (acidic) 



11.1.4 Plant Sizing _.._ _.- 

n .the primary rezson for ‘die d i f f e rence  i n  p l an t  si-zes between the 

advanced converter  evalua.ti.on and t h e  rev ised  b a s i s  i s  t h a t  t h e  “ turn-  

On t h e  o ld  ba.si.s, processing und time ” al lowame has been chaiig 

batches were kept separa te ,  and the time requi red  f o r  ;pl.ant c leanout  be-- 

t w e m  batches w a s  equal  Lo the pi-ocessing time with in  l i m i i s  of two days 

mi.ri.imi;rm and eigh.i; days -maximum per  ba  h. This r u l e  is not, t oo  burdeii- 

some f o r  large p w e r  r e a c t o r s  in. a s m a l l  processing p l an t .  For exanipl-e, 

a t  NFS a 24-!TI’ hatch  of skliijai-d PWR f u e l  pays f o r  24 processing d.ays 

p lus  e ight  turn-around days, but  ir_ -the advanced converter  eva lua t ion  t h e  

l a r g e  number of  bat,ches per  year  in most cases  c a l l e d  f o r  an equal number 

of processri.ng and turn-around days. The c o s t  penal.ty a s soc ia t ed  wi L h  

overs iz ing  a. p l a n t  by a fac%oi- of 2 t o  g e t  t h e  required annual pi-oclirction 

i.n only 155 processing days w a s  only about 13s because of  t h e  l o w  cos-t- 

s ca l ing  Yacto:r used; but  j.i; woiil~d be aboui; 26% with t h e  revised. :factor, 

and e i t h e r  13 o r  26% i s  a ques’cionab1.y high p r i c e  t o  pay for batch segre- 

gat ion,  especial.1.y i n  a singl.c?-pu.rpose processi-ng p l an t .  While i-i; might 

be argued t h a t  turn-around time f o r  processing fuel from 15  i d e n t i c a l  r e -  

a c t o r s  could. be el-iminatcd conipletely t o  give 310 processing days per. 

year  (85% p l a n t  ava i lab i l j ’ ty ) ,  we have compromised or* 260 processing days 

per  year  f o r  our rev ised  estima-Ling b a s i s .  T h i s  allows for some turn-  

around time f o r  fuel batches t h a t  m a y  need ‘to be segregated, f o r  one rea- 

son 01- another,  and allows a l s o  f o r  the  p o s s i b i l i t y  that; we might have a 

somewhat srnal-l-er p l a n t  izv-ia.:i_l.a,bility f a c t o r  i n  limi.t,ed.-maintena.nce p l a n t s  ~ 

The 260-day f i g u r e  a l s o  has t h e  m e r i i  that i.t i s  t h e  same as t h e  number 

used i n  t h e  fuel. p repara t ion  and  f a b r i c a t i o n  es t imates .  Other facLors 

affect j -ng p l a n t  s i z i n g  were kept t h e  same as i n  the advanced conveyter 

evaluat ion.  

11 .2  Cost E s t i m a t e s  

The HVOCR c o s t  es t imates  f o r  t he  re ference  burmiips have a l r eady  been 

presented i n  Tables 11.1 and 11,2. Processing cos t  es.timal;es f o r  o the r  

advanced conver te rs  are given i n  Appendix G. The s i z i n g  and c o s t  
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estimating on the advanced converter evaluation basis was done with a 

subroutine of the NORA computer code12 (see Chapt. 12). Foy t h e  revised 

estimates, the size was calculated for 15,000 Mw(e) at a 0.8 load factor 
and at the specified thermal efficiency and 'ournup for 260 processing 

days per year. 

scribed above. Capital investment costs are swnmarized in Fig. 11.1 as 

a function of plant throughput for the HWOCR systems and compared with 

costs for other advanced converter. reactors.  

were estimated at 10% of the total capital investment; these, together 

with the capital charges and the waste disposal costs, were added to 

give the unit processtng costs shown in Fig. 11.2. 

The total capi ta l  investment was obtained as already de- 

The annual operating costs 

Cost estimates for dual-purpose plants were not prepared for the 

present evaluation because the groimd r u l e s  had changed since the ad- 

vanced converter evaluation. The difficulties, both practical arid theo- 

retical, of cost division in dual-purpose plants were mentioned in the 

previoiis report. Similar cost division questions have arisen in other 

economic studies - f o r  example, in the case of nuclear reactors for pro- 

ducing both electric power and heat for water desalination. 

1 2 4 6 8 10 
PROCESSING W A N T  IHHOUGHPUT RATE (MT/day) 

Fig. 11 .l. 'Total Capital Investment for Single-Purpose Spent Fuel 
Processing Plants Exclusive of Waste Disposal Costs. 
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h'3.g. 1 1 . 2 .  Processing Cos-ts, Inclucii~ng Ultimat? Waste Di-sposal, 
for IlWOCK F u e l s .  

l.ls 2 . 1  Throw-Away Fuel Cycle 
~ -..-..- 

The uranium and plutonium i n  some of t he  f irst  f u e l  discharged from 

t he  HWOCR-U may not  be wor th  recoverfng a t  tile processing and conversion 

charges est imated.  

p lus  u l t imate  waste d i sposa l  charge should be assigned t o  the f u e l .  

t a i l e d  s t u d i e s  of such a throw-away fue l  cycle  w e r e  ~ i o t  made f o r  t h i s  

evaluat ion;  but t h e  suggested assignment probably would pay f o r  a i  1-east 

i n t e r im  s torage  until processing and conversion c o s t s  w e r e  reduced as 

t h e  sca l e  of operat ions imcreased with time. 

I n  t h i s  case,  probably a t  l e a s t  t h e  shipping c o s t  

De- 

11.2.2 Coinparison wi th  R&W arid AI-CE -..-_ Zstimaies - 
The summary r e p o r t  on HMOCR-U, by Combustion Engineering and Atomics 

In t e rna t ions l ,  l3 allowed $18/kg of uranium f o r  spent  fuel processing 
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without going into the,details of how this number was cal.culated. This is 

approximately the same as the value we show in Table 11.1 on the revised 

basis. 

The summary report on HWOCR-Th by Bibcock & Wil~ox’~ allows $57 to 

$GG/kg for the sum of spent fuel processing, fuel preparation, and fuel 

refabrication in a completely integrated fuel-cycle facility, with an 

indication that reprocessing accounts for about one-third of the total, 

that is, presumably $19 to $22/kg. 

limits of accuracy of our revised estimates in Table 11.2. 

These numbers also are within .the 

11.2.3 Comparison with NFS Processing Charges 

Present-day NFS processing charges for PWR-type Tuels are $31.3/kg 

for fuels of less than 376 enrichment, with 20,000-Mwd/MT exposure or less, 

in 24 For 31% tizermal efficiency this corresponds 

to 0.21 mill/kwhr (e) or greater, For similar thorium fue ls  containing 

8.5% uranium or less, with 4.0,000-Mwd/MT or less exposure, in 12 M!T or 

greater batches, the NFS charge is $G2.6/kg plus any special costs of 

storing the high-level radioactive waste because of the presence of tho- 

riim. Our new estimating basis predicts numbers similar to these for a 

15s per year fixed charge rate and a 1.0-MT/day plant size for uran. ium 

or 0.5 M!T/day for thorium, and thus our new estimates are more nearly 

comparable with NFS charges than our old ones. 

is not now equipped to handle carbide fuels; in addition, the NFS charges 

amount to a significant penalty for thorium in comparison with uranium, 

whereas in our estimates the penalty is small or nonexistent because the 

processing plants are assumed to match the fuel type instead of being 

designed for uranium and being able to process thorium only at a much 

lower rate. 

or greater batches. 

On the o-ther hand, NFS 

11.3 Sununary and Conclusions 

,Spent-fuel processing costs were estimated for HWOCR-U and HWOCR-Th 

fuels on the basis previously used for the advanced converter evaluation 

and also on a revised basis believed to be more realistic for future con- 

ditions. On the same annual throughput basis, the processing costs would 
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1.2. k‘DjEL SBJPPING COSTS 

li‘he c o s t s  of shi-pping f r e s h  smi3 i r r a d i a t e d  fuel. elenents are r epor t ed  

here i n  d o l l a r s  pe r  kilogram of referei icc  rna te r i s l  charged t o  the r eac to r .  

‘The re ference  rfiai;crials are total uraniwii for. t h z  ATXB f u e l  elemeint and 

to-kal uraniun plus thorium f o r  -the B&W f u z l  elements.  

and assumptions were pat-terned c1osel.y a,f’ter those used i-ri the advanced -. 

convert  e r e val.uat ion.  

The ground r u l e s  

1 

The shj.ppirLg cost i s  the t o t a l  of t h e  fol lowing lo;lr i t e m s :  

I, t he  har,dline cos t ,  ....~ -diich covers t he  c o s t  G - F  loading,  unloading, rig- 

g i ng I“ t e s t i.i-ig and de c on i mni na t i. on 

2. t h e  insurance  COS^;, which C G V ~ Y S  insurance agai-nsi l o s s  of O r  damage 

t u  t h e  fuel i n  ti-ansl-i, 

3. t h e  f r e i g h t  cost, which covers t h e  c o s i  of t r n m p o r t a t i o n  charged by . ___ 
’ h e  ra.lJ.road o r  other c a r r i e r ,  ail& 

4. the cask c o s t ,  hThich c o v e ~ s  -LIE anniral f i x e d  charges on t h e  sh ipping  

casks or con’ia.i.ners ( reccvery of  inves-Lmnent, r e t u r n  on ir~-vL?S’men-t, 

iaxes ,  and maintenance). 

Cos-ts were calcul~a’ieil Tor fuel shipments of t h e  fol lowing types : 

1. i r r a d i e t e d  (spen-t)  fuel of hj.g’n ga;rcum a c t i v i - t y  shipped from r e a c t o r  

to reprocessing plani;, 

recycled f r e s h  fuel of  modera,t;e ga~iuna activity shipped from fabri- 

c a t i o n  plant to r eac to r ,  and 

nonrecycled f rcsh  fuel- of z e r o  gama ,zctiv?.l;y sh.ipped from T’abri- 

cati.cm p lan t  t o  reactor .  

2. 

3.  

The r e s u l t s  a r e  sunlmarized In  Tsbles 1.2.1, 1.2.2, a n d  12.3. 

12. J. Spent -he l  Shipping Costs _..._.. 

Shisp ing  Ccsts  for spent  f u e l s  Twere c d c u l a t e d  with th.2 computer code 

NOKA. ’ T h i s  code i s  si.m.j.lar t o  an e a r l i e r  code, MYRA, b u t  conta ins  addi -  

t i o n a l  optimlzi-ng f e e t u r e s .  Table 1.2.4 summarizes -tile i npu t  data. The 

bases  aid1 assumptions were Lhe following: 

I., Shipnent  i.s by r a i l .  Dls-Lance i s  1000 rrriles each c,:a-y. 



257 

Table 12.1. Spent Fuel  Shipping Costs 

Cooling time: 120 days 
R a i l  shipment d.istance: 1000 m i l e s  each way 
Maximum weight of loaded cask: 
Reactors serviced : 15 

240,000 lb 

Re Terenc e 
Cask Weight Shipping Shipping 

Burnup Material cost 

( $/&) When per Cask 
cost 

[mills/kwhr ( e )  1 
(kd Ob)  ( Mwd/rn) a 

Fuel Type 

AI-CE 37-rod 10,000 
c lus t e r s  15,000 

25,000 

B&W 66-pin 15,000 

20,000 

c lus t e r s  20, 000 
25,000 

nested 20, 000 
5&W 5 - r ing  15,000 

cylinders 25,000 

139,000 
140,000 
135,000 
132,000 

165,000 
167,000 
159,000 

169,000 
165,000 
168,000 

3200 
3200 
2800 
21+00 

1852 
1852 
1620 

2916 
2499 
2499 

2.31 
2.37 
2.70 
2.96 

4.78 
4.82 
5.58 

3.21 
3.56 
3.62 

0.028 
0.019 
0.016 
0.014 

0.038 
0.029 
0.027 

0.026 
0.021 
0.017 

~- ~ - 
a 

bCosts are i n  $/kg o€ reference mater ia l  charged t o  reactor.  

Wirnup of rePerence material .  

‘Table 1.2.2. Recycled Fresh-Fuel Shfpping Costs 

R a i l  shipment distance: 
Maximum cask  weight : 
Cask length: four elements end t o  end 
Reactors serviced : 15  

1-000 miles each way 
240,000 l b  

B&W 66-Pin B&W 5 -Ring 
Clusters Nested Cy1ind.ers 

Cost, $/kg of U + Th 
Handling 
Irrsiirance 
Freight 
Cask amort i z a t  ion 

Total. shipping cost  
Cask weight when full ,  lb 
U + Ti? per cask, kg 
Heat removal. per cask, kw 

0.11 
0.14 
1.38 
0.43 
2.06 
179,000 
4630 
0.6 

0.08 
0.14 
0.91 
0.40 
1.. 53 
172,000 
6665 
0.9 
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Tab1.e 1.2.3. Nonrecycled Fresh-Fuel Shipping Costs 

Cost ($/kg of  r e f e r e n c e  m a t e r i a , l )  

kT-CE 3'7-Rod B&W 66-Pin B&N 5-Ring 
C1ustol.s C l u s t e r s  Nest ed C yll. i. n d.er s 

Handling 
Insurance 
F r e i g h i  
Coniziners  

c.34 0.05 
0 .'33 3.08 
0.23 3.21- 
3.56 0.10 

0.05 
0.06 
0.19 
0 . 3 8  

'Table 1 2  .4. Inpu t  Data f o r  Spent-Fuel Shipping Cost Calculaiicns 

A I 4 E  3'7-HOd B&W 6G-Pin B&W 5-Ring 
Clus tc r s Clust,ers Nested Cy l inde r s  

Reference rnzzerial 
_iea=tor. power, MW( t)  
S p e c i f i c  power, NW/K of r e f e r e n c e  

CoolLrg t i m e ,  days 
i n a t e r i a l  

M-i.n i.miim 
Ma.xrimum 

0-ve rall 
Ac c i ve 

4lernent l eng th ,  ft 

Element weight, l h / f t  
Element oi>.tside s u r f a c e  area, f t 2  
ReTerence m a t e r i a l  p e r  element, kg 
Pins  p e r  element 
P in  ou-tside diameter ,  i n .  
P in  spacing, c e n t c r  t o  ce - t e r ,  i n .  
Thermal c o n d u c t i v i t y  of d i v i d e r  p l a t e ,  

Box stze, insi~de, in. 
Ekmen-t:; per p rocess  b a t c h  
Peaking "ac'ccr 
pa i n  spen t  fue l ,  s/ 
fii 1 owa3 1. e c :-add. icg 'i 
Reactor  ihermal e f f t  
Burxm, minimiun ,  MWCL/MT oi' r e f e r e n c e  
mat-r ia l  

Burnup, maxirmii, Mwd/M!!~ of r e f e r e n c e  
m a t  e? -id 

F x l  vaI-u.e, 

B t u / f t  * hr. ' F 

$/kg of re<erence materi-r 

U 
3093 
24.8 

90 
150 

3.67 
3.16 
27 
1-5.5 
50 
37 
0.521 
0.615 
21 0 

76 
LOO-1200 
1 , 2  

850 
0.348 
10,000 

25,000 

32 

U 3 Th 
3082 
53.0 

90 
180 

3.90 
3.67 
23.1 
22.6 
28.93 
66 
0.356 
0.486 
210 

5.14 
320-800 
I. 2 
1. $4 
850 
0.3L9 
15, OOC 

25,000 

202 

U t Th 
3082 
33.0 

90 
150 

4.12 
4.00 
36. L 
5.03 
52.07 
1 
4.94 

21 0 

5.44 
19 2 4 8 0  
1.2 
1 .32  
950 
c. 3 /9  
1 5  , 000 

25, OOC 

21 0" 
.__I__ .................. ~ -__I I__- . -. . . . . .. . - 

2 
A t  h o t t e s t  s u r f a c e  3f f u e l  element.  

'Bcrcre si;ibtrzcLirig r e p i c c e s s i n g  c o s t .  
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2. Shipments comply with the  proposed. AEC regulations,  IOCFR72, 

with a dose l i m i t  of 10 m / h r  a t  a distance of  1 meter from the cask./+ 

3 .  Round-trip time i s  16 days. 

4. Casks a re  empty on the re turn  t r i p .  

5. 

6. Insurance charge i s  0.0005 times the value of t he  cask and fue l .  

7. 

Handling cost  is  $500 per round t r i p .  

Freight cos t  i s  $0.0193/lb for the  loaded cask 'and $ O . O U ? l / l b  

f o r  the empty cask. 

8. Yaximum weight of cask, fuel, mountings, and tie-downs i s  

240,000 lb. 

9. Casks a re  purchased and are  shared among 15 iden t i ca l  reactors  

of 1000-Mw(e) capacity each. Cask cost  i_s $1.00/lb o f  cask weight. Fixed 

charge r a t e  i s  22% per year for shared casks. Uti l iza t ion  t i m e  i s  l imited 

t o  not more than 130%. 

10. Individual canning of fue l  elements i s  not required. 

11. Maximum allowable temperature of fue l  element cladding i s  as 

fo l lows  : 

N-CE 37-rod c l u s t e r  850" F 
B&W 66-pin c lus t e r  850" F 
B&W 5-ring nested cylinder 950°F 

12. Peaking fac tor  f o r  shipping purposes, defined as spec i f ic  power 

during exposure divided by average design spec i f ic  power, i s  1.20. 

elements i n  a cask are assumed 'Lo have the  same exposure. 

A l l  

C r i t i c a l i t y  calculat ions were not made. It w a s  assumed t h a t  cri.ti- 

c a l i t y  could be avoided by using boron-containing divider  pl.ates. 

12 .1 .1  Description of Cask 

The cask is  a r igh t  c i r cu la r  cylinder with an opening at one end. 

Outer and inner s h e l l s  are s t ee l ,  1.25 a id  0.50 in .  thick,  respectively.  

Lead shielding, approxinately 8 in. thick,  i s  placed between the  shells. 

The space inside the  inner shell i s  divided in to  a gridwork of square 

pigeonholes by means of copper-boron divider  p la tes .  Each pigeonhole 

contains four f u e l  elements (fuel. assemblies), placed end t o  end. 



H e s t  re:noval. I s  by n a i u l . d  convection and r ad ia . t i on .  'Th2 oi.l.ter* SUT- 

f ace  of  t h e  cask i.s f inned.  'i'here i s  i10 mechanical cool ing  system. 

1.2, I.. 2 &thod cf Calcu la t ion  

A block flow char-i; of NORA 1s shown I n  Fig, 1.2.1. Resides calcu-  

l a t i n g  -the cask  dimensions and. shippi.ng cos t s ,  NOX4 goes through c e r t a i n  

optimj.eation procedures "io find cor,dit ions .illat give m i i i i m u m  to taa l  cosi;, 

The condi t ions  sought are combimtions of cool ing  time, the number of 

elemen'cs p e r  cask, t h e  number of casks,  and t h e  number of f u e l  elements 

p e r  reprocess ing  batch which minimize fue l - cyc le  c o s t s .  

Input D a t a .  Thc r e q u i - r d  i.npu.t d a t a  includc- 

1. fu.el. dimensions, weights,  va,ll.ue, and o t h e r  p e r t i n e n t  c h a r a c t e r i s t i c s ,  

2. biirnup and s p e c i f i c  power, 

3. coo1iLig trime (minimum, maximumi and i I-icrement) , 
4,-. number of r e a c t o r s ,  

5 .  c o s t  f a c t o r s  a s soc ia t ed  wi th  shipping,  

6. cos 'i. f a c t o r s  a s soc ia t ed  wi th  reprocessing,  

7. Inventory cha-rge r a t e  and o the r  economic f a c t o r s ,  

ORNL-DING 54-69094 
....... 

READ INPU- 

................... 

1 CALCULATE 
I 9EPROCESSING COSTS 
I '3R A L L  BATCH S I Z E S  

WHEU OPTIMAL YUMBE3 
OF ELEMENTS HAS BEEY 

CALC'JLATE SOURCE 

......... 

THICKNESS ..... P L A T E  THICKNESS 

IF COOLlrUG 
TIME IS 

EXH4USTED. 
EXIT 

FINISH 

Fig. i . 2 . l .  Block F 3 . o ~  Di.agram of M O I U  C0d.e. 
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8. 

9. material propert ies ,  

elements per reprocessing batch (minimum, maximum, and increment), 

10. maximum allowable temperature of Pu.el cladding. 

Description of Code. When all the  input data  a r e  received, MOPA 

proceeds as follows : 
1. Reprocessing cos ts  a r e  calculated f o r  each batch s ize .  

2. The cooling time i s  s e t  a t  the minimum specified.  

3. Using the burnup, spec i f ic  power, peaking factor ,  and cool-ing 

time, t h e  gamma source s t rength and decay heat re lease  a r e  calculated 

per f u e l  element. The subroutine used here i s  the PHOESE code of 

which i s  based on the  data  of  Blomeke and Todd6 and of Knabe and Putnam. 

4, The number of elements per cask i.s s e t  a t  one. 

5. The shielding thickness i s  calculated by t r ia l  and e r r o r  u n t i l  

t h e  dose is  between 90 arid 100% of the allowable dose. 

6. The thickness of the copper-boron heat-cond.ucting divider  p l a t e s  

is  calculated by t r i a l  and e r r o r  u n t i l  t h e  required r a t e  of heat removal 

i s  achieved without exceeding the  permissible temperature. 

7. When the  shielding and heat-removal rel .ationships have been sirnul- 

taneously s a t i s f i e d ,  the cask design i s  complete, The cask weight and a l l  

cos ts  a r e  cal.culated. The optimal number of casks i s  foimd. The r e s u l t s  

are pr inted out. 

8. The number of elements per cask is  doubled, arid steps 5, 6, and 

7 a r e  repeated. 

9. When t h e  number of elements per cask becomes so l a r g e  t h a t  the 

weight l i m i t  is  exceeded, and interpolat ion procedure takes over, and 

the ca lcu la t ion  converges toward the  maximum number of elements t h a t  can 

be car r ied  within t h e  weight, l i m i t .  

cask i s  then searched f o r  and reported. 

10. 

The optimal number of elemerits per 

The cooling -Line i s  increased by the  specif ied increment, and 

s teps  3 "chrough 9 are 1-epeated. 

11. When the  calculat ions a t  the  maxiinwn cooling time are completed, 

t h e  calculat ion ends. 
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r- !-'he cDoline; timc, Xuj 'of elemen:s per cask, number of ca,sks p u r - -  

c has ; and reproc ? s s i i:g 1 s i i c  vere  chosen so a s  t o  minimize t h e  

t o t a l  shippii-g,  inventor> ,  and reprocess in2  cos.Ls. The a,ssocir-ted parame.- 

'Le:? value ? s termed its op1;inisli value.  I:? doing t h i s ,  it was assiiiiied 

tha? 'ihe reprocess ing  ba",ches of  e x h  r e a c t o r  were kept  separa te .  Znveri- 

t o i y  charges covered. t h e  irime used for c o o l h g ,  d e l i v e r y  or' reprocessing; 

batch,  and reprocess ing  and were based on a charge rake  o f  108 p e r  yea r  

~.).mes t h e  value 35 t h e  spent  f u e l .  Reprocessing c o s t  w a s  sub t r ac t ed  i n  

a r r i v i n g  a t  t h e  f u e l  value.  A preprocess ing  l ag  of 30 days p e r  ba t ch  

~ J R G  assumed 'in a l l  cases. 

L .- . 

Optimal Number of Casks. KOZA starts wi th  Lhe minimum nimber of 

casks and then  checks t o  see whether savings can be e f f e c t e d  by us ing  

more casks. It chooscs the numbcr of casks t h a t  gi-ves t h e  i-ninimuri sun 

of cask  c c s t  and delivei-y time cost, I n  a l l  cases  i.t 'was found that t h e  

o p t i r m l  number of casks w a s  t h e  mini:miim number necessary  t o  keep up wi th  

t h e  ra te  o-L? discharge  of t h e  15  r e a c t o r s .  

_.._ 

Optimal Cooling T ime .  For hi-ghly i r r a d i a t e d  f u e l s ,  t h e r e  is  some 

l r i i i i imim cool ing  t ime below wnich it i s  irnpossib1.e t o  s h i p  even one fuel 

Ftlemcn-t i n  a cask of t h e  type  dzscri-bed. 'Yhe l i m i t i n g  f a c t o r  i s  hea-i; 

remova?; t h e  decay hea t  cannot be removed a t  t h e  requi red  r a t e  without  

exceeding t h e  al lowable c ladding  Lemperature. Tncreasing t h e  cool ing  

trirne above t h i s  rni-il~.rnum red;lceS t h e  a-mount ol" sh ie ld ing  necded and may 

a i s o  make it possible .io s h i p  a g r e a t e r  number of el-ements pe r  cask. 

011 t h e  o-they hand, a f t e r  lengthy  cool.ing t h e  incremental  ga in  i .s s m a l l  

and tends  t o  be outweighed by the increase  i n  coolri.ng c o s t  (irLverAiory 

charges ?or t h e  cool.i.ng p e r i o d ) .  

t ime of 1-20 days appeared. t o  aboui optimal ai2d was used f o r  t h e  f i n a l  

c o s t s .  

I n  t h e  cases st,udied here ,  a coo l ing  

Optimal Cask Lene;i,h. Because of t h e  small l e n g t h  of a s i n g l e  f u e l  

e3 emeni, the cask  des igns  inves t iga t ed  included stackiLig of elements end 

t o  eild i n  s ing le ,  double, t r i p l e ,  and quadruple l eng ths .  Quadruple 

l eng th  save t h e  lowest c o s l s .  
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Optimal Reprocessing Ratch Size. The del ivery time can be reduced 

This tends, how- by reducing the  number of elements per process batch. 

ever, -to increase reprocessing costs,  because s m a l l  batches a re  penalized 

by higher turnaround cos ts  per kilogram, 

may therefore  be found, Generally, t he  optimal. cask s i z e  wi.1.1 be such 

t h a t  the optimal reprocessing batch s i ze  i s  an in tegra l  number of fu l l  

cask loads. 

t h i s  tends t o  increase the  shipping cost .  The reprocessing batch s i ze  

may therefore  a f f e c t  the shipping cost .  Ordinarily, hovever, the  batch 

s i z e  is considerably la rger  than one cask load.. It becomes possLble 

therefore,  by adjust ing the  batch s i z e  s l i gh t ly ,  t o  make it equal .to an 

integral. number of cask loads. 

usual ly  i s  grea te r  than. the additional. cos t  incurred by the  s l i g h t  de- 

par ture  from the  optimal batch s ize .  

ation, shipping cos ts  were based on the use of f u l l  cask loads i n  all 

cases. Since continuous discharge was used fo r  a l l  fuels ,  the problem 

of matching the  process batch s i ze  t o  the discharge batch s i ze  did not 

a r i s e .  

An optimal process batch s i z e  

If it becomes necessary t o  ship p a r t i a l l y  loaded casks, 

Tne resu l tan t  saving i n  shipping cost  

Accordingly, i n  the present evalu- 

12.2 Recycled Fresh-E'C.el. Shipping Costs 

The B&W reactor,  which uses a thorium fuel. cycle, requires shielded 

casks f o r  t he  shipment of f resh  f u e l  containing recycled material .  The 

gamma a c t i v i t y  of t he  recycled thorium fue l s  is  due t o  the decay products 

of 232U, p r b c i p a l l y  212Bi and *O8'T1.  

tor by a se r l e s  of react ions i n i t i a t e d  by an (n,2n) reaction on 232Th. 

The 232U, which has a h a l f - l i f e  of 74 years, decays t o  228Th, so  both 

of these nuclides a re  present a t  the  time the  f u e l  leaves the  reactor.  

The 232U i s  produced i n  t he  reac- 

- -  

I n  chemical reprocessing 03 the  i r rad ia ted  fuel ,  the  232U i s  removed 

with the  f inished 233U product, and the 228Th comes out with the finished 

232Th product. 

ing 22BTh) are eliminated with the  fissl.on products. 

reprocessing , however, t he  decay products s tar t  t o  build up again, and 

both the  233U and the  232Th soon become g a m  act ive.  

changes with time after reprocessing, so the  amount of shielding required. 

The subsequent, mernbeys of t'ne decay chain (those follow- 

m e d i a t e l y  a f t e r  

This a c t i v i t y  



d.epegds or: how soor the sh ipaent  i s  made. Fahrica.?;j.on m?y r e q u i r  f r c m  

20 LO 60 days,  Ir. addi-tior., t h e r e  may b e  a waiii i ig peri.od a i 'k r  fabr i -  

cation, became 1.t t a k  some iia,e to accimuls-tr EL f u . 3  cask load  of  

fuel elements.  Ca,? cida'c, is sho-w'ed, howe-,:er, -tha,s t h e  change of activi.i;y 

i.n th: i;f.me rr,r.ge 30 La io0 days was s m a l l  ericugh sc t h a t  t ho  e f f e c t  zn 

sh ipp f rg  cost w a s  negligiblp. 

on Lime lays of 153 days from d i s c h z i - g ~  t o  repl-ocessins and 35 days from 

reprocess lng  'LO shipping.  

. ,  

The z s s t s  shorn i n  'Iabi-c 12.3 a r e  based 

P,L the  -Lime of  discilargc from t h e  r e a c t o r ,  

the fue l  was essimed 'GO conLYLn 25 gpm of' 232U aril 0.65 ppm of 22ail'h I 

both expressed p e r  ni.l.3.ioc pa-rts of t o t a l  U f Th. 
8 ,  1Le t y y c  cf  cask ar,d -tile assiunptions lised Ln thz c o s t  caJ.culations 

are t h e  same ,as for Lkie spert  f u e l .  It. was assumed - that  casks must be 

provided independent ly  of  those  used for shipping spep-t f u e l .  

12.3 Nonrecycled Fresh-Fuel S%xppiLlg Costs ..... ~ .... 

Fresh f u e l  e3.enents of the  non-gamma-active type will be shi-pped i n  

rionshielded container-s designed to prokect  the fuel assembli-es a g a i n s t  

mechanical damage dur ing  'wamit. I n  t h e  AI-CF, case,  all i r e s h - f u e l  

shipments a r e  of t h i s  t m e ;  i n  t h e  B&W case,  on ly  the f r e s h  nonrecycl.ed- 

f u e l  can be shipped t h i s  way. Cos-L calcula-Lions were based on -ihe fo l low-  

ing assumptions : 

1. Shipment i s  by t ruck ,  a di-stance of 1000 m i l e s  each way. Empty 

containcrc a r e  r e tu rned  and reused.  

2. 

is equal 

3. 

4. 

5. 

6. 

?'he 

types  of 

Container cost i s  SI. O O / l b  of con ta ine r  weigh%. Container  weigh-i 

L fuel assembly weight.  Containers  a r e  shared among 1.5 r e a c t o r s .  

Z'ruckhg charges are $0.75 per. m i l e  or $1500 per round. -trip. 

,Shipmzn"ts a r e  made i n  fu.1.l. t ru.ck loads  of 46,000 l b  each. 

Handl.i.ng c o s t s  a re  $400 p e r  round t r i p .  

Lnsurance c o s t s  are 0.0005 t imes val.ue of shipment. 
- 

12.4 Discussior, of Kesul-ts ____- 

speni- iuel  shipping costs a r e  given i n  Table 12.1 f o r  t h e  three  

fuei. The M-4E uranium ca rb ide  element has the lowest c o s t ,  
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t he  E&W 5-ring nested cylinder cost  i s  intermedia-Le, while the cost o.f 

the  B&W GG-pin c lus t e r  i s  highest ,  

r i a l )  a r e  roughly i n  inverse proportion t o  the  payload i n  kilograms of 

reference mater ia l  per cask. The payload w a s  l imited i n  every case by 

-the heat-removal.. capacity of the  cask; the t o t a l  weight l imi ta t ion  of 

240,000 lb w a s  not 1-eached i n  any of the cases. The l o w r  shipping cos t  

of the  AI-CE f u e l  is  l a rge ly  due t o  the associated lower spec i f ic  power, 

which made possible the shipping of l a rge r  payloads without exceeding 

the  heat-removal l imitat ions.  

The cos ts  ( i n  $/kg of referenee mate- 

Comparing the two B&M elements, the 5-ring nested cylinder has the  

advantages of lower spec i f ic  power (33 versiis 53) and la rger  mass of 

reference material  per element (52 kg versus 29 kg)  . 
tage permits the  shipping of l a rge r  payloads i n  a cask of a given i n t e r i o r  

volume. 

The l a t t e r  advan- 

The fresh-fuel  shipping costs  (nonrecycled) a r e  r e l a t ive ly  s m a l l  and 

therefore  of lesser importance. The A I 4 E  fue l  i s  shipped i n  large yuan- 

t i t i e s  throughout the  reactor  l i f e t ime  arid thereby gains a s l i g h t  cost  

advantage. The B&W 5-ring nested cylinder cos t  again i s  lower than the 

cost  f o r  t he  66-pin c lus te r ,  ch ie f ly  because of i t s  grea te r  payload per  

urii t volume. 
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13. FUEL-CYCLE COSTS 

13.1 Calculati.on of Average Lifetime Fuel-Cycle Costs 

Fuel-cycle costs were calculated by the present-value discounting 

technique to obtain average 30-year-lifetime costs. The average fuel 

cost is determined by computing the present value (value discounted to 

reactor startup) of all future costs and dividing it by the discounted 

amount of the energy sold during the life of the plant. This le-velized 

cost represents the fixed price that must be received per unit of elec- 

trical energy in order to pay for all t'ne costs associated with the fuel 

cycle. I t  was assumed that neither the reactor load factor nor the unit 

costs of purchased materials varied during the lifetime of the reactor. 

The advantage of present-value discounting is that it implicitly 

includes the effect of time displacements between investments and re- 

turns. The levelized cost includes applicable interest charges ca1Jsed 

by these time displacements. 

In making t'ne fuel-cycle cost calcdation we first determined the 

direct cost, which is the contribution that an item would make if inter- 

est charges and taxes were zero. 

fuel-cycle cost is obtained by swnming all the money invested i'n an item 

during the reactor history and dividing by the total. energy sold, with 

no discounting. Thus, for the same total investment, the direct-cost 

contribution is the same regardless of whether the money is spent at the 

start of the history, at the end of the history, or in smaller payments 

spaced during the history. 

The direct-cost contribution to t'ne 

For the computation of the interest cost we must consider that some 

items contriisute to the outstanding indebtedness of a utility company. 

These costs must be financed out of capital funds, and the charge rate 

applied to them must include taxes. 

purchase, fuel fabricati.on, coolant purchase, and D2O purchase are in 

this category and applied a capital charge rate of 10s per year in these 

costs, Other costs of the fue l  cycle may be covered out of cm:cent, rem- 

nues and treated as  operating costs m-t;her than as capital investment. 

Since operating costs are paid before taxes, the  applicable rate is simply 

In this study we assumed that fuel 
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t h e  n e t  c o s t  of borrowing money. I n  t h i s  s tudy  we t r e a t e d  spent - fue l  

shipping and 1-eprocessing i n  this manner, wi th  a charge ra te  of 6% per  

year .  This assignment of charges t o  c a p i t a l  i s  the  s a m e  as .tlia.l; used i n  

~ n t .  advanced-conver-ter study. ' For all i tems w e  ca l cu la t ed  t h e  present -  

value discount  f a c t o r  with a rate equal. t o  t h e  c o s t  of borrowing money; 

t h a t  is ,  6% per  year .  The discount ing was calcu.l.ated with semiannual 

colilpo13.nd'lng. For t h e  ca l cu la t ions  we  assumed t h a t  income from energy 

generated during a six-month accounting per iod i s  received a t  t h e  end of 

t he  period. 

with discount ing -to r e a c t o r  s t a r tup .  

i i  . 

Other c o s t s  and c r e d i t s  were taken a t  t h e  time -they occurred, 

To c a l c u l a t e  t h e  i n t e r e s t  charges a s soc ia t ed  wi th  an i t e m  of cos t ,  

we determined t h e  t o t a l  discoimted p resec t  va1.u~ of  a l l  d i rec- i  c o s t s  and 

c r e d i t s  f o r  t h e  item over t he  r e a c t o r  l i fe t i -me and divided t h i s  by the  

amount of energy del ivered,  a l s o  dtscounted, over t h e  same pei-iod.. The 

r e s u l t  i s  t h e  total .  cos t  f o r  t h e  i.tein, includi.ng i n t e r e s t  charges i f  -the 

i n t e r e s t  r a t e  i s  equal. t o  the discount  r a t e .  'The ? ' . .nterest  charge i s  t h e  

d i f f e rence  between the  above t o t a l  cos-i and t h e  d i r e c t  c o s t  mu l t ip l i ed  

by the  r a t i o  of t h e  c a p i t a l  charge rate t o  t h c  discount  rate. 

The i-nteres-t charge on an item may be e i t h e r  p o s i t i v e  o r  negative,  

depending on whether t h e  inves-tment i s  made before  or a f t e r  revenue i s  

received. In any case it i s  conveni-ent t o  have the  r e s u l t s  presented 

i n  a. form i n  which di-rect c o s t s  and i n t e r e s t  costs are separa,te so  t h a t  

t h e  e f f e c t  of any changes i n  d i r e c t  u n i t  c o s t s  or i n t e r e s t  r a t e s  can 

e a s i l y  be determined. 

Wi.Lh discount tng t o  a f ixed  poin t  i n  t i m e  ( f o r  exainple, r e a c t o r  

s t a - r tup ) ,  t h e  interes.l ;  c o s t  depends s t rong ly  on whether the investment 

occurred a-t; t h e  s t a r t  o r  end of .the h-i.story due t o  time displacement be- 

tween expenditures and r e c e i p t s .  

counting and 10% charges,  c r e d i t  f o r  f u e l  or" uiiiised f a b r i c a t i o n  a t  the  

end of a 30-year l i f e  makes e s s e n t i a l l y  no ne t  con t r ibu t ion  and could 

be neglected.  The con t r ibu t ion  t o  d i r e c t  cos t  i s  l a r g e l y  o f f s e t  by a 

nea r ly  equal i n t e r e s t  charge of  opposi te  s i g n ,  

It i s  noteworthy t h a t  v i t h  6s dis- 
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13.2 Calculation of Equilibrium DJel-Cycle Cost 

In the  calculat ion of equilibrium fuel-cycle cost ,  a present-value 

discounting method i s  used t h a t  takes account of time displacements be- 

tween costs  and revenues i n  a typ ica l  cycle; t h a t  Ls, a cycle l a t e  enough 

i n  the  reactor  l i f e t ime  t h a t  it i s  not  grea t ly  affected by s t a r tup  as- 

sumptions (although feed and discharge r a t e s  f o r  such a cycle a r e  not 

always a t  a t rue  equilibrium). 

the  reactor  i s  followed through the e n t i r e  f u e l  cycle, a s  shovn schemt i -  

e a l l y  below. Note t h a t  t he  present-value reference point i s  a t  the  start  

of exposure, a lead time (holdup period) i s  indicated that allows f o r  

out-or-core inventory, and revenue from energy sa l e  i s  credi ted a t  the  

end of each accounting period. 

The h is tory  of' a p a r t i c l e  of f u e l  fed t o  
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Special Aspects of INOCR Fuel-Cycle Economics 

In  the calculat ion of 30-year h i s to r i e s  by present-value discourting, 

considerable importance i s  associated with the s t a r tup  cycles t h a t  have 

the  highest  present value. 

cycle. 

We have not  attempted to optj-mize the  s t a r tup  

In the point-depletion calculat ions of t he  AI-CE design we  used 
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t h e  same l eng th  of cycle  f o r  sta-i tup as f o r  subsequen-i; exposures. I n  the 

one -dimensional calcu.?.ation, adv-sntage w a s  taken of -the i n i t i a l  increase  

i n  react ivi-Ly duri.ng plutonium buildup; and the i n i t i a l  r e fue l ing  w a s  

not  made until 148 cal-endar days of exposure. For the J3&N d.esi.gns we 

chose an i.ni-i;ial- sek of enrichments s u f f i c i e n t  t o  give 3000 t o  5000 M~d/blT' 

before i n i t i a l  r e ruz l ing -  We have not  invest igated.  t h e  effec'i OS other  

choices .  

Charges f o r  i -n t e rc s t  on D 2 0  and organic coolant  a t  10% per  year,  as 

wel l  as l o s s e s  of t hese  mater ia l s ,  Were included 2s a separa te  i t e m  i.n 

-the toial .  fue l -cyc le  cost for d i r e c t  coinprison wi-iii o ther  concepts a 

Fabr ica t ion  and processing p l a n t s  were s i zed  f o r  a projoc'ied 1980 

industry- of 15,000-Mw(e) i n s t a l l e d  capaci"cy of a given concept based on 

makeup requirement only. Considering t h e  s t rong  dependence of  u n i t  c o s t s  

orA p l a n t  s i z e ,  it should be noted. tha- t  f u e l i n g  a-f new r e a c t o r s  gOlii?g on- 

stream wodd  i n i t i a l l y  increase  t h e  fa,bricati.on p l a n t  requirements con- 

s ide rab ly  i n  r e l a t i o n  t o  processing plant requirements. 

In ins-Lances i n  which slight1.y enri-ched u-i.anium -fuel was below an 

optimum blend enrichment from a cascade, c red . i t  w a s  given f o r  blknding 

with n a t u r a l  umnium. 

assigned a zero value.  Costs were ca l cu la t ed  ai, the  design power level 

of 1076 Mw(e) r a t h e r  than  t h e  1000 P h ( e )  i-ndicated by the  ground rules. 

T h i s  d i f fe rence  i n  power l e v e l  had. no s i g n i f i c a n t  inf luence on t h e  fuel- 

cycle  cost. 

Material  di-scharged below 0.25% enrichment was 

13. lr Ai-CE Design Fuel-Cycle Cos Ls 

Our ca lcu la t ed  fue l -cyc le  c o s t s  Tor t h e  uraniutn-load.ed HWOCli a r e  

l i s t e d  i n  Table 13.1. The r e s u l t s  from poin t -deple t ion  ca l cu la t ions  in-. 

d i c a t e  t h a t  -the op'cimum enrichment is s l i g h t l y  above 1.26s wi.th an asso- 

cia-Led exposure of 17,000 Mwd/NC of heavy rne-bal.  

0.856 mill/kwhr ( e )  (D20 and coolant  inventor ies  no-t included)  a t  17,000 

Mwd/hlT i.s close t o  t h e  0.85 rnill/kwhr(e) obtained by AI-CE, al though 

we used s l i g h t l y  hj-gher i n t e r e s t  charges on fabrica-Lion and. higher  p lu to-  

nium c r e d i t  than AI-CE. 

Our 30-year c o s t  of 



Table 13.1. l.luel-Cyclc ilocts for  B 1076-Ivfw(e) Uranium-haded Hebvjr-Water 
Nodera ted Organic-Coolea Resc-tor (€I"OCI~-LI) 

T h e m 1  efficiency: 34.8s 

Cases 

Q- 1 Q- 2 4-3 R - 1  

Core jehavior calculation 

Equilibrium-cycle data 

Eqosiire, Mw&/@E 
Fuel l ifetime, fWl-power days 
n e 1  enrichment, vt $ 2 3 5 ~  

Fuel hand1iri plant size, MY of U 

Fa:;lrication cost, f i k g  of u 
Processing cost, $/kg of U 

>>el shipping cost, total $/kg of D 

Preexposwe fuel holdup, days 

h s t e q o s u r e  holdup through 

I n i t i a l  f i s s i l e  inventory, kg 

1:irst core f ~ e i  inventoi-y cost, $ 
Firs t  core fabrication 5 
Yuel-eycle cost, nills/kwhr (e) 

pe- year for i5,000-Mvr(e) capacity 

processing, Gays 

13urnup aid losses 
Preparstion plus fabrication 
Processing 
Snippiag 
7 uA -- aniijln inventory 
Xuterest on fabrication 
Interest  on processing and 

Fiss i le  p l u t o d m  credi t  
Plutonium inventory 

Xe-t fuel-cycle cost 
C20 and coolant inventory a t  

Total 

snipping 

16 per year 

15-zone p o h t  15-zone point 
d q l e t i o n  deplctlon 

12,869 
517 
1.0379 

978 

31.2 

19.1 

2.74 

93 

205 

14,842 
596 
1.1685 

349 

32. i 

21.1 

2.74 

93 

206 

973 973 

3.623 X 10' 

4.16 X 106 

3.623 X lo6 

4.34 x 106 
Eqdili b r i m  

3.519 
0.290 
0.175 
3. C25 
0.075 
0.039 

4 . 0 1 4  

30 Years 

0.537 
3.300 
0. I90 
0. C26 
3. 061 
0.073 
4. C12 

Equilibrium 30 Years 

0.511 0.529 
0.255 0.268 
0.167 0.17i 
0.022 3. C23 
0. C80 3. C6i 
0.036 0. c73 

4. c14 -0. C12 

4 . 2 9 7  4 . 3 0 5  4 . 2 6 7  4 . 2 7 6  
0.033 0.034 ___ 0.033 0.032 

0. 845 0.694 0.626 0.6*68 
0.191 0.191. 0.19i 0.191 

1. C36 1.065 1.019 1.059 

- - - 

- - - - 

15-zone point 
depletion 

16,901 
676 
1.2510 

749 

32.9 

23.1 

2.74 

93 

206 

973 

3.623 X loG 

4.50 x 106 
Equilibrium 30 Years 

C. 507 0.524 
0.234 0.24A 
0.161 0.167 
0.0lii 0.020 
0.387 C. 062 
0.038 0.072 

4 .015  4 . 0 1 2  

4 . 2 4 2  -0.252 
0.033 0. C31 

0.822 0.856 
0.191 0.191 

- - 

- - 
1.013 1.047 

15-zone one- 
dimensional 
deplezior: 

i6,0C3 
607 
1.159 

787 

32.5 

22.3 

2.74. 

93 

206 

1018 

3.915 x 106 
4.46 x 106 

Equil ibr im 30 Years 

0.506 0.510 
0.262 0.263 
0.178 0.180 
0.022 0.022 
0.376 0.060 
0.339 0.065 

-0.015 4 . 0 1 1  

4 . 2 6 8  -9.275 
C. 034 C. 033 

0.534 0.847 
0. i 9 i  0.191 

i. 025 1.033 

~ __ 

- - 

ex-tra charge on f i r s t  loading. 
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The e f f e c t  of fissile pl.utonium sa1.e ;orri.ce on t h e  fue l -cyc le  cos t  

i s  shown i n  Fig.  1.3.1. Processing i s  not economical below a p r i c e  of 

about $ 7 / g  of f i s s i l e  materi-al. 

F ig .  13.1 I Effec t  o r  Fissi3.e Plutor5um Val-ue O i l  Fuel-Cycle Cost of 
HWOCR-U . 

3.3. 5 A&\$ Design Fuel-Cycle Costs 

Our cal-cula-'Led fue l -cyc le  cos-ts f o r  t h e  thorium-loaded HCJOCR a r e  

l i s t e d  i n  Tables 13.2 and 1.3.3. 

The cos t s  for t hese  par-t;iculai- designs a r e  c l e a r l y  'LOO iirigh t o  be 

a t t r a c t i ~ v e .  

t h e  thorium oxide design and 1.. 3 5  mills/kwhr ( e )  f o r  the thoriim-metal 

d'esign, both a t  20,000 Mwd/MT, 

mills/kwhr(e) i n  both bases a t  the  s a m e  burnup. 

the  B&W c o s t s  and o ins  come p r i n c i p a l l y  from the d i f f e rences  i n  conver- 

s ion  r a t i o s  and f a b r i c a t i o n  c o s t  estimates. For t h e  tiiorium oxide de- 

s ign  we estiniated an equi l ibr ium cycle  conversion r a t i o  of 0.72, while 

B&W obta ins  0.79. The r e s u l t i n g  d i f fe rence  i.n burnup c o s t s  over t h e  

30-year l i f e t h e  i s  0.15 mill/kwhr ( e ) .  

We obtali-ned a net fueI.-cycle cos t  of I-" 48 mills/kwhr (e) for 

B&W obtained a f u e L c y c l e  c o s t  of 1.,08 

The d i f f e rences  between 

For t h e  thorium-metal design, we 
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' Table 13.2. Fue?-Cycl.e Coszs foi^ Bad HFJOCR F'ueled with 
'l'h02-UO2 i n  Pin-Cluster Elements 

Thermal efficiency: 3/+. 8% 

Case 

W-1 w- 2 w-3 

Core behavior calculal ian 

Tast-cyc1.e data 

Exposijre, bMd/MT 
Fuel l ifetime, full-powel- days 
Fuel enrichment, 'wt  $ 2 3 5 ~  + 2 3 3 ~  

E'uel handling plant  size,  MY of U + mi 

Fabrication cost, $/kg of U + 'Tn 

Processing cost ,  $/kg of U -t Tn 

per year for 15,000-M;s(e) capacity 

Fuel shipping cost ,  t o t a l  $/kg of 
U + Th 

Preiixposure Fiiel. holdup, days 

?ostexposure holdup through 

I n i t i a l  f i s s i le  inventory, kg 

F i r s t  core fiiei in-mntory cost ,  $ 
F i r s t  core fabr icat ion cost, $ 
&el cycle cost ,  miils/kwtr ( e )  

processing, days 

m n u p  and. l.osaesa 
Preparation p 7 . i ~  fabrication 
Troce s s j.ns 
Snigpi.ng 
23 'TJ and 23 'Th invento-qa 
Intei-e s t on faix ica t  i.on 
In te res t  on p.rocessing m d  sh.i.ppIn8 
23311 inventi;cy 

Net fuel-cycle cost  
D20 and coolant inventory at 

Total 

lo$ per year 

12-zone point 12-zone point 12-zone point 
depl.eti.on dep1.e.t icn d e p k t i o n  

7.i.th fuel i n y  74th fiiel.irig 74th Clueling 

Ik, 794 19,940 22,883 
279 377 it34 
2.332 2.513 2.620 

851 631 550 

67.0 

19. L 

6.88 

93 

201 

2.277 

16.W X !.06 

3.772 x 106 
Last Cycle 30 Years 

0.491 0.480 
0. 54-2 0.549 
0.154 0.156 
0.055 0.056 
0.038 0.307 
0.053. 0.082 

4 . 0 0 8  -0.006 
0.356 

1.679 1.623 
0.185 0.1.85 

___ _I 

70.1 

24.0 

6.88 

93 

201 

1277 

16.04 X l o 6  
4.138 X 1.06 

Last, Cycle _____ 30 Years 

0.501 0.472 
0.1.21. 0.427 
0.141 0.144 
0. 041 O.Ob2 
0.026 0.314 
0. @a 0.079 

4.0CG -0.006 
0.321 

1.491 1.476 
0.185 0.185 

- __ 

71.6 

26.5 

6.88 

93 

201 

1277 

16.04 X lo6 

4.231 X LO6 

Zzst Cycle 30 Years 

0.50'7 0.530 
0.376 0.382 
0.3.30 0.133 
0.035 0.036 
0.022 0.312 
0.015 0.078 
4.009 4.006 

1.412 1.445 
0.185 0.185 

0.306 __ - 

__ __ - - - _I- 

1.8M 1.808 1.676 1.661 1.597 1.630 - __ 
a- 
including 2 3 c ~  penalty and f i s s i l e  pluA,oniuz i-redit .  

obtained a conversion r a t i o  of 0.80 compared w i t h  the  9.89 obtained by 

B&W. The E&W 

estimate of fabr icat ion,  processing, and shipping f o r  the oxide fue l  i s  

$62.4/kg, whi le  ours i s  $101/kg. The resu l t ing  fuel-cycle cos t  d i f fe r -  

ence i s  0.31 mill /kvhr  ( e ) .  

shipping plus processhg  are estimated t o  be $7L.O/kg by BSCW arid 79.3 

by us; there i s  a resul-tirig cost  difference of 0.06 mill./kwhl*(e). Rea- 

sons for the  differences in conversion ratios and fabr ica t ion  cos ts  are 

discussed i n  Chapters 4 and 10. 

The associated difference i n  cos t  i s  0.16 mill/kwhr(e).  

For the  metal fuel, c o s t s  of fabr icat ion and 



Tab? 5 13.3.  Fie: -Cycle Cos t s  f o i  B&W :I:.ICCR Pheled with 
Th-U Meta.3. i n  Nested-Cylinder FJ einents 

'Fr?erma?L efficiency: %.8$ 

Case 

X-1 x- 2 x- 3 
...... ................... .................... .......... 

Core behavio-, cdcu;a;i;n 

FGe; scipping c~st, t o t a l  $/kg o i  
J + Th 

?reexposure PJel hold-Jp, days 

Postexposure ho1dJp throug:i 

l n i t  i a l  i'is s i l e  ' -iven:ory, .q 

F i r s t  core f u e l  inven;ory cos%,  :$ 
First coye f ab r i ca t l cn  czs t ,  ,I 

3 e l  -cycle cist, mills/.Fihr ( e )  

processlng, days 

~ r r . q  an4 bosses" 
PI-epara'icn p l i s  fabrication 
Fi,ocessinc 

~ 

Shf ppiirg 
23 *J snd *'*Th inver.tc-ya 
Interes; on f ab r i ze t i cn  
Tnterest  on processing and skiGping 
' 3 3 2  invi.Lii,or. 

Net fuel-zycle cos;. 
D2C and cc01.m; inventory st 

'iiozal 

105 per year 

12-zone p o i n i  
depl etiori 

7L-h fue l ing  

16,940 
51 5 
2.079 

7/+3 

49.4 

20.3 

5.05 

103 

15.7 

1900 

23.96 X 106 

4.536 X 10G 

Last Cyc:e 33 Yesrs .___ 

0.349 0.347 
0. ?/si 0. 350 
0.140 0.1.51 
0.035 0.03h 
0.029 0.43; 
0.348 0 . 0 9  
4.010 4.010 
Or.!?+.? ___ 
1.380 1.390 
0.181 0. 1el~ 

........... - 
I., 561 1.571 

12-201112 p o i n t  
deplexion 

74-A fueling 

19,905 
606 
2" 172 

632 

51. J, 

22. 8 

5.05 

103 

197 

1900 

23.96 X 106 

4.857 x 106 
Iast  Cycle 30 Years 

~ 

0.361. 0.361 
0.30? 0.315 
0.134 0.138 
0.030 0.031 
0.027 0.435 
0. OL7 0.079 
-0.011 -0.008 

1.317 1.39, 
0.181 0.151 

0.420 - ..... 

- 
1. i-98 1.535 

1.2-zone p o i n t  
aep lez im 

/L+ h e l i n g  

22,839 
69 7 
2.259 

551 

r I  

53.3 

25.2 

5 .  c5 

103 

-1.97 

1900 

23.96 x lo6 
5.119 X loG 

Last  Cycle 30 Years 
~ ~ 

0.373 0.377 
0.280 0.288 
0.123 0.133 
0.026 0.027 
0.027 0.433 
0.047 0.079 

-0.C12 4.008 
..._.___ 0.407 _ ....... 
1.276 1.329 
0.181- 0.181 

1.457 1.510 
- - ....... 

Our c i l c u l a t i o n s  cf f u e l - c y c l e  cos- t s  f o r  two e a r l i e r  B&W c o r e  de- 

s i g n s 2  a r e  summarized i n  Tab1.e 13.4. 

c i f i c  power, more massive (and hence c h e a p e r )  f u e l  e l e x e n t s ,  and h i g h e r  

convers ion  r a t i o s .  It can b e  s e e n  t h a t  f u e l - c y c l e  c o s t  i s  s l i g h t l y  lower 

a t  oqual  b u n u p  foy b o t h  of Lhe e a x l i e r  desi-gns t h a n  f o r  t h e  c u r r e n t  ones.  

The l o w e s t  n e t  f u e l - c y c l e  cost we o b t a i n e d  f o r  any of t h e  thorium-cyc1.e 

Ii37CCX's c o n s i d e r e d  h e r e  i s  t h e  1 . 1 2  n i l l s / k w h r ( e )  j-n t h e  c a s e  o f  t h e  

e a r l i c r  B&h7 thor ium oxi.de d e s i g n .  In comparison w i t h  t h e  c u r r e n t  B&W 

t h o r i u m  oxide  dcsi.gn, t h e  I-ower f u e l - c y c l e  c o s t  o f  t h e  e a r l i e r  d e s i g n  

i s  o n l y  p a r t i a l l y  o f f s e t  by 0 . 1  m i l l / k w h r ( e )  g r e a t e r  i n t e r e s t  on t h e  

The e s r l i e r  desi.gi1s had lower spe- 
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T'able 13.4. libel-Cycle Costs CaSculated for a 
Lzte-in-Life I7ycl.e of an Early B&W IIWGCR-TI 

Therm1 eff ic iency:  34.8s  

Case 

Fuel elements 

Exposue, Nvd/T 

Peed enrichraeEt, w t  $ 
Conversion r o t i o  

Specific power, kw/~g of 

Unit costs,  $/kg 

Fabrication 
Processing 
Snipping 

f iss i le  matwid 

Gut-of-pile time, days 

Ln-pile t i m t ? ,  days 

I n i t i a l  f i s s i l e  inveritovy, kg 

33iel-cyc1e cos t ,  r n i l l s / b r I i r  (e)  

-8urnup 
?reparation plus fabric2tion 
Processing 
Snipping 
Inventory, t o t a l  
Fabrication i n t e r e s t  
Processing i n t e r e s t  

Ket fuel-cycle cost 
D2G and coolant, Inventory 
at IC$ per ycar 

Tot el 

A- 2 s- 2 

ThO2-TJO2 fueled Th-U metal fueled 
pin clus-ters nested cylinders 

18,200 16,800 

1.67 1.65 

0.88 0.90 

30 18. I 

28.6 
24.3 
6.9 

294 

866 

2369 

0.19 
0.22 
0.16 
0.04 
0.49 
0.03 
-0.01 

1.12 
0.29 

I_ 

1. L! 

31.1 
21.0 
5.1 

300 

1214 

3070 

0.22 
0.21 
0.15 
0.04 
0.68 
0.05 

4 . 0 2  

1.33 
0.21 

1.54 

- 

- 

larger coolant  inventory  plus 0.1.7 rnill/kwhr(e) greater  charges on the 

cap i t a l  c o s t  of the core ( see  Chapt. 14). 

The wide range of Tuel-cycle costs  t h a t  we estimated -for the  various 

thorium-cycle designs suggests that more extensive optinlization i s  re- 

quired before a complete comparison can be made between the  thorium- and 

uranium-cycle WOCR's. 

by the designs studied thus far :  

The folLowFrig t en t a t ive  concl.usioris are indicated 

I.. A massive fuel element should be used so  t h a t  the .fabricati.on 

cost, in terms of $/kg ol" thorium, i s  kept low. 

2. If fabr ica t ion  plus processing cos ts  are i n  the I-mge of $10Q/kg, 

a much higher burnup than 20,000 Mwd/bQ is desirable. 
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3. 'The l a t t i c e  dimensions and s p a t i a l  arrangement must be such a s  

t o  give high conversion r a t i o s ,  s ince  th.e performance of recyclkd 233U 

fuel. i.s very s e n s i t i v e  t o  neutron economy. 

4. It i s  i-mportant t o  minimize D2O inventory cos t .  Considerati.on 

should be given t o  reducing t,he l a t t i c e  pj-tch as f a r  as poss ib l e  and t o  

usi-ng some o ther  -material. f o r  t h e  r e f l e c t o r  region.  

5. The conversion r a t i o  could be improved i f  some means cou.ld be 

devised t o  separa te  "burned" f i s s i l e  fue3. from t h e  f i s s i l e  f u e l  bred 

during the exposure cycle.  

13.6 Summary of Ef fcc i s  of Var la t ions  i n  Ground Rules ...... 

A near-optimim example of' -ihe fue l -cyc le  c o s t  breakdown for each 

of the re ference  HWOCR designs i s  presentcd i n  Table 1.3.5, based oil a 

thermal effri.ciency of 34.8s. Also shown a r e  e f f e c t s  of v a r i a t i o n s  i n  

c e r t a i n  economic f a c t o r s  as ca l cu la t ed  from the base case without r e o p t i -  

mization. Table 13.6 gives r e s u l t s  f o r  corresponding cases  based on a 

thermal. e f f i c i e n c y  of 33"0%. 

fuel.-cycle c o s t  i s  given i n  Fig. 13.2. 

'The e f f e c t  of thermal e f f i c i e n c y  on net 

$, 1 4  
8 

Fig. 13.2 .  Total Fuel-Cycle Costs of IIWOCR Systems as a Funct ion  
of Thermal. E f f i e  icncy . 



Ta’ole 13.5. Summary of Fuel-Cycle Costs and Effects  of 
Variations i n  Certain Economic Parameters 

Thermal e f f ic iency:  34.8$ 

AI-CE Uranium- BQW Th02-UO2 B&W Th- u 
Fueled Design Fueled Design Fueled Design 

Case 

Final  feed enriclment, w t  $ 
Ias t -cyc le  exposure, Mwd/T/pT 

sUm of fabr ica t ion ,  processing, and 
shipping u n i t  cos ts ,  $/kg 

Fuel-cycle cost ,  millslkwhr (e)“ 

Burnup and losses  
Preparation plus  f&r ica t ion  
Processing 
SWpping 
Uraniwn inventory 
I n t e r e s t  on fai j r icat ion 
I n t e r e s t  on processing 
Plutonium c r e d i t  
Plutonium inventory 

D2O and coolant inventoryb 
Subtotal 

Total 

Total  fuel-cycle cos t  with uranium ore 
cos t  of $16/lb U30s,c mills/kwhr(e) 

Total  fuel-cycle  cos t  with an i n t e r e s t  
r n t e  of  5$ (includes D20 a t  5$)> 
mills/whr ( e )  

&- 3 

1.251 

16,801 

58.7 

0.524 
0.24L 
0.167 
0.020 
0.062 
0.072 

-0.01.2 
-0.252 

0.031 

0.856 
0.191 

1.047 

1.33 

0.88 

w- 3 

2.620 

22,883 

105 

0.510 
0.382 
0.1.33 
0.036 
0.312 
0.078 

-0.006 

1.4L5 
0.195 

1.630 

1.92 

1.35 

x- 3 

2.269 

22 , 839 

83.6 

0.377 
0.288 
0.133 
0.027 
0. A33 
0.079 

4 . 0 0 8  

1.. 329 
0.181. 

3.. 510 

1.79 

1.18 

n 
Discounting a t  6%; lO$ charges on fuel arid f3bricat ion;  $12.05/g fo r  235U, 

-$1.2.00/g f o r  236~, $18. 00/g for 2 3 3 ~ ,  $10. OO/~ f o r  f i s s i l e  plutonium. 

bFixed charge of 10% per  year. 

‘$L6.23/g for  235UJ -$16.23/g for 236UJ $2&31/g f o r  233U, $13.51/g for f i s s i l e  
plutonium. 



Tab1.e 13.6. %urnnary of Fuel-Cycl-e Costs and ECrects 3f 
Variations i n  C e r t e i n  Economic ,%ra.mcters 

n 1herr.ial e?'fici-ency: 33. 0% 

AI-CE Uranium- B&U 'i'hOZ-UO2 B&W Th-U 
Fueled Design Fueled Design Fueled Dcsign 

Case 

Final feed enrichiient, w'i $ 
L a s t  - cycle expo sure I@?d/NT 

Slim of fahri-cation, processing; and 

f ie l -cycle  c o s t ,  mil.ls/k%Thr (e)"  

shipping un i t  costs, $/kg 

&rnq 2nd losses 
Prepa ra t im  g1.11.s fabr icat i -an 
Processing 
Shipping 
Uraliiurn Lnventory 
Ir,terest on  fabri-cation 
Tnterest on processing 
Plutoniim c red i t  
Plutonium inventory- 

D ~ O  and coolant iilventoryb 
Su'utc t a l  

T o t a l  

'Total fuel-cycle  COS'L with uraniwii ore 
C O S ;  of $16/l.b U308 ,  mills/kwhr ( e )  

'Total fuel-cyc3.e c o s t  with an interest, 
race of 5% (includes D20 a t  5$), 
mi11s/+w;w (e) 

13-3 

1.251 

16,801 

57.5 

0.553 
0.254 
0.1.74 
0.021 
0.066 
0.076 
-0.013 
-0.266 

0.033 

0.898 
0.201 

-- ............ 

w- 3 

2.620 

22,383 

1 C 3  

0.538 
0.396 
0.134 
0.038 
0.330 
0.084 
-0. 006 

1.514 
0.3.95 

x- 3 

2.263 

22,839 

81. 8 

0.398 
0.304 
0.135 
0.028 
0.459 
3.083 
-0.008 

1.399 
0.191 

1.093 

1. '+O 

0. 93 

1 .709 

2.01 

1.42 

1.590 

1.89 

1 .24  

a .  
Discountirig a t  6%; 10% charges on f u e l  and fabricat ior . ;  $12.05/g f o r  235U, 

F x e d  charge of l0$ per year.  

$1~6.23/g f o r  2 3 5 ~ J  --@6.23/g f o r  2 3 6 ~ ,  $24.31/g f o r  Z 3 3 ~ ,  $1.3.51/g for f i s s i l e  

-$12.OO/g for 2 3 6 ~ J  $18. 00/g f o r  * 3 3 ~ ,  $lo.OO/g f o r  f i s s j ~ l e  plutonjiim. 
b .  

C .  

plutonium. 
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Capj-tal  c o s t s  given i n  Table 7.6 i n  Chapter 7, opera t ion  and main- 

tenance cosLs from Chapter 8, and €fuel-cycle c o s t s  from Fig. 13.2 i n  

Chaptei- 1.3 were used t o  compute power c o s t s .  Reference c o s t s  were based 

on a. 0.8 p l a n t  f a c t o r  and a f‘ixed charge ra te  on the reacLor p l a n t  of 12% 

per  year .  ’The fue l - cyc le  c o s t  i s  t h e  average cos t  over 30 years. As 

discussed. previously,  t h e r e  i s  u n c e r t a i n t y  l.11 t h e  r e a c t o r  o u t l e t  coo laa t  

temperature  becaiisii of unceyta in ty  i n  t h e  degree of f u e l  su r f ace  f o u l i n g  

by t h e  coolan t ;  t h i s  leads t o  uncer . ta i i l ty  i n  r e a c t o r  performance, The 

r e s u l t s  f o r  t h e  re ference  bases  are summarri.zed i n  Table l4-1; f o u l i n g  

condi t ions  a s soc ia t ed  with a tempera.ture drop of 25 t o  50°F ac ross  t h e  

fue l - sur face  fou l ing  f i l m  a t  the peak-surface-temperature h e a t i o n  were 

considered. F i g u x  l i b m  1 i l l u s t r a t e s  ’che r e s u l t s  givei-r i n  Table 14.1. 

The power c o s t s  f o r  pub l i c  u’Ll.1.i.t-y f inanc ing  are given i.n Table 14.2. 

No reopt imiza t ion  of  t he  design w a s  made, even though t h e  c o s t  bases  

were d i f f e r e n t ;  reopt imiza t ion  would l e a d  t o  a smal.1. reduct ion  i n  t o t a l  

power cos t .  

I n  t h e  above -iahles,  t h e  operatl’.on and maintenance c o s t s  were based 

on values  used i n  tihe advsnced conver te r  study, wi th  upward a d  justrnent 

of personnel  c o s t s  i n  accordance w i t h  p re sen t  salai-y s t r u c t u r e s .  These 

cos t s ,  as s ~ . o w ~ ,  a r c  si.gndficant1.y higher  than  p resen t  e s t ima tes  for 

l a r g e  l i gh t -wa te r  i-eactoys and should not  be used out  of contex t .  On the 

same bases,  we would e s t ima te  that, opera t ion  and. maintenance cosis  f o r  

W O C K  pl-ants would be only acoiit 0.05 mil.l/kwhr(e) higher  than  f o r  light- 

water r e a c t o r s ;  .this higher  val.ue i-s due t o  the  annual. coolan t  and heavy- 

water l o s s e s  ar_d the  s l i g h t l y  higher  c o s t s  of maintaining a p l a n t  wi th  

two sepa ra t e  f l u i d  systems. If 0624 c o s t s  i n  l i gh t -wa te r  r e a c t o r  p l a n t s  

a r e  about 0 .22  rfltl.l/kwhr(e), then we e s t ima ie  t h a t  t h e  I-IWOCR 0624 c o s t s  

should be about 0.27 mj.ll/kwiir (e), which would lower the  HWOCK power 

c o s t s  presented  here  by about 0 . 1  mil.l./kwhr(e). 

A s  shown i n  Fj-g. 1 4 . 1  the es i imated  power-production c o s t  for Lhe 

A I - C E  design concept w a s  3.46 t o  3.54 mills /kwhr(e)  for r e fe rence  con- 

d i t i o n s .  T h i s  performance can be improved i f  a x i a l  power-peaking f a c t o r s  
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Tab1.e 14.1. BqOCR Tower Costs for Reference Economic Conditions 
Based on Submitted Designs and ONE Evaluation 

h a d  fac tor :  0.8 
Fixed charges on reactor plant :  
Fixed charges on f2bricat.j.m and processi.ng 
plants :  22$ per year 

Fixed charges on fuel. and. f u e l  elenent fabr icat ion 
working capi tn l :  10% per year 

value of f i s s i l e  pl.utonlum: $lO/g 
Value of highly enriched u-anium: 
Valus of natural  uranium: 
Eeapy water and coolari-t charges: 

12$ per year 

$l3/g of 235U 

1@ per year Poi- 
@/lb of UgO8 

inventory, 0.56s per year for  D20 makeup, 160 1b/hr 
f o r  coolant makeup 

Item 
AI-CE B8JJ B&W Th-U 

(Th- U) 0 2 -RE l e d  
De s f-gn Des i.gn Des igii 

Uranium- Fueled. Neta.1- Fuele d 

Outlet coolant tempera- 700 675 690 660 700 675 
ture ,  "F 

rnills/kwhr (E )  
Povw PrCJduction cost, 

Capital 2.02 2.08 1.96 2.02, 1.94 1.99 

Fuel cycle (includes D2O 1.07 1.09 1.67 1.73 1.54 1.58 
Operation m d  maintenance 0.37 0.37 0.37 0.37 0.37 0.37 

I _ - _ _ - _ _ -  

and coolant inventory) 

Total 3.46 3.54 4.00 4.14. 3.85 3.94. 

Table 14-2.  Power Costs f o r  INGCR ,Systems vi-th Public Financing 
Based on Subiriitted &signs a.nd 0R-m %valua.ti.on 

Fixed charges or? reactor plant :  
Fixed charges on fabrica,tioii and processing 

Fixed charges on f u e l  and fiuel element fa'uri- 

7$ per year 

plants :  225 per year 

catLon wo-rking capi ta l :  
474 discoimt r a t e  

S$ per yesr m d  

Other condLtions : see Table 14. 1 

AI-CE HUd B&W Y!h-U 

Design Design Design 
Item Um.nium- Fuele d (Th- TJ) 02 - lke  led Ne t a l  -FL e led 

Outlet coolalit tempera- 700 675 6 90 660 '700 675 

Po?*rer producti.on cost ,  

ture ,  "F 

mllls/?mhr ( e )  

Capital 1.14 l.1.7 1.10 1.15 1.09 1.12 
Operaticxi and maintenance 0.37 0.37 0.37 0.37 0.37 0.37 
Fuel cycle (includ.rs D 2 0  0.90 0.72 1.39 1.41, 1.20 1.23 

Total 2.4-1 2.46 2.46 2.96 2.66 2.72 
- - - - I _ -  

and. coolant inventory) 

-- I- 
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ORNL-DWG 66-11107 

~4 IHWOCR-TI 
METAI. FU L 

650 675 700 7 2 5  750 
O U T L t l  COOILANT TEMPERAl-UKE (OF) 

1 . 1  ...._.. 1.: 
3 2 5  3 3 2  3 3 7  341 34 8 

THERMAL EFFICIENCY (%) 

Fig .  14.1. HWOCX Power Production Cos t  Rased on Submitted Designs 
snd ORNL Evaluation (Reference Economic Conditions). 

are decreased by use of natural. uranium slugs at the ends of f u e l  assem- 

blies. Decreasing the axial peaking factor would permit the exit coolsnt 

teiiiperatiire to increase; this would lead to an increase in thermal effi- 

ciency and a decrease in capital costs. It is estimated that such changes 

would decrease the power-product !.on cost by about; 0.03 mill/kwhr(e) . 
Of the two B&FJ concepts, the metal-fueled reactor had the lower 

power cost; however, the oxide pin design submitted by B&W (and perhaps 

the metal -ri.ng design) does not, appear to represent an optimized system. 

This is indicated by comparing the results of Tables 13.4 and 13.5. 

Table 13-5 gives fuel-cycle costs based on the submitted BRW design, while 

Table 13.4 gives corresponding resirl ts from an iliitial R&W design study. 
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The oxide-fueled r eac to r  of t h e  f irst  design had s i g n i f i c a n t l y  lower 

fuel-cycle c o s t s  than o thers  studied. A rough estimate of t h e  c a p i t a l  

cos t  d i f fe rences  between t h e  present oxide-fueled r eac to r  with 335 pro- 

cess  tubes and t h e  i n i t i a l  oxide-fueled system having 804 process tubes 

gives a di f fe rence  of $7 mi l l i on  i n  d i r e c t  c a p i t a l  cos t s  i n  favor  of t he  

335-tube design. 

c a p i t a l  cos t  d i f fe rence  between the  804 and 335 process-lube r eac to r s  

corresponds t o  0.17 mill/kwhr (e). Even with t h i s  add i t iona l  cos t  and 

'cne increased DzO inventory (included i n  the  fuel-cycle c o s t s  of Table 

1 3 . 4 ) ,  t h e  804 process-tube r eac to r  has t h e  lower power production cos t  

and a l so  a higher conversion r a t i o  (by about 0.1). 

t h a t  t h e  power production cos t  can be lowered and the  conversion r a t i o  

can be increased by changes i n  t h e  core design of t h e  thorium-oxide-pin- 

fue led  r eac to r  design submitted, and t h e  same may be t r u e  for -the thorium- 

metal-fueled system. 

Applying an ove ra l l  i n d i r e c t  cos t  f ac to r  of 41$, the 

Thus it appears 

Even if c r e d i t  i s  taken f o r  improved HWOCR-Th core designs, it ap- 

pears un l ike ly  t h a t  t h e  power production cos t  w i l l  be as low as t h a t  f o r  

t h e  HWOCR-U system under t h e  ground rules  and bases used i n  t h i s  evalua- 

t ion .  For example, i f  we assume t h a t  t h e  power peaking f a c t o r s  i n  -the 

thorium system a r e  reduced by use of 1oca.l thorium absorber (containing 

no f i s s i l e  ma te r i a l  i n i t i a l l y )  a t  t h e  ends of t he  f u e l  elements, i t ;  i s  

estimated that t h e  maximum reac to r  ou t le t -coolan t  temperature fo r  the 

B&W design could be about '710°F for the  metal-fueled system and about 

720°F f o r  the  oxide-fueled case - there  i s  much g rea t e r  p o t e n t i a l  f o r  

reducing t he  a x i a l  power-peaking f a c t o r  i n  t h e  oxide-fueled concept r e l a -  

t i v e  t o  t h e  cases evaluated. Taking c r e d i t  f o r  the above without any 

p e n a l t i e s  r e s i i l t s  i n  decreased c a p i t a l  cos t s  and higher thermal e f f i -  

c ienc ies .  Under these circumstances it i.s estima-Led tha.t the power pro- 

duction cost  f o r  these  r eac to r  designs would be i n  the  range 3.7 t o  3.8 

mills/kwhr(e). 

s ion  ratri.0 of about 0.1 (which i s  about the  d i f f e r a c e  i n  conversion 

r a t i o  between the i n i t i a l  B&W designs and the  designs submitted) and 

consider m i n i m a l  associa1;ed pena l t i e s ,  'the power p:r'oduction cost from 

the IGKNX-TIi systems i s  i n  the  range of 3.6 t o  3.7  rni.lh/kwhr(e), which 

I f ,  i n  addition, we take c r e d i t  f o r  an 5:ncreased conver- 
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i s  s t i l l  higher  t hw.  the  3.5-milI /k3~hr(e)  power c o s t  of t h e  HWOCH-U sys-  

tem. A t  t h e  same time, it appears t h a t  an IiWOCR-W r e a c t o r  system can 

be changed. t o  t ’nor im f u e l i n g  withou”c reqi i l r ing s igni f i -cant  core  design 

changes i f  assoc ia ted  changes i n  c o n t r o l  and s a f e t y  problems are not 

s i g n i f i c a n t .  Us? of thorium f u e l s  would increase  t h e  conversjon r a t i o ,  

bu t  it would also increase  t h e  f i s s i . l e  inventory requirement. Because 

of t h i s ,  reasonable  increases  i n  t h e  p r i c e  of n a t u r a l  uranium would in-  

c rease  t h e  power produeti-an c o s t  i n  a thorium-fueled h3TOCR about the 

same as i n  a uranium-fueled HWOCR, as indica ted  i n  ‘Tables 1.3.5 and 13.6, 

which give f u e l - c y c l e  c o s t s  based. on ui-aniam p r i c e s  of $8 and $16 per  

pound Of u308. 

‘l’hese power production costs f o r  reference economic cond.ri.tions can he 

compared with those  obtained i n  the  advanced converter  study’ i f  appro- 

p r i a t e  cons idera t ion  i s  given t o  changes i n  desri.gn and i n  eva lua t ion  bases.  

O f  par t iculas-  in’cerest are t h e  PWR power prorluctioil cos t s ,  whtch i n  t h e  

advanced converter  study were e s t h a t e d  t o  be about 4.3 m i l l s / h T h r  ( e ) .  

Since t h e  t i m e  of t h a t  study there have been design changes and reduc- 

t i o n s  i n  c a p i t a l  cos-Ls t h a t  were achieved p r i n c i p a l l y  through reduced 

c o n t r o l  rod cos t s ,  reduced pressure  ves se l  cos t s ,  and reduced pump, pri.pi~ng, 

and hea t  exchangei- cos t s .  The reduct ion i n  c o n t r o l  rod c o s t s  has come 

about by t h e  use of chemical. shim; the  reduct ion  i n  pimp, pi.pins:, and 

hea t  exchanger c o s t s  i s  a resu.l.t, of t h e  use of fewer loons, along with 

l a r g e r  equipmnt ;  and t h e  reeduc-l;i.on i n  t h e  nunher of pressure  ves se l  

pene t ra t ions  resu. l t ing from the  two foregoing developments has reduced 

pressure  vessel. cos t .  

t r o l  equipment cos t .  T’nese changes are est imated t o  reduce t h e  c a p i t a l  

charges from 2.3 t o  2 . 1  mil.ls/kwh:c(e) based on a 0.8 load f a c t o r  and a 

f ixed  charge r a t e  of 12% per  year .  

There have a l s o  been assoc ia ted  reduct ions i n  con- 

In addi t ion ,  t h e  improved bases  used i n  the  present  s tudy f o r  evalua- 

t i n g  f u e l  prepara-t,i.on, fabricat,j.on, and processing cost,s lower t h e  FW!d 

fuel.-cycle cos-i; by about 0 .1  m i l l . / k w n r  ( e )  ; 3.1~0, increas ing  the plutonium 

p r i c e  from $7 per  gram of f i s s i - l e  ma te r i a l  used i n  t h e  advanced converter  

s-Lud.y t o  $10 per  gram of f i s s i l e  ma te r i a l  used here decreases  t h e  PWR 

power cos t  an additiona,l  0 . 1  rnK.l /Wkr(e) ,  

’cion and maintenance c o s t s  were considered t o  be 0.30 mtl.l./kwhy ( e )  i.n 

A t  the same time, the opera- 
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the advanced converter evaluation, while the corresponding value used here 

wa.s 0.34 mill/kwhr(e). 

power production cost from 4.30 mills/kwhr( e) to about 3 . 9 3  mills/kwtr( e) 

based on present design information aid HFJOCR cost bases. 

The net effect of these changes reduces the PWR 

In order to compare HWOCR power costs with those of other reactor 

types studied in the advanced converter evaluation, factors similar to 

those considered above need to be included, and these have not been evalu- 

ated in detail. However, some pertinent comments can be made for the 

h X R  and the PWR reactors studied previously. Relative to the HWR re- 

actors (DzO cooled), the primary difference between the results obtained 

in the advanced converter study and those obtained here are associated 

with the higher thermal efficiency of HWOCR systems and the reduced heavy- 

water inventories. For the HTGR, changing the fuel recycle bases to those 

used here reduces the fuel-cycle costs about 0.1 mill/kwhr(e); the corre- 

sponding change in operation and maintenance costs is an increase of 0.02 

mill/kwhr(e). 

sults of the advanced converter study modified directly in accordance 

with HWOCR cost bases is about 3.5 to 3.6 mills/kwhr(e) at, a conversion 

ratio in the range of 0.80 to 0.t35. 

The resulting HTGR power production cost based on the re- 

The HWOCR designs studied here included on-power refueling, and this 

Opera- feature might permit such systems to have very high load factors. 

tion at a 0.9 load factor instead of 0.8 would reduce capital inventory 

and capital charges to the extent that the power costs given in Table 14.1 

would be reduced by 0.25 to 0.30 mill/kwhr(e). 

The fissile material inventory and consumption requirements influ- 

ence fuel utilization as well as economic performance. Table 14.3 gives 

these requirements for the submitted HWOCR design conditions. The values 

in Table 14.3 are based on our evaluation results in terms of the specific 

fissile material inventory, the annual net fissile material consumption, 

the 30-year net fissile material consumption, and the average conversion 

ratio over the plant life. The fissile material consumption takes into 

consideration that the uranium discarded at the end of the uranium cycle 

contains some 235U that is not economically available. 

tained indicate that while the specific inventory is significant with 

The results 0’0- 



regard  to fuel-cycle costs, fuei coilSUInp.Lion is -ibe ove r r id ing  t e r in  over 

ilie 30-year life of' t h e s e  reactors r e l a t i v e  'w flssile material. yequire- .  

ments of a given rear,t,c>r. 

i f  t h e  i i l s t a . i l z d  e1.ectrice.l. capacity a s s o c i a b e d  w i t h  a S i v m  reac';or type 

is rising rapid1.y. EstZ.ma,tes of uranium o r e  requirements f o r  F h T O C R 1 s  

i n  a n  er;?,s.jldi.ng Lndustry are listed i n  'Table 14e4. 

However, specific inventory  becomes s igii..i.fica.nt 

'i'abl e lL. 3. 3 i e L  ReqJirements of  HWOCR Comepts 
%sed on 34% Thermal Eff ic iency  

R&hr 'I'hori ur~i Cycle 

Oxide Metal 
Fue 1 me 1 

AT-Ch 
Uranium 
Cy c l e  

F i s s i l e  mzter i a l  rc  quireinent s , 
ke; of 235U per Mw(e) 

Specif ic  f i s s i l e  inven'icr? 1.15 1 ~ "  95 2.55 

30-year ne t  f i s s i l e  feedb 14 .1  9 . 7  7.5 

Average zonversion r a t i o  0.70 0.74 0.80 

tcmual ne t  f i s s i l e  fcedb 0.47 0.32 0.25 

~~~~~~~ ~~~~~ ~ ~ ~ ~ ~ . . . ~ ~  ~~~ 

a 

fuel. cycle. 
o f  235T.J per  Mw(e), while f o r  t he  thorium reac to r s  <-it i s  about 
1 . 9  and 1.3 ke of 235U per  Mw(e) f o r  t he  metal and oxi.de fue l s ,  
respec t ive ly  . 

Tmludes nut-of-core inven-toi-y assoc ia ted  with en-b-ire 
Core 1.oadinS of ixanium reac tor  i s  about 1 . 0  kg 

bBa.sed on 0 .8  losd f a c t o r  a.nd credi-, fo r  b-ed fue l .  

Table 14.4.  Uranium Ore Commitied i n  an Expanding Industry 
o f  EWOCX's Having 30-Year Life  

ASSiJIfled Instal 1 ed Tndustry Size u308 Mined and Committed 
[kwie) 1 ( shor t  tons ) 

Year .... ~ _......... . .. . . . . . - 
HWOCR-U HIJOCK-Tha 

New Plus Cumulative 
T o t a l  

Opper3tlng 
Rep1 aceriient 

x 106 x 106 x 106 x 106 x 106 
1980 40 35 40 0.14 0.10 
1-990 210 170 210 0.71 0.53 
2000 730 5 20 73 5 2. 1+6 1.82  
2010 1500 770 15'40 5.08 3.61, 
2020 2300 800 2510 8.17 5.71 

a 
%sed on rrietal-fuel ed core. 
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15. SUMMARY AND CONCLUSIONS 

~q evr,~_uation w a s  mad.e of ~ O O O - ~ Y I W  ( e )  HNOCE power p i a n t s  opera t ing  on 

t he  uranri.urn o r  thorium f u e l  cycle .  Power c o s t s  and nuclear  pei-foi-mxflce 

c h a r a c t e r i s t i c s  of t h e  pl-ants were e s  Liniated based on engineer ing evalu- 

a t i o n s  of t h r  r e a c t o r  cores  and p l a n t  designs and analyses  of performance 

requirements, design f ea tu res ,  cap i ta l .  c o s t  e s t im-kes ,  fue l - cyc le  perfor- 

mance, and control featiures,  

The r eac to r s  were assumed t o  be i n  opera t ion  i n  Liie 19'7Q's and t o  

use technology e l t h e r  developed o r  constdered f e a s i b l e  a t  tlie present  

t i m e .  A 30-year r e a c t o r  p l a n t  l i f e  w a s  considered. Further  assumptions 

were t h a t  : 

1. 'The c o s t  of uran:i.ixn remains constant  over t h e  l i f e  of t h e  reac-  

t o r s .  

2. Tile capaci. t ies o€ t h e  f a b r i c a t i o n  and pyocessing pla.n.ts a r e  such 

t h a t  they  will provide t h e  fue l -cyc le  needs of ident ica l .  r eac to r  p l a n t s  

generat ing a t o t a l  of 1-5, OOci ~d(e). 

3. '1'i':ne power p l an t ,  reactor. fue l ,  and fuel  f a b r i c a t i o n  and process-  

i ng  f a c i l i t i e s  are pr.i.vately owned. 

4. The uranium r e a c t o r s  are fueled with s l i g h t l y  enr iched uranium, 

and t h e  bred plutonium i s  so ld  withoint recyc le .  

5. The thorium react,ors a r e  i n i t i a l l y  fueled. with 235U, and t h e  bred 

233U i s  recycled. 

Reac-Lor core designs were provided by AI-CE foi- t h e  uranium f u e l  cyc le  

and by B&W f o r  t h e  thorium fue l  cycle;  tlie p l a n t  design w a s  provided by 

AT-CE. 

1.5.1 Reactor Systems Studied 

HbJOCLl's have l a t t i c e - t y p e  cores  i n  which t h e  organic coolant i s  sepa- 

rate from the  heavy--water moderator. In  -ihe designs submitted f o r  t h e  

systems s tudied,  t he  coolant  leaves  t h e  r e a c t o r  a t  750°F. Steam produced 

a t ;  725°F and 900 psig i n  t he  steam cyc1.e l eads  t o  an o v e r a l l  system %hein- 

mal e f f i c i e n c y  of a'oout 35$. 

p l a n t  f ea tu re s  a process-tube r e a c t o r  w i t h  on-power r e fue l ing ,  carbon s t ee l  

The nominal p l a n t  ratri.ng i s  1000 Mw(e). Tlie 
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primary loops, recovery f a c i l i t i e s  for decomposed organlc coolant, and 

primary heal-transfer-system components loca ted  outside the  contai-nment. 

Santowax OM coolant (primarily a mixture of ortho- and meta-terphenyls) 

i s  used t o  t r a n s f e r  hea t  from t h e  r eac to r  t o  the  primary heat exchangers. 

During r eac to r  operation, t h e  organic coolant undergoes r a d i o l y t i c  and 

py ro ly t i c  decompositions. The decomposition products, as wel l  as corrosion 

prod.uc'ts, a r e  continuously removed from the  coolant stream i n  order to 

maintain t h e  coolant a t  an acceptable p u r i t y  l e v e l .  

moved by d i s t i l l a t i o n  and a r e  converted t o  usable coolant by c a t a l y t i c  

hydrocracking. 

Righ b o i l e r s  a r e  re- 

The AI-CE core i s  designed f o r  uranium carbide fuel made from s l i g h t l y  

e n r k h e d  uranium. Also, the f u e l  feed. ma te r i a l  i s  a l l a y s  s l i g h t l y  enriched 

uranium, w i t h  sale of -be plzitonium obtained. at t he  end. of each f u e l -  

exposure cyc leI  Bid i rec t iona l  f i e l i n g  of adjacent f u e l  channels i n  t h e  

core i s  accomplished by means of two fue l ing  machines, oiie a t  each end of 

t he  core. Also, coolant f lov  i s  always i n  the d i r e c t i o n  of fuel movement. 

The fuel i s  c lad  with a s in t e red  alumiriwn product (SAP, cons is t ing  of 

aliminum oxide dispersed i n  a matrix or" alurniriwn) and i s  loca ted  i n  492 

f u e l  channels. 

The B&W designs include two basic fuel elements. Oiie design has an. 

annular me ta l l i c  fuel element d a d  with Zircaloy-4; t he  o ther  u t i l i z e s  

pin-type c l u s t e r s  containing oxide f u e l  c lad  with SAP mater ia l .  The i n i -  

t i a l  f u e l  cons i s t s  of thorium with 235U added as t h e  f i s s i l e  mater ia l .  

I n  subsequent cycles, the  bred 233U i s  recycled wFth makeup 235U added 

as needed. Bid i rec t iona l  fue l ing  i n  ad jaccnt  cha:miels is accomplished 

with one r e fue l ing  machine opem.t;ing from one end of t h e  reac tor .  Cool- 

an-t; f low through the  r eac to r  core i s  un id i r ec t iona l ,  however. With the  

me ta l l i c  fuel assembly, 299 process tubes are US&; with the  oxide f u e l  

assembly, 335 process channels a r e  used, 

15.2 Exiluation of Core Desigris 

Evaluatlons w e r e  made of the r eac to r  physics and engineering per- 

formance of t he  r eac to r  core designs. I n  t h e  r eac to r  physics s tud ies ,  

careful. a t - ten t ion  w a s  given to de ta i ls  of the c e l l  and. neutron-spectrum 
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calcul.ations;  two-dimensional c r i - t i . ca l i t y  c a l c u l a t i o a s  were employed i.n 

obtaj.ni.ng power-peaking f a c t o r s  and i n  estima-Ling neutron-J-eakage e f f e c t s .  

Power-peeking f a c t o r  s t u d i e s  included consid.eraiions of t h e  gross r a d i a l  

and a x i a l  power d i s t r i b u t i o n s ,  t he  channel intei-act ions be-Lween f r e s h  adrid 

deple ted  f u e l ,  and the  l o c a l  r a d i a l  and a x i a l  power d i s t r i b u t i o n s ,  Fuel- 

d e p k t i o n  calcula’clions were used i n  anal-yzing t h e  fue l -cyc le  performance 

of Lhe systems. Temperature c o e f f i c i e n t s  of r e a c t i v i t y  were ca?.cula.t;ed 

f o r  t h e  t‘uel, c o o l m t ,  and moderator, and void c o e f f i c i e n t s  o f  r e a c t i v i t y  

were obtained foi- t h e  coolant .  

The engineer ing eva lua t ions  of t h e  r e a c t o r  cores  i m l u d e d  s t u d i e s  of 

the core thermal and hydraul ic  performance; eva lua t ion  of  t h e  compirta-Lional 

methods and. engineering c o r r e l a t i o n s  employed by the  designers;  examinat,ion 

of materials performance, compa-tibil i ty,  and consis tency of design c r i t e r i a  

with permissible  mmterials condi t ions;  eva lua t ion  of  organic coola-nt per -  

formance under r eac to r  condi t ions;  and study of con t ro l  an.? s a r e t y  a spec t s  

of  t h e  r eac to r s .  

The fuel-cyc1.e performance of the  r e a c t o r  cores  w a s  based on es t imates  

of f u e l  reac’iivity I?-fetime; a s soc ia t ed  inventory charges;  cost e s t i m t e s  

f o r  f u e l  preparati-on, f ab r i ca t ion ,  shipping, and processing; and f e a s i b l e  

opera t ing  confiitions, as determined by OUT eva lua t ion .  

1 5 . 2 . 1  Fluid Flow a.nc? Heat Transfer Analyses 

A c r i t i c a l  review w a s  made OS t h e  compu-ter codes and input  corre3.a- 

t i o n s  and the  da t a  used by the design sponsors i n  the thermal and hydraul ic  

analyses  of the  cores .  The computer programs appear t o  be adequate f o r  de- 

s igf i  s tud ie s .  The hea t  t r a n s f e r  cor. i*elation employed appears t o  be o p t i -  

mist,i.c, however. The engineer ing f a c t o r s  employed by the design sponsors 

appear t o  be s l i g h t l y  low and minor adjustments were made. 

Rela t ive  t o  t h e  AI -CE desi-gn, t he  pressure-drop c o r r e l a t i o n  employed 

appears t o  be adequate. Yne c r i t i c a l  hea t - f lux  c o r r e l a t i o n  employed seems 

ta be conservat ive r e l a t i v e  t o  tube- and annular-type f l o w  geome-Lry; how- 

ever, these DN-B c o r r e l a t i o n s  were der ived frrom experiments w i t h  hes.ted 

tubes o r  annul i ,  and they  cannot be d i r e c t l y  appl ied  f o r  plaedicting DNB 

hea t  fluxes rim mult i rod fuel.-bundle geoiiietry. Because of ‘ihe l ack  of 
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pert inent  heat f l ux  data  and uncertaint ies  i n  predict ing the  diphenyl con- 

t e n t  of the coolant under recycle conditions, we estimate t h a t  the minimum 

DNB r a t i o  should be no less than 4, a condition which was met by the  de- 

s ign conditions. Whether subcooled nucleate boi l ing could occur i n  the 

core i s  dependent upon the  biphenyl concentration i n  the coolant; however, 

the biphenyl concentration can be controlled by appropriat,e operation of. 

the  d i s t i l l a t i o n  CO~LIXXI. These statements a l so  apply t o  the B&W designs. 

The maximum average coolant ve loc i ty  of 30 f p s  i n  the AI-CE d.esign 

appears t o  be seasonable, but, there  w i l l  be var ia t ions  from t h i s  value. 

Veloci t ies  i n  some subchannels w i l l  be greater  than the average maximum, 

but no conditions are ant ic ipated t h a t  influence f e a s i b i l i t y .  Considerable 

f l e x i b i l i t y  exis ts  i n  specifying the average coolant velocity.  Our. hy- 

draul ic  calculat ions gave reactor  pressure drops i n  good agreement with 

the  AI-CE value and a l so  with the B&W value f o r  the oxide pin-cluster  de- 

sign. For the B&W nested-cylinder design, we estimated a pressure drop 

of about 190 ps i ,  while B&W obtained about 165 ps i .  

t h a t  w e  obtained i s  a feas ib le  one; no economic perialty was imposed be- 

cause of the  above difference.  

The pressure drop 

For the  d i f f e ren t  f u e l  assemblies, the buildup of a smooth fouling 

f i l m  on the f u e l  surface appears t o  impose l i t t l e  penalty r e l a t ive  t o  

pressure drop. 

character of the f i l m ;  a f i l m  with a rough surface could cause a s ign i f i -  

cant increase i n  pressure but i s  not ant ic ipated.  Also, -there appears 

t o  be a s ign i f icant  uncertainty i n  the pressure drop across f u e l  assembly 

junctions because of uncertainty i n  fuel. assembly or ientat ions.  

s tarving i n  some of the subchannels could occur due tJo misalignment of 

the f u e l  assemblies, which coiild lead t o  excessive surface temperatures. 

Studies need t o  be performed t o  assure t h a t  t h i s  does not occur. 

A more s igni f icant  e f f ec t  on pressure drop would be the 

Flow 

T'he heat t r ans fe r  coef f ic ien t  used by AI-CE and a l so  BGJ f o r  obtain- 

ing peak surface temperatures appears t o  be high by about 15$3 

l i eve  t h a t  the  cor re la t ion  presented by MIT i s  the proper one t,o ixse f o r  

We be- 

*In recent conversations, AI-CE indicated they included a 5% reduc- 
Lion i n  heat t ransfer  coefficient; i n  t h e i r  themal calculat ions,  in which 
case our heat t r ans fe r  coef f ic ien t  i s  about 10% lower than t h e i r  va.lue. 
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simple flow geometry, which, f o r  t h e  appropr ia te  s e t  of phys ica l  p roper ty  

v-alues, pred:'.cts a hea t  t r a n s f e r  c o e f f i c i e n t  about 5 9  lower than  values 

used by t h e  design sponsors; i n  add.i t ion,  we es t imate  t h a t  Tlow condi t ions  

through t h e  fuel- assemblies r e s u l t  i n  a Ifiirther 10% d e c r e a e  i n  hea t  t r a n s -  

Y ~ Y  coeffic.i.ent a t  l o c a l  pos i t i ons  (because of flow geometry) aad i n  some 

flow ch.ai?nels next  t o  the process- tube wa1.l- (because of nonconcentric 

alignment of t he  f u e l  assembly i n  t h e  process  Luloes). Tnus, our evalu- 

a t i o n  was based oi: use of the  M I T  co r re l a t ion ,  wi-th the c o r r e l a t i o n  coef- 

f i c i e n t  reduced by 10%. 

The adequacy of t he  machine programs depends on the  accuracy wi th  

which t h e  h p u t  da t a  can be formulated. These da t a  include t h e  f1.uri.d- 

mixing f a c t o r ,  the power-peaking I a c t o r s ,  and t h e  ergtineering f a c t o r s ,  

as wel l  as the heat trarsfer coe f f i c i enc  discussed above. ,4t p resent  

t h e r e  i s  i n s u f f i c i e n t  information ava i l ab le  on t h e  rnixing f a c t o r  t h a t  

corresponds to HWOCR condi t ions,  and. t h e  f a c t o r  used represents  an extrapo- 

3-ation of e x i s t i n g  experimental  da ta .  Al-so, t h e  r e l a t i o n s h i p  between 

mixing and cross-f low c o e f f i c i e n t s  may be s p e c i f i c  t o  a particul-ar design. 

A-i t he  same time, values employed by t h e  sponsors f o r  t h e  differen-t;  de- 

s igns  a x e  considered t o  be f e a s i b l e .  'The values  spec i f i ed  for .tile engi- 

aeer lng  f a c t o r s  appear, i n  general ,  t o  be r e a l i s t i c ;  however, t h e  f a c t o r s  

for mechanical e f f e c t s  and gross flow imJ.distribution appeared optimlistic 

and were increased by about 20% i n  our evalua-tion s tud ie s .  

1 5 . 2 . 2  Power-Peaking Fac tors  

Our ca l cu la t ed  values were i n  reasonable agreement wi th  t h e  AT-CIE 

power-peaking values,  except Tor t he  g ross  r a d i a l  power peak, f o r  which 

we ca l cu la t ed  a value OY 1.39 compared with 1.1'1 by AI-CE. However, we 

found t h a t  srignificaii t  r a d i a l  power f l a t t e n i n g  could be obtained by small 

changes i n  spat ia l -  concentrat ions of t h e  fuel and t h a t  the AT-CE val-ue 

was a f e a s i b l e  one. T h i s  a l s o  i l l u s t r a t e s  t h a t  s m a l l  changes iii f u e l  

c m c e n t r a t i o n s ,  neuti-on absorpt ions,  and i n  l o c a l  neutron leakage can 

have r e l a t i v e l y  l a r g e  e f f ec - i s  on the  power d i s t r i b u t i o n ,  and. i n d i c a t e s  

a need f o r  c a r e f u l  s p a t i a l  r e a c t i v i t y  c o n t r o l  i n  order  t o  l i m i t  t h e  power 

peaking factors throughout r eac to r  operat ion.  



Relative to the thorium core designs, oiir calculations predict higher 

axial power-peaking factors and higher fine-radial power-peaking factors 

than those of B&W; other values were in good agreement. 

ducing the axial power-peaking fartors appear possible but involve rede- 

sign of the fuel assembly and changes in fuel-cycle performance. 

Methods of re- 

15.2.3 Organic-Coolant Behavior 

Terphenyls appear to be satisfactory organic coolants in that they 

have relatively low vapor pressures and decompositiori rates under proposed 

temperature conditions. 

ant appears reasonable in conjwiction with use of a hydrocracker for re- 

covery of degraded coolant. However, experience is needed relative to 

practical operating conditions in a catalytic hydrocracker for recovery 

of coolant from high boilers. Urider the proposed operating conditions, 

and based on results of bench-scale experiments with hydrocracking, we 

estimate that the diphenyl content of the coolant will be significantly 

higher than that specified by the design sponsors (12% instead of 2%) ;  

at the same time, the diphenyl content can be controlled by appropriate 

operation of the distillation column. The primary disadvantages of in- 

creasing the diphenyl content are associated with the higher coolant vapor 

pressure and decomposition rate. 

Operation with 10 wt $ high boilers in the cool- 

Studies of thermal and radiol-y-tic stability of the coolant under 

operating conditions indicate that the decomposition rate increases with 

temperature, with a marked increase in decomposition rate as the tempera- 

ture is increased above about 750°F in a reactor radiation field. The 

deCOrfIpOSitiGn rate affects the coolant makeup costs and m y  have an in- 

fluence on fouling-film formation. 

The formcation of a fouling film on surfaces of fuel elements is a 

complex phenomenon that is not completely understood; however, the purity 

of the coolant is a significant variable, with fouling decreasing with 

increasing coolant purity. Fouling is also related to coolant decompo- 

sition and the velocity of coolant flow past the fuel sur-face. Based on 

present information, film formation appears to be lowered by excluding 

contaminants from the coolant and by maintaining a high coolant velocity. 
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Noinethe.l.ess -i"i.i.n: for--matinn occurs  i n  systeiiis appi"oxiim:,irig 1 

t i o n s ;  even wi th  high-  p u r i .  Ly coolant, and hi.g;i flow condi t ions ,  and cannot 

be neg;,ectcd. We Zr-ttinate ' G h a t  under IFtlOCE! condri.tions, the -te:mnperaturc 

drop ac ross  t h e  fou l ing  f i 1 . m  w i l l  be  25 t o  50°F a t  p o s i t i o n s  of maxt.i-ilui.n-~ 

f u e l  sui-facc -t 

Corrosion i n  HWOCK systems i s  very l o w  and does tnot appear t o  be a 

p'-oblem, except  f o r  t h e  p o s s i b i l i t y  thai;  cor ros ion  products  may p l a y  a 

r o l e  iii t h e  formztion of f o u l i n g  films. Under design f low condi t ions ,  

t he  volmie of cool.ailt a t  f u e l  su r f ace  temperatures  i s  sma.lKl., so  the gross 

radia,t,i.cn degradat ion r a t e  of the coolant  i s  not  markedly a f f e c t e d  by 

-the f u e l  surt'acz temperature pe r  se .  A t  t h e  samz time: t h e  damage t o  t h e  

coolailLt i nc reases  markedly wi-th inc reas ing  temperature  under reaci;or con- 

d i t i o n s ,  and 'die maximum coolant  temperatures  OCCUI" i n  t h e  I-aminar sub- 

l a y e r  of t h e  coolan t  where the  f l u i d  v e l o c i t y  is low. Although t h e  k i -  

n e t i c s  of f i lm-formation processes  have not; been es t ab l i shed ,  it i s  judged 

t h a t  bo th  t i l e  above condi t ions  a r e  conduci-ve t o  f i l m  formation, and t h a t  

u n t i l  de t a i l e d  studl.es have been made c l a r i f y i n g  t h e  re l .a t ions  between 

coolant  p u r i t y ,  fl.ow condi t ions ,  r a d i a t i o n  damage, temperature,  and 

foul.i.ng-film f o m a t i o n ,  t h e  maxri.mum cool.aiit, temperature should no t  exceed 

850" F. 

The degradat ion r a t e  of  t he  coolant i.s dependent upon t h e  bulk  cool-  

an-t tempcratures,  which i n  t u r n  a r e  l i m i t e d  by maximum fuel. su r f ace  tem- 

pe ra tu res ,  pe:-missi.hle l o c a l  coolan t  temperatures ,  and economic consid- 

e r a t i o n s .  Based on the r e a c t o r  d-esign submitted and.  our  eva lua t ion  ci-i- 

t e r i a ,  we e s t ima te  t h a t  the bulk  coolan t  ou - i l e t  temperature  w i l l  ilot be 

above a b m t  700" F; f o r  this condi t ion ,  we e s t ima te  t h e  pyr .oradiolyt ic  

degrada t ion  r a t e  of t h e  coolan t  t o  be about l1+30 lb,/hr and. t h e  p y r o l y t i c  

decomposition r a t e  t o  be about 70 lb /h r ,  g iv ing  a to t a l .  t e rphenyl  degra- 

dat ior ,  r a t e  of 1500 I.b/hr, t h e  va lue  used i n  our evalua- t ion.  

15 .2 .4  Temperature Conditions ~- .... 
- 
.Ln eva lua t ing  maximum fuel. surface tempera.tu.res, power-peaking f a c -  

t o r s  c a l c u l a t e d  by ORNL were used t h a t  tended t o  be h-igher t han  those  

s p e c i f i e d  by the design sponsors.  Also, we employed val-lies f o r  t h e  hea t  
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transfer coefficient and the engineering factors that were slightly dif- 

ferent f r o m  those used by AI-CE and B&W, and use of these values tended 

to increase raximim surface temperatures above those specified by the 

design sponsors. On these bases, we estimate a maximum fu.el-surface tem- 

peratwe for the a - C E  design conditions of 878"F, if no fouling film is 

present; this value was obtained with a basic radial power-peaking factor 

of 1.17, which appears achievable. For a fouling film on the surface of 

the fuel elements and a 25 to 50°F ternperat,ure drop across the film at 

the position of maximum fuel surface temperature, a m a x i m  surface tem- 

perature of 903 to 928°F results for the AI-CE design conditions. 

In order to achieve a maximum surface temperature not in excess of 

850°F for the AI-CE design conditions with a 25°F temperature drop across 

the coolant fouling film at the position of peak surface temperature, the 

coolant outlet temperature would have to be lowered about 70°F to 680°F. 

The corresponding decrease in coolalit outlet -temperature f o r  a 50°F tem- 

perature drop across the fouling film would be about l O O " F ,  or an outlet 

temperature of 650°F. At the same time, i-t is possible to alter the re- 

actor design cond.itions so that the coolant outlet temperature can be in- 

creased at less economic penalty than that asscciated with operating the 

present design at an ou-tlet temperature in the 650 to 680°F range. To 

account for reoptimization of design conditions, it is estimated that -the 

equivalent coolant outlet temperature to be associated with the present 

AI-CE design is 675 to 700°F for a fou-ling-film temperature drop of 25 

to 50°F at the position of maximum fuel surface temperature. 

cool-ant outlet temperature range was used in evaluating the AI-CE de- 

sign concept; use of t h i s  temperature range can be considered equivalent 

to increasing the fue l  cla.dding thickness so that a maxirmm SAP surface 

temperat-ure of about 870°F is permissible, with the decrease in nuclear 

performance associated with such a design change accounted. for by de- 

creasing the coolant outlet temperature about 7" F. 

The above 

For the 9&W oxide pin-cluster design conditions with no fuel surface 

fouling present, we estimate a maximum fuel surface temperature of about 

884°F for fuel assemblies that move in the same direction as the coolant 

flow; -the maximum surface temperature vas about 892°F for assernblies 
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movir:g opposlt;c Lo coclan7,  f low. J-ncludjhp; 2. fouli.ng T i l  ~ I I  with  a 25 t o  
5 0 " ~  .L=~--- nLjcrai;u.re drop across it a t  t h e  p o s i t i o n  of peak surface tempera- 

zure would r e s u l t  i n  a surface t en ipe~a tu r?  va lue  ~f 91.7 t o  942°F f o r  t h e  

oxide p in-c lus  Lei-. design.  

For t h e  annular  metal  element design of Bad and w i . t h  no f o u l i n g  f i l m  

p resent ,  we e s t ima te  a m.aximimi fuel. su r f ace  teinpextwe of  about 864°F 

f o r  f u e l  moving 5.n t h e  same d i r e c t i o n  as t h e  cool.ant am?. about; 879°F f o r  

f u e l  moving ~opposrit,e t o  cool.ant flow. 1ncludi.ng a f o u l i n g  film with t h e  

c h a r a c t e r i s t i c s  d i scussed  a.hove a t  t h e  p o s i t i o n  of peak. su r f ace  tempera- 

t u r e  would r e s u l t  i n  s. rnaxililini f u e l  s i i r facc temperature of 904 to 929°F. 

If bidirec-Lional  cool..ant f low were eniployed in t h e  B&N designs,  a 

condi t ion  w e  cfonsidei" t o  be f e a s i b l e ,  t h e  maximum f u e l  su r f ace  tempera- 

t u r e  would d-ecrease abou-'i. 8°F i n  the oxide- fue l  design and about 15°F i n  

t h e  meta l - fuc l  design.  I n  addri.tion, i f  t h e  SLW c ladding  th i ckness  of t h e  

oxide f u e l  were increased  t o  permit a maximum su r face  temperature of 870°F, 

it i s  est imated t h a t  t h e  e f f e c t i v e  coo1an.t o u t l e t  temperature  f o r  t h e  

p re sen t  design would be i n  'ilie 660 t o  690°F range for a 25 t o  50°F tern- 

p e r a t u r e  drop across a fou3.i.ng f i l m .  For t h e  metal-fuel. desigu, it does 

not  appear f e a s i b l e  'io i nc rease  t h e  maximixn fue l -c ladding  temperature  

above 850°F because of hydriding e f f e c t s .  Howe.Jer, use  of' bid i rec t iona l .  

coolan t  f low permi ts  t h e  o u t l e t  cool-ant Lo be i n  the  675 to 700°F range 

(based. on a 25 t o  50°F drop  across  a foul.i.ng fi lm a t  posi.tri.ons of maximum 

su r face  tempera tures) .  Thus, i n  eva lua t ing  the B&W C 0 i - e  designs,  t he  

e f f e c t i v e  cool-an.t ouLlet temperature w a s  considered t o  be 660 t o  690°F 

f o r  t h e  oxide p in-c lus- te r  desigi? and 675 t o  700°F f o r  the meta l -cy l inder  

design.  

' i l k  maxirlium permiss ib le  'Leiiiperature of t h e  SLD c ladding  i s  a func t ion  

of t h e  s t r eng th ,  creep, and el.ongation p r o p e r t i e s  of the  SAP under reac-  

tor condi t ions .  A value of 850°F appears  t o  be reasonable  f o r  t h e  maxi- 

mum permiss ib le  temperature  for the s p e c i f i e d  design. ThTs valiue could 

be increased  s l i g h t l y  i f  t h e  cl.adding t,hickness were increased ,  In t h e  

p re sen t  design i.t may be permiss ib le  t o  have c ladding  temperatures  i n  

excess  of 850°F f o r  l i m i t e d  per?ods of t j .me,  bu t  t h i s  f t y s t  needs t o  be 

e s -tab?- i s he d experiment a l l y .  
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The l i m i t a t i o n  on f u e l  center-lir:e -temperature i s  inf luenced by f u e l  

" nrowth as a f imct ion of temperature, r eac to r  exposure, and f iss ion-product  

behavior under r eac to r  conditioris. For t he  carbide f u e l ,  and baaed on 

present  information concerning fuel. growk,h, we judge t h a t  t he  maximn f u e l  

temperature should not exceed 2200°F f o r  t h e  proposed operat ing condi t ions.  

We found t h a t  t h e  maximum cen te r - l i ne  temperature d id  not  exceed the 2200°F 

value.  For t h e  oxide and metal fue l s ,  ?rre a l s o  found t h a t  t h e  Tuel center -  

l i n e  temperatures d id  not  exceed permissible  values.  

15 .2 .5  Mater ia ls  Evaluations 

Of p a r t i c u l a r  concern i n  these  reacl;or*s a r e  the  mechanical p rope r t i e s  

of SAP. This m%-t;erial has been developed r e l a t i v e l y  recent ly ,  and the  

spec i f i ca t ions  and design s t r e s s e s  assoc ia ted  with proper r eac to r  design 

have not  been completely developed. 'The l o w  d u c t i l i t y  of SAP a t  low s t r a i n  

r a t e s  m y  be a se r ious  l imi t a t ion ,  and. it appears pro-bab:le t h a t  SAP corn- 

ponento i n  the  HWOCR rmst be designed on the  b a s i s  of a maximum s t r a i n  of 

about G.5$. 

appear f e a s i b l e  'oased on ava i l ab le  da,ta; however, extensive t e s t i n g  i s  

s t i l l  needed i n  order  t o  adequately spec i fy  the  nuclear  e0d.e design c r i -  

t e r i a  that  need t o  be s a t i s f i e d  f o r  r e a c t o r  appl ica t ion  of SAP mater ia l s .  

Iri the  B&W oxide p in -c lus t e r  c m e  design, the thickness  of %he process 

t,ii'oe should be increased by about 25$ t o  reduce s t r e s s e s  t o  values con- 

sistent;  with Ai-CE values.  The Zircaloy calandria tube designs appear 

s a t i s f a c t o r y ,  w i th  tube s t r e s s e s  well witii in design 1.imits f o r  t h a t  m- 

The SAP design c r i t e r i a ,  app.lied. by AI-CE i n  t h e  present  s tudy 

terial. 

Material  corfipa,t,ibi.lity s tud ie s  ind ica t e  that UC arid SAP do not  r e a c t  

iwnder yrcposed operat ing con.d.itions, and we concur t,hat SAP and h y p r s t o i -  

chicsmei;ric UC w i l l  b e  s u i t a b l e  Tor use in t he  IICJOCR environment.. Also, 

both t h o r i a  and u m n i a  appear compatib1.e wi th  SAF under the IWOCR operat-  

ing  condi-Lions. 

a r e  coinpatrible under W O C R  conditions f o r  the planned fuel expcsixes. Re- 

ac t ions  between various f u e l  :%rid cladding componeni;s can occu.~', 'out a v a i l -  

able da ta  i n d i c a t e  t h a t  such r eac t ions  wi3.3. Rot proceed -to .the po in t  where 

c l a d d i n g  f a i l u r e s  occur. 

L i m i t e d .  da t a  sv.gges t t h a t  Zircaloy-4 and. thorium inetal 
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No compa-ti-inility problems a r e  a n t i k i p a t e d  wi th  regard  "Lo t h e  organic  

coolan t  and SAP ma'cerials. Ze la t ive  t o  'ihe thorium-metal. f u e l  design,  

hydriding of Zircaloy-4 by t h e  coolan t  can t a k e  p lace ,  p a r t i c u l a r l y  i n  

c ladding  exposed Lo high  tei-nyeratures. Hydl-irling of  Zi rca loy  reduces 

d u c t i l i t y  and can cause severe embrit t lenient.  P ro tec t ion  from hydriding 

appears  poss ib l e  by 'ihe depos i t i on  of p r o t e c t i v e  films. 

h e 1  element performance evaluatj-oils were conducted t o  i d e n t i f y  a r e a s  

'ihat mig:hi; r e s t r i c t ,  ope ra t ing  condi t ions .  O f  pr inci .pa1 concern were 

Yission-gas r e l e a s e  and f u e l  swel l ing  and t h e  a b i l i t y  of t h e  fuel- c ladding  

t o  riiaintaiii i t s  i n i e g r i t y .  For a l l  f u e l s ,  proposed ope ra t ing  condi-Lions 

a r e  r e l a t i v e l y  severe,  and extenci-ve tes ' i ing i s  r equ i r ed  t o  determi-ne ac- 

t u a l  perfmmance under HWOCR condi t ions .  

The UC f u e l  element appears  to have a sa , t i s f ac to ry  denigin and "Lo be 

s u i t a b l e  f o r  HWOCH a p p l i c a t i o n  based on p resen t  iiiforrnation and f e a s t b i l i t y  

condi.tions. It should be capable of ope ra t ing  a t  proposed hea t  i-atings 

and iemperatures .  Achievement of desired.  burnup w i l l  be cri t ica2.l .y de- 

pezident on f u e l  swrIlj.ng a t  ope-eating condi t ions ;  a l s o ,  c racking  and chip- 

p ing  of f u e l  cou.1.d cause excess ive  l o c a l  s t r e s s e s  i n  t h e  SAP claddi.ng. 

The s t r i c t  1i.mita-Lions on gap th i ckness  between t h e  rue]. and the  c ladding  

i.rflply r i g t d  c o n t r o l  of dimensional.. v a r i a t i o n s  of bo th  t h e  UC f u e l  and 

t h e  i n s i d e  diameter of t he  SAP cladding;  we consid-er such co i l t ro l  f e a s i -  

b l e .  

volumetr ic  growth p e r  10,000 Mwd/'T exposure i s  reasonable  t o  expect  a t  

c e n t e r - l i n e  temperatures  of abou-t 2000" F; however, t h e r e  j.s s i g n i f i c a n t  

s c a t t e r  i n  t h e  data, and the value could be 3$, which would l i m i t  maxi.- 

murn f u e l  exposure t o  about 16,000 Mwd/T t o r  t h e  AX-CE design.  

Present  d a t a  on r a d i a i i o n  damage t o  UC f u e l  i n d i c a t e s  t h a t  a 2% 

The thorium-based f u e l  elements also appear t o  have s a t i s f a c t o r y  de- 

si-gns and t o  be s u i t a b l e  f o r  W O C R  appl . icat ion based on p r e s e n t  informa- 

t i o n  and. f e a s i b i l i t y  condi t ions .  Although t h o r i a  f u e l s  themselves have 

been exposed s a t i s f a c t o r i l y  t o  high-burnup condi t ions ,  experimenks must 

be performed io  deinons-trate t h a t  t h e  e f f e c t s  of compaction and of  burnup 

i n  SAP-clad. vi .b-~at ion-cori~ac. ted f u e l  permit such c ladding  t o  be used.. 

Reactor exposure of t h e  oxi.Sle f u e l  appears 1imil;ed by the bui ldup  of 

f i ss ion-product -gas  p re s su re .  Xela t ive  t o  t h e  thoriim-based meta l  f u e l  
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elements, exposure experience is l imited.  

crease per atomic per cent burnup appears feas ib le ,  but needs f u r t h e r  

ver i f ica t ion .  Temperatures and thermal gradients  i n  the  metal appear t o  

be acceptable, but t e s t s  need t o  be performed t o  deLermine whether all-ow- 

ances made f o r  d i s t o r t i o n  i n  the c lose ly  spaced annul i  between cyl inders  

are adequate. 

IFuel swelling of 3% volume in-  

1.5.2.6 SaTety and Control Considerations 

The use of organic coolant with i t s  r e l a t i v e l y  high neutron-absorption 

cross  see-Lion makes the  coolant tenperature and void coef f ic ien ts  of reae- 

t i v i t y  pos i t ive  i n  these heav?j-water-moderated systems, so  an increase i n  

power can cause t h e  r e a c t i v i t y  of the system t o  increase.  For the equi- 

l ib r iwn core, our calculat ions indicate  a coolant temperature coef f ic ien t  

of abou.t 4 X 10m5 Ak / O F  f o r  the  AI-CE uranium design. 

f ic ien- t s  calculated f o r  the 3&W thorium-based cores also indicated t h a t  

such c m e s  w i l l  have s i g n i f i c a n t  pos i t ive  coeyficients  of r e a c t i v i t y  as- 

sociated with the temperature arid void f r a c t i o n  of -the organic coolant. 

During i a . i t i a l  operations, the thorium cores a.ppear t o  have a more posi-  

t i v e  coolant temperature coef f ic ien t  than does the 1-ranium core.  Under 

equilibrium conditions, the  reverse tends t o  be t rue .  The r e a c t i v i t y  co- 

e f f i c i e n t  calciilatisms, while i n t e r n a l l y  consis tent ,  a r e  not neeessari1.y 

accurate t o  more than ?50$, and experimen'ial measurements a r e  required 

t o  adequately evalua-te IiWOCR reactor  s a f e t y  requirements 

React ivi ty  coef- 
e 

The pos i t ive  coolant temperature coef f ic ien t  imposes s t r ingent  de- 

mands on the operational requirements of the control  systems; also, the  

design of the  containment syst,em i s  dependent on the  r e l i a b i l l t y  of the 

s a f e t y  systems. Die safe-by and control  systems incileated i n  the design 

repo1-t appear def ic ien t  i n  tne areas  of' r e l i a b i l i t y  and p e r f o r m m e ;  how- 

ever, we believe tha-t; -these deficiencies  can. be corrected and s a t i s f a c t o r y  

systems can be devised f o r  the HWOCR. We suggest t h a t  the s a f e t y  systems 

'ue s p l i t  i n t o  t w o  separate and independent shutdown systems. Each shut- 

down system should. have s u f f i c i e n t l y  fast response and s u f f i c i e n t  reac- 

t i v i t y  contxol $0 give protecti.on. 

e s t a b l i s h  t h e  precise  rod.-response times, hut based on our evalua-bioi; the 

Further analyses w i l l  be mquired t o  
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spec i f i ed  i n s e r t i o n  speed of t h e  shutdown rods appears too slow. The -total 

r e a c t i v i t y  con t ro l  of 4% presen‘dy ava i l ab le  i.n the  84 shutdown rods ap- 

pears  suf f  I c i e n t  bu t  should be divided equal ly  between two indepea.dent 

shutdown systems t h a t  have no comnoii.-mode faK.ures .  

The rod con t ro l  system f o r  normal power r egu la t ion  of t h e  r e a c t o r  

should be made more r e l i a b l e  by use of s eve ra l  c o n t r o l l e r s  t h a t  mini.mize 

the  e f f e c t s  of f a i l u r e  o f  a con-’irol.ler o r  fai.S.ure of  h p u t  s i g n a l s  ‘io a 

con- t ro l le r .  Tn addi t ion ,  bo th  t h e  amount and r s i e  of r e a c t i v i t y  add i t ion  

ava i l ab le  for power-dis t r ibut ion c o n t r o l  shouid be increased t o  provide 

continued con t ro i  of  the  Teac-tor f ollowi.ng poss ib le  reac’ci-vity per-turba- 

t i o n s  during operat ion.  It appears des i r ab le  t o  increase  the  r e a c t i v i t y  

worth of t h e  v e r t i c a l  con t ro l  rods  used f o r  spat ia l .  powsr d i s t r i b u i i o n  

c o n t r o l  from 0.1% t o  0.3% Ake. 

j.ng and con t ro l  rod pasitionrimg be computer con t ro l l ed  i n  order  i;o ade- 

qua te ly  consider  t h e  e f f  t s  of i n t e r p l a y  between varriables. It, appea-s 

feasi.ble t o  b c o r p o r a t e  t h e  above features through r e l a t i v e l y  minor de- 

s ign  charge s .  

Also ,  i t  appears necessaxy t h a t  fuel- load-  

InformaLion on plant safeguards was not  avai1abl.e i.n s u f f i c i e n t  de- 

t a i l  f o r  d e t a i l e d  eva lua t ion  of t he  adequacy of the  safegu.a.rds provl.ded; 

also, no analyses  of res.c’ior i nc iden t s  were provided. We consider  t h a t  

use of  doub1.e i so la - t ion  valves  on a l l  main coolant  l i n e s  pene t r a t ing  the  

r e a c t o r  bu i ld ing  makes it f e a s i b l e  t o  I.ocate t,he steam. genera tors  ou ts ide  

t h e  r e a c t o r  bu i ld ing  However, p l a n t  safeguard requiremen-ts a r e  dependent 

on t h e  conditioris assoc ia ted  with the mixri.mum c red ib le  acc ident ,  which 

has not been ns:;ima’ied o r  inves t iga ted .  Reactor cell.  cons t ruc t ion  of  

re inforced  concrete  with a steel. l i n e r  appears f e a s i b l e  and (: r i r a b l e ;  

however, i.t. appears advantageous t o  suppress any cel l .  pressure bui ldup 

by use of  vapor-condensation systems. 

1 5 . 2 . 7  Fuel-Cvcle Conditions 

I n  ea?cul.ating fue l -cyc le  costs, uki c o s t s  were est imated f o r  f’iiel 

preparat ion,  f abi-ication, shippins ,  and processii ig . For eva lua t ion  con- 

d.i.-tions, i h e  est imated c o s t s  w e r e  
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Costs ($/kg) 

Thorium Oxide - ThoY’ium-Me ta.1- 
uc Fuel Based Fuel Eased Fuel 

Fuel preparation 3.6 6.1 9.1 
Fuel fabr ica t ion  29 65 44 
Fuel shipping 2.5 5.3 3.6 
Spent f u e l  processing 23 26 25 

These costs  were based on recycle of bred f u e l  i n  the thorium fue l  cycle, 

while the  ixranium f u e l  cycle consisted of fuel ing wi-th s l i g h t l y  enriched 

uranium, with sa l e  of bred plutonium 

Unit cos t  estim-Les used by the  design sponsors were i n  general agree- 

men+; with our estimates. Rowever, t h e  B&W fabr ica t ion  cos t  estimates were 

s l ight l j r  lower due t o  consideration of an integrated processing and f ab r i -  

cat ion plant  and due t o  lower cost  estimates f o r  ce r t a in  fabricat ion opera- 

t ions .  

The fuel-cycle u n i t  cost  estimates were used i n  conJunetion with re -  

ac tor  physics calculat ions t o  obtain fwl -cyc le  performance arid t o  op-t;i- 

m i z e  fuel-cycle conditions under. the reference ground rules .  Relative 

t o  the physics calculations,  our cal.culationa1 methods and those of AI-CE 

were similar, and s imilar  r e s u l t s  were obtained. The B&H calculat ions 

we examined gave r e s u l t s  d i f f e ren t  from o ixs  r e l a t ive  t o  fuel-depletion 

concentrations and resoriaiicp-escape-probability values; also, vzlues used 

f o r  the  233U cross sections were more optimistic than our values, 

resl.zlt, our conversion r a t i o s  tended t o  ’oe Lower arid oui- fuel-cycle costs  

higher -than corresponding Bad values. 

As a 

15 .3  Evaluation of Plant Desians 

In  reviewing the  equipment requirements f o r  the XWOCR plarits, our 

general conelmion was t h a t  the components described f o r  the conceptual 

design were feas ib le  t o  build with present-day manufacturing technology 

o r  would require a t  most a moderate extension of present technology. 

l a rge  pumps, heat exchangers, and valves of the primary heat t ransfer  

system w i l l  require spec ia l  design consideration and performance test,ing, 

but the  fabr ica t ion  of these components i s  within the  capabi l i ty  of 

The 
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present-day mnufac t i i r e r s .  The inechanica?. design of t h e  re f i le l ing  nachines  

appears  t o  be feasi.Sle a s  descr ibed.  :lowever, Lhe rel~i.abi!..ity of t h e  r e -  

f u e l i n g  machtnes must be e s t a b l i s h e d  through r epea tea  -Les-t,s of prototyTe 

machines under simulated desigr; condi t ions .  Also, eriiergency condi t lons  

t h a t  may a r i s e  from possi-bl-e malfunct ioning of i;he nachine dii-ring a re-  

f u e l i n g  opera t ion  must be evalua-i;e< and prov-isj.ons made i.n t h e  design f o r  

coping wri.th these  condi t ions .  

The AI-CE core  design s p e c i f i e s  bi.direc.iiona1 f u e l i n g  wTth fue l i i ig  

from boih  ends of the r e a c t o r .  The B&Sd concepts s p e c i f y  b i d i r e c t i o n a l  

r e f i x l i n g  wi-th cue l ing  from one end; t h i s  cond i t ion  r e q u i r e s  about tw ice  

as many s-trokzs f o r  f u e l  movemen"i dur ing  a. complete f u e l  change as does 

tile AI-CE procedure.  For a1.l concepts;  r e f u e l i n g  opera t ions  t ake  p l ace  

dur ing  r e a c t o r  opera t ion ,  a favorable  s i - iua t ion  relati.ve t o  a 'c ta ining 

high loa2 Factors .  Also, r e a c t o r  dowfitime due t o  forced  outages of heai, 

L LransCer -r a d  steam-cycle equipment should be 1 o w ,  s i n c e  t h e  eCj1Aii21TIeieLt i s  

a c c e s s i b l e  and. i,he rad.ioacti .vity of tile coolan-i  is very  iow under normzl. 

operatior, .  Y'hesc f e a t u r e s ,  combimd. wi th  t h e  on-power r e f u e l i n g  schemes, 

can l ead  t o  load  l a c t o r s  s ip i f r i . can t ly  higher  than 'che SO$ assimed in 

L i i i s  eva lua t ion .  Howevel', t h c  durahilri.ty of SAY tubes  musi be demonstrated 

beforc  downtime for process- tube replacemerk can be di .scounkd a,:; a f a c t o r  

i n  p l a n t  availabi. l j . ty.  

t o ~  shutdown w i l l  r equ i r e  an of f - s t ream time of about  40 'nt̂  before  t h e  

xenon level. will have decayed s u f f i c i e n t l y  t o  permit  subsequent s t a r t u p  

wi th  proposed contrcl systems. 

, 2  

Also, t h e  buil-du-p of xenon poisoning a f t e r  reac .- 

'There i s  a s i g n i f i c a n t  economic incentive f o r  minimizing moderator 

inventory,  3rd as a resu.1.t t h e  c a l a n d r i a  tubes  a n d  process  tubes are com- 

p a c t l y  arranged.  &quipment, procedures,  and methods need t o  be d-eveloprd 

f o r  remote replacement of cal-andria  and proccss t u b e s .  Access for rep lace-  

ment o r  mai-ntenance of v e s s e l  components wi.I.1. be extremely limi-Led. Al- 

t e r n a t e  designs o r  some modificatic-):ns of t h e  p re sen t  denri.gn t h a t  f a c i 1 i . t a t e  

replacement operatri.ons should be considered.  Also, p rovis ions  should be 

made f o r  imspection and replacement of Lil t .  heavy-waier spray n o z z k s  of 

Lhe emergency cool ing  system. 
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E l e c t r i c a l  systems, se rv ice  systems, s i t e ,  and s t r u c t u r e s  appear t o  

be adequate for t he  systems described. Also, a u x i l i a r y  equipment f o r  t he  

moderator and coolant p u r i f i c a t i o n  systems can be b u i l t  as spec i f ied .  The 

estimated heavy-water loss r a t e  of about 0.6$ per year appears t o  be €ea- 

s i b l e .  However, more information i s  needed OR t he  q u a n t i t i e s  of heavy 

water which need t o  be upgraded i n  q u a l i t y  i n  order t o  niaintain t h e  speci-  

f i e d  heavy-water pur i ty .  
r l nere  7 1  i s  only spars? information ava i l ab le  on the  operation of a 

ca-taljrtic hydrocracker u n i t  foi- recovery of degraded coolants, and p i l o t  

plant; d a t a  will be requi red  before d e t a i k d  emaluat,ion of such a u n i t  

i n  HWOCR systems can be pe:rformed. In p a r t i c u l a r ,  t he  biphenyl content 

of recycled coolant Tor spec i f i ed  condi-Lions i s  not lillowyi adequately. 

&sed on Tresent. information, it appears that the deslgn of the  hydro- 

cracker u n i t  i s  s a t i s f a c t o r y .  

The turb ine  p l an t  design da ta  presented by AI-CE have been checked 

a.nd evaluated. We are i n  gen.era1 agreement with t h e  reference design 

values. De-velopment of the  large tandem-compound tu-bine-generator 1rni-L 

w i l l  be required, but such d.evelopment i s  i n  keeping with the  cur ren t  

iadus t , r ia l  t rend  i n  t h i s  area.  Re1.ativ.e t o  steam cond-i-tions, however, 

we estimate that the reactor-oi_~-tlet cool.an-t temperature w i l l  riot be 3bove 

700" Ii' ;arid s - t i l l .  meet o ther  spec i f i ed  c r i t e r i a ;  with a coolant o u t l e t  tem- 

peratu-re of 700°F, we estimate t h a t  the steam-generator heat t r a n s f e r  a r e 8  

would be increased above the spec i f ied  value and that st,eCxn would be gen- 

e ra ted  a t  6'75°F t o  give an o v e r a l l  pl.ani; thermal e f f i c i ency  of 34.1s. 

?he containment scheme, which requi res  i s o l a t i o n  valves b?i;ween t h e  

r eac to r  Located ins ide  the  containment bui ld ing  and primary hea t - t ransfer  

system components loca ted  outside the contairment bui.1-ding, appears rea.- 

sible for a p l a n t  loca ted  a t  t he  hypothetical  Niddleto-ai s i t e .  Loss of 

coolant and o ther  poss ib le  acc idents  w i l l  have t o  be evaluated i n  d e t a i l  

t o  Slete-mhe whe-they the  design pressu_re arid i n t e g r i t y  of the vesse l  are 

adequate and whether s u f f i c i e n t  p l a n t  safeguards have been provided. 



3 34 

15.4 Performance Evaluation _____.___-____I_._C- 

The power production c o s t s  assoc ia ted  with the  r e z c t o r  designs were 

ev;-,!:dated.7 based Oi l  011:- performance esti l imtcs and t he  re ference  Zround 

riLes, which considered a, 0.E p l a n t  1 -oiei R capl ' ia l  charge r a t e  of 12% 

per  year ,  and a f u e l - c y d e  cos t  averaged over a 30-year p i a n t  l i f e .  For 

th.e AI-C% dcsign concept. with ura.ni.om carbide f i ie l ,  we estLmate power 

c o s t s  of 3.46 t o  3.5)+ milH.s/kwhr(e), the range bckng assoc ia ted  w i t h  I J :~ -  

certa. ir t ty i.n fue l  sur face  fou l ing  by the  cool an t .  The corresponding f u e l  

conversion ratio w a s  0.70 averaged over .i'iie f u e l  cycle ,  and the s p e c i f i c  

f u e l  inventory f o r  the f u e l  cycle w a s  aboirt 1.3. kg Yisslle per e l e c t r i c a l -  

inega,vatt. Use of natural. uranium f u e l  i n  t h e  ends of fuel- assemblies 

would decrease ,ax ia l  power-peaking f a c t o r s ,  and such use could i-educe 

power-productioa costs about 0.03 mill,/kwhr ( e ) .  ,Also, i f  load f a c t o r s  

of 90% were achieved, a f e a s i b l e  condi t ion wi th  the proposed on- l ine  r e -  

fue l ing  scheme and encouraged by t he  low j.ncrernenta1 thermal.-energy gen- 

era-t7.m c o s t  of ai?out '1.8 cents  per  mi l l i on  R t u  assoc ia ted  with going from 

%?ro Lo f u l l  power produc-ti-ort, power costs would be furt ,her reduced by 

about 0.25 mill/kvhr (2). 

The power-production c o s t s  f o r  t h e  two B&W thorium-based r e a c t o r  de- 

srigrs k7ere zst imated t o  be 3.85 to 3.9L rni.lls/k.wE-r(e) f o r  .ihe nested-  

cyli-nder inetal-fueled concept and 4.00 t o  /+. 14 mill-s/kwhr ( e )  f o r  the p h -  

c l u s t e r  ox ide- fue led  concept; the ranges correspond t o  unce r t a in ty  i n  f u e l -  

sur face  Pouling by t h e  coolant .  For t hc  metal-fueled design, the as-  

soc ia ied  average conversion r a t i o  was 0.80, whi.2.e t he  specif i -c  f u e l  i n -  

ventory f o r  t he  f u e l  cycle  w a s  about 2.55 kg f i ss i le /Mw(e) ;  t h e  oxide- 

fue led  concept had an average conversior, r a t i o  of 0.71) and a s p e c i f i c  i n -  

ventory of 1.95 kg fi.ssilr/Mw(e). By ciianging the  core designs of t h e  

thoriu-m-based r eac to r s ,  it appears that, t he  power-production c o s t s  can 

be I~or?'ered, with corresponding incrzases  i n  t h e  conversi.on r a  i;io and a l s o  

i n  t h e  s p e c i f i c  inventory of f i s s i l e  fuel.  Taking c r e d i t  f o r  poss ib le  

performance improvemen;s l e d  t o  estimated power c o s t s  only 0 .1  t o  0 . 2  

mj.ll/kwhr ( e )  higher t k a u  those  obta inzd  f o r  t h e  corresponding HWOCR-U 

sys te rn  i;nder t h c  r e f e r e r c e  ground r u l e s  and bases used i n  this evalua t ion .  

Also, it appears 'hat  an hWOCR-U r eac to r  system can be charged 'io t ho r i im  
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f u e l i n g  without  r e q u i r i n g  s i g n i f i c a n t  core  des ign  charges i f  a s soc ia t ed  

changes i n  c o n t r o l  and s a f e t y  problems a r e  not  s i g n i f i c a n t .  'These power- 

product ion c o s t s  can be compared w i t h  t h e  value of 3.93 mil ls /kwhr(e)  

estimated f o r  pressur ized-water  r e a c t o r s  (PWR) r e l a t i v e  .to the  r e fe rence  

ground rules and. c o s t  bases  used i n  t h i s  s tudy .  The power-production 

c o s t s  based 011 p u b l i c l y  owned I-IWOCR p l a n t s  having a capfta.1 charge r a t e  

of  776 per year  were es t imated  t o  be 2.41. t o  2.k+6 mills /kwhr(e)  f o r  t h e  

AI-CE design concept, 2.66 t o  2.'72 mills/h7nihr(e) f o r  the I&W metal-fueled 

r eac to r ,  and 2.86 t o  2.96 mills/!mhr(e) f o r  t h e  B&W oxide-fueled r e a c t o r .  

These resul t is  were based on what we cons ider  f e a s i b l e  ope ra t ing  

condi t ions  and our  e s t ima tes  f o r  c a p i t a l  cos~ t s ,  ope ra t ing  and maintenance 

cos t s ,  and fiiel.-cycle c o s t s .  I n  ob ta in ing  c a p i t a l  cost;s, we separa ted  

t h e  va r ious  AI-CE s p e c i r i e d  cos t s  by breaking them down i n t o  t h e  AEC 

ca tegor i e s  of  c o s t  accounts .  We i n i t i a l l y  considered t h e  AI-CE design 

and ope ra t ing  condl t ions,  f o r  which case  the c o s t  adjustments  we made i n  

the  va r ious  accounts  tended t o  o f f s e t  each o t h e r  t o  g ive  t o t a l  dj . reet  

plant, cons t ruc t ion  cos t s  i n  good agreement w i t h  those  presented  by AT-CE. 

These c a p i t a l  c o s t s  were than ad jus t ed  in. accordance w i t h  changes i n  

des ign  and ope ra t ing  condi t ions  we considered necessary 3.nd reasonable  

fox' f e a s i b l e  design and  ope ra t ing  condi t ions  t o  g ive  OUT' f i n a l  c a p i t a l  

c o s t  e s t i m t e s .  On .these bases, our es t imated  capi ta l .  c o s t s  f o r  the  

AI-CE concept va r i ed  from $1.18 t o  $1.2l/kw(e) f o r  investor-owned p l a n t s  

and from $114 t o  $1.3_7/hv(e) f o r  puls l ic ly  owned p l a n t s  

The c a p i t a l  c o s t s  f o r  the B&W t h o r i m - b a s e d  r e a c t o r  concepts were 

obta ined  by es t ima t ing  the c o s t  d i f f e r e n t i a l s  a s s o c i a t e d  wi th  v a r i a t i o n s  

in des ign  and operation wi th  .the inaniurn-based r e a c t o r  plant  as t h e  ref-  

erence case .  The di rec- t  capi ta l .  c o s t  of t h e  5&W xet,al-fueled r e a c t o r  

p l a n t  was es t imated  to be $3.9 m i l l i o n  lower than  t h a t  of t h e  r e fe rence  

uranium-fueled r e a c t o r  concept, while t h e  d i r e c t  cap i ta l .  c o s t  o?" t h e  BSCW 

oxide-fueled concept w a s  about  $3.2 m i l l i o n  lower t,haa t h a t  of t h e  r e f -  

erence p l a n t  * Taki-ng into corisideration changes i n  des ign  ami ope ra t ion  

i;li.at ve considered necessary  and .reasonable for feas ib le  cond i t iom,  our 

estiiixxted capital. costs for the BPcW metal-fueled reactoi-  concept v a r i e d  

*on $113 to $116/lrw(e) for i~n-veEJ~,9S-aWI3e!J. :plants, and. frcm $1~9 to 
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$1 1.2/kw(e) for p u b l i c l y  owned p lan t s ;  the corresporiding e s t ima tes  for t h e  

B&W oxide-fueled concept were $1.1.4 to $119/kw(e) and $110 t o  $115/kw(e). 

Operation and main-teriaiice costs were es t imated  t o  be about  0.37 

m?.l.l/kwhr (e)  f o r  t h e  d i f f e r e n t  HWOCii concepts being considered.  

i n  t h i s  figure a r e  heavy-water-nakeup and organic  -coolant-makeup c o s t s ;  

which tota.1. about 0. 03 rn?l.J./kwhr ( e ) .  

I m l u d e d  

FuelLcyele C O S  'cs were ca l cu la t ed  wi th  Liie present-val.ue d i scomking  

technique -Lo ob ta in  30-ye3.i- 3.ifetime-average f u e l  c o s t s .  Undei- reference 

condi t ions ,  we estimatwil fue l - cyc le  c o s t s  corresponding to the  range ol" 

powel- c o s t s  given zhove. The va lues  ob-tained., inc luding  heavy-water and 

coolant  i nven to r i e s  t o t a l i r i g  about 0 .2  mil.l/kdhr ( e ) ,  were 1.07 t o  1 . 0 9  

mil ls /kvhr  ( e )  f o r  t h e  AT-CE concept wj.t,h f u e l  a t i ;a ia ing  a n  average expo- 

su re  of about 17,000 h d / T  of heavy metal ;  1.67 t o  1.73 mi l l s /kwhr(e)  f o r  

tile B&W oxide-fueled concept with .fuel a t t a i n i n g  an a'verage exposure of  

ahout 23,000 Mwd/'IC; and 1.54 t o  1.58 rnilI.s/kwhr(e) f o r  t h e  B&W m. otal -  

fue l ed  concept W i L i i  f u e l  a t t a i n i n g  an  average exposure of about 23,000 

Mwd/'l' [decreasing t h e  avera.ge exposure of t he  metal  fuel. t o  17,000 Mwd/T 

would inc rease  fuel-cyc1.e costs about  0.06 mil l /kvhr  ( e )  1 .  
Under pub l i c  owners hip,  t h e  corresponding firel-c ye 3-e c o s t s  , incl .uding 

heavy water and. organic  coolznt, invcnbory charges to tab ing  about 0.1. 

mil l /kwhr(e) ,  were estiiimted t o  be 0.90 t o  0.92 rnil.l-/kvhr(e) for the AI-CE 

concept,  1 .39  to 1.44 mills/kwhr ( e )  f o r  t h e  B&M oxide-fueJ-ed concept, and 

1 .20  t o  1 .23  mills/kwhr ( e )  for the B&W metal-fueled concept.  

1 5.5 Engifieering Development RequiremeEts 

The eva lua t ion  was based on condt t ions  considered f e a s i b l e  wi th  

presec t -day  technology; this the performance ind ica t ed  has n o t  been dem- 

o n s t r a t e d  3.n a1.l r e spec t s  hut appears  a t . t a inab le  .tlirough engineerj-ag re- 

sea rch  and development. Work areas that necd emphasis i n  developing and 

demonsti%ti.ng practicab?.e I-TWOCR systems a r e  discussed below. 

1 5 . 5 . 1  Pt-ocess-Tube and Cladding % t e r i a l  

The HWOCI< concept that .  uses  SAF ma-terial~ r e q u i r r s  that ,  t h e  maLer?.a1. 

have s a t i s f a c t o r y  metall.urgri.za1 and. mechanical p r o p e r t i e s  f o r  a p p l i c a t i o n  
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as process tube and cladd-ing. 

t he re  i s  s t i l l  need f o r  f ab r i ca t ion  procedures t o  be f i rmly  established; 

a l so ,  spec i f i ca t ions  and information on pe-rmissible design stresses f o r  

SA3 need t o  be developed more completely ’oased on r e s u l t s  of extensive 

ma te r i a l  t e s t i n g  under simulated HWOCR operating conditions.  

term high-temperature load. conditions, SAP mater ia l  exh ib i t s  low s t r a i n  

capabi l i ty ,  and t h e  low d u c t i l i t y  of SAP a t  l o w  s t r a i n  r a t e s  and i t s  in-  

fluence on r eac to r  design c r i t e r i a  need t o  be studied thoroughly. 

experimental s t r e s s - rup tu re  da t a  requi re  inord ina te  ex t rapola t ion  f o r  

accura-te p red ic t ion  of the  permissible design s t r e s s  assoc ia ted  with a 

30-year process-tube l i f e .  Also, t h e  e f f e c t s  of transier1.t s t r e s s e s  and 

t r a n s i e n t  l o c a l  conditions on the  mechanical p rope r t i e s  and assoc ia ted  

permissible design c r i t e r i a  of SAP fuel-cladding ma te r i a l  should be studied 

t o  detei-rnine how t r a n s i e n t  and l o c a l  conditions infl-uencc permissible de- 

s ign  c r i t e r i a .  

Since SAP is  a re la t iveI j r  new material ,  

Under long- 

Present 

In add i t ion  .to t he  present  SAP development, program, it appeazs de- 

s i r a b l e  t h a t  a backup e f f o r t  be supported i n  which zirconium-based a l l o y s  

are developed f o r  I-IWOGR use. The a b i l i t y  t o  use such mater ia l s  f o r  

process-tube and fuel-cladding app l i ca t ion  i s  dependent upon con t ro l  of 

metal hydridirig and assoc ia ted  matevia.1 embrittlemerit. Studies t o  da te  

i n  t h i s  a r ea  are I]-imited and need t o  be expanded and conducted uiid.er 

IMOCR-simulated conditions t o  deternLrie whether zirconium-based al-loys, 

through treatments o r  modifications, a r e  p rac t i cab le  Poi- iIC.JOCR appl ica-  

t ion .  

15 a 5.2 Organic Coolant 

The most Important need with respec t  t o  t h e  organic coolant i s  f o r  

a b e t t e r  understanding of t h e  f a c t o r s  and mechzinisms t h a t  influence the 

formation and suppression of foul ing  films on fuel-element arid o ther  heat- 

t r a n s f e r  surfaces under .EdOCR conditions. Also, t h e  foul ing  cha rac t e r i s -  

t i c s  of tbe organi-c coolant under economic HirlOCR opesating condi1;torl:I; 

need t o  be p e c i s e l y  determined. ‘R..is requi res  in tens ive  in-pile h o p  

t e s t t n g  ~udder measured and cont ro l led  conditions and Involves m~asurernent 

of f l u i d  Pl-ow and heat, t r a n s f e r  conditions eoolant phys ica.1 proper-ties 



and composition, coolant  i i q m r i i i e s  and t h e i r  concenzrations and chemical 

and phys ica l  iorms, and extensive posttes L examinatfoils of  f i l  ms. 

15 .5 .3  Con-tvol and Safet-v 

Detai led s t u d i e s  need t o  be made of t he  con t ro l  and s a f e t y  r equ i r e -  

ments 05 these 1-argc reac.'iors with p o s i t i v e  -Lenperai;ure c o e f f i c i e n t s  of 

reactivri-ty. The reactivri.t,y c o e f f i c i e n t s  need t o  he eva.liiated mor"? t ho r -  

oughly- arid experimenta!. measurements obtaLi1ed. The maximum credfb lc  ac- 

cri.dent needs t o  be est imated an.d f ac to red  i n t o  the  desiga of  the  c o n t r o l  

and/or containment system. The iiif.1.mnce of xenon osc i l l a . t i ons  and con- 

.krol rod movement on r e a c t o r  s t a b i l i . t y ,  s p a t i a l  power-peaking f a c t o r s ,  

and r e a c t o r  con-trol requirements needs s p e c i f i c  study. 

15 .5 .4  Therm51 arid Hydraulic Studies  _..- 
r__l. 

Detai led measiirements of fl.uid fl-0-w coildi-tj.i:)ns, temperature dr i s t r i -  

but ions,  effec'ci-ve heat t r a n s f e r  c o e f f i c i e n t s ,  ail-d 'ihe inr luence  o f  fuel 

assrmb1.y o r i e n t a t i o n  and 1-ocaiion on these  va:riabJ.es need t o  be made i n  

full-scale rnockups represent ing  HrrJOCR core-design condi t ions.  These in-  

clude experimental  measurements o f  f l u i d  mixing i n  flow channels con- 

t a i n i n g  s p i r a l l y  f j.nned elements; e f f e c t s  of  fw l -e l emen t  swell~ing on 

flow d i s t r i b u i i o n ;  determinat ion of core  pressure drop and f l u i d  fl.ow 

d i s t r i b u t i o n  as a func t ion  of f u e l  assembly o r i e n t a t i o n s  and poss ib l e  

eccen t r i c  pos i t i on ing  of f u e l  assembli-es i n  t h e  preocess tube; and mea- 

surenent of  t h e  e f f e c t  of fuel assembly end-plate  design on pressu.re drops, 

~ Y O W  d i s t r i b u t i o n s ,  and assoc ia ted  l o c a l  h e a t - t r a n s f e r  c o e f f i c i e n t s .  

15. 5. 5 Fuel. -Elcrnent Perforniance 

The a b i l i - t y  of f u e l  elements t o  withstand t h e  maximum exposures 

plannec? under HWOCli condritions without f a i lwe  needs t o  be f u r t h e r  dem- 

ons t r a t ed  wi'ch cons idera t ion  given t o  the  infl.iience of tile f i ne -ax ia l  

and f i n e - r a d i a l  power-peaking f a c t o r s  on maximum f u e l  exposure. For t he  

uranium carbide f u e l ,  p resent  uncei-.tainties 1-elai ive t o  f u e l  growth and 

f i s s ion -gas  r e l e a s e  as a func t ion  of  f u e l  exposure, temperature, and tern- 

pcra ture  d i s t r i b u t i o n  ineed t o  be reduced. Also, cladding integri t ;y  under 

condi-tions of thermal f u e l  cyc l ing  needs f u r t h e r  invest igat ion. .  
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For t h e  thoria-based f u e l  element and the  planned fuel. exposures, 

a d d i t i o n a l  t e s t i n g  i s  requ-ired t o  demonstrate t h a t  v i b r a t i o n  compaction 

i s  it p r a c t i c a l  operat ion when SAP cladding i s  employed. Also, more in -  

formation i s  needed concerning t h e  permissible  f u e l  exposure as de te r -  

mined by f iss ion-product-gas  pressure  buildup under HWOCR condi t ions.  

The thorium-metal-based f u e l  element r equ i r e s  extensive t e s t i n g  t o  

Te r i fy  i t s  p r a c t i c a l  app l i ca t ion  under HWOCR condi t ions.  

per imental  r e s u l t s  a r e  needed r e l a t i v e  t o  f u e l  growth and d i s t o r t i o n  as 

a func t ion  of exposure, temperature, and temperature d i s t r i b u t i o n ;  and 

the  inf luence of fuel growth and d i s t o r t i o n  on coolant  flow dis t r ibu. t ion 

i n  the  c l o s e l y  spaced. annul i  between the  metal  cy l inders  needs t o  be 

b e t t e r  known. Also, the  inf luence of hydrogen pickup by zirconium on 

permissible  fuel-element esposure arid on coolan%-flow d i s t r i b u t i o n  needs 

t o  be evaluated experimentally.  

Additional ex- 

15.5.6 Components 

Ex-t;ensive component development work i s  required .io a t t a i n  the  tech-  

nologica l  s t a t u s  required for bui ld ing  and opera t ing  economic Ifi?OCR. power 

p l a n t s .  Development of r e l i a b l e  and. adequate con t ro l  and s a f e t y  systems 

i s  needed, along wi-Lh l i f e  t e s t i n g  of t hese  syst,ems. 

f u e l i n g  machines, t he  l a r g e  pumps, heat  exchangers, and valves of the p r i -  

mary heat  t r a n s f e r  system w i l l  r equ i r e  performance t e s t i n g .  Also, t he  

c a t a l y t i c  hydrocracker f o r  recovery of degraded organic coolant  requi res  

de ve lopment . 

The on-power 1-e- 

Remote on-power r e fue l ing  i s  a major cons idera t ion  f o r  t he  HWOCR 

concept. 

be demonstrated through repeated tests of prototype machines uncler simu- 

l a t e d  HWOCR condi t ions.  

removal of r e fue l ing  machines under all poss ib le  condi t ions of malf’uulction. 

Also, methods need t o  be developed and t e s t e d  f o r  remote replacement of 

ca landr ia  and process tubes.  

The requi red  high r e l i a b i l i t y  of t h e  r e fue l ing  machines must 

Procedures need t o  he d-eveloped f o r  r e p a i r  and/or 
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Appendix A 

BASIS FOR FIXEE CHARGES ON NUCLEAR PTA'i'TTS 

The annual  f b e d  charge a p p l i c a b l e  t o  dep rec i a t ing  capi ta l .  investment 

was taken as 12% of t h e  investment i n  a p r i v a t e l y  owned u t i l i t y  p l a n t .  

The fo l lowing  breakdown :cas used : 

Return on money inves ted  
3 0-year dep rec i a t ion  1.25 
In t e r im  replacements 0.35 
Federa l  income taxes 1.80 
Other t a x e s  2.40 
Insurance (excluding l i a b i l i t y )  0.21J 

6.0 $ 

12.  00$ 

The bases f o r  t h e  i n d i v i d u a l  charges  a r e  d iscussed  i n  t h e  fol lowing para- 

graphs.  

1. Return on Money Inves ted .  The c o s t  of  money r e l e c t s  t h e  downward 

trend. i n  bond i n t e r e s t  s i n c e  1960. It i s  equiva len t  t o  f inanc ing  t h e  pla.nt 

w i t h  one- t h i r d  eqi i i ty  cap i t a l .  r e t u r n i n g  9$ a f t e r  t axes  and two-thirds  deb t  

c a p i t a l  drawing 4.5% i n t e r e s t .  

2 .  Depreciat ion.  The 30-year dep rec i a t ion  allowance i s  ca l cu la t ed  

by t h e  sinking-fund method. 

3. In t e r im  Replacements. The sinking-fund deprec i a t ion  allowance 

does no t  inc lude  r ep lac ing  c a p i t a l  itenis t h a t  have a. s h o r t e r  l i f e  span 

than  30 yea r s .  

f i r e d  p l a n t s .  

4 .  

'The 0.35% f i g u r e  fol.lows FPC p r a c t i c e  f o r  eva lua t ing  coal-  

Federa l  Income Taxes. The f i g u r e  o f  1.8% f o r  f e d e r a l  income 

t a x e s  i s  based on t h e  a s s u p t i o n  t h a t  t h e  "sum-of-the-year's-digits" 

method of  tax d e f e r r a l s  would be allowed. Under such condi t ions,  t h e  

percentage of  f e d e r a l  income t axes  pa id  on t h e  i n i t i a l  investment t h e  n t h  

yea r  af ter  s t a r t u p  i s  0.92 -t 0.085n. 

i n g  t h i s  t o  a cons tan t  r e t u r n  p e r  yea r  then  r e s u l t s  i n  the 1.8$ p e r  year  

charge.  

The sinking-fund method of  norrnaliz- 

5.  Other t a x e s .  S t a t e  and l o c a l  t a x e s  are taken as 2.4$, as recom- 

mended by t h e  FPC. 
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-. 6. msurance.  k f i g u r e  07 mS.@ i s  alioweti Ycj-  property damage 3.p- 

s w a n c z  foilowi.ng conventlon&3 g1.an.L pr-act-ice.  ‘ I l i ls  does not inc iudc  

ccs is of  thrii-d-par-ty l i a b i - l i t y  insurance. 

Eor p u b l i c l y  owned plant; ,  the annual  fixed. charge w a s  take9 as ‘ I$  

of capi-tal. investment. The breakdown w a s  taken as : 

R e i ~ r n  oil money invested 4.00% 
30-year deprec ia t ion  1.75 
Int er i. m r epla c e:nejit s c.35 
Local t a x e s  plus insurance 0.90 

7 

7.00% 
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Appendix B 

COMPUTER CODES USED I N  HWOCR EVALT..IATiON 

A prominent design f e a t u r e  of t h e  pin- type f u e l  assemblies  proposed 

bo th  by AI-CE and by  B&W i s  t h a t  advantage i s  taken  of t h e  mixing between 

f l u i d  flowing i n  t h e  va r ious  subchannels between t h e  p i n s  t o  reduce t h e  

temperature  r i s e  i n  '00th t h e  coolant  and c ladding  i n  t h e  h o t t e s t  sub- 

channel.  Ca re fu l  analysis of t h e  e f f e c t  o f  mixing i s  a. r a t h e r  involved 

process  and has been handled i n  previous l a r g e  r e a c t o r  des igns  i n  only  a 

g e n e r a l  manner. To f a c i l i t a t e  t h e  a n a l y s i s  of  t h i s  e f f ' ec t  of mixing, 

copies  of two computer codes were obtained. from Combustion Engineering, 

Inc. ,  a t  Windsor, Connecticut,  and adapted f o r  our computer, the  I B M  7090. 

These two codes, which w i l l  be  r e f e r r e d  -to as t h e  U-3 code and the  

'IT-EME L code, d i f f e r  i n  two essent ia l  p r i n c i p l e s .  One d i f f e r e n c e  i s  t h e  

g e n e r a l  purpose f o r  which t h e  code was w r i t t e n ,  and t h e  o t h e r  i s  the 

r e p r e s e n t a t i o n  of mixing i n  t h e  code. Code U-3 was w r i t t e n  t c  desc r ibe  

i n  d e t a i l  t h e  temperatures  i n  t h e  coolan t  and a t  t h e  cladding surfa.ce i n  

a rnultichanneled flow assembly. THXME 1, on t h e  o t h e r  hand, was w r i t t e n  

t o  r ep resen t  on ly  g e n e r a l l y  t h e  e n t i r e  assembly and t h e  hot  subchannel i n  

d e t a i l .  Therefore U-3 i s  most useful i n  eva lua t ing  a p a r t i c u l a r  c?esign, 

and THEMEl 1 is most u s e f u l  for studying t h e  e f f e c t  of varying design pa- 

rameters. (These two programs aye descr ibed  i n  d e t a i l  i n  Refs. l avid 2.) 
Code U-3 approximates t h e  e f f e c t  of mixing by assuming t h a t  t h e  c ros s  

flow between subchannels i s  p r o p o r t i o n a l  t o  t h e  average :Linear v e l o c i t y  i n  

t h e  assembly. 

po ra t e s  t h e  n e t  e f f e c t  c2f adding and s u b t r a c t i n g  coolan t  a t  d i f f e r e n t  

temperatures  from ad jacen t  subchannels . 'THEME 1 t r e a t s  mixing through 

t h e  use of t h e  mixing f a c t o r  based on t h e  temperature  changes wi th  and 

without  mixing. The mixing f a c t o r  i s  def ined,  and once i t s  value i s  

known, t h e  temperature  r ise  i n  t h e  subchannel w i t h  mixing can be calcu-  

l a t e d .  

An energy ba lance  on a n  increment of 1engl;h then  incor -  



‘ihr U-3 ccae T,.‘&s d e ~ e J . c ~ p ~ C  b y  Oldakcr’ ~ i - ,  Chalk River.  I-t w a s  o r i g i -  

n a l l y  w r i t - k e ~  i n  APEX IV and w a s  k t e r  t r e . n s % a t ~ d  i n i o  a I”onrl o f  FOR’iRAN 

for t h e  I]BM-’?073 at. Tdindsor, Connecticut,  by pe.r.sonne1 a t  Cornbusilion 

Engineering - In t h e  t cans l a i ion ,  s e v e r a l  modiLficati ons were made ir, t he  

code; -the two most s i g n i f i c a n t  changes were t h e  fol lowing:  

nal code represented  t h e  axial f lux d i s t r i b u t i o n  as a chopped cosi.ne, 

wh-i le  t h e  modi f ica t ion  e;l’i;cr.red t h e  a x i a l  flux d i s t r i b u t i o n  a t  a s e l e c t &  

number o f  p o i n t s  and l i n e a r l y  in t e rpo la t ed  between t h e s e  poin ts ,  and 

( 2 )  t h e  or i .g iua l  code was w r i t t e n  f o r  wire-wyappe6 elemei7ts where the 

in te rsubchannel  fl.ow was d i.rez’ced i n  a fa i r ly  p r e d i c t a b l e  manner and pro- 

p o r t i o n a l i t y  cons tan ts  were zssigned t o  t h e  r e l a t i v e  flow b e h e e n  elements, 

whi le  the modified code considered sp i ra l .  f i n s  direct i i7g flow in opposi.r,g 

d i r e c t i o n s  between elements, and t h e  estj.i-nation of t h e  rel..ativz in t e r sub-  

channel f low w a s  more gross. 

(1) t h e  o r i g i -  

The liydrai.l7..i.c c a l c u l a t i o n s  have already been mentioned in the main 

body of t h i s  r q o r i .  All ca lcu l .a t ions  j.n t h i s  s e c t i o n  o f  t,he code a r e  

rnfla.de w.th f l h i d  p r o p e r t i e s  based on a n  average coolant  temperature i n  Lhe  

pres su re  tube  t h a t  i.s t h e  sum of  t h z  enliei-ing temperature and  one-haJf an  

est imated temperature r i s e  (bo th  inpu t  v a l u e s ) .  

c k c k  t h e  v a l i d i - t y  of t h i s  enterei;  temperatiire r i s e  based 011 subsequeirt 

thermal  c a l c u l a t i o n s .  

Ko i t e r a t i o n  i s  made ‘io 

The f r i c t i o n  Tactor c o r r e l a t i o n  j.s one e s t a b l i s h e d  by Cole’orook: 

where 

f = f r i c t i o n  f a c t o r ,  

e pipe roughness, 

T3 = equival e n i  chancel  diameter,  

H = Reynolds number i n  t h e  channel.  

The pressure drop i s  r e l a t e d  t o  t h e  f r i c t i o n  f a c t o r  by the  foil.owing 

e quat  i on : 
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where 

Ap = t h e  p re s su re  d.rop, 

L = subchannel length,  

K = nmber of v e l o c i t y  heads l o s t  through en t rance  and e x i t  t o  

sub c hanne 1, 

p = f l u i d  dens i ty ,  

V = f l u i d  ve loc i ty ,  

g = conversion cons tan t ,  

and t h e  o t h e r  terms are as p rev ious ly  def ined .  

Equation (1) has t h e  disadvantage t h a t  it ca,nnot be solved e x p l i c i t l y  

f o r  t h e  f r i c t i o n  f a c t o r  f and t h e r e f o r e  must be solved by t r ia l  and e r r o r .  

In add i t ion ,  f i s  depend-ent upon t h e  Reynolds number, which i s  i n  t u r n  

dependent on t h e  v e l o c i t y .  Since t h e  v e l o c i t y  i s  t h e  result sought, 

ano the r  t r i a l - a n d - e r r o r  loop i s  involved.  The procedure i n  t h e  code i s  

given below: 

1. A f i rs t  trial value i s  assumed for  the v e l o c i t y .  

2 .  The Reynolds number i s  c a l c u l a t e d  f o r  t h i s  v e l o c i t y .  

3. A f irst  t r i a l  value i s  assumed f o r  f .  

4 .  

r i g h t  sid.e.  

Equation (1) i s  solved for  f w i t h  t h e  f i rs t  t r ia l  va lue  i n  t h e  

5 .  The c a l c u l a t e d  value OT f i s  corrrpred w i t h  t h e  f i r s t  trial value 

and i f  t h e  r a t i o  of  t h e  -Lwo terms d i f f e r s  by more 'Lhan 0.001 from un i ty ,  

t h e  t r i a l  va lue  i s  se t  equal  t o  t h e  ca l cu la t ed  va lue  and s t e p  4 i s  re- 

peated ;  r e p e t i t i o n  i s  con1;inued u n t i l  t h e  convergence c r i t e r i o n  i s  satis- 

f f ed .  

6. 'The v e l o c i t y  i n  t h e  siibchaiinel i s  ca l cu la t ed  Gy us ing  the c a l -  

cu la t ed  va lue  f o r  f and an  e s t ima te  f o r  t h e  p re s su re  drop a c r o s s  t h e  sub- 

channel  (an ir1pu.t va lue )  i n  a rearrangement of Eq.  ( 2 ) .  

7. The ca l cu la t ed  v e l o c i t y  i s  compared wit,h t h e  assumed v a h e  from 

s t e p  1 and i f  t h e  r a t i o  of  t h e  two terms d i f f e r s  by more than  0.001 from 

u i i ty ,  t h e  assumed va lue  i s  rep laced  w i t h  the cal.culatc;d va lue  arid t h e  

c a l c u l a t i o n  i s  re turned  t o  s t e p  2; r e p e t i t i o n  i s  continued i n  t h i s  l a r g e r  

loop u n t i l  t h e  convergence c r i t e r i o n  i s  s a t i s f i e d .  
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8 .  The mass flow through t h e  subchannel i s  found by mul t ip ly ing  

t h e  resul.tan'c vel.ocity by tlie flow a r e a  of the subchannel and t h e  d e n s i t y  

of the cool-ant . 
9.  All t h e  above s t e p s  a r e  performed success ive ly  for each of t h e  

subchai-inels i.n t he  p re s su re  tube  (or t h e  segment o f  3.t under considera-  

t i o n ) .  

10 .  The mass flow throueh each subchannel i s  summed, and t h e  sum 

i s  compared w i t h  t h e  to t a l .  flow throug'ri t h e  pressure tube (or segnent ) ,  

which is a n  inpu t  va3.ue. If the  ratio of  t h e  two va lues  does ilot agree  

wf th  unit)- w i th in  0.0GG1, thc e s t i v a t e  of the  piaessure dro? through the  

subchannel (which i s  t h e  sane as for t h e  p re s su re  tu'oe) i s  r ead jus t ed  i.n 

direci ;  p ropor t ion  t o  'die r a t i o  of t h e  cal.culaLed mass flow and tlie pre-  

scr iber j  xass fl-ow, and t h e  pi*ogram i s  returneri  t o  s tep I.. When t h e  con- 

vergence crr i ter ion on t h e  flow r a t e  3.s fulfi.J-l.ed, c a l c u l a t l o n  proceecis 

t o  t h e  thermal  p o r t i o n  o f  -the program, and the  mass f l o w  r a t e s  through 

each subchannel a r e  re-ia.i.ned. 

Although these  cal .culat ions consume rcla . t j .vely l i t t l e  machine time, 

it appears  t h a t  they could be expedrited by  (1.) us ing  t h e  Moody' approxi-  

mation of tlie Colebrook c o r r e l a t i o n  and ( 2 )  savi.ng tile f i .na1 - resu l t s  from 

one J.oop Lo be used as t h e  f i r s t  trial. va lues  5.n success ive  i te rz ' c ions  o f  

t h e  SaiilF: loop. These fi-rst t r i a l  w.l.u.es could then be r e s e t  between cases .  

The r ep resen ta t ion  of mixing i n  t h e  code can be explainer! by f i r s t  

cons ider ing  t h e  change i n  temperature  of the coolaiyt over an  incremental  

( o r  u n i t )  1engi;h vithoui;  mixing: 

W 
m_ d t  = u FC ' 

P 
( 3 )  

where 

d t u  = temperature change withou-t mixing, 

W ::I heat  input  f rom t h e  surrounding el.emen'i;s i n  that;  l ength ,  

M = mass fl.ow ra-ke in t he  subchannel-, 

P 

When mixing i s  considered, t h e  t h r e e  masses, m2, m3, and mie, coming 

C = heat  capaci-'Ly of t h e  coolan t .  

i n  f i -om t h e  t h r e e  ad jacen t  subchannels are balanced by t h e  same m a s s 3  mi, 
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lea.ving t h e  subchannel for which t h e  ca l cu la t ion  i s  being made a t  i t s  

average temperature, t l .  If t 2 ,  t3 ,  and t 4  represent t he  average tempera- 

t u r e s  i n  t h e  respec t ive  adjacent subchannels, t h e  following hea t  balance 

for t he  subchannel may be wr i t t en :  

where d t  i s  the  temperature change with mixing and. t he  r e s t  of t he  terrns 

a r e  as defined i n  t h e  previous t e x t .  A l s o ,  
m 

i n  order f o r  constant coolant flow t o  be mainta.ined i n  the  subchannel. 

Rearranging Eq. ( 4 )  l eads  t o  the  following exprep- ion : 

o r  

where t i s  the tempera.ture cor rec t ion  due t o  mixing. I n  t h e  code, tine 

intersubchannel f l o w  rate::, rn, a r e  taken as t he  product of t h e  mixing 

constant, AMIXC,  and t h e  average velocity,  VAV, which i s  determined i n  

the hydraulic s ec t ion  of t he  code. The cross flow, which i s  the  product 

of A.MIXC and VAV, i s  symbolized i n  t h e  code as CROSS and has the ~ m i t s  of  

mass pe r  u n i t  l ength  per u n i t  time. .For a given length, ANCR, the  cross 

f l o w  i s  t h e  product of CROSS and APJCR. Note tha-t t h i s  product i s  equal 

t o  m2, m3, arid "4 and that m1 = M i s  eqiml t o  t h r e e  times this product. 

Combining t h e  symbols of  Eq. (6 )  and t h e  program syrribols defined above, 

we have 

C 

In t h e  o r i g i n a l  version o f  t he  program, whose v a l i d i t y  'was v e r i f i e d  

by comparing ca lcu la ted  r e s u l t s  with experimental r e s u l t s  f o r  wire-wrapped 

el.ements, t he re  were additional fac lors  symbolized as E'L02, FTD3, and 

E'LO4 t h a t  were used as m u l t j p l i e r s  of t he  temperatures given i n  X q .  (8) .  

'These were p ropor t iona l i t y  constants t h a t  spec i f i ed  the  arnour1.l; of flow 
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from each of t h e  nei-ghborhg siibchannels, and -they were va r i ed  depending 

upon t h c  r e l . a t ive  geometry of t h e  assemb1.y. I n  t h e  n iodi f ica t ion  made by 

Combustion Engineering t h e s e  f a c t o r s  were assumed t o  be e i t h e r  l . 0  or 0.5, 

depending upon whether 'che in te rsubchannel  connection w a s  the  junc t ion  

of two opposing s p i r a l  f i n s  or 'i;he junc t ion  o f  a s p i r a l  f i n  wi.iAi a wal.1- 

o r  s t r a i g h t  f i n .  'The s e l e c t i o n  of t h e s e  values ,  partici.i.3.arly i n  -the 

presence of a s t r a i g h t  fin, appears  t o  have no supportling e q e r i m e n t a l  

evidence. 

The ca1.culation of W, . the hea t  i npu t  per mi' ii length,  i s  t h e  only 

reinakring rmjor fac . tor  t o  be d iscussed .  For the hot p re s su re  tube,  t h e  

average l i n e a r  hea t -genera t ion  r a t e  f o r  t h e  ent2rii-e r e a c t o r  is mul t ip l i ed  

by t h e  b a s i c  ra6ia.l. flux f a c t o r  and t h e  fl.ilx t i l t .  

Lube t h e  e l e r e n t s  a r e  divided i n t o  zones of cons tan t  l o c a l  i.od r a d i a l  

f 1 . 1 ~  f a c t o r .  This  l o c a l  rod r a d i a l  f a c t o r  j.s a function of axial pos i -  

 ion, as has al.?eady been di.scussed i n  t h e  repor'c, b u t  a " judic ious"  

average i s  enkeyed t o  r ep resen t  t h e  pressure tube  over i t s  e n t i r e  l e n g t h .  

We now have average hea-t-generation r a t e s  f o r  each zone, and t h e  only  

remaining f a c t o r  t o  be used i s  t h e  peak gross  axial fi.ux Tactor .  Multi- 

plica-Lion by t h i s  f a c t o r  g ives  t h e  m m i m u n i  fl.iur i n  t h e  p re s su re  tube  5.n 

each zone. 

Within t h e  p re s su re  

L .* 

I n  t h e  o r i g i n a l  ve r s ion  of the code, t h e  axial power v a r i a t l o n  w a s  

assumed t o  be represented  by a chopped cos ine  curve.  Since t h e  axi.al 

fl-ux pa- t te rn  f o r  t h e  A I - C E  design could not  b e  represented  by  such a, 

curve, t h i s  f e a t u r e  was removed., and both  t h e  normalized ax ia l  flux and 

t h e  norrfialized i n t e g r a l  a x i a l  f lux were en tered  a t  s e l e c t e d  axial.. posi- 

t i o n s .  Linear i n t e r p o l a t i o n  between t h e  en tered  p o i n t s  w a s  made. Cool- 

anl; teinperature cal .culat ions were made over the s e l e c t e d  increment of 

length,  ANCH, and i n t e r p o l a t i o n  was made between t h e  seJ.ec-te& flux p o i n t s  

above and below 'iiic sinuned va lues  of ANCH. If t h e  d i f f e r e n c e  i n  a x i a l  

d f s t ance  between two s e l e c t e d  poin'cs a t  which a x i a l  fl.ux f a c t o r s  were 

en tered  was l e s s  than  ANCK, t h e  in t e rven ing  f a c t o r s  were skipped i n  t h e  

ca l cu la t ion ,  bu t  t h e i r  in f luence  on t h e  normalized fl.iuc i n t e g r a l  was 

considered.  

The cal.culat,:i.on and pl-intout of c ladding temperatures  were made a t  

A t  selec-Led in'cei-vals equal  t o  o r  g r e s t e r  ( u s u a l l y  g r e a t e r )  tiixn ANCK. 
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these intervals, it was a simple matter to evaluate the coolant properties 

at the exit temperature for the increment and then to evaluate the film 

heat transfer coefficient and the cladding surface temperatme. The cor- 

relation used to predict the film heat transfer coefficient has already 

been discussed in this report. 

THEME 1 Code 

The second program, called THEME I, was originated by Jesick6 and 

programed by H. Zielinski at Corribustion Engineering, Inc., for the FlWOCR 

program. As 'has been previously indicated, TIBNE 1 examines principally 

the hot subchannel and can be used to make parametric studies for. reactor. 

design. It has four options from which one may be chosen. The options 

are (1) a pressme-tube orificing-factor search based on a maximum al- 

lowable surface temperature and a stated reactor temperature change, 

(2) a pressure-tube average-velocity search on the same basis, (3) a re- 

actor temperature-change search based on a maxirnwi allowable surface 

temperature and a stated average velocity in the pressure tube, arid (4) a 

calculation of the pressure-tube velocity and the cladding surface tem- 

peratures for a stated number of pressure tubes. In the first three op- 

tions, the number of pressure tubes is varied to meet the given Teac%or 

power output under the stated conditions. It is obvious that, the first 

thee options are most valuable for reactor design, while the last option 

is most valuable for evaluating a given design. 

The major variable in this calculation, at least for the first three 

options listed above, is the number of pressure tubes. For all options, 

except the last, a first trial value near 1000 is assumed and iterations 

are made to approach the maximum allowable surface temperatwe. For the 

first two options, as soon as the reactor power and the temperature change 

of the coolant in passing through the reactor have been specified, the 

-total flow rate can be calculated. Then, based on the assumed number of 

tubes, the flow through each tube and the conditions in each tube can be 

calculated. In the third option, the specified maximum velocity and the 

assumed number of pressure tubes defines the total coolant flow through 

the reactor, and the same calculations can be niacle. 
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Sevrra.1 f a c t o r s  must 'be e s t a b l i s h &  f o r  the i n p i . t  t o  W3PE 1; s i n c e  

we wj.sb t o  represen:; a31 the p i n s  t h a t  m a y  no t  be t h e  same si.7,e ( d i a n e t e r )  . 
It is  necessary,  t he re fo re ,  t o  def ine  an "effective" zmbei- of  phis (which 

nay di f fe r .  fi-on Lhe ac tuz l  number) and a "hea t  ' iyansfer a r e a  c o r r e c t i o n  

f a c i o r "  tha- t  accounts  f o r  t h e  f a c t  Lhat t h e  l a r g e r  p i n s  have t o  "work1' 

harder  .ihai; the  sm.i.l.er p i m  . I n  these  calcu.l.a.i;ions, one pi.n siz(:> i s  

s e l e c t e d  2s t h e  "basic" piil; t h i s  5.s u s u a l l y  the one occu.ri:ng i n  t h e  

l a r g e s t  number. ';he e f f e c t i v e  nmbe..r o f  p i n s  i s  found by addring t o  the 

nuniber of basic pins t h e  number o f  o t h e r  s i zed  p i n s  rml-Liplied by t h e  

r a t i o  of t h e  hea t  t r a n s f e r  a r e a  p e r  u n i t  1-eiigth of  t h i s  piil t o  .the same 

q u a n t i t y  f o r  t h e  b a s i c  p i n .  

'l'he hea t  t r a n s f e r  a r e a  c o r r e c t i o n  f a c t o r ,  FHT, i s  found from t h e  

following r e l a t i o n s h i p  i- 

where 

Pib = nurnber of b a s i c  pins ,  

A 7 cross-sec t iona l .  a r e a  of t h e  f u e l  i n  t h e  basic pins ,  

A = same quan t i ty  f o r  t h e  e n t i r e  asseidol-y, 

4 = heat  t r a n s f e r  a r e a  of t h e  b a s i c  p ins ,  

C 

b 

T 
C 

= toLal hea t  t r a n s f e r  a r e a  i n  an assembly. n; 
Next, a f a c t o r  of l..W i s  buil ' i  i n t o  t h e  code (not an iriput number) 

-to account f o r  poss5.ble f low ma ld i s t r ibu t ion  between p res su re  tubes. ' T h i s  

factoi-  cannot be entered  i n t o  U-3 except by decreas ing  t h e  p re sc r ibed  flow 

r a t e  p e r  p re s su re  tube .  This a p p l i c a t i o n  i n  U - 3  w i l l  give -Lhe c o r r e c t  

temperatures  as a r e s u l t  of a decrease i n  f l o w ,  bu t  it also gives a co r -  

responding underest lmat ion of t h e  pressure drop throu.gh t h e  tube.  

f a c t o r  i.s appl ied  i n  TiGYS 1 a f t e r  t h e  c a l c u l a t l o n  of t h e  p:ressure drop 

through t h e  p re s su re  tube .  

The 

Another f a c t o r  t h a t  i s  enterefi  inkc t h e  code i s  an o r i f i c i n g  f a c t o r .  

This i s  def ined as t h e  r a - t i o  of  t h e  f l o w  througlh t h e  p re s su re  tube  t o  t h e  
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flow through an average pressure  tube. The o r i f i c i n g  fac-tor i s  entered 

i n  U - 3  by raultiplying t h e  total coolant flow divided by the  number of 

pressure  tubes by .the o r i f i c i n g  f a c t o r  t o  g e t  t h e  prescribed flow r a t e  

through the  hot pressure  tube. 

Although provisions a r e  made t o  en te r  c e r t a i n  engineering f a c t o r s  i n  

THEME 1, the f a c t o r s  given i n  Table 11-1, page 11-7, Volume I1 of AI-CE- 

Memo-6 ( R e f .  7 )  cannot be used d i r e c t l y .  

f a c t o r s  contain tine 1-04 f a c t o r  t o  account f o r  flow malciistribution be- 

tween pressixe tubes t h a t  i s  a l ready  included i n  THEME l. 

t h e  f a c t o r s  inclu.ded i n  F(AT ) t o  account f o r  mechanical e f f e c t s  (1.10) f 
and f o r  rod and bundle loca t ion  and bowing (1.02) a r e  a l s o  included i n  

F(Q/A), and inc lus ion  of t'ne second f a c t o r  automatically includes t h i s  

por t ion  of  t h e  former f a c t o r .  

of a 1.05 f a c t o r  to represent the uncer ta in ty  i n  p red ic t ing  t h e  l o c a l  heat 

t r a n s f e r  c o e f f i c i e n t .  This f a c t o r  i s  entered by multiplying t h e  heat 

t r a n s f e r  c o e f f i c i e n t  by 0.952. However, t h i s  f a c t o r  was taken as u n i t y  

i n  t h e  AI-CE calcula-tions.  

I n  the  f i rs t  place, these  

I n  t h e  second, 

The remaining po r t ion  of  F(AT ) cons i s t s  f 

A flux t%lt f a c t o r  i s  entered i n  'THEME 1 t o  account f o r  t h e  d i s t o r -  

t i o n  of t he  f l u x  p a t t e r n  due to t he  use of con t ro l  rods. This i s  t h e  

same f a c t o r  as that considered i n  ca l cu la t ing  the  peak zone f luxes  en- 

t e r ed  i n  U-3. 

'The same f r i c t i o n  €actor co r re l a t ion  i s  used i n  THEPm 1 as i n  U-3  

[ s ee  Eq. (l)]. The errtire pressure tube, however, i s  represented as its 

hydraulic equivalent ( t o t a l  flow area and equivalent hydraulic diameter) ; 
a f t e r  t he  pressure  drop has been ca lcu la ted  f o r  it, t h e  same pressure 

drop i s  applied t o  t h e  hot subchannel (wi th  its flow a r e a  and equivalent 

hydraul.ic diameter), and t h e  flow through the  tube i s  calculated.  Equa- 

t i o n  (1) raust s t i l l  be evaluated by t r i a l  and er ror ,  bu t  t h i s  i s  t h e  only 

loop involved i n  t h i s  ca lcu la t ion .  

The bas i c  radial  f l u x  f a c t o r  i s  entered inLo TNElME I, and it i s  used 

i n  much the  same mariner as i n  U-.3 t o  ca l cu la t e  .the heat-generation r a t e  

i n  t h e  h o . t t e s t  pressure tube. It i s  only necessary t o  en te r  t h e  l o c a l  

rod r a d i a l  f a c t o r s  f o r  those elements surrounding the  hot subchannel, 

s ince  t h i s  i s  t h e  only subchannel f o r  which t h e  thermal ca l cu la t ions  are 

performed. Again, as i n  U-3, t h e  gross normalized .axial flux d i s t r i b u t i o n  
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i s  entered a-t selecLe6 axial  gositions t o  provide t h e  axial  gross  peak- 

Lo-avera~e flux rat5.9. 

From t h e s e  f a c i o r s  t h e  hea t  i n p u t  t o  t h s  ho i  channel i s  calcul-ate2 

as a func t ion  of axihl  p o s i l i o n .  TITO heat  f l-axes a r e  ca l cu la t ed ;  one i n -  

cI.uden t h e  f a c t o r  represen-tif ig the ellgineering factoi-  on t h e  cool.ant tern- 

p e r a t u r e  2nd t h e  o t h e r  iilcl.udes t h e  engineer ing f a c t o r  on Lhe flux. The 

first is  used t o  calcula.Le t h e  h23.t inpu'L t o  t h e  coolan.i, and t h e  second 

i s  used to cal.culate the temperature  drop ac ross  t h e  f f 1 . m .  The S a m  heat 

t r a n s f e r  c o r r e l a t i c n  as used i n  U-3 i s  used i.n ' ~ i i E b E  1. Temperature cal- 

cu la t ions  a r e  made only a t  t h e  sei-ected p o i n t s  at which t h e  axial. flux 

Tactors are  en tered .  

Mixing j.s t r e a t e d  i n  'THEME 3. through t h e  use of t h e  mixing fac- tor  

def ined  i n  Volume TI o f  AI-CE-Memo-6 (Ref. 7). It i s  

whe:re 

M = mixing fyaction: 

ATHc = t expe ra tu re  rise i n  hot  subchamel  without  mixing, 

AI.? = tempera6ure r i s e  i.n ho-L subchannel w i t h  mixing, 
iIC 

ATJL = o v e r a l l  temperature  r i s e  iil t h e  f u e l  assembly over t h e  same 

l eng th .  

It i s  possil?i.e to calculate all q u a n t i t i e s  except AT' b u t  i f  .tile mixing 

f.yac-Lioil i.s known, t h i s  quan t i ty  can be determined from the preceding r e -  

l a t i o n s h i p .  

HCJ 

An addi ' i iona l  Pac i - l i ty ,  no t  contained ri.17 U-3, i s  Lhat THEME I c a l -  

c u l a t e s  a c r i t i c a l  heat  flux from a n  empir ica l  r e l a t i o n s h i p ,  which i s  

d.iscussed i n  t1-ti.s r e p o r t  and i n  -4ppendix D. From t h i s  value and t h e  m a x i -  

mum f l u x  i n  Lhe hot channel, t h c  c r i t i - c a l  f lux r a t i o  ( o r  Tli\sB r a t i o )  i s  

calcul-ated as a func t ion  of axial pos-ltion. 

A f t e r  each ca l cu la t ion ,  t h e  maximum su r face  hIXpel-atvlr.e f o r  'ike 'not 

subchannel i.s r e t a  j.:ced and  compared w i t h  the rnaxinium a l lowable  su r face  

tempemture-  If they do  not  ag ree  w i i h i n  l o P ;  'tihe number of assumed 
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tubes  ( f o r  a l l  opt ions  except  t h e  las t )  i s  a d j u s t e d  and t h e  c a l c u l a t i o n  

i s  repea ted .  A f t e r  t h e  m a x i m u m  s u r f a c e  temperature  has  been s a t i s f i e d ,  

o r  a f t e r  t h e  f i r s t  c a l c u l a t i o n  f o r  t h e  last opt ion,  t h e  s t o r e d  temperatures  

and other vi ta l  d a t a  a r e  p r i n t e d .  
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Appendix C 

TZONS 

1 The Organic Reactor Fea t  Transfer  Manual., i s sued  December 1, 1.962, 

i s  a c o l l e c t i o n  of da ta ,  me.thods, and re1.ationsh:i.p~ considered most r e -  

l ia 'ole (at t h e  time o f  p u b l i c a t i o n )  f o r  tile thermal des ign  and a n a l y s i s  

of orgami.c-cooLed r e a c t o r s .  Based on some e a r l i e r  hea t  t i-aiisfcr s iudies  

w j L h  Santowax 3, 2 J  ' Santowax OM, and diphenyl,  ' 9  '' t h e  maniial recorniilends 

t hs D t t i; us - Boe It e r cor  r e I.at i on  

c- - 
.L 1J.r hza t ing  of irradi.a.-i;ed and u n i r r a d i a t e d  polyphenyl mixtures flowi-:ng tur- 

b u l e n t l y  i n  heated smooth tubes  alii: annul i ,  wi.th -the phys ica l  p roper t ie r ,  

be ing  eval.uated a t  t h e  bii1.k f l u i d  temperature.  The reni.ilt  ob-tained wi th  

the correla'cinn w a s  shown ( F i g .  IV-I of 3 e f .  1.) t o  be below t h e  mean of 

-Lhe repor ted  This carrel-ation w a s  used by bo th  AI-CE and B&W 

in estima.ti.ng Lhe thermal  performance of t h e i r  HWOCR r e fe rence  reactor 

d e s i g r s .  

Heat t r a n s f e r  c o e f f i c i e n t s  have been measured5> ' over 'die Reynolds 

nimber r m g e  10, G@O t o  50,000 i n  a m m l a r  channels w i t h  longi tudiaa l .  f i n s ,  

which a r e  simil-ar t o  ETPF f u e l  assembl ies .  The da ta ,  a f t e r  corrrc'cion 

f o r  fin e f f l c i ency ,  agree  with t he  Dittus-Boel-ter c o r r e l a t i o n  a.s modified 

by McAdams, t h a t  is ,  

Nu - 3.023 Reo.' Pro"+ , ( 2 )  

i n  which t h e  p h y s i c a l  p r o p e r t i e s  a r e  evaluated a t  the  hiilk Leruperature. 

The m a x i m u m  dev ia t ion  was repor ted*  as 1~0%. 

The Organic Reactotr Heat Trailsf e r  b l a n i ~ a l ~  points out  'chat c o e f f i -  

c i e n t s  lower -tilam those  gi:ven by Eq .  ( 2 )  a r e  t o  be  expected i f  a coolant  

channel w i t h  l o n g i t u d t n a l  €ins has an open flow a r e a  such t h a t  the  mean 

v-el.ocity between t h e  f i n s  i s  l e s s  than  -tile mean ve loc i ty  i n  the e n t i r e  

flow channel.. 'This type  of geometry e x i s  'is i n  t h e  inciividua.1. subchannels 

forme6 wi th in  the finned f u e l  rod assetrib1.ies proposed for t h e  reference 
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r e a c t o r  designs. Studies7 of t r i a n g u l a r  and square coolant passages have 

shown t h a t  v e l o c i t i e s ,  shear s t r e s s e s ,  and heat t r a n s f e r  near t h e  corners 

a r e  lower than average values and tha,t f r i c t i o n  f a c t o r s  arid average Nusselt 

nmbers  a r e  lower than i n  a tube. Additional references f o r  consideration 

i n  noncircular geometries and fuel. rod assemblies are given i n  a cowrehen- 

s i v e  review (vhich contains a bibliography with 98 entries) by Pinchera. 8 

I n  h i s  June 1932 review,8 Pinchera examined t h e  experimental heat 

t r a n s f e r  da t a  f o r  organics and, noting the  unce r t a in t i e s  i n  phys ica l  

p roper t ies ,  recommended Eq. (2 )  f o r  general  use .  R more recent  cor re la -  

t ion ,  developed i n  the  OKGEL program f o r  Sintowax OM2 + HB and reported’ 

a t  t h e  1964 Geneva Conference, i s  

P h i  = 0.00835 Re’” . ( 3 )  

‘]%e same co r re l a t ion  (except t h a t  t he  exponent cin the  Reynolds nmber  w a s  

0.902) w a s  presented a l s o  a t  t h a t  time by Boxall’’ and h i s  eo-workers i n  

t h e  Canadian organic r eac to r  program. The OKGEL data, shown i n  Fig. 5 .1  

of t h i s  repor t  (Fig. 2 of Ref. 9 ) ,  a r e  mostly for Reynolds numbers i n  the  

range 9 x l o6  to 3 x lo5, with a few da ta  poin ts  i n  the  range 3 X lo4 t o  

9 x l o 4 .  
band of ?6$ of t he  given equation when phys ica l  p rope r t i e s  derived f r o m  

t h e i r  program and evaluated a t  t h e  mean coolant temperature are used. 

It i s  reported t h a t  9576 of t he  da ta  po in t s  f a l l  within a s c a t t e r  

The most recent  progress report’’ on the  MIT organic- in-pile loop 

program s m a r i z e s  a l l  the  MI7 heat t r a n s f e r  da ta  and appears t o  be the  

b e s t  source f o r  determining b a s i c  heat t r a n s f e r  c o e f f i c i e n t s .  

report’2 on t h e  MIT experience has been issued, but as ye t  we have been 

unable t o  ob ta in  a copy.) The t e s t  r e s u l t s  (466 da ta  p a i n t s )  a r e  shown 

i n  Fig.  C . l  (Fig. 5.1 of R e f .  11). They fa l l ,  generally, i n  a s c a t t e r  

band of 210s around values given by Eq .  (2), where the  phys ica l  p roper t ies  

a r e  evaluated a t  the  bulk temperature. Tne phys ica l  p rope r t i e s  used13 

were derived from measurements reported e a r l i e r .  l4 

f o r  Reynolds numbers i n  t h e  range l o 4  to lo5, which i s  somewhat loTwer than 

the  range covered by t h e  ORGEL da ta .  

(A t o p l c a l  

Most of t h e  data a r e  

An e a r l t e r  cor re la t ion ,  ’oased on the  MIT’  t e s t  r e s u l t s  av3i lab le  up 

t o  that, time, was reported1‘ as 
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il~t?j.s expression,  except  f o r  a 5% lower c o e f f i c i e n t ,  i s  t h e  same as t h e  

OKGET, a n d  Canadian c o r r e l a t i o n s .  

For compai.lsoI?_ wi th  t h e s e  data we recvalua-Led the  Santowax OM ( r a t t o  

0:M = 2:l) experimental  hea t  t r a n s f e r  data repor ted  ea.rli.er3J l5 wi th  t h e  

m e  phys ica l  p r o p e r t i e s  presented  i n  t h e  AI-CE re ference  design memo. l6 

reevaluaked d a t a  points a r c  shown i n  Fig.  5 . 1  superimposed on the data 

ex t r ac t ed  from t h e  OKGEL paper .  

are f o r  Samtowax OM without  high b o i l e r s ,  fa1.3. gene ra l ly  bel-ow t h e  ORGEL 

cor-;.eli.at-ion 'out appear to c o r r e l a t e  r a t h e r  w e l l  wi th  t h e  MIT co r re l a t ion ,  

Eq.  ( 2 ) .  

The reeva lua ted  data from Ref. 3 ,  which 

'i'he r e e v a k a t e d  data from Ref'. 15, wh?lch a r e  for Santowax OM 
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wi th  2.5 t o  18% KR, appear to c o r r e l a t e  r a t h e r  we l l  wi th  t h e  ORGEL cor- 

r e l a t i o n .  

Figure 5 . 1  shows the  MIT co r re l a t ion  superimposed on the  ORGEL data, 

and Fig. C . l  shows the  ORGEL cor re l a t ion  superimposed on t h e  NUT da ta .  

A s  noted i n  the  l a t t e r  f i gu re  t h e  two co r re l a t ions  agree rather. we l l  f o r  

Reynolds numbers i n  t h e  range l o 4  t o  l o 5 .  
poses t h e  Canadian correla.tion i s  the  same a s  the  ORGEL cor re l a t ion .  

It i s  t o  be noted t h a t  t he  ORGEL and MIT da t a  were derived from 

Also, f o r  a l l  p r a c t i c a l  pur- 

annular and tubular  heated sections,  respectlvely,  and not from mu. l . t i -  

element heated sec t ions .  

ganic heat t r a n s f e r  experiments i n  simulated f u e l  rod bundles. However, 

we have as y e t  been unable t o  obtain t‘nese references f o r  study. It i s  

c l e a r  though t h a t  any adverse e f f e c t s  on heat t r a n s f e r  coe f f i c i en t s  due 

t o  geometry and flow f a c t o r s  needs to be included i n  e v a h a t i n g  ter@era~- 

t u r e s .  

We have found references ’ 71 ’8  t o  Canadian or- 

Coolaat phys ica l  p rope r t i e s  a r e  in t imate ly  r e l a t e d  t o  t h e  heat t r ans -  

f e r  co r re l a t ions  through the  dimensionless moduli. 

the  e f f e c t  of temperature and high-boiler content on hea-t t r a n s f e r  co- 

e f f i c i e n t s  i n  some d e t a i l  f o r  various phys ica l  property tabula t ions .  

Physical p rope r t i e s  used i n  t h e  AI-CE and B&W reference r eac to r  designs 

were reported i n  Ref. 16 without noting the  source of the information.’% 

Equations f o r  computing phys ica l  p rope r t i e s  as a function of  temperature 

and high-boiler content were reported i n  the  ORGEL paper.’ 

values of t h e  coe f f i c i en t s  i n  these  equations were inadver ten t ly  omitted 

from t h e  Engl i sh- t rans la t ion  p rep r in t  d i s t r i b u t e d  a t  Geneva. 

we have r ecen t ly  obtained2’ t h e  constants for. iise i n  comparing t h e  d a t a . )  

These a r e  based on extensive measurements made with Santowax OM2 p lus  

O.MRE high b o i l e r s .  

i n - p i l e  loop program have been reported i n  d e t a i l . 1 4  

We htzve inves t iga ted  

(The numerical 

However, 

The phys ica l  p roper t ies  obtained from t h e  MIT organic 

Wince completion of our evaluation, AI-CE has published a revriew o f  
organic coolant phys ica l  p rope r t i e s .  l9 
of coolants than i s  of i n t e r e s t  i n  t h i s  evaluation, but i n  general  there  
appears t o  be agreement i n  the  data reported’’ and the  da ta  we repor t ,  as 
it should be, s ince  both s tud ie s  r e l i e d  on t h e  U . S . ,  t he  Canadian, and 
t h e  Euratom programs as sources f o r  t h e  da ta .  

The review covers a wider range 
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Physical. p r o p  : - t ics  fl-oi.il t h e s e  th ree  SOUTC~S a r e  summri.zed i n  TabJ.e 

C .  1. 'The Prandtl. nimbers, calculaked from t h e  data ,  a r e  a l s o  -tabiil.ated 

f o r  comparison. 'These data  a r e  shown g r a p h i c a l l y  i ~ i  F igs .  C . 2  throush 

C.6. k gznera.1~ t h e  aiffercnces i i l  the d a t a  a r e  noi  l a rgc ,  except f o r  

the P r a n d t l  number. The 1-arge d l f f e rences  occur as t h e  Lempei-ature i s  

decreascc? and t h e  h igh -ho i l r r  content  i s  increased .  The MIT and ORGEL 

d a t a  gene ra l ly  a.gYee c1ose.l.y wi th  each o the r  ai?d f a l l  bel-ow the A%-CE 

data. P'icu.re C . 3 ,  which shows the  thermal. conduct iv i ty  da ta ,  s e e m  t o  

3RN ~ - 3 h ' G  66-10361 

0 9: 

0 90 

I 

m 

5 
-, cn - 
t 

0) 

z 
W 

t 

0 0 8 5  

0 80 

700'F 

800°F 

0 75 
0 10 20 30 

COqCENT3aTICN OF DEGRADATION PRODUCTS (%) 

F i g .  C.2. Coolant Density Versus IIIgh-Boiler Content and Tcrnpera- 
$11 r e .  



Table C . l .  Organic Coolant Phys ica l  P rope r t i c s  Used by :Iarious Groups 

Phys ica l  P r q e r t y  Value 

A t  500°F At 600"' A t  7c3":~ At 800OF 

High- 
Boi l e r  
Co,ntent Phys ica l  ProTerty 

($) )J-CE bz? @XGX:L AI-CE mT ORGEL AI-CE MIT ORGEL AI-CE PLY OXGXL 

Density, gjcm3 0 0.917 0.919 0.904 3.870 0.871 0.860 C.824 0.625 0.811 0.776 0.777 0.757 
10 0.930 0.925 0.914 0.855 0.878 0.$70 0.539 0.533 0.821 9.794 0.7??6 0.767 
23 0.9M 0.933 3.925 0.900 0.687 O . S €  0.e55 C.842 (2.529 0.810 0.796 3.775 
30 0.958 0.942 0.932 0.915 3.99: O.S% C.871 0.354 0.836 0.829 0.828 0.782 

% e m 1  condcct iv i ty ,  3tu/tir .ft OF 0 630 688 675 660 644 642 622 602 638 590 562 574 
lC 710 706 665 GEC 667 6 57 650 630 629 610 591 597 
20 730 729 700 700 691 57 3 670 657 6L5 640 623 618 
30 750 750 713 720 715 689 690 665 664 67C 650 640 

w w 
i--' 

Viscosity,  cen t ipo i se  0 0.54 0.56 0.52 C.37 3.37 0.36 G.26 0.27 0.26 0.23 0.21 0.20 

20 0.79 0.69 0.67 f3.51 9.47 0.45 C.35 0.34 0.33 0.26 0.26 0.25 
10  0.66 0.61 0.58 0.43 3.$l 0.40 0.30 0.30 0.29 0.23 0.23 3.23 

3C 0.98 0.82 5.77 0.63 0.55 0.51 C.43 0.40 0.37 0.31 3.30 0.26 

Specific kleat, Btu/lb. "E 0 t o  33 0.534 0.527 3.526 0.566 0.555 0.557 0.599 0.583 0.589 0.631 0.610 0.620 

,Frandtl number G 10.11 10.39 9.81 7.679 7.717 7.474 6.079 6.328 6.C72 5.176 5.516 5.202 
10  12.01 11.03 10.8C 8.661 8.316 8.124 6.690 6.718 6.615 5.758 5.795 5.655 
20 13.98 12.07 12.22 9.979 9.135 9.G33 7.572 7.301 7.293 6.203 6.186 6.167 
30 16.89 13.95 13.76 11.985 10.332 10.036 9.034 8.239 7.56L 7.065 6.813 6.658 
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p o i n t  o u t  a def i .n i te  need t o  ob ta in  a d d i t i o n a l  d a t a ,  as a l s o  reccmmended 

i n  t h e  MIT program. 1 4 

The e f f e c t  of p h y s i c a l  p r o p e r t i e s  on t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  

i s  shown by Fig.  C.7, where we p l o t t e d  t h e  normalized hea t  ti-ansfer co- 

e f f i c i e n t  as a func t ion  of Lemperature and high-boi.l.er conten t .  We fie- 

f ined  the  normalization f a c t o r ,  ho, -to be the  h e a t  t x a n s f e r  c o e f f i c i e n t  ob-. 

t a i n e d  from E q .  ( 2 )  a t  650°F and O$ high-boiler content .  Thus the p l o t  
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Fig .  C .7. Hzst Transfer  Var i a t ion  with High-Boller Conteni and 

Tempel-ature. 
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Several conclusions can be drawn from Fig.  C.7: 

1. The var i a t ions  in hea,t t r a n s f e r  coe f f i c i en t  with ternperature 

and high-boiler content a r e  i n  fa i r  agreement f o r  t h e  th ree  s e t s  of  da ta .  

2. The use of t h e  AI-CE phys ica l  p roper t ies  r e s u l t s  i n  n1ol.e viria- 

t i o n  of heat t r a n s f e r  coe f f i c i en t  with temperature than does use of t h e  

M I T  o r  ORGEI, data .  However, at operating conditions of 10% high-boiler 

content, no sigrifficant d i f fe rence  i n  1;he overal.1 c o e f f i c i e n t  can be a t -  

t r i bu ted  t o  differences i n  phys ica l  property va r i a t ion  with tempcratLtre 

associated w i t h  the  th ree  s e t s  of data. 

3. No s i g n i f i c a n t  d i f fe rence  i n  heat transfer c o e f f i c i e n t  was found 

when using t he  physical. p roper t ies  given by MI’T o r  ORGEL; however, f o r  

high-boiler contents above about lo$, t h e  phys ica l  p rope r t i e s  used by 

AI-CE tend t o  give I.ow values for t h e  average heat t r ans fe r  c o e f f i c i e n t .  

4 .  Exclu-ding t h e  e f f e c t  assoc ia ted  with ve loc i ty  along the  length  

of a coolant tube, t he  heat t r a n s f e r  c o e f f i c i e n t  f o r  lO$ high-boiler con- 

t e n t  varies about *8$~ f r o m  the  average f o r  a bulk mean temperature r i s e  

from 600 t o  800°F. 

We concliide from our  evaluation of heat t r a n s f e r  co r re l a t ions  t h a t  

t he  co r re l a t ion  used i n  t h e  reference design s tud ie s  i s  t o o  opt imis t ic ,  

f o r  two reasons: 

r e l a t ion ,  and ( 2 )  t h e  e f f e c t s  of geometry a r e  such t h a t  t h e  coe f f i c i en t s  

a r e  lower than those obta.ined from cor re l a t ions  based on data for smooth 

tubes and annul i .  

we be l i eve  the  co r re l a t ion  derived from t h e  MIT organic i n - p i l e  loop pro- 

gram i s  the  b e s t  of those examined., s ince  t h e  MIT data  a r e  extensive and 

were obtained from a dynarriic system i n  which t h e  r a d i o l y t i c  high b o i l e r s  

were in-bred r a t h e r  than added from an ex te rna l  supply. A t  t h e  same time, 

t h e  v a r i a t i o n  of t h e  AI-CE heat t r a n s f e r  coe f f i c i en t  w i th  high-boiler 

content appears conse rn t i -ve  . This implies tha,t t he  high-boiler content 

of t he  reference r eac to r  might be increased s l i g h t l y  above 1.0% with  some 

advantage 

(1) extensive experimental da t a  do not support t he  cor- 

Discounting t h e  e f f e c t s  of gmmetry f o r  t h e  moment, 

As mentioned we have not examined t h e  Canadian data obtained from 

f u e l  rod bvndles,l7, l8 but other- information1’ l7 ind ica tes  Lower coef f i -  

c i e n t s  i n  noncircular coolant passages. Therefore we be l i eve  t h e  eoef- 

%iciel?ts computed f rom co r re l a t ions  based on smooth-tube and arinuli data 
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should be reduced by about 10% t o  accoimt f o r  t h e  e f f e c t s  of  nonc-ircul.ar 

geometry and of decreased v e l o c i t y  between the  fue l -p ih  fins. 

absence of  experimen-ial data on prototy-pe Yuelbundl rs ,  we recommend t h a t  

t h e  hea t  t r a n s f e r  c o e f f i c i e n t s  i n  Lhe r e fe rence  r e a c t o r s  be  based on t h e  

r e  la-t ions  h i p  

I n  t h e  

NU = 0.02W R e o o 8  Pro''' . (6) 

The 10% reduct ion  i n  c o e f f i c i e n t  i nd ica t ed  i n  Eq. ( 6 )  from wha-t would be 

ca l cu la t ed  from t h e  PJT recommendation of Eq. ( 2 )  i s  a t t r i b u t e d  tu geome- 

t r y  e f f e c t s  and not  t o  t h e  lower bound of t h e  cor re l .a t ion .  

'The MI? and ORGEL p h y s i c a l  p rope r ty  d a t a  a r e  i.n c l o s e  agreement and 

are presumably based on more r ecen t  and more ex tens ive  data Lhsn the  

AI-CE values .  'These observat ions,  i n  a d d i t i o n  t o  t h e  f a c t  t h a t  -the 

d a t a  were obtained from a system i.n which t h e  r a d i o l y t i c  h igh  b o i l e r s  

were in-bred, i n d i c a t e  use  of  the MIT phys ica l  p rope r ty  d a t a .  

The:r.e i s  a c l e a r  need f o r  measurements of heat t r a n s f e r  c o e f f i c i e n t s  

assoc.j.x'ied w j t h  f inned f u r l  bundles i n  o rde r  t o  de-Lermine t h e  a c t u a l  r e -  

duc t ion  factoi-  t o  b e  app l i ed  t o  t h e  smooth-tube and annu1.i d a t a .  

f u r t h e r  refinement i n  t h e  coolant  thermal. conduct iv i ty  data appears  

d e s i r a b l e .  

A l s o ,  

1. 

2 .  

3 .  

L .  
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Appendix D 

REVIEW OF CRITICAL FIEAT FLUX CORREMTIOMS 

'The departure from nucleate boi l ing  (DNB) i n  multicomponent, coolant 

mixtures i s  not  so  easil jr  nor so  accurately predicted as it i s  for single- 

compofient systems, such as water. It is, perhaps, for tu i tous  t h a t  the  

( x i t i c a l  heat flux of an organic mixture i s  generally grea te r  than a. 

l i n e a r  i n t e r p r e t a t i o n  of t h e  values f o r  the pure components would. indi-  

cate." 

c r i t i c a l  heat f luxes r e s u l t  from the  addi.ti.cn of high b o i l e r s  (pyrolyt ic  

and r a d i o l y t i c  products) and byyhenyl t o  a mixture of terphenyls.* 

a r e  important points,  since organic reac tor  coolants inherent ly  contain 

these addi t iona l  species.  

Also, as indicated i n  Fig. D . 1 ,  it has been shown t h a t  higher 

These 

A n  attempt t o  produce a generalized cor re la t ion  of burnout data  w a s  

made by Gr i f f i ths .  This correlat ion,  although qui te  complex and requir-  

ing  extensive knowledge of the  coolant physical  and thermodynamic prop- 

e r t i e s ,  can be used t o  pred ic t  upper and lower bounds of the  c r i t i c a l  

heat f l u x  f o r  organic coolants. Because of a lack  of de ta i led  coolant 

data  and the  complex nature of the G r i f f i t h s  correlat ion,  empirical re- 

l a t i o n s  of the  following type have been used t o  estimate t h e  c r i - t i c a l  heat 

f lux i n  organic-cooled systems; 

where 

(Q/d crit = c r i t i c a l  heat flux, Btu/hr - f t2 ,  

ATSG = s.mount of subcooling, OF, 

V = coolant veloci-ty, fps, 

A, 8, n = empirical  constants evaluated f o r  each coolant. 

(Subcooling as defined here is  the  sa tura t ion  temperature minus the  bulk 

f l u i d  temperature.) 

on Santowax R and diphenyl with simple r e l a t i o n s  of the  above type. 

ever, they were unable t o  cor re la te  t h e i r  data  for a polyphenyl mixtare 

Core and %to4 were able  t o  cor re la te  some e a r l y  data 

How- 
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Fig. D . l .  C r i t i c a l  i leat  F l u x  o f  Some Polyphenyl Coolants.  (From 
Ref. 2 )  

(approximate composition: 

M-terphenyl, and. 3 ~ w t  $I P-terphenyl) by such a simple r e l a t ionsh ip .  

Bi-i Lish experimenters5 w e r e  ab le  .to c o r r e l a t e  t lneir  Santowax R d . a t a  wi th in  

t h e  I i m i - t s  of t h e  Core and Sat0 expression f o r  Sant,owax R, but  the i . r  daka 

were s1.ightly above the upper l i m i t  given by t h e  G r i f f  i t h s  co r re l a t ion .  

I n  some l a t e r  experiments Core and Sa.to6 w e r e  ab l e  to coi-relate some 

Santowax OPE' (composition: 

58.6 wt $ M-terphenyl, and 2'7.9 wt $ P--'iei-phenyl) data. by t h e  si-rnple equa- 

t i o n  

15 SA % diphenyl,  58 wi; $ 0-terphenyl, 24 w t  $ 
Some 

0.4 wt % diphenyl,  12 .6  wt $ 0 - t e ~ p h e n y l ,  

= 100,000 + 407 ATSC V 2 I 3  . ( 2 )  ( QJA c r  it 
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L u r i e  and Robinson7 inves t iga ted  OMRF-I1 coolant and Santowax R wi th  

various add i t ives  and were a b l e  t o  c o r r e l a t e  t h e i r  r e s u l t s  with the  pre- 

vious data4-6 with afi expression of t h e  type 

= A + B A T  Gn , 
( q A ) c r i t  sc ( 3 )  

where G i s  t h e  mass ve loc i ty  i n  lb / sec . f t2  a.nd t h e  other symbols a r e  as 

previously defined. For Santowax O W  they obtained the  r e l a t ionsh ip  

Figure D . l  (from Ref. 2)  gives the  data of Lurie and Robinson, which in-  

d i c a t e  t h a t  t h e  presence of high b o i l e r s  and diphenyl i n  the  terphenyl 

coolants i s  b e n e f i c i a l  from a c r i t i c a l  heat f lux viewpoint for t he  same 

degree of subcooling and the  same mans flow r a t e .  However, as pointed 

out by Rogers and Barns,8 t h e  da ta  of Lurie and Robinson on OP43.E Core I1 

coolant a r e  not cons is ten t  .with t h i s  conclusion. 

which contains only 14% r a d i o l y t i c  high bo i l e r s ,  gave, i n  general, s ig -  

n i f i c a n t l y  higher DTSR heat f luxes  khan t h e  v i r g i n  S a n t o m  R coolant 

containing 35% t o t a l  high b o i l e r s  (27% OMRE r ad io ly t i c ,  8% pyro ly t i c )  . 
This observation i s  also apparent i n  Fig.  D . l .  Since the re  were no other 

s i g n i f i c a n t  d i f fe rences  i n  the  two coolants, Rogers and Barns‘ suggest 

t h a t  t h e  simple d e f i n i t i o n  o f  high b o i l e r s  used t o  da t e  may not be ade- 

quate f o r  co r re l a t ion  o f  DID3 heat fluxes as a, func t ion  of high-boiler 

content.  They fu r the r  suggest t h a t  c l a s s i fy ing  t h e  high b o i l e r s  by weight 

percentage i n  various molecular weight groups might permit co r re l a t ion  of 

the  data as a function of high-boiler content and molecular weight. Such 

a proposal might give g rea t e r  confidence i n  r e s u l t s  obtairied from out- 

of -p i le  experiments. 

The OMTiE TI coolant, 

Van Mee19 inves t iga ted  a number of polyphenyl coolan.ts of interest 

t o  t he  OHGEL program. 

pated as a pressur iz ing  gas) were included i n  t h e  experimental. s tud ies .  

High b o i l e r s  were apparently not included i n  t he  s t u d i e s  reported; how- 

ever, mention w a s  made that t h e  experimental program was continuing and 

Turther r e s u l t s  would be forthcoming. 

The e f f e c t s  of dissolved mter  and nitrogen ( a n t i c i -  

Kan Meel’s cor re l a t ion  for pure 



OM2 (ORGZL coo lan t ) ,  when converted t o  t h e  units used here,  i s  

From Eq. ( 5 ) ,  it ri.s notcd t h a t  Van Meel found a veloci.ty~ e f f e c t  as 

t h e  amount of subcooling tended t o  zero,  which j.s con t ra ry  t o  t he  previ- 

ous1.y mentioned correlations. It i s  also noted khat, none of t h e  above 

correla.ti.ons inc lude  a p res su re  e f f e c t  o the r  t han  t h a t  i nhe ren t  i n  AT sc' 
Boxall. e'i. a1.l' of t h e  Canadlan organic  coolan t  program prrezented 

an "as -ppto t ic"  c o r r e l a t i o n  a t  t h e  1.964 Geneva Conference f c r  Santowax 

OM p l u s  30$ OMRE high b o i l e r s  as 

fi if  f low i n  amiili wi th  L/De > 60 (same units as above) .  

(from Ref. 10) i n d i c a i e s  raiher good agreemeni w i t h  the Lurie and 3obinson 
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da ta7  for Santow<ax K w i t h  35% total h igh  b o i l e r s .  

c a t e s  a l e n g t h  e f f e c t .  

and Ba.rns,' which w a s  publ ished more r e c e n t l y  and i s  d iscussed  below. 

The f i g u r e  a l s o  i n d i -  

This c o r r e l a t i o n  i s  based on t h e  work of  Rogers 

In r e p o r t i n g  t h e i r  work, Rogers and Barns8 at tempted t o  f i n d  c o r r e l a -  

t i o n s  of the types  r epor t ed  by earlier i n v e s t i g a t o r s G g  wi thout  too much 

~ u c c e s s .  

h igh  b o i l e r s  heated i n  a n n u l i  w i th  L/De > 60 were b e s t  c o r r e l a t e d  by t h e  

express ion  

The results of  t h e i r  experiments w i th  Santowax OM p lus  30% OMKE: 

where 

DIB h e a t  flux, B t u / h r . f t 2 ,  

p ressure ,  psia, 

mass flow r a t e ,  l b / h r . f t 2 ,  

subcooled en tha lpy  d i f f e rence ,  Btu/lb . 
This equat ion  i s  v a X d  for pres su res  of 50 t o  240 psia., a bulk temnpera- 

ture of 700°F, coolant  v e l o c i t i e s  of  5 t o  32 fps, and L/D, >, 60. 

Seve ra l  s i g n i f i c a n t  p o i n t s  are to be noted about Eq,. ( 7 ) :  

1. A very d e f i n i t e  pressure e f f e c t  w a s  de tec ted ,  con t r a ry  t o  the 

resul ts  of the e a r l i e r  i n v e s t i g a t o r s .  

2 .  An ent rance  l eng th  e f f e c t  was de tec t ed  t h a t  e s s e n t i a l l y  disap-  

pea r s  a t  L/D 60. 
e 

3 .  The d a t a  f o r  Santowav R plus 35% t o t a l  high b o i l e r s  of Zmrie and 

Robinson" c o r r e l a t e  reasonably well w i t h  t h i s  expression.  

4.  The measured DNB hea t  f l u e s  for Santow:ax OM p l u s  3076 0MF.E high  

b o i l e r s  are s i g n i f i c a n t l y  h igher  t han  t h e  d a t a  of  Core and %to6 for San- 

towax OIVZP. 

5. The c o r r e l a t i o n  presented. by Boxall e t  al.,1° Ey. (6), w a s  ap- 

p a r e n t l y  r ev i sed  ixpward. 

sure e f f e c t  w a s  added, and t h e  velocity e f f e c t  became more s i g n i f i c a n t .  

The intercept was increased  about  2774 a pres- 

A7.1 t h e  p rev ious ly  d iscussed  c o r r e l a t i o n s  were der ived  f.rom experi- 

ments w i t h  heated tubes o r  annu l i .  

i s  m e a n k g l e s s  t o  apply Eq. (7) i n  an attempt t o  p r e d i c t  DNE fa i lwe h e a t  

Rogers arid Barns' p o i n t  ou-i; t h a t  it 
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f l u x e s  f o r  multielement Yuel bundle designs,  even when subchannel condi- 

tions a r e  used t o  eva lua te  t h e  p a r a i e t e r  G Ah 

equstfion i n  t h i s  manner would nrobably l ead  t o  unsafe  designs,  t hey  argue.  

These commnts al.so seem appropr i a t e  t o  the  o t h e r  c o r r e l a t i o n s ,  s i n c e  

they  were der ived f r o m  similar heat,ed s e c t i o n s .  

Appl ica t ion  of t h e  sc - 

Boxal.1 e t  a1.l' and Rogers arid Barns' make re ference  t o  experiments'' 

perfonifled t o  measure DNM hea t  f l uxes  i n  two-element 'Lest s ec t ions ,  which 

sirfliilaLe a p o r t i o n  of a multielement f u e l  bundle.  I n  their r e fe rence  t o  

t h e s e  experimenks, rtogers and Barns s a y  it i s  shown11 t h a t  t h e  fa,j.lure 

mechanism i n  rrul'iielemcnt f u e l  bu.ndl.es may be  due to ccke-out, as well. 

as t r u e  DM. 

formaLion and depos i t i on  o f  p y r o l y t i c  decomposiiion products  i n  a re la - -  

t i v e l y  hot  stagnant, reg ion  and t h e  consequent rapid growtil of t he  depos i ted  

l aye r s ,  which cause overheat ing and eventua l ly  f a i l u r e  of t h e  heat ing e l e -  

ment. Occurrence of coke-out i s  no'z only a functi-on of su r face  temperature 

b u t  resu .3 . t~  from "cie in . te rac t ion  o f  su r f ace  tempera,ture and nonuniform 

flow v e l o c i t y .  Observ-ed f a i l u r e s  have been a t  su r f ace  temperatures  above 

650°C. 

c o r r e l a t e  w i  Lh subciiarmel AT 

f l u x e s  about 25% below DIE3 values  f o r  s imi la r  ccnd i t ions .  

'l'he term "coke-oi~.t" i s  used t o  c h a r a c t e r i z e  the r a n i d  

Boxall e t  a1 . l '  r e p o r t  that  coke-out f a i l u r e  nea t  fliures do no-t 

/3 ; however, f a i l u r e s  have occurred wi th  sc 

It, -is a l s o  reported '  tha t  t r u e  l o c a l i z e d  DNB f a i l u r e s  occurred under 

c e r t a i n  circumstances i n  t h e  two-element t e s t  s e c t i o n .  Observed occur- 

rences  were loca ted  i n  a gap r eg icn  between t h e  elements and on t h e  down- 

s t ream s i d e  o f  he3.j-cal spaces .  It i s  noted t h a t  t h e  coolant  v e l o c i t y  and 

subcooling i n  these  reg ions  w i l l  in gene ra l  be s i g n i f i c a n t l y  lower than  

t h e  average va lues  i n  t h e  ad jacen t  subchannel. These coi-ments also seem 

appropr i a t e  t o  t h e  l .ongitudina3.J~ spiral  eri f inned su r faces  proposed for 

t h e  IWOCR f u e l  rods .  

In  t h e  d e s c r i p t i o n  of t h e  AT-CE re ference  r e a c t o r  it i s  r e -  

po r t ed  that  Eq.  ( 4 ) ,  as recommended in t h e  Qrganic  Heat Transfer  Mal~ual , '~  

w a s  used t o  e s t ima te  t h e  DNB heat  f l ux .  Xowever, t h e  THEME 1. corflputer 

yr0gra.m ]used by AI-CIE t o  eva lua te  t h e  hot-channel thermal  performance has 

E q .  ( 2 )  programmed. Sirice t h e  two c o r r e l a t i o n s  a r e  f o r  t h e  satme data, WE: 

conclude - tha t  approximately t h e  same DUB heat  f lux w i l l  r e s u l t  from e i t h e r  
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c o r r e l a t i o n .  

r e fe rence  r e a c t o r  des igns .  

B&W also used Eq. ( 2 )  t o  e s t ima te  t h e  DNE h e a t  flux i n  t h e i r  
I 4  

Our conclusion based on t h i s  l i m i t e d  review i s  tha-l; Lhe co r re l ak ions  

der ived  from t h e  Canadian organic  coolan t  program, 

above, a r e  probably t h e  most r e l i a b l e ;  t hey  c e r t a i n l y  are f o r  a n n u l i  of 

L/D, > 60. 

der ived  from t e s t s  of multielement s e c t i o n s .  Rogers and Barns adv i se  

a g a i n s t  t h e  use  of Eq .  (7)  t o  p r e d i c t  DNB hea t  fluxes i n  rnultielenient f u e l  

bundles,  and we agree  it cannot b e  used without  q u a l i f i c a t i o n s  ( n e i t h e r  

can t h e  o t h e r  cor re l .a t ions) .  Thus, i n  us ing  any of t h e  c o r r e l a t i o n s ,  a 

reasonable  s a f e t y  f a c t o r  should be app l i ed  i n  t h e  form of  a DDE r a t i o .  

The des ign  bases12 s p e c i f i e d  a minimum DUB r a t i o  of 2.0; it would appear 

t h a t  t h i s  should be  increased  and should be about  4 when using %g. ( 6 ) .  

Also, it should be poin ted  out, as discussed  ri.n Sec t ion  5.5 of  t h i s  r e -  

p o r t ,  t h a t  t h e  amount of  subcooling i s  dependent upon t h e  e q u i l i b r i i m  

concent ra t ion  of biphenyl .  

Eqs. (6)  and (7 )  

We have been unable t o  l o c a t e  i n  the  l i t e r a t u r e  a c o r r e l a t i o n  

I-t; i s  recommended t h a t  add. i t iona1 r e sea rch  be i n i t k t e d  t o  i n v e s t i -  

g a t e  DNB c o r r e l a t i o n s  i n  multielement rod bundles of  the  ty-pe proposed -in 

t h e  IIWOCR r e fe rence  des igns .  The e f f e c t s  of h igher  concent ra t ions  of 

biphenyl  on coolant  vapor p re s su re  should be  i n v e s t i g a t e d  i n  order  t o  

permit  more p r e c i s e  de te rmina t ion  of  t h e  subcooling a v a i l a b l e  f o r  r e t a rda -  

t i o n  of l o c a l i z e d  b o i l i n g .  
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Appendix E 

REVIEM OF ENGINEERING HOT- C H A m L  FACTORS 

A review w a s  made of t h e  engineering hot-channel f a c t o r s  used i n  t h e  

reference r eac to r  designs t o  deternine t h e i r  adequacy. A s  the number of 

pressure- tube r eac to r s  i n  existence i s  r a t h e r  small, t he  l i t e r a t u r e  on 

hot-channel f a c t o r s  f o r  t h i s  t y p  of r eac to r  i s  qu i t e  l imi ted .  It i s  

necessary t o  know how these  f ac to r s  a r e  defined and the manner i n  which 

they a.re applied before one can rake  meaningful corflparj.sons with t h e  

values reported, e spec ia l ly  those reported f o r  open- la t t ice  grid-type 

cores. 

t ens ive  i r r a d i a t i o n  and out -of -p i le  t e s t s  on heat t r ans fe r ,  together with 

mixing flow t e s t s  and r e l i a b l e  estimates of neutron power d i s t r ibu t ions ,  

a x e  preferred t o  the  hot-spot-factor approach. A comprehensive s ta t is t i -  

c a l  &ppmaCh, cons is t ing  of a Monte Carlo computer program f o r  evaluating 

the  thermal-hydraulic performance f o r  input f a b r i c a t i o n  tolerances,  has 

beer? developed f o r  the  ORGEL program.2 

complex, it appears t o  provide the  necessary da t a  f p r  de t a i l ed  design 

s tud ie s .  I ts  use f o r  preliminary designs i s  probably not warranted. 

I n  pa r t i cu la r ,  i t  i s  reported' tha,t i n  t h e  Canadian program ex- 

Although t h i s  cornputer program i s  

Flow naldlistribution i s  u-sed t o  describe t h e  v a r i a t i o n  of coolant 

flow i n  t h e  process tiubes from t h a t  spec i f ied .  R value of 1.04 w a s  se- 

l ec t ed  f i ly  t h i s  f a c t o r  t o  ind ica t e  t h a t  the flow i n  a pressure  tube may 

d i f f e r  by as much as 54s from the  design value. Some CWR measurements 

show t h a t  f o r  t h e  36-pressure-tube CVTR, t h e  maximum flow devia t ion  w a s  

3.4% a t  s t a r tup .  

ind ica ted  a 5% m a x i m u m  devia t ion  a t  t h e  i n l e t .  

p ressure  tubes with t h e i r  a t tendant  " p i g t a i l s "  and o r i f i c e s  i n  t h e  r e f -  

erence r eac to r  designs, it appears t h a t  a f a c t o r  of a t  l e a s t  1.05 i s  

appropr ia te .  

3 

A l a rge  hyclraulic model of' a pressurized~-water reactoi- 

For t h e  l a r g e  number of 

"be e f f e c t s  of f ab r i ca t ion  to le rances  on f u e l  diameter, density, 

enric'ment, and e c c e n t r i c i t y  should be of a s t a t i s t i c a l  nature and can 

be evzlua.ted accordingly, '* provided s u f f i c i e n t  da ta  a r e  ava i l ab le .  The 

values used i n  t he  reference design appear opt imis t ic ;  however, we have 
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no ex tens ive  expericnce re2.a.i;ive t o  ihe case at hand and, therefo.re,  llav-e 

110 real  basis I"or t ak ing  excep-Lion t o  t h e  val.ues used. 

The ~m,l.ues f o r  rod and b1.md.l.e d i s l o c a t i o n  and bowing a l s o  a.ppear 

o p t i m i s t i c .  It; has bee]? assumed i n  t h e  re ference  design t h a t  t h e  rod 

bundle will be  1-ocated c o n c e n t r i c a l l y  wi'L1ii.n t h e  p rz s su re  Lube and ~wi3.J.. 

thus m i f o m i l y  mai.n.tain a 30-mil radial .  c learance  between t h e  bundle and 

the  pressure- tube  I.j.nex-. lt seems most 1ikel.y t h a t  t h e  bundles w i J . l - .  be  

loca te t l  e c c e n t r i c a l l y  ani; t h a t  flow d i s t r i b u t i o n  will ccnseqiiently be 

cons iderably  d i f f e r e n t  f ~ o m  t h a t  asswrled. Toe e f f e c t  of eccentrric pos i -  

L iming  can be evaluated w i t h  the U-3 code as i t  was for t h e  Canadian 

pressure- tube  r e a c t o r  desi.gns .l 

not  undertaken, a r e  likely ti. be requi red  Lo e s t a b l i s h  t h e  proper val-ue 

of t h i s  sii.bfactor. 

. t~  . - 

Kxtensive ca l cu la t ions ,  which we have 

- 
.In mmmary~ ,  no l a r g e  chan from t h e  A I - C E  va.l.ues were considered 

f o r  t h e  engi.neering f a c t o r s .  While i n  gene ra l  t hey  appear t o  be  r e a l i s - t i c ,  

mere i s  l i t t l e  experimental  data t h a t  can be  used in judging the accuracy.  

Extensive expertmental  s t u d i e s  w i l l  be  requi red  t o  determine t h e  proper  

values. 

L 1  

1. 

2 .  

3. 

4 .  
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Appendix F 

AWLOG COI4PUTER STUDY 0% HWOCR CONTROL DYNAMICS 

Analog Model. 

The I-IWOCR has, i n  genera l ,  a p o s i t i v e  power c o e f f i c i e n t  of  r e a c t i v i t y ,  

and t h e r e f o r e  per tu . rba t ions  i n  flux l e v e l  w i l l  t end  t o  grow w i t h  t ime.  

I n  t h i s  s i t u a t i o n  ii; i s  imp0rtan.t t o  examine t h e  adequacy o f  t h e  c o n t r o l  

system w i t h  regard. t o  t h e  prevent ion  of p o s i t i v e  o r  nega t ive  excurs ions .  

An adequate  c o n t r o l  system must prevent  a p e r t u r b a t i o n  from producing or 

f o r c i n g  a p l a n t  shutdown and should minimize t h e  d i s tu rbance  seen by t h e  

load .  

t i o n  of  t h e  IiThTOCR w a s  performed as ou t l ined  below. During t h e s e  i n v e s t i -  

ga t ions ,  t h e  mathernati.ca1 model and parameter values employed were r ev i sed  

i n  accordance w i t h  developed information.  The r e s u l t s  giver? i n  t h i s  re- 

p o r t  are based on t h e  f i n a l  c a l c u l a t i o n s  made w i t h  t h e  model descr ibed  

below and t h e  parameter va lues  given i n  Tables F. l ,  F.2, and F.3. Figure 

F.l i s  a g r a p h i c a l  r e p r e s e n t a t i o n  of  t h e  analog model used i n  t h e s e  con- 

t r o l  s t u d i e s .  * 

Jn order  t o  s tudy  control.  system requirements,  an  ana log  simnula- 

Reactor K ine t i c s  Model 

The c y l i n d r i c a l  core  of t h e  HWOCR i s  about 22 f t  i n  diameter  and 18 

f t  long.  These l a r g e  dimensions make k ine t i -c  s p a t i a l  e f f e c t s  p o t e n t i a l l y  

important,  and t h e  p o s i t i v e  coolan t  temperati .re c o e f f i c i e n t  w i l l  emphastze 

l o c a l  temperature  v a r i a t i o n s .  I n  a n  a t tempt  t o  inc lude  such e f f e c t s ,  t h e  

r e a c t o r  w a s  d iv ided  i n t o  f i v e  a x i a l  s e c t i o n s .  The sepa ra t ion  was made 

axi.al.ly because t h a t  i s  t h e  d i r e c t i o n  of coolan t  f low and t h e  g rad ien t  

i n  f u e l  burnup. Radial. f lux , t i l ts  may be of  concern i n  -the o v e r a l l  coli- 

t r o l  problem b u t  are probably of less importance under fast t r a n s i e n t  

con.d.i.tions. The number of sectlions was l i m i t e d  t o  f i v e  by t h e  s i z e  of  

t h e  ana log  i n s t a l l a t i o n .  

V o p i e s  of  the a s s o c i a t e d  analog computer diagram can be obta ined  
from H. S.  Stone, Ins t rumenta t ion  and Controls  Divis ion,  Oak Ridge N a -  
t i o n a l  Zaboratory, P.O. Box X, Oak Ridge, Tennessee 37830. 
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In the simulation employed, each of the five axial sections o f  the 

core can be considered to be a subcritical assembly, with a source con- 

sisting of leakage neutrms from the adjoining sections. 

thermal reactor, the flux balance equation for the pth section is 

For a purely 

- 4  1 '  = (1 -@)a (#I - c 4 + sp + CAiCip , 
i 

V P  f P  a P  

where S is the leakage source, taken to be 
P 

where q refers to a section adjacent to p, z 

and p, and A 

q and p. 

pendix. Substituting Eq. (2) into (I) and gathering terns in I$ g i v e s  

is the distance between q w 
is the cross-sectional area for neutron transfer between 

All the terms are defined in Table F.3 at the end o f  this ap- 
gP 

P 

At this point, it is useful to define 

and 
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- . ~ t  should be ilcci=rs'cood t h a t  t h i s  i s  a one-dirnmsional model. Ti7 radri.al. 

leakage e x i s t s ,  i t  can be considered t o  c o n t r i b u t e  LO 'che n e t  m l u z s  of  

k and 1 . 
P F 

l u l t i p l y i i l g  Eq. (3)  by 

and s u b s t i t u t i n g  k slid Z as defined .above g ives  
P P 

112 t h e  above, 1 and k a r e  def ined as though the ends of t h e  i n d i v i d u a l  
P P 

sections were b a r e .  This g ives  sn express ion  i n  4 that can be  taken as 

a "source" term account ing fo-r neutrons d i f f u s i n g  i n  from ad j a c c n t  sec- 

t i.ons . 
q 

In a l a r g e  :reactor such 3s t h e  ZWOCR, leakage should be rel.at.i.vely 

u.nri.mpor.taiit i n  determining I ,  so  i t  i s  assumed that; t he  Z ' s  a r e  t h e  saMe 

as the 1 for 'che whole r eac to r ,  o r  570 psec.  !&e k 's a r e  those  neces- 

s a r y  f o r  c r i t i c a l i t y  and f lux d i s t r i b u t i o n  i n  t h e  r e a c t o r  as a whole. I n  

-the cross- leakage srmrce expression,  t he  geometric term A /V z is the 

P 

P 

w P CIP 
same f o r  each p a i r  of s e c t i o n s .  The d i s t a n c e  between sectlions, z 5. s 

gP' 
about 105 cm. The q u a n t i t y  A /V can be considered t o  be t h e  r e c i p r o c a l  

of 'Ale l e n g t h  of -the p t h  sec t ion ,  s o  
qP P 

'The m a t e r i a l s  term i s  

j l  I vT) g ~ ^ - - 203 cm x 3.977 ern = 198 an2 . 
7: + -  

w 

2n P 
2 " z  
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Tile whole leakage expression thus becomes 

and Eq. ( 4 ) ,  wrritten in terms of' reactcjr power, becomes 

26 = (1 - p)k  P - P + 0.0180 ( P  p - l  + P p+l  ) + 2 h;Aip . ( 5 )  
i P P P P 

The supplementary equation involving the delayed neutrons is 

In Eys. (5) and ( 6 )  

x. = c c E V  
i f  1 

and is related to C as is related to 4.  i 
At design point, 

P = x  = o  
P iP 

and 

so 

(kp[O] - 1) P + 0.0180 (P + P ) =: 0 , 
p- l  p+l  P 

or 

p,-l + *p+1 
L?k [O] = k [0] - l. = 0.0180 
P L' P 

From Fig. 11-9 of Ref. 1, .the relative power ratios in the five sections 

from inlet to outlet are about 0.7 : 1.3 : 1.3 : 1.1 : 0.6. 

If the Ak's are calculated f o r  the fi-ve individual sections of the 

core with Eq. (7) and the relative power levels from Fig. 11-9, a value 
of about -3% is obtained for each section. 

in Table F.3. 

Individual values are listed 
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Two delayed-neutron groups were used, wi th  the  nixfiber be ing  d ie - ta ted  

by -the avai l .able  analog equ-ipment. 

groups; t h e  normal delayed groups 1 and 2 were placed  i n  one .l.imped group, 

and normal gmups 3 through 6 i~ t h e  o t h e r .  li1 each lumped group 

In order  t o  emphasize 'the fas-ier 

wi th  t h e  suimation c a r r i e d  out f o r  t h e  normal. 

each case .  The velues  obtained a r e  l i s t e d  i n  

be advanced f o r  more o r  for di f fe ren ' i  groups, 

delayed @"GUps i izvolved i n  

Table F. 3. Argi.ments may 

but  f o r  the t l -ansients  ia- 

ves t iga t ed  t h e  exact  delaycd-neutron t ime cons tan ts  a r c  r e l a i i v e l y  non- 

c r i  i t e a l  

Heal; Transfer  . . . . . . Model 

Heal-, t r a n s f e r  through a n  average f u e l  p in  i s  sirnulabed by breaking 

t h e  p i n  i n t o  four  eqi.ial.-.f;iiickneos radial  s h e l l s  and writing ecpa-kf~oris 

f o r  Lhe hea t  conduction between these s h e l l s .  Making Lhe s h e l l s  o f  equal  

thi.ckness means t h a t  those  on tile ou t s ide  have l a r g e r  volumes bu'i tends  

t o  equa l i ze  t h e  thermal time cGns Larks. The f ineness  of t h i s  fo1i.r-shel.1 

modsl allows a c l o s e  r ep resen ta t ion  of  t he  temperature p r o f i l e ,  as typi- 

f i e d  by Fig. 11-7 of Ref. 1. Heat Lransfer  equat ions for t h e  f u e l  g ive  

expressions of  t h e  form 

A11 terms a r e  i d e n t i f i c d  and evaluated i n  Tab1.e F . 3 ,  and coefficients f o r  

each shell. a r e  si~ven below i n  t h e  s e c t i o n  e n t i ~ t l e d  "Temperature Rels- t lons . I '  
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The fol lowing hea t  ba lance  equat ion  w a s  developed t h a t  r e l a t e s  c lad-  

d.ing temperature  t o  f u e l  and coolan t  temperatures:  

hwAcw( Tc 

Because equ i l ib r ium fuel has undergone a h igher  degree of burnup i n  sec-  

t i o n  2 t han  i n  s e c t i o n  1 of t h e  r eac to r ,  and i n  s e c t i o n  3 than  i n  s e c t i o n  

2, t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  gas  gap between f u e l  and c ladding  

v a r i e s  frorn s e c t i o n  t o  sec t ion .  Tine c a l c u l a t e d  hea t  t r a n s f e r  c o e f f i c i e n t s  

used were obtained from Combustion Engineering, and t h e  r e s u l t i n g  f a c t o r s  

f o r  Eq.  (9 )  are l i s t e d  i n  Table F.3. These c o e f f i c i e n t s  f o r  hea t  t r a n s -  

f e r  from f u e l  t o  c ladding a r e  extremely important  va lues ;  when t h e  power 

l e v e l  i s  r a i s e d ,  t hey  determine t h e  r e l a t i v e  temperature  inc reases  i n  t h e  

f u e l  and coolan t  and hence help s e t  t h e  n e t  pcjwer c o e f f i c i e n t  of re- 

a c t i v i t y .  Resulks of the p r e s e n t  s imula t ion  might be  changed d r a s t i c a l l y  

i f  experimental  r e s u l t s  showed apprec iab le  changes i n  Val-ues of hea t  

t r a n s f e r  c o e f f i c i e n t s .  

Data suppl ied  by Coppersmith2 were manipulated t o  y i e l d  a design-  

p o i n t  va lue  of  0.556 Btu /sec . f t2 .0F f o r  t h e  f i l m  c o e f f i c i e n t  h 

t r a n s f e r  from t h e  f u e l  c ladding  t o  t h e  coolan t .  

I n t e r n a t i o n a l  i n d i c a t e s  t h a t  t h i s  c o e f f i c i e n t  varies as t h e  0.8 power of 

t h e  Reynolds number. For t h e  p re sen t  sirnulation, t h e  temperature  depend- 

ence of t h e  r e l a t i o n  was neglected,  b u t  t h e  0. ??-power v a r i a t i o n  w i t h  flow 

w a s  r e t a i n e d .  A reasonably good approximation f o r  i nc lud ing  t h e  exponen- 

tial express ion  I T o m 8  w a s  ob-Lained by s e t t i n g  

f o r  h e a t  
W 

A r e p o r t 3  by Atomics 

w 

A q u a n t i t y  u s e f u l  i n  ana lyz ing  t h e  thermal  behavioy of t h e  coolan t  

t h e  temperature  inc rease  experienced by a g iven  d i f f e r e n t i a l .  is ATT 

volume of t h e  coolan t  i n  pas s ing  thrcugh s e c t i o n  p .  In t h e  s t e a d y - s t a t e  

condi t ion,  AT 

KP' 

has t h e  same numerical value as t h e  d i f f e r e n c e  between 
wp 
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t h e  i n l e t  and e x i t  temperatures .  The coolant  e x i t  temperature  f o r  t h e  

sec-Lion i s  T, which makes ';he i n l e t  ternpcra'Gij.r.e T . The f o l -  
, q e '  w ( p -1 ) 2 

lowing equat ion r e l a t e s  Lhese temperatures  : 

The mea11 ternperaiure T ol" the cco lan t  i n  t h e  s e c t i o n  i s  approximately 

t h e  temperature found a i  a po in t  halfway through t h e  s e c t i o n .  Thus 
JV 

"he t r a n s p o r t  cielay per s e c t i o n  i.s s m a l l  (0.L34 sec a-i; desi-gn p o i n t ) ,  

arrd l i t t l e  error i s  introdiiced by neg lec t ing  t h e  h a l f - s e c t i o n  lags. Then, 

1 
T t s T  t -1 O- 2 AT T w y  . (1.3) WP w (p-1 ) e  

The transport delay  w a s  s imulated by ti le fol lowing f i r s t - o r d e r  ap- 

proximation: 

( 1 4 )  
-t/ T 

T w(p-L)e ( t - T  "-p ) E ?  w (p  -.I ) e  t ( M  

A h e a i  balance y i e l d s  t h e  equat ion f o r  t h e  r a t e  of chanze o f  t h e  mean 

ternperatwe of t h e  coolan t  i n  t h e  sec t ion :  

3.00184 P + 6.342 llhr(TC - Tw) 
P 

L'he f a t e  of changcl 07 t'ne q u a n t i t y  AL i s  approximate1.y twice the r a t e  

of changc of the mecan temperature  of t h e  coolant i n  t h e  s e c t i o n  f o r  r c l a -  

~ i v e l  y slow v a r i a t i o n s  i n  t h e  i n l e t  temperature .  The r e l a t i o n s h i p  

YI? 

L 
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AT = 2T 
wp wp 

w a s  used in calcul.ating AT in the model. Substitution of Eqs .  (11.) 
YP 

and (16) into Eq. (15) gives 

The constants used. above are listed in Tab1.e F.3, and design-point tern- 

peratures are given in the section 'oelow entitled "Tempera.ture Rel.ati.ons . '' 
Although the analog model provided coolant transport delays and heat 

transfer relations associated with fluid flow external to the reactor 

core, this feature was not used in the calculations. In most simulator 
runs, the inlet temperakure was held constant at 595'F, although in a few 

cases the inlet temperature was step increased by a small amount during 

the  run. 

Temperature Coefficients 

The temperature of only one radial fuel shell in each section was 

used in cmputing the effect of fie1 temperature changes on reactivity. 

In order to assign the fuel temperature coefficient in proportion to re la-  

tive vrjlime, fuel shell I (the innermost shell) should be assigned 1/16 
of the coefficient; shell 11, 3/16; shell 111, 5/16; and shell IV, 7/16. 

Analog equipment restrictions dictated a simpler arrangement, so the en- 

tire fuel temperature coefficient was assigned to shell 111. The error 

inherent in this arrangement does not appear to be significant, even in 

the transient; case. 

Temperature variations in one section of the reactor model in some 

cases produce a reactivity variation in another section as wel l .  Since 
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t h e  d i r e c t i o n  of coolant  fJ.ow al’ iernstes  from one nrocess  tube  to t h e  

next,  t h e  o u t l e t  s e c t i o n  of t h e  f u e l  assembly i s  loca ted  i n  a reg ion  of  

t h e  r e a c t o r  t h a t  is equa l ly  infl-uenced by in.l.et and o u t l e t  p rocess  Lubes. 

For t h i s  reason, the r e a c t i v f t y  e f f e c t s  due t o  temperature changes i n  

t h e  f u e l  and coolant  i n  seci;li.on 5 were appl ied  bo th  t o  s e c t i o n  5 and sec-  

Lion 1, and v i c e  vei-sa. The same was t r u e  f o r  s e c t i o n s  2 and 4. Tem- 

pe ra tu re  changes i n  s e c t i o n  3 a f f e c t  r e a c t i v i t y  only  i n  s e c t i o n  3. 

Fuel  and coolant  tem.pcrsi;ure c o e f f i c i e n t s  vary  from seekion t o  sec- 

t i o n  because o f  t h e  a x i a l  g rad ien t  in fuel.. bumup.  The nwnerical  va lues  

used i n  t h e  s imula t ion  were der ived from temperature  c o e f f i c i e n t s  suppli.ed 

by Coppersmith2 of Coxbus Lion E n g h e e r i n g .  

a p o i n t  r e a c t o r  model and hence represented  t h e  proper  temperature coef- 

f i c i e n t s  on ly  when appl ied  io t h e  r e a c t o r  as a whole. 

a temp?ra twe change i n  s e c t i o n  3 w a s  assumed t o  a f f e c t  r e a c t o r  k i n e t i c s  

by a l - t e r ing  only  t h e  r e a c t i v i t y -  i n  sec t ion  3; r e a c t i v i t y  changer; i n  sec-  

tri.ons I o r  5 a f f e c t e d  bo th  sec t ions  1 and 5; and changes i n  s ec t ions  2 o r  

L+ a f f e c t e d  bo th  sec t ions  2 and 4,  as explained above. I n  essence,  t h e  

v3l.ues of the t e m p e r a h r e  c o e f f i c i e n t s  f o r  t h e  O W L  model. were determined 

by  ba lanc ing  a s m 8 l l  r e a c t i v i t y  increase appl.ied t o  one s e c t i o n  o r  p a i r  

of s ec t ions  aga-i.nst a small-er reac‘ i iv i ty  decrease appl.ied t o  a l l  s e c t i o n s .  

The r a t i o  of  t h e s e  equiva len t  r e a c t i v i - t i e s  -then served as a m u l t i p l i e r  

for t h e  p o i n t  r e a c t o r  temperature coeff  i -c ien t .  The tempera.ture c o e f f i -  

c i e n t s  used a r e  l i s t e d  i n  ‘Table F . I .  

H i s  values ,  however, were forr 

l n  t h e  ORNL model, 

Re a c t  i v i  t y  C 0n.L r’ol - _ - . ~  

R e a c t i v i t y  v a r i a t i o n s  produced by cont~ol rod motion were app l i ed  

uniforiilly t o  a l l  f i v e  sec t ions  of t h e  core .  The control.. scheme had zero 

dead band and corresponded t o  use of  am on-off constant-speed servo  which 

goes p o s i t i v e  o r  negat ive depending upon t h e  s i g n  of t h e  e r r o r  signal.. 

The error s i g n a l  compared nuc lear  power w i t h  demand, and demand w a s  pro- 

p o r t i o n a l  t o  coolant  f l o w .  A t  7.00$ fl.ow, demand was f o r  100% power, and 

any loss  of flow depressed t h e  power se-L p o i n t .  
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Table F.l. Temperature Coefficients of Reactivity 

Temperature 
Coefficient 

Value When 
Applied to 

Whole Reactor; 
from Ref. 2 
(Ak /OF) 

e 

Value Idhen Applied 
Only to Sections 
Directly Affected; 

Empirically 
Determined 

( @ q ° F )  

Sect ions 
Dire et ly 
Affected 

fl 

f2 

f3 

f4 

f5 

wl 

a 

a 
a 

a 
a 
a 

%2 
M 

a 
a 

w3 

w4 

w5 

x 10-5 
-0.1.01 

-0.146 

-0.135 

-0.088 
+o .001 
-G. 038 

+0.71 

+1.2€?2 

+l. 462 

+O .776 

x io+ 
-0.842 

-0.265 

-0.563 

-0.160 

+o. ooe 
-0.32 

+l. 29 

t5.342 

+2.658 

+6.47 

Temperature Relations 

Derivation of Equations and hbluation of Coefficients 

When physical and geometrical constants €or the four fuel shells are 

substituted into Eq. (8) '  the time rate of change of the temperatures in 

OF/sec can be expressed as follows: 

fIp ' = 0.23647 + 5.40TfIIp - 5.40T 
f IP P 
T 

- 5.40TfIIP , 
f I I I p  

= 0.2364P f 1.80T + 3-6OT 
TfIIp P f IP 

- 5.40'TfIIIp y + 3.24TfIvP 
T = Q.2364P + 2.16T 
f I I Ip  P f Iip 

= 0.2364P + 2.314(TflI1 - Tfm ) - 5 . 7 $ 6 ( ~ ~ ~ ~  - 'r ) . 
Tf mp P fs P 
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i n  each sect,ion of  t h e  f u e l ,  t h e  r a t e  of h e a t  t r a n s f e r  f rom shell IV t o  

the sur face  i n  Btu/sec car be expressed as 

The quan t i ty  \ i s  also t h e  r a t e  of hea t  t r a m f e r  from t h e  su r face  o f  

the f u e l  t o  t h e  cladding and can be expressed as 

When t h e  hea t  capac i ty  of the cladding i s  neglected,  t h e  q u a n t i i y  Q P i s  

a l so  the  rat,? of hea t  t r a n s f e r  f r o n  t h e  c ladding  to t h e  coolant  and can 

be f u r t h e r  expressed as 

can be obtained j.n teirms of By equat ing 'chese expressions i_n $9 Tfs 

ITf IV and Tc so  that; 

The values  of ('&) 
F.3. 

l a t e d  t o  T 

/L f o r  t h e  f i v e  core sec t ions  a r e  l i s t e d  in Table m P 
By f u r t h e r  manipul.a'i,ion o f  the heat  f low equat ions,  '2 C can 'ne r e -  

and T w by t h e  expression f IV 

3.960(1'f1v - T ) 

1 + 0.1701 
-2.2 , 6.342Hw(Tc - T W P  ) = -  L 
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This form of t h e  equation i s  chosen t o  simplify the  analog c i r c u i t  by 

making t h e  c o e f f i c i e n t  of t he  ( T  - T,) term0 i d e n t i c a l  t o  t h a t  i n  Eq .  (17). 
C 

Des ign-Point; Values 

By s e t t i n g  time der iva t ives  equal t o  zero and s u b s t i t u t i n g  design- 

poin t  power i n t o  Eq. ($), t h e  design-point temperature d i f fe rences  between 

each p a i r  of f u e l  s h e l l s  and between f u e l  s h e l l  I V  and t h e  cladding can 

be ca lcu la ted .  

sitme procedure with Eq. (15) as was erqdoyed with Eq. ( e ) ,  t h e  teniperature 

r i s e  pwpe - Tw(p-l)e] can be obtained. 

temperature i s  ?50"F, and with t h i s  nuniber ax-d t h e  ca lcu la ted  temperature 

d.i.r"ferences as a s t a r t i n g  poin t ,  t h e  whole set of design-point tempera- 

t u r e s  can be obtained. 

Equation (18) then gives (IFc - and by following the  

The des i red  design-point o u t l e t  

Their va,lues a r e  given i n  Table F.2. 

The procedure described above y i e l d s  an i n l e t  temperature of 597.9"F 

ins tead  of the design temperature of 595°F. This discrepancy i s  probably 

due t o  neglec t  of t h e  v a r i a t i o n  of coolant heat capacity with temperature 

and could be rernoved by changing coolant capacity from sec t ion  t o  sec t ion .  

The e r r o r  i s  l e s s  t2ia.n 2$ of t h e  t o t a l  t empers twe r i s e  i n  the  coolant 

a,nd was neglected.  

'Table F.2. Design-Point Temperatures 

4 

~~ 

Axial Section 

5 
( o u t l e  1;) 3 2 1 

750 

731.5 

740. 8 

779.7 

943.4 

992.1 

1024.6 

1040.8 

731.5 

697.6 

714.6 

785.9 

1158.3 

1247.6 

L3CY,/. 1 

1336.9 

697.6 

65%. 5 

G78.0 

762.3 

1287.9 

1393.5 

11+63.9 

1499.1 

658.5 

617.4 

638.9 

723.2 

1337.2 

1U+2.% 

1513.2 

1548.4 

619.4 

597.9 

608.7 

654.1 

1014.2 

1071.1 

1109.0 

1128.0 
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d a b 1  c E'.3. Zlossa-y of -7ern.s end Faraxie te r  Values 

A 

c 

c 
P 

c 
h 

Are; 

Ato,r.ic d e n s i t y  cf delayei: ieu;ron p r e z u r -  
S C - r S  

l ieat  c a y p z l t y  

E l f l u s i o n  c o n s t s r - t  

Eeat  t r p n s f e r  coef i ' lE iec t  

( L A )  /L,, These va i . ies  are f o r  heat trm-sfe? gel- foot 
of p i n .  'They may bc  t i-msforrced t o  Per. 2 
v a l x s  >el" s e c t l o n  of p in  (f'-ro:n wkich they  
w e r e  ob ta ined )  by iiiul:ipl.>-; ng thein by 3. C6 
f ' t  . 
\ 

L Fuel p i n  lengt:? 

Proi.p+ neut ron  l i f e t i m e  

Ruclear pwe: 

Rate  o f  heez t r a n s f e r  

Neutron source due i o  leakage from aa jacen t  
s ec t,i ons 

Temperatu ce 

Tiole 

C o o l m t  speec through t h e  c o l e  

Fc? rs3ial rieat t r a n s f e r  through i k e  f u e l  
tP.e su r f ace  area i s  2~ X L. For f l o w  ;he 
coolrnz z ros s - sec t iona l  b r e i  2s 22.3 ft'. 
T'cr a x i a l  n e ' a t r m  t r a n s f e r ,  

u , ~ [ o ]  = 30 f t / s e c  
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T & l e  F.3 (con-t imed)  

Terms Defini t ions Valu-es 

12 PoTnier densi-ty 

v Volume 

V 

Xi 

X 

t 

h 

V 

P 

c 

I L. 

Neutron speed 

C .c ,eVY " p o t e n t i d  poner" s tored i:n neutron 

Radial  dis tance fron center  of fuel. ?in 

I f  
precl-u-sors of group i 

Axial center-to-center dis tance between 
f u e l  sect ions 

Terrpxature cosC9icient  of x e a c t i v i t y  = 

Free t'l on of f i s s i o n  neutrons delayed 

&/a:, 

Zriergy released per f i s s i o n  

Delay;yr;d-neutron decay constant 

Neutron y i e l d  pev f i ss ion  

2117 I' 8 delis i tg 

Absorption cross sect ion 

Fiss ion cross secLiofi 

Coolent transport t i n e  

u ~ [ o ]  = 13.4PD Bt~/sec*;%'  

1iw[o1 = 0.00165~ Etu/sec*ft3 

Vfi = volume of a particu.l.zr Euel. s h e l l  

= 1 1 q  - X E ) L  

V = volume or cocl.arit i n  oae sect ion w 
= 77.2 f t 3  

Effect ive v for i3JCCii = 3.56 X l o 5  cm/sec. 

C,EV i s  khe mul t ip l ie r  used t o  convert  
k i n e t i c  eqiiatioiis i n  Q t o  equations i n  P. 

Ax between file1 s h e l l s  = 0.005 f t  

c?x ac-cixs heliun ga.p = 2.5 mils 

= 2.1 x 1.0-4 fI; 

z = 105 ern = 3.46 f t  w 

Individual  values a r e  shorn i n  Table F.l. 

- 0 .COO73 

/32 = 0 .0i?bl.7 

l o t a l  9 = O.OC49 

pf = density Of f u e l  

= 11.6 g/cc = 8)+9 lh/f-t3 

ow = density of coolent  

E 0.86 g/cc = 53 1b/f t3  

~verage c, P 4.74 x 
A ~ ~ ~ ~ . ~ ~ ~  vzf = )+.e9 x 10-3 cm-l 

cm-' 

Steady s t a t e  coolant t r a n s i t  time through 
one sect ion = T [ o ]  = O.l.3/+ sec 

FrP 
Neutron flux 

Jdent.i.fi es a des?.gn-pnint condition 

Subscripts 

c Cladding on the  f u e l  

e 1denti.r.i-es t h c  dowfi-st?x?;tni bolmdary of coolant i n  a sect ion n C  procezs tub:. 

f lud 

H Helium gas gap bet ;~eea bel. and. cladding 

i Used to n.lmber delayed-neutron groups and a l s o  heat  t r a n s f e r  shells i n  the  f u e l  

n Iileiiti f l e a  a. dela,y.?d.-neutron ~ Y O I J . ~  obtained 'oy lunp;.ng s e v e r d  norinel groups 

p Tked t o  specify axial suct ions of t h e  coi-e, except t h a t  3,s a subscripf; f o r  C y  p indicates  heaf 

q Axial sect inns adjace-nt i o  p 

cspac5ty at constant pressure 
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Tab1.e F . 3  ( con t inued)  

TeL-TlS Def jn i t i ons  Values 

r Refers t o  nuc lea r  niul . t lplicaticn change due t o  control rod motion 

s SLlrface o f  t t e  f u e l  

v Organic coolan t  (wax) 

I, 11, 111, iV I d e n t i f y  fuel shells, s t a r t i n g  a t  t h e  c e n t e r  

1, 2,  3 ,  1- I d e n t i f y  c o r e  s e c t t o n s ,  s t a r t k g  a t  :he i n l e t  end 

at;xes> ,surface arcas, and disi.ances 
:; cf f idel  F ins .  Radial. she1.1 j. i s  

pir., r e s p e z t , i v ~ l y .  
1) and (i+l) being t,ovaxi 

arras through which t h e  
eL1 i and f r o m  s h e l l  i :3 

distence invol.ve’3 in  -..he 
r.  a?jacer.t, sheL1. All s h e l l s  

References 

1. Combustion Engineering, Inc . , and Atomics In tc raa t iona , l ,  Heavy Water- 

Organic Cool.ed Reactox, - 1.000 ?4we Nuclear Power P lan t  PrelirrAnary 

Conceptual Design, USAEC Report AI-CE-Memo-6, Vol. TI, Oct. I, 1965. 

2. W. C .  Coppersmith, Cornbustion Englneering, Inc . , personal  communica- 

t i o n  with K. S. Stone: Oak Bridge NationaJ. Laboratory.  

3. Atomics In te rna t ionaL,  Organic Reactor Heai; Transfer  Kanual, USAEC 

Report NAR-SR-Memo-734.3, S e c t .  I V ,  Dee. I., 1962. 



365 

Appendix G 

COMPARISON OF ADVANCED CONVERTER FUEL-PROCESSING 
COSTS ON DIFIFEXEr\rr BASES 

In the advanced converter evaluation, spent-fuel processing costs 

were estimated for six reactor concepts under general ground rules essen- 

tially the same as for the present INOCR evaluation; that is, single- 

purpose processing plants were specified to exactly match the mount and 

type of fuel for a 15,000-Mw(e) industry based on each concept. 

of these estimates at throughput rates corresponding to burnups near the 

economic optimum is given in Table G.L.  

fixed-charge rate (FCR) on capital, the estinated processing costs in $/kg 

Traried from 18.7 to 97.6; in mill/kwhr.(e) the cost range was fairly nar- 
row, from 0.191 to 0.230. In the present INOCR evaluation we have esti- 

mated fuel-processing costs on thio bases, one being exactly the same as 

for the advanced converter evaluation, and the other a revised basis that 

is felt to be more realistic. For comparison, we also have reestimated 

processing costs for the six previously evaluated reactors on the HWCCR 

revised basis; the results are shown in Table G.2.  

A summary 

At the reference 22% per year 

For comparison between uranium-fueled reactors or between thorium- 

fueled reactors, either the old or the new estimates w i l l  give the same 

cost ranking; however, for comparing uranium-fueled reactors with thoriwn- 

fueled reactors or for comparing these estimated future costs with present- 

day processing charges by Nuclear Fuel Ser-fices (NFS), we believe that 

-the new estimates are preferable. 

the old ones for the uranium fuels, and 59 to 6576 for the thorium fuels, 

as indicated in Table C.2.  The reasons for the differences are e,xplained 

in Chapter 11. 

The new estimates are 72 to 81% of 

For comparative evaluation purposes, HWOCR f u e l  fabrication costs 

were estimated for eyuilibriua cores on the bases used in the advanced 

comerter study' (fuel preparation costs were included in fabrication 

cos-Ls). 

ment. Estimates for the B&W oxide fuel element are given in Tab1.e (2.4.  

Similar estimates could not be made for the thorium metal fuel because 

These estimates are lis-Led in Table G.3  for the AI-CE fuel. ele- 



t he re  were no inetal-fueLed co res  considered i n  1;he advanced conver te r  

study. 

Table G. I-, Surnrary of Spent-Fuel Processing Cost Estimates for Previous 
Advanced Converter Evaluat iorA 

Rasis : Sinele-p-xrpose planLs serving 15 1.eactor.s of a given cmcep t ,  
1000 Mw( e )  each; 0.8 r eac to r  load f a c t c r ;  burnup approximate1.y 
equal to t h e  es t i r ra t2d  econoimic optimux? 

PWK SSCR HWR-IS HiWR-Th h W R b  SGR 

Reference ma te r i a l  b i ~ r i i ~ p ,  r4vd/T 21.,248 29,580 12,540 23,000 48,500 16,750 

Thermal e f f i c i ency ,  $ 31.1 31.2 26.8 26.1 44. L 43.6 

Throughput rates, W/yr 

Uranium 64 5 34. 9 1250 24.5 7. li, 567 
Thorium 426 688 189 
Plutonium 4. 11 5.93 3.42 

Refeyeice  material^ 663 475 1300 '730 206 600 
Fis s ion  pruducts 14.1 14.0 16.3 16.7 10.0 10.0 

Batches processed per year 19.2 6. '31 57.1 73.0 54.0 /+e. 7 
Processing days per year  156 255 155 155 155 155 
Turn-around days per  year 151~ 55 155 155 155 155 

Total revenue days per y e w  310 310 310 310 310 310 
- __ i.- ....... - 

Processing r a t e s  

Re f e re rx  e mater ia l ,  Ml?/dny 4.23 1.86 8.10 1.. 71 1.37 3.87 
F i s s i l e  ma te r i a l ,  kg/day 44.7 75.8 38.3 83.3 102 73.5 

Total capital .  investmect, $ 58.5 x l o 6  59.3 x l o 6  65.8 x lo6 67.5 x l o 6  57.9 x l o 6  59.0 x lo6 
Operating cos t ,  $/yr 5.37 X lo6 5.1.7 X l o 6  6.33 X lo6 6.55 X lo6 5.30 X l o 6  5.45 X lo6 

Ul-tirnate waste d isposa l  charge, 2,52 X lo6 2.51 x I O 6  2.75 X l o 6  2.79 X 1 C 6  2.05 x 1C6 2.05 X lo6 
$/Yf 

$/kg 
Unit cos t s  a t  15% per year  P3K,C 25.2 35.6 14.6 25. ri 77.7d 27.3 

Unit cos t s  a t  15% Fer year  X R , '  0.1.53 0.161 0.181 0.165 0.152 0.1.56 

Unit cos t s  at 22% per  year FCR,' 31.4 44.2 18.2 33.2 97.6< 34.2 

milU/lmhr ( e  ) 

$/;(e; 

Unit cos t s  ac 22$ per  year,  0.198 0.200 C. 224 C. 230 0.191 0.195 
niill/kwhr (e) 

.... ......... . 

"See Ref. 1 f o r  deTai l s .  

bKt'lTGK case based cn separa te  pl 'messing of  the thorium arid urani-m. p a r t i c l e s .  

'Fixed charge r a t e .  

'A-verage cos t  per  kilogram sf re ference  x a t e r i a l  (thorium plus uranium charged 50 r e a c t o r ) .  
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G. 3 

Table G. 2. Revised. Speu.t-Fue1 Prccessing Cost E s t i m t e s  f o r  
Advanced Converter Xeac t o r s  

Easis: Single-purpose plants  serving 15 reactors of a given 
concept, 1000 N W ( ~ )  Each;  0.8 reactor load  Tactor; 
burfliip approxirmtely equal to tile est;iiuatted ecor'omic 
og 1; ilrmmn 

Reference mitcrial burnup, MW?L/M? 

Thermal efTiciency, $ 
Throughput rate, E.rr/yr 

Processi.ng d.ays per year 

Processing rate, m/da.y 

T o t a l  cap i ta l  irvestment, $ 
merating cost ,  $/yr 

Total waste disposal charge, $/yr  

T h i t  cost.? a t  15$ per year FCRd 

$/& 
Mill/kwhr (t i  ) 
Cost expressed as  per cent  
of corresponding cost  i n  
Table G . l  

unit. costs a t  22$ per year F C R ~  

$/kg 
Mill/kvh- (e) 
Cost expressed as  per cent  

of corresponding cost  in 
i a o l e  G . l  r . 7  

21., 2/,5 

31.1 

663 

260 

2.55 

40.0 x 106 

4.00 x 106 
2.15 x 106 

23,580 12,540 

31.2 26.0" 

475 1300 

260 260 

1.83 5.00 

34.4 X 10' 52.2 X lo6 

3.44 X l o 6  5.22 X l o 6  
2.36 X 10G 2.35 X 1.06 

23,000 

73 a 
26.1 

2 60 

2 .  e l  
40.0 X I O 6  

4.00 X 1Q6 

2.63 X I O 6  

46,500 

44.4 

206 

260 

1. 00c 

31.0 X lo6 

3.10 X l o 6  
1..91 X lo6 

16,750 

43.6 

GOO 

260 

2 .31  

11.3 X l o 6  
4.13 X 106 

1.93 X I O 6  

18.3 23.1 11.8 17.3 46.9" 20.4 
0.1.16 0.1 w+ 0.147 0.120 0.092 0.117 
72. 6 64.3 81.2 64.8 60.4 74.7 

22.5 28.1 11.7 21.1 57.4e 25.3 
0.142 0.127 0.181 0.117 0.113 0.14: 
71.7 63.6 80.8 63.6 58.8 74.0 

a:jee R ~ T .  1 for deta , i l s .  

bI€TGR case based on separate processing of the thor i?m and uranium part ic1.e~.  

'Processing rate fo r  thorium par t ic les .  

dFixed charge ra te .  

eAverage cost  per kilogrfm of reference ne te r ia l  (tboriurii plus uranium cliarged. t o  reactor).  

The rate f o r  t h e  enri.c'cled uranium particles is much lover. 
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TaKe G. 3. ils;i.rratcd Cos-t of Fuel ELoment Fabyica.t,i on  
f o r  A I - C S  W C C X  Equilibrium Core Calculated on 

A5.va.n ced Convcr,ter Study Bas e s 

~ 

2000 16.48 9.92 6.57 7.72 40.68 

2500 15.15 9.31 6.52 6.86 37.84 

3000 14 14 8.85 6. G9 6.23 35.74 

4000 12.82 8.17 6.13 5.35 32.7'7 

5000 11.89 7.69 6.39 4.75 30.72 

3L75b 13. L d 3  8.50 6. LC 5.76 34.17 

a 

bKefcrence case. 

Capi ta l  charge rate of 22% per year. 

Table G. 4. Estimated Cost of  fie1 E l e m e n t  Pabrica,tion 
f o r  B&W HWOCR Thorium-Oxide Cci'e Calculated on 

Advaiiced Converter Study Eases 

Opera  t, ing Cap ita1 Hardware RE1 Total  
Expnse  Charges" Cosis Preparation Costs 
($/kg of ($/he of ($/kg of ($/kg of ($/kg of 

Prcrductior, 
H a t  e 

(kddEY) Iletal) metal ) metal ) metal)  mPta1) 

1.500 22.1.1 25.19 25.38 4.. 8i+ 77.51 

2000 20.09 23.02 24.41. 4.. 09 71.61 

2590b 18.58 21.31 23.62 3.52 67.02 

3000 17.81 20.42 23.19 3.23 64.66 

4000 16.92 18.87 22.42 2.74 60.95 

a 

bReference case. 

Capi ta l  charge ra te  cf 22% per  year.  

Reference 

1. M. W. Rosenthal et a l . ,  A Compai-ativc Evaluation of Advanced ConverL- 

ers, USAEC Report ORNL-3686, Oak Ridge National Laboratory, January 

1965. 
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