




BNWL-606 

UC-80, Reactor Technology 

NITRIDE FUELS FOR FAST BREEDER REACTORS: 

FUEL CYCLE CONSIDERATIONS 

J, F, Fletcher and J, Greenborg 

Engineering Analysis Section 
Engineering Development Department 

February, 1968 

PACIFIC NORTHWEST LABORATORY 
RICHLAND, WASHINGTON 



Printed i n  United S t a t e s  of America, Available from Clearinghouse f o r  
Federal S c i e n t i f i c  and Technical Information, NatfonaE Bureau of Standards, 
U. S. Department of Commerce, Spr ingf ie ld ,  Virginia ,  22151, P r ice :  Pr in ted 
Copy $3.00 : Microfiche $0.65. 



NITRIDE FUELS FOR FAST BREZDER REACTORS: 

FUEL CYCLE CONSIDERATIONS 

ABSTRACT 

The n i t r i d e s  of uranium and plutonium appear technical ly  a%trac t ive  as  

po ten t ia l  fue l s  f o r  f a s t  breeder reactors ,  To examine t h e  po ten t ia l  econ- 

omic s t a t u s  of t he  n i t r i de s  i n  commercial power production, a study was made 

t o  develop comparative f u e l  cycle costs  f o r  n i t r i d e  and carbide fue l s  i n  a 

1000 MW sodium-cooled fast breeder reactor  concept previously developed by e 

Combustion Engineering, Incorporated, i n  an AEC-sponsored study. Results 

of t h e  study ind ica te  t h a t  n i t r i de s  would be competitive with carbides i f  

low-cost processes fo r  conversion of f u e l  materials  t o  t h e  n i t r i de s  were 

developed, The n i t r i d e  fue l s  appear t o  contribute s ign i f ican t ly  toward a 

negative sodium-voiding coeff ic ient .  
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N I T R I D E  FUELS FOR FAST BREEDER REACTORS: 

FUEL CYCLE C O N S I B E W T P B N S  

J. F, Fle tcher  and J o  Greenborg 

INTRODUCTION 

The n i t r i d e s  s f  uranium and plutonium a r e  dense re f rac to ry  compounds 

of high thermal conduetfvity, with favorable combinations of physical  and 

neutronic proper t ies  which make them po ten t i a l ly  of great  i n t e r e s t  a s  r eac to r  

fuels ,  Previous s tud ies  sf t h e  use of pPutonQwn as a f u e l  f o r  f a s t  esmpaet 

r eac to r s  indicated t h a t  t h e  n i t r i d e s  had p o t e n t i a l  technical advantages a s  

f u e l  mater ia ls  f o r  r eac to r s  of t h i s  type, (1) Much development would be 

needed on t h e  technology of t h e  n i t r i d e s ,  however, t o  r e a l i z e  these  advantages 

f d l y  

The n i t r i d e  f u e l s  should a l s o  be teehnicaPly a t t r a c t i v e  i n  comercia% 

power reactors .  For such use however, they must be able t o  compete not. only 

teehnfca$%y but eeonomfca%ly with %he more eon~~en%fona%ly considered oxide 

and carbide fuel,%, The n i t r i d e s  are ms%eriafs whose %eehnology remains for 

t h e  most p a r t  ts be developed, whose proper t ies  are only imperfectly known, 

and which have been prepared only i n  small labora tory  puan%i$fes, There- 

f o r e ,  any investiga-bfon of t h e  t eehn lea l  and economic standing of t h e  n f t r f d e s  

i n  a given reac to r  system must depend l a rge ly  on projec ted  development of 

n i t r i d e  %ethnology and on eomparfsons of t h a t  technology wl%h t h a t  of t h e  

more highly developed oxide and earbide f u e l s ,  

T o  make a, preliminary assessment of t h e  p o t e n t i a l  sf" n i t r i d e  f u e l s  i n  

commercial power reac to r s ,  during 1965-66 a study was perfsmed on the  



behavior scb the ice1 cy-ke c a a t s  of' mixed plu%~n,~sn--asaz;eran n i t r i d e  fuels, 

usnng a 1800 We fss5 breeder ~re%:te? -on:ept as a m d e i  far  the study, 

This dccimenE yeparts ?he r e su l t s  =f t h a t  ssudy, 

S W J Y  

The goal of the s t ~ d y  eL Kke f .+eb " E r e  a s p e ~ f s  of s altrfde-?~eked 

f a s t  breeder r ~ e d % o r  w&h fhe de5e~ptr~ma;en ci the -hsracterXstfcs of suck a 

r e a - t a r  qn*? ",h% estlrna%"rn 38" *hc e r;n~rnic: d, r ed  - r bh of sipanlm kznd uramarm- 

p2:tcnfw norzce3-t xde.; as P J ~ ,  f2r a t;gpl:a, fas"i"see5es p~wcir restcb,or can- 

e Beza~se  sf t h e  expecCa3 sim, la:. ry  i n  b e h a ~ ~ a ; ~  s f  n i t ?  :,de and carblr?e 

1 e h ,  *ne s t  JAY wss b98ed 02 a ~ e a - t o ~ "  ~o<F*;, : S S L , ~ L V ~ ~  by 2o.mbustf on Engi- 

seer kng ,E: s r g r & e  %n an A E C - S ~ ~ D ~ X - P ~ ~  st dPYY 3: B 10CC MW f aa t  breeder 
e 

u 2 ,  
reac40rc An e v ~ l u 9 t   on o f  t h F  s aad s bn7i-8 ~ b z  f a 8  t, bzeet3-ef P ~ ~ C ~ O P  studies 

Ih 
i 

has bee3 p%bXshed by t h e  A t a u r  E * , z r g j  C~m.w.nss ,on 35e sf thss reae%sr 

mpde2 permits a neadg ,-~scpa,-: acg ~ t '  t!le n,G,r-de acd -&?bide fu%a ; c~wevex- 

s i a r z  t h~ s ~ e a c t o ~  was deveisped for r arbade-fue, e i  alnat i  sc, the zsmparxson 

Eight be expe-ted to be biased slightly a n  Zva.rsr sr the zarb~&es~ 

Ts p p ~ v l d ~  a ~ a l , d  4 3 m g a r ~ s ~ l n  3% the beha.ipias s f  n ~ - : r i d e  and ea.zbi9e 

f j e , ,  aueieas 3sCa isr $he 2arb:ie r e & : t o ~  m5eb  wE:e ~ezal-ala~zd dsmg 

i r r - c h n s ~ d e s  ides% ;:a, ts ';k-,se 9 ~ 5 ~ 5  P;r ~ ? A C  n A t f  7.k-fr.t,td ' I B ~ ~ T + o P - ~  

B swf%x;y. 31 t h e  , & A  : f ~ . ~ % t t d  gbs7'.e~" 3 ta%~-8 'ke r : .~~  i":: 1"1f :at? n;trkQt- 

and 2 ~ r b , 5 e = e  f " e & S t L " ~  d L ~  glveri ~a T&?Pe L +,og%%hsr n t h  ~symparf &on 

2 a x  f o r  eez-bide reactors fz;z ?he h ~ b a b t d s f i  Elg,c~erkx;_rig sen3y an2 the AEC 

el7&: ua.3 1 2 Ta 

Pua,-rycie ,os$s were -a,, s,&-e3 f a r  btre: ,he nkzr~de- and ,arbxde- 

f ~ e l e d  pea,% or m~dels, %sa?rmi ng pru ;axG swne:scbp -LZthle f u e l ,  Far these 



TABLE I 

NUCLEAR CHARACTERISTICS SUMMARY: 

CARBIDE AND NITRIDE FUELED REACTORS 

Carbide Fuel Ni t r ide  Fuel  

c a A E C ( ~ )  BNW(C) - B N ~  c 1 
Enrichment Required 

( %PU, equil ibrium core % 
Inner Core Zone 
Outer Core Zone 
Core Average 

Sodium Void Coeff ic ient ,  
%bk, f o r  Sodium Loss 
from: 

To ta l  Reactor 
Core Only 

Doppler Coeff ic ient  

Peak-to-Average Power 
Rat is 

Breeding Charac te r i s t i c s  

Core Conversion Ratio 0,83 0.76 0,8l  00'75 
To ta l  Breedi ng Ratf o 1.42 1 , 4 l  n o  39 1.33 
Doubling Time, Years 6 0  9 "72  8.4 l l , T  

% a )  Per Combusti on Engineerf ng ca lcu la t ions ,  Reference 2 ,  based 
on i n i t i a l l y  loaded f u e l  metal.  

( b )  Per AEC evaluat ion ,  Reference 3, based on equil ibrium (U + PU] 
content ,  

( 6 )  Per Battelle-Northwest c a l c u l a t i  ons , t h i  s study,  based on 
equil ibrium ( U  + PU) content ,  



eaVeu.la%fons, an inkeres t  ra%e of 10% per year (nsn-depreciating) was assumed 

on t h e  working cpji.pita2 fnves$ed fa  t h e  fuel ,  Charges on depreciable c a p i t a l  

nnvestment i n  t h e  plan% were based on a 30-year p lant  l i f e  a% a 6% i n t e r e s t  

rate, with ebgl added 6% allowance for insurance m d  taxes ,  P l a n t  ef f i c iency  

was assumed at 405, a plan& u t i l i z a t i o n  f a c t o r  of" 88% was used, and t h e  

value o f  p l u t m i m  was assumed to be $10~00Rg f"fssf3.e isotopes a s  n i t r a % e ,  

Sfnee She o r i g i n a l  AEC-sponsored study by Combus%ion Engineering had 

been based on l eas ing  of f u e l  from the A E C ,  fuel-cycle eoet  ca lcu la t ions  were 

repeated on $hat basis t o  provide a comparison between %his  study and %hat 

performed by Gsmbustfoa Engineering, The leased-fuel eos%s were performed 

u a h g  the same ground rules as set  by t h e  AEC f o r  t h e  s e r i e s  s f  1000 Me 

fast breeder studxes, whfeh Lncbuded %he Combustion Engineering study,  These 

ground rules assmed  t h e  same operatgng f a c t o r s  and plu%oniTm values as f o r  

t he  prxqrstely-owed fuel ease,  but assumed s 4,75% use charge on t h e  leased 

fue l ,  In %he leesad-fuel cabcula t fses ,  a eapi%alizai%fon option used by Com- 

bustion Engineering (capstaPizing t h e  entire ffrst esre ever t h e  SO-year 

reactor  ~ f f e )  was adopted for eonsistenry in cost eomparissns, For both prf-  

vatsly-owned and leased-fuel  eaPcdLaQfons, fuel reprocessing cos t s  werc 

based on published reprseessiwg charges f o r  t h e  Nuclear Fuel Services,  Pnc, 

'MPS' reproeesaing plant  i n  West 'MaBPey, Hew Yorkk, r a t h e r  than on "inlnoae f o r  

the s t m d a r d  AEC eoneeptual p lan t  as used in %he e a r l i e r  s tud ies ,  To pro- 

~ l d s  a vabmd comparison of fuel-cycle cos t s ,  t h e  reprocessing cos t s  repor ted  

xn %ha Conmbustfow Engineering study werc reea,euBs%ed to r e f l e c t  NF8 repro- 

cessing charges, 



Fuel-cycle cos t s  f o r  t he  nitr ide-fueled reac tor  were calculated f o r  

two cases: t h e  f i r s t  assumed conversion ~i t h e  f u e l  materials  t o  n i t r i d e s  

through carbon reduetion of t he  oxides i n  a nitrogen atmosphere, and t h e  

second case assumed reduetion of t h e  m e l s  t o  metal l ic  form followed by 

nf t r idat fon,  Although nei ther  conversion has been developed beyond labora- 

t o ry  scale ,  approximate estimates of fabr icat ion a d  conversion costs  have 

been made assuming t h e  processes t o  be developed t o  a ful l -plant  usage, ( 4 )  

These cost  estimates were used i n  calcula t ing t h e  fuel-cycle costs ,  

A s w w y  of  t h e  folel-cycle costs  f o r  t he  two assumed n i t r i d e  cases i s  

given i n  Table I%, Costs are  a l s o  given f o r  %he carbide-fuel cycle,  based 

on Battelle-Northwest and Combustion Engineering reactor  nuclear analyses, 

TABLE 1% 

FUEL CYCLE COST SUMMARY 

" ~ s n - ~ e % a ~ "  " ~ e t  a l "  
NITRIDE( a )  NITRIDE (b  ) CARBIDE ( e ) CARBIDE ( d 1 

&BWI g BNW? (BW) % 1 
miBPs/kW-hr milPs/kW-hr mflYs/kW-hr miPPs/kW-hr 

Pr f  vtfltely Owned 
fie1 0,818 1, 006 0 o 750 

AEC Leased Fuel 0, 549 0 730 0,480 0 , 411  

( a ]  Per Battelle-Northwest calcula t ions  , n i t r i d e  conversion 
through non-me%alli c i n t  emedf at e s  , 

(b 1 Per Battelle-Northwest calcuPations , n f t r f  de conversf on 
through metal l ic  intermediates, 

( c ) Per Battelle-Northwest ealcula t  i ons, 

( d )  Per Reference 2, recaPcula%ed t o  r e f l e c t  NPS processing 
charges, 



Fuel-cycle c o s t s  ca lcu la ted  f o r  n i t r ide - fue l  cores prepared by use of 

me ta l l i c  intermediates a r e  0.18 t o  0,19 mill/kW-hr higher than f o r  those  

prepared v i a  carbothermic reduction of  t h e  oxides. This cos t  df f ference  9s 

due almost e n t i r e l y  t o  t h e  high cos t  of  reduction of oxide t o  meta l ,  p r inc i -  

p a l l y  t o  t h e  approximately $1.50 per  gram required  f o r  plutonium reduct ion ,  

On t h e  o the r  hand, d i f ferences  i n  fuel-cycle cost  between t h e  "non-metallfc" 

( carbothermi c-reduetion) n i t r i d e  case and t h e  BNW-calculated ca rb i  de case  

are due pr imar i ly  t o  t h e  g r e a t e r  plutonium c r e d i t  i n  t h e  carbide cycle ,  

r e s d t i n g  from t h e  higher breeding r a t i o  ca lcu la ted  f o r  t h e  carbide-fueled 

reac to r .  The small d i f ference  i n  t h e  fuel-cycle c o s t s  f o r  t h e s e  cases (about 

0-07 midls/kW-hr d i  f ference  w a s  ca lcu la ted )  fnd i  ca tes  t h a t  with s u i t a b l e  

development of an economic n i t r i d e  conversion process,  n i t r i d e s  should be 

competitive with carbides a s  fuel f o r  f a s t  breeder r eac to r s .  

Comparison of t h e  ca lcu la ted  n u e l e a ~  c h a r a c t e ~ i s t i c s  of n i t r i d e  and 

carbide f u e l s  a s  l i s t e d  i n  Table 1 shows t h e  two f u e l s  t o  be q u i t e  s imi la r  

i n  t h e i r  behavior, The n i t r ide-fueled  reac to r  ~ e q u E r e s  slightly more enrfch- 

ment and has a lower breed5ng r a t i o ,  s l i g h t l y  lower Doppler c o e f f i c i e n t ,  

and s l i g h t l y  higher median f i s s i o n  energy than i t s  carbide-fueled counter- 

p a r t ,  Gas generat ion i n  t h e  f u e l  i s  approximately 25% higher due t o  In ,  a )  

and ( n ,  p %  react  ions  i n  ni trogen.  However, t h e  ca lcula ted  @on%ribution t o  t h e  

r eac to r  sodaum void c o e f f i c i e n t  i s  s i g n i f i c a n t l y  more negative f o r  t h e  n i t r i d e  

f u e l  than  f o r  t h e  carbide,  a s  a r e s u l t  of t h e  increasing capture cross  sec t ion  

of  n i t rogen a s  t h e  neutron spectrum i s  hardened by Psss of t h e  sodium. The 

apparent a b i l i t y  of  t h e  nitride f u e l  t o  provide an inherent  negative eon t r i -  

but fsn  t o  t h e  sodium void coe f f l c i en t  of  a r eac to r  could be of importance t o  



safeguards consideratfons i n  f a s t  breeder r eac to r  design. If core designs 

a r e  constrained by sodium void c h a r a c t e r i s t i c s ,  t h e  optimum n i t r i d e  design 

could wel l  be superior  i n  f u e l  cycle cos t  t o  a carbide design, No attempt 

was made i n  t h i s  study t o  compare t h e  fue l s  on t h e  b a s i s  of such a cons t ra in t ,  

DISCUSSION 

Power reac to r  f u e l  development work has h i s t o r i c a l l y  been concentrated 

ahnost exclusively on t h e  oxides and carbides of uranium and plutonfum, by 

f a r  t h e  bes t  known and most developed re f rac to ry  compounds of" those  elements, 

More recent ly ,  a t t e n t i o n  has been given t o  uranium and plutonium mononitrides 

a s  p o t e n t i a l  r eac to r  f u e l s ,  The n i t r i d e s  a r e  highly re f rac to ry  compounds 

with melting points  approaching o r  exceeding t h a t  of UOg (with s u i t a b l e  

ni trogen atmosphere f o r  t h e  n i t r i d e s )  and exceeding those of t h e  plutonium 

oxides o r  of uranium and plutonium carbides,  These compounds present  metal 

d e n s i t i e s  g r e a t e r  than those  of t h e  carbides o r  oxfdes, and have thermal 

conduct iv i t ies  somewhat above those  of t h e  carbides and f a r  exceeding those  

of  t h e  oxides, I n  addi t ion ,  they appear not t o  be highly suscept ib le  t o  

rad ia t ion  damage, and t e s t s  have indicated  t h e i r  compatibi l i ty wfth a v a r i e t y  

of cladding mater ia ls  and with l iqu id  metal coolants  a t  temperatures of 

i n t e r e s t  i n  power reac to r  technologyo On t h e  o ther  hand, they exhibi t  a 

tendency toward v o l a t i l i z a t i o n  and/or decomposition a t  ternperettwes near 

t h e i r  melting points ,  and because of t h e  (n, a )  and ( n ,  p )  react ions  of 

ni trogen they generate somewhat more gas under f r radfa%ion than do t h e  

carbides a d  oxides, 

Development. work on uranium and plutonfum n i t r i d e s  has ,  f o r  t h e  most 

p a r t ,  been performed only recen t ly ,  and many uncer ta in t i e s  remain about t h e  



prspertiea and behavior of these  ma%ek-ids, However, the  work performed on 

these eompowds t o  date ~andieates consfderabLe -ps$en%aal f o r  %he mf%rfdes as 

reactor fuel ,  Uranium ni%r%de was a candidate f%ea mater ia l  for t he  SNAP-50 

% P W ~ ! - ~ O )  reactor referenee design, The p o t e n t i a l  of userenim and plutonium 

n i t r i de s  a s  fuels has been considered in several  stud~es of f a s t  compact 

reac tor  concepts, """ rtod t h e i r  poeslble future application as  f a s t  breeder 

powex resetor raels has a t t ~ a e t e d  ~ n % e r e s % ,  Pzogrme a$ several s i t e s  in %he 

United S t a t e s  and Europe have been directed toward de~?ebopaen$ sf the nPLrfdes 

and de%erm~natlon of t h e i r  proper%kes as  rue; ma te r i a l s ,  

Becope of Study 

The primary goals 9f this study were t h e  predletioan of %he behavior of 

%he mowsn;%rndes of uranium a d  plutonium as fue l s  i n  a isst breeder power 

reactor,  caY,cu%ation of %be costs associated w i th  a nitride fuel cycle;  and 

:dan%fxfcatfon sf those portions sf s n i t r i d e  fuel. cycle wherein assts di f fe r  

s~gnff'9ean$%y froan t h e  eorrespondfng costs  for  oxide or carbide fuels, m d  

sf areab where devePspmen$ would be needed to pro~~ide a nxtrfde fuel mAd fuel 

cycle technically and eeonomacally eompetfcfve wi%h other fast breeder powey 

r e a c  tcr  f u e l s ,  

The ni t r%des  ha-~e physical m d  n e ~ t r o n i e  propen%ies s%milar  t o  %hose sf 

the carbfdes and might be expected to behave similarly ss reactor fuels, 

Therzfare, a forthright evaluation sf the n i t ~ ~ d e  fuels s h o a d  be obtainable 

by d ~ r e e t  comparison of na l t r~de  and cetsbude fuel cycles us%nng reactor models 

i - ~ f  ~$sen%~ajlBly ~deni$Leal d ~ s ~ g n ~  With prDper selectnsn of a model compatible 

w , t b  both Fuaks, &has p~oceduzre ~ h o u l d  provide a z~mparison af carbide 

nxtx-ide f u e l s  wikhouk nnday penalbazling ei7eher fuek by f a s l i n g  t o  optimaee 



reac to r  design o r  f u e l  management based on t h e  behavior of t h e  f u e l s ,  Use 

of an e x i s t i n g  earbide-fueled reac to r  concept model, i f  s u i t a b l e  f o r  both 

f u e l s ,  wou1d p e m f t  a sfmplff fca t ion of' t h e  scope s f  t h e  study and would 

permit concentration of e f f o r t s  on t h e  n i t r i d e  f u e l  cycle study proper by 

el iminating t h e  need t o  develop a separa te  r eac to r  concept model, 

ProJeeted f u e l  cycle cos t s  f o r  oxide and carbide f u e l s  i n  sodium cooled, 

$000 MW f a s t  breeder power reac to r s  were fnvestiga%ed i n  a s e r i e s  of four  e 

s tud ies  undertaken by d i f f e r e n t  con%ractors a t  t h e  request  of  t h e  Atomic 

Energy Commi ssi on. The r e s u l t s  of' t hese  studies '3 '  provide EL convenf en t  

reference f o r  comparison of n i t r i d e  f u e l  perfomance,  One of these  s%udfes, 

( 2 %  
performed by Combustion Engineering, Pnc,, uti1ieSng a carbide f u e l  cycle 

in s f a s t  breeder r eac to r  of high s p e c i f i c  power, appeared p a r t i c u l a r l y  

sui%able a s  a reference model f o r  n i t r ide-carbide  earnparisonso Therefore, 

t h e  n i t r i d e  f u e l  cycle study was p e r i o m d  based on t h e  Cambus%fon Engf- 

neering reac%or mdeP and on t h e  f ie1  management scheme used i n  t h e  Combus- 

t i o n  Engineering study, with e s s e n t f a l l y  no changes f n  e i t h e r  t h e  reac to r  

design o r  t h e  f u e l  handling scheme, Su5sequent nuclear  m d  thermal hydraulic 

analyses confirmed t h e  s u i t a b i l i t y  of t h i s  model as a b a s i s  f o r  t h e  n f t r lde -  

f u e l  cycle studf e s  . 
NitrBde-fuel cycle s tud ies  were based on a modffieatfsn of t h e  ground 

r u l e s  s e t  by t h e  AEc'~' f o r  t h e  s e r i e s  of four 1800 MWe r eac to r  design 

s tud ies ;  whereas these  ground r u l e s  assumed %he use of AEC-leased f u e l ,  t h e  

prnmary ca lcu la t ions  i n  thns  study were based om privately-owned f%e9, To 

provide a v a l i d  comparison between t h e  present  study and t h a t  performed by 

Combustion Engineering, t h e  fuel-cycle cost  caleula%fons were repeated 



assuming t h e  use s f  AEC-leased f u e l ,  The ground r u l e s  a s  adapted f o r  t h i s  

study included t h e  fo%lowfng assumptions: 

( 1 1  The f u e l  cycle i s  a t  equil ibrium with respect  t o  i so top ie  composi- 

t i o n s  of t h e  plutonium and uranium, 

(23 FOP privately-owned f u e l s ,  10% i n t e r e s t  i s  charged on t h e  non- 

deprec i a t i n g  "wsrki ng cap i t a l "  i nvest ed i n f u e l  ; f o r  AEC-leased 

f u e l ,  a k0n% use charge i s  applied,  

( 3 )  Plutonium value is  $PO,OO/~ ( ~ u  239 + , 2 9  
a s  n i t r a t e ,  

(4% Thermal e f f i  ciency s f  t h e  p lant  i s  4 0 % ~  and t h e  p lan t  u t i l i  zatf  on 

f a c t o r  i s  8 0 % ~  

Within t h e  framework of these  ground r u l e s ,  t h e  n i t r ide - fue l  cycle study 

pa ra l l e led  %he Combustion Engineering study,  Where d i f ferences  i n  ca lcu la t ion  

techniques o r  source d a t a  appeared t o  a f f e c t  t h e  n i t r ide-carbide  comparison-- 

pranefpal ly  i n  t h e  reac to r  nuclear  analysis--calculat ions f o r  t h e  carbide 

system were repeated using t h e  same techniques a s  f o r  t h e  n i t r i d e  ealellaation 

t o  provide a noma8fzing f a c t o r  between t h e  ppesent study and t h a t  by Com- 

bustfon Engineeringo 

The fie1 cycle used i n  t h e  Combustion Engineering study,  and followed i n  

c h i s  s tudy,  assumed t h a t  a91 required  plutonium enrichment s f  t h e  f u e l  was 

supplied by recycl ing of produced plutonium; excess plutonium was so ld ,  Each 

f u e l  b&ch was assumed t o  u t i l i z e  all-new, depleted ( 0 ~ 3 % )  uranium; recovered 

uranium from $he reprocessed f u e l  was assumed t o  be t r a n s f e r r e d ,  a t  no c o s t ,  

$0 t h e  supp l ie r  furnishing new uranium, The cycle was based upon reprocessing 

in a remote, eentrstl  f a c i l i t y  and upon eonvers ion/ fabr ica t i sn  f a c i l i t i e s  

supplying t h r e e  s i m i l a r  reactors  and combining f a c i l i t i e s  f o r  both uransum 



and mixed uranium-plutonium f u e l s  operat ions,  Variat ions i n  t h e  f u e l  cycle 

and %he po%en%ia% e f f e c t  of a l t e r n a t e  schemes on cycle c o s t s  were included. 

However, t h e  only a l t e r n a t e  schemes included i n  t h e  study were those whose 

e f f e c t s  were s i g n i f i c a n t l y  dependent on fuel. type ,  For example, a close- 

coupled, in tegra ted  "nuclear p lant"  concept which combines r e a c t o r s ,  repro- 

cessing and fabr ica t ion  f a c i l i t i e s  a t  a s ing le  s f t e  was not included as  a 

va r iab le  i n  t h e  study. While such a scheme may show p o t e n t i a l  cost  benef i t s  

f n  l a rge  i n s t a l l a t i o n s ,  these  benef i t s  would apply equally t o  a n i t r i d e  o r  

carbide (or oxide] cycle,  On %he other  hand, d i f f e r e n t  conversion processes 

could s i g n i f i c a n t l y  a f f e c t  n i t r i d e  f u e l  cycle c o s t s ,  o r  c e r t a i n  fabr ica t ion  

techniques may be uniquely appl icable  t o  carbide o r  t o  n i t r i d e  f u e l s  and 

thus  may introduce cos t  d i f f e r e n t f a l s  between f u e l  types ,  Such va r iab les  

were included a s  process a l t e r n a t e s ,  

Propertfes of Ni t r ide  Fuels 

Although t h e  preparat ion of uranium n i t r i d e  was f i rst  reported i n  

( 6 )  1842, and plutonium n i t r i d e  was prepared i n  1944,'7' t h e  proper t ies  of 

these  compounds remained l a rge ly  unknown u n t i l  recent ly ,  I n t e r e s t  i n  t h e  

Past few years i n  t h e i r  p o t e n t i a l  use as f u e l  mater ia ls  has engendered con- 

s iderable  e f f o r t  on development of t h e  n f t r f d e s  and has r e s u l t e d  i n  f n c ~ e a s e d  

understanding of %hei r  proper t ies  and behavior, S t f % l ,  t h e  proper t ies  of 

t h e  n i t r i d e s  a r e  considerably l e s s  w e l l  defined %han a r e  those  of t h e  more 

famil iar  oxides and carbides of uranium and plutonium, 

Urangum and plutonium n i t r i d e s  may be prepared by severa l  processes,  

The methods used almost exclusively f o r  preparattfon of Pabora%ory q u a n t i t i e s  

of pure n i t r i d e s  cons i s t s  of hydriding o r  s u p e r f i c i a l l y  hydridfng ffnely-  



d i  vf ded uranium o r  plutonium metal,  followed by h e a t i  ng t o  about 600 t o  800 "C 

i n  a nitrogen atmosphere, The r e s u l t i n g  compound has an approximate formula 

*1.6 m1.7'5r ly ing  i n  t h e  single-phase s o l i d  so lu t ion  region which e x i s t s  

i n  %he uranium-nitrogen system between t h e  sesqu in i t r ide  U N and t h e  2 3' 

This compound i s  subsequently reduced t o  t h e  mononitride by heat ing t o  

$;bout 1300 ' 6  i n  a vacuum o r  an i n e r t  atmosphere, With plutonium, on t h e  

o the r  hand, t h e  n i t r i d i n g  reac t ion  produces t h e  mononitride PuN d i r e c t l y ,  

Other processes f o r  t h e  prepara t ion of t h e  n i t r i d e s  of uranium and plu- 

tonium include reductfon of t h e  oxides with carbon i n  a ni trogen atmosphere 

("carbothermic reduction");  r eac t ion  of t h e  ha l ides  with ni trogen o r  ammonia; 

o r  by t h e  a re  melt ing of uranium o r  plutonium metal i n  a high-pressure n i t ro -  

gen atmosphere, Those processes which do not require  p r i o r  reduction t o  t h e  

metal appear economically a t t r a c t i v e ,  prfmari ly because of t h e  high c o s t s  

cu r ren t ly  associa ted  with plutonium metal-reduction processes. I n  p a r t i c u l a r ,  

inves t iga t ion  of t h e  carbon-nitrogen reduction of t h e  oxides has been eon- 

ducted a% severa l  s i t e s ,  
(8,g9no) 

Both t h i s  process and t h e  n i t r i d a t i o n  of 

wanfun and plutonium hal ides  have been inves t igated  at Battelle-North- 

west, 
gao,na) 

The prepara t ion of uranium n i t r i d e  by conversion from t h e  car- 

b ide  was a l s o  inves t igated  by Atomics In te rna t iona l  
( l a  1 

a s  one s t e p  of a 

proposed f u e l  reprocessing scheme involving a l t e r n a t e  conversions t o  n i t r i d e  

and %o esrbfde. 

Plutonium n i t r i d e  and uranium-plutonium n i t r i d e  mixtures have been 

inves t iga ted  at t h e  Columbus Laboratory 'I3' and t h e  P a c i f i c  Northwest 



Laboratory & ~ o , a k )  of t h e  Ba%te%le Memorial I n s t i t u t e ,  a t  Los Alamos S c i e n t i f i c  

Laboratory , 'I5' and a t  Fontenay, France. Qa68 The mongnitrfdes of uranium 

and plutoni  um both have face-centered cubi e ( ~ a ~ l - t y p e  1 c r y s t a l  s t r u c t u r e  

with qu i t e  slimilar l a t t i c e  spacings, These compounds a r e  f r e e l y  misc ible ,  

forming a complete range of s o l i d  so lu t ions ,  The higher n i t r i d e s  of uranium 

exh ib i t  e i t h e r  a body-centered cubic $U N % o r  a f luor i te- type  face-centered 
2 3 

cubic Qw2) s t r u e t w e ,  and a r e  no% miseible with P a ,  Anselin 
(169 

was 

unable t o  prepare a uranium-plutonium n i t r i d e  of m i f o m  composition by 

n i t r i d a t i o n  of s u p e r f i c i a l l y  hydrided metal even when uranium-plutonisam 

a l l o y  was used a s  t h e  source mate r i a l ;  however, when %he uranium phase was 

reduced t o  $he monon%tri.de by heating,  a r ap id  in te r -d i f fus ion  of t h e  uranium 

and p1utonim mononitrides was noted, Inves t iga to r s  a t  BattelPe-Columbus (la 1 

prepared a homogeneous P a - 8 5  w t %  UH composite by hot i s o s t a t i c  pressing; of' 

a powder blend sf mononitrides f o r  3 h o w s  a t  1540 aC and 10,000 p s i ,  fo l -  

Sowed by heat  t reatment f o r  91 h o w s  a t  IT20 OC, The hot  pressing s t e p  

alone d id  no% r e s u l t  in complete a l loying;  no da ta  f o r  intermediate points  

were repor%ed, I n  BatteB3.e-Northwest inves t iga t ions  of n i t r i d e  preparat ion 

through carbon-nitrogen reduction of mixed plutonium and wmfum oxides, a 

sifgl.r&ly inhomogenesus uranium-plutsnftaan n i t r i d e ,  somewhat eontetmina%ed 

with carbide,  was observed a s  a d i r e c t  react ion produet, me i n t e r -  

d i f fus ion of" t h e  n i t r i d e s  t o  form % homogeneous s o l i d  so%u%ion i s  apparently 

rap id ,  although addftbonal da ta  a r e  needed on t h e  a c t u a l  d i f fus ion  sa%es,  

var iables  af fec t ing these  r a t e s ,  and poss ib le  thema%-gradient e f f e c t s  

whfeh might promote plutonium migration in a f u e l  element, 



The masnonitrides of uranium and plutonium read i ly  form s o l i d  so lu t ions  

( 9 %  
with t h e  monocarbides, Workers at Harwell, inves t iga t ing  t h e  preparatfbn 

of maniaam n i%r ides  and earbonf t r ides  through carbon-nitrogen reduction of 

$he oxides, were unable t o  produce a mononitride of g rea te r  p u r i t y  than 

u(No0 96 C o o  
A t  Battelle-Northwest , '18' t h e  carbon eontent of an impure 

usatnfunn carboni t r ide  was suceessflnlly reduced from 4 ~ %  - t o  5,6% by heat ing 

i n  a hydrogen atmosphere, demonstrating t h e  f e a s i b i l i t y  of producing essen- 

t i a l l y  pure n i t r i d e s  through t h e  carbon-nitrogen reduction process,  

The basfe  physfcal propepties sf uranium and plutonium msnonitrfdes a r e  

shown in Table 11%; t h e  thermal conductivi ty of uranium msnonftride i s  shown 

i n  FEgure 1, The p roper t i e s  of t h e  monocarbides a r e  shown f o r  comparison 

where applicable,  The s i m i l a r i t y  i n  proper t ies  of t h e  n i t r i d e s  and carbides  

i s  apparent from t h i s  eompaf--ison, FOP t h e  p roper t i e s  most pe r t inen t  %o f u e l  

behavior, t h e  n i t r i d e s  appear equal t o  01- s l f g h t l y  super ior  t o  t h e  carbides ,  

although %hei r  tendency t o  vaporize and/or d i s s o c i a t e  at temperatures near 

t h e  melt ing point  would requ i re  thorough ana lys i s  of t r a n s i e n t  thermal 

e f f e c t s  I n  any s p e c i f i c  r eac to r  appl ica t ion,  

The thernral eonduetfvi ty of plutonium n i t r i d e  has not  been repor ted  a s  

exper%men%ally determined; however, it has been ca lcula ted  ( a t  180 'c) a s  

being -very close  $0 tha% of uranium n i t r i d e ,  'I3' The conduct iv i t ies  of plu- 

t m f w  and wmfm ni t rades  might be expected to be similar i n  view of t h e  

near-iden%ity of t h e i r  c r y s t a l  s t r u c t u r e s ,  A t  m y  r a t e ,  t h e  conductlvfty 

sf a d i lu t e  (15-20% uranium-plutonium n i t r i d e  should not df r f e r  appre- 

ciably f r s m  th8% of WN; f o r  t h e  purposes sf t h i s  study t h e  thermal esnduc- 

t i v i t y  values for UN were used, 



TABLE 111 

PROPERTIES OF NITFlIDE AND CARBIDE FWEL MATERIALS 

Metal Melt f ng "rerma1 
Densi t y  Density Point  Expans ion 

Mat e r  i a% (g/crn3 % (g%c~li%] Q"e% ( A L / L / ~ @  1 
( ~ 9 ~ 2 0 , 2 1 9  

UM 14~32  130  52 2 8 5 0 ' ~ '  9 .3  x 
( 20-1000"~) 

( a )  Congruent melting under 2.5 atm IT2, 
(b] Dissociat ion temperature under b atm N 
( c )  Pu metal densi ty.  2"  

( d )  D i  ssoeia t ion temperature of UN under I atm N2. 

Compatfbfbfty s tud ies  ind ica te  %ha% both UN and PUN a r e  eampatible with 

severa l  p o t e n t i a l  cladding mate r i a l s ,  including s t a i n l e s s  s t e e l ,  zirconium 

a l loys ,  and refkaetory  metals over long exposure periods and a% .&emperee%wes 

of S n t e ~ e s t  t o  power reac%om, '13y28y29' I n  addi t ion ,  UN i s  compatible 

with N a K ,  
Q291 and W1]RT exh ib i t s  compatibilI%y with sodium, N d ,  and P i t h i m ,  

up t o  808-825 "C, 'I3' although PuN w a s  a t tacked by sodium at 950 'C. Q14 

Test i r r a d i a t i o n s  of uranium and plutonium n i t r i d e s  i n  thermal neutron 

f % u e a  ukkder varying condit ions of temperature and f o r  varying exposwes &ao,298 



0 T e m p e r a t u r e ,  C  
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A r c  C a s t  UN 1 0 0 %  D e n s e  ( 1 9 )  
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FIGURE 1 

Thermal Conductivities of Carbides and Nitrides 
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indicated s a t i s f a c t o r y  behavior t o  r e l a t i v e l y  high burnups; capsule expo- 

sures  i n  excess of 50,000 M W ~ / M T  were reported,  
(101 

The n i t r i d e s  appear %o 

be superior  t o  t h e  carbides i n  res i s t ance  t o  r a d i a t i o n  damage, 

Because ~f t h e  (n ,  a) and [n ,  p>  reac t ions  on ni trogen,  t h e  n i t r i d e s  

generate more gas under i r r a d i a t i o n  than do t h e  carbides,  I n  a f a s t  neutron 

spectrum, t h e  gas generat ion by these  mechanisms has been estimated at l e s s  

than 15% of f i s s i o n  gas generat ion,  '29'  Lfmited experimental da ta  (30) 

ind ica te  t h a t  f i s s i o n  gas re lease  from s fn te red  UN is  comparable t o  t h a t  of 

s fn te red  UC of t h e  same densi ty ,  

I n  summary, t h e  p roper t i e s  sf t h e  mononitrides, t h e i r  compatibi l i ty 

with p o t e n t i a l  cladding and coolant ma te r i a l s ,  and t h e  l imi ted  d a t a  on t h e i r  

behavior under i r r a d i a t i o n ,  fndicate  t h a t  they should be equal t o  o r  super ior  

%s t h e  carbides as fue l  f o r  f a s t  breeder power reac to r s ,  However, more da ta  

are needed on t h e  p roper t i e s  and behavior of these  mater ia ls  and an t h e  

behavior under i r r a d i a t i o n  a t  pro%sty-pical r eac to r  condit ions of t h e  n i t r i d e s  

m d  of fabr ica ted  n i t r i d e  f u e l  elements, I n  p a r t i c u l a r ,  more d a t a  a r e  

required a s  t o  t h e  behavior of n i t r i d e  f u e l  elements a t  tempera%wes around 

t h e  melting points  of t he  n i t r i d e s ;  although these  temperatures (2750-2850 "C] 

a r e  considerably above those nsmalPy experienced i n  a r eac to r ,  %he phase 

re la t ionsh ips  and temperature-nitrogen pressure re la t ionsh ips  of n i t r i d e s  

confined i n  a f u e l  element would requ%re evaluatfon f o r  de temfna t ion  of 

t r a n s i e n t  response of t h e  f u e l  f o r  r eac to r  safeguards s tud ies .  

Fuel Cycle Study Model 

The reac to r  model developed by Combustion Engineering, a s  adapted f o r  

t h e  n i t r i d e  f u e l  cycle study, i s  a sodium-cooled last breeder r eac to r  



operat ing a t  2500 % and 1.060 MW 
( 2  % 

e 
(rounded o f f  t o  1000 We f o r  purposes 

af t h i s  s tudy) ,  The reac to r  f ea tu res  a two-zone core ,  30 inches i n  height  

and 86,6 inches i n  diameter, Axial blankets  18 inches th f  ek a r e  located  

above and below t h e  core;  surrounding t h e  core and a x i a l  blankets  i s  a r a d i a l  

blanke% having an outs ide  diameter of 120 inches,  The core contains 157 f u e l  

assemblies sf 169 rods each; 79 of these  assemblies a r e  i n  t h e  inner core 

zone, and 78 i n  t h e  outer  zone, The outer  ( t o p  and bottom) sect ions  of these  

~ o d s  a r e  f i l l e d  with depleted UN t o  form t h e  a x i a l  b lankets ,  

The eore and a x f d  blanket f u e l  rods a r e  0,300 inch i n  outer  diameter, 

and a r e  c lad  wfth type 19-9DL s t a i n l e s s  s t e e l  with a c lad  thickness of 0,OPP 

inch,  The rods i n  t h e  a x i a l  blanket  a r e  0.45 inch f n  diameter with a c lad  

thickness of O , O P ~  ineh; again,  I.9-9DL s t a i n l e s s  s t e e l  i s  t h e  c lad  material., 

The design d a t a  f o r  t h e  reference reac to r  model a r e  shown i n  Table IV, 

The Combus%fon Engineering model included 12 control  rod foPPowers, 

which were fueled wfth depleted uranium carbide and extended through t h e  

eore m d  a x i a l  blankets ,  To simplify t h e  reac to r  model f o r  physics ealculetaion 

i n  t h e  present  study, t h e  followers were assumed t o  be divided i n t o  "cores1 

and "ax ia l  blanket" sec t ions ,  and t h e  depleted uraniuxn f u e l  i n  eaeh seet fon 

was v'smeared" i n t o  t h e  core o r  axial blanket  nnventorey, Sfnee an e n t f r e  

f u e l  batch was assumed t o  be processed through t h e  fuel cycle a s  a u n i t ,  no 

appreciable d i f ference  i n  f u e l  cycle  fnventories o r  cos ts  should a r i s e  from 

thxs simp8ffieatfono 

The f u e l  management scheme used by Combustion Engineering was adopted 

for  t h i s  s tudyo En t h i s  scheme, t h e  reac to r  i s  shut down f o r  fue l ing  opera- 

t h n s  eaeh 82 days, Dwfng each re fue l ing  period,  one-eighth of t h e  core-and- 



General Reactor Data Core Thermal Hydraul ic Data Physics Para meters 

Net Electrical Power, MWe 
Thermal Power, MW 
Average Core Burnup,  MWdlT 

Core Equivalent Diameter, in. 86.56 
Core Height, inches 30 
Axial Blanket Height (top & bottom, each) in. 18 
Radial Blanket Diameter, in. (0. D. ) 120 
Radial Blanket Height, in. 54 

Fuel Loading (No. Assemblies x Rods per Assembly) 
Core, i n n e r  zone 79 x 169 
Core, outer  zone 78 x 169 
Axial blanket ( integral wi th core fuel) 
Control rod followers 12 x 127 
Radial blanket 156 x 127 

Fuel Rod Data co re(a) Radial Blanket 

Fuel Composition U C - P U C ( ~ )  UC (Depl. 
Clad Material 19-9 DL Stainless Steel 19-9 DL Stainless Steel 
Fuel Diameter, in. 0.259 0.396 
Sodium Bond Thickness, in. 0.010 0.011 
Clad 1. D., in. 0.279 0.418 
Clad Thickness, in. 0.011 0.016 
Clad 0. D., in. 0.301 0.450 

Vol ume Percentages 
Fuel 25.6 45 
Sodium 66.5 43 
Stain less S tee1 7.9 12 

Average Specific Power, kWlkg(U+Pu) 
Linear Power, kWlft of Fuel ~ i n ( c )  

Maximum 
Average 

Linear Power, kWlft  of Fuel ~ s s e m b l ~ ( ~ )  
Maximum 
Average 

Heat Flux, ~ t u l h r - f t 2  x 10-6 
Average 
Maximum 

Average Coolant Velocity, ftlsec 
Coolant Outlet Temperature, OF 

Average 
Maximum 

Maximum Clad Temperature, OF 
Maximum Fuel Temperature, OF 

Hot Channel Factors: 
Coolant 
S urface Fil m 
Clad 
Sodium Gap a 

Fuel 

Fuel Inventory 

Total Fuel, kg(U+Pu) A 

Feed P u  Enr ichment wt% 
To ta l 
Fissile 

Equi l ibr ium Pu  Enrichment, wt% 
To ta l 
Fissile 

Discharge P u  Enrichment, wt% 
To ta l 
Fissile 

l n n e r  Outer Control Rod Axial(d) Radial 
Core Core Followers Blanket Blanket - -  

4485 4428 1140 10,696 27,886 

Breeding Ratio, Equi l ibr ium 
l n n e r  Core (incl. co 
Outer Core (incl. cot 
Axial Blanket 
Radial Blanket 

Total Reactor 

Breeding Ratio, Based o n  Mi 

Reactivity Worth, %Aklk  

Maximum Fresh Fuel 
A l l  Control Rods 
Max. Worth, Any On1 
Sodium Voiding Effec' 

SodiumRemove 
Sodium Remove 

Sodium Temperature 

Doppler Coefficient, E 

(a) Axial blanket integral w i  
(b) Depleted UC in  axial blar 
(c) Linear power data not  prl 

he re in  were calculated f 
(dl Data or ig inal ly  given for  

single zone fo r  th is  stud 

TABLE I V  
Carbide Fueled Reactor Data: 

Combustion Engineering Reference Model ( 2 )  



Core Thermal Hydraul ic Data P hvs ics Para meters 

nbly) 
79 x 169 
78 x 169 

j ra l  wi th core fuel )  
12 x 127 

156 x 127 

,(a Radial Blanket - 

UC (Depl. ) 
3inless Steel 19-9 DL Stainless Steel 

0.396 
0.011 
0.418 
0.016 
0.450 

Average Specific Power, kWlkg(U +Pu) 
Linear Power, kWlft  of Fuel 

Maxi mum 
Average 

Linear Power, kWlft  of Fuel ~ s s e m b l ~ ( ~ )  
Maximum 
Average 

Heat Flux, ~ t u l h r - f t 2 x  10-6 
Average 
Maximum O 

Average Coolant Velocity, ftlsec 
Coolant Outlet Temperature, OF 

Average 
Maximum 

Maximum Clad Temperature, OF 
Maximum Fuel Temperature, OF 

Hot Channel Factors: 
Coolant 
Surface Film 
Clad 
Sodium Gap 
Fuel 

l n n e r  Outer Control Rod Axial(d) Radial 
Fuel l nventoty - -  Core Core Followers Blanket Blanket 

Total Fuel, kg(U+Pu) 4485 4428 1140 10,696 27,886 

Feed P u  Enr ichment wt% 
Total 13.88 19.88 ---- ----- ----- 
Fissile 10.68 15.28 ---- ----- ----- 

Equi l ibr ium P u  Enrichment, wt% 
To ta l 14.10 18.30 4.44 1.73 2.10 
Fiss i le 10.35 13.23 4.17 1.68 1.91 

Discharge P u  Enrichment, wt% 
To ta l 13.99 17.08 7.32 3.09 3.86 
Fissile 9.81 11.80 6.50 2.93 3.51 

Breeding Ratio, Equi l ibr ium Reactor 
l n n e r  Core (incl. control followers) 
Outer Core (incl. control followers) 
Axial Blanket 
Radial Blanket 

Total Reactor 

Breeding Ratio, Based o n  Materials l nventoty 

Reactivity Worth, % Aklk 

Maximum Fresh Fuel Element 
A l l  Control Rods 
Max. Worth, Any One Rod 
Sodium Voiding Effects 

Sodium Removed f rom Core Only 
Sodium Removed f rom Entire Reactor 

Sodium Temperature Coefficient (Core Only) 
A~IO F 

Doppler Coefficient, a t  Operating Temperature 

(a) Axial blanket integral wi th core fuel rods 
(b) Depleted UC in axial blanket section 
(c) Linear power data not presented in Reference 2; data presented 

he re in  were calculated f rom heat f l ux  data in Reference 2 
(dl Data or ig inal ly  given fo r  2-zone axial blanket; combined to 

single zone fo r  th is  study. 

TABLE IV 
Carbide Fueled Reactor Data: 

Combustion Engineer ing Reference Model ( 2 )  



axial-blanket assemblies and 1/24 of  t h e  r a d i a l  blanket  assemblies a r e  dfs-  

charged and f r e s h  assemblies i n s t a l l e d ,  Although t h e s e  q u a n t i t i e s  do not 

equate t o  i n t e g r a l  numbers of f u e l  assemblies, they  may be v a l i d l y  con- 

s idered  a s  time-averaged values,  With t h i s  r e fue l ing  scheme, and with an 

80% p lan t  operat ing f a c t o r ,  core f u e l  rece ives  an average 100,000 PIWd/ton 

burnup, 

The f u e l  element assumed i n  t h e  Combustion Engineering study was based 

on c a s t  carbide p e l l e t s  of 100% t h e o r e t i c a l  dens i ty  with a 0,OSO-inch sodium- 

f i l l e d  gap f o r  thermal bonding t o  t h e  c lad ,  For t h e  present  s tudy,  t h e  

n i t r i d e  f u e l  elements were assumed t o  be fab r i ca ted  by v ib ra to ry  compaction 

of uranium n i t r i d e  o r  uranium-plutonium n i t r i d e  wi th in  t h e  cladding, followed 

by i s o s t a t i c  hot press ing  of  t h e  c l ad  element i n  a high-temperature, high- 

pressure gas autoclave,  A f u e l  dens i ty  of about 90% of t h e o r e t i c a l  was 

assumed, t o  maintain approximately t h e  same fuel-metal dens i ty  (U -+ i n  

t h e  r eac to r  a s  with t h e  carbide f u e l ,  while e l iminat ing  t h e  sodium bond, 

This f ab r i ca t ion  technique should permit a s l i g h t  reduction i n  f ab r i ca t ion  

cos t  a s  compared t o  t h e  carbide f a b r i c a t i o n  process,  and e l iminates  t h e  

necess i ty  of head-end treatment to yemove s o d i m  p r i o r  t o  processing t h e  

i r r a d f  a t ed  f u e l ,  

Thema% contact  between f u e l  and @Bad was assumed t o  be by mechanieal 

bonding, augmented by a n i t rogen dff fusfon bond between t h e  f u e l  and t h e  

e lad ,  The conductance of t h e  fuel-to-clad bond was assumed a t  5000 

~ t u / ( h r )  (f ' t2) ('F). 

The i n t e g r i t y  of such a thermal bond would requ i re  consSderable experi- 

mental v e r i f i c a t i o n ,  but  t h e  magnitude of t h i s  heat  t r a n s f e r  c o e f f i c i e n t  

appears reasonable f o r  bonding of" t h i s  na ture ,  Temperature c a p a b r l i t i e s  of t h e  



n i t r i d e s  appear adequate t o  accommodate even a l a r g e  e r r o r  i n  t h e  assumed 

bond conductance, although f i s s i o n  gas re lease  a t  higher temperatures would 

requ i re  ca re fu l  evaluation.  F ina l ly ,  even i f  a mechanical bond should prove 

unre l i ab le ,  t h e  use of a denser n i t r i d e  with sodium-bond thermal path could 

be resor ted  t o  as a backup design with a small penalty i n  added cos t s .  The 

n i t r i d e s  appear qu i t e  compatible with sodium a t  temperatures i n  t h e  bonding 

r e g i  on, 

The f u e l  cycle  u t i l i z e d  i n  t h i s  s tudy assumes t h a t  a l l  scrap  mate r i a l  

(from f a b r i c a t i o n ,  e t c  . ) i s  i n t e r n a l l y  recycled;  t h a t  plutonium i s  i n t e r n a l l y  

recycled,  with only t h e  excess removed f o r  s a l e ;  and t h a t  reprocessed uranium, 

a s  UNH, is  re turned t o  t h e  suppl ier  a t  no charge, with new, depleted (0.3%) 

uranium being supplied t o  t h e  conversion-fabrication s t e p  of t h e  f u e l  cycle.  

This cycle ,  based on use of t h e  NFS processing p l a n t ,  is  depicted i n  flow- 

sheet  form i n  Figure 2. During t h e  course of t h e  study, cursory surveys 

were made of v a r i a t i o n s  i n  t h i s  scheme, including considerat ion of o n s i t e  

r a t h e r  than c e n t r a l  p lan t  processing; t h e  e f f e c t s  of mult iple-reactor  i n s t a l l a -  

t i o n s  with o n s i t e  processing; use of ion-exchange separa t ion processes,  and 

various nonaqueous processes, a s  a l t e r n a t e s  t o  t h e  solvent-extract ion pro- 

cess a s  represented by t h e  NFS p l a n t ;  and complete recycl ing of uranium 

r a t h e r  than t h e  use of new depleted uranium f o r  each batch. However, although 

such va r ia t ions  appeared t o  have some minor e f f e c t  on f u e l  cycle cos t s  f o r  

both carbide and n i t r i d e  systems, t h e  only f a c t o r  inves t iga ted  which appeared 

t o  a f f e c t  s i g n i f i c a n t l y  t h e  comparison between n i t r i d e  and carbide f u e l  cycle  

c o s t s  was t h e  choice of process used f o r  conversion of 'the f u e l  ma te r i a l s  t o  

t h e  n i t r i d e s ,  



F I G U R E  2 
Assumed Fuel Cycle Scheme for Study 

U r a n i u m  
S u p p l  i e r  



Nuelear Analysis 

Analysis of t h e  nucleonic behavior of a n i t r ide - fue led  f a s t  breeder 

r e a c t o r  e n t a i l e d  t h e  use of ca lcu la t ion  techniques,  computer programs, and 

cross  sec t ion  da ta  which d i f fe red  from those  used by Combustion Engineering 

f o r  ana lys i s  s f  t h e i r  carbide-fueled f a s t  breeder r e a c t o r  concept used a s  a  

model i n  t h i s  s tudy,  Consequently, i n  order  t o  provide a  v a l i d  comparison 

between t h e  n i t r i d e  and carbide fueled  r e a c t o r s ,  it was necessary t o  resa lcu-  

laze %he carbide-fueled reac to r  behavior using t h e  same techniques employed 

f o r  t h e  n i t r i d e  f u e l  calculations, 

Reactor Physics Model 

For purposes of t h e  physics ca lcu la t ions ,  t h e  r e a c t o r  was divided 

i n t o  f i v e  regions a s  indica ted  i n  Figure 3, These regions include two con- 

c e n t r i c  zones i n t o  which t h e  core i s  subdivided; an a x i a l  blanket  above and 

below t h e  core;  a  r a d i a l  b lanket ;  and a  small  region a t  t h e  cen te r  of t h e  

core,  The l a s t  region was included s p e c i f i c a l l y  f o r  t h e  study of  r e a c t i v i t y  

t r e n d s  during t h e  e a r l y  phases of a  sodium-voiding accident ,  FOP ca lcu la t ions  

not concerned with sodium voiding, t h i s  zone was merged with t h e  c e n t r a l  core  

r ~ g i o n ,  

The elemental moxnposition o f  t h e  f i v e  regions ,  expressed as  atom 

d e n s i t i e s  i n  an equi l ibr ium core ,  a r e  ind ica ted  i n  Table V, Compositfons a r e  

given f o r  both a ni%ride-  and a  carbide-fueled model a s  used i n  BatteYle- 

Northwest analyses,  Uranium and plutonEum i s o t o p i c  d e n s i t i e s  f o r  t h e  core 

regions a r e  those  computed t o  be requi red  f o r  c r i t i c a l i t y  margins i n  t h e  

equil ibrium core ,  and were obtained by i t e r a t i o n  of t h e  c r i t i c a l i t y  and burnup 

ca lcu la t ions  described below, To ta l  f u e l  loadings f o r  each region,  and 



C o r e  # 1  
( R e g i o n  # I )  

C o r e  # 2  
( R e g i o n  # 2 )  

R a d i a l  B l a n k e t  
( R e g i o n  # 3 )  

A x i a l  B l a n k e t  
( o n e  o n  e a c h  e n d -  
R e g i o n  # 4 )  

C o r e  C e n t e r  
( R e g i o n  # 5 )  

h e i g h t  
R a d i u s  

h e i g h t  
R a d i u s  

h e i g h t  
R a d i u s  

h e i g h t  
R a d i u s  

h e i g h t  
R a d i u s  

7 6 . 2  cm ( 3 0  i n . )  
7 6 . 2  cm 

7 6 . 2  cm 
1 0 9 . 2  cm ( 4 3  i n . )  

1 6 7 . 6  cm ( 6 6  i n . )  
1 5 2 . 4  cm ( 6 0  i n . )  

4 5 . 7  cm ( 1 8  i n . )  
1 0 9 . 2  cm ( 4 3 . 2  i n . )  

FIGURE 3 
Reactor Physics Model 



TABLE V 

ELEMENTAL COMPOSITION OF REACTOR MODEL AT EQUILIBRIUM BURNUP 
Atom Densi t ies ,  atoms/cm3 x 10z4 

Ni t r ide  BNW carbide(")  

Region 1 and 5 ( b  1 
p ~ 2  39 9,34 x 10-4 
m2h0 3014 x 
u238 6,50 x 10-3 
Fe 4,68 x 
C r  1,48 x lo-3 
N i  7.90 x 
N a  1 , 4 3  x 
N o r  C 8.30 x nom3 
FOP, ( p a i r s )  5,50 x 10' 4 

Region 2 (b%l 
,239 
Pu 240 
$38 

( ~ l a n k e t  Regions : Nit r ide  and carbide)  

Region 3(" )  Regfsn 4(c1 
puZ39 2.75 x 10~' Pugg 
%240 2,70 x lom5 Pu 
$38 1 ,37  x lom2 ,238 
Fe 7 , l 2  x lo'3 Fe 
Cr 2,25 x C r  
N i P, 20 loe3 N i  
Ha g025 x lom3 Na 
N OF c 1, 46 x 1.0'~ N o r  c 
FOP, ( p a i r s %  1.50 x F.P, Q ~ a i r s )  

n o  br6 x no-& 
6,00 x 
8,11 x low3  
4,68 x 10-3 
1,%8 x 10-3 
9,90 x YO' 4 
1,43 x 
8,30 x 10-3 
6,50 x 10-5 

( a )  "BNW Carbide" represents  t h e  Combustion Engineeri ng r e a c t o r  
model r eca lcu la ted  at Battelle-Northwest by same techniques 
used f o r  n i t r i d e  fuel model- 

( b %  Cope region d e n s i t i e s  i t e r a t e d  f o r  convergence a t  equil ibrium 
burnup, 

% @ )  Blanket region d e n s i t i e s  assumed i d e n t i c a l  t o  those  sf 
Combustion Engineering model. 



therefore the fuel densities for each region, were assumed identical to 

those of the Combustion Engineering carbfde-fueled reference model; plutonium 

enrichment of the core regions was varied to satism criticality requirements, 

For purposes of the model, the plutonium content of the blanket 

regions was assumed to be identical to that of the Combustion Engineering 

reactor model. Subsequent burnup calculatfons indicated slight differences 

in equilibrium blanket composition between the nftride and carbide models, 

While these differences were taken into account in fuel materials balance 

ealcePbations, the effect on reactor critfcality was so slight that correction 

of the equilibrium-reactor model was not deemed to be warranted, 

Calculation Techniques 

Reactor Statics - For calculations of reactor criticality, neutron flux 
spectrum, and radial power distribution, the one- and two-dimensional trans- 

port theory codes DTK and DDK (3%) were employed, For calculations using 

the one-dimensional code DTK, a 26-group Russian cross section set (32% was 

used, For use with the two-dimensional DDK, these cross sections were eoY- 

lapsed to an equivalent set, usi ng the zero-dimensf onal fundamental 

mode processing codes, RED CROSS '331 and CRUNCH. '34' Tables VT. and VII com- 

pare the energy-lethargy structures of the original 26-group set and of the 

collapsed 4-group set, 

As an additional check on criticality calculations for the nftrfde- 

and carbide-fueled reactor models, further calculations were made ushg the 

DTK code and also the HFN (35 1 diffusion-theory code, POP these calculations 

a nitrogen-augment ed Yi nab-Okrent-Moldauer ( YOM 1 (36% cross section set was 

used, The nitrogen cross section data for inclusion in this set were compiled 



TABLE V I  

 GR GROUP ENERGY-LETHARGY STRUCTURE 

Group No, 
Higher F i s s ion  Neutron 

Lower Energy Lethargy Fraet  ion  

10,5 Mev (upper l i m i t  ) 
66 5 
lb.0 
20 5 
1.4 
008 
00 4 
002 
0, P 
46,5 keV 
21,5 
10,o 
4,65 
2,15 
1,o 

4 6 5 0 ~  eV 
215,O 
100.0 
k6,5 
21,5 
l0,O 
4,65 
2.15 
loo 
0,465 
0.215 

Thermal 

TABLE VII 

4-GROUP ENERGY-LETHARGY STRUCTURE 

Higher F i s s ion  Neutron 
Group No, Lower Energy Lethargy Fract  f on - 

10,5 MeV (upper l i m i t  
P 1,4 2,o~ 0,576 
2 0, 1 4,65 0,411 
3 215.0 eV 10, 81 0,013 
4 Thermal 0 



from t h e  Hanford Basic Data Tape 
(37) 

with t h e  processing code HRG, '38' The 

energy s t r u c t u r e  f o r  t h i s  cross sec t ion  s e t  i s  t h a t  of t h e  o r i g i n a l  YOM 

grouping; Combustion Engineering had used a modified YOM energy s t r u c t u r e  i n  

t h e i r  cdcul la t ions ,  ( 2 )  

Sodium Removal Coeff ic i  en t s  - Sodium removal coef f i c ien t s  (sodium void 

coefff c i e n t s  ) were ca lcula ted  wfth t h e  DDK code, using t h e  f u l l  5-region 

reac to r  model, Separate ca lcu la t ions  were made f o r  cases assuming voiding 

of t h e  e n t i r e  r e a c t o r  o r  of s p e c i f i c  regions of t h e  reac to r  model, Included 

i n  these  ca lcu la t ions  w a s  a case assuming t h e  voiding of s o d i m  from only t h e  

s m a l l  c e n t r a l  zone wfthi  n t h e  core % ~ e g f  on 5)  , t o  est imate t h e  i n f t i  a1 t rends  

i n  r e a c t i v i t y  a t  t h e  s t a r t  of a  voiding incident ,  

Burnup - Reactor burnup analyses were performed wfth t h e  zero-dimen- 

s fonal  code PYRE, '39 '  using t h e  26-group Russian cross  seczion s e t .  This 

code operates on a time-step b a s i s  and i s  designed f o r  computation of one 

region f u e l  bwnup i n  f a s t  spectrum reac to r s ,  A% each time s t e p  t h e  neutron 

spectrum f o r  an i n f i n i t e  reac%or is generated, based on t h e  atom dens i t i e s  

and cross sec t ions  of %he various elements present  i n  %he region under study,  

and on t h e  buckling required f o r  c r i t i c a l i t y o  Spectrum-averaged, 1-group 

maeroscopie cross  sec t ions  a r e  then generated f o r  each isotope of uranium 

o r  plutonium ( o r  o ther  burnable species]  and used t o  caPcuBate new coneen- 

t r a t i o n s  sf these  isotopes a t  t h e  end of t h e  time period covered by %he 

calculation, These s t eps  a r e  repeated t o  comple?tion of t h e  i r r a d i a t i o n ,  

The bwnup ealcu%ations were run a% constant flw, a s  computed from t h e  power- 

normalized DTK-DDK equflibrium f u e l  cases ,  Sinee t h i s  i s  a region-fnde- 

pendent code, it was necessary %o repeat  %he ca lcu la t ions  f o r  each region of 

t h e  reac to r  model, 



Prior to the burnup analysis, region equilibrium fuel densities 

were calculated based on criticality, power distribution and plutonium isotope 

ratio requirements, To perform the burnup analysis, initial cold-clean 

reprocessed fuel densities for each region were assumed based on Corr~bustion 

Engineering data, adgusted for required enrichment, and burned for a fuel 

life of 100,000 MWd/ton, Mid-tern fuel was then examined for correct equilib- 

rium fuel densities. This process was repeated with progressively corrected 

initial fuel densities until correct mid-term fuel composition was obtained, 

Doppler Coefficients - Doppler coefficients were calculated using 
resonance self-shielded data generated with the RED CROSS program, which uses 

temperature-corrected resonance self-shielding factors from the Russian cross 

section data compilation, Self-shielding factors for fission, neutron capture, 

transport, and elastic scattering are included in the compilation and thus 

enter into the Doppler coefficient cabculations. The RED CROSS code uses 

these self-shielding factors to calculate multigroup, temperature-corrected 

mixed cross sections for the reactor loading at an assumed temperature and 

finally calculates a criticality factor for the reactor, Criticality factors 

were calculated for several assumed temperatures at constant buckling; 

Doppler coefficients were then calculated based on these factors. 

Results of Analyses 

System Criticality - Because of the variation in results which can 
occur in criticality calculations when different cross section compilations 

and different computational techniques are used, it was necessary that the 

primary DTK-DDK criticality calculations be backed up with calculations 

performed by other techniques in order that a valid comparison could be made 



of t h e  BNW r e s u l t s  with those  of Combustion Engineering'2' and of an AEC- 

sponsored review(31 of severa l  Past breeder r eac to r  concepts. To e s t a b l i s h  

t h i s  comparison, ca lcu la t ions  f o r  n i t r i d e -  and carbide-fueled reac to r s  were 

performed using severa l  computation techniques,  assuming t h e  same f u e l  

dens i t i e s  i n  each case as  were used by Combustion Engineering and t h e  BEC 

review team, Results  of these  ea leula t ions  a r e  summarized i n  Table VPII, 

TABLE V I I P  

k COMPARISONS FOR CARBIDE- AND NITRIDE-WLED REACTORS -e f f  

Cross Section Set  Ni t r ide  Fuel Carbide Fuel 

and Reactor Code (BW) ( B N W ) ( ~ )  ( A E C ) ( ~ )  (c.E. ) ( c )  

26-group Russian (DDK-DTK 0 9237 0,944 

16-group YOM (DTK) 0,9682 

16-~rotpp Hans en ( DDK % 0 ,9304 

16-group Modi f i  ed YOM l . 0 6 6 ( ~ )  1 . 0 8 5 ( ~ )  
$WN, FAIM) 

( a )  Per BNW ca lcu la t ions ,  % h i s  study, 
( b %  A s  repor ted  i n  Referenee 3, 
% c )  A s  reported i n  Reference 2 ,  
( c ) O r i  g i  n a l  YOM energy-lethargy s t r u c t u r e  used i n  

Ba%%e%le-Northwest ealcu%atfons,  

These r e s u l t s  graphieably f l l u s t r a t e  t h e  scatter r e s u l t i n g  from t h e  use of 

d i f f e r e n t  compilations of cross sec t ion  da ta  and d i f f e r e n t  computer programs, 

Comparison sf t h e  r e s u l t s  shows t h a t  t h e  DDK-DTK csleula%%ons, while some- 

what more pess imis t ic  than t h e  r e s u l t s  obtained by Combustion Engineering, 

agree q u i t e  c lose ly  with those  of t h e  AEC review, They a l s o  ind ica te  %he 



sligh"k;ly hcwer keff of a nf t r fde=fue led  reactor as compared wl%h owe fueled 

w%%h earblde,  %or egus valen* fue l  densntles  

Following %he establlshmznc c: the czrreLa81sns shown i n  Table 

VIHP, t h e  remainder of the  c r l t i e a i l t y  caLcukax~ons for %has study were per- 

formed using t h e  DTK and DDK codes wlch the Russkan cross  seetf3n s e t  sr 

i t s  col lapsed equfvalen$, 

"The var fa t fon  o f  rnu9tiplfc~~"I~aon fa - tor  k with cpre enrxhmen?, eff"  

f o r  n i t r i d e -  and earbfde-fueled reaTtars  a t  e q u f i i b r i m  condft lons i s  shown 

i n  Figure L o  These faekors were saEcukateJ u s m g  the  BTK code; enrichment 

i s  expressed as  t o t a l  pEutonfum content ,  amereraged 07Jer t h e  two-region zore, 

Plur,onfum content of %he blankets  was assumed t.z be  the equi8ibrawn conten% 

quoted by Combustion Engineering f o r  skose reglions, The n i t r ide - fue led  

reac to r  madel apparently r equ i res  a slightly higher cope p l u t o n 2 ~ 1  rantent  

than t h e  carbide-fueled model, The required  p~utssnfum conten% of" t h e  equilfb- 

rim n i t r i d e  e w e ,  expressed as  weight percent t o%a l  piutonnum an the  f u e l  

metal  (exz~udrn~ f~ssfsn A S  18~4% as compared w i t h  ~ 7 ~ 6 %  f c r  

earbide P i e l ,  Based on tataY m e t a h  weights a= Fn~.'efrsl,y leaded--and thus 

including f i s s i o n  products ;n t h e  equrPlkslrun fue; welgkt eompilatfsn--shewe 

piuton:-xu csaten%e are 17,1% and ~ 6 ~ 3 %  respe:t;*zely, The o r i g i n a l  @smbnsc:zc 

Engineer~ng s%udy indnca%ed a r e q u  r e d  equll lk; ~ u m  ~ P u t o n i m  cantent  si 

1 6 ~ 2 % ~  w h ~ c h  f s based on $otaS. ~ n ~ t l z t l l y  Ezaded metal weaghts, 

WI%h t h e  r e a c t o r  f i e l a s t  an assmed ax-wage % e r ~ p e r a t w e  of 1308 "c, 

t he  nl t r ide -meled  r e a c t o r  would exhibf t a ca::u;ated e rn t f  c&i%y factor  of 

0 ~ 9 9 4 0  by DTM ea lcula t rons  o r  of 00$195 by DDK za+cbLatPons, 



T o t a l  Pu C o n t e n t  ( E q u i l i b r i u m  C o r e ) ,  P e r c e n t  

FIGURE 4 
Equilibrium Nitride and Carbide Reactors - Multiplication Factor Versus 

Enrichment 
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- Neutron spec t ra  a s  ca lcula ted  f o r  t h e  e q u f l i b ~ i m  

n i t r i d e  reac to r  a r e  shown i n  Figure 5 ,  Spectra a r e  shewn f o r  t h e  two core 

regions (Regions 1 and 2 of t h e  model) and f o r  t h e  r a d i a l  b lanket ,  The 

curves i n  t h i s  f i g u r e  have been normalized such t h a t  t h e  a rea  under each 

curve equals unity.  These curves show t h e  spectrum i n  t h e  blanket regfon t o  

be considera"By s o f t e r  than those i n  t h e  core region, Likewise, t h e  outer  

core region ( ~ e g i o n  21, which i s  more highly enriched than t h e  inner  core ,  

has a s l i g h t l y  harder spectrum. 

A comparison of inner-core (Region 1% spec t ra  f o r  n i t r i d e -  and 

carbide-fueled reac to r s  i s  shown i n  Figure 6 ,  The spectrum obtained by 

Combustion Engineering f o r  t h e  corresponding region of t h e i r  r e a c t o r  model 

i s  a l s o  shown, Figure 6 ind ica tes  t h e  spectrum f o r  t h e  n i t r ide-fueled  r e a c t o r  

t o  be s l i g h t l y  harder than t h a t  f o r  t h e  (BNW) carbide-fueled model, The 

harder spectrum wfth t h e  n i t r i d e  f u e l  can be a t t r i b u t e d  i n  p a r t  t o  t h e  some- 

what higher enrichment i n  t h e  n i t r i d e  core and t o  t h e  s l i g h t l y  l e s s e r  thermaii-  

za t ion of neutrons by s c a t t e r i n g  wfth n i t rogen than wfth carbon, 

Comparison of t h e  Battelle-Northwest and Combustion Engfneerfng 

spec t ra  f o r  ewbfde  cores reveals  more fundmenta l  d i f fe rences ,  The Ba t t e i l e -  

Northwest spectrum has a l e s s e r  peak-flux value than t h e  Combus%ion Engf- 

neerfng speckrut?; lt i s  dfsplaeed s l i g h t l y  toward higher neutron energies ,  

and exh ib i t s  a s l ~ g h t  d ip  I n  t h e  3 keV scdium resonance-capture region which 

i s  not shown i n  t h e  Combustion Engineering spectrum, These dff ferences  a r e  

a t t r i b u t a b l e  both t o  d i f ferences  i n  ca lcu la t ion  techniques and t o  d i f fe rences  

i n  t h e  cross  sec t ion  da ta  used, 
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By using different 'combinations of DTK and HFN computer codes with 

t h e  Russian and YOM cross  sec t ion  s e t s ,  a l t e r n a t e  ca lcula t ions  a t  Ba t t e l l e -  

Northwest produced t h e  spec t ra  shown i n  Figure 7. The combination of t h e  

HFN code with t h e  YOM cross  sec t ion  s e t  produces a spectrum which near ly  

dupl ica tes  t h a t  reported by Combustion Engineering. However, t h e  Russian 

cross  sec t ion  s e t  apparently provides a more correc t  accounting f o r  t h e  3 

keV sodium resonance, a s  indica ted  by t h e  spec t ra  developed by use of t h i s  

s e t ;  it i s  a l s o  believed t o  g ive  a more accurate accounting f o r  ni trogen i n  

t h e  n i t r i d e  f u e l  evaluations,  The apparent improvement i n  handling of sodium 

resonances with t h e  Russian cross sec t ion  s e t ,  inc iden ta l ly ,  ind ica tes  t h a t  

ca lcu la t ions  of sodium voiding e f f e c t s  by use of t h f s  s e t  may be more accura te  

than those  using t h e  YOM cross  sec t ion  s e t ,  

The median absorption and f i s s i o n  energies a s  ca lcula ted  f o r  t h e  

various regions of t h e  n i t r i d e -  and carbide- r eac to r  models, along with 

corresponding values reported by Combustion Engineering i n  t h e i r  s tudy,  a r e  

given i n  Table EX,  These f igures  r e f l e c t  t h e  somewhat harder spec t ra  caP- 

euPa%ed at Battelle-Northwest a s  compared with t h e  Combustion Engineering 

ca%culat ions,  and a l s o  t h e  harder spectrum of t h e  n i t r ide-fueled  model a s  

compared with a carbide-fueled reac to r .  P a r t i c u l a r l y  noteworthy a r e  t h e  

@alcula ted  median absorption energies of t h e  sodium-voided cores ,  The 

ni t r ide-fueled  model apparently e x h i b i t s  a considerably g rea te r  increase  i n  

absorptfon energy on voiding of sodium than does t h e  carbide-fueled one, 

A s  dfscussed f n  subsequent sec t ions  of t h f s  r e p o r t ,  t h i s  d i f ference  i s  sfg- 

n i f fean t  i n  i t s  e f fec t  on %he r e a c t f v i t y  changes occurring upon voiding of 

sodi  um, 
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TABLE I X  

MEDIAN ABSORPTION AND FISSION ENERGIES 

Absorption Energy, keV F i s s i o n  E n e r ~ y ,  keV 
BNW BNW CE , \ BNW BNW CE . . 

Region N i t r i d e  Carbide c a r b i d e t a )  N i t r i d e  Carbide carb ideIa l  

Inner  Core 150 115 92 44 0 410 302 

Inner  Core - 
Sodium Void 370 250 

Outer Core 185 132 110 450 420 311 

Radial  Blanket 80 65 5 2 580 570 354 

Axial  Blanket 4 3 3 8 3 4 ( ~ v g )  690 680 4 4 8 ( ~ v ~ )  

( a )  Combust ion  Engineering carb ide  values a s  repor ted  i n  
Reference 2. 

Fuel  Managent, Ma te r i a l s  Inventory,  and Breeding Rat io  - The f u e l  manage- 

ment scheme assumed i n  t h i s  s tudy f o r  t h e  n i t r i d e -  and carbide-fueled r e a c t o r  

models was b r i e f l y  descr ibed  previous ly  i n  t h i s  r e p o r t .  This  scheme i s  

e s s e n t i a l l y  i d e n t i c a l  t o  t h a t  used by Combustion Engineering i n  t h e i r  s tudy;  

l i k e  t h a t  scheme, it i s  based on a graded cyc le  wi th  average core  f u e l  burnup 

of 100,000 MWd/ton.* Under t h i s  scheme, p a r t i a l  ref 'uel ing of  t h e  r e a c t o r  i s  

performed each 82 days (an  exposure i n t e r v a l  of 12,500 MWd/ton f o r  core  f u e l ,  

based on 80% p l a n t  f a c t o r ) .  One-eight of  t h e  co re  (and a x i a l  b l a n k e t )  e le -  

ments and 1/24 of t h e  r a d i a l  b lanket  elements a r e  discharged and rep laced  

* I n  t h e  Combustion Engineering s tudy f u e l  burnup va lues  were based on t h e  
2000-pound t o n  r a t h e r  t han  t h e  me t r i c  t o n ; t o  permit d i r e c t  comparison of  
t h e  r e s u l t s ,  t h e  same u n i t s  were used i n  t h e  present  s tudy.  



with new elements a t  each refuel ing .  Radial blanket  f u e l  thus  receives an 

exposure i n  t h e  r e a c t o r  equivalent  t o  300,000 MWd/ton core f u e l  exposure. 

The frequency of r e fue l ing  i n  t h i s  scheme implies t h a t  condit ions 

i n  each f u e l  region w i l l  not vary g r e a t l y  from equilibrium condit ions a t  

any t ime;  thus  t h e  neutron f lux  i n  each region w i l l  be approximately constant .  

Fuel burnup ca lcu la t ions  were made assuming constant f l u x  i n  each region.  

The region-independent PYRE ana lys i s  used i n  t h i s  study gave r e s u l t s  

f o r  t h e  core regions which were qu i t e  comparable with those  of t h e  Combustion 

Engineering s tudy(2)  and t h e  AEC-sponsored f a s t  breeder r eac to r  design review. ( 3 )  

However, f o r  t h e  blanket  regions t h e  PYRE ana lys i s  indica ted  an unduly high 

buildup of plutonium. The tendency of PYRE t o  produce overoptimist ic  r e s u l t s  

i n  blanket-region ca lcu la t ions  had been noted i n  previous s tud ies .  
(40)  

There- 

f o r e ,  t h e  blanket plutonium concentrat ions ca lcula ted  by PYRE were normalized 

t o  t h e  r e s u l t s  quoted by Combustion Engineering. The ca lcu la ted  t o t a l  plu- 

tonium contents  of t h e  blanket  regions of t h e  carbide reac to r  were reduced t o  

agree with t h e  Combustion Engineering r e s u l t s .  The concentrat ions ca lcula ted  

f o r  t h e  n i t r ide-fueled  reac to r  were then reduced by t h e  same proport ion f o r  

normalization. The i so top ic  content of t h e  plutonium i n  each case was re t a ined  

a s  ca lcula ted  . 
Tables X and X I  show t h e  feed ,  equil ibrium and discharge core plu- 

tonium concentrat ions and compositions f o r  t h e  BNW n i t r i d e  and carbide reac to r s .  

Also included a r e  t h e  blanket  discharge plutonium concentrat ions and composi- 

t i o n s .  The blanket  f u e l  ma te r i a l  i s  depleted uranium. A s  might be  expected, 

plutonium buildup i n  t h e  blanket  regions is  approximately propor t ional  t o  

t h e  blanket  exposure. 



TABLE X 

NITRIDE REACTOR PLUTONIUM CONTENT 

CORE PLUTONIUM CONCENTRATION AND COMPOSITION 

Pu Concentrat ion,  w t %  Pu I so top ic  Content,  w t %  

T o t a l  F i s s i l e  - - -  Pu 239 Pu 240 pU241 fi242 

Inner  Core Zone 

Feed 15.64 12.04 73.3 22.2 3.6 - 9  

Equil ibr ium 14.93 11.13 70.2 24.3 4 . 4  1.1 

Discharge 14.30 10.39 67.6 25.9 5.0 1 . 5  

Outer Core Zone 

Feed 20.89 

Equil ibr ium 18.92 

Discharge 17.43 

BLANKET PLUTONIUM CONCENTRATION AND COMPOSITION AT DISCHARGE 

Pu Concentrat ion,  w t %  Pu I s o t o p i c  Content,  wt% 

T o t a l  F i s s i l e  pu240 pu2b1 h 2 3 9  

Axial  Blanket 2 -96 (a )  2.83 95.5  4.3 0.2 

Radial  Blanket 3. 66(a)  3.43 93.3 6.3 0.4 

( a )  Normalized t o  Coxribustion Engineering r e a c t o r  by 
comparison t o  Battelle-Northwest carb ide  r e a c t o r .  

Table X I 1  summarizes t h e  core  and b lanket  f u e l  res idence  t ime and 

f l u x  exposure r a t e .  The reg ion  average neutron f l u x e s  presented  i n  Table 

X I 1  were c a l c u l a t e d  based on t h e  t o t a l  r e a c t o r  output  power and t h e  u n i t  

f i s s i o n  neutron normalized f l u x e s  ca l cu la t ed  by DTK and DDK. 



TABLE X I  

BATTELLE-NORTHWEST CARBIDE REACTOR PLUTONIUM CONTENT 

CORE PLUTONIUM CONCENTRATION AND COMPOSITION 

Pu Concentration, w-t% Pu Isotopf c Content, wt% 

Total  - P i s s i  Pe 
pU239 Pu2h0 pU241 Pu242 ---- 

Inner Core Zone 

Feed 14, 25 10 93 7303 2z02 3,6 009 

Equf l f b r f  um 14~20 10, 64 7006 24,0 4 , 3  Pol 

Discharge 1 3 ~  94 PO, 21 68,3 2504 4,9 l,4 

Outer Core Zone 

Feed ~ 9 ~ 7 4  15 21 7303 22,2 3,6 0,9 

E q u i l i b ~ i ~ ~ ~  180 09 13~48 7003 24,h 4.2 1,s 

Discharge 16~83 12,  20 673 2 6 2  4,9 B,S  

BLANKET PLUTONIUM CONCENTRATION AND COMPOSITION AT DISCHARGE 

Pu Concentrat ion,  wt% Pu Psotopf c Content, wt% 

Tota l  Ff s s l l e  pu239 ~ ~ 2 4 0  pU24P 

Axial Blanket 3 . 0 9 ' ~ '  z095 950 5 h o  3 0 0 2  

Radial Blanket 3.86' a' ~ 6 4 .  9%0 2 0,h 

( a 1 BattelPe-Northwest r eac to r  r e s u l t s  nomalf  zed 
t o  Combustion Engfneerfng reac to r  resuPts ,  

I% f a  i n t e r e s t i n g  t o  examine t h e  progress of %he region dependent 

burnup, s p e c i f i c a l l y  %he change in o v e r a l l  breeding r a t i o ,  t h e  change i n  

keff and t h e  ehmge i n  bundle power with respect  t o  progress s f  t h e  f u e l  

bunup ,  These da ta  a r e  summarized i n  Table X I I I ,  I n  t h i s  %able ,  values 



TABLE X I 1  

CORE AND BLANKET FUEL RESIDENCE TIME 

AND FLUX EXPOSURE RATE (0 ,8  P M T  FACTOR) 

Residence Time Average Neutron Flux 
( days ? Nit r ide  Reactor Carbide Reactor 

Core Region #l 6 $47 1,027 x 1016 1.05 x 1016 

Core Region #2 657 x l o P 5  6,97 x l oL5  

Radial Blanket 1971 ~ 4 3  x lo15 l , b 8  x loP5  

Axial Blanket 657 2,54 x l 0 l 5  2,61, x pol5 

given f o r  t h e  instantaneous breeding r a t i o  a r e  t y p i c a l l y  higher i n  t h e  car- 

b ide  reac to r ,  expecia l ly  i n  core regions % and P I .  The blanket breeding 

r a t i o s  i n  both reac to r s  a re  very nearly t h e  same, but s l i g h t l y  higher i n  t h e  

n i t r i d e  reactor ,  I n  t h e  n i t r i d e  reac to r  f o r  Core I and Core P I ,  t h e  

instantaneous breeding r a t i o  tends t o  r i s e  with progressing f u e l  exposure. 

I n  Core I of t h e  carbide r e a c t o r ,  t h e  instantaneous breeding r a t i o  tends t o  

decrease s l i g h t l y  with increased f u e l  exposure, I n  Core I1 of t h i s  r eac to r ,  

t h e  instantaneous breeding r a t i o  r i s e s  s l i g h t l y  with respect  t o  increased 

f u e l  exposure. I n  t h e  blankets  of both t h e  n i t r i d e  and carbide reac to r s ,  t h e  

instantaneous breedfng r a t i o  f o r  new f u e l  (new, depleted uranium) i s  very 

high; however, it soon Bal ls  o f f  as transuranium elements burn i n  and eom- 

peting react ions  begin t o  t ake  p lace ,  

The bundle powers given i n  Table X P I I  a r e  approximate r e l a t i v e  t o  

each other  and absolute f o r  each given f u e l  bundle (assuming t h e  constant  

f l u x  approximation t o  be correc$%,  One should a l s o  note t h e  s igni f fcan% 

change i n  bundle power f o r  t h e  t e r n  of exposure of a r a d i a l  blanket  f u e l  

element. 



TABLE X I I I  

FUEL BREEDING RATIO, WORTH AND POWER 

VS BURNUP FOR BNW-CALCULATED REACTORS 

N i t r i d e  Reactor 

Breedf ng keff  
Fuel Ratio ( I n f i n i t e  

Regi on Condfti on ( 1ns t  antaneous ) Bundle ) 

Core I Feed .828 l o 0 5  
Equf Pibr ium .861 .989 
Df scharge .878 a 939 

Core I% Feed a 575 lo 05 
Equf lfbrium .650 .970 
Discharge .713 .go5 

Radial 
Blanket (a '  Feed 3 0 ~ 4 8  

E q u i l i b r i  um 3.32 
Discharge 2.08 

Axial 
~ l a n k e t ( ~ '  Feed 3 0 ~ 6  

Equilibrium 5 0 ~ 6  
Discharge 3.06 

Carbide Reactor 

Core 6 Feed .946 1.05 
EquiPSbrium .926 1 ,OP 
Discharge . 914 o 977' 

Core II Feed .625 1.05 
~ q u i  librium .695 -975 
Df scharge .751 -915 

Radf a% 
~ l a n k e t  (a' Feed 300 47 

Equf Pfbrium 3.25 
D i  scharge 2.03 

Axf a l  
~ a a n k e t  % a)  Feed 3 ~ 0 8  

Equilibrium 5003 
D i  scharge 30 02 

Bundle 
Power, MW 
( A ~ ~ P O X ,  1 

(a) Unnormalfzed data, 



It is  a l s o  i n t e r e s t i n g  t o  note t h e  km f o r  these  various f u e l  

bundles. I n  both t h e  n i t r i d e  and carbide reac to r s  t h e  core bundles have 

c r i t i c a l i t y  f a c t o r s  very near 1, The blanket  bundles have c r i t i c a l i t y  f a c t o r s  

subs tan t i a l ly  l e s s  than 1, These numbers a r e  in t imate ly  connected with t h e  

way t h e  region burnup ca lcu la t ions  were done, I n  t h e  case of t h e  core regfons 

a kerf w a s  used, Based on t h e  neutron balance ca lcula ted  within PYRE, a 

buckling necessary t o  maintain keff = 1 is  calcula ted  a t  each time s t e p  and 

t h e  cross sec t ions  a r e  weighted by t h e  buckling adgusted spectrum, This 

operat ion simulates a control led  reac to r ,  Also i n  these  core cases r e a c t i v i t y  

vs time was ca lcula ted  by specifying an i n i t i a l  k = 1.05 and then evaluat- 
e f f  

ing  k a t  each t i m e  s t e p  using t h e  i n i t i a l  buckling, These values of keff e f f  

a r e  given i n  Table X I I I ,  The blanket  burnup ca lcu la t ions  were done a t  a 

constant geometric buckling of 1 x t h e  c r i t i c a l i t y  f a c t o r  was ca lcula ted  

as  a function of f u e l  exposure, The cross sec t ions  i n  t h e  blanket  bwnup 

were not adjusted f o r  c r i t i c a l i t y  a t  each time s tep .  

With t h e  equil ibrium condit ion instantaneous breeding r a t i o  values 

given i n  Table X I P I ,  it is  poss ib le  t o  ca lcu la te  a t o t a l  r eac to r  instantan- 

eous breeding r a t i o ,  I n  Table X I V  r eac to r  breeding r a t i o s  f o r  t h e  equi l ib-  

rium reac to r  burned t o  50,000 MWd/ton a r e  given f o r  t h e  BNW n i t r i d e ,  BMW 

carbide,  and Combustion Engineering carbide reac to r s ,  The region i n t e r n a l  

breeding r a t i o s  a r e  weighted by t h e  corresponding zone f u e l  throughputs t o  

give a contributfon t o  t h e  t o t a l  breeding r a t i o o  Contributions t o  t h e  t o t a l  

breeding r a t i o  a r e  then summed up t o  give t h e  t o t a l  instantaneous o r  t o t a l  

average breedfng r a t i o  f o r  t h e  reac to r ,  The BNW carbide reac to r  has a s l f g h t l y  



lower breeding r a t i o  than t h e  Cornbustion Engineering reac to r ,  The breeding 

r a t i o  of t h e  n i t r i d e  reac to r  is  lower than t h a t  of t h e  BNW carbide reac to r ,  

TABLE X I V  

REACTOR BREEDING RATIOS AT EQUILIBRIUM EXPOSURE 

Battelle-Northwest Battelle-Northwest Combustion Engineering 
Ni t r ide  Reactor Carbide Reactor Carbide Reactor 

RIBR* C t o  TBR** RIBR - - CtoTBR R I B R  - C t o  TBR 

Inner 
core Zone 0.861 376 0,926 .394 0.937 0.392 

Outer 
core zone 0 ~ 6 5 0  .235 0.695 .25l  0.708 0,256 

Axial 
Blankets 4,650tt  314 4,6081 325 4.608 0,346 

Radial  
Blankets 3.005t-t .401 2.942t ,422 2,942 

TOTAL 1,326 1,392 lo 42.1 

* Region i n t e r n a l  breeding r a t i o ,  ** Contribution t o  t o t a l  breeding r a t i o ,  

t Normalized t o  Combustion Engineering r e s u l t s ,  
t t  Normalized t o  BNW carbide reac to r ,  

The region i n t e r n a l  breeding r a t i o s  f o r  t h e  BNW n i t r i d e  and carbide 

reac to r  core zones a r e  those  given i n  Table X I I I ,  For t h e  blanket  zone t h e  

region i n t e r n a l  breeding r a t i o s  a r e  normalized values,  For t h e  BNW carbide 

reac to r  t h e  Combustion Engineering breeding r a t i o s  a re  assumed; t h e  n i t r i d e  

blanket breeding r a t i o s  a r e  obtained by comparing t h e  r e l a t i v e  magnitudes of 

breeding r a t i o s  ca lcula ted  f o r  the  BNW n i t r i d e  and carbide reac to r s ,  



The d a t a  of Tables X and X I  a r e  t h e  a c t u a l  output of t h e  PYRE 

bwnup ea%culat ions,  However, these  d a t a  a r e  no% used d i r e c t l y ;  %hey a r e  

naomalized t o  t h e  batch loading of t h e  reac to r ,  specfficalBy t h e  w u n %  of 

metal loaded i n t o  t h e  reac to r  during a f u e l  charge-discharge operat ion,  

The region dependent f u e l  loads a r e  broken down i n t o  t h e  uraniwm and plu- 

tonium f rac t ions  and by using t h e  data  of Tables X and X I  t hese  i r ac t fons  

m e  n o m d i e e d  t o  ac tua l  kilograms of m e h a l  discharged, These ca3iedLatfons 

a r e  summarized i n  Tables X M  and XVI f o r  t h e  n i t r i d e  and earbide reac to r s rp  

where %he t o t a l  r eac to r  inventory shown i s  based on p%u%onfum-uranium feed 

weights, These data  a r e  given a t  equil ibrfwn reac to r  condit ions and again 

8d$ discharge eomposition, 

The ca lcula ted  decrease i n  uranium and plutonium within t h e  core 

fmpbfes an average core burnup of 1 2 , ~ %  f o r  t h e  nf%rfde reactor  case ,  and 

l2 ,0$  f o r  t h e  carbide case,  a s  compared with a c t u a l  burnup of 11% comes- 

psnding %o 100,000 MWd/%on of f u e l  metal charged %o %he core, The apparent 

discrepancy represents  t h e  formation of higher nuclides from PU''~ and, t o  

B l e s s e r  ex ten t ,  t h e  formation of u~~~ from U 2350 These react ions  weye 

ineluded i n  %he PYRE calculations, but  t h e  reac t ion  produets were not 

included i n  t h e  summation s f  f u e l  components, 

The unduly high r a t e  of plutonium generat ion i n  t h e  blankets  as  

ea1eulated by PYRE, which necess i t a t ed  normalization of blanket  ca leu la t f sns  

%s t h e  Combustion Engineering resu%%s, may be  due i n  par% t o  %he r e l a t i v e l y  

hard spectrum calcula ted  f o r  t h e  blanket  regions by PYRE, Figure 8 shows t h e  

spec t ra  f o r  t h e  r a d i a l  blanket  a s  ca lcdatedl  by P%?E and by DTK, For t h e  



TABLE XV 

BNW NITRIDE REACTOR: FEED, EQUILIBRIUM AND DISCHARGE FUELS INVENTORY 

Inner Core Outer Core Axial Blanket Radf a1 Blanket 

Reactor Inventory,  kg metal 4,560 4,862 10,696 27,886 

Equflibrium Enrichment 
% PU 14~93  18~92  n. 63 
% F i s s f l e  (PU + U 235 11,26 14,21 1.84 

Fuel Batch Load 
Fract ion of Region 118 118 118 1/24 
WL, Metal 570.000 607.750 133T0 000 1161,917 

Feed Compositfon 
kg U 
kg Pu 
kg F f s s i l e  Pu 

Equilibrium Composition 
kg U 445 073 458,056 1310,764 1130.098 
kg Pu 85 07'8 115 013 21.851 26.611 
kg PissfPe  PU 63 432 85.386 21 , 333 25 o 573 

Discharge Composition 
kg U 
-Kg P-Ll 
kg F i s s iPe  Pu 

TOTAL 

48,004 



BNW CARBIDE REACTOR: FEED, EQUILIBRIUM IWD DISCHARGE 'FUELS INVENTORY 

Innep Core Outer Core *Axial Blanket "Radial Blanket TOTAL 

Reactor Inventory, kg metal 4,560 4,862 10,696 27,886 48,004 

EquS1ibrium Enrichment 
% PU 14~20 i8,og 1.71 
% Ffssile (PU + u 235 9 10 @ 77 13.65 n,gn 

Fuel Batch Load 
Fraction of Region 118 118 118 1/24 
Wt . Metal kg 530.00 607' 7'50 1339.000 1161, 917 3676,667 

Feed Composition 
kg U 
kg Pu 
kg Fission Pu 

EquiP ibs fm Composition 
kg U 450 439 463,384 1309 634 la28,165 335%. 662 
kg PU 80,961 109 919 22,822 28,057 24.1 759 
kg FfssfPe PU 60,654 81,939 22,280 26,940 lgn,813 

Discharge Compositfon 
kg U 415 303 439.932 1284,146 1%0l, 16% 3240,542 
kg Pu "104k4 102 , 267 41 276 44, 850 269 837 
kg Ffss%le PU 5 8 ,  a92 "Irr,lh0 39.490 41,964 213 786 

Battelle-Northwest carbide results normalized to 
Combustfon Engfneerfng reactor, 
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core regions t h e  PYRE and DTK spec t ra  a r e  nearly i d e n t i c a l ,  The harder 

spectrum of PYRE i n  t h e  blanket  regions would tend t o  accentuate u~~~ fis- 

s ion events and a l s o  t o  increase  t h e  neutron y i e l d  per  f i s s i o n ;  thus ,  plu- 

tonium generation r a t e s  would tend t o  be g rea te r ,  

Enrichment Zoning and Power Dis t r ibut ion - A b r i e f  study was completed 

t o  determine i f  power d i s t r i b u t i o n  across t h e  reac to r  core could be var ied  

by enrichment zoning, It was found t h a t  t h e  power d i s t r i b u t i o n  could be 

var ied  s i g n i f i c a n t l y  by varying f u e l  d e n s i t i e s  within t h e  zones spec i f i ed  f o r  

t h e  Combustion Engineering reac to r ,  while s t i l l  mafntaining t h e  core c r i t i c a l .  

Because of t h e  l imi ted  scope of t h i s  s tudy,  it was impossible t o  exmfne 

a l l  t h e  ramif ica t ions  of f u e l  zoning, such a s  t h e  e f f e c t  on system breeding 

r a t i o ,  thermohydraulics and f u e l  burnup, Thus, t o  simplify t h e  ana lys i s ,  

t h e  f u e l  enrichment values given by Combustion Engineering were scaled up- 

wards i n  proportion t o  overa l l  increased enrichment requirements calculated 

f o r  %he carbide and n i t r i d e  reac to r s ,  The power d i s t r i b u t i o n  was then eal-  

culated f o r  t h e  f i n a l  equil ibrium f u e l  d e n s i t i e s  presented here in  and it was 

found t h a t  f o r  both t h e  BNW n i t r i d e  and carbide reac to r s  t h e  power d i s t r i b u t i o n  

did  not vary s i g n i f i c a n t l y  % s e e  Table I )  from t h e  power d i s t r i b u t i o n  pre- 

sented by Combustion Engineering, The radial.  power d i s t r i b u t i o n  was cal-  

cula ted  with DTK by ca lcu la t ing  t h e  product of f l u x  and f i s s i o n  cross  sec t ion 

w s  radius,  

Sodium Removal Coeff ic ients  - When sodium is removed fkom t h e  core,  

t h e r e  we two major opposing r e a c t f v i t y  effec%s: (1.1 a pos i t ive  e f f e c t  from 

t h e  hardening of t h e  neutron spectrum y ie ld ing  more f i s s i o n  neutrons per  

neutron absorbed, and (2) a negative e f f e c t  from t h e  increased neutron 



leakage, A smaller pos i t ive  e f f e c t  r e s u l t s  from t h e  absence of absorption 

i n  t h e  removed sodium, The hardening of t h e  neutron energy spectrum i s  

important because t h e  f i s s i o n  cross  sec t ion f o r  u~~~ above 1 MeV r i s e s  wfth 

increasing energy. Also, v f o r  ~u~~~ increases with energy. For t h e  t y p i c a l  

f a s t  r eac to r  t h e  pos i t ive  e f f e c t  outweighs t h e  negative e f f e c t  and t h e  reac to r  

has a p o s i t i v e  sodium void coef f i c ien t ,  

The sodium void coef f i c ien t  of a f a s t  r eac to r  may be made l e s s  

p o s i t i v e ,  o r  even negative,  by va r ia t ions  i n  t h e  core design, For example, 

t h e  reac to r  can be designed t o  have a l a r g e  surface area--such a s  a "pancake" 

design--to promote leakage of neutrons, Also, enough moderator can be added 

t o  degrade t h e  reac to r  neutron spectrum t o  a range where resonance absorption 

becomes important; a  Large negative Doppler coef f i c ien t  i n  a core s f  t h i s  

type would tend t o  counter t h e  p o s i t i v e  sodium void coef f i e fen t ,  However, 

t h e  mi t iga t ion  of sodium void e f f e c t s  by such means i s  obtained at t h e  expense 

of increased enrichment requirements and reduction i n  breeding r a t i o ,  with a 

r e s u l t a n t  increase  fn f u e l  cycle cos t s ,  

I n  t h e  Combustion Engineering reac to r  design, t h e  sodium void 

coef f i c ien t  i s  reported t o  be approximately zero for voiding t h e  en%ire  

reac to r ;  it i s  p o s i t i v e  f o r  voiding various regions of t h e  reac to r ,  It appears 

t h a t  no p a r t i c u l a r  emphasis was placed by Combustion Engineering on modfiying 

t h e  reac to r  design t o  produce an inherent ly  negative sodium void eoef f fe ien t ,  

I n  t h e  course of these  s tud ies ,  it was determined t h a t  n i t rogen 

provides a small but  inherent  negative e f f e c t  on sodium voiding, This i s  

because of t h e  (n ,  p]  and ( n ,  a )  r eac t ions  t h a t  occur a t  high energy wfth 

ni trogen,  The cross  sec t ions  f o r  these  react ions  a r e  repor ted  i n  AEG docu- 

ment BNL-325, "Neutron Cross Sect i ons, 
(4n,42; 



The s o d i m  void coef f i c ien t s  eaYeu$ated i n  this study f o r  n f t r ide -  

and carbide-fieled reac to r s  a r e  given in Table mII, Calculat ions f o r  ear- 

bide-fueled reac to r s  a s  performed by @smbustion Engfneering and t he  AEC 

review committee a r e  shown f o r  comparison. The sodium removal coef f i c ien t  

f o r  core voiding a s  calculated i n  t h i s  study is l e s s  poei$ive than that caP- 

c u a t e d  by Combustion Engineering but, more p o s i t i v e  than %he value obtained 

by t h e  review committee, For voieifng of t h e  complete reac to r  a negative 

e m f  f f cf en% ( - 0 ~ 8 %  9 was ob ta i  ned i n  &his  study; @oanbus%~on Engineering repor ted  

a ne% eoef l i e i en t  of zero, I n  the present study, $he ca lcula ted  sodium 

voiding coeff ic ients  f o r  $he n i t r i d e  reac to r  were eonafstcnt$y about 0 ~ 6 %  

more negative thaw those  f e r  t h e  carbide reac to r ,  The more negative c s e f f i -  

c fent  r e s u l t s  from high-energy neutron capture by nitrogen,  and $0 a l e s s e r  

&ken% from t h e  sbight ly  higher c n r i a h e n t  sf" the  n i t r i d e  Fuel, 

TABLE XVPT 

SODIUM VOID COEFFICIENTS: COMPBisaSSOM OF C A K C U T I O M 8  

Sodium Void Coefficfent ,  % ak, 

Carbide Fuel. 

C,E, (21 mCd31 Bm 
P -- - 

Core & Axial Blanket - Lo 0 

Inner Core Only +2 9 

Small Volume a t  Core Center 
(%  hk!ki%er) 90,631 



The ni t r ide-fueled  reac to r  was ca lcula ted  t o  have a sodium-void 

coe f f i c i en t  of - l o b %  f o r  t o t a l  voiding of  sodium from t h e  r e a c t o r ,  For void- 

ing of t h e  core and a x i a l  blanket  only,  a c o e f f i c i e n t  of -1.0% was caPeulated, 

whPle f o r  voiding of t h e  inner  core alone t h e  change i s  92,9%, A small- 

volume r e a c t i v i t y  coeff  i c i e n t  of 90~031% Ak/lf t e r  of voi  d core was ca lcu la ted ,  

whfch indica ted  t h e  i n i t i a l  t r e n d  i n  r e a c t i v i t y  a s  yoiding of t h e  core begins,  

The sodium void ca lcu la t ions  were done by comparing t h e  DDK bas ic  

equil ibrium fueled  reac to r  t o  DDK cases run f o r  t h e  sane r e a c t o r  wi th  sodium 

removed from var ious  regions ,  The model used i s  t h a t  given i n  Figure 3, 

Figure 9 shows t h e  reac to r  absorption spec t ra  f o r  both normal and 

sodium-voided n i t r i d e  and carbide cores ,  The normal and sodium void absorp- 

t i o n  spec%ra f o r  t h e  n i t r i d e  core a r e  harder  than f o r  t h e  carbide core ,  

More important is t h e  f a c t  t h a t  t h e  change i n  spec t ra  on voiding t h e  n i t r i d e  

core i s  g r e a t e r  than t h e  corresponding change f n  spec t ra  on voiding t h e  car-  

b ide  core,  This e f f e c t  can a l s o  be observed i n  Table XVIPP where f o r  Core % 

sodium vof ding, t h e  e f f e c t  on neutron balance between u~~~ f i s s i o n  capture 

and p a r a s i t i c  n i t rogen ( o r  ca f ion)  capture f s  shown, The numbers presented 

a r e  t h e  t o t a l  absorption r a t e  with respect  t o  one r e a c t o r  neutron prod~leed 

per  second, I n  terms of t o t a l  f l u x ,  a Core I neutron i s  equivalent  t o  approxi- 

mately one-half of a r e a c t o r  neutron, Thus, t h e  capture r a t e s  given a r e  

r e l a t i v e  t o  a production r a t e  of b/2 neutron per  second wi th in  Core I, I n  

each ease t h e  capture r a t e  ( o r  f i s s i o n  r a t e )  i s  t h e  i n t e g r a l  of  t h e  Core 1 

neutron f l u x  and t h e  corresponding energy-dependent cross  sec t ion ,  

When sodium i s  voided from Core I of t h e  r e a c t o r ,  t h e  f i s s f o n  r a t e  

of u~~~ wi th in  t h e  core increases  by 0.0029. A t  t h e  same time, t h e  r a t e  of 
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TABLE X V I I I  

CORE I SODIUM VOIDING:  EFFECT ON NEUTRON BALANCE 

BETWEEN ~~3~ FISSION CAPTURE AND PARASITIC NITROGEN (OR CARBON) CAPTURE 

Capture Rate, Rela t ive  t o  1 /2  Neutron Per 
Second Production Rate i n  Core I 

With Without Voiding Effect  
Sodium 

N i  t r f  de Reactor 

Sodium on Reactor 

F i s s i  n ra te*  of 
u238 0.0277 

Capture rates* i n  
nf t rogen 0.0155 

Net Effect  i n  Reactor 

Carbide Reactor 

F i s s i  n r a t e  of 
u238 0.0282 0,0319 

Capture r a t e  i n  
carbon 0,00000295 O . O O O O O ~ ~ ~  

Net Ef fec t  i n  Reactsr  

Voiding Effect  Comparison 

Ni t r ide  t o  carbide reac to r  - Core I only 

Ni t r ide  t o  carbide reac to r  - Total  System 



neutron capture i n  ni trogen increases  by 0,0020, The n e t  e f f e c t  i s  a r e l a -  

t i v e  cont r ibut ion  of  90,0009 toward increased neutron production, Thf s 

p o s i t i v e  e f f e c t ,  of course, is  opposed by o ther  negative e f f e c t s  such a s  

increased leakage, For t h e  carbide r e a c t o r ,  t h e  r e l a t i v e  f i s s i o n  r a t e  i n  

u~~~ increases  by +0.0037. The increase  i n  r a t e  of capture by carbon i s  

neg l ig ib le ;  thus ,  f o r  t h i s  r eac to r  t h e  ne t  cont r ibut ion  i s  +0,0039--con- 

s iderably  higher than f o r  t h e  n i t r i d e  r eac to r ,  

It i s  poss ib le  t h a t  t h e  magnitude of t h e  negative void c o e f f i c i e n t  

due t o  n i t rogen absorption may have been underestimated i n  t h i s  s tudy,  The 

reason i s  pointed out  i n  Table X I X ,  where t h e  n i t rogen absorption cross  

sec t ion  i s  l i s t e d  f o r  t h e  f i r s t  e igh t  neutron energy groups a s  given i n  t h e  

Russian s e t  and used i n  t h e  DTK-DDK ana lys i s ,  These d a t a  a r e  compared t o  

t h e  sum of t h e  (In, p )  and ( n ,  a] cross  sec t ions  ext rac ted  from BNL-325 (41,421 

and group-averaged by t h e  authors,  It i s  seen t h a t  t h e s e  cross  sec t ions  a r e  

25 t o  35% higher than those given i n  t h e  Russian s e t ,  Thus, 5% is  recom- 

mended t h a t  f u t u r e  analys is  include a c lose  examination of hfgh-energy 

absorption reac t ion  i n  n i t rogen and a re-evaluat ion of t h e  n i t rogen e f f e c t  

on sodium void coe f f fc ien t ,  

The ca%cubations on sodium voiding performed i n  t h i s  study i n d i c a t e  

t h a t  t h e  n i t r i d e  r e a c t o r  i s  inherent ly  more negative with respect  t o  t o t a l  

sodium voiding than  t h e  carbide  reac to r ,  It i s  not negative,  however, with 

respect  t o  voiding of a small por t ion  of t h e  r e a c t o r ,  The ana lys i s  methods 

used i n  these  ca lcu la t ions  a r e  considered t o  be  t h e  bes t  ava i l ab le  a t  t h e  

time they were performed and should be a r e l i a b l e  ind ica to r  of sodium void 

e f f e c t  i n  these  r eac to r s ,  



TABLE X I X  

Group 
No, 

COMPARISON OF MeV NITROGEN ABSORPTION 

CROSS SECTIONS FROM THE RUSSIAN SET AND FROM BNL-325 

Russian Data (32 )  
uaN, barns  

BNL9325 Data 
(41,421 

ua , barns  

Doppler C o e f f i c i e n t s  - Doppler c o e f f i c i e n t s  were obta ined  f o r  bo th  t h e  

BNW n i t r i d e  and ca rb ide  r e a c t o r s  f o r  two condi t ions :  ( 1 )  r a i s i n g  f u e l t e m p e r a -  

t u r e  from 600 t o  1533 OK (Case I ] ,  and ( 2 )  r a i s f n g  t h e  f u e l  temperature from 

1533 t o  1811 "K (Case 111, Table XX s - m a r f z e s  t h e  r e s u l t s  of t h e s e  ca l cu la -  

t i o n s ,  Case I p resen t s  t h e  Doppier c o e f f i c i e n t  t h a t  i s  a s s o c i a t e d  wi th  t h e  

normal temperature d e f e c t  of t h e  r e a c t o r ,  This ease  y i e l d s  a  Doppler coe f f r -  

c i e n t  t h a t  i s  c h a r a c t e r i s t i e  wi th  normal ternpepatwe r i s e  of t h e  e n t i r e  r e a c t o r  

system, Case 11 gives  a  Doppler c o e f f i c i e n t  which i s  c h a r a c t e r i s t i c  o f  t h e  

acc ident  cond i t i on ,  t h a t  i s ,  t h e  prompt r i s e  I n  f u e l  t empera twe  without  a  

corresponding r i s e  i n  c l a d  o r  sodium tempera ture ,  It i s  seen  t h a t  t h e  n i t r i d e s  

and carb ides  have s i m i l a r  Doppler c o e f f n c i e n t s ,  wi th  t h e  n l t r f d e  r e a c t o r  be ing  



s l i g h t l y  lower, The lower Doppler coef f i c ien t  i n  t h e  n i t r i d e  reac to r  5s t o  

be expected due t o  t h e  hapder neutron spectrum and higher enrichment. 

TABLE XX 

SUMMARY OF DOPPLER COEFFICIENT CALCULATIONS 

Reactor I n i  t i a l  F i  naS 

a )  
Components Temperature, OK Temperature, "K 

Case I 
Fuel 600 1533 
Structure  500 
Sodf urn 400 

Case II (b 1 

Fuel 1533 
Sodium 977 
Structure  798 

Doppler Coeff ic ients  case I ( ~ )  

Ni t r ide  Reactor 
Carbide Reactor 

Case II gbl 

( a )  Normal temperature rf s e  i n  reac to r  system. 
( b )  Accident condit ions;  temperature r i s e  i n  f u e l  only. 

A s  indica ted  i n  t h e  paragraph on methods and ana lys i s ,  Doppler 

coef f i c ien t s  i n  t h i s  study were only ca lcula ted  with one method and no fn te r -  

comparison of methods was used. Thus, t h e  o v e r a l l  magnitude of t h e  Doppler 

coef f i c ien t  may be questioned, However, t h e  r e l a t i v e  d i f ferences  between 

ni%rfde  and carbide reactors  a r e  va l id ,  

React iv i ty  Coeff ic ients ,  Control Requirements, and Safety Margins - No 

attempt was made t o  ca lcu la te  r e a c t i v i t y  coef f i c ien t s  ( i n  addi t ion  t o  those  

Doppler coef f i c i e n t s  indica ted  above 1 , con t ro l  requirements o r  s a f e t y  margins, 



These values should remain e s s e n t i a l l y  unchanged from those given f o r  t h e  

Combustion Engineering earbide reac to r  system, As indicated  prevfously,  t h e  

overa l l  con t ro l  system of t h e  reac to r  remains unchanged, 

Gas Generation - Calculat ions were performed t o  est imate t h e  amount s f  

gas generated i n  n f t r f d e  f u e l  due t o  ( n ,  pi  and ( n ,  a )  reac t ions  i n  ni%rogen, 

3 The indicated generat ion r a t e  i n  Core I i s  10717 x 1012 moleeules/em -see, 

3 consis t ing  of 1.173 x lo1* molecules/em3-sec of helium and 0.544 molecules/cm - 
see (1,088 x 1012 atoms/cmLsec~ of hydrogen, The f i s s i o n  gas srmvltaneously 

generated i n  t h i s  f u e l  was estimated a t  1,075 x 1013 mslecules/em3-see, Thus 

t h e r e  1s a 15.9% increase  i n  gas generat ion r a t e  due t a  production of hydro- 

gen asld helawn I n  t h e  n i t ~ o g e n ,  These ca lcula t ions  were done by ea leu la t ing  

group-averaged cross  sec t ions  from t h e  bas ic  da ta  sf BNL-325 ("9'*1 and then 

smmlng t h e  product of + Ea, The stun of t h e  ( n ,  p )  and ( n ,  a) eross  sec t ions  

obtained from BNL-325 a r e  given i n  Table XPX, 

It i s  seen t h a t  t h e  add i t iona l  gas generat ion due t o  n i t rogen 

reaeT,Bons i s  of l i t t l e  consequence nn t h e  overa l l  r eac to r  design, Typical ly ,  

t h e  hydrogen w i l l  d i f f u s e  t h ~ s u g h  t h e  f u e l  c lad ,  but t h e  helium w i l l  be 

re ta ined;  consequently, t h e  a c t u a l  gas re ta ined  i s  l e s s  than %he ~ 5 ~ 9 %  indr-  

caked--perhaps nearer  PI%, 

Thermal Hydraulic Analysis 

S fn re  t h e  reac to r  model had been extenzsveLy inves t igated  by Combustion 

Engineering, no extensive thermal hydraulic analyses of t h e  model were required ,  

Temperatwe d i s t r i b u t i o n  eaLedatfons  were performed, however, t o  estfma"0 t h e  

operatnng e h a r a c t e r f s t i e s  sf t h e  nPtr ide  f u e l  elements, CaPculatfsns were 

performed both f o r  a sodium-bonded, f u l l y  dense n i t r f d e  element and for a 90% 



dense n i t r i d e  mechanically bonded t o  t he  c lad,  Cal@ula%ions were made with 

t he  STHTP '43' computer program, a three-dimensional steady s t a t e  program 

employing re laxat ion techniques. The calculated f u e l  and clad temperatures 

were modified by application of t he  same hot-channel fac to rs  used by Com- 

bustion Engineering f o r  t h e  carbide-fueled reactor  model, 

The thermal conductivity of polycrysta l l ine  uranium n i t r i d e  as  shown 

i n  Figure 1 was assumed as  t h a t  of t he  n i t r i d e  fue l ;  f o r  t h e  mechanically 

bonded f u e l  element, t he  conductivity was addusted f o r  t h e  lower fue l  density,  

Conductivity data  fo r  uranium n i t r i d e  do not extend above 1000 "C 

(1832 OF), For fue l  temperatures above t h i s ,  t h e  fue l  conductivity was 

assumed t o  remain constant at t h e  1000 "C value, Since the  data  indicate  

t h e  conductivity would increase fo r  higher temperatures, t h i s  assumption 

should tend t o  predic t  temperatures near t h e  center l ine  of t h e  f u e l  s l i g h t l y  

higher than would ac tua l ly  occur, 

Results of t h e  temperature calcula t ions  f o r  both t h e  sodium-bonded and 

t h e  mechanically-bonded n i t r i d e  f u e l  elements a r e  shown i n  Figure PO, 

For t h e  capbide reference model, Combustion Engineering se lected a 

maximum allowable c lad temperature of 1400 OF, based on t he  10,000-hr s t r e s s -  

to-rupture value f o r  19-9 DL ' 2 y 4 4 )  and on calculated s t resses  caused by f i s -  

sfon-gas re lease  from t h e  carbide fue l ,  Limited data  on f i s s i on  gas re lease  

a t  very low exposures ('O' indicate  t h a t  t h e  re lease  r a t e  from s in te red  UN 

i s  comparable t o  t h a t  from s in te red  hyperstoichiometric UC, but greater  than 

t ha t  f o r  cas t  UC, Differences i n  i n i t i a l  s t r uc tu r a l  form should tend t o  

become l e s s  important a t  higher exposures, Thus, although extrapoXa%ion from 

very low t o  very high exposures i s  extremely r isky,  f i s s i on  gas re lease  from 
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%he UN f u e l  i s  assumed t o  be not g r e a t l y  d i f f e r e n t  from the  UC f u e l  under 

reac to r  condi t i  ons, HePi um from t h e  $ n ,  a 1 reac%i on on nftrogen would add 

about 10% t o  t h e  gas generat ion,  and i f  it equPPfbrates with t h e  f i s s i o n  

gases, would add an equivalent percentage t o  t h e  re leased gases,  Hydrogen 

from t h e  ni trogen ( n ,  r eac t ion  would l a rge ly  escape by di f fus ion through 

t h e  f i e l  cladding, 

Therefore, under comparable conditions gas re lease  from t h e  ni trPdes 

would be expected t o  be s l i g h t l y  h f g h e ~  than from t h e  carbides,  On %he o the r  

hmd,  embrfttlement of the  cladding by carburfzat ion (recognf zed by Com- 

bust ion Engineering as  a problem i n  t h e  use of 19-9DL cladding with carbide 

f u e l ?  would no% occur with t h e  n i t r i d e s  On t h e  b a s i s  of eompat~b i l f%y,  

t e s t s  of type 304 s t a i n l e s s  and uranium n i t r f d e ,  with exposure up t o  5000 

h r s  a t  1000 "C, '28) n i t r i d i n g  of t h e  c lad  would appear not t o  present a 

problem ( experimental verf f l e a t i o n  would, of course, be requf r e d ) ,  

On t h e  b a s i s  of comparative est imates of f i s s i o n  gas re lease  and of 

Wrel-elad %n%era@'%isns, the re fo re ,  t h e  1400 "F lnmft f o r  19-9DL chosen f o r  

the  carbide-fueled model appears equally v a l i d  l o r  t h e  n i t r ide-fueled  e le -  

ment, and was chosen a s  a maximum allowable e lad  temperar7ure fo r  t h f s  study, 

The ca lcula ted  f u e l  and c lad  temperatures shown i n  Figure: 10 ind ica te  

t h a t  t h e  s p e c i f i c  power capab%lf%y of t h e  n l t r fde-fueled  element w i l l  be 

l imi ted  by %he lh00 'F max~mum cladding temperature; a simfdar s i t u a t i o n  was 

estimated by GsmbustBon Engineering B3r  earbide-fueled elements, The f igure  

indicates  t h a t ,  f o r  a f u e l  rod diameter of 0,259 i n ,  a s  used i n  t h f s  r eac to r  

desfgn, t h e  P ~ O O  'F l imi t ing  temperatwe w i l l  be reached a% a s p e c i f i c  



power of about 330 kW/kg (U + PU). This r e s u l t  agrees wel l  with t h e  maximum 

s p e c i f i c  power of 324 kW/kg (U + PU)* f o r  t h e  Combustion Engineering model. 

IJnder t h e s e  condit ions t h e  ca lcula ted  maximum f u e l  temperatures a r e  2800 OF 

(1538 O C )  f o r  t h e  mechanically-bonded element, and 2350 OF (1288 O C  ) f o r  

t h e  sodium-bonded element. I n  e i t h e r  case t h e  fue l s  a r e  well  wi th in  t h e i r  

temperature c a p a b i l i t i e s .  For Combustion Engineering's carbide-fueled case ,  

t h e  corresponding f u e l  temperature was 2600 OF (1427 O C ) .  

The r e s u l t s  of t h e  temperature ca lcu la t ions  agree with t h e  f indings  of 

Combustion Engineering t h a t  t h e  primary l i m i t  on s p e c i f i c  power i n  t h e  f u e l  

elements i s  t h e  l i m i t a t i o n  on c lad  temperature. I n  both cases ,  t h e  f u e l  

should be capable of withstanding considerably higher temperatures,  although 

t h e  f i s s i o n  gas r e l e a s e  r a t e  would increase .  For example, i f  f u e l  center-  

l i n e  temperature were t h e  only l i m i t a t i o n  t o  power, a 2900 OF l i m i t  would 

permit s p e c i f i c  powers of  350-500 kW/kg f o r  t h e  element design considered i n  

t h e  study; a 2400 O C  (4350 O F )  l i m i t  would under these  assumptions allow 

spec i f i c  powers of 700-900 kW/kg, i f  higher surface  heat  t r a n s f e r  r a t e s  could 

be maintained o r  i f  smaller  f u e l  rod s i z e s  were economically a t t r a c t i v e .  

Development of a super ior  high temperature c l ad  mate r i a l ,  o r  of a s t r e s s  

r e l i ev ing  mechanism such a s  venting of t h e  f u e l  element, would permit e i t h e r  

operat ion a t  higher s p e c i f i c  powers o r  use of a larger-diameter f u e l  rod. 

E i the r  option would p o t e n t i a l l y  r e s u l t  i n  a decrease of  f u e l  cycle cos t s .  

E f fec t s  of Variat ions i n  Fuel Cycle 

Inves t iga t ions  were c a r r i e d  out i n  t h e  course of t h i s  study on t h e  e f f e c t s  

of varying procedures i n  c e r t a i n  s t eps  of t h e  r eac to r  f u e l  cycle ,  of varying 

" Based on Combustion Engineering da ta  of average inner core heat  
222 kW/kg, and maximum/average r a t i o  of 1.46 f o r  t h e  inner core. 



f u e l  management techniques,  and t h e  Pike, For t h e  most p a r t ,  t h e s e  s tud ies  

were cursory, although a more in tens ive  study was made of f u e l  f a b r i c a t i o n  

and conversion methods, whfch were found t o  bear  importantly on f u e l  cycle  

eos t s ,  Brief  descr ip t ions  of t h e  inves t iga t ions  i n t o  f u e l  cycle v a r i a t i o n s ,  

and t h e  estimated e f f e c t s  of t h e s e  v a r i a t i o n s  on f u e l  cycle cos t  a r e  given 

i n  t h e  following paragraphs, 

Fuel Conversion and Fabrieatfon 

The monsnf%rides of uranium and plutonium have been prepared t o  

d a t e  only on a small-scale laborbtory  b a s i  so  FOP most cases t h e  des i red  

produe% was a pure n i t r i d e  for  t e s t i n g  o r  p roper t i e s  measurement, For t h e s e  

purposes, t h e  n i t r i d e s  have been prepared pr imar i ly  by t h e  d i r e c t  a f t r i d a t i o n  

of f i n e l y  divided uranium and plutonnum metal ,  usual ly  with a s u p e r f i c i a l  

hydriding treatment p r i o r  t o  t h e  n i t r i d i n g  s t e p o  

Considerable progress has been made toward t h e  development of 

a l t e r n a t e  processes f o r  n i t r i d e  conversion; a t y p i c a l  process,  and one which 

appears t o  show g r e a t  promise, i s  t he  carbon-nitrogen reductfan of uranium 

o r  plutonium oxides, These processes appear t o  have considerable p o t e n t i a l  

f o r  n i t r i d e  conversion on a la rge-sca le  r e a c t o r  load b a s i s ,  and c o s t s  f o r  

n i t r i d e  conversion by t h e s e  processes when developed should not be g r e a t l y  

d$ff e ren t  than  pro3 ected c o s t s  sf c a r b i  de prepara t ion  % e ,  , by d i r e c t  carbur- 

i z a t f s n  of  t h e  oxides) ,  However, t h e s e  processes f o r  n i t r i d e  conversion 

requ i re  extens ive  development before  they could be considered f o r  use on a 

@ommercial, reac tor-sca le  b a s i s ,  

The c o s t s  of n i t r i d e  c o n v e ~ s i o n  by n i t r i d a n o n  of uranium and plu- 

tonium metals  a r e  not we l l  t abu la ted  s fnce  n i t r i d e  p r e p w a t l o n  t o  d a t e  has 



been performed pr imar i ly  by labora tory  methods, The c s s t s  of n l t r f d e  con- 

version a s  used i n  % h i s  study were a r r ived  a t  by assuming a s e a l ~ n g - u p  sf 

t h e s e  methods t o  ful l  p lant -sca le  proeedkuaes and by drawing analogles $0 

sfmilap processes where app%%cabPe, The earbothermfc-reduntien process f o r  

n i t r i d e  conversion, f o r  example, i s  q u i t e  s i m i l a r  t o  a process f o r  eonversion 

o f  UQ2 %s UC proposed by Combustion Engineerlng i n  %he referen,  ne carbide  

study, m d  a more o r  l e s s  d i r e c t  compwnson sf t h e  pyoeesses could be made t o  

es t imate  eonversfon process c o s t s ,  ''' Such a compar~son i n d i c a t e s  t h a t  t h e  

eas;bozhermi@ reduct ion  process f o r  n i t ~ i d e  conversion, when !Fully developed, 

should be capable of providing nitride f u e l  maLeriaPs a t  cos t s  eompetfti-ve 

with %he carbides ,  

Wfth n i t r i d e  csn-rersion processes whlsh requ i re  t h e  use of  me ta l l f e  

wmim o r  plutonium as  in termedia tes ,  process cos%s w n P l  be influenced 

s t rongly  by, and i n  some cases d ic tazed by, c o s t s  sf reduction of t h e  sotpee 

mate r i a l s  t o  $he m e t a l l i c  s t a f e ,  

Conversion cos%s f o r  uranium metal preparatsion genera l ly  tend to be 

higher than t h e  corresponding oxide c s s t s ,  a9 t h u g h  t h e  metal r e d u s t ~ s n  c s s t s  

w i l l  vary sharply  both wf%h p lan t  throcghp-Ln-t and with emrishmea-ta, Pal- t h e  

eonversion p lan t  s i z e  considered in t h ~ s  study,  cf suffacient ce~par l ty  t o  s e n e  

t h r e e  s l rn i lar  fast-breeder r e a c t o r s ,  metal conversion c s s t s  mlght be expec'ed 

t o  run from $10 to $38/kg uranium, based on ~ns , r rpola%lon of pubrlshed o s s t  

eomparf sons, '45' For o f f s i t e  purchase f r m  a Lsrge-scale proddeer, r u s t s  of. 

$10/kg or  l e s s  might be r ea l i zed ;  fcs such rarge-scale prsductfon t h e  cos t  af U 

metal could approach t h a f  sf Ug2. FOP purposes sf this study,  the sos% of 

uranium metal f o r  use i n  n i t r i d e  ~sn.;ersion was assumed to be 10% greater than 

%he cos t  of UQ2" 



For t h e  reduction of pPtPtonium t o  t h e  metal,  however, c r i t i c a l i t y  

considerations require  small batch s i ze s ,  and safeguards required by t he  

t ox i c i t y  of plutonium act  t o  increase t h e  uni t  cos t s ,  The current  cost  

quoted i n  the  Cost Evaluation Handbook '46' f o r  plutonium reduction i s  $ l050/g 

plutonium, For t h e  bomb-reduction process current ly  used, conversion costs  

a re  no% l i k e l y  t o  d i f f e r  much from t h i s ,  Alternate processes s t i l l  under 

development, such as a continuous e l ec t ro ly s i s  process being developed at 

Hanf ord , (47)  may e f f ec t  an appreciable reduction i n  conversion costs when 

developed, For purposes of t h i s  study, however, plutonium conversion eosts  

of $11,50/g p9utonfum were used, 

The vibratory-compacted, mechanically bonded, i s o s t a t i c a l l y  hot- 

pressed fue l  element assumed f o r  t he  nitr ide-fueled reactor  appears t o  be 

s l i gh t l y  l e s s  expensive t o  fabr ica te  than t h e  skull-cast ,  sodium-bonded, 

carbide f u e l  element, based on a c w s o q  eost comparison of t h e  two pro- 

cesses, "' The apparent cost  difference,  however, i s  negl igible  compared t o  

cost  uncer ta int ies  i n  ei%her t h e  carbide o r  n i t r i d e  fabr icat ion processes, 

A comparison of conversion-plus-fabrication eosts  f o r  t he  n i t r i d e  

fue l s ,  f o r  t he  a l t e rna te  carbothermfc reduetion and metal l ic  intermediate 

conversion processes assumed fo r  t he  study, i s  shown i n  Table XXP, The 

increased conversion-fabrication eost  TOP t h e  route involving metal l ic  i n t e r -  

mediates fo r  nitride-conversion--some 60% higher than %he eosts  using t h e  

carbothemfe reduction process--is due v i r t u a l l y  en t i r e ly  t o  t h e  assumed 

$$,50/g charge f o r  plutonium metal preparation, This i s  t he  most sf  @i f f  cant 

d i f ference i n  fue l  cycle cos t s  developed i n  t h i s  study, and f l l u s t r a%es  %he 



TABLE XXI 

FABRICATION COST COMPARISONS: CARBIDE AND NITRIDE FUELS 

Fabrication Costs Including Conversion Costs For: 
Nitride Fuel, Using Nitride Fuel, Using 

Carbothermic-Reduction Metallic-Intermediate 
Fuel Component Conversion Conversion Carbide Fuel (a) 

$/core kg(b) mills/kV-hr $/core kg(b) rnills/kW-hr $/core kg(b) mills/kW-hr 

Radial Blanket 81 0.0605 84.15 0.0628 81 0.0605 

Control Rod Followers 16 0.0119 16.34 0.0122 16 0.0119 

Core and Axial Blanket 257 0.1920 455.83 0.3405 27 3 0.2040 

Total Fabrication Costs 35': 0.2644 556.32 0.4155 370 0.2764 

(a) Carbide fuel fabrication costs based on unit costs quoted in Reference 2. 

(b) "Dollar per core kilogramt' is the ratio of the fabrication cost of a 
fuel component to the weight in kilograms of the (U + PU) metal con- 
tained in the core portion of a fuel batch. 



dependence of an eeonomic nitride fuel cycle on the development of a nitride 

conversion process, such as %he carbothemic reduction process, whose costs 

would compare with carbide conversion costs. 

Fuel Reprocessing 

Reprocessing costs for spent reactor fuel constitute an important 

fraction of the total fuel cycle cost, Furthermore, a wide choice of alter- 

nate processes for treatment of the discharged fuel is potentially available, 

although few of these processes have actually been developed, 

Conventional solvent-extractLon processes, carried out in large 

central planrts, are the only ones for whieh definitive cost infomation is 

available, since the projected costs for processing power reactor fuels by 

these processes is based on operating experience in existing government-owned 

plants. Reproeesslng costs for the reference study conducted by Combustion 

Engineering were based on the standard AEC conceptual reprocessfng plant, 

For the present study the prop~sed NFS reprocessing cost schedule was 

used, since this is believed to give a somewhat more realfstnc p~ogection 

~f future reprocessing costs, FOP consistency in cost comparisons, the fuel 

cycle costs developed in the combustion Engineering study were modified 

by recaXc-uPating reprocessing costs to reflect the proposed NFS schedule, 

S%nce neither cost schedule is arranged to aceommoda%e high-plutonium fuel, 

%he approximation used by Combus%ion Engineering was adopted; fuel of a given 

p%u%onfum concentration was assumed equivalent, in lfm-ating the size of 

processing units in the plant, to a  enriched fuel of 1.5 times the Pfs- 
sfle csn%en% of the plu%oniu-contaf ning fuel cog. , 10% fissi le plutonium 
eontent is equivalent, for setting processing unit size, to 15% content). 



When the  carbide reactor  model of Combustion Engineering i s  recalcula ted using 

t h e  same computer programs and cross sect ion s e t s  used f o r  the  n%%ride-fueled 

case,  reproeessing costs  f o r  t h e  n i t r i d e  and carbide models a r e  e s sen t i a l l y  

iden t ica l ,  The n i t r i d e  f i e l  may have a s l i g h t  cost advantage, since head end 

treatments may be simpler than would be required fo r  t he  sodium-bonded carbide 

fue l ;  however, no c r ed i t  f o r  s impl i f ied treatment was taken i n  assessing 

n i t r i d e  reprocessing costs ,  

I n  t h e  reference carbide study,  Combustion Engineering surveyed 

several  a l t e rna t e  processing methods t o  estimate t h e i r  po ten t ia l  f o r  applica- 

t i o n  t o  a f a s t  breeder reactor  f u e l  cycle,  as  cen t ra l  p lants  o r  a s  smaller 

sca le ,  onsf te  reprocessing plants ,  U s e  Of an onsf te  reprocessing f a c i l i t y  

would el iminate shipping charges fo r  i r rad ia ted  f u e l ,  and would presumably 

permi% economfcal operation of a process having somewhat higher un i t  cos t s ,  

Processes surveyed i n  t he  carbide study included a small sca le ,  ons i te  sol- 

vent extract ion proeess, a carbide-oxide pyroehemical proeess, a Ifquid-metal- 

ss%vent process, and an m i o n  exchange process, The conc$us%ons reached i n  

$ha% study were %hat of those processes, only t h e  anion extract ion proeess 

showed promise f o r  appl icat ion t o  a carbide f a s t  breeder reactor  f u e l  cycle, 

Based on cost estimates developed by %he General E lec t r i c  Company, ( 4 9 )  , 
ion exchange process might we%% be competitive, e i t he r  f o r  onsBte o r  c en t r a l  

p iant  appl8cation, a s  a fue l  reprocessing method fo r  such a cycle,  

I n  t h e  present study, %he a l t e rna t e  processes considered by Com- 

bustion Engineerlng were resurveyed b r i e f l y ;  i n  addit ion,  a proposed car- 

bide-nntride pyrochemical process ' ?' and t he  Hanford-developed S a l t  Cycle 

process '51y52' were b r i e f l y  reviewed. The goal i n  these  reviews was t o  



determine whether any process considered might be uniquely favorable t o  

ni%ri.de fue l s ,  or conversely whether n i t r i d e s  might be ineompatfble with 

ce r t a in  processes or  might require  ex t r a  treatment and therefore  engender 

higher processing costs ,  Sinee t he  emphasis on t h i s  study was on cost  d i f -  

f e r en t i a l s  between fue l s ,  no de ta i l ed  cost comparisons between processes 

were attempted, However, t h e  r e s u l t s  generally agree with those of @om- 

bustion Engineering t h a t  an ion-exchange process i s  t h e  most promising process 

of those reviewed as an a l t e rna t i ve  t o  conven%ional solvent extract ion 

cen t ra l  plant processing, 

For none of t he  processes reviewed was a s ign i f ican t  cost dff fer-  

ence apparent f o r  processing earbides o r  n i t r i de s ,  For t he  most par t  t h e  

various processes were equally adaptable t o  carbides or  n i t r i d e s ,  o r  required 

equi valent head end treatmend ( e ,  g,  , conversion t o  oxi des ) fo r  both, For 

t h e  aqueous processing methods, and par t i cu la r ly  f o r  standard solvent extra@- 

t i o n  processes, t he  use of n f t r i de  fue l s  may be s l i g h t l y  advantageous eeonom- 

Scally as compared t o  carbides, For t he  pa r t i cu l a r  n i t r i d e  fue l  design 

se lected f o r  t h i s  study, %he absence of a sodium bonding Layer would elimin- 

a%e t h e  necessi ty fo r  head end sodium removal whfeh would be required for  t h e  

sodium-bonded carbide fue l .  Furthermore, n i t r i de s  on dissolut ion would Lend 

t o  form ammonia ra ther  than hydrocarbons as byproducts, I f  ammonia o r  ammonium 

s a l t s  can be t o l e r a t ed  i n  t h e  process, or removed during dissolut ion,  t he  

n i t r i d e  fue l s  may be amenable t o  straightforward dissolut ion,  eliminating 

t h e  conversion t o  oxide which is  foreseen as  being required f o r  carbide fue l s .  

However, any cost  savBngs due t o  sodium elimination would be 

ascribed t o  differences i n  element design ra ther  than f u e l  mater ia l  ( a  non- 

sodium bonded eetrbi.de element could show comparable savings 1 ; and t h e  savi  ngs 



i n  reduced pre-dissolution treatment would requ i re  experimental v e r i f i c a t i o n ,  

Therefore, although such savings i n  reprocessing cos t s  may wel l  be r e a l ,  

they were not fac tored i n t o  t h e  reprocessing cos t s  used f o r  t h i s  study, 

Fuel processing cos t s  were ca lcula ted  on t h e  same b a s i s  a s  w a s  used 

by Combustion Engineering, except t h a t  t h e  proposed p r i c e  schedule f o r  t h e  

MFS processing p lan t  was used, with a $23,500 charge per prosessing mi%, 

The plant  was assumed capable of handling t h e  high-p9utanfm f u e l s  c o n s i d e ~ e d  

an t h e  f a s t  breeder r eac to r  s tud ies ,  The l i m f t s  on processing r a t e s  a s  pub- 

l i shed  f o r  t h e  NFS plant  w e  based on u~~~ enrichment of t h e  f u e l .  For t h e  

plu%snfum-enriched f ie1  of $he study, t h e  P f m i t  on t h e  s i z e  of a processing 

unit for mater ia l  of given f f  s s i l e  plutonium content was assumed t o  be t h e  

l i m i t  f o r  f u e l  containing a 501 higher concentrat ion of u~~~~ Processing 

charges were based upon mixing of t h e  zose and a x i a l  blanket  elements a% t h e  

head end of t h e  p lan t  and processing %ha combined f u e l  a s  a s i n g l e  e n t i t y  of 

T 0 % 5 1  f i s s i l e  plutonium content-  Separate processing of core and a x i a l  

blanket elements would e n t a i l  higher processing charges because of t h e  high 

plutonium conten% of t h e  core,  However, t h e  higher-grade plu%onfum ava i l ab le  

from t h e  r a d i a l  blanket may a t  some f u t u r e  da te  command a premium p r i c e  as a 

reac to r  f u e l  (perhaps f o r  use i n  eompact, spec ia l  purpose r e a c t o r s ? ,  making 

separa te  processing of core and blanket economicai, 

Incremental processang cos t s  f o r  waste storage and perpetual  main- 

tenance were not included, These cos t s  were not consldered i n  the  reference  

study on carbide f u e l s ;  they would be only manor addit ions and would apply 

equalby t o  t h e  carbide and n i t r i d e  cycles,  



The processing cos ts  ca lcula ted  f o r  t h e  n i t r i d e  f u e l  amounted t o  

$ 9 ~ ~  65/kg of metal processed, o r  0,2277 mills/kW-hr ; e s s e n t i a l l y  i d e n t i c a l  

cos ts  were indicated f o r  t h e  carbide f u e l ,  

Uranium Fuel Management 

I n  t h e  f u e l  cycle used a s  t h e  bas i s  f o r  t h e  Combustion Engineering 

( 2 )  
study, a l l  plutonium enrichment required f o r  t h e  reac to r  was assumed t o  be 

supplied by recycling of produced plutonfum; excess plutonium over t h a t  

required was sold ,  Each f u e l  batch was assumed t o  u t i l i z e  all-new, depleted 

uranium with a u~~~ content of 0.3%. The same cycle was followed i n  t h i s  

study, with recovered uranium from t h e  reprocessing plant  assumed t o  be d is-  

posed o f ,  a t  no c o s t ,  t o  t h e  supp l ie r  furnishing new uranium, 

Under t h i s  scheme, t h e  uranium contained i n  each new f u e l  batch 

contains some 10.2 kg u~~~ i n  t h e  n i t r f d e  fueled r e a c t o r ,  o r  10.3 kg f o r  t h e  

carbide case, Of these  amounts some k005 kg o r  k 0 2  kg, respect ively ,  a r e  

destroyed during i n - r e a c t o ~  residence sf %he f u e l ,  Since t h e  major por t ion  

of t h e  Ue3* deple t ion is  due t o  f i s s i o n ,  t h i s  f u e l  component has a s i g n i f i -  

cant e f f e c t  on net  plutonium generat ion,  and thus  both on doubling time and 

on plutonium c r e d i t  a s  applied t o  f u e l  cycle cos t s ,  

If %he management scheme were changed $0 provide f o r  t o t a l  recycle  

of" %he uranium a s  we l l  a s  plutonium, only about 2"T-290 kg of makeup uranium 

would be required f o r  each batch. A t  0.32, t h e  U235 content added would be 

0,83-0,88 kg; under equi l f  b r i  aun condit ions an equivalent amount would be 

destroyed during i r r a d i a t i o n .  The u~~~ content of a feed-fuel batch would 

then be some 2 , l  kg, r a t h e r  than l 0 , 2  kg, 
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235 
The decrease i n  u~~~ content ,  and consequently i n  U f i s s i o n ,  

would requ i re  t h e  f i s s i o n  of approximately 2 kg of plutonium per  batch ,  a t  

a cost  per  batch of some $20,000, Savings i n  uranium purchases, on t h e  

o ther  hand, would reduce fabr ica t ion  cos t s  by about $13,000 (ne t  savings 

s f  about 3200 kg uranium @ $4/kg), Thus, ne t  addi t ions  t o  t h e  f u e l  cycle  

cos t  on t h e  order  of $7000 per batch ,  o r  some 0,004 mills/kW-hr, could be 

expected from such a scheme a s  compared t o  t h e  f u e l  management scheme assumed 

f o r  %he study, 

I n  schemes such as t h e  foregoing, involving t o t a l  recycle  of ura- 

nium a s  well  as  plutonium, add i t iona l  complications may a r i s e  owning t o  t h e  

buildup of u~~~ and other  uranium isotopes.  However, no inves t iga t ion  of 

such e f f e c t s  was made i n  t h i s  study, 

Fuel Cycle Cost Estimate 

Fuel cycle c o s t s  f o r  t h e  n i t r i d e -  and carbide-fueled reac to r  models 

were ca lcula ted  based on p r i v a t e  ownership of f u e l  ma te r i a l s ,  and reea lcu la ted  

on a leased-fuel  b a s i s ,  i n  basfc accordance with t h e  AEC ground r u l e s  pre- 

scr ibed f o r  t h e  four  s tud ies  of 1000 MWe f a s t  breeder r e a c t o r s ,  ('I as  pre- 

viously discussed i n  t h e  sec t ion  describing t h e  f u e l  cycle study model, 

A mater ia ls  balance summation f o r  one f u e l  batch over t h e  e n t i r e  f u e l  

cyele i s  given f o r  n i t r i d e  f u e l  i n  Table XXIP, Table XXIIP gives t h e  equiva- 

l e n t  d a t a  f o r  carbide f u e l ,  Fuel cycle cost  ca lcu la t ions  were based on these  

mate r i a l  balances and on %he reac to r  loading data  given i n  Tables XV and XVP, 

Except where otherwise noted, t h e  methods of ca lcula t fon followed those  used 

by Combustion Engineering i n  t h e i r  study of a 1000 MW, f a s t  breeder r e a c t o r ,  



TABLE XXII 

MATERIALS BALANCE - SINGLE FUEL BATCH 
Nitride Fuel 

U Pu Fissile Pu U S Pu 

Reactor Charge, Wt 3460,591 216,076 166,119 3676.667 

Reactor Discharge, Wt 3239.704 269.515 213,300 3509,222 

Reprocessing Feed, Wt 3239.707 269 515 213,300 3509.222 

-(~eprocessing Loss - 
1% of ~ e e d )  

Reprocessing Product* 

I Conversion Feed 

-(Conversi on Loss - 
1% of Produet) 

4, 

Conversion Product 

Fabrieati on Feed L -(scrap - 
10% of ~ e e d ]  

Fabrication Product 

Reactor Charge, Wt 

* Uranium returned to supplier, 



TABLF: XXIII 

MATERIALS BALANCE - SINGLE FUEL BATCH 
BNW Carbi de 

U Pu Ff ssile Pu 

Reactor Charge, Wt 3475.445 201,222 154,764 

Reactor Discharge, Wt 3240,542 267 837 213,786 

Reprocessing Feed, Wt 3240,542 26T0 837 213 786 

-(Reprocessing Loss - 
1% of ~ e e d )  (32,405) (2,6781 (2,1389 

Reprocessing Product* 3208.137 265.159 211,648 

Conversion Feed 3900.222 225,816 173 680 

-(Conversion Loss - 
1% of product) (38.6169 (2,2361 (1,720) 

Conversion Product 3861,606 223,580 n7nog60 

Fabrf eat f on Feed 3861,606 223 580 171,960 

Fabrication Product 3475.445 201,222 154,764 

Reactor Charge, Wt 3475.445 201,222 154,764 

* Uranium returned to supplier, 



The f u e l  cycle schedule assumed by Combustion Engineering fo r  t h e i r  

study was adopted fo r  t h e  present study, with t h e  time required f o r  reproces- 

s ing Increased from 11 t o  16 days as required by t h e  NFS formula, In  order 

t o  maintain t he  same t o t a l  cycle time and thus permit c loser  comparison of 

t h e  r e s u l t s  of t h i s  study with those of Combustion Engineering, t h e  time 

a l l o t t e d  f o r  pre- i r radia t ion storage and preparation of a f ue l  batch was 

reduced from 30 t o  25 days, The f u e l  cycle schedule as  used i n  t h i s  study 

i s  shown i n  Table XXIV, Under t h i s  schedule, which assumes a plant  operating 

f ac to r  of 8 0 % ~  a batch of f ue l  i s  discharged from the  reac tor ,  m d  a new one 

charged each 82 days, 

TABLE XXPV 

FUEL CYCLE SCHEDULE 

In-Reactor Exposure a >  

Post- I r r idat fsn  Cooling 12 0 

Shipping t o  Reprocessing Plant 2 0 

Reprocessing 16 

Shipping t o  Fabrf cat ion Plant  gb 10 

Fabrf catf  on 219 

Storage and Preparatfon 2 5 

Total  Cycle Time 1067 

(a)  Core-and-axf a1 blanket elements, Radf a l  blankets 
remain in-reactor t h r ee  times as  long, 

(b )  Includes time fo r  shipment from fabr icator  t o  
reactor  s i t e ,  



Inventory Charges 

FOP ca lcu la t ions  of inventory charges involving privately-ovned 

f u e l ,  t h e  e n t i r e  f u e l  metal  inventory--uranium and plutonium--involved i n  

t h e  f u e l  cycle was computed, and i t s  value was ca lcula ted  based on $10/g f i s -  

s iEe isotopes f o r  plutonium, and $4/kg f o r  uranium, This value was assumed 

t o  represent  nondepreeiable, working c a p i t a l ;  t h e  inventory charge was taken 

as  a 10% annual i n t e r e s t  charge on t h i s  c a p i t a l ,  

Based on t h e  f u e l  cycle schedule i n  Table XXIV, each f u e l  batch 

spends 410 days of i t s  cycle ou t s ide  t h e  r eac to r ,  With a batch discharged 

each 82 days, a t  any one time t h e r e  a r e  thus f i v e  batches undergoing various 

s tages  of t h e  cycle  outs ide  t h e  r eac to r ,  A spare-fuel  r e se rve  equaling 0 , l  

batch was a l s o  assumed. The f i v e  batches were apportfoned among t h e  var ious  

s t eps  of  t h e  f u e l  cycle  i n  proport ion t o  t h e  time spent  i n  each s t e p ;  t h e  

f u e l  inventory at each step--and i n  t h e  spare-fuel  reserve--was ca lcu la ted  

from t h e  mate r i a l s  balances i n  Tables X X I I  and X X I I I ,  To t h i s  was added t h e  

f i e 9  content of one e n t i r e  r eac to r  load u n d e ~  equil ibrium condit ions.  The 

inventory charge was ca lcu la ted  as  annual i n t e r e s t  on t h e  aggregate value of 

t h i s  inventoryo 

For n i t r i d e  m e l ,  t h i s  inventory charge was ca lcu la ted  a t  $2,991,300 

per  year ,  o r  0,4269 mflls/kW-hr, For carbide f u e l ,  t h i s  charge was $2,943,200 . 
per  year ,  o r  0 ~ 4 2 0 0  m i l l s / k ~ - h 4 ,  

Inventory charges f o r  t h e  leased-fuel  case were ca lcu la ted  i n  a 

manner i d e n t i c a l  t o  t h a t  used by Combustion Engineering. The f u e l  cycle  tfme 

of 1067 days was divided i n t o  657 days i r r a d i a t i o n  tfme; 156 days pos t - i r ra-  

d i a t i o n  time (cool ing ,  shipping, and reprocess ing) :  and 254 days p re - i r r ad ia t ion  



time (shipping, f abr ica t ion ,  and s to rage) ,  For these  periods t h e  f u e l  batch 

was assumed t o  be, respect ively ,  a t  equilibrium, discharge,  and feed eompo- 

s i t i o n s  a s  given i n  Tables XV and X V I .  Using t h e  plutonium value of $ 1 0 1 ~  

241 
of puZ3' and Pu i so topes ,  use charges of 4-314% per year were apportioned 

among these  th ree  periods of t h e  cycle based on t h e  batch plutonium content 

during each period, The sum of t h e  use charges f o r  these  t h r e e  periods con- 

s i t u t e d  t h e  inventory charge por t ion  of t h e  f u e l  cycle cos t ,  For t h e  n i t r i d e -  

fueled reac to r  these  charges t o t a l e d  $266,115 per batch,  o r  0.1688 millslkw-hr, 

For t h e  carbide f u e l  case t h e  charges amounted t o  $259,118 per batch,  o r  

0,1643 mills/kW-hr, r e f l e c t i n g  t h e  s l i g h t l y  lower enrichment required f o r  

t h e  carbide f u e l ,  

Reprocessing Costs 

Reprocessing cos t s  were ca lcula ted  based on t h e  published p r i c e  

formula f o r  t h e  NFS reprocessing p l a n t ,  '48' with a base charge of $23,500 

per day. Incremental charges f o r  plutonium content ,  head end t rea tment ,  

waste s torage ,  and t h e  l i k e  were not included, I n  ca lcula t ing t h e  equivalent  

content of a f u e l  ba tch ,  one gram of f i s s i l e  plutonium was assumed t o  

be equivalent t o  1 ,5  grams u ~ ~ ~ ;  t h e  a c t u a l  r e s i d u a l  u~~~ content of t h e  

f u e l  was added t o  t h i s  ca lcula ted  equivalent  content ,  and t h e  equivalent U 235 

enrichment was computed f o r  use i n  t h e  p r i c ing  formula. For n i t r i d e  f u e l ,  

reprocessing charges amounted t o  $97.65/kg processed, o r  0,2277 m i l ~ s / k ~ - h r ,  

For carbide,  t h e  charges were $94, %8/kg o r  0,2257 mills/kW-hr, 

Plutonium Loss 

Process losses  of plutonium were assumed t o  equal 1% of t h e  repro- 

cessing feed plus 1% of t h e  f u e l  conversion product p r i o r  t o  f a b r i c a t i o n ,  a s  



de ta i l ed  i n  t h e  mate r i a l s  balance sheets .  The same percentage l o s s e s  were 

assumed f o r  n i t r i d e  and carbide f u e l s ,  and f o r  a l t e r n a t e  methods of conver- 

s ion t o  n i t r i d e ,  These a r e  t h e  same percentage losses  assumed by Combustion 

Engineerfng, although they noted i n  t h e i r  study t h a t  a c t u a l  process losses  

would be considerably l e s s  than t h i s ,  

The ca lcula ted  cos t s  f o r  plutonium l o s s  i n  t h e  n i t r i d e  f u e l  cycle 

a r e  $39,790 per  batch,  o r  0,0252 m i  lls/kW-hr; f o r  carbide f u e l ,  these  cos t s  

a r e  $38,580 per  batch,  o r  0,0245 mills/kW-hr, 

Shi  pping Costs 

Shipping cos t s  were estimated on t h e  b a s i s  used by Combustion Engi- 

neering: $16/kg f o r  i r r a d i a t e d  f u e l ;  $l/kg f o r  processed and decontaminated 

f u e l ,  o r  new f u e l  mater ia ls  ; and $3/kg f o r  f abr ica ted  f u e l  elements, with 

a l l  weights expressed a s  t o t a l  (U + PU) f u e l  metal content ,  Costs were 

i d e n t i c a l  f o r  n i t r i d e  and carbide f u e l s ,  t o t a l i n g  $73,570 per  f u e l  batch o r  

Fabri  ca t ion  

The b a s i s  f o r  f a b r i c a t i o n  cost  est imates was d e t a i l e d  previously 

i n  % h i s  repor t ,  i n  t h e  sec t ion  describing t h e  f u e l  cycle study model, For 

n i t r i d e  f u e l  prepared v i a  t h e  carbothemic-reduction nitrfda-bion process,  

fabricastion and conversion c o s t s  were est imated a t  $416,920 per  batch of f u e l ,  

o r  0,2644 milPs/kW-hr, If t h e  n i t r i d a t i o n  s t e p  involves t h e  prepara t ion of 

meta l l i c  intermediates,  cos t s  of $655,210 per batch,  o r  0,4155 mills/k~-hr , 

are indicated,  Carbide f u e l  f a b r i c a t i o n  cos t s  were estimated a t  $435,730 

per batch,  o r  0,2764 miPlslkW-hr, 



Capi ta l iza t ion 

Cap i ta l i za t ion  charges f o r  t h e  f i r s t  core were ca lcula ted  i n  t h e  

same manner as  t h a t  reported f o r  t h e  Combustion Engineering study. The 

f i r s t  core of t h e  reac to r  was assumed t o  have t h e  same plutonium content a s  

t h e  equi%ibrium core, Fabr ica t ion charges f o r  t h i s  core were estimated at 

$4.86 mi l l ion ,  and plutonium losses  associated with fabr ica t ion  were e s t  imated 

a t  $219,000, Tota l  c a p i t a l i z a t i o n  f o r  t h e  f i r s t  core then was ca lcula ted  as 

t h e  sum of :  (1 )  i n t e r e s t  charges of 10% per year on t h e  value of t h e  f u e l  

mater ia l  owned f u e l ) ,  o r  use charges f o r  t h e  contained plutonium 

at 4-3/h% per year  ( leased f u e l )  , during t h e  pre-s tar tup period ; ( 2 )  f a b r i  ca- 

t i o n  charges f o r  t h e  core; ( 3 )  charges f o r  plu%onium l o s s e s ;  and (4) shipping 

charges f o r  t h e  f u e l ,  estimated t o  t o t a l  $192,000, Annual c a p i t a l i z a t i o n  

charges were based on c a p i t a l  recovery over a 30-year period a t  6% i n t e r e s t  

%capital.  recovery f a c t o r  of 0,07265P, p lus  a 6% allowance f o r  t axes  and 

insurance, 

Annual c a p i t a l i z a t i o n  charges ca lcula ted  f o r  privately-owned f u e l  

were: f o r  n S t r i  de f u e l  using carbothermi c-reduction conversion, $883,000 per 

year ,  o r  0,1261 mills/kW-hr ; f o r  n i t r i  des us5 ng m e t a l l i  e intermediates f o r  

conversion, $ l , ~ 4  mi l l ion  per yea r ,  o r  0,1633 mills/kW-hr; and f o r  carbf de 

f u e l s ,  $902,600 per year o r  0 ~ ~ 2 8 8  millslkw-hr, 

For leased f u e l s ,  t h e  computed annual charges amount t o  $786,000, 

o r  O.ll22 mflls/kW-hr f o r  n i t r i d e  f u e l  using t h e  carbo-bhermic reduction 

n i t r i d a t i o n  process; f o r  processes using meta l l i c  intermediates,  t h i s  cos t  

was $1,018 mi l l ion  annually, or  0, 1452 mills/kW-hr, Carbide f u e l  cap i t a l ina -  

t i o n  charges were estimated a t  $805,700 per  year,  o r  O,ll$O mills/kW-hr, 



Plutoni  urn Credf t 

Credit f o r  plutonium produced i n  t h e  f u e l  cycle was based on t h e  

241) 
"ground rule"  plutonium value of $10/g f i s s i l e  isotopes + Pu , a s  

n i t r a t e s  a t  t h e  reprocessing p lan t ,  Since plutonium losses  during reprocessing 

were prevfously taken i n t o  account i n  following t h e  ca lcu la t ion  methods used 

by Combustion Engineering, plutonium c r e d i t  was based on net  production i n  

t h e  reac to r  r a t h e r  than on a c t u a l  excess plutonium del ivered,  The same o v e r a l l  

res.ur%s would b e  obtafned by basing c r e d i t s  on t h e  a c t u a l  q u a n t i t i e s  of excess 

p%utonium del ivered,  and de le t ing  t h e  charge f o r  plutonium l o s s  during repro- 

cessf ng, 

For n i t r f d e  f u e l s  t h e  ca lcula ted  net generat ion of f i s s i l e  Pu i so topes  

was 4%,l8 kg per batch (although a c t u a l  de l ivery  was 43,20 kg) ; t h e  value 

c red i t ed  was thus  $471,800 per bateh o r  0.2992 mills/kW-hr, For ca rb i  de f u e l  

t h e  estimated ne t  generat ion was  59,02 kg del ivery:  55 . I6  kg% ; c r e d i t  was 

$590,200 per batch,  o r  0.3743 mills/kW-hr . 
Net Fuel Cycle Costs 

A summary of estimated f u e l  cycle c o s t s  based on p r i v a t e  ownership 

of" f u e l  i s  given i n  Table XXV; t h e  correspondfng summary based on l eas ing  of 

f u e l  from t h e  AEC i s  shown i n  Table XXVI,  

For both t h e  privately-owned and leased-fuel  cases ,  cos t  summaries 

a r e  shown f o r  n i t r i d e  f u e l s  using both earbothermic-reduction and m e t a l l i c  

fntemedfa-be processes f o r  n i t r i d e  conversion, and f o r  carbide f u e l ,  i n  a 

reac to r  model a s  ca lcula ted  by DDK-DTK-PYRE techniques a s  a p a r t  of t h i s  s tudy,  

For t h e  leased-fuel  case,  summaries a r e  a l s o  given f o r  carbide f u e l  as repor ted  



TABLE XXV 

FUEL CYCLE COST SUblMAR'Y 

PRIVATE OWNERSHIP OF FUEL 

I n t e r e s t  charge 10% per year on non-depreefatfng working c a p i t d  repre- 
sent ing t o t a l  uranium and plutonium value i n  f u e l  system, 

Cost (mi l1s/k~-hr ) 
Ni t r ide  Nftrf  de BNW 

( nonmetal ) ( a >  (meta l )  (b% ( earbide)  ( c  

Inventory 0,4269 0.4269 0. 4200 

Reprocessfng 0,2277 0,2277 0,2278 

Pu Loss 0.0252 0.0252 0,0245 

Shf pping 0.0467 

Fabr ica t ion 0.2644 

Capi ta l iza t ion 0,1261 

Gross Cost 1,1170 

Pu Credit 

Net Cost 

(a) Nit r ide  f u e l  u t i l i  zing earbothemf e redue t i  on process o r  
equivalent  process f o r  conversion t o  n i t r i d e s .  

(b) Nit r ide  f u e l  u t f i i z i n g  meta l l i c  intermediates i n  conversion 
t o  n i t r i d e s ,  

( c )  Carbide fueled  reac to r  a s  ca lcula ted  i n  t h i s  study by same 
procedures and techniques used f o r  n i t r i d e  f u e l  ca leula t fons .  

by Combustion Engineering, a s  recalcula ted  t o  r e f l e c t  use of t h e  NFS f u e l  

reprocessing p lan t ,  The Combustion Engineering r e s u l t s  were not recaPculated 

f o r  p r i v a t e  ownership, 



TABLE XXVI 

FUEL CYCLE COST SUMMARY 

LEASED ITEL 

Use Charge: 4-3/4% per year on value of plutonium. 

Cost (mflls/k~-hr ) 

 itr ride(&)   it ride(^) B N W ~ C )  CE( 
(nonmetal) (meta l )  Carbide Carbide 

Inventory 0,1688 0.1688 0.1643 0.1562 

Reprocessing 0.2277 0.2277 0,2278 0.2257 

Pu Loss 0.0252 0,0252 0.0245 0.0235 

Fabr ica t ion 0,2644 0.4155 0.2764 0.2614 

Capi t a l i z a t  ion  0.1122 0,1452 0.1150 0.1086 

Gross Cost 0,8478 1,0291 0,8547 0,8231 

Pu Credit 0.2992 0,2992 0,3743 0,4125 

Net Cost 0,5486 0 a 7299 0.4804 0.4106 

( a )  N i t r i d e  f u e l  u t i l i z i n g  carbothermic reduction process o r  
equfvalent process f o r  conversion t o  n i t r i d e s ,  

(b) N i t r i d e  f u e l  u t i l i z i n g  meta l l i c  intermediates i n  conversion 
t o  n i t r i d e s ,  

Q c )  Carbide fueled  reac to r  as ca lcu la ted  i n  t h i s  study by same 
procedures and techniques used f o r  n i t r i d e  f'uel calcuPations,  

( d )  Carbide fueled reac to r  a s  repor ted  i n  Reference 2; cos t s  
r eca lcu la ted  t o  r e f l e c t  f u e l  processing a t  NFS f a c i l i t y ,  



Costs fo r  t h e  carbide f u e l  cycle ( leased f u e l )  as calculated by 

BNW techniques a r e  s l i g h t l y  higher than those reported by Combustion Engi- 

neering--0,480 ITS 0.411 mf lls/kW-hr--reflecting t h e  higher en r i  chment requi re- 

ments predicted by t h e  BNW calcula t ions ,  As was previously discussed, physics 

calcula t ions  f o r  t h e  carbide-fueled reactor  were performed i n  t h i s  study 

pr incipal ly  t o  provide a va l id  comparison between n i t r i d e  and carbide f u e l  

costs ,  by eliminating t h e  ra ther  l a rge  uncer ta int ies  introduced through vary- 

ing calcula t ional  techniques. 

Pr ivate  ownership of f'uel, a s  shown i n  Table XXV,  increases f u e l  

cycle costs  f o r  a l l  cases studied by about 0,27 mflls/kW-hr a s  compared t o  

leased-fuel costs ,  The cost differences mong the  various fue l s  a r e  essen- 

% i a l l y  t h e  same f o r  e i t he r  privately-owned or  leased fue l ,  Sinee t he  magor 

e f f ec t  of p r iva te  ownership i s  t he  s u b s t i t u t i  on of a gprobably substant i  a l l y  

higher)  charge f o r  i n t e r e s t  on working c a p i t a l  i n  place of t h e  fuel-use 

charge, t h e  inventory and f f rs t -core  cap i ta l i za t ion  charges a r e  t h e  only 

port ions of t h e  f'uel cycle cost  af fected by pr iva te  ownership versus leasing 

of t h e  fue l ,  

For n i t r i d e  f u e l  produced t h ~ o u g h  the  carbothermie reduction process, 

fabr icat ion costs  a r e  estimated t o  be s l i g h t l y  lower than f o r  earbide fue l ,  

Total net f u e l  cycle costs ,  however, w e  s l igh%ly higher than t h e  carbide 

fuel cycle costs ,  by some 0,069 mills/kW-hr, Thi s increase i n  cost  i s  due 

primarily t o  t h e  somewhat higher enrfchment required f o r  t he  nitr ide-fueled 

reactor ,  

The higher conversion cost  of n i t r i d e  f u e l  produced through metal l ic  

intermediates r e s u l t s  i n  a s ign i f ican t  fncrease i n  t he  f u e l  cycle cost-- 



0 ,~81-0 , l88  mills/kW-hr higher than f o r  carbothemic-reduction n i t r i d e ,  o r  

0,250-0,256 mills/kW-hr higher than f o r  carbide f u e l ,  The only d i f fe rence  

i n  t h e  two n i t r i d e  cases i s  i n  t h e  conversion cos t s ,  which a f f e c t  cos t s  of 

f a b r i c a t i o n  and of f i r s t - core  c a p i t a l i z a t i o n .  This l a r g e  d i f fe rence  i n  f u e l  

cycle cos t  i l l u s t r a t e s  t h e  importance of development of economic conversion 

processes--such a s  t h e  carbothermic reduction method--to establishment of 

n i t r i d e s  a s  economically competftive f u e l s ,  

The indicated  di f ference  of 0.068-0.069 mills/kW-hr between f u e l  

cos t s  f o r  "carbothermic" n i t r i d e  and f o r  carbide i s  small enough t o  ind ica te  

t h a t ,  assuming development of t h e  carbothermic reduction process o r  an equiva- 

l e n t  process,  n i t r i d e  f u e l s  could be considered competitive with carbides,  

The indicated  cos t  d i f f e r e n t i a l  could presumably be reduced i n  a r e a c t o r  

design optimized f o r  t h e  use of n f t r i d e  f u e l s ,  Furthermore, it was indicated  

previously i n  t h i s  r epor t  t h a t  t h e  ni trogen component of t h e  n i t r i d e  f u e l  

apparently provides a s i g n i f i c a n t  negative contr ibut ion toward t h e  sodium 

vofding coef f i c ien t ,  If t h i s  negative contr ibut ion could be r e a l i z e d  I n  an 

a c t u a l  r eac to r  design, it could r e s u l t  i n  important benef i t s  from design 

s impl i f i ca t ion  and improved reac to r  operat ion,  These b e n e f i t s  could con- 

s iderably  outweigh t h e  r e l a t i v e l y  small df f ference  i n  f i e l  cycle  c o s t s  indi -  

eated i n  t h i s  study between n i t r i d e s  and carbides,  

Areas Requiring Development 

During t h e  course of t h i s  study it became evident t h a t  t h e  n i t r i d e s  of 

uranium and plutonium a r e  a t t r a c t i v e  a s  p o t e n t i a l  f u e l s  f o r  commercial f a s t  

breeder power reac to r s ,  which a r e  expected t o  come i n t o  use i n  t h e  %ate  1970's 





t h a t  n i t r i d e  f u e l s  would be compatible i n  reac to r  se rv ice  with t h e s e  mate r i a l s ,  

Additional d a t a  a r e  required,  however, t o  a s c e r t a i n  compat ib i l i ty  f o r  long 

periods of t ime,  under varying temperature condit ions,  and under r a d i a t i o n  

exposure, 

I r r a d i a t i o n  Behavior - Exis t ing information on t h e  behavior of t h e  

n i t r i d e s  under i r r a d i a t i o n  has been obtained l a r g e l y  with small-scale capsule 

f r r a d i a t i o n s ,  Considerable add i t iona l  work is  needed t o  expand t h e  present ly  

ava i l ab le  information, and t o  extend it t o  higher temperatures and higher 

exposures with s u f f i c i e n t  confidence t h a t  i n t e g r i t y  of t h e  f u e l  under oper- 

a t i n g  condit ions may be assured, 

Gas Generation and Retention - Currently ava i l ab le  d a t a ,  although q u i t e  

l imi ted ,  ind ica te  t h a t  t h e  f i s s i o n  gas r e t e n t i o n  c h a r a c t e r i s t i c s  of t h e  

n i t r i d e s  should not d i f f e r  g r e a t l y  from those  of t h e  carbides,  Addit ional  

information i s  needed t o  corroborate t h i s  behavior, t o  extend knowledge of 

r e t e n t i o n  c h a r a c t e r i s t i c s  t o  higher temperatures and t o  higher f u e l  burnup, 

and t o  v e r i f y  ca lcu la ted  r a t e s  of hydrogen and helium generat ion due t o  

(n ,  p )  and (n ,  a )  reac t ions  with ni trogen,  
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