




F e r t i l e  stream processing s t e p s  cons i s t  of p r o t a c t i r i i m  
removal, f l u o r i n a t i o n ,  and UT6 sorpt ion.  Protactinium removal 
i s  s ingu la r ly  i.mportant because of t he  improved breeding 
performaneewithlcm protact inium concentrat ions i n  t h e  f e r t i l e  
stl-eam, Re la t ive ly  high processing r a t e s  a r e  required,  

Xenon poisoning i s  kept low by i n j e c t i n g  a purge gas  
d i r e c t l y  i n t o  the  c i r c u l a t i n g  f u e l  stream. An i n - l i n e  s t r i p p e r  
removes the gases,  which ape routed t o  a charcoal system f o r  
r e t e n t i o n  and decxy, 

This document descr ibes  t h e  f u e l  and blanket processes  

It i s  concluded t h a t  t h e  
f o r  t h e  MSBR, g iv ing  t h e  cur ren t  s t a t u s  of t h e  technology and 
ou t l in ing  t h e  needed development, 
p r i n c i p a l  needs a r e  t o  develop t h e  vacuum d i s t i l l a t i o n  and 
protact inium removal operat ions,  which have been demonstrated 
i n  t h e  labora tory  but not on an engineering sca le .  A program t o  
develop contirmous f l u o r i d e  v o l a t i l i t y ,  l iquid-phase reduction- 
r econs t i t u t ion ,  improved xenon cont ro l ,  and spec ia l  instrumenta- 
t i o n  should a l s o  be a major developmental e f f o r t ,  
manpower and cos t  f o r  developing MSBR f u e l  and f e r t i l e  processes  
i n d i c a t e s  t h a t  it w i l l  r equ i r e  288 man-years of e f f o r t  over a 
7-year per iod  a t  a t o t a l  cos t  of about $18,000,000. 

An est imate  of 
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The breedj.:ig p;;-cerrtial c:? a m o l t e n  sa l t  yeactor  ope-ratkig m the  
thori-m-urar_j.rLm cycle has been recogcizzd for a number of years ,  and ir, 

1959 a study w a s  i c l t i a t e d  t,c cmpa-t-e t h e  -?!BR or, t h e  same bases  w i t h  

atk: e r  tlficr i m  -.uyar,i -m bre e A L. e r s ,9 namely, a.queoils homcgenecus, l i q u i d  bismuth, 

arid gas-cool.cd i-eact,ors, The comparisons were made 911 t h e  bases  of fuel!. 

y i e l d  (perc;.efib cf fissile LraeiiCcry bred per yea;-) a:d f u e l  cycle cos t ,  and 

the  result ,s  cmzi'irned the 'mlief t h a t  -ths NIsi3El was a1;tr.active ir_ boi~b 

regards Bmliiations of MSBli c o i i c e ~ t s  haae cxki i iued  %(,)ward optkflj.z?:rg 

nuc lear  and economic perf urnance and. have r-esulted iri t h e  generatiori o f  

more r s l i a b l e  infonnat, ian on t h e  sys'sern, 'These evalca!;i 

served tc pc3.n.t Che dii'ec'tiol? o f  d e s i r a b l e  d.evelqment  and reseai-sh, 

8 

'&ereas t h e  i n i t i a l  st::.dries w e x  made ~ n .  ths 'bases of (z.1 cm--sl.%e and (b) 
cen-bra1 process ing  p l a n t s  using ex i s t ing  p r x e s s i n g  techniques,  .the savings 

that would r e s u l t  by usi.ng an in tegra ted  pmcess ing  plail t ,  i . e ,  

a.pparent Furthermore, a new processing x n c e p t  f z r  reccvering ' he  fuel 

camier-  sa l t  by vacimn d i s t i l . l a t i o n  had been & m n  by Kelly4 t,o be f e a s i b l e ,  

considerably enhancing the  eccnarriic appearaxice of the MSRR. Tlfie se aspects 
of t h e  f u e l  cycle  were s tudted 'by Scott and Carter' for a 1000-Mw (elec--.  

t r i c a l  system. Protactinium removal from t h e  f e r t j - l e  s t r ean  was r,ot 

considered as a processing s t e p  i n  tlnese s tud ie s  becau-se no sat i .sfac- tmy 

process  was apparent;  h.orpsever:, ma-e recent  e-xperirnent,~ h w e  suggested a 
mechanism cf protactinium rernsval~ whereby sigixif i c a n t  improveitler>.t i ?I t he  

breediiig perforinarice of an. MSBR czr! he :ici;i.essd., 

( a ~ ) 9  s o m  became 

These newer design and pr::~cesslrg coi-jcepis have been Incmpsra ted  i x i o  

inme recec t  physics  and eco9,umic calcu.latti,.)ris ts &fine  an o p t i n x i  MSBS.. 

T l x  discussion t h a t  f cll.ows t r e a t s  prnce ssing of MSW fuel and- f e r L i l e  

streams in thi s sane r e  spe c-L First proce ssi.:;g ioec;i.liremellts for  m 

ecunoniic m o l t m  salt, breeder a re  discussed; second, the process  is described; 
t h i r d ,  the s t a t u s  of t h e  t,echnclogy and rieedad 5evelqmrEt for each pr-occss 

s t ep  axe described; f o u r t h  a t t r a z t i v e  a l t e r n a t i v e  precesses t o  the rns-in- 

l i n e  opera-tisr-s are disc:issed; finali.y, a seI?,eiiij_le cf manpawel. ,and 

c o s t s  for a devel-apxnental p r c g r m  Lo s o l - ~ e  c r i t , i e a l  MSNi processlng problems 
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and. t o  provide the processes  and equipment for t h e  processing p l an t  f o r  an 
Engineering Test TJnit i s  included, 

ELFXENTS AND REQUIREMENTS OF MSBR PROCESSING 

One of the  mo.st a t t r a c t i v e  features of a two-region, molten sa l t  
r eac to r  i s  the  ease wi th  which the  f u e l  and f e r t i l e  streams can be processed 
f o r  removal of f i s s i o n  products and recovery of bred ma te r i a l ,  

streams a r e  easily removed from and returned t o  the  r eac to r  without clisturb- 

jng operat ions,  and t h e  processing methods are r e l a t i v e l y  simple and s t r a i g h t -  
f o m d r d ;  On-site processing i s  a primary requirement of a breeder reac tor ,  

which would be a t  an extreme disadvantage i f  a s izable  invenfory of f i s s i l e  

ma te r i a l  were he ld  up i n  decay cooling and  t r a n s i t .  

The f l u i d  

Ob j nc t ives  

The f u e l  stream of t he  MSBR i s  a mixture of LiF-BeF -UF i n  t h e  
2 4  

approximate molar proport ions 63,6-36.2-0.22 mole $; t h e  f e r t i l e  strem 

i s  a mixtui-e of LiF-BeF -ThF of appyoximate composition '(1-2-27 mole $ o  

The primary objec t ive  of t h e  f u e l  p ro iess  i s  t o  recover both uranium and 
c a r r i e r  s a l t s  s u f f i c i e n t l y  decontarninated from f i s s i o n  products t o  ensuTe 

a t t r a c t i v e  breeding performance of t h e  r eac to r .  To d i sca rd  t h e  c a r r i e r  s a l t  
with tlze f i s s i o n  products i s  not economical- s ince both l i th ium and 

beryl l ium a r e  expensive components ( the  f orrner being enriched t o  about 

2 h 

99.995 a t .  $ 7Li), For t he  blanket  processing,  t he  objec t ive  i s  t o  remove 

t h e  bred f i s s i l e  material on a s u f f i c i e n t l y  rap id  cyc le  t o  minimize the  
inventory of f i s s i l e  n a t e r i a l  

fission products i n  t h e  blanket  salt .  This can be accomplished by 

removing t h e  233U on a r e l a t i v e l y  P a s t  cycle  but even more e f f ec t ive ly  

by removing t h e  p ro tac th iu rn  precursor  r ap id ly  enol@ s o  t h a t  i t s  cor,- 

cen t r a t ion  i n  %he blanket  i s  low, 
beczise  each capture of a neutron by an atom of '33~a r e s u l t s  i n  the  net  
l o s s  of two neutrons ( e f f e c t i v e l y  two atoms of bred * 3 3 ~ ) .  

t h e  f i s s i o n  r a t e ,  and concentrat ion of 

A low 233Pa concentrat ion i s  des i r ab le  



A n  e s s m t l a l  el c-rjt. ic +,he des j .g i  r : l f  an MSk processing p l an t  i.s 

tha t  cf keepifig the  Y J ~ ,  -rf '  --reaet.cr iriv.r;:-ccq I . iw t o  decrease I;.mertory 

chal-ges and imprcve the  fuzl.  y<.eld wk2& I s  t he  f r a z t j  i13 of fissi1.e 

inventory bred per year.  

i s  -to c lose-cmple the  p; .xessing p l an t  wj.t ,h h e  reac:;or, and i.t t s  prc-  

pcsed to inkgra-Le the .two cpei-at,ir>iq.s i'roce ssiing eqii-i.pment w i l l  be 

1.ocated i n  ce1.3.s adjacerii -to *,he r e a ~ t . ~ r  .:dig and a small por-ti.on of' 

each c i r cu la t ing  s-Lr-em w i l l  be metered serniccr~ti-nuo-isly t:, the pi-oce ssing 

plar, t ,  Mast processing =Ipei-ati.cns a re  cont inams:  ilie f u e l  stream bei-ng 

purged Gf fi. ssion product,s, fortified. w i t k  makeay, f u e l  and car*i=leq and 

r e t w n e d  t o  the reazt,c.r core; the f e r t i l e  stream beifig s t r ipped  rjf i t s  

prstact , inium and urai?iiim, f o r t i f i e d  w i t h .  makeup iiirjriurrl and m t w n e d  t o  
th.e b lanket ,  It i s  nst, gecessary t o  a l l ~ w  long &cay per iods  oefore  

processing since the Yeactan-ts are ei.-t.,i.ier gaseocis (F ) or solid (grarmlar 

NaF) and a r e  nijt a f f ec t ed  33;~ st,rc!ig raaiat . ion f i e l d s  
befcre  p r o c e s s k g  n3 l-acger %an ?:?e day and per>:aps as lcw as  a few hours 

sb.ould suffice. Tile 1eu;gth of this per-iod depen2s 'upon t h e  desigri of t h e  

c ont i nu3-d s f I iior i r:a 'c. o r  a nd .:;he a5 i 1 i ty 6,:) c rjnt, r" #zIl  ib e 1 lu.ol-i na t f. on t emp e ra - 
t u re  Rencval of f i s s ix :  product decay heat  i s  a p r i w i p a l  consideratLon 

The logical.  way t o  ackiie.:re this l o w  imiei'itai"y 

2 
Coali.rig p r r iods  

t ~ b r V d g h G U t  'i.he pl-ark 

In  LLe iiitegra-Led pl-a-nt a l l  s e r ~ i c e s  aTrailable t,cj ?;kc react ,or  are 

avai lab le  t o  t he  chemical p l an t  il : hese Irici1id.e meclr.anlca1 eqvripxerit 

compressed gases, heat iag mid ventilating eq7;ipr;.ent, e lect , r ic i t .y ,  shop 

se:rvices, supervision, e t c .  The cost. savings f o r  an integrated f a z i l i t y  

are imriedi.stely apparsxt iqhen cne consi.ders bhe lnrrge m.ourit cf dupli  ca - 
t i o n  Tequired f o r  separaLc p l a n t s ,  Orly a re laLive ly  small space i s  needed 

f o r  the process5.ng equipniect, 2s ccinpared to t h a t  needed €or  the reac6c.r arid 

power emvers ion  equipment, s o  t h a t  the add i t iona l  biiilding c ~ s t  i.s small 

Process Operatioris 
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d i s t i l l a t i o n ,  and salt r e c o n s t i t u t i o n  The f e r t i l e  stream requ i re s  
f l u o r i n a t i o n ,  sorp t ion  of UF6, and f o r  maximum e f fec t iveness  includes 

protact inium removal 

processing f o r  achieving a hi-gh-performance molten s a l t  breeder .  The 
technology f o r  f l u o r i n a t i o n  and sorp t ion  i s  we l l  developed (through t h e  

opera t ion  of t h e  f l u o r i d e  v o l a t i l i t y  p i l o t  p l a n t  a t  0FZNL);the ot,her opera- 

t i o n s  have been demonstrated i n  small engineering experiments andfor i n  

t h e  l abora to ry ,  The process  f o r  each stream i s  capable of economically 

recovering more than 99.9% of t h e  uranium, 94% or more of t h e  LiF-BeF 
i n  tne  f u e l  c a r r i e r ,  and more than 99% of t h e  LiF i n  t h e  f e r t i l e  stream., 

These opera t ions  represent  t h e  most s t ra ight fo-mard  

2 

DESCRIPTION OF PROCESS 

The processing f a c i l i t y  must be capable of removing t h e  major po r t ion  

of t h e  f i s s i o n  products  from the  molten f u e l  salt and re turn ing  t h e  p u r i f i e d  

s a l t  t o  the  f u e l  system a f t e r  r e c o n s t i t u t i o n  with 233U and c a r r i e r  salts, 

In  blanket  processing,  t h e  f a c i l i t y  must recover bred uranium, minimize 

p a r a s i t i c  neutron l o s s  t o  protactinium, and minimize t h e  loss of c a r r i e r  
and f e r t i l e  salts wi th  t h e  waste 

In F ig .  1 a flow diagram i s  presented  t o  show t h e  s t e p s  i n  processing 
a molten salt  breeder .  The flow r a t e s  were obtained from physics  ca l cu la -  
t i o n s  for a 222S-m~ ( thermal)  reference r e a c t o r .  

52 days, and the blanket  cycle time i s  about 2 2  days f o r  t h e  uranium 

recovery s t ep ;  protact inium removal i s  on a 1-day cyc le ,  

i s  2160 Mw (thermal);  t h e  blanket  power i s  6;' Mw ( thermal) .  

s i m i l a r  t o  F ig ,  1 and excluding t h e  protact inium removal s t ep ,  w a s  used i n  
a design and cost  s tudy 

MSBR 

The core cycle time i s  

The core power 

A flowsheet,  

1 of a processing p l a n t  f o r  a 1000-Mw ( e l e c t r i c a l )  

Fuel Stream Process 

Decay Holdup 

I r r a d i a t e d  f u e l  i s  removed d i r e c t l y  from t h e  c i r c u l a t i n g  f u e l  stl-eam 

f o r  processing, and, a s  such, i s  only a few seconds removed f r o m  the  

f i s s i o n  zone. The g ross  h,eat generat ion r a t e  i s  shown i n  F i g e  2 ,  It i s  



NO. REACTORS/STATON P 4 
POVER/REACTOR 
FUEL VOL./REACIOR 3 225FT’ 
BLANKET VOL./REACTOR 627 FT3 
U INVENTORY/REACTOR E 19Okg 

Fig. I.. Processing Diagram f o r  a Molten S a l t  Breeder Iteactor. 
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TIME AFTER DISCHARGE FROM REACTOR (days) 

Fig. 2, Fission Product Decay Heat in MSBR Fuel Stream for a 
1000 Nw (electrical) Reactor. 
of fission products in t he  discharged fuel. 

The curve is calculated for the gross amount 

la 20 

18' 
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ixcessary  'to a3.1m fissicfi piad:j.cts t o  decay a few hcurs before T l u o r i n a t i m  

so t h a t  th.e f luc r ina t ing  tempera.t8we can be coiitrol.l.ed at9 the des i r ed  value 

T h i s  holdup will be ca r r i ed  out i n  a mef,ering tank i n  the r eac to r  c e l l  where 

the re  i s  conveni.ent access  tn t he  r eac to r  cooling systerri, 

C ont i n uou s Fluori  na t i G li 

Aftei- t he  cooling per icd ,  the  f u - e l  s a l t  f l o w s  i.nto t h e  top  of a 

columnar vesse l  wh.ere it i.s contacted by a countercurrent stream of f l u o r i n e  
gas  'The teiiiperature of f 1-uorination i s  cont ro l led  at; about s s O o  C, Uranium 

t e t r a f l u o r i d e  i n  the  i r r a d i a t e d  salt r e a c t s  quan t i t a t ive ly  with fl.u.orine t o  

give volatf1.a UFb9 which i s  ca r r i ed  ove1-h.ead. by excess f l u m i n e  
cherrlical reacticjn i s  

The 

UF f FS 7: UF6 

Certain f is .sioii  prcduet; Ylux=ides 3re also v o l a t i l e  and wi3.3. leave 

I$ - 

the  f luo r ina to r  wtth the  UY6. 

.vcllatile f l u o r i d e s  a re  rutken.ium, niobium, mdybdenurn, technetium, and 
t ~ l l . ~ J , ~ i ~ o  

fi.ssii;n prcdiict iodine and bromine w i l l  a l s o  be present  These elements 

a rz  oxidized 'by f luor ine  to v d a t i l e  interhalogen ccmpounds and exit; i n  

the  UF6 stream, 

pre  s s i r e  and has been observed i n  the  overhead prcdutct e 

are ased t o  p u r i f y  the UF6 product,  

Th.e p r i n c i p a l  me ta l l i c  elements t h a t  form 

Since prefli2icririation tim.e i s  s o  shor t  , appreciable ajncllilts of 

Zirccniuin f luo r ide  also has a r e l a t i v e l y  high vapor 

Sorption techn-i qw s 

TJF Pur i f i ca t ion  by Sorption 4- -- 
Vola t i le  f i s s i o n  product f l u o r i d e s  and UF a re  separated i n  a s e r i e s  6 

These are batch s teps ,  but t he  pmcess  cf sor@i.on and desorpt ion s t eps ,  
i.s made continuous by using p a r a l l e l  beds a l t e r n a t e l y ,  

The first separat ion is made when t h e  gas passes  through a bed of 
p e l l e t i z e d  NaF. The system cons i s t s  of Lwo d i s t i n c t  zonesg one he ld  at; 

k00"C and one at; abcmt 1CO"C. 

f i ss ior i  pr.odxcts, corr-osion pX'odiicts, and e?ntrair,ed sal-t a r e  i r r eve r s ib ly  
remcved whi le  Lhe UF and scwe f i s s i o n  products  pas s  t h r m g h  t o  the 3.ower- 

temperatwe zone. I n  .this z m e ,  UF',, and MoF6 w e  sorbed, 
f l uo r ine  c a r r i e r  passes Ll~ough  t h e  ne-x-t, bed ~f p e l l n t i z e d  MgF, 

i n  the hi.p;her-i.er~i~erat!ire zone, most of the  

6 
The barmen 

0 
which is 2 
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bel ieved  t o  be er"fectiv-e f a r  sorbing teclir,etium; however, ava i l ab le  da ta  

a r e  riot a l t oge the r  conclusive,  The v o l a t i l e  halogens a re  expected t o  pas s  

through t h e  sorbers  and remain i n  t h e  recycle  f l u o r i n e  stream, These a r e  
c -mt ro l l ed  by decay and by a mall gas  purge t o  the  off-gas d isposa l  system. 

About 10% of t h e  c i r c u l a t i n g  f luo r ine  w i l l  have t o  be discarded t o  purge 

these  fiss-Lon products e 

When t h e  low-temperature zime of the  NaF bed i s  loaded with UP6, t he  
bed i s  taken o f f  stream, and the  temperature of the  co ld  zone i s  slowly 

r a i s e d  while  t h e  bed i s  swept with f luo r ine  gas ,  

150" C, molybdenum f l u o r i d e  desorbs and i s  c a r r i e d  away, thereby separat ing 

it from UT6. The temperature i s  r a i s e d  higher  t o  about 400°C f o r  complete 
desorpt ion of uranium, which i s  co l l ec t ed  f o r  reeyc le  t o  t h e  r e a c t o r .  The 

NaF and @F 
a t  t h i s  po in t  they a r e  discharged t o  waste and f i l l e d  wi th  f r e s h  mater ia l .  

Tne operat ion of t he  sorp t ion  system i s  diagrammed i n  Fig. 3 .  

A t  temperatures around 

beds a r e  reused u n t i l  loaded wi th  r e t a i n e d  f i s s i o n  products; 2 

The rate of hea t  generat ion by f i s s i o n  products deposi ted on the  

sorbers  might be a s  l a r g e  a s  30% of t he  gross ratre shown i n  Fig. 2 .  
f o re ,  t h e  beds w i l l  r equi re  cooling t o  prevent loca l  overheating. 

There- 

TF Col lec t ion  
4 1  

Desorbed UF i s  c a r r i e d  by f l u o r i n e  i n t o  a primary cold t r a p  held a t  6 
about -h.O"C where it i s  co l l ec t ed  f o r  the  f u e l  r e c o n s t i t u t i o n  s t e p ,  The 
-.!40"C t m p  i s  backed up by a colder (-60°C) t r a p  t o  catch any uF6 t h a t  

migM pass  through t h e  f i r s t  t r a p ,  
t r a p  i s  included Lo t r a p  any W6 t h a t  might ge t  through t h e  co ld  t r a p s .  

'FJhen a cold t r a p  i s  loaded wi th  UF6, t h e  t r a p  i s  warmed t o  t r i p l e  po in t  

condi t ions (90°C and 46 p s i a )  t o  melt UF6 and a l low it t o  d r a i n  te a 

rece iver  f o r  feeding the reduct icn  unlit,. 

For add i t iona l  s a f e t y  a NaF chemical 

Vacu.um D i s t i l l  a t  i on 

Af ter  f l no r ina t ion ,  t h e  bar ren  c a r r i e r ,  containing t h e  bulk of t h e  
f i s s i o n  products,  f lows t o  a s t i l l  which. i s  operated a t  about 1 mm IIg 

pressure  and 1000°C. 

i n  t h e  s t i l l  bottoms. 
The L i F  and BeF v o l a t i l i z e ,  l eav ing  f i s s i o n  products 2 

This res idue c o n s i s t s  l a r g e l y  of r a r e  e a r t h  f l u o r i d e s ,  



F2  AND (Ru, Te, I, Br, Mo) 
FLUORIDES TO GAS 
SCRUSRER AND/OR 

RECYCLE 
ORNL DWG 65-3015 R4 

SECONDARY 
COLD TRAP, 
-4OOC 

PRIMARY COLD 

DESORPTION 

FLUORINASOR 
OFF-CAS OR 

UFg TO 
REDUCTIQN UNIT 

NaF WASTE 
(Nb,Zr) 

Fig. 3. UF Purification System ~ i t h  Disposition of Vola t i le  6 Fis s ion  Products ,  



which are t h e  p r inc ipa l  neukzon poi s o r s  * Available da ta  i i idlcate  that .  t he  

r e l a t i v e  v o l a t i l i t i e s  of t h e  ram ear th  f luo r ides ,  compared t o  LiF and BeF 
are l ~ w  and that a goad separa t ion  can be achieved i n  a s ingle-s tep  d m t i l l a -  

t ior_ without r e c t i f i c a t i o n ,  

f o r  severa l  f l u o r i d e  compounds 

2 j  

The following data (Table 1) have been obtained 

Table 1. Relat ive V o l a t i l i t i e s  of Flare Ear th  Fluorides ,  
ZrFL, and BeF With Respect t o  LiF 

Temperature r- 1000°C 
Pressure = 1 6 )  E ' .  rm Hg 

3 

_ _  ~- ~ __ ~ 

6 omp one n t  Mole Frac t ion  i n  Liquid Relat ive V o l a t i l i t y  

It i s  proposed t o  operate t h e  still semicontinaously, allowing t h e  
f i s s i o n  products t o  c o l l e c t  i n  the s%ill bsttoms; the brsttoms, i n  t>urn, 
a r e  sent  t+o  t he  f i s s i o n  product accumulator tank ( s e e  Fig. 1) f o r  d i l u t i o n  

and s torage ,  

1,iF-BeF., mixtnre 

s t i l l ,  The acc imda to r  salt is yecycled through t h e  still by adding i t  
i n t o  the s t i l l  f eed  comi,ng from the f luor ina tor .  
ratic can have any des i r ed  value,  it i s  ad jus ted  t o  exerc ise  contrwl cver 

t h e  hea t  generation r a t e  i n  t he  s t i l l  as the  f i s s i o n  pror41ucts coxt inmusly  
conc:entrate a t  tha.-t pc in t  

low as l n l  i s  adequat<e f o r  cont ro l  of t h e  hea t  generat ion.  

2 

 he accumulator contains  about LOO ,,' of 98-12 mole 

which i s  t h e  equilibriiur, composition of the l i q u i d  in tf-le 
c 

Since the recyclePfeed 

Calculat ions ind ica t e  t h a t  a v c l m e  rat& as 

3 The k00 f t  of LiF-ReF m i x t u r e  i n  t h e  accumulator i s  bel ieved t o  be 

mtff ic ient  f o r  co l lec t ing  f i s s i o n  products for t h e  e n t i r e  3CI-year lLfetime 

of the  r e a c t o r ,  A t  t h e  end of this time the mixture can be processed for 
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recovery of LiF and BeF 

medium f o r  permanent disposal .  
and t r ans fe r  of f i s s i o n  products t o  some ineqensi.-ve 2 

Although CsF and RbF have higher vapor pressures  -than LiF and would be 
expected t o  contaminate t h e  recycle  c a r r i e r ,  no d i f f i c u l t y  i s  expected with 

these  f i s s i o n  products because each has  a gaseous precursor  wbi.ch i s  removed 

on a very fas t  cycle i n  t h e  gas  sparging operation. Another f i s s i o n  product 

. that  has  a r e l a t i v e l y  high vapor pressure i s  ZrF and it might be necessary 

t o  d iscard  a s m a l l  f r a c t i o n  of t h e  c a r r i e r  d i s t i l l - a t e  t o  purge t h i s  poison. 

There i s  some evidence t h a t  t h e  a c t i v i t y  of ZrF i s  low i n  t h e  s t i l l  bottoms; 
thus ,  most of t he  ZrF w i l l  remain i n  these  bottoms. Even i f  a l l  t h e  ZrF 
d i s t i l l e d ,  no more than 5% of t h e  d i s t i l l a t e  would have t o  be discarded t o  

cont ro l  i t s  poisoning e f fec t .  

4' 

4 
4 4 

Although f luo r ina t ion  i s  expected -to recover g rea t e r  t han  99.9% of 
khe uranium i n  t h e  f u e l  stream, any sniall f r a c t i o n  t h a t  reaches the vacuum 

still i s  not e n t i r e l y  l o s t .  

g rea t e r  than t h a t  of LiF allowing p a r t  of t h i s  uranium t o  accompany the  

cai-rier salt e 

The vapor pressure of UF a t  1000°C i s  s l i g h t l y  4 

Fuel. Reconst i tut ion 

The p r inc ipa l  operat ion i n  r econs t i t u t ing  the  f u e l  i s  t o  recombine 
the d i s t i l l a t e ,  t h e  recycle  and makeup uranium, and the makeup c a r r i e r  

sa l t  i n  the  proper proport ions f o r  feed  t o  the  r eac to r .  Uranium hexa- 

f luo r ide  from t h e  cold t r a p s  i s  mixed wi th  a por t ion  of t he  bred TJF/ from 

t h e  blanket process,  and t h e  mixture i s  dissolved at, 550 t o  600"~: i n  

recycle  f u e l  salt .  The mixture i s  kept a t  t he  proper UF concentrat ion 

by introducing LiF-BeF2 d i s t i l l a t e  and makeup. 
i n t o  the  mixture t o  reduce UF6 t o  E? 
out  continuously i n  a s ing le  un i t .  

0 

4 
Hydrogen i s  then  introduced 

The e n t i r e  operat ion can be ca r r i ed  4' 

A f i l t e r  a f t e r  t h e  reduct ion u n i t  w i l l  be used t o  c l a r i f y  the  f u e l  
salt  before  it goes t o  the  r eac to r .  
p r e c i p i t a t e  any c o l l o i d a l  n icke l  o r  i-ron, which w i l l  contaminate the  salt 
(as  a r e s u l t  of equipment corrosion) .  

Reducing condi t ions i n  t h e  column w i l l  
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-the low s d u b i l l t y  of tine rare gases i n  molten f luo r ide  

sal ts ,  xenon can be s t r i p p e d  from the fuel salt by sparging with an i n e r t  

gas such as helium DP nitrogen. Tne sparging i s  done i n  an in- l ine  gas 

s t r ipp ing  unit loca ted  between t h e  pump and t h e  reactc~rO1-? A very shor t  
cycle time of the orde: of 30 see i s  required t o  keep xenon poisenlng a t  
the des i red  lLw l e v e l ,  which i s  less than Oss$ f r a c t i o n a l  poisonipg,  
i n e r t  c a n  ie r  gas  t r a n s p o r t s  the f i s s i o n  gases  to charcoal adsoi-bers where 
t h e y  are r e t a i n e d  f o r  decay; the c a r r i e r  gas i s  recycled, Because of the 

very shor t  cycle time, this processing m w t  be accomplihed- w i t h  equipment 

i n  the r e a c t o r  primary system and i s  considered t o  be a p a r t  c;f the react,cr 
system, r a the r  than a p a r t  of t he  fue l  processing system, 

'I'he 

A n  a l t e r n a t i v e  method of e l iminat ing xenon is  t o  process  the r e a c t c r  

f l u i d  f o r  removal of iodine,  the precursor of xenon, 

iodine has  not been developed; however, l abora tory  experiments have @fen 
promi.sing results.11 The method i s  t o  sparge the f u e l  salt  with as HF-H2 
mixture, allowing t h e  i-odine i o n  ( the form present  under r e a c t o r  condi t ions)  

to r e a c t  with WF forming H I ,  which i s  removed as a gas ,  Cmsider ing  the 
fact t h a t  1351 has a h a l f - l i f e  of 6,7 hr, it i s  seen that t h e  p r w e s s i n g  

A method fer reml~ving 

r a t e  must be fas t  to make t h e  process  e f f e c t i v e  f o r  

daughter,  There i s  a lower l i m i t  t o  t h e  amount of 

by removing t h e  iodine precursor  ; t h e  independent 

qu i te  s ign i f i can t  (removing ''91 accounts f o r  or iy  
poisoning 

4 

removing t h e  xenun 

135Xe t h a t  can be purged 

f i s s i o n  yield. of' 13'Xe i s  
abcut BO$ of t h e  xenon 

F e r t i l e  Stream Process 

The f e r t B i l e  (o r  b lanket )  stream process  h a s  three  primary operations: 
protactinium removal, continuous f l u o r i m t i a n ,  and TJF6 scrpt81rn, 

aswmption i s  made t h a t  the Plraniim i s  f ist removed w i t h  the prstactiniwii, 

so the  l a t t e r  two czperations ai-e analogous t o  the corresponding fue l  s t~eam 
operations discussed above but are c a r r i e d  out at  a higher volumetric r a t e .  
The f e r t i l e  stream i s  cycled throagh fluorinat,io:i once every 2'0 tc. 3;  days 

to keep a l c w  umnium concentration i n  t h e  b l anke t ,  thereby keeping t h e  

The 



f i s s i o n  r a t e  l(.ip,L Tne liar fiss'l.or! r a t e  e n s ~ r e s  a low f i s s i o n  pr.ociuct 

accumulation r a t e  so tha t  it i s  unnecessary t o  rsmcve them on the same 

cycle as uranriuri, 
stream i s  a s i l f f ic ien t  purge ratae f o r  Ei.ssion products,  
t h i s  time i h e  waste t a n k  would be processed -bo r e e w e r  ThF 
prodilct s wmi.ld be per-maneritly s to red  i n  an inexpensive rnediurm, 

If t h e  pi-mess f c r  removing pro tac t in iun  from t h e  f e r t i l e  st,ream also 

In f a c t ,  a 30-year d i scard  cycle of the  barren f e r t i l e  

A t  the end of 

.the f i s s i o n  4; 

remcves all tile uranium, f l u o r i n a t i c n  cf the  f e r t i l e  stream wi.11 no t  be 

necessary,  A fluor,inat,ion. s t ep  is,? i ever,  required i n  t h e  subsequent, 

processing of t h e  p r o t a c t i n i m  t o  separate  the  uraniim. 
illhe bred ura.r?im i s  recovered ir* cold .Lraps as uF5. A por t ion  of 

t h i s  i s  used t o  refuel t h e  ccIr3, and t h e  r7emainder i s  s o l d .  

Protactinium TCemcval -.--. -- 
The breeding performance of .the :reactor can be s i g n i f i c a n t l y  improved 

i f  the protactiniuin concenirat icn i s  kept los:~,  The proposed process  is - L o  
contact  the  f e r t i l e  salt a t  about 650°C on a r a t h e r  fas t  cycle ,  perhaps as 

f a s t  as once every 10 t o  60 hr ,  w i k h  a stream of l i q u i d  metal. c a r r i e r ;  e.g. ,  

bismuth, contai.niRg 3000 tc A000 ppm thoi-iun, 
protactinium and t h e  twr~ nucl ides  excha-nge between the  two s-Lreams. 

hydmfluor ina t ion  o r  sorpt ion treatment i s  then used t o  exLract protactiniixn 
f m m  t h e  bismuth stream i n t o  a seccnd sa l t  mixtcre, i n  which it i s  allowed -Lo 

d.ecay t o  uranium, 

Tlne thorium met,al reduces 

A 

Later the  sal t  i s  f1:ioriaated t o  recover the  uranium, 
Preliminary da ta  ind ica te  t h a t  96% of t he  protactinium can be removed 

The behavior of uranium has not y e t  been from t h e  blanket by t h i s  method, 

detei-mined, Thor im,  of course, i s  bile i d e a l  reductant  because th.e removed 
protactinium i.s replaced by- equivalent  f erti1.e mate-rial , 

O f f  -Gas 'i'reat,ment 

Most of the of f -gas  from the processing plant, comes fron the  cont,inuous 

f l u o r i n a t o r s ;  smaller amounts a r e  formed i n  var ious  other prucess vessel  s o  

The gases a re  t r ea t ed  t , ~  prSwi:t tl-e r e l ease  of any contai-ned f i s s i o n  
products t o  t he  atmesplr,ere. FXcess f l i w r i n e  used i n  t h e  f l u o r i n a t c r s  i s  



recycled throug11 a 3=1~gs c*2irml:er, aid. a small side-stre<am of the rei2yclirig 

I"171orine is  scuit through a ~ a u s t ~ i c  s c ~ u b b e r  t o  prevent, gross buildup of 

f iss im pruclixt,s, 

gas l i n e s  t ha t  lead t o  -the scrubber for removing HF, F 

contaminants 

Each ~f the  precessing vesse1.s and h d d u p  tanks has  off- 
and v o l a t i l e  

2 ?  

The scrubber operates as a continuow cornntercurrenZ packed bed u n i t  

with r e c i r c u l a t i n g  aqueous KW, A s m a l l  s ide-s t ream of' KOH so lu t ion  i s  
sen t  t o  waste ,  and. the  scrubber off-gas i s  contacted with steam t o  hydrolize 
f i s s i o n  product t e l lu r ium,  
condersable gases are  sen t  to the f a c i l i t y  t h a t  t rea t s  gases generated by 
the I>eactor; u l t i nade iy  t h e  gases are discharged t o  t h e  atmosphere a f t e r  

considerable d i l u t i  cn, 

A f l l t e r  remc-ves t h e  h y d r o l i z e d  produ-ct. a Non- 

Wade Storage 

waste streams f r m  t h e  processing fac,ilit8y are: (1) aqueous waste from 

the K6EI scrubbeT f.jr p?;rifyi.ng recycle  f l n o r i n e ,  (2) rnolken salt from fertile 

stream discard,  ( 3 )  NaF and Me;Fr, sorberit fr-om IJ? p u 5 f i c a t i o n 9  (11) &ught;er. 

prcdircts of and Xe t h a t  aecmula.-te as  s o l i d s  in t h e  gas sparging system of 

t h e  ri3actar, and ( S I 9  i f  needed, mo7-ten salt,  d i sca rd  of LiF-Re%" 
pilrge ZrF 
not, considered a waste because it i s  n o t  rernijved from the process ever! 

though It -orhains f i s s i o n  products-  

becomes waste a t  the  end of t h e  r e a c t o r  l i f e t i m e  and ai'ter processing dca 
reclaim as much as poss ib l e  o f  t h e  LiF-BeF conient ,  Eash of the wash  
streams would be stored i n  undergromd f a c i l i t i e s  at, tAhe react,or s i t e ;  a f te r  

appropriate decay per lads  ami waste treafment, priicedzzres, tnese w c l d  be 

sen t  to permanent s torage cr d i s p ~ s a l  s i t e s  

- 5 -  

carrier t o  
2 

The material i n  t h e  f i s s im  prodl~c t  accw~i j l a to r  ( s e e  Figo 1) i s  4" 

Eventually a p o r t i o n  of t h i s  voliune 

2 

Aaueous Waste 

The aqueous wasbe stream i.s s m a l l  and would be combimd with sirnilay 

wastes from the r eac to r  i n  a s i n g l e  widergrow-id facil.ity- 



E'erti1.e Stream Dis ca-d 

This waste i s  shored i n  an undergl-oimd tank which can be cooled by 

--- 

a i r  c i r cu la t ion  li-n na tu ra l  c onvecti-on. 

i.s low because of the  s m a l l  concentration of f i s s i o n  products p re sen t "  It 

may be des i rab le  t o  s t o r e  the  f e r t i l e  s t r ean  di-scard in s ide  the processing 

c e l l ,  
cooling could be conveniently provided by the same medium t h a t  i s  used i n  
the  processing operat ions 

'The spec i f i c  hea t  generaii.o:o. r a t e  

Tne s a l t  volume is o ~ l y  about 2500 €t3, and, i f  i n s ide  the  c e l l ,  

NaF a.nd @F2 Pe l l e t s ,  

Th.ese sorbents,  which coritain t h e  v o l a t i l e  f i s s i c n  product fl.uorrides3 

a r e  s tored  i n  cy l ind r i ca l  cans in an underground concrete -vaul t ,  The spent 

pellets a r e  discharged f m m  the  soPbers in to  cans ins ide  *he processing 

c e l l ,  

c e l l  t o  the  vaul- to  

the  v a u l t ,  

When several  cans l?.a.ve been f i l l e d ,  t h e  contents  a r e  moved from th.e 

Decay hea t  i s  removed by forced  a i r  c i r c u l a t i o n  through 

K r  and Xe Daughter Products -- .- 

Kry-pton and xenon, sparged from t h e  r eac to r ,  aTe p.r.ecu.rsors of s o l i d  
f i s s i o n  products (Rb, Sr, Y, Zr, C s ,  Ea, La,  Gel t h a t  s e t t l e  a s  f i n e s  and 

dust  throughout 'Lhe gas processing system. These p a r i i c u l a t e s  milst be 

removed t o  avoid clogging and overheating gas  l i n e s o  

doing t h i s  i s  t o  pe r iod ica l ly  flush l i n e s  and gas holders  wi-tln a molten 
sa1.t which dissolves and accumulates t h e  decay products ,  The accumulator 

could be a vessel  (Ln the  processing cel l )  i n  which these  € i s s ion  products 
a re  re ta ined  until. pei-manent d i sposa l ,  

A possible  rnethod f o r  

STATUS OF PROCESSING 'YECHNClLGY ANI) NEFDED DEVF,T,OPMENT 

Fiuoride V o l a t i l i t y  Process 

Experience a t  CglnTL w t t h  t h e  prvcessi  ng of molten s a l t  fuels by the 
f luo r ide  vo la t i - i i t y  process da tes  from 1954 and Iwladed  a l l  phases o f  

1 a b x a t o r y  and development work through the  successful  operat ion of a 
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pilot p lan t .  

f l n i d  fue 1 a Ma$’-ZrF UF, a of t h e  Ai rc ra f t  Reactor Experiment and t w o  a l l o y  
iuelc, Z r - U  and A1-U.  Although the  allcy f u e l s  were solid, they  were 

d issc lved  i n  t h e  molten fll;ori.de salt  and tJ ie i r  processing was ca r r i ed  out 

by methods analcgoLs t o  processing a molten f luo r ide  f u e l .  Af te r  the i n i t i a l  

dis,solutisn s%ep fivr t h e  s o l i d  element 

b e c m e s  i d e n t i c a l  w i t h i n  t h e  limits imposed by d i f f e r e n t  compositions 

Euring t h i s  per iod  t h e  prccess  w a s  adapted fo r  use with t h e  

h - 1.1 

processing; of l i q u i d  and s o l i d  fuels 

The f l u o r i d e  v o l a t i l i t y  p m c e s s  t akes  i t s  name f r o m  the  p r inc ipa l  

(:peration, t he  v o l a t i l i z i n g  of uracirm as the hexafluoride The advantages 

of f l u o r i d e  v o l a t i l i t y  aye: t-ke sn:all vclurre t j f  f i s s i o n  product waste t h e  

cnnvenierit form of Wie TE produzt? which is e a s i l y  cmver t ed  t o  U” for 

Fuel r e c y d e  , r;he v i r t u a l  e l imi r s r t i o r i  of pr.cJces;ing c r i t i c a l i t y  hazards as 
oppcsed t o  aqueous processing CX enriched fuels, and the high decontamiria- 

t i o n  f a c t o r s  a t t a i n a b l e  f g r  t h e  UF product., IJnattractive f ea tu res  o f  the 
process  a re :  tke corrosiveness  o f  f luorine-molten salt  mixtures, and, t,o a 

l e s s e r  degree, t h e  hi& processing temperatures,  A diagram of t h e  ORNL 
Flcoride V o l a t i l i t y  P i l o t  P lan t  i s  shown i n  F igo  11 

6 k 

6, 

In add i t ion  t o  the molten f luor ide  prucessing work at, ORNL, s imilar  
research has  been c a r r i e d  out a t  Argonne National Laboratcry. Ef for t s  a t  
the t w c  i n s t a l l a t i o n s  were complementary, with t h e  ANL work being d i r ec t ed  
pr imar i ly  toward l?,idruflu.orination and f luo r ina t ion  techniques a rd  reagents  
as wel l  a s  equipment development, I n  add i t ion ,  molten sa l t  process develop- 

rrient, was supplemented b y  an extensive corrosion-%e s t ing  program iinder sub- 

ccntract  with B a t t e l l e  Memorial I n s t i t u t e  (19 ”;-1$3) cI Evaluations were 

iliade of por;ential  constrvcCion mat,erials for the hjdsof luor ina l inn  and 

fluorination equipment; the metals  cf most, i n t e r e s t  were found t~ be 

Has+,elloy N ,  A1ic.y 79-h ( h ~ w n  a l s o  as riyplli tic: and Moly Perrmloy), and 

Xickel 2 0 1  (L-Nickel A l l  these  rnetals are  s a t i s f a c t o r y  cons t r ac t ion  
mter ia l s  for molten salt processi ng eqaiprerif, w i t h  the poss ib l e  exception 
cif the vacuim s t i l l .  

range a t  which mate r i a l s  have beeu evaluat;ed, 
The 1000°C d i s t i l l a t i o n  temperature i s  beycad the 

The proposed pr i \cess  f o r  t h e  MSER inc lzdes  severa l  cpera t ions  i n  

scldi i ion t o  thcse  wit’n which the re  has bee-] reprocessing experience ,, Tke 

rwst important d tdwse are: continuous f i u w i n a t i o n ,  vacuum & s t i l l a t i o n ,  

red-ucticn of T J F  tc UF, , and removal of protazt,ini.im from t h e  Ee r t i l e  6 L! 
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stream, 
and Al-U f u e l  processing and de l inea te  t h e  status of e x i s t i n g  technology 

fur t h e  operat ions involved i n  MSBR processing,  

The following paragraphs review t h e  experience with ARE? Zr -U, 

ARE Fuel Processing 

I n i t i a l  devel9pment of a process  f e r  molten f l u o r i d e  f u e l  w a s  motivated 

by the  need t o  r eca re r  unburned, h ighly  enriched uranium from the i r r a d i a t e d  

f u e l  of t h e  Aircraft ,  Reactor Experiment, This f u e l  w a s  a 48-kS.5-2.5 m s l e  $ 
mixtiire of NaF-ZrF4-lTL1 
was developed f o r  t h i s  recovery and culminated i n  successfu l ly  processing 

the A R E  f u e l  during t h e  per iod December 1957 t o  March 1958, 
r eac to r  operated i n  November l95'4, the  i r r a d i a t e d  f u e l  w a s  about; thyee years 
o l d  The recovery operat ions cons is ted  of batchwise UF v o l a t i l i z a t i o n ,  

fcdlcwed by i t s  decontamination on granular  beds of sodium f luo r ide ,  and 

~ecc~urery i n  cold t r a p s ,  Barren waste, containing t h e  bulk of' the  f i s s i o n  
pmducts ,  w a s  drained i n t o  metal cans and buried,  

nf  i-ranim- w a s  a t t a i n e d  in t h i s  i n i t i a l  hot operat ion of t h e  f luo r ide  

v o l a t i l i t y  p i l o t  p l an t  a Decontamination f a c t o r s  of a t  least  10 were 

at ta ined,  a:; ind ica ted  by the  gross  gama  a c t i v i t y  of t h e  product. 

Beginnigg i n  195k t h e  f luo r ide  v o l a t i l i t y  process  

Since the  

6 
i t s  

Bet ter  than 99% recovery 

I4 

9 

Zr-U and A I - U  Fuels 

In the  i n i t i a l  stages of f l u o r i d e  v o l a t i l i t y  development it w a s  

recognized t h a t  the process  had app l i ca t ion  t o  f u e l s  other  than  molten 
f'lvLoyUide salt,s, Concurrently with the development of a process  f o r  ARE 

f u e l  

Lreaticg i r r a d i a t e d  Zircaloy-clad,  Zr-U a l l o y  f u e l  from submarine reacto.1-s e 

This research r e s u l t e d  i n  t h e  development of a hydrofluorinat ion operatio:i 

i n  which t h e  sc l l id  f u e l  element i s  d isso lved  by r eac t ion  with anhydrous WF 
i n  molten LiF-NaF-ZrFb; t h e  remaining s t eps  of t h e  process were the same as 

f c r  ABE f u e l .  
Processicg experience l e d  t o  improvements i n  the  p i l o t  p lan t  and 

cquipment before opera t ion  w i t h  Zr-U f u e l ,  In  add i t ion  t o  the  hydro- 

labora tory  research w a s  pursued toward adapting the  process  for 

f l u o r i n a t o r ,  an improved f l u o r i n a t o r  (Fig. 5 )  and NaF sorber wem incor-  

pcra ted  i n  the modified p l a n t ,  The p lan t  w a s  operated with i r r a d h t e d  
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:;ulsmari,.r:e r e a c t c r  f.ie3.s dxrin.g the  per iod  March 1962 t o  September 1963 * 

'T;".uel elements that had coaled as long as 6,5 years  arid as shor t  as 

5 n:sntl?s were s-xcessf.mlly processed. Uranium recovery and decontamAna-- 

t i o n  i n  ali ; x n s  were exce l len t .  

The f i n a l  phase of cpera t ion  of  t h e  ORNL V o l a t i l i t y  P i l o t  Plant  w a s  
It w a s  f ~7;ii;d. assoc ia ted  wi th  processi.n,g aluminum-dad, Ai-TJ a l l o y  f u e l  

t h a t  t h e  sc.1i.d elements could be s a t i s f a c t o r i l y  dissolved by r eac t ion  w i t h  

anhydrous HF Sn molten 66-22-12 mole $ KF-ZrF) -AiF 
t he  process were t h e  same as fGr Zr-CS a l l o y  processing, and the  same p i l o t  

plant equipment was used.. 

irradia+,ed A I - U  fuel during t h e  period July 136h t o  January 196s a t  which 

t i m e  .the V o l a t i l i t y  P i l o t  Plant  w a s  shut dmn.  During t h a t  per iod,  A I - U  

f u e l  ccoled for mly  four weeks was s a k l s f a c t o r i l y  processed. The same 
excelleGt recovery and decontamination f a c t o r s  were obtained as with ARE 
arid Zr-?J fuels; uranium recover ies  of 39 9% or bet ter ,  and decontamination 

6 faTtors of 1-0 -were t y p i c a l  

10 

Other operat ions i n  
4 3 '  

A mmber of p i l o t  p l an t  runs were made with 

Continuous Fluorinat ion 

cOl?~iJ??IO1J~S fhim?ina-tion i s  des i r ab le  f o r  pl-ocessing both t h e  core and  

blanket of an MSBR because of t h e  need t o  minimize t h e  out-of-reactor  

inventory and t he  c o s t s  oi" processing Ehgineering development i s  compli- 

~a Led by t h e  corcosiveness of t he  molten-salt-fluorine mixture and by the  
d i l f i a i l t y  of reproducing i n  t h e  labora tory  the  high in-bernal heat  
generat ion ra te  of a r ecen t ly  i r r a d i a t e d  f u e l  c( 

T5;e t ecbmlcgy  fos. batchwi se Eluorinaticrr has  been r a t h e r  thoroughly 

deTieloped arid applied i n  the Fluoride V o l a t i l i t y  P i l o t  P l an t  bu t  there i s  

little expwieace wi th  cor,tinl:ous f l u o r i n a t i o n ,  One technique of continaous 

f l u o r i n a t i o n  inirolves sprayirg (r j e t t i n g  s m a l l  d rop le t s  of molten s a l t  

thro\lgh a f l u o r i n e  atmosphere i n  such a w a y  that i hey  do not contact  t he  
ne ta l  w a l l s  cf t h e  f l u n r i x a t o r ,  

salt &-opl~-Ls have been su:cessful i n  achieving high uraniurr. recovery, 

Some very preliminaFJ tests'  with s ing le  
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A second methcd, which appears t o  be t h e  [nost promising, i s  t o  car ry  

out t he  f luo r ina t ion  i n  a l iquid-phase continiious system using a 1/2- t o  

3/di-in.-thick laye= of  f rozen sal t  t o  p ro t ec t  the vesse l  walls.  

work on such a system w a s  done a t  Argonne MaLlonal Laboratory;’ cur ren t ly ,  
t h e  development i s  being pursued i n  the  Chemical Technology Divis ion at, 

ORNL , Preliminary r e s u l t s ,  eirqloying u n i t s  that, d i d  not have f rozen-wall 

p ro tec t ion ,  have demonstrated thaL high uranium recover ies  can be e f f ec t ed  

i n  coritinuous, countercurrent operat ion.  

The i n i t i a l  

Nee de d Uevel opme n t  ---.- 
Engineering de-velopment of a con-tinuous fl.u-orinat,or should. be given 

high p r i o r i t y  Areas requir ing study include : mass t r a n s f e r  i n f  o:-mation; 
process  f l o w  cont ro l ;  method of es tab i i sh ing  and maintaining a frozen-salt ,  

wal l ;  mist deentrainment i n  gas  stream; and, e f f i c i ency  of gas-liquid.  

contact .  A problem i n  p a r i i c u l a r  need of a-t-Lention i s  the  design of nozzl.es 

t h a t  admi-t and remove the  inolten s a l t  and f luo r ine  gas ,  It might be 

d i f f i c u l t  t o  p ro t ec t  these a r e a s  f rom corrosi.ve a t t ack  by es tab l i sh ing  a 

f rozen- sa l t  wall.. In  the development it shcu.1d be recognized -that t he re  

i s  a l a r g e  diffel-ense i n  capac i ty  between the  f u e l  and f e r t i l e  strezm 

f l u o r i n a t o r s  and that the  i n t e r n a l  lieat gener’ati.on i n  t h e  f e r t i l e  stream 

i s  appreciab1.y l e s s  than  i n  the  f u e l ,  A conceptual design of a continuous 

f l u o r i n a t o r  i s  shown i n  Fig, 6 ,  

UF Pu r i f i ca t ion  by Sorption 6 

The Nap and MgF2 sa rp t ion  u n i t s  provi de adequate decontamination f o r  

UF6. 

f e r t i l e  streams of the MSBR. Development on this p a r t  of t h e  process i s  

not c r i t i c a l  t o  successful  operation of a molten salt  breeder. experiment, 

‘Phe batchwise u n i t s  can be operated s a t i s f a c t o r i l y  f o r  hcth f u e l  and 

Current S t a tus  

Tne UF p u r i f i c a t i o n  system has  been operated as an in tegra l  pa=t  of 6 

Also. it has been demonstrated t h a t  uranium i-ecovery from the  
t h e  3’1 uoride V o l a t i l i t y  P i l o t  Plant. producing a product t h a t  car1 be handled 
d i r e c t l y ,  

sorbers  i s  e s s e n t i a l l y  quan t i t a t ive .  
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Fig. 6 e Continuous Fluorinat ion.  N a K  coolant fl-owing through the 
jacke t ,  f reezes  a layer of s a l t  on the inner surface of t h e  c~lurmn, thus 
pPotect ing Vine A l l  oy 79-11 from comosive  a t t a c k  by the  molten-salt-fluorine 
m i x t u r e .  



Ne e de d Devel opment 
-C__I_- --- 

Al-though EO exteiisive development 3.s meded t o  ensure successful  

opera-Lion o f  t he  so-Qtion system, the re  a re  sev-era]. a reas  i n  which performaixe 

da ta  should .be obtained,  

f o r  technetiuni a r e  not well known; the  rneiiiod.~ fox- mmoval  of t e l l u r ium and 

rutheniwr~ are also mt well  known; and t h e  chemistry of molybdenum i n  t h e  

so rp t ion  system needs hettel- def ini t ior : .  From an ergiaeer ing viewpoint, a 

sorp t ion  sys-tern tl.a5 cijuld be opewted  continuously would have advantages 

O-ver a. batch system, and such a system sh.ould be develcped f o r  1-arge-scale 
MSBR instal laLior is  L. 

The sorp t ion  c h a r a c t e r i s t i c s  and capaci ty  of QF,> 
L 

Heat gerierai,ion i1i tfie sorber beds wi.1.1 be appreciable  because of t h e  

s h o r t  decay time before f luo r ina t ion ,  A Lhorougb evaluat ion niust be made 

of this problem incl.uding a sat2 sfactory cooling mechanism) 

sorbents  become wastes t h a t  a r e  1-em~ved from the  processing c e l l  f o r  
s torage,  it, ri.s e s s e n t i a l  t h a t  a means of doing t h i s  bz developed (one -thatt 

precludes frequent, e n i q  i n t o  the cel.1 >. 

Since -the 

A diaparn of a successfu l ly  operated u n i t  i s  shown in Fig.  7. 

Cold Traps 

Current Status 
-...I_ 

Cold traps, l i k e  the  one shmn i n  Fig. 8,  have been used a t  O'RNX, and 

0RGZ)P for. the  collection uf TUF The i l l i t  has t o  be operated batchwise, 6 "  
but this i s  no de te r r en t  t o  ri.t.s use in a breeder experiment or  a f u l l - s c a l e  

i n s t a l l a t i c n ,  

Needed Devel opme fit, 
-_I_ _- 

Na development i s  needed on this  phase of t h e  process on a near-t,erm 

basis; howeverC: - i l t imate ly  li w i l l  be des i rab le  t o  have a continuoils cold 
t r ap  system. 
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Fig. 7. Movable-Bed Temperature-Zoned Absorber I When t h e  lower zone 
of t h e  bed becomes loaded  with fission products ,  the hy&aul.ic cylinder 
operates the piston to discharge t h a t )  po r t ion  of the bed ink0  t h e  waste 
carrier.  
t e s t e d  i n  t he  QRnTL pil.oC; plant, a 

Fresh NaF i s  added. a t  the t op .  T h i s  apparatus  has already been 
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Fig. 8. Cold ‘Trap f o r  UE’s Collection. This design has already been 
successfully used in the ORFJI, p i l o t  p lan t .  
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Va mum D i  s t  i l l a t  i on 

Tne vacuum d i s t i l l a t i o n  concept f o r  separat ing LiF-BeF f u e l  c a r r i e r  2 
from f i s s i o n  products i s  f e a s i b l e  from an engineering viewpoint. 

considerable  development i s  needed t o  p e r f e c t  t h e  operat ion f o r  a breeder 

experiment and the most s i g n i f i c a n t  advancement i n  molten salt processing 

can be made by developing vacuum d i  s t i l l a t i o n .  

However, 

Current S ta tus  

Vaci~m dis t i1 ;a t ion  has  been se r ious ly  considered f 01- pur i fy ing  the  

c a r r i e r  since labora tory  t e s t  s4 showed t h a t  decontamination f a c t o r s  f o r  
r a r e  e a r t h s  i n  t h e  range 100 t o  1000 could be achieved, 

t e s t s  have been continued t o  develop bas i c  data for t he  r e l a t i v e  v o l a t i l i t , y  
(see Table 1) of r a r e  e a r t h  f l u o r i d e s  a s  wel l  as operat ing technology a t  

high temperature and l o w  p;.*ess-dre, 
l a rge - sca l e  d i s t i l l a t i o n  experiment t h a t  w i l l  be an extensive demonstration 

of t h e  operat ion employing nonradioactive mixtures; t he  l a s t  p a r t  of tshe 

experiment w i l l  be a demonstration run  employing r ad ioac t ive  spent f u e l  

f rom t h e  MSRE. Ths equipment €or %??is experiment i s  shown i n  Fig.  9. 

These bench-scale 

Also underway i s  t h e  €ahr ica t ion  of a 

Ne e de d Development - 
Research has only r e c e n t l y  begun t o  explore vacuum d i s t i l l a t i o n  of 

molten s a l t s ,  and a high p r i o r i t y  should be given t o  t h i s  c r i t i c a l  s t e p  i n  

the  processing scheme. Although a considerable  amount of physical  and 

chemical da ta  for t h i s  system has  keen measured, more da t a ,  e s p e c i a l l y  
r e l a t i v e  v o l a t i l i t y ,  a c t i v i t y ,  and d i 3 t i l l a t i o n  r a t e  measurements, a r e  

needed before a f u l l - s c a l e  p l an t  i m i t  can be designed, It appears t h a t  

sernicoatinuals operat ion of t h e  s t i l l  a s  diagrammed i n  Fig.  1 i s  the most 

s a t i s f a c t o r y  rnethcid for accmulat8ing and s to r ing  Eke f i s s i o n  products 

general  problems and teehimlogy of Qperat ing a piece of equipment, a t  1000°C 

and I m Hg need t o  be de t emined  so t h a t  t h e i r  inf luence on design caribe 
recognized, E-xtensi-rre nonradioactive t e s t i n g  of t h e  MSRE experimental 

s t i l l  shonld answer some of t he  se que s t i  o m  

The 
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Even though t h e  accumulated f i s s i o n  products generate a considerable  

amount of hea t ,  t h e  use of t he  accurnlllator vesse l  lowers the  s p e c i f i c  hea.t 

generat ion r a t e  t o  a value t h a t  in t roduces  no d i f f i c u l t y  i n  designing t h e  
heat, removal system, 

for a conceptual s t i l l  design f o r  a 1000-Mw ( e l e c t r i c a l )  MSBR i s  shown i n  
Fig.. 10 .  

The ca l cu la t ed  magnitude of t h i s  heat  generat ion r a t e  

The 1000°C operat ing temperature of t h e  vacuum s t i l l  in t roduces  
meta l lurg ica l  problems t h a t  have not  been encountered previously i n  molten 
s a l t  processing.  

of Hastel loy N; however, it i s  bel ieved t h a t  this mater ia l  is not t he  bes t  
for these  condi t ions arid t h a t  development of  a s u i t a b l e  ma te r i a l  should be 

s t a r t e d ,  Molybdenum or  a high molybdenum a l l o y  a r e  l i k e l y  candidates  and 

shoilld be evaluated. Not only must the  mater ia l  be compatible w i t ?  molten 

f l u o r i d e  s a l t  but also with t h e  coolant ,  which w i l l  probably be WaK or 

another molten s a l t ,  and t h e  surrounding atmosphere, Duplex o r  c l ad  material  

may be appl icable ,  

Equipment f o r  t h e  MSRE d i s t i l l a t i o n  experiment i s  made 

Fuel Reconst i tut ion 

The reduct ion of  TJF t o  UF and recombination of t h e  UF with LiF-BeF, 6 I!. 4 - 
c a r r i e r  requires engineering development. This work should have a high 

p r i o r i t y ,  ranking i n  importance with continuous f l u o r i n a t i o n  and vacuum 

d i s t i l l a t i o n .  

Current S t a tus  

The reduct ion of UF6 by hydrogen i n  an H2-F2 flame i s  a wel l  known 

reac t ion ;  t h e  reduct ion i s  r ap id  and q u a n t i t a t i v e  However the  powdery 
UF product i s  d i f f i c u l t  t o  handle remotely. Liquid-phase reduct ion i n  

which UF i s  r eac t ed  wi th  H i n  molten s a l t  i s  mom s u i t a b l e  f o r  cont,iriuous, 

t roub le - f r ee  operat ion.  A l i m i t e d  amount of work has  been done on 1jqui.d- 

phase reduct ion,  and t h e  da t a  ind ica t e  t h a t  t h e  method i s  highly su i t ab le  

t o  t h i s  app l i ca t ion ,  

4 

5 6 2 
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F-ig 1.0. IIeat Generat2o:n Rate in the  Vacuum S t i l l  Residue Due t,o 
F.i.ssi.011 Product Suildup . 
f i s s i o n  products i n  the  s t i l l . .  res idue make s i.t, nece ssary .to accumulate 
these niiclides i.n a r e l a t i v e l y  l a rge  volume i n  order  t o  l ~ ~ e r  t h e  ,specific 
heat  generai ion ra te .  Tne above curve i s  for gross amount,s of fission 
products from processing Is ft3/day of fue l  from a 3.000 Mw ( e l e c t r i c a l )  
r e a c t o r  systxm. 
t o  the still is 2.58 days. 

The iritegratxd heat  geneiAati(Jn rate of decaying 

Elapsed time between discharge from the r e a c t o r  and en t ry  
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Needed Development 

L i t t l e  i s  h - 0 ~ 1  about the k i n e t i c s  of" t h e  absorpt ion and reduct ion of 
ITF i n  t h e  molten f luo r ide  mixture other  than t h a t  it i s  f a s t ,  Tine mechnim 
may be r e a c t i o n  sf VE' with uFt t o  form an intermediate f luoride,  followed by 

reduct ion wi th  H An experimental program i s  needed t o  s tudy r e a c t i o n  

r a t e s ,  temperature E? concentration, nozzle design, contactor  design arid 

gas- l iqu id  separat ion.  There might be a corrosion problem i n  the  reduct ion 

u n i t ,  and considerable a t t e n t i o n  w i l l  be needed i n  the  des ignof  tJx1mi.t t o  
minimize this effect ,  

6 

0 4 
2' 

L 

Fuel C l a r i f i c a t i o n  

Reducing condi t ions t h a t  e x i s t  i n  t h e  UF reduct ion u n i t  a r e  conducive 6 
t,o t h e  formation of me ta l l i c  Lspecies, p a r t i c u l a r l y  n icke l  and i ron ,  which 

may be in a f i n e l y  divided o r  c o l l o i d a l  s ta te .  

reac-tor,  t h e  f u e l  w i l l  need c l a r i f i c a t i o n .  Development of a so l id - l iqu id  

separa t ion  system for t h e  breeder experiment i s  not a c r i t i c a l  i t e m ;  
however, i-i; i s  a pro5lem t h a t  w i l l  have t o  be solved eventual ly .  

Before re turn ing  t o  t-he 

Current S t a tus  

F ina l  c l a r i f i c a t i o n  of t h e  fuel charge f o r  t h e  MS8-E w a s  accc,Wlished 
by f i l t r a t i o n ,  which w a s  c a r r i e d  cut a f t e r  an W -E? t reatment  t o  reduce 
oxides,  S in te red  n i cke l  f i l t e r s  were used i n  a batch ope ra t io i ,  a d  &fte r  

use the f i l t e r s  were discarded. This procedure w a s  very sffectxive in 

c la r i fy ing  the no l t en  s a l t ,  

2 

Needed Development 

So fs;., f i l t r a t i o n s  have been c a r r i e d  out on noni r rad ia ted  s a l t s ,  and 

one d i d  no5 have t o  cope with heat  generat ion from f i s s i o n  prodlact deray on 
t h e  f i l t e r s .  This could be  a real  problem in a system t h a t  recyc les  fuel, 
Present f i l t e r s  probably do not have an adequate operat ing l i f e t i m e  i n  t h i s  
type  of selnvice, No techniques fur kandling or" hackwashing the  f i l t e r  cake 

have been worked out .  

des i r ab le  t o  avoid Trequent e n t r i e s  i n t o  t h e  c e l l  t o  change f i l t e r s ,  

A continuous c l a r i f i c a t i o n  method would be h ighly  



Protacttnlum remc,val i s  an importani operat,i.on i n  f e r t i i e  streaxx 

processing and shoi ld  be vigorously pursued, 

i n  improvemer,t i n  tile breeding ra - t io  $y decreasing p a r a s i t i c  capture s> and 

reduct ion i n  the  thori.um ir:ventory. In order t o  be e f f ec t ive ,  t h e  prozess- 

ing r a t e  f o r  protactinium removal must be s igni . f icant ly  f a s t e r  than ri.ts 

n a t u r a l  decay r a t e  ( h a l f - l i f e  = 2'1,k days);  t h i s  requirement means a high 
volumetrjc pyocsssing r a t e  f o r  the  f e r t i l e  sal t .  

Tize b e n e f i t s  are  pr imar i ly  

Currei-:t S ta tus  

The work on protactr inium remo-ml has Seen confined t o  labora tory  

development whiich has given some promising prel iminary r e s u l t s  Th.e 
s t a t u s  of th5.s work i s  discussed i n  .the r epor t  

ment program, CR??L- -TM-~SS~  

1 2  on the chemical develop- 

Nee de d De vel. oDment 

T,aboratory invest iga. t ions i n t o  pro-tactiniiufl removal a re  iindemay, but 

no engineering development has  been stas-ked, 

work has reached the  poin t  a t  whi.ch engineering s tud ie s  can be usefu l ,  t h e  
s tud ie s  sh.ould be start)ed.  They wi1. l  i-nvolve the complete engineering 

development of process and equipment 

i s  an alpha-handling f a c i l - i t y  i n  which t o  do the work. 

f a c i l i - t y  should begin S O O ~  i n  order t o  be ready when needed. 

development innst be or iea ted  toward a simple slid easily operated process  

because of 3h.e high vc~lIzmetric thrrxighput required to maintain a J..ow 

protactin.ium concentratj-on e 

A s  soon a s  t h e  labora tory  

A primary need f o r  t i e  engtneering 

Si.ri.ldi.ng such a 

Engineering 

Waste Hand1 i n g  arid Disposal 

Waste handli-ng f o r  a n  MSBK poses some problems t h a t  have not been 
encountered before i n  processing operations.  
p r imar i ly  by having considerable amounts o f  f i s s i o n  pro&;lct,s appear a t  
several  po in t s  i n  t h e  process,  f o r  example, i r i  sL:ill bottoins, i n  NaF' and 

These a re  brought, abciit 
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NgF2 sorbents ,  and throughozt t he  gas  sparging system. 

c o l l e c t i o n  and handling of t hese  wasbes a re  areas t h a t  need study and 
development a 

i n  t he  developmer,t of a molten sa l t  breeder experiment. 

prccedures l i k e  those used f o r  aqueous wastes can be used f o r  t5e near 

term while research and development @€for t  i s  appl ied  i n  more-cr i t ica l  
areas 

In-proecss 

On t h e  other hand, waste d i spcsa l  i s  not a c r i t i c a l  problem 

Bulk s t o ~ s g e  

Current S t a tus  

The general  t o p i c  of waste d isposa l  h a s  been t h e  subjec t  of consider- 

ab le  study a t  CENL f o r  severa l  years, Although molten f luo r ide  wastes  

were not a spec i f i c  p a r t  of t h e  study, a l a r g e  amoilnt of t h e  developed 

da ta  and knowledge are appl icable  i n  t h i s  case ,  For example, t h e  cos t  

da ta  f o r  permanent d i sposa l  and hea t  d i s s i p a t i o n  r a t e  i n  undergromd 
storage f a c i l i t i e s  should be very good es t imates  for t he  f l u o r i d e  s a l t  

case,  In  add i t ion  t h e r e  i s  considerable experience i n  handling and 

Creating hot  aqueous wastes i n  p i l o t  p l a n t  operations a t  Hanford and t h e  

Idaho Chemical Processing Plant  t o  make g l a s s e s  and ca lc ined  products  I 

Nee de d Devel o-me n t  

A s tudy i s  being made of waste d isposa l  f o r  molten f luo r ide  sal ts  
t o  determine the  most s a t i s f a c t o r y  program to follow, The f i s s i o n  product 

a c c u m l a t m ,  which i s  in t eg ra t ed  d i r e c t l y  in%o t h e  vacuum d i s t i l l a t i o n  
s tep ,  i s  i n  e f f e c t  a waste tank t h a t  &ores  t h e  bulk uf t h e  MS3R wast,e 

f o r  i t s  30-year lil”et#ime. A t  the  end of l i f e  and fol lowing an  in te r im 
c o d i n g  per iod,  thi-s waste could be disposed 02 by procedures current  a t  
t h a t  t ime. sorbent 

from pur i fy ing  tne  UF6. 
f w m ,  it i s  probably su i t ab le  f o r  permanent d i sposa l  i f  sea led  i n  t h e  

proper conta iner ,  

Another h ighly  rad ioac t ive  waste i s  t h e  NaF and PI&F 
3 

Since this mater ia l  i s  a l ready  i n  s o l i d ,  g ranular  

An in t e r im  cooling per iod would of course be necessary,  
In t h e  r e a c t o r  off -gas t r e a t i n g  system, however, f i s s i o n  pmduc t s  

are not conveniently c o l l e c t e d  i n  a material t h a t  subsequznt,ly a c t s  as a 

ye ten t ion  medium; in s t ead  decaying krypton and xenon deposi t  s o l i d  daughter 

products,  perhaps as f i n e s  and dust ,  throughout t h e  off-gas  systxm, The 



- 38 - 

probl.em of keeping t h e  off-gas system clean of such products has  not been 

encountered i n  f u e l  processing, and considerable development i s  needed t o  

pe r fec t  a s a t i s f a c t o r y  method, 

Process Control 

The chemical processing p lan t  will need measiirements of r ad ia t ion ,  

temperature pressure , uranium conccrrtration, and flow ra te  Development 

of a flow metering device i s  of outstanding importance because of t he  

proposed continiioiis operations,  a n d  the work should be undertaken i n  the 

near f u t u r e  

Current St a t  us 

A l l  of these  measurements have been encountered i n  - t h e  development 

pr>ogran f o~ t h e  MSRE and much s a t i s f a c t o r y  instrumentat ion has  been developed, 

111 the  case of temperature and pressure cont ro l ,  s a t i s f a c t o r y  mexns of 

cont ro l  have been developed. 

r a t e  of a molten sal t  stream has not  been solved, There i.s no cur ren t  

method of continuously measuring uranium concentrat ion i n  a flowing stream 
of molten sa l t  o r  UF 

have been determined by sampling and labora tory  ana lys i s .  

However, t h e  problem of con t ro l l i ng  the  flow 

concentrat ion j.n a flowing gas stream, Concentrations 6 

Needed Devel opmeiit - -I 

The primary need in i.nstrumen.-Lation for processing t h e  MSBR i s  a f 1 . o ~  

con t ro l  device that; can meter t he  f l o ~  of a molten salt  stream. The problem 

has been recognized a s  a d i f f i c u l t  one and., i n  the pas t ,  has  been circum- 
vented by batch operat ion and l i q u i d  l e v e l  measurements. 

smooth operat ion of a coritinuous process,  such a device w i l l  be needed, 
The usual method of using flow cont ro l  valves  i s  not su i t ab le  f o r  a molten 
salt  and has been avoided. 

However., f o r  

Considerable emphasis must a l s o  be placed 011 t h e  development of i n - l i n e  
instrwnentat ion f o r  concentrat ion measurement s , p a r t i c u l a r l y  f o r  uraniurn, 

l i th ium,  and beryllium. 
aiialysi s of a flowing st~earn.  

Smooth operation of .the p l an t  might requi re  a fast, 
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The discussion i n  t h e  precediag s e c t i o n s  has presented the  main-line 
e f f o r t  for the development of a processing method for the molten salt 

breeder r e s c t o r  In  t h i s  sec t ion  severa l  a l3erna t ive  schemes a re  described, 

These schemes have promise f o r  improving or s u b s t i t z t i n g  for t h e  primary 

processing method and a concurrent i n v e s t i g a t i o n  should be conducted, 

Iodine Str ipping 

No s i n g l e  

pel-f ormance as 

f i s s i o n  product has such a d e l e t e r i o u s  e f f e c t  on the  breeding 

135Xe, Removal of i t s  iodine precursor from a side stream i s  

an i n d i r e c t  means of removing xenon; however, s ince  135Xe has  a d i r e c t  
f i - ss ion  y i e l d ,  t h e  reduct ion i n  poison f r a c t i o n  by iodine removal i s  l imi t ed ,  

Iodine s t r i p p i n g  does not appear t o  have an advantage ovey d i r e c t  s t r ipp ing  

of xenon, and development should be subordinate t o  mare important problems a 

Current S t a tus  - 
Some labora tory  s tud ie s  have been made of the  chemistry of iodine i n  

They included experiments in which iod.ine w a s  removed from molten salts ,  
sal% by sparging wi th  a stream of HF i n  hydrogen. 

Nee de d Development 

Laboratozy development should b e  continued t o  obtain t h e  basic  data  
f o r  a n  iodine removal process, Engineering support i s  s l s o  needed t o  

evaluats  proposed processes  The engineering e f f o r t  w i l l  include some 

experimentation as wel l  as process analys is  and calcula-Lions. Fiss ion 

gases contain a s u r p r i s i n g l y  l a rge  amount of t h e  decay energy of the system, 

and the importance of t h i s  f a c t  needs t o  be assessed i n  t h e  design of a 

f i -ss ion gas disposa l  system, 

Use of Additives i n  Vacuum D i s t i l l a t i o n  

The S I I C C ~ S S  of vacuum d i s t i l l a t i o n  depends upon the  f i s s i o n  product 

f l u o r i d e s '  having a low r e l a t i v e  v o l a t i l i t y  campared t o  LiF, and ex tan t  



data  ind ica te  t h a t  t1ii.s i s  t h e  case with the  r a re  ea r ths  (see Table 1). 

However, the:-e i s  a p o s s i b i l i t y  t h a t  even lower re7-ative v o l a t i l i t i e s  can 

be achieved bhroiugh the  use of add i t ives  t h a t  r eac t  with the  r a re  ea r ths ,  

zirconiurri, an.d c t h e r  f i s s i o n  products ,  'The add i t ives  could he intrcduced 

j u s t  p r i o r  t o  t h e  vacuum d i s t l l i a t i o n  s t ep  and wou1.d remain i n  the s t i l l  

r e s idue ,  being sen t  t o  waste when the  s t i l l  i s  drained. 

This technique ccilld be s i g n i f i c a n t l y  he lpfu l  i n  iinprovj.ng zirconium 

decontarrri.nation i f  t he  proper complexing addi-Live were found, 
f l uo r ide  i s  more v o l a t i l e  than LjF so the  vacuum s t i l l  may no-t; be very 

effecbive i.n sepamt ing  it  fron the  c a r r i e r  unless  i t s  a c t i v i t y  i n  the  

so1uti.m i s lowered, Zirconium poisoning can be eccnoniically contl-oll.ed 
by discarding c a m i e r  sa l t ,  bui lowering ZrF v o l a t i l i t y  would decrease 

the required amoiint, of ca rp ie r  d i scard .  

Zirconium 

k 

Cur- r e n t  S t  at, 1.1 s - 
No work has been done. 

Needed Development ---...- 

Rel.iable r e l a t i v e  v o l a t i l i t , y  da t a  foi- .the rare ea r ths  and zirconium 

f l u o r i d e s  a r e  being obtained, and t1ii.s i s  hhe f i rs t  s t ep  i n  accura te ly  

assessing t h e  effect; of add i t ives ,  Bench-scale development i s  t h e  primary 
need. If usefa1 add i t ives  a re  found t h e i r  e f f e c t s  can be demcnstrated i n  

t h e  general. developmen.t; o f  t he  d i s t i l l a t i o n  process  

Reduc.tion-Co~,reeirJi tation and/or Elec t ro lys i  s 

6 Reductive coprec ip i ta t ion  of 'the lanthanide elements w i  til beryll ium 

has been demonstrated i n  t h e  l abora tory .  The r e d w t i c n  pwduct. is a 

r e f r ac to ry ,  insoluble  beryllicie deposited a t  the sal t-metal in teyface  
Metal l ic  L i t l i i m  can a l s o  be used as the  rechcing agent .  

Electrochemical reduct ion ins tead  of li.quid metal contact ing mighi; 

a l s o  be used. t o  con-trol the concentr.ati.on o f  such. f i s s i o n  p r o d w t s  as Mo, 
Ru., ,%, and Pd and i n  removring cor.rosri.on product %'e, Ni, and Ci-. 



Current S t a tus  

The l i q u i d  metal ex t rac t ions  have been l i m i t e d  t o  scouting experiments 
i n  t h e  laboratory;  however, s i g n i f i c a n t  removals were observed for La, Sm, 

Cd, F r 9  and Eu using a L i - R i  a l l o y  ex%ractant ,  Similar  r e s u l t s  were obtained 
with Be i n s t e a d  of L i ;  however, a l a rge  excess of Be was needed t o  remove Zr, 

Nee de d Development 

The d2ta on these  extaract ion methods a r e  preliminary and i n s u f f i c i e n t  

f o r  judging t h e  process.  Back e x t r a c t i o n  of r a r e  e a r t h s  from l i c p i d  metal 

c a r r i e r  has nc t  been t e s t e d .  Mcre bas ic  labora tory  experiments a re  needed 

t o  more c l e a r l y  dez"ir,e mechanisms and products.  A s  f o r  e l e c t m l y t i c  
reduction, t he  electrochemistry of molten salt systems needs t o  be explored 

as a p r e r e q u i s i t e  t o  a sound evaluation of the method, B s i c  oxidation- 

reduct ion r e l a t i o n s h i p s  between the  metals and t h e  r a r e  e a r t h  components of 

t h e  sal t  phase need t o  be measured. Extensive engineering development w i l l  

be required i f  laboratory experiments i n d i c a t e  t h a t  t h e  process i s  a t t r a c t i v e  e 

Ion Exchange with Nonfluoride Sol ids  

The processes included here are concerned with t h e  se l ec t ive  removal 

of r a r e  e a r t h  f i s s i o n  products while not requi r ing  any change of s t a t e  i n  

tlze bulk of MSBR core stream. Conceptually, t h i s  i s  a most d e s i r a b l e  
f e a t m e .  Refractory so l id s ,  based on carbides ,  phosphides, n i t r i d e s ,  

s i l i c i d e s ,  and su l f ides ,  migh% be found which w i i l  exchange ca t ions  w i t h  
t h e  r a r e  ear%hs forming insoluble  compounds. axides migkt a l s o  be included 
i n  t h i s  c l a s s  of mater ia l s  because of  t h e i r  extreme low s o l u b i l i t y  i n  
molten sa l t ,  Indeed, the oxide method mtght be p a r t i c u l a r l y  usefu l  f o r  

processing a f u e l  stream containing thol-iuml as proposed i n  t h e  a l t e r n a t i v e  

r e a c t o r  concept. In i t s  simplest  form, the  operation can be v isua l ized  a s  

a percola t ion  of a small s ide  stream of  core f l u i d  through a column packed 

wi-th t h e  ic,n exchange mater ia l ,  

Current Status 

There have been some exploratory experiments7 with carb ides  ( t h a t  

i nd ica t e  such an exchange does occur) and a few i n c i d e n t a l  observations 



on su l f ides  (made during the  course of o ther  s tudies) ,  Qn t h e  other  hand, 

Lnere i s  a l a rge  body of information concerning the chemistry of oxides i n  

contact  with molten sal-ts. 

as wel l  as heavy metals ,  have been s tudied  t o  c s t ab l i sh  t h e i r  s o l u b i l i t y  

products i n  molten salt. Also t h e  removal of r a r e  e a r t h s  as oxides from 

molten -fluoride melts  has been researched t o  assess  the  p o t e n t i a l  f o r  a 

processing scheme. Xowever, it i s  not y e t  possible  t o  resolve all t h e  

v a r i a b l e s  t o  permit a quan t i t a t ive  statement about t he  p o s s i b i l i t i e s  f o r  

such a process.  

Many oxides, including those of f i s s i o n  products 

Nee de d De ve l  opme n t  

More labora tory  development i s  needed on these  ion  exchange processes 

before the re  can be a f u l l  apprec ia t ion  of t h e i r  p o t e n t i a l ,  

development , t he  work w i l l  have t o  be supported by engineering experiments, 
which t o  a l a rge  ex ten t  would be concerned wi th  contactor  development. 

Tater  i n  the  

SCHEDULE OF MANPCXEJF;R AND COST FaR DEVELOPMENT PROXUM 

The cos t  and manpower commitment necessary t o  deve1.0~ on-s i te ,  

i n t eg ra t ed  processing methods f o r  the f u e l  and f e r t i l e  streams of a molten 

sa l t  breeder r eac to r  were est imated on the  presumption t h a t  a l l  c r i t i c a l  

qrsestions required answers by June of 1970. 
d i c t ed  c o s t s  of wcyk i n  t h e  Chemical Technology Division (including a 

s teady 2% increase per  year :  and t h e  est imated amount of work necessary t o  

s o l v e  each problem as required f o r  comprehensive design and optimum 

Costs were based on the  pre-  

opel-at JI.on * * 

Table 2 i temizes  t h e  manpower and cos ts  f o r  each subprogram with t o t a l s  

drawn a t  t h e  end of FY 7be 
reac tor  processing development program w i l l  be required a f t e r  FY 74, but  
t h a t  it w i l l  be small compared t o  t h e  e f f o r t  which brought t h e  program to 

t h a t  po in t .  

It i s  an t i c ipa t ed  . that  some support f o r  t he  

Comments on each subprogram,withthe an t i c ipa t ed  status a t  the end of 

FY 7&, a m  given below. 



Table 2 .  Manpower and Cost B r e a k d m  for the Ikvrlopaeut of t h e  &-Site Processing f o r  the Fuel and Fer t i l e  salts 
of a Molten Sa l t  Breeder Reactor by the Chemical Technology Division 

Carthuous Fiuoz'aatlon 

So-tlon 

Carrier Salt 
Distillation 

Xeconbiner 

Pi1tra:ion and Sal t  
C l e m  -'Vp 

Frocrss Off Gas 
3mdlFng 

k s t e  iimnbling and 
Disposal 

Fa&neering Test 
Unit Qerst ions 

"tal 

Men 
Unusual Expenses 
Total 

Men 
Unusual Expenses 
Total  
Men 
'&usual Eqenses 
Tota l  
Men 
Vnusa l  Expenses 
TVta1 

Men 
LJfidsual Drpeasee 
Total 
Men 
.Jnusual Expenses 
T o t a l  

Men 
'&usual Xxpenses 
To ta l  
Men 
',m&wil EY;peasee 
Total 
Men 
Un~,sua l  Expenses 
Total 

Hen 
Unusual Eqenses 
Total 
J $ ~ E  
Unusual Eqenses 
rota1 
Xen 
imusual Expenses 
ro ta1  

Men 
tinuha1 Expenses 
Total 

Ikn  
bbusual menses 
Total 
Men 
Jnusuai Expenses 
Total 

2-5 

1.0 

2.5 

L.3 

0.5 

1.0 

1.0 

2.0 

1.0 

0.5 

1.0 

1.0 

18.3 

u3.0 4.0 
25.0 

40.0 1.5 

40.0 

13a. o 

110.0 2.5 
25.0 

135.0 
220.0 3.0 
100.0 
320.0 

20.0 2.5 

20.0 
4P.O 4.5 

40.0 

1.5 

57.0 2.0 

5'7.0 
80.0 5.0 

60.0 
45.0 2.0 

45.0 
35.0 2.5 

35.0 
45.0 1.0 

45.0 

45.0 5-5 

h5.0 
2.0 

m . 0  39.5 
150.0 

LoM.0 

184.0 4.0 
150.0 
334.0 
64.0 2.0 

64.0 

112.5 4.0 
llo.0 
222.5 
141.0 
300.0 

171.0 
l20.5 1.5 

~ 0 . 5  
233.0 9.0 
70.0 

303.0 
66.5 2.5 

96.5 
30.0 

106.0 3.0 
20.0 
126.0 

210.0 4.0 

210.0 

105.0 2.0 
30.0 

135.0 
143.0 3.5 
10.0 

153 * 0 
72.0 1.5 

72.0 
272.0 6.0 

50.0 
322.0 

1k4.0 2.0 

144.0 
1973.5 47.0 
500.0 

2473.5 

m.0 3.5 
100.0 
288.0 
m . 5  0.5 

1w.5 
163.0 6.0 
1 p . o  
333 * 0 

65>5 3.0 

65.5 
440.0 9.0 
100.0 
W . 0  

Ll0.O 2.0 
30.0 
140.0 

~64.0 3.0 
40.0 

204.0 
168.0 2.0 

168.0 

50.0 
157.5 

107.5 2.0 

201.5 0.5 
30.0 
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E . 0  2.0 

U . 0  
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:oo. 0 
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1m.o 12.0 

146.0 
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24.0 1.5 

24.0 
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4 l l . O  
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50.0 

189.0 

200,o 
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91.0 

91.0 
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50.0 

166.5 
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86.0 
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50.0 
160.0 

9.0 

9.0 
1p.o 2.0 
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544.0 
92.0  20.0 

582.0 

2659.5 56.0 
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3359.5 

lh7.0 2.0 
50.0 

197 0 

73'.5 1.0 
50.0 

123.5 
323.0 4.0 

50.0 
376.0 

49.0 1.0 

49.0 
489.0 12.0 
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739.0 

44.0 1.0 
50.0 
94.0 
a8.0 2.0 

89.0 
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50.0 

162.5 

160.0 

165.0 

32.0 6.0 
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50.0 1.0 

50.0 
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50.0 
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50.0 
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3m.o 
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90.0 

50.0 1.0 
50.0 
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95.0 
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360.0 
$00.0 6.0 

400.0 

500.0 
2~90.0 

1990.0 35.0 

102.0 21.0 
50.0 

152.0 
51.0 a.5 

51.0 

50.0 
L35.0 23.1; 

249.0 
7.3 

51.0 10.5 

51.0 

y i . 0  52.5 
300.0 
911.0 

6.0 

46.0 12.0 
5c.o 
96.0 

92.0 19.0 

92.0 
51.0 11.0 
50.0 

101.0 

7.0 

7.5 

368.0 h6.5 

368.0 
500.0 50.0 

300.0 

500.0 
2271.0 
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Continuous F1 uorinat ion 

The continuous f l o o r i m t i o n  develcpment i s  pri.m.ari ly an engineering 

prc;blem which w i l l  center  arzund the  develqment. cf small tcwers operated 

rJri.th the l i q u i d  phase cc,ntinuGus. Fly Lhe end of 19.70 a good esiimat,e of 

.the s i z e  of equipment necessary t o  give t h e  des i r ed  recovery consist,ently 

will be es tab l i shed ,  The feas ib i l i . ty  cf pro tec t ing  surfaces  frm co:crc;sicii 

by a l aye r  of f rczen s a l t  w i l l  be est?abli.shed, although plant, con.ditions 

caniic,t be 1-ealized. i n  e.xperiment, 

a l  tei-native methods f e r  c ont>i:ndcus f 1-uorirration including q11-a~ f luor ina- -  

t i o n  tech.nique Studies  w i l l  have heen i n i t i a t e d  t o  determine the rate- 

control. l ing mechanisms s In  years  I.?-j!l through 197k addi t iona l  work will 

be done t o  e s t a b l i s h  t h e  mechanism of mass t r a n s f e r  t o  allow more near ly  

optimum operat iono 

be f u r t h e r  studi-ed with emphasis on st,artup and shutdown and the  spec i f i c  

design of i n l e t  and o u t l e t  por-ts, 

SciwLing work w i l l  have been dcxe on 

Ccrmsion  pro tec t ion  by a f r o z e n  l aye r  of sal t  will 

Sorption 

The absorpt ion system t o  c o l l e c t  and. pn r i fy  UF from the  fluo:ri.nator 6 
does not yequire exten.sive work; however, the  use of a supplemental 

magfiesiwn f luo r ide  bed L C  re ta i r ,  technetium w i l l  be s tud ied ,  

problems w i l l  be answered by the  end of 19700 Attent ion  will be given t o  

the  s p e c i f i c  equipmerit necessary f o r  the abscrpt ion problems i n  t h e  r eac t c r  

proce ss ing 

A l l  pe r t inen t  

Carr ier  S a l t  n i s - i i l l a t , i on  ar_d the MSKE Experiment 

Work on c a r r i e r  salt, d i s t i l l a t i o n  i s  1.ogically divided in.Lo two p a r t s ,  

Theye w i l l  'ne an experiment i n  . ~ i i e ,  MSRE i.n which s a l t  fi-om t h i s  r eac to r  w i l l  

be d i - s t i l l ed  arid. t he  separa t icn  f r o m  f i s u i m  products dernonstra-Led i n  a 

shor t  campari.gn of batchwise cpera t ion ,  This should be completed by t h e  end 

of 1969 and w i l l  r equi re ,  incl7_rding F'Y 67 expenses, about; 8-1/2 man-years 
and $~OO,OOO, 
natum and will- be aimed a t  pyoviding an e f f e c t i v e  un i t  f o r  use i n  the  

The other pa:rt of the d i s t i l l a t i o n  st.udy i s  of a more genei-al- 



breeder r eac to r .  

components i n  t h e  fuel. salt and blanket s a l t  should be known wi tn  accuracy 

necessary f o r  design. The behavior of evaporating salt  syskems mde?  the  

temperature and pressure  of t h e  s t i l l  w i l l  be understood and ca ic i l la t ions  

w i l l  be made t o  d e f i E  t h e  requirements f o r  mass t r anspor t  from t h e  bulk of 
the  so lu t ion  t o  the  evaporating i n t e r f a c e .  The f e a s i b i l i t y  of using 
d i s t i l l a t i o n  will be wel l  e s t ab l i shed  by t h i s  time and t h e  approximate 
s i ze  of the  u n i t  w i l l  be known; however, d e t a i l s  on s t i l l  design w i l l  not 

have been f ixed .  

By t h e  end of 1970 r e l a t i v e  v o l a t i l i t y  of a l l  s igr ; i f ican t  

Reconst iht t ion of Fuel 

Work 3n the  r e c o n s t i t u t i o n  of t h e  f u e l  w i l l  comprise a minimum study 

for understanding t h e  e f f e c t  of oxidat ion s t a t e  of t he  salt on i t s  chemical 

and physical  p rope r t i e s ,  and f o r  providing an e f f e c t i v e  design,  

no quest ion a s  t o  t h e  f e a s i b i l i t y  of t he  l i q u i d  phase r econs t i t u t ion  of t h e  
s a l t  

There i s  

Blanket Processing (Pa 1 

Studies  on t h e  processing of t h e  blanket  salt t o  remove protact inium 

cannot be s p e c i f i c a l l y  ou t l ined  a t  t h i s  time because of t h e  u n c e r t a i n t i e s  

i n  Vie chemistry of t h e  system. 

would not be undertaken i n  earnest, f o r  a t  l e a s t  two years ,  d u r i n g  which 
time chemical s t u d i e s  and f e a s i b i l i t y  s t u d i e s  would proceed (while the  

necessary exper5mental f a c i l i t i e s  a r e  being cons t ruc t ed ) ,  By the  end of" 
1970 it i s  a n t i c i p a t e d  t h a t  t h e r e  w i l l  be a flowsheet f o r  protact inium 
Ternoval; it w i l l  l i k e l y  i n ~ o l v e  e i t h e r  reduct ion of protact inium with i t s  
accumulation on metal  sur faces ,  reduction and a s s imi l a t ion  i n t o  ~t molter; 

metal ,  or t h e  i o n  exchange of protact inium wi th  sfime a c t i v e  in so lub le  

oxide,  

ing  experiments i n  a lpha f a c i l i t i e s  w i l l  be i n  an advanced planning &age, 

It i s  a n t i c i p a t e d  t h a t  engineering woyk 

Cold engineering s t u d i e s  would have cismmenced by 1.970 and engineer- 



F i l t r a t i o n  and S a l t  Cleanup 

It i s  an t i c ipa t ed  t h a t  t he re  w i l l  be pa:rt iculate maLLer c i r c u l a t i n g  

wi th  t h e  sa l t  streams, It i s possible  t h a t  i.nteiitioriai p r e c i p i t a t i o n  of 

specifi .c f i s s i o n  p r o d w t s  may be used, bu t  i n  any case so'l-id mat ter  w i l l  

be present  A small e f f o r t  w i l l  be devcted t o  the  development of methods 

t o  f i l - t e r  an.d c lean  t h e  salt during r eac to r  operation. By the  end of 1970 
an acceptable f i l t e r  medium Should. br: avai.l.able and t e s t s  should have 'oeen 

s t a r t e d ,  These will termiiiat,e after 1971 

Process Off-Gas Handling 

S.tu.dies wi.17. be pursued t o  define methods of handling and b e a t i n g  

the  gases  produced by t h e  chemical processing p lan t .  Among the problems 

which hopefully w i l l  be solved by 1970 i s  th,e  problem of accommodating 

the  f i s s i o n  product d.ecay heat  i.n gas streams, Ey t h e  e rd  of 1970 a l l  

problems i n  the h.al-;dling of t h e  off-gas w i l l  be an t i c ipa t ed  and defined. 

Alternat,ive Proce ss ing Schemes and Process Iniprovement 

'There w i l l  be a study o f  reasonable i n t e n s i t y  011 t h e  evaluat ion of 

alternatives t~ t h e  P i u o r i n a t i o n - d i s t i l l a t i o n  process 

an t i c ipa t ed  that, a niare de s i r a b l e  alternabi-v-e w i l l  be produced., study 

shou7.d be undertaken t u  a s c e r t a i n  t h a t  we have riot missed a b e t t e r  process  

than the one we p lan  $0 use, 

t h e  f u e l  sal.t, s p e c i f i c a l l y  the removal o f  precursor  iodine,  w i l l  be 

eva.luated. This subprogram w i l l  also include study of methods of processing 

an a l t e r n a t i v e  r e a c t o r  which c0niain.s tboi5.ixn i n  t h e  fuel. salt  This change 
i n  cheiiiisti-y produces chemical arid engineering problems much more formidable 
than those associated wi th  the system withcut thorium. It i s  an t i c ipa t ed  
t h a t  t h e  s tudy would form a r1ucl.ev.s o f  technology from which a more i.iltensive 
program could spr ing i f  such an a l t e r n a t i v e  r eac to r  were necessary. By the 
end of 1970 both the  r eac to r  system and the proc,essing method w i l l  be fi:rmly 
f ixed  and t h i s  subprogram will be reor ien ted  t o  handle process  chemistry 

Although it i s  riot 

Al te rna t ive  methods f o r  removing xenon from 
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problems a s  they  a r i s e .  

valuable i n s i g h t  i n t o  t h e  phase e q u i l i b r i a  o f  c i r c u l a t i n g  i m p w i t i e  s t h a t  

may be found i n  t h e  r eac to r  system. 

The work on pyocess a l t e r n a t i v e s  should y i e l d  

Special  Instrumentation and Process Control 

There a r e  many p laces  where spec ia l  instrumentat ion and cont ro l  a r e  

c r u c i a l .  The f eed  t o  t h e  continuous f l u o r i n a t o r  and t h e  f eed  t o  the  dis- 

t i l l a t i o n  un i t  must be metered; t h e r e f m e  

l a r l y  uranium concentrat ion and gross  beta-gamma, i s  necessary f o r  pyocess 

cont ro l .  

a n t i c i p a t e d  t h a t  most process  cont ro l  problems w i l l  be worked out a s  p a r t  

of t h e  development of p a r t i c u l a r  u n i t s .  

knowledge of p rope r t i e s ,  p a r t i c u -  

A minimal program w i l l  be manned t o  do t h i s ,  al though it i s  

Waste Handling and Disposal 

One important problem i n  t h e  successful  operat ion of t h e  chemical 

processing p l a n t  i s  the  sa fe ,  temporary accommodation of the separated 

f i s s i o n  products.  These include those  s to red  i n  t h e  f i s s i o n  product 
r e t e n t i o n  tank (which w i l l  be close-coupled t o  t h e  c a r r i e r  salt s t i l l  ) 9  

a l k a l i  metals  kh ich  a r e  accumulated along with severa l  o ther  f i s s i o n  

products f r o m  t h e  xenon removal system), and t h e  sorber beds from t h e  

f l u o r i n a t i o n  s tep .  No fundamental d i f f i c u l t i e s  a re  foreseen ,  but  severa l  

mater ia ls-handl ing and hea t - t r ans fe r  problems must be worked out .  

Our waste disposal program i s  not intended t o  make major cont r ibu t ion  

t o  t h e  philosophy of long-term waste d isposa l ,  

r e s t r i c t e d  t o  e s t ab l i sh ing  an acceptable  way of disposing of t h e  p a r t i c u l a r  

waste from t h i s  experimental r eac to r .  The method w i l l  be se l ec t ed  and 

evaluated by t h e  end of 1969 and d e t a i l s  of t he  f a c i l i t y  should be ava i l ab le  

by the  end of 1970. 

Our e f f o r t  here w i l l  be 

General De s ign  

Provis ion i s  made f o r  funding a general  design group who will put 
toge ther  t he  components i n  a r a t i o n a l  form and do layout  work, e t c , ,  and 
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who w i l l  maintain l i a i s o n  with designers ,  

requirements 2nd the  general  appearance o f  tihe f a c i l i t y  should be reasonably 

e stab1 i she d * 

By t h e  end of 1-970, space 

Sal t Pro du cti. on 

A s  a serv ice  t o  a l l  of t h e  Laboratory groups- working with reactor-grade 
MSR-type salt  systems, a group w i l l  be s e t  up t o  produce sal t  i n  adequate 
quan t i t i e s .  It i s  an t i c ipa t ed  t h a t  t he  ex i s t ing  f a c i l i t i e s  a t  Y-12 will be 

used f o r  a t  l e a s t  t he  f i r s t  two years ,  a f t e r  which t i m e  some modification 

w i l l .  be necessary t o  allow increased capaci ty .  

&ne i n  1969 and 1970. 
These modif icat ions w i l l  be 

Engineering Test Unit 

An Engineering Test Unj.t f o r  t h e  chemical processing p l an t  w i l l  be 

I3y t h e  end b u i l t  as p a r t  of t h e  engineering t e s t  u n i t  f o r  t h e  r eac to r .  

of 1.970 a layout f o r  t h i s  mockup w i l l  be f ixed .  The funds included i n  

t h i s  write-up cover the T i t l e  1 design and l i a i s o n  with t h e  a r c h i t e c t -  

engineer who w i l l  make t h e  T i t l e  I1 design. 

of t he  f a c i l i t y  and an engineering development program which will use the  

They a l s o  cover t h e  operation 

f a c i l i t y  as  i t s  major t oo l .  The denoted funds do not  cover e i t h e r  the 

de t a i l ed  design o r  t h e  construct ion of this engineering t e s t  u n i t .  

Sui-mna-ny of Development Costs 

The t o t a l  program through the  end of 1970 ( f i s c a l  yea r )  w i l l  cos t  
about $5,150,000 f o r  sxppurt of people and $l ,45 'O,OOO f o r  spec ia l  equipment 

and experimental- f a c i l i t i e s ,  

$1)) ,300,000 f o r  the support of pcopbe and $3,650,000 f o r  spec ia l  equipment 
and experimental f a c i l i t i e s .  

The program through FY 7 ) ~  i s  estimated a t  
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