
A fhea11 &..tbm1ttod to 'he 

Oraduata Paculty in :rart1Al Ful:l."1111'ent ot 
?h.a ReQUlr~ent e tor the Vegrre• ot 

MA$?'.ER 01' SCIENCE 

Signatures have been redacted for privacy 

Iowa s~ate Ob1lege 
1957 



11 

1. lRRODlJCJr IOI 

II. StfRvtY or 'f'.!rPES OP t!'G.l1ID- MEtAL ~'t 
RJAC!ORS 

III*' ORA.RAC?:Fl\Ist lCS OP LIQtr.m. iu<:e AL SLtnlRl~~a 

A. MttchB.Diectl Stebllit;.7 
B, Ohem1ul Stabtlitf a. PJl'lepa:Pation ot D11}'Jve1or.u1 
D. 81~ !I«ndllng 

l . Oowoa1on and ei-oa1.on. a.. PHa~e losa 
l• Concf5tl,PatLon i.,. i'ump!n tm4 sepatta~bg 

E. Redla·t1on :r1.1ut1on t;;:fteetu1 
F. Iieat fr•naf'•r a. FUel Pnoea•tq 

Page 

1 

2 

7 
7 
9 

10 
11 
11 

i~ 
1$ 
15 
16 
11 

IV. CRirIOALXfT 01 A REA.ClOR USING 'IHE U02• ltd 
m!Sl'BM 19 
A,. Pe~·Age fh•or.I fo:r; 8&.Pu lteaot •P 20 
B., One• «lroup Theory foit .Beaetol.' with 

Breeder Blanlu• !4 c. lnvest1pt1on or lfeab ,,,._,,_. 
Requ!Jtemtmt s 27 

V. D:ESORlffIO!l OP*?HE M~AC!OR C!'CL'I )G 

V1. DISCUSSION AND CO.!CLl'JSIO»S )6 

VII• tm·OO~Jf'fi'.!fDA? IOliS FOR Ptl1tr Fl'Eli S'l'Utn" 4 9 

VllI . LJTEilATURE O:Ut'JJ SJ. 
IX. AOMOW:LEDGMl~ ;2 

x. AP:tEMDl'.X S3 
A. lo•ea.ol•\u:re ~ 

1. P~d~ $ 
2 • BU.Cl HI' $ij. 



• 

c. 

tABL 0 CO 

3. 
uol 
l . 
2 . 

111 

(Conti ) 

$6 
56 gg 
61 
63 



t t 

11 

oh 

t 1l' 

l 

I . ROI>UCl' IO 

h us t • 1 1 8 • 

rly 1 e 

pJ.'O 

lv 

r tu.i a au -
At 

l• 
oupl with tho ent t auap ai n• baa aroua 

ct 

est S.n 

80 

in e 
one .t the 

rt 1c 

tcula elur 

r h 

• t' r or •• 
n1cal deal n. doea involv an 

oeea ot this t ia 1• !nYe 1 ... 

... e 0 

g rd o 1 a use• a 

1 • on th cr1 1 al •• d 

........ " ..... 6a1ons ot t e r cto cor , particularly ett ct 

In 
81 

or placln 
!on. a .. -..... u .. 

a 

l'O d th 

c • wa r os tor 

0 tu l w 

aaaoc1a d With th u • 

d SCU4 ed. 



2 

XI. SURVEY 0 l:'Y 0 LI um- AL 

h u or o1roulat n ru l in a nuolcar reaotor 
ott r · 7 desirable d.Tantages ov r ol1d tu.el el enta, 
auc . a 1mpl1t1 structu 1 dee! , oaa1ei- tuel an ·tng• 
eim l.1t1e f"u.el l'Oceaa1 , and oont1nuoua r al t t1ee1on 

ro ct•· h oirculat 1ng ru l 1n ~ react r deai a ia • 

l io of tho t1aa1onabl o t 1'1al 1n • t'l.Uld, or a •u en-

aion ot th ol1d tu.el 1n a tlu1d1 r t re to ae • lllu.rry. 

Sl 'f:l1 -ceactor b.av been atu ied, ~d aft'eral. •• gna have 

een prea nte • ome ot w oh w111 be aun:nar1s h e. 
Or1g co •id ratio vaa given o • ona1 na of the 

urant oxid a in water t and lat el' o sua enaiona ot S.nt .-.. 

m&allic o oun in l1.qu1 ct al•• Other e LJt em u•1 a 

•• aa th tlu1 h · to a ot h tu.i a tho •oltd 

p s ere al.10 co •idored. Aa '1 • oo. ebitnot 1on ot a •lUft'T 

r act o ot 1 t bas n b b en att t ed. he reeaarc 

u •t r kb • Na ional Labol'AtOl?' ( It) bav lb.own th• 

•• et nter tn 11 d al tu a, and al.thou th07 
ario z-1 7 int Pest d 1n • aolut 1 n ot urani liquid 

bi th n e l'l'goe e a n bo:r ot 1nt et l.io· 

o ound dJ.ap x-atona b1ch th• oonald r wort h1le• boti aa 

r oto tu 8 and roe4 teri•l• ( ) • Some ot t ti 

1~ e al.11 - om ound d.1• era1ono cons1dei- L IU'• 



~able 1 . Posa1 lo tn.t enetal.l!o•compound diapor.a1on.a in 
JJ.qu14-motll Q'attmll• 

U3Bl5 12. 4 B1 io.o 273 
U3Il15 12. 4 $$. $ B11 44.$ Pb lO. J 125 
tmt 12. S 8$ Ph. lS s1 l0.5 300 

U8n.3 10. 0 $ Sn, 35 Bi,. 60 Pb 10. 0 160 

u 3 10. 0 6 Sn, S6. 2 B1.- )7.8 Pb 9.6 '115 

1t'b3ll1$ 10. S 1 io.o 273 
Th3Bl5 l0. 5 ss.s 'B1, 44.s Pb 10.3 12S 

listed 1n J.•able l . 

lt will be noted t)nat b1eiu'bh~ lead. tin, .ac:1 their 

al.107• are oonaidet.'ed by SKL t<> be them• important 11®.14 

pbaa••• A moJJe e.:ittena:tv• table 11.abing t>thel" d1epe.t-•1ona "!I 

bo .tound 1n Voll;Ulle 2 er th• Reaoto• Band.book (2). 

It has been t und at BltL that the compound V:jB!s can be 

diep•ri•ed ln b1amu:bh oat lead•blanuth a:llO'J'• co:ntahd.ng up o 

60 er cent lead (1). Th• add1t1on ot lead to th Mam.th 

deOJ'lf!f.u1ea the solu.b111ty or the ur:an1:um. Ir a hi ther u.~wn: 

coneenti-at1on than that possible with u3:a.ts ta d•td..P•d• tbo 
ua ot the tm1 compound. 1• auggeated. fhta compound S.a !ft 

~l1br1• with 'b1smuth""'l•a ell.O"ya. ·oonta.S.ntng 90•98 9er 
•-' lta4 below 600 o (l) • Both tboae oomp.c:nmde a:re 
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yrophor1c, d both. bavo a higho1~ d naity th n their 

res e:tive sua ending fluid , ~11ch might re&ult 1n some 

ettling in dilute dis rs1ona. 

Tho dd1tion of tin to l ad- bismuth lloya provides 

ot r oss1ble auapen ion . The compound U n3 la tt pµa ontlJ 

at ole 1' in :mnny b1anuth•le-ad- t1n alloys (l) . The density of 

tJ n3 is atohod b1 liquid• etal lloya cont 1n1ng 3- 5 por 

c t tin, 35.40 p r cent bismuth, and the ~eMA.ind r iead. 

Thorium 1 oonsid red tor U.•• in a bre der blanket . e 

e.x.1 tonee ot hB13 is doubttul . but it la ·prob· bU tbg,t the 

comnound Th3B15 ts 1n equ111br1 m w1t.l bi. ittutn and lead-bi uth 

allo containing up to at least 92 p r eont by we1ght lead 

at t raturets up to llSO o. co QOuod ., possi lr 'l'bPb.;• 1s 

in qu!l1hr1u \11th l1('(uid le d oontain:tng up to one ~r cent 

1s uth (l} . 

co co aal dos!gn ot an "xt~:-nally-cool a, owe1 -

bro. et• 1 tb(J.l."r.uu ren!)tor { t~:F } haa beon p't"oooutod by NL 

(1). ~hi, ~e otor ea u233 d1 solv~d 1n b1u uth the tuel 

d the 1ntornotall1c oortpoun "':n3a1$ mt ~Pl)l ed in bi mutb a 

t:.e r do1~ bla.."lkot Th.e !\.tel oonoer.rta~.'\tion in thi~ ru otor 

ts lilllitod by th low :..tolu'!>tllt7 o.L' u1·w11um in i.>1s1.":tut·1 (6- o 

pm at 4no G} . he .:.'ea.~tor was d a1g:notl tQ pi•o uca 450 , fit SA• 

<,.OI' fiV•:l &Ut in di . t~r nd f1Ve f et hi :b, nd 1a ttB1 ed 

tor tho al !'fi.otancy of over 35 p 'r c<111t . .Jo Litegt4al 



proe•a~lng .~yatomn vhiob nre etu1Jlacteri1Bt1c of th.is reae.to:iw 

Ul''3 J'emoYal Of Sa$Et0US 1"1.tstd.on 1).roduab;G bJ paaud . .ng ~g<m 

through the fu&l1 and septu•at1on ot t'1s.e!on pl"oduota f'f\om. tile 

ftHtl by a tt.uu7"d ... salt cJxtra.ct1on procQaa . 

BHL bas t'U1io concu)i vod a dfud.,n .to'Jl an int~u·nall7-

oool~d, powl):t' • l:U'ecdeJt .t"!)aete>l' (3) .. 'fhlii t'u.el in this l"oaoto~ 

oontd.8tS or l . 77 l>Gr' cent b,- weight US'n3 cu2ll) d15pe'l"£&8d in 

a l1qu1d oonta.1ning $6 . 2. pei:r cent binmutb., 6 pel"' cent tin, 

and J7 .a pal" c•nt lr.iiad. The ~rEUHleJ> ~lu..nket 1$ a dispersion 

ot 1!b31.Jl$ in bismuth vb.1.ell. .ttl$0 serves e,a the coolant . 'fhe 

pul"poiu1 ot internal cooling :t~ to Ndnce the holdup of fu•l 

slurry in th& ~xt~~nal o1rouJ.t . 

Anotbel'" poas!.bi.liby tot.t a l1qtd.d• nutta1 el\U'rf is a dis• 

pe:rston ot a compound such •s 0-02, UJ°tJ• o:r· u.r4• krl7 

attempts te) •U.apaJ>a& tbee.e oomponnds 1n 11qU.1d metals were 

unsuneesstul, bQt mi 1nvest1.gat1on of the uo2.-n1 system by 

Knalla A'flo:mio Pow~r L"!tbo:r•atat."y ( KJl.l>L) and eng1n•oii1ng studies 

ot too uo2- lfaK nratem ha.vce be•n made by Ax•gonn.tJ national 

Laooratt.U7 (AfJL) (4, $) . A atu.df ~M;p at KA.PL bve'filt1go.t1ns 

the tto~t"'Bi aratEm ha.n como 1.o t~ pi-.el1m.1n&l'J' cone l.u:d.ona 

t-nat a. reaflltol:• uait\g the B7$tGm em op\llirate continu.ouly 

uslng natural u.r@lu.ro,, vou.ld tmtplor ci •1mplc .tuol p~oee.~u11ng 

cycle. timd would ha•~ a high oonv•ra!on ra~lo. Theao conelu• 

sions wo:•e ba~Gd on the f1maumptiorw tklat uo2 oan &)et <U.a~.r•ed 

ln molten biamu.th iitld thai1 th• s:ratom. o~ be contalnGd in 



b~eyll!um ,~u,bos (Q;} . Tne group ~t. Al~L bell~"vcn tho:t tl'• 

UO;t•liaK aystem would be tHttistaotory ae a nuclou· roacto~ 

i'uel {!)), bi:it :tut~ not "'ad!J anr preliminary oi~itiettlit)"' 

ealoul at iana ·WJ 1ng t'.bia Gjs tlrml 1n. a r&t.e'to~ ., ~ find 1itga 
, 

ot th.ta group will ba diacues•d. in detdl in section III . 
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A. chan1o ~tab111ty 

ne c. 
.. rtiol be "nito. l d1ntr1b"t d tb.ro 

:rlu1d u n th •lurry la 1n motion, and that t t1eloa 

e 1ly r c\1.up rae .t ll ed t ttl out to:; b:l.tr 

l t of ttm • Tbe illty of 11 •ti:f d- et 1 

slurq requl:r- th t t • olld p a bo tte by the 11 ut , 

. d that the d nsity ot the . ol1 be 1 tatiod wit that or the 

11 u.1 • h liquid u oo p et ly : t tb molicl to naur 

b.a" the p rticl s wtll atay 1n su p nslo Ad not e tlo ted 

ue y tho nro ~enoo or g se • Tho 4e o ty requ1remonb 

el insi t4' the no d fo1• o ta! & !n.fl ence , n "b toro d 

a t tion 1 b tx~rra, to t e uspon. ion. u • 

0£ s . 11 :r•t1elea (1 .. 10 1c.rona) with low '.lttll velooitioa 

i also h lp.ful. in int 1n1n m(\;ohnn1aal o.b!lit7. The 

et b!l1t1 ot tinG pnrtic e fms1one c 

I ia :poe !bl to • t1a th a r qul • .,nts wit" 1nter 

t llto or;tpound suoh 

al a poaa1ble with dispersion ot ion" c comoounda auch s 

02• 4 1 ote. .... ly tt tn to pr-od1 oo ·t bl• d1a er tona 



of 1on1e oo~:pound" in liquid tl'latau p:ttovod d1tfiou:lt 'be-oa.u.ae 

of 1neutticient wett.ing .• 

The best condition fol:* the v.ett!ng or a sol.id by u. l1<J;ta14 

exi ta 1r tha eor.1.t$et a.nsle '!:or tile l1qu1d phase is ·00. Con-

tact. .ar1gle meaaurer!li$nts tor 1onb compou.nds irev~ a.l).de ~t B!it_. 

and 1t wa tound t hat uo2 and tJF1., are ·~tt~d by sodium nn<l 

tt~t tho oretttng 0£ m>a and UFij. b7 bismuth ts blproved b7 tM> 

addition of a $mall em.cunt of' oodium (z).. Ho 1.r..f'o:t•mat1on i~ 

avail~ble on t~ 1on1o compound~ or thorium uepotid()d !n 

liquid mFJt~. 

ln somtf pl*'e l1m1rmry teat a, a gro'U.p at A?lL tound that ~ 

10 volume ... p&r cunt uo2-NoJt alui~;t'f rat4ain~ unitorm at uoonven ... 

t1onal pumping speeds and with ~dest pwer oonsumptten" (5). 

'knl'k 1& be!rig eontinucd to !nv•atigate 1lvr1$tt htl•1ng 4 con ... 

c~ntl*at1Qn g;v01.t&r ·than 2J volume-per eant uu2• 

(,eking and tlooc\U.atlon ar& two stability p:robl~ms wbloh 

ar~ olu.traotov1stlo. or 1ndiv1&uu diap•rn.ion•• Caking occurs 

hen the solid compound or tho al~ry at1c\cSJ to tb.e cun .. 

ta\n1ng matol:'tal. Plooculat1on occurs tlh.en ptll'ticl&.a tn 

moleeular motion oollide w1th oaoh otur JloGul.t1ns in 

~l;ot'!urat1onn which ma1 settl& out tuotor than the dlspe:·1sctd 

pa,.-tioles or i.nar rise to th$ .murtaoe 1t tlui agglow•rate eon-

tairul •it~ or otmn"' ~•t.'rut. It nae: be&n stilted that uo2 tbQ:t 

bad b~en suspended 1n Na.K at $00 O could be eaatly resus-

pended nf'ter settling d did not eal:eo Ot" f'loccu.ltato ev•n 
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t r pr long tli ($) . 

B. ;.,h mie .. t 1l1 

c le ienl stn >!l1ty r qulre tha t a ol1 t 1 n 

tab n .. t che 1o l roa.ot1on ·i th the l ioui h a • Tlli 

bl r1ao in the ca ot ionic c po nd d1a raion • 

e reaction in. 

02 + 4 Na ,.. U + 2N 2o. 
c cu ation o t e r:re nergy oha.n e tor this r ct1on n 

d. il&r o.ne tor o2 in 1o tod that very littl roduotton or 
th x1do to tho tal uld ·o r t tem ratur o up to 

1225 , (5} . 

Chem.1cr1l oto.oility oe not proo n eriou .rohlo, in 

he e t l! uid - t l solut1o. 01· int :r ot llio- oo, oun 

on • b t tl phyn o·l obango Wll-Ot oc W" in th • 
1 t · s oan re te certain pro 1 "s d olv 0 r • In t 

x plo ot' s lut1o ot urani in is. t in ·• cto , h 

ccid t l eoolln or tho r e"tl atr t.lni ne u. u:ran1 ... 
b1 muth Con'! oun to r 01 it t nth o o . lat leta 

vhio v n plug a nY:lall ann l . In o ox p of 

1nte · allie- oo pound d s ier ion, hen tho Or.lpound 1s 1 ... 

olv d nd r r a1p1t ed, t eompound rcappo· in th ro 
or unti'or~ eu Q • , th pro e ot 'P i•ticl oo 1nut1 n 

d to r1 sio , p rt10i 8~< h due to tloeoul ti n~ n 

ov l ot f1 ion pro-duet • on o tL a b& olved by rop 
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use ot tM pb711eal change• that ttakt place 1n o, parttoule.~ 

system. These prc'ble~ $lld eolutions are, o:t ooura•, 
speelf'ic for eacb diepo.r-sion, and !lave not beon studied 

Oxt*"US lvol.1. 

Dlsperatona of 1nterm&t&llio oo:mpounds lr1 liquid Mtals 

oan be m.a&t ln o. numb$r or wa.ya . The a1mpleat roethod i:s that 

of reaoting tho .finely divided eol14 l'llate:rlal vttb. tha 11.qatd. 

Po:r mwan.i'U.ln an4 thorium. tbif! is :aeeompli.sbad. 1n the· l~bOl"a ... 

tor7 'b7 bltat1ns the mixture tn • :fU"'apbite cnaible at 1200 c 
tor one hour ( l) . ~1• method he.& be.en Wied to p~oduce d.la-

pef'aions ot U(Sn., Ph);, 1n lea_d ... tln al.loye, rosu.lt·tng 1n a 

pal'tiole ol~e ot abQut tlU"oe m1er-ou (2) . Altbough Ul"e.nium 

pOWdftl' f)r"OdUced by the deo~oait.ton of the ~d:ricle is 

generally usod• 4:1spers101u11 ot aub-m,ioron she particles re 
obtdru-"d by th• d1rectt uao of tha hJdride ( 2). 

Bea!dos the meubods ot di.root. p:repw:"at1oh and h7drid& 

decomposition ment1on&d abwe, la th~ -m~th.o4 ot e:r.tol!atlon., 

!n wblch tbe metallic ()hips at-e ~u!dtd to n molt0n e.llo7 at a 

low tempe~a:ttl.rG and allowd tJo react, after whieb the product 

edoliatea away ·~ b colleot;ed. A fo~tb. mtbod 11 

elect:rolya1a with a Naud aa.lt . 'fhla m~thod. also result& in 

f1nol1 divided 41tpera1ons. 
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"tde ... o pound dit1pe1'a1ons 

the compound iroctl to tho 11 

nee ar to do thia at hi t 

ti"' (5) . 

pro cod simply b ding 

~ t~l. It 11 ometi 

to n~ar compl t 

prob-le a o b.nn~ling liqu1 • ta t l alu1·r1 ar•• ex-

c p ro~ the specif1o probl ?\HJ duo to the ph;f$10o. pt•opa -

tie ot th liquid !116t l • essentially tbe a e B th 

h dli · probl · o urri a in no1·a1. so p obl 

.orro 1on and cro 1on o o ntain r a er!als by th f lu1d an 

by tho olid rtiole , r ction of r · sure loa in th. 

low of the lurr7, oncentr t1on 11m1tat1ons, .ping 

and &p r ti ot the two ph s . Th a& nrobl€s"' will b 

di c cd in o~ d 11. 

A oontnln r m te:r·i l which 1a r.u· joot to eor o ion m y 

protoct itself by th form tion or oxid co ting. e solid 

nartt1 lea present 1n a slurry may ' way tb1s eo ting 

o the b o ~at rial to corros1on y tho flu1 • 

addition to this , here is erosion of t e tw~1 l y p ~t1cle 

imping n~ lon • Eros!on by pal11t clo 1t'1pingom nt is in-

orria ed with t.nor . od tui•bu.lenoe n.nd fg ~:;t'e to t 1n b nds , 

elbows, and valvoa, wb.er tho noltd articles sbrik tho 
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ull roroe o eir or r otio • 

I h b n to.t h t )~ p. 1te 1e s t1a. otor7 1n con-

olut1o is, .d th t the aa tran .. et .1th 

t r J:'Obl in he t . ch carrying bis utn-

ur 1wn solution. a lv d by th u e ot 1nh1b1tara • ch 

n zirconiu {l). It s a o o n a at d t t 

beryll1 1 believ d to • more rea1stant th raph1te to 

erosion by uo2 partial in a uo2-bt utn slurry (4). ow-

., ~ t tirst a t ent cannot be n.aa d to ho d tru$ tor 

di perstona bece.u • 0£ th rosi? tur o£ the art1cloa, 

d th oond at ont haa n t on v r1t1e b7 r1-

en al t eta. In alu tin th osia t <Ht at a ca.t r1 l t 

ero ion. tho e ulte bt 1ned tor o d1ap rs1o oa.nno • 

SSU to truo o notber typ ot d1 pera1on. 

rtmonta 1 h d1s ers!on o O 3 1n bi mutb a1nut 

aph1te t te r tur abovo 650 C 1nd1o t that no 

ael.'"io c bi dopo tlon sboul occur (.3). Tb.ta eault 

0 t ed th ta 1onar7 syat • 
The corroeive prop rti • ot be 11 U1d-m t l slurry e 

proba 1 1nd1 t1ngu1 n bl fro tho e ot t e Ul:'• fluid l 

1n so s. t cul rl tho oo2-b1 uth and o2-lea 

ayete (4) • th " 1 tanoe o h oont mr t r1 la to 

erosion by 

bl• 

upon proteot1n film, so that 

t1ol - · 1.'C! ............... t would be th · oat serious 



Tile con-os!on beh vior at l1q111d mettila ha.a bet3n studied 

by VtU"1ow:s uwusti~ tors, and theil.1 ret,Jult~ t;U,.e au.mraoJ•ized 

and d1uotUJ$tut. in tho L1qidd f·'&talt11 Uandbook ( 6). It h...'l,.'1 boen 

to'\Uld that the oori'On1on rate is ver1 oenattiv• to 1mpur1t11us, 

par1dcularly oxygen, contatnod 1n th• liqU!d m11tal. S1noe 

axygen eontent ot tho liqu1ti motal !tii uo iaportant. a 07atem 

conta-..ln1ng uo2 require• particul.ar cons1d~ret1on. The U$O of 

an o:.7gen «g,•tte~ '* 1• suggested in '1b1n oae , and on& choice 

ts a elfgbt exaerstt ot Ul'aniwa metal, altbou.gti bet'Yll1u:n and 

c~lc~lml aro also otteot1ve. 

It has been found at Iowa stat.a College ( 7) that the 

prcuusure loss dtv1 to hict:ton 0£ the tlow f)f alw,..rio• ia d&• 

pendont upon whether tbe tlw 1s bor1.zontal Ol" vertical, D.nd 

\lhetber it 11 upward or do~wa.rd. fhe P?'fisaure drop ie alao 

at!)pendont upon the solid ch11Mlty, tlutd tJ nslty, fl1.l1d v1a-

oos1ty, particle size, eonaentrat1on. pipo 41&.1et.el', and 

volooity or th~ •1xtUt"e. However , the vork done at Iowa 

State College ls limited to aqueou.o. sn1p$na.ions and th x-e-

s-ulta c.nnot b~ f$Xhndcd. to liquld-m~t$l tll\ll'rlea. 

It ruuJ been round tm. t the Pi1etasu.i>e drop .and power con ... 

auntption fCJ;~ a uo2 .. zlaK :Jl~rJ tlo~1ng 1n a one-inch di etez, 

p1pe w n Pt"aotteally the sll:mo to'J' a .S vol\.lll'l._l .. p•r etmt 
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suspension a~ tho~c tot• the· pure tl.u.id but 1:nol",Ht~tH1 ~rJ$tlj 

"""rH.;n the solid eonoo:t1tx-ation wu.s increaaed ta 10 volu.m .. - peir 

()ont ($). 

fhl! maxbr-Y."n . .cono~nt:i"'~tion of nolid part1oloa wb.ioh ean 

be r.uun.'1ed t1 a. 1-ea.ator ~lur:iy 1:1 ot bpol.4t~noe wbcn t.bo 

cboloo ot ~lur·r1ot> is to bo ~clo. ibe bigbost poesibl con-

centrnt!on ot ur@iU..""1 1$ usually p:t-et'elrred,, boo.auto.\ or tho 

hiSt'Ulr t'U'."GOdln.g g~1n att,ain~bl& with high~l" OQ:ncent:rat1ons • 

The ma~ volu.ttio eoni:.Hu1tration oar;r1($d by t~ slurry lfit limited 

01 t'ho decrea~u: in mobility v1th 1n~i~eo.e1ng conc•nt-ration, Ol" 

the oond1t1on at whioh the etfoot1V$ v1acou1ty ot tho alurey 

b•oomee too #&at to Q.llow pumping. '?be ai.!.o and shape o:t 

tho solid partlol.01 leo lllft~ot tho mal!':1mtn.'l connentrat. on wh1ob 

can be etlwi&d b7 a .tlutd. 

Beoaur.o 01: tbc Vi$eo.s1t7 l!:m1ta.t1ons_. A eonc~.mtrat1.on ot 
25 r:>el* cant by vo~ J.$ the ~ui»rU.m allowable oon~ontrat1on 

t. .. rw dispersions 1tt tb.$ J.ead ... bimriuth ... tln e.lloy~ ( l) .• This 

corr&$ponds to * conoon.tvat ton ot ab-ou;t 10 par ce,nt by weistit 

or tbo1 .. 1um or U%:"ard.um t.o:r the !ntemet"ll1o compound d1apo;r-

s1ons in tbf) lead. .... b1srmtb .... ttn alloys. 'rba l'!ltl.Xb11.t.'ll ccncontx+a• 

t1on ot uo2 in the uo2 ... NaK •fSt-teni !$ unkl'.\ot;m• but :1t !a be-

l:l$'"d the.t a alurry havtns a conetnitrtittion ot 10 per cent b.7 

v~lume can bo eaaily l:uutdled with moderio.t• power eonnucrptlon (,5) • 



1$ 

Liqu"d•twte.l JJ111X'r1 s ma;y be pun1ped by contritu.gtll nr 

eleotl*Ot11agnotie pumps. ?ho, d~stgn probl~mm ot oentr1.fugal 

pumps are ea$ent1ally tho l!Jt.mle f'ot* all reactor &lurl'le 1 

1. e . .. , m 1tabls seals to prevent eo.uape ot the h.1gl.lly itadto• - - .. 
aet:tvo lur17, •roaion ot tbe mo1'1ng parts ot tho PllmPJ and. 

proteot1on or bhft beerlngv fl"om the oh~rn1cal action or tbe 

· slw."~'1• It ban bottn found at UL that Bt'l llia•Cb. l ra 

General PurpO$• oannod-roto~ pwnp !a aat1aractov1 tor u6e 1n 
labQrator7 tetJta of the handling ehaz·aoter1'1lt1ca ot tho tro2-

Nrut s1otecm {!)). 

S1!!tpa.rat1on of thG oolid fU•l particles fro• tho liqu.14 

ts somothl$S neoos.sar:r ta,,. fuel :repra:eesa1ng or slurry d11u ... 

tion. One COl'!lnlOn •tb.od 11 filtration. F-tltrat1on ot liquid.-

metal slUJ."'l9ioa ~ bean found. to be ESUO:oeas.tul on a labOl'*l\• 

t~7 •o~lo with atailllona steel or graphite ttltora (3). 

Th e.tt&ots or tho G~poauro ot liquid ~.Jttals bo a neU~l'On 

flux ~d to gann:rta radiation, and the •ttoots ot .rit.u11on on 
ho ~olid tuel part1oloo prenent 1n n roaotor altU'r:t p:r«tnent 

certain problema rmd provide tSolut1o.ns tt>l' othe2n~. Neutt•on 

oa:pturo b'f l!.qll:!d, ~eta.ls fr'<ttfU$l\tly leada to f;ho fOJ;1;1ation Of 

radioactive 1eotopca. irw •ig.niticant oxBf.'i}les are bis utb 
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d 1 • (n, 't ) ro otion 

1i1 tmlt .... 10 a }, \ih1c l 0 y et -
s!on to 71 l olon1 -210. Poloni .-210 1a ... 

1t 1 to,.! m~ C- 1ff 1 Ult o c nt tn. 1;)0 1 I po 

t " c ptur t n ut:ron, to aod1um-24 (b.alf-11f'o1 15 
hour ), h1ch its b t .rtiol nnd t 8 .a-r r 

11 n r (1.3 and ~ . 75 , v). 

!"! on, 1d ult, ,. dereo o i ut1on ill -
vant or tbiu rociction in p t1el st 1n 

p 00 t ot while an dv t ge • 
th e f ia p •odu ta rro t l r -

sult!t eh mi.cal oean 1ng 0 tho ru 1. 

.. tu y of ·a an .ti ion !' ot ;t· i es 1.n-

!lo t md tJO renul d nd pon tho (j0J. . .t! ' OOtl t1-

n ot t • 

.t 

ittle is know:1 l out t h at t nste.r t slurrie • 

ttqutd- t l lur 1 ticul r , aro of1c1 t in ex-

p 1 t'U' 1 it h bo n on-

aid rod t1 factory to ev luate tilm· t - tran tor co tt1-

tent r r tore tr-cul t1on tl"o tho on- · tin lli 1u ... 

tions ( 6) . Ho t cbang r caloul ti n& 1"or oh•culat 



l? 

slurritt~a ma:r be ma.dEJ 1!' tho h~at carried 07 too Ot>l1.d material 

ia nllt)VfHi for ~along ~1. th tho bo":tt ott~1ftd by th~ 1"1u1d. 

ln n rea.oto:r tta1ng eol1d fuel ~ltt'tt1ents. tho lita1tat1an 

to heat trnnsfex• tnsiclo tW, core 1s tm f1lm-.eoe:tf1o1ei1t f.o7t 

heat trtillltd•ct> acres~ the am'.'taou ot tho fuel el$menta . In _,, 

1iqtt1d-tuel, <txilet-nall.7•oooled rc~to:r, the .taoto:rn that lbdt 

tho amount ot neat tha.t oo.n be ramoved t:v01tt the ~ore ~e tne 

beat eapao1ty Of the rluidt tbQ t~S- r~t& of flow of the tu.al, 
md th., p ~1s1ble temperatui-o r1ae of th& tu.o.l, st.nee the 

rat · of heat ~\tttl 1a given by 

Q 9 m Op(!out • Ttn> 
'Whs1·~ Q 1& tb.t> total. boat rato1 1n i• the m au vato or flow, 

op 1a the spoo1t1o heat of' tb4> :t'lu.1d, fcut is the QU.tl t 

tmrio&,...ature or th~ r1u.1d., ~d 1:tn u tb• .1nlet temper-attU'o ot 
tht'J f'lutd. 

ln a o~oul.nil.1ng .... fuel reactor, tbG x•(taaona fO);>- oQntlnuou.s 

.t'Uel pztoo '1s1ng are to prov~nt t;no p:roo1pitat1on of t'1fls1on 

produeta, to :t"odnoe tbo poi~;or.dr.ig by tho f1sflion products ,. to 

be abl~ to aontlnuout•lr add thfJ tu.el uke .... up, and to r€mloV• the 

:rad1t:.u~.ottvi b;rt'rt1ductn1 r.wch e,a poloni~210 tt~ biemuth) it 

Ono PX"~oss!ng m\lltbod liUgg~sted ro-c uso 1n the 11tlU1d 

metal !Uel rea.oto~ (U*1t) dea1snod b;r BNL ta that ot f used• 

s lt extraction (l, J) . 1h1«i1 proo&ss. takee 4dVantago ot tbo 
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t"ot th.at i"i~sion produots :may bo. separated trom a liquid• 

tn te.l-:tuel ao1ut1on by co11tactlng tbo tu.a d alt w1th the 

liquid metal. FO?' the u:ianiwn- bismutb solution. :tn th tMFftt 

tho f'tu1od salt auggoa ted 1s th• Llb'-lU•' eu t-c; ot1c ( l) . 

It 1 poiud.bl• to 1unu1t diuPt>r:dono lti .t.. tl tl~ t~101.'*, 

if advantage ts taken ot the sopva.tion or thee r1aa1on 

product• r~ tho solid phase 'Wll~n the dit'Ptl~a1on is dis-

solved 1n the liqu.1d. pbas• at higb. to~peratura. fCb.e fuel 

ts th4n proo1p1tatod and ~no 11qU14 pn4iL41o ~onta1n1ng tho 

f1std.on pooduots is ~emove4 'bo tb.6 proooss1J1g loop b7 f1l-

t.e,.1ng out the solid ph.aa& 'Wlth a st.el filter. rus tbod. 

vas. euggoa ted tor the tnt()rnally-coolttd ~"Dr'1t ( 3) to oUminat• 

tt.mo'1 l ot the tuel trom the reactor. 
'l'h\\ r•oval of 8'"1Qe>ua fission µ~ducts tt:dgl'.l:t be Ade 

PO•aible b;y er1uging tbe .fUEJl \11th wi bl~rt gna au.ch u ugon 

or h& Uum. Thia method b.u b••n m.isgosted to remove 

polon1wn tmcl xenon frmn the b!Bmutb.- uran!.um a-olut1on in the 

U'iFR (l)q. 
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IV. · I«.rIO !' Y 0 • 

oho1c o l . 1 • ·t 1 lurry as uel f'o a 

nuol oc e o t. h1 or po ni l 

uran! ccncentrat1on obtain bl in ~lurry 

lution or ur n1 in 11 uid etalw It 

compa. d to 

s ob orved. 

vh1 h .... e sy t orrer c ~t n dv n 

t1th • ot 1 e igation. li'he e 

fluid with lm,r .. elt1 ,.) :><>int (12 for th out act1c .l!X-

tu.re), wh!o ould l in ~ th neo ·or tin· sy to to 

f'lUid th & lt t at l betor t tin th r notor; 

10\r dons it , h1ch u.l .oon. 1dor bly low r t pumt1ing o r 

r u1r d (cc pnr d to tho htt ·11er t u); nd the -; o a 

d to th t o th 

1. • · eh uld r ue tho m o rat or tlow ... 

MO t p en d1 dv t a 
of luid Ni th fai l · 1 

tron absorry ion oro • ct1on, 

0 nv 1labl to'" roading, and th U& ot :I lid 

d ns ty con 1d r ly gr t r th.an tb.o t or th 

f'luid, !oh pren ntB h -pro l•. or ttli.1 o t ot th· 

,, r 1ele it h nt or ·h clurry 1 stopp d .. 

It a d th t t lu1 i ould b in t f'o ot 



11 pn:rticl s of Uuz OU pend d 111 the s"cu.um .... ::>ot s1 

) ..!tect ... c nlloy t 22 ~ r oont sod.t.un by • eigh~).. <>..! t 

L (5) , tho concentra-

t1on ., & limit d to 10 per oent tr 2 blf volume. and t 

v loc!ty va limited to 20 ~eot pe~ second. 

In the ~o t i u.tion o.t.' the er1tionl1ty ot the le ctor. 

it v s 1nit1all7 s mod th t th r•actor wo ld t err.t 1, 

:would b cooled uy o11•ou.l ting tho slUlTJ t'hrou :torn l 

at xohangors, would uae sr ph1t() a t~ e . o " torial. 

<l.t'td would uso u2.33 n tho ruel.. 'lho oore would e an upr1r.;ht1 

circular cylind i• , w1th th slurry :!'lowing um·: d through 

l t rog neCU5 lattice or uel channels . 

i'..:n. nit1 l study ot er1t1c litJ wa m e us1n' e 1 

go th <>'1!1 appl1 to ar , homogeneows roaotor. ~ 1 waa 

f'ollowad bJ tu<Jy using th. ono ... grou.p d1f tua1on theory 

pplied to ea.ctor wit- o. bro$dor bl nket uur:r-ound1ng t o 

CO:t'O . 

• 

n in1t1 l "'tudy or cr1t1cal1tT was ma.de using th erm1-

ap roxirl tion to determln tho or1t1oal ra.d1u or a. b 

re otor a a function or th& vol1.1m.0 r~tio or modor tor to 

tu l a lurey. 

r.:he or1t1ce.l qu · t1on :fori bare, homog~m ous reactor 1s 
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~or tb.e rof'l etor. 

lut!o or t s 

26 

u 1o •. .i.d ppl1c tion r 
opr1 te o ary ond tion lv th otlf)- rou 

iu tto which• or cylindrical '"'e ctor, 1a 

1tio l 

11(\(1 'o>] 

0 t r diu ot th eo • 

1 = radi\ltl ot th core plus th r leotor 

l tion diatanc , 

v< tho r 1 oc l of th di fU to l n t o t 
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(21) 

ch 1 aolv al ro o obt in cl"i 

wit 1nt1n1t b k • r ... 

aul a tu o 1n •1gui 4 

c. t tion ot Ho t r nat r 

ot e t ov 1 in oiroul in~ tu 1 r ctoi 

is g1v n 

= cP b 'c l22) 

1 t 1'" ol: -lo of b o lur 1• d 6. ia 

t o 1n 

l t o t e o w outl t. 

I 8 l' t 1 r lac 7 it qu1v lent, 

p •• tion 22 0 

' . p (2.3) 

or 

-------• v p P A T 
(, ) 

ro - ect!onal rea tor lw: r7 1 w , 1 11 en 

e 1. n ot r val l id v lo ty, 

d p eit!c 1.xt • -. l -

t!o 1 bot en lo th cor di 1 ound 

b lo m nt. 

or vol 1 t ho ot ho c on vol 



lur ol . , 

v 0 = carbon_.. V i r'1 (2$) 

or 

V or = ( _q + l) v <25 ) 

"'1 ) writt~n~ • 
1T 2 : (Ve +l) ~.K -. 

which OGS 0 

2 .i c~ n) = Tr v (2;>0) 

v 1 trie heat ca 01t1 p cp 1 valu t'. d or t 

lurry 1th th ~ollowin rel t1on1 

(26) 

•v 1 t e vol t.> oonc ntr tion ot t e aol1 ter1 l . 

h pec1tio b nt o uo2 o lcul d from th tol-

l wing • a.ti.on, 0 t r m 110!' r c a. 
cp.uo2 = 19. 20 .. l . 62 x io·3 - ; . 96 x ioS •2 (27) 

T ula 1on result d in v lu ot 0. 0740 tu/ ro 
th o1t1o n t or u • 

Sub t1tut1on or e v lue 1 to uat1on 26 1ve 

< ~ Cp>utx = 40. 2 • + 0. 23 tu/r 3 ° . (28) 

It t slurry tlo t velocity ot 20 feet r a cond, 

and the h a ov 1 r te 1 

Q = ,3 . 412 x 106 P (Btu/ ) ( 29 ) 

er 1 t r·e-.otor p tt , lU t1on 24 y be 



1tten 

r 

' 29 

--·-·-·-- -J---~l-~-~~-.......,.1-q_6 ______ ...._ ____ ,.,_._ 
(20)(3600)(40. 2 • 10. 23} (),. T0 

on on r tion of 10 p· 

l . Q~I P, 
~ c 

(~ 

()0) 

• ()l) 

(J2) 

1c t. co r ditta f'or ad~ to he t r mov l c be 

plott 

tn 

r u the olu r tio o carbon to l l ry 

oit1o po er d ,. e11"1o t .. per u rie • 

e 5 to th · 

Fi~ra 3 tor th bar re otor, n 

oto" wlt br~ d 1· lank t . 



30 

• , 0 I Tl'O 0 'i' 

n·e in !1 tu l alu ry · d g .. p 1 e h 

d&l'a or . Th.fl fl d1 tor the p~opo r ac. or oyclo 

la hown in Figure 2. T r otor cyolo would inoludo tho 

reactor, oompo ed or oor _ br dor lank t, ind eon• 

t 1n1n VO ttl, do a r to remove thQ. ""'aseous ti ion 

pr uat , pip1n tr. he r cto to th 

ck to it r c o , cont Lru. 1 ump , d 

o tu, 1 p c ssi • dd1t1on l 
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d th t he core oul~ e an upr1 ht. 01 ul cyl1ndcr 

ot gr bite 1th a t o • ou ttt e or t"uel • e 

lur17 l · vea th top or tho r etor and enters a egaaa1n 

eh ber wbioh uses 

t1ss1on pr uc a . 

on to re ove the x non a d other g oua 

es to t •• on ry 

t exch ger where th heat is trr.mat rr d to t s oond 7 

coolant . oool d slur 1 i then pm d ck to t bott 
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header Md through the cw~e, in which tbe 11 ltutr7 1s a.gain 

h.E>ato4 by the. fission prooeSth Cl"1t1<Htlit7 ln the 9xte1vusl 

o1rau1tu h prov•nted by tl:u~ a.bsenc.e of moit•ttator and by 

d.1v1ded f'lou. 
The large dens it7 dit f~rflnoe between. th*' aoUd. t ll Qo/ eml) 

and t..'le tlu1d (fJ.77 gm/cal) prosenta tho p;robl•m ot aettl1QS 

1n par-ts o'l tb.• a1atom M1o:re tbe vel.ot');if),J' is reduced. 'l1he 

high velocit'1 ed. th(t \.nui or V•l"tical tlow would be outt'1c1ent 

to eliminato this pl'obl&ttl 1n the core, and beat exohang•rti, 

b~ settling cou.ld OC<Nr' tn t'h$ he a.dare OX" th• •xternal 

ptplns syst~. '?'b.1e p;roble1lt could bG r~duo~d cGns1der blf bf 

th.et u.::10 or v r1 ~mall part1olo$ and suspons1ona in tho ool-

loidal 1•ang1;1 ( aub ... mioi-on sl•e) !U"t!t a'-tggested. tho den it7 of 

the Th3Bt5 breeding mat•r1al (lO. S gm/~) ia al.moat matehed 

b3 that or the b1arnuth {lO.o ~0.1113} \tacd .ia tho auspond.!ng 

f'lui<lt EJO the< prf.>bl ~ ot tlflttllng 'W'OUld not b.e ~erious 1n tho 

bl$llmt syotem# 

T'bt> pumping tmvtni.~ r quirod tor a slu.rl7 1a !n.o;rea•ed b7 

an .tncreEuJo 1n eoncentrAtion. En.gittt'Jtl~ing atud1ea ot the uo2• 

NaK 1;1luvr1 by JU.TL ( 5.) Wi~ated th~t the po1>ler .t?equb"~n1' tot.' 

a 10 per cent by volume suaµen•1on la approximately 8o p ~ 

cent gree.telr than that. toJJ tbe pwe fltt1d . An eatimat o:t 

the powel' l"oquu)ed to pump a $lu.rry tbl~oue;h a bee NG.otor 

produoing 500 inegaua.tt«t resulted 1n Et\ valu. ot 200 k110111atts. 

!his power ro"lull'ement WO\lld bt) proportion t&lf X"eduo~d ln 



tb4 blanketed reaotors oper-«t1ng at lower powor lev•la. 
A pot'~ion ot tho :t\tel s liirr1 lt:laving the b6&.t xoha::ugot' 

would btt romoved :tor 1•e rooe:a 1.ng. It woUld be neeesaa:t"'Y to 

remov~ t'"'.L& solid !\tel pa:ur•ttcl«HJ f:'om tbe fluid. SJ.nee the 

4ens.!.ty ot the t\olic\ 1$ co.nffid$!7e.bl7 gros.tei- thun that or th& 

tlu1d1 tn1s oould bo clone bJ allowing the particle$ to s~ttle 

·out ln settling tanke. A ee~1ea ot filters could al.Bo be 

u1:H••d 1t tho nettling .rate la too low. the :ttoplatHtm1'nt of 

fuel and adjuatment ot ocmoontrat1on would b~ d.·one prior to 

the entrance ot tho alurr7 into th• "-~•· 

the blanket sys tom. would be a fU'>C.ond.ai"7 f.\Ol.Woe ot heat , 

atnce there would oe cot't~ s.tnount or ttsa1on of the o2J) 

atoMS p~od~11eed rrom the thor1um1 and al.ao nortt~ abtao)!pticm ot 
g~a-radi~tion .from tho oor<:J. 'l'h$ ~clAt1ve amount ot power 

obtainable t:rom the hla:nlcftt is a t'Unct1on ot tho u2.3) con-

ooot:rat1oti 1n th• blanket s1ur~ which 1n turn 5..ta a tu.notion 

ot tho ,prootHUting rate ot t~ blanke:t slu.rn. It la con-

eetvabl th t an Additional 10 per eent or the raaotor pover 

could b• produced in the blanket slt.UtJJJ-. '?b.1s heat could be 

Ut<n~d tn roheate~ or teowater heat()J.' r:or th& steam powor 

c7ole. 

Pott wt ~oonortdoal rttaotor, it would be neo•uuicu-y to uo 

ebeap and abl.lndant materf.ala . ~ matorie.la used 1n tho con-

struction .of' thei re tor depend consldeva.bly on th• res~lta 
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ot tea ta ot tlle handling chw•aotecria t1es of tte. uo2 .. Nd 

slurry. !hf> us• of graphite or beryllium in contaot v1th the 

lu.r:t*f a:a $Uggosted tor othflr dos1an,s (J,, 4J 1s u.nrEJn11st1c 

bocau.r.e of tho un'know eras1vo p.J-op .rt1e.s of tho slur17. nie 

tuol. ebtmnel& in th& coll'& end tho vo~ctor vessel WOl.tld ue 
tabi-loQted from one ot tbo atalnl6tJs sto a . i 1b.1 would in.• 

crease tho abaoJ"ptlon ON1u1•sQctton ot· the ool"'•• 

The tuel ( u2),3) can. bo obto.1ntid ffftct a reo.c~ar that 

burm'I u23!1 Md produ.ees tf?l3.. "I:be conversion or the \U'anium 

metnl to the dioxid&· would not 1nvolvo a vor:iy groat additional 

eXPf.tflDtt. The lia.K uaod s th• uapend1ng tlu1d u avflilable 

in suff1c1ont quantitioa ao that the pr1oo would not b · 

p~obib1t1ve: . nw coat per pound or N K 1& al;)out tho sa."rle aa 

bimmtth (6)10 

'llle pi•ocedu.re tor atru;~ttng the reactol'* would be the 

ciroulatiQn ot purtt tl~! through. the ~otio and addition of th 

uo2 part1oloa until tb~ dentred oonr:.entl'at:ton is roacruut. 

Jt a.otor shutdown could be ace~pl1td1ed bJ a 1••duct!on ot b.e 

.ooncentrat;1on by :t1lt~~1ng out tho sol14 fU.4\1 partioJ.e, • 

~rg•ney ahUtdow 1n case of' a pow~·l!1 tailuro could be pro-

vided ro'r with allownao :tor particle &etti'U.tlg tnto tM 1nlet 

neade~ or th*) addition or a a•r1ea of tanks 1nto 'Wh14h tb• 

slur17 could be dum-p&d. Anoth•r poflt.sibi li t7 ts purging ot 
th• co~ w1tb an 1no~t gas. 



Control of tho roaetor · ould bo P:t."O~id&d fo:r 1iith eontx-ol 

rods. Th ettect ot dola;,'ed neut\ions !e Utikno'h'n a1nue tho 

probab1l1tf ot a dclqod. nautNn be1nG r~leased ine1de the 

oorCJ vo.• not oettm.Ated. 



Tho $\U'*V'&J' of l1q\d.d•mo1.ail tu~l r,eactoria preiHUlto4 1n 

Sect.ion Il !ntU.c,ate~ that th1a type or 1-&tlC'O~ b~Ui not ~ .... 

oeived notttl:>l& attention until. the ;:Hurt tow 7ea:rth Brook:-

bav$n. ll!ilitional t.aborato:r7 la the P1"ino,tpal contr1t>u.t019 to the 

knovlodge or ltqUi~tal ~els end tne groups at aNt bave 

oon~ent~ated tbo1r otto:rta on •r•"me u:d.ng bianPlt.b, lead, 

e4 td.th '?he only tn>• of' naot<tr to v•aob, ma advwie~d. 

,de·aign stage is the oxte~all7-oooled OO'lt 4cs1gnad by BNL 

•t.eh U$G8 a aolution ot' lll"tUd.ua 1n bi~muth •• the tu.el a:ttl ~ 

•U.a,pena1on of ib..;Itls !n. bismuth as th., broede'r taateriial. 

~the:r tJP• which hu ;r.oachtul a oonc~ptual dnslgn stage la 

'b& 1utornall7•00oled LMFB. also behlg 1nvest.1gated bi imt. 
'fbe n'Wllbor (>t poas1ble auspe:na1ons ot 1nt•rmtall1c oom ... 

pounda· in l1qu.!d •otals < aeo fable lJ 1llu.st:t.1&f.unt man7 ot th• 

o~,_. pooa1b111t1•s top typee ot nuclear roaet.Qr f\urAll and 

th$ !onlo...co~ound Uspeii.et·oM px1rla&nt a.notheJ.'« poesib1l1tr. 

!be 'U02·Kd alv~7 1nvost1gated 1n tbb thesis ~apr•~"nta 

only one ot tho nian1 poaaiblA t~a ot l~qU14•m£>tal altl.XT'J 
tuels. 

Tho limitod Wotnnation on tne 4'haraotcr1,t1os oz 
11qu1d-metal slUl'X"111s 1.nd!ca.tea ·a. .need tor :£:\aJ,$thtn:• 
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:nv~st! • t on or lo h ntonl. oh ti.cal, n nueltHu~ 

ar oteriatios of us It 1a evid nt from ho d1 • 

cu ion ir .... oot1on III that no de.t'inite red1c.t1ona cm be 

a bout th hn..'11.e l nt~.l">1l1t1, ho t tr ~er 

oh r oteri t!e • and handll oh ro.e r! tios ot 11qu1d· 

t l nl r1o • mo s1gni:t'loant ad 11t10 a . vo een 

1 t t- '""ion of e roo s 1n~ of 11 uid·: et 1 tu.el , but 

c tion of proco 1ng 1 u1 - otal lurr1ea a t1ll 

op n ro i ~ ti at1on. In v lu tin. t oh ct r1~t1e t 
• 11 u1d*. tat sl'Qrt'iea 1t l n onl posei le to • 

gen r l t t nt ho t th dvn.n t . ~ t n te over 

noth r. 
ot t o ge ral 

rule u. o in the v lu tion 0£ a nu.oleQr r ctor tu l alurry, 

one exnmnl b ing tb e of fluid with a r rl hieb 

utr n bsorptio croas-s otion Which ould foot he 

n u n oon•er t1on d air le 1n breeder reactor • noth r 

.x.ar.n:ple ia th us or g, aol1d·tlu1d oo?ubin tio in whi()h t 

do tty or th olid is cons1dor bl7 g ·eat r th tne density 

ct t fluid• h!cl ld r ault in ttling out t the ar-

tloloo it th r otor re abut down. or 1£ tho V•loc1tr v ro 

r o d tn o~ p rt ot th y te~. owover, h& etrect ot 

th h1 h eo o ntl'ation or !'u l l• to roduce th quanttt7 ot 
aK nooee ary in o roactor, d tbe us or •'1:7 am ll 



nettle out . 
A prt>l11id.naey 4ri tioall t:r a11al7s1a w , nuulo tming tho 

F&m1-A:J& flpproxima. ti.on tor a bai•e i:••aoto:r.. Th$ reaulte are 

glv~u1 in the form ot o~1tiollll t• diiia and maso cu>r:re11pondi.Q8 

to a given volwne r t1o ot carbon to slurry a.nd al."f)" nnown in 

Flgu.re 3. '?be oor~ radius requb-~d to remcv-e boat ttt t he 

:rtttet of $00 mogato1u.ttn iu a.l..iJo showa 1n Pi@lt-e 3 a.nd th point 

at wbich the euno !'Of' o~1t1aal radS.ua o:rosa a the curv~ to~ 

~dequat• beat t"enmval 1~ tho point ia;t whioh the r~~oto:r 

wuld b• ovex-atlng. Pol'* a pow~ ·ot !)OO m.ega1o1attfJ and a 

tctmpol*atu.x•e 1"1se ol' JOO F·, this point occu:Ni at a eot-e radiuG 

•£ 2. 26 tseit. a volurno ?atlo ot 1. 9, and a cr1t1Qa.l mas& ot 

tba 11otem. T®le 2 g1vos correapondil'lg valucui tr>r the ittl ... 

po1:--tant opf'J>ating oha.1."acto1'1at1ca ot eadh reaoto~ • . ~ho fol· 

low1n,s genar•l eonolu$1ons can bo di-awn from the result · ot 
tbG Fomi- Age appi-ox.im.ation. 

1. A btgbe~ poton~1~l b~oed1ng rat1o result& from :e.n, 

1nOl"EUJ.$0 1n f'uel oonc:um~ation. · fhe,t"etora the tuel. conoentxia• 

tion should bo kept .aa high aa possible if b1~oed1ns ts to b• 

~lo:red.. For 'h& e~ l"fHUl~tt, tho •ol~ rat1o of carbon to 

al\U!'ry hou1d be kept na low ea posalble. 
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Figure 3. Determination of critical radius of bare reactor 



Ros.ct~ Powo:r (rnegawt\tta) 
Radius {tt) 

Htt1®'1~ (tt) 

Tompttl"ature 1U,s_, of E>"uol (0~) 

Cit1t!oal Me,s.a (kg) 

Uf!''R 

500 
2.5 
s.o 

2.10 

l0 . 6 

U02- liti.Jt 

500 

z. 26 
4. 17 

300 

6)5 

Avorngo Th3mal t1eutron Flux (n/em2 see} l . 7 1 io15 2.aa ::t 101 .3 

Core Holaup (tt.3) $1 23 .. 1 

GranhJ.'to to Fwll Volume Ratio 
Flow Ar$a, (t1J2) 

Pue 1 Conoentrat1on 

Fower Density (kw/litol') 
Sp cif'1c Po,.ex:- (kw/kg) 

Muss Rate of Plow of' Fuflll (lb/hr) 

Potential .B1~eed1ng Ratto 

!)l.l 

669 pptt 

310 

47,100 
i . 76 x 108 

0. 964 

1.9 
$.46 

765 
?86 

2. 89 :< 107 

1. 166 

z. Ati ino~eane in the volume ratio o.r o~bon to alu:r17 

rosulta 1n a doeroaso in eriti,oal radlun and m.aas, but also 

results 1:n a dQoroa~o in tho quantit1 of beat th.at can be ro-

movod. trem tho coro . 

3· The UOz•iid bare r&1:lotor cori••s.pond1ng to a powc~ 

l vel ot: 500 mega.-.1atto has approximately th*J" aa1'11& d1mena1ot1~ 
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the • critic ass t r the 'b 
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- Bi r oto • Thi 1 du * rt mo t ~r~, to th 

unt or neu ron l a~as from th bar r cto • 

$ . T o nti l ro din r· tio or th •t -2 re etor 
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br er nke u • un tng th col:'e . Th b si to th 

bl k t h v1ng an £t1 lo 07 ot 0 .9. 

co ol: 1o r ~n r~ t µrel1 in y et dy 1 di-

o te tn t t oul de 1~ ble to ~l ce re dor bl n et 
'bo t cor to utiliz th n ron l ak ns out o~ t 

or • el ot1on or >ropr5_ te bl nk:et at 1 l 1 -
ort t a oe th bro ding t' tto att ln bl de u n 
he bl n· t rrtci nc • 0 1na• th& av r n or o 

uo d fro 1• to for v "J n tron ao d 1n h 

1 2 . 31 lX1 on n utron is re u ed to . int 1 t 1 h in r -

otlon, the imu. nu. · or ot neut ·on il bl tor b edin 
Ot the I o t1on 11 loon 1n 

• oor • lo vin about l . 27S utron a all bl to br e ng. 

br in 1n 1 to e 14 d1 t en h bl 



ettieionay ean."1.0t bG lower than ~ = o. 76;)_. and in f's.ct 

tn\lfl 'h oo lasex-. Caleu.J.atton or the et.rtciency of a blanket 

u.s1ng e. 10 t:Hn"' eont l>J' vol\U':\tt ifh02 uusp-entt1.on in NaK tof:' dit• 

terant vo~ ~at1ot1< ot oar'bo.n to rtl\Wcy ga.vo a value or 
abOitt 0.$1 wl.liOb. is OQne1d~ra'bl7 lowar th.an that dosired .. 

TbertlfOl .. (.lf 1t wae doc1<led that a 10 :P$t- oont by weight. d.1a.-

pora1·on Of Tn,Dis in bismuth would ~., wa~d. i'h• e.ttlc1&b01 

ot a blcn,'l(et having a vol~ J>t\'bio ot carbon t ·o sl~ oqus.l 

to two ls 0.893 .. 
Tho <HJ.leulat!ona wH made \W.tns a one ... ~up ditt\leion 

tbeot>y tor a :rtts.c.tox- with a refl$oto~., and tbe rosults a~e 

given !n tbe tom ot crlt1oal ra41us and mass aa a tunot1on 

of tbtt 1TOlU.ettt rttt!o Of <U!.!'bOn to tJ,lUl"JJ"f• ~ ~$:aUlts W$1'0 

plotted on Ptsux--e 4. t'o'I!' o,om;p~ison w:ttn th• rewlts ot 1th~ 

btWo i~eo.etor, and en PlgU:rrt 5. tor oomparlaon with th0 heat 

tJ>.unsf$r reqt•il'ements ror pove-r !$vale or 100 and 200 ntega-

w11.ttt1. ~ cottd1t10'l'l$ for each pow_.. level w-o~o ttaken ti-om 

1t~e $~ Oa.l.UUlat1on Wl9& t'UU.iet and tb.O itnpox•tant 

oh&FttOtl!r1 tia tor a.ch reactor lttttod 1n Tabl1' l• The 

:toll0ll1ng conolusions we~e dttaw trom the rewlba ot tb.e ·on•• 

group approxtrnation tor a retl.eotod reactor applied to a ~•

ao tor \l&lng the f102•lhll" isyete • 

l. ~, ott.1ti<Jal radlu.s and mfuU• are eorud.<ierabl7 re .. 

duo d tiben the noutron leakage is redu.ot<H'l hy the e.dd1't1on or 
a broede blrulkot. 
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Table )• Comp r1 on o.f two poss!. >l bre der rflaotorf! u 1n 
the uo2-··aK sy te 

Heaotor ower (mogawatta) 

atio ot o ~bo to Slu ry 
Coro 1u \i't) 

Cor l::!et it (tt) 

ritie l M 

:fera e'.:)The al Flux 1n Cor 
(n/c.r::i'~eo) 

Flux at Core-Blanket Int ~t c• 
(n/cm2aoo) 

.k • Fl _ (n/ Znoe) 

or luny 1n cor• ( .rt3) 

ecli'1c Pow r ( k'W/k } 

o er nsity (kw/liter) 

nre ding Rnt:S.o 

I 

100 

2.0 

l . O) 

1.90.3 

60 

II 

200 

l.O 

5.67 x io1l 4.34 x io13 
1.$37 x iolO l . S7 x 1010 

2.11 

1667 

1675 
1. 198$ 

s.53 
l.333 

1278 
l . 2000 

ount 0£ be t th t can be r oved from th ~-

fl ctad re ctor 1s eon 1 rably less than th t removabl f'rom 

th b renotor. but the r.iount ~ he t pr ucod per kilo-

gram or tu l ( peo1t1c poller) is gre ter tor th retlooted 

reactor. ~ho 1ncreaee in the amount of' beat pro uced per 

unit vol . ot tlu1d (power d na!t7) 1e oater ror lOlfer 

pow l v b caus or tho decreased lPJlt ot th reactor . 



) . 'Th~ h?>~~d1ng l"at1oo obtainable from ea.ch x-oc.ot.01" are 

~'.Jt:mnt identic.u\l.r indicating that ·thelt"'ei 1s no dlff(Jttence hi 

th.ta respEtet. 

Ro tte-mpt Wtllll t'U'ldft to optimi~G: ElnJ' Of the Vtn"ia leG ot 
the d4'e1eri (oxcept bl·aedlng r t1o) oin<hl the ol(o.ot pw.-po e ot 
the roa.ctor tn not kn-0w. ~be ~e&ultie are siven 1n .term. 

such tbat tbo 0~1'\ll tins c.Gtldit.ions ohosen ( powor l•vel and 

~cmpru.•atur r1ets) m y tte found m:td th~ i·oactor size and 

cr1tioal wie.u dete:r'tlino:d. ~ posa1'ble designs .r.n:·~1tented 

ho:r• a:r baaed on a. me.::d.mum. poaaibltJ br-oed1ng l:'atd.o. U 

1t i:i citudrable to 1no.t~ea~o th.a pow~r level or 1ncrva.se the 

apee1f1c powt>r, th• cGncentt"at1on ot th.ti\ uran!:um dioxide 1n 

tho nltu .. 17 could be .reck:v::u~d. ib.e ..,rroet or the ucr~t!45& 1n 

concentrat.1on on th& breeding J!atio would dGterm1~ how much 

the eoncent-ro.t1on cou.ld be ra.¢1.1oed. 

Tm advQl'\tases ot th<J tlae ot the uo2- Na.K $J'S tem as 

l!quid ... metal t\tel a.1"& as tollo1r1B1 

l . The U$6 ot u. ulurr:v pomite a :bigl\eX" 0-onoentrat!on 

o:t ti.ff 1onable material :tn the core btum th11t obtain d vi t.h 

aolut1on or w.-n:ntum in tile liquid m~tala . Tbis 1.a daairabl& 

booaufUb ot tb4 corre ponding inot-eat\o 1n th& b~et)ding r tio. 

a . ~ use: ot a liquid t l (Hal) 1dtn a lo11t domiily 

oona1de.rably reduoes tb.e pu..-nptng :power ~oqu!rod comp~ed to 

tbG l"..l0av1er liquid m$t l~ (Bi, Pb, Sn} propooed bf the gttoup1;1 

at BifL. 



3. Th~ bold up ot tu.c. l s lurey in tl1G raaetol" eye lo 1s re• 

duood by the U1J~ or a flu.id w1tb a highe:r bGn.t capao1ty oom ... 

p&r$d to the ~at capao1tf et the he~v!er l'J'10tal$J proposod 

by th~ gr-oupa t\t a11L. 

4., The brtatedlng l"atio pos,1.l!.bl0 wttb. the Uot .. ff.U::. ayatem 

ic cono1derab17 W.gnor tban ·that ot '&bf) IJ-O'B prQpo.aed by tb.411 

gx-oupa a.t BBL. 

1!:00 dinadve.ntage ot tho usu of th:0 'UOz .. lfaK S'ftrtem a a 

liqu1d-meta1 tu.el arct us follow3J 
l . !tho iuse ot a tlu:td (Jta,lt} \.t!th e. b.tgh noutr'Qn ab• 

sorpt1cm. croe.1-!lootiot1 e.f.fcat$ the rwu:bron conv :rvat1.on 

d$z1rable 1n Q b~eed~ reacto~ • 
.2 . 1.rl\$ cr!tioa.l mus of a no2..-Na.K rcaoto:r us1ug a. lO 

per cent t,;uspemt1on '°r uo2 is ht.Ch~~ tbnn that ot tOlllP&l"abh> 

.reactors. ~ mae11 ot t1at:Jiorw.ble rmit~u;•ia.l roqUU"ed is oon-

s1derahl1 inoroan.ed 't>J tho bo.ldup s 1n the xtemal i:d.,p1ng. 

heat oxcha."lgtlrn , and h•ade:t"a . 

3. \1h!J pouer level ot Uoz- lid I'<C.Ulcton la eona1.derabl7 

1'-0du.Qe(l when bl:"O d1ng la GtnplOJ't'Hl b~eAtUU) of: the mtl41llor 

~ount ot s ltUTJ ll(Utded r<>r- c:r1 t1c.tt1ltt1. 

Ii . The choiee: of ·fl ttured ... sa.lt oompat1blo with too NaK 

1n a t\t ed ... an.lt «.t:Jl:traeti.on prttce a to;r re1'1oval of' t1ae1on 

p11ooucta io d1tt1olllt b$cQ\11&e o.t the h1gb. reaetlvity ot the 

potas1lf1um. 



The toll<> iv~ gen r l oonclu. iv ean oe dr \in om the 

nv t1gat1on ot the UOa- NaK y&te, a& a ree.e t o:r· t'uel. 

d nuclear charaote~1st1ca 

ot uo2 ... Nn.K elUl•l'iea hnv oceived limited 1nv st1f.!at!on but 

thtJ problema ore rol;.ltiv to lia.u1d• · tal slurr1os 1n 

ner l , and th ·1r 1n oat1;at1on d~ not p ar to pr ont 

f1ll'1 jor tl11't1cult1es. ~e ehe 1c l proecaa1n.s ot tho oa-
o.K y, tem prtlaents a r:iajc problem. 

2. r actor usins this eystem can be mu.d cr1t1e 11 

o opor to at power level OO'l'l'l~en ur&te to th r qui ents 

r t1o eat r than one , or a br edtng gain, 1ch ~ti r1 a 

3. If ·th pt•1r,.u7 pu 010 ot th reactor 1a brooding, 

roaotor opernt1 g 1n th 100-200 • gu.N tt rnni;e ith lQ vol-

ratio or carbon to lurry would b~ ~s d. 

4. U the i•1ma.r1 u.t-pose of the ~eaotor ts po er, tho 

concontrat!on could be lover d and tho co1·e nlar d to ro-

vtd tor the L11rg r tlo· rrlte of th& slurry. ,. other 

possib111ty 1 tut> US ot u235 (onrichod) QI the fu.&1 41 



4 

VII. TUDY 

u ot the u 2- l3Y' t in nuo :r r cto 

dap-nd upon th Dt 0111t ot uo2 su pon 1n Ci ou-
l ted t oug ~ n to • It ls h ref or .ugse t()d th t 

s d!· d ot th ch nic l eJld ucl rope rt! Q 

• hi ould 1 ov ch 10 l t h1l1tr to • 
• d- 0 e ts. l 1 ... 11• tect ~tho r ·1 tf.UlC& of t.'l 

SU p nsion 0 nttolenr :r 1nt1ons . A tho Of .troce 1 the 

uo~- aK 1st to r ov r1 1on ro uot 1 re u ro • 

th holdup or slurr7 in th xtern l o 1 111ty ot ro c 

at - transfer sy t h uld 1nve tigat • 
rth r tudy o t critic 11 ty o'f th U 2 ... l K cto 

s ould oint in th tollo !in d1reGt on t 

l . r cto ttit.h 

do by x uc1 

ur uld nc o .... 

po • 1-- l v 1 , but ma 

po e t ts study !.ght 

ch i; uld llo 'br 

on.1 ll be tho s 

z. accurate 

all 1~ e itic na . ~ 1 ooul 

cone ntr .. tion ot uo2 1n fi : . 1 in 

sice or tho roaotor a.n lJ.o hi h r 

er . e tho br \ din ratio .. l pur-

e to find the mJ.r cone nt1 1on 

d!n. 6 ::in. lo ioul 

g t: t ot th1a th u1 • 
sult ;.OJ .. t p~opo ed r A.ct r . 

·oul !n ol 1 pl1o tion or ttc two.group th ory. or 1t 



poiudl>l~, a ntul ti-group tbooI? • 

>• .. &.. reaotoi• usinr~ enr1chod n2'S aa tb.Q fuel. rro-
lim1nary <:ualcuat!un~ tor this ~rs te:m 1nd1oated th.ab e 

larger core would b~ reqtU.l.'*t>d. U tr23S otlt11ehe4. to 90 ·pe.~ cont 
wex-o used,, but with a c.ot."'<t ocmtalnJ.rJS u.a3S, the fQ,CtOl" or 
tnt.&rn.al breedlng .might prove to be adV'rultaa;oou&. 

4. 1bG po1Js1'b111tJ' ot a ta.at nactor ua!ng tbo ?uo2-tta.tt 

#J'l!'bma. 

~. ~~ use o~ sodiwa J.n pl.c.ce ot Nd: u the s.u,~polld.1ns 

tluid. *?wo advantage• ot foe.ts.Wt ~• a lovw DCJU ti"On ab-

•orptio11 oroaa•tu:iction Md the b•tt<u1 po•e1b1lit1 ot: tinding 

a tu.sed salt wS.oh could be wu.ai t:or p:roo•u.udng a aod.ium 

system. One die.uu:hranta.ge ot aocU.um. is the ncu:uuns1ty tot:' a 

heating aysta tc melt tho mo~al 'itih&n the : 1cu1ctor 1c ota.rted. 
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orotu1-11laot1ons o.ncl Table $ gives t~ pb.J$1oa.l p~o;:HJx>t1oa ot 
the oore materialts uned in tho evaltte..ttor~ ot the nuclear 

proport1os . '11ho valu•s of tho abaorption cros$-!tootlona 

gtvon at onex-g1oa otho~ than o. 0627 ev were oo~eooo<i e.ssumtng 



$7 

... l 4. ol opert1es or el , nt ~ u~ss c)a 

t Os -z) 
(b ) 

239 75ob 9. 6 2. 6 2.03 
233 330 362 6. 2 2.54 2.31 

17235 335 420 10.0 .>1 . 12 
232 1.s 12.5 

0 o.oois 4.6 
0.54 .o 

I, 1.97 1. $ 

1 0. 032 9. 0 
0 -- 3. 

t te1\ nc 9. 

bv: l 8 11 t t 0 . 025 

Tb s. h 1c nr p i-t1oa :b r la at 50 (455 C) 

1 l A 5 p (~ 3) C (Btu/l 

bon l2 .158 l. 2 --
.33· o.o 8 0.11 0.21 

n 1 0.120 ....... --
uo2( .33) 2 5 ....... 0.97 0.074 



t lat 0 v •1 ( c1 rocal or tho utron v lo 1 1• 

It • o l~ no ed b or t1on cro a ~ 

dU' 10 l n t .. 

:vx• dov ~ h 111 l uur n • 
v ra. l neu ron v lo ty ts l . 128 tlme gx• t :r 

!i nor t1o •. Ol:O ..,. Ot1on al' 0 . 866- ti h roa 
e tio al n tro oner • 

otor 

1nt1n ... t , lt1. ioatio t e OX' i.s von b7 t toui -

ot r fo . 1 

(33) 
n tor t ,y te. Ul1de.r onaid ration, the t "'· t 1 alon E c ... 

tor nd r on c o c . ro ab111 1 or both d t be 

al o one . 

a.v t' e nu r of ta t n utron roduc d e t l 

.b .• orh 1n 1233 qual to 2. 31 . d t l 

ut li .. t.!on 1. !v n 

= '. ' (34) 
ii co 12) 

j ) .35) 



r nt 

%' 

35 c n 1tt n 

'1/ f 
l'"a,u23 

inc 

2 • t c 

!.d • 

ctio. dn 

)62 + 

59 

t ti 0 n 

1 , nt1 tr oto • t1o 

0 
(3 ) 

2 

(37 

'YI uo. (37 ) 

a• et1o or tl in 1 1 u 1 

0 

ro r a t ro ... 

Eq tio .)6 1v 

( 8) 

(39) 



2 

1.t 1 n n 1 f W'l .tro bh t on 

L2 ( t 0) 
~ . 

:v p ion 09 .... t1o r the 0 

nb 

~ ~ oor - 1U2,3 (f' , 2.3 ( ) 

ich ro 1 n • 

(/'", , o , (42} 

r 

er ,023 q.3) 

0 37 37 -

(4! ) 

t1on 13 e a 

L ,cor a ------V-c----------- <4S> 
-UOz 

ti tio of :p p 1 t v 1 o into · u ti n 4S 



61 

L ,co•= 

diffua1on co r.1vi % t v.t• octod 'l'J tr p 1· 

1 ,lvon . y 

3 L ( i .. fto > ( i -

h re L 1 tn tot l oro a .. a ot1on. 

or 

o th y t co std r d this 

1 

( 6) 

{47) 

(48) 

• 
. l . . . (49) 

0 - 2.S4- Ve. ~-t.,c. V~Q°l4 ~ ( ) r cor 2 -t- Z.025 - t,11/QK + ·"SI G:t:.v-z .... +Z.81 " u'- ,o v !JO.. "'--~. v. "' -, ''--"' VOz. 1'Jl)o~ 

ub t:!tution o 

into .Equ tion 49 iv 

'u-t1on · 1d p~ ··opx ia.te oo t nt 

l "" n. + .e Vuo2 \10; (!;)O) 

-0 1 o 1 1 n y th elat on 

1-'( e) ~ 1 Ef D cl E 

s~s e. 
E-1;\. 

(51) 



62 

I it 1 u d t. t~e I ctors in ~u t1on 51 • 
ir: e e t r n all n tron or in t t 

v r u~ r1.- ion e gy t" th a ion 51 o 

to giv 

) 
~ 

f' 
'I ~ :: 

5~'5 'tb (5 ) 

If t ver e n rgy ot tise1on neutron 1 2 * , d 

t·e tho al n r ond1ng to tie a or t m .r tu e 

ot th oore is o. 0627 v, then 

~ oor., JZm (2 ! 10 ) = .0627 = 17. 26 t53) 
~ S~s 

her Decpe is give b E u t!on 50 an 

s~s = (-g Na;)c + ( 5 No;}No.K"" (~ N <t; )~~ +Cs N G;)o ($4) 

31nc S UZJ 1 ess nti lly ~ ro, 
( 5 ~ ) Vt1 lt .., ( S ~ ) ...A- + 

Vu~. cvuo 
~ 11 (2) er 
~ o uo2 ,o ( S> 

or 
. 00174 v=-

002 
. - 1 

l 

T ll' 1 

. 0609 v:- -t . 0224 
UOz 

n be o lcul t d b th u ot 

(56) 



63 

c. tner 0 l ul tio 

h cr1t1o o tiardo bl m ter1 l tn t l co e 1 

e 

'h r tor , 

= •v 
lT 1 2 

l ry 

!JO 2 

( l. 47 l) 

d t a once tr t1on ot 10 ei· c nt by vol uo2 , 

l "* -va 

57) 

lS8> 
{;)9) 

( ) 

(61) 

6~} 

o l 0 Ve/V r etor 1nod f.rom tho er t1cal e~·u tion. 

pot n 1 r di r 1 a7 be ·P rox1 .ted by h 

follo 1 r l tton, 1 e in fer nee 10-

(·~ - i) • .,. :; 'Yi,_ k (X) - ; vl (6 ) 

."lere t 1 1 th bl n t t"f1c1 nu , o:a• th O· Of 

r1aa1or ble t r1 l oduo (ne ) p neutron le 1n .ro 

th eoro. 
Th br ding r tio for rtioul r r actor 1 b 



i~ 

loul t d by in th·t · ut:ron av il bl tor 
br di r utr n or tho u l 1 & t 

nu ~ ot u ran: rodu ·e the nu or utron 

u in a1 tainl 0 t1on, b or din 

, or d OU r ct • bu 

If l • 7/ - - • b - L (64 
,,, r 1'/ -= fl (t • n b o ... n utron od ed, 

ut n sor 1 l in th c r , 
b • u.tro or d in ~te t r1 l in t 

bl k t, 

d e neut on l k out o t r o or, 

~.;he e e t:l 1 on on n utro a aor od 1n th el 

. t ri l . 

u tion 61 be t 

in ctol9 

• t • 17 - l .. (!,~ .... l\ .. (l .. t i>~~-:-- - t' ¢ 1 ) ... l > t ¢ vc 
(65) 

r e n to 

• ~ 7l ... l ( l .. t >l) cp 1 + cP l 
• c - l c ( '(/) v> o . • 

(66) 

t 0 ~ 1 ut111. tion of th oor, 

- the l rr1c1 ncy ot the blan t, 

l neutron t lux at the cor -bl e 

in rr ., 



l a 0 or h 

'l { ¢ :v) o - e 

rr10... no or 
th al t l1zati n ot 

I l 0 

e 

r 

~ 
z 

)l t 

dr 

t1on 

fl 1 h 0 

l nk&t • l 

d 1. o nd tro 

r 0 

su. pona1on 

1 h u p ns1on or 
2 in l1 ' nd Ol' 10 

h3B1s in b a uth, 1ch g ve tl 

r ulta. 

tb. 

(67) 

c 

oent 

ol-

Ta.bl 6. r ct 0 lurry ma &rials o blan t tf1ci noy 

£ 
( 2- ) ( h3 15- 1) 

l.O . $2 0.917 
2.0 0 . 50(, 0.893 
4.0 O.IJ.8 o. 7 

t l 1"0 

he one~ ro p a on or t o-r to 0 1 

</>Q ( ,s) c J 0 ( 0 r) 001 Tr ( ) 

ro the c re, 

t 

y 



6 

) 
( I( r~ lfZ 

I -) ¢ (r,a) : 
( ) 

t r l h ot he or d1ue, 
atano • h• 

1 1 the ow 

- 1 crt 4> ( t •) (7. ) - .3 JC 10 .,, 
l' t ••1an. l• t l t l' , 

er t: 1 1 

0 s. 1 • i• 
t! 

ef; ( , ) 2-rrr • ( } 

• 
ti 1 0 in 1th ua: 1on 71 () 

l~. I [+ 1'f - C J ( r) ooa 2 tr -1T 0 

(72) 

(73) 

0 
(74) 


	img001
	img002
	img003
	img004
	img005
	img006
	img007
	img008
	img009
	img010
	img011
	img012
	img013
	img014
	img015
	img016
	img017
	img018
	img019
	img020
	img021
	img022
	img023
	img024
	img025
	img026
	img027
	img028
	img029
	img030
	img031
	img032
	img033
	img034
	img035
	img036
	img037
	img038
	img039
	img040
	img041
	img042
	img043
	img044
	img045
	img046
	img047
	img048
	img049
	img050
	img051
	img052
	img053
	img054
	img055
	img056
	img057
	img058
	img059
	img060
	img061
	img062
	img063
	img064
	img065
	img066
	img067
	img068
	img069

