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ABS1RACT 

. 
In the planning of a breeding program fast dilute piles constitute 

one of the interesting domains for desi.gn study" A few families of fast 

dilute reactors have been surveyed and these indicate reasonable feasibility 

with moderate performance v High temperature heat rejection and doubling 

times of 5 = 10 years seem to be attainable with critical masses or 100 Q 200 

kgs<> 
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THE FAST DILUTE REACTOR~AN INTERIM PROGREfS REPORT 

John Ro Henke 

IntroductioB 

, ,~' ,;;xi~.'" .4:.-"1" ' ' .:' .:,.",~;"'.w;t";~ 
• • I' i' .~~ ~v;..; 

In planning a breeding program for fissile material and power 

production there are, of cour8f!l) MD7 regimes which may prove more or 

less feasible; for j nstance~ Dro Wigner has discussed the breeder 

problem before t~e reactor development group on October 17, 1947" Fast 

dilute piles constitute one of the interesting domains for design studyo 

Soodak (CF"".3107) bas treated the family of plutOnium pilss diluted with 

normal uranium and Snyder (A~4248) bas given eome detailed attention to 

the critical problem of a single high dUution lead "" urani~235 pile" 

The &uthoT j original~ infected with Dro Zinnia enthusiasm for the field 9 

bas also considered some aspects of the problem~ 

This paper writtenpsomewhat b.Y force of circumstanee j before 

the study is complete presents ,results obtained in a survey of the field 

motivated b.r the need to outline the regions of most promising feasibility" 

No attempt at design of specific piles is made~ the scattered calculations 

serving only to lend defini~enessq Such surveys accomplish the additional 

purpose of emphasizing again the large areas wherein we remain ignorant 

of physical properties and methods of evaluationo 

A representative fast dilute pile as an example might have the 
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Critlcal maSBS AllOO kgs u2.33 in pile 
' •• "".,< ... :." l: ~~' .. 1"::;(~.'~~-;""X ~ 
!" ~ ;y,f ~:."':;' , 
" ~ ~,,;; jIc ~ Ii" .. i~ 

Holdup outside pile~ Unknown, probably at least one more 

critical mass 

Breeding gainz ~JOry.3 for u233 

Specific Power:; rJ 1000 watta/~.33 in pile 

Doubling time for material in pl1e~ .r.J 9 years 

Controllability; Neutron lifetime r..) 1/10 of that in thel'1l'al pile 

achieved by rJ 1/10 thermal. fissio.'7l,s ::'n 
I . 

MmixedR portion of pile 

Coolant temperature in:: 1850 C (365° F) 

out~ 5500 G (13000 F) 

This is b.Y no means an optimum fast dilute pile (for instance Pu 1s 

. superior to til.3) as a breeder material) but is cited because a'ome of' 

the details have been worked out" 

A few of' thelmportant areas where unknown physical properties 

tore stall more complete studies can well be repeated here~ Probablr 

~ foremost among the unknowns is the behavior of ex.. I, with neutron energy '-' 

(Plutonium ol is receiving attention now b.r the r~neral Electric CompaDJo) 

~oreover~ data on the inelastic and transport scattering properties of 

the diluents are uparseo We are in a somewhat batter position with 

respect to the fast ahsO'I'"!lU.on erO(q8 slI7!oti ODS'Z Furth"..rno""e~ data t.m 

the hlgh~dl1uent~ fissile al101 systems are not good" Thus the low~' 

G) 
C( ._ Ura.d ia t i.Y!! • .$aptl£C.~ -

a-fissl00 
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plutonium end of the plutonium alloi systems are almost totally Ul'lknown 

to us.. !larw of the urardum all07 phase diagrams are available g but 

without much information on the allay pb;ysical properties" To conclude 

w1 th by' no m.eans the least. important region of ignoranoe, we lm.ow almost 

nothing of the damaging effects of radiation on these materials (with 

the possible exception of the aluminum and uranium systems) {, 

The plan of the report is as follows: first, the design constrainte 

are listed; sscond, the available materials are surveyed; thll'd, a some·> 

what detailed description of one familY of piles is given; eLd fourth, 

several families of piles are comparedo • 

Ri§CJl!siop 

I ,,;t'he Baste for. Desigg. 

We shall limit our attention ~o the discussion of large~ stationary, 

landbased reactor installations for breeding or converting and for the 

productl,on of power b,y fast fisslonBo We may consider the chi~r design 

constraInts as falling into the following major categories~ 

1" Nuclear 

2" Thermal 

3" Retallurgie and Chemical 

40 Economic 

This is one convenient arrangement9 many others might suita 

The chief nuclear constraints upon reactor design involve the 

critical size, the neutron economw~ the controllabilltY9 and the 

susceptability to radiation d~m.age<) For the survey purposes of thb 
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paper ~ only first-order', crude approximations t.o s:ri tj.cal_@iNl9 have been 

oonsidered worthwhile", This size l'l..as been examined as a iunction of 

dl1utiOkJ ~'iith inert materials and 80$ e. functIon of various reflector 

erranrements e The neutron econgmy has been considered somewhat more 

earefuJ.ly.& especia.lly in its relationship with the specifi~ power" 

These two constl'aint3" . the first indiclltillg smallel"9 and the 6econd~ 

1 
greater dIlutions, lead to an optimum dilution which has bee~ given before 

by Young.., The parasitic absorption of the diluents and the extent of the 

fast fission effect in the fertile materials largely differet.tj ate the 

neutron economics of the vari.ou8 fast piles o The sontrollabilitl of 

fast reactors is dependent pr1,mar11y upon two quanti ties ~ the fraction 

of neutrons which are delayed and the average neutron lifetimeo Contrar.y 

to some early indications it has been recently demonstrated that the 

fraction of delayed neutrons from fast fisslonof U235 and Pu239 is 

very ne~rly the same as that due to thermal r1ssion~ If it is deslred 9 

the average neutron lifetime of a simple fast pile can be Incrensed g, 
3 

perhaps a factor of lO~ in a composite pile by the addit:f.on of a thermal 

region for say 10% of the fisaiona~ This ~safety factorn also serves 

the usefuJ. purpose of reducing the critical size at a small cost to the 

neutron economy2,3" SUBclitptabili toy to Ug~tJo~~e is probably 

reduced b,y increased dilution in the selid phase and is probably nea~ly 

absent in the liquid phaaeo 

1" ;Pile Technology ~ Lecture #24<, 

2" CIJ£..JRM."2,, 

30 Mon P-U2", 
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The chief ~~-l eon~traiQts upon reactor design (which ruake up 

the reaetor thermal charact.eristics; the specific power and the available 

temp~raturli!; potential) may be noted as .fol1ows~ the specific heat per 

lml.t of fissile material, the total of three temperature differences 

available and needed to remove the fission energy~ the feasible temperatures ll 

stresses" dlmensior1Sl/ pressures, and velocities of t~e reactor· materials 

and the practicable pumping poweTQ The §B~Stfic he~ per unit of fissile 

Material obviously determines the time rate of temperature rise on a 

fluctuation in either the heat removal orproductiolll~ In highly con~ . 

centra:ted renctors this may become a very rapid rate indeed" l'h~ i9l:t!l 

temperature drop available to remove the fission energy let us says in 

the heterogeneous, liquid-metal cooled pile~ will normally be somewhat 

lef-.s than the d:i.fferenQe between the melting point of the coolant and 

the first phase ©baflge in the solid phase mate:d.al" This available 

temperat;ure potential will be used to move the hea'tenergy; fir~tllJ out 

of the solid pha.se material, second.9 into the coolant stream!,! and third g 

to accumulate the energy along. the coolant stream and out of the reactoro 

The first drop which we call the ~a~e~ indicates plate th10knesses 

which impose thermal paths le~s thanp say several millimeters o Porous 

construction may reduce this component even further Q • The second Il the film 

drop or betterpthe ~OR i~t~~ strea~ is minimized qy thin, turbulent 

streams of high thermal conductivity fluids" The remaining potential~ the 

~,along th~st~ is governed by the coolant volumetric specific heat 

and velocity and by the :pile size <> The plate drop together with the 

solidis phySical properties also governs the ~~rm~~~sse~~ These 
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are minimized Qr emaIl thermal paths in ductile !nateiials of high eOlF> 

ductivity~ There may be some question about the ability of materials 

in high radiation fluxes to accept large mechanical stresses which could 

lind t the pile Ql'essure level., The veloci t;u and J2umR~pg po vier are 

determined b.f normal engineering considerationso 

The chief .!!!~~.ll:qrgic and sbemical constraints (i.~e" ai-/omie or 

molecular constraints) upon reactor design involve the corrosion problemf, 

the alloy possibilities and physlcal properties, the reprocessing problemi' 

and p one may list again, the radia.tion damage difficulties" In all."metal 

designs the £prr9si~ problem reduces to the problems of controlling or 

excluding foreign substancesj) especially oxidaDts~ a.nd of cboostng 

mutua.l17 insoluble coolant and plate materials.. Perhaps the problem of 

i.nrlucing coolant wetting should be included here" The natu."ral allw 

systems constitute severe constraints upon the diluent~tertile=fiaaile 

dilutions which art') possible., It may 00 9 however o that where a natural 

allo.y does not exist g one may nevertheless construct an artificial 

"alloyfi by powder metallurgy or other new technics.. Even where the 

natural alloy does exist the material (such as an intermetal11c compound) 

may be totally impra.ctical to use alone 'because of its ext.reme bri'ttleness 

ramifications are enormous and cannot be adequately treated hareo Bowever~ 

it is clear that an expendable diluent is prefera.ble to an expensive 

one which must 00 retrieved at each cycle <> Furthermore $) there llla1 be 

some advantages in having a more chemically active diluen~ (such as AI) 

than fissile material to avoid the separate reduction of radioactive 
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fissile material o Little is known y~t about the influence of metallurgic 

state upon ~~~ti9n g~o 

The economic constraints upon reactor design have been almost totallY 

neglectedG Nevertheless, sucb considerations as the installed cost per unit 

of power and breeding, the operating and reprocessing costi and the reprocessing 

frequency will eventually count heavily in the evaluation of the worth of any 

given installationG 

With some of the basic design constraints in hand we can now tUrn to 

the next step = a survey of the materials of which such a stationary9 fast pile 

might be constructedo 

II" ,§,un-e:Lof Materia1:!, 

We choose to divide· the materials of construction into t.1VO major groupsg 

the fissile and fertile materials$snd the diluent materialso From LA=520 we 

can write down the major characteristic of the fissile materialsp their neutron 

fission eroas section in barns in Table 10 

I,f1>le 1 

Energy in mey.. O~l O~.t lQO It)S _ 2<.0 J;.,~8 5gH., 
c::::o:::o::oa:.iWC>ii. __ ''''~~~.:~~~~ _ 'C'.",. ..... _ ....... c;::::t: 

9OTh232 0017 0,,17 0017 

92u233 2,,87 205 201 10 84 loS 1076 

0235 
92 

yj238 
92 

n...239 
94lU 

1092 

1.,95 

1046 :lLo35 

0 0 25 

1094 1.,94 

1",32 1032 1 • .32 

0,,42 0,,58 0,,65 0,)66 

1,,94 1,,94 1,,93 
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Other important characteristics of the fissile group available to us are 

summarized in Table 20 

Table 2 

. mOls/om'3l o;..(n-'(> 1 mevl ;(!}tr;1,.{lc5 mev) oi.nel(1,,5~~,5 mev) I k ( - thermal 00000) 

]I 
232 . ~E 90Th O~049S /v 0015 O~OO8 

92 
';33 0.,0785 ~ 0,,0006 2.,6, .-v 0",05 

rl35 
92 . Oa0785 "" 0,,0085 409 1<,3 205 rv 0,,05 

92 
tf38 01>0785 rv 0 0 15 I 0,,0084 403 1.,6 0<:0; 

239 94ru ...... 0.;.067 1° .. 0084 2695 I "...., O~02 
, _ ........... , 

'* {LA~274 
U=169 

Considerations other than suitability to the reactor design wll1 of course 

contribute to the choices of fissile and fertile materials o 

We ,attempt next to list the most likely diluentmateriala and 

their major characteristics, including both solids and liquids (coolant 

and plate materials) in Table 3~ The low atomic weight elements have 

been omitted because of their high elastic slowing~down poweTo Other, 

high atomic weight elements have been om.ltted because of thoir indicated 

. high parasitic capture cross sections for neutrons u Many of the capture 

cross sections used are about three times larger than those given b.Y 

Hughes in order to adjust for the probable pile energy spectrum~ Late 

indications from Los Alamos are that these may still be too low qy about 

a factor of twoo 
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Table 1 

mola/em? S *0-: '* 
Radiation Alloy, Information k ('thermal 

<'a '~nel Damage with U with Pu GaMe) 
- tr 
; 

la 0 0 041 0,,09 0(>003 proboO"{t,,, 0,,365 
v Yg 000"1 0",082 O¢oo6 0,,376 

Al 0,,10 00072 0,,009 109 0,,0 good good 80U118 0048 
51 00085 0,,071 fair 00'20 
p .-vO,,07 00065 high low 
S /VO~06 00062 0.,003 low 10=3 , 00021 0,,051 00237 
ea 0 0 04 0 .. 05 high 
Ti 0 0 09 0 0 041 
V '0 0 11 00039 0,,0075 high 
Or 0013 0,,038 poor 0,,1(,5 
lin OoD 0,,036 0",010 high 
Fe 0",14 0,,035 .0,,015 202 0.,0 fail" little 0018 
Co 0,,149 00034 0.,027 202 000 0,,165 
Ni 0",149 0,,034 00021 2,,3 000 fair little 0014 
Cu 0014 0.,0.31 0,,027 202 0,.,3 fair some 0,,92 
Zn 0011 0 0 030 00060 0 0 268 
Ga 0 0 085 0,~O284 0,,075 prob"O" It., some, low 

Rb 0,,0175 0,,023 0.,090 prob<,O~Ko high 
Sr 0,,0296 0,)023 low? higb 
! 0 0 062 0.,022 low? 
Zr 0 0 07 00022 low? some 0,,13 
Cb 00092 0,,021 00 100 good hi.gb 
1110 0,,106 000205 0",050 fair some 0,,35 

TEl 00049 0.,0155 0 .. 0)0 0-:.014 
Cs 00014 0.,015 low? probe.O"I" high' 
Ba 0,,025 0 .. 0145 0,,010 
La 00044 0,,0l44 low? low 
Co 0.,048 OoOlL) low? loti 

'rr 0'}01..7 0.,011.2 low? 10':1 

W 0,,105 0,.,0108 0,,070 4,,7 0,,9 0')476 
Hg 0 .. 068 0,,01 00090 prob .. 0 .. IC, fair 0,,02 
Tl 0,,058 0.,0098 proboO",I" 00093 
Pb 00055 0,,0097 0 0 005 3~4 0 0 0 prob",OoK .. 0-:.08) 
B1 0 0 01.7 0,,0096 00005 prob"O"K" some 0",02 
Th 0,,05 0,,0086 0,,150 
u Op0785 0,,00& 00150 4",3 1,,6 badl'SO far fair ,...... 0 0 056 

-- -_~.~_~::::::::::t':e',.,r:wIlQ::IC=~:ICI!:Ie.~ ~ _ ~lIIc;:1,.=:wj_. III 

~, ,. LA ... 274 

,l 
5 ~ .. t 2 i -;r- :::: log energy loss per collision 

a om c " era = barns, values used are two to three times those indicated b.Y Hughes to adjust for 
pile spectrumo . 

~r = barns, rep~esentative value, at 105 mevo 
OInel ::=.barns ll representative value, 105 mev. neut" degraded to 0,,5 mev~ 
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Tabl~ 3 gives some graphic evidence of the extent of our ignorance of 

properties 0 

There 1s clearly no rigorous u analytio appro~ch possible to weld 

the ~Any constraints into an absolute criterion for the choice of reactor 

materials 0 The contraints can only be used as guides in the exercise of 

technical: judgment", For our examples we have chosen to illustrate tbrt 

iron ... uranium systems eooled lsitb lead""bismuth alloys~ The region of the 

periodic table from titanium through the transition elements is interesting 

and was chosen because the parasitic capture cross sections are low; the 

metals have h:i gh atomic density; their alloy systems with uranium are 

partially known; their fast scattering properties are partially known 

and favorable; and finally, because they are articles of commerce and 

cheap~ 

III t ~8cr:U)tiRILQf Some Ir.2!k-Uranium 233 ~1.~.!! 

Assuming that d. i8 0 r.,06 for pile neutron energy spectr'tUr. averaging 

near 005 mev and using a simple optimum criterion for dilution: 

Atomic Dilution -:::: ._Zi~sion [1.:: ~ =] 
Vabsorption (n,-r ) . 7 + 2 

diluent 

one arrives at an indicated dilution of one U233 atom for about 16 iron 

atoms~ We hav8 g therefore~ chosen to investigate a series of three piles 

(Table 4) with the following atomic ratios in the core~ 
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fissile atoms 
fertile 
diluent 
coolant 

(u233 ) 
(u238) 
(Fe) 
(Pb nil 

gms u23 '3/ ctJ pile 
& 

!4able A 

P1.le #1 

luO 
0 .. 0 
8.,0 
.30:3 

1.,67 

.Pile #2 Pile 113 

100 1 0 0 
1",0 2",0 

14.,0 20,,0 
6,,0 9,,0 

0,,91 0 064 

In each ca.se the volume of coalant i.s about equal to the volume of solid" 

SoT.'le derived quantities are given below in Table 5 for a system of two 

reflectors in series f 3 em of beryllium followed by 27 om of normal 

uranium (no credit taken in critical size for slowing down in Be or ;'OI" 

fast flsaione in fertile materials) 0 We have purposely avoided refined 

critical calculations as being only of second. phase importance in a 

survey, 

~.l 

Pile #1 Pile #2 Pile #3 

r"V 50 kgs ;v 100 kgs ...v 160 kgs 
rv 20 ems --v 30 ems ,..-.J 40cms 

Critical mass 
Criti cal radius 
Breeding gain 
Spec-in 0 power 

00 36 0027 00 19 
(lo2kw/cm3)' (l.,lm/cm3) (0,,85kw/o~) . 

"00 lew/kg 1100 rR/kg 1330 kw/kg 
~t~. m~ ·W~ ~~ 
(m~p. Bi~Pb eutectic =125 00) 
Max .• plate tempi.. "/00 OC 700 0C 700 OC 

(first phase change Fe-IT 
. system = 910 OC) 
Rate of temp", rise far 100% 

(36; O:j') 

(1300 0,) 

increase in beat production , 
{or zero coolant velocity} 435 ~/sec 360 Oc/sec 

3m 
31o/sec 

rv5rlO 

30? Oc/sec . 
Plate thickness 3 mm 
Coolant -velocit, J m/sec 
Fast-flux (n!s/6m2 sec) 

:3 mm ~(rJ10 ft/se@) 
.3 wiser:.' . - .. -

Breeding gain x specific power 255 
Doubling time :for material' in 

297 252 

pile 10v 8 yrs¢ 9.?2 yrsQ lOc9:1''TS" 

Normal uranium in reflector ....., 14 tons 
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Hansen reports the solubility of bismuth in iron as less than 

The project Chicago handbook gives the iron-uranium phase diagramo 

In tho iron-rich region there is an intermetallic compoun:l (Ufe2) at 

6·/% iron and a eutectic at 84% iron melting at 1080 CC (with a prior 

phase change at 910 OC)Q We have remained on the iron~rich side of the 

eutectic" Probabl.yp one would ·clad" both sides of the fissile."alloy with 

uranium free sheets 1/4 .~ 1/2 rum thick o 

In an over""all·senso we have described a small family of plIes 

of moderate performance charact.eristics in a domain of design less well,., 

known than that of thermal piles but perhaps more well=known than that 

of l"esonance piles" The construction is of' nearly standard materials 

with fairly normal fabrication characteristics for which there exttts 

some experience <> The size of a single installation is not excessive 

(Pile 12 :::! 100,000 Do of heat)" The piles would probably have a 

continuous reprocessing sch¢dule p the lifetime of fissile material. being 

of the order of 100 days!) 

IV 

The only other survey of this field known to us is given qy 

Soodak in CF ... 3107" It may be valuable in conclusion to attempt a 

comparison of the fields of these two sl.1l'Veys even though a rigorous 

comparison is not reasonableo Soodak deal~ primari~y with plutonium 

piles diluted with normal uraniumu "\ 
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.. 
:::iw solid d1~ kgs. 

----l.~s atoms, fbsile ¥lL rough crit._~.! 

Pu"1- -02.38 (CF-3l07) 1 35 9,,1 

Pu+u238 (CF ... 3107) 4 90 4<>6 

Pu + tf38 (01''' ... 3107) 10 390 3",8 optimum dilution 
only at infinite 

u2.l3 + fe (this survey) 
01'r1 t ~ size. 

8 50 10 ... 8 

tf'33-tFe 14 100 9~2 optimttm dilution 

-o233-r Fe 20 160 10.9 

Pu-tFe (this survey) 8 50 5(/7 

Pu-t Fe 14 100 4,,4 

P'ufFe. 20 160 4~1 optimum dilution 

The table is dralm with &djustnte~ made for similar cooling 

oonditions as far as this was possibleo It indicates the advantages 

gained b.Y fast fissions in the normal uranium diluent in CF~3107 which 

1& paid for ih comparison b.Y larger critical slzeso 

In conclusion the raalm of tast dilute piles is app!...""':'!:!!tJ:- _ 

attractive enough to warrant further study., 



/ 

• 

~
.
 

,. 




