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CRITICALITY CHARACTERISTICS OF MIXTURES OF PLUTONIUM,
SILICON DIOXIDE, NFVADA TUFF, AND WATER

R. Sanchez, W. Myers D. Hayes. R. Kimpland, I Jacgers,
R. Patcmoster, 8. Rojas. R, Amnderson, and W, Stration
1 ox Akinos Natiotal T.aborstory

EXECUTIVE SUMMARY

The major ubjective of s study has been 10 examine the possibility of 2 nuclear explosion tand
evaluate this eventif it 1s pozs-ble) should 50 w0 102 kg of plutonium be mixeu with 5102, vitntied. placed
within a heavy steet contamncr. and buncd in the matenial known as Nevada tuff To accomplish this
objeciive we have created o survey of the crilical states of configurtions of mivtures of plutonium, Sify)y.
o, and water and exunined these éata w isolate those configurations taat migzht be unstable or
autocatalytic. The survey of critical data now exists and 1s publishec heremn. We idenuty repions of
cnticality instability with the possibility of autocatalytic power behavior (the eatstence of such
antocatary tic phenomena is not new) Auntocataly tic power behavior is possible for a very limited range of
wet systems, but this behavior is improbable. A quantitative and conservative evaluation of the fi=swen
power behavior of these autocatalytic mixtures shows that ne explos:on shounld be expected.

Three baste modes of miking plutonium, wir. Si02, and water were postalated i Revs, 1, 2, and 3.
These are as tollows:

Lo expamyion of the plutonium into a fineer nues of Nevadit il (ur S10z 1 ander dry condions,

ti

movement of water ime a volmwe of phuontum il (er S102) mixre of neuly oy scan ciio
of silicon to plutonium, and

L movemert! of plmonium moving into u strarum of Wil (or SiO)) that conins an approprisne
amour.; of water.
Lach of these scenarios reguiines a Meach of the onginal contamer, disiteyiation of the sifeons oy, o
for cases | amd 3. further imoverent and mixing of the plutoniam ines wff (Si0an

Case | reguires muore pinioniur 1 b storsd than has been suzgested; i sufticien: phitorizm should
be available. an extraonhinary or unpossibly rapid expunsion of 02 molecuien at lugh veloct, through
Tarpe, solid i esses of ffor SiO 2 s alsoseguinad, Coticality is possible Tt highdy sinprebable, goen
realistic assumptions Tor massos and compositions; gutocatal sis reguires addiconad vaphy saical
assumptions. No cxplosion should be expected. It is specifically shown in a companzon paper that v
capleaim rostlts even varh these assumiptions tor the only detided seeminio deseabed o Rets, b 20amd

Case 2 requires that the vitreous log disimteprates and that water enters the » etew. Meang wnh neere
m (S may ornsay hot have oscuried, This case would he e platonium equivaent of the Cllo
phencmenon of iwo of o bitlion sears apo IR 40 A cntical sy sionins posatve Bk aitlocaiannvels 1
vt peasabale e e e plosion is not pressible,

Caar S reguan:s breach ol the cortarer. dismtegiation of the vitrecus lopcand mosvewnt of Pat
witleon wailad SO it stiatinn of Liil $Si0 0 that contamis noappropridie witionnt of waier s
TR conh! Tl e cpne ol -_._\|||'|=,‘|"-"||.uh Hut conrled e vppniagin'e sath e |hl\\li‘l|ll} o) e oagiley .cl.ul_uu

mpmer pesponee Conebiey constronts, ard ot trante bieed on e ieoaet of sede maeeal ad s



vontent of the wil (51071 s2verely imitthe possibilities. Those remadning confizurions have been
axamined 1or 2 worst case. A crinical systen is posseble, and autocatalyvsis is possible, but no sxplosien
shivdld Lo capectad.

“Thi xtudy has adopted highly censenative positiens with respect to both nuelear and geolozic
assuriptions. A moie realistic treatmeni of nuclear assumptions is expected o severcly conston the
possibilivies for erivealiny amid auwcatalytic behavior, The protubilities and 2ven the pessibilities of e
seventl geelegic and chemical phenomena and acuons that mast occur before a onte cebiay sy s even
Aapprapoate are oot e aduated in this paper. Thewe chenucid and gealogic conspderations i studies
underway  sec Red SV uay climinale the probtens amd the need for a enticality and dy i studs
completely.

LINTRODUCTION

Ihe nuclear criticality chaacteristios of mintures of plutonium, stheon dioaide, aod waict 1t Ao
plutonivm. silicon dioxide. Neviuda Yucea Mountain ff, and water iPart B) have becone of interest
because of the appezrnce of recent papers on the subject (Refs. 1, 2, and 3). These papers postuiate that of
EYCEss weapons Muconium is vitr:lied mio a sihicate log and buried underground, a selt sustaiming neites
chain reaction may develop given sutficient time and interaction with the burial medium. Moreover. piver.
fevilic peologiv a tions resulting in posivlated configurations, the referemced papers state it mnclear
explasions could cecur with muhi-kileton yields (Ref, 1y or yiekls equivident 10 huadseds of wns of INT
tRef. 31, (References | and 2 are draft documents that were distributed widely: Ref, 3 has been sunmnted
o a professional namal for publication.s

The objectives of this puper cand the corapamion papatrs on dy namies ) are as folfaws:
! i examine the posaibility of a nuclear explosion (and evahrate this event if it 14 posables

should severa! kitogranis o7 pluton:um be mixed with 503, viintied, piaced within a heavy
steel contatner. amd bunaad inthe material known as Nevada tull:

ra

to establish the purameters (density, moderation. retlection, polzons, atd diluticn with non

il materialy thit detennine when mixtores of 230, S0 and wader (24610 A and posiures
of 23, Nevada ttd, and water than B3 ane vitical, .. are capa
wontiniing petros chain reaction without clange of lisston power,

e ol sustiininge .

Ao e examine 1hese results 10 1ind those confipurations that may be unstable o “agtovatads e~ Ghe
crieal stite m which an 1evease i fisston power odads atomitically so farthior incrcase of
e divity omd, Tience, preater Tission powers, und

1 teestahieh the restnctans or conatraants on thest paranictera that are reguiced 5y cntivality
ph_\ sivs Phe ananent ul'|rh||u||il|ln !\u\inllnh-d foe b storesd, and possilih woater Coabe b i
Netiuby tnl¥
Giiven hese condition:. the compamen gajer on dy mames wail examine possibilities 1or ane possipiv
senteguenses of an uncontretled fission power tieecit, using caleal

ot methad. that s e e
desclaped o study power tinsient dynamiices of pubsed assemblios or

reactors aid it ahine s ident

it Acan thr paper will concentrote on the pure S10 + diluest. while 1 1%an B, cntcatie
coemputation: have beep completed usime the actuad elenn ntal composiinn of Nosada Yoo Montta,e
il e Retl G TadCoontiins maey cleaonts o loding seutres posobs, whn i phs o adiditeanal
vedisiaimts v e postodeted abesbons o Rets 1,7 gl



The calewizuons presented in tnis paper assume homogencous spherical distnibutions with pure
Pu-23Y as the tissile materal. This is a conservative assumption when dealing with static or near-staine
criticainy phenomena because the eritical musses for pure Pu-239 e substantiatly lower than those for
U-235 and also fowor than for weanons-prade piutenum. In addition, any sigmificant heterogeneny o} ihe
pratonum is expected to nedu io the reactvity of the system signiticanily (even enough 1o prochade
CITICAIIY AN SOTIC cases),

By catical, or the eniical state. we mcan that the systenl can Just inaindaili in existing Liaxion e o
power withovt change, by supercrttical, we miean that the fission rate wonld bee increasing; and by
subcritical. we mean that the fission rate, i1t enists, weuld be decreasing w zero power or 1o a neer Zero
MOwer If Ao INmiAsic source were present 121 the matenal.

additienal calculated eritcal mass data have been inciuded ror clarty and understandéirs,

Mosc of the conputaions in tidis puper have been completed by nse of the ONEDANT nevuen
ranspont eomputer srosram (Ret1. 7), a modem versien of the classic system crenzed by Berat Caslson
{Ret' N1 More detands of models and computational methods are given in the Appendix

LNUCLEAR CRITICALITY-=SIMPLLE SYSTEME

To infroduee i discussion of ruclear criticaiiny parumeters for a three componznt sy seen itis usetyl
o begin with itlustrations of the critcality properues of a stmple two component ssutem that . more
familiar than muxtures of plutonium, SiOs or wtf. and waier. Thus, m Fig. 1, the critical mass i
plotonivm metad mixed with water is ilustrated ws a fonction of the density of Stotonian i e wides
(Ref. §3), The mixmere is idesized w be only metal and water at room empesatare: actual sobions of
piutoniim compounds would differ but little. Both water retlected (20 cm thickaess) ard unretlectac
(hare) sy stems are shown. The general characteristics ithwstratesd are simtar for nearly atl difuenis of
fissite material: 2356, 2130 or 239y, The initial efiect of the diluent (water in this case) is o reduce the
density of tke plutonum, thus atlowing greater neuvror, lechage and requinng a larger mass of fousile
Faierial 1o achieve the critical state. A maximinn criteal niss Gibout 9 kg fod the retlected cosed can by
seen e a piutonivm density of ~0 giom? tkedl) where the moderating propeny of tie ivdrogen dommates
the loss o1 aeutrons gue to leakage or absorpuon, As still more diluent 1s added. the moderating power of
hvdrogen causes the critical imass to decrease 1o a minimam value {aboui S00 g at a plitonion density o
0.03 kedl (or the rellectsd casey at which poinC e moderari g and absorptive propeities of il dileec
valarce. With more diiution. the absarption cross-section of hvdrogen doniinies, ind the macs reguired
tor erteality incicaacs until finally wa asyiuptoie s reached, which establihes the it deasity ter
Jitui ong Both the mass angd vohwne are unbounded Yhe limituay vidue of the density s i inportant

progeriy that will e useful i oer discossions For piotonirm-water mixines, the asyvinplate is b abosl
0037 R and, oy iously, both the bare and reilected cases converge ro dns same s alue Thiese dona e
wery well estabished by expernment (Ret, 13) and the computanonal rehorme inowell cotablinbed by
connpaning Cabvtlational roulis wib capenmental rosills (Ref 12 However, there i dess cncad data

- f - . . ™ - . 1 . - Voo ar t . B .
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Finure 1. Critical imuss af plutoriwn meiai & a junction of plusesivm densiee when riree d
with weicr. (ream temsperasure ) Fie pliconium (s idealtzed 10 be a sphere with a ine-
wrain powder und miaed uniformily with the water. The duta defining the lens-do ity
axvmprote e pew for this sindv. The maior bodv of dosa was wken jrom fef 12 and iy
repraduced e Table L An importans cheresenisnic 1o nere is tie mmamum cnticsd mass
i @ plutorium density of aboui V.00 ke/lL

Tabie I. **'Pu Metal-Water Mixtores: Crétical Parometers for Bare
and Walter-Reflected Spheres al Ruom Temperature

Unreflected Water Reflected

W Pu Pu Density | Radius | Volume My Radius Volume Mass
{Atom ratio) (kg/) (cm) {liter) {kg) (em) tlitery (kg Pm)

0.0 1.97x10' 4,90 0.49 07} LYY aeaxiot | s

ECOSN 1.13x10" 7.18 1.53 17.2 5,48 eroxto' | 2om

o ao” 6.11a10" 0,58 3.0 L 701 a0 | 89

1.oox1ot 23n00” | 2 7.6l 178 Y06 SLNUE 129

00010} gaexle” | 141 1.7 Doz | IS FRsa0t | 410

1. Coxto’ w2t s 14.4 47 1A 0.2 0" L3

0007 8RN | 16, 17.5 DS 2% RTINS pTn

SO0 5.20x10 0 | 120 1.6 Lr 12,3 RIS I s

| e j0° 265107 108 2.5 0 86 164 1 RS0 A

2oy 1.33x (0 kLW Yy 1.23 24.7 o wal

1aan' 800x10 i s SRR RY Tl

3 Sda i 701G S Lot | e

esxio’ 2 aosw NIREE RN
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The presence of water hias o sipniiicant efect on the critical mass. b is this sharp dependence or the
“Pu critical mass or. the moderator content (1 this instance. the hydrogen content) oi the sy stem thai
nidhei the analyses of criticali.y shenomena so complen. A wide varie ¥ of results are pos-ible. For
evampie, the eritical mass of a plutenium metal bai’ with a water reflector is given in Tanie [ as about
2.2 kg, while the cnncal mass of 2 pletonium solwien with the same witer reflecter 1> about .8 ke,
Under more unusuas and exiraondinary circmmatances, Cion-absorbisg diluents amd ciyogeniv
twenperaturesy e cntical mass might e significantly @ 'wer.

=

Ilustrating the ericical inasses of tissile metals mived w witer in this manner is well estiabhiddied: o
our knowledge, data simikir to these were Gint calculated in lare 1942 by J. Roten Copeniieime:
tRef. 14). Ir the 19350s nuciear cotcality data were summenzed ard published by H. [axton ot Los
Alimos and D. Callikan of Oak Ridge (the two aichitects of the sciciwe of eriticality phyaics i salcly.
we Ref, 13), -ad this manaer of presentation became conenon usuge. These siune dala, however, can be
nresented in differem formans 10 iliustrate ditereat criticality properties. In Fry. 2. the criticsl velurne of
239Dy in water 1a illnstrated as a function of the platorium density (the critizul volunie incieases
mopotonically with decreasing plutonimm density 2 and in Fig. 3. the critical mass is shown s i fonction
of the critical volume. The data tor Figs. 1. 2, and 3 ore given in Table L

w? g H
~ e line l
10< o Rl Wit | j
v £ vii malu '
X :
a
o
. | . oy
3w Figure 2. Critivad volione
> of plutenium-wener
<0 . .
é f mEXINres as ¢ finceont of
“ 10 - : TN ‘ the giagonium densaty.
L]
: : S\® Nyaain feinperdiiine .
¢ : - . .
' (g c.t 1¢ =C.0
P-1 Dersty 14y
N Dl — — T 1
l» -4~ e ! 1
’ g Hoallew bz wa:n) 20 (00 walen 1
! 1 {
5 -]
@ 1074 - j
2
;.’.": y: / "
Fiare 3 Criiee! maas of g 1
) : 5 H
P00zt y as a S i
Jimetion of the critieo! TR i
vt oof 2hé i dnre v roem l - "
P ralineel, 1 ] . i
] : ]
1 i 1

|

=

1 u [ 1-ad RLETTRRY

il Veluaire s



kach representauon 1S usctul 1 understanding the ntluenee O v anous parameter:, and i estabhishms:
comditions of nuclear criticality stability o1 possible instability. For example, il a shightiy sapennia!
piwtoniun-H >0 mixture should be created at a densits just greater Gan the tow -density asy mptotz
tehease ahout 10 kg and a density of about 0.008 ki the sotution would heat and lose water, e
deereasing the volunw and increasing the plutomium density. Given only these two ellects. the sysiem
wotiid now we atavery high ieactivity and pe cer would inerease. However, any deciease of soiune:
caused by water ioss would be bulonced by builing and expansion. thus reducing reactivits, The et re-uit
ix biiling, ust maintaining cnticality. This wotk: continue untit the systzm s iy cnougsh to e
suberiiical. More complea dynaimic behavion is possible depending o stch lactors as fissien prsdad
producing cunenty caused by convection or bubbiing. plutenium depletion, ete A evample is giver
the Appendiy of the companicn paper on dy narnics. This condition is often refemmed o as “unstablc™ or
“autacaralyvie.” Another exannple of an inictesting, although not unstable condition, is the regioi iy |
beiween densitics of about T 0 and DOR kp/l If water, which 1s a dituent, mealerator, and alwint e, is
added, a supercritical state is created. This sme situation can be seen in Fig 3 herween volomes of alun
3and 8 | whare, if the volume shotld be incrcased by the addition of water, a superentical stite s croated.
However, this is not autocatalytie ke the first caample: ticanal sapaasion, possibly with boihiay. wolild
reducs Feactiviey o weten the system 1o saberinicality, littie change of compusation weuld ooca:

PART A: CRITICALITY CALUULATIONS
PLUTONIUM, SILICON DIOXIDE, AND WATER

L NUCLEAR CRITICALIYY — OTHER MATERIALS

As mentivaed above, the general characlenisties of Figs. 12, and 3 can be seen wiher ether matenals
{seme pood modernitors ard some indifferent moderators) are used a: a dituent. Examples are sHusiried
in 19z 4 in which the catical masses of plutenivm dituted watli M0 and retlected by 100 s ol 8:00°
and plutonium dilvted with and reflected by 20 em of water aze presented. The sritical mass dista for =350
diturad with and retlected by graphite (Ref. 12) are added Jor companison. The narnerical data tor
plutomum- N3 are given in Tabie 11

| i : ! : ! v Figare 4.0 0ncal maisse s of -1
122k * et —rer v = s 1 miumres eeflected by water, Pu-sio;
- : R ; S minwures replectd e iy, and
1 [T T ' (fnsaimg 1 Nae i
' \ 5 i . : = Ugraphiee mixsiices retlected By
[ORET-L I 1 giaapliiie srovan temipersitiore i 1
- v r V: . . ]
" v widle nipevie af the medionun siend
= “ R miinimurn critacerd misves cod 1ine
T on v s e, 1 wide rapge of the lon densiry
g . o
< : 7ty grapnae ANVIPICTeS e of derest. bacd
v : === MallC 4 fiictivai ddispsles v 1 etoeniien shiss O
En b L L it dighale Bivier i
p— ) 1077 et 10 . asyepore Fre tess scienvay
Bes 144 1w L -
GENIPLON i b cdne I8 alvad B
Lz Mot o,y {4
P Mt Loy GGt e newtran alvvwapinon i i
tileni
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Tablc I1. *"Pu Metal-Si€); Mixtures: Critical Purumeters for SiO.-Reflected Spheres at Room
Temperature

S ru Density Raodius Volume Mass
(Atom ratio) (kg (em) litery) (hg Pu)
0.0 1.96x10' 4 27x! 5.3
s’ oo 617 9.Km 10 ! 0.0
1.7sx1y" soxi’ 9.:> 1.88x 10" 19.4
27500" 117u0" 12.8% R.56x10" AN
Aalx0” Lysx1o" 16.78 19810 .3
8 T5x 10" 1.00210° 242 558210 238
1A7x 10! suealn ' Y7 1.25A10° 742

700! KATINE R sASxpo’ 987
1830x10” 1 a7 PR 170x0’ S0.9
7881100 | Li6ald” 9503 | 106a10" T
_Lss’ 7.40x10 " 108.26 s 1A
LSRG | 85400 115,50 081x10° | dod
8 wx10t $ 76a10° 12077 738007 w1
a8z | it | 1003 | L1 3
37610 2.U0x10 ' 183.81 Z.M)xlll' 52.0
S.S13.0° 1.55vi0 " 23247 S0 | R
63210 1.29x!0° RETR b 162107 2AM.0
73512000 | 1.i%x10" k21 | 3500 | 4w
®.09x10° fuuxi | NS 2155107 231522
RiTxl0’ | 1o7xlgt | 1ws7 | SSiaet | seima

Thae pencral characicnstics of these data are guahiranvaly simbar, bt the maximum ard micimem
cliticul masaes differ by nrec factors as doilie low-densits asymiptotes cansed by water and graphite i
factor of 703 The asymptote is impuriant beciune s existence is ndependent of materiai but iis vabe vin
terns of the fiasile material densityy is yvery dependent en the material and s densiy and helps w e
the possthilities of underground cringit states tor the probtem being investigated. 'Hhe data descrring

SV G uted with vraphile e un e bo s tiane e walde ranpe of Cndieality |nl\‘|:.l-|ill|‘\

For 1eioteine helow, Bl 3 presents e onitical mas s Jatd o pletesion when e wah and
retleonad h} Hom of Sic bruva Bvacton o e caaiieal votuiee Voo ll:.'ml' v e aaades ol T 3 L

elntonionn and weater

Nou cajritaenial chitival duia e avaiiaboe Urassai the coticcines of e calvulaliogs Lo the
Ftlin-Si0; sosiens, exceps for thie ened ot of inc-Ledtod pladoniiign ical The e i noadesnal
feaas of e vfieop ross arcrores Tcaeddion, e dey siicon aed olutomm puin sees, oy pssnns v

rizce premarily mothe mtermediate enerzs range thetween U oV ame? forepeVwhere po peeend e



Lor the plutoniom LSS0 cross sections oxtst Phus, for giese div ayvems. caleulations shoeld be reated
Wil some cantion Thowever, becaase of the shicsdance of oilir expenmenial cntical data for toth tast
athi Hernal plutoniii sy sems (R THD, the caleulanions o ihiese wot plutonium-Si0 + svalarms ane
apected o be rebatie, We ot that the study s, neventheless, mternalis consstent and rejatve « e of
el paramistens ase rehiatle. Cntical radin cbiuned by o ciflerent cemputer prozrans, and srese

s Do e paesentesd for comparisor in the Appendis.
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IV. CRITICALITY CALCULATIONS FOR PLUTONIUM-SiO:1130), —A
THREE-COMPONENT SYSTEM

In lix. 6, the reflected eritical-miss dita tor plutoniis- 10O ind plutoniam-Sios are repr siecd
irom Fig. 4 along with the addition of eritical datas Tor plutonium-8i0> miviares in which wiget Tas bnoen
mixad in equal amourts in both the core and 100-cm reflector. The mede! for adding water assumes tha
the volume ot water added displaces an vigual volume ot 8103 and pluteriem. bor thi:s madel. the
dvitviics OF T platoniam ard 503 decrcase with dhe wld

ot of waler This is e three-conapuiient
ceterial postuliated in Rels, 1, 2, amd 3 that we wish o wudy in desal (The pluteniusm-miff-w et sysiems
wili be discussed in Part B. In this iatter discussion the displacement model gnd a “porosity™ mode! wii
he ciatstdired. ) The top curve desanibes Jny 1% SI02 muniures retlected by 109-cmi-thick Jdoy $10;3 1

am curve s pliloniom imised with andaeflecied by o 20 Gnsthick laver of water, while the
urndinle cueves gre Pe-Si0h cores pied with siecessively preater woeiehi G tions or waley amd
1etiected by 10-cm thick Si0z witk: the same weight fraction of water, The pov erful wodenung
property of water 15 2vident. The atom: raua of sihizon to pluton:um for cach of the “wer” curves i
mudicated m big. O andd this same ratio s hekd constant as ore wates s addod. Thiss, b this iodel,
riutornam der ity dJdereases steadity as water iy added

Por retanively low atum rmtos o silicon o plten;am. e 13 4 22 and 13,0, the inatial additon ot
walir decreases e coticad s i nilicel voliene 1 \h-lll"_\- ol e vals sy that 1his il ee-
conn ponen b nideriad s stenificeniy weater eactivits, For e ene of alicon v piatonmmn, howeser o
rempreen critcal ruess as reathed us water is aeded. comparable we the nuinm seen i tie twesshaee
muxtarze. for ol larcer weiht ractions of water, the ivdroech in the water beconies a poi-on a1 neaton
ub asvater thydregens iduced asymplote oec, s haiadion oo tiigie Laictin od the
gttt G ity the alvin Fatio G5 <bicon o phitonion. aid wite: content. s oXa ples beeSelta 0N
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A rates, sreater than about o0, the acditon of water (hy erodent aots Ivaniebls ds o Polson. aind e

Srcal sy IRCTeases regaidioss i the i ciint o waler iiradiced
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dirferent scheme of dzia presenation in Fis. 7.
ol thc atom ratie of silicon Lo plutonium.

oadering of the ses eral eritical mass T Gons is reyvened Detween ratios of < dicon 1o phvomiem ai

the cndical nues of pintonivm i cHestrated s fenenen
> a:Tm matio tor the asympote 1s reagily seen Aoze that tne

Lt

ami 10%. As will be clear later. tis 15 the rewion of interest tor the problem beins stedied, The dicator

those miiniures of plitosiun. SiOa. and water are listd in Table (1L
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waler i i ¢ ad reflecsr (ream remperarire . L dere diusmares @ part of the
vompleary of the criticalio of ince-copiponent svsicots.,

(e sunalar e these for Pu Si0: water hase been obiamed elsewhere tor atnaure ot - S arapme

"
waler The seperad chatactensiion we st o Seey Sof exaropie, Ref<. 122 and 1S

The ¢ dbata can be exanuned i another was that 15 uaetul i understanding the constramis on the
probleneal g, 0 Frgs 8 amd 9, e critict masses of plutoniim takes From Fogs. Goaned 7 fand
Tauble I e tihestzed as fupctions of the weight pereent of winer; the div crineal naess fiom Fre 6
(Labie 1) 1s the sturng point on the iett ordimate and water content increasas (o the right. the crincal
vedurmie aid mass deerease with acdditional waier mioderation texcopt for the very igh S/ atein e
vanha i is reached. Wit additiona wides content the criticat mass and voline e se unii
asvmatonte vaing 18 achieved, for cach SUBu atone riro, the wesghe pereenn water at the Tow platonum
density asvmptote is readily =een or can be estmiated with reaseneble confndence. For examgle. for Su'ba
St D250 amd tor S8 s S0 0 Thius, tor a iaed 311G catio the water ventend siist be e than
e sy iopdote or CRite ity caknot ovoet O il i vonbeni s T, il peossible S0P cadio il
vhutopi riss For crinepdn are weadily ey




Tuble TIL. " Pu-Si0;+11,0 Mixtures:

Ciitical Parameters for Spheres Reflected with SiO:+HAO Mixtures :id Room Temperature

! Sy Water Density Radins Volume Nass
tAltom ratior Wit tkeh (cm} titers) tke Puy
187 0.0 4775007 7308 | 136,10 R0V O
In2 20 4.50x10 " 1983 |saoae? 247
i 50 4.26x10° 3821 1234007 0a
183 10.0 18I0 a5 Tamae! 2.5
183 26,0 ADTXIGT 2150 |6.16m:0" 10
153 300 12.45x00° AETI BN 1.2
183 00 193107 240 {471x10" G
183 50.0 Pasalo” 2208 | sxsano! s/
P83 60.0 RN 2808 | 10210 i1
183 0.0 " 70.107 a8.30 Ao’ 3

183 , 180 6.20x 107 354.22 1.56x10° i

752 0 Lloxi0” 9805 faoex1v’ 472
752 5.0 1.04x107 0703 |dela0’ AR
752 0.0 9.342107 w02 {2’ 2.7
752 15.0 3.37x10" 920 {25007 2.1
752 200 7.48x107 1027 [29310° 20
752 28.0 6.708107 4371 ] ASon 23
752 10.0 5.98x10™ 140 s’ 1.4
752 5.0 5.32x107 7062 | 1.45x00° 7.9

782 00 4707 27090 9. 110! S




table kL. ;“I'u-biug tH,U Mintures:

Critical Parameters for Spheres Reflected with 810,41 .0 Mixwures at Room Temperunure

scoentinued)

S Water | Po Density ‘| Ralinn Volume Mans
CAwm ratiod | (w9 kel | em) cliters) {kg Pu)
1570 0o saxxio’ ! ortesr  [eosao' 172
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1570 130 |4010° | 43¢ [ 174000° 70
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1>7u AT A6uxiv” 13250 |9.70x10 35.1
1530 N0 NI 1220 250 N9 2
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Rk Lo 3 4a 10" Hovs | s.ssao” 1.0
K12 30 290107 woa2 | sy’ 1.1
2 R PN [ TR N SIS U T
2512 1 |27esaet | waer |4’ 115
2812 74 2emx10° 117,50 | 598500 160
2312 9.4 255x10" 149.50 | t.loxio* 38
2812 100 250010 0047 | 3w 848
I e 0.0 2o0x10 | osasr [ 2euxv s
R0 0.5 1Ysn 10" [T S BN TN 07
4376 1V jusx10° 15750 | Ledx1o! 00
1376 20 KIS (RN NN T A
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Table . ~"Pu-Si0.+11,0 Mixtures:
Critical Parometers for Spheres Reflected with SiOx+1H0 Mixtures at Room Tempernture

(continucd)
st 'pu Water Pu Denslty | Radius Volume Mass
({Atom ratio} {(wil €5) (hpM) (em) litery) (kg Pu)

0785 0L Lot | a7 | e’ M0
6TRS 010 | rasraoe’ | zoae |resqae’ 21240
6785 0.25 1.2%3x10 0 | 34956 | Lovxio” 2206
6788 0.50 |[1275x107 | 38242 |2.34x10° 2.9
6785 060  [r272x10" | 403 |276x10° 1520
6785 070 |1.270x00" | 43096 |33s5x10° 4150
7350 0.0 Lontet | s | asean 0.8
7350 0.10 | 1.I88x10" | 45796 |4.02x10° 478.0
7350 02 [rnissxio”t | sesa9 ]S4’ 6131 |
7350 050 {ri78ato” | 70126 | 14ax16"  [1701.4
7350 060 Jrazsae’ | oonas faene® 1781 ..u:_'
7350 00 | LI7a0 | 19356 3040’ [asen |
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Figurzx 8 and v. The cnncal mess Mo of pintoriim as g fanction o] e Wweigh! percent of wuate'r Jor
varivns SYPu acom ragios (room emperature ). These crigical mass deitad are the sanee as deose lustratod
m Fig, 6 bur shown as a function of the weight pereent of water, Note that for ewch S6 8 asom rvatio, the
asymptote establivhes an upper limit on the amonnt of water for the critical swae. In adidition. foor caci
SEPu rarie, rive minimum of the function establishes a lower fimir te any pessibte unstable comdtnien. i
Lici of thove swa lindting conditions aee plotted on Fig. 10,

V. CONSTRAINTS ON THE POSSIBLE CRITICAL CONFIGURATIONS

‘T'he set of necessary vata 1or mixtures of plutonium. dega, and water 1s P ooy compiste. an:i
constraints can be applied it linnt the imaber of Cases that reed 10 be examined in mMore detan Notall
confimations e of interest. To develop tiese constanis, o Tew specilfic cases nasd e o s
ne wy Lo aseume specific detei’s w avoid gencradiies daccannot be ciieched To proveed. we assune
75 kg of plutomit in a sibicen diexide fog of St-cm adius and 100 ey bepgah retizaed by pure Saois
The SuG ratio of s tog s ahait 801 and the densaty ot pluteaiim m the log s oabact (0 el I
additie o wet st abe assutpplions elating (o the pioy<isal
proviebated b Refs 200 e seeentee] Ton prpeoses of discmsspon and caicnboron g ondy fon shese
R T

st peciovioal sintation T e assinnplion s,

. . , C e A . .
T silonadions iy (1w esses puosin abenl e e s Y and Y aavadv e o et the Toliow e

} Seventy hive hilowrant- are G be satbied mto abicate “loes " These doc e o n e wathae,
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S0 1 and the piutomum density s about O 1 K. This Tog i idenuticd by an Ny as sitely
subvtical on fugs. S, 3 0.and .

2. Over sutfictent time, the containmen? w whieh this o 1s placed dhamte zrates aind thye
plutonm dittuses mta a spherical mitare of Pu-510> with the possiivaty of somne waka
ST

Three specific scenanios bave been postufated. Others are meationed e Rers. 1, 2 and 3 but are ools
variations of these three, ‘The scenarios are as tallows:

d. The volume of plutoainm and Si02, initally subaritical, slowiy expands el noaes sl nese
S:0z. eventually reaching a crbica! state and tinally a superentical state caused by the mcrcased
moderation of 8V, This is the dry™ scenano.

b, The Si0)2 “log” cracks or disintegrates and water enters the region contaimng plitoniunm, The
amount of S12+ mixed with the anginal log imay or may not have increased, This is one “wet”
seenario: waler moves into the veiume containing plutonium.

. The piawnivm and SiO2 separate (Ref. 2 posielates tial some or a0l of the SiO2 dissolves
moves elsewhere), and the plutenwn remains dehind n the form of parmicles that are frea fo
mave. These parnicles then slowly move nto a stratum of 8102 that has some water, The
Plutuninny may exist as a dry powder, most likely PuO2, or may be mined seih waier, o0 cany
same silicon with it This is another “wet™ scenzdo duing, which pluteniun: moaves inro o wer
stratum.

Discnssion of Pastidales

a. The Dry Scenario-—Expansion of the initial voiuaie of dry S130o mirtre inte more dry S103. By
reterming to Frg, 5, M,(Pu) vs V., the inttal mass of 78 kg oa Pu 3102 log tnow raken to be a sphere)
identiticd at an initial volunie ot 785 LI the miixing and expansion shauld take place as postadated, o
critical stite for the 75 kg condd be achieved ata vohipe of abat 2000 1 Refercnee T luiter assiine s iluii
this expansion would increase to the nutimum supercriticaiiny state at a voiume of about HEEY where
the critical mass is unly 34 kg before a neutron clinn reaction Could oegin. No wechamstn tor this
cheneimenon is known. and it 1s considered 1n these papers only to show that even thase assumpuens
wonld not lead oan autoealalytic siate with the poteatial Tor an explosion. Reference T angines that the
te scale Tor these actions wity be seoiopic; Lter relerences (Refs 2 and 30 add possibiiines tial tahe
rlace on @ much faster dme seale: @ mithseeond expansion of PuQ- vapor throvgh sehid tutl a mofecular
velocities. This hypothesis 15 nonphysical. Fven if the PuQ; could be preterentially heated to hirh
temperatures, the mean free path for collisions with Si02 niolecules iz verv very shorts Aithis siape of
exiunintion, and accepting the assamotions i Reis. L2, o 30 cnucad stide v pessibie, bt a
supersritical stile or autocatalvtic state or both i imposeible.” The dry scenario is re oxemined azan in
st 4o the plutoninm-taft mistur ..

b The Wet Svem o =Mixing of the water with ihe 207530 toeuanie, eitbien swath e withoot o oo wiile
more S102, Sheuid safficient water miv with the 75 kg muss ad seme voiume beioa the Z0oo ] e
srticat-fevel case, the effect could be to ercate wamall, low-power vntical system or reactor, T ceenar s
ox e plutonin spalog to the Oklo Sreactor” st two Bilhos yoars aeo ERe S as oo oemecd o Redao 2
ared 3 T fiasion power conld vare widelv siven sotwoient fiecdon ol prosiutates The “ehavinos ol o h
sy sten s conteoiied privenily by the flos cate of the seoner, wine icoeporied o dvecupesneely vdow
Crrouan tarf (et o) foo much water or oo Little water weuld ston the reaction, 19 dittiondo we oy
arndweanty eher reactivities than delayve d enibival onseoloste e Sle (o any e wale Y besae
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these lgher activitios Yead W higher pewats, higher einperatiiies . and evapaoration of the water. No
eanioniop wouid be expected becase the Pu-Si0z-HH0 sy ey wouid have sailicient tine to wdosy bl
addizen of water by removing water thireagh boiiing. This s a seit-rezul tne process.

e Movement of Platonimn into o Wet Suidom=—"TTe* snovennent o des o Gonep plidemmonag, or i)},
with or withua Si02, into a stratum containing 2 arbitrary amount of warer, [T case s more Gemph
cated and requires very caretul exanminaton because it 18 the oaly seerano 5o tar identiticd (and tebies.ed
0 he unigue) that condd lead (o an unstable of pussibly aulocatalylic pover transicat In eltecis the
assurphosy ftdes Ml o el of eracks (eguivadent o dnll Tolesi evists, whnch conida allon piatonium
partickes 0 slowly penctrate a wet steatum, creating what 1s assumed w be s unifenn nusune of the theee

compaonents. The possible critical states of this three component mixture have hean stustiratad i b, .
-.’, R. .l“\l Y.

Qne consinunt oo the ertticad configuraions Ui needs wo be cvameed is e s e - posoning:
asymptore (Figs. 8 and 9) for cach Sittu ratio. For exampie, if the water concantration 1< more than
A wi v orizicality 13 pot possibie tor ratios of sibicorn: 1 plutonmiin greater than 3500, egandless ot how
mch plutanivm is involved. As another example, fot a SYPu ratio of 1S70_ no cnocality is possilile Tor o
wares concentration greater than 21 w i, This constiunt based on the winer-induced asymprore, ix
tlustrated in Fig. 10: ror a given SvPu mtio, the water content must he less than the appennos: Line on
the figure for cnticality o Iwe achieved. For some nustures ot platonium. S1I02. amd water, a configurition
that is fonnd Just on ar very iear s Jine on Bl 10 can e uiskable anad possibly conidd e
“amocasdyiic,” Le., if water ieas s the system and the valuime dues net change, the syswem rezenvny el
tission power coukd inereuse

A sevond constiet is found by funther examination of e funcions i Fie 8 Faangdes nage s
cas:er. Refemriag to Fig. 8. Table [, and the »iclu raue of 3513, the dry cnincal masy is apout 34 k. The
mimimum of this function is ahout 70 kg at 0.5 wi % witer. At ligher concentrations o water. the entical
nuss increises continnonsty ap o the ass mptote correspomding o about 3 wi % water Setween 05 wi ‘s
and 3 wi 5 witter, an imstable or posaibly aunecatalytic region exists. Suatocataly sis is fimpossible between
Q0w oand 0.5 wi % water: sutocstalysis is possible only bevwesn 0.3 wi 4 snd 3 0 wi e, On the sane

ssure, for a Sl ttio of 2¥ 12 the unstable region exists oaly between S0wriand 1 2wt oo waler
The muninum of cacli of these S7PQ citicat fuwctions is ploted on By 10 08 the Toser conve T
neGithle von posaibly autocitalytic regton lies oply Metwesn these taa curves on P B The Bawer fa
tunction 18 modest: it represents the water conient Jor gy instability. A comwewiat bagher water content
would be barely actocataly e ad tnvial m esudle,

Aird constreing ax, o wourse, the avarlable nuer o plutoniem, wilneh his seen tahen o ime dee B
hie amount s svcumed to move mto gowaet st of MO0 the S atio waill sdow! decteass, e
wilowing cuamipics are msnuchive, IHhe water Sonter! wercow g D.58% Dy werghi i D Bicnibicaathy
s pnssible for SEPo atonn raios of T3S0 0 GTRS, Bl e segpnied s e (06 Ry and MR Ry,

pespemctivesiy - only Y b ane avinkible 1 dee wines concertemion wepe b uwess 75 e conde Tz b
A SEPu rate of 5313, Proceeding o lower SEPu ratros ot 75 Kioon Fre S0 us miase ceuld e entead ber
A0 wrt water at SgPu = G and Lo RO a S = 2XT2 The focee o thea poeints s plathed oi
l'u_‘ 1o the middic bnactoom, The e ad av ol s ses s o pestii Bed o e tomen beiveen Uh
fowersbund the soidde G o ol oy 10

et cone tnadil G bee deeans o i Qe cootien e the e sl daatntiat o wab ot Wty
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Suweand 100wk water conient will Be eaamined 10 be consen.bve, These consita nfs aee
nhisiraied by verinal ires on Fieo 10,
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The ful! ptewre o all these constrainty can be seen or frg, 10 0 tnangies shided en e seme lep
plot. The detining comers for 73 kg and 5 wi '+ water are as tollows: Syl = 3800 wHO =03 Svby =
3900, % 10 = 5.0; Sl < 2200, % 1O < S I the hinsting amount of waler s 10075 D detininge
pooiots o Fig 10 e SRO0 qndd 0.5 wit G 2R00 and 100wt Se, and 1600 and 1850 wi <9 Conbiporations
with compuositions outside these limits are ol no tterest for the peasons ust Jeseioped.

A quesstion v bue ganised Ton g spmecial chiss ol conligorations suclon e fodiowing Assuie, e
evasepie, thar pluonium pencirates 1nto g mois layer of rock contaming o wi é8 witer and the penere
1 rufficient tr achi ve atotal of 75 ke in the appropniate sphencal velne tsee e S0 Noetieatity o
pozsitie at Sif1% = 23/0 because of too mudc witer. However. if the climate ot the recaon should entet a
deniry phase, the wates contenl conid by redacad 1o VR w5 and e ssatem coibd Iecone ol

stadsde, el presabiv antecatily e, bae the concteams disemased above weoadd rereomm openaines

e .l|‘|‘il'-1|lli.|h" consfoaints an phdobidm amd W aleF coneentratngg have been detined aied the ooy
TR T ||.-\\;||i|ili|-\ fin \lllll_'ll'lilil_'.'ll |'||l|ﬁ,'(||:ll|nn\ wil Twecomsndered Thos case, the smwsoement ol
POL U nees aowet stratm, seses the possibiiity cof wstiide contiy oo ond the pesabibit odan
srmatien of moest tered.

e stabu e senetvay poseer transaent, L the



LN L REACTIVITY (KEFY) CALAUULATIONS

Tie previous section derimed the pessibalines for eritical conditons, given centan e s, 1his
seetion witl examine the possilalitics for supercritival coafipuniations that waght b created v deselopad
av e result ol the movenient :aind mixing of plutenium, silicon, and watee Asan exanabe G ert’ot -tate
is achieved at a waler ceneentration of -LU wt S, at i plutonium mass ot B0.1 Ky tignoring tor the monient
the mase loadiag hinut of 78 kg for cuch log). and af a SU/TPu natio of 1376 Gsoe Laz. ¥ and Table I, the
sesulting fission power could heat the volume and transpor wates ot of the volanie. thus edineing the
weigll percent of water and jocieasing the reactivity of the mixiuie Note that this process does ol
chanee the volume or the mass of pratonium so that this chuage in composition does not follow the
vnuual mass function of 8i/PPu = 4376 m Fig. 8; this process has beconwe supercatical. Vhis precess ekl
vontinie and ractivity conld rise. inereasing e 1eaction e, Referd wo 3 poooiates that s
antocatadvtic process will result in an explesion of “hundreds of wne of TNT equivitdent ™ The criticaiity
aspects of the unstable requons defined above will be examined, quantativels. ik this section, and the
pasitdated exploston aspects will be cxamined in Part B (for mith) and in (he compamon paps von
dy annies.

Ciiven the initial assumptions of Refs. 1, 2 and 3, the cntical sate, Le o sell=sistainiing, nciliob Ciaig
i ion, i nol upessidle: thus the magnituges of the possible reactivity and power icncients anst be
examined.

The first step i the analvsis of @ postulared criticality event is 1o examine the mrggnitide of the
neution muliipiication factor, often refered o as &g This Das beeo done for several functions owith
differen: Syl ratios) far the appropriate amouats of water and for seve-ral ditferant masses ot plutonum
Typica! results arc illustazed in Fig. 11 (Tabie 1V for twe coses an which the £ s plotted againat water
content Tore difTerent Si/Pu atonn vatios and plutoniom miasses For evaimple, 90 1 kg ot pliatonicon wits
SifPu ~ 4376 is just critical with 4 wi S water, As the water content is decreused! and the nuss of
plutonium and volume reniun constant. the kepy Ases o a maaimum ot 1.071, where the waler content i
L% wi ;e drops Lo LO3Y ter the dry case. The same Sizl'u rtio with i fissile mass of 32,5 kg is just
voticid with 2 wi % water. In this e the &g dectesses monotomically 100 992 as the water conteat i
reduced.

Anvcomd set ol exinples is illustrsted on Fig, 12, The ST cario is 2812 the plutoninm nieses el
water contents are 84.4 kp and 10 we 4, 358 kxand .0 we %, and 10.0 kg and 7.0 wede . The daa rer
these functions are taken from “[ahle (V. The starting paint theqy = LKD) car be dentificd on g %oand m
the tablea. In this case the largest mass could 1eaclia Ay of 178 wnd oniain supercntival ovein vl
diy Fich of thes Jesser piotoninm insaes is saberitivad whien doy amd the meeimun 2oy s fowe

These data show that caleul:ded neuiron multiphication factors for sunwe Cises Tanee Gpaaabent 308
Othe r (et dlasiratedd data sbow eacess ieacivities up o 3 bat these ane mnd von

lend tarcamise the
privtoningee mass or sonl water content iy outssle dee constiomts given abwve, Sonre o these reaens ws
funcrions have the appsarunce of being very large and signincant. Others are muoch less siemficant, 1t e
not obvieu: that all examigles need to be examined tn detail. The intent oo pick tho e it are teasonably
Gl or ar approaching what mipht he a sever case Cioes showing tie possiluliiy o saps nente alits
and il aroadal veic power sespoise will Tee ecommesd quaniaiiely anc e Tollow e Ponc B uflasid
P O TN e e dynamige
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Fignre 11 Plot af kell vs water content for several SiclPa cation (reom lemperainees. The
reactiviry (keff) is for nvo plutoniten muasses of 6.1 kg and 12.5 kg, cach tuken jrom the
critical mass curve i Fig. 8 with SiPu=1376. The cruiieel pome (9013 kg or 32 19 kg) s
taken from the function in Fig. 8 and ket is calewdated by step-wise semoval of the water.
The upper fimerion (for 30 T Le) exfubits antewatalviie Belavior as water evigpoarates ond
feaves the svstem, The mass. unvever, is obove the allewed fimis. The lower clove

132.5 kel is raken prom Fig, & at @ pownl firs? expected to show the same iistabuley
Howcver, as waler coudent decreases, e reactivity seadilv decredses.
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Tahle IV. 239P%u-NiO24 H20O Reflected Spherces:

Reactivity (keff) For Several SiZ239Pu Rativs, Masses of Plutonium, and Water Contents at Room
Temperalure

v S VPe = 183 p.
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SUtuR displaces @ comparabic velusmie of tulf. Sigrificant diffcrence s can be snticed atiediaic
v The jow-density asymtote i inc:eased from 0000 10 0.003 wrom, Thus, the nund e of nephly
diiuted cases roquinag corsidenaiion is further restneted. (231 e moderatingsabs=ringe g etfects of it
iat decrease the critical thass Tiom 95,7 kg i a phuioimm deasity oF 0 3RS ki o 35 TRy ot adensity of
GOOSR e/l eseen in big. 13) very nearly disanpear when the diluent hiss the compostion ci imfi Wezh imff
ar 4 difuent, Ui maximen 2nc minimem critical masses are 1200 ke and 85,6 ke e oo o the
maximiim and muanam critical massos i e wogion of this Jip e the critival s hinciions diofis fon
27001 3 The potertial for dve postulated Jdry autocatadytic bednnion sas postolated in Refs 1and 5
depeads on the presence of this “din.” Substantiai reduction in the magnitude of tie dip™ constrzme e
conrdiztions that mast he nwet o achies ¢ autocatalyue helias o Tins increased ninnen mass vwhen
Nevadacinti i e hiluent elmirates the need o consider the “dn cntical™ problew that was postidated (i
Ref. i and in Section Vo7 this peper: 75 ki would never become eritical i dry it Includme the T3tipy
'

. . 3 3 . X
v allowiitg S decad of 750 100 = U aouhhiceease e ond ol Bassaes eveiy dwene

Ligore 14 ilustrates the data of Table Von e plat of entical niss v eritieal solume tor Pe-tint and
PII'SIIO:. This I-l:!lllt‘ i the '.mzd\\g of rl:_'\ Taud 5 Tiw differences aiv evideid illl“l\'l“llll'l.\' atud e
sienificant. The potential for dry criticality of 75 kg, and even much mores is elimipated under these
canditions as weli.
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lable V. *“Pu Metal - Nevada Luil Mintures - Uritical Parameters For tufl-Reflected Spheres at
Roum Temperature
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VUL CRITICALITY CALCULATIONN FOR Pu-1 L EE-HHO, A THRER COMPONENT
SYNTEAM

Piie criical data tor 1G-8:02-H 20 nuintares weie proscated in e oand Table U1 The conparable
datafer Po-Toff=Hoo ans soven n Table VT axd fllusinaed in Fig 15 The clunges it desive Do tie
mcreased piutonivm density ot the asyrapie i 0.003 ke e ore appacnt, oy is the wimate poisonee;:
by Ryvitrogen. e moadel used tor the nuXxiie of water wits the 'u ! 13 the displacement madel i sisen
rass of water displaces the appropnate voliime of Pu-1oft However, a ditferent s Lis possibile This
Jeraves frenm the obsepyvazion that tnf has a petosity of sever:1 peteent by voinme Five Pereenn teieven
perven! poresity (e, void) has een repoened tRefs. 5 aod 160, This model has been consddered amd wene
restlty are reportea 1 the Appendix. The calculated enticai masses difter somew hat trom o .¢
veiemnined by usivp the displin eoent modei, bt these differences doonor affedi the fooad o biseen

Br-tuti-1H0 cotcal nuss daia ace picsenrted i Ly, LE s 3 finctian of the wetghi poreent of wates
The mereased effect of the neutron abworbers in wiff is clew iy seen in e woe westnicteed tange of the
mRctions in this zure. To compare these data with the date of Figs. R and 9, the Seie mties for el ae-
mwliphed by 1AL77 il Jenoted by Sy’

Table VI. Z’Pu Mewl, Tuff. und H:0 Mixtuns
Crhtical Parameters for Spherey Reflected With Tl - 120 Mixtoures ol Resn Temper adure

SETPuINTT | wWater | PuDensity | Radius Volume Mass
{Aluin tativ) {wi ey hpd wnr iiiersy vhy P

i 782 .0 1.16x10° nu pR NI x50

752 10 1.14x1n” AR 23 2604107 120

782 20 BRIl 2819 Lsoxio' LT

782 3.0 1.08\10° (R0 13300 42

732 5.0 Lo3xio”’ $093 SoTx I w3

787 70 9 8RR« 10’ %5 1R rRAEY Na 0

752 10v 92310 $3.13 5.93x10° 5.3

752 13.6 &I IN 5102 NI 4%

] 182 150 g.24x10 SLs S a6x 10 KT

e 156 | 16ra0 | 5114 | neoRae 4R

iS50 L0 7.33x1ir 5545 iz 5.

159 " TN oy I "

82 Py <xuxlr’ s Loy b’ 207

752 U0 seantn 1y Ty 22

T 5 JRRSET saimin | Tias Leny i’ i T




Fable VI 27Pu Metat, ‘Tuff. and 13,0 Mixtures

Criticat Parameters for Spheres Retlected With Tuff - H,O Mixtures ai Ream Temperature

tcontinued)
SFP0.77 | Water Density Kudius Volume Mass
(Atom ratio! (wt %) (kz/M (cm) iters) kg Puy
1175 n.o 740007 14310 P own? 0t 2
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1570 40 s 11 s s’ M
1570 50 FEIUT 112,35 sadn’ 1% 4
1 Yoo 48010 e 1o tAasvIn ii.0
1570 70 47iain 122 60 AN O g
| s w00 Loy RANE! TR TR I
NI G PN POV T
VAT iU ST s L2 e i ey 4
, e 1o SRNN AU (T i
L LL : e
i ST il TN I 2 i RN ITY T
oz Lwn T e v e




Table V1. “"Pu Metal, Tuff, and 11,0 Mixtures

Critical Paramecters for Spheres Reflected With Taff - H;0) Mixtures at Room ‘Temperature
rcontinued)

SFPu10.77 | Water Demsity Radius Volume Mass
(Atomn ratio) {wit %) tkp/h (cm) (litcrs) (kg Pu)

1850 0.0 476n10 " 192.78 3.00x10° 1429
1550 1.0 1.65x10"° 151.81 Lanao? OR.2
1850 20 4.54x10° 141.23 1.18x10* 516
1850 an L0’ 140.47 Lioxio' 516
1850 1.0 4.34x10° 145.83 1.29x10° 6.1
1850 5.0 BINTN 157.79 16510} 608
1850 6.0 4.14x10° 180.33 2.46x10" tul.?
INSC 70 NI 277.57 194x10° 199 8
1850 3.0 394xtu 195.28 25910 0215
275U .U 3.20x10° Jo1.34 1L97x10° 6324
2756 0.1 3.102x40° 357.04 18010 GOR 7
2750 0.2 A18sxlu’ 455.58 1.88x10° Y
1750 0.3 1177 0 18677 1.80010" prtE
2750 0.4 ok’ Atn).42 Lyox iy’ 021%
2750 0.5 2.163x10" 366,48 3.06x10° 6S2.3
2750 0.6 315010 475,09 220x10° 61,3
2750 0.7 3148210 38645 2 3210 70l
2750 0.8 A ldlxiu . 30117 2. Il).‘ll.“ X-1U.5
2750 0.9 LN ERIN (U 42001 30800 Y320
2750 R 31268007 344.28 A0/x10° ERET
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IN. DISCUSSION OF POSTULATES

A the Dy Seeninio

The peastsigeed siowe geiogic capansion of the Pe-SiQ> log into surrounding (in this case) il s
rchanged conpvred w the pure Pu-Sit) > case. Az mentioned above., the sigmiicant difference 1s that the
"oy criwal” state 1s not created because of the criticality characreristics of the Pu-tetf mixmres (Fips 1%
aind 12, Tahie Vo Tk mniniion criticdd miss of pletonmnm in wlT is greater than 75 Rg. The “dry
sapervriticainy ™ s climinated for Pu-ff mintures. Nevertheless, the dvnamic behuavior of the Pu-Si0)
svialem wili be exaruned @ a companion paper on dvnamics tov the case ol pure Pu/NIO) muntuns.

v The Wet Scenarino.

The posmulate of raxing water with the Pu-$i(31 15 unchanged for the Pe-wutf svstem. A water induced
Crilivulity et pesvible. even it improhable, and the comparison 1o the Okl pheioinenon rensaiits
Valnd The prower devel wonbil e determined by the Gow and anvonnt of witer As with pane Si0z o
vanlision sponld e evrected.

COTie Moseent of Plutoniom into a Wel Steatun.

The pestuiated nrecivgrism is unwhanged. By poswdate. much ol e Si0a in the ariginal log {which lixes
the plutonznr: m place? disappears, allowng the plutonium to be mobile and penctrte stowly mie a
siratum of act tutt, The aldition of plutonam would start at a very high SUu ratio and prugress (o
sinater fatios as e plroniom migrates o Pe straum: One constiaint is defined or each Si/Pu ratio
pv the water-poisoning asympicte seer on Fit. 16, The lecus of these asyimprotes s plotted as the upper
i:ne on Fig. 1 7: the water contant must he fess than this value for eriticaimy 1 ogvur. This figure s the
aibilig of Fig, 10 fos puae SiO ditueat.
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Uy of thess points 1s plotted on Fig. 17 as the low or hne, provading ancthier cotatninst on e aniunt o
water o be consderad.

The Lmitaten st by L s loading linut of 758 ke can be redd trons the tunetons tor eacih Sif1%:°
ot e on Figo 16 The Tivos of these poinis is plotted on D 87 s e mididle e, compuiable o
Fie. 10 dor S0,

The final constraint is e suount of water i woukd actoally be fomsd o the it Tlas s b
estivitad o be abour 3 wi v (Ret 50 Howaver, wice this antount wil e considercd we assure

contervanem. Yhess constranats are tlustraied on FFig. 17 as vert:ieal hines at 540 and 10 water content.

The full pictw e of the constraints for Pu-rurf-HO can be detimed as was done Tor Pu-8102-Hyu. On
1ic. 17, atnzagle 15 detined by the coondinales 1or 5 wi ‘¢ water and 75 kg. ‘Ihese are 2 Sutu* raue of
2700 ard 0.2 wi ' water, INSOamd S wi oamd 1450 and S wi % Lor 1S waier and 73 ke, e
o rdimares me 2700 ankd O wi L PS5O0 amd (00w S, and TIDD ard 10 w4 Conligurativns of
Peo Durr-HO o fie outsids these bovndanes are not of ateress becaeee, as discussed earlier, creealie
or aciocatalytic Behavior or buth ane oot possible,

N REACTIVITY (ko) CALCULATIONS FOR Pu-TUFF-110 MIXTURES

Reactivany calvubiions have vesn completed i the sane nianner as e for tie Pu Sii0 2 B
mavtares, ‘The sonerai chireetenstics are simular, but dewatls ditler sizmticantiv. The cases ol mo:t intered
Y Rt fora SUPU wtoms ratio of [E70. These dakare ithistiated on g 8% and are proseitad
tarerawtaily e Tabide VI Tles tiasses of plitonionm omd e antal swater content aes as Gl
Cosecdans Thp aed 1D wes wmer, Cane 20 108 Yk and WD w1 & watern: Cane (oA
Owty waterscase (1) 155 ke and 8 wit + water: and Case (o 3otk and 7 owe s wares, 't hes
ciuster in the upper nght hand comer ot ihie pernvasnle trangle on e 17 This “comer™ (0 0wt
waltet, TS hy annd SOPGT raine ol FSOO0 ax the condition ibat widl Sead to e Tiglest egg amd the bapes:
atepral ol Agep an o tunclion of weiyin percent of water. e ieacos ity fanctions of iy 88 e alimos

cinedy 20 the Somreet 3ot o exanune the mest severe iinmutine cose. Case thron e B nas o puch:
Pl ankd Aater: Case (25 excecds the miass it bt has the conect izaing amcant 3 waier Th
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Figure 18, Reactiviey iR gi vs weight percent waler for SiPu? = 1570 (]} aned 404.7,
1053, 63.70, 135, and 36.12 kz o plutonium (roon: temperature). These tunctions hie
very close 10 the most severe condiguration defined o Fig. 17, The uppermaoss junction is
ntsidde the vonstraings for both mass of piuteniom and weight pescent water The secomld
crrve (for 1683 Ly of phatoniteny is satisfuctory: jor the water contens, but isevond itoir
1o the muss of plutormum. Fhe lower three unctisns ali lie within the derived fimies.

We assanwe that the configuration has been created amd, s stalel, it is just entical wiih 10 %0 water by
weight ind 108 3 kg of phuonium. Front Tabie VI and using a density of 233 dg/l. the woud mass of the

core™ is .85 x NAK 2. Far the accumacy neaded here. the mass of water 1s taken to be 3,85 x 103 kg

T'he ansumptions for the power ransient are as follows: miatly, and dunng the period of nising
power, zll the ission encrgy is Jepostied into boiling water. with no change in femperidite or genetiinen
of pressine. Tle decieas in waten content will incicase sec 1ivity oa susinenin Aegg ol 108D wlewe the
wiaer content is oniy 2.38 7% by weiaht, The steam is assumed e vanish. an assumption thi shouid
inwrease the enercy of the postulated transient. In tact. a significant pressere would be rencruted £y stean,
atd this pressire woulld canse eapansion and redi tion of reactivity: also, should the temperaturne i th,
temperpdure confTicient of reactivity lor neations weaid be negative

3v relerened B B, Iy, the syvstem would be sabwptcl! esen Petore al the ssater esapasatead
I loaever, Tor case of .Ill.||)'\l\ Wos etfedd s i.\.'llll-l‘li. anld the vhacipy I\?\'lllill Jlu e RILORIN all e waten s
s 1010 Joudes. After tis chanpe, the syutem becomes suberitical, ame e reacts iy decneses ey
catidls Lhe onerey pohiobeted atier this beihing process atd whine the gower vodroppees wel Mook
ot o rtandy bt scoben) Boah that senetated duning e powesrnia

It cacres ronow ased o heat the e of it b wemsponitene mee wonhd e adoag 200

S hanenet eperey Cdvrmnke belegeger, o eaplbosie wiij oo



Table VI **'Pu, Tufl, and H;0 Reflecied Spheres

Reactivily (k) fora S Ratio of 1570, Several Plutonium Masses, and Water Contents it

Room ‘Temperature
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The cnergy genenitwed cannol he judged deliostively on the basis of static criticality caicuinions
cione We Tave, however. reached conclusions for the upper fimin of the enerey genention i one case.
The companion paper on dyadmics will examine turthier the 2eacration of fission encigy itid the
possibility of explosise cnicrgy eleaw”

XL SUGMMARY AND CONCLUSIONS

This paper bas eaamined the static crtcality aspect. of ruxtures ot plitonmum and $10)2. plutciun.
! b . -1
S0, and wazer: plutonium and Nevinda taft: and plitoninm, Nevada @ufs, and water

A conservative approach was Lahen by assuming #he phitoniuni was pie < 39Pa, homop, nevosty
disiributed witlun the moderstorfubsorber nteriii in a spherical form. Any deviation from these critenia,
.2 . substiution of weapons-grade plutemiam {ahout 547 WOy, 95z 239y far pure ~31% resulis in
lower nentron winltiplication fuctors and bigher erincal nesses than those calenloed in this work,
Inclusion of eicments found in tke Nevada witf also lowers the caleulated nevtron multpheation iuctors.
These effects can be sizrudicant. especially for the div enticality caie discussed above. All reactivity
calvulations kave inefuded ihe assumption of unitvmms. fine-grain mising of all componeais tirsag b

The several chemical and reologie assumplions made 1n Rets. 1, 20 and 3 are aceepted 1n this sty
tor purpuacs of calenlation only, i spite oF the extracidinarily low probalulity and long iinee scale they
npis: e credence s given o these wisamprions beciuse of their appiicaaen herein,

The yencral chintacteristics of Gssile systems dituied with a mosderatordabsarbier niats nal waere
smmerized. The qualitative features of the piots of the entical masses of such systems versos the s de
density are penerully similar. All exhibit a masimum critical mass with small amounts of diluent,
foltewed by a aimmum cansed hy the nraderating ctfect of the diluent. and tinally a low Jdenaty
nnbonmded eritical mass and entical volunwe assmptole caused by the neutron absorbingt el of neation
capiue of the dijuemt. Configurmtions near the asympiote can display mstability and pessible antoecinalvis
behavier, The guantitative featues, suck as the values for the critical masses, the location of the
muximurm and mummuin cnatead masses, and the lecation ef the assmptote depeid onthe tesie matena!
aid the idetator/absorber inideriads present

The pustulates of Refs. 12 and 3 ware chaneienaad as Lalling into one of the tollsaanye thive i
l. expansion or the plutomam into a larger mass ot 3102,

2. water enterng the volume of 3102 tht contains the phuvonisnn, and

3 i-:llh'li]illln, an o bl or aapde, cnierny o wel sttatuin of I'I"\.'k‘

These tiires dases were repeated aging Nesadin it e place oo the pure St

L) . ] - . v - ] . I}
it thiee fyr ai iy b prepepieng RLURY WU R N wenh s s e v e e e won o o ins o i B
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Those cases were then examizied tor e potential tor autcsatalyus ochavor, W e obtamed the
fulluw i@ rosailsg

Wivy

P The seatem conniating of pure =S50 with pare Si03 as a diiuent ehiiis e Clasai
dependence of the critical mass on the fissile menetial density Thus, a ernical system iy
pussible. but very improbable, and autocatalytic behavior is judgzed 1o be pasaable only it
assunptions regaided as impossible are accepied. The calenliabions repoited in Rel 3 wali s
examined further in a companion paper on the dynamics of tiese sy stems. When NeviokofT s
tke diluent, nuclear crticality and autocatalvtic behavior are not possible fou 1op loadipg:. of
tess than approximately 82 hy of 2320 Pluonium 239 masses preater than bt 84 5y or g
substantial vanation in the composizion of the il or a niechanism for ~“pueineation™ of the Y
will be necessary i caticality is W be achueval. I weapons-grade plutoniim (54 230y 15
colinidetad, the equiremients are asich e stiingent. Noeaplosion is possinle,

For geologic tme scales or for procesc2s that add water, eriticaliry is possible Tor bath 107 al

Nevada wuff diluents. However. no autocatalytic behavior 1s expected hesause the ~ystemn has

sufficicnt time to resporad to the reactivity incivases (which occar s aaeault of the addition of

water) by ejection of water (e.g., through boiling). which reduces reactivity. A beliavior simibv

10 the Oklo phenomena (Ref. 41 is expected. and the el fission 2reray generated denends on

the lenzith of time such a system operates. No explosion 18 possible.

X Lor pluloniom entering a wet stratum of S102 or Nevadit ttl, cnticality and suiocitalytic
biehiavior ine poasible, but the SiPu ratios for which this can oceur me couseained by the G
iwmuount of plutonium present and by the water content of the seata, These constraings limie tine
amourn! of Insertion of reactivity When water 15 removed from tha syatem, The behavier o the .«
wet sy stems witl be examined in o companion paper on dy Ganues, baban ugsper Ll estaeak
Dased] ondv on crificality disa shew s no Linctie, dymamie, o expiosive cnvrpy.

Y
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APPENDIN

ROCK COMPOSITION USFD N TUHE ONEDANT AND MONP MODELS

The ONEDANT calculativos were performed assuming an Sy crder of 32 and the i6-poenp Hansen-
Roud b Cross Sections with 1 scatreving, The spherical model conasis of twao omes The inper 7oae
JESUIMSS 4 homegencous nuxiure of Pu-23% and Nil) or mitf and 13 some cases water. "Hhe maer zane
contawns aprroximately 200 fine mesh pomes. Tae outer zone i the 100 cm thick rerlector, whaich 1,
usarnied o be SO0 or Wi, and in sonte cines slse contams watez, Tie outer zone contine approvineicehy
VR e mesh points

For a few special cases, we used tive Tos Adames Moente Carto Neuton Phaten DMONP s ale
vpcritted in the f-cade weigeavatne) and using, continions cicr @y crons sections hased on e Fyadined
Nuchear Data File, ENDEFR-V ind ENDE/B-VLL

Table AT comdains the actna! conup sifion of the Wit (6] amt the siements and componems e were
vscd i the ONEDANT and MONP madels. Note that sonie of 1he vioss scetion dala For same o the
clementy were not avatable.
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Comparisan of the Volume Displacemieut Model with the Porosiiy Modcl

Pne physical model usedd 1o calculae the ators densities Tor the cntesl radin and &g trowgreom the,
\ ]

sy has been e volionwe displacenweat aadel. Thiad sl Lor exaipie., 2w

WaAlCr I asdind fo hye

mined with adhy minbie of W and plutomivm, e vodone acenpicd by e water disploces cnegoad
woitre of tuf and pleionium, thus reducing their denstaes. Anvther model van be jsaitiesd ane used. The
woork made, recegnizes that the rate kas a7 porasie ™ of severd percent. sometmie: crtinated to be as
hphan 11 ‘I'\;“Ih‘_ ihis ualel, the waies can e assti ned o e \ill)'ll'\ adided 1o the volua e of jull amd

piutorien, not changing their densizies. A comparisos is made in Tabie A2 for twe Se

RT

(LI HUT TR

and Ly /0 the disefacement moacl 2ata are taken trem Table V1 and repreduced bereom pant Ui
porinsity made! results were abtained with the ONEDANT code and Hansen Roach Sio, - sectiin,

Tahle A.2. Si/Pu* = 1870

Density | Displacement Model Porusity Mode!
"u water Critleal Water Critical
T N7 (wifeh My thy) iwl% Minndhu
)
iDGOSAG K} its? Q0 115.66
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O.00554 At 1 tIye Gl 2404
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Comparissn of ONEDANT and MUNP Calculaled Riesulls

m.n Il'_'l\-_ ll_'!l LTS

A sugeesiion has Peeen ciede o secimse e neoteon spectrom of aupenszy
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Tahle AN ONUDANT-MUNE Cwuparisan
SiT'u* = 850

Density ONEDANT | ONEDANT |

Pa ! Waler Radius Mass MONP

kel i (Wit i tkg) ket
00073 | Qu 92,8 t42.0 LO3D = 00013
0.0076 105 1470 634 LOI&S Lunng3
0 76 0% 1240 80 DOOGSG £ 001D
ke 4.U (R R 471 (L3482 OIDVG
U.0ud in 06 157.2 774 DS ] 2 0.0UUS

b M7 7 RS L 4038 0.892.41 3 6) taWyT

T Jita sl that T thes Ciese Wil po e, e & agg iy MONDP s 3 D38 nmaniogs i diee conn il
tadios and mass world be smuibier, Howeaever, wirin tive water content reaches aboue o, the MONP &g
casrnialty L and caterences ik the cntwea! masses v euld be tris s, 1 these data wene tran: Somed 1o

P T e ditce nces could seareeds Beoacens and e simticant Deare, iy V0 waoniid pol b clanpead,
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