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CRITICALITY CHARACTERISTICS OF MIXTURES OF PLUTONII!M,
SILICON DIOXIDE, NEVADA TUFE, AND WATER

R. Sunchez. W, Myers D. Haves, R. Ximpland, I°. Jacger o,
R. Patemoater, 8. Rojas. R. Anderson, and W, Stration
Lok Alantos Nintivtaal Toslworatory

EXECUTIVE SUUMMARY

The tnajor olyective of e study has been 1o exaiine the possibility of a peclear explosion tand
eviluae this cvent if it1s pozs-ble) should 50 ;a0 102 kg of plutonium be mixeu with 5102, vitntied. placaed
wilhin a heavy steel conlaer, and buned in the material knoan as Nevada it To acconiplish this
ohjexiive we lave erealed a suivey of the erilical states or configuniions of mixiures of plutoninne, Sif),
e, ind waler and ox:unined iltese data e isulate thase confizurations 1t mizht be wmistable or
autocatatyiic. The survey o7 critical data now exisis and 15 publishad heremn. W idennly repions ol
cnticality nstability with the possibility of autocatalytic puwes behavior (the caistenee af snch
atpciaiy e plienomenas is nol new) Antocataly e power beliavior is possible for a very limited vange of
wel sysierus. bul this behavior 1y improballe. A guanntative and conservative evaluation of the fasuen
pawer behavior of these autovatalytic muxtures shows that ne explosion shouid 15 expected.

Three basic modes of mixinge plutonium, wif, 5:02, and waier were pestalated m Reds, 1L 2, and 3.
These are as lotlows:

Lo expansion o the plintomum into a Lireer mass of Nevadis an't (or S102 1eeder diy conditions,

niovenent of warer inte 3 solamwe of sionim/onT s SI02) wixtme of nealy iy aean opie
of silicon 10 plinoniunt. and

1 movemert of plisoniun maveng into i strannn of wif (or Si0) tiat conains e approspriide
ariour: of water,
Lawle ol these sceparion reguines o each ol the vl contamet, distmeytatoat ol e citneos bag, oo
for cases | amd 3, funtber neeversenn aud wiing of the plureniune ineouff (Si0as

Case 1 reguires inure plitianiuri o b stored than has been suzgested: i sulticien: phineriein shoukd
e avaable. an extraondinary or umpossibly rapid expinsion ol 07 mwbecuicn it lugh velocis throueh
wirpe, solid nesses of ff o SEO 0 s alsoreguinesd. Coticality is possible Tt Ly vgrebalide, pocen
realistic assumprions for weasses and ompasitions; sutoeataly sis wesquires addisouad unphy sical
assumptions, No cxplosion should be expected. It is specilically shuwn i a companion paper that i
capleanm resilts even ol these assunptions Tor the andy detinded seemaiaedesenbsal i Keda b Zoamd

Clase 2 reguites it the vitreous log disitegrates and thiat water eeters e < ceae, Mg soiliimsae
UL (501 may o iay ot ave osinred. T case svonld be e plitomiuin ¢qaisaient o e Ulin
POt o ol i of ot hitlion years apeon IReE o A Citical ay sl pooaive Billwitlocaiinyet 1
ted preailade ol o exphioisaris i precilde

Civar Spequ: s hreacht o the cottapwer diantegedio of e vities is byl moseeint o ut)
willy on wailuat Sl l'_l T NN [TTH i.‘;;‘ l_u HMT vorlLLaalis Lin |Ip||ll'l“"ul:l' bl o] W el ::ni\
prescess combd ] e cpgeesd conlmratpns e combi] be s e ol e |\u\\|iu|u.\ al e anten gbedyan

topn et et ety cone tramt s ard coms bt b o e ot e ot el ol s



cemtetn of the w1510 ) szverely limin the possililities. Those retatning conligmaions have been
exa:nined tor 2 worst casit. A eritical systent is possible, ard autocatalvsis is pessitile, ut no seplosien
sintid L eapected.

Thie sindy las adopted highly censenvatine postticns wik reapect Jo bnth nuclzar aed featoee
s ptions. A nene realistic treatoieni of nnelear assuprions s expecied o severely constia e
pessiliilities fur crnicaliny sond anocaalytic belavior, The prolubilines ind 2ven tie peasibilitiec ol v
seventl geolegic and cheriical phendmena and actions that muest oceur before a crite il cuniv s eves
appropoate arc nes e stheated in tlas paper., Thew chepucid and pealopgie cansderations i stidies
Urnierway sec Red 83wy eliminate the praddeny sl the et or o cnticality and dy s stids
vompletely.

LINTRODUCTION

Phe wiclear criticality Ceaacteristios of mintues of plutoniani. silicoit dioaide, aod waict 1%t A
plutoniuim, silic on dioxide. Nevinda Yucca Mountain tff, and water iPart B) Lave becotne of interest
because of the appe:zmnce ¢f recent papers on the sublject tRefs. 1, 2, and 31, These papers postuiate that iof
EXCeSs weapons Mucostium s vitr:fied e a silicaze log and buried underground. a selt sustaining weteen
shain reaciion ray develop given salficicnt tisne and interactian with the burial imcdunm. Morcaver, paet.
Avedilic perdigic w tions cesalting in posinlatad conligortinns, the referemeed puapers stte it neciear
explosions conld cecur witlt mmhi-kiloton yields (Rel, 1) or yields equivalent to lindreds of wae of IN'U
tRet. 1, (Referenees 1 and 2 are dratft documents that were distributed widelys Ref, 3 has been sunmuted
o a prolessional inaaad Yo puhlicatinn.a

The objectives af this piper tand the corpimian papatrs o dy namies ) are as itows:
| W examine the possibiliry o a nuclear explision tand evilune this event if ir 16 posables

should severa! Kilogranis of plimonann be wixed with Sit)), vitntied, praced witlm a Leavy
sice] contiuter. amd huned in ihe nederial Aposw i as Nevada il

2. westahlish the panimeters 'densiy, moderatien, reflectian, poon, acd dilutien with gon
.- . 1. . . . .
Vissile mgterials thizt letermine when cuxiares of - 33'Pu, SO nd water ST A and aeniines
hRY
ar 23y, Nevada i, amd water than 133 are vriical, Lo ane Shpable of aebiinine .
worlinning nentri chain reaction withont clenge o lission power,
A

i exammne these results e lind those senfipurations it may U nnstabde o “aatocatesv e Gle
criicitl shile i which an e fedae i Lis oo power Ieiid < titonidially sie ST iherease o
achivily otnl, henos, preales Tischon POWeEG, el

] e estal

Rt the reatrictinns or eotnlraaits s thest panuielers B are roginred B cnicality
N o e anenet al pdaloninnt eesdalated ol sleaed, amd oos il sater Coat it st
Nevinko il
Given these eomlition:. tire rommn gager e dynamies will examing possiafitios to ne possivis
ceagrenss ol an pncantrolled Tissionn peoowen tieeaent, g i) method. Ln Seye een
shevcliped bty posor trinaient Ay naGies of prised aciemblics v seactors il crite ity ecilens

it Acon e paper will sowcciteate ot pure S14 - Shient, whals et 15, cnlicadie
sotipitations Tive Laep compricied aeme the actual elemg ntal Compaainom o] Nosada Yaooe Mot
Wl Care Ret GG ontiins ney cheanons v Lol tieatron paotsotee, whin & pla bl aral
cotinlbmtls v e pustalebed b s Belo 1,0 il L



The caleniatias presenied in tnis paper assuzie enwgencons sphesical distributions wtlt uare
Pu-239 a5 the tissile matediil. ‘This i i conseavanive asstngtion when deslisg Wit sLitic oo near-statee
CrEicainy phiencmena bevanse the eritical smsses Tor pure Pr-239 e substnniaily ower e tinose fo
U-285 and abso Jos or than for wessans-pride pratonnun. In addition, any sigmticant heterogeneny of ihe
pramnum is 2xpecied 1o redu s the reactivity of the systein Signiticinidy (even cimigl (i prochnde
CHEW I I SO cises),

By catical. or the crifcal site. we tredan at the sysiean Sn Just sl it A UGl s ion si: o
power withoel change, v supercritical, we iwean i the Tission e wonh! e boereasing: inel b
suncritical. we miean tisn the Jisssen mate, i1 exists, weuld Do decrasing o 2ero poswe? on o neer zZem
power it an intraste source were present gzt the matenal.

ASddumietil caleulned eritical niass data ivive been wiciuded ton clarty and undestundiee,
Most ol the conputgicny in titis paper hizve been completed by ase of the ONTEDANT neptin

rasoun computer prosram (Ret1. 71, a modemn versicn of the classic system ereaed by Berzt Carlson
L N1 More detaeds of rlels and Compaiiinal mcthods are given in the Appendic

1L NUCLEAR CRITICALITY- SIMPLE SYSTEMS

To introduez ihe discussion of ruclear criticaiiny pariameters (or a three companzin sy seze, it is pseiyl
to begin with Blustrations of the criticaling jrraperues of o single two compunem sLuaem i s e
Yantiliier Qs mixtares of pluatoniune, SiOs ar wldf. and waicr. Thas, n g, 1L the Gitcal masa ol
Pt metad mixed witle warer is ilustraded s a fenction oF e density of sdntoniam e wiker
(Ref. 13). The mixivrs is idedized wbe puly metal and swater i rsom emperston:; sl soistbaes o
piuwonzim compounds wonld dulier but little. Bein water reflecied (20 cm thickaess) and unretlectse
duane) sy ddenis e shown, The geperal el acteriatics i1 sirated are sinlar o nearly b iliboentaood
fissiic matztial; 24506, 2330, w 239Pu, The initial efiect of the diluert (water in this case) is o 1educe the
density of tke plutonum, thus allowing greater neutror, lezhape and requining a larger mass of sl
Buseriad o aebieve e cstice! stte, A maxinum it cal miass Gabout 2 Kg Tod e petleciod cosedvcan v
seen a0 pintoniem density of ~o wem k) where the woderting projeay of e ivdiogen dommates
e Liss o Leutrons sue to leakagze vr absorption. As stith meure diluent s addaed. the moderating power at
Syvdrogan causes the crtical inass W decicase 10 a minieiant vidne {abai 00 ¢ at a plitonme denaiy o
Q.03 Kef] o e rellected cisey s whici point e moderini g and absorptive poopreities of b alilises
talarce. With more difutivn. the absarption cross-section of hyilrugen dorinues, and the pre resnived
Sty eI s unlid Snally waasyimploie s raxched, wiick enablicdics the it sleiaty see

Posapseenin et witll e aneTid fie fater discossions Foor piatosinn-water miatmes, the asvinpdale is ol aluel
Liwes haed] szl abs e ly, Potlrtine bare and ieilecied cases comverze oo s e salne Thess o
were well estabiinhzd by expernnent tRet, 13y and the compatinionmal ol s vedl ertabhiabed m

NATH T A R H H af rcsulis witlteaperiin it sosialis (R8T 20 Howeser, Bleae i [est St i o
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Fiznre 1. Critical inass af phaorin metal &5 o usttion of plutenium densire wivers mecedd
with weier. (raomn jewperatured line pligonium (s &ealized 1 be a spherc with a tiny-
wrsrin pesvder amd mizedd unifisrmly weitly the wates. The Jdana defining the low-ds nain
devmplote pre pew for this sineiv, The wuion by af diata v niken jrom Ref 12 ol i
repraduced we Table ! A importans cherctensie 1o neme is he musmum vrtwsd mansy
i i phaonium densiry ofF aboi VL ke/l.

Table 1. **'Pn Metal-Waler Mixtures: Crétical Parameters for Bare
und Water-Reflected Sphueres ul Ruom Temperalure

Unreflected Whater Rellected
W'™Pu | PuDensity | Radlus | Volume | Mass | Raudius | Volume Muss
{Atom ratio) (kg/) {emi {liter) {kg) (em) tiltert tke Put
0.0 1. 97x10" 4.90 0.49 07 198 aadxlot | 5o
s’ 1.13x10" 7.18 1.53 1.2 548 aaxin' | m
20 allal0” | o s | i 11 Lati0® | w4t
1.oox 1o 2.310" 12.2 7.61 17.8 36 Lpam” 1
260110° g6l | 140 1.7 9oy ! 10s ARG | 416
1.eox1n’ et | oasa 14.4 L7 1. wtiam” I.us
TaMD° 8Aann® | 16, 17.5 X 124 S 180" ke
SO0 5210 | 1w 0.6 1am a3 FIAINI TN
1 (N 10° 26507 in A 25 0 &6 164 1 i’ 41|
el 1.33x10) el ) TRAN A ISLTEN IS wal
! Suox10 N 3G nr The
Sdain (RUAUN . St ] s
R B YT AN RO
‘\"J\Ii-; 5 I""\l'l'.. 1L-I"'n . Y T --'




Mhe presence of water hias o sigaiiicast effect o the critical nass, i this shaip dependence w' ithe
"Pu critical mass on the moderator content (1n this instance, the Iivdragen content) o 1hc sy ste that
nighes the analyses of erilicali,y phenomemit so comnplen. A witke vatie.y of results are pos-ible. For
evampic, the eritical mass af a pluteninnn metal bait with o water rellector is given in Tuie 1 us about
2.2 Ke. while the eancal mass ol a pletorium solutien with the same water reflecter 1 aboit 2.8 ke,
Under more nnusua, and exvaondinary civnnstinces, Cum-absarbisg dilnents it cryogenic
teperatures) thee critical mass niigh by siguificamly i wer.

N

INusirating the critical macses of tissile metals mixed i witer in this manner is well estdlnhied: o
our knuwledge, data simikir to these were int caleulaied 1n lare 1942 by J. Roben Gopenititne:
1Rer, 14). I the 19350s nucar crineality data were summinzed ard published by 11, l'uxton ol Los
Aliusos and D, Callikan of Oak Ridge (the two aichitects af the sciciee of criticality phyaics and salvty,
we Ref. 133, <l iliis maner of presentalion becinme conpmon usuge. These siune data, however, can e
nresented in dirferent formais to iliustrme diftere:nt criticality prorerties. In Fige. 2. the crtical veluie of
239Dy in water i illustrated as a fetion of the plutonimu density (the critezal voluime incieases
mopotonically witl deereasing plutoninnndensity *and in Fig. 3. the critical nuss is shown s i Tenction
uf the critical volume. The data lor Figy. 1. 2, and Y ore given in Tuble 1.
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kxch representation is uscru! in understanding the influcnce 0! vanous paranicter: and i estahlhishing:
comditinns of iielear criticalify sability wi posaible nistabsility. For example, o o shightly sapeiontic
pifonium-10 mixture shonid be created at a density just preater titan the sjow-density asy inplotz
tchease shout 10 kg and a density uf about 0.008 kKl i the solution would hieat and lose water, e
decreasing the valume and increasing the plutaam density. CGriven anly these twa ellecs, the sy stens
wotrid iew e atavery hipht teactivity amd e cor would msetease. Hiawever, any devicase of soinnee
cansed by water ioss wortld be balunced by bailing and expansion, thns reducing reactivits, Tiwe e s uit
s boiling. st maintaining cnticality. This wourki cuntinne until the syst=im s iry cnungh e e
suberiiical, More complea Svmanie hehavion is pesstble depending win =tch Tactons as fissian prasdact
poducing cunents caused by convection or ubiliiug. plutoriam depletion, cte A evanple ic giser m
the Appendiy of the compznica paper on dy namiss, This candition is often refemed 10 as "uns:ablc™ or
“utocaralvite.” Anoler exunple al an inierssting. although not unstible condition, is e g e oy o
beiween densities o abant § D and 008 kp/l If water, which s a dilient, inadennos, wnl alwonl e, is
alded, a supercritical state is created. This stune sitieaion cim be seen in Fig 3 berween volonies of alawe
Jand 8 | whara, if the valume should be increased by the addition of waler, a supereriical stiae s created.
However, this is nas aslogatalytie dhe the liest exainple: nieanal sapaiision, possibiy with boiliiy, wtihld
frdue Bractivity Boetiea the svatear b slweritivality, littie change of comginsitinm wouhlvoeae

PART A: CRITICALITY ('ALT'ULATIONS
PLUTONIUM, SILICON DIOXIDE, AND WATER

HLNCCLEAR CRITTCALFSY — OTHER MATERIALS

As meniioned above, 1he goenrerad charaetenistes o Figs. 12, ad 5 e e seen whier ellier miereils
(~ome good modeniors and sonme inditferent moderators) ane uved A5 a dituent. Lxamples are illusirated
n 1ng. 4 inwhich the entical maseses of plutonivin difited witli Sit)s and rellecied by 100 e ol Si0))!
and pluriun dituted with aind reflecied by 20 e af winer e prosentsd, The seitical wees dita o <550
ditusad with and retlected by grephite (Ref. 18) are added fer cinetparisan. The nainerical tlata ler
plntdaunu-Nit)) are given i Tabic 1
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Tablc It, *"Pu Melal-SiO); Mixlures: Crilicul Purumelers for SiO:-Refleviell Spheres at Roont
Temperaliure

Sir~“Pu Density Radius Volume Mass
(Alom ratio) (kgMm (¢m) {lilerv) (hg P'w)
0.0 1.96x10' a0 27t 5.3
o’ 1.oxio! Rk 9.8 10" 9.0
1isx1o” soxiu’ 0, 1.88x 10" 1.4
275 0" L17aoY 12.8% R.&8G:10" A
Ax1v" 1.98x10" 16.78 198710 1.3
8 Tax 10 i.00n10" 242 5.58210" SR
14710 svealn’ 30.97 125 10° 742

<m0 ALIhE 49T Slssler | ost
LT R e NT S I AL 1.70x10° S0
TEI0 | Lteal” | vses | Loeaky’ 4o
_Lrsswt T 7.s0x0 108.26 s.3xa0’ WG
LSTad6’ | Ssaalt” 11550 0.81x10° | dul
Lxmsiot 2 76:10° RN, ANy .1
81200 | it | taows | L1 s
1376a10° 2u0x10 ] 18351 2.60a10" 52.0
S.51300° 1.58vi0 23247 AT Y
6I8010° 129xi0" w17 oI 200
7351000 | Lioxl0 " Rl | 3swa0° | e
09xin’ kit ITHIRAY 2155007 235822
aiaraln | ot | aesr | ssiaet | seoew

Tha: pencrl characicnsucs of tese data ars gualmanvely simular, bzt the maumum and nukunem
critical nnasses diler iy toree fcbars as diribie lomedeinits asymptotes capsed by water aind grapliite i
factor of T03 The asymptote is imporing beciase iis existence is mdependent of steriai bt iis valoe on
terens o the (ssle mmaaerial densiryy is cery dependent on e marerial wad s dessiy and lielps wo linep
the possibilities o) undergronnd crinwsiud states tor the probiein beinz investigined. “The data descrining

Tines g . . e . ) . oy
3 htel] with .u|.||:||||i' ate an ety by itlesdtobe s wade goppee ol niliealiiy |n-\\l=l-|llu'\

For i tercibe Do, il 3 presents e cntiedl pikases dSata o8 plateazims when viataed sl aand
L 1
RO I SR E) ) I TR I TS IRNTNRYR ITATTS PRUTT IR B IR T PO IR HITT I BTN PEITIUNTN HICRT TR I BT I

sinbopinpri] weter
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The ful! piciore o all these camstiaims cun ive seert or g, 10 as tnangies sleuded e twe semi og
plit. The delining comers for 73 ke aud 5 wit '+ water are as tollows: Sy = 3800 % H O =08 Sul'n =
I, A 1200 = 5.00 S/ = 2300, % 10 = S 1F e hiouting amwunt af waler s 108070 Sl detimng
pesivts o Fig 10 e SRl D.5 wt G, 2800 and 170w S amd 1ot ] 1500w ' Comhigrariaions
witie compositiony vutside these limits are of 1o tnterest for the psson jus deseioped.

Ageesstions G we paised B special cliss of condigpnations suchae e fodiowing: Assinse, Mo
evoopie, i plitlonenn pencirates o a mwist Biver of ik sonimming o wi 4 winen ad the penerstinnm
i rulficient v actue ve s total af 79 ke in the appropriate sphencil vehnme 12:e 11z, S Noeaealit v
possilie at S 437G becanse of oo nc wilter, Howeser il ihe clhintale of the res o lonld &t o
dcag e, e wates contteat coniad e tedm od e VS oS and the sstemr il Ieco it o,
sl cenied prassibiy antoeatal vt don the comazmmt discioet] alns e o] e et

e appropieie Constisinls an plbdobbnn did walenvomentfan have beendeimed and te reow
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LA LREACTIVITY (REFE CALUULATIONS

Tiwe previous section dermed the pessitehings tor eritical conditions, siven crtam et us, s
soiioh Wil ¢xamuie the possilalitics Tor supererifwal configaratioss Bt gl by creaivad o deselepal
avsoresult oF the movement nd mixing of pltenimge, silicon, ad water A examale i enit ol - tate
is achieved at a water concennation of (LU wt %, 2t o phitoniun: mass of D01 Ky tigmoring for tine moniem
the mays foading it of 75 kg for cack log). and af a St'TPu ratwo ut 1316 Gsee Dize N oamd "Table I, the
restiliing fission power could heat the valmme and rramsgn water st ol e volaie. e geadnong the
weiglht percert of witer and jocieasing the reaciivity of the mixiute Nooe e this process does na
chaney the volune or the mass of pratonicm so that this clumge in compuasition does i fellow the
catcal mass funclion af 8ifl*u = 4376 1w Fig. 8; s process has beconwe supercaticil, This pracess coehe
ventinie and reactivity conlld rise, increasiog the reaction tee. Reten i 3 pootnintes that his
antocatilvtic process will result it xn explesion of “hundreds of e of TNT equivident © The crilicinity
ispects of the unsiable regions defined above will be examined, quintitativels . ik thes section, i it
positdated explaston aspects will e cxainined in Part B oelor tnd?) anid in the compamion pigs is on
dyinnnics,

Cliven the initias assuinptions of Refs, 1, 2amd 3w cnitical slate, Lo oo sel=siistabinig, Bemtiod Civaln

reaction, is ot ilnpossidle: thus e magnituges of the possilde reactivity sml (oower imnsiens st e
uxiuttined.

The firse step i the analvsis of w postuliosd ertivality event is i ecmine e argeninede of
reution naltipiication factor, pften refered woas fgp. This S been done Tor several Tunctivae. rwitls
differen: SulA: ratios) Yor the appropriate amnouants of water and for sev=-ral dittersit masses ot plutonim
Typica! results are illusimated in Fig. 11 (Tabie IV'Y for twe @2s25 i which the b, s platied againa water
content Tor different SiPo atom ratios and pliteninm nasses o evannde, 90 1 e ol plitoninme wai
Si/Pu— 4376 is jost criical with 4 wit Se water, As the water conttent is decieiised and the s of
plutvnium iind volume rentun constaal, the ke Ases 10 a maamumn ot 1.U71, where e waler contuent i
LANT Wit % S drops to Lo fer the dry case. The sarie SiZl'u ritin watla Vissile nass ot 32.5 kg s just
ciiivid with 2 wl % water. Dl this cave the &gy decresses maomealls oD 902 s the waler conteal s
1edieed,

Aseered et ol exianples i lastrated on Fig. 12, The ST savie is 2813 the plutominns pisses ael
wiler coments are 84.4 kp and 10wt 4, 358 ke and 9.0 wi 4 and 10.0 kg and 70w 95 TThe dana ree
these functions are 1aken ram "Tadle 1V, " The starting poast dhepy =KD et be wdentfied o i S and
the tables. I this case the largest kss cetthd el Apg o LITE i 1oniin supetentical cvein il
lll_v File oof thes dessaer ||:|llnllilll'u Hasses By snbicritiead wileen |!|} ad e it v'-._-“ I e,

These cata show that eateulided neniron smmtiphicatinm factars for fonwe Cises Tmee G e 118
Oilie v (et dinstratcd pdata e exce s e tivilies 1y b L Dt these e ool crspeblenad Taans e
pristhestiptes neiss oF sonl witer content iy omissle s constnms given abweve, Soane a0 these reactn ny
Tunienons cave the appaarance of being very Large and signiticant. Odluers are much less eemticant. 1t s
not ohviows that all exakjles need 10 be evamned 1o detanl, The mtest 1 o pick o that are e iy
vopival or ate ajiproachings whit mieht he o sesete vase Uhises siow i the puosailildiy ol s et #its
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Figwre M1 Plop oy kefll o water conteat fiir soveval SicPa sativ (1esem teapeniiges. e
reuactiviry (keff) is frr nvo pluteniiun masses of 901 ke and 32.5 kg, ¢aci mken jrom the
critical wass curve m Fig. 8 with SiPu=1376. The crineel povu (9. 13 kg wr 32 1Y k3vis
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Tahle IV, 239PPu-5i021 H20 Reflected Splieres:

Reactivity (keff) For Svveral SiZ239Pu Rativs, Massis of Plutunium, and Waler Conlents at Reun
Temperalure

v SiVP = 182 p. S/ %Pu .- 1570
N P 37 he AMisa Py =Ry 'n"'
Densisy Pu = 2,700\l Density PPu - 3.528 10 TR
Vioiuine = 50 liers Volume = 355000 Litess

% Waler G Waler | !
by w! Koy _hy wi hen
70 1.k 2.0 tOe
ﬁ
6S 1.0:400 RARE| 1.0143
19 10238 14.88 1.147
R 1R ] 123 1184
O.u 0.00% (12 1O
.41 HHux:
o SPe s 782 ‘-
Mass [ = V92 ko E. SV 1'ua 2812
Densny Pu = sauao! i Mass 0 = 16D ky
Volume = 1.476x10" hters Dxensity 1'u = _‘.nT.\‘Iu" kz2n
- ] Vonnw = SYMIE Jiters
P e Water |
by wl ke % Waler
49 1.t iy wt LAt
— 7. 1.0
25 .81
5. 1.3
16,15 1.0%0
2 0
60 (.220 . L
L (1 Q55
TN { 0.3
¢ SiFPua ST v 253
Mass Pu - 35,1 kp 19 .
Density P — 3160607 k!l F. ::’; \",'l'l = f‘fk .
\|'| —< I..' (LY L Y - ), I .
Hune =9 76510 liters Pensity Po— 2 48 11 gy
% Water Violume = AA0xI0 e s
by wi At i Water
M0 1 1% by wi k,n
YO 1 16X ") T
1712 1 1.3 TN te)
0 P i [N Y L) .
n iy VYA _J ) ] -.-,- l.-.l ]
(o NI F 1 1 i
1 In TN
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SIIORIUG L PR Ss & coniparable velinsne of ] Signilicans difterendes can B nedices  nibacdiai Iy

i The iow-density asy otz s e sased rom 0001 1o 0.003 seeme', Thas, the e er of ephls
diisted cases coquinag corsideraian 1§ further restricted. (201 e moderatingsabscrine g etlects ol Sit)
i Jdeerease the critical Dhass o D98 Ry b plidomammn densaty oo/ 8ERS Budd fo 3% T g ot densaty ol
ODOLR Rl osevn i Bz, 13 very nearly disanpear when the diluaem hiss e composstiem cioinft Wl off
de 2 Jifuent, Ui axinmen dne o eritical nrasses are 1120 ke aid 85,6 ke tae mun ot the
FANIMGIN A IEGITRI TG BRINSos e Tg it oo 1S JIp e Criticins i TERCT I dies Dlean
25101 L The potential Tor e postulated Qey antocataiytic beiinion vas pusgolated i Refs 1 anal 7
depeads an the presence af this “din.” Subsiantiai reducte i e negmitide of e g™ cosananes v
cordisens that misst he nes e ackieve quiocatalyine efiav ion 1ins mereassd i nass vl
Nevadi inlt s he Jilnent clnnirates she iead o censudar the 70 catcal®™ proldent thit was postibatel i
Rer. i and in Section V of this puper; 75 kg would never become eritical in dry tnt, leluding the Savipy
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lable V. *“Pu Mclal - Nevada Luff Minlures - Uritical Parameters For Lufl-Reflevted Splieres at

Ruunt Temnperalure
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VUL CRITICALITY CALCULATIONS FOR Pi- 14U EFE-HO, ATHRELR COMIONENT
SVSTEN

e cnitical data Tor $6-8100-H O niantares wess proscated in 14¢ oend Fabic 30 The cunhparatde
bt fer P Tofi=H % e woven e Table VEssd illusier cd in Fig 15 The el it devise fioon tie
mereased piuteniusn density e asy eiptote Q.00 L/l wone apavuenn, as i ol nHimaie pois e
hs hvitrozen. The madel used tor the puxine of water Wit the 1*u tutt 12 the disvlesement swdel o sees
ass of water disphetes the apprapnate voltane v Pu-id? Howerer, a dilTerens ook D is posibie Ths
derives Tomn the obwervaion e il has a poensity of seversl peteent by voinie Five pereent socgeves
perert prvosity (e, vuid) hat iseen repened tRefs. § and TG This model has bers consddesed aski weeoee
restlts are reportea 1k the Appendix. The cal-ulaied entieai masses dufter wamewhat fron o e
deiennined h,\ Il\il'-!l thee ||i\|‘|ik cwe il nnaded, Tt these dnterences decot o eci Sl Tonad otm tsuey

P-tutd- 10 crhcal mass duc ace pacaentod Ly TG as 3 Masehiain ab 150 werghii porecat ol wae
The merened effect of the nentro itheirbers in il is clem iy seen in the neae 1estiicosd tange of il
netions i s tanre. To compars thesse data with il e of Figs, 8 and 9, the Seine mties G nels e
risliphed by 1777 aid Jenoted by Sulha

Table VI. “’Pu Metal. Tuff. und H.O Mixiurs
Critival Paramelecs for Sphieres Reftectad With Taff - 10 Mixinres ol Roow e stnre

Disrrunm s | Water | PuDensity | Radins | Volunic | Mass
I {Atemedin 1w ) e TN vh s
R 1.0 Lex10” 12v Lo’ x50
753 10 1.14x10° AR 43 260,10 20
782 20 11510~ RD) 1.850xt0" 2o
752 3.0 1.08:10° 6813 NS e
382 5.0 1.o3xl0” S92 SOl w3
787 70 9 8% 10’ 55 1K Tt Ta
752 1 9.23x10"" L S0 5.3
sz 13.6 KAl 302 NI .5
s 150 $.24x10 .34 S.aux10 1.
T m 186 | 7era0’ | svie | eesa T
i5o iy 7.0t | ossas P namu 5.
: ) 0 ATNTR £ BTN I1} u
P 82 [T :‘.mxlel" i 2 -|.I'-'."_\L!'.'"; T B
b o ganin A Tudn RN
752 Ui sAovin ia Pong a"':.'-




Falde VI, “"Pu Melal, ‘T'ufT. and 21,0 Mixtures

Critical Paramelers for Sphieres Rellected With Tuff - H,0 Mixiures ar Ream Temperaturr
trontinuvd)

SEPw077 | Waler Density Kudius Vilume Mavs
{Atom ratiol (wt ') tkz/l {cm) tlilers) kg I'uy
1175 0.0 75000’ ids 30 ot 02
174 ) 72000 107.33 s’ 7.4
117S 2.0 706007 93 72 V450’ 44
17 a0 o0kl Sty 27000 In?
1173 40 6.740107 K6.20 230000 15.7
s 6.0 o4t 1 RTINS )
7S 9.0 6.0ix10" 78,71 2040000 12.3
s 1.0 ST N2.68 23700 130
i178 130 SAsale’ G 30 10 170
L L T Y N I X 26,20 'x.'.'s\-m" 0.
1175 o A0 1o 65x10° A0
1" 170 sooxin 136,02 Losxin' 40X
1175 15.0 4RO 170,10 20600 10" 100 1
TRE .0 170" 20556 X’ Ty
1570 u 5.54xIn” 17081 ooxio® 1157
1576 1.0 24110 130,85 waan! St
130 2 RS 1794 NI st
; 1570 ) S0 12.52 3000’ Wik
1570 40 saexin 11 e sinwnm' M
157 54 FEIMTE 1:2.35 saann’ LI
Ry Yo 48200 it 1 LASV i
1570 in 47iain’ 122 (n AR Wl
| s 501 et KRR uara It ar s
Lo TR 14014 ‘L XTI Tk fta |
PR iy oaseie! s L2 g iy
P o TN 3524 '.__i__t_._?_?-._m_’_ '__l__
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Table V1. ““Pu Melal, Tuff, and 11O Mixlures
Crilical Paramcters for Spheres Reflecled With Tuff - Ha() Mixlures a! Room ‘T'emperalure
tcontinued)

SFPPuIOTT | Water Demsity Radius Volumie Mass
{Atoin ratio) (wt %l (kp/h {cm) (litcrs) (kg Pul

1850 0.0 476010 192.7§ 3.00x10° 12
1830 1.0 1.65x10" 151.81 14700’ OK.2
1850 2.0 4.54x10° 141.23 118x10° 516
1850 an L0’ 140,47 Pkl 16|
1850 1.0 4.34x10" 145.83 1.29x10° 36.1
1850 5.0 B INI 15779 165\ 10° 6uR
1SS0 6.9 A.14x10" 130.33 2.16x10" 1.7
IS0 70 S0 10! 277.57 1.98x10° 199 &
1850 3.0 394xl0 395.28 2s5uxl10" (TR
2T VL 3.20x10 * 30104 197x10° (3L
2756 0.1 s102ai0" 157.04 1.81x10" 087
2750 0.2 AaNsxjo’ 455.58 1.88x10" S
2750 0.3 2177 0 386.77 e’ a5
2750 04 Lixio! 42 Lyeay 021N
2750 0.5 2163x10" 06,48 206:10° 6822
2250 0.6 s1s5ea10” 479.09 22010 a1
2750 0.7 314800 38645 2 32010° 70l
28y 0.8 et 1.1/ 2 0x 10 RURS
2750 0.9 230 32101 3t nr 9320
250 R 106007 344.23 Aalx10 11450

2h
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IN. DISUUSSION OF POSTULATES

S.he Doy Sceenario

The et vivae peviopic eapansion of the Pr-SiQ 102 inn swrannding yin this cise) iy
rchanged conpired 1 the pure Pu-Siv) s case. Az mentioned above, the sigmilican) difference 1s that the
Ty emiwal” state 1s not created because ol the eriticality characieristics of the Pu-tIT wixtures (Fips 173
wind 14, Tuhice V. Ve nniiieann critcal tass of phsomusse in wiT s greater than 75 hg. The “dry
sapercriticainy” s climinaed for Pu-iT miniures. Nevertheless, the dvnamic behavian of the Pu-$i,
svaic wilt by exaruaed s a companion paper on dvnamies lov the case ol pure P10 miatinge .

i The Wel Seenarin,

i'he postulate of iixing witer with the Pu-Si( 1 unchanged tor the Pe-tuil sestem. A wiker induced
crticalily femidine possible. evenid ingirohable, and the camparison 3o the OLo pleniincnon remsaiin
valid The prewer fevel wondd e deteniined by the Gow ool aneoint of wites As with pane Si0o, im0
extlondon cinaild e eveecied.

T Moscinent o Piitorium inteo o Wet Stratnin,

Thee prestuizned mecimisim is nchiuiged. By postulate, isuch of the Si03 in the original lop {whicl fixes
tire plutieam: m place? disappears, allow e the plutonium to be wotile and penctrite slawly inte a
siratuin ol act Wit The additian ot platon,m would siart af a very high SYPu ralne and prugress 1o
suleBier tation as e plivannm ungates o P stitum (e constiain is defined 1or eieh SifPo vidies
by the water- Poivoning asviupiate seen oit Fis, 16, The lecus of these asyinprotes 1s pleited as the upper
i:ne on Fig. 17: the water content must be less thar this value for criticaity to occur. This tigure s the
|“|li:|-|‘-' ol |I£ H{ ¥ {TH Plore S 1o Jitnent.
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! ' i :
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10Uz 0f thess pomnts 1s plotted on Fig. 12 as the low on e, providig anetlien cotiiniest o the ansunt e
saater G e conspienea.

The Ernitmedt st by e s loeading it ol 78 R i e read o e hutons tor 2aci S5
s e on Figo 160 The lvns ol these poiats s plits
Fiee. 10 fur S,

Jon e 87 o e wnidb e fowe, Cotppuetabe Lo
!

The Tiial vonstrain is the ot of water thic wonld achally be Tonmd o the il Tles s 1L
estimiztad 1 be about 3 wi or (et S HTowsver, iwice this attosm will be cansidercd e assii

canervatsm. Phess constrants arc dlesizaied on Fig, 17 as vertienl lines at 54 aud 10 waier conlent.

The full pictwe of tire constrainis fo1 Pu-nat-H2O van be denned as was done Tor PuSi10Q;-Hpo. Gl
e, 17, atnangle 13 detined Ly the coondiaates Iur £ wi ‘v water and 75 kg, 'Thiese are 2 Svi'u* raue of
2TV A 0.3 w3 waten, PRS0t S wi G and 1430 wnd S wi ' Bar 1S waier il S Ry e
v b ane 2700 0.6 wr S, 1500 akd 100wt S, and IO ied WU wi r Conlgiitiens ol
Profunt-Ha gt e outside these bevmdaries are not of nieres: becau: e, as diseussed earlier, enticalie
oraincatalvtie Peliavior or bath ane not possibke.

N REAUCTIVIETY (k) CALCULATIONS FOR Pa-TUFEF- 1O MIXTHRES

Reactivay ealoubnions have devn cotpleied i the same noimeer as Gosse fur thie Po Si e 1080
mtvares, Ihe eoneral chirestenatics are simular, but detaths atler signeticanity. The cases ol meaet intere:d
ald the ata for g SEPUE dons rtee o 1320, These data ande tdlnshiated on P, $8% aad are proseintad
tenreacamito s Tolde VI Ve Guoscses ol platosinninaned e mated wates contend e il ’ome
Cocevdo b Thp sl 152w wner, Ciee 20 108 Vhe sund 1S waner, Cose a2 50 i
owt e watern Case 1 155 ke and 8wt e water: and Case 130 dosd kaand 7w . water, T hess dasa
CHse T 10 e nppet nig bt lkanl comer ot the pernpsanle tmangle on e 17 Vb “camer” (1w
watht, TS kl.' arad /P vaineond TSI s0 e conditiaon it will e Lo tlwe |n='_|h'\l Aep) sl e Lngoes:
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Figure 18, Reacriviey g vs weight percenr water for SiPut= 1570 () anid 404.7,
105.3, 03.70, 13,3, and 36.12 kz or plutowium (roan: iemperaiure). These fimcetions he
very ose 10 the most owvere vadigurano Jefined ot Fig. 13 The upperanss junctnon v
upstside 1w consiniiai for both mass of pdonnivan amd woight pereent water The secvanld
vrrve (for TGN kg of phatoninmy is sanisfuctory: for the wager conton, bor iwvoonl imirs
e Yhe muss of plutorium. The lower three mnctians ol lic within tie derived lims.

We assamwe tht the conligntadion lue been ereated amd, s stated, itis just entical wish 10 % water 1y
weight il 108 3 Ly of phuonimmn. From Talde VI and using a density of 238 hg/L, the ol iass of the
“core” is 5.85 x 1A kg. For the aecuricy needed here, the niass of water 1s taken o be 3.85 x 0% ke

T'he awsumpnions for the power iansient are as tollows: mittadly. and dunng thy period of nising
pewer, 2l the lission encrgy is depoatted iuto bailing water, With no chamge w tengperitnie o genciiinen
uf pressime. The decicas i water content Will increase e Ly Do neeantin Aesp ol TOS) where the
waier contetn i oniy 2,38 ‘% by weiglt, The sicant it assuined te vanish, an assumption tet shouiil
iserense the energy of the postulated transient. In lact, a stgnificant pressere wanld e penenited &y steane,
and this giressaire wordd Carese eapansion and redictior of reactivity: ala, shionld ihe tengreratinge 1iw 0
tevperaonse cowelTicient of reactivity o neatines wosid e negtive

By relemence G ez, 1, e sy stenn saoild be salwnitieint esen Ielore il the voaber esapetniiol
Havwe ver, B case ol sy sis s el Uis dpneeed, o] e coetgy ndiies s o evaprorate ol the waitor s
v 10 Jotes, After tics change, the system beeomes subariticil, e Uee reachs i decresies vere
rimddn LN onerey petiotabed alter B betimg proce s ial whne tie powen sodiagepiitz el e nalis
Gt v by ket sk aten Bt ot cenetabed shioeg e powesr g

oane caersen e e o Reatl B s o g, i termperates et woanhl b aboan 200
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Table VIL *"'Pu, Tufl, and 11,0 Reflecied Sphyres

Reactivily th gy lar a S Pu Ratio of 1570, Several Plulonium Masses. and Witer ¢ ontets
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The cncrgy genenition cintt T jindged delimitively oo tlre bisis ol static criticaliny caicaitions
ciene We hive, however, reaclied conclusiats fur the upper Timin of the enersy scnention ooy ¢asg.
Tie compranion paper on dyntirics will examine lurther the generation of fiss1on ciwi gy il e
possthelny of enplusive oicrgy cleww®

XL SLAMMARY AND CONCLUSIONS

This guyper kas examined the static crucality aspect: of raxtures of phitonmum sl 8102, plutaamn,
N0, and water: plutoninm and Nevida tnf: amd platoninm, Nevada @i el water

A conservative ipproach was tahen by assuming e plitoniings was prive =39 twaip. il
diviributed witlin the woderatorZibsurber waterizd v a spherical forn, Any deviation fram these crinri,
€.2 . Suhstitution ol weapins-grade pluteniini tabout 45 iy, 955 T39) far pore <3N reanlta in
lower nevtran sudtiplication tactors and higher erincal nesses Qi those cdenlinel in tis wirk,
Incliesivn vF eicments found in the Nevada waif also lowers the caleulated reciron nultyication faciors.
These effects cun be stzrulicant. especially 1oy the div enticality case discussed above. All reactivity
cateulations kave inelided ihe assongiion o unilon, fne-grain miniig of all compunenis iiriiigo o

The several chemical and peologke assumplions made in Rels. 102, and 3 2re acerpled 10 tes sty

f i )
tor purpuses of calendation anly, i spite af the exiraddingrily low probadelity wd long iie scale they
iy mo credeice is given woaliese isnmpiions becise of thein aephicaien hevein.

The genctal clingeicristics uf Gissile aystemis difited witlt a imsderairdabsurlier it nal weie
sunnmarized. The qualitative featires of tie piots of the critical nasses of such sysiens cersis e e ile
density aze penelly semilar. All exhibit o muniminr critical mass with ymall anwunts of diluent,
Lllewed by a stimmum caused by the imaderating elfect of the dilueal. and timally b dewts
mdwamsled crivieal mass and eritien! vedame asymptole consed Ty e nention ahsorbinng: ellea o ieation
capraie of 1he diluest. Configrastions near the asymyiate can display fnstability and pessible aatocnadyes
tehavior. The suantitative featwes. suck as the values for the critical masses, the location ol the
anximum and nunmun cntic! masses, andd the Incation ef the asymptae deperd onthe tesale e
aind the esdetatur/absorher piater s present

The pratilales of Refs, 1, 2 aund 3 were chaieenzad s talling o one of e ol iee e
1. cxpancion of the pluteaiant into a larger mass ot 302,

2 weter enterm2 the volume of 3162 that cortains the phitouisia, wmnl

" jrittesaiitn, as o pelal v cedie, enterie o Wel Straliiing wleech,
These tiires 2ases were regated aging Nevishn a0 e phace oo e pare Sit7s,

LI . . - » » - » .
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These cases were then exan:ted 1or e patenttal Lin auesatalyns pchavior, We ubuanivd the
tuihow T RYCNTH O

Vo The seatent cousisting of pute 25T watl pote SiC1 en o diinent exhibiis e lassi
dependence of the critical nuass on tie fissile menetial density Thus, acriical sy stem is
pussible, but very improbuble. and autocatalytic bekavier is judadd to be pisaible only |
«ssnmptions reganded as nupossible ane accepied. The calculiums repanted in Rel Vwatiin
exaimined lurher in a compaian paper on the dyninnics ol tiese systems. When Nevielomf(l s
ike dilueent, puclear criticality and autocatlytic behavior e uat possibie fon jog keadire:, of
feas than appraximiately 84 kg of 2P Plutoninin 239 misses preater Hunibant 838 or
substantial vanation in the composizion of the wil or i niechanism Doe - purificaon® of the Y
will be necessary il enpealily i<t be aciueval, 1N weapons-grade plitantion (5%, 23y 11
calinidenal, the requiretents e aich wese stiingent. No eaplosion is poossiole,

2, Fuor geolugic time seales or fur processes that add waner, criticality is passible for bl S10: cunl
Nevada wfY diluenls. However., no sulocaalitic beluivior is expected hezause the syatein le.
sufficien: time o respuiad to (he reactivity incicase «twhich occar s atesali af the additicn o
water) by ejection of watet (e.., through boiling}, whicl tedices reactivity, A belavionr similio
10 the Oklo phenumen:t (R2f. 471 is expected. amd the otal fission siteiay geinerared depends 1
the lenzih of sime such a systesn operates. No explosian s pussible.

X Por plutoninm entering a wet sttating of Sit)r o1 Nevadin wdl, crticalily sind dngocatadvin
Leliaviur are poasible, ba the SifPa eatios for whicli this conocear sne consrained by the Lti
smomn of plutoniun present and by the water centeit of the sirata, Thewe constrainms luuit s
armount of 1Rscrion of reacuivity wien water 1s remaoved from 1ha svatept, The iclavier o e «
Wit syatets witl he exinined] i comppanion paper o dyGamies, bl an apper o e ot
Baned smly o eriticadity dute sliews no Linete, Jyinnn, oF expiosive cieipy.
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AIPENDIN

ROCK COMPOSIIION USEFD IN THE ONEDANT AND MONP MODELS

thie ONEDANT calrulations were perfotned assmuivg i S cider o 32 tad the i G-peenge i Linsen-
Rot b Croas Sectivons with PLseatiering, Tl spherical nandel consisis ot two zones The s 7oawe
JSAIMS 4 homogencous nusture of Pu-23% and St or it and 13 same Sases sater. "1 he iaier 2o
centans aprroximately 200 'me miesh pomnts. Tae vuter zone :s the 10O cm iluck retlecton, winels v,
asstnicsd B be S0 or Wt and in sonse cases alse contaiis widst, Tiee onter zome contisine apgnosintely
VRY e uneshe points

Fora few secial enses, we ised the Los Adanaes Mome Cado Nenron Photen sMONT s coele
vierited in tnt sccade eigenvalue) mul using, eontumzons ener gy cnns sections bined on e Fuaiitited
Nuctear Dat Fite, ENDER-V ind ENDIYB- VL,

Tolde AT comluins the actmal compr asitionr oF e 107} ol e eieroens an] Cotnpemetss thet wese
Gsaed iﬂ |=l|' l')NI-'.I)AN'I‘ Alnd |\|(-N|‘ Niudelx. Nul\' !Inll SONKR OJ IR I PN (R L XY R R T TSR the
cloimenin were not avarable.



Table AL, Rock Campasitinn Flement ppm by weight
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Comparisen of the Vatimne Displaceniend Model will thie I'ovasiiy Mowdel

the pbaaicsd plodet ised to ctvnlae the ator densities fae the criiesl vadie and &g taongrent e,
atbdy Ds Beenn The volinme displace iwnt maded, Tt ol g Oxaiipic. > Wt WaKer i avansiol du by
v watle g dev taintoge of el and platonimi, the vivinmne aconpied Dy the waatealisplires i egoed
woitrie o1t and pluzonum, thus seducing trein deastues. Another model can be pstined ane used. The
wiomke nade, recegmizcs shat the it has a “porasin ™ of sevend percent, souctiniee: chtmnated o Se as
Il 21 Uaing it nadel, il waies cane Dee assn ned 10 he singgedy adsded tethe sodiere ol inlaod
plutimiin, por clemging their densizies. A comarisen: is made i Taldde AL Jor e Sl ey, 85501
and 00 the disolacemem modsl g are taken trem Table Vo repriseeeal] Fere, i pan e
porsnity mnds resieis were abtained witl e ONEDANT code and Thaesein Ruachl o st

Talle A2, Si/fu® = 1870
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Comparissn of ONEDANT and MUNI® Casculated Resulls

A sugygesion e Been eeoele g mecamse e et spectinm of sgrentz = e e pon o g
siede oy mtrrnediate, neither tast or thermin!, the calcutzted radu and & wonld ire berter geters
LRIng the NMONIE sompaier progrem St the s Cilicd CoRBG CLeres SHhibv adilas T e
OB s lle SHae il o cemippatinen Lo Bes losiade 0DONT DANT G i n Falde Vel

o LG
fo o ST i al 1530, Tiee MONP prromning . olondaes Sy vest eie iy and slimae v ol g oz
CErermen] mele colnbeten pe Tl 43 eishea e Tt Vi vie e el




Talle A.X. ONUDANTMUNE Connparisen
SiTu® = 1§50
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