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ABSTRACT

The parametricstudyof minimumcriticalreactordimensionas a

functionof’moderator,fissionableisotope,and sizehas been made,based

on a consistentvarietyof criticalexperimentsstudiedin a companion

report(LA-3219-MS).Minimumcriticalsizeand mass have

fora rangeof concentrationoft?33, t?35,and Pu239for

bare and reflectedslab,cylinder,

correspondingresultsfor $35 and

and C. Some resultsare presented

reflector-moderatedreactors.

and spheregeometries,

been computed

~0-moderated

as well as

heavieratommoderatorsD20,Be, BeO,

of the same sortfor D20,Be, and C
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INTRODUCTION

A knowledgeof what to e~ect in reactorcriticalityis oftenuseful,

both for qualitativestudiesand for reactor safety studies.

The elementsof a criticalparametersurveyare:

1. A numerica3transportapproximationwhichwill includethe effects

of neutronflux anistropiesnearboundzmies.

2. A ccmpleteset of group-avemgedtransportand absorptioncross

sections,includingfission-neutronenergyspectrumand prckiuctionper

fissionabsorptionas a functionof energy.

3. Stificientewhwticm of referencecriticalexperimentsso that

the homogeneitiesand otherthingsnot effectinga pure,homogeneous

criticalassemblycanbe eliminated.

HYDROGEN-MODERATED,-~D, FISSION~LEw~W SYSTEMS

The surveyof H20-mderatedand reflectedslab,cylinder,or sphere

geometriescontaini~ lF33,t?35,or pU239 assumeatomicdisplacementof

waterby the fuel:

N(l?33or&’35) s 0.0480(l+O.720H/U)-1

IV(PU239)= 0.0494(1 +0.741H/Pu)-1

24whereN is atomicdensityin unitsof 10 atcms/ccand H@ or H/Pu is the

atomicratioof hydrogento fuel atom. The correspondinghydrogenatomic

density is (H/U)N(U),and that for oxygenis N(H)/2. ~ese formulas
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presumedensitiesof pure materialsto be P(&35) = 18.75g/cc and

239
p(Pu , a+phase)= 19.6 g/cc.

Numericalcalculationof criticalradiior thickness,and from this

criticalmass and volumefor spheres,were made for H/U ratiosO, 1, 3,

10,...,3000forH20 solutions. Resultsare presentedin Table1 for

dtiensionsonly and on accompanyingFigs.1 to 12 for mass and volume.

HEAVIERATC14MODERATORS

Parametricstudiesof the othermoderators,D20,Be, BeO, and C, are

somewhatmore difficultto validatethan thosewith H20 becauseof the

largeeffectsof H20 impurityin D20, thick/35 fuel foilsin Be and BeO,

and an uncertaintyin B contentin the C-moderatedreactors. Studiesof

the samesort,but for fewergeometries,are made as shownbelow,using

atomicdensityformulas:

N(U235)inD20= 0.0480(1+ 0.720D/U)-l

N(l?35)in Be . 0.@d30(1 +0.4@Be/U)-1

N(l?35)inBeO= 0.0480(1 + 0.7023Be0/U)-1

N(#35) inC = 0.0480(1+0.582 C/U)-l

239)inc =N(Pu

whichassumefor densitiesin

P(D20)= (H20)

p(Be)= 1.78

p(BeO)= 2.84

p(c)= 1.645

0.04935(1 + 0.5983@U)-l

gramsper cubiccentimeter:

X 1.JXL6 P(/35) = 18.75

/@U239) =19.6
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Sphericalgeometriesfor the abovewere studied,and the resdts are

shownon Tables2 and 3 and Figs.13 and lk. The computedpointsare

shownon the curvesto permitseparationof the severalmoderator/fuel

ratios. Note thatD20/l?35ratiopointsonlyare indicatedon the gmph

abscissa.

As with the H20-modentedreactorstudy,the criticalradii were com-

putedin a mannerconsistentwith the referencecriticale~eriments. In

otherwords,the complexexperimentsreducedto pure hanogeneousspheres

wouldagreewith the graphicalresultsshownabove. Whilethe experiments

are very sparseand restrictedin character,thereis sufficientsupple-

mentarydata in the fozm of neutronflux-dependentmeasumments that the

studyis expectedto be quantitative.Theseaspectsare discussedsepar-

atelyunderanalysisof criticalexpe~ents.

LOW-ENRICHMENT,HYDRCGEN-MODERATEDSYSTEMS

The relativelysmallnuxiberof reactoreqerimentsusinglow-enrich-

ment L?35 in uranium,alongwith the wide interestfor safetyand power

uses of low-enrichmentumnium, emphasizethe importanceof pammetric

calculation.The followingparametricsumey, Table4, for 1.4to 30fbI?35

in uranium(by number)is based

shuwnin Table7 of LA-3219-MS.

directquantitativecalculation
~~Q

on experimentsby Mihalczoand Cronin

Resonanceanalysesby Bell pemitted the

of criticalradiusand mass with appropri-

ate treatmentof tiJ” resonancesin the wide rangeof conditionsaffecting

21
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!I!ABLE4. CRITICALBAREMEJJ!AL-WI!ERSPHERES

@35
Atmmic Densityof mg~ CriticslCtiticslReflector
ratio UraQiunl> atomicdensity,radius, mass savings,

enrichment@235 &cc ~ ~024atomscc cm $35 @ ~

0.CL4 1.27.50

255.00

320.cO

478.oo

638.oo

956.00

0.017 65.41

104.60

2G1.go

524.00

785.00

1047.00

0.020 55.40

88.70

221.80

443.40

665.50

887.00

1330.00

0.030 %,59
58.57

146.40

292.W

439,30

585.60

1025.00

1464.00

8.299

5.134

4.501

3.260

2.555

1.739

10.54

8.315

4.513

2.5d

1.787
1.373

10.55

8.33
4.525

2.568

1.792

1.377

0.5869

10.33

8.374

4.556

2.590

1.8084

1.3895

0.8200

0.5813

0.03748

0.04799

0.05082

0.05520

0.05769

0.06040

0.02965

0.03743

0,05080

0.05766

0.06038

0.06184

0.2958

0.03740

0.05708

0,05764

0.06036

0.o&L82

0.06335

0.02943

0.03722

0.05062

0.05755

0.06029

0.06175

0.06379

o.od+58

87.01

47.68

46.o5

46.9!3

54.66

143.53

201.50

55.49

36.61

38.68

50.83

85.94

76.27

46.o3
32.26

32.68

38,d

48.3o

600.60

J+6.83

35,10
26.49

25.47

27.24

29.32

41.01

64.05

316.8Q

33.36

25.39

19.60

24.18

305.70

6018.00

100.10

15.57

10.41

16.52

61.32

387.50

67.26

x2.58

7.42

8.54

u?.&j

1686.70

136.70

44.97

10.52

5.31

5,54

4.35

7.023

18.97

9.2

4.95

4.27

4.37

4.49

8.40

6.83

4.56

4.23

3.67

3.29
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TABLE4 (continued)

@35
Atomic Densityof -(3= CriticalCritioalReflector
ratio uranium● atomicdensity radius, mass savings,

00050 8.62

%..46

86.M

172.30
258.60

344.70

603.00

861.80

0.075 0

0.20

0,561

5e61

22.45

56.Id

XL2.20

168.40

56L30

1.122.30

1400.00

0.150 0

0.262

2,623
26.230

78.67

262.20

524.50

1000.00

1400.00

14.480

8.465

4.624

2.633

1.840

1.415

0.8353

0.5924

18.98

18,85

18.41

14.56

8.576

4.707

2.687

1.879

0.6062
0.3079

0.2476

18.980

18.4x

14.780

4.948

1.998

0.&96

0,3290

0.1740

0.I.2465

0.01578

0.03691

0.05042

0.05742

0.06020

0.06170

0.06373

0.06459

0

0.000216

o.om96

0.01550

0.03654

0.05012

0.0t723

0,06006

0.06455

0.06559

0.06579

0

0.001836

0,o1471

0,&925

0.05965

0.06440

0.06551

0.6606

0.06623

66,48

28.83

22.95

21.43

21..83

22.42

25.17

29.65

58.27

GI.,56

70,53
38.24

25.8+

21.23

19.72

19.68

22,94

33.30

44.45

26.88

26,73

23,29

19.28

17,78

18.13

20.73

27.65

38.51

880.50

41.98

u.567

5.36

3.96

3,30

2.756

3.20

u65 .00

1365.00

2005.00

252.70

45.95

13.98

6.40

4.45

2.27

3.53

6.751

228.73

139.94

1.15.91

22.28

6.97

2.3%

1.820

2.284

4.419

8.39

6.36

5.03

4.37

4.16

3.87

3.26
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TABIJI4 (continued)

$35
Atomic Densityof Hydrogen critical CriticalReflector
ratio uranium, atomicdensity, raZhzs, savings,

enrichment@$35 ~ ~024cc atomscc f%; ~cm

0.300 0

1.160

4.640

SL.600

23.200

34.800

46.42o

IJ.6.000

232.000

400.000

1000.000

1400.000

2000.000

1.8.920

15.150

9.473

5.410

3.156

2.227

1.721

0.721

0.371

0.217

0.08742

0.06252

0.04381

0

0.01336

0.03337
0.04764

0.05558

0.05884

0.06062

0.06410

0.06536

0.06592

0.06636

0,06644

0.06652

16.95

16.33

2.6.55

17.16

16.82

16.64

16.46

16.17

16.92

18.46

26.25

35.68

109.65

114.70

8L99

53.32

33.95
18.65

1.2.74

9.53
3.&

2.232
1.696
1.963

3.506
II. 720

5.11

4.60

4.62

4.34

3.96

3.49

28



the resonanceintegralsin the multigroupcomputingscheme. Becauseof

the wide variationin neutronflux anisotropydue to first-orderabsorption

effects,this studywas made with the S4 transportapproximationusing

the snisotropicscatteringcorrectionfor hydrogenalso developedby Bell.

The parameterdeterminingthe resonanceintegmiLfor variousneutronscat-

teringconditionsis ap . as/N(&38),macroscopicscatteringcrosssection

I?38atom. Thus,usingas(hydrogen=of the mixtureper

= 3.8,the basic relationshipsused for atomicratioand

(X 1024 atoms/cc)-z’e:

N(H2/N(#38) = 0.022& up

‘2x oo022& u
H/IJ= P

l+f

N(u) = 0.048
1 +0.720H\U

20 barn~,us(oxygen)

atomicdensity

wheref = N(I?35)/N(U)and N Ls the memberof atcmsper cubiccentimeter

(x &+)e

In additionto criticslradiusas a functionof totaluraniumdensity

(kg/~)(FW.15), the criticalmass as a functionof H/t?35atmic ratio

is shownin Fig. 16, end the structureof the asymptotesfor infinite

sizeof uraniumenrichmentas a functionof H/#35 atomicratioin Table

5 and Fig. 17. Notethatboth of theselastfiguresshowl.O%enrich-

ment to be the leastpossiblevaluefor a criticalreactorusing$35 ~

~0. Figure18 ts for W?6 in water (becauseof its importancein reactor

safetystudies). The othersare all U.H20mixtures,with correctionsas

29
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TABLE5. INFINITECRITICALASSEMBLIES

U in HPO UF6 in H20

Atcmicratio Enrichment, Atcaicratio Enrichment,

~$35 atompercent H/@35 atompercent

o

0.67

11.1

37.5

150

364

993

U*

1381

1567

192$3

2040

2093

5.77 0 7.65

6.39 2.1 6.38

3.95 21 3.82

2.38 142 1.29

1.202 178 1.00

0.998

1.34

1.60

1.96

2.84

9.39

22,2

43.2
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shownabovefor mutualmlume displacement.Figure19 showsthe value of

an infinitewaterreflectorin reducingcore sizefor a few points.

Supplementaryresultsfor UF4 in paraffinand UO#2 in water are of

interest

the same

for reactorsafetyexperimentalstudies.x Resultsof analysesof

type as thoseshownjustdbove,but with

whereK is the

shownin Table

o 01298N(U) =l; o for UJ?4in paraffin
.

N(U) = 0.01752
fOr U02F2 in water1 + 0.519K

moderator(CH2or H20) to uraniumnuniberdensityratio,are

6 and Ngs. 20 and21. Here the percentagevaluesrefer

to weightpercentF35 in U235 plus l?38.

The effectof an infiniteparaffinreflectoron a sphericalcorewas

determinedfor the 2%enrichxnentset of calculations.!12heresultsare

shownin Fig. 22 as a functionof totaluraniumdensity(g/cc)for direct

comparisonwith the experimentalvalues.

The parametric

TEMPERATUREEFFECTS IN GRAPHITE

indicationof the effectof temperat~ and C/#35

atomic~tio on graphiteis shownin Table7. Thereis clearlya small

effectfor mall C/&’35ratiosbecauseof the smaU themal flux and a

largeeffectfor high C/#35 atomicratiosystems,in whichthe themal

*Thesefiguressupplementworkbylllhalczoand Croninof ORNL.
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‘J!ABLE6. CRITICALRADIIFOR LOW-ENRICHMENTUR4NIUM

Total ura?dumDensity,g/cc

UF,,in Parafin 4.00 3.28 2.12J+ 1.339 0.635

2%, criticalzmiius,cm 73.52 45.2 35.0 46.6 Large

3%, critical radius, cm 54.23 38.0 27.6 29.1 63.o

?70, criticalradius,cm 43.82 31.7 23.3 22.4 27.3

TotalUraniumDensity,~CC

UO#2 in water 4.73 3.60 2.093 1.233 0.552

2%, criticalradius,Cal66.08 42.4 36.9 52.1 Large

5%, critical radius, cm 37.71 29.6 24.2 24.5 31.7
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T4BLE7. !l!E#!PERAmIZFFKTSON CRITICALITYIN CARBON

Atomic ratio13
$35 301 603 1206 2535

Temperature,ev k
eff

0.025 1.007 0.991 0.997 1.004
0.056 1.005 0.986 0.983 0.973
0.100 1.004 C.975 0.954 0.916
0.152 1.002 0.971 o.g40 0.882
0.194 1.001 0.968 0.931 0.867

Radii, cm 63.48 64.6.6 66.62 69.36

Temperature,ev criticalradii,cm; samec/u ratios

0.025 63.5 64.7 66.6 69*4
0.056 63.6 64:9 67.5 73..2
0.100 63.7 65.6 69.2 74.6
0.152 63.8 65.8 70.0 76.6
0.194 63.9 66.0 70.6 78.1
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groupcontributesmost of the fissions. Figure23 showsthe ssmething

in

of

a more strikingway, emphasizingthe very amdl errorin the results

analysesof high-temperaturegraphitereactors.

REFLECTOR-MODERATEDREACTORS

The purposeof this sectionis to establishthe mixltmumCriticslmass

and concentrationof TF35 in a wide varietyof catity(or 2Slector-mcd-

erated)reactors. Theseam of currentinterestbecauseof the essentia13.y

unlimitedtemperaturespossiblewith the fissionprocessin the gaseous

state. The parametersare geometry(spheresand cylinders)and radii,

with saneattentiongivento neutronabsorptionby structuralmaterials.

The relativevalueof D20, Be, and C as reflectorsof a 335 gas-

filledcavityis shownIn Flg.24. Note thatBe and D20 are equivalent

for thicknessesless than 50 cm, and that the use of D20 in a thicklayer

is consistentwith the lowestcriticalconcentrationof $35. The de-

pendenceof criticalcore (cavity)radiuson the reflectoris shownin

Fig. 25. Notethe minimumin the criticalmass of I?35 gas with a Be re-

flector.

The limitsof criticalityof I?35 gas are exploredin Fig. 26 to 28,

&35 for largesphericslwhich show criticalmass and atanicdensityof

and cylindricalcatitlesreflectedby D20. Note the amsU valueof in-

creasedD20 thicknessand the relativelylargeeffectof a structural

-r at the cavityvail.
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An interesting extrapolation of the cavity reactor concept is shown

ti Fig. 29 for a cyllnder reflected by 100 cm (0.1 cm~e lining the cavity

wall) D20 but with the I?35 restrained to smsller radii than the mdlua

of the core (dotted line). (The Sk - ’16 app~mtiom W= X’e@~

for these curves.) Figure 30 shows the critical-mass dependence for

this set for cylinder length egpals diameter. Neither czWkal mass nor

/35 is a strong function of gas radius until the areaatomic density of

reduction is very large.
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column of radius for a cavity of constant radius

reflected by 100 cm D20.
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