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Ab s t r a e t  

Calculated c r i t i c a l i t y  d a t a  a re  presented f o r  t m i c a l  
UPBR mixed-oxide fuel-water systems based. on the weight 
f r a c t i o n  o f  Pu02, t he  degree !xi?' heterogeneity of the fuel, 
and the  degree of moderation as variabZes within the  ranges 
of i n t e r e s t  t o  LMFBE fuel-proeessirg c r i t i c a l i t y  safety. 
Limited d a t a  a re  a l s o  presented t o  ind ica t e  the poisoning 
e f f e c t s  o f  n i - t r a t e ,  boron, and s t a i n l e s s  steel. The ca lcu-  
l a t  ions1 method-s employed are d i s c u s  sed, including an Fm- 
proved s t r a t e g y  f o r  c r it i c a L-d-imens ion  s e a r c  he s de ve l o p  e d 
f o r  t h i s  inves t iga t ion ,  as wel l  as t h e  r e s u l t s  and the ex- 
peete? aceu:racy of the  data. Tables of buckling, extrapo- 
l a t i o n  d is tances ,  c r i t i c a l  dimensioris, arid masses are 
presented e 

Keywords: LMET3R, c r i t i c a l i t y ,  f u e l  processing 

Introduct  i on 

Meager experimental c r i t i c a l i t y  d a t a  e x i s t  f o r  systerns of" mixed 

i~rrmim-pluLonim- oxide and water with plutonium content i n  the rmge of 

i n t e r e s t  f o r  proposed l iquid-metal  Yast-breedkr. reac tor  (U@'BR) f u e l s .  

C r i t i c a l  approach mci exponential  experirnents on 23 a 2 w t  $ PUO~--UO:, 

prototype fast f l u x  t e s t  f a c i l i t y  (FFTF) f u e l  pins in water have been 

reported,  anif c r i t i c a l  experiments with mixed oxide fuel at  l.5 and 

30 wt; $ plutonium were performed and reported recently:-- 

ments on f u e l  ha;lrin;3 from 2 t o  b w t  I$ plukonium and various amounts of 
2 4 . C p u  have been reported and a re  summarized elsewhere,' 

2 Other experi-  

Such cr i t iea , l . i ty  d a t a  a r e  of g r e a t  importance in assessi-ng the out- 

of- reac tor  c r i t i c a l i t y  safety problems that could. arise during the  s t m -  

age md processing of LNF'ER f u e l .  The proposed use of aqueous f u e l  

processing and the p o s s i b i l i t y  of s tor ing  spent f u e l  elements i n  water 

x 
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p r i o r  to processing introduce neu.t,ronics problems qui.S,e d i - f fe ren t  from 

those present  in-reactor ,  since large quan t i t i e s  of plutonium must be 

s tored  and processed and the minimum c r i t i . c a l  mass f o r  plutonium under 

optimum moderation i s  on t h e  order of a few kil.ograms o r  l e s s .  

In order t o  effect i .vely develop equipment t o  handle these  problems 

of s torage and d isso lu t ion ,  .the d-esigner must have a feel .  f o r  t h e  c r i t i -  

c a l i t y  aspects  of t he  expected. noma1 conditions and clredible abnormal 

conditions.  l i leal ly ,  c r i t i ca l i .Ly  exTerimenLs would be pe r fomed on 

a c t u a l  mockups oi" a1.l se r ious ly  proposed designs,  but, t h i s  would be eco- 

nomically impyactical. i n  f a c t ,  .the la rge  v a r i e t y  of conditions t h a t  

c0u.l.d exist i n  an aqueous LMFBR f u e l  reprocessing p l a n t  make cr i t ical . i . ty  

experiments imprac t ica l  f o r  a l l  bu t  the  f i n a l  cornponent designs.  

T'G i s  c l ea r ,  .Lherefore, t h a t  the  i n i t i a l .  bas i c  c r i t i c a l i t y  da t a  f o r  

use i n  pi*eliminary component design must b e  obtained from ca lcu la t ions  

r a the r  than experiment. 'The ca lcu la t ion  of such da ta  over  the  ranges o:f 

imteres'l; of f u e l  liypes, i so top ic  composition, moderation, degree of f u e l  

heterogeneity,  r e f  lec'cion, poison, and o ther  par .meters  i s  alone a f0r.rni.d- 

able  t a sk .  Nevertheless such da ta  f o r  LIW'BR-type f u e l s  are needed. and 

aTe not  present?-y ava i lab le  i n  e a s i l y  access ib le  t abu la r  and graphica l  

form. To t h i s  end t h i s  repor t  descr ibes  the  da t a  generated f o r  t y p i c a l  

i , M F B X  mixed-oxide fuel-water systems based on the weight f r a c t i o n  of Pu02, 

bne degree o f  heterogeneity,  and the  degree of moderati-on as var iab les .  
Limited d-atiz a re  al-so giver, t o  i nd ica t e  the  e f f e c t s  of n i t r a t e ,  boron, and 

s t a i n l e s s  s t e e l .  

*' 

ScoDe and General i tv  o f  Data 

Tine bas i c  d a t a  presented i.n t h i s  repor t  a r e  intended -to g:l?re c r i t i -  

cality parameters t h a t  cover t h e  range of interest i n  TNFBi? mixed-oxide 

fuel. reprocessi.ng with regard Lo the  weigh-L f r a c t i o n  of PuG2 i n  the  mixed. 

oxide and the degree of heterogenei ty  i.n t h e  f u e l  I m p s .  Spec i f ica l ly ,  

t he  f u e l  mixtures considered were 20.0, 16.0, 12.0, and- 8 .0  w t  $ luOz-U02 

a t  an assumed 90% t h e o r e t i c a l  dens i ty  with p i n  diameters of 0.26, 0.18, 
0.10, and 0.0 i n .  The urafi,lilm was assumed t o  be depleted,  a i d  the  
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plutonium i s o t o p i c  composition was chosen t o  be typi.cal. or" LMFBF. core 

discharge fuel ."  

poisoned fuel-water mixtures with water-to-fuel volume r a t i o s  from 0.102'7 
t o  50.0. The min-imum volume r a t i o  of 0.1027 corresponds t o  the  c loses t  

packing of' cyl imdrical  rod-s 012 a hexagonal array-. 

Calculations were performed f o r  f u l l y  r e f l ec t ed ,  un- 

Calculations were a l s o  made to show the  e f f e c t  of the  addi t ion  of 

s t a i n l e s s  steel., boron, a n d  n i t r a t e  t o  the  p w e  fuel-water systems Data 

f o r  these  v a r i a t i o n s  a re  not complete i n  the  sense t h a t  they do not cover 

the  e n t i r e  range of parameters for t he  fuel-wciter systems, and hence they 

are intended -bo show only the  type of e f f e c t  t o  be expected. 

The e f f e c t  of the s t a i n l e s s  s t e e l  cladding on the  c r i t i c a l i t y  p a r a -  

e t e s s  i s  ind ica ted  by r e s u l t s  of calculatioiis  a t  a l l  fuel compositions f o r  

a 0 .26- in . -d im f u e l  p i n  wi-th a cledding thickness  of 0.015 i n .  

corresponds t o  t h e  d d i t i o n  of s t e e l  a t  a constant cladding-to-fuel vo lme  

r a t i o  of 0.244, and the  r e s u l t a n t  changes should be typical for a1.1. p in  

diameters. The e f f e c t  of soluble  boron poison has been ind ica ted  by ca l -  

cu la t ions  a t  a l l  p i n  d i m e t e s s  f o r  the 20 w t  75 Pu02 f u e l .  In these cases 

it w a s  assumed Ynat t h e  boron was present  i n  the water at, a 0.3 M concen- 

t r a t i o n  and t h a t  t he  d e n s i t y  of t he  water was not a f fec ted .  The e f f e c t  

of the  addi t ion of n i t r a t e  has been ind ica ted  i n  ca lcu la t ions  f o r  the 

20 wt 

This 

- 

f u e l  i n  which t h e  water was replaced by 8 M HNG3. - 
%hile the  heterogenei ty  e f f e c t s  have been inves t iga ted  by consid-ering 

the  f u e l  Lumps as i r i f i r i i t e ly  long c y l i n d r i c a l  f u e l  p ins  on a hexagonal 

array,  the  d a t a  presented should be u s e f u l  i n  assessing c r i t i c a l i t y  prob- 

l e m s  f o r  a much wider v a i e t y  of heterogeneous s i t u a t i o n s  s ince,  t o  a 
good approximation, the  data a t  a y a r t i c u l a r  rod s i z e  and atrerage dens i ty  

are appl icable  t o  a r b i t r a r i l y  shaped f u e l  pieces  a t  the  same d e n s i t y  

having the sane f u e l  surface-to-volume r a t i o .  I n  comparing the  r e s u l t s  

of the  heterogeneous and homogeneous (p in  dki.meter = 0.0) ca lcu la t ions  a t  

the  same average d e n s i t y  it should b e  r e c a l l e d  t h a t  the  homogeneous calcu- 

l a t i o n s  repyesent s i t ua t ions  t h a t  would occur i f  t he  oxide f u e l  were 

simply mixed with the water o r  n i t r i c  acid and, i n  t h a t  sense,  a r e  not 

phys ica l ly  r ea l i zab le .  The data  presented may a l s o  be used to ob ta in  con- 

se rva t ive  est imates  of min imum c r i t i c a l  s i z e s  for  systems containing f u e l  



lumps i n  f i s s i l e  so lu t ion ,  s ince  a separate ,  more de ta i led  Monte Carlo 

ana lys i s5  has shown t h a t  a t  optimum moderation f o r  a 1-umped fuel-water 

system, introduct ion OS dissolved f u e l  i n t o  the moderator causes a rc -  

duct ion i n  neutron mul t ip l ica t ion .  

Methods of Calculation 
II.- -- 

The methods used t o  ca l cu la t e  t he  d a t a  presented i n  t h i s  repor t  fol-. 

lowed t h e  standard. approach t o  r eac to r  neutmnics  problems a n d  employed 

the  codes developed f o r  t h a t  purpose a t  ORNT.,. A schematic outli i ie of t he  

ca l cu la t iona l  process t h a t  gives  the  sources of  da t a  and the  cod.es used. 

i s  shown i n  Fig.  1. 

T'he bas i c  d a t a  source w a s  Version I1 of the  ENDF/B cross-sect ion 

f i l e .  Cross sec t ions  for both the  f a s t  and t h e m a l  energy ranges were 

obtained through t h e  processinf; code SIIPERTOG" f o r  t h e  uranium, plutonium, 

oxygen, and s t a i n l e s s  s t e e l  cons t i t u t en t s .  The fast  and t h e r m a l  cross 

sec t ions  were then combined w - i t l i  room-temperature f r e e  -gas sca t t e r ing  
kernels  t o  obtain a 1-23-group XSDBN7 l ib ra ry .  

gen, boron, and hydrogen i n  water were obtained from ex i s t ing  XSi)XN li- 

brayies .  The resu1.tan-t XSDRN l i b r a r y  contai.ned. a l l  the  cross  sec t ions  i n  

t h e  form of smooth d a t a  and resonance parameters t h a t  were required f o r  

t h e  inves t iga t ion  of t he  various conditions.  

Cross sec t ions  f o r  niti-o- 

'i'he code XSDIUV w a s  u-sed. to perform spectrum caIculat ions f o r  t he  

equiva1.en-t c e l l  f o r  each f u e l  type,  p i n  diameter, and average f u e l  den- 

s i t y .  A s l i g h t l y  modified vers ion of the Nordheim i n t e g r a l  treatment,  

which i s  included i n  t h e  XSDRN code, was used to obtain the cor rec t ly  

shielded resonance cross sec t ions  f o r  use i.n the  subsequent one-dimen- 

s i o n a l  d i scre te -ord ina tes  c e l l  ca lcu la t ion .  'The r e s u l t s  oi" t h e  123-group 

S4P-, ca lcu la t ion  were then used -to obtain &group cell-weighted cross 

secti.ons f o r  use i.n t h e  diffusi-on theory ca lcu la t ions .  

energy s t ruc tu re  (Table 1) i s  s imi l a r  t o  t he  Haasen-Roach energy s t ruc -  

ture , '  except t h a t  i n  t he  present  work, neutron upscat ter ing w a s  allowed 

from the  thi-ee lowest  groups. 

'The 1.6-group 
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O R N L - D W G  71-8915 

SUPERTOG 

H‘IDHOGEN iN WATER 
BORON, AND NITROGEN 

X S O f i N  
1.1 BRARY 

C I TAT1 ON 0 
I 

MUI.TIPL.ICATION FACTOR, k, CHITICAL RADIUS 

CODE 

F i g .  1. Schematic Outline of Calculat ional  Process. 

The code CITATION” w a s  then 5mployed to ca lcu la te  the  m a t e r i a l  

buckli.l?.g and- k, f o r  t h e  homogenized cell and, i n  a s e p a m t e  ca lcu la t ion ,  

was used t o  determine the  c r i t i c a l  r ad ius  of  a water-refl-ected- infinite 

cyl inder  of the homogenized composition. An improved method f o r  criti- 

cal-dimension searches w a s  developed and i-ncorporated into the  code 

CITATION f o r  t h i s  purpose and i s  described i n  Appendix A. These th ree  

c r i t i c a l i t y  parameters, BE? k,, and Rc, which were ca lcu la ted  d i r e c t l y ,  
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Table 1. Sixteen-Group Energy Structure  

I 
Upper Energy 

(ev)  
Group N o .  Upper Energy 

( ev )  
Group No. 

1 1.492 X lo'? 
2 3 . 0 ~ 2  x i o6  
3 1.496 x LO" 

5 4 .0,76 X 10" 
6 1.~11 x i o 5  

8 3.355 x 103 

4 9.072 X 10" 

7 1.930 X 10" 

9 5.829 Y io2 
10 1.013 x IO2 
11 2.902 x i o x  
12 1.0a x lo1 

lh 1.123 x 100 

16 9.999 x lo-7 

13 3.059 X 10' 

1> 4.500 X 10"' 

were then used t o  determine the  rerflai.ni.ng parameters presented i n  the  

tables of Appendix B. 

I n  d-etermining the c r i t i c a l i t y  parmieters  f o r  the systems wLth boron, 

n i t r a t e ,  and s t a i n l e s s  s t e e l ,  the  XSDRN c e l l  ca lcu la t ions  were not redone. 

Instead the  1.6-group cross  sec t ions  for t h e  appropriate fuel type and pin 

diameter and hydrogen-to-plutonium r a t i o  were used i n  the  required 

CITATION ca lcu la t ions .  

energy groups with four  thermal groups, t h i s  treatment should not  i n t r o -  

duce s ign i f i can t  e r ro r .  

Since the broad-group s t ruc tu re  contai-ned 16 

Calculated Results 

Curves of t he  in f in i t e - r e f l ec t ed -cy l inde r  c r i t i c a l  r a d i i  a r e  given 

i n  Figs. 2 through 5 and curves of the  re f lec ted-sphere  c r i t i c a l  masses 

i n  Figs. 6 through 9.  
a r e  qui te  s t r i k i n g  and a re  s imi l a r  f o r  a l l  t he  f u e l  types.  Most, not ice-  

ab le  of these e f f e c t s  a re  the  d-ecreased prominence of the pea$$ i n  the 

c r i t i c a l  radius  and the change i n  the  pos i t i on  of the minimum c r i t i c a l  

radius  for t he  lumped fuel.. The peak i n  the  homogeneous CUi*VE i s  due to 

tile large percentage of p a r a s i t i c  resonance absorptions i n  the  z'?J and 

'401u i n  t h e  intermediate energy range. 

into rods a,s small as 0.10 i n .  i n  diameter, t he  resonances a re  s t r o i g l y  

The heterogenei ty  e f f e c t s  on the  c r i t i c a l  raccii 

When the  f u e l  i.s lumped, even 
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102 2 1 o3 2 
AVERAGE PLUTONIUM DENSITY (g/literl 

Fig .  2. Reflected-Cylinder C r i t i c a l  l i a d . i i  €or 20 wt k P1102-UO2. 

PIN DlAMETtK 

10' 2 5 102 2 
AVEPAGE PLUTONIUM DENSIIY (q/ l i ter)  

self-shielded,  and t h e  percentage o f  p a r a s i t i c  8bsoaptiom i s  S r e a t l y  r e -  

duced. Thus lumping the  f u e l  causes more neutrons t o  be a-mixable f o r  

productive f i s s i o n  reac t ions  and t h e  c r i t i c a l  radius  becomes smal-ler . 
The rilliniinum c r i t i c a l .  radius  occurs at  higher p1utmiu.m d-ensity for 

lumped fire1 due t o  two phenomena. Tine first i s  resonance se l f - sh ie ld ing ,  

which means t h a t  f o r  lumped fuel. it takes l e s s  hydrogen t o  s c a t t e r  -the 

neutrons over t he  nonproductive resonance energy range. Thus as the  

plutonium d e n s i t y  decreases (and- t he  hydrogen d-cnsity increases)  t he  

c r i t i c a l  rad ius  drops sooney f o r  l a rge r  fuel limps. The second phenomenon 
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Fig. 4. 

ORNL DWG T( 8918 
40 

35 

- 

5 30 

Lo 3 

n 
d 25 

a 
L! 
_1 

F 20 
0 

15 

10 5 103 z 
10' 2 5 102  2 

AVERAGE PLUTONIUM DFNSITY (g/l i ter) 

Reflected-Cylind-er C r i t i c a l  Radii f o r  I 2  wt 5 Pi iO2-UO2.  

ORNL-DWG 71+39 

(in.) 
0 26 
O f 8  

A 0.10 
v 0.0 

AVCHAGE PLUTONIUM DKNSI r Y  ( g h t e r )  

Fig .  5 .  Reflected-Cylinder C r i t i c a l  Radii foi- 8 w t  5 Pu02-UO2. 

i.s t h e  thermal energy se l f - sh i e ld ing ,  which reduces the f i s s i o n  as w e l l  as 

capture c ross  secti-on i n  the f u e l .  

creases fu . r ther  and the  system becomes more -thermal, t h e  nonnegligible 

-thermal absorp-Lion cross  sec t ion  f o r  p a r a s i t i c  absorptions i n  hydrogen 

begins t o  compete wf th  fuel absorptions.  

begins t o  dominate t h e  competition, and then f u r t h e r  reduct ion of pluto- 

nium dens i ty  causes the cr i -Lica l  radius  'io r i s e .  

Hence, as t h e  plutonium d e n s i t y  de- 

At some po in t  the hydrogzn 

For the  l a r g e r  f u e l  
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Fig. 7. He-fleeted-Sphere C r i t i c a l  Masses f o r  16 wt 
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F i g .  9. Reflected-Sphere C r i t i c a l  Masses f o r  8 wt $ Pu02+'02. 
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lumps, t he  t h e m 1  se l f - sh ie ld ing  i s  g rea t e r ,  the  hydrogen becanes domi- 

nant sooner, and the  c r i t i c a l  radius r i s e s  sooner. Thus the  combination 

of resonance se l f - sh ie ld ing ,  which causes the  c r i t i c a l  radius  t o  begin t o  
drop sooner when the  system i s  i n  the  resonance energy range, and the  

thermal. s e l f - sh i e ld i rg ,  which causes the  c r i t i c a l  radius  t o  r i s e  sooner 
when the  system i s  i n  the thermal energy range, causes the  minimum c r i t i -  

c a l  radius  bo occur a t  a higher d e n s i t y  f o r  lumped f u e l .  

Another f a c t  worth noting i s  t h a t  t he  minimum c r i t i c a l  radius ,  which 

occurs a t  d i f f e r e n t  plutonium dens i t i e s  f o r  d i f f e r e n t  f u e l  mixtures, as 

w e l l  as d i f f e r e n t  lump s i zes ,  i s  not s t rongly  depend-ent on the  amount 

(wt  $) of Pu02 i n  the f u e l .  

The c r i t i c a l  mass cwves  of Figs .  6 through 9 also d i s p l a y  s i g n i f i -  
cant  heterogenei ty  e f f e c t s .  I n  t he  undermoderated range the  lm-ping of 

f u e l  can cause a reduction i n  the  c r i t i c a l  m a s s  by as much as 8 f a c t o r  of 

3. In  t h e  overmoderated range the  reverse  i s  t r u e  due t o  the  e a r l i e r  

competition of p a r a s i t i c  hydrogen absorptions with t h e  thermally s e l f -  

shielded fuel.. It i s  i n t e r e s t i n g  t o  note also tha t  f o r  a given f u e l  mix- 
t u r e ,  t h e  minimum c r i t i c a l  mass of plutonium i s  s t rongly  dependent on the 

lump size,  bu t  the  minimixn c r i t i c a l  mass i s  f a i r l y  i n s e n s i t i v e  t o  t he  

f u e l  mixture. 

The e f f e c t s  of O.Ol:j-in. s t a i n l e s s  s t e e l  cladding on the  c r i t i c a l  

radii  f o r  the  O.26-in.-dian f u e l  p ins  a re  shown i n  Figs. 10 thro-h 13. 
T%e r e s u l t i n g  changes i n  the c r i t i c a l  radii a r e  those expected. I n  the  

high p lu to r i im  d e n s i t y  region, the  change i s  l a r g e l y  due to t he  d i l u t i o n  

e f f ec t ;  t h a t  i s ,  a t  the  same average plutonium densi ty ,  the hydrogen den- 

s i t y  i s  smaller f o r  the  c lad  f u e l .  ‘Thus not as many neutrons s c a t t e r  

over -the p w a s i t i c  resonance range, and the  c r i t i c a l  radius  i s  g rea t e r .  

In t he  lower plutonium d e n s i t y  region, t he  change i s  smaller and i s  due 

-Lo p a r a s i t i c  absorptions i n  t h e  s t a i n l e s s  s t e e l .  

It i s  obvious i n  comparison of Figs. 10 tkrough 1.3 t h a t  the  increase 

i n  c r i t i c a l  radius  due t o  the  addi t ion  of 0.015-&. staigless s t e e l  

cladding i s  g r e a t e s t  f o r  the  f u e l  of lowest Pu02 content.  This i s  true 

because, although the  cladding-to-fuel -folume r a t i o  i s  the same f o r  a l l  

t h e  f u e l s ,  t h e  r e l a t i v e  cmounts of s t a i n l e s s  s t e e l  and. plutonium a re  not .  
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Thus for a given average d e n s i t y  of plutonium, t h e  average d e n s i t y  of 

s - k i n l e s s  steel i s  l a r g e s t  f o r  t h e  f u e l  of lowest Pu02 content,  and. t h e  

e f f e c t  of t h e  cladding i s  g r e a t e s t .  

The e f f e c t s  of n i t r a t e  and boron on the  c r i t i c a l  r a d i i  f o r  t h e  20 w t  $I 
Pu02 f u e l  a r e  shown i n  Figs. 14 through 17. The effect  of adding 0.3 M - 



45 

-- 35 
5 
I 

A 3 

4 E 

J 
4 

6 30 

0 25  
‘1 
0 

20 

15 

10 
IO’  2 5 lo2  2 5 i o 3  2 

AVER4GE PLUTONIUM DENSITY ( g / l i t e r )  

Fig. 14. Comparison o f  Cylinder C r i t i c a l  Radii for 0. ?6-in.--diam 
20 wt % PuO2-+JO2 Rods With and Without, N i t r a t e  and Boron. 

ORNL-DWG 71 -8929 

FUEL-WRTER 
FUEL-8M I i N  

45 A FUEL-WATER- 

10’ 2 5 io2 2 5 i o3  2 

AVERAGE PILIJTONIUM DENSITY ( g / l i t e r )  

Fig .  15. Comparison of  Cylinder C r i t i c a l  Radii f o r  0 . 1 8 - i n . - d i m  
20 w t  % PuO2-UO2 Rods With and Without N i t r a t e  and Boron. 



CRNL- GWG .71- 8930 

40 

FUEL-WATER 
a FUEL-8 M HNO, 2 35 I-- 4 FglJEdi)iWArER 0 3 M 

._ 

5 402 2 

. . 

. . . . . . . . . . . 

5 403 2 
AVERAGE PLUTONIUM ULNSITY ( q / l i t e r )  

Fig.  16. Comparison o f  Cylinder Cri.tica1 Radi i  Tor 0.10-in.-diam 
20 w t  $ PuOz+JO2 Rods With and Without Nitrate and Eoron. 

ORNL -0WG 74-8931 

AVERAGE PLUTONIUM DENSITY ( g / l i t e r )  

F i g .  17. Comparison of  Cylinder Cri t ica .1  R a d . i i  for 0.0-in.-dinm 
20 vt % PuOz-UO~ Rods Wi-th and Without Nitrate and Boron. 



16 

n a t u r a l  boron t o  the  fuel-water  system i s  t o  make c r i t i c a l . i t y  impossible 

i n  the  highly chemalized system because of the  la rge  p a r a s i t i c  thermal 

absorpt ion cross sec t ion  of t he  'OB i so tope .  

s i t i e s ,  the  e f f e c t  i s  much less because the  absorpt ion cross  see-Lion of 

boron is much smaller  i.n t he  f a s t  and intermediate  energy range. 

A t  higher plutoni im den- 

The cha.nge i n  c r i -Lica l  rad ius  caused by t h e  replacement of water by 
8 M HN03 i s  due t o  both  d i l u t i o n  and absorpt ion e f f e c t s .  

average plutonium dens i ty ,  the  hydrogen d e n s i t y  i s  smaller for t he  f u e l -  

8 M - HN03 system than  f o r  the  fuel-water system, and the  prchaliJ.li.ty of 

absorpt ion in 8 M FINO3 is l a r g e r  than f o r  water due t o  the  added. presence 

of  t h e  ni t rogen.  I n  t h e  thermalized systems the  absorpt ion e f f e c t  i s  

p r imar i ly  responsible  for the  change i n  c r i t i c a l  r a d i u s ,  a.nd i n  the  i n t e r -  
mediate energy range both e f f e c t s  a r e  s i g n i f i c a n t .  

For t h e  sane - 

- 

Comparisons of t h e  curves ind ica t e  t h a t  the boron and n l t r a t e  e f f e c t s  

a r e  no t  strongly dependent on the  f u e l  lump s i z e ,  al.though it appears tha t  
the n i t r a t e  e f f e c t s  a r e  s l i g h t l y  more pronounced f o r  the  smaller I m p s .  

A much s t ronger  dependence on t he  f u e l  mixture should be observed f o r  the  

same reasons ind ica ted  f o r  s t a i n l e s s  s t e e l .  

Comments - on Accuracy 

A d e t a i l e d  comparison of t he  da t a  presented i n  t h i s  r epor t  with ex- 

per imental  da t a  i s  not poss ib le  because only one s e t  of experiments with 

high Pu02 content f u e l  has been reported.  A comparison of ca lcu la ted  
resu-l ts  with t h i s  s e t  of experimental  d a t a  has been made, however, t o  

assess  the  accuracy of the  ca lcu la t ions .  This comparison is presented i.n 

Table 2 and Fig. 18. Table 2 gives  the  mul t ip l i ca t ion  f a c t o r s  calciulated 

by the  methods of t h i s  r epor t  f a r  the  experinienta1.l.y determined c r i t i c a l  

s i t u a t i o n s .  The comparison shows good agreement between measure& and 

calcula,t,ed values,  except a t  the f i n a l  po in t ,  which w a s  origi1ial.l.y re -  

ported t o  be only approximate. Figure l.6 shows the  coriiparison between the  

ca lcu la ted  r e f l e c t e d  -sphere aid in f  ini . te -cyl inder  c r i t i c a l  r ad i i  and. those 

determined. by buckling conversion from the  experimen-tal da t a .  It  may be 

seen t h a t  t he  r e s u l t s  a r e  i n  good agreement, p a r t i c u l a r l y  f o r  the cyl inder  
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r a d i i .  Foi- the  sphere r a d i i  t he  ca lcu la ted  r e s u l t s  a r e  low by a few pe r -  
cent and aye therefore  COnSerVatiVe. 

From these  comparisons it i s  in fe r r ed  tha.t t he  ca lcu la ted  r e s u l t s  

f o r  t he  c r i . t i c a l  d.imeiisions a re  accul-ate below approxima,tely 450 g Pu/li- ter.  

The ca lcu la ted  ma te r i a l  bucklings were low compared with the  measured 

values ,  and s ince  the  re f lec ted-cyl inder  c r i t i c a l  r a d i i  were i n  good agree-  

ment, t he  extra,polatj-on d.i.stances were a l s o  low. Sased. on this observa- 

t i o n ,  it i s  advisable  .to use the bucklings and extrapolat i -on dista.nces of 

t h i s  r epor t  only simultaneously and not  i n  conJunetion wi.-i;h values ob - 
t a ined  expei-imenta1.l.y or by o ther  c a l c u l a t i o n a l  methods. 

For systems w i t k  h igher  p1utoni.m dens i ty  than a p p r o x h a t e l y  
430 g l l i t e r ,  t he re  are no experimental  da t a  f o r  v e r i f i c a t i o n  of  the  calcu-  

l a t e d  r e s u l t s .  There i s  some ind ica t ion ,  however, t h a t  the resml.ts a r e  

a, f e w  percent  i n  e r r o r  due t o  t h e  use of the ENDF/B Versi.on 11 cross  

sec t ions  f o r  230Pu. 
tha-t these  239Pu cross  sec t ions  gave cons i s t en t ly  low values of k f o r  

s eve ra l  fast; r eac to r  c r i t i c a l  experiments. lo Si.nce systems 7.n the  range 

above 450 g P u / l i t e r  a r e  primarily f a s t  systems, it i s  expected t h a t  t he  

It ms discovered during the  EMJF/B data t e s t i n g  

eff 



calculated. r e s u l t s  i n  t h i s  range a r e  a l s o  i n  e r r o r  and. t ha t  this e r r o r  i s  

not conservative.  In addi t ion  it i s  genera l ly  accepted tha t  multigroup 

fii-t'T'usion theory does not do as 3~11 .  i n  this range as it does ia the  well- 

thermalized range and. tkat multigroup transport theory should be used. '' 
For these reasons it is advised that t he  safe  values of the criticality 

parameters f o r  k = 0.95 be used when i n  the concentration range above 

450 g P i l l l i t e r .  

- 

eff 









Appendix A 

IMPROVED STRATEGY FOR CRITICAL-DIIYLENSION SEARCHES 

I n  order  t o  remove the p o s s i b i l i t y  f o r  input  e r ro r s  i n  the  calcu- 

l a t i o n  of the c r i t i c a l i t y  da ta ,  the  computer codes used i n  t h i s  ana lys i s  

were l inked so t h a t  the e n t i r e  Computational process w a s  automated; t h a t  

i s ,  having speciPied the f u e l  composition, p i n  diameter, and cladding; 

thickness ,  a s ing le  job submission caused the  required XSDRN and CITATION 

cases a t  the  t en  moderator-to-fuel volume r a t i o s  t o  be run. For t he  job 

s t ep  t h a t  determined the  cyl inder  c r i t i c a l  r a d i i  i-t w a s  found t h a t  the 

usual  method of determining the  c r i t i c a l  rad ius  w a s  not edequate, since 

t h e  convergence or nonconvergence of t he  i t e r a t i v e  process w a s  very sen- 

s i t i v e  t o  the  i n i t i a l  guess of the  c r i t i c a l  rad ius .  Clearly,  i n  an auto- 

mated c a l c u l a t i o n a l  process covering such a wide range of  poss ib le  c r i t -  

i c a l  r a d i i ,  incorporat ion of a procedure f o r  determining a p r i o r i  a good 

est imate  f o r  t he  c r i t i c a l  radius  for every case would be very d i f f i c u l t .  

A n  improved s t r a t e g y  w a s  therefore  neve]-oped t o  perform the  c r i t i -  

cal-dimension searches t h a t  was not s ens i t i ve  t o  ti?e i n i t i a l  guess and 

which could be used e f f e c t i v e l y  i n  the  automated computational pyocess. 

'Yne approach taken used the  r e l a t i v e l y  recent  d i r e c t  i t e r a t i o n  technique12 

f o r  determining the c r i t i c a l  buckling of an assembly i n  conjunction with 

the  h i s t o r i c a l  buckling conversion technique f o r  geometry transformations 

As an added bonus from t h i s  approach, t he  new s t r a t e g y  was found t o  be 

very rapidl-y convergent and therefore  f a s t e r  than the usual  approach. 

The success of  t h i s  new approach hinges on two f a c t s .  The f i rs t  i s  
t h a t  t he  d i r e c t  i t e r a t i o n  technique allows the  determination of t he  c r i t -  
i c a l  buckling of a,n assembly with t h e  same ease m d  speed as determining 

the  m u l t i p l i c a t i o n  f a c t o r s .  This i s  accomplished by recas t ing  the  neu- 

t ron ic s  equations i n t o  an a,l ternate eigenvalue problem, where the  eigen- 

value i s  the  c r i t i c a l  bucklingJ and then applying the  EQUIFOISEL3 method 

t o  obtain i t s  so lu t ion .  The d e t a i l s  of the d i r e c t  i t e r a t i o n  method are  

discussed by Vondy i n  Ref. E. 

The second f a c t  i s  t h a t  the  buckling conversion technique, while 

approximate i n  the  sense t h a t  the  ex t rapola t ion  d is tance  7, i s  not the  
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same f o r  a l l  geometries, i s  a c t u a l l y  very accurate .  This i s  t o  say tha t  
the ext rapola t ion  d is tance  i s  a slowly varying funct ion of geometry and 

s i z e  of t he  assembly. 

The improved s t r a t egy  i s  b e s t  explained by example. Consider the 
problem of find.i.ng the  c r i t i c a l  :radius, R of an i n f i n i t e l y  long, f u l l y  

r e f  Lecked cyl inder .  

i n i t i a l  guess of t h e  c r i - t i c a l  radius ,  R1, i s  made and then t h e  d i r e c t  

i t e r a t i o n  technique i s  employed t o  determime the  buckling, Bf, thal; makes 

t he  assembly c r i t i c a l  a t  the  chosen radius  R1. If t he  caku la t ed  buckling, 

Bf, i s  considered t o  be the  ~ x i a l  buckling, t he  system c r i t i c a l i t y  may be 

expressed by equating the  ma te r i a l  buckling, BG, and the  geometric 

buckling: 

c’ 
Suppose t h a t  i n  a one -d.imensional ca lcu la t ion ,  an 

For an i n f i n i t e l y  long cyl inder ,  -the a x i a l  buckling i s  zero and the  c r i t -  

i C a l i  t y e qua t i  on be come s 

where R i s  t he  c r i t i c a l  
C 

B2 = (2.405 2 M R c + A  ) J  

radius  being sought. 

Equation ( A .  1) contains two unknoims; t he  ma te r i a l  buckling, B;, 

and t h e  ex t rapola t ion  d is tance ,  A. If the  ma te r i a l  buckling were known, 

the extrapolat ion d i s t a i c e  could be detemined. and used i n  E’q. ( A . 2 )  t o  
determine X . Thus solving Xq. (A.1.) f o r  A, 

C 

C’ 
anti sol.ving Eq. ( A . 2 )  for H 

provides,  by subs t i t u t ion ,  an equation f o r  the  c r i t i c a l .  radius  R i n  t e r m  
C 



of BE, BT, and R1: 

If it were p r e c i s e l y  t r u e  t h a t  the  ex t rapola t ion  d is tance  A w a s  t he  

and a l s o  i f  the  
RC 

s m e  a t  the  guessed radius  R1 and t h e  c r i t i c a l  radius  

m a t e r i a l  buckling were known, Eq.  (A.3) would give t h e  exact value for 

the  c r i t i c a l  radius  Re.  

f e r e n t  radii ,  Eq.  (A.5) i s  not  exact;  bu t  s ince A i s  near ly  the  sane, 

Eq. ( A . 5 )  g ives  a means of obtaining a good next es t imate  of t he  c r i t i c a l  
radius .  

Since h i s  not  exac t ly  the  same f o r  the  t w o  d i f -  

Hence an i t e r a t i v e  procedxre based on Eq. (A.?) i s  ind ica ted ,  

where R. i s  t he  i t h  i t e r a t i o n  est imate  of t he  c r i t i c a l  r a d i u s ,  E? i s  the 

a x i a l  buckling t h a t  makes the  assembly of radius  Xi c r i t i c a l ,  aqd R 

i s  the  next i t e r a t i o n  est imate  of the  i n f i n i t e  cyl inder  c r i t i c a l  radius  

based on the  assumption t h a t  A i s  independent of radius .  The i t e r a t i o n  

procedure i s  t o  be terminated when Bf i s  s u f f i c i e n t l y  near zero t h a t  

B?/B$ < E ,  where E i s  some acceptable l e v e l  of accuracy. 

1 1 

i+ 1 

1 
As previously. mentioned, t h e  m a t e r i a l  buckling, Bi, f o r  the assembly 

being considered i s  not  genera l ly  known i n  advance. 

poss ib le  t h a t  the method might be applied t o  s i t ua t ions  having severa l  

regions where the  m a t e r i a l  buckling i s  not  p r e c i s e l y  defined. 

therefore  be necessary t o  have an i n i t i a l  value of B'? t o  begin t h e  i t e r -  

a t i v e  process and t o  upd.ate t h i s  value during the  i t e r a t i o n s  so  t h a t  the 
process converges t o  the  cor rec t  value. 

chosen i s  smaller. than the  value Bf ca lcu la ted  on the f i r s t  i t e r a t i o n ,  

In  f a c t ,  it i s  

It may 

M 

If the  i n i t i a l  value of 5' M 

the  e n t i r e  process w i l l  f a i l ,  as i s  evident  from the term 4B; - E$ i n  

Eq. (A.3). 
i n i t i a l  es t imate  of B2 i t s  maximum poss ib le  value,  as determined a f t e r  

the  f i r s t  i t e r a t i o n  by l e t t i n g  A = 0 i n  Eq.  ( A .  1). 

a f t e r  t he  f i r s t ,  t he  value of the  m a t e r i a l b u c k l i w  B' must then be r e -  

ca lcu la ted ,  based on the  two most current  i t e r a t i o n  values of B? and X - 
1 i' 

This conceptual d i f f i c u l t y  may be avoid-ed by using as the  

M 
A t  each i t e r a t i o n  

M 
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that i s ,  s ince  

and 

B2 may be determined under the  cons is ten t  assimption t h a t  h i s  independent 

of the  radius .  
M 

The new s t r a t egy  may be summarized as Coll.ows: 

pick an i n i t i a l  es t imate  of t he  c r i t i c a l  radius  Rl, 

ca lkula te  t he  buckling B$ to make the  assembly c r i t f ca l .  a t  t h e  

chosen radius  

(1) 

(2) 

(3)  obta in  the  i n i t i a l  estimate of B' from Eq. (A.1) with A 0, 

(4) 
(j) 

(6) 
(7) 

M 
obtai.n the  next estimate of t he  c r i t i c a l  radius  R2 from Eq. ( A . 6 ) ,  
c a l cu la t e  next axial. buckling BZ, 

obtain next es t imate  of B2 by solving E q s .  ( A . 7 )  and (A.8), 
re,peat steps 4 through 6 u n t i l ,  a f t e r  t h e  i t h  i te ra t ipon ,  B?/BZ < E .  

The c r i t i c a l  ra.d.:i.us of a sphere can be obtained by t h e  same procedure 

M 

1. 

by replacing t h e  f a c t o r  2.405 i n  a3.1 t he  equat iom by 31, and the  c r i t i c a l  

s l a b  half- thickness  can be obtained by t&. ing  the  f a c t o r  as x/2. 

This procedure has been used successfu l ly  i n  seve ra l  hundred calcu- 

l a t i o n s  t o  d-etermine c r i t i c a l  dimensions i n  seve ra l  geometries. Most 

calcul.ati.ons involved "pure" geometries ( i . e . ,  one-region s l ab ,  cylind-er, 

o r  spheres) ,  although problems in more complicated georne-tries have been 

considered. Also, the behavior of the i t e r a t i o n  process as a funct ion 

of t he  f i r s t  guess a t  the  c r i t i c a l .  d-imensioii and as a funct ion of t he  

method used- t o  obta in  B2 has been studied.. Figures A . 1  through A . 5  
present  t he  r e s u l t s  of applying the process to severa l  sample problems. 

The f ' i r s t  j.s a reflected.-cylinder problem with R2 obtained from an aux- 

i l i a r y  ca lcu la t ion ,  and the  second i.s am annulus problem with -the same 

f i s s i l e  mixture. i n  both problems the  process w a s  e s s e n t i a l l y  converged. 

t o  t h e  c r i . t i ca1  dimension i n  two i t e r a t i o n s  over a very wlde range of 
i n i t i a l  guesses. 

the  i t e r a t i v e  procedure, only one add i t iona l  i t e r a t i o n  would have beell 

M 

M 

If t h e  ma te r i a l  buckling, €3;) had been d-etermined ilu.ring 



2 ‘ I  

OHNL-I)UG 71-8933 

0 10 20 30 40 50 60 70 
FIRST GUESS AT CRITICAL RADIUS (cm) 

Fi.g. A.1.. Criti-cal. Cyli-nder Radius Stmcple Problem 1. 

19.5 

- 
E, 19.0 - 

2 18.0 
2 
I- - 
DI 
V 

0 
LI 17.5 

(5 .5 

ORN L- OVIG 7 I - 893 4 

...... .. ...... 

A-,,- 

0 10 20 30 40 50 60 70 
F I R S  GUESS AT CRITICAL THICKNESS (cm) 

Fig. A . 2 .  C r i t i c a l  Annulus Thickness for Sample Problem 2. 
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Fig.  A.  5 .  Two-Dimensional Mult i region C r i t i c a l  Thi eknoss Trohlem. 

required.  The t h i r d  and f o u r t h  problems a re  for slabs w i t h  blanket and 

r e f l e c t o r  regions.  I n  problem 3 t he  blanket  w a s  n a t u r a l  uranium, so the 

B2 for the  c e n t r a l  region from an a u x i l i a r y  c a l c u l a t i o n  w a s  used. Here 

also t he  process converged i n  two i t e r a t i o n s .  

contained enriched uranium, and hence B2 w a s  not e a s i l y  d-efined and had. 

t o  be determined during the  i t e r a t i o n  process.  I n  t h i s  problem the  

process converged i n  three  i t e r a t i o n s ,  except when the f i r s t  guess was 

50 em, which took fou r  i t e rL t ions .  Problem 5 i l l u s t r a t e s  t h a t  the  method 

M 
I n  problem 4, the  blanket  

M 
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i s  e a s i l y  applied t o  higher dimensional pro’okms w i t h  multiregion geometi-y. 

Here again the i-berative process conv9rged Lo the cor rec t  c r i t i c a l  t h i ck -  

ness i n  th ree  i t e m t i o n s  or less. 
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Appendix B 

TABULATED C R I T I C A L I T Y  DATA 

The c r i t i c a l i t y  d a t a  presented i n  t h i s  appendix were derived from 

the  three  quan t i t i e s  k,, B', and R 

ou t l ined  i n  t h i s  repor t .  For each f u e l  type and p i n  diameter, two t ab le s  

a r e  presented; the  f i r s t  gives  the c r i t i c a l  parameters a t  t e n  d- i f ferent  

water- to-fuel  volume r a t i o s  and the  second gives  the  safe  parameters f o r  

which k 

ca lcu la ted  d i r e c t l y  by the  method M C 

-- 0.95. e f f 
The f i r s t  th ree  columns of each t a b l e  give t h e  water-to-fuel volume 

r a t i o  f o r  t he  c y l i n d r i c a l  f u e l  p ins  or1 a regular  hexagonal a r ray ,  the  

average mixed-oxide f u e l  d e n s i t y  a t  the  given water-to-fuel. volume r a t i o  

f o r  a 907 t h e o r e t i c a l  f u e l  d e n s i t y  i n  the  p i n  i t s e l f ,  and the  hydrogen- 

to-plutonium atom r a t i o  fo r  the  system with a water d e n s i t y  of 1.0 g/cm3. 

For the  n i t r i c  ac id  cases ,  t he  f i r s t  column i s  the  ac id- to- fue l  r a t i o ,  

and t h e  hydrogen-to-plutonium atom r a t i o  i s  f o r  8 M - I€N03 a t  room temper- 

a tu re  with a d e n s i t y  of 1.251 g/cm' (Ref. l!+), 

The tabula ted  values of m a t e r i a l  buclrling, BE, and the  cyl inder  

rad ius ,  Re, a re  the d i r e c t l y  ca lcu la ted  quan t i t i e s .  The migration a rea ,  

, was ca lcu la ted  from M 2  

k, - 1 
M2 = 

3; 
9 

and. the  ex t rapola t ion  d is tances  were obtained from 

2.405 
* 

= - -  a (13.2) 

The c r i t i c a l  sphere radius ,  Rs, and s l ab  thickness ,  T, were obtained from 

the buckling conversion formulas, 

and 

( 3 . 3 )  
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The sphere volume and the  ref lected-sphere c r i t i c a l  mass were calcul.ated 

by using the  sphere r a d i u s  and t h e  f u e l  d e n s i t i e s  a.nd campositions. 

The safe parameters t h a t  give 8 mul t ip l i ca t ion  f a c t o r  of k = 0.95 ef f  
were ob'Lained from ssfe  bucklings der ived i n  the following manner. The 

e f f e c t i v e  m.ult i .plication f a c t o r  f o r  a f i n i t e  system wi th  ge0metri.c 

buckling B2 i s  given by 
g 

1 + M'BE 

which solved f o r  t he  buckling, B2 is 
E' 

or, with M2 expressed i n  terns of B" a d  lam, M 

( B . 6 )  

-- 0.95 is ef f  .. 
T h u s  t he  buckling of a f i n i t e  system of m a t e r i a l  with k 

Bb.95 7 - - (& - 1) BZ . (B.8 
(k, - 1) 

The s a f e  cyl inder  and sphere radii and the  slab thickness  are then 

ca lcu la ted  f r o m  the  buclc.l.ing conversion formul-as (B.3) and (B.4) by us ing  
in s t ead  of BL3 The sphere vo'l-ime and sa fe  mass of plutuniiun are M' B ,3 

0' 95 

ca lcu la ted  as before.  
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Fuel-Water Systems 

The following t a b l e s  present  the  ca l cu la t ed  c r i t i c a l . i t y  d a t a  f o r  

t he  unpoisoned fuel-water systems with the various fuel mixtures m d  

f u e l  p i n  diameters.  



WAY E R / FUE L 
VOL. R A T I O  

9.1027 

1.0006 

2.00G0 

4 .  OQOQ 

9 (5000 

12. QUO0 

AV. FUEL 
DENSITY 
( G M / t C  ------- 
5.0 27 

4.977 

3.31E 

1.991 

5. 105 

0.766 

TYPICAL LMFBR C O R E  DISCHARGE FUEL NO NITRATE O R  55-316 I N F .  WATER REFLECTOR 

20.0 WT. PCTe PUG2 I N  (U4P11102 RODS AT 5.26 1N. D I A e  

H TU PU 
RATIO 

- - -- - - - 
1.54 

14.95 

29.58 

59.5 5 

119.40 

179.e5 

K- I N F I N I T Y  MATERIAL 
BUCKL IMG 

I M4s-2) ----- ----- -__----- 
1. 5182 ab. 687 

1.2952 91.524 

1.3310 113.579 

1.4177 149.821 

1.4534 164.567 

1.4328 349.972 

26.661 

C Q e  504 

69.305 

40. 145 

l6 .0000 0.586 239.8C 1.3464 

Z D e O Q Q D  0.474 299.35 1.2760 

2 5 . 0 c m  0.383 374.65 1.1897 

39. 0000 0.321 449.6 3 1.1094 

MIGRATION 
AREP 

(CM**2) ----_---- 
54.763 

32.252 

29.146 

27.8 79 

27.5 59 

27. 524 

27.505 

21.460 

27.370 

27.2 53 

Cp IT ICAL  PARBHETERS 6KEFF=1.0)  
4 * * 4 V 0 4 ~ 4 + 4 h 4 * + 4 ~ 4 4 * * 4 ~ 4 ~ * ~ ~ ~ ~ * ~ 0 * ~ * * 4 * ~ * 4 4 ~ * * ~ * * 4 ~ ~ ~  i# 

EXTRAP. M A S S  OF VOLUME RADIUS RADIUS OF THICKNESS 
DISTANCE PLUTONlUM OF SPHERE OF SPHERE CYLINDER OF S L A B  

( C M  1 ( K G )  LITERS)  ( C M )  ( C M I  < CML 
W 
r ----- --- --------- --------- ------ --- -- ---- --- - ----- --- 

7.390 122.9a5 75.656 25.352 18.441 18.963 

6.971 63.664 72.502 25.867 18.168 18.696 

6.543 28.1.39 48.581 15.724 15.793 22.636 

6.394 10.531 29.982 19.27 2 13.2 54 12. 877 

5.954 5.205 26.677 16. 536 12.794 :2.5@ 2 

5.767 4.45: 32.945 19.881 13.872 14.12s 

5.692 4.761 46.090 22.242 15.697 16.569 

5.623 5.955 71.223 25.714 98.367 20.092 

5.5 89 9.400 939.171 32.1148 23.300 26.55 9 

5.5 86 20.219 356.756 43.997 32.372 30.41 2 



WATER/ FU EL 
VOL. R A T I O  

---------- 
S I  1027 

1.0008 

2.00'30 

4.0000 

8 b 0000 

12 * CIOOO 

16.0030 

20.0000 

25.0000 

30eOObO 

A V O  F l l E L  
OENS I T Y  
( G M / C C I  ------- 
9.027 

4.977 

3.318 

1.991 

1.106 

0.766 

0.586 

0.474 

6.383 

0.321 

T Y P I C P L  L M F E R  CORE O I S C H A R G E  F U E L  NO N I T R A T E  O R  SS-?16 I N F .  WATER R E F L E C T O R  

2 Q e O  WT. PCT. PU02 I N  (U+PU)O2 RODS AT 0.26 I N .  D I A .  

I S O T O P I C  C C M P O S I T I O N S  ( WTePCT. 

PLUTONIUM-238,239,240~242/ 1.00~63.00~27.90, 7.00, 5.86 

URAN' I  U M - 2 3 5 ~ 2 3 8 /  01207 99s 8 9  

H TO P U  
R P T I C  

------- 
1.54 

14.95 

29.58 

59.95 

I. 19.90 

179.e5 

2 39.8C 

299.75 

374.65 

449.62 

K- I N F  I N I  TY 

-_ -_ ------ 
l e  5182 

1.2952 

1.3310 

114177 

1.4534 

1.4128 

1.3484 

1.2760 

1.1897 

1.1094 

SAFE 
B U C K L  I NG 

( M**-2 I -------- 
100.053 

1 12.6 60 

137.614 

176.585 

192.132 

176.981 

152.462 

124.960 

92.182 

61.570 

M I G R A T I O N  
PREP 

(CM*+2) --------- 
59r7E3 

32.252 

29.146 

27. e 79 

21.556 

27.524 

27.5C5 

27.460 

27.370 

27.253 

EXTRAP. 
0 I STA NC E 

( C M t  -------- 
7.3 90 

6.971 

6.843 

6.394 

5.054 

5.7 67 

5.672 

5.623 

5.589 

5.5 86 

MASS OF 
P L U T O N I U M  

( K G I  

VOLUME 
OF SPHERE 

[ L I T E R S )  

92.42 8 

42.611 

19.435 

70548 

3. e n  6 

3.217 

3.344 

3.984 

5.651 

9. 704 

58rC35 

48.527 

33.199 

21.489 

19.567 

23.81 5 

32.376 

47.593 

83.062 

171r286 

24. CL 8 

22.621 

19.93 8 

17.247 

16.699 

17. 848 

19.771 

22.481 

27,132 

34.45 2 

R A D I U S  OF 
C Y L I N D E R  

(CM I 
--------I 

16.6 54 

15.688 

13.6 59 

11.764 

11.388 

12.311 

13.8C5 

15,892 

19.46C 

250064 

THICKNESS 
OF S L b 9  

( C M I  - _------ w 
L'i 

16.62 8 

15.65 6 

13.095 

10.852 

13.746 

1 2 e O E L  

14,C9 8 

16.85 8 

21.543 

28.866 



TYPICAL i H F Y R  C O R E  O I S C H A R G E  F U E L  NO ' \ ; I T R A T E  OR SS-316 HNF. WATER R E F L E C T O R  

20.0 W I .  PCT. PUG2 I N  iLI+Pcl)O2 RODS A T  C.18 IN. D I A .  

ISOTOPIC c o t . i P o s I - r r m s  (WT.PCT. J 

2LUTCNIUM-238 9 233 9 249 I 2 4 1 1 2 4 2 /  1.00 t 60 .GC! 9 27.00 9 7.63 I 5 - 0 0  

U R  A N K iJ M- 2 3 5 I 2 3 8/ 0 a 2 0 9 99. 80  

3.1927 

1 0000 

2.9099 

4 .  o(903 

8.0003 

12.0000 

36.0000 

29.0005 

25.0000 

30. OQQO 

9.027 

4.977 

3.318 

1.991 

1.136 

0.766 

6.5 56 

t .474 

0.383 

0.324 

1.54 

14.9s 

29.58 

59.4 5 

119.90 

179.85 

2 39.8fJ 

259.95 

374.65 

449.63 

1 . 5 1 7 4  

1 .2726 

1.2948 

1. 3631 

1.4541 

1.4487 

1.4244 

1.3676 

1.3052 

1. 2428 

86.588 

85.073 

101.876 

436.989 

166,482 

164.343 

151.567 

634.355 

111.559 

88.872 

59.7 5 8  

32.045 

25. E 6 3  

27.565 

27.274 

27.3r)2 

27. 3 4 4  

2 7 0 3 t 3  

27.357 

27.321 

7.740 

7 .364 

7.219 

6.7C1 

6.160 

5.923 

5.794 

5.715 

5.557 

5. b 26 

117.549 

69.057 

33.505 

11.677 

4.418 

3.631 

3.321 

3.428 

3.954 

5.043 

73.8b8 

79.703 

57.234 

33.244 

25.20 1 

26.880 

32.142 

40.907 

58.537 

89.014 

26.02 2 

26.697 

2 3 - 9 0  7 

19.947 

18.188 

18.583 

19.724 

21.369 

24.087 

27.699 

18.1C6 

18.711 

16.609 

93.699 

12.470 

12.537 

13.742 

15 .034 

17. S 13 

19.885 

18 .282 

19.33 3 

16.68 8 

13.246 

12.C27 

12.660 

13 .930 

15.674 

18.439 

22.C72 

W 
O\ 



WATER 1 FUEL 
VOL. R A T I O  

---------- 
a. 1027 

1.0030 

2. 9000 

4. @OD0 

8.0000 

12.9003 

16.0000 

29.0000 

25.0000 

30.0000 

AV. FUEL 
DENSITY 
I G M I C C I  ------_ 
5.0 27  

4r977 

3.318 

1.991 

1.106 

0.766 

OS 586 

0.474 

0.383 

0.321 

T Y P I C P L  LMPBR CORE DISCHARGE FCiEL NS ?IITRATE OR SS-316 INFI  WATER REFLECTOR 

20.0 WT. PCT. PU02 I N  ( U + P U I O 2  RODS AT d.18 IN. DIA. 

kf TU PU 
RPTIC 

__----_ 
1.54 

14.55 

29. s e 
59.95 

119*¶C 

179,.!5 

239.8C 

259.75 

374.65 

449.6? 

K- I N F I N I T Y  

- - - - - - -- - 
1. 5174 

1.2926 

t .  2940 

l e  3631 

1.4541 

1.4487 

1.4144 

1.3676 

1.3052 

1,2428 

SAFE 
BUCKL I NG 

99. $53 

105.975 

1251473 

165.3~8 

154.541 

192.270 

178.792 

160.660 

136.669 

112.813 

59.758 

32.045 

2 E s  863 

27.565 

27.274 

27.302 

27.344 

27.363 

27.357 

27.321 

RADIUS R,ADIU5 OF THICCNESS VOLUME EXTRCP. MASS OF 
DISTANCE PLUTONIUM OF SPIJIERE OF SPHERE CYLINDER OF S L O B  

( C M I  {KGt  ( L I T E R S )  ( C M I  ( C M I  C H I  

7. ? 40 

7.3 64 

7.219 

6.701 

6. I f ”  

5 s  923 

5.7 94 

5.715 

59657 

5.626 

88.62 5 

45.656 

22.145 

8.196 

3.581 

2.651 

2.490 

2.430 

2.902 

3 e 2 6 1  

55.647 

51aS95 

37.845 

23.335 

1R. 353 

19.626 

23.232 

29.053 

40.FC1 

57.558 

23. 684 

23. 154 

20. 82 8 

17.727 

16.364 

16.733 

17.701 

19.97 1 

21.216 

23.952 

16.316 

15.999 

14.2 52 

12.000 

11.082 

11.421 

12.192 

1 3 ~ 2 5 9  

24,915 

17.017 

15.944 

15.79fl 

13.639 

11 e C 2  6 

10.233 

1P.813 

11.937 

13.356 

15.559 

18.32 5 



I r lATER/FUEL 
VOLo 98710 

----- ----- 
3.9927 

1.09,oo 

2.00130 

4. on133 

8.0030 

12.01900 

16.00CO 

20. oooa 
25.0600 

33.0300 

A V - C U E L  
DENS i T Y  
i GM! GI; - --- - - ~ 

9.027 

4.977 

3.318 

1.991 

1.106 

0.766 

0.5 86 

0.474 

0.383 

0.321 

T Y P I C A L  LFCFBR CORE D I S C H A R G E  FLEi YO N 1 1 9 A T E  ClR SS-396 IYiF. H A T E 9  REFLECTOR 

26.0 WT. PCT. PUOZ I N  ( U + P U L O  RODS AT !?.IO IN.  U I A .  

I S O T C P I C  C O M P O S I T I O N S  (WT. PCT. 1 

PLUTONIUY-238 1239 1 240 1 2411 2 4 2 /  1. Gr) 1 60.0@ I 2 7 .  PO 1 7.0P 1 5.00 

U%ANIUM-Z35r238/  De2C79'3.80 

H TO P U  
R A l ! C  

------- 
1.54 

14.95 

29. S @ 

59.55 

1 1 9 .  S C  

1 7 9 . t 5  

2 39. ac 

259.75 

374.65 

4 4 9 . 6 3  

K- I N F I N I  TY 

-- -_--__-- 
1. 5167 

I. 2483 

1.2487 

1. 3280 

1.4241 

1.4520 

91.4485 

i. 4297 

I. 3 9 5 0  

1.3568 

MATER i AL 
DUCKL 1 NG 

(M*+-29 -------- 
86.458 

78.015 

87.154 

129.717 

157.747 

167.695 

165.817 

158.436 

145.647 

131.100 

Y I G R A T I O N  
A R E A  

( C  t 4 *  $ 2  - - - - - - -- - 
59.731 

31. e24 

28.537 

27. IbE. 

26. e E2 

26.952 

27.046 

27.120 

27.1 E3 

27. 2 7.9 

EXTRAP.  
DI S T A N C E  

I C M )  -------- 
8.236 

7.924 

7.762 

7. 1 58 

6.482 

6.L70 

5.994 

5.882 

5.72r2 

5.733 

111.178 

77 .706 

42.554 

14.490 

5.201 

3.350 

2.697 

2.432 

2.346 

2.427 

V O L U M E  
OF SPHE2E 

69. €!e! t3 

88.493 

72.693 

43.254 

26.654 

24.798 

26.108 

29.C8? 

34.126 

42.333 

25.543 

27.644 

25. 89C 

21.435 

18.531 

18.090 

1 8 . 4 d 3  

a9.n77 

20. 2 3 9  

21.705 

8AOIUS OF 
C Y i l 4 ; O E Q  

( C M I  -------_- 
17.623 

19.305 

18.000 

14.73: 

12.666 

12.402 

12.683 

13.225 

1 4 . l 3 6  

15.2'2 



WATER/FUEL 
VOL, RATIO 

---------- 
3.1027 

1,0000 

2 OB00 

4.0000 

8 * 0000 

12+OOOO 

16.0000 

23.0000 

25.0000 

30 e 0000 

AV+ FUEL 
DENSITY 
( G M l C C l  ------- 
9.0 27 

4.977 

3.328 

1.991 

1e.106 

0.766 

0.586 

0 1 4 7 4  

Or 3 83 

0.321 

TYPICbL LMFBR CORE DISCHARGE FUEL NO NITRATE O R  SS-316 INF. WATER REFLECTOR 

20.0 HT. PCT. PUO2 I N  (U+PUl02 RODS AT P a l 0  IN. DIA. 

I S O T C P I C  COMPCSITiONS (HTIPCT. 1 

PLUTONIUM-238,239i240 92411 2 4 2 /  l.0C)96hi * O O i  27.G69 7.bnv 5.00 

URANIUM-235,238/ 0.20,99.80 

H T O  P U  
RPTIC 

- - -- -- - 
1.54 

14. S S 

29.5 E 

59.55 

119. S C  

179.85 

239.8t  

2S9.7 5 

374.64 

449.63 

K - I N F I N I T Y  

-- -- - --- -- 
1. 5167 

1, 2483 

1.2487 

1.3280 

1.4241 

1.4520 

1.4485 

1.4297 

I. 3 9 5 9  

1 r  3568 

SAFE 
BUCKL I NG 

t t.!**-Z ! 

99.862 

98.660 

110.184 

146.443 

185.628 

196.048 

194.004 

186.182 

L 72.674 

157.336 

M I GR AT I O N  
AREb 

(C!4**2 I -----_-_- 
59.731 

31.824 

28.537 

27.168 

26.8E2 

26.952 

27.046 

27.120 

27.1E3 

27.219 

SAFE PARAMETERS (KEFF=0,95) 
~ 4 * * 4 ~ 4 * * ~ * * 4 ~ * * a ~ a 4 a 4 4 ~ 4 * ~ ~ * 4 * ~ ~ ~ * 4 * 4 4 ~ * 4 * 4 4 ~ * 4 ~ 4 * ~ ~  ** 

EXTRAP. M A S S  OF VOLUME RPOIUS RADIUS OF THICKNESS 
DISTANCE PLUTONIUM OF SPHERE OF SPHERE CYLINDER OF SLAB 

( C M I  ( K G I  ( L I T E R S 1  (CMI t c v  I tct!: ------ -.. -------- - --------- --------- --------- 
8,236 83.322 52.317 23.202 15.831 14.966 

15.782 16.289 7.924 48.995 55.797 23.705 

14.43 6 7.7 62 26.71 1 45.62 8 22.167 15.150 

7.158 9.780 27.844 18.802 12.716 11.644 

6.482 3 + 7 2 3  19.077 16.576 11.169 l E . C Q 3  

6.170 2 a 4 3 6  18.C32 11.007 i ~ . r 9 7  16.267 

5.994 l e  9 6 6  19.027 16. 561 11.273 19.568 

11.744 11.263 5.882 1.765 

5.192 1.682 24.903 18.116 12.510 12.324 

5.7 33 1.749 30.175 19.31 3 13.441 13,58 1. 

21.100 17.142 



AV,FUEL 
DENS I ‘ I Y  
I GH/CC! ------- 
9.027 

4.977 

3.318 

1.991 

b. I36 

0.766 

0.586 

0.474 

0.383 

0.321 

T Y P I C P L  L M F B R  CORE O I S C H A K G E  F U E L  NO N I i R A T E  OK SS-316 I N F .  WATER R E F L E C T O R  

26.0 HT. PCT. PV02 I N  ( U + P V ) 0 2  RODS A T  0.0 IN, D I A .  

H T G  P U  
R A T [ [ ?  

-- _-__ - 
1.54 

14.55 

29. S E 

59.95 

Il9.9@ 

170185 

239.80 

2’39.75 

374.65 

449.t3 

I S O T O P I C  CCYPDSITlONS (WT.PCT. 1 

PLUTONIUM-238,239 t 240 t 241 t 242/ 1.00 r60.00 I 27. OC t 7.00 t 5.PC 

URbN I U M - 2  35, 238/ 0.20,99.8Q 

I(- I N F  I NI TY 

-- ------ -- 
1.515’3 

1.2169 

1.1779 

1.2966 

1.2126 

I. 3093 

1 . 3  274 

I. 3346 

1.3340 

1.3269 

M A T E R I A L  
EiUCKF I NG 

1 M**-23 -------- 
86. b20 

68.773 

63.444 

78.171 

1850 256 

119.455 

126.290 

128.557 

9 27.871 

124.732 

M I G R A V I C N  
AREA 

I t M * * 2  I _- _ _ _ _ _ _ _  
59. -IC 1 

31.536 

29.046 

26.426 

25.900 

25.880 

25.944 

26.024 

26.121 

26.209 

EXTRAP. 
D 1 S I B  hC E 

I C Y  i ---_- -- - 
9.C91 

5.917 

8.7 89 

8.218 

7.428 

7.802 

6.737 

6.555 

6.392 

6.270 

M A S S  OF 

4 KG)  
P L u m h i I u P  

- - _---- -- 
loo. 574 
89.384 

70.623 

29.965 

10. I98 

5.812 

4.139 

3.315 

2.769 

2.479 

VOLUME 
OF S P H E R E  
I LI‘IERSI  --------- 
63.149 

101.702 

120.641 

85.369 

52.253 

43.024 

40. C69 

39.544 

40.993 

43.752 

RPD I U S  
OF S P H E R E  

( C M ;  ---_----- 
24.76 4 

28.965 

30.653 

27. 31 5 

23. 194 

21.737 

21.228 

2 l S  1 5 2  

2:. 399 

21. 859 

R A D I U S  OF 
C Y L l ” \ I E R  

l i t 4 1  --------- 
16.781r 

20.983 

21.405 

L 8.984 

’16.6 14 

14.909 

14.6 71 

4.6 56 

14.8?6 

15.264 

T H I E K V E  SS 
OF SLh8  

C M l  .c 
0 ----_-_ -- 

15.61 3 

23.C48 

2 1 . 8 6 4  

19.C96 

15.76 6 

14.73 5 

14.490 

14.59 7 

14.99 8 

15.589 



WATER/FUEL 
VOL. R A T I O  

---------_ 
0.1027 

1. 0000 

2.0000 

4 c  00c3 

8.0000 

12.0000 

16.0900 

20.0000 

25.0000 

39 e 0 0 0 0  

AV. FUEL 
DENSITY 
( G M l C C  I ------- 

9.027 

4.977 

3.318 

1.991 

1.106 

0.766 

0.5 66 

0.474 

0. 383 

0.321 

TYPICAL LMFBR CORE DISCHARGE FUEL NO 'NITRATE OR 55-316 INF. WATER REFLECTOR 

20.0 NT. PCT. PU02 I N  (U+PUlO2 RODS AT 0.0 IN. D I A .  

H TO P U  
R A T I O  

- - ---- 
1 . 5 4  

14.9s 

29.58 

59.5  5 

119.9C 

1 7 9 r 8 5  

2 3s. e C  

259.75 

394.65 

449. c 3 

K- I N F  I N 1  TY 

1. 5159 

1.2169 

1- 1 7 7 9  

1.2@66 

1.2726 

1. 3G93 

I. 3 2 7 4  

1.3346 

1.3340 

1.3 269 

SAFE 
BUCKL f !4G 

IM*+-2)  

99.784 

89,O 82 

8 5.549 

102.201 

131.117 

146c 1 2 1  

153.129 

155.547 

154.7 50 

151.376 

M I GR A T I ON 
A R E P  

[ C M * + Z 1  --------- 
59.701 

21.536 

28. C 4 6  

26.426 

25.990 

25. e80  

25.944 

26.024 

26.121 

26. 2 f  9 

EXTRAP. 
D f STANCE 

( C M )  -------- 
9.091 

0,917 

8.789 

8.2 18  

7 r  428 

7.002 

6.737 

6.5 55 

6.392 

b e 2 7 0  

M A S S  OF 
P LUTONIUH 

( K G I  --------- 
74.572 

53.222 

39.133 

17.572 

6.547 

3.874 

2.607 

2.267 

1.899 

1.696 

VOLUME 
OF SPHERE 

[ L I T E R S }  

46.823 

60.611 

66.848 

50.029 

33.551 

28.674 

27.174 

27.103 

28. i i a  

29.945 

RAD IUS 
OF SPVERE 

t t M )  --------- 
22.359 

24.36 8 

25.177 

22.858 

28.00 8 

18.987 

18. 65C 

ia .  6 3 4  

18.862 

19. 264 

RADIUS OF 
CYLINDER 

( C M I  --------- 
14.985 

16.564 

17.213 

15.572 

13.575 

12.894 

12. 6 9 8  

12.728 

12.941 

13.277 

13.26 8 

15.451 

16.38 8 

14.64 1 

120 580 

11.986 

11-91 3 

12.C79 

1 2 . 4 7 0  

12,994 



HA I E  R / Fl rE i  
VCIL. R A T I O  

-- -- - - -- - - 
9.1027 

1. 0 0 0 0  

2.5030 

4. P O D O  

8. Dcl00 

12.0000 

16.0030 

20.0300 

25.0030 

30. QOOO 

AV. FUEL 
D E N S I T Y  
I G W C C  1 ------- 
9.011 

4.968 

3 .3 i2  

a. 9 87 

1.104 

0.764 

0.5 54 

0.473 

0.382 

9.321 

TYPICAL L M F B R  CORE OISCiiPRGE FUEL NO NITRATE OR SS-316 I N F .  WATER REFLECTOR 

16.0 WT. PCT. PUOZ I N  tU+PU102 RODS AT 0.26 IN. DIA. 

ISOTOPIC CCMPOSITIWiS (WT.PtT. 9 

P L  UTONIVM-2381239, 245 1 24 I r  2 4 2 /  1.001 6C e 0 9  9 27.001 7.00 1 5.00 

U R A N  I Uh-2 3 5  1 2 3 Y/ CI. 291 99. 80 

ti TO P b  
R l l T I C  

_--____ 
1.53 

1 8 . l t  

37.5 2 

75.Ct 

150.11 

225.17 

3dC.23 

375.2s 

469.16 

562.92 

a. 4 0 5 0  

1.4377 

1.3917 

1.3212 :. 2 4 3 4  

1.1603 

1.0192 

44.580 

5E. 323 

41.981 

16.6; 1 

90.410 

58.593 

29.C82 

' 4 1 G R A T 1 C N  
l R E Q  

l t M * : 4 2 )  -----_-__ 
60. 513 

32.339 

29.2 E4 

28.012 

27.645 

27.589 

21.543 

21.497 

27.365 

23.2 29  

7 .864 

7.2 92 

6.971 

6.423 

5.9 52 

5.766 

5.669 

5.522 

5.603 

5.590 

169.418 

71.155 

26.137 

8.992 

4.488 

3.956 

4.44: 

5.765 

10.356 

27.682 

133.210 

101.475 

55.912 

32.059 

28.804 

36.616 

53.830 

86.332 

106.434 

SIP. 8 9 4  

RAD I G  S 
OF SPHERE 

31.682 

28.935 

23.72 1 

19.707 

19.CP6 

20.6n0 

23.423 

27. 4 1  7 

35.434 

52.666 

22.416 

2@. 4 4 1  

16.525 

13.581 

13.162 

14.498 

16.6r2 

19.672 

25.516 

39.007 

THI C KNE SS 
OF S L A B  

I cn, z- 
Tu ------- -- 

23.81 @ 

21.643 

16 .750 

13.287 

13.C.64 

14.83 4 

3 7 . 3 4  

2 i . 7 9 0  

29.83 5 

4 7 e P 7 6  



WATER/ FUEL 
VOLa R A T I O  

---..-_---_ 

D e  1027 

1 . 0000 
2.0000 

4.0000 

8 . 0000 
i2.0000 

16.0000 

20. no00 

25.0000 

39. 0000 

AV. FUEL 
DENSITY 
( G M l C C  1 .. --- --- 
9.011 

4.968 

3.312 

1.987 

1. LO4 

0.764 

0.584 

0.473 

0.382 

0.321 

TYPICPL LMFBR CORE DISCHARGE FLEL NO NITRATE O R  SS-316 INF. MATER REFLECTOR 

16.0 WT. PCT. PU02 I N  I U + P U l O 2  RODS AT 3.26 IN. D I A +  

ISOTOPIC COYPOSITIONS (WTePCTa 

PLUTONIUM-238r239,24O~242/ l.OC,60.OQ~27r@0, 7000, 5ar10 

URANIUM-2357 238,' O.20199.80 

H TO PU 
R b T I O  

------e 

1-92 

1 8 0 7 t  

37.53 

75.0t 

150.11 

225.17 

300.23 

375.2E 

469.1C 

5t2.92 

Y- I N F  I N I  TY 

---- - ----- 
1.3819 

1.2432 

1.3068 

1.4053 

1.4377 

I. 3917 

1.3212 

1.2484 

1.1603 

le0792 

SAFE 
BUCKL I YG 
(H**-2I 

75.126 

95.434 

128.256 

176.978 

18 5.694 

168.529 

141.457 

114.339 

80.911 

49.942 

M IGRATICN 
AREA 
(CM**21 _----- 
601513 

32.339 

29.2.54 

23.012 

27.645 

27.589 

27 .543  

27.477 

27.365 

27.2 29 

EXTRAP. M A S S  OF VOLUME RADIUS RADIUS OF THICKNESS 
DISTANCE PLUTONIUM OF SPHERE OF SPHERE CYLINDER OF SLiii3 

(CM I (KG) L C M l  (CM I ( C H I  ( L I T E R S )  +- 
W -------- ---_----- --------_ o-------- --_-_---- __-_--_-_ 

29.517 7.864 121.786 95.758 23.38 1 

7.292 45.162 64.40 5 24.86 6 170326 17.574 

6 .  9 71 17.543 371 526 20.769 14.2 65 130798 

6.420 6.411 22.858 17. 6Q 5 11.972 11.185 

5.952 3.2b5 2c. 954 17. 11)3 11.647 11.151 

5.766 2.831 26.239 18.434 12.760 12.668 

19.883 

5.669 3.C68 37.195 20.70 a 14.5 23 15.@3 S 

5.622 3.752 56.184 23.760 16.871 18.138 

5. 603 5.697 105. 611 29.32 3 21.134 23.720 

5.590 11.125 245,904 38.865 28.442 33.275 



WATER/FUEL 
VOL. RATIO 

---------- 
9.1027 

l . e )OOQ 

2.0000 

4.0003 

8.0000 

12.0000 

16.6000 

23.0000 

25.0000 

3D.0000 

AV. FUEL 
OENSIIY 
i GM/CC! - --- - _- 
9.011 

4.968 

3.312 

1.967 

1.104 

0.764 

0.584 

0.473 

0.382 

0.321 

T Y P I C A L  LFIFBR CORE DISCHARGE FUEL NO NITRATE CR 55-316 I N f .  HATER REFLECTOR 

16.0 kT. PCT. PU02 IN (U*PU1CZ RODS AT 0.18 IN. O I A .  

H TO PU 
RATIC 

- - -- --_ 
1.93 

P8.7C 

37.52 

75.6t 

150.11 

225.17 

3C0.23 

335.21 

469.10 

562.92 

K- IN F I N I  TY 

I. 3810 

i.2202 

I. 2709 

8 .  3736 

1. 4414 

1.4286 

1.3880 

1.3375 

1.2713 

a. 2061 

HAT E R i AL 
BUCKLING 

[ M 4 * - 2 )  
_____I__ 

62.9 87 

58.539 

93.491 

134.819 

161.155 

156.497 

i41.580 

i23.175 

99. I04 

75.447 

C R I T I C A L  PARAMETERS (KEFF.=1.0 
+ * * 9 4 4 ~ * 4 3 4 * 4 4 * + * * 4 * 4 4 ~ ~ ~ ~ ~ ~ ~ ~ * ~ ~ * ~ ~ ~ 4 ~ ~ ~ 4 ~ + ~ * + ~ ~ ~  04c ** 

RADIUS RADIUS OF T H I C K N E S S  VOLUME MIGRATION EXTRAP. M A S S  O F  
PREP DISTANCE PCCVSNIUM CIF SPHERE OF SPEERE C Y L l S i D E R  OF S L A B  

ICH4 ( K G I  ( L I V E H S L  [CX)  ICMI I CHI  c (CM**21 
-c -..------- -_------ ----- ---- ----- ---- ----_---_ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _  

60.463 E.262 163.705 928.719 31.322 22.041 23.?63 

32.123 ?.?24 81.C89 115.641 30. 2 2 3  21.326 22.499 

29.000 7.3 56 31.145 66.624 25.149 17.527 17.79 2 

27.7CQ 6.711 9.895 35.279 20.346 14.nC2 13.63 5 

27.3e7 6.143 4.203 26.973 10.664 12.802 12.461 

27.3f7 5.906 3.20 2 29.681 99.207 13.3 19 13.33 1 

2 7. 4c 5 5.7 82 3. P 31! 36.727 2C. 62 1 i6.43P L4.838 

27.463 5.705 3.230 48.364 22. 60 2 i5.955 16.897 

27.372 5.6 54 3.927 72.902 25.903 36.504 23.249 

27.316 5.629 5.397 3.19.3Ci6 30.539 22.@59 24.910 



WATER/ FU EL 
VOL. 4ATl i3  

----- --_- 
3 .1029  

l .0Q00 

2.0000 

4.0000 

8.0000 

12.0009 

16.0000 

20.0000 

25.0008 

3 ~ ,  oaao 

AV-FUEL 
DENSITY 
t GM/CC J ------- 

9 r 3 1 1  

4.968 

3.312 

1.9 87 

1.104 

0 1 7 6 4  

0.5 84 

c. 4 7 3  

0.382 

c o  3 2 1  

TYPICAL L M F E P  CORE DISCHARGE FUEL NO NITRATE OR 5 5 - 3 1 6  INF. WATER REFLECTOR 

16.0 kT. PCT. PUO2 I N  (U+PUiO2  RODS bT C.18 Iho D I A .  

LSOTOPIC COMPOSITIONS IWT.PCT. I 

PLUTONIUM-238 9239 v 241) v 2 4 1 , 2 4 2 /  1.04 ~60.O0127.QO, 7.00 9 5,nO 

UR A N I UM- 2 35 9 2 3 8 /  0.2 QI 99.8C 

H TO PU 
RATIG 

------- 
1.92 

1807t 

37.5 3 

75.CC 

150.11 

2 2 5 r  1 7  

300.22 

375.28 

469.  l a  

562.92 

rJ I  TY 

---- 
1. 3R!O 

1.2202 

1 .2709 

1.3736 

1 .4414 

1 .4266 

1 . 3 ~ 1 3 0  

1.3375 

1. 2713 

1.2061 

SAFE 
B U C K L  I NG 

{ # * * - 2 l  -------- 
7 5 , w l 4  

88.530 

116.466 

160.999 

188.854 

163.951 

168.237 

148.864 

123.548 

9Ba 6Eb 

60.4E3 

32.123 

29, OOC 

27.7C9 

27.3e7 

27.3 87 

27.4C.5 

27.40 3 

27.372 

27.3 I 6  

EXTRAP. 
DISTANCE 

( C M )  
- - - - - - -q 

8.262 

3.724 

7.3 58  

6.711 

6.143 

5.906 

5 - 7 8 2  

5.705 

5.654 

5.429 

HAS5 OF 
PLUTON I UM 

f K G I  
--------* 

117.105 

49.654 

26.155 

6.915 

3.C150 

2.322 

2.166 

2,253 

2.61 1 

3.329 

VOLUME 
OF SPHERE 

( L I T E R S I  
* - - - - - - -- 

9 2 i n 7 9  

m. 8 1  2 

43.114 

24.655 

19.57 1 

21.529 

26.259 

33.732 

46.413 

73.582 

RAD I U S  
OF SPHERE 

( C M I  -_---_--- 
2 8 1 Q 1 3  

25. 645 

21.753 

18.055 

16.718 

17.257 

1 8 . 4 3 9  

20.1144 

22.609 

25.995 

RADIUS OF 
CYLINDER 

( C M )  - - - -- -- - 
l Q e 5 r 8  

27.836 

1 4 - 9 2 7  

12.249 

11.35@ 

11.826 

12.760 

14.097 

15.983 

1 e s 5 e i  

THICKNESS 
OF S L A B  

( C M )  +- 
u ------- -- 

14.?5? 

17.941 

14.39 5 

11.345 

16.57 5 

1 1 , 3 5 2  

12.65 b 

14.33 5 

16.95 5 

29.3b6 
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HATER/ FUEL 
VOL. RATIO 

---- - --- - 
3.1027 

1. 0 0 0 0  

2 0000 

4.0000 

8.6000 

120 0000 

16.0000 

20.9000 

25.0000 

30.0000 

AV.  FUEL 
DENSITY 
{ G W C C  I 

S.O1l  

4.968 

3.312 

1.987 

l i 1 0 4  

0.764 

0.5 84 

c. 4 7 3  

‘2.382 

0.321 

TYPICPL LMFBR CCRE CISCHARGE FUEL NO NITRATE OR S S - 3 1 6  I N F .  WATEP. REFLECTOR 

16.0 WT. PCT. PUG9 I N  (V+PUtO2 RODS AT 0.10 IN. DIAI 

K - I N F I N I T Y  SAFE 
EUCKL I NG 

( M**-2 I 

1. 38C.1 

1. 1950  

1.2263 

I .  3222  

1. 4166 

1.4366 

1.4254 

L . 4 O Q 1  

1.3595 

1.3152 

74.8 89 

84.835 

101.426 

143.407 

181.784 

184.234 

184.406 

174.228 

158.299 

141.C92 

60.4 52 

30.357 

2E. 6 l Q  

27.322 

27.0 17 

27. Ot 5 

27.131 

21.1s2 

27.232 

21.247 

EXTRAP. M A S S  OF VOLUPE RADIUS RADIUS OF THICKNESS 
GISTANCE PLUTONIUM OF SPHERE OF SPHERE CYLINDER OF S L A B  

(CMI (KG) ( L I T E R S )  ( C M I  I C M 1  ( C M )  - 
4 ___-__-_ --------- --------- ---_----- -p___s--- --------- 

8.785 f l l . C l 2  87.285 27.51 8 ?9*0G4 18.934 

18.95? 7.576 54.852 78.225 26.531 18.534 

7.896 24.764 52.975 23.29 a 15.984 15.433 

7.139 6.180 29.165 19.095 12.944 11.957 

br 4 33 3.132 23.103 16. 8 6 8  I l r 4 6 4  12.434 

4.126 2.1Q9 19.548 16,711 11.356 1c.5e5 

5.958 1.751 21.229 17, 177 11.753 11.219 

5.8 53 1.617 24.21 5 17.947 12.367 19.094 

5.769 1.599 29.65C 19.201 13.346 13.432 

5.7 13 1.689 37.344 26.735 14.534 1 5 . ~ 2 2  



WATER/FUEL 
VGL. R A T I O  

_____--_- - 
D. PO27 

1.0000 

2.000'3 

4.0000 

8.0000 

12.0000 

16. a000 

20.0000 

25.0605 

31). 0 0 0 a  

AV. F U E L  
D E N S I T \ '  
t G M / C C )  - - - - - - - 
9.011 

4.968 

3.312 

1.9 87 

I. a '64 

9.764 

0.5 8 4  

0.473 

G. 382 

0.321 

TYPICAL i M F a R  C O K E  D I S C H A R G E  FLIEL NO N I r R A T E  O R  S S - 3 1 6  :NF. WATER r ( E F L E C T 0 R  

16.0 WT. PCT. Pb02 I Y  (U+PUIG2 RODS AT 9.0 IN. D I A .  

I S O T O P I C  C O M P O S I T I O N S  IWT. PCT. 1 

PLUTC41UY-238,239 1 2 4 0  2411 2 4 2 /  9.01?, 60 009 127.r)O 5.00 

URANILK-235, 2 3 8 1  3.20799. A0 

H TO P U  
R a T I C  

-----3- 

1.93 

18.76 

37.5? 

75.66 

I5O.11 

2 2 5 e 1 i  

3 t 0 . 2 3  

395.28 

469.  &Q 

562.92 

K- I N F  I b!! TY 

_ _ _ _ _ _ _ - _ _  

1.3794 

1.1623 

1. i 554 

1. 2053 

1.2762 

1.3680 

1.3196 

1.3199 

1.3113 

1.2S6-7 

M A T E R 1  AL 
B U C K L  I NS 

1:M+*-2l _ _ _ _ _ _ _  - 
62.7 87 

51.393 

55.167 

77.226 

105.  $ 5 4  

l i E .  29b 

122.467 

122.267 

i 1 6 . 5 8 2  

112.710 

M I G R P T I C N  
A R E P  

I cay* * 2  1 ------___ 
60.4 19 

3 i . 5 E 2  

28.166 

26.5e5 

26.064 

26.C38 

26.054 

26.166 

26.252 

26.320 

C R I T I C A L  P A R A M E T E R S  1KEFF=l. I ,  I 
ii +* li 4 4 li* t 3 8 4.4 4 4 44 4. +* 43 4* 9 4 3** 84. 8 4 8 4 8 8 8 4 4- ii 4.4 0 + * 8 4. 4 ri 4.i: +* 

EXTRAP. M A S S  OF VOLUME R A D I J S  R A D I U S  OF T H I C K N E S S  
D I S T A N C E  PFLITONIUM CF S P H E R E  OF SPI-IEqE C Y L I N D E R  0' S L P B  

i 2 V l  (YG, < L I T E R S #  ( E M !  i c y  I < C H )  
4- 
a3 

----- _ _ _  _--- -__-- ---_ ___-- ------- _ _  ------ --- ------- -- 
9.605 144.441 113.572 30.042 20.746 20 .436 

9.264 121.231 172.888 34. 5 5 9  24.2 84 25.295 

8.8 80 73.072 1 5 6 . 3 1 4  33.41 7 23.50d 24.537 

8.1CO 24.833 88.537 27. 64cj 19.2 67  19 .549 

7.265 8.294 52.651 23.25: Z6.096 1 5 .  Qe 6 

6 . 0  52 4. E 3 3  44.799 22.03 2 15.2 60 15.1BO 

6.600 3.534 43. 3 2 6  15.132 15 .YED 21.780 

6.432 2. ?7C 44.476 21.930 15.398 15.547 

6.281 2.597 46.146 22.56 b 15.804 1 6 . 2 8 7  

6.173 2.434 53.796 23.41 a 16.480 17.21.5 



WATER/FUEL 
vm. R A T ~ O  

---------- 
3.1027 

1.0003 

2 OOOG 

4.0080 

8.0000 

12.0040 

16.0030 

2D. 0 0 0 0  

25.0'200 

30. oooa 

AV. FUEL 
GENS I T Y  
(GM/CC 1 -_----- 

S I D l l  

4.968 

3.312 

1.987 

1.104 

a. 7 6 4  

0.584 

0.473 

0.382 

Oa321 

TYPKCPL LMFBR CORE DISCHARGE FUEL NO N I T R A T E  O R  SS-316 INF. WATER REFLECTOR 

16.0 NT. PCT. PUOZ r N  ( U + P U ) O Z  R O D S  AT 0.0 IN. DIA. 

H I@ PU 
GATlC 

------ - 
1.53 

18.7 6 

37.53 

7 5 - 0 6  

15'2.11 

2 2 5 0  17 

360.23 

315.2e 

4t9.LC 

562.92 

ISOTCPIC C O M P C S I T I O N Y   TI PCT. 8 

PLUTONIUM-238,239 9 240 9 2 4 1 9  242/  1 . 0 0 , 6 0 ~ 0 d ~ 2 7 ~ 0 0 ,  7.80 p 5.@0 

URANIUM-235,238/ 0.201 99.8Q 

K- I NF I & I  TY 

-- -- - -- 
1.3794 

1. 1623 

Ir 1554 

1. 2053 

1.2762 

1.3089 

1.3196 

1.3199 

1.31 13 

1.2967 

S A F E  
BUCKLING 

( M * * - Z l  -------- 
74.803 

70.763 

76.7 57 

lcIl.038 

131.755 

144.737 

149.082 

148.816 

144.871 

138.632 

MIGRATICN 
ARE b 

(CM**2) --------_ 
60.4 19 

31.5E2 

28.166 

2 6 . 5 E S  

26. C64 

26.C38 

26.994 

26.166 

26.252 

26.328 

EXTRAP. 
0 f ST A k C  E 

( C M I  ----_-__ 
9.605 

9.264 

8.8 BQ 

8.100 

7 2 6 5  

6.852 

be 600 

6 r 4 3 2  

6.2 81 

4.173 

MASS OF 
PLUTON! UM 

( K G I  --------- 
1C1.609 

65.050 

38.451 

14,569 

5.364 

3.229 

2.419 

2.018 

l a  7 5 9  

1.635 

VOLUME 
OF SPHERE 

( L I T E R S I  --------- 
79.894 

92.768 

82.252 

51.942 

34.c37 

29.932 

29.322 

9 . 2 1 1  

32.612 

3 6 ~ 1 3 2  

R A D I U S  
OF SPHERE 

( C H I  -- ------. 
26.71 8 

28.083 

26.979 

23.146 

20.104 

19. 2 b i  

1s. 130 

19.32 1 

19.820 

20.50 9 

RADIUS O F  
C Y L I N O E R  

( C M I  

18.202 

19.326 

18.571 

15.820 

130687 

13.139 

13.n97 

13.283 

13.700 

14.2 53 

THICKNE 55  
OF SLAB 

( C M I  _-_----__ 
17.11 3 

18. El 9 

18.099 

1 5 . C 4 6  

12.839 

1 2 * 4 3 9  

12.529 

12.889 

13.53 e 

14.33 5 

c w 



h A i E  R / F U  E i 
VOL. P A T I O  

D. 1 0 2 7  

1.3000 

2.00DD 

4.00DQ 

8.0000 

12.0030 

l6.0003 

20.0000 

25.0800 

30.6000 

AV. F d E L  
D E Y S  I T Y  

G M / G C  I ------- 
8.994 

4.959 

3.305 

1.984 

1.202 

0.953 

0.5 83 

0.472 

0.381 

0.3 2G 

T Y P I C A L  L H F B R  C O R E  D I S C H A R G E  F U E L  NO N I T R A T E  OR 55-316 I N F .  WATEP R E F L E C T O R  

12.0 w.r. PCT. P U O ~  I N  (U+PUIOZ RODS A T  0.26 IN. DIA. 

I S O T O P I C  C C M P O S I T T O N S  (WT.?CT. 3 

P L U T C N I U M - 2 3 8 ~ 2 3 9 , 2 4 0 1 2 4 1 ~ 2 4 2 /  1.00,6D.0n12i'.001 7.COl 5.PF 

'JR A N I UM- 2 3 5 2 3 8 /  0.2 0 99.80 

H TO Pei 
R A T I O  

-- ---- - 
2.51 

25.0t 

50. I 2  

100.23 

2C0.47 

3cc.7c 

400.53 

5C1.17 

-520.46 

751.75 

K - I N F I N I T Y  

-- -------- 
1.2234 

i. 1915  

I. 2847 

I. 3910 

a. 4 1 3 7  

1. 3 570 

1.2522 

1.2655 

2.1148 

1.6325 

,!4ATEF!i AL 
B U C K L I N G  

( M * * - 2 $  -------- 
36.723 

58.999 

96. SC7 

138.732 

149.038 

l 2  9. C 90 

l02.356 

74.807 

42.006 

11.578 

t;p. 8 3 4  

32.451 

29.465 

28.111 

27.758 

27.6 5 7  

27.575 

27.4 77 

27.332 

27. I 6 9  

8.5 87 

7.519 

7.691 

6.426 

5.939 

5.754 

5.670 

5.633 

5.608 

5.622 

M A S S  UF 
PLUTONIUM 

( K G )  ---- - ---- 
322.770 

80.626 

22.556 

7.3563 

3.790 

3.554 

4.23: 

6.053 

13.32 1 

87.589 

3 39.e00 

153.586 

64.451 

34.766 

32.488 

43.973 

68.50 1 

121.075 

3 29.8R 8 

2586.182 

R A D  I U S  
OF S P H E R E  

43.25 5 

33.22 2 

24.872 

20.247 

113.795 

2:. a s t  

25.383 

3C. 6 8 9  

42.864 

85.151 

3 i . i e n  

23.632 

17.398 

13.993 

13.961 

15.413 

13.102 

22. i 7 3  

31.499 

63.8 6 8  

THI C K N E  SS 
OF S C A B  

I C M l  u --------- 0 

? 4 . E t @  

25.543 

17.98 1 

13.82 1 

13.856 

16.142 

19.71 3 

25.C56 

37.25 6 

79.52 9 



WATER / FUEL 
VOL* RATIO 

---------- 
0. IO27 

1.0000 

2.0000 

4.0000 

8 ,  0000 

1Z.OQOO 

16eOGOO 

20e08G0 

25.0000 

300 0900 

AV. FUEL 
D E N S I T Y  
t G M I C C  I 
--*---- 

a. 494 

4.959 

3.306 

1.964 

1.102 

0.763 

Go 5 83  

0.472 

0.381 

O r  3 20 

TYPICPL LMF8R CCRE OISCYARGE FUEL NO NITRATE SF: 55-?16 I N F .  WATER REFLECTOR 

12.G CT. PCT. P U O l  I N  ( U + P U ) O Z  ROO5 AT 0.26 IN. DIA. 

H TO P U  
R L T I C  

-- 
2.57 

25.C(: 

SO. 12 

1CO.23 

2C9.47 

3CO.7C 

4 C O e  5 3  

5~11.17 

626.46 

751.75 

K- I N F  I N i  TY 

-------- -- 
1. 2234 

1.1915 

1.2 847 

1. 3910 

1.4137 

l r  3570 

1.2822 

1.2055 

1.1148 

1.0325 

S A F E  
BUC KC I NG 

( ~ * 4 - 2 1  -------- 
47.307 

78.323 

119.553 

164.710 

175.843 

154* 914 

126.830 

97.899 

43.474 

31.583 

MIGRATION 
AKEP 

l C M * * 2 1  - - -- ---- - 
60.834 

22.451 

29.465 

28.1El 

27.758 

27.6 57 

29.515 

27.477 

21.332 

27.109 

EXTRAP. 
D 1 STANCE 

(CM t -------- 
8.587 

7.679 

7.9 91 

b.L.26 

5.939 

5 r 7 5 4  

5.670 

5.633 

50 488 

5 e b 2 2  

M A S S  OF 
P LUTUN I UM 

(KGt 
--------c 

203.478 

47.343 

lA.859 

5.175 

2 * 7 3 4  

2r  503 

2.840 

3.731 

6 .546  

17. bbO 

VOLUME 
OF SPHERE 

( L I T E R S )  ------- -- 
2 1 3 0  709 

90.185 

42.457 

24.646 

23.434 

30.995 

45.992 

74.620 

162.097 

5 21 e 4 3 8  

RADtU5 
OF SPHERE 

( C M )  
---I-_--- 

37* oes 

27. 81 s 

21.641 

18.?'53 

17.752 

1 9 c  486 

2 2 . 2 2  6 

26.11 8 

33. E24 

491 9 3  I 

R A D I U S  OF 
CYLINDER 

( C M I  

26,3 eo 
19.496 

14.965 

12.314 

12.197 

13.568 

15.665 

18.673 

240 5 1 9  

3brS1C6 

THICKNE 5 s  
OF SLAB 

f C M t  
---I--- -- L1 

I- 
28.5C2 

27.141 

14.55 i 

11.628 

11.813 

13.732 

16.557 

2 9 - 4 8  5 

28.216 

44.33 5 



WATER/  FS EL 
VOL. R A T I O  

_--_-___-_ 
3.1027 

1 . oaoo 
2.0000 

4. coo0 

8. 0800 

32.0008 

16.0000 

2G. 0000 

25.aoao 

3c. 0000 

AV-FUEL 
GENS dTY 
( G M / C C l  
-IT---- 

8.994 

4.959 

3.306 

1.984 

1.102 

0.763 

3.593 

C. 472 

0.381 

0.320 

T Y P I C P L  L M F B R  C i R E  D I S C H b R G E  F U E L  NO N I T R A T E  OR 55-316 INF. W A T E R  P E F L E C T O R  

12.0 WT. PCT. P U 0 2  I N  ( U + P U J 0 2  PODS A T  C.18 IN. D I A .  

H TO P U  
R P T I C  

------_ 
2.57 

25.CE 

50.32 

9c0.23 

2W.47 

3CO.7C 

4CO. s 3  

5Gl. 1 3  

626.46 

751 .75  

- - - - -_- _- 
1.2224 

1.1679 

3.2565 

1.3637 

1.4219 

1.3966 

1.3473 

1.2904 

I. 2183 

3. a493 

M A T E R  I AC 
B U C K L I N G  

I M * * - 2 )  - - - - - - -_ 

36.573 

52.122 

85.826 

130.3E4 

152.966 

i44.3 10 

126.434 

105.953 

79.769 

54.7 50 

M I G R A T I O N  

(CM**29 
A R E b  

--------- - 
60.799 

32.222 

29. 3 E4 

27. e 5 3  

27.523 

27.4E4 

27.465 

27.432 

27.366 

27.278 

C R I T I C A L  P A R A M E T E R S  (KEF'=',.')) 
+ $ 4 $ 4 4 4 ~ t t 4 4 ~ u 4 ~ 4 + 4 ~ ~ ~ ~ ~ 4 % ~ ~ 4 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 4 t ~ 4 ~ * ~ ~ + ~ ~ 4 ~ ~ ~ ~  

EXTRA?.  M A S S  3F  VO L U M  E R A 3 I L ; S  R A D I U S  OF T H I C K N E S S  
D L S T A N C E  P L U T O N I U M  CF SPHERE OF SPHERE C Y L I N D E R  OF S L A B  

( C N )  ( K G I  I L I T E R S )  I C M I  I c n )  f cn1 

9.032 315.240 331.~9~ 42.914 30 7 36 33.884 

Lri 
Iu 

-------- ----_--__ ---______ - ---_---- _ _ _ _ _ - _ _ _  _ _ _ _ _ _ - _ _  

27.236 6.139 97.348 L35.44r) 35.376 

3.470 27.098 77.431 36.490 18.97 1 26.44 1 

6.691 7.94c 37.813 20. 8 2 2  14.371 14.13 I 

6.9 08 3.510 30.C84 19.294 13.338 13.186 

25.173 

5.879 2.619 34.960 20 .273  14.141 14.394 

5.762 2.822 45.692 22.17a 15.627 15.41 6 

5.6 95 3.210 64.204 24. 840 17.681 19.146 

5.6 56 4.350 107.725 29.51 7 21.270 23.860 

5.631 7.6'85 209.209 36. 827 26.072 31.196 



HATER / FUEL 
VOL. RATIO 

-- -- 
2.1O27 

1 . DO00 

2 0 0 0 0 0  

4.89C0 

80 0090 

12.0000 

16. @000 

20.00D3 

25.0600 

30. oooa 

AV. FUEL 
DENSITY 
f GM/CC 1 

8.994 

4.959 

3.306 

1.984 

l e  102 

0.763 

o. 583 

Go472 

0.381 

0.329 

TYPICAL LMft3R CORE DISCHARGE FCIEL NO NITRATE OR SS-316 INF. WATER REFLECTOR 

12.C MT. PCT. PUO2 I N  IU+PU1O2 RODS AT 0.18 IN. D I A .  

I S O T O P I C  CCMPUSITIGNS 1WTcPCT. t 

PLUTONIUM-238 9239 9 240 9 2411 2 4 2 f  1.QO t 60.00 9 27.OO1 7.009 5e'?@ 

URANIUM-235,238/ 0.209 99.80 

H T f l  P U  
@.$TIC 

- - ---- - 
2.57 

25.06 

50.12 

100.2 3 

200.47 

3c0.7a 

400. 5 3 

5C1. 17 

6 2 6 . 4 6  

751.75 

K - I N F I N I T Y  

---------- 
1.2224 

1.1574 

1.2505 

1.3637 

1. 4210  

1.3966 

1.3473 

1.2944 

1. 2183 

I r  1493 

SAFE 
BUCKC ING 

( M O S - 2 1  _ _ _  _---- 
47.154 

71.199 

108.379 

156. 115 

180.133 

17 1.055 

152.251 

130r6ll 

103.20') 

76.927 

MIGRATION 
A R E A  

I C M * * Z 1  --_------ 
to. 7 9 9  

32.222 

29.1E4 

27. 893 

27.523 

27.4E4 

27.46 5 

27.422 

27.366 

27.278 

EXTR AP. 
DISTANCE 

( C M 1  ----_--.. 
9+032 

8" 1 3 9  

7.479 

6.691 

6.108 

5.879 

5.762 

5.695 

5.658 

5.631 

MASS OF 
P LUTONI Ut4 

( K G I  --------- 
1 9 . 4 2 7  

54.164 

17.154 

5.52 6 

2.530 

2.c20 

1.978 

2.168 

2.729 

3.903 

VOLUME 
OF SPHERE 

( L I T E R S 1  - -- - -- - -- 
207.354 

103.139 

49.643 

26.31 a 

21.687 

25*0€'9 

32.020 

43.364 

67.573 

115,236 

RAD IUS 
OF SPliERE 

( C H )  
---A- -.. -- 

36.71 8 

29.c92 

22.7C7 

18.452 

17. 3Q0 

1 8 c  141 

19.699 

21.794 

25.267 

30. l a  e 

RADIUS OF 
C Y  L I ?J DER 

( C H )  -_------- 
2 5 0 9 9 1  

20.363 

15.532 

12.557 

11.811 

12.509 

13.729 

15.349 

18.617 

21.790 

THICKNESS 
O f  SLAB 

( CMt -----_- -- u 
W 

27.085 

2 9 . 9 5 3  

15.237 

11.761 

11.192 

12.262 

13.937 

16. ZPC 

19.61 0 

24.557 



WATER / FUEL 
VOL. RATIO 

---------- 
3. 1 0 2 7  

:.€IO00 

2.0603 

4.0000 

8.0000 

a 2. QOOO 

P 6-17 OD 0 

20.0000 

25.0090 

30.0030 

AV. FUEL 

t G M / C C  I 
DENS r T Y  

------- 
8,994 

4.950 

3.366 

1.9 54  

3.102 

0.763 

0.553 

0.472 

0.381 

0.321) 

TYPICAL L M F B R  C@RE DISCHARGE FUEL NO NITRATE OR S S - 3 1 6  INF. WATER REFLECTOR 

12.1) M?. ?CY. PU02 I N  !U+PUI02 RaDS AT 0.19 IN. D I A .  

ISOTOPIC COMPOSITIONS (WT.?CT. 1 

P L U T C N I U M - 2 3 H v 2 3 9 r 2 4 0 v 2 4 2 /  1.90~6b.00r27.CQv 7.0Ov 5.00 

URANIUM-2?5,238/ 0.20v99.8C 

H TO PU 
RBTIC 

------- 
2.57 

25.C6 

50. I 2  

180.23 

2'20.47 

3C0.7f 

4co. 5 ? 

501.19 

626.46 

7 51.9 5 

K- I AiF k N I  TY MATERIAL 
BUCKL I NG 

I M t 4 - 2 )  -------- 
36.424 

44.514 

71.953 

115.323 

14.5.1ao 

I501 s48 

141.913 

129.016 

110.690 

91.848 

Y I GR A T I O N  
ARE b 

( fM**2 !  --------- 
60.762 

31. S17 

28. e54  

27.521 

27. 9 E l  

21. I S 5  

27.235 

27.260 

27.266 

21.2 48 

CRITICAL PARAMETERS (KEFF=1.0 t 
~ 4 4 4 $ 4 t t t t ~ ~ t ~ ~ 0 ~ ~ ~ 0 ~ ~ ~ 4 ~ ~ 4 ~ ~ $ $ ~ 4 4 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~  

SXTRAP. M A S S  i3F VOLUME RADIUS R A C l U S  OF THICKNESS 
DISTANCE PLJTONIUM OF SPHERE OF SPHERE CYLINCER OF SLb5 

( C M )  t Y G )  I LITERS)  ( C M I  I CM ( C Y !  -_______ _ _ _ - _ _ _ _ _  -------_- --------- ------ --- --------- 
9.580 3P5.596 320.962 42.474 30,2 69 32.694 

5.720 124.192 236.576 3s. 367  27,327 29.647 

7.977 35.970 102.782 29.059 20.375 21.08 1 

3.071 9.601 45.72 5 22. p a 3  15.324 15.112 

6 . 3  5 5  3.599 30.852 19.457 'i5.434 13.399 

6.@66 2.527 31.283 39.547 13.542 13.41'1 

5.910 2.216 35.858 20.46 2 14.279 14.553 

5.0 15 2.383 43.660 2 7.. 8 4  4 15.359 16.029 

5.739 2.334 58.78 B 24.12 P 17.120 10.382 

5.699 2.818 E3.2ec 27.082 19.396 21.353 



UATER/FUEL 
VOL. RATIO 

-- -- - ----- 
3.1027 

1 aoao 
2.0000 

4. 0000 

8.0000 

12r0000 

16.0000 

20. oaoo 
25.0008 

30.0000 

AV. FUEL 
DENSITY 
[ GM/CC) - --- --- 

00 994 

4.959 

3.306 

1.964 

1; 102 

0.763 

0.583 

0.472 

0.381 

Or 3 20 

TYPICAL LMFBR CORE OISCHARGE FUEL NO NITRATE OR SS-316 INF. MATER REFLECTOR 

12.0 WT. PCT. PUP2 I N  (U+PUlO2 RODS AT 0.10 IN. DIA. 

H TO PU 
RCTIC 

------- 
2.57 

25.06 

50.12 

100.2: 

200.47 

3CO.?C 

4C0.93 

501.17 

626.46 

751tb75 

K- I i‘j F I N I  TY 

---_--- --_ 
1.2213 

1.1423 

1.2076 

1.3174 

1.4026 

1.4091 

1.3865 

1.3517 

1.3018 

1.2503 

SAFE 
GUCKL I EGG 

( W 4 - 2 )  
------I- 

47.003 

63.316 

93. 980 

140.516 

175.269 

177.711 

168.704 

155.113 

135.818 

11 5.957 

M IGKATION 
AREA 
(CM442) -_------ - 
60.762 

?I* 577 

28.8 54 

27.521 

27.1al 

27, ic5 

27s 235 

27.260 

27.266 

27.248 

9.5s ie9.871 

8.720 64.010 

7.977 21.371 

7.971 6.453 

6.3 58 2.562 

brO66 1.813 

5.910 1.580 

5.8 15 1.531 

5.739 1.616 

5.699 1. a34 

VOLUME 
SPHERE 

LITERS1 ..-------- 
i99.4ia 

121.934 

61. P67 

30.731 

21.962 

22.451 

25.577 

30.632 

40.P12 

54.158 

36.243 

30.76 2 

24.42 9 

19.431 

17.372 

17.50c 

18. 278 

19.4l.C 

21.21 8 

23.47 1 

25.499 

22.505 

16.8 31 

13.2 17 

11.8CIY 

11 e975 

12.607 

13.496 

14.847 

16.632 

THICKNE SS 
OF S i A B  

< t v t  
---I --- -- wl 

Wl 

26.663 

22.042 

16.45 1 

12.360 

11.c15 

11.434 

12.368 

13.596 

15.479 

17.77 2 



kATE R / FU EL 
VOC. R A T I O  

---------- 
0. I O 2 7  

1.0030 

2.0000 

4.9000 

a.0090 

12.3009 

16.4063 

20.0030 

25.0000 

33.0000 

AV.FUEL 
D E N S I T Y  
f G M / C C  I ------- 

8.994 

4.9 59  

3.3C6 

1.084 

1.102 

0.763 

0.5a3 

0.472 

4). 3 81 

C. 3 25) 

SYPlCPL LMFSR C O R E  DISCHARGE FUEL NO k IT9ATE O R  5 5 - 3 1 6  INF. WATER REFLECTOR 

12.0 WT. PCT. PU02 I N  (U+PU)02  R O D S  AT C.0 IN. D I A .  

H TO PU 
R A T I O  

- - __ - - 
2.57 

25.06 

50.12 

300.23 

200.47 

300.7C 

4t0.5_3 

511.17 

626.4C 

7 51.7 5 

X- I X F 1 M I  TY 

____-_--_- 
1. 2206 

1. i c a 6  

1.1377 

1.2073 

1. 2767 

1.2982 

i. 2988 

1.2eE7 

1. 2683 

1. 2433 

MATER!AL 
BUCKL I NG 

( P i s * - L !  
---_c--- 

36.330 

34.3 16 

46.602 

77.550 

165.320 

193.688 

113e 727 

1 0 9 e  668 

IOB. 645 

91.9S6 

M I GR A T Y 0 N 
A R E b  

(CM**2I --------- 
60.726 

: i . t 52  

26.34P 

26.754 

26.268 

26.229 

26.291 

26.327 

26.394 

26.447 

-. 

CRITICAL PAqAMETERS (KEFF=1.0! 
+ ~ + * + 3 , = t t * t 3 * * * * * * 4 ~ ~ * ~ , 4 * ~ * * * * , ~ * * * t * * ~ ~ * * ~ + ~ * * ~ ~ 4 ~  ** 

EXTRAP. Y A S S  3 F  VOLUME RADIUS RADIUS OF T H I C K k E S S  
D I S I A K E  PLUTONIUM OF SPHEKE OF SPHERE C Y L I N C E P  CF S L b B  

( C M )  BKEI I E I T E K S )  (CM) I C M )  ( C ” I  Lr m -------- -_---_-_- _ _ _ _ _ _ _ _ _  -------- - --_------ ------_ -- 
10.372 290.230 304.823 41.750 29.5 2 9  31.378 

9.612 187.532 357.236 44. 017 31.443 34.4: 5 

8, E 68 69.517 196.639 36.146 25.630 27.32 a 

7.9C2 18.935 9 C o  173 27. 81 8 19.443 19.91 c: 

7.P 58 6.386 54.741 23. 554  16.377 16.497 

0.671 4.000 49.503 22.793 15.8 85 16.12 3 

6.443 3.154 51.072 23. Dl 6 16.169 16.573 

6.3:s 2.731 55.62 5 23.68 1 >6. 6 47 17.362 

6.164 2.642 65.427 24.997 17.691 18.833 

6.670 2.6Q5 79.584 26.604 19.0c4 20.61 3 



I.IATER/FUEL 
VOL. RATIO 

___--_---- 
3.1027 

1.r)OOO 

2 * 0800 

4.0000 

a. 00no 

12.00CO 

16.0003 

2D.0003 

25.0000 

30*0000 

AYeFUEL 
DENSITY 
( G M / C C !  ------- 

8.994 

4.959 

3.306 

I. 9 8 4  

1.102 

0.763 

0.5 83 

0.472 

0.381 

0.320 

I Y P I C P L  LMFBR C O R E  CISCHARGE FVEL NO NITRATE OR 55-316 INF. HATER REFLECTOR 

12.0 WT. PCT. PU02 I N  (U+PU)OE R O D S  AT t.0 IN. DKA. 

H T O  PL 
RATKC 

- - ---- - 
2.57 

25.F6 

50.12 

1CO.2?  

260.47 

3CC. 7c 

400.53 

501.17 

626.46 

751.1 5 

K- I NF I N 1  IY 

---------- 
1. 2 206 

1. 1C86 

1.1377 

1.2073 

1.2767 

i .29a2 

1.2988 

1.2887 

1.2683 

1. 2433 

SAFE 
BUCKLING 

(M+* -21  -------- 
46.909 

52.758 

69.731 

101.764 

130s 899 

139.737 

139.747 

135.431 

126.934 

116.739 

M IGR AT I ON 
ARE A 

(CY**2 I  __---__-- 
6Q. 7 2 6  

31.652 

28.380 

26.394 

26.268 

26.229 

26.271 

2 6.3 2 7  

26.346 

26.447 

EXTRAP. 
DISTANCE 

(CMI 
-..----I- 

10.372 

9.612 

8,868 

7e9P2 

7. B sa 
6.6 71 

6.443 

6.318 

6.164 

6.P70 

M A S S  OF 
PLUTON I i i M  

( K G I  ---- --_-- 
178.389 

83.734 

34.851 

11.194 

4.149 

2.668 

2.111 

1.851 

1.733 

1.727 

VOLUME 
OF SPHERE 

( L I T E R S )  -- 
187.359 

159.507 

99.583 

53.312 

35.567 

33.n37 

34.180 

37.03c 

42.92 5 

51.006 

RAD IUS 
OF SPHERE 

( C M I  
-_----I-- 

35.497 

33.643 

28.754 

23.348 

20.40 1 

19.405 

20.13 2 

20.677 

21.72 1 

23.006 

RADIUS OF 
C Y C I F ( D E R  

I C M  I --------- 
24.743 

23.5C1 

19.9 33 

16.021 

13.963 

13.674 

23.901 

14.3 47 

15. I a3 

16.189 

THICKNE SS 
OF SLAB 

< Ckl VI 
4 ------- -_ 

25.12 5 

24.C? 1 

19.88 6 

15.445 

13.343 

13.235 

13.699 

14.35 9 

15.55 7 

10.936 



YYPICPL L M F B R  CORE DISCHARGE FUEL NO NITRATE OR 55-316 INF. WATER REFLECTOR 

E . O  WT. PCT. PU02 I N  (U+PU)O2 RODS AT C.26 IN. DIA. 

I S O T O P I C  C O Y P O S I T I O N S  (#T.PCT. 1 

PLUTONIUM-238,239124Q ,2411 2 4 2 1  X.CCl169.0O, 27eCOv 7.00, 5.Cn 

URANIUM-2 351 2 3 8 /  0.21)~ 99.60 

3.1027 

1.0000 

2.0000 

4. QOD9 

8. 00c0 

i2.0030 

2.5.0030 

23.0009 

25. OQOD 

30.0003 

E. 97 8 

4.9 50 

3.300 

9.960 

6.100 

0.762 

0.582 

0.471 

0.389 

0.3 19 

3.E7 

37.t 5 

35.25 

150.59 

3C1.11: 

451.77 

6 0 2 . 3 6  

752.55 

941.18 

1129.42 

1.0325 

1.1421 

1.2645 

1.3654 

b. 3667 

1. 2569 

1.2111 

I. 1265 

1.0338 

0.9506 

5. 373  

43.552 

89.970 

130.851 

132.237 

106.701 

70 .569  

46.84E 

12.434 

-18.204 

60.435 

32.533 

29.395 

26.4C1 

27. e e7 

27.715 

21.572 

27.4 2 1  

27.222 

27.020 

9.644 

8.095 

7.01e 

6. 3 9 5  

5.909 

5.740 

5.674 

5.630 

5.635 

+**** ** 

5295.598 

9 C . e  24C 

17.350 

5.540 

3.193 

3.376 

4.75 3 

9.c95 

65.432 

*t ** *4* * 

0357.969 

2 58.32 L 

74.497 

39.647 

41.127 

62.022 

1 1 5.75 5 

273.35 E 

2434.972 

+***+*** 

1 2  5.694 

39. 5 0 0  

26. 103 

21.153 

21.41 3 

24.66 a 
30.22 9 

40.261 

83.45 8 

*4+4*4* B 

94.115 

28.547 

98.337 

14.694 

15.C67 

17.5 33 

21.811 

29.499 

62.569 

444* *$$$  

116.25n 

3 1 - 4 1  3 

19.C8 5 

14.758 

15.5?4 

aa.92 1 

24.55  5 

34.62 2 

77.82 3 

a****+* * 



WATER/ FUEL 
VOL. R A T I O  

----*----- 

3.1027 

1 0050 

2.0000 

4.0800 

8 .  0 0 0 0  

12.0OG3 

16.0000 

20.0000 

25.0000 

3c. 0000 

A V e  F U E L  
D E N S I T Y  
( G W C C .  I -_-- - -- 

E.978 

4.9 50 

3.300 

1.9 80 

1.100 

0.762 

0.5 82 

0.471 

0.381 

0.3 19 

T Y P I C P L  L M F B R  C O R E  C I S C H P R G E  F U E L  NO N I T R A T E  OR 55-316 INF. H A T E R  R E F L E C T O P  

8.0 HT. PCT. PUO2 I N  ( U + P U l O Z  RODS A T  6.26 IN. D I A .  

H TO P U  
R P T I U  

------- 
3.87 

37. c 5 

75.25 

150.55 

301. i a 
451.77 

602.3t  

152.55 

941.18 

1129.42 

K - I N F I N I T Y  

-- -- ------ 
1.0325 

1.1421 

1.2645 

1.3654 

I .  3687 

1.2960 

1.2111 

1.1285 

1.0338 

0. 9506 

S A F E  
BUGKC I WG 

( M * * - 2 l  ------- - 
14.364 

61.973 

112.619 

155.427 

158.0 38 

131.402 

99.688 

68.507 

32.423 

0.233 

M I G R A T L O N  
AREA 

( C Y * * 2 )  
-*------- 

to. 4 3 5  

32.633 

29.355 

28.481 

27. E E7 

27.715 

27 .572  

27.421 

27.2 22 

27.026 

EXTRAP.  
D I S T A N C E  

( C Y )  -------- 
9.644 

8.996 

7.0 18 

6.395 

5.909 

5.740 

5. 6 7 4  

5.638 

5.635 

OtS**** 

MASS OF 
P L U T O N  I UM 

f K G )  --------- 
1043.000 

47.106 

11.241 

3.392 

2.259 

2.290 

2.O54 

4.7@4 

13.634 

**+***** 

VOLUME 
OF S P H E R E  

( L I T E R S 1  --------- 
1646.153 

134.845 

48.266 

27.851 

29.099 

42.504 

71.965 

141.388 

5 0 9 . 2 1  8 

******if * 

RAD I U S  
OF S P H E R E  

( C M I  --------- 
73.24 0 

31.81 1 

22.587 

18. 804 

19.08 1 

21. 666 

25.792 

32.328 

49. 53 e 

*(r$*( i***+* 

R P G I U S  OF 
C Y L  I N C E R  

l c n l  - - - -- - -- 
53.8 13 

22.455 

1 5 e 6 4 5  

12.896 

13.221 

15.241 

18.414 

23.4 18 

36.602 

*$4*4* *+ 

T H I C K N E S S  
OF S L A B  

t C M I  ul w _--- ----- 
63.634 

23.71 6 

15.56 C 

I2.4C S 

13.171 

15.927 

2b. i l 8  

26.67 9 

43.9? 3 

4**++8* * 



WATER/ FUEL 
VOL. R A T I O  

_ _ _ _ _ _ _ _ _ _  
0.1027 

a.0005 

2.8830 

4.0000 

8 .0003 

32.0935 

:6 .0033 

20.00O0 

25. 0COO 

33.0080 

AV. FUEL 
DENS I T V  
I GUI/ C C  J --__-__ 

e. 978 

4.9 50 

3.300 

1.980 

1.100 

P9.762 

C. 5 E 2  

0.4'1 

0.381 

0.3 1 9  

T Y P I C b L  L M F B Q  C O R E  O I S C H A R G E  F U E L  N O  N I T R A T E  O R  SS-316 I N F .  WATER REFLECTOR 

e.c WT. PCT. P U O ~  ( u + ~ u ) 0 2  R O D S  A T  0.16 i ~ .  DIA.  

C R I T I C A L  P A R A M E T E R S  iKEFF=I.n 1 
* * * * * e t * * * % t X * * t B * f t * * * * 4 * * * * * *  ********** *** *****e *** $4 

H TO P U  
R P T I C  

------- 
3.e7 

37.t 5 

75.25 

150.55 

301.18 

451.97 

602.36 

752.55 

941.18 

1129 .42  

K- I N F I N I  TY 

1.0312 

1 . I L O l  

1.2337 

1 .3479 

I. 3E04 

a. 3355 

1.2517 

3.2048 

1 .1244 

1.0504 

* A T  ER I A L  
B U C K L  I NG 
(M**-2 b -_--__-_ 

5. f 7 2  

36.774 

79.340 

123.647 

137.484 

121.655 

96.808 

740 6 9 4  

45.583 

18.548 

MIGRATION 
AREA 

[CM**2 J --------- 
63.352 

32.358 

29.453 

28.136 

27.6 € 5  

27.578 

27.500 

27.4 13 

21 .  ze7  

27.147 

EXTRAP. 
D I  S T A  NC E 

( C M  -------- 
re. IC9 

8.54F 

7.497 

6.6 19 

6.048 

5.838 

5.740 

5.591 

5.655 

5.649 

M A S S  O F  
P L U T O N  I UM 

( K G !  - --- --- -- 
5 5 69.90 6 

1i8.512 

2 0 . e ~  

5.926 

2.9n6 

2.614 

2.979 

4.C16 

7.688 

28.775 

VOLUME 
OF SPPEQE 

{ L I ' T E R S I  ------ --- 
5190.902 

339.250 

89.329 

42.408 

37.439 

48.643 

72.483 

92G.713 

286.083 

1276.739 

R A D I U S  
!Y S D t i E R E  

I C M I  --------- 
128. c\3 1 

43.266 

21.773 

21.633 

20.753 

22. 645 

25. 865 

30.659 

40. 876 

67.296 

R A D I U S  OF 
C Y  L I hl DE F( 

I C M I  --------- 
95.642 

31.119 

19.503 

15.00'3 

24 .469  

15.967 

16.455 

22. S 36 

29.966 

50.195 

117.922 

34.72 5 

2 2 - 2 7  5 

15.C14 

14.76 5 

i6.8C 8 

23.12 6 

24.967 

35.221 

61 .650 



T Y P I C A L  L M F B R  caRE DISCHARGE FUEL NO NITRATE OK s s - 3 1 6  INF. H A T E R  REFLECTOR 

0.0 WT. PCT. PUOZ I N  ( U + P U ~ O Z  ROUS A T  e.18 IN. DIA. 

I S U T C P I t  CCMPOSITIONS (WTePCT. 1 

PLUTONIUM-230,239 s 240 , 241 , 242 /  1. DO 3 60 .OC ~27.Cr)  v 7.00 9 5.00 

URA lu I UM-2 35 9 2 3  8 /  0.209 9 9 - 8 6  

0.1027 

1 e 0000 

2.0000 

4 . o a o ~  
8.0950 

12.0003 

16.0099 

20.0000 

25.0009 

30.0000 

e. 978 

4.950 

3.300 

1.980 

1.100 

0.762 

0.5 82 

0.471 

0. ? a i  
0 0 3 1 9  

3.87 

37. t  E 

75.25 

150.5s 

301.19 

451.77 

602.36 

752.95 

$41.18 

1129.42 

1.0312 

1.1191 

1.2337 

1.3499 

1.38G4 

1.3555 

1.2717 

1.2048 

1.1244 

l r 0 5 C 4  

14.159 

54.954 

101.336 

14ar  860 

163.646 

147.142 

123. i 4 6  

97.024 

67. 270 

38.911 

69.392 

32.35 8 

29.453 

23.136 

27.6E5 

27.5 78 

27- 5qQ 

27.4 13 

27.2e7 

27.147 

10.169 

8.540 

7.497 

6.6 19 

6.048 

5.838 

5.740 

5.091 

5.6 5 5  

5.648 

1048.659 

56.697 

12.992 

4.t-$7 

Z.Cb2 

1.813 

i o  979 

2.474 

3.917 

8.446 

1655 o 687 

162.299 

55.784 

29.323 

26.565 

33.81'3 

43.161 

74.235 

145.768 

344.494 

73.380 

33.83 8 

23.703 

19.130 

18.51C 

20.06 1 

22.530 

26.07 2 

32.648 

44.71 5 

53.805 

23.902 

16.38P 

13.092 

12.752 

13.989 

15.933 

18.625 

23.667 

32.907 

63.27 1 

25.2?8 

16.2: 6 

12.51 0 

12.462 

14.22 4 

16.83 1 

29.381 

26.99 3 

39,067 



av. FUEL 
D E N S I T Y  
I GM/CC 
--A--- 

a. 916 

4.9 50 

3.300 

I. 9 80 

1.190 

(5.762 

0.582 

0.471. 

0.381 

8.319 

' T Y P I C A L  L M F B P  COKE D I S C H A R G E  F U E L  NO N I T R A T E  OK 35-316 I N F .  WATER R E F L E C T O R  

3.0 i lS.  PCT. PUG2 I N  IU+PUlU2 R O D S  AT C.10 1%. O I A .  

I S 0 T " P I C  C O M P O S I T I O N S  (WTePCT.  b 

PLUTUNIUM-2389239924C e 2429 242/ 1.0096O.001 27.009 7.001 5.00 

U R A N  I iiM-2 75 t 2 3 9/ 0.2P 9 99-80 

H T O  P U  
k A T I C  

------- 
3.87 

37.65 

75.25 

150.57 

3C1.18 

451.77 

602.36 

752.55 

941.1E 

i129.42 

K- I N F  I N I  TY M A T E R I A L  
BUCKL I NG 

M * + - 2  J -------- 
4.968 

29.079 

66.522 

ale. 929 
134. t43 

12E.6U7 

113.561 

95.671 

72.622 

50.286 

C ? I T I C A L  P A R A M E T E R S  I K E F F = l . C  > 
t v S 4 * 4 * 4 f S S S ~ * t * S * * $ t * * S t * * ~ ~ ~ v * * ~ ~ v 4 * * ~ * 4 * * t t * * ~ *  4 4 4  ** 

M I G R A T I O N  EXTRAP. MASS OF VOLUME RBD IUS R A D I U S  OF T H I C K N E  SS 
A R E 8  D I S T A N C E  PCUTOhIUM OF S P H E R E  OF S P H E R E  C Y L I h l D E 8  OF S L A B  

I C H I  
O\ 
rc 

(CM*"2 I ( C M )  (KGL ( L l T E A S I  42Mb lCMl --------- -------- --------- --- ------ _--__ -____I___ _ _ _ _ _ _ _ _ _  
60.348 10.62; 5E75.?23 9272.459 130.327 97.230 119.7: 6 

32. 140 9.058 174.277 499.882 49.20 1 35.541 *s. 143 
29.128 7.935 27.005 119.822 30. 583 21.5 52 22.648 

21.786 6.930 7.C28 50.294 22.309 15.985 15.969 

27.377 6.247 2.938 37.841 20.827 14.479 14.580 

29.332 5.984 2.306 42.910 21.74 8 15.223 15.934 

27.317 5.849 2.272 55.277 23.63 I 16.719 17.762 

27.291 5.775 2.548 76.581 26.344 19.613 27.56 9 

27.237 5.774 3.399 126.505 31.142 22.498 25.41 E 

27.163 5.660 5.455 241.133 36.61 2 28.225 32.023 



WATER/FUEL 
VOL. R A T I O  

---_----- * 
3.1027 

1.QODO 

2 0 0 0 0  

4. ocoo 
6.0009 

12.0000 

16.0000 

20.0000 

25.0000 

30.0008 

AV. FUEL 
D E N S I T Y  

G M I C C )  

8.978 

4.9 50 

3.300 

1. 9 80 

1.1CD 

0.762 

a. 5 82 

0.411 

0.381 

0.3 19 

TYPICAL LMFBR CORE GISCHARGE FUEL NO NITRATE OR 55 -316  INF. WATER REFLECTOR 

8.0 WT. PCT. PU02 I N  (U+PUtO2 RODS AT C.1C IN. DIA. 

H TO P U  K - I N F I N I T Y  
R P T l C  

------- - 
3.87 

37.65 

15.25 

150.5S 

3C1. 1 E  

451.77 

602.36 

752.’;5 

941.18 

1129.42 

.- -------- 
1.0300 

1.0935 

1. 1938 

1.3CE2 

1.3086 

1.3515 

1 s  3102 

1.2611 

I. 1978 

1.1366 

13.951 

46.585 

88. 092 

135.709 

160.954 

154.632 

138.804 

119.991 

95.768 

72.311 

60.348 

32.140 

29.128 

27.7Eb 

27.377 

27.312 

27.3 17 

27.251 

27.2 37 

27.163 

10.621 

9.@58 

7.935 

6.93fi 

6.247 

5.984 

5.849 

5.7 75 

5.724 

5.689 

10 53.379 

72.771 

16.246 

4.709 

2.364 

Lo 6 1  3 

1.553 

1.575 

2.C66 

2.882 

1662.53 5 

208.31 3 

69.757 

33.703 

26.588 

30.01 8 

37.782 

53.334 

76.898 

121.894 

73.490 

36.774 

25.537 

20. c 3  8 

18. 5 1  5 

19. 280  

20.816 

22.9C5 

26.379 

31.255 

53.769 

26.028 

17.689 

13.715 

12.709 

13.356 

14.5 64 

16.180 

18.852 

22.593 

THICKNE SS 
OF SLAB 

C M I  
-I__T-- _- a 

‘A’ 

62.869 

2 7 - 7 1  6 

1 7 - 6 2  2 

13.139 

12.268 

13.296 

14.Q67 

17.136 

23.656 

25.56 6 



AV. FUEL 
DEhiS ITY 
I GH/CC --- - -- 

8.978 

4.9 50 

3.300 

1.980 

1. LOO 

Q. 7 62  

6.582 

0.47 d 

0.381 

0.319 

TYPICPL LMFBR C O R E  D I S C H f l R G E  F U E L  NO N I T R A T E  OR 55-316  INF. WATER R E F L E C T O R  

8.0 wr. ET. oun2 Z N  I U + P U ~ O Z  R O D S  A T  c.0 IN.  D ~ A .  

H *rn  PI^ 
R A T I C  

------- 
3 . e 1  

37.6 5 

75.25 

a SO. 55 

301.1 e 

451.?1 

6 C 2 e  3 C 

752.55 

941.1 e 

1129 .42  

K- IFjF I N I  TY 

---__-- --- 
i .  6 2 9 3  

1.C1554 

1.1271 

1.2093 

1.2630 

1.2636 

1.2458 

1.2162 

a. 1797 

1.1398 

M A T  E H I AL 
BUCKL I NG 
I M**--2,  ----- - -- 

4.863 

1 E. 689 

44.439 

770 267 

99.125 

99.636 

92*  560 

828326  

67. 7 8 1  

52.694 

M I G R A T I O N  
BREP 

( c y * " !  -__------ 
68.309 

3 1.799 

2e. 6 i I  

27. c! € 3  

26.52q 

26.459 

26.470 

26.442 

26. 514 

26. 522 

EXTRAP.  
ci I S T  A Nf E 

I C M !  
---I---- 

11.357 

9.871 

8.671 

7.590 

6.792 

6. 451 

6.26:  

6 .  I36 

6.0 29 

5.959 

MASS OF 
PLUTObIKUtJ 

( K G )  - - ---- - -- 
5 9 80.707 

362.452 

55.477 

93.056 

4.937 

3.527 

3.265 

3 .222 

3.733 

4.90 8 

VOLUME 
OF S P H E R E  

( L I T E R S )  ---____-- 
9439.266 

1837.494 

238.212 

93.435 

63.60 1 

65.62 5 

77.013 

96.045 

136 .936  

217.149 

R A D I U S  
OF S P H E R E  

t C 3 I  ------- - - 
131 .904  

62. 65 1 

38.456 

26. I 5 0  

24.76 2 

25.022 

26.393 

28.468 

32.130 

37. 32 1 

97.702 

45.752 

27.406 

19.770 

17.364 

17.643 

16.737 

210.310 

23. I E3 

27.174 

T H I  C K N E  SS 
OF S L A B  

1 C M I  
E -__--_- -- - 

119.747 

52.93C 

29.784 

20 .566  

17. $7 1 

18.57 2 

2?.132 

22.35 2 

26.1C 1 

3 1 . i 6 4  



H A T E R  / F U E L  
VOL. R A T I O  

-- -- - --- - - 
3.1027 

1 0900 

2 . @ 0 3 0  

4. COG0 

8.0460 

12.0000 

16.0900 

23.co30 

25.0000 

300 0 0 0 0  

A V O F U E L  
D E N S I T Y  
( GM/CC ) 
---.+-.-- 

E. 978  

4.9 50 

3.303 

1.980 

1.100 

0.762 

0.502 

0.471 

0. 3 8 1  

0.314 

T Y P I C A L  L M F B R  C O R E  C I S C H A R G E  F U E L  NO N I T R A T E  OR 55-316 INF. WATER R E F L E C T O R  

8 . ~  WT. PCT. PUOZ IN (U+PUIOZ RGDS AT c.0 IN. DIA.  

I S C T C P I C  C O M P O S I T I O N S  (WToPCT.  

PCUTGNIUM-238r239,24~,241*242~ 1,00,69.00,27.CQ, 7.00, 5.e0 

URAYIUP-235,238/ C 0 2 9 t  99.80 

H TO P U  
R A T I t  

------- 
3. e7 

37.t 5 

75.25 

1%. 55 

301.1 E 

451.77 

6C2.3C 

752.95 

941.1P 

1 1  29.4 2 

K- I N F  I N I  TY 

- --- 
1.0293 

1.0594 

1.1271 

1.2893 

1.263C 

le 2636  

1. 2450 

1.2181 

1.1797 

1.1398 

SAFE 
B U C K L  I NG 

IM+*-2 t  ----..---) 
13. E46 

36.223 

65.174 

160.767 

124.182 

124.772 

117.215 

106.527 

91.199 

75.311 

M I G R A T I O N  
AREQ 

( C M * * Z )  
_-_--I --- 

60.3'39 

31,799 

28.611 

27.0 E3 

26.529 

20.459 

26.4 70 

26.442 

26. 514 

26.5 22 

EXTRAP. 
0 I STA N t  E 

( C M  I ----_-_- 
11.357 

9.871 

8.671 

7.5 90 

6.792 

6 0 4 5 1  

6.261 

6.136 

b.029 

5.957 

MASS OF 
P L UTON 1 UM 

IKGI --------- 
1e35.493 

110.969 

26.986 

7.796 

3.187 

2.292 

2.C25 

2.090 

2.183 

2.612 

VOLUME 
U F  S P H E R E  

( L I T E R S 1  --------- 
1634.306 

3 17.659 

115.875 

55.804 

41.050 

42.649 

49.203 

60.122 

81.244 

115.877 

RAD 1U S 
O F  S P H E R E  

( C  MI ------- -- 
73.072 

42.32 8 

300 2 4 4  

23.726 

21.400 

21.674 

22.744 

24.30 2 

26. e6 8 

30.24 4 

R A C I U S  OF 
C Y L  fNLjER 

( C M )  --------- 
530  2 76  

3Q.089 

21.120 

16.368 

14.790 

15.08fi 

15.943 

17.166 

19.155 

21.756 

T H I  C KNE SS 
OF S L A B  

I CMI 
Ch 
vl - ---- -- -- 

61.71 4 

32.457 

21.573 

1 6 - 2 1  6 

10.63 8 

15.223 

16.483 

18.167 

24.339 

24.28 7 



66 

F’ue 1-Wat er. - St a i n l e  s s S Le e 1 Systems 

The following tables present  t h e  calculated c r i - t i c a l i t y  da t a  f o r  the 

fue l -water -s ta in less  s t e e l  systems f o r  t he  various fue~. mixtures i n  0.~6- 
in.-diam pins  with a cladding thickness  of 0.013 i n .  



kATER/FUEC 
VOL. RATIO 

-- -- 
3.1278 

1.0000 

2.0000 

4,0030 

8. on90 

12* ceoo 
16.0OOD 

20.0000 

25.0000 

30.00e0 

AVsFUEL 
DENSITY 
( G M / C C !  
-----*- 

l e  2 56 

4.436 

% 4 6 8  

i. 398 

1.017 

0.752 

0.577 

0. 4 6 9  

0.379 

0.319 

TYPICAL LNFBR C O K E  DISCHARGE FUEL r.dl5 I N .  SS3Lb CLAO INF. HATER REFLECTOR 

2P.0 WT. PCT. PU02 IFC ( U + P U l G 2  R O D S  AT 0.26 IN. DIA. 

fSOTOPIC COMPOSITIONS { U T s P C T e  ! 

PLUTCNIUM-238,239,240r 241,242/  1.00~ 6@.’3O727.O0, 7 .009  5.PO 

URAN [ E M - 2 3 5 9  2 3 8 /  0.209 99. EO 

i-l TO P C  
RATIC 

------- 
1.91 

14.94 

29oCe 

59. s 5 

119.90 

179.85 

23a. ac 
254.75 

374.t4 

449.63 

K- I NF I N I  TY 

---------- 
1.4416 

1.2642 

L e  2992 

1.3775 

1.4046 

1. 3627 

I. 3000 

I. 2304  

1.1483 

1.0721 

MATER I AL 
BUCKL I NG 

(M+*-21 --- --- -- 
69.174 

77s 0 82 

58.826 

132.775 

145r937 

131.703 

109.336 

84,245 

54.467 

26. b2b 

M I GR A T  I ON 
A R E A  

( C M * * Z  1 
-de_ 

63.836 

34.275 

3% 277  

28.431 

27.722 

27. 5 4 2  

27.442 

27.347 

27.226 

27.052 

CRIT ICAL  PARAMETERS ( K E F F = l r O )  
+ * * + r 4 9 4 ~ $ 8 3 f * + 4 * t + 4 ~ ~ 4 * + * * ~ 4 * ~ 8 + ~ ~ ~ ~ ~ ~ ~ $ ~ $ + ~ ~ 8 * ~ * 8 ~ 8 ~ +  

EXTRAPI M A S S  OF VOLUME RADIUS R A C I U S  OF THICKNESS 
D I S T A K E  PLUTONIUM OF SPHERE OF SPHERE CYLlUOER OF SLAB 

( C M )  ( K G I  ( L I T E R S )  ( C M I  ( C M I  t C M I  ir\ 
-4 ..-_----- --------- --------- --------- ----e-_-- ----de--- 

7.211 153.064 119.565 30.56 1 2 i a 7 F 5  23.350 

he 8 9 6  79.317 100eQ69 280 887 2C.497 21.99 1 

6.798 34.633 63.919 24. EC4 17.394 18.09 5 

6 .3  45 12.750 38,073 20. 8b9 14.477 1 4 e 4 - t  5 

5.9 E31 0.390 33.633 20.024 13.927 14.043 

5.604 5.575 42. C40 21.570 15.152 15.466 

5.7 12 6.146 b(1.345 24.33 2 17.2 88  18.620 

5.6 69 80P65 97.562 26. 5 5 8  2P. 5 33  22.68 9 

5.639 14.116 210.950 36.929 26.948 31.2P8 

5.b34 39.707 706.417 55.244 4c. 9 74 49.61 5 



AVO F U E L  
D E N S I T Y  
I G M / C C 4  ---- - -- 
7.2 5 6  

4.436 

3.068 

1.890 

1.0 7 7  

0.752 

el. 577 

0. 4 6 9  

0.379 

0.319 

T Y P I C A L  L M F B R  CORE D I S C t i A R G E  F U E L  3.015 I N s  5 5 3 1 6  C L P D  I N F o  M A T E R  R E F F E C T O P  

29.0 UT. PCT. Pi102 I N  ( U + P U ) 0 2  RODS A T  0.26 IN.  P I A .  

ISOTOPIC C C M P O S I T I O N S  (WTePCT.  b 

PLUTONIUK-238,2399 240 t 2411 2 4 2 /  1.P0r 6Q.001 27.50 t 7.00, 5.00 

U R A N I  L'M-2?5,238/ 0.201 9 9 - 0 0  

i+ T O  Pci 
R B T I O  

------- 
1.91 

14.9s 

29.98 

59.95 

1 i 9 .  90 

179.e5 

239. a@ 

259.75 

334.65 

449.6 3 

K - I N F I N I T Y  

---------- 
1.  4416 

1. 2642 

1.2992 

a. 3775 

1.4046 

1. 3627 

1.3cuIB 

1. 2 2 0 4  

1. i 4 8 3  

1.0721 

SkF E 
B2CK.i I N G  

lt4**-24 ---- _--- 
81.066 

96.494 

121.421 

158.215 

172. 603 

157.744 

134.272 

107.925 

76.665 

47.454 

M I  GR A T  I C N  
A R E A  

%CW492l --------- 
63.836 

34.275 

3Q. 277 

28.43: 

27.722 

27.542 

27.442 

27.347 

27.2 26 

27.e92 

S A F E  P A R A M E T E R S  (KEFF.0.951 
9 4 4 0 9 4 * * 4 8 * * t 4 t * 4 * * 4 * 9 9 * ~ ~ 9 ~ ~ ~ * ~ ~ 4 * 9 * ~ * 4 ~ 9 ~ ~ * ~ ~ 4 ~ 4 9 4 ~ * *  

EKSRAP. M A S S  OF VOLUFtE R A D I U S  R A D I U S  OF T H I C K N E S S  
D I S T A N C E  PLUTOhIUM OF S P H E R E  OF S P A E S E  C t L l Y D E R  OF S L ~ B  

I 2 M I ( K G I  ( L I T E R S 1  ( C H I  { C M  I C F I  -------- --------- ------ -_ -_----- --_-_---- ------_-- 
7.211 113.754 BG. 8 5 8  27.60 2 10.561 20.49 1 

6.886 51.748 66.124 25.086 17.587 18.190 

6.798 23.213 42.880 21.71 3 15.928 14.91 5 

6.395 8.993 26. 8 5 3  18.577 12.722 12 .  :a 2 

5.981 4.588 24.150 17.513 9 12.325 11 .950 

5.804 3.937 29.689 19. 2 0 9  13.344 23.405 

5.712 4.181 41.050 29.41'0 15.043 15.698 

5.6 60 5.137 62.139 24.57 1 17.481 18.9P2 

2 4 - 6 9  1 5.630 7.752 135.841 30.24 'l 21.828 

5.634 15.n36 267.499 39.97: 29.278 34.33 7 



WATER / FUEL 
VOLr R A T I O  

-----_--_- 
3.1278 

1.0000 

2.0000 

4. @dO8 

8. ooao 
12.0008 

i 6 , o m o  
23.0000 

25.0000 

3Ce QOOO 

AV. FUEL 
@ENS I T Y  
(GHICC J ---_--- 

7.243 

4.428 

3.303 

l r  8 95 

1.0 75 

0.750 

0.576 

0.468 

0.379 

0.318 

TYPICAL LMFER C O R E  DISCHARGE FUEL C.015 IN. 55316 CLAD INF. WATER REFLECTOR 

16.0 WT. PCT. PU02 IN IU*PU jO2  ROUS AT 0.26 IN .  D I A .  

ISOTOPIC CO+lPOSiTIONS IWTePCT. I 

PLUTCNIUM-238r239924?l+ 2419 242 /  l . t O ,  60.00 t 27.CCr 7.00, 5.CO 

URANIUM-235r238f 0.20~99a8!’ 

H TO Pcr 
H P T l C  

------- 
2.40 

ia,?fi 

37.51_ 

7 5 * 0 €  

150.11 

225.17 

3c0.23 

375.2E 

469.15 

5fi2.92 

K- I N F I N I  TY 

-- -_-4-- -- 
1. 3129 

i.2103 

1.2717 

1. 3607  

9. 3852 

1.3389 

1.2706 

1.2co7 

1.1180 

1.0414 

MATEGIAL 
6UCKL I NG 

(M**-2)  -..------ 
48.729 

6 I. 294 

69.4 10 

126.388 

138-  610 

122, a47 

98.543 

73.642 

43.3?7 

15.292 

!4 IGRATICN 
AREA 

< CM**2 1 --------- 
640 2 1 1  

34. 3 10 

30.3E5 

20.541 

27.793 

27.5e4 

27.457 

27.249 

27. 2C 5 

27.0 5 6  

EXTR AP. 
0 I ST A kC E 

( C M  t 
_-*----- 

7.614 

7.205 

6.928 

6.421 

5.9 8 0  

5,8c?6 

5.716 

5.677 

5.667 

5.665 

M A S S  OF 
PLUTOh I UM 

l K G I  
o-------- 

2 23.747 

s3.412 

32.926 

11. 1 7 0  

5.635 

5 ~ 0 7 8  

5.939 

E.183 

16.647 

7E1255  

VOLUME 
OF SPHEKE 

( L I T E R S )  ---_----- 
216.866 

149.473 

76.165 

41.769 

37.145 

47.960 

f 3 e C 2 2  

123.963 

311.515 

1744. Q E  5 

RAD I U S  
OF SPHERE 

( C M I  --------- 
37.385 

32. S2 2 

26.296 

21.524 

20.69 0 

22. 53 9 

25.42Y 

30. ?3 1 

42.053 

74.672 

R A O I U S  OF 
C Y  L I N  DER 

(CPl --------- 
26. e33 

23e514  

18.506 

14.972 

14.442 

15.893 

18.509 

22.348 

3Q.869 

55.836 

THI C KNE SS 
OF S L A B  

( C M I  -_--...-_-- cn 
v3 

29.+766 

2 5 - 7 1  8 

19.360 

15. 10 3 

14.71 3 

16.733 

23.21 1 

25.254 

36.406 

t9.m 7 



WATER/FUEL 
VOC. RATIO 

3.1273 

1,0090 

2.0000 

4. R O O 8  

s.q303 

12.0083 

16.0000 

23.0000 

25mCOOD 

33. O I i D O  

7.243 

4.428 

3.063 

I. 895  

1. t) 75  

0.750 

00 5 7 6  

0 a 4 6 8  

0.379 

0.318 

T Y P I C A L  L M F B R  C O R E  D I S C % A R G E  FUEL 0.rj15 IN. 55316 C L A D  INF. LIATER REFLECTOR 

96.0 W T .  PCT. 2U02 I N  IU*?UiD2 R O D S  AT 3.26 [ N e  D I A .  

ISOTOPIC COMFOSlTIO%S (WT-PCT. ! 

PL VT  0 N I J M- 2 3 3 7 239  t 240 I  24 11  242 / 1 I  6 @  9 3  I  27 OC I  9 CO v 5 - 0 0  

J R A  h I L I M - ~ ? ~ ,  2 3 6 /  :I. 2n, 49.80 

H TO P U  
R A T I ?  

2.46 

18.76 

37.5 3 

75.36 

15G.11 

225.17 

300.23 

375.2e 

4". I C  

552.92 

K- IEVF I N 1  TY 

-- -- ------ 
1.3129 

Y. 2103  

1. 2717 

I. 3687 

1.3852 

1.3389 

1. 2706 

1.20c7 

1. i 180 

I. 0 4 1 4  

59.491 

a9. e 6 1  

111.437 

15?. 461  

164. E42 

1 4 &  392 

122.898 

96.033 

65.0116 

35.550 

C4.2 i l  

34.3 10 

30. 3E5 

28.54: 

27.793 

27. 5E4 

27.457 

27.249 

27.205 

27.0 56 

25.492 7.619 155.454 152.n65 33.11 2 

7.2fJ5 57.157 91.45s 27.950 19.707 2@. 7 4 5  

6.928 22.552 40.854 22. 8 3 2  15.854 15 .c33  

6.421 7.311. 29.209 19.10 5 13.  i 23  12.684 

23.562 

5.986 4.313 25.45n 19.4e3 12.746 12.498 

5.806 3.549 33.429 1'3,984 13.933 

5.718 3.943 48.483 22.62C 15.976 1 6 - 9 9  2 

5.677 5.dG 1 75.75P 26. 2 4 5  18,763 27.57:  

14.178 

5.647 8. 2 1  9 154.020 33.3: 8 24.122 27.670 

5.665 19.552 435.592 47. 32 5 34.671 41.36" 

4 
0 



WATE R /  F U E L  
VOLa R A T I O  

---------- 
3.1278 

1.OOOJ 

2 . 0000 
4. ooco 
8. coo0 

12.oooo 

16. DODO 

23.000e 

25.0000 

33.0000 

AV. F U E L  
D E N S I T Y  
( GM/CC 1 ------- 
7.2 30 

4.420 

3.9 57 

1.8 91 

10.073 

0.949 

0.595 

0.467 

0. 378 

0.317 

T Y P I C A L  L M F B R  CORE D I S C H A R G E  F U E L  0.015 IN. SS316 C L A D  INFO WATER R E F L E C T O R  

12.0 WT. PCT. PU02 I N  ( U t P U ) O 2  R O D S  A T  P.26 IN. D I A .  

I S C l T O P l C  C C M P O S I T I C N S  (riT. PCT. I 

PLUTthIUM-238~239tZ40 1 2411 242/ 1.03,6O.@C~127.CC1 7.00, 5.00 

UR A N  I UM-2  25 t 2 3 8 1  0.20~99r80 

14 TO PI; 
R A T I O  

- - -- -- - 
3.20 

25.0C 

50.12 

1CO. 2 3 

2C0.47 

3CC.7C 

400.9? 

501.17 

626.40 

?51.75 

K- I N F I N I T Y  

----_-c--- 

1.1637 

1.1551 

1.2441 

1. 3402 

1.3556 

1.2998 

1.2287 

1.1565 

1.0713 

0.7541 

M A T E R 1  AL 
B U C K L I N G  

l M**-2 1 -------- 
25.524 

45.160 

79. $57 

118.660 

127.623 

108.572 

83.284 

57.268 

26. 2 5 2  

-2r 193 

M I G R  A T  I D N  
AREA 

(CM*+21 --------- 
64.141 

34.3 55 

30.525 

28.671 

27. E46 

27.6 14 

27.45' 

27.3 19 

27.150 

Zb. 771 

EXTRAP. 
DI STA Nt E 

( C M L  -------- 
8.2 15 

7.570 

7.b45 

6.435 

5.979 

5.804 

5.727 

5.683 

5.664 

****$** 

PLUTONIUM M P f S  OF 

( K G l  --------- 
503.922 

117.ef9 

3C. c43 

9.432 

4.949 

4.792 

6.P27 

9.523 

28.882 

**+***** 

V C L U M E  
OF S P H E R E  

( LI T E R S l  -..------- 
658.442 

251.912 

92.826 

47.111 

43.578 

60.448 

58.595 

192.686 

721*960 

******** 

R A D I U S  
OF S P H E R E  

( C M I  --------- 
53. S69 

3% 179 

28.089 

22.a05 

21. 830 

2 4  346 

28.647 

35. 831 

55.651 

*os** ** t 

R b D I U S  OF 
C Y L I N D E R  

( C M I  --------- 
39.389 

28.218 

14.851 

15.643 

15.310 

17.277 

2C.626 

26.097 

41.2 75 

******** 

T H I  C KNE SS 
OF S L A B  

f C M )  -4 
F- -- -- --- -- 

45.754 

31.639 

21rP44 

15.970 

15.85 1 

15.542 

22.970 

33.147 

49.98 7 

*****e* * 



AV. FUEL 
D E N S I T Y  
( GM/CC!  ------- 
7.234 

4.420 

3.3 57  

1.896 

1.D73 

0.749 

0.575 

Qe 4 6 7  

0.378 

I). 3 1 7  

TYPICAL LMFBR C O R E  DISCHARGE FUEL 0.015 IN. SS316 C L A D  INF. WATER REFLECTOR 

12.C WT. PCT. PU02 I N  (U+3U132 ROGS AT C.26 IN. D I A .  

ISOTOPIC COMPOSlTlUNS (WTsPCT.  I 

PLUTONIUM-238t239t24O 1 2 4 l r 2 4 2 /  1 . C O t  6@.00127.@C t 7.OCit 50FO 

UKAN I UM-2 '51 2 3 8 /  0.2C t 99.09 

S A F E  PARAMETEfiS IKEFF=O.95! 
4 4 4 4 f 4 4 * 4 4 9 4 4 * 4 4 4 4 4 * 44 4 9 4 R * * 4 4f. * a+ 4 4 t 4 * 4 4rS 4 * 4 4 4 4 4 * * * 44 4* 

H T3  PU 
RPTIO 

d------ 

3.20 

25.Q6 

50.12 

100.22 

2CO. 4 7  

3 0 Q . l C  

408.93 

5C1.17 

626.46 

751.45 

K- I i~ F I N I B V  

-____ -.._-- 
I. 1 6 3 7  

1. 1 5 5 1  

1.2441 

1.3402 

1.3555 

1.2958 

1.2287 

1.1565 

1. (3713 

0.9941 

S A F E  
B U t K t  I NG 

t M+*-21 
-A------ 

35.073 

62.856 

101.407 

143.262 

153. 227 

133.346 

106.836 

79.541 

47.019 

17.205 

YIGRATIOh 
A R E P  

I C H * 4 2 )  
--a------ 

6 4 .  i 4 9  

34.355 

30.525 

28.671 

27. E66 

27.614 

27.457 

27.339 

27.150 

26.51: 

EXTHAP. 
D 1 STANC E 

( t M 1  -------- 
8.215 

7.5-F 

7.045 

6.435 

5.979 

5 .934  

5.7 27 

5. b 83 

5.664 

* * s 4 4 * +  

M A S S  OF 
P L UTCN I UM 

I K G I  --------- 
298.8PO 

64.551 

l9.C99 

6.522 

3.474 

3.255 

3. a2  a 

5.336 

IC. 8 4 7  

* 4 4 4 * * 4 4  

VOLUME 
OF SPHERE 

( L I T E R S )  -_-_-__-- 
377.46C 

137. $13 

59.01 5 

32.575 

30.581 

41.061 

62.86s 

107.979 

271.642 

* 4 * 4 * 4 4 4  

RADIUS 
OF SPHERE 

( C M )  --------- 
44.83 3 

32.055 

24.152 

19. HI 2 

19.49 P 

21.4C2 

24.667 

29.540 

40. 1 5 2  

* a % * * * * + *  

RADIUS OF 
C Y L I N D E R  

( C Y 1  --------- 
32.395 

22a365 

16.838 

13.658 

13.45r 

15.923 

37.54: 

21.282 

29.4C9 

****9+*+ 

THlCKNE 5s 
OF SLAB 

( C M I  
-4 
Iu --------- 

36 .  b1 8 

24.48 5 

17.137 

13.377 

13.422 

15.5oe 

18.94n 

23.85 7 

34.40 8 

4 * + * 4 4 4 4  



HATER / FU EL 
VOL. R A T I O  

---- --*--- 
!le 1278 

1.0000 

2.0000 

4.0a30 

8. 0000 

12.0000 

15.0093 

20. 000O 

25.0000 

33.0000 

7.217 

4.412 

3.052 

1.688 

1.071 

0.748 

0.574 

0.466 

TYPICAL LMFER CORE DISCHARGE FUEL 0.015 IN. 55316  CLAD I N F .  WATER PEFLECTOR 

8.O WT. PCT. PUO2 I N  (U+PU)OZ RODS AT 3.26 IN.  D I A .  

ISOTCPIC CCMPOSITIONS [WTIPCT~ I 

P L U T O N I U M - 2 3 8 ~ 2 3 9 r 2 4 0 q 2 4 1 . 2 4 2 /  1.C0,60.3’3,27.CCv 7-00, 5.00 

URANIUM-235,238/ 0.20.99.80 

CRIT ICAL  PARAHETERS (KEFF.1.9 I 
* * * * + 4 + * * * * $ + * * * = 4 * * * * * * * * * * * * * * * * * 4 ~ * * * ~ * * 4 4 * 4 * * * * * * 4 4  

4.81 0.9845 

37.65 1.0586 

75.2s 1.2134 

150.55 1.3068 

301.1 E 1.3011 

451.77 1.2321 

602.36 1. 1 5 3 1  

7 52. $5 1.0705 

AVmFUEL H TO PU K - I N F I N I T Y  MATERIAL 
DENSITY R P T I C  BUCKL I N G  
( GM/CC I (M**-2I  ------- ------- ----- --___-__ 

-2.455 

28.639 

69.470 

06.440 

07.021 

84.050 

55.882 

28.124 

0.377 9 4 1 . 1 0  0.9889 -4.116 

U.317 1129.42 0.9115 -32.975 

63.3 19 

34.439 

36. 713 

28.817 

27.922 

27. OC 6 

27.357 

27.2 16 

27.CC4 

26. EO@ 

+****** 
7.9 52  

7.12C 

6.416 

5.961 

5.861. 

5.7 36 

5.701 

*+*I*** 

I***+ ** 

****I** * 
170.484 

25.779 

7.747 

4.539 

5.!?96 

F.115 

21.141 

4 4 **** 9 i t  

*++*+*** 

VO LUM E 
OF SPHERE 

( L I T E R S )  -- -- - -- -- 
******** 

547.584 

119.696 

58.148 

6n.050 

96.506 

203.284 

5 4 2 + 8 1 6  

e*** * *+ 4 

*+****+* 

RADIUS 
OF SPHERE 

( C M I  --------- 
****e*** 

50e 7 5 2  

30.572 

24.033 

24.294 

28.464 

36.295 

53.539 

**+***** 
*******+ 

R A O I W S  OF 
CYCINDEF 

( C M  t --------_ 
******+* 

36.988 

21.735 

l5 .894 

17.200 

2C.430 

26.442 

39.649 

*+****** 
* * * * * * s t  

THICKNESS 
OF SLAB 

( CMI -4 
LA! 

------- -- 
**+**** * 

42. E 9 0  

23.453 

1 7 - 6 1  7 

18.132 

22.66 3 

33.566 

47.83 0 

*******+ 
*+****** 



W A T E R / F U E L  
VOL. R A T I O  

---------- 
3. 1 2 7 8  

1.0000 

2.0000 

4.000@ 

a. 1000 

12.0000 

36.0000 

20. 00oC) 

25.0000 

30. UDOQ 

AV. FUEL 
DENS BTY 
I GM/CC t ------- 
7.2 87 

4.412 

3.052 

1.8 88 

1.071 

9.748 

0.574 

0.466 

0.377 

0.317 

T Y P I C A L  C M F P R  C O R E  D I S C H A R G E  F U E L  CI.915 Ih.  55316  C L A D  I N F .  WATER R E F L E C T O R  

8.0 WT. PCT. PV02 I N  4i l*PU)O2 R O D S  AT @ e 2 6  11%. D I A .  

I S O T O P I C  C O M P O S I T I O N S  ( W T e P C T .  I 

PLUTCNIU?4*23Ey239 9240 9 2417 242 /  l a 0 0  60.30 27.G0 t 7.00 t 5.@9 

URAKIGR-235t238J C1.2C999.80 

H T O  PU 
R P T I C  

------- 
4.81 

39.65 

75.25 

150.5s 

301.18 

451.?7 

602.36 

352.95 

941.18 

1129.42 

K- IN F INX TY 

--------- 
0.9845 

1.0586 

1.2134 

1.3069 

1.3011 

1.2321 

I. 1 5 3 1  

1.8765 

e. 9889  

c. 9116 

S A F E  
6UCKL I N G  

I Mo.t-2) _------- 
5.728 

45.429 

98.262 

130.3 a4 

132.345 

107.550 

78.034 

4 8 e  9 4 2  

15.159 

-15.932 

M I G R A T I O N  
h R E l  

ICM**2 I  -------_- 
63. 3 1 9  

34.430 

30.713 

28. e 17 

27.922 

27.60 6 

29.397 

23.216 

27.004 

26. 8CO 

EXTRAP.  
D I S ' f A  NEE 

( C H )  -------- 
*****++ 

7.952 

7.12e 

6.416 

5.9 69 

5.8C1 

5.7 3c 

5.701 

******if 

****e*+ 

MASS OF 
PLUTON I LFl 

4KG1 --------- 
**+*+**+ 

75.344 

15.760 

5.246 

3.080 

3.246 

4.507 

8.302 

***+*if* if 

$******* 

VOLUME 
O F  S P e E I I E  

(L ITERS3 --------- 
8 * +* *+*+ 

242.000 

73.176 

39.372 

43.748 

61.540 

111.229 

252.424 

*+*****+ 
+*+* **** 

R A D I U S  
O F  SPHERE 

4 C M i  --------- 
*+*e* *+ * 

38.65 e 

25.047 

21. ?G4 

21.347 

24.49 2 

29.834 

39. 2'26 

**if*+** 8 

******** 

R A D I U S  O F  
C Y L I N D E R  

rcn $ ------ --- 
+******* 

27.7 30 

18.194 

14.652 

14.844 

17.3 89 

21.495 

28.577 

+**++*** 
+***e* ** 

T H I C K N E S S  
OF S L A G  

I C M )  --------- + 
c 

******* * 
30.70 6 

18.828 

14-68 8 

15.395 

18.691 

24.134 

33.53 5 

*+***** 9 

******* + 
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Fuel-8 M - 1€N03 ,Systems 

The following tables present  the ca lcu la ted  c r i t i c a l i t y  d b t a  for the  

20 wt '$ Pu02-U02 Suel-ni%rFc: ac id  systems w i t h  the va,rinus f u e l  p i n  

d i a m e t e r s  considered. 



dQTE R I FUEL 
VOL. RATIO 

---__--_-- 
3.1254 

1.2205 

2.4411 

4.8822 

9.7644 

14.6466 

19.5203 

24.4110 

3D. 5137  

36.6165 

A V O  FUEL 
DENS 3TY 
I G W t C  1 __---_- 

e. 845 

4.483 

2.693 

1.692 

0.925 

0.636 

0.485 

0.392 

0.336 

0.265 

TYPlCPL i M F 3 R  C O R E  DISCHA9GE FGEL 6 MOLAR HN03 INF. MATER REFLECTOR 

20.0 WT. PCT. Pb02 I N  IU+PU)02  RCDS AT C.26 IN. OIA. 

H TO P U  
R P T I L ?  

------- 
1.54 

14.55 

25. s e 

59.95 

119.9c 

179.05 

239. 80 

259.75 

374.65 

4k9.6 3 

K- I N F  I N i  'TY 

--_-___ _-- 
I. 5130 

1.2827 

1.3135 

1.3835 

1.3 E07 

1. 3072 

1.2177 

1,1268 

1.6256 

0.9367 

KATERIAL 
BUCKL I I\;G 

w * - 2  1 ___- __-_ 
84.560 

eo.  123 

95.539 

1 19. t 4 5  

119.055 

96.234 

68.465 

40.115 

3 . 3 6 3  

-20.365 

00.665 7.4 27 

35.279 7.165 

32. E17 7.9 95 

32.052 6 . 6 9 :  

31.973 6.2 62 

39.926 6.118 

31.757 6.038 

3:. 6 10 5.995 

3 1 . 3 4 4  6.053 

31.066 it****** 

124.946 

72.195 

33.587 

13.373 

7.795 

8.175 

11.465 

24.X 2 

261.844 

******** 

VOLUME 
OF SPHERE 
I L ITERS)  --------- 

86.064 

91.204 

65.81 1 

44.793 

47.761 

72.832 

135.361) 

347.285 

4698.594 

it******+ 

R A D I U S  
OF SPHERE 

l C M l  --_------ 
26.737 

27.932 

25.044 

22.03 1 

22.51 1 

25.9Q7 

31. s30  

43.50 5 

943.903 

*it 44*+* 9 

RADIUS CF 
CYL I N O E R  

3PYYb --_-----_ 
16.727 

19.703 

17.5 10 

15.297 

15.760 

18.398 

23.023 

31.975 

78.122 

9 4 4 4 8 4  3$ 

THIC KNE SS 
OF SLAB 

f cn1 
4 m 

------- -_ 
19.31 1 

23.767 

17.95 1 

15.34? 

16.22 9 

19.76 9 

25.09 3 

3 7 . x  B 

97.850 

******e 4 



WATER/FUEL 
VOL. R A T I O  

---------- 
3. I 2 5 4  

1.2205 

2.4411 

4.8822 

9.7644 

14.6406 

19.5288 

24.4 1.10 

34.5137 

36.6165 

AV. FUEL 
OENS I T Y  
[ G M / C C l  

0.845 

4.483 

2. a93 

1.692 

0.925 

0.636 

0.485 

Q. 3 9 2  

0.316 

0.265 

TYPICPL LMFBR CURE O I S C H b R G E  FUEL E MOLAR EN03 INF. WATER REFLECTOR 

29.0 WT. PCT. Pt102 IN (U+PU)02 RODS AT 0.26 IN. DIA. 

H TO P U  
R A T I C  

------ 
1.54 

14.45 

29.58 

59.55 

119.9C 

179.E5 

239*8G 

259.75 

374.65 

449. t ' l  

K- I N F I N I TY 

-- - - - - -- - - 
1.5130 

1. 2E27 

1.3135 

1.3835 

1. 3 807 

1.3072 

I r  2177  

1. 1268 

1.0254 

0.9367 

S A F E  
BUCKL I NG 

( M** -2 )  -- - - - - - - 
97.686 

59.259 

116.605 

142.357 

141.782 

117.784 

88.621 

5 e. E98 

25.384 

-4.495 

MIGRfiTIUN 
ARE P 

tCM**2 I --------- 
CQ, 6 6 5  

35.279 

32. 817 

32.052 

31.h;?3 

51.926 

31.757 

31.61Q 

31.344 

41.066 

EXTRAP. 
D I STANCE 

{ C M )  -------- 
7.4 27 

7.165 

7.095 

6.691 

6 0  2 82 

6 .  1 1 8  

b.038 

5.996 

6.053 

*.A%***** 

M A S S  OF 
PLUTONIUM 

( K G I  -- ----- -- 
94.48 5 

47.936 

22.757 

9.474 

5.552 

5.594 

7.314 

12.355 

41.560 

***+**** 

VOLUME 
OF SPHERE 

( L I T E R S }  ------- -- 
60.545 

69.610 

44.590 

31.733 

34.02 8 

49. e37 

85.549 

175.768 

747.563 

t*****t$ 

24,359 

24* 36 5 

21.998 

19.640 

20. I 0  2 

22. 829 

27s 3 3 4  

34.946 

5 4 - 3 0  1 

***** 4 1  4 

16.967 

1 6 0 9 7 5  

15.177 

13.466 

13.916 

16.042 

19.518 

25.347 

41.682 

4 + 4 * 4 t t *  

T H I C K N E S S  
OF SLAB 

( CMI  
2 --___-I -- 

16.933 

17.2@3 

14.93 3 

12.949 

13.82 I 

16.71 1. 

21.297 

28.950 

50.249 

*+**+ti+ * 



H A T E R /  F U E L  
VOL. R A T I O  

---_-_--_- 
S r L 2 5 4  

3 0 2 2 D 5  

2 0 4 4 1 1  

4.8822 

9.7544 

P4.6466 

1 9 0 5 2 8 8  

24.4110 

33.5137 

3 6 0 6 1 6 5  

AV. F U E L  
DEhS I T Y  
t G M l C i  d - --- --- 

8.845 

4.483 

2.893 

1.592 

0.925 

0.636 

0.485 

0.392 

0.316 

0.265 

YYP!CPL L M F G R  C O R E  D I S C n P R G E  FUEL 8 MirLkR PN03 INF. H A T E R  R E F L E C T O R  

2 0 . ~  wr. PCT. ~ 2 0 2  i i l + p c r 1 0 2  R O D S  A T  0 . i 9  I & .  DIA.  

K- I NF 1 N I  TY 

1. 5 i 2 2  

1.2605 

1.2184 

9.3551 

1.3959 

1.3626 

I. 3050 

1.2391 

1.1587 

1.0633 

M A T E R  I A L  
GUCKL i NC 

l w + - 2  I ---_ ---- 
64.462 

74.305 

85.646 

111.984 

124.762 

114.033 

95.926 

75.368 

50.217 

26.515 

M l G R A ' I I C N  
A R E b  

( C M * * 2 )  
-t ____--- 

Ci l .  6 4 0  

35.053 

32.5C 1 

3L.72: 

3 l . 7 2 7  

11.800 

21.755 

39.129 

3 1.554 

31.427 

C R I T I C A L  P A R A M E T E R S  ( K E F F = 1 . 0  1 
t t 4 t ~ + O t B t t * S * * * S 4 * * t O S t t ~ ~ t ~ ~ ~ 4 t 4 * ~ t ~ ~ ~ ~ * ~ * ~ t 4 * * * ~ + ~  +4  

EXTRAP. M A S S  O F  VOLUME R A D I U S  R A D I U S  OF THICKNESS 
3 I S T A N C E  PLUTOkIUM OF SPHERE OF S P H E R E  CYLINDER OF S L P 3  

i C M  I ( K G )  ( L I T E R S )  ( C U I  ( C M  I i C M I  -1 

7.782 1 2 0 , 3 0 4  77.089 26.402 18.3 67 l a .  62 Q 

9.519 70,683 ~ 0 n . 7 5 2  28. 066 20.322 21.287 

co --_---__ --------- --------- --------- --------- --------- 

7.493 39.573 7 1  5 4 0  26.453 a E. 4 9 4  1 8 . 9 6 0  

7.0 1: 14.583 48. 0 4 5  22.67 7 15.716 15 .666 

5.499 6.911 42.360 21.625 15.031 15 .626 

6.276 5.928 51.927 23. a 4 4  16.246 16.86 e 

6.160 6.237 72.9C 8 25.916 18,395 I 9.75 6 

389 0 9 1  2 1 0 b C 6  23.994 6.097 7.887 1 2 4 . 1 2 5  

6.048 13.C99 235.048 38.285 27.890 32 .236 

49 .975 6 . 0  1 8  32.524 696.635 54.99 3 40.6 8 8 



WATER/FUEL 
VOL. RATIO 

s-----s--- 

D s  1 2 5 4  

1.2205 

2.4411 

4.8822 

9.7644 

14. 6 4 6 6  

19.5288 

24.4110 

33.5137 

36.6165 

AV. FUEL 
D E N S I T Y  
(GM/CC) ------- 

8.845 

4.483 

2.893 

1.692 

01.9 2 5 

0.6 36 

0.485 

0.392 

C.314 

0.265 

7YPICPL LHFBR CORE OISCHbRGE FUEL 8 MOLAR HN03 INF. WATER REFLECTOR 

2c.o HT. PCT. P U O ~  IN (U+PUIOZ RODS AT 0.10 IN. D I A .  

ISOTGPIC COkPOSITIONS (WT. PCT. 1 

PL UT CN I U M-23 8 I 2 3 9 9 240 t 2 4  1 9 2 4 2 /  I. 00 9 61) .Or) 9 27.  C.0 v 7.00 t 5. CO 

URAN I U M - 2 3 5  I 2 3 8 /  0.20~ 99.80 

H TO PU 
RATIC 

- -. ---- - 
l e 5 4  

14.95 

29.58 

59. z 5 

119.SC 

179.e: 

239.80 

259.75 

374.65 

449.63 

K - I N F I N I T Y  

---------- 
1.5122 

1.2605 

1.2784 

I* 3551. 

1.3959 

1. 3026 

1.3050 

1.2351 

1. 1587 

1.0833 

SAFE 
9UCKLING 

(M**-2 I -------- 
97.5E6 

93,230 

106.347 

134.475 

1 4 7 r 9 3 8  

136.585 

117.530 

95.923 

69.5 18 

44.658 

H IGR4TICN 
AREA 

( C M + * 2 1  _--- - --- 
60.6 40 

35.953 

?2.5C1 

31.711 

31.729 

31.000 

31.755 

21.729 

3 1.554 

31.427 

EXTRAP. 
D I S TA Fit E 

( C M I  -- - - -- - 
7.782 

7.579 

7.493 

7.011 

6.499 

6 s  276 

6.160 

6 - 9 9 ?  

6,048 

be018 

M A S S  OF 
PLUTONIUM 

( K G I  - -------I 

90.595 

51.499 

25.911 

10.126 

4.936 

4.113 

4.257 

5.P76 

7.387 

13.472 

VOLUME 
OF SPHERE 

( L I T E R S )  
---I--- -- 

58.052 

65.116 

50.770 

33.917 

3n. 256  

36.647 

4 9 - 7 6 ?  

73.452 

132.560 

280.563 

RADIUS 
OF SPHERE 

( C M )  --------- 
24.020 

24.957 

22.971 

20. CB 1 

19.330 

20.60 5 

22.81 8 

25.980 

31.631 

40.994 

G A O L U S  OF 
CYLINDER 

( C M I  
---I----- 

i60 5 t 4  

17.3 29 

15.828 

13.729 

13.274 

14.303 

16.024 

18.459 

22.796 

29.971 

THI C KNE 55 
OF S L A B  

(CMJ ------- -- -4 
‘Q 

16.23 a 

17.37e 

15.477 

13.070 

12.832 

14.33C 

16.45 8 

19.883 

25.58 2 

34.97 6 



#ASER/FUEL 
VOC. RATIO 

-- --- --- - - 
4.1254 

3.2205 

2.4411 

4.8822 

9. 64 4 

14.6466 

19.5268 

24.49 % B  

33.5 137 

35.6i65 

AV. FUEL 
DENS I I Y  
1 SM/CC 1 - --- --_ 
8.845 

4.483 

2.893 

1.692 

0.925 

0 . 6 3 5  

0.485 

0.392 

0.396 

Q. 265 

TYPICAL L M F B R  CORE DISCHARGE FUEL 8 MOLAR HN03 I N f .  WATER REFLECTOR 

2000 WT. PCT. PUOZ IN ( I ; + P U l O 2  RODS AT f.10 I N .  D I A .  

K- I N F I k I  TY 

-- -_------ 
1. 5114 

1.2364 

1.2346 

1.3056 

2.3797 

X. 3859 

1. 3629 

1.3276 

1.2754 

I. 2217 

MAT E R  I AL 
B U C K L I N G  

( M * * - Z  I __------ 
34.372 

67.916 

730012 

97.730 

121.228 

122.519 

1160 615 

103.34'3 

e7.021 

70. i6r) 

60.612 

34.0" 10 

22.134 

2 L. 266 

31.325 

31,457 

32.OC2 

3 1 . 6 4 8  

31.645 

31.557 

CRITICAL PARA,VETTERS / Y E F E = L . O  I 
* 4 * ~ f B ~ t 4 * * V f 4 ~ 4 B * 0 ~ ~ ~ 4 ~ ~ ~ f 4 ~ f 4 ~ ~ B B * ~ f * ~ ~ 4 ~ t * ~ f ~ B ~ * * *  09 

EXTRAP. M A S S  OF VOLUME R A D I U S  R A U l U S  OF T F I C K N E S S  
3 1 S T A h ' C E  PLUTONIIUM O F  SPHERE OF SPHERE C Y L I N D E R  OF S L A B  

I C?4 J {KCI ( L I T E R S !  ( C Y 1  ( Z M 3  {CM) _ _ _ _  _ _ _ _  _-__-__ c- _ _ _ _ _ _ _ _ _  -----__- _ -----_ --- -- co 
0 

8.285 113.798 72.920 25.927 17.898 17.63 2 

6.172 88.992 112.522 20.944 21.011 21.777 

8.065 50.545 99.038 28.7PI 20.0 8 1  23.636 

7.491 /-f.Q1E 60.015 24. 28 8 16.83' 16.797 

5.834 6.982 42.796 21.699 15.OC9 14.96 5 

6.5 33 4.904 43.094 21.650 15.195 i5.317 

6.3 63 4.335 50.667 22.95 5 :6.081 16.592 

6.2 50 4.333 62.700 24.645 17.399 18.396 

6.178 4.854 27.499 19.603 21.321 87. 706 

6.132 6.~39 129.358 31.374 22.5 8U 25.24 1 



WATER/FUEL 
VOL. R A T I O  

---------- 
3.1254 

1.2205 

2.4411 

4.8822 

'3.7644 

14.6466 

19.5288 

24.4110 

30.5137 

36. 6165 

AV. FUEL 
D E N S I T Y  
( G M / C C  1 

@.E45 

4.483 

2.893 

1.692 

0.925 

0.636 

0,485 

0.392 

0.316 

0.265 

TYPXCPL LMFBR C U R E  ClISCHAREE FUEL 8.MOLAR HN03 INF. HATER REFLECTOR 

20.0 WTa PCT. Pi102 I N  (U+PU)O2 RODS AT C.15 IN. DIA. 

ISOTCPIC COMPOSITiONS (gT.PCT. 

PLUTCNIUW-238,239,24c) I 2 4 1 9 2 4 U  1.@0,6O.OO 9 27er)O, 7.001 5.00 

URANIUM-225,238/ 0.20, 99. 8C 

ti TO P U  
RPTIC 

------- 
1.54 

14.95 

29. S @ 

59.9 5 

119.9C 

179.@5 

239. B o  

299.75 

374.cs 

4 4 9 r  6 3 

K- I N  F f h I  TY 

------ ---_ 
1. 5114 

1. 2 3 t 4  

1.2346 

1. 3056 

1.3797 

1 .3859 

1. 3629 

1.3270 

1.2754 

1.2217 

SAFE 
BUCKLING 

( M * * - 2 )  
-------I 

97.4S6 

86.610 

93.234 

119.707 

144.410 

145.677 

137.516 

125.409 

1C8.232 

90.509 

M I G R A T I O N  
AREA 

( C % * * 2  t 
-*------ - 

60.612 

34. e 10 

32.134 

32.266 

3 1 - 3 2 5  

31.457 

31.662 

21. 648 

31. t 4 5  

31. 557 

S AF E P AR AMETE 45 ( KE FF 4. 9 5 1 
* 4 * ~ * + 0 * ~ f t ~ ~ 4 + 4 * t * 4 * ~ ~ ~ * ~ * 4 ~ ~ * t ~ ~ ~ * * ~ ~ * * ~ * t ~ ~ t ~ * * * ~ 4 ~ ~  

E X T R A P .  MASS OF VOLUME R A D I U S  R A C I U S  OF THICKNESS 
DISTANCE PLUTONIUM OF SPHERE OF SPHERE CYLIYCER @F SLAB 

( C M I  6KGI ( L ITERS I ( C M I  ( C M )  ( C M 1  oc, 
t- ---...---- --------- --------- --------* --e------ --------- 

8.2 85 85.183 54.584 16.072 15 .247 

8.172 55.484 70.155 25.58 5 17.670 17.41 3 

8.0 65 31.327 61.782 16.8 42 16.4Pb 

23.532 

24.471 

7.491. 11.955 43.042 21.223 14.491 13 .732 

6.834 4.920 30. a54 19.30 9 13.179 12.475 

6 .533  3.484 3 1 . ~ 1  19.496 13.393 12.963 

6.363 3.054 35. 701 20.42 7 14.145 14.r6 3 

15.53 5 

6.178 3.235 58.045 24.01 9 16.939 17.841 

6.132 3.892 81.440 25.890 19.147 2n.757 

15.217 6.259 2.997 43.362 21.7?4 



W A T E R  / F U E L  
VQL. R A T I O  

---_------ 
3.1254 

1.2205 

2 .4411  

4.8822 

9. ?644 

14.6466 

19.528b 

24* 4 llD 

3 5 . 5 1 3 7  

36.6165 

AV. F U E L  
DENS IIY 
( G M / C C  I ------- 

8.845 

4.483 

2.893 

1.692 

e.  9 2 5  

0.636 

0.495 

0.392 

0.3 16 

0.2 6 5  

T Y P I C A L  LMF6R C O R E  D I S C H A R G E  F U E L  8 MOLAR H N 0 3  I N F .  WATER R E F L E C T O R  

2t.O HT. PCT. 2U02 I N  l U + P U I O 2  ROOS AS P.0 IN .  D I A .  

n YO P L  
R A T I @  

------- 
l.54 

14.95 

29.56 

59.95 

a 19.90 

179.85 

239.6C 

2S9.75 

374.65 

449 . t?  

K- I N F  I N1: TY 

-- -- ---- -- 
I. 5107 

3.2053 

1.1054 

1. ,1902 

1. 2450 

1. 2 6 %  

1. 2757  

1.2116 

1. 2586  

1.2 39; 

M A T E R I A L  
B U C K L  i N G  

f f4**-2) -----_-- 
84.295 

59.523 

52.390 

62.5 54 

81,115 

08.886 

99.591 

80.927 

84.207 

77. a49 

M I G R A T I O N  
A R E e  

( tM+*2!  -_---- --- 
60.5E2 

34.453 

31. 576 

3 0 . 4  10 

30.209 

39.3 14 

3 8 . 4 3 4  

30.5 37 

30.6 36 

30.7c7 

C R I T I C A L  P A R A M E T E R S  (KEFF.=1.0 D 
~ 1 4 * 4 4 * 4 4 * t * t * t 0 * 3 * 4 ~ ~ 4 ~ * * * 4 ~ * * 4 ~ ~ * 4 * ~ ~ ~ ~ * * ~ 4 ~ * ~ * * ~ 1 ~  ** 

EXTRAP.  M A S S  OF VOLUME R A O I W S  R A D I U S  OF T H l C K N E S S  
D I S T A N C E  P L U T O N I U M  OF S P H E R E  OF S P H E R E  C Y L I N D E R  OF S L A B  

( C M )  (KGI [ C M ,  ( C Y  1 I C M I  I L I T E R S )  __--____ -_---_--_ --I-_--T- -------__ -----*--- 

9.151 902.960 65.976 25.057 17.0 44 15.91 6 

9.226 103.491 130.854 31.494 24.947 22.259 

9.139 04.C00 160.509 34.24 5 24.088 25.12 6 

8.5 86 37.747 126.423 31.135 21.822 22.549 

7.800 1 3 . 5 7 3  03.197 18.923 ‘19.28 1 27.Q82 

7.378 8.210 73.146 25.944 1 8 . 1 3 1  15.566 

1.115 5.220 72.708 25.892 18.953 18.777 

6.937 5.31 3 76.872 26.377 18.5 66 19.446 

20.535 6.850 4.794 06.025 27.385 

6.796 4.b77 100.169 28.6Prj 20.462 22 .s15  

1 9 . 3 5 8  



HATER/ FUEL 
YOL. R A T I O  

----_----- 
3.1254 

1.2205 

2.4411 

4. a822 

9s 7 6 4 4  

14s 6466  

19.5288 

24.41 10 

33.5137 

36.6145 

A V e  FUEL 
DENSITY 
( G M / C C )  

8. 845  

4.485 

2. a 9 3  

1.692 

0.925 

0.636 

0.485 

0.392 

0.316 

0.265 

T Y P I C A L  L M F B R  CORE DISCHARGE F C E L  a MOLAR H N O ~  INF. LlATER REFLECTOR 

20.0 WT. PCT. pu02 IN ~ U + P C ) ~ O I  RODS AT c.a IN. DIA. 

ISOTCPIC CONPOSITIONS (UT.PCT. 1 

PLUTONIUM-238r239r243~241 ,242 /  1 . 0 0 1 6 0 . 0 0 ~ 2 7 ~ 0 0 ~  7.00, 5.00 

URAN I UM-22 5 7  2 3  8 /  0.2r)799.80 

H TO P U  
RATIC 

- - -- -- - 
1.54 

14.95 

29.sr 

59. s 5 

119.9C 

179.85 

239.80 

259.75 

374.4 5 

449.03 

K - I N F I N I T Y  

-..- -----_ - 
1.5107 

1.2053 

1.1654 

1.1902 

1.2450 

1.2654 

1.2757 

1. 2726 

1. 25% 

1. 2 3 5 1  

S A ?  E 
BUCKL I NE 

[ M4*-2 L 
-------I 

97.41Y 

77,914 

71. a i 6  

83.153 

102.809 

110.926 

112.653 

110. E43 

105.8 19 

99.0 96 

MIGRATION 
AREA 

{CM+*2) ---- ----- 
60.582 

34*  45 3 

31.576 

301 4 30 

30.208 

30.3 14  

30.4 34 

30.537 

30.636 

30.7t7 

EXTK AP. 
D l  STANCE 

( C H I  -------- 
9.151 

9.2 26 

9.139 

8.5 E6 

70 800 

7.378 

7 r l 1 5  

6.937 

6 . ~ 3 5 ~  

6.796 

M A S S  OF 
PL UTONI UM 

[ K G I  
-------e - 

7 6 c  247 

60.717 

46.591 

21.642 

8.516 

5.320 

4. c 7 3  

3.478 

3.163 

2.970 

VOLUME 
OF SPHERE 

f L I T E R S )  --------- 
48.858 

7b9 7 7 1  

91.29n 

72.487 

529 1 9 6  

47.397 

47.612 

50.319 

55.688 

63. 6'20 

RADIUS 
OF SPHERE 

( C M )  --------- 
22.679 

26.366 

27.93 3 

25.866 

23.184 

22.450 

22.484 

22.96 2 

23, 69@ 

24. '16 5 

RADIUS OF 
CYL I N  EER 

( C M )  -_------ - 
15.216 

18.@21 

19.2 41 

17.7 E8 

15.919 

1 5 0 4 5 7  

15.544 

15.966 

1 6 r  5 2 9  

17.3 b5 

T'HICKNE SS 
OF SL4E 

rcn, i3 
W ------- -- 

13.52 8 

I?. 1 4 0  

18.794 

17.260 

15.334 

1 5 e c 7 2  

35.349 

1 5 ~ 9 6 5  

16.83 9 

17.969 



84 

Fue 1-Wat e r -Boron Svst e m  

The following tabI.es present  t he  ca lcu la ted  criticality data f o r  

the  20 wt $ PuOp--U02 fuel-wster systems containing 0.5 M - boron at the 

various fiie1 pi-n diameters considered. 



HATE R I FUEL 
VOb. RATIO 

5.1027 

1.0003 

2.0000 

4.0003 

8.0000 

12.O05Q 

16.0003 

20.0000 

25.0000 

38.0000 

AV. FUEL 
DENSITY 
l G M / C C l  
----I-- 

5.027 

4.977 

3.318 

1.991 

10 106 

0.766 

0.5 36 

0.474 

0.333 

Q.321 

TYPICAL LMFBR CCRE DISCHARGE FUEL 0.X MOLAR B O R O N  INF. WATER REFLECTOR 

20.0 HT. PCT. PUOZ I N  (U+PU)OZ SODS AT 0.26 IN, 3IA. 

I S O T C P I C  C C M P C S I f l O N S  (IrT.PCT. i 

PLUTCNIUM-238q239r24Or 2411 2 4 2 f  l * G Q ,  6C.00 127.00, 7.00, 5 r 3 C  

UR AN I: UM-2 357 23 8 1  0 20 r 99. 8 0  

H TO P U  
R A T X O  

------- 
1.54 

14.95 

2 9 . 5 8  

59.56 

119. S O  

179.E5 

239 .  @ C  

2 5 9 . 7 5  

374.65 

444.63 

K - I N F I N I T Y  

---------- 
1.5165 

1.264q 

1.2424 

1.1396 

0.4649 

0.7806 

0.6438 

0.5411 

0.4499 

0.3837 

WATER I A C  
BUCKL I NG 

(M**-21 
-------e 

86.453 

82.761 

84.695 

67.333 

-13.9 61 

-90.390 

-149.963 

-195. 843 

-23 6.982 

-266.726 

MiGRATICN EXTRAP.  
0 1 S T A NC E 

lCM**2 l  ( C M  I 
ARE 0 

--------- 
59.74 1 

32.003 

28.619 

26.6 80 

25.121 

24.271 

23.752 

21,. 4 ? 3  

23. 214  

23. I 3 8  

26.415 

27.65 9 

27.38 1 

31.557 

******* * 
* * * O S * * *  
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WATER/FUEL 
VOb. RATIO 

PS --- ---_- 
0.1027 

1.0090 

2. 0000 

4.0000 

8 e 0000 

12.00~0 

16.0000 

20.0C)oo 

25.0000 

30.0000 

AV. FUEL 
CENS I T Y  
[ G M / C C  1 -.--....- 

5.027 

4.977 

3 ~ 3 1 8  

1.991 

1.106 

0. 7 6 6  

C. 5 86  

0.474 

0.383 

0.321 

TYPICAL LMFBR CORE GISCHnRGE FUEL 0.30 MCLAK 8 O K O N  INFe WATER REFLECTOR 

20.0 HT. PCTe PU02 I N  (U+PUtOZ ROUS AT 6.18 IN. O IA .  

ISOTCPIC C C M P C S I T I O N S  (WTePCT. I 

PLUTLNIUM-238,2391240t 241,242/ l.r)fl,60 .'10 27.007 7.90, 5.n0 

URAN IUM-235.23 a /  0.209 99.8C 

H TO P U  
R A T I O  

- ---- 
1.54 

1 4 - 4 5  

29.S @ 

59.55 

119.90 

179.85 

239.80 

299*75 

374.65 

449.63 

K- I N F I N I TY 

1.5157 

1.2461 

1.2219 

1.1928 

1.0439 

0.8683 

0.7403 

0.6577 

G .  5603 

O r  4863 

HATER I AL 
BUCKL I NG 

( M + * - 2 )  

86a 3 5 5  

77.330 

78.756 

72.432 

17.334 

-45.489 

-95.715 

-144.523 

-187.934 

-221.2bO 

M I G 9 A T  TCN 
ARE b 

(CM**2 I --------- 
55.7 16 

31.821 

28.425 

26.614 

25s 3 2 0  

24.5 54 

24.04 1 

23. 6 8 4  

2 3 , 3 9 4  

23.2 16 

EXTRAP. 
DISTANCE 

( C M J  -------- 
7.7 20 

7.2 62  

7. I. 2 6  

6.741 

6.469 

+ + t r y * * *  

******* 
******* 
+****** 
+*****it 

VOLUME 
OF SPHERE 

( L I T E R S )  --------- 
74,36C 

96.593 

94-  30  1 

115.064 

1375.329 

*+****** 
**** *** * 
******** 
******** 
*******e 

26.007 18*160 

28.463 i@.@97 

20.43 5 2cl.047 

30.173 21.518 

68.98 8 51.296 

**.ti+**** ******** 

THIC KNE S S  
OF SLAB 

( C M I  co 
4 ---_I__ -- 

18.366 

21.231 

21.30 9 

23 .432  

62.51 

**e**** 4 

******* t 



MATER/FUEL 
VOL. RATIO 

---------- 
3.1027 

1.0000 

2.0000 

4.0000 

6.0000 

12.0ODD 

16.0000 

24.0000 

25.GOGQ 

3D.DODG 

AV. FUEL 
DENS I T Y  
I G # / t C  1 ------- 
9.0 27 

4.977 

3.318 

1.996 

I. 1 0 6  

0.766 

0.586 

6.474 

0.383 

0.321 

TYPiCPL L M F B R  CERE DISCHARGE FUEL 0.30 MOLAR 93SOh INF. WATER REFLECTOR 

20.0 kT. PET. PU02 I N  CU+?UIOZ R O D S  AT @.I8 IN. DIA. 

I S O T C P l C  COMPOSITIONS (WT.PC7. i 

PL UT C I\! I U 3-23 e t 2 39 t 240 t 24 1 t 24 2 / 1 00 9 6C 00 t 2 7  00 t 7. C 0 t 5 0 0 

URA N i UM- 2 ? 512 3 8 i  0.2 fit 99.bQ 

H TO P U  
R A T I O  

------- 
1.54 

14. s F 

29.4e 

59.5 5 

119.9C 

179.e5 

239. 80  

249.35 

314.65 

449. B 3 

K- I N F I N I T Y  

1.5157 

1.2461 

1.2219 

1.1528 

1.0439 

0.8883 

0.9603 

0.6577 

3. 56C3 

0.4e63 

SAFE 
B;ICKL IkG 

( M4*-2 j ------ -- 
99.7 13 

97.940 

100.693 

96.020 

39.033 

-26.449 

-03.071 

-129.967 

-175.327 

-210.235 

MIGRATION 
A R E 4  

(CM+*2! - -_----- - 
55.716 

31.821 

28.425 

26.6 14 

25.320 

24.5 54 

24.041 

23.6 e4 

23.394 

23.216 

EXTRAP. 
D I STANCE 

( c n  -------- 
9.720 

7.2 62 

7.126 

6.741 

6.459 

******* 
******+ 
t4*4*94 

***+**+ 
+fqs*+riv 

R A D I U S  
OF SPLERE 

( C U I  --------- 
23.74 I 

24.483 

24.185 

25.32'2 

43.816 

t4 4+4 *+ 4 

* + 3 4 4 4 * +  

* * * * * * 4  4 

+****** * 
*****+** 

RADIUS OF 
CYLINDER 

I CM i --------- 
16.364 

17.040 

16.844 

17.803 

32.026 

****** ++ 
******e* 

**it* + 4  ++ 

*****+** 
*+*+** ** 

TWICKNE SS 
OF S L A B  

t C H I  co 
co - - - - - -- -- 

16.020 

17.221 

17.059 

18.57 9 

37.34 7 

***e*+* 4 

******* 4 

******e * 
*ir+*s** * 
+v3***+ + 



WATER / FUEL 
VUL. RATIO 

0.1027 

1.0000 

2. 0909 

4.0000 

8.0000 

12eC000 

16.0050 

20.0000 

2500000 

33.aeoo 

AV. FUEL 
DENSITY 
( G M I C C t  

4.0 27 

4.977 

3.318 

1.991 

1.106 

0.7 65 

0.5 86 

0.474 

0.383 

0 ~ 3 2 1  
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