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SUMMARY 

The storage of nuclear mater ia ls  i n  arrangements so as t o  preclude c r i t i -  

ca l  i t y  by accident i s  an i tem f o r  concern throughout the  nuclear fue l  cycle. 

I n  the  reprocessing o f  nuclear fuels, such as i n  the  Purex F a c i l i t y  a t  Hanford, 

plutonium n i t r a t e  so lu t ions  are commonly stored i n  s ta in less  steel, on poly- 

I@ ethylene, cy l  i ndr ica l  b o t t l  es. Because experimental data on the  c r i t i c a l  i t y  

o f  i n t e r a c t i n g  arrays o f  Pu so lu t i on  containers, as might occur i n  storage 

and handling, were lacking, t h e  Rockwell Hanford Operations sponsored a  ser ies  

o f  experiments a t  t he  C r i t i c a l  Mass Laboratory o f  PNL w i t h  i n te rac t i ng  arrays 

IP o f  b o t t l e s  conta in ing p l  utonium n i t r a t e  solut ions. The ob jec t i ve  o f  these 
experiments was t o  provide benchmark data t o  val ida te  calcul  a t iona l  codes 

used i n  c r i t i c a l i t y  safety assessments o f  p lan t  conf igurat ions. Arrays con- 

t a i n i n g  up t o  as many as s ix teen t h r e e - l i t e r  b o t t l e s  f i l l e d  w i t h  plutonium 

n i t r a t e  were used i n  t h e  experiments. A s p l i t - t a b l e  device was used i n  t h e  

f i n a l  assembly o f  t h e  arrays. The planar arrays were re f l ec ted  w i t h  c lose 

f i t t i n g  p lex ig las  on each s ide and on the  bottom but  not  t h e  top surface. 

The experiments addressed a  number o f  f ac to rs  e f  f e c t i  ng c r i t i c a l  i t y ,  name1 y: 

1) t h e  c r i t i c a l  a i  r gap between b o t t l e s  i n  an array o f  f i x e d  number o f  bo t t les ,  

2) t h e  number o f  b o t t l e s  required f o r  c r i t i c a l i t y  i f  t h e  b o t t l e s  were touching, 

and 3 )  the  e f f e c t  on c r i t i c a l  array spacing and c r i t i c a l  b o t t l e  number due t o  

t h e  i nse r t i on  o f  an hydrogeneous substance i n t o  the  a i r  gap between bot t les .  

Each b o t t l e  contained about 2.4k o f  Pu(N03 l4 so lu t i on  a t  a  Pu concentrat ion o f  

105g Pu/k, w i th  the  240Pu content being 2.9 w t %  a t  a  f ree  acid molar i ty  H+ 

of 5.1. 

A f t e r  the  i n i t i a l  ser ies  o f  experiments were performed w i t h  b o t t l e s  sepa- 

rated by a i r  gaps, p l e x i g l  as she l l s  o f  vary ing thicknesses were placed around 

each b o t t l e  t o  inves t iga te  how moderation between b o t t l e s  e f f e c t s  both the  

number o f  b o t t l e s  required f o r  c r i t i c a l  i t y  and the  c r i t i c a l  spacing between 

each b o t t l  e. 



The minimum number o f  b o t t l e s  required f o r  c r i t i c a l  i t y  was found t o  be 

10.9 bot t les ,  occur r ing  f o r  a  square array w i t h  b o t t l e s  i n  contact. As the  

b o t t l e s  were spaced apart, t h e  c r i t i c a l  number increased. For s ix teen b o t t l e s  

i n  a  square array, the  c r i t i c a l  separation between b o t t l e  surfaces i n  both x  

and y  d i r e c t i o n s  was 0.96cm. The add i t i on  o f  p lex ig l  as around each b o t t l e  

decreased the c r i t i c a l  b o t t l e  number, compared t o  those separated i n  a i r ,  b u t  

t h e  c r i t i c a l  b o t t l e  number, even w i t h  i n t e r s t i  ti a1 p l a s t i c  i n  p1 ace was a1 ways 

greater than 10.9 bot t les .  The most reac t i ve  conf igura t ion  was a  t i g h t l y  

packed array o f  b o t t l  es w i t h  no i nterveni  ng mater i a1 . 
As a  r e s u l t  o f  these experiments, ca lcu l  a t i ona l  benchmarks now e x i s t  f o r  

c r i t i c a l  i t y  analys is  o f  b o t t l e  arrays o f  p l  utonium n i t r a t e  solut ions. 
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INTRODUCTION 

The sa fe  hand1 i n g  o f  nuc lear  f u e l  i s  a  pr ime concern o f  t h e  nuc lear  f u e l  

c y c l  e, worldwide. The c r i t i c a l  i t y  o f  i n t e r a c t 1  ng a r rays  o f  f i s s i o n a b l  e  m a t e r i a l  

i s  important,  p a r t i c u l a r l y  i n  f u e l  reprocessing, s to rage  and shipment, bu t  

t h e r e  remains a  s i n g u l a r  l a c k  o f  c r i t i c a l  experiment data on i n t e r a c t i n g  a r rays  

o f  s o l u t i o n  con ta iners  o f  p lu ton ium on which t o  v a l i d a t e  c a l c u l a t i o n s  used i n  

c r i t i c a l  i t y  s a f e t y  assessments. 

To p rov ide  such data, a  s e r i e s  of c r i t i c a l  experiments, funded by t h e  

Rockwell Hanford Operation, were performed a t  t h e  C r i t i c a l  Mass Laboratory  

(CML), o f  t h e  P a c i f i c  Northwest Laboratory  (PNL) w i t h  p l ana r  a r rays  o f  th ree-  

l i t e r  po lye thy lene  b o t t l e s  con ta i n i ng  p lu ton ium n i t r a t e  s o l u t i o n .  The expe r i -  

ments a re  somewhat s i m i l a r  t o  those pertormed a t  t h e  CML on b o t t l e s  o f  233U 

s o l u t i o n  repor ted  i n  1968. P l  e y i g l  as r e f l e c t e d  a r rays  con ta i n i ng  up t o  

s i x t e e n  bo t t l es ,  each b o t t l e  con ta i n i ng  about 2.4 l i t e r s  o f  s o l u t i o n ,  a t  a  

concen t ra t ion  o f  105 g  Pu/R were used i n  t h e  experiments. The p lu ton ium was 

o f  low 240Pu con ten t  (2.9 w t %  240Pu). The experiments p rov ide  data on var ious  

f a c t o r s  e f f e c t i n g  c r i t i c a l  i t y  o f  t h e  a r rays  i n c l u d i n g  i n f o rma t i on  on: 1 )  The 

c r i t i c a l  number o f  b o t t l e s  i n  va r ious  p lanar  a r rays  as a  f u n c t i o n  o f  t h e  spac ing 

between bo t t l es ,  2 )  Number o f  b o t t l e s  requ i red  f o r  c r i t i c a l i t y  w i t h  b o t t l e s  

i n  contact ,  3 )  E f f e c t  on c r i t i c a l  a r r a y  spac ing and c r i t i c a l  number o f  b o t t l e s  

due t o  i n s e r t i o n  of an hydrogeneous substance i n t o  t h e  a i r  gap between b o t t l e s  

o f  an array.  

EXPERIMFNT DESIGN 

The f i s s i l e  s o l u t i o n  used i n  these experiments i s  descr ibed i n  Table 1. 

It had an average concen t ra t ion  o f  105 g / a  Pu w i t h  t h e  240Pu con ten t  be ing 

2.9 w t %  a t  a  f r e e  ac i d  m o l a r i t y  (H') o f  5.1. The s o l u t i o n  s p t r c i f i c  g r a v l t y  

was determined t o  be 1.420. P r i o r  t o  b o t t l e  f i l l i n g ,  t h e  s o l u t i o n  was tho- 

roughly  mixed t o  ensure t h e  same concen t ra t ion  o f  p lu ton ium i n  each b o t t l e .  



MI F I.. Descr ipt ion o f  Pl utonium N i t r a t e  Sol u t i o n  

ComDonent 
Pl u ton i  um 

Urani um 

N i t r a t e  (NO3) 

I r o n  

Chromium 

Nickel 

A1 umi num 

Manganese 

Cadmi um 

Boron 

Water 

Concentration ( a / R  1 

105 

505 (Total N i t r a t e )  

3.2 

788.3 ( o b t a i n e d  by 
d i f fe rence)  

0.18 

The experiments were performed w i t h  sixteen three-1 i t e r  polyethylene 

b o t t l e s  (dens i ty  o f  polyethylene 0.98 g / c d )  f il l e d  w i t h  Pu(N4I4.  The b o t t l e s  

are described i n  F igure 1. The volume o f  so lu t i on  i n  each ind i v idua l  container, 

shown i n  Table 2, ranged from 2.39 t o  2.42 w i t h  an average o f  2.407 + 0.011. 

The average outs ide diameter o f  t he  b o t t l e s  was 11.78 + 0.04cm. The inner 

b o t t l e  diameters, a lso shown i n  Table 2, ranged from 10.53 t o  10.68cm w i t h  

t h e  average being 10.63 + 0.05cm. Based on these data, t h e  average s o l u t i o n  

height  per b o t t l e  was 27.'12 + 0.30cm. I n  every instance, t h e  s o l u t i o n  height  

was 1 imi ted t o  1 eve1 s be1 ow the  curved neck o f  t h e  L-3 b o t t l e  (see Figure 1). 



Outer Diameter of Cap = 10.00 cm 
Wall Thickness of Cap = 0.96 cm , 

Vent Cap Wall Thickness of J 
4 

, - ,, ,Neck = 0.88 cm 

Ht. 

2.50 cm - 7.92 

Polyethylene Shell 

cm 

33.0 Fissile 

- b!d i 0.635 cm Thick Bottom 

cm 

Average Bottle Dimensions (Over the Portion of Bottle Filled with Solution) 

Average Solution Ht. - 27.12 f 0.30 cm 
Average Inner Diameter - 10.63 f 0.05 cm 
Average Outer Diameter - 11.78 f 0.04 cm 
Average Volume - 2.407 f 0.01 11 

So'ution 

0.48 
cm 

Composition of Polyethylene Bottle Composition of Plexiglas Reflector 

27.1 2 cm Average Solution 

Chemical Form: (CHZ), 

Isotope Wt% Isotope Wt% 

C 85.63 H 8.0 
t ,  14.37 C 60.0 

0 32.0 

Density of Polyethylene Bottle: Density of Plexiglas: 1.1 85 g/cm3 
0.98 * 0.04 g/cm3 
Weight of Empty Bottle: 987.0 f 18.4 g 

FIGURE 1. Desc r i p t i on  o f  L-3 B o t t l e  



B o t t l  e  
Number 

1 

Average 

TARLE 7. Descr ip t ion  o f  L-3 B o t t l e s  Used i n  Experiments 
5 

Outside Ins ide  Volume o f (a )  So lu t ion  Height(b1 
Diameter D i amete r Solut ion i n  B o t t l e  

(cm (cm) ( a )  (cm) 

11.740 10.533 2.399 27.538 

k O  .044cm ~0.051cm k 0 . 0 1 1 ~  LO. 298cm 

a) Based on s p e c i f i c  g rav i t y  o f  so lu t i on  and net  weight o f  s o l u t i o n  per 
b o t t l e .  A1 so* volumes were checked against a  known volume. 

b  Cal cu l  ated dependi ng on vol  ume per b o t t l  e  and ins ide  b o t t l  e  diameter. 

A1 1  arrays were re f1  ected w i t h  p l e x i g l  as on a1 1  sides and the  bottom as 

shown i n  F igure  2. The top was un re f l  ected. B o t t l e s  were accurately posi t ioned 

w i t h  the  he1 p o f  an aluminum framework* shown i n  both Figures 2 and 3. B o t t l e  

spacing coul d  be adj usted by s l  i d i  ng b o t t l e s  a1 ong dove-tai l  ed grooves i n  both 

the  x  and y  d i rec t ions .  



+ Split Table Array Frame 

crn 

FIGURE 2. Isometric View of Interacting L-3  Bottles 

r 



F i g u r e  3.  Photograph  o f  Exper imen t  Showing S p l i t  Table  Ar rangemen t  



Four ma1 1 a1 uminum p ins  securely held each b o t t l e  i n  place t o  prevent 

t i p p i n g  and b o t t l e  movement. The p ins  were shown t o  have essen t i a l l y  no e f f e c t  

on the  c r i t i c a l  experiment data, as t h e  same c r i t i c a l  val ues were determined 

w i t h  and w i thout  the p ins  i n  place f o r  several experiments. 

C r i t i c a l  i ty was approached i n  steps by load i  ng about ha1 f o f  t he  b o t t l e s  

on each s ide o f  the s p l i t  t a b l e  device w i t h  t h e  faces separated. (See 

Figure 3 1. The fue l  loading adjustment was made by hand and, a f t e r  each sub- 

sequent change t o  the system the  t a b l e  was closed remotely, completing the  

array geometry desired. The c r i t i c a l  approach method was used t o  measure the  

c r i t i c a l  spacing o r  c r i t i c a l  b o t t l e  number, depending upon the  experiment. 

That is, small incremental changes were made t o  t h e  arrays f o r  a s u b c r i t i c a l  

load ing  and the  inverse count ra tes  obtained were extrapolated t o  the  c r i t i c a l  

condit ion. 

A f te r  the  i n i t i a l  se r i es  o f  experiments was performed w i t h  b o t t l e s  sepa- 

rated by a i r  gaps, p lex ig las  s h e l l s  o f  vary ing  th ickness were posi t ioned around 

each b o t t l e  t o  determine the  e f f e c t  o f  adding a moderating mater ia l  i n  t h e  

space between b o t t l  es. The p l  e x i  gl  as serves t o  i nter  nal 1 y moderate the  neutrons 

and e f f e c t s  both the  neutron 1 eakage from, and t h e  neutron i n t e r a c t i o n  between, 

the b o t t l e s  making up the  array. The s h e l l s  are described i n  Figure 4. 

FXPFRIMFNTAL RESULTS 

The experimental r e s u l t s  are summarized i n  Tab1 e 3 (Experiments 8-12 

w i t h  p l a s t i c  she l l  S, Figure 4, on the bo t t l es ) .  C r i t i c a l  array conf igura t ions  

f o r  given numbers o f  b o t t l e s  are graph ica l l y  i l l u s t r a t e d  i n  Figures 5 through 

11. C r i t i c a l  numbers t h a t  appear i n  the t a b l e  t h a t  are no t  i n t e g r a l  (who1 e 

numbers o f  b o t t l e s )  were ob ta l  ned from extrapol a t i o n  o f  t h e  mu1 ti pl  i c a t i  on 

curves o f  b o t t l e s  requi red f o r  c r i t i c a l i t y  f o r  a given spacing. By t h i s  means 

the  smal lest c r i t i c a l  number o f  b o t t l e s  was found t o  occur w i t h  b o t t l e s  i n  

contact (no surface-to-surface separation), t he  extrapolated number b e i n g  

-10.9. The manner i n  which t h i s  number might be used i n  a c a l c u l a t i o n  i s  

somewhat questionabl e, bu t  the  data establ i sh a 1 i m i t  on the smal lest c r i t i c a l  

number which i s  very useful  i n  c r i t i c a l i t y  con t ro l  considerations. As t h e  

number o f  b o t t l e s  was increased t o  twelve ( 3  x 4 array),  w i t h  the b o t t l e s  i n  

contact i n  t h e  x d i  r e c t i o n  (see Figure 5 1, t h e  c r i t i c a l  spaci ng between rows 



SHELL OUTSIDE SHELL THICKNESS, A 
DIAMETER (cm) (cm) 

COMPOSITION OF 
SHELL 

DENSITY OF 1.185 gIcm3 

F i g u r e  4. D e s c r i p t i o n  o f  P l e x i g l a s  She1 1  s  



TAB1 E 3. Results of Experiments (P lex ig l  as Reflected Arrays; see 
Figure 2 f o r  I 1  1 us t ra t i on )  

Described 
Experiment i n  F igure 

-Number 
RSTWL3-02 -- 

C r i t i c a l  (a)  
Number o f  

Bottles 
10.89L0.10 

She1 1 
Thickness 
0 
0.0 

(a )  The aluminum pos i t i on ing  p i n s  o r  grooves cu t  i n  p l a s t i c  s h e l l s  had no 
appreciable e f f e c t  on the  extrapolated values shown (see footnote f). 

(b)  Measured from b o t t l e  surface t o  b o t t l e  surface. 
( c )  Measured from b o t t l e  surface t o  b o t t l e  surface. 
( d l  I n  these experiments? t h e  outer p lex ig l  as she1 1s were touching i n  t h e  X 

and Y d i rect ions.  The X and Y spacings shown are measured from b o t t l e  
surface t o  b o t t l e  surface. Any d i f fe rence i n  spacing i s  due t o  vo id  
around each bo t t l e .  

( e l  Average o f  two experiments? one where the  13th b o t t l e  i s  p l  aced i n  t h e  
center o f  the  array and one where the  13th b o t t l e  i s  on the  array edge. 

( f )  Repeat of Experiment 10 w i t h  twice as many grooves i n  she l l s  t o  establ i s h  
the  worth o f  the r e f l e c t o r  displaced by support pegs. 

became 0.49 cm. Figures 5 through 7 show the  d i f f e r e n t  c r i t i c a l  conf igura t ions  

t h a t  were obtained w i t h  a 3 x 4 array o f  b o t t l e s  as the  surface-to-surface 

separation was var ied  between rows and columns i n  t h e  x and y d i  rections. By 
u t i l i z i n g  these data (see Figure 12) the  surface-to-surface separation f o r  a 

3 x 4 array w i th  equal separation i n  t h e  x and y d i r e c t i o n s  i s  estimated t o  

be 0.35 cm. 
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F i  g u r e  7. Exper iment  RSTM-L3-05 



Di f fe rent  c r i t i c a l  conf igurat ions obtained w i t h  16 b o t t l e s  (4  x  4  array)  

are shown i n  Figures 8  through 11. With the  b o t t l e s  i n  contact  i n  the  x  

d i  rection, t h e  c r i t i c a l  surface-to-surf ace separat ion between rows o f  b o t t l e s  

i n  the  y  d i r e c t i o n  i s  1.92 cm (see Fiqure 8). The data from t h e  i n t e r a c t i n g  

arrays o f  12 b o t t l e s  and 16 b o t t l e s  are p l  o t ted  i n  F igure  12. These curves 

may be used t o  p red ic t  t he  c r i t i c a l  separations f o r  data po in ts  not  included 

i n  t h e  experiments. The curve f o r  t he  3  x  4  array imp1 i e s  t h a t  th ree separated 

rows o f  bot t les,  four  abreast, cons t i t u te  a  more reac t i ve  conf igura t ion  than 

fou r  separated rows, conta in ing th ree b o t t l e s  each. I n  t h e  f i r s t  case the  

spa t ia l  densi ty  i s  lower than i n  the  second a t  t he  p o i n t  o f  c r i t i c a l i t y .  

The i n c l  us ion o f  p l a s t i c  around each b o t t l e  reduces t h e  number o f  L-3 

b o t t l e s  required f o r  c r i t i c a l i t y  (see Figures 4, 10, 13). Although the  p lex i -  

g l  as shel 1  increases t h e  b o t t l e  t o ' b o t t l e  surface spacing and a1 so t h e  distance 

o f  each b o t t l e  from t h e  s ide ref1 ectors, t he  c r i t i c a l  number o f  b o t t l e s  i s  

I reduced. For a  surface-to-surface spacing near one cm, t h i s  reduct ion amounts 

t o  almost 3  b o t t l  es o r  -19% i n  c r i t i c a l  mass. The minimum number o f  b o t t l e s  

required f o r  c r i t i c a l  i t y  s t i l l  occurs, however, f o r  b o t t l e s  arranged i n  a  

t i g h t l y  packed array (see Figure 13). 

The decrease i n  c r i t i c a l  number of bot t les,  on i nc lus ion  o f  p l a s t i c  shel 1  s  

around each b o t t l e  may be equated t o  an increase i n  spacing required t o  produce 

t h e  same e f f e c t  i n  an a i r  spaced array wi thout  t h e  ex t ra  p las t ic .  For example, 

a  4  x 4  array o f  b o t t l e s  w i t h  equal surface-to-surface separation i n  t h e  x, y  

d i rec t i ons  (0.96 cm i n  a i r )  would requ i re  an increase i n  the  y  d i r e c t i o n  t o  

about 2.2 an i f  p l a s t i c  s h e l l s  o f  0.33 cm thickness were posi t ioned over each 

o f  t h e  16 b o t t l e s  i n  t h e  array. 
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Data on t h e  c r i t i c a l  i t y  o f  a r rays  o f  p l  u ton i  um so l  u t i o n s  have p rev ious l y  

been unavai l  abl e. The c r i t i c a l  experiments repor ted  here on p l  anar a r rays  o f  

con ta i  ners f i l l e d  w i t h  p1 u ton i  um n i t r a t e  s o l u t i o n  p rov ide  t he  o n l y  known data 

f o r  va l  i d a t i o n  o f  c a l c u l a t i o n a l  models on i n t e r a c t i n g  a r rays  o f  t h i s  type. 

The experiments p rov ide  data on 1) c r i t i c a l  spacings f o r  f i x e d  numbers o f  

bo t t les ,  12 and 16 i n  p l  anar arrays, and a1 so 2) est imated c r i t i c a l  numbers 

o f  b o t t l e s  as a  f u n c t i o n  o f  spacing. 

The minimum c r i t i c a l  number o f  L-3 b o t t l e s  (-10.9) was found t o  occur 

w i t h  the  b o t t l e s  i n  contact.  Adding p l a s t i c  shel 1  s  t o  each o f  t he  b o t t l e s  

always r e s u l t e d  i n  a  l a r g e r  c r i t i c a l  number than 10.9. Separat ing t h e  b o t t l e s  

s i g n i f i c a n t l y  increased t h e  number requ i red  f o r  c r i t i c a l  i t y ,  b u t  i f  p l  a s t i c  

shel 1s were then pos i t i oned  over each o f  these b o t t l e s  t h e  c r i t i c a l  number 

was then s u b s t a n t i a l l y  reduced. For example, w i t h  a  b o t t l e  su r face- to -sur face  

separat ion o f  0.96 cm i n  a i r ,  t h e  c r i t i c a l  number i s  about 16. P o s i t i o n i n g  

0.33 cm t h i c k  p l a s t i c  s h e l l s  over each b o t t l e  a t  t h i s  same sur face- to-sur face 

separat ion reduces t h e  c r i t i c a l  number t o  -13.1. Thus, t h e  e f f e c t  on c r i t i -  

c a l  i t y  o f  t h e  a r ray  caused by i n t e r v e n i n g  hydrogenous mater ia l ,  such as m igh t  

occur from p l  a s t i c  bags o r  o ther  con ta i  ners, f l o o d i  ng f rom s p r i  nkl  e r  systems, 

etc., must be considered i n  sa fe t y  eva luat ions.  

U t i l  i z i n g  t h e  data on c r i t i c a l  sur face- to-sur f  ace separat ions f o r  f i x e d  

numbers o f  bo t t l es ,  a  3 x 4 array i n  one case and a 4 x 4 array, it i s  poss ib l e  

t o  eva lua te  t h e  c o n d i t i o n  f o r  c r i t i c a l  i t y  f o r  equal sur face- to-sur face spacing. 

I n  t h e  case o f  t h e  16 b o t t l e s  t he  spacing i s  - 0.96 cm, and f o r  t h e  12 b o t t l  e  

a r ray  ~ .0 .35  cm. 
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