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EVALUATION OF GRAVIMETRIC AND VOLUMETRIC DISPENSERS OF 
PARTICLES OF NUCLEAR MATERIAL 

C. K. Bayne" and P. Angel in i  

ABSTRACT 

T h e o r e t i c a l  and expe r imen ta l  s t u d i e s  compared t h e  a b i l i -  
t i e s  of vo lumetr ic  and g r a v i m e t r i c  d i s p e n s e r s  t o  d i spense  
a c c u r a t e l y  f i s s i l e  and f e r t i e l  f u e l  p a r t i c l e s .  Such d e v i c e s  
are be ing  developed f o r  t h e  f a b r i c a t i o n  of sphere-par f u e l  
r o d s  f o r  high-temperature  gas-cooled l i g h t  water and f a s t  
b reede r  r e a c t o r s .  The t h e o r e t i c a l  examinat ion  s u g g e s t s  t h a t ,  
a l t hough  the f u e l  p a r t i c l e s  are d ispensed  more a c c u r a t e l y  by 
the g r a v i m e t r i c  d i s p e n s e r ,  t h e  amount of n u c l e a r  material 
i n  t h e  f u e l  p a r t i c l e s  d i spensed  by t h e  two methods i s  no t  
s i g n i f i c a n t l y  d i f f e r e n t .  The expe r imen ta l  resul ts  demonstrated 
t h a t  the vo lumet r i c  d i s p e n s e r  can d i spense  both  f u e l  p a r t i c l e s  
and n u c l e a r  materials t h a t  meet s t a n d a r d s  f o r  f a b r i c a t i n g  f u e l  
rods .  Performance of t h e  more complex g r a v i m e t r i c  d i s p e n s e r  
w a s  not  s i g n i f i c a n t l y  b e t t e r  t han  t h a t  of t h e  s imple  y e t  
a c c u r a t e  volumetr ic  d i s p e n s e r .  

INTKODUCTION 

Seve ra l  p rocesses  r e q u i r e  a c c u r a t e  d i s p e n s i n g  of n u c l e a r  materials i n  

t h e  form of coa ted  p a r t i c l e s  of uranium and thorium compounds. For 

example, a c c u r a t e  amounts of uranium and thorium must be d i spensed  i n t o  

High-Temperature Gas-Cooled Reactor  (HTGK) f u e l  rods  i n  t h e  form of 

f i s s i l e  and f e r t i l e  p a r t i c l e s .  Other  a p p l i c a t i o n s  i n c l u d e  a c c u r a t e l y  

d i s p e n s i n g  n u c l e a r  materials (1) i n  f u e l  rod  p roduc t ion  f o r  l i g h t  water 

and f a s t  b reede r  r e a c t o r s  and ( 2 )  f o r  n u c l e a r  waste d i s p o s a l .  

Two methods f o r  d i s p e n s i n g  p a r t i c l e s  are a v a i l a b l e :  vo lumet r i c  and 

g r a v i m e t r i c  (Fig.  1). The volumetr ic  method d i s p e n s e s  100% of t h e  par- 

t i c l e s  by volume, whereas t h e  g r a v i m e t r i c  method d i s p e n s e s  a f r a c t i o n  of 

t h e  p a r t i c l e s  by volume 

Computer Sc iences  * 
and t h e  remainder by weight .  The vo lumet r i c  

Div is ion .  
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Fig.  1. The vo lumet r i c  method d i s p e n s e s  100% of t h e  p a r t i c l e s  by 
volume, whereas t h e  g r a v i m e t r i c  method d i s p e n s e s  a f r a c t i o n  by volume and 
t h e  remainder  by weight .  

method d i s p e n s e s  p a r t i c l e s  from a hopper i n t o  a p a r t i c l e - h o l d i n g  tube ,  

which h a s  i t s  volume c o n t r o l l e d  by a v a r i a b l e  p inch  va lve .  The volume i n  

t h l e  chamber i s  c a l i b r a t e d  t o  d i spense  t h e  t a r g e t  weight  of t h e  t o t a l  

p a r t i c l e s .  When t h e  chamber i s  f u l l  and c l o s e d  a t  t h e  top  by t h e  p inch  

v a l v e ,  t h e  p a r t i c l e s  are r e l e a s e d  i n t o  a f u e l  rod  c o n t a i n e r .  

The g r a v i m e t r i c  method d i s p e n s e s  a l a r g e  f r a c t i o n  of t h e  p a r t i c l e s  by 

volume onto a ba lance ,  which de termines  the weight  r e q u i r e d  t o  b r i n g  t h e  

t o t a l  p a r t i c l e  weight  up t o  the t a r g e t  va lue .  A t r i c k l e r  d e v i c e  adds  t h e  

remain ing  amount of p a r t i c l e s  on to  t h e  ba l ance ,  and t h e  p a r t i c l e s  are 

r e l e a s e d  i n t o  a f u e l  rod c o n t a i n e r .  I d e a l l y ,  t h e  g r a v i m e t r i c  method 

d i s p e n s e s  p a r t i c l e s  w i th  g r e a t e r  weight  p r e c i s i o n  than  does t h e  vo lumet r i c  

method bu t  r e q u i r e s  a more complex appa ra tus .  

t i t y  of p a r t i c l e s  does not  n e c e s s a r i l y  imply t h a t  a p r e c i s e  q u a n t i t y  of 

n u c l e a r  material i s  a l s o  d i spensed  because of v a r i a t i o n s  i n  t h e  p a r t i c l e  

k e r n e l s  and t h e i r  c o a t i n g s .  

g r a v i m e t r i c  methods i s  t h e  comparison of t h e i r  a b i l i t i e s  t o  d i s p e n s e  pre- 

c i s e  amounts of n u c l e a r  materials r a t h e r  t h a n  p r e c i s e  we igh t s  of p a r t i c l e s .  

Dispensing a p r e c i s e  quan- 

The p rope r  comparison of vo lumet r i c  w i t h  
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Experiments  t o  compare volumetr ic  w i t h  g r a v i m e t r i c  methods were per- 

formed by u s i n g  two vo lumet r i c  d i s p e n s e r s  having  d e s i g n  d i f f e r e n c e s  i n  

t h e i r  p a r t i c l e - h o l d i n g  tubes  and p inch  va lves .  These d e s i g n  v a r i a t i o n s  

produced s l i g h t  d i f f e r e n c e s  i n  t h e  p r e c i s i o n  of t h e  q u a n t i t i e s  d i spensed .  

To examine t h e  p r o p e r t i e s  of vo lumetr ic  and g r a v i m e t r i c  d i s p e n s e r s ,  

w e  conducted bo th  t h e o r e t i c a l  and expe r imen ta l  s t u d i e s ,  which are r e p o r t e d  

i n  the fo l lowing  chronology:  r e s u l t s  of a t h e o r e t i c a l  s t u d y  on t h e  

e f f e c t s  of v a r i a t i o n s  i n  the f a b r i c a t i o n  of a coa ted  p a r t i c l e  on t o t a l  

p a r t i c l e  weight ,  a comparison experiment  of a n  i d e a l  g r a v i m e t r i c  d i s p e n s e r  

by us ing  l a b o r a t o r y  equipment wi th  a vo lumet r i c  d i s p e n s e r ,  comparison of a 

p roduc t ion  g r a v i m e t r i c  d i s p e n s e r  w i t h  a vo lumet r i c  d i s p e n s e r ,  and desc r ip -  

t i o n s  of a series of exper iments  t h a t  examine t h e  long-term d r i f t  behavior  

and t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  of vo lumet r i c  d i s p e n s e r s .  

THEORETICAL CONSIDERATIONS 

An HTGR p a r t i c l e  c o n s i s t s  of a k e r n e l  of nuc lea r  material coa ted  w i t h  

l a y e r s  of carbonaceous material. During t h e  f a b r i c a t i o n  of a p a r t i c l e  t h e  

d i ame te r  and the c o a t i n g  t h i c k n e s s e s  of t h e  k e r n e l  va ry  about  t h e i r  mean 

v a l u e s .  Using mean v a l u e s  and s t anda rd  d e v i a t i o n s  e s t i m a t e d  from p rev ious  

d a t a ,  t h e  expec ted  weights  of t h e  k e r n e l  and each c o a t i n g  as w e l l  as t h e  

v a r i a t i o n  i n  t h e  weight of each p a r t i c l e  can  be c a l c u l a t e d .  The de r iva -  

t i o n  of t h e  t h e o r e t i c a l l y  expec ted  weights  and v a r i a n c e s  are based on t h e  

fo l lowing  assumptions.  

1. The k e r n e l  and i t s  c o a t i n g s  form c o n c e n t r i c  spheres .  

2. The c o a t i n g  t h i c k n e s s e s  are independent  of each  o t h e r  and of the 

k e r n e l  d iameter .  

3.  The k e r n e l  d iameter  and c o a t i n g  t h i c k n e s s e s  are normally d i s t r i b u t e d  

abou t  t h e i r  r e s p e c t i v e  means. 

4.  The k e r n e l  d e n s i t y  and t h e  c o a t i n g  d e n s i t i e s  are c o n s t a n t s .  

For a p a r t i c l e  w i t h  n c o a t i n g s ,  t h e s e  assumpt ions  are symbol i ca l ly  repre- 

s e n t e d  by 
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DO = k e r n e l  d i a m e t e r ,  Do = N(p0,ao) 2 ; . 

ti = c o a t i n g  t h i c k n e s s ,  i = 1 , 2 ,  .. . ,n; ti  - #(pi, oi); 2 i .e. ,  t h e  ti 
are  normal ly  d i s t r i b u t e s  w i t h  means pi and v a r i a n c e s  a i ;  2 

po = k e r n e l  d e n s i t y ;  

p i  = i t h  c o a t i n g  d e n s i t y ;  

WO = weight  of k e r n e l ;  

Wi = i t h  c o a t i n g  weight .  

The d i ame te r  of t h e  par t ic le  a f t e r  t h e  i t h  c o a t i n g  i s  Di = Di-1 + 2 t i .  

The p a r t i c l e  d i ame te r  Di i s  a l s o  normally d i s t r i b u t e d  wi th  a mean and a 

v a r i a n c e  of 

i 

2 2 i 2  s . = o  + 4 2  o j . 
j=1  

The t o t a l  weight  Wt of a par t ic le  i s  g iven  by t h e  volume of each  component 

m u l t i p l i e d  by i t s  d e n s i t y :  

n 

o r  
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The expected v a l u e  of t h e  t o t a l  weight i s  t h e  sum of t h e  expected v a l u e s  

of  t h e  k e r n e l  weight and of each c o a t i n g  weight.  

Using t h e  formulas  f o r  t h e  t h i r d  moment of a normal random v a r i a b l e ,  t h e  
expec ted  v a l u e  of t h e  t o t a l  weight is  

The v a r i a n c e  of t h e  t o t a l  weight i n v o l v e s  both t h e  v a r i a n c e s  of each 

d iameter  and t h e  c o v a r i a n c e s  between t h e  d i a m e t e r s :  

n 

i=1 
V A R ( W ~ )  = ( ~ / 6 )  2 2  pOVAR(DO) 3 + ( ~ 1 6 ) ~  z: P i [ V A R ( D i )  2 

3 

Each of t h e  v a r i a n c e s  and c o v a r i a n c e s  can be expressed  as a f u n c t i o n  of 

t h e  means and s t a n d a r d  d e v i a t i o n s  of t h e  k e r n e l  d iameter ,  p a r t i c l e  

d i a m e t e r ,  and c o a t i n g  t h i c k n e s s e s :  

3 6 2 4  4 2  
0 0 0 

VAR(D ) = 1 5 0 ~  + 3 6 1 ~ ~ 0  + 9u000 , 

3 6 2 4  4 2  
VAR(D;)  = 15Si + 36UiSi + 9UiSi , 
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The expec ted  v a l u e  and v a r i a n c e  formulas  are a p p l i e d  t o  t h e  d a t a  f o r  

f i s s i l e  and f e r t i l e  p a r t i c l e s  i n  Table A-1 i n  t h e  Appendix. These d a t a  

a r e  used t o  c a l c u l a t e  t h e  e s t i m a t e d  means and v a r i a n c e s  of t h e  k e r n e l  

wleight and c o a t i n g  weights  of t r i s o - f i s s i l e  and b i s o - f e r t i l e  p a r t i c l e s  

i l l u s t r a t e d  i n  Fig. 2 .  A t r i s o - c o a t e d  p a r t i c l e  has  t h r e e  t y p e s  of 

c o a t i n g s  [carbon-buffer ,  low-temperature i s o t r o p i c  carbon (LTI) ,  and s i l i -  

con c a r b i d e ] ,  and a biso-coated p a r t i c l e  has  two t y p e s  of c o a t i n g s  (carbon 

b u f f e r  and LTI). The expec ted  v a l u e  r e s u l t s  are g iven  i n  Fig.  3, and t h e  

v a r i a n c e  r e s u l t s ,  i n  Fig.  4. F i g u r e s  3 and 4 show t h e  c o n t r i b u t i o n  of 

each p a r t i c l e  component t o  t h e  t o t a l  expected weight and t o t a l  v a r i a n c e ,  

r e s p e c t i v e l y .  The importance of t h e s e  two f i g u r e s  i s  t h a t ,  a l t h o u g h  t h e  

k e r n e l  c o n t r i b u t e s  s i g n i f i c a n t l y  t o  t h e  t o t a l  expec ted  p a r t i c l e  weight  

(23.7% f o r  a f i s s i l e  p a r t i c l e  and 61.8% f o r  a f e r t i l e  p a r t i c l e ) ,  t h e  ker- 

n e l  c o n t r i b u t e s  an  i n s i g n i f i c a n t  amount t o  t h e  t o t a l  v a r i a n c e  of t h e  par- 

t i c l e  weight (1.1% f o r  a f i s s i l e  p a r t i c l e  and 6.3% f o r  a f e r t i l e  

p a r t i c l e ) .  These t h e o r e t i c a l  r e s u l t s  s u g g e s t  t h a t  t h e  major c o n t r i b u t i o n  

t o  p a r t i c l e  weight v a r i a n c e  i s  by t h e  c o a t i n g  weight v a r i a t i o n  r a t h e r  than 

kly t h e  k e r n e l  weight v a r i a t i o n .  

Although t h e  i d e a l  g r a v i m e t r i c  method may be a b l e  t o  d i s p e n s e  par- 

t i c l e s  w i t h  b e t t e r  weight p r e c i s i o n  t h a n  can t h e  v o l u m e t r i c  method, t h i s  
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Fig .  2. F i s s i l e  and f e r t i l e  components of High-Temperature 
Gas-Cooled Reactor  (HTGR) f u e l  p a r t i c l e s .  

KERNEL 

BUFFER 

INNER LTI 

SILICON CARBIDE 

OUTER LTI 

KERNEL 

BUFFER 

OUTER LTI 

- -  

0 10 20 30 40 
EXPECTED WEIGHT I% TOTAL) 

FERTILE PARTICLE 

1 I I I 1  

b - 
0 10 m 30 40 50 60 

EXPECTED WEIGHT (% TOTAL) 

Fig.  3. Percen tage  of each p a r t i c l e  component's c o n t r i b u t i o n  t o  the  
t o t a l  expec ted  p a r t i c l e  weight .  
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Fig.  4. Percentage  of each p a r t i c l e  component's c o n t r i b u t i o n  t o  t h e  
va.r iance of t h e  t o t a l  p a r t i c l e  weight.  

s t u d y  s u g g e s t s  t h a t  t h e  amount of n u c l e a r  mater ia l  d i spensed  is  not  

s i g n i f i c a n t l y  d i f f e r e n t .  To i n v e s t i g a t e  t h i s  p o s s i b i l i t y ,  an  experiment  

w a s  des igned  t o  compare b o t h  t h e  p a r t i c l e  weights  and t h e  amount of 

n u c l e a r  material d ispensed  by an  i d e a l  g r a v i m e t r i c  d i s p e n s e r  w i t h  t h e  

r e s u l t s  from a v o l u m e t r i c  d i s p e n s e r .  

C O M P A R I S O N  OF I D E A L  D I S P E N S E K S  

We used t h e  e l a s t o m e r  t u b e  volumetr ic  d i s p e n s e r  shown i n  Fig.  5 i n  

t h i s  set of experiments .  The p a r t i c l e - h o l d i n g  t u b e  w a s  c o n s t r u c t e d  of 

e l a s t o m e r  material, and two v a l v e s  were mounted on t h e  h o l d i n g  tube  t o  

de te rmine  t h e  d e s i r e d  volume of p a r t i c l e s  t o  be d ispensed .  The bottom 

v a l v e  w a s  a s t a t i o n a r y  b a l l - t y p e  va lve .  The upper v a l v e  w a s  a clamp-type 

p inch  v a l v e  t h a t  could  be p o s i t i o n e d  a t  any p o i n t  a l o n g  t h e  e l a s t o m e r  

h o l d i n g  tube  t o  r e g u l a t e  t h e  d ispensed  p a r t i c l e  volume. 
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An i d e a l  g r a v i m e t r i c  d i s p e n s e r  w a s  modeled by d i s p e n s i n g  90% of t h e  

t o t a l  p a r t i c l e  weight  by t h e  e l a s t o m e r  t u b e  v o l u m e t r i c  d i s p e n s e r  and 

adding  t h e  remaining weight  manually.  This  procedure e l i m i n a t e d  any 

v a r i a t i o n  caused by t h e  a u t o m a t i c  t r i c k l e r  device  t h a t  i s  normally used t o  

add t h e  remaining weight .  To compare t h e  i d e a l  g r a v i m e t r i c  d i s p e n s e r  w i t h  

t h e  v o l u m e t r i c  d i s p e n s e r ,  30 samples each of f i s s i l e  and f e r t i l e  p a r t i c l e s  

were d ispensed  by b o t h  methods. Each method was t o  d i s p e n s e  samples w i t h  

a t a r g e t  weight of 2 g f o r  f i s s i l e  p a r t i c l e s  and 6 g f o r  f e r t i l e  

p a r t i c l e s .  The a c t u a l  weights  of t h e  f i s s i l e  and f e r t i l e  samples and 

t h e i r  uranium and thorium a s s a y  weights  were determined.  These d a t a  are 

t a b u l a t e d  i n  Tables  A-2 and A-3 i n  t h e  Appendix. One o u t l i e r  sample each 

was not  used f o r  t h e  v o l u m e t r i c a l l y  and g r a v i m e t r i c a l l y  d ispensed  f i s s i l e  

p a r t i c l e s  and f o r  t h e  g r a v i m e t r i c a l l y  d ispensed  f e r t i l e  p a r t i c l e s .  

Summary s t a t i s t i c s  f o r  t h e  d a t a  are a l s o  g iven  i n  Tables  A-2 and A-3 and 

are d i s p l a y e d  as box p l o t s 1  i n  Figs .  6 and 7.  

t h e  d a t a  w i t h  f i v e  s t a t i s t i c s :  t h e  minimum and maximum v a l u e s ,  t h e  upper 

and lower q u a r t i l e s  (which form t h e  t o p  and bottom of t h e  box) ,  and t h e  

median, r e p r e s e n t e d  by a dash l i n e .  I n  a l l  cases t h e  medians c o i n c i d e  

cl tosely w i t h  t h e  means, i n d i c a t i n g  t h a t  a l l  t h e  d a t a  v a r i e d  symmetr ica l ly  

about  t h e i r  means. 

The box p l o t s  i l l u s t r a t e  

The s t a n d a r d  d e v i a t i o n s  of t h e  f i s s i l e  p a r t i c l e  weights  are almost  

i d e n t i c a l  f o r  bo th  t h e  v o l u m e t r i c  and i d e a l  g r a v i m e t r i c  d i s p e n s e r .  I n  

a d d i t i o n ,  good agreement exis ts  between t h e  s t a n d a r d  d e v i a t i o n s  of t h e  

uicanium a s s a y  weights  f o r  t h e  two methods. The v a r i a n c e  of t h e  uranium 

a s s a y  weights  r e p r e s e n t s  6% of t h e  v a r i a n c e  of t h e  f i s s i l e  p a r t i c l e s ,  

which a g r e e s  w e l l  w i t h  t h e  t h e o r e t i c a l  s t u d y  i n  t h e  p r e v i o u s  s e c t i o n .  The 

r e s u l t s  from t h e  e x p e r i m e n t a l  f i s s i l e  p a r t i c l e  d a t a  i n d i c a t e  t h a t  bo th  t h e  

v o l u m e t r i c  and i d e a l  g r a v i m e t r i c  methods d i s p e n s e  comparable amounts of 

p a r t i c l e  and uranium weights .  

The e x p e r i m e n t a l  f e r t i l e  p a r t i c l e  d a t a  do n o t  show good agreement 

between t h e  two d i s p e n s i n g  methods. The s t a n d a r d  d e v i a t i o n  of t h e  volu- 

m e t r i c a l l y  d ispensed  p a r t i c l e  weights  (35 mg) i s  4.7 t i m e s  t h e  s t a n d a r d  

d e v i a t i o n  of t h e  i d e a l  g r a v i m e t r i c a l l y  d ispensed  p a r t i c l e  weights  

('7.5 mg). Comparison of t h e  thorium a s s a y  weights  of t h e  two methods 

shows a s t a n d a r d  d e v i a t i o n  f o r  t h e  v o l u m e t r i c  method (19.6 mg) t o  be 
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3.9 t i m e s  t h e  s t a n d a r d  d e v i a t i o n  f o r  t h e  i d e a l  g r a v i m e t r i c  method (5  mg). 

For both  t h e  p a r t i c l e  weights  and t h e  uranium a s s a y  w e i g h t s ,  t h e  volu- 

metric method had a l a r g e r  v a r i a t i o n  t h a n  d i d  t h e  i d e a l  g r a v i m e t r i c  

method. The v a r i a t i o n  of t h e  f e r t i l e  p a r t i c l e  weights  f o r  t h e  v o l u m e t r i c  

method r e p r e s e n t s  a re la t ive  standard deviation of 0.6%, which i s  com- 

pa.rable  t o  t h e  relat ive  standard deviation of 0.5% f o r  t h e  f i s s i l e  par- 

t i c l e  weights .  

f a . b r i c a t i o n  of f u e l  rods.  The v a r i a t i o n  of t h e  v o l u m e t r i c  method f o r  

d i s p e n s i n g  f e r t i l e  p a r t i c l e  weights  is t h e r e f o r e  l a r g e r  t h a n  is t h e  

v a l r i a t i o n  f o r  t h e  i d e a l  g r a v i m e t r i c  method but  i s  w e l l  w i t h i n  t h e  s t a n -  

d a r d s  f o r  f a b r i c a t i n g  f u e l  rods .  The c o n t r i b u t i o n  of t h e  thorium a s s a y  

weight  var ianc-e  i s  31.4% of t h e  t o t a l  weight v a r i a n c e  f o r  t h e  volumetr i -  

c a l l y  d ispensed  f e r t i l e  p a r t i c l e s  and 44.4% of t h e  t o t a l  weight  v a r i a n c e  

f o r  t h e  i d e a l  g r a v i m e t r i c a l l y  d ispensed  f e r t i l e  p a r t i c l e s .  These percen- 

t a g e s  do not  a g r e e  w i t h  t h e  t h e o r e t i c a l  percentage  of 6.3. However, f o r  

t h e  i d e a l  g r a v i m e t r i c  case, a 6.3 t h e o r e t i c a l  percentage  would be d i f -  

f i c u l t  t o  d e t e c t  because of t h e  small a b s o l u t e  s i z e  of t h e  v a r i a t i o n  i n  

t h e  measurements and t h e  d e t e c t i o n  l i m i t s  of t h e  chemical  thorium a s s a y  

This  v a r i a t i o n  i s  w e l l  w i t h i n  t h e  s t a n d a r d s 2  f o r  t h e  

This  experiment  demonstrated t h a t  t h e  e l a s t o m e r  t u b e  v o l u m e t r i c  

d i s p e n s e r  can d i s p e n s e  both f u e l  par t ic les  and n u c l e a r  materials t h a t  m e e t  

t h e  s t a n d a r d s  f o r  f a b r i c a t i n g  f u e l  rods.  Comparing t h e  p a r t i c l e  weights  

and n u c l e a r  materials a s s a y s  of t h e  volumetr ic  d i s p e n s e r  w i t h  an  i d e a l  

g r a v i m e t r i c  d i s p e n s e r  i n d i c a t e s  good agreement f o r  f i s s i l e  p a r t i c l e s  but 

l a r g e  a b s o l u t e  v a r i a t i o n  f o r  f e r t i l e  p a r t i c l e s .  These r e s u l t s  are 

d- i scussed  f u r t h e r  i n  t h e  f o l l o w i n g  s e c t i o n  d e s c r i b i n g  a comparison exper i -  

ment t h a t  used a product ion  g r a v i m e t r i c  d i s p e n s e r  r a t h e r  t h a n  t h e  i d e a l  

g r a v i m e t r i c  d i s p e n s e r .  

COMPARISON OF PKODUCTION DISPENSERS 

An automated g r a v i m e t r i c  p a r t i c l e - d i s p e n s i n g  system w a s  used t o  com- 

p a r e  t h e  performance of t h e  v o l u m e t r i c  and g r a v i m e t r i c  methods f o r  

d i s p e n s i n g  f e r t i l e  p a r t i c l e s .  This  p a r t i c l e - d i s p e n s i n g  system h a s  been 

used by t h e  General  Atomic Company i n  t h e  manufacture  of HTGR f u e l  rods .  
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The p a r t i c l e - d i s p e n s i n g  system w a s  opera ted  i n  e i t h e r  a volumetr ic  o r  a 

g r a v i m e t r i c  mode. The automated g r a v i m e t r i c  p a r t i c l e - d i s p e n s i n g  system 

normally o p e r a t e s  by v o l u m e t r i c a l l y  d i s p e n s i n g  a l a r g e  f r a c t i o n  of t h e  

p a r t i c l e s  on to  a ba lance ,  which de termines  t h e  weight r e q u i r e d  t o  b r i n g  

t h e  t o t a l  p a r t i c l e  weight up t o  t h e  t a r g e t  va lue .  A t r i c k l e r  device  

c a l i b r a t e d  a t  a c o n s t a n t  feed  rate is  o p e r a t e d  f o r  t h e  t i m e  r e q u i r e d  t o  

d i s p e n s e  t h e  f i n a l  weight o n t o  t h e  balance.  

The b a s i c  d e s i g n  of t h e  volumetr ic  d i s p e n s e r  used i n  t h i s  system i s  

shown i n  Fig. 8. The device  u t i l i z e s  a m e t a l l i c  t e l e s c o p i n g  p a r t i c l e -  

h o l d i n g  tube and two va lves .  The bottom v a l v e  i s  a s t a t i o n a r y  m e t a l l i c  

s l i d e  v a l v e ,  and t h e  upper pinch v a l v e  i s  f i x e d  t o  t h e  t e l e s c o p i n g  h o l d i n g  

tube.  The pinch v a l v e  uses  a i r  p r e s s u r e  on an  e las tomer  i n s e r t  t o  s t o p  

t h e  p a r t i c l e  flow. The volume of t h e  p a r t i c l e s  i s  determined by regu- 

l a t i n g  t h e  l e n g t h  of t h e  t e l e s c o p i n g  h o l d i n g  tube.  

A l l  t h e  exper imenta l  r u n s  were made i n  t h e  same a f t e r n o o n .  The 

hopper l e v e l  w a s  f i l l e d  such t h a t  t h e  p a r t i c l e  l e v e l  i n  t h e  hopper d i d  n o t  

change a p p r e c i a b l y  d u r i n g  t h e  runs.  Each e x p e r i m e n t a l  r u n  c o n s i s t e d  of 

d i s p e n s i n g  f e r t i l e  p a r t i c l e s  by e i t h e r  of t h e  two methods t o  g e t  a t o t a l  

n e t  weight.  The performance of each method was based on 20 samples run  a t  

a low n e t  weight (4 .25 g )  and 20 samples r u n  a t  a h i g h  n e t  weight (7 .75  g ) .  

The volumetr ic  d i s p e n s e r  was c a l i b r a t e d  so t h a t  t h e  volume d ispensed  

w a s  e q u a l  t o  100% of t h e  t a r g e t  va lue .  During t h i s  experiment  t h e  

d i s p e n s e r  w a s  c a l i b r a t e d  t o  d ispense  an amount c l o s e  ( w i t h i n  15 t o  35 mg) 

t o  t h e  n e t  weight ;  an e x a c t  c a l i b r a t i o n  would have u n n e c e s s a r i l y  de layed  

t h e  experiment.  The f i n a l  weights  w e r e  recorded as number of mi l l ig rams 

above o r  below t h e  t a r g e t  n e t  weight.  Therefore ,  t h e  f i n a l  weights  are 

o n l y  r e l a t i v e  weights  and are not  e x a c t l y  c e n t e r e d  on t h e  n e t  weight 

l e v e l s  g iven  above. 

The g r a v i m e t r i c  d i s p e n s e r  f i r s t  d i s p e n s e s  a% (0 < a% < 100%) of t h e  

t a r g e t  n e t  weight by t h e  volumetr ic  method, and t h i s  amount is r e p r e s e n t e d  

by t h e  c o a r s e  weight.  The d ispensed  p a r t i c l e s  were weighed t o  de te rmine  

t h e  mass needed t o  b r i n g  t h e  weight of t h e  p a r t i c l e s  up t o  t h e  t a r g e t  ne t  

weight .  The d i s p e n s e r  t r i c k l e d  i n  enough p a r t i c l e s  u n t i l  t h e  ne t  weight 

was 100% of t h e  t a r g e t  n e t  weight.  Both t h e  c o a r s e  weights  (volumetr ic  

method) and t h e  f i n a l  weights  were recorded as t h e  number of mi l l ig rams 
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above o r  below t h e  t a r g e t  n e t  weight.  For t h e  g r a v i m e t r i c  method t h e  

c o a r s e  weights  are only  r e l a t i v e  weights  of ci% of t h e  t a r g e t  n e t  weights ;  

t h e  f i n a l  weights  should a l l  be zero.  

The d a t a  from t h e  experiment are t a b u l a t e d  i n  Table A-4 i n  t h e  

Appendix, and summary s t a t i s t i c s  of t h e  c o a r s e  and f i n a l  weights  are g i v e n  

i n  Table 1. 

Table 1. Mean and s t a n d a r d  d e v i a t i o n s  of t h e  f i n a l  weights  and 
c o a r s e  weights  of t h e  p a r t i c l e - d i s p e n s i n g  experimenta  

Weights 

Gravimet r ic ,  mg Volumetr ic ,  mg 

High Low High Low 
n e t  weight n e t  Weight ne t  weight n e t  weight 

F i n a l  Mean 11.15 -11.85 34.85 18.00 

Standard 28.56 11.41 16.01 11.34 
d e v i a t i o n  

Coarse Mean -21.85 -94.55 

Standard  15.80 11.46 
d e v i a t i o n  

a P o s i t i v e  and n e g a t i v e  v a l u e s  r e f e r  t o  t h e  number of m i l l i g r a m s  
above o r  below t h e  t a r g e t  n e t  weight.  

Data Analys is  

T a b l e  1 shows t h a t  t h e  s t a n d a r d  d e v i a t i o n s  of the  low-net-weight 

g r a v i m e t r i c  r u n s  and t h e  two volumetr ic  runs  are i n  the same range w i t h  

v a l u e s  of 11.41, 16.01, and 11.34 mg. In  a d d i t i o n ,  t h e  two v o l u m e t r i c  

c o a r s e  weights  f o r  t h e  g r a v i m e t r i c  method have s t a n d a r d  d e v i a t i o n s  of 

15.80 and 11.46 mg. This  s i m i l a r i t y  of s t a n d a r d  d e v i a t i o n  v a l u e s  ind ica-  

tes t h a t  t h e  weight of a l l  t h e  p a r t i c l e s  d i spensed  by t h e  f i v e  d i s c h a r g e s  

have t h e  same spread .  Only t h e  high-net-weight g r a v i m e t r i c  method h a s  a 

s t a n d a r d  d e v i a t i o n  out  of t h e  range of t h e  o t h e r  f i v e  v a l u e s ,  w i t h  a 

s t a n d a r d  d e v i a t i o n  1.8 t o  2.5 t i m e s  l a r g e r  t h a n  any of t h e  o t h e r  f i v e  

v a l u e s .  
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To compare t h e  d a t a  f o r  t h e  f i n a l  n e t  weights  f o r  t h e  two gravi -  

m e t r i c  r u n s  and t h e  two volumetr ic  r u n s ,  t h e  f i n a l  n e t  weights  are s t a n -  

da.rdized so t h a t  a l l  f o u r  runs  have a mean of zero.  The f i n a l  weights  

are s t a n d a r d i z e d  by 

s t a n d a r d i z e d  f i n a l  weights  = f i n a l  weights  -mean 

and are p l o t t e d  as box p l o t s  i n  Fig.  9. 

F i g u r e  9 shows t h e  box p l o t  f o r  t h e  high-net-weight g r a v i m e t r i c  

method t o  be q u i t e  d i f f e r e n t  from t h o s e  f o r  t h e  o t h e r  t h r e e  runs .  The 

high-net-weight g r a v i m e t r i c  method has  a much l a r g e r  s p r e a d  of d a t a  t h a n  

do any of t h e  o t h e r  r u n s ,  as shown by t h e  l e n g t h  of i t s  box, as w e l l  as 

be ing  skewed, because t h e  median i s  w e l l  below t h e  z e r o  va lue .  The p l o t s  

f o r  t h e  o t h e r  t h r e e  runs  show boxes of similar s i z e  and median v a l u e s  

v e r y  c l o s e  t o  z e r o ,  i n d i c a t i n g  t h a t  t h e  f i n a l  weights  of t h e  t h r e e  are 

symmetr ica l ly  d i s t r i b u t e d  about  t h e i r  mean va lue .  
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GRAVIMETRIC 
METHOD 1 VOLUMETRIC 

METHOD 

Fig. 9. Box p l o t s  of t h e  s t a n d a r d i z e d  f i n a l  weights  of t h e  f o u r  
p a r t i c l e - d i s p e n s i n g  runs .  



To compare f u r t h e r  t h e  low-net-weight g r a v i m e t r i c  run  wi th  t h e  two 

volumetr ic  r u n s ,  t h e  e m p i r i c a l  cumulat ive d i s t r i b u t i o n  f u n c t i o n  f o r  t h e  

s t a n d a r d i z e d  f i n a l  weights  of t h e  t h r e e  runs  i s  p l o t t e d  i n  Fig.  10. The 

maximum v e r t i c a l  d i s t a n c e  among t h e  t h r e e  e m p i r i c a l  d i s t r i b u t i o n  func- 

t i o n s  occurs  a t  a s t a n d a r d i z e d  f i n a l  weight v a l u e  of 1, and t h i s  v a l u e  

(0.25) can be used f o r  t h e  Birbaum-Hall tes t4  t o  test  t h e  n u l l  h y p o t h e s i s  

t h a t  t h e  t h r e e  d i s t r i b u t i o n s  are i d e n t i c a l  a g a i n s t  t h e  a l t e r n a t i v e  

h y p o t h e s i s  t h a t  a t  l e a s t  two of t h e  d i s t r i b u t i o n s  are d i f f e r e n t .  Because 

t h e  maximum v e r t i c a l  d i s t a n c e  i s  w e l l  below t h e  maximum c r i t i c a l  v a l u e  of 

0.40 f o r  t h e  10% s i g n i f i c a n c e  l e v e l ,  t h e  d i s t r i b u t i o n s  of t h e  f i n a l  

weights  f o r  t h e  low-net-weight g r a v i m e t r i c  run ,  t h e  low-net-weight volu- 

met r ic  run ,  and t h e  high-net-weight vo lumetr ic  r u n  are not  shown t o  be 

d i f f e r e n t .  

v a l u e  W = 0.95 f o r  t h e  low-net-weight g r a v i m e t r i c  r u n  and t h e  v a l u e  W = 

0.96 f o r  t h e  two volumetr ic  r u n s ,  which are g r e a t e r  t h a n  t h e  c r i t i c a l  

v a l u e  of W = 0.92 a t  10% s i g n i f i c a n c e  l e v e l .  Therefore ,  t h e s e  d a t a  do 

n o t  i n d i c a t e  nonnormal d i s t r i b u t i o n  of t h e  f i n a l  weights  f o r  t h e s e  t h r e e  

runs .  

I n  a d d i t i o n ,  t h e  Shapiro-Wilk5 tes t  f o r  n o r m a l i t y  has  t h e  

To examine t h e  d i f f e r e n c e  between t h e  high- and low-net-weight 

g r a v i m e t r i c  r u n s ,  t h e  weights  of t h e  p a r t i c l e s  t r i c k l e d  t o  o b t a i n  t h e  

f i n a l  n e t  weights  are p l o t t e d  a g a i n s t  t h e  c o a r s e  weights  i n  Fig.  11. An 

i d e a l  p l o t  would have t h e  d a t a  on a d e c r e a s i n g  45" l i n e  from t h e  upper 

le f t -hand  c o r n e r  t o  t h e  lower r ight-hand c o r n e r .  However, Fig.  11 does 

n o t  show t h e  i d e a l  case. For t h e  high-net-weight g r a v i m e t r i c  run,  t h e  

c o a r s e  weights  range from -60 t o  -1 mg below t h e  t a r g e t  v a l u e ,  but  t h e  

amount t r i c k l e d  t o  o b t a i n  t h e  t a r g e t  v a l u e  i s  approximately a c o n s t a n t  

79 mg f o r  - 6 0  mg < c o a r s e  weight < -25 mg and a c o n s t a n t  2 mg f o r  

-25 mg < c o a r s e  weight < 0. For t h e  low-net-weight g r a v i m e t r i c  run ,  

t h e  amount of t r i c k l e d  p a r t i c l e s  is approximately a c o n s t a n t  87 mg 

( i . e . ,  i g n o r i n g  t h e  two v a l u e s  a t  c o a r s e  weights  4 8  and -72 mg) f o r  

-110 mg < c o a r s e  weight < -81 mg. Combining t h e s e  two r e s u l t s  shows t h a t  

t h e  g r a v i m e t r i c  method t r i c k l e s  a f a i r l y  c o n s t a n t  amount of p a r t i c l e s  

(about  84 mg) i f  t h e  c o a r s e  weight i s  more than  25 mg below t h e  t a r g e t  

v a l u e  and t r i c k l e s  a lmost  no p a r t i c l e s  i f  t h e  c o a r s e  weight is less t h a n  

25 mg below t h e  t a r g e t  va lue .  The a d d i t i o n  of t h e  t r i c k l e r  d e v i c e  does 
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not  improve on t h e  volumetr ic  method. I n  f a c t ,  f o r  t h e  high-net-weight 

r u n ,  t h e  t r i c k l e r  device  a c t u a l l y  g i v e s  worse r e s u l t s  t h a n  would be 

expec ted  from us ing  t h e  volumetr ic  method. For t h e  low-net-weight grav i -  

metric run ,  a c o n s t a n t  amount of p a r t i c l e s  w a s  added t o  t h e  volumetr ic  

c o a r s e  weights  by t h e  t r i c k l e r  d e v i c e ,  which would make t h e  s t a n d a r d  

d e v i a t i o n  of t h e  c o a r s e  weights  (11.46) and t h e  f i n a l  weights  (11.41) 

about  t h e  same va lue .  Adding a c o n s t a n t  amount of p a r t i c l e s  t o  t h e  

volumetr ic  c o a r s e  weights  a l s o  e x p l a i n s  why t h e  d i s t r i b u t i o n  of t h e  

s t a n d a r d i z e d  f i n a l  weights  f o r  t h e  low-net-weight run  i s  t h e  same as t h e  

d i s t r i b u t i o n s  of t h e  s t a n d a r d i z e d  f i n a l  weights  f o r  t h e  two volumetr ic  

r u n s  because a l l  t h r e e  runs  are e s s e n t i a l l y  volumetr ic  runs  t h a t  a r e  

s h i f t e d  t o  d i f f e r e n t  l o c a t i o n s .  These runs  do show t h a t  whether t h e  n e t  

weight  i s  t h e  low v a l u e  o r  t h e  h igh  v a l u e  does n o t  i n f l u e n c e  t h e  f i n a l  

weight  d i s t r i b u t i o n .  

To confirm t h a t  t h e  behavior  of t h e  g r a v i m e t r i c  method is a r e s u l t  

of t h e  t r i c k l e r  d e v i c e ,  t h e  s t a n d a r d i z e d  c o a r s e  weights  are examined i n  

t h e  box p l o t s  i n  Fig.  12. These two p l o t s  show t h a t  t h e  c o a r s e  weights  

f o r  t h e  g r a v i m e t r i c  runs  are symmetr ical ,  w i t h  about  t h e  same spread .  

The e m p i r i c a l  cumulat ive d i s t r i b u t i o n  f u n c t i o n s  f o r  t h e  s t a n d a r d i z e d  

c o a r s e  weights  are g iven  i n  Fig. 13. The maximum v e r t i c a l  d i s t a n c e  

between t h e  two d i s t r i b u t i o n s  occurs  a t  a s t a n d a r d i z e d  c o a r s e  weight of 

5.7 mg and has  a v a l u e  of 0.20. To t e s t  t h a t  t h e  two d i s t r i b u t i o n s  are 

t h e  same by us ing  t h e  Smirnov4 two-sample t e s t ,  t h e  maximum v e r t i c a l  

d i s t a n c e  i s  compared w i t h  t h e  10% c r i t i c a l  v a l u e  of 0.35. Because t h e  

maximum v e r t i c a l  d i s t a n c e  i s  less than  the c r i t i c a l  v a l u e ,  no d i f f e r e n c e  

i s  d e t e c t a b l e  between t h e  d i s t r i b u t i o n s  a t  t h e  10% s i g n i f i c a n c e  l e v e l .  

The Shapiro-Wilk t e s t  f o r  n o r m a l i t y  has  t h e  v a l u e  of W = 0.96 f o r  t h e  

high-net-weight g r a v i m e t r i c  run  and W = 0.94 f o r  t h e  low-net-weight 

g r a v i m e t r i c  run. Because both v a l u e s  a r e  g r e a t e r  t h a n  t h e  10% s i g n i f i -  

cance v a l u e  W = 0.92, t h e s e  d a t a  do not  i n d i c a t e  any nonnorrnality f o r  

t h e  volumetr ic  c o a r s e  weights .  The d i f f e r e n c e  between t h e  two g r a v i m e t r i c  

r u n s  is t h e r e f o r e  a r e s u l t  of t h e  behavior  of t h e  t r i c k l e r  device .  
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Conc-lusions 

This  experiment  t o  c h a r a c t e r i z e  t h e  volumetr ic  and g r a v i m e t r i c  

methods on General  Atomic Company's au tomat ic  p a r t i c l e  d i s p e n s i n g  system 

l e a d s  t o  t h e  fo l lowing  conclus ions .  

1. The high- and low-net-weight l e v e l s  a f f e c t  n e i t h e r  t h e  d i s t r i b u -  

t i o n  of t h e  f i n a l  weights  of t h e  two volumetr ic  r u n s  nor t h e  c o a r s e  

weights  of t h e  two g r a v i m e t r i c  runs.  

2. The weight of t h e  p a r t i c l e s  from t h e  v o l u m e t r i c  method of 

d i s p e n s i n g  p a r t i c l e s  h a s  a normal d i s t r i b u t i o n  about  t h e  t a r g e t  v a l u e ,  

w i t h  an e s t i m a t e d  s t a n d a r d  d e v i a t i o n  of 13.8 mg ( e s t i m a t e d  from t h e  

pooled s t a n d a r d  d e v i a t i o n s  of t h e  two volumetr ic  r u n s  and t h e  two c o a r s e  

weight r u n s ) .  

3.  The t r i c k l e r  d e v i c e  used f o r  t h e  g r a v i m e t r i c  method is  not  sen- 

s i t i v e  enough t o  improve on t h e  volumetr ic  method. The t r i c k l e r  d e v i c e  

a p p e a r s  t o  add a c o n s t a n t  amount (-84 mg) of p a r t i c l e s  when t h e  amount 

r e q u i r e d  i s  i n  t h e  range of 25 t o  110 mg and does not  add p a r t i c l e s  if 

less  t h a n  25 mg is  r e q u i r e d .  

DRIFT BEHAVIOR OF THE VOLUMETKIC DISPENSEK 

An experiment w a s  conducted t o  c h a r a c t e r i z e  t h e  long-term behavior  

of v o l u m e t r i c a l l y  d ispensed  f u e l  p a r t i c l e s .  The au tomat ic  d i s p e n s i n g  

system was used t o  d i s p e n s e  520 charges  of each of t h r e e  t y p e s  of f u e l  

material  ( f i s s i l e ,  f e r t i l e ,  and shim) a t  e i t h e r  a low n e t  weight o r  a 

h i g h  n e t  weight.  The two d i f f e r e n t  r u n s  f o r  each of t h e  t h r e e  f u e l  

materials were r e p l i c a t e d  f o r  a t o t a l  of 12 exper imenta l  runs .  The 

hopper of t h e  d i s p e n s e r  w a s  f i l l e d  w i t h  enough p a r t i c l e s  t h a t  t h e  hopper 

l e v e l  remained approximately c o n s t a n t  d u r i n g  each run. To avoid  par- 

t i c l e s  s e t t l i n g  i n  t h e  hopper ,  once each r u n  w a s  s t a r t e d ,  i t  was con- 

t i n u e d  without  breaks  u n t i l  completion. The 12 exper imenta l  r u n s  l i s t e d  

i n  Table 2 are i d e n t i f i e d  by t h e  run number and can be d i v i d e d  i n t o  set 1 

( r u n s  1 through 6)  and set 2 ( r u n s  7 through 12).  The f i r s t  set of runs  

r e p r e s e n t s  t h e  low and h i g h  n e t  weights  f o r  t h e  t h r e e  p a r t i c l e  types.  

The second set of runs i s  a r e p l i c a t e  of t h e  f i r s t  set except  t h a t  t h e  
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Table  2. Long-term d r i f t  experiment  

N e t  weight of Number of 
Run Material d ispensed  p a r t i c l e s  d i spensed  

( 8 )  c h a r g e s  

1 F i s s i l e  0.75 520 

2 F i s s i l e  3.25 520 

3 F e r t i l e  4.25 520 

4 F e r t i l e  7.75 520 

5 Shim 1.00 520 

6 Shim 5.00 520 

7 F i s s i l e  3.25 520 

8 F i s s i l e  0.75 520 

9 Fe r t i l e  7.75 520 

10 Fe r t i l e  4.25 520 

11 Shim 5.00 520 

12 Shim 1.00 520 

high-net-weight runs  are l i s t e d  b e f o r e  t h e  low-net-weight runs .  Each set 

of runs  was performed i n  random o r d e r  t o  minimize t h e  e f f e c t  of c o r r e l a -  

t i o n  between runs .  

Each e x p e r i m e n t a l  r u n  c o n s i s t e d  of 520 charges  d ispensed  by the 

v o l u m e t r i c  d i s p e n s i n g  method a t  a f i x e d  n e t  weight.  The a c t u a l  weight 

of each d ispensed  charge  w a s  measured, and t h e  d i f f e r e n c e  between t h e  

a c t u a l  weight and the f i x e d  n e t  weight w a s  recorded .  The 6240 d a t a  

p o i n t s  were t a b u l a t e d  on a computer t a p e  d e s c r i b e d  i n  Table A-5 i n  t h e  

Appendix. 

Summary s t a t i s t i c s  f o r  t h e  12 e x p e r i m e n t a l  runs  are g i v e n  i n  Table 3. 

This  t a b l e  shows t h a t  t h e  r e p e a t a b i l i t y  of each of f o u r  r u n s  on any one of 

t h e  t h r e e  p a r t i c l e  t y p e s  i s  f a i r l y  c o n s t a n t .  For example, t h e  ranges  of 

t h e  s t a n d a r d  d e v i a t i o n s  are ( 1 )  4.01 t o  4.81 f o r  f i s s i l e  t r i s o - c o a t e d  

p a r t i c l e s ,  (2)  10.74 t o  14.31 f o r  f e r t i l e  biso-coated p a r t i c l e s ,  and 

( 3 )  29.29 t o  33.69 f o r  carbon shim p a r t i c l e s .  

t h e  s t a n d a r d  d e v i a t i o n s  i n c r e a s e  o r  d e c r e a s e  from low- t o  high-net-weight 

runs .  The l a r g e  s t a n d a r d  d e v i a t i o n s  f o r  t h e  shim p a r t i c l e  runs  are caused 

No t r e n d s  are a p p a r e n t  t h a t  



Table 3. Summary statistics for weight differences from the long-term drift experiment 

~~ ~~~ 

P a r t i c l e  t y p e  F i s s i l e  F e r t i l e  Shim 

Low (1.00 g )  High (5.00 g)  Net weight Low (0.75 g )  High (3.75 g )  Low (4.25 g)  High (7.75 g) 

Run Number 1 8 2 7 3 10 4 9 5 12 6 11  
~ ~~ 

Number of cha rges  520 5 20 5 20 520 520 520 520 5 LO 520 520 520 520 

Plea n 13.20 11.51 10.03 10.19 24.74 11.44 29.65 17.70 0 .13  3.56 -18.77 -24.74 

S tanda rd  e r r o r  0.21 0.18 0.21 0.21 0.61 0.47 0.63 0.61 1.39 1.36 1.48 1.28 

S tandard  d e v i a t i o n  4.81 4.00 4.69 4.80 14.00 10.74 14.31 13.88 31.78 31.03 33.69 29.29 w 
h, 

Kinimum v a l u e  -2.00 -2.00 -5.00 -5.00 -23.00 -23.00 -12.00 -21.00 -120.00 -125.00 -143.00 -155.00 

Maximum v a l u e  25.00 27.00 28.00 26.00 65.00 55.00 72.00 bO.OO 48.00 45.00 30.00 16.00 
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by t h e  abnormally l a r g e  (between 10 and 15%) shim weights  are observed i n  

e a c h  of t h e  f o u r  runs .  These l a r g e  shim weights  were caused by t h e  ten-  

dency of t h e  shim p a r t i c l e s  t o  plug t h e  d i s p e n s i n g  n o z z l e ,  which can be 

c o r r e c t e d  by u s i n g  a l a r g e r  d iameter  nozzle .  A his togram of t h e  weight 

d i E f e r e n c e s  f o r  each  of t h e  f o u r  shim r u n s  w a s  examined t o  e l i m i n a t e  t h o s e  

v a l u e s ,  which appeared t o  be o u t l i e r s .  The range  of s t a n d a r d  d e v i a t i o n s  

f o r  t h e  shim d a t a  wi thout  t h e  o u t l i e r s  i s  reduced t o  12.30 t o  14.47. The 

modi f ied  shim d a t a  were used f o r  t h e  a n a l y s i s  t h a t  fo l lows .  

Data Analys is  

To examine t h e  d r i f t  behavior  of t h e  d i s p e n s i n g  system, a l i n e a r  

r e g r e s s i o n  of weight d i f f e r e n c e s  as a f u n c t i o n  of t h e  sequence number was 

f i t t e d  t o  t h e  d a t a  by t h e  least  s q u a r e s  method. The i n t e r c e p t  and s l o p e  

estimates of t h e s e  12 l i n e s  are g iven  i n  Table  4 ,  which shows e i g h t  of t h e  

s l o p e s  as be ing  d i f f e r e n t  from zero  a t  t h e  5% s i g n i f i c a n c e  l e v e l .  All t h e  

r e g r e s s i o n  l i n e s  are poor models f o r  p r e d i c t i n g  weight d i f f e r e n c e s ,  w i t h  

t h e  b e s t  model a c c o u n t i n g  f o r  on ly  23% of  t h e  t o t a l  v a r i a t i o n  between t h e  

observed v a l u e s  and t h e  mean va lue .  However, i f  t h e  weight  d i f f e r e n c e s  

i n c r e a s e d  as e s t i m a t e d  by t h e  s l o p e s  i n  Table 4 ,  t h e  number of c h a r g e s  

needed t o  r e a c h  1% of t h e  n e t  weight from t h e  o r i g i n  would be a minimum of 

309 c h a r g e s  f o r  low-net-weight shim r u n  5 and a maximum of 45,588 charges  

f a r  t h e  high-net-weight f e r t i l e  r u n  4.  None of t h e  r u n s  went beyond prac- 

t i c a l  l i m i t s  u n t i l  a s u b s t a n t i a l  number of c h a r g e s  were d ispensed .  

The a c t u a l  behavior  of t h e  weight d i f f e r e n c e s  does n o t  i n c r e a s e  

p u r e l y  as a l i n e a r  f u n c t i o n  of sequence numbers but  v a r i e s  s i n u s o i d a l l y ,  

w i t h  s l i g h t  i n c r e a s e s  i n  sequence numbers. To d i s p l a y  t h i s  c h a r a c t e r i s t i c  

b e h a v i o r ,  t h e  moving average  of t h e  weight d i f f e r e n c e s  was p l o t t e d  a g a i n s t  

t h e  sequence numbers (F ig .  1 4 )  f o r  t h e  two low-net-weight f i s s i l e  p a r t i c l e  

runs .  The moving average  over  12 charges  c h a r a c t e r i z e d  t h e  weight  d i f -  

f e r e n c e s  much b e t t e r  t h a n  d i d  t h e  moving average  over  4 c h a r g e s  but  d i d  

n o t  appear  t o  be much d i f f e r e n t  from t h e  moving average  over  20 charges .  

T h e r e f o r e ,  t h e  moving averages  over  12 charges  are used t o  d i s p l a y  t h e  

behavior  of t h e  weight  d i f f e r e n c e s  f o r  t h e  1 2  e x p e r i m e n t a l  r u n s  i n  



Table 4 .  I n t e r c e p t  and s l o p e  v a l u e s  f o r  a l i n e a r  r e l a t i o n  between weight 
d i f f e r e n c e  and sequence number 

P a r t i c l e  t y p e  F i s s i l e  F e r t i l e  Shim 

Net w e i g h t  Low (0.75 g )  High (3.75 g )  Low (4.25 g )  High  (7.75 g )  Low (1.00 g )  High (5.00 g )  

Run number 1 a 2 7 3 10 4 9 5 11 6 11 
~ ~~ ~ ~ ~ 

Sumber  of c h a r g e s  520 520 520 520 520 520 520 520 469 443 44 1 47 1 

h, 
Ln 

I n t e r c e p t  9.78 11.20 7.70 7.23 13.10 10.16 29.21 15.85 0.78 17.04 -8.10 -24.02 

I n t e r c e p t  s t a n d a r d  
e r r o r  0.39 0.35 0.40 0.39 1.08 0.94 1.26 1.22 1.28 1.19 1.15 1.27 

S l o p e  0.0131 0.0012 0.0090 0.0114 0.0447 0.0049 0.0017 0.0071 0.0324 4 . 0 0 9 2  0.0080 0.0285 

S l o p e  s t a n d a r d  e r r o r  0.0013 0.0012 0.0013 0.0013 0.003b 0.0031 0.0042 0.0040 0.0042 0.0040 0.0039 0.0042 

P r o b a b i l i t y  of a non- 
s i g n i f i c a n t  s l o p e  0.0001 0.30 0.0001 0.0001 0.0001 0.12 0.69 0.08 0.0001 0.02 0.04 0.0001 
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Fig .  14. Moving average  over  12 charges  f o r  t h e  two low n e t  f i s s i l e  
p a r t i c l e  runs.  

F igs .  A-1 through A-6 i n  t h e  Appendix. Each f i g u r e  i s  a p l o t  of t h e  

moving average  of t h e  weight d i f f e r e n c e s  v e r s u s  sequence number f o r  t h e  

two r u n s  having t h e  same type  of p a r t i c l e  and n e t  weight .  

The two f i s s i l e  p a r t i c l e  runs  a t  low n e t  weight are s imi la r ,  w i t h  a n  

i n c r e a s e  from about  6 t o  15 mg i n  t h e  f i r s t  150 sequences.  The weight 

d i f f e r e n c e s  are f a i r l y  c o n s t a n t  over  t h e  remaining runs .  The two high- 

net-weight  runs are also s i m i l a r ,  w i t h  an  i n c r e a s e  from 6 t o  about  14 mg 

over  t h e  t o t a l  number of sequence numbers. The f e r t i l e  p a r t i c l e  runs  a t  

t h e  low n e t  weight  behave i n  t h e  same manner f o r  t h e  f i r s t  100 sequences ,  

t h e n  d i v e r g e  and r u n  p a r a l l e l  about  20 mg a p a r t  f o r  t h e  remaining charges .  

The two f e r t i l e  p a r t i c l e  r u n s  a t  t h e  h i g h  n e t  weight are n o t  s imilar .  

Both t h e  low- and high-net-weight runs f o r  shim p a r t i c l e s  are s imi la r ,  

w i t h  t h e  weight d i f f e r e n c e s  v a r y i n g  s l i g h t l y  around a c o n s t a n t  l e v e l .  

In  a l l  t h e  f i g u r e s ,  t h e  scale of t h e  weight  d i f f e r e n c e  i s  i n  

m i l l i g r a m s ,  and some weight d i f f e r e n c e s  may be l a r g e  because of t h e  

scale. None of t h e  f i g u r e s  show t h e  weight  d i f f e r e n c e s  t o  be l a r g e  enough 

t o  exceed p r a c t i c a l  l i m i t a t i o n s .  During t h e  a c t u a l  p r o c e s s  of f u e l  rod 

f a b r i c a t i o n  t h e  weight  of t h e  f u e l  p a r t i c l e s  d i s p e n s e d  could be c o n t r o l l e d  

by use of moving a v e r a g e  c o n t r o l  c h a r t   plot^.^,^ 
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Conclusions 

The long-term d r i f t  experiment  i n d i c a t e d  t h a t  General  Atomic Company’s 

au tomat i c  vo lumet r i c  d i s p e n s i n g  system g i v e s  r e p e a t a b l e  r e s u l t s  w i t h  

l i t t l e  o r  no d r i f t  behavior .  The d r i f t  behavior  i s  small enough t h a t  

c o r r e c t i o n s  need t o  be made only  a f t e r  a l a r g e  number of p a r t i c l e s  have 

been d i spensed ,  which can be accomplished by use of moving average  c o n t r o l  

c h a r t  p l o t s .  The d a t a  f o r  shim p a r t i c l e s  show a need t o  modify s l i g h t l y  

t h e  d i spens ing  nozz le  t o  prevent  plugging by t h e  shim p a r t i c l e s .  

OPERATING CHARACTERISTICS OF THE VOLUNETRIC DISPENSER 

Because t h e  HTGR f u e l  rods  should  be as uniform as p o s s i b l e ,  a s t u d y  

was made on how d i f f e r e n t  o p e r a t i n g  c o n d i t i o n s  a f f e c t e d  t h e  o p e r a t i o n  of 

t h e  e l a s tomer  tube  volumetr ic  d i spense r .  The main concern w a s  whether o r  

no t  the amount of f u e l  p a r t i c l e s  would change i f  t h e  p a r t i c l e - d i s p e n s i n g  

machine w a s  ope ra t ed  a t  d i f f e r e n t  t i m e s .  

The mass and volume measurements of Biso-coated f e r t i l e  p a r t i c l e s ,  

uncoated Tho2 k e r n e l s ,  and H-451A shim p a r t i c l e s  were i n d i v i d u a l l y  examined 

t o  de te rmine  the e f f e c t s  of process  v a r i a b l e s  on t h e  e l a s tomer  tube  volu- 

m e t r i c  d i s p e n s i n g  machine. I n  each exper iment ,  t h e  p a r t i c l e s  of one of 

t h e  t h r e e  types  were loaded i n t o  t h e  d i s p e n s i n g  machine hopper ,  and t h e  

hopper l e v e l  w a s  main ta ined  a t  e i t h e r  a h igh  o r  a low l e v e l .  A p inch  

v a l v e  on the machine was set t o  d i spense  a f i x e d  q u a n t i t y  of p a r t i c l e s .  

The va lve  w a s  opened and c l o s e d  f i v e  consecu t ive  t i m e s ,  and the  volume and 

mass of t h e  d ispensed  p a r t i c l e s  were measured a f t e r  each opening. The 

p inch  va lve  s e t t i n g  w a s  changed t o  a new l e v e l ,  and f i v e  a d d i t i o n a l  con- 

s e c u t i v e  measurements were t aken  and r epea ted  f o r  f i v e  d i f f e r e n t  p inch  

v a l v e  s e t t i n g s .  The f i v e  r epea ted  measurements a t  each s e t t i n g  were used 

t o  estimate t h e  v a r i a n c e  of t h e  expe r imen ta l  random e r r o r .  This  estimate 

was very  s m a l l  because of t h e  consecu t ive  manner of t a k i n g  t h e  measurements. 

While t h e  same hopper l e v e l  w a s  main ta ined ,  t h e  f i v e  consecu t ive  

volume and mass measurements were made a t  t h e  f i v e  d i f f e r e n t  p inch  v a l v e  

s e t t i n g s  on t h r e e  d i f f e r e n t  occas ions .  The experiment  was r e p e a t e d ,  u s i n g  

a d i f f e r e n t  hopper l e v e l .  
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The v a r i a b l e s  t h a t  were c o n t r o l l e d  f o r  each of t h e  t h r e e  d i f f e r e n t  

v o l u m e t r i c  d i s p e n s i n g  experiments  were 

C o n t r o l l e d  v a r i a b l e  Symbol Level  

Hopper l e v e l  H Low and h i g h  

Run o r d e r  R 1, 2, and 3 

Pinch v a l u e  s e t t i n g  (cm) S 2, 4 ,  6,  8, and 10 

The t h r e e  c o n t r o l l e d  v a r i a b l e s  are s a i d  t o  be n e s t e d  because a l l  t h e  

measurements a t  each l e v e l  of a c o n t r o l l e d  v a r i a b l e  were made whi le  t h e  

l e v e l  of t h e  p r e v i o u s  c o n t r o l l e d  v a r i a b l e s  remained f i x e d .  Therefore ,  t h e  

r u n  o r d e r  i s  n e s t e d  i n  hopper l e v e l  because t h e  measurements of a l l  t h r e e  

r u n  o r d e r  l e v e l s  were made a t  a f i x e d  hopper l e v e l  b e f o r e  changing t o  a 

d i f f e r e n t  hopper l e v e l .  S i m i l a r l y ,  t h e  pinch v a l v e  s e t t i n g  i s  n e s t e d  i n  

b o t h  t h e  run o r d e r  and t h e  hopper l e v e l .  

The d a t a  c o l l e c t e d  f o r  t h e  f e r t i l e  p a r t i c l e s ,  t h e  Tho2 k e r n e l s ,  and 

t h e  H-451A shim p a r t i c l e s  are t a b u l a t e d  i n  Tables  A-6, A-7, and A-8, 

r e s p e c t i v e l y .  I n  each  exper iment ,  150 d a t a  p o i n t s  were measured, but  t h e  

f o l l o w i n g  p o i n t  w a s  e l i m i n a t e d  f o r  t h e  f e r t i l e  p a r t i c l e  experiment  because 

i t  had much l a r g e r  mass and volume measurements t h a n  t h e  o t h e r  f o u r  

r e p e a t e d  p o i n t s .  

Pinch v a l v e  Mass of Volume of 
Hopper Run s e t t i n g  p a r t i c l e s  par  t i c  l e  s 

F u l l  3 10 12.672 6.000 
l e v e l  o r d e r  ( 4  ( g )  (cm3 ) 

The reason  f o r  t h e  h i g h e r  v a l u e s  w a s  t h e  long i n o p e r a t i v e  t i m e  p e r i o d  

between t h e s e  and t h e  p r e v i o u s  measurements. 

We made an  i n i t i a l  examinat ion by t a b u l a t i n g  t h e  means of t h e  d a t a  

f o r  s e v e r a l  combinat ions of t h e  l e v e l s  of t h e  c o n t r o l l e d  v a r i a b l e s .  I n  

Table  5 t h e  d a t a  were averaged over t h e  hopper l e v e l s  and pinch v a l v e  

s e t t i n g s  f o r  each r u n  o r d e r .  Table 5 shows small d i f f e r e n c e s  among t h e  

means of t h e  measurements f o r  t h e  t h r e e  runs.  I n  f a c t ,  t h e  d i f f e r e n c e s  
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Table 5. Means and s t a n d a r d  d e v i a t i o n s  ( i n  p a r e n t h e s e s )  
of  t h e  d i s p e n s e d - p a r t i c l e  d a t a  f o r  each 

l e v e l  of run  o r d e r  

Pa r t i c l e  Me a s u r  e men t 
t y p e  

Run 
1 

Run 
2 

Run 
3 

Volume (cm3) 4.039 4.040 3.996 
(1.254) (1.243) (1.233) 

Kerne l  Mass ( g )  19.490 19.489 19.529 
(7.233) (7.231) (7.261) 

Volume (cm3) 3.226 3.225 3.239 
(1.223) (1.217) (1.222) 

Shim Mass ( g )  3.101 3.102 3.099 
(1.164) (1.149) (1.169) 

Volume (cm3) 2.886 2.893 2.908 
(1.092) (1.081) (1.117) 

among t h e  t h r e e  means occur  i n  t h e  second o r  t h i r d  decimal  p lace .  The 

l a r g e  s t a n d a r d  d e v i a t i o n s  f o r  t h e  measurements i n  each run  are caused by 

a v e r a g i n g  over  t h e  l e v e l s  of t h e  o t h e r  two c o n t r o l l e d  v a r i a b l e s .  

The means and s t a n d a r d  d e v i a t i o n s  f o r  each hopper l e v e l  averaged over  

t h e  run  o r d e r s  and pinch v a l v e  s e t t i n g s  are g iven  i n  Table 6. Again t h e  

d i f f e r e n c e s  between t h e  means f o r  low- and fu l l -hopper - leve l  measurements 

occur  i n  t h e  second decimal  p lace .  The l a r g e  s t a n d a r d  d e v i a t i o n s  f o r  t h e  

measurements i n  each l e v e l  and i n  each l e v e l  of r u n  o r d e r  are p r i m a r i l y  

t h e  r e s u l t s  of averaging  o v e r a l l  pinch v a l v e  s e t t i n g s .  Obviously,  t h e  

l a r g e r  t h e  pinch va lve  s e t t i n g  i s ,  t h e  more p a r t i c l e s  are dispensed.  

The i n c r e a s e s  i n  t h e  mass and volume measurements w i t h  t h e  i n c r e a s e s  

i n  pinch va lve  s e t t i n g s  are shown i n  Figs .  15 and 16 by p l o t t i n g  t h e  means 

of t h e  measurements a t  each pinch v a l v e  s e t t i n g  f o r  t h e  f e r t i l e ,  k e r n e l ,  

and shim p a r t i c l e s .  The s t a n d a r d  d e v i a t i o n s  of t h e  mass measurements a t  

e a c h  pinch v a l v e  s e t t i n g  range from 0.048 t o  0.094, 0.026 t o  0.058, and 

0.025 t o  0.049 f o r  t h e  f e r t i l e ,  k e r n e l ,  and shim p a r t i c l e s ,  r e s p e c t i v e l y .  
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Table 6. Means and standard deviations (in 
parentheses) of dispensed-particle 

data for each hopper level 

P a r t i c l e  Low hopper  F u l l  hoppe r  Measurement t y p e  l e v e l  l e v e l  

F e r t i l e  Mass (g) 8.500 
(2 .582)  

Volume (cm3) 4.036 
(1 .237)  

K e r n e l  Mass ( g )  19.517 
(7 .221)  

Shim 

Volume (cm3) 3.230 
(1 .220)  

Mass ( g )  3.082 
(1 .149)  

Volume (crn3) 2.890 
(1 .094)  

8.533 
(2 .622)  

4.014 
( 1.242) 

19.487 
(7 .213)  

3.230 
(1 .213)  

3.120 
(1 .164)  

2.900 
(1 .091)  

30 

25 

20 

10 

5 

0 

Fig. 15. Means of the mass measurements M a t  each pinch valve 
setting S. 
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Fig.  16. Means of volume measurements V a t  each pinch v a l v e  
s e t t i n g  S. 

These s t a n d a r d  d e v i a t i o n s  are s m a l l  compared wi th  the s t a n d a r d  d e v i a t i o n s  

among run o r d e r  and between hopper l e v e l ,  which i n d i c a t e s  t h a t  t h e  p inch  

v a l v e  s e t t i n g s  account  f o r  most of t h e  v a r i a t i o n  i n  t h e  mass measurements. 

The ranges over  pinch v a l v e  s e t t i n g s  f o r  t h e  volume measurements are 

0.027 t o  0.037, 0.000 t o  0.029, and 0.026 t o  0.050 f o r  t h e  f e r t i l e ,  

k e r n e l ,  and shim a r t i c l e s ,  r e s p e c t i v e l y .  Again these small s t a n d a r d  

d e v i a t i o n s  i n d i c a t e  t h a t  t h e  pinch v a l v e  s e t t i n g s  account  f o r  most of t h e  

v a r i a t i o n  i n  t h e  volume measurements. N e i t h e r  t h e  s t a n d a r d  d e v i a t i o n s  f o r  

t h e  mass measurements nor t h o s e  f o r  t h e  volume measurements i n d i c a t e  any 

h e t e r o g e n e i t y  of e r r o r  v a r i a n c e .  
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Data Analys is  

To a n a l y z e  t h e  d a t a  f o r  t h e  e f f e c t s  of t h e  c o n t r o l l e d  v a r i a b l e s ,  t h e  

measurement responses  are modeled as l i n e a r  f u n c t i o n s  of p inch  v a l v e  

s e t t i n g s .  The i n t e r c e p t  and t h e  s l o p e  of t h e  l i n e a r  model are indexed t o  

show t h e  e f f e c t s  of hopper l e v e l  and r u n  o r d e r .  

r e s p o n s e ,  e i t h e r  mass o r  volume, f o r  t h e  h t h ,  h = 1, 2, 3 ,  4 ,  5; r e p e a t e d  

measurement of t h e  k t h ,  k = 1, 2 ,  3 ,  4 ,  5; pinch v a l u e  s e t t i n g  n e s t e d  i n  

t h e  j t h ,  j = 1, 2, 3 ;  run  o r d e r  n e s t e d  i n  t h e  i t h ,  i = 1, 2 ;  hopper l e v e l .  

The a n a l y s i s  of v a r i a n c e  (ANOVA) model used t o  s t u d y  t h e  v a r i a t i o n  i n  t h e  

r e s p o n s e  r e s u l t i n g  from t h e  d i f f e r e n t  c o n t r o l l e d  v a r i a b l e s  i s  

L e t  y i Jxh  r e p r e s e n t  t h e  

This  l i n e a r  model has  t h e  i n t e r c e p t  t e r m  as a sum of an  o v e r a l l  mean u, a 

hopper l e v e l  e f f e c t  Hi, and a run o r d e r  e f f e c t  n e s t e d  w i t h i n  hopper l e v e l  

(RH);j. 

o r d e r  e f f e c t  n e s t e d  w i t h i n  hopper l e v e l .  To estimate t h e  s l o p e  and i n t e r -  

c e p t  terms, t h e  least  s q u a r e s  method is  used. This  method estimates t h e  

terms i n  t h e  ANOVA model t o  minimize t h e  sum of squared e r r o r s  SSE: 

The s l o p e  Q j  is  indexed by t h e  hopper l e v e l  e f f e c t  and t h e  r u n  

I f  t h e  HANDOF1 ERROR v a r i a b l e s  are assumed t o  be independent  and are iden- 

t i c a l l y  d i s t r i b u t e d  as a normal d i s t r i b u t i o n  w i t h  mean z e r o  and c o n s t a n t  

va.r iance u2, t h e  e f f e c t s  of t h e  c o n t r o l l e d  v a r i a b l e s  can  be s t a t i s t i c a l l y  

t e s t e d  by u s i n g  s t a n d a r d  ANOVA methods.8 

v a r i a t i o n  accounted f o r  by t h e  ANOVA model i s  more t h a n  99.9% i n  each 

c a s e .  By u s i n g  t h e  SSE and t h e  a s s o c i a t e d  d e g r e e s  of freedom (d . f . )  

(c1.f. = number of d a t a  p o i n t s  - number of e s t i m a t e d  p a r a m e t e r s ) ,  t h e  

v a r i a n c e  term of t h e  RANDOM ERROR v a r i a b l e s  u2 can be e s t i m a t e d  by 

The amount of t h e  t o t a l  
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a2 = SSE/d.f. . 
These estimates are g iven  i n  Table 7. The v a r i a n c e  estimates are very  

small;  t h e r e f o r e ,  even small d i f f e r e n c e s  among t h e  l e v e l s  of an e f f e c t  

w i l l  be s i g n i f i c a n t  when they  are compared wi th  t h e  e s t i m a t e d  RANDOM EKROR 

v a r i a n c e .  The e s t i m a t e d  RANDOM ERROR v a r i a n c e s  are small because of t h e  

c o n s e c u t i v e  manner i n  which t h e  f i v e  measurements were made a t  each pinch 

v a l v e  s e t t i n g  . 
Table 7. E s t i m a t e s  of t h e  v a r i a n c e  of t h e  RANDOfl EKROR 

Fe r t i l e  Kerne l  Shim 
p a r t i c l e s  p a r t i c l e s  p a r t i c l e s  

Mass 
mea s u r e  men t 3.25 A 10-3 1.29 x 10-3 0.77 x 10-3 

Volume 
m e  as u r  e m e  n t 1.49 i( lT3 0.62 i( 0.85 X 

To examine t h e  e f f e c t s  of hopper l e v e l  and run  o r d e r  on t h e  s l o p e  of 

t h e  ANOVA model, t h e  SSEs f o r  ANOVA models wi th  t h r e e  d i f f e r e n t  s l o p e s  are 

c a l c u l a t e d ,  whereas t h e  i n t e r c e p t  terms remain t h e  same i n  each model. 

Model 1 has  t h e  s l o p e  w i t h  no index fi and r e p r e s e n t s  a c o n s t a n t  s l o p e  f o r  

e a c h  hopper l e v e l  and run  order .  Model 2 has t h e  s l o p e  index  only  by 

hopper l e v e l  Bi and r e p r e s e n t s  a s l o p e  t h a t  is d i f f e r e n t  f o r  each hopper 

l e v e l  but  i s  c o n s t a n t  over  t h e  t h r e e  run o r d e r s  n e s t e d  w i t h i n  t h e  hopper 

l e v e l .  

hopper l e v e l  and run  o r d e r .  Using t h e s e  t h r e e  models, t h e  fo l lowing  

hypotheses  can be t e s t e d  wi th  t h e  F - s t a t i s t i c  :9 

Model 3 is t h e  ANOVA model wi th  s l o p e  B i j t h a t  changes f o r  each 

l lodel 1 v e r s u s  Model 2 - no s i g n i f i c a n t  e f f e c t  from hopper 

l e v e l  on t h e  s l o p e  and 

Model 2 v e r s u s  Model 3 - no s i g n i f i c a n t  e f fec t  from run o r d e r  

w i t h i n  each hopper l e v e l  on t h e  s l o p e .  
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The c a l c u l a t e d  F-values f o r  t h e s e  two hypotheses  are g iven  i n  Table  8 w i t h  

t h e  co r re spond ing  p r o b a b i l i t i e s  of g e t t i n g  t h e  c a l c u l a t e d  F-value, assuming 

t h a t  t h e  hypo theses  are t r u e .  I f  t h e  p r o b a b i l i t y  of a c a l c u l a t e d  F-value’s  

o c c u r r i n g  i s  less t h a n  0.05, t h e  s l o p e s  are s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  

5% s i g n i f i c a n c e  l e v e l .  

Table  8. F-values f o r  t h e  e f f e c t  of hopper l e v e l  and r u n  o r d e r  on 
t h e  s l o p e  of p inch  v a l v e  s e t t i n g  w i t h  co r re spond ing  p r o b a b i l i t i e s  

( i n  p a r e n t h e s e s )  of g e t t i n g  t h e  c a l c u l a t e d  F-value, assuming 
no e f f e c t s  

- 
Hypothes is  

Pa . r t  i c l e  E f f e c t  from hopper E f f e c t  from run  o r d e r  
Measurement t YPe l e v e l  

811 = B12 = B13 = 81 and 
81 = B2 = B B21 = 822 = 823 = B2 

F e r  t i l e  flass 36.12 
(<0.001) 

Volume 4.57 
(0.03) 

K e  r n e  1 

Shim 

Mass 

Volume 

Mass 

1.90 
(0.17) 

2.80 
(0.10) 

10.10 
(0 .002 )  

Volume 0.28 
(0.60) 

2.57 
(0.04) 

0.96 
(0.43) 

6.19 
(<O.  00 1) 

0.36 
(0.84) 

4.05 
(0.004) 

9.92 
(<O. 00 1) 

The e s t i m a t e d  v a l u e  of t h e  s l o p e s  f o r  models 1, 2 ,  and 3 are g i v e n  

i n  Table  9 f o r  t h e  mass measurements and i n  Table  10 f o r  t h e  volume 

measurements. The maximum a b s o l u t e  d i f f e r e n c e  between t h e  e s t i m a t e d  

s l o p e s  f o r  t h e  two d i f f e r e n t  hopper l e v e l s  i s  only  0.0203 f o r  t h e  f e r t i l e  

mass measurements. But t h i s  d i f f e r e n c e  i s  h i g h l y  s i g n i f i c a n t ,  F(1,141) = 

36.12, because of t h e  s m a l l  e s t i m a t e d  random e r r o r  v a r i a n c e .  The hopper 

l e v e l  i s  a s i g n i f i c a n t  e f f e c t  a t  t h e  5% l e v e l  on t h e  s l o p e s  of t h e  p inch  

v a l v e  s e t t i n g s  f o r  t h e  f e r t i l e  and shim mass measurements and t h e  volume 



Table 9. Slope estimates for models 1, 2, and 3 
for mass measurements 

S l o p e  estimate 

S t a n d a r d  
e r r o r  of 
es t i m a  t es 

P a r t i c l e  S l o p e  Low hopper  l e v e l  F u l l  hopper  l e v e l  
e s t i m a  t e s t y p e  

Run o r d e r  Run o r d e r  
1 2 3 1 2 3 

F e r t i l e  B i j  

B i  

B 

K e r n e l  

Shim 

B i j  

B i  
B 

B i j  
B i  
B 

0.9161 0.9003 0.9036 0.9311 0.9261 0.9236 

0.9067 0.9270 

0.9167 

2.5312 2.5346 2.5421 2.5315 2.5268 2.5405 

2.5360 2.5329 

2.5345 

0.4048 0.3985 0.4068 0.4098 0.4048 0.4115 

0.4087 0.4034 

0.4061 

0.0040 

0.0024 

0.0019 

0.0025 

0.0016 

0.0011 

0.0020 

0.0012 

0.0009 

Table 10. Slope estimates for models 1, 2, and 3 
for volume measurements 

S l o p e  estimate 

S t a n d a r d  
e r r o r  of 
es t i m a  t es 

P a r t i c l e  S l o p e  Low hopper  l e v e l  F u l l  hoppe r  l e v e l  
e s t i m a  t e s t y p e  

Run o r d e r  Run o r d e r  
1 2 3 1 2 3 

F e r t i l e  B i j  

B i  
B 

K e r n e l  

Shim 

B i j  

B i  
B 

B i j  

B i  
B 

0.4382 0.4310 0.4330 0.4390 0.4385 0.4391 

0.4341 0.4389 

0.4364 

0.4290 0.4270 0.4290 0.4270 0.4250 0.4260 

0.4283 0.4260 

0.4272 

0.3830 0.3783 0.3910 0.3808 0.3730 0.3905 

0.3831 0.3841 

0.3836 

0.0027 

0.0016 

0.0009 

0.0018 

0.0010 

0.0007 

0.0021 

0.0013 

0.0009 
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measurements f o r  f e r t i l e  p a r t i c l e s .  No hopper l e v e l  e f f e c t  on t h e  s l o p e s  

i s  e v i d e n t  f o r  e i t h e r  of t h e  two k e r n e l  measurements o r  f o r  t h e  shim 

volume measurements. 

The e f f e c t  of run  o r d e r  w i t h i n  each hopper l e v e l  i s  s i g n i f i c a n t  a t  

thce 5% l e v e l  on t h e  s l o p e s  of t h e  pinch v a l v e  s e t t i n g s  f o r  t h e  mass 

measurements of a l l  t h r e e  p a r t i c l e  t y p e s  and t h e  volume measurements of 

t h e  shim p a r t i c l e s .  The s l o p e s  f o r  t h e  volume measurements of t h e  fe r t i l e  

p a r t i c l e s  and k e r n e l  p a r t i c l e s  are not  a f f e c t e d  by d i f f e r e n t  run  o r d e r s .  

The s l o p e s  of t h e  pinch v a l v e  s e t t i n g s  f o r  t h e  k e r n e l  volume measure- 

ments a f f e c t e d  n e i t h e r  by t h e  d i f f e r e n t  hopper l e v e l s  nor by t h e  d i f f e r e n t  

ruin o r d e r  w i t h i n  hopper l e v e l s .  The remaining s l o p e s  are a f f e c t e d  by 

e i t h e r  t h e  d i f f e r e n t  hopper l e v e l s  o r  t h e  d i f f e r e n t  run  o r d e r  w i t h i n  t h e  

hopper l e v e l .  

To test t h e  e f f e c t s  of hopper l e v e l  and r u n  o r d e r  w i t h i n  hopper l e v e l  

on t h e  i n t e r c e p t ,  t h e  e f f e c t s  must be d e f i n e d  i n  terms of f u n c t i o n s  t h a t  

cain be e s t i m a t e d  from t h e  da ta .  The hopper l e v e l  e f f e c t  i s  d e f i n e d  as t h e  

o v e r a l l  d i f f e r e n c e  between t h e  f u l l  and low hopper l e v e l  p l u s  t h e  average  

d i E f e r e n c e  of t h e  sum of t h e  e f f e c t s  of t h e  f u l l  and low hopper l e v e l  f o r  

each  r u n  o r d e r .  This  e f f e c t  i s  expressed  i n  terms of t h e  model parameters  

a s  

The h y p o t h e s i s  t h a t  is  t e s t e d  i s  H o :  HOPPER LEVEL EFFECT = 0. The F-values 

f o r  t h i s  h y p o t h e s i s  and t h e  cor responding  p r o b a b i l i t i e s  of g e t t i n g  t h e  

c a l c u l a t e d  F-values,  assuming t h e  h y p o t h e s i s  i s  t r u e ,  are g iven  i n  

Table  11. For t h e  two f e r t i l e  measurements, t h e  hopper l e v e l  does not  

show a s i g n i f i c a n t  e f f e c t  a t  t h e  5% s i g n i f i c a n c e  l e v e l .  However, t h e  

F-values are l a r g e  enough t h a t  t h e  hopper l e v e l  e f f e c t  would be a s i g n i f i -  

c a n t  e f f e c t  a t  t h e  10% s i g n i f i c a n c e  l e v e l .  For t h e  two measurements f o r  

t h e  k e r n e l  and shim p a r t i c l e s ,  t h e  F-values are s m a l l  enough t h a t  t h e  

hopper l e v e l  e f f e c t  i s  not  s i g n i f i c a n t  e i t h e r  a t  t h e  5 o r  10% s i g n i f i c a n c e  

l e v e l .  
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Table 11. F-values f o r  Ho: HOPPEK LEVEL EFFECT = 0 w i t h  
cor responding  p r o b a b i l i t i e s  ( i n  p a r e n t h e s e s )  of g e t t i n g  

t h e  c a l c u l a t e d  F-values,  assuming t h e  h y p o t h e s i s  i s  t r u e  

F-value 

F e r t i l e  p a r t i c l e  Kernel  p a r t i c l e  Shim p a r t i c l e  
Measurement 

Mass 3.22 
(0.08) 

Volume 3.47 
(0.06) 

0.76 0.38 
(0.38) (0.52) 

2.16 2.13 
(0.14) (0.15) 

To tes t  t h e  e f f e c t  of t h e  run  o r d e r  on t h e  i n t e r c e p t ,  t h e  d i f f e r e n c e s  

between run  o r d e r s  a t  each l e v e l  of t h e  hopper l e v e l  v a r i a b l e  are simul- 

t a n e o u s l y  t e s t e d  t o  be zero.  In  terms of t h e  parameters  of t h e  ANOVA 

model, t h e  run o r d e r  e f f e c t  h y p o t h e s i s  i s  

The F-values f o r  t h i s  h y p o t h e s i s  wi th  cor responding  p r o b a b i l i t i e s  of 

g e t t i n g  t h e  c a l c u l a t e d  F-value, assuming t h e  h y p o t h e s i s  i s  t r u e ,  are 

t a b u l a t e d  in Table 12. From Table 12, t h e  run  o r d e r  e f f e c t  on t h e  i n t e r -  

c e p t  i s  seen  n o t  t o  be s i g n i f i c a n t  f o r  t h e  two measurements f o r  f e r t i l e  

p a r t i c l e s  and k e r n e l s  at t h e  5% s i g n i f i c a n c e  l e v e l .  The run  o r d e r  e f f e c t  

on t h e  i n t e r c e p t  of t h e  two shim p a r t i c l e  measurements, however, i s  

h i g h l y  s i g n i f i c a n t  . 
A summary of t h e  a n a l y s i s  of t h e  e f f e c t s  of t h e  c o n t r o l l e d  v a r i a b l e s  

i s  g iven  i n  Table 13. 

The ANOVA model f o r  t h e  volume measurements f o r  t h e  k e r n e l s  i s  not  

a f f e c t e d  by t h e  hopper l e v e l  o r  by t h e  run  o r d e r  w i t h i n  each hopper 

l e v e l .  The o t h e r  f i v e  ANOVA models have e i t h e r  t h e  i n t e r c e p t  o r  t h e  

s l o p e  a f f e c t e d  by t h e  hopper l e v e l  o r  t h e  run  o r d e r  w i t h i n  t h e  hopper 
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Table 12. F-Values f o r  Ho: RUN O R D E R  EFFECT = 0 w i t h  
co r re spond ing  p r o b a b i l i t i e s  ( i n  p a r e n t h e s e s )  of 

g e t t i n g  t h e  c a l c u l a t e d  F-Value, assuming t h e  
h y p o t h e s i s  i s  t r u e  

F-value 

F e r t i l e  p a r t i c l e  Kernel  p a r t i c l e  Shim p a r t i c l e  
Measurement 

Mass 1.84 
(0.13) 

2.20 4.19 
(0.07) (0.002) 

Volume 0.73 0.56 5.69 
(0.57) (0.69) (0.001) 

Table  13. Summary of t h e  s i g n i f i c a n t  c o n t r o l l e d  v a r i a b l e s  on t h e  
i n t e r c e p t  and s l o p e  of t h e  ANOVA model a t  t h e  

5% s i g n i f i c a n c e  l e v e l  

I n t e r c e p t  Slope 

t y p e  Hopper l e v e l  Hopper l e v e l  Run run  
o r d e r  o r d e r  

Pa'rtic1e Measurement 

F e r t i l e  Mass 
Volume 

Ke.rne1 Mass 
Volume 

S h i m  Mass 
Volume 

N o  
N o  

No 
No 

N 0 
No 

N o  Y e s  Yes 
N o  Yes N o  

N o  No 
No No 

Yes 
No 

Y e s  Y e s  Y e s  
Yes N o  Yes 

l e v e l .  Some of t h e  e f f e c t s  are s m a l l  i n  a b s o l u t e  v a l u e  but  are s i g n i f i -  

calnt because of t h e  s m a l l  e s t i m a t e d  v a r i a n c e  of t h e  expe r imen ta l  e r r o r .  

Th i s  e s t i m a t e d  e r r o r  i s  based on t h e  f i v e  c o n s e c u t i v e  measurements and 

r e p r e s e n t s  t h e  e r r o r  of reproducing  t h e  mass and volume measurements by 

c o n s e c u t i v e l y  opening and c l o s i n g  a va lve .  Because t h e  e s t i m a t e d  e r r o r  

va.r iance w a s  cons ide red  t o  be an  unde res t ima te  of t h e  expe r imen ta l  e r r o r ,  

t h e  d a t a  were ana lyzed  a g a i n  by t h e  same methods, u s ing  t h e  ave rage  v a l u e s  

of each  of t h e  f i v e  consecu t ive  measurements. A summary of t h e  a n a l y s i s  

i n  Table  14, u s i n g  t h e  means of t h e  f i v e  measurements,  shows t h a t  none of 

t h e  i n t e r c e p t s  of t h e  s ix  ANOVA models are a f f e c t e d  by e i t h e r  hopper l e v e l  
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Table 14. Summary of t h e  a n a l y s i s  on t h e  means of t h e  r e p e a t e d  
o b s e r v a t i o n s  ( s i g n i f i c a n t  c o n t r o l l e d  v a r i a b l e s  a t  t h e  

5% s i g n i f i c a n c e  l e v e l )  

I n t e r c e p t  Slope 
P a r t i c l e  Measurement Run run  

o r d e r  o r d e r  Hopper l e v e l  Hopper l e v e l  t y p e  

F e r t i l e  Mass 
Vo 1 ume 

Kerne l  Mass 
Volume 

Shim Mass 
Volume 

No 
No 

No 
No 

No 
No 

No Yes No 
No No No 

No No Yes 
No No No 

NO No 
No No 

No 
Yes 

o r  by run  o r d e r  w i t h i n  hopper l e v e l .  The hopper l e v e l  e f f e c t  is only  

s i g n i f i c a n t  a t  t h e  5% l e v e l  f o r  t h e  s l o p e  of t h e  mass measurements f o r  

f e r t i l e  p a r t i c l e s ,  and t h e  run o r d e r  e f f e c t  i s  s i g n i f i c a n t  f o r  t h e  mass 

measurement of t h e  k e r n e l  p a r t i c l e s  and t h e  volume measurement of t h e  shim 

p a r t i c l e s .  The t h r e e  ANOVA models f o r  f e r t i l e  volume measurements, k e r n e l  

volume measurements, and shim mass measurements are not  a f f e c t e d  by e i t h e r  

t h e  hopper l e v e l  o r  run  o r d e r  w i t h i n  t h e  hopper l e v e l .  

Conc l u  s i o n s  

Mass measurements and volume measurements of f e r t i l e ,  k e r n e l ,  and 

shim p a r t i c l e s  were analyzed t o  de te rmine  t h e  e f f e c t  of hopper l e v e l  and 

r u n  o r d e r  on t h e  o p e r a t i o n  of a f u e l  p a r t i c l e - d i s p e n s i n g  machine. Except 

f o r  t h e  volume measurements of t h e  k e r n e l  p a r t i c l e s ,  t h e  hopper l e v e l  and 

r u n  o r d e r  were shown t o  have s i g n i f i c a n t  e f f e c t s  a t  t h e  5% l e v e l  on e i t h e r  

t h e  i n t e r c e p t  o r  s l o p e  terms of t h e  l i n e a r  ANOVA model used t o  d e s c r i b e  

t h e  d a t a .  These s i g n i f i c a n t  e f f e c t s  r e s u l t  from comparing t h e  v a r i a t i o n s  

of  t h e  i n t e r c e p t  and s l o p e  terms r e s u l t i n g  from t h e  two v a r i a b l e s  w i t h  t h e  

e r r o r  v a r i a n c e s  e s t i m a t e d  from c o n s e c u t i v e  r e p e a t e d  measurements. The 

e r r o r  v a r i a n c e s  are cons idered  t o  be underes t imated ,  and t h e s e  u n d e r e s t i -  

mat ions may have caused some f a l s e  s i g n i f i c a n t  e f f e c t s .  
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A subsequent  a n a l y s i s  by use of e r r o r  v a r i a n c e s  e s t i m a t e d  from t h e  

means of t h e  r e p e a t e d  o b s e r v a t i o n s  shows t h a t  hopper l e v e l  and run  o r d e r  

dlo no t  a f f e c t  t h e  i n t e r c e p t  terms and are only  s i g n i f i c a n t  e f f e c t s  a t  t h e  

5% l e v e l  on t h e  s l o p e s  f o r  t h r e e  c a s e s .  The hopper l e v e l  a f f e c t e d  t h e  

s l o p e  f o r  t h e  f e r t i l e  mass measurements, and t h e  r u n  o r d e r  a f f e c t e d  bo th  

t ' h e  s l o p e s  f o r  k e r n e l  mass measurements and t h e  shim volume measurements. 

SUMMARY 

The g r a v i m e t r i c  method should  r e p e a t e d l y  d i s p e n s e  coa ted  par t ic les  of 

n u c l e a r  material t o  an  exac t  prede termied  weight .  The r e p e a t e d  use  of t h e  

v o l u m e t r i c  method w i l l  d i s p e n s e  coa ted  particles of n u c l e a r  material 

hav ing  an ave rage  weight  t h a t  i s  c e n t e r e d  on a prede termined  weight ,  bu t  

t h e  p a r t i c l e  we igh t s  w i l l  vary  as a r e s u l t  of t h e  c a l i b r a t i o n  of d i spensed  

volume wi th  t h e  weight .  Although t h e  e x a c t  weight of p a r t i c l e s  can be 

d i spensed  by t h e  g r a v i m e t r i c  method, t h e  amount of n u c l e a r  material 

d i spensed  w i l l  vary  from f a b r i c a t i o n  v a r i a t i o n s .  A t h e o r e t i c a l  s tudy  

shows t h a t  k e r n e l  weight  r e p r e s e n t s  on ly  a small p o r t i o n  of t h e  t o t a l  par -  

t i c l e  v a r i a t i o n .  This s tudy  s u g g e s t s  t h a t ,  a l t hough  t h e  i d e a l  g r a v i m e t r i c  

method may be a b l e  t o  d i s p e n s e  p a r t i c l e s  w i t h  b e t t e r  weight  p r e c i s i o n  than  

t h e  vo lumet r i c  method, t h e  amount of n u c l e a r  material d i spensed  by t h e  two 

methods should  be comparable. 

Th i s  h y p o t h e s i s  w a s  t e s t e d  by u s i n g  both  an i d e a l  g r a v i m e t r i c  

d i s p e n s e r  and a p roduc t ion  g r a v i m e t r i c  d i s p e n s e r .  The v a r i a t i o n  com- 

p a r i s o n s  w i t h  an i d e a l  g r a v i m e t r i c  d i s p e n s e r  showed good agreement f o r  

bo th  par t ic le  we igh t s  and n u c l e a r  material a s s a y s  f o r  f i s s i l e  p a r t i c l e s  

bu t  showed l a r g e  d i f f e r e n c e s  i n  t h e  v a r i a t i o n  of p a r t i c l e  we igh t s  and 

n u c l e a r  material assays f o r  f e r t i l e  p a r t i c l e s .  A c l o s e r  examinat ion  of 

t h e  d i s p e n s i n g  of f e r t i l e  p a r t i c l e s  w a s  t hen  made us ing  an  au tomat i c  par-  

t i c l e  d i s p e n s e r .  This  experiment  showed t h a t  t h e  vo lumet r i c  d i s p e n s e r  

cou ld  a c c u r a t e l y  d i s p e n s e  f e r t i l e  p a r t i c l e s  but t h a t  t h e  g r a v i m e t r i c  

t r i c k l e r  d e v i c e  caused a b i a s  i n  d i s p e n s i n g  f e r t i l e  p a r t i c l e s .  The i d e a l  

arid p roduc t ion  g r a v i m e t r i c  exper iments  i n d i c a t e d  t h a t  t h e  vo lumet r i c  

d i . spenser  could  perform as w e l l  as t h e  g r a v i m e t r i c  d e v i c e s  f o r  d i s p e n s i n g  

p a r t i c l e s  of coa ted  n u c l e a r  material. 
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D r i f t  and o p e r a t i n g  c h a r a c t e r i s t i c  exper iments  were conducted t o  

c h a r a c t e r i z e  t h e  performance and o p e r a t i n g  parameters  of t h e  v o l u m e t r i c  

d i s p e n s e r .  The long-term d r i f t  experiment showed t h a t  an au tomat ic  volu- 

metric d i s p e n s i n g  system g i v e s  r e p e a t a b l e  r e s u l t s  w i t h  l i t t l e  o r  no d r i f t .  

The experiment t o  determine t h e  e f f e c t s  of hopper l e v e l  and run  o r d e r  on 

t h e  e las tomer  tube  volumetr ic  d i s p e n s e r  showed t h a t  hopper l e v e l  does 

a f f e c t  t h e  d i s p e n s i n g  of f e r t i l e  p a r t i c l e s  and t h a t  r u n  o r d e r  a f f e c t s  t h e  

d i s p e n s i n g  of both f e r t i l e  k e r n e l s  and shim p a r t i c l e s .  
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Table A-1. C h a r a c t e r i s t i c s  of p a r t i c l e s  used t o  c a l c u l a t e  e s t i m a t e d  
means and e s t i m a t e d  v a r i a n c e s  of k e r n e l  and c o a t i n g  weights  

P r o p e r t i e s  

A- 6 1 5 T r  i s o-coa t ed Biso-coated 
f i s s i l e  p a r t i c l e s  f e r t i l e  p a r t i c l e s  

S tandard  Mean Standard 
Mean d e v i a t i o n  d e v i a t i o n  

Kerne l  d i a m e t e r ,  pn 

Kernel  d e n s i t y ,  g/cm3 

B u f f e r  t h i c k n e s s  , pn 
Buffer  d e n s i t y ,  g/cm3 

I n n e r  L T I  c o a t ,  pn 

I n n e r  L T I  d e n s i t y ,  g/cm3 

S i l i c o n  c a r b i d e  c o a t ,  pn 

S i l i c o n  c a r b i d e  d e n s i t y ,  

Outer  L T I  c o a t ,  pn 

Outer  L T I  d e n s i t y ,  p/gm3 

g/ cm3 

354.1 15.7 491.2 12.6 

3.076 9.950 

51.0 12.3 77.4 12.2 

1.040 1.277 

30.7 3.3 

1.857 

29.5 1.5 

3.200 

32.4 4.2 88.9 7.7 

1.910 1.842 
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Table A-2. Fissile particle data for comparison of ideal 
gravimetric and volumetric dispensers 

Ideal gravimetric dispenser data Volumetric dispenser data 

Particle Uranium 
weight assay 
(g) ( 8  1 

Particle Uranium 
(g) ( g )  

2.0055 
2.0064 
2.0042 
2.0044 
1.9995 
1.9668 
1.9784 
1.9896 
2.0061 
1.9991 
2.0064 
2.0078 
1.9995 
2.0077 
2.0068 
2.0030 
2.0039 
2.0042 
2.0105 
2.0055 
2.0029 
1.9889 
2.0063 
2.0022 
2.0043 
2.0025 
2.0034 
2.0027 
2.0180 

Number 29 

Mean 2.0016 

Standard 
deviation 0.0098 

0.3817 
0.3830 
0.3847 
0.3799 
0.3832 
0.3815 
0.3830 
0.3860 
0.3840 
0.3835 
0.3859 
0.3853 
0.3814 
0.3856 
0.3861 
0.3867 
0.3877 
0.3857 
0.3838 
0.3875 
0.3826 
0.3823 
0.3822 
0.3843 
0.3849 
0.3792 
0.3841 
0.3809 
0.3824 

29 

0.3838 

0.0022 

1.9872 
1.9978 
2.0113 
1.9931 
2.0122 
1.9976 
2.0069 
2.0163 
2.0024 
1.9987 
1.9929 
2.0033 
1.9994 
2.0128 
1.9847 
2.0143 
1.9936 
1.9960 
1.9882 
1.9917 
1.9945 
2.0099 
1.9993 
2.0037 
1.9867 
1.9876 
1.9969 
2.0023 
2.0141 

0.3833 
0.3862 
0.3844 
0.3832 
0.3849 
0.3845 
0.3841 
0.3879 
0.3799 
0.3821 
0.3829 
0.3872 
0.3832 
0.3872 
0.3844 
0.3855 
0.3842 
0.3834 
0.3852 
0.3831 
0.3802 
0.3881 
0.3845 
0.3845 
0.3846 
0.3832 
0.3801 
0.3818 
0.3898 

29 29 

1.9998 0.3843 

0.0093 0.0024 



46 

Table A-3. Fertile particle data for comparison of ideal 
gravimetric and volumetric dispensers 

~~~ ~~ 

Ideal gravimetric dispenser data Volumetric dispenser data 

Particle Uranium 
weight assay 
(8) (g) 

Particle Uranium 
(g) (8) 

6.0022 
5.9988 
6.0183 
6.0134 
6.0200 
6.0133 
6.0089 
6.0121 
6.0099 
6.0143 
6.0002 
6.0095 
6.0066 
6.0094 
6.0073 
6.0190 
6.0197 
6.0162 
6.0078 
6.0181 
6.0204 
6.0318 
6.0211 
6.0241 
6.0241 
6.0201 
6.0170 
6.0136 
6.0146 

Number 29 

Mean 6.0142 

Standard 
deviation 0.0075 

3.30438 
3.29506 
3.30877 
3.31255 
3.31149 
3.31132 
3.30851 
3.30710 
3.30077 
3.30780 
3.30253 
3.29831 
3.30279 
3.30965 
3.30209 
3.30895 
3.30815 
3.30798 
3.30332 
3.30710 
3.30736 
3.30068 
3.30332 
3.30253 
3.30253 
3.29866 
3.29866 
3.29304 
3.29902 

29 

3.3043 

0.0050 

5.9989 
5.9656 
5.9775 
5.9408 
5.9252 
6.0229 
5.9830 
5.9835 
5.9527 
6.0206 
6.0301 
6.0370 
6.0016 
5.9990 
6.0025 
6.0524 
6.0349 
5.9773 
6.0229 
6.0474 
6.0406 
6.0567 
6.0020 
6.0148 
5.9832 
6.0109 
6.0364 
6.0509 
6.0604 
6.0220 

30 

6.0085 

0.0350 

3.3041 1 
3.28232 
3.29058 
3.27177 
3.25982 
3.31378 
3.29339 
3.29576 
3.27590 
3.31536 
3.31712 
3.32169 
3.30517 
3.30279 
3.30552 
3.32907 
3.32389 
3.29383 
3.32055 
3.33241 
3.32731 
3.33645 
3.30605 
3.31387 
3.29594 
3.30851 
3.32195 
3.3321 5 
3.3389 1 
3.31316 

30 

3.3083 

0.0196 
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Table A-4.  Experimental data from particle 
dispensing experiment 

Recorded weight, mg 

Date 
6 1 4 7 8  
6 1 4 7 8  
6 1 4 7 8  
6 1 4 7 8  
61U7F! 
6 1 4 7 8  
6 1 4 7 8  
6 1 4 7 8  
6 1 4 7 F  
6 1 4 7 8  
6 1 4 7 e  
6 1 4 7 8  
6 1 4 7 8  
6 1 4 7 8  
6 1 4 7 8  
6 1 4 7 8  
6 1 U 7 8  
6 1  4 7 8  
6 1 4 7 8  
6 1 4 7 8  

Volumetric run - l o w  net weight 

Hour 
1 3  
13 
1 3  
13 
13  
1 3  
13 
13 
1 3  
1 3  
13  
13 
1 3  
13  
1 3  
13 
1 3  
1 3  
13  
13 

Min 
32 
32 
32 
3 3  
33  
3 3  
3 3  
3 3  
3 3  
3 3  
3 4  
3 4  
3 u  
34 
34 
34  
3 4  
3 4  
3 5  
3 5  

Sec 
4 0  

5 6  
4 

1 2  
20  
2 8  
36 
44  
5 2  

1 
9 

17 
2 5  
3 3  
4 1  
49  
57  

5 
1 3  

4a  

Volumetric run -high net weight 

Date 
6 1 4 7 8  
6 1 4 7 8  
6 1 4 7 8  
6 1  478  
6 1  4 7 8  
6 1 4 7 8  
6 1 4 7 8  
6 1  4 7 e  
6 1 4 7 8  
6 1 4 7 8  
6 1 4 7 8  
6 1  4 7 9  
6 1  4 7 8  
6147P, 
6 1 4 7 R  
6 1  4 7 8  
6 1 4 7 8  
6 1 U78 
6 1 4 7 8  
6 1 4 7 8  

Hour 
1 4  
1 4  
14 
14 
1 4  
14 
11( 
14 
14 
1 4  
14  
14 
14 
14  
14 
14 
14  
14 
14 
14 

Min 
2 7  
27 
27 
2 8  
2 8  
2 8  
2 8  
2 8  
28  
2 u  
29  
29 
29 
2 9  
29 
2 9  
29 
2 9  
3 0  
30 

Sec 
39 
4 7  
5 5  

3 
1 1  
19 
27 
3 b  
4 4  
5 2  

0 
8 

16 
2 4  
3 2  
4 0  
48 
5 7  

5 
1 3  

Final 
5 
18 
19 
2 4  

7 
17 
17 
4 4  
21  
- 5  
2 1  
3 5  
2 4  

8 
22  
2 4  
1 7  
15  
0 

2 7  

Final 
7 

2 2  
56  
u 2  
5 8  
3 6  
40  
3 0  
u 4  
-1 
23 
18  
3 7  
39 
30 
2 9  
3 7  
5 3  
6 0  
37 
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Table A-4.  ( con t inued)  

Run t i m e  Recorded weight ,  mg 

Date 
6 1 4 7 8  
6 1 4 7 9  
6 1 4 7 E  
6 1 4 7 U  
5 1  4 7 8  
61U7i3 
6 1 4 7 8  
6 1 4 7 8  
6 1 4 7 E  
6 1  1178 
6 1 4 7 8  
6147 .3  
5 1 4 7 8  
6 1  4 7 8  
6 1 4 7 6  
6 1 4 7 8  
6 1 4 7 8  
6 1  U 7 8  
6 1 4 7 8  
611178 

Date 

6 1 4 7 8  
6 1 u 7 e  
6 1 4 7 8  
6 1 4 7 8  
6 1 4 7 8  
6 1 4 7 9  
6 1 4 7 a  
b 1 4 7 R  
6 1 4 7 8  
6 1 4 7 8  

6 1 4 7 6  
6 1 4 7 8  
6 1 U 7 8  
4 1 4 7 8  
6 1 4 7 8  
6 1 4 7 8  
6 1 4 7 2  
6 1 4 7 3  
611t78 

6 1  4 7 a  

Grav ime t r i c  run  - low n e t  weight 

Hour 
16 
1 6  
l b  
16 
16 
1 6  
16  
1 6  
16 
1 5  
1 5  
15 
1 6  
1 6  
16  
16 
16 
10 
1 fl  

l o  

Min 
53  
53 
54 
54 
5 4  
5 4  
5 5  
5 5  
55 
55 
56 
56  
56 
5 6  
57  
5 7  
5 7  
57  
5 8  
5 8  

Sec 
4 5  
59 
1 4  
28 
42  
56  
1 0  
2 4  
3 8  
5 2  

7 
2 1  
3 5  
49 

3 
1 7  
3 1  
4 6  

0 
14  

Coarse 
-8 8 
-9 7 
-9 9 
- 9 4  
-92 

- 11 1 
- 1 0 9  
- 10 1 
- 1 0 8  
- 1 G  1 

-9 7 - 105 
-9 1 
-8  1 
-8?  
-9 5 
-7 2 
- 6 8  - 104  
-8  9 

Grav ime t r i c  run  - h i g h  n e t  weight 

Hour Min Sec Coarse 

15 
15 
15 
1 5  
1s 
15 
15 
15  
I S  
15 
15 
1 5  
15 
15 
15 
1 5  
15 
1 5  
15 
1 s  

40 
4 0  
4 0  
4 0  
4 1  
4 1  
4 1  
4 1  
4 1  
42 
42  
42 
4 2  
4 3  
43  
43  
43  
4 4  
4 4  
4 4  

4 
18 
3 2  
46 

0 
14 
28 
4 3  
57 
1 1  
2 5  
3 3  
5 3  
7 

2 1  
3 5  
50 

4 
18 
3 2  

- 29 
- 12 
- 27 
- 6 0  

- 3  
- 3 1  
- 48 
- 24 

11 

- 16 
- 1 2  - 42 

-1  
- 2 5  

- 6  
- 23 
- 2 6  - 19 
-1s  

- 2 a  

F i n a l  
1 0  
- 6  
-6 
- 4  

- 2 4  
-2 1 - 13 
-1 9 
- 1 4  
-1  0 
- 1 4  

- 3  
- 1  
- 2  

- 13 
-2 s 
- 2 1  
-3 5 - 1 8  

a 

F i n a l  

4 2  
-7 

- 1 9  
17 
- 4  
4 6  
3 4  

-2 3 
5 

4 b  
- 1 0  
-1 2 

4 4  
0 

57  
- 5  

- 1 9  
S R  

- 1 7  
- 1  0 
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The 6420 d a t a  p o i n t s  have been t a b u l a t e d  on t a p e  number X22251. The 

d a t a  on t h e  t a p e  are in t h e  fo l lowing  format:  

Table  A-5. D e s c r i p t i o n  of t h e  d a t a  f o r  t h e  c h a r a c t e r i z a t i o n  
of d r i f t  behavior  of t h e  v o l u m e t r i c  d i s p e n s e r  experiment 

V a r i a b l e  Column 

Run number 

P a r t i c l e  type  

N e t  weight l e v e l  

Order of r u n  

Date 

Hour 

Minute 

Second 

Weight d i f f e r e n c e  

Charge sequence number 

Col. 1-3 ( r i g h t  a d j u s t e d )  

Col. 5-11 ( l e f t  a d j u s t e d )  

Col. 13-16 ( l e f t  a d j u s t e d )  h i g h  o r  low 

Col. 19-20 ( r i g h t  a d j u s t e d )  

Col. 22-27 month, day, and year  

Col. 2%30 

f i s s i l e ,  f e r t i l e ,  o r  shim 

Col. 32-33 

Col. 35-36 

Col. 39-42 ( r i g h t  a d j u s t e d ) ,  m i l l i g r a m s  

Col. 78-80 

The d a t a  t a p e  can be read  i n  a program by adding t h e  fo l lowing  c a r d s  t o  

t h e  back of t h e  program: 

JOB CARDS 
PROGRAM 

END 

/ / G O . F T O l F O O l  DD UNIT=TAPE9,DISP=(OLD,PASS),VOL=SER=X22251 
/ /  LABEL=(l,SL),DSN=CKBDATA, 
/ /  DCB=(RECFM=FB,LRECL=80,BLKSIZE=8000) 

/ *  

/ /  



P
P

N
N

lu
N

f\
) 

I 1 i 
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 1
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Table A-6. (continued) 

Pinch 
Hopper Run va lve  Mass Volume 
l e v e l  o rder  setting (8) k m 3 )  

(4 

6 
6 

- 6  
6 
6 
8 
B 
s 
8 
r3 

10 
10 
10 

_ -  

- 

S o  5 3 C  4.000 
13.51' 4 ~ 0 0 0  

(3. 6 1  0 4 0 1 0 0  
8 . 5 0 0  4 0 0 0  
13.457 4 0 9 5 0  

- r o  .4 r w---- 4.900 
10.421 5,000 
10.440 4,975 
10.427 4 . 9 0 0  

-1 2 0-12-3---- 5 0 P O T  
12. I08 5.F00 
1 2 0 1 3 5  5.750 

- a 592-- - 4 s u 5 r  __-_ 

- -_ 

L u 'd 1 10 12.  132 5.750 

L O W  2 2 h o e 3 6  2.300 
L O W  2 2 4.851 2.300 
LOW 2 2 4 e 7 9 7  2.275 

- m - r -  - 1- 1 - 7 r 2 . 1 e b  5 0 OCTO- 
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Table A-6. ( con t inued)  

P inch  
Hopper Run v a l v e  Mass Volume 
l e v e l  o r d e r  s e t t i n g  (8) (cm3) 

( e m )  

LOW! 2 2 4.€?27 2 300 
Lorn 2 2 9 6037 2.300 
L O W  2 4 6.688 3 m t S O  

L O W  2 4 6.692 3 .  i s a  
L O ' K  - __ ---z---- 4 ~ 6;-66I- 3.125 

LClN 2 4 6.673 3.125 
2 4 6.708 3.150 

7 3 0 4 5 T - - - 4 T I O o  2-- . - 6 . - ~ ~ . - ~ -  L O X  L*,*.~.. 
LO'# 2 6 8.485 4.050 
L O W  2 6 8 . 4 6 2  4 0 0 0  
L 0 '4 2 6 B.493 4 050 

8-i 5 2 7 - -  .-4 0 5 0  Lo '&-  . ~ - -  --2--- -~ 
L O N  2 R PO 3 4 G  4.950 
L O U  2 8 10.267 4 ~ 9 0 0  
L O W  2 8 I O  - 3 2 3  4 . 9 3 9  

7-- - - 4-0-950 
L 0 w 2 9 10.354 4 . 950 
LOW 2 43 12.007 5.700 
LOW 2 PO s2.050 5 0 7 5 G  

70 0 
L O N  2 IO 11  0 9 9 4  5 . 7 0 0  
LO v 2 PO 12 . O C O  5 . 7 0 0  
LOW 3 .._ 3 4 .e73 2.30'3 

2----4 017---2725'3 
L 0 ?i 3 2 4.971 2 .358  
L O N  3 2 4.e35 2 0 2 5 §  
L O X  3 2 4.827 2 . 3 0 0  
-Luh------ 7 -- 4- G O  E4 U G ? O  a 
L O W  3 4 60702 30150 
Low 3 4 6 e600 3 C S 5 0  
L 0 M 3 4 6.727 3.175 

3 e - 1 - 0 0  .L[3w ___ 
L 0 w 3 6 8 569 4 0 1 0 0  
I- 0 'h' 3 6 8.459 4 t 0 5 0  
LOW 3 6 8.544 4 . 1 0 C  

-- b--- -- 9 557---- '4 r 1 00 Lo,Ji-.. ... . ~ - . ~  ~~ 

L O N  3 6 8.546 4.050 
L O W  3 8 10.396 4 .950  
L O *  3 R 19 0 3 6 9  4 -975 a - - -__  lri 3T Q,9uo' L ( 3 w '  -~ 

L 0 x 3 8 10.360 4.950 
L O W  3 s 10.361 4,950 
L O W  3 1 0  1 1  - 9 9 5  5 . 7 2 5  Lo:s - . . *2.*3;r 5 ; 7 0 3  

L 0 'x 3 1 0  12.063 5.725 
L O  M 3 10  12.093 5.758 
LOW 3 10 12.101 5.725 

- ~ 6  __ - 

,~ - .- - .. -2--~--~ - . - - ~  ___ - - ~ 

2-------- I 0- '*, - _- ._ . ___ 1 S-e 9 9 e---- 5 

nw-- - -3--.-- 

-6.*.-E65- 

T -- _ -  
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Table A-7. Mass and volume (cm3) measurements 
for dispensed Tho2 kernel particles 

Pinch 
Hopper Run valve Mass Volume 
level order setting ( g )  (cm3) 

(cm) 

FULL. 
FULL. 
F U L L  
F U L L  
F U L L  
F U L L  
FLJCL 
FULL  
F U L L  
FC1L.L 
F UL L 
FULL 
FULL 
F U L L  
F U L L .  
FULL.  
F \ J L L  
FULL 
F U L L  
FULL 
FULL 
FULL 
FULL. 
F U L L  
FULL 
F U L L  
F U L L  
F U L L  
FULL- 
FULL 
FULL  
FULL 
FUL.1- 
F U L L  
FULL 
f ULL 
F U 1 . L -  
FULL 
FULL  
F U L L  
F U L L  
FULL 
FULL 
F U L L  
F U L L  
F U L L  
FULL. 
F U L L  
F U L L  
FULL 
F U L L  
F U L L  
FULL. 

1 
1 
1 
I 
1 
1 
1 
I 
1 
1 
1 
1 
1 
1 
I 
1 
1 
1 
1 
I 
1. 
P 
1 
1. 
P 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 

2 
2 
2 
2 
2 
4 
4 
4 
4 
4 
6 
6 
6 
6 
6 
8 
8 
R 
8 
8 

l 0  
10 
10 
10 
I0 

2 
2 
2 
2 
2 
4 
4 
4 
4 
4 
6 
6 
6 
6 
6 
0 
€3 
8 
8 
8 
10 
1 0  
10 
10 
10 

2 
2 
2 

90 23i1 
9 - 2 9 9  
9-297 

9. 274 
1 4 - 3 9 G  
1 4 . 4 2 1  
14 c 4  28 
s4.409 
14.448 
19,525 
19,495 
19.53G 
19.483 
19.498 
24.547 
2 4 . 5 1 8  
24.523 
2 4 - 5 0 0  
2 4 ~ 5 4 7  
29.573 
29.567 
29e54C 
29.551 
29eS2C 
9.361 
36333 
9.352 
9.331 
9 . 345 
P4.465 
94.444 
1 4 . 4 2 8  
14F446 
14 ' 4  3 3  
19-53C 
1 3 ~ 4 9 7  
19 .485  
1 9 . 4 9 0  
19.455 
24.534 
2 4 - 4 9 ?  
24.080 
2 4 - 5 3 8  
240 5 1  4 
29.561 
29,612 
29.566 
29.577 
29.571 
9.326 
9 0 3 3 2  
9.333 

9.298 

t .5a 
1-50 
1-50 
1 .so 
1.50 
2.43 
2.40 
2 - 4 0  
2.40 

3.20 
3.20 
3.20 
3 - 2 0  
3 . 2 3  
4.10 
4.10 
4-10 
4-10 
4 - 1 0  
4 - 9 0  
4690 
4 0 9 4  
5 r 0 0  
4.y0 
1.50 
1-50 
1650 
1.50 
1050 
2-43 
2 - 4 0  
2-40 
2 - 4 0  
2 - 6 0  
3 . 2 5  
3 . 2 5  
3.25 
3.20 
3 - 2 0  
4 - 1 0  
4.10 
4 - 1 0  
4 - 1 0  
4.10 
4.90 
4 -90 

4-90 
4 - 9 0  
1-50 
1 - 6 0  
1-50 

2 - 4 0  

4 -90 
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Table A-7. ( con t inued)  

P inch  
Hopper Run v a l v e  Mas s Volume 
l e v e l  o r d e r  s e t t i n g  ( 8 )  ( .a3 1 

(4 
FUI.C 
FULL 
FULL 
FULL 
FULL 
FlJLL 
FULL 
FULL 
FULL 
FtJLL. 
F U L L  
FULL 
FULL 
FULL 
FULL 
FULL 
F l J L L  
F U L L  
FULL 
FULL 
FULL_- 
FULL 
LOW 
L O U  
L O W  
L O * '  
L 0 w 
L O W  
L O  k 
t C i V  
L O W  
L O #  
L O #  
L O W  

L O  w 
1.0 Pi 
LUk 
L O W  
L O W  
i 0 W  
L O W  
1-0 w 
LOW 
L 0 'd 
LOW 

L O W  
L O W  
L O k  
L O W  
LOW 

L . n w  

tnlrt 

Lor  . . L  

3 
3 
3 
3 
3 .  
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
I 
1 
1 
1 
I 
1 
1. 
1 
I 
1 
1 
1 
I 
I 
1 
I 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
-, 

2 
2 
4 
4 
4 
4 
4 
6 
6 
6 
6 
6 
8 
S 
8 
0 
8 
10 
10 
10 
10 
A0 

2 
2 
2 
2 
2 
4 
4 
4 
4 
4. 
6 
6 
6 
h 
6 
9 

0 
8 
8 

10 
10  
10 
10  
IO 

2 
2 
2 
2 
2 
4 

a 

9.340 
9 . 3 5 1  

1 4 . 4 7 4  
1 4 - 4 8 2  
14.470 
1 4 . 4 3 2  
1 4 . 4 3 0  
1 9 0 5 9 5  
19.592 
19.556 
19 .541 
19.551 
24.620 
2 4 . 6 1 7  
24.629 
24.563 
2 4 ~ 5 0 9  
2 9 . 6 7 2  
29.701 
2 9 - 6 6 ?  
2 3 ~ 6 4 4  
29.663 
9.380 
9 . 3 C I  
9.370 
9.373 
c j a 3 6 t .  

14 .501  
1 4 0 5 1  L 
14.4 .64  
1 4 . 4 9 0  
14c4€7' 
19.536 
19.514 
b9.535 
1 9 . 4 8 9  
9 9 c  520 
2 4  -616 
2 4  e 5 9 5  
24- 590 
24.579 
2 4 -  E 0 4  
29-614 
29 636 
2 9 - 6 4 2  
2 9 ~ 6 5 R  
29.580 

9 - 3 3 q  
9 32C. 
9,316 
9.324 
3.334 

P 4 e  4 7 8  

1 c 5 Q  
1.50 
2.40 
2 - 4 9  
2 .40  
2.40 
2 . 4 0  
3.25 
3 .25  
3.25 
3 - 2 5  
3 e 2 5  
4 .10  
4a10 
4 0 1 0  
4.10 
4 0 1 0  
4 * 9 5  
4.95 
4 . 9 9  
4 0 4 0  
4.95 
1 -50  
f -50 
P .53 
1.50 
1.56 
2.40 
2 r 4 0  
2 0 4 G  
2.40 
2 - 4 0  
3.20 
3.23 
3ez0 
3 - 2 0  

4 - 1 0  
4-10 
4.10 
4-10 
4-10 
4.95 
4 - 9 5  
4 - 9 5  
4-95 
4.90 
1 - 5 0  
1 - 5 0  
1.59 
1 m 5 0  
1050 
2.40 

3 - 2 a  
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Table A-7. ( con t inued)  

Pinch 
Hopper Run va lve  llass Volume 
l e v e l  o r d e r  set  t ing  ( g  (em31 

(cm) 
- 
LOW 
LOW 
LOW 
LOIS 
L O W  
LOW 
LOW 
L O N  
LOW 
LOW 
L O  w 
L O W  
LOW 
L O W  
L O W  
L O  w 
L O  w 
L O k  
LOW 
LOW 
L O  Y 
LO w 
L O W  
L O W  
L O W  
i 0 w 
L O W  
L O W  
LflM 
LOW 
L O W  
i O W  
i O k  
L O W  
L O W  
LOW 
L O W  
L O W  
L O W  
LOW 
L O W  
L O W  
L O k  
L O W  

2 
2 
2 

2 
2 
2 
2 
2 
2 
2 
2 
2 
3 

.. . 3 

4 
4 
4 
4 
6 
6 
6 
6 
6 

0 
8 
€3 
8 

1 0 
10 
10 
1 0  
IO 

a 

2 
. .  2 

3 2 
3 2 
3 2 
3 4 
3 4 
3 4 
3 4 
3 4 
3 6 
3 6 
3 6 
3 6 
3 6 
3 n 
3 8 

3 8 
3 8 
3 i o  
3 10 
3 1 @  
3 10 
3 10 

3 a 

1 4 , 4 7 7  
1 4 . 4 4 1  
14.470 
1 4 . 4 6 6  
a9.534 
19.514 
19.487 
t9 .52e 
19051s 
2 4 0 6 0 2  
24.609 
2 4 0 6 1 2  

- 24.565 
24.568 
2 3 e 4 G 5  
2 9 a 5 9 E  
29.707 
2 9 e  6 2 5  
290665 

9,318 
___  - -9* 3 h i  

9.336 

9 e  3 4 6  
- 1 4 c 4 7 3  

1 4 . 4 4 7  
14.433 
14.453 
1 4 ~ 4 5 3  
119.583 
R9c544 
1 9 -  521 
89,569 
1 9 , 5 3 9  
24 6 3 0  
24.623 

24 c 655 
24.632 
29  698 
29 .683  
29 .653  
29.637 
29 .649  

98 335 

_ _  ~ 4 ~ 6 8 7  

2.46  
2.40 
2.40 
2.40 
3.20 
3.20 
3.20 
3.20 
3.20 
4 . 1 0  
4.1'3 
4.10 
4.10 
4010 
4 e 9 5  
4 . 9 C  
4.95 
4.90 
4.90 
1 059 
1 - 5 0  
1.50 
1-59 
1.50 
2-4Q 
2 0 l 4 0  
2.40 
2 ~ 4 0  
-2.40 
3 e 2 5  
3.25 
3 r 2 5  
3.25 
3 - 2 5  
4.10 
4.10 
4.10 
4 ~ 1 0  
4 - 1 0  
4 . 9 5  
4 . 9 5  
4 . 9 5  

4.35 
4 8 9 0  



Table A-8. Mass and volume (em3) measurements 
f o r  d i spensed  H-451 shim p a r t i c l e s  

P inch  
Hopper Run v a l v e  Mass Volume 
1 eve 1 o r  d e r  s e t t i n g  (g  1 ( 0 3  1 

(4 
FULL f 2 1.390 10300 
FULL, l! 2 a * e o 5  1.300 

1 2 1 ~ 4 8 P  l e 4 0 0  F U L L  
.FULL-  - -- Ii35Ci 
FULL 1 2 10459 1.356 
FULL 1 4 2 0327 2.150 
FULL 1 4 2 - 3 2 3  2.150 

4--- Z Z I S  2-i1255- . F u L ~  . . - ..= -.. 
FULL 1 4 2 0365 2.200 
FULL I 4 2 0329 2.150 
.FuLL--~' .. . -=-- 6~ _ _ _ _  ___3_; f31--~ . 0900 
FULL. 1 6 3.132 2.900 
FULL- 1 6 3 4 109 2 ~850. 

1 6 3.117 2 0 9 0 0  
8 --~-~----379 1 7 -  -3 770 a I. - - .  

FULL . F u ~ L _  - .. 

FULL 1 8 3 4 9 5 4  3.700 
FULL 1 8 3.924 3.650 
FULL 1 8 3.574 3.700 

r - - - - - - - - z G 3 ~ - - 3 ~ ~ 0 6  
F U U .  P 1 0  4.717 4.350 
F U L.L 1 1 0  4.712 4.4.00. 
FULL I 1 0  4 e 6 7 9  4.350. 

IO-------- Q. E V - i t - i - r J  SV 'F" ~~- 'f ____ -_ 

FULL 1 1 0  4 e 6 8 3  4.350 
FULL 2 2 1 e 4 9 7  1 3 5 0  
FULL 2 2 1 e 5 0 5  1 0 4 0 0  
7 ---2---- K 4 9  a- ST40Cr- - F.U LLI.-- _- 

FULL 2 2 1.490 1.4OB 
FULL 2 2 1 e 4 9 0  1.400 
FULL 2 4 2 0340 2r15G 

4--- T.-Trv-----2;;5 5 CT 
FULL 2 4 2 0345 2.150 
FULL 2 4 2 0342 2.15'2 
FULL 2 4 2 0340 2.20G 

-6 ~--.-___ 3-a 5 4----T. 9 0 (r FuLLI--~ -* 
FULL- 2 6 3.169 2.900 
FULL 2 6 3 c  149 2.900 
F U LL .2 6 3 0 169 2 950 

3 . 5  14 S - - 2 . 9 0  0- 
FuI_L. . . . ---T--- .. - 6 - . ~ .  

F u LL. 2 A 3.966 3.708 
FULL 2 0 3.940 3 650  

8 ~ --7 . 9 I O-----~ 3 €300. 
FULL 2 8 3 . 9 4 8  3.650 
FULL 2 1 0  4.745 4 0 456  
FULL - 3 10 4 0735 4.400 

FULC---- 7 - T O m 4 7 - 4 5 - 4  0 - r  
FULL 2 1 0  4.731 4.400 
FULL 2 10 4.755 4.450 
F U L L  - -4 2 1.459 1 a 350 

-..*----*-*. 

FULL 1 6 3.089 2.a50 

 FULL---^ ~ - ~ - -  
2---- -- 

FULL 2 A 3.056 3.700 

. -.*. 
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Table A-8. (continued) 

Pinch 
Hopper Run valve Mass Volume 
level order setting (8) (cm3) 

(4 
FULL - 2 1 - 4 6 8  I . .  350 
FULL 3 2 1 a 4 3 8  l e 3 5 0  

7 2 1.464 1.350 
- 2 - - - -  1 -460-- ---f-.350- 

FULL 
FULL 
FULL 3 4 2 0 2 9 3  2.100 
FULL. - 4 2 0 2 9 3  2.100 
FULL - 3 4 2 0269 2.100 
FUL7.T 2 - -  4 2 o X T J 7 -  - - - 2 ~ 1 5 U  
FULL 3 4 2 -309 2.150 - -a 6 3.134 2.900 FULL 
FULL - 6 3 1 2 9  2.900 
FULL- 7 -  - 6 _ _ ~  T f ; X T r -  2.97s 

3 6 3.115 2.875 
FULL - 8 3a941 3.700 
FULL 

I 8- - - _ _  -3.943-- -3 o 700 F U L L  
FULL 2 8 3 0940 3.730 
FULL 7 8 3.939 3 700 

3 8 3 0945  3.700 
4T765-----4-450- 

FULL 
FULL- 
FULL “ 7 1 0  4.736 4 . 450 

3 10 40759 4.475 - 10 4.741 4.450 
F U U  
FULL 
F U L L -  - ?-- ---1-0- w. ?5-3----- T o  5GO- 
L O W  I 2 1.460 So350 
L O k  S 2 1 . 4 ~ 1  1.375 

1 2 1.485 1.375 * - - 
---. lo45F7---1;T350 

L O w 
L O 3  - - -  - 

L O W  I 2 1.472 1.350 
LOU 1 4 2 .293  2.100 
LOU I 4 2 0 2 9 4  2.100 
LO ;.I-- i- 4-- Z O 3 T 2 .  L w 0- 
k 0 ‘-3 1 4 2 .289  2.109 
L 0 :J 1 4 2 , 2 9 2  2.150 
L 0 !$ I 6 3 109 2.900 
L o u  - - -1 - - -  - - 6  ~ _ _  3 T T23----2 s 0 0 0 
L O W  I 6 3.063 2 5 5 0  
L O X  1 6 3 0 0 5 3  
L n $.* 1 6 3.093 2.900 
L 0 7 - - -- r __ ----D - __- 7 0 8 4  8--- 3 - 650- 
L O  L 8 3 m U 6 1  3.600 
L 0 !U 1 8 3.919 3.650 

1 8 3-90? 3.650 L O N  
LOW - 
L 0 w 1 10 4 730 4 .450  
L O 4  1 10 4 752 4.450 
L a w 1 1 0  4 0 6 9 3  4.400 
L CJ:.r----------T-- --- r O ~ ; / Z Y V ~ T ~  UT 
L O W  1 10 4.723 4 . 450  

1.445 1.350 l- 0 ‘!V 2 2 
1 3 5 0  L O W  2 2 1.452 

-r 

- _ _ _  

-4 

-4 

FU LL. - 7 0 30117 2 . a75 
7 

- -7- - 

- ~ - - -  . * 1 3  

-4 

2 e50  

3, P O  7 - 3  60  T - - -r--- - - R -  _____ 



Table A-8. ( con t  h u e d )  

P inch  
Hopper Run va lve  Mass Volume 
l e v e l  o r d e r  s e t t i n g  (g (cm3> 

( 4  

t c u  2 2 1 . 4 4 4  1 e 3 5 t I  
L CK 2 2 1.453 I r350 
LCW 2 2 1 . 6 4 0  1.350 

- -a  - -2.0273- - 2.x00 L C'd 
L CY 2 4 2 e 2 6 0  2.100 

.- 2 _ _  

L cw 
L a s  
Lm 
I- C V  
L CY 
L- CW 
L C'd 
LOW 
L O'A 
L C!4 
L C!., 
t cw 
L C\J 
L CY 
LCW 
L cu 
k ow 
LOW 

r o w  
L C'A 
L C A  
L CIJ 

2 
2 
2 -  
2 

- 

2 
2 
2 
2 
2 
2 
2.- 
2 
2 
2 

- - - 
2 
2 
2 
3 
3 
3 
a 

-_ .-. 

- 

4 2.263 2.10u 
4 2 e ? a 9  2.125 
4 2 023 I---- 2.125 
6 3.095 2.cj50 
6 3 m 109 2.900 
6 3 0 0 8 2  2.900 

2.950 .3;08~-.- 

6 3.081 20900 
8 3.912 3 - 6 5 0  
8 3.863 3 625 

- 8 -  - - 3,9TT--- 3,625 
A 3 e 9 2  3.625 
8 3.921 3.650 

I O  4 ~ 6 4 2  4.400 
4 o 375 

1 0  4.623 4.375 
1 0  4.611 4 . 3 5 0  
1 Q  4.636 463350 

2 1 . 4 6 3  10350 
2 1 4 3 5  P 3 2 5  
2 1.477 1.375 

_ -  

----I 3 - - 4 7 6 0 T - -  

2 ------~746-11;5~5- ____ 

L C'A - 3---- - 2 ri-467- - -  I .  375- 
L 0 *rl 3 4 2 - 2 6 4  2.100 
L CY 3 4 2 . 2 7 3  2.150 
L CL! 3 4 2.257 2.100 

4 -__ L . zm-----7xs@ 
L cw 7 4 2 0278 2.109 
L C d  3 6 3 . 0 6 4  2.900 

2 0900 3 6 3 a74 
3- - - 6 -  -3.0 76- - -2 S 3.3 

L cw 
L C'JI 
L (3% - 6 3.094 2.925 

3 .04u 20900 L O W  e 

L cad 3 €3 3 e a 6 2  3.700 
L r i d  - -- -- 3 - - - -  8-- - - T T Y  2 5---3 i 7  0 13 
L CW u A 3.901 3.703 
L CLr, 3 A 3.874 3.650 

R 3.918 3 700 
1CJ -__ 4.739- 4.525. 

L fl :r( 3 
L cw - -a 

L C d  3 1 0  4,707 4.45u 
L C'W 3 1 0  4.700 4 , 5 0 0  
L O'd 3 10 4.702 4.450 c c'JT-- - " ---- r o  

- 
7 

7 6 

7 

_ _  

4-74-4- 4-i-5D-T 
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ORNL-DWG 81-4355 

2o 18 1 - RUN 1 
RUN 8 . . . . . . . . . . . 

2 'i 
Fig. A-1. Moving average  of weight d i f f e r e m e s  over 12 low-net- 

weight  f i s s i l e  p a r t i c l e s .  

OANL-DWG 81-4356 

2o 1 
-1 

- RUN 2 
RUN 7 

50 100 150 200 250 300 350 4W 150 500 550 0 
NUMBER OF SEOUENCE 

Fig.  A-2. Moving average  of weight d i f f e r e n c e s  over  12 high-net-  
weight  f i s s i l e  p a r t i c l e s .  
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ORNL-DVJG 81-4357 

- RUN 3 
RUN 10 

1 1 1 1 1 1 1 1 1 I 1 
0 50 IW 150 200 KO 300 350 4oa 450 500 550 

NUMBER OF SEQUENCE 

Fig. A-3. Moving ave rage  of weight  d i f f e r e n c e s  over  12 low-net- 
weight  f e r  t i l e  p a r t  i cle  s . 

ORNL-DWG 81-4358 

"1 
- RUN 4 

RUN 9 

0 1  I I I I I 1 I I 1 I I 
0 sa loo 150 200 250 300 550 400 450 500 550 

NUMBER OF SEOUENCE 

Fig. A-4.  Moving ave rage  of weight  d i f f e r e n c e s  over  12 high-net- 
weight  f e r t i l e  par t ic les .  



6 1  

-30 - 
-55 

ORNL-DWG 81-4359 

. .  
2: 

1 I I 1 I I I I I 1 
1 

- RUN 5 
........... RUN 12 

-15 

-20] 

-a 

-a 1 I I I I 1 I I I 1 

0 M 100 150 200 250 500 350 400 450 500 550 
NUMBER OF SEOUENCE 

-Y- I 

Fig.  A-5. Moving average  of weight d i f f e r e n c e s  over  12 low-net- 
weight  shim par t ic les .  

ORNL-DWG 81.4360 

- RUN 6 
.......... RUN 11 
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